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Translated from German 

[Translator's Note: The first portion of page 509 is the concluding part of the preceding paper] 

Pharmazie 46 (1991), No. 7, pages 509-512 

The Berlin-Adlershof Analytical Center1 and Arzneimittelwerk Dresden GmbH2 

Crystal structures of the carbamazepine/ammonium chloride and carbamazepine/ammonium 
bromide adducts and their transformation into carbamazepine dihydrate 

G. RECK' and W. THIEL2 

The adducts carbamazepine ammonium chloride and carbarnazepin ammonium bromide have isornorphous crystal 
structures. Drug molecules, ammonium, and chloride (bromide) ions are connected by 6 symmetry independent 
hydrogen bonds forming stable layers in the crystal. In water the adducts are transformed completely to 
carbamazepine dihydrate by a topotactic reaction. 

I. Introduction 

The anti-epileptic active substance 5H-dibenz[b,t]-azepine-5-carboxamide (carbamazepine, I) forms an adduct (2) 
with ammonium chloride during recrystallization in ethanol, whereby this adduct melts at more than 200 °C and thus 
possesses a significantly higher melting point than the pure active substance ( 189-193 °C). Its IR spectrum exhibits a 
distinct change in some bands [I]. 

Since ammonium chloride can be washed out with ease using water, weak interactions between the components were 
initially inferred. The crystallized material consists of colorless crystals that are linked together in a felt-like manner 
and are of varying thickness (predominantly thinner than 0.005 mm). 

On the one hand, the existence of an adduct was to be demonstrated with the help of single crystal structural analysis 
and, on the other hand, the intramolecular and intermolecular interactions in the crystal were to be investigated in 
detail. In addition, it was to be shown by means of powder diffraction photographs that the adduct consists only of 
one crystalline modification. Analogous investigations as in the case of 2 were also carried out for the ammonium 
bromide adduct (3). The analyses showed that 2 and 3 have isomorphous crystal structures. 

2. Investigations and results 

2. l Crystal data and structure determination 

The following crystal data were ascertained for 2 and 3. 

2: C15H12N20.NH4CI; monoclinic P2 1/n; a= 10.869(4), b = 5.341(3), c = 25.153(11) A, p = 100.90(3)0
; Z = 4; De= 

1.378 g/cm3
; Mo Ka radiation; 1772 reflections in the range J.5 < 0 < 22° of which !30 I were with l(hkl) > 5 u(I). R 

value = 0.11 for 130 I reflections. 

3: C15H12N20.NH48r; monoclinic P2 1/n; a~ I 1.051(3), b = 5.464(2), c = 24.928(9) A, p = l00.81(4)0
; Z = 4; De== 

1.502 g/cm3
; MoK,,radiation; 2036 reflections in the range 1.5 < 0 < 23° of which 1524 reflections were with l(hkl) 

> o-(1). R value == 0.053 for 1524 reflections. 

The reflection intensities that are required for the structure analyses were measured using an ENRAF-NONIUS 
CAD-4 diffractometer. The structure analytical calculations w_ere all carried out on a PDP 11/34 minicomputer using 
the SDP ENRAF-NONIUS program system. 

The positions of all the non-hydrogen atoms of 2 could be ascertained using a RANT AN procedure in MULTAN-
83[2]. The H atoms were, in part, localized in differential Fourier syntheses and, in the other cases, their positions 
were calculated in accordance with the geometrical conditions. The subsequent least squares refinement of the 
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2 
atomic coordinates and anisotropic temperature factors converged with R = 0.11. This relatively high value can be 
attributed to bad crystal quality. · · 

The aforementioned crystal data and the WeiBenberg photographs showed that the crystal structures of 2 and 3 are 
isomorphous. The atomic positions of 2 could therefore be transferred to 3 and then they could be refined using least 
squares calculations. The refinement converged with R = 0.053. The resulting parameters for 2 and 3 are listed in 
Table I. 

Table 1 Atomic coordinates(• 104
) of2 and 3 (standard deviations in parentheses) 

l ) 

A1om 1/1 1/b z/C >J• rib 7J• 

Cll, Brl 8SS3(2) 2004(6) 4349(1) 8SS4(1) 1907(2) 4294(1) 
OU! ll 259(5) -2862(10) 316(2) 11258(4) -2916(10) 300(2) 
NlA l35SS(7) -2071(20) 21(4) 13507(4) -2002(10) 29(3) 
Nl.S 10866(6) -558(10) 1003(3) 10848(5) -S98(l0) 1003(2) 
Nl7 9325(6) -2851(20) 459(3) 9331(5) -2916(10) 464(2) 
Cl 9214(9) 1756(20) 1289(4) 9195(7) 1680(20) 1305(3) 
C2 8391(9) 2142(20) 1643(4) 8427(7) 2052(20) 1668(4) 
Cl 8468(10) 726(20) 2083(4) 8513(7) 582(20) 2117(4) 
C4 9351(9) -1222(20) 2194(4) 9392(8) -1226(20) 2209(3) 
cs 11135(9) -3473(20) 1984(4) 11168{8) -3485(20) 1979(3) 
C6 12294(10) -3553(20) 1851(4) 12283{7) -3486(20) 1847(3) 
C7 14173(9) -1360(20) 167.5(4) 14101(7) -1247(20) 1672(3) 
C8 14736(8) 570(20) 1434(4) 14626(7) 650(20) 1427(3) 
C9 14039(8) 2116(20) 1080(4) 13916(7) 2198(20) 1074(4) 
ClO 12738(9) 1741(20} 949(4) 12666(7) 1826(20) 94.5(3) 
Cl! 1.2171(8) -99(20) 1176(4) 12142(6) -101(10) 1174(3)· 
Cl2 12872(8) 1688(20) IS67(4) 12837(7) -1619(20) 1560(3)" 
Cl3 10206(8) -1552(20) 1843(4) 1020.5(7) -1630(20} 1856(3) . 
c;:14 10098(7) -13S(20) 1384(3) 10071(6) -135(10) m4C3l 
.C16 _ 1048.0(6) -2171(20) 591(3) 10503(6) -2203(10) -S70(3) 

"•" .. 
A Guinier powder diffraction diagram (Table 2) was calculated-with the atomic parameters of 2 that had been 
ascertained. The calculated d values and intensities agree very well with the measured d values and the visually 
estimated intensities of a Guinier film photograph of a larger sample quantity. It was shown in this way that the 
crystallized material does not contain additional crystalline forms. 

Table 2 Powder diffraction diagrams of 2 and 4 
IKEY TO TABLE 21: 

1 4 Probt 1• Probe 2•• 
d(Al I d!AI I dj,lj I di,\J I d[.IJ I 
c,Ji,!. calod. .. p. CAP, toled. al<d. oap. ClP, ClP, up.. Probe l * Sample 1 • 
12,35 29 12,32 30 14,34 6 14,34 9 14,33 16 
10,SS 100 10,50 100 9,88 88 9,90 66 9,86 22 Probe 2** Sample 2** 7,2l 2 7,19 I 7,17 74 7,19 89 7,19 91 
6,18 26 6,17 35 S,!lO 14 S,80 28 5,80 11 
5,99 21 5,99 20 4,77 14 4,79 27 4,79 21 
S,33 5 5,Jl 5 4,71 4 4,72 17 4,72 17 
5,22 34 5,24 40 4,67 20 - 4,67 29 4,66 9 
4,90 28 4,91 · 25 4,53 100 "4.53 100 4.Sl 100 
4,85 2 - 4,27 20 4,28 44 4,27 S6 
4,78 6 4,78 5 4,06 6 4,07 17 4,06 3 
4,62 9 4,62 10 3,90 10 3,91 20 J,90 6 
4,48 69 4,48 60 3,80 10 3,80 19 3,80 6 
4.34 10 4,33 IS 3,67 24 3,67 61 3,67 67 
4,30 13 4,30 is 3,64 38 J,6S 61 3,63 31 
4,19 21 4,19 20 3,58 14 3,59 44 3,59 44 
4,ll 12 - 3,4S 12 3,46 28 3,46 17 
4,04 8 4,04 10 3,43 6 3,43 l 
3,98 7 3,99 10 3,38 6 3,38 25 3,37 24 
3,94 s 3,94 s 3,24 4 3,2S 9 3,2.S 7 
3,80 3 - 3,21 2 3,21 4 
3,77 :14 3,78 40 3,11 26 3,11 ss 3,11 61 

. 3,70 18 3,71 IS 3,06 .6 3,06 10 
3,64 25 3,64 30 3,04 14 3,04 41 3,04 39 
3,S9 11 3.S!I 10 
3.SS 3 -
3,48 3 3,48 2 
3,◄3 20 3,4) 20 

•1ransfom1a1ion of I into the dihydratc at 20 •c 
•1ransfom1a1ion of I into the di hydrate at I 00 •c 
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3 
2.2 Molecular structures of2 and 3 

Figure I shows a stereoscopic illustration of a l molecule oft and. 3, respectively. Because of the significantly 
higher accuracy, only the bond ·distances and bond angles of 3 are shown in Fig. 2. All the values agree well with the 
corresponding values for pure l (3, 4) and of l dihydrate (4) [S]. 

Fig. I. Stereoscopic illustration of a carbamazepine molecule 

0 

I 
Fig. 2. Bond distances and bond angles of a carbamazepine molecule in 3 (mean standard deviations 0.008 A and 
0.5°, respectively) 

The central azepine ring possesses a boat conformation with respect to the planes Cl I, Cl2, Cl3, Cl4. The planes 
Cl, C2, C3, C4, Cl3, Cl4, CS, Nl5, and NIS, Cl I, CI0, C9, CS, C7, Cl2, C6 form a dihedral angle of 128° in 2 
and 3. The atoms O 18, N 17, CI 6 and N 15 form a plane that, in comparison to the plane C 16, NI S, C 14, C 11, has 
been rotated by 6.5° and 6.8°, respectively, about the bond N 15-C 16. These values agree very well with the angle 
(6.0°) in solvate free l that had been ascertained by Himes [2]. 

lntennolecular interactions 

As already mentioned above, 2 and 3 are isomorphous, i.e. the position of er in 2 is adopted by Br" in 3. All the 
other atomic positions are the same, with minor deviations, in the two structures. 

Fig. 3 shows the arrangement of the carbamazepine molecules (some are not illustrated completely), the Cl(Br} ions 
and the NH~ ions in the crystal. There are 6 symmetry indep<;ndent hydrogen bridges in the crystal structure (Table 
3). The components are linked to layers parallel to the x,y plane via these [hydrogen bridges] and symmetry 
equivalent bonds. In each case, two active substance molecules, which are connected between the carboxamide 
groups by means of two N-H ... O bridges, form a centro-symmetric dimer. This arrangement was observed both in 
solvate free l [3, 4] and also in 4 [5]. 
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Fig. 3. Linking of the carbamazepine molecules, the NH4 ions, and the er ions or Br" ions in the crystal 
(stereoscopic illustration). 

Table 3 Hydrogen bridges A-H ... B in 2 and 3 

1 l 
IKEY TO TABLE 31: 

AiornA Atom Ii d(A-Bl(A) d(H-D) l)'ffiffl. LB 

4 

Nl7 018 2,997 2,963 2,01 1,96 2-x;-l-y;-z symm f. B symm. for B [?] 
NIA 018 2,770 2,741 1,83 1,86 x; y; z 
N17 CII, Brl 3,287 3,387 2,46 2,59 l,S- x; -
0,5 + y; 0,5 - z 
CII, Brl NlA 3,133 3,256 2,14 2,38 -0,5 + x; 0,S -
y;O,S + z: 
Cll, Dr! NIA 3,193 3,342 2,21 2.39 -0,S + x; -0,S -
y; o,s + z: 
Cl!, Br! NIA 3,247 3,392 2;27 2,58 2,5 - x; O,S + y; 

-0.S-z 

Each Cl(Br) ion is a proton acceptor for four hydrogen bridges: one to the N atom of the carboxarnide group, and 
three additional ones to the adjacent NH4 ions. By contrast, each NH4 ion is a proton donor for, likewise, four H 
bridging bonds: one to the C atom of the carboxamide group, and three to adjacent er ions. These bridges connect 
the dimers directly. The aforementioned layers of molecules are formed in the crystal as a result of this. 

Fig. 4a shows a clearly arranged illustration of the hydrogen bridge system of 2 and 3, whereby only those groups 
that are involved in the H bonds have been drawn. The layers are shown parallel to the plane of the drawing. The 
band-like arrangement ofCl(Br) ions and NH4 ions is clearly seen in the middle of the diagram. 
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Fig 4. Illustration of the hydrogen bridges in 3 (a) and carbamazepine dihydrate (b). In order to provide a better 
overview, only the carboxamide gro·ups of the active substance molecules are shown. 

2.4. Transformation of carbamazepine/ammonium chloride into carbamazepine dihydrate 

5 

A close relationship exists between the crystal structures of 2 and 4. Fig. 4b shows the hydrogen bridge system of 
the dihydrate. Layers of molecules are also formed in this structure in which dimers are linked via water molecules. 
There are two symmetry independent water molecules in the crystal, whereby each fonns four hydrogen bridges. 
The kinship of the two structures becomes clear if the er is replaced by the first water molecule and the NH4 + is 
replaced by the second water molecule. Whereas chloride is exclusively the donor in 2, each water molecule in the 
dihydrate functions as an acceptor and also as .a donor. In terms of detail, somewhat different linkages arise as a 
result of this and these lead to a mutual displacement of the l chain in the dihydrate in comparison to 2. 

As mentioned above, ammonium chloride can be washed out of the crystallized material with great ease by means of 
water. The close structural kinship of the dihydrate and 2 provides an explanation of this. The water molecules form 
significantly stronger hydrogen bridges than chloride and ammonium, so that their replacement with water is 
understandable. In order to document this exchange experimentally, the single crystal that was used for the structural 
analysis was immersed in water for 3 hours. Schwenk photographs and Weif3enberg photographs that were recorded 
thereafter showed that a single crystal of 4 had been produced from the single crystal of 2. Topo-tactical reactions 
with substance exchange are very rare in organic chemistry; The transformation of 2 into 4 was also repeated with a 
larger quantity of crystal powder (several mg) and 5 mL of water at room temperature. A comparison of an 
experimental Guinier powder photograph to a calculated diagram showed the complete transition to the dihydrate. 
The same applies also to a second sample in which 5 g of 2 were stirred with 150 mL of distilled water along with an 
addition of 2 drops of a dish washing detergent over a period of 2 hours in a boiling water bath; crystallization then 
took place using a cold water bath over a period of2 hours. This crystallized material also proved to be pure 4. 

Table 2 shows a comparison of both experimental diagrams to the theoretical diagram. The differences in the 
experimental intensities are attributable to texture phenomena and possibly to structure disorder phenomena in the 
dihydrate [5). 
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5 1st aus wassenn:icn Allcobolcn (Methanol, Btbanol) in 
Gegcnwart von l bis 5% formamid unzcrlcgt umkristailisier­
bar. Bei Anwendung von wii.lkigen AJkoholen erl'olgt cine 
volhtiindige Zerlegung des Adduktes. Aus der wanncn 
Mutterlauge krlstallisiert n:incs l aus, du bei Raumtcmperatur 
vamg lr.lar in Chloroform loslic:h ist. Das Addukt ist im 
Untcnchicd daz.u in Chloroform schwer l&slich. 
Formamid verdringt oll'enbar auf' Grund seiner stirkffln 
AJiiDitlit m 1 Ammoniumchlorid. Bel Anwcndung von 

. Methyl- oder Dimethylrormamid amtelle von Formamid 1st 
dies l\icht der Fall, viclmehr wird. h.ierbei 1 isoliert. 

3. Eiq,erimmtellei Tell 

Die IR-Spektrcn ...,rdo, mil cmem Spekttalphotometa: Specord 75 IR (Carl 
Zem JENA) allfatnommet,, diB Sdlmb. wM!en mil elllml Helrtiachpril nach 
Boetlus sowle dcm Thermos,stcm FPS (Meuler) bcsllmmt, wold Oben:in­
slimmulli cmelt wurde. 

11. S-Carbamoyl-Slf•dibcnz(b,l)nopla (l)•NH.Cl•Addukl (2) 

J.I.J. '7.)11 (0,lmol) I .......,.11111.,. Erw"""'1I bl S00ml9d9' 

C,H,OH 8ti6st. D81111 win! cine fl!lnlrl.ll L6auq v1111 10.711 (0,2 mcl) Nff.CI la 
5 ml H1O ~ Mu erwlnnt die Mischq 15 min zum Sicldm, kuhlt ale 

:; auf U "C 1111d Allit dcu CIIISW!dcaen Nlodmchlaa aai:b 24 Ii ab. Diem w!rcl 
· .. ·. mil wenig C.H,OH aewuchell uad bai 100 "C aetrockact. Nida UmkmtalliA• 

lion IWI clcr 2Dracboa MCll,80 C,H,OH . ttlailt man Nadeln. Schmb. 
295,S-lff"C. 
C11H16CIN,O (289Jl) 

Bar,: C 62,17 H 5,57 N 14,SO Cl IU' 

Od.: C 61,93 H 5.54 
Q.21 5,63 

l ., 
~ 

N 14,40 
14,43 

Cl 12,02 
12,17 

t 3.1.l. 12,811 (O,OS 11101) S°Cblorearbo11yl-SH•dllsei:1z(b, l)azepla 

~' wcrden la 4S ml B11iyl1m1W n.'1'6hrt. Man envbt aw' 80 -C. trcpft la die 
~:. ·atatebmde l.6sung 15 ml cmer 25% wl1lri.l:im NH,•UIIDJIII und lilllrt 1 II be! 
"~ ·so "C. Aiill:bllo8wl ~ libel' tlllm Wmerabsclmldez ea. 10 ml H o 

I.:- ··al,datillier1; Der Anlltz •ird clan alll' 12 "C a=kllblt, cla Krislalllsat llber :fae 
, : Flltcmallcbc •~ ulld nrcimal mil.le 10 ml B11tyiuclat pucla. El wire! 
'. 'bol-!00 "C llffl'OCWI and a111 PO% ri8rlpn 1-<;H,OH lllllkrlataUlllert. t, ;U. I-NH,Br-Add11li:1 (3) . 

{. 47.211 (0,2 mol) I wen:lm im liedelldell Wmerilad In 2001111 llutylacelal ae!Ost. 
·!-: Mu uopft i:ine L6swla VOG 2011 (0,22.4 mol) NHJ!r Ill 101111 H10 m, orhll2.t . 

~-:. tl,5 II, ldlblt·dle Mlsc:1111111 alll' 15 "C UDd filtdcrt den amgel'allcnen Nlodmehl111 

ah. DI-. ..in! mil ~I pwucha, uad bd 100 "C gctroclr.11c1, t.>un.il 
UmkrislallisatloaausC1H.«)H ubE1m1ndu I: I-Addalt1 als wblose. w:nm!o 
Naddn. 
Scllmb. 119-201 -C. 
C,.H,ollrN30 (334.21 

H 4,82 

H 4,84 
4,86 

:U l•For1111111id-Add11kt (5) 

N 12,.S6 Br 23.,93 

H 12.SO Br 25, lO 
12.50 25,11 

23.6a (O.lmol} I Wffllcll bcl R1111111mpcra1111 ill JOOml CHC, untet Riillm:I 
£d&t. In dlo klan, Llimlg werclm miter Rilhrm S,611 (0.1:ISmol) NH1 -CHO 
IIUF&Cbm. Die Li!s!l.111 llcaiMI dell cimatraben 1111d in wcnJaen min erfolat die 
Krhlalliaatiol\. Nach 2-3 h K.ilhle,a Im lllellellden Wasserbad wird du ICrislalliJII 
lll!amu~ 1111d mil gekllhllcm CHCl3,das 1% NH1-CHO cntJilllt. puchai. 
Der !ubloce Flltcrkudwl wire! Im Trockcmchnu1k bcl ca. 70 •c actroclme'I, Man 
erillll 23 8 (81,7%) S. Sc:bmb. 189-192 "C (bd 142-1-U "C m'olgt elne dmtllclle 
KristaJllllllwandhmll). 
C,.HuN,02 (281,3) 

N 14,.94 

N IS,10 

3.4. B11ll11111111111 der U1llcl!telt von I, 2 1111d l 

Substlllzeln,nagen VOii ca. 2()ma llad 2Sml dcst. H,O (Al bzw. 100111& IIDd 
2S ml deal. HaO (Bl wenlell ID jc dncm 100 ml-Scblilr•Erlemncycr a=pben. Die 
-.c:bloamcn Kolbcn wm1cn bel 2S "C 125 rotlcmwn Sehiltld~ Jo 
min ausaesetzt. Du Klarilltrat emcr Probenabmc wircl I: 10 mil dffl. H10 
verdilut and dlo UV•Ablorptlon in dncr 10 mm Kiivette boi 286 11r11 seson dat. 
H1O semwen. Fiif die aaaloa llll8Zllfiilmndo ~ werclcn ca. 8mg 
Einnap I ia 100 ml du!. H ,o durch leiclatel Erwirmca und af. 11111 Ultrascha!l 
klar gcl&t 

Llllm1B' 
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0-8122 

;; \ y l; 1'1~ -5 
F:-
. \>,Analytlsc:hea Zentrum Berlln-Adlershof1 und Arzneimittelwerk Dresden GmbH 2 

. ~r-i,QU1truktur.en· der Addukte Carb•mazepin-Amm~niumcblorid 
.. rd1i\t.tt..,1n11a%epa-.'"Am~onlumbromld· sowie deren Umwandlung 

. . .~i'r: .. ffianpin,.:Dihydrat · 
:-(l1·RBCK1 ·imd w. THIBL2 

Die Mdukte Qu-bamazepin-AmmomumcJ:ilorid uad 
Qu-~pu,.J\mmoniumbromid ha~ isomorphe 
K.ris.~llstnlkJuren..In Ihnen sibt es stabile Schichten, in 
di:nen·.dic~W.irbtolli:l:lolckii.l~ AmmQniWIJ• uod Chlorid-

. b,rij;)aioniidionm,iiber-·6 ·symmetriel,lllabbbgigc Was,. 
-serai9~~ mittinandu· .mtnilpft met. ·111 ,W-a.acr 
~e· Addllkte,dutc:b eine :topotaktiscbc.·Reaktion ""Ui.t~~- 1n 0trbam11,epin-Plh.Jdrat umgnancie1t. 

. ~til[tjtrumirel·,f.;_diit-~~~ 

.. ;:··_··"--:•.~~:~~rjdn~·--

T!lfr1.~i$~ .. ~~p~ -~9nium chloriiie and 
. . car\,~,, 11,cr111:i:o{lium .. br9mide have_ lsomorphous 

ff~&· .. · ... >.' ,:;:· ·· .. · :,~;-T 
.. ;I\.· , ~· . • . ~•":· .• 

crystal structures. Drug molecules, ammonium; and .. · 
chloride (bromide) ions are connected· by 6 symm~ . 
independent hydrogen bonds forming stable laymafu ;ij(e.· 
crystal. In water the adducts are tmi:isformed complc~ly·. · 
to carbamazcpine di.hydrate by a topotacdc n:action..•.:· 

I. l'Jnleltimg 

Der antiepileptische Wirbtoll' SH-Di.benz[b, f]-azepin,S,car~ 
boumlcl. '(Carbamu.epln, 1) blldct mit Ammoniumchlorid;• 
Umkristallislcren in Ethanol eln Addukt (i), das iib;r:-200:fG 
schmilztwd damit cine wesenUich hohere.Scbm~zt~P,t~lW'. 
ab-der,reine Wirkstotr. (189-193 •q bcii~·Das IR~p;ci~_-' 
mgt ei.no deutliche Verhderung ciriiger Bandcn [1]. · · · · • · · · 
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Da Ammoniumchlorld lcicht mit Wasser ausgewaschen wcrden 
lwm, wurde anfangs auf scbwache Wechse!wirku.ngen zwischen 
den- Komponenteo pschlossen. Das Kristallisat bestcht aua 
lilzartlg verknilpf'tcn farblosen Kmtaileo sebr untmchiedllcber 
Dicke (ilberwiegend dunner 81s O.OOS mm). 
Mit Hilfe der Einkristallmukturanalyse sollte einerse'ila die 
Existenz eines Addulcts nachgewicsen und andcrerseits die 
intra• und intennolekulmcn Wcchselwirkungen im Kristan 
detaillicrt untersucht werden. Durch Pwvcrbeugunpaufuah­
men son1e dmilber hinau, ~igt wotdon, dd du Addukt our 
au.s ciru:r kristallinen Modirwtion besteht Analose Unrersu­
chungen wie bel 2 wunien auch filr das Ammoniumbromid­
Addukt (J) dun:bgcfuhrt. Die Analysen zcigten, daB l und 3 
isomorphc KristallsUUkturen haben. 

2. Un~ WIil Ergebnlsse 

2.1. Kristalldaten und Strulcturbestimmuns 

Folgende KristaJldaten wurden von 2 und 3 emutte.lt. 
:Z: C15H12N20. Nff.C; monoklin P2Jn; a = 10,869(4), 
b .., S,341(3). c = 2S,153(ll) A, p c,100,90(3)0

; Z = 4; D. 
= 1,378 g/c:m3

; MoK,.-Strahlung; 1n2 Reflexe im Ben:ich 
1,S < 8 < 22°,davonl30lmitI(hld) > O,.Scr(I}.R-Wert = 0,H 
fiir 1301 R.efiexe. 
3: C 15H 11N20. NH,Br; monolr:lin P21/n; a = 11,051(3), 
b ... .5,464(2), c = 24,928(9) A, IS= 100,81(4); Z = 4; o. 
== 1.502 g/cm1 ; Mol(.-Strahlung; 2036 R.ef!oxc · im Bereich 
1,S < 9 < 23°; davon 1524 Rdlcxe mit l(hkl) > a(J~ · R.­
Wert = 0,053 fiir 1524 Rellexe. 
Die fiir die Strukturamuysen erforderlicben Rcllexintcmslt4ten 
wurden auf' einem ENRAF-NONIUS CAD-4-Diffraktometer 
gemessen. Aile strnktunmalytischen Recbnungen wurdcn auf 
cinem PDP 11/34-Minicomputer mit elem SDP ENRAF­
NONIUS-Programmsystem durchgeffibrt. 
Die Positionen aller Nichtwassemoffatome von 2 konnten mit 
einer RANTAN-Promiurin MULTAN-82[2Jermittell werden. 
Die H-Atomc wurden tc!Jweise in Dfft'eremt'ouriersynthesen 
Iokalisiert; zum anderen Teil wurden ihre Posltionen entspre­
cbcnd den pomettischen Bedinpgen bereclmet. Die rolge;nde 
least~ Verl'einenmg der Atomlcoordinateo und aniso­
tropen Temperatwfaktoreo konverg,lerte mit R == O,U. Dicser 
relativ hobo Wert ht auf' die schlechte Kristallqualitit 
zurilcltzuluhren. 
Die oben -aurgeluhrtcn Kristalldaten sowie Wei&nberg• 
aufnabmen zcigtim, daB die Kristallstrukturen von l und 3 

isomorph sind. Die Atomposltionen von 2 Jconnten deahalb 
. auf 3 ubertragen ul'ld anschlieileml mlt leut-squiua-Rech­
nunpn verfcincrt wcrdcn. Die Vci:fcincmng tonvcrglffle mit 
R = 0.0.53. Die rcsullicrendcn Parame~ mr 2 und J sind iD 
Tabe.lle 1 aulgefuhrt. 
Mit den mnittelten Atomparamctcm von 2 wurde ein 
Ouinier-Pulverbeugungsdiagramm (Tabelle 2) berechnet Die 
ben:dmcten d-Werte und Intensititen stimmen sehr gut mit 
den gemessen.cn d-Wcrten und vlsucll geschattten lntcnsititcn 
Ginor Guiniar-FilmaufnahmG cincr gn'.i&n:n frobenmenge 
(ibenlin. D&nit wurdc gezeigt, daB du KristallisGt kcinc 
ViCitcren kristallinco Formen enthilt 

Tllfldle2 ~gramme- 2 ucl 4 

12,JS 
10.SS 
7,21 
6,18 
5,99 
5,33 
5,22 
4,90 
4.SS 
4,78 
4,62 
4.48 
4,34 
4.30 
4,19 
4,11 
4,04 
3,98 
3,94 
l,80 
3,77 

. 3,70 
3,64. 

3.59 
3,.55 
3,48 
3,43 

29 12,32 30 
100 10,50 100 

2 7,19 I 
26 6,17 35 
21 S,99 20 
S 5,33 5 

34 5,24 40 
28 4,111 2S 
2 ,... 
6 4,78 5 
II 4,62 10 

69 4,48 60 
10 4,33 15 
13 4,30 U 
21 4,19 20 
22 -
8 4,1)4 10 
7 3,99 10 
5 3,94 5 
3 

34 
18 
25 
u 
3 

3,78 40 
3,71 IS 
3,64 JO 
3,.59 10 

3 l,48 2 
20 3,43 20 

14,34 6 
ll,88 88 
7,17 74 
5,80 14 
4,77 14 
4,71 4 
4,67 20 
4,53 100 
4,27 20 
4,06 6 
3,90 10 
3,80 10 
3,67 24 
3,64 38 
3.S8 14 
3,45 J2 
3,43 6 
3,38 6 
3,24 4 
3,21 2 
3,11 26 
3,06 6 
3.04 14 

• u........u...., ....., t In Dill)'dnl be! 20 •c 
•• Umwandluna - I lo Dii,cln.1 bol 1oo•c 

14,34 9 
9,90 66 
7,19 89 
S,80 28 
4,79 27 
4,72 17 
4,67 29 
4,53 100 
4,28 44 
4,07 17 
3,91 20 
3,80 19 
3,67 61 
3,65 61 
3,59 44 
3,46 28 
3,43 3 
3,38 2S 
3.25 II 
3,21 4 
3,11 ss 
3,06 10 
3,04 41 

Probt2" 
d[.\J l 
ap. op. 

14,33 16 
9,86 22 
7,19 91 
S,80 It 
4,79 21 
4,72 17 
4,66 9 
4,53 100 
4,27 56 
4,06 3 
3,90 6 
3,80 6 
3,67 67 
3,65 31 
3,59 44 
3,46 17 

3,37 24 
3,25 7 

3,U 61 

3,1)4 

Tabelle I Atomkoontillatea {-1~) wa 2 mcl 3 {Stuunlalnrdd111111eo frt 11:iumiaaD) 

Aloin 

Cl, 'Br! 
018 
NIA 
NIS 
Nl7 
Cl 
C2 
C3 
C4 
cs 
a 
C7 
C8 
cg 
CIO 
cu 
C12 
CIJ 

. Cl4 
.Ci6 

lt 
1/8 

U83(2) 
U259(5) 
13558(7) 
10866(6) 
9325(6) 
11214(9) 
8391(9) 
8468(10) 
9351(9) 

H13S(9) 
12294(10) 
14173(9) 
14736(8) 
14039(8) 
11738(9) 
12171(8) 
12872(8) 
10206{8) 
10098(7) 

_ 10480(6) 

2004(6) 
-2862(10) 
-2071(20) 
-558(10) 

-2851(20) 
1756(20) 
2142(20) 
726(20) 

-1222(20) 
-3473(20) 
-3553(20) 
-1360(20) 
. S70(2D) 

2116(20) 
1741(20) 
-99P.O) 
1688(20) 

-1552(20) 
-135(20) 

-2171(210) 

4349(1) 
316(2) 
21(4) 

1003(3) 
459(3) 

1289(4) 
1643(4) 
2083(4) 
2194(4) 
1984(4) 
185!(4) 
1675(4) 
1434(4) 
1080(4) 
9411(4) 

1176(4) 
1567(4) 
1843(4) 
1384(3) 
S9f(3) 

, 
1/8 

8584(1) 
11258(4) 
13507(4) 
10848(5) 
9331(5) 
11195(7) 
8427(7} 
8513(7) 
9392(8). 

1H68(8) 
. 12283(7) 

14101{7) 
. 14626(7) 

13916(7) 
12666(7) 
12142(6) 
12837(7) 
IO:WS(7) 
10071(6) 
10503(6) 

,to 

1901(2) 
-2916(10) 
-2002(10) 
-5118(10) 

-2916(10) 
1680(20) 
2052(20) 

S82(20} 
-1226(20) 
-3485(20) 
-3486(2()) 
-1247(20) 

650(20) 
2198(20) 
1826(20) 

-101(10) 
-1619(20) 
-1630(20} 
-US(IO) 

-2203(10) 

z/C 

4294(1) 
300(2) 
29(3) 

1003(2) 
464(2) 

1305(3) 
1668(4) 
2117(4) 
2209(3) 
1979(3) 
1847(3) 
1672(3) 
1427(3} 
1074(4) 
945(3) 

1174(3)· 
1560(3) 
1856(3) . 
1;394(]) 
570{3) 

··.':~ ·.$10· · . Ph . 4'(19.9:i~H 7··)· 

\i~if~:r..-:~ .. 0-.. :~&:.t~d~'""~"'~ .. •:.i.i~. ,j;,,~,:,. ~,- . .;;;.,i~i~,;,,.-,.,~r=~~~/Ji ·:··· 
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:2.2. MolekOlstruk1uren von 2 und l 

Abbildung l zdgt cine Stmodarstellung eincs 1-Mo!ekills von 
2 bzw, von l. Wegen der wesentlich.bohaen Oenauigke!t sind 
in Abb. 2 nur die Bindunpabstilnde u11d •winkel vo11 3 
aufgcffihrt. Alie Wcrte stimmen gut mit cntsprccbcndrn Wcrten 

.. des n:inen 1 [3. 4] und des l-Dihydrats (4) [SJ uberein. 

Abb. I. SteffOdantellq eina Carbamuepimnolcktlll 

Abb. 2. Blndull8Sllllstinde uad -wlnlr.~ elnca Catbuwep!nmoleldill In 3 
(mlttlml Slandudabwaicl11anan o.008 A 111.w. o.s") 

Der zentralc Aupiming besitzl. cine Boot-Konformation 
. bm'lglicb der Bbene CU, Cl2, C13, Cl4. Die Ebenen Cl, C2, 

C3, C4, en, C14, cs, NU lllld N15, cu, C10, C9, C8, C1, 
C12. C6 bildc11 in 2 und in 3 elru:n DlhedralwinkeJ vo11 128°. 
Die Atome 018, N17, C16 u.nd NlS bildco eine Ebene, die im 
Verg)eich zur Ebene C16, N1S, C14, CH um die Bindung 
N1S-C16 um 6,S° bzw. 6.8° vcrdreht ist. Diese Wene stimmen 
scbr gut nut dem VOil Hime.a [2] cmrluelten Winkel (6,0°) im 
solvatfrelen l iberein. 

2.3. lntermolekulare Wechselwbkungen 

Wie bereits oben erwihnt, sind 2 tmd 3 Isomorph, d. h. die 
Position VOD a- in 2 win:l in 3 VOil Br- eingenommen. Alie 
andel'Cll Atompositionen sind mit pringcn Abweichungen in 
beidcn Strukturen gleich. 
Abb. 3 zcigt die Anom.nung der Carbama.zepinmolclrule (einige 
nicht vollstindig daqestentt Cl(Br)- und NH4-lonen im 
Kristan. In dcr Kristallstruktur B,ibt es 6 symmetrleunabhlngige 
Wasserstoffbriicken (Tabelle 3). Durch diesc UDd die sym. 
metricaquivalenten Bindungen werden die Komponenten zu 

Phannazie 46 (1991). H. 7 

Schicbten parallel zur x.y-Ebene verknlipft. Jeweils zwel Wirlc­
stolfmolekwe bildm. verbunden uber zwei N-H ... 0-Brucl:::n 
zwischen den Carboxamidgruppen. eln zentrosymmctrlschc:s 
Dimer. Diesc Anordnung wurde sowohl im solvatfrclen l [3, 4] 
als auch im 4 [SJ beobacbtet. 

.. 
Abb. 3. VerlulOp(lms der Carbailwepl11111olekQle, NH,• und Cl- bzw. Br-lonen 
Im KliltaD (S<crcodantdluag) 

Taf,e!Je 3 Wmerstoffllrllcbn A-H ••• B fn 2 1111d 3 

2 3 
AlomA A1emli d(A-Bl (A) d(H-11) &ymm. £ II 

Nl7 018 2,997 2,963 2,01 1,96 2 - x; -1 - y; -z 
NIA 018 2,770 2,741 1,83 1,86 x;y;z 
NI? 01,Brl 3,287 3,387 2,46 2.59 l,S-x;-
o.s + y: o.s - z 
Cl!, Brl NIA 3,133 3,256 2,14 2,38 -0., + x: o.s -
y;OJ+z: ·, 
Cll, Brt NIA 3,193 3,342 2,21 2,39 -0,S + x; -0,S -
y; o.s + z: 
at, Brl NIA 3.247 3,392 2,rt 2,58 2,S-x;O,S + y; 

o.s - z 

Jedes Cl(Br)-Ion ist Protonenala.eptor fur vier Wasserstollbrik• 
ken, cine zum N-Atom der Carboxamidgruppc, drci wcitere zu 
benachbarten NH4-Ionen. Dageaen ist jedes NH..•Ion Proto­
nendonator fur. ebenfalls vier H-Brftckenbindungen, cine zum 
C.Atom der Carboxamidgruppe. drci zu benachbarten Cl­
lonen. Dien Brucken verbinden mlttelbar die Dimere. Dadurch 
cntstehen die berelts oben errihntcn Molc:kulscbfohten im 
Kristall 
Abb. 4a zc:igt cine ubersichtllche Damtellung dc:a Wasser• 
stoffbrllckensystems von 2 bzw. 3, indem nur die Oruppen 
gC1.Cichnet wurden, die an den H-Bindungen beteiligt sind. Die 
Schicbten sind parallel zur Zeichencbene dargcstellt. In der 
Mitte der Abbildung erkennt man deutlich die bandartigc 
Anordnung von Cl(Br)- und N~-Ionen. 

2.4. Transformation von Carbamazcpin-Ammonium­
chlorid in Carbamazepin-Dihydrat 

Zwischen den K.rlstallstiukturen von 2 und 4 gibt es cine enp 
Beziehung. Abb. 41> zeist das WassemollbrQckcnsystem dc:a 
Dihydrats. Auch in diescr Struktur wurden Moleldilsc:hichtcn 
gs:bildet, in dcncn Dimere Ober die Wassermolekruc verknilpft 
Bind. Im Kristall gibt cs zwei symmetrleunabhinglge Wasser­
moleldllc, von denen jedes vier Wassmto.llbrilclcen bildet. Die 
Verwandtscbaft beider Strukturen wird deutlich, wean man c1-
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Abb. 4. Dantelllffll d8f w-,,,lollbruck..., in J (■) 1111d Carbamazcpin Diliydral 
(b). Der l>essmn O~t V1118111 Iliad von de W!tbtoffmolekillm nur cllo 
Ontioxamldgnippcn daraestel!L 

durch das erste und NHt durch das zweite Wassermolekul 
ersetzt, Wahrend in l aber Chlorid ausschlieBlich Donator ist, 
fungiertjcdes Wasscrmolelrul im Dihydrat sowohl ala Akzeptor 
ala auch als Donator. Im Detail ergeben sich dadurch etwas 
andm: Verkniipfungen, die zu einer gcgcnseitigen Verschiebung 
der 1-Ketten im Dib.ydrat im Versleich :m 2 filhren. 
Wie oben crwibnt. liBt sich Ammoniumchlorld mit Wasser 
sehr leic:ht aus dem Kristallisat auswaschen. Die enge 
struklurelle Verwandtscha!t von Dlhydrat und l Jibt hierlUr 
cine Erldirung. Die Wasscnnolekiile bilden wesentlich stiirlme 
Wasserstollbrilckcn als Chlorid und Ammonium, so daO deren 

Ersalz durch Wasser veratandlich iat. Um diesen Austauscb 
experimcntell zu bcwelsen, wurde der Einkristall, der ror die 
St.ruktwanalyse verwendet wurde. 3 h in Wasser getauchl 
Danacb angdertigte Schwenk- u.nd Wei.Bcnbergaufnabmen 
z:efgtm, daB aus dem 2-Einkristall ein 4-Einkristall entstanden 
war. Topotaktische Reaktionen mit StolTaustausch slnd in der 
orpnlschen Chemie Behr selten. Die Umwandlung von l in 4 
wurde auch mit einer grol3eren Kristallp.ulvermcnge (eiaige-mg) 
und S ml Wasser bei Raumtemperatur wiederholt. Der ... 
Vergleich einer experimentellen Guinier-Pulveraufnahme mit 
cinem bereclmeten Diagnunm, zeigte einen vollstiindigen 
Obergang zum Dihydrat. Das gleiche gilt auch fiir eine zweite 
Probe, bei der S g 2 mit 150 ml de.st. Wasser unter Zusatz von 
2 Tropfen eines Oeschirrspillmittels 2 him sicdenen Wasserbad 
geruhrt und anschlieBend im kalten Wasserbad 2 h aus­
kristallisiert wurde. Auch dieses Kristallisat erwiessicb ab rcines 
4. 
In Tabelle 2 werden beide experlmentellen Diagramme mit dem 
lhoom~hw vorgllahmi. Untc;rnchlcdc In den apcrlmcn1c.1ten 
lntm.sitl!.ten sind auf Texturerschelnungen und evtL aur die 
Fehlordnungserscheinungen im Dihydrat [SJ zuruckzufuhn::n. 
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Elektrochemische Reduktion von 5H-Dlbenz[b.,f]azepin-Derivaten 

6. Mlttellung1
: Kathodlsches Verhalten von Carbamazepln-Ammonlumhalogenld·Addukten 

U. OONNBIER uncl W.JUGELT 

In Fortffihrung von Untersuchungcn zu.m elektrochemi­
schen Verbal~ ·des Antiepileptikums carbamaz.e.. 
pin (1,5-Carbamoyl-SH-<iibenz(b,fJu.epin Finlepsin*, 
Tegretole) win! die katbodi&che Reduktion von Cru'ba­
mazepin-Ammoniumchlorid• bzw. -Ammoniumbromid­
Additionsverbindungcn la, 2b beschrieben. Bc:obachtet 
wird die indirekte Hydrierung der C.C-Doppclbindung 
der 1-Komponentevonlzu 10,11-0ihydrocarbamazepin 
durc:h bei der Reduktion der Ammonlumionen an der 
Queclwlber-Kathode gcbildetcs Ammoniumam.algam. 
Diese Reaktion ist auf a.ndere SH,Dibeml'b,f)azepln• 
Derivate und phonyl.substituierte Ethene iibertragbar. 
Nebco dcr mechanistischen Klinmg dleser indirekten 
Reduktion winl. ihie Anwcndung auf die quantitative 
Analyse von 1-Ammonl.umhalogemd-Gemischcn gezeJgt. 
die filr die Kontrolle des Herstellunpprozessea, die 
analytische Charakterisienu1g und RelnheitsprO.fung von 
2 einge.setzt werden kann. 

Eleetrodlemleal reduction of 5H-dibem:(b,flazeplne de­
rl_,adves Part 5: Cadioclfc behaviour or carbamazeplne­

. ammonmm halide addidolll eompouacls 

In connection with the electrochemical behaviour or the 
drug c:a.rbamazepine (l,S-carbamoyl-SH-dibenz[b,f]aze­
pine, FinlepsinaD, Tegmol•) an information on the 
cathodic reduction or I-ammonium chloride and 
I-ammonium bromide addition compound 2a, lb, 
respectively, is given, The electrochemical conversion of 
the 1 component on into 10,U-dihydrocarbama:upine 
is the result or indirect hydrogenation of the C.Cdouble 
bond by ammonium amalgam. produced at the mercury 

· cathode. The indirect hydrogenation was also obsezved 
for other SH-di~J]azepine derivatives and for phenyl 
substituted ethylenes. On the basil or eJectroanalytical 
and electropreparative results the mechanism of the 
indirect cathodic hydrogenation by ammonium amalgam 
is discussed. This reaction can be used for analyt• 

Plwmazic 46 (1991). H. 7 
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T9051 
ALLEN TRANSLATION SER VICE 

Translated from Gennan 

[Translator's Note: The first portion of page 633 is the concluding part of the preceding paper] 

"Solubilization of aminophenazone" 

Arch. Pharm. (Weinheim) 315, 633-641 (1982) 

On the solubilization of aminophenazone by thiourea 

Helmut Wiedenfeld•i••i, Armin Kirfet .. 'l and Gabriel Koop .. "> 

Pharmaceutical Institute of the University, Ander Immen burg 4, D-5300 Bonn-Endenich 
Mineralogical Institute of the University, Poppelsdorfer Schloss, D-5300 Bonn-Poppelsdorf 

Received on August 14, .1982 

The nature of the complex formed from aminophenazone and thiourea was determined by X-ray analysis. 
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Thiourea is a commonly used solubilizer for many medicinal drugs even though this substance has been 
under suspicion for a long time in regard to its possible carcinogenicity1

•
2

•
3>. In the case of solubilization 

by thiourea, the nature and stability of the compounds that are produced are of importance in order to be 
able to evaluate any possible change in activity. 

It is therefore of interest to be familiar with the physical properties and the chemical structure of the 
complexes with thiourea. 

The assembly and structure of such a compound will be elucidated using the example of the 
solubilization of aminophenazone by thiourea. 

It is known that thiourea and aminophenazone form a complex that is capable of being crystallized. This 
complex exhibits distinctly changed properties relative to the starting compounds: thus, in addition to its 
changed dissolution characteristics in water, its melting point of 140 °C is also markedly different from 
that of thiourea, namely 177 °C, and from that of aminophenazone, namely l 08 °C. 

Rohdewald was able to determine the stoichiometric composition of this complex, namely 3 parts of 
thiourea to I part of aminophenazone, by means of elemental analysis4>. As a consequence of 
interpreting the IR spectra, he came to the conclusion that there are indications that point to the presence 
of an inclusion compound. The change in the N-H valence vibration, the N-H deformation vibration, the 
c::::o valence vibration and the C-N defonnation vibration appears to substantiate this view. However, an 
interesting aspect in this connection is that the complex is capable of being crystallized, with an identical 
composition and with an identical structure, from water and also from acetone, methanol or ethanol. This 
fact contradicts the theory of a simple inclusion compound. 

Schlenk and lenne investigated various thiourea complexes and found that thiourea participates in the 
formation of channel inclusion compounds with many organic compounds5

•
6>. In this connection, the size 

of the included molecule is limited by the channel length. The authors demonstrated this via the 
formation of thiourea complexes with various types of hydrocarbons. 

In the present case, however; doubts seemed to arise in regard to a channel inclusion compound because 
of the size and spatial structure of the aminophenazone. Rotation crystal photographs, which ought to 
elucidate the structure of the complex in a definitive manner, did not meet with success since no 
conclusions could be drawn in regard to the optical axes of the unit cell4>. Since an unambiguous 
elucidation of the complex was still unavailable at this point in time, a more modern approach to this 
problem was put into effect. 

Results and discussion 

The material for the present investigations was recrystallized from water. Clear, octahedral crystal plates 
were obtained. 

13C-NMR spectroscopy was intended to generate initial indications regarding the nature of the complex. 
Special attention was paid in this connection to the chemical shifts of the carbons in the C=O group of 
the aminophenazone and in the C=S group of the thiourea; this was because these carbons would be 
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affected, in terms of their chemical shift, by the presence of chemical bonds or hydrogen bridges in the 
event of complex formation. However, it was found that no change in the expected signal positions arose 
relative to the starting compound; only a paramagnetic shift took place in the aromatic region. Table I 
gives a comparison of the 13C-NMR data. The assignment took place via the. interpretation of the coupled 
and noise-decoupled spectra. 

Table 1: 

o = ppm of 
pyramidone 

10.00 
36.48 
43.57 
122.57 
122.71 

13C-NMR data/or aminophenazone and complex 

Carbon 

7 
6 
9 / 10 
4 
12 I 16 

o == ppm of 
·complex 

10.48 
34.86 
44.57 
119.89 
127.57 

o == ppm of 
pyramidone 

125.52 
128.89 
135.52 
150.96 
162.84 

Carbon o= ppm of 
complex 

14 129.86 
13 I IS 130.89 
11 134.03 
3 149.31 
5 163 .39 
17/18/19 183.26 

This result points to a compound that is not held together by chemical bonds but, rather, that has been 
produced on the basis of a special spatial arrangement; whereby the high stability of the complex 
compound appears to be worthy of note. An important aspect is also the fact that hydrogen bridges could 
not be inferred from the spectroscopic data. 

A simple indication of the structure of the complex is given by the fact that the crystals can be cleaved 
only with great difficulty, or not at all, perpendicularly to the crystal surface, whereas, by contrast, this 
takes place successfully and without effort in the direction of the surface. This permits one to infer a 
layer-like structure and not a channel-like structure. 

In order to .obtain final elucidation of the structure, an X-'ray structural analysis was carried out on a 
naturally grown crystal. 

Since optical orientation of the crystal was not possible, a preliminary x-ray examination was dispensed 
with and the measurements were all undertaken using a four circle diffractometer. The crystal system 
was established by means of crystal diffractometry as triclinic with the angles a= 69.55°, p = 83.55° and 
-y = 75.33°; the lattice constants were a= 9.378 A, b = 11.724 A and c = 11.880 A. The space group is Pl 
= ✓Cl;. 

This triclinic type of crystal and its· spac·e group might also have been the reason for our failures in the 
rotation crystal photographs4>. Following structure refinement and an evaluation of the analysis, it was 
found that the thiourea molecules are mutually connected in a network-like manner by means of N-H-S 
bridges of differing strength and that the molecules fonn layers that are oriented one above the other. 
The aminophenazone molecules, which are connected to the thioureas by N-H-O bridges, are located 
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between these layers. The ratio of 3:1 for thiourea and aminophenazone, which had already been 
ascertained, arises in this way. 

Fig. I illustrates the cross-linking arrangement. The relative heights are appended in parentheses in order 
to provide a three-dimensional illustration. The free numbers indicate the numbering of the heavy atoms. 
The bond lengths of the H-S bridges differ. The individual values are listed in Table 2. 

Fig. 1: 

Table 2: 

a 
b 
C 

d 

2.55 
2.40 
2.41 
2.51 

e 2.71 

Cross-I inking of the complex 

Bond lengths ojlhe sulfur-hydrogen bridges (A) 

f 
g 
h 

2.62 
2.40 
2.46 
2.48 

Fig. 2 illustrates the bond lengths and Fig. 3 illustrates the angles in the aminophenazone. 

~ 79t'I ·~. 
u u 

0 

Fig. 2: Bond lengths in the aminophenazone (A) 
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Fig 3: 

"Solubilization of aminophenazone" 

Angles in the aminophenazone (0
) 

5 

Fig. 4 shows the same for the three thioureas. The N-H-0 bridges from the thiourea to the carbonyl 
group of the aminophenazone arc also of differing length: the length amounts to 2.43 A for the N3-H and 
1.96 A for the N4-H. 

A noteworthy feature is that,· despite the presence of these · hydrogen bridges, which exhibit normal 
lengths, the C=O and the C=S bond lengths also lie in the normal range; the latter could already be 
expected in accordance with the result of 13C-NMR spectroscopy. Widening of the carbonyl bond in 
question can otherwise usually be expected in the case of hydrogen bridges . 

N ..., 
iii ;;;; 

Fig.4: Lengths (A) and angles (0
) in the three thioureas 

A three dimensional network is linked via these hydrogen bridges, which differ in nature, with the 
aminophenazone molecules in the cavities. This arrangement progresses to the crystal surface in a step­
wise manner. 

11 hydrogen bridges are to be found in each asymmetrical unit, whereby these hydrogen bridges bring 
about the change in physical and chemical properties and lead to a stable complex compound with the 
structure that has been described .. 

The absolute configuration and arrangement of three thioureas and one aminophenazone in the unit cell 
can be seen in Fig. S in the ORTEP illustration7

l. 
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lP• 4)8.5) 

Fig. 5: OR TEP illustration of the complex 

Table 3: Atomic coordinates ( I 04
) 

Atom X/3 (6) y/b (6) z/c (6) 

C3 - 3963(2) 2610(2) 11944(2) 
C4 -3277(2) 3335(2) 12204(2) 
cs -2437(2) 3923(2) 11132(2) 
C6 -4857(3) 2709(3) 10022(2) 
C7 -4959(3) 1835(2) 12742(2) 
C9 -4286{2) 4680(2) 13350(2) 
CIO -1819(3) 3382(3) 13762(2) 
C!l -2248(2) 3770(2) 9059(2) 
Cl2 -1815(2) 2833(2) 8557(2) 
Cl3 -1361(3) 3136(2) 7362(2) 
Cl4 -1293(3) 4337(3) 6690(2) 
Cl5 -1683(3) 5257(2) 7201(2) 
Cl6 -2181(2) 4985(2) 8386(2) 
Cl7 1790(2) · 2286(2) 9629(2) 
Cl8 4927(2) 1717(2) 6540(2) 
Cl9 -304(2) 42(2) 2975(2) 
0 -1558(2) 4609(1) 10950(1) 
SI 2408(1) 722(0) 9854(0) 
S2 3211(1) 2482(0) 6047(1) 
S3 1058(1) 614(1) 3264(0) 
Nl -2805(2) 3526(1) 10260(1) 
N2 -3673(2) 2642(1) 10768(1) 
N3 1226(2) 2696(2) 10534(2) 
N4 1876(2) 3133(2) 8562(2) 
NS 6088(2) 1791(2) 5795(2) 
N6 S l 80(2) 1025(2) 7688(2) 
::--7 -1230(2) -414(2) 3831(2) 
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Table 3: Continuation 

Atom x/a (6) y/b (6) z/c (&) 

NII -3273(2) · 350!!(2) 13334(1) 
N9 -460(2) 60(2) . 1813(2) 
H!N6 608(2) 59(2) 793(2) 
H2N6 436(3) 91(2) S2l(2) 
HlN7 -104(3) -50(2) 468(2) 
H2N7 -191(3) -81(2) 372(2) 
!HN9 -113(2) -23(2) 171(2) 
H2N9 39(3) 26(3) 123(3) 
H1C6 -538(3) 204(2) 1048(2) 
H2C6 -454(2) 269(2) 918(2) 
H3C6 -559(3) 355(2) 990(2) 
HlC7 -464(3) 103(3) 1278(2) 
H2C7 -505(3) !S9(2) 1348(2) 
H3C7 -606 · 204 1245 
H!C9 -431(3) 4 71(2) 14 20(2) 
H2C9 -395(3) S50(2) 12&4(2) 
ll3C9 -526(3) 468(2) 1318(2) 
H!C!0 -116(3) 259(3) 1382(2) 
ll2CI0 -192(2) 341(2) 1456(2) 
H3C!0 -122(3) 403(2) 1329(2) 
HC12 -185(2) 199(2) 902(2) 
HC13 -103(2) 24 7(2) 701(2) 
HC14 -95(2) 455(2) 583(2) 
ilCIS -156(2) 608(2) 675(2) 
H!NJ 81(2) 349(2) -961(2) 
!12N3 117(2) 210(2) -873(2) 
H!N4 170(2) 395(2) 853(2). 
H2N4 226(2) 2.88(2) 792(2) 
H!NS 690(3) 136(2) 603(2) 
H2N5 601(3) 229(2) 490(3) 

Measured data, structure elucidation and refinement 

The complex compound was prepared in accordance with the procedure that has been described by 
Rohdewald, and then it was recrystallized from water4

l. The solvent for the 13C-NMR spectroscopy was 
d6-DMSO; internal standard: TMS. The spectrum was measured using a Bruker WH 90 at 22.63 MHz. 

In or.der to carry out the x-ray structural analysis, the intensities of 4356 reflections from an 
approximately 0.25 x 0.3 mm sample were measured in the ro mode of an automatic Syntex P2 1 four. 
circle diffractometer; graphite monochromator Mo Ka (A= 0. 7107 A). 

Elucidation of the structure took place using the MULTAN 7881 computer program. Refinement of the 
structure was achieved via anisotropic temperature factors for the heavy atoms9>. The positions of the 
hydrogens was established via differential analysis of the densities. The temperature factor for a 
hydrogen, which is difficult to determine, was fixed at B = 3.0 A. 

A weighting arrangement was used on the basis of W = 2.88 for /F/ > 20.0 and W = 0.144 x F2 for /Fl~ 
20.0. 

The Rand Rw values that were ultimately observed were R = 0.045 and 0.033 (omitting unobserved), and 
Rw = 0.027 and 0.026 (o.u. [omitting unobserved]). 
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Table 4: Temperature factors ( l 03
) 

Atom U11 Un U33 U11 U13 U13 

C3 42(1). 42(1) 45(1) -15(1) 2(1) -14(1) 
C4 39(1) 42(1) 39(1) · -13(1) 2(1) -15(1) cs 38(1) 38(1) 43(1) -11(1) 0(1) 18(1) 
C6 54(1) 85(1) 58(1) -31(1) -4(1) -31(1) 
C7 67(2) 69(2) 63(1) -9(1) 11(1) -22(1) 
C9 64(2) 74(2) 66(2) -16(1) 8(1) 40(1) 
ClO 58(2) 98(2) SO(l) -28(2) -4(1) 28(1) 
C!l 37(1) 49(1) 40(1) -13(1) -l(l) 18(1) 
Cl2 58(!) 50(1) ·• Sl(l) -11(1) -4(1) -22(1) 
Cl3 68(2) 72(2) 53(1) -9(1) 2(1) -?7Cll Cl4 67(2) 90(2) 41 (l) -24(1) 3(1) -23(1) 
ClS 64(2) 65(2) 49(1) -14(1) 0(1) -9(1) 
C16 52(1) 49(1) 49(1) -14(!) -l{l) -19(1) 
Cl7 JS(l) : 45(l) 45(1) -15(1) -5(1) -16(1) 
C!B 59(1) 47(1) 46(1) -21(1) -3(1) -·17(1) 
Cl9 51(1) 49(1) 49(l) -9(1) -5(1) -17(1) 
0 57(1) 52(1) 48(l) -3 l(i) 8(1) -24(1) 
s1 57(0) 39(0) 40(0) -12(0) -1(0) -12(0) 
S2 58(0) 63(0) 47(0) -15(0) . -7(0) 14(0) 
S3 61(0) 75(0) 43(0) -30(0) -1(0) -20(0) 
Nl 48(1) 46(1) 40(1) -22(1) 4(l) -20(1) 
N2 44(1) 47(l) 49(1) -23(1) -,-1(1) -18(!) 
NJ 61(1) 4S(l) 48(1) -14(1) 4(1) -190) 
N4 65(1) 41(1) 43(1) -15(1) -2(1) -11(1) NS 55(1) 90(2) SSO) -17(1) 4(1) -8(1) 
N6 57(1) 58(1) 44(1) -12(1) -4(1) -10(1) N7 68(1) 97(2) 55(1) -46(1) 6(1) -26(1) 
NS 47(1) 55(1) 41(1) -20(1) 3(1) 21(1) N9 66(1) 77(1) .S2(1) -28(1) -6(1) -29(1) 

Table 4: Continuation 

HC12 1.2(~) H2N3 l.9(5) 
HC13 3.2(5) HIN4 ·3.6(6) 
HC14 3.2(5) H2N4 3.3(6) 
HC15 4.1(6) HlNS 3.4(6) 
HlC6 4.i(6) H2N5 . 6.3(8) H2C6. 3.4(6) HlN6. l.6(5) 
H3C6 S.2(7) H2N6 3.4(6) 
HlC9 4.8(6) HlN7 S.1(7) 
H2C9 4.8(7) H2N7 4.1(6) 
H3C9 3.2(S) HlN9 2. 7(6) 
HlCIO 5.8(8) H2N51 7.S(8) 
H2Cl0 3. 7(6) HlC7 6.S(S) 
H3Cl0 S.0(7) H2C7 4.8(8) 
H1N3 2.8(6) H3C7 3.0 

UM00012329 

NOVARTIS EXHIBIT 1017 
Novartis v. Regents, IPR2023-01346 

Page 1075 of 4460



Literature 

[Translated references]: 

H. Sucker, P. Fuchs and P. Speiser, Pharmazeutische Technologie ["Pharmaceutical 
Technology"], page 238, Georg Thieme Verlag, Stuttgart 1978. 

2 R. Voigt, Lehrbuch der Pharmazeutischen Technologie ["Textbook of Pharmaceutical 
Technology"], page 487, Verlag Chemie, Weinheim - New York 1979. 

3 A.N. Martin, J. Swarbrick and A. Camarata, Physikalische Pharmazie ["Physical Pharmacy"], 
page 322, Wissenschaftliche Verlagsgesellschaft, Stuttgart 1975. 

4 P. Rohdewald, Unpublished Results. 

References 

· H. Sucker, P. Fuchs und P. Speiser, Phaimaz.cu1ischeTechnol~oic s '>38 Geo TI· y 1 !>tuusan l!f/11. ~- ' . - ' rs ucmc er ag, 

2 R. Voii;t, Lchrbuch der Pharm.uculischcn Tcchnologie s. 487 Ver Ing Cbcmic w · h · N 
Yori: 1979. ' ' • cin c,m- cw 

3 ":.N. Martin, J. Swarbrick und A. Camnrata, l'h)•sikalischc Pharmazic, s. 322 Wiss h fr h 
Vcrlagsgcscllschnft, Stungan 1975_ , cosc a t ,c e 

4 I'. Rohdcwuld, U11vcroffc111liehte Eri;ebnissc·. 
5 W. Schlenk, Expcricntia 6, 292 (1950). 

W. Schlenk, Justus Lic:bigs Allll. Chem. 573, 142 (1952), 

6 H.U. Lennc, Z. Krist.allogr. KristaUgcom. Krislallphys. Kristallchcm. JJS, 439 (1963) 
H.U. Lenn«!, cbcnda 118, 454 (1963). · 
H. U. Leon~. cbcoda 118, 468 (!963). 

7 C. K. Johnson, Oa~•llidgc Nat. Lao. Report, ORNL-3794, 1965. 
S G. Germain,~- Main and M. M. Woolfson, Ac,u Crys1alloi;r. A27, 368 (1971). 
9 W. H. z~chanascn, Acta CrystaHogr. 16, 1139 (1963). 

[Translator: the last portion of page 641 is the beginning part of the next paper) 

9 

UM00012330 

NOVARTIS EXHIBIT 1017 
Novartis v. Regents, IPR2023-01346 

Page 1076 of 4460



' ,_. 

315182 Lllsungsvermitrlung van Aminophenazon 633 

Noth Abzichcn des L.Osu.ngsmittels i.Va.k. violettfarbene, luftempfi.ndliche, miltroll:ristalline Sub• 
stan.z. -Ausb. 28mg (23%).-Schmp. 216-220" (Zers.).-Cz,H20OS, Ber. 488.0411, Gcf. 488.0404 
(IIl.l), - IR (KBr): 3000, 2920, 2860 (CH); 1580, 1585 (C=C); 1490, 1460 (C=C); 1300, 1260, 1030 
(S=O); 890,870,850,800, 745 cm-• (C-H, C-C). - UVNIS (CH20z): >-mu {lge) .. ·264 (4.36, Sch); 
525nm (4.34). - UVNIS (q-i3CN): Ainu (lgE) =- 228 (4.69, Sch); 241 (4.63, Sch); 281 (4.33, Sch); 
512nm (4.31). - 1H•NMR (90MHz, CD2C12): 6 (ppm)= 1.55 (s, 2H, C!:h); 2.32 (s, 3H, Cfu·b); 2.41 
(s, 3H, Cfu-a); 6.0!.1-6.59; 6.94-7.87 (2m, 12H, olefinl~che u. nrom. H). -
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Zur Frage der Llisungsvermittlung von Aminophenazon durch 
Thiohamstoff 

Helmut Wiedenfcld•l .. >, Armin Kirfe1•--> und Gabriele Koop• .. > 

••) Pharmazeutisches Institut dcr Universitiit, Ao dcr Immenburg4, D-S300Bonn-Endenich, 
•••) Mincralogischcs Insiitut der Universitllt, Poppelsdorfer Schlol!, D•_S300Bonn-Poppelsdorf 
Eingegangeo am 14. August 1981. · · 

Durch ROntgenst.rukturanalyse wird die Komplexvcrbindung zwischen Aminophcnazon und 
Thioharnstoff aufgeldru-1. 

On the Solubilisalioo of Aml:oopbenazooc by Thiourca 

The nature of the complex formed from ao.1inophcnazone and thiourca was determined by X-ray 
·analysis. 

~ s O'l.50,0 

0 Vctl&g Owni< OmbH, Wciohcim 11182 
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634 Wicdenfeld, Kirfel wid Koop Arch: Pharm. 

• Thiohamstoff ist ein filr vicle Armeistoffe gebn!uchlicher L&u.ngsvcrmittler, obglcich WC$C 
Substanz bcrcits IAngere Zei! unter dcm Verdacht ciner mt.glic:_hen KanUTogenitfit steht',l,Jl, Bei dcr 
Losungsvcrmittlung des Thiohamstoffes ist von Bedcutuog, wclcher Art und wic stabil die 
cnmandencn Verbindungcn si.o.d, um cine evil. Wirkverfflderung beurtcilcn zu kOnncn. 

Es isl dahc:r von lnteressc, die physill;alisc:hen Eigcnschaften und den c:bemischen Aufbau dcr 
. Kc,mplexc mit Thiohamstoff zu kcnnen. 

Am Beispiel der Llisungsvermittlung des Aminophenazons durc:h Toiohamstoff wird 
der Aufbau un!l die Struktur einer solchen Verbindung gekllirt. 

Bekannt ist, daB Thiohamstoff und Aminophenazon einen kristallis.ierbaren Komplex 
bilden. Dieser Komplex weist deutlich veriinderte Eigenschaften gegeniiber den 
Au.sgangsverbindungen auf: So ist neben dem veriinderten LOsuhgsverhalten in Wasser 
auch sein Schmelzpunkt von 140" stark unterschieden von denen des Thioharnstoffes: 177° 
- und des Aminopllenazo_ns: 108". -

Die stochiometrische Zusammensetzung dieses Komplexes konnte Rohdewald durch 
Elemcntimmalyse al~ ~T. Toiohamstoff und l T. Aminophenazon bestimmen•>. Durch 
_Interpretation der IR-Spektren kommt er zu dem Ergebnis, daB Hinweise auf das 
Vorliegen einer EinschluBverbindung deuten. Die Yerlindenii;ig der N-H-Valenzschwin­
gung, N-H-Deformationsschwingung, der C==O-Valenzschwingung und der C-N-Defor­
mationsschwingung scheint diese Auffassung zu erharten. Interessant in diesem Zusam• 
menl:iang ist jedoch, daB der Komplex in identischer Zusammensetzung und in 
identischcm Aufbau sowohl aus Wasser, al.s auch aus Aceton, Methanol oder Ethanol 
kristallisierbar ist. Diese Tatsache spricht gegen die Theorie einer einfachen EinschluB­
verbindung. 

Schltnk und Ltnni untersuchten verschledene Thioharnstoffkomplexe wid fanden, daB 
Thioha.mstoff mit vielen organisthen Yerbindungen Kanal-~inschlullverbindungen ein­
gehtM>. Dabei wird die GroBe des_ eingeschlossenen Moleklll.s durch die Kanallange 
bcgrenzt. Die Autoreri zeigten · dies durch Bil dung von ThioharnstQffkomplexen mit 
vcrschiedenartigen Kohlenwasserstoffen. 

Im vorliegenden Fall schienen jedoch Zweifel an einer Kanal-EinschluBverbindung 
durch die GrOBe und den ri!.umlichen Aufbau des Aminophenazons angebracht. 
Drehkristallaufnahmcn, die die Struktur des Komplexes e"ndgilltig klll.rcn soil ten, fiihrten 
nicht zum Erfolg, da keine Riickschlilsse au! die optischen Acllsen der Elementanelle 
gezogen wer_den konnten•>. Da bislang n,och keine eindeutige Kliirung des Komplexes 
vorlag, war eine neucrliche Bearbeitwig dieses Problems angebracht. 

Ergebnme wad Diskmsion 

Das Material fi.ir die vorliegenden Unte~ucbungen wurde aus Wasser umkristallisiert. Es 
wurden klare, oktaedrischc Kristallplatten erhalten. 

Erste Hinwcise auf die Natur des Komplexes sollte die 13C-NMR-Spelctroskopie liefem. 
Hierbei wurde besondcrc Aufmerksamkeit den chemischen Verschiebungen der KohJen­
stoffe der C=O-Gruppe des Aminophenazons und der C=S-Gruppe des Toioharnstoffes 
gewidmet, da diese Kohlenstoffe bei Komplexbilclung clurch Vorliegen von chemi.schen 
Bindungen oder Wa.sserstoffbnicken in ihrer chemischen Verschiebung bceinflullt 
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wii.rden. Es zeigte sich jedoch, daB keine Verlinderung der erwarteten Signallagen 
gegenuber der Ausgangsverbindung auftrat; lediglich im Aromatenbereich fand eine 
paramagnetische Verschiebung statt. Die Gegenuberstellung der ue-NMR-Daten gibt 
Tab. 1 wieder. Die Zuordnung erfolgte durch Interpretation von gekoppelten und 
rausdientkoppelten Spektrcn. 

Tab, 1: 11C-NMR•Daten von Amlnophenazon Wld Komplu 

0 C ppffl Kohlcnstoff 6 =ppm 6 "ppm Kohlenstoff s "ppm 
!'yramidon Komplex Pyramldon Komplex 

10,00 7 10,48 125,52 14 129,86 

36,48 6 34,86 128,89 13 / 15 130,89 

43,57 9 I 10 44,57 135,52 11 '134,03 

122,S7 4 119,89 150,96 3 149,31 

122,71 12 / 16 127,57 162,84 S. 163,39 
17/18/19 183,26 

Dieses Ergebnis deutete auf eine Verbindung hin, die nich~ durch chcmische Bindungen 
zusammengehalten wird, sondern aufgrund cincr speziellen riiumlichen Anordnung 
entstanden ist, wobel jedoch die groBe Stabilitat der Komplexverbindung bemerkenswert 
erscheint. Wichtig ist auch, daB aus den spektroskopischen Dalen nicht auf Wasserstoff­
briicken geschlossen werden lconnte. 

Einen einfachen Hinweis auf den Aufuau des Komplexes gibt die Tatsache, dafl die 
Kristalle senkrecht zur Kristallobcrflli.che nicht oder nur sehr schwer zu spalten sind, 
wogegen dies miihelos in ~chtung der Oberflache gelingt. Dies li!Bt auf cincn 
schichtiihnl.ichen und nicht kanalartigen Aufbau schlieBcn. 

Um eine endgilltige Kia.rung der Strukrur zu erhaltcn, wird.eine R0ntgenstrukturana-
lyse an einem oaturlich gewachsenen Kristal! durchgefiihrt. . . .. 

Da cine optischc Orieniiel'UJlg des Kristallcs nicht mOglicb war, wurde auf cine rOntgenologische 
Vorun1ersucbung verzichtet und alle ·Mcssungen auf cincm Vier-Kreis-Diffraklometer vorgcnom• 
men. Durch Kristalldiffraktometrie konntc die KristallBJ't als trilclin mit-den Winkeln a., 69,55°, ~ = 
83,55° und y= 75,33° und den Gitterkonstanten 11= 9,378A, b"' 11,724A und c= 11,880A 
festgelegt werden. Die Raumgruppc ist Pl = v'cf · 

Diese trikline Kristallart mit ihrer Raumgruppe dilrfte auch der ·Orund fiir das Mi.61ingen der 
Drehkristallau!nahmen gewe.sen sein'l. Nach St.ru.kturvcrfcincrung und Au.swertung der Analyse 
zeigt sich, da.B die Thioharnstoffmolekillc untereinander netzartig du.rcb versch.iedcn Starke 
N-H-S-Brucken verbU11dcn sind und ubereinandcrliegcnde Scbichten bilden. Zwiscben dicsen 
Schichten befuiden sicb die Aminophenazonmolekule, die durch N-H;O-Bruclte11 an Thloharnstoffe 
gcbundeo sind. Dabci tritt da£ bercits ermittelle Verhliltois von 3: 1 fi!r Thloharnstoff und 
Aminopbcnazon auf. 

Abb. l gibt die Vernetzung wieder. Um die drcidimcnsionale Wicdergabe zu gewahrleist.en, sind in 
de11 Klammcm die relativen HOhcn bcigefilgt. Die freicn Zahlen geben die Numcricrung dcr 
schweren Atome an. Die Bindungsllingcn dcr H-S-Brilckcn sind untcrschiedlich. Die eillZclncn 
Wcrte sind in Tab. 2 aufgefuhrt. 
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Tab.l: BlndungsliJngm der Schwtfel-Wauusu,f/brilckm (A) 

a 2,SS r 2,62 
b 2,40 g 2,40 
C 2,41 h 2,46 
d 2,51 I 2,48 
e 2,71 

ID ·Abb. 2 sind die Bindungslingen unc! ill Abb. 3 die Winkel im Aminophc;nazon wicdcrgcgc• 
bcn. 

0 

Abb.2: Binc!ungsHlngen im Aminophcna29n (A) 
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f 
.j 
I 
I 

Abb. 3: Winkel im Aminophenazon (j 

Abb. 4 zeigr da.s gleiche filr die drci Tii.ioha.rnstoffe. Die N-H-O-Brilcken vom Thioharmtoff zur 
Carbonylgruppe des Aminophenazons sind cbcnfalls untcnchiedlich lang: Vom J\13-H betrllgt die 
Lange 2,43 A und vom N4-H 1,96 A 

Bemerkenswert ist, daB trotz des Vorhandcnscins clieser Wa.s.serstofibrucken, die Normalllingc 
aufweisen, ebcnfalls die C=O und C=S-Bindungsliinge im Normnlberclch licgen; letztercs war 
bcrcits nach elem Ergebnis der uc.JIIMR-Spcktroskopie zu erwarten. Bei War.serstoffblilcken knnn 
sonst ublicherwei&e mit ·dcr AufweitWlg der betroffcnen Carbonylbindung gercchnel werden. 

... 

~Iii 
;:;:; 
iii 

Abb, 4: Ungen (A) und Winkel (0
) in den drci ThioharastoUen 

;;; 
iii 

Durch diesc verschiedeoartigen Wa..sserstoffbrilcken ist ein dreidimensionales Netzwerk 
verkniipft mit den Aminopbenazonmolekulen in den Hoblrl!.umen. Diese Anordnung 
verliluft schichtenweise zur Kristallobertlache. 

In jeder a.symmetrischen Einbeit beflnden sich 11 Wasserstoffbruc:.lcen, die die 
Anderung der physikalischen und chemischen Eigenschaften bewirken und z;u einer 
stabilen Komplexverbindung des beschriebenen Aufbaus fiihren. 

Die absolute K~nfiguration und die Anordnu.ng von drei Thioharnstoffen und einem 
, Aminophenazon in der Elcmentarzelle ist in Abb. 5 in der ORTEP-Wiedergabe zu 

sehen71• 
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~ Abh.5: ORTEP-Wicdcrgabe de!! Komplexes 

Tab. 3: Atomkoordi1111te11 (104
) 

Atom x/a (5) y/b (6) z/c (6) 
I 

'. j.· C3 -3963(2) 2610(2) 11944(2) 
1·· .C4 -3277(2) 3335(2) 12204(2) · 
: . cs -2437(2) 3923(2) 11132(2) 
' 1. C6 -4857(3) 2709(3) 10022(2) 
! 
i· C7 -4959(3) i83S(2) 12742(2) 

j· C9 -4286(2) 4680(2) 133S0(2) 

C!0 -1819(3) 3382(3) 13762(2) 
( Cll -2248(2) 3770(2) 9059(2) 

i C12 -1815(2) 2S33(2) 8557(2) 
Cl3 -1361(3) 3136(2) 7362(2) 
Cl4 -1293(3) 4337(3) 6690(2) 
ClS -1683(3) 5257(2) 7201(2) 
C16 -2181(2) 4985(2) 8386(2) 

. C17 1790(2) 2286(2) 9629(2) 
Cl8 4927(2) 1717(2) 6540(2) 
Cl9 -304(2) 42(2) 2975(2) 
0 -1558(2) 4609(1) 109S0(1) 
Sl 2408(1) 722(0) 9854(0) 
S2 3211(1) 2482(0) 6047(1) 
S3 1058(1) 614(1) 3264(0) 
Nl -2805(2) 3526(1) 10260(1) 
N2 . -3673(2) 2642(1) 10768(1) 
N3 1226(2) 2696(2) 10534(2) 
N4 1876(2) 31330) 8562(2) 
NS 6088(2) 1791(2) 5795(2) 
N6 5180(2) 1025(2) 7688(2) 
N7 ..:1230(2) -414(2) 3831(2) 
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Tab. 3 Fon& 

Atom x/a (6) y/b (6) z/c (6) 

NS -3273(2) 3508(2) · 13334(1) 

N9 -460(2) . 60(2) 1873(2) 
H1N6 608(2) 59(2) 793(2) 
H2N6 436(3) 91(2) 821(2) 
HlNi -104(3) -50(2) 468(2) 
H2N7 -191(3) -81(2) 372(2) 
HlN9 -113(2) -23(2) 171(2) 
H2N9 3!1(3) 26(3) 123(3) 
HlC6 -538(3) 204(2) 1048(2) 
H2C6 -454(2) 26!1(2} !128(2) 
H3C6 -559(3) 355(2) 990(2) 
HlC7 -464(3) 103(3) 1278(2) 
H2C7 -505(3) 189(2) 1348(2) 
H3Ci ...:606. 204 . 124S 
H!C9 -431(3) 4 71(2) 1420(2) 
H2C9 -395(3) 550(2) 1284(2) 
H3C9 -526(3) 468(2) 1318(2) 
HlClO -116(3) 259(3) 1382(2) 
H2C10 -192(2) 341(2) 1456(2) 
H3C10 -122(3) 403(2) 1329(2) 
HCl2 -185(2) l 99(2) 902(2) 
HC13 -103(2) 24 7(2) 701(2) 
HC14 -95(2) 455(2) 583(2) 
HClS -156(2) 608(2) 675(2) 
HlN3 81(2) 349(2) -961(2) 
H2N3 117(2) · 210(2) · · :..873(2) 
HlN4 170(2) 395(2) 853(2) 
H2N4 226(2) 288(2) 792(2) 
HlNS 690(3) 136(2) 603(2) 
H2NS 601(3) 229(2) 490(3) 

Me8date.n, Strukturaufkhinmg u.nd Veri'einenmg 

Die Komplcxverbindung wurde nach dem von Rohdewald beschricbcnen Vcrfahren hcrgcstellt 
und nus Wasser umkristallisier1•>. U!sungsmittel fur die 13C-NMR-Spcktroskopic war (¼·DMSO; i.a1. 

Stand. TMS. Das Spek1rum wurdc auf cincm Bruker WH 90 bei 22,63 MHz vermcssen. 
Fur die Ro11tgcostrukt:ura.nalyse wurden die lntensititcn von43S6 Rcllexen einerca. 0,25 x 0,3 mm 

Probe in der w-Art eines automatischcn Syritex'P21 Vicr-Krcis-Diffrakto~~tcrs gemessen; Or~phir 
Monochromat MoK0 (>."" 0,7107 A). · 

Die Strukturnu!klarung crfolgtc durch das Computcrprogramm MULTAN 1s•>. Die Strukturver­
feinerung wurde durch anisotrope Temperaturfalctorcn fiir die schwcren Alome erreicht9l. Die 
Positio11cn der Wasserstoffe wurde durch die Differcnza.nalyse dcr ·Dichte.o fcstgelc:gr. Ein 
Tempcraturlaktor fur ein schwer zu ermittelndc.~ Wassersto.U wurde bci B = 3,0A fi.xiert. 

Ein Wichtungsschema wu.rde angcwendet bcmgen auf W = 2,88 filr IF I > 20,0 und W - 0, 144 x F 2 

fur I Fl;;: 20,0. · 
Die letztlich bcobachteten R- und R.,-Wcne lagen bei R "' 0,045 und 0,033 (omitting unobserved) 

und R,. = 0,027 und 0,026 (o.u.). 

UM00012337 

NOVARTIS EXHIBIT 1017 
Novartis v. Regents, IPR2023-01346 

Page 1083 of 4460



640 Wiedenfeld, Klrfel und Koop ;Arcll. Phann. 
•-j 

Tab. 4: Tempuaturfaktorcn (1<>3) 

Atom Uu Un U33 U11 U13 U23 

C3 42(1) 42(1) 45(1) -15(1) 2(1) -14(1) 
C4 39(1) 42(1) 39(1) -13(1) 2(1) -15(1) 
cs 38(1) 38(1) 43(1) -11(1) 0(1) 18(1) 
C6 54(1) 85(1) 58(1) -31(1) -4(1) -31(1) 

:.., C7 67(2) 69(2) 63(1) -9(1) 11(1) -22(1) 
C9 64(2) 74(2) 66(2) -16(1) 8(1) 40(1). 
ClO 58(2) 98(2) 50(1) -28(2) -4(1) 28(1) 
Cll 37(1) 49(1) 40(1) -13(1) -10) 18(1) 

l .. Cl2 58(1) S0(l) .• Sl(l) -11(1) -4(1) -22(1) 
~:. Cl3 68(2) 72(2) 53(1) -9(1) 2(1) -37(1) 

Cl4 67(2) 90(2) 41(1) -24(1) 3(1) -23(1) 
Cl.5 64(2) 65(2) 49(1) -14(1) 0(1) -9(1) 
Cl6 52(1) 49(1) 49(1) -14(1) -1(1) -19(1) 
C17 35(-1) . 45(1) 45(1) -15(1) -5(1) -16(1) 
ClS · 59(1) . 47(1) 46(1) -21(1) -3(U -17(1) 
C19 Sl(l) 49(1) 49(1) -9(1) -5(1) -17(1) 
0 S7(1) 52(1) 48(1) -3l(i) 8(1) -24(1) 
Sl 57(0) 39(0) 40(0) -12(0) -1(0) -12(0) 
S2 58(0) 63(0) 47(0) -1~(0) . -7(0) 14(0) 
SJ . 61(0) 75(0) 43(0) -30(0) -1(0) -20(0) 
Nl 48(1) 46(1) . 40(1) -22(1) 4(1) -20(1) 
N2 44(1) 47(1) 49(1) -23(1) -,,l(l) -18(1) 

i.-·. N3 61(1) 45(1) 48(1) -14(1) 4(1) -19(1) r ··\. 
1.-:'° N4 6sm 41(1) 43(1) -15(1) -2(1) -11(1) 
i: NS 55(1) 90(2) s5m -17(1) 4(1) -8(1) 
I·. N6 57(1) 58(1) 44(1) -12(1) -4(1) -10(1) 
r . N7. 68(1) . 97(2) 55(1) -46(1) 6(1) -26(1) 1. ; ~. NB 47(1) SS(l) 41(1) -20(1) 3(1) 21(1) 

N9 66(1) 77(1) 52(1) -28(1) -6(1) -29(1) 

Tab. 4: Forts. t 
\:. HC12 1.2(~) H2N3 1.9(5) 

i HC13 3.2(5) H1N4 3.6(6) 

I HC14 3;2(5) H2N4 3.3(6) 
HClS 4.1(6) HlNS 3.4(6) I. 
HlC6 4.i(6) H2N5 6.3(8) I 

I . HlC6 .. 3.4(6) HlN6 1.6(5) · 
·, H3C6 S.2(7) H2N6 3.4(6) 

HlC9 4.8(6). H1N7 5.1(7) 
H2C9 4.8(7) H2N7 4.1(6) 
H3C9 3.2(5) HlN9 2. 7(6) 
HlCfO 5.8(8) H2N9 7.5(8) 
H2Cl0 3.7(6) HlC7 6.5(8) 
H3Cl0 S.0(7) H2C7 4.8(8) 
HlN3 . 2..8(6) H3C7 3.0 
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H2-Antihistaminika, 8. Mitt.•> 

[Ph 478] 

Synthese potentieller H 1-Antihistaminika der Ethylendiam.in-Reihe 

Jurgen Herke•• und Walter Schunack* 

Fachbereich Pharmazie dcr Johannes Gutenberg-Universitllt, Saarstra!le 21, 6500Mainz l 
Eingegangen am 21. August 1981 

Als potentielle H2-Anti.histaminika wurden die Ethylendiamindcrivate 8, 9 und D dargestellt und au( 
ilire Hran1ihistaminischc Wirksamkeit untersuchl. 

Hi-Antihlstaminics, VIU: Synthesis or Potential H 2•Antih.istaminic:s with Elhylenedla.miae 
Structure 

As potential H,-antihistaminics, the ethylcnediamine derivatives 8, 9 and13 were prepared and tested 
for their H2-BDtihistamin.ic activity. 

Die H2-Antihistaminika Metiamid2
•
3> mid Cimetidin•.5l besitzen u.a; eine Th.iocther• 

gruppe als charakteristisches Strukturelement. Wie wir fruhcr zcigen konnten, fiihn der 
Austausch des Schwcfels durch Sauerstoff bzw. durch cine Sulfoxid- oder Sulfon-Gruppc 
zu einem relativ starken Wirkungsverlust6

•
71

• Im Rahmen dieser Arbeit interessiertc die 
Bceinflussung der pharmakologi.~chen Wirkung bei Austauscb des Schwefels durch eine 
substituierte Aminogruppe. Die zlir. prtiparativen Darstellung von 8 und 9 ben0tigte 

l!l6:l-62.lll82/0707-0641 S 02 500 

0 Verlag Uiemic VmbU, Wcinheim l'JU 
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================================FULL PAPER 

Noncovalent Assembly of Functional Groups on Calix[4]arene Molecular Boxes 

Peter Timmerman, Remko H. Vreekamp, Ron Hulst, Willem Verboom, David N. Reinhoudt,* 
Kari Rissanen, Konstantin A. Udachin, and John Ripmeester 

Abstract: Calix[4]arenes diametrically 
substituted at the upper rim with two 
melamine units spontaneously form· well­
defined box-like assemblies in the pres­
ence of two equivalents of 5,5-diethylbar­
bituric acid. These assemblies, consisting 
of nine different components, are held to­
gether by 36 hydrogen bonds and are_ 
stable in apolar solvents at concentrations 
of up to 10" 4 M. This paper reports the 
first X-ray crystal structure, and the 
MALDI TOF mass spectra together with 
the complete 1 H NMR spectroscopic 
characterization of these hydrogen-bond­
ed assemblies. The crystal structure clear-

ly shows that the assemblies are stereo­
genic, as a result of the antiparallel 
orientation of the two rosette motifs. Fur­
thermore, the synthesis of twelve new 1,3-
bis(melarnine)calix[4]arenes carrying dif­
ferent numbers and types of functionali­
ties at the upper rim is described. Detailed 
1 H NMR spectroscopic studies on the as-

sembly behavior of these functionalized 
calix[4]arenes shows that 1) polar sub­
stituents (e.g. nitro, cyano) hardly affect 
the stability of the hydrogen-bonded as­
sembly; 2) hydrogen bond donating or 
accepting groups, like amino and acetami­
do, can disturb assembly of the bo:tes un­
der certain conditions by destabilizing the 
calix[4]arene pinched cone conformation 
as a result of intramolecular hydrogen 
bond formation; and 3) sterically bulky 
groups (e.g. 1Bu) can significantly inhibit 
the fonnation of the hydrogen-bonded as­
sembly, but this effect very much depends 
on the exact positions of the groups. 

Keywords 
cnlixarencs • hydrogen bonds · molec­
ular boxes · noncovnlent assembly 
supramoleculnr chemislry 

Introduction 

The unique ability of enzymes,lll monoclonal antibodies,121 and 
T-cell receptors13l to recognize their targets with exquisite selec­
tivity arises from the cooperative action ofa unique set of func­
tional groups in a specific three-dimensional arrangement. Uti­
lizing the highly specific way proteins fold into well-defined 
three-dimensional structures, nature can generate a large variety 
of functional group arrays simply by varying the amino acid 
sequence in the peptide chain. Supramolecular chemists are try­
ing to achieve the same goal in a different way, namely, by 
anchoring functional groups to synthetic platforms, such as cy­
clodextrins, l41 calix[4]arenes,1' 1 resorcinarenes,161 or a combina­
tion thereof,l71 using the stepwise, irreversible formation of 
covalent bonds. However, for functional group arrays of in-
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creasing complexity this approach has severe limitations, such 
as the time required for syntheses and the yields obtained. As a 
result, reversible noncovalent assembly is increasingly being 
considered as a valuable alternative to classical covalent synthe­
sis, because it allows self-correction.181 Very recently, Kang and 
Rebek described a unique type of catalysis inside a self-assem­
bled dimeric capsule.191 Other e:tamples include the noncovalent 
assembly of dendrimers,11°• 1 11 tetrahedral cavities,(1 21 and 
molecular boxesll 3l or squares.t 141 

In a previous communication we reported the hydrogen bond 
directed assembly of calix[4]arene molecular box (1 ah ·(DEB)6 

(Scheme 1; DEB: 5,5-diethylbarbituric acid) ,1 151 a process that 
involves the cooperative formation of 36 hydrogen bonds in a 
rosette motif, which was first described by WhitesidesU 61 and 
Lehn.11 11 In this assembly six functionalizabl_e sites (R 1 and R 2, 

see Figure 1) are situated at the periphery of a box-like cavity. 
In view of our objective to generate functional group diversity 
in or around noncovalently assembled cavities, we undertook a 
study of how the nature of the functionality at positions R 1 and 
R 2 affects the stability of such calix[4)arene box-like assemblies. 
In this paper we present the first X-ray crystal structure and 
MALDI TOF mass spectrum of a hydrogen-bonded assembly 
of this type, and describe ten new molecular boxes carrying 
different numbers and types of functional groups at the periph­
ery. Furthermore, we show that formation of intramolecular 
hydrogen bonds in the calix[4]arene units can disturb assembly 
of the boxes under certain conditions by destabilization of the 
pinched cone conformation. 
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Results and Discussion 

In order to investigate the structure-stability relation­
ship of noncovalently assembled calix[4]arene molecular 
boxes, we synthesized bis(melamine)calix[4Jarenes 1-12 
carrying a variety of different functionalities at positions 
R 1 and R 2 (Scheme 1). Using a combination of 1 H NMR 
spectroscopy, MALDI TOF mass spectrometry, and 
single crystal X-ray diffraction, we then tested their abil­
ity to self-organize into box-hlce assemblies in the pres­
ence of two equivalents of 5,5-diethylbarbituric acid 
(DEB). 

Synthesis of Bis(melamine)calixf4)arenes: Bis(melamine)­
calix[4]arenes 1-12 were prepared starting from the cor­
responding calix[4]arene diamines 13-20, some of which 
(13-15) had been synthesized previously.11 8

• 191 Di­
aminocalix[4]arenes 16 and l7 were prepared from the 
corresponding 1,3-dinitrocalix[4]arenes 21 llOJ and 22,1191 

either by reduction with hydrazine/Raney Ni in 
MeOW211 (16) or with SnC12 in EtOHl221 (17); both 
methods gave quantitative yields. The trimethyl- and tri­
ethylsilylacetylene functions in 18 and 19 were intro­
duced by means of a Heck-type coupling of 1,3-diiodo­
calix(4Jarene 17 with either trimethylsilylacetylene (yield 
not determined owing to extensive decomposition during 
column chromatography) or triethylsilylacetylene (50% 
yield) in the presence of 5-10 mol % Pd(PPh3hC12 and 
Cul in NEt3 •1231 Monophthalimidocalix[4]arene 24 was 
prepared in 50 % yield by treatment of 1,3-dinitrocal­
ix[4Jarene 21124i with one equivalent of AgCF3COO/I1 

followed by a Cu1-catalyzed reaction with phthalimide in 
refluxing collidineP51 Finally, reduction of24 with SnCl2 

in Et0Ht12l gave diamine 20 in 93 % yield. 
The melamine units were introduced in 1-12 by slight­

ly modifying the procedure reported by Whitesides,1261 
1,3-Diaminocalix[4)arenes 13-20 were treated with cya­
nuric chloride and then NH3 to afford the bis(chloro-

(OR'). 

Figure I. Schematic representation 
of the noncovalently assembled cal­
ix(4]arene molecular boxes (X), · 
{DEB)6 (X w 1-11). 

W,, ::~ _a_)(21)_\ M .. ~~·/ 
b)(22,24) ~ 

S OR' OR'ow 

21 R'= R'= t-eu 
22 R'=R',d 
23 R'=R'aH -----, 
24 R' = phthallmlclo, R'., H .,._J c,d) 

1 R'=R'=H 
2 R'=R',.CN 
3 R'=R'=NO, 
4 A'=R'=NH, 1 5 R'= R'= NHC(=O)CH, __. 0 
6 R'= NH,, R'= H I I) 
7 R' = NHC(:O)CH,. A'= H +--' 
8 R',. R'= t-Bu 
9 R'cR'cl 
10 R'•R'=CECS!(CHJ, :-:---7 
11 A'= R'= CcCSi(CH,CHJ.j ll 
12 R'cR'cC,.CH ..., .. ___ ___. 

13 R'=R'=H 
14 R'=R'=CN 
15 A'= R'= NO, 
16 R'=R'=t•Bu ) 
17 R'=R'cl 8 

16 R'= R'= C=-CSi(CHJ, ::J 
19 R'=R'=C=CSi(CH,CHJ, ~ 
20 A'= phlhallmido, A'= H 

!f,g) 

25 R'=R'=H 
26 A'=R'.,,CN 
Zl R'=R'=NO, 
28 A'= A'= I-Bu 
29 R'aA'=I 
30 R' = R'= C=-CSl(CH,), 
31 A'= R' = C--=CSl(CH,CH,l, 
32 R'=phthalfmido,R'=H 

Scheme I. For compounds I, 13, and 25: a, R' m C 11H,,; b, R' = C,H,. For compounds 
2-12, 14-20, and 26-32: R' = C,H,. Reaction conditions: a) excess hydrazine/Raney Ni 
in rclluxing MeOH, 2 h (>9S¾); b) SnCl, (lOequiv), EtOH, reflux, 15 h, acidic 
worlcup (>95%); c) AgCF,COO (1.0 equiv), I, (l.O equiv), CHO,. reflux, 30mio.; 
d) phthalimide (l.S equiv), Cu,O (0.75 equiv), collidinc, reflux, 16 h (overall 50%); 
e) trimcthy!- (111) or tricthy!- (19) silylac:etylene (3.0 equiv), Pd(PPl>,J,a, (10 mo!%), Cul 
(10 mo!%), NEt,, 40-4s•c, IS h; f) eyanuric chloride (2.5-3.0 equiv), diisopropylcthyl­
amine (S-6equiv), TIIF, 0"C, 2 h; g) excess gaseous NH,, THF, 0'C, 3 h; h) nBuNH, 
(36 equiv), DIPEA"(!2 equiv), THF, reflux, S-19 h; i) ac:etyl chloride (excess), 1 M K,CO., 
EtOAc(fHF, RT, I h;D IN NaOH, THF/MeOH (1:1), RT, I b. 
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Molecular Boxes 

triazine)calix[4]arenes 25-32 as stable intermediates, the major­
ity of which have very limited solubility in most organic sol­
vents. Compounds 25-31 were converted into the correspond­
ing dimelamines 1-3 and 8-11 in overall yields of between 49 
and 100%, by reaction with excess n-butylamine in refluxing 
THF. During the reaction ofbis(chlorotriazine) 32 with 11-butyl­
amine the phthalimide group was partially removed and there­
fot:e the product was treated additionally with excess hydrazine 
in refluxing EtOH to give directly the monoamino dimelamine 
6 in 54 % yield. Reduction of the nitro groups in 3 with hy­
drazine/Raney Ni in MeOHr211 gave diamino dimelamine 4 in 
quantitative yield. Of all the dimelamines synthesized, com• 
pound 4 was by far the least soluble; this might be related to the 
cavity becoming significantly more rigid because of the forma­
tion of intramolecula.r hydrogen bonds (vide infra). Acylation 
of the amino groups in 4 and 6 with excess acetyl chloride under 
Schotten-Bawnann conditions gave the corresponding dime­
lamines S and 7 in 83 and 65 % yield, respectively: The 
trimethylsilyl groups in 10 were removed with 1 N NaOH to give 
diacetylene 12 in quantitative yield, as was unambiguously con­
firmed by the appearance of the acetylene resonance at 6 = 2.95 
in the 1 H NMR spectrum. 

Noncovalent Synthesis of Calix(4Jarene Molecular Boxes: Titra­
tion of dimelamine la with DEB in [D 1]chloroform shows sev­
eral characteristic features (Figure 2). Already at very low con­
centrations of DEB two signals become evident at very low field. 
These resonances, which remain at b = 14.10 and 13.32 regard-

a b 

14 12 10 

free DEB 

8 6 
6(ppm) 

4 

1a: DEB 

1: 8 

1: 3.5 

1 : 2 

1 : , 

_8: 1 

Figure 2. 'HNMR titration (400 MHz) of la (R', R2 = H, R1 = CuH,s) with 
DEB in [D,Jeblorofonn at 2S •c. Separate 10 mM solutions of la and DEB were 
mixed in variou.s ratios. 

1823-1832 

less of the i a:DEB ratio, are assigned to the hydrogen-bonded 
NH protons of DEB in the complex. These protons are observed 
at different chemical shifts as a result of the unsymmetrical 
substitution of the melamine units, which gives the two protons 
a chemically different environment in the complex. When the 
amount of DEB is increased, the signal corresponding to the 
NH2 protons of free la decreases in intensity, but remains at the 
same position. At the same time, two signals are observed at 
around c = 6.9 (c) and 6.7 (d) corresponding to the two NH 2 · 

protons. Two additional signals appear at c = 8.37 (e) and 7.43 

(f), which correspond to the two secondary amine protons of 1 a 
in the hydrogen-bonded complex. The aromatic protons of the 
melamine-substituted aromatic rings of calix[4]arene la give 
rise to signals at b =7.15 (g) and 6.03 {h}. In free la these 
protons are observed as broad signals at o = 6.65-6.05. The 
resonance at 6 = 6.03 is in accordance with a pinched cone 
structure in which the two melamines approach each other.1271 

The fact that the other aromatic proton (g) is observed at signif­
icantly lower field. is the result of formation of an intramolecular 
hydrogen bond with a triazene ring nitrogen (N-H distance in 
crystal structure (vide infra) is 2.23 A). · 

At a ratio of la:DEB of 1 :2 the spectrum is sharp; this 
indicates the absence of free 1 a. The 1 :2 ratio is consistent with 
the box-like assembly that is represented in Figure 1. When 
more than two equivalents of DEB are added, the signal for the 
NH protons of free DEB is observed alongside the two signals 
for the hydrogen-bonded DEB. This indicates that exchange 
between hydrogen-bonded and free DEB is slow on the NMR 
timescale. The self-assembled calix[4]arene boxes (lk(DE8) 6 

are stable in apolar solvents like chloroform and toluene. For 
instance, in [D,]chloroform (lb)3 ·(DEB)6 is the only assembly 
( > 97 %) observed in the spectrum over a concentration range of 
at least 10- 1-10-4 M (lower limit for 1HNMR spectroscopy). 
However, their stability progressively decreases when signifi­
cant amounts (10-20%) of highly polar solvents (like DMSO 
and methanol) are added. 

In order to investigate to what extent functional groups can 
alter the assembly of the calix[4]arene molecular boxes, we test­
ed the ability of calix[4Jarene dimelamines 2-12 to self-organize 
into box-like assemblies in the presence of two equivalents of 
5,5-diethylbarbituric acid (DEB). The'nature of the substituents 
at positions R 1 and R2 significantly influences the assembly of 
the boxes. The results are summarized in Table 1. Diagnostic for 
the formation of the box-like assemblies is the appearance of 
the barbituric acid NH signals around o = 14.1 and 13.3 
([Di]chloroform) or o =14.6 and 13.8 ([D8]toluene) in the 
1 H NMR spectra. 115• 261 The introduction of polar substituents 
at positions R 1 and R 2 , such as nitro or cyano, does not influ­
ence the stability of the cyclic hydrogen-bonded assembly to any 
significant extent. Compounds 2 (R 1, R 2 = CN) and 3 (R 1 , 

R 2 = N02) readily assemble in [D1]chloroform solution in the 
presence of DEB, and their I H NMR spectra are virtually iden­
tical to that of (1 b)3 ·(DEB)6 (R 1, R 2 = H), except for the sig­
nals of the aromatic protons ortho to R 1 and R 2 • The titration 
of 2 with DEB clearly proved the 3: 6 stoichiometry of the box­
like assembly formed. 

Recrystallization of the assembly (3) 3 ·(DEB)6 from toluene 
gave large single crystals suitable for X-ray diffraction studies. 
The crystal structure (see Figure 3) provides the first crystaUo-
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Table l. Charaaeri.stic 1 H NMR resonances for the hydrogen-bonded assemblies obtained by mixing dimclamincs 2-U with 2 equiv of DEB (overall ± S mM solutions). 

Ii in [D ,)chloroform Ii in [D,Jtoluene 
ImideNH Irnidc NH ArNH ImideNH lmidcNH ArNH 
resonance I resonance n resonance resonance I resonance TI resonance 

2 14.0 (s) 13.2 (s) 8.4 (s) -[al -[al -[a] 
3 13.9 (s) 13.2 (s) 8.4 (s) 14.3 (&) 13.6 (s) 8.8 (s) 
4 14.6-14.l (brm) !bl 9.6-9.4 (brm) [b] l4.6 (s) !3.9 (!) 8.9 (s) 
5 14.5-14.0 (brm) [cl 9.6-9.4 (brm)(cJ -[d] -[dl -[dJ 
6 14.2 (brs) 13.5-13.3 (brm) 8.4 (s) 14.8-14.6 (m) 14.1-13.9 (m) 9.0-8.9 (m) 
7 14.t {brs) 13.5-13.2 (brm) 8.4 (s) 14.6 (hrs) 13.9-13. 7 (m) 8.9-8.7 (m) 
8 -1•1 -[cl 9.2-9.4 (brm) -fa] -[al - [a) 
9 14.l (brs) 13.4(bn) 8.4 (s) -!al -[al -[al 

10 14.1 (bu) 13.4 (brs) 8.35 (s) -[a] - [al -[al 
11 14.1 '(br s) 13.4 (brs) 8.3 (s) -[a] - [a] -[al 
12 14.0(brs) 13.3 (brs) 8.35 (s) -[a] -[a) -[a) 

[a] Not measured. [bJ Spectrum recorded at -30°C. [cJ SpcctnwJ recorded at 0°C. [d) No resonances observed at room temperature owing to very low solubility. (el No 
resonances observed at room temperature. · 

graphic evidence for the formation of this type of molecular 
box.c2 s1 The structure confirms ·that the calix[4]arene units are 
fixed in a pinched cone conformation,£27l which is the only con­
formation that allows simuJtaneous participation of the cal­
ix[4]arene units in both rosette motifs. The two rosettes tightly 
stack on top of each other with an interatomic separation of 
3.5 A at the edges and 3.2 A at the center of the box, which 
leaves little space for guest molecuJes. Interestingly, the struc-

Figure 3. Top (top) and side (bottom) view (some atoms are omitted for clarity) 
of the X-ray ct;'1tal suuctwe of calix[4]arene box-like assembly (3),·(DEB), 
(toluene)11 (R 1, R • = NOJ obtained by crystallimtion from toluene (solvent mol• 
ccules are not shown). Nitrogen atoms are represented in blue, oxygen atoms in red, 
cacbon atoms in blacl:, and hydrogen atoms in white. 

ture reveals that the two rosette motifs are oriented in an anti­
tiparallel fashion 1291 (see also Figure 1), which means that the 
assembly is stereogenic. The enantiomers are expected to have a 
lifetime of the order of seconds, considering the fact that their 
racemization requires the simultaneous breakage of at least nine 
cooperative hydrogen bonds.13o1 

The crystals of (3)3 ·(DEB)6 belong to the highly symmetric 
space group Rk The box is of trigonal shape (triangle); its 
sides are approximately 3.2 nm long, and its thickness lies be­
tween about 0.7 (center) and 1.3 (periphery) nm. The 0-N and 
the N-N distances in the hydrogen-bonded network forming 
the rosettes lie between 2.85 and 3.03 A; the range of values 
arises because the rosettes in the crystal lattice are slightly un­
symmetrical. The crystal packing of the flat boxes is quite re­
markable. The boxes are separated by l.7-1.8 nm, and thus 
form large cavities accommodating up to 20 toluene sites (Fig­
ure 4). Some toluene molecules occupy a single site, while others 
are disordered over 2-3 locations. Significant disordering of the 
hydrocarbon chains in the rosette is observed: the propyl chains 
at the calix[4Jarene skeleton are disordered over four sites with 
the site occupancy varying from 0.1 to 0.4; then-butyl chains 
connected to the NH groups are disordered over five locations 
with the site occupancy varying from 0.1 to 0.3. 

Evidence for the fact that the solid state structure of 
(3)3 ·(DEB)6 resembles the structure in solution comes from a 
strong NOE enhancement observed between the NCH 2 protons 
in 3 and one ~f the ethyl CH2 groups of DEB. The interatomic 
distance of these protons within a single rosette is too large ( ca. 
6.4 A) to cause the observed NOE connectivity. Therefore, it 
must arise from a proximity effect between the two rosette mo­
tifs, and this puts a limit on the possible orientations that they 
can adopt relative to one another. In the antiparallel orientation 
observed in the crystal structure, the two protons are 2.8 A 
apart, which is in perf~t agreement with the strong NOE ob­
served. The presence of this NOE connectivity provides strong 
evidence for the fact that the structure in solution closely resem­
bles the solid state structure determined by X-ray crystallogra­
phy. 

Additional evidence for the self~assembly of the boxes was 
obtained by using MALDI TOF spectroscopy_l3 1l In the 
presence of 1.5-2.0 equiv of Ag01CF3COO the assembly 
(2)3 ·(DEB)6 gives rise to an intense signal at an m/z of 4220 
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(ca.led for 13C2 12C21,H2B2Ns4030 •
10'Ag(1> complex: 4219) in 

the mass spectrum (see Figure 5)P21 Signals corresponding to 
partially formed aggregates or higher oligomers were not ·ob­
served in the spectrum. In the absence of Ag(l>CF3COO, none 
of the assemblies 1-3 showed any significant signal in the 
MALDI-TOF spectrum. Apparently, a Ag+ ion is coordinated 
to one of the cyano groups in 2, giving the assembly an overall 
positive charge. The applicability of this method for the mass 
spectrometric detection of other hydrogen-bonded assemblies is 
currently being investigated. 

Surprisingly, the stability of assembly (4h-(DEB)6 (R1, 

R 2 = NH2) is highly solvent dependent. The 1 H NMR spectrum 
in [De.Jtoluene is very well-defined (see Figure 6) and shows two 
singlets at ~ = 14.55 and 13.85 for the magnetically inequivalent 
barbituric acid NH protons. In [D1]chloroform, however, the 
spectrum is very broad and does not show any resonance in the 
region between o = 13 and 15 at room temperature; this indi­
cates a preference for nonspecific oligo- or polymer formation in 
this solvent.1331 The decreased stability of ( 4)3 • (DEB)6 in the 
more polar solvent [Di]chloroform is most probably related to 
the hydrogen bond donating ability of the two NH2 groups. 

Figure4. Different views a) and b) of the crystnl j,nckini; or (3),·(DEB),· 
(toluene)., (R', R1 - NO,) sbowing the positlonin_s o~ the solvent molecules 
(disorder a.s well a.s 50¾ of lhc solvent molecules 1n v,cw b) are excluded for 

clarity). 

Molecular modeling studies with 
monomer 4 suggest that an in­
tramolecular hydrogen bond is formed 
between the ArNH2 groups and the 
melamine NH protons, which forces 
the cal.i.xarene to adopt a perfect cone 
conformation. In the pinched cone 
conformation observed in the box-like 
assembly (vide supra) these hydrogen 
bonds, which lead to an overall de­
crease in stability of the hydrogen­
bonded assembly relative to the 
monomers, cannot be form~d. Sup­
porting evidence for the importance of 
intramolecular hydrogen bond forma­
tion was obtained from the assembly 
of6 (R 1 = NH2 , R2 = H), which pos­
sesses only one of the two ArNH2 

groups in 4. The overall decrease in 
stability ·of the hydrogen-bonded as­
sembly (6k(DEB)6 is onlyhalfofthat 
in (4)3 ·(DEB)6 • Both in [DJtoluene 
and -in [D1]chloroform compound 6 

1823-1832 

~ 
b) 

c~ 

dl____lv.,__ 
I" ., I • ............ 1 

16 14 12 

6(ppm) 

Figure 6. 'HNMR spec­
tre (400 MHz, RT) of cal­
i.x[4Jarene box-like=· 
blics: a) (4).-(DE8)6 (R 1, 

R' - NH,)in[D1jtoluenc 
(S IIW), b) (4),-(DEB)6 
CR', R1 = NH,) in [D,l­
chloroform (SmM), c) 
(6),·(DEB)6 (R 1 = NH,, 
R 2 = H) in [D ,Jehl oro­
form (.S !UM), d) (7), · 
(DEB). (R 1 

c NHC(O)­
CH,, R' = HJ in ID,} 
chloroform (5 mM). 

forms a stable box-like assembly (see Figure 6c). Apparently, 
the presence oft.he additional intramolecular hydrogen bond in 
calix[4]arene 4 is responsible for the fact that assembly into the 
box-like aggregate is not observed in the more polar solvent 
[D 1]chlorofonn. 

Compound 5 [R\ R 2 = NHC(O)CH3] does not form the 
box-like assembly in either [D 1]ch!oroform or [Ds]toluene. Both 
1HNMR spectra exhibit broad resonances indicating non­
specific aggregation. Removal of one of the acetamido sub­
stituents of 5 fully restores the ability of the system to form the 
box-like assembly. Compound 7 [R 1 = NHC(O)CH3 , R 2 = HJ 
gives a well-defined 1 H NMR spectrum both in [D1Jchloroform 
and [D8]toluene, which is fully in agreement with the formation 
of the corresponding box-like assembly. Again, the formation of 
intramolecular hydrogen bonds, namely, between the amide 
carbonyl and the melamine NH proton, seems to be primarily 
responsible for preventing the assembly of 5. Molecular me­
chanics calculations predict a somewhat stronger intramolecu­
lar hydrogen bond for acetamido-substituted calix[4)arene 5 
[R1, R 2 = NHC(O)CH3J than for 4 (R1

, R 2 = NHJ;l341 this 
most probably explains the different assembly behavior of these 
two compounds in [D8]toluene. 

15000 

Counts 

10000 

2000 2500 3000 3500 4000 4500 5000 5500 6000 
Mass (Im!) 

Figure S. MALO! TOF mass spectrum of calix[4jarenc box-like assembly 
('2). ·(DEB), (R 1, R 2 = CN) in the preseru:c of2 equiv of AgO!CF,COO. Dihydl'OJCy• 
bcmoic acid (DHl:I) w1u used e.s a matrix. 
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Introduction of the bulky iodo substituents at positions R 1 

and R 2 in 9 significantly _broadens the imide resonances at 
o = 13.3 and 14.1; this reflects the reduced stability of the assem­
bly as a result of unfavorable steric interactions. Increasing the 
steric bulkiness of the substituents further, completely inhibits 
the assembly into the box-like aggregates. Thus, the 1HNMR 
spectrum of8 [R 1, R 2 = 1Bu] in the presence of two equivalents 
of DEB is extremely broad and poorly defined, and does not 
show the imide signals at o == 13.3 and 14.1. In sharp contrast to 
this, the dimelamines 10 [R 1, R 2 = C::CSi(CH3h] and 11 [R 1, 

R2 = C:CSi(CH 2CH3) 3), in which the bulky trialkylsilyl sub­
stituents are separated from the aromatic rings by an acetylene 
spacer, do form rosette structures, as judged from the appear­
ance of the somewhat broadened resonances at o = 13.3 and 
14.1. The corresponding free acetylenes give much sharper imide 
resonances; this proves that the trimethylsilyl substituents also 
destabilize the assemblies to some extent. The strikingly differ­
ent behavior of compounds 9 [R1, R 2 = C(CH3) 3], and 10 
[R 1,R 2 = C-=CSi(CH3h) nicely demonstrates that the exact po­
sition of the bulky substituents does have a profound effect on 
the stability of the box-like assemblies. 

Conclusions 

In this paper we have presented the complete characterization 
of noncovalently assembled calix[4]arene molecular boxes by 
1 H NMR spectroscopy, single crystal X-ray diffraction, and 
MALDI TOF mass spectrometry. The assemblies, which are 
highly stable in apolar solvents, are stereogenic as a result of an 
antiparallel orientation of the two rosette motifs. Comparing 
the stability of the various molecular boxes carrying different 
types of functionalities at the periphery, we have shown that: 

1) Polar substituents, like nitro and cyano groups, hardly influ­
ence the stability of the hydrogen-bonded assembly. 

2) The exact position of steric bulky groups strongly influences 
the stability of the corresponding box-like aggregates. · 

3) intramolecular hydrogen-bond formation can destabilize the 
pinched cone conformation of the calix{4]arene units and 
thus prevent assembly of the corresponding box-like aggre­
gates. 

We believe that additional conformational constraints at the 
calixarene skeleton will be required in order to observe the non­
covalent assembly of calix[4]arene molecular boxes in the pres­
ence of multiple hydrogen bond donating and/or accepting 
groups. 

Experimental Section 

General: All experiments were carried out in an argon atmosphere. THF was 
distilled from Najbenzopbenone ketyl, and hexane (referring to petroleum 
ether fraction with b.p. 60-80°C), CH2Cl2 and EtOAc from K2CO,. All 
chemicals wen:: of reagent grade and used without further purification. NMR 
spectra were recorded on a Bruker AC250 (1H NMR 250 MHz) or a Varian 
Unity 400 (1HNMR 400 MHz) spcctr0meter in [D 1]chlorofonn at room 
icmpemture, unless stated otherwise. Residual solvent protons were used as 
internal standard, and chemical shifts are given relative to tetrametbylsilace 
(TMS). FAB and El spectra were measured on a Finnigan MAT90 specuo­
meter with m-nltrobcmyl alcohol (NBA) as a matrix. MALDI-TOF mass 

spectra were recorded on a PcrSpective BiosystClllS Voyager-DE-RP spec­
trometer. A 337 nm UV nitrogen laser producing 3 ns pulses was used in the 
linear and rcflectron modes. Melling points were determined with a Reichert 
melting point apparatus and are uncorrected. Flash chromatography was 
performed on silica gel (SiO2 , E. Merck, 0.04-0-0.063 mm, 230-240 mesh). 
The presence of solvents in the analytical samples was conlinned by I H NMR 
spectroscopy. The synthesis of compounds 13a,11 8113b-15,l19I 21,£2°123,1"1 

and 221191 have been described elsewhere. 

S,17-Dinitro-ll -phthal.imido-25,26;27 ,2.8-tetrapropoxycalixl4jarene (24): A 
solution of 1,3-dinitrocalix[4Jarenc 23 (l .0 g, 1.5 mmol) in CHCl3 (25 mL) 
was added to a suspension of AgCF3 COO (0.32 g, l.S mmol) in refluxing 
CHC13 (25 mL), and the cloudy solution was refluxed for 15 min. Then I 1 
(0.37 g, l .5 mmol) was added in portions until the deep purple color was 
permanenL During the addition, AgI precipitated from the solution as a 
yellow solid. The reaction mixture was refluxed for another l S min, filtered 
over Celite, and evaporated to dryness. The residue was taken up in EtOAc 
(50 mL), washed with a 10¾ Na2S20 3 solution (10 mL), H20 (3 x 10 mL), 
and brine (10 mL), and dried over Na2SO,. The solvent was removed under 
vacuum, and the crude ma1crial re.fluxed in collidice (25 mL) for 24 b in the 
presence of phthalimide (0.33 g, 2.2 mmol) and Cu,O (0.16 g, 1.0 mmol). The 
reaction mixture was cooled to RT and diluted with CH2O 2 (50 mL). It was 
then washed with 5% H2SO, (2 x 25 mL), 21-1 NaOH (10 mL), H 2O 
(2 x25 mL), and brine (25 mL), and dried over Na,SO,. EvaJ)Oration of the 
solvent gave a black solid material, which was purified by column chromatog­
raphy (SiO2 , CH2Cl:J to give monophthalimide 24 in 50% yield as a yellow 
solid. M.p. !48-150"C (CH1 Cl2/McOH). 1HNMR.: 6 == 8.0-7.7 {m, 4H, 
ArH), 7.7-7.6 (rn, 4H, o-NO2ArH), 6.78 (s, 2H, o-phthalimidoArH), 
6.7-6.4 (m, 3H, ArH), 4.52, 4.49 (2d, 4H, 1J(H,H) = 13.6 Hz, ArCH,Ar), 
4.1-3.9 (m, 4H, OCH2), 3.86, 3.83 (2t, 4H, 3J(H,H)=8.0 and 7.7Hz, 
OCH:J, 3.31, 3.28 (2d, 4H, 2J(H,H) = l3.6Hz, ArCH1Ar), 2.1-1.8 (m, BH, 
OCH2CH:J, l.l-0.9 [m, 12H, O(CH2)iCHJ. MS (FAB): m/z = 828.2 (100) 
([M+Hj+, calcd 828.3). C41H,pN30,0 : calcd C 69.63, N 5.08, H 5.97; 
found: C 69.54, N 4.99, H 5.98. 

S,17-Diamino-l l,23-bis(l,1-dlmetbylethyl)-25.,26,27,28-tetrapropoxycalix-
14(arene {Hi): A solution of 1,3-dinitro 21 (O.SO g, 0.63 mmol), hydrazine 
monobydrnte (0 • .50 mL), and a catalytic amount of Raney Ni in McOH 
(25 m.L) was refluxed for 2 h. After filtering the hot solution over Celite, the 
solvent was remqved _under reduced pressure. The residue was dissolved in 
CH2Cl1 (50 mL), washed with H 20 (2 x 25 mL) and brine {25 m.L), and dried 
over Na2SO,.. Evaporation of the solvent gave l,3-diamine 16 as an orange­
brown solid in quantitative yield. 'HNMR: li = 6.98(s,4H,o-rBuArH), 5.39 
(s, 4H, o-NH2ArH), 4.32, 2.95 (AEq, SH, 2J(H,H) =l3.3 Hz, ArCH 2Ar), 
3.9-3.8 (m,4H,OCH:J, 3.54 (t., 4H, 'J(H,H) = 6.6 Hz, OCH1), 1.9-l.7(m, 
SH, OCH1 CH2), 1.30 [s, lBH, C(CH 3)J, 1.01, 0.77 {21, 12H, 
3J(H.H) -7.4 Hz, O(CHJ2CH3]. 

13C NMR: o -155.8, 149.3, 144.1, 140.1, 
136.1, 134.1, 12S.6, 115.8, 34.1, 31.8, 31.4, 23.5, 22.9, 10.9, 9.8. MS (FAB): 
m/za735.9 (100) ([M+H•J, ca!cd 735.5). C48H66N2O,.0.5 H,O: ca!cd 
C 77.48, N 3.77, H 9.08; found: C 77.42, N 3.56, H 8.92. 

5,17-Diamlno-11 ,23-dllodo-25,26,27,28-tetrapropoxycalix[4Jarcne (17): A sus­
pension of 1,3-dinitro 22 (1.16g, 1.24mmol) and SnC!2 ·2H2O (2.8g, 
12 mmol) in EtOH (SO mL) was refluxed for 15 h, and the hot solution was 
then poured onto ice. CH2Cl2 {100 mL) was added, and the solution stirred 
at RT for 1 h. This was followed by the addition of 1 N NaOH (100 mL) and 
stirring for another 30 min at R.T. The organic layer was washed with H 1 O 
(2x2S mL) and brine (25ml), and dried over Na1SO4 • Evaporation of the 
solvent gave pure 1,l-diamine 17 in quantitative yield Ill! a white solid. 
M.p.>280°C (CH2C!J. 'HNMR: {J =7.16 {s, 4H, o-IArH), 5.81 (s, 4H, 
o-NH2ArH), 4.30, 2.97 (ABq, SH, 2J(H,H)-=13.3 Hz, ArCH,Al), 3.9-3.8 
(m, 4H, OCH.), 3.67 {t, 4H, SJ(H,H) c 7.2 Hz, 0CHJ, 3.1 (brs, 4 H, NH,.), 
2.0-t.7 (m, 8H, OCH2CH2), 0.99, 0.90 [2t, 12H, 3J(H,H) =7.S and 7.4 Hz, 
0(CH2) 2CH3J. 13CNMR: l, =157.4, 149.2, 141.0, 138.6, 137.0; 134.1, US.7, 
8S.S, 30.8, 23.3, 23.1, 10.6, 10.1. MS (FAB): m/z == 874.3 (100) (M+, calcd 
874.2). c .. H66N,0,: calcd C 54.93, N 3.20. H 5.S3; found: C SS.04, N 3.52, 
H 5.51. 

5,l 7-Dlamino-11,23-( (trimethyl.'511yl)ethynylJ-25,26,27,28-letrapropoxyca1ix­
l4 larene (18): Pd(PPh,J,Cl1 (10 mg, 10 mo1%), CuI (2 mg, 10 mo!%), and 
trimcthylsilylaa:tylcne (50 µL, 0.34 mmol) were added to a thoroughly de­
gassed suspcasion of 1,3-diamine 17 (O.lO g. 0.11 mmol) in NEt, (20 mL). 
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Molecular Boxes 

The reaction mixture was heated at 40 •c for 16 b. The solvent was mnoved, 
and tbe residue dissolved in CH2Cl2 (50 mL), wa!hed with H 20 (2 x 25 mL) 
and brine (25 mL), and dried over Na2SO,. Evaporation of the solvent gave 
crude 1,3-dlamine 18, which was used as such in further reaction. 1HNMR: 
6=7.!6 (s, 4H, o-TMSC .. CArH), S.41 (s, 4H, o-NH:AfH), 4.20, 2.90 
(ABq, SH, 2/(H,H) ~13.3 Hz, ArCH 2Ar), 3.9-3.8 (m, 4H, OCH1), 3.4S (t, 
4H, >J(H,H) =7.2 Hz, OCHJ, 2.6 (hrs, 4H, NHJ, 1.9-1.6 (m, SH, 
OCH2CH2), 0.94, 0.71 l2t, 12H, 1J(H,H) =7.4 Hz, O(CHJ2CH3], 0.16 [s, 
18H, Si(CH,),]. MS (70 eV, EI) m/z 814.3 (100) (M+, calcd for 
C50H66N20 4Si2 814.5). 

5,17-Diamino-11,23-blsl (lriethylsilyl)ethynyll-25~;r, ,28-tetrapropoxycallx-
141:irene (19): Pd(PPb1),Cl2 (50 mg, 20 mo!%), Cul (5mg, 10 11101%), and 
triethylsilylacetylene (0.19 mL, 1.0 mmol) were added to a thoroughly de­
gassed suspension of 1,3-diamine 17 (0.30 g, 0.34 mmol) in NEt3 (30 mL). 
The reaction mixture was heated at 45 •c for 15 h. The solvent was removed, 
and the residue dissolved in CH2Cl2 (50 ml), washed with H10 (2 x 25 m.L) 
and brine (25 mL), and dried over Na2SO •. Evaporation of the solvent gave 
crude 1,3-diamine, which was purified by column chromatography (Si02, 

5% MeOH/CH2CJJ to give pure cliamine 19 as a foam in 50% yield. 
'HNMR: o =7.25 (s,-4H, o-TESC=CArH), 5.54 (brs, 4H, o-NHArH). 
4.33, 3.03 (ABq, SH, 2/(H,H)=l3.3Hz, ArCH1Ar), 4.1-3.9 (m, 4H, 
OCH2), 3.57 (t,4H, 3/(H,H) = 6.6 Hz, OCHJ, 2.9 (brs, 4H, NH2),2.0-1.7 
(m, 8H,OCH2CH2), 1.2-1.0(m,24H,O(CHJ2CH3 + Si(CH2CH,)J,0.84 
[t, 6H, 1/(H,H) =7.4 Hz, O(CHJ,CHJ, 0.71 "[q, 12H, 'J(H,H) =7.8 Hz, 
Si(CH2CH,) 3]. 13C NMR: o =159.0, 137.2, 132.7, 116.0, 107.4, 89.7, 76.6, 
31.0, 23.5, 22.9, 10.9, 9.8, 7.6, 4.6. MS (FAB): m/z = 899.6 (100) ([M+Hj+, 
cal(,(! for C, 6H 78N20,Si2: 899.6). 

5, l 7-Diamiao-ll-phthafunido-25,26;r, ,28-tetrapropoxycalix[4!arene (20): A 
solution of 1,3-dinitro 24 (0.50 g, 0.60 mmol) and SnCl2 ·2H20 (l.4 g, 

6.0 mmol) in EtOH {50 mL} was refluxed for 13.5 h. The hot solution was 
then poured onto ice. CH2CI, (100 mL) was added, and the solution stirred 
at RT for 1 h. This was followed by the addition of 1 N NaOH (100 mL) and 
stirring for another 30.min at RT. The organic layer was washed with H2 0 
(2 x 25 mL) and brine (25 mL), and dried over Na2S04 • Evaporation of the 

solvent gave pure 1,3-diamine 20 in 93% yield as a yellow foam. 1HNMR: 
6 = 8.0-7.7 (m, 4H, ArH), 6.98 (s, 2H, o-phtbalimidoArH), 6.87 (d, 2H, 
3/(H,H) =7.4 Hz, ArH), 6.73 (t, 1H, 3J(H,H) =7.4Hz, ArH}, 5.83, 
5.76 (2d, 4H, 'J(H,H) = 2.7 Hz, o-NH2ArH), 4.43, 4.40 (2d, 4H, 
2/(H,H) = 13.3 Hz, ArCH2Ar), 4.0-3.8 (m, 4H, OCH;a), 3.69 (t, 4H, 
3/(H,H) =7.1 Hz, OCH2), 3.09, 3.05 (2d, 4H, 2J(H,H) =13.3 Hz, 
ArCH 2Ar), 3.0 (brs, 4H, NHJ, 2.1-1.8 (m. 8H, OCH2CHJ, 1.04 [t, 6H, 
3 J(H,H} = 7.4 Hz, O(CH2) 2CH3J, 1.0-0.9 [m, 6H, O(CH:J2CH3]. "C 
NMR: o = 161.6, 151.5, 157.2, 149.3, 140.9, 136.7, 136.l, 134.8, 134.2, 134.0, 
132.0, 128.6, 126.4, 125.0, 123.5, 121.8, l1S.8, US.6, 76.7, 76.6, 31.1, 23.4, 
23.1 (2x), I0.7, 10.!, 10.0. MS (FAB): m/z =767.5 (100) (M+, calcd for 
C,.8 H53N3O6 : 767.4). 

General Procedure for the Prepnmtion of Bis(chlorotrlazlne)calix!4larenes 
:ZSa-32:'A solution of the 1,3-diaminocalix(4Jarene in THF was added drop­
wise to an ice-cooled solution of cyanuric chloride (2.5-3.0 equi11) and diiso­
propyletbylamine (DIPEA, 5-6 equiv) in THF. The solution was stirred at 
o•c for 2 h. Then gaseous NH3 was gently bubbled through the solution for 
another 3 h, while keeping the temperature at O •c. The reaction mixture was 
subsequently diluted with CH2CI1 (50 mL), washed with H 20 (25 mL) and 
brine (25 mL), and dried over Na,S04 • Evaporatioo of the solvent gave 
crude bis(chlorotriazine), which was used without further purification. 

S,17•N,N'-Bisf4-amino-6-chloro-l,3,S-trlazln-2-yl!dlamino-25,26,27,28-tetnt• 
kls(dodecyloxy)calixl4Jarene (25 a) was prepared from diamlne 13 a (1.47 g, 
1.30mmol), cyanuric chloride (0.72g, 3.9mmol), and DIPEA (1.35ml, 
7.82 mmol) in THF (30 mL). Toe yellowish bis(chlorotriazine) 25 a was ob­
tained in 63 % yield at\er triruration with n-butanol and 11-hcxane and used 

without further purification. 1HNMR (IDJDMSO) 6-= 9.73 (brs, 2H, 
ArNH), 7.lS-6.65 (brm, 6H, ArH), 6.27 (s, 4H, o-NHArH), 4.40, 3.19 
(ABq, 8H, 1J(H,H) =12 Hz. ArCH 2Ar), 4.1-3.SS (brm, 4H, OCH1), 3.75-
3.35 (brm, 4H, OCH.), 2.0-1.65 (bnn, SH, CH2), l.40-1.05 (m, 72H, 
CH2), 0.8l (I, 12H, 3/(H,H) = 6.2 Hz, CH,). MS (FAB):m/z = 1384.5 (100) 
(IM +HJ"', calcd for C82H 12• 35CJ2N 100 4 : 1384.0). 

1823-1832 

S,l7-N,N'-Bisf4-amlno-6--chloro-l,J,S-triaziD.2-yJ1diamlno-2S,26,27,28-letn• 
propoxycallx!4]arme (lSb) was prepared from diamine 13b (0.50 g, 
0.80 mmol), cyan uric chloride (0.45 g, 2.4 mmol), and DIPEA (0.84 mL, 
4.8 mmo!) in THF (50 m.L). Instead of the normal worlcup, H10 (100 mL) 
was added to the reaction mixture, and the resulting suspension stirred for 
15 min at RT. The white solid was filtered off and washed rua:essively with 
H10, n-butanol, and n-hexane. After the solid had been dried under high 
vacuum, bis(cb.lorotriazine) 25b was obtained in 93 % yield and used without 
further purification. 1H NMR ([D6JDMSO) 6 == 9.65 (brs, 2H, ArNH), 
7.6-7.3 (m, 6H, ArH), 6.27 (s, 4H, o-NHArH}, 4.34, 3.12 (ABq, SH, 
1J(H.H)=12.9Hz, ArCH,Ar), 4.0-3.8 (m, 4H, OCH2), 3.64 (t, 4H, 
3J(H,H) = 6.S Hz. OCH2), 2.0-1.S(m, 8H,OCH2CH2), 1.07, 0.90[2t, 12H, 
3J(H,H) =7.4 Hz, O(CHi.)1CH;], MS (FAB): mfz = 878.1 (100)(M+, calcd 
for C46H.,35a 2N 100.: 878.4). 

5,17-N ,N' -~(4-amino-6-dtloro-1,3,5-lriazin.. 2-yQdlamlno-l l ,23-dicyano-
25,26,27 ,28-tetn.propoxycal.ix(41arene (26) was prepared from diamine 14 
(0.90 g, 1.3 mmol), cyanuric chloride (0.74 g, 4.0 mmol), and DIP EA 
(1.4 mL, 8.0mmol) in THF (SO ml). Bis(chlorotriazine) 26 was obtained in 
61 % yield after trituration with EtOH and used without further purification. 
1HNMR.: ,5 =-7.45 (s, 4H, o-CNArH}, 6.4 (brs, 4H, o-NHArH), 4.45, 3.22 
(ABq, SH, 2J(H,H) 0 13.3 Hz, ArCH,Ar), 4.2-4.0 (m, 4H, OCH2), 3.8-3.S 
(m, 4H, OCH2), 2.0-1.7 (m, 8H, OCH 2CH2), 1.06, 0.90 [2t, 12H, 
3/(H,H) =7.4 Hz. O(CH2).CH,J. MS (FAB); m/z = 929.5 (100) (IM+WJ, 
calcd for C41H50HCl,N12O4 : 929.3}. 

5,17-N ,N'-~14-amino4-chloro-1,3,S-triazin-2-ylldlamlno-11,23-dinitro-
25,26,27,28-tetrapropoxycallxl4]arene (27) was prepared from diamiru: 15 
(0.40 g, 0.56 mmol), cyanuric chloride (0.32 g, 1. 7 mmol), and DIPEA 
(0.60 mL, 3.4 mmol) in THF (25 mL). Bis(chlorotriazine} 27 was obtained 
in 86% yield afler recrystallization from DMSO/CH1Cl1 . 1HNMR 
([D6]DMSO) o = 9.9 (brs, 2H, ArNH), 7.8-7.4 (m, 8H, o-N02ArH 
+NHJ, 6.89 (s, 4H, o-NHArH), 4.35, 3.30 (ABq, SH, 1J(H,H} =13.6Hz, 
ArCH2Ar), 4.3-4.1 (m, 4H, OCH,), 3.92, 3.74 (2t, SH, 3/(H,H) = 6.3 Hz, 
OCH1), 1.9-1.8 (m,8H, OCH,CHJ, 1.09, 0.86 [2t, 12H, 3J(H,H) =7.4 Hz, 
O(CH1).CH,J. MS (FAB): m/z == 969.5 (100) (IM+W], calcd for 
c ... H.o" 5Cl,N.,O,: 969.4). 

5,17-N,N'-Bls(4-amino-6-chloro-1,3,S-triazio-2-y!!diamino-11,23-bis(l,l-di­
methylethyl)-25,26;r,,~telntpropox:ycalixl41arene (28) was prepared. from 
cyanuric chloride (0.38 g, 2.0 mmol), DIPEA (0.71 mL, 4.0 mmol), and di• 
amine 16 (0.S0 g, 0.68 mmol) in THF (25 mL). Crude 28 was obtained as an 
orange solid in quantitative yield and used without further purification. 
1HNMR: li =7.04 (s, 4H, o-1BuArH), 6.1-S.8 (m, 6H, o•NHArH +NH2), 

4.38, 3.06 (ABq, SH, 2/(H,H) =13.5 Hz. ArCH,Af), 4.0-3.9 (m, 4H, 
OCH,), 3.58 (t, 4H, 3J(H,H) = 6.S Hz, OCHJ, 2.0-1.7 (m, SH, 
OCH2CHJ, 1,30 [s, !SH, C(CH,)3], 1.02 [t, 6H, 3J(H,H}=7.4Hz, 
N(CHJ3CH3], 1.03, 0.79 [2t, 12H, 'J(H,H) =7.4 Hz, O(CH2) 2CH1]. MS 
(FAB): mfz = ?9LS (100) (IM+H•J, calcd for C54H 5~ 35Cl1N 100 4 : 991.S). 

5,17-N,N'-Bisl4-amino-6-chloro-l,3,5-triazin•2•ylldiamlno-ll,23-diiodo-
25,26;r7 ,28-tetrapropoxycalix[4(arene (29) was prepared from 1,3-diamine 17 
(0.88 g, t.0 mmol), cyanuric chloride (0.S6 g, 3.0 mmol), and DIPEA 
(1.0 mL, 6.0 mmol) in THF (50 ml). Crude bis(chlorotria.zine) 29 was ob­
tained as a white solid in quantitative yield and used without further purifica­
tion. 1H NMR: 6 = 8.3 (brs, I H, NH), 7.43 (s, 4H, o-IArH), 6.3 (brs, 4H, 
o-NHArH), 5.3 (brs, 1 H. NH), 4.31, 3.01 (ABq, SH, 2J(H,H) = 13.4 Hz, 
ArCH,Ar), 4.0-3.9 (m, 4H, OCH2), 3.54 (t, 4H, 3/(H,H) = 6.6 Hz, OCH2), 

2.0-1.7 [m, SH, OCH2CH2J, 1.01, 0.81 [21, 12H, 3J(H,H) ==7.4 Hz, 
O(CH2):CH3J. MS (FAB): mfz ~ 1131.2 (100) ([M +H •], calcd for 
C,.6H 50

35Cl2I2N, 00 4 : 1131.1). 

5, 17-N ,N' -Bls[4-amlno-6-chloro- l,3,5-triazin..2-ylJdlamino-11,23-bls( trl• 
methylsilylethynyl)-25,26,27,28-tetrapropoxycalix[41arene (30) was prepared 
from crude diamine 18 (125mg, 0.114mmol), cyanuric chloride (63 mg, 
0.34 mmol), and DIPEA (0.12 mL, 0.69 mmol) in THF (15 mL). Crude 30 
was obtained quantitatively and used without further purification. 1H NMR: 
6 ..,7_32 (s, 4H, o-TMSCe,CArH), 6.3 (brs, 4H, o-NHArH), S.3 (brs, 2H, 
NH2),4.39, 3.11 (ABq, SH, 2/(H,H) =13.3 Hz. ArCH 2 Ar), 4.1-3.9 (m,4H, 
OCH.), 3.63 (t, 4H, 3/(H,H) = 6.6 Hz, OCH;a), 2.0-1.7 (m, SH, 
OCH2CH1), 1.10, 0.89 [2t, 12H, 3J(H,H) =7.3 Hz, O(CH2) 2CH3], 0.20 [s, 
18 H, Si(CH3).J. MS (FAB): m/z = 1073.1 (100) ([M + H4J, calcd for 
C56H 6/'Cl37CJN ,00 4 Si 2 : 1073.4). 
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FULL PAPER ________________________ D_. N_._R_e_inh_o_u_dt_e_t_al. 

S,17-N,N'-Bis[4-amiuo-6-cblo.ro-1,3,5•tria.zh>.2-yl.ldiamlno-ll,13-bl.s(trl• 
ethylst1ylethynyl}-25,26,27,28-tetrapropoxycalixl41are11e (31) was prepared 
from cyan uric chloride (55 mg, 0.30 mmol), DIP EA (O.! 1 mL, 0.60 mmol), 
and diamine 19 (90 mg, 0.10 mmol) in THF (15 mL). Crude 31 was obtained 
as an off-white solid in qu1111titative yield and used without further purifica­
tion. 'HNMR: 6 =7.32 (s, 4H, o-TESCsCArH), 6.3 (brs,4H, o-NHArH), 
5.3 (brs, 2H, NHJ, 4.39, 3.11 (ABq, &H. 1J(H,H) =13.3 Hz, ArCH2Ar), 
4.1-3.9 (m, 4H, OCH,), 3.63 (t, 4H, 'J(H,H) = 6.6 Hz, OCHl)• 2.0-1.7 (m, 
SH, OCH2CHJ, 1.2-1.0 [m, 24H, O(CH 2) 2CH3 +Si(CH 2CH3) 1], 0.87 [1, 

6H, 3J(H,H) =-7.3 Hz, O(CHJ2CH1J, 0.69 [q, 12H, 3J(H,H) c7.8 Hz, 
Si(CHlCH,h]- MS (FAB): m/z =1155.6 (100) (IM+WJ. calcd for 
C62H10

35Cl2N10O4Si2: 1155.S). 

5,17-N ,N' -Bis(4-nmino-6-chloro-l,3,S-trlazin-2-yl]dlamino-11-phth111imido-
2S,26,27 ,28-tetrapropoxycalixl4)arene (32) was prepared from diamine 21 
(0.43 g, 0.56 mmol), cyanuric chloride (0.26 g, 1.4 mmol), and DlPEA 
(0.49 g, 2.8 mmol) in THF (25 ml). Crude 31 was obtained in 70% yield and 
used without further purification. 'H NMR ([DJmethanol/{D1]cltloroform 
1:9): .5=7.6-7.4 (m, 4H, ArH), 6.95 (cl, 2H, 3J(H,H)=7.4Hz, ArH), 
6.85-6.75 (m, 1 H, ArH), 6.2 (brs, 2H, o-NHArH), 4.39 (d, 4H, 
2J(H,H) =13.4 Hz. ArCH,Ar), 4.0-3.8 (m, 4H, OCH2), 3.64 (t, 4H, 
3J(H,H) = 6.9 Hz, OCH,), 3.2-3.0 (m, 4H, ArCH 2Ar), 2.0-1.7 (m, SH, 
OCH 2CHl), 1.01 [l, 6H, 'J(H,H) = 7.3 Hz, O(CH,.)iCH,J, 0.9-0.8 [m, 6H, 
O(CH1 ) 2CH3]. MS (FAB): m/z =1063.4 (40) (IM+H"CJ+Hr). 1042.3 
(100) (IM+NHJ+), 1024.4 (50) ([M+H] ♦• calcd for C,.H,.HC12N 110 6 

1024.4]. 

General Procedure for the Preparation of Bis(melamine)calix(41arenes 1-3, 6, 
and 8-11: A solution of the bis(chlorotriazine), n-butylamine (36 equiv), and 
DIPEA (12 equiv) in THF (25-50 ml) was refluxed for 5.5-19 h. The mix­
ture was then evaporated to dryness. The residue was dissolved in CH1Cl2 
(50 mL), washed with H,O (3 x 25 ml) and brine (25 mL), and dried over 
Na2SO,. Evaporation of the solvent gave tbe crude calix[4]arene dimelamine 
as a white solid, which was further purified when necessary. 

5,l 1•N ,N' -Bisf4•amino-6-(butylamlno }-1,3,5-triann-2-ylJdiamino-25,26,27 ,28-
tetn.kis( dodecyloxy)c:allxj4Jarene (1 a) was prepared from bis(chlorotriazine) 
13a (1.0 g, 0.72 mmol), 11-butyla.mine (2.5 mL, 25 mmol), and DIPEA 
(l.5 mL, 8.7 mmol) in THF (250 m.L). Crude dimelamine la was tritu:rated 
with acetone and recrystallized from EtOAc and CH 2Cl2 to give pure dime• 
!amine la in 74% yield. 'HNMR: .5 .,.7_0.s-6.7 (brm, 6H, ArH), 6.65-6.05 
(brm. 6H, o-NHArH +NH), 5.25-4.7 (brrn, 6H, NH), 4.42, 3.11 (ABq, 
SH, 2J(H,H) =13.3 Hz, ArCH2Ar),4.1-3.9 (brm, 4H, OCHJ, 3.8-3.6(m, 
4H, OCHJ, 3.4-3.2 (m, 4H, NCH,), 2.0-1.75 (m, 8H, OCH,CH,), 
l.6-1.15 (m, 72H, CHJ, 1.0-0.8 (m, 12H, CH,). MS (FAB): m/z =1458.4 
(100) (IM+H"•J, calcd 1458.1). C90H,44N 12O4 : calcd C 74.l4, N 11.53, 
H 9.95; found: C 74.29, N 11.60, H 10.26. 

S,17-N ,N' -Bls(4-amlno-6-{l>otylamiDO )· l,3,5-trlazin..2-yl]diamino-25,26,27,28-
lelnpropoxycalix{4]arene (1 b) was prepared from bis(chlorotriazine) 13b 
(0.50 g, 0.57 mmol), n-butylamine (2.0 mL, 21 mmol), and DIPEA (1.2 mL, 
6.8 mmol) in THF (50 mL). Crude dimclamine lb was absorbed on silica gel 
by addition of silica gel (5 % of dry weight used for column) to a solution in 
THF (10-15 mL) followed by careful removal of the solvent and drying 
under high vacuum. Subsequent purification by column chromatography 
(SiO1 , 10% McOH/CH2Cl2) and recrystallization from EtOAc gave dime• 
I.amine 1 bas a light orange solid in 74% yield. M.p. 175-180°C. 'HNMR: 
.5 =7.0-6.7 (brm., 6H, ArH), 6.6-6.2 (brm, 4H, o-NHA.rH +NH), 5.0-4.8 
(brm, 6 H, NH), 4.43, 3.11 (AB q, SH, 2 J(H,H) == 13.3 Hz. ArCH2Ar), 
4.1-3.9 (m,4H, OCH2),3.69(t,4H, 3J(H,H) = 6.7 Hz, OCH,), 3.31 (q,4H, 
3.l{H,H) ~ 6.5 Hz, NCH1), 2.0-1.7 (m, SH, OCH,CHJ, 1.6-1.3 (m, 8H, 
NCH2CH1 CH,), 1.06 (l, 6H, 3J(H,H) =7.4Hz, O(CHJ,CH,J, 1.0-0.8 
[m, 12H, N(CH,)3CH3 +O(CH1),CH3]. MS (FAB): m!z = 954.0 (100) 
(IM +H+J, calcd 953.6). C54H72N,p,.0.5EtOAc:calcd C 67.43, N 16.86, H 
7.68; found: C 67.31, N 16.98, H 7.52. 

S,17-N,N'-Bls(4-amlno-6-(butylamlno}-1,3,5-trruin-2-yl]diamlno-11,23-di­
cyano-2S,26,27,28-tetrnpropoxycalix(4Jarene (l) was prepared from bis• 
( chlorotriazine) 26 (0. 7 6 g, 0.82 mmol), n-butylaminc (2.9 mL, 29 mmol), and 
DIPEA (1.7 mL, 9.8 mmol) in THF {SO mL). Crude dimclam.ine 2 was ab• 
sorbed on silica gel by addition of silica gel (5 % or dry weight used for 
column) to II solution in THF (10-15 mL) followed by careful removal of the 

solvent and drying under high vacuum. Subsequent purification by column 
chromatography (Si01 , 10% MeOH/CH2 Cl1) and recrystallization from 
CH2Cl2/MeOH gave hismclamine 2 as a light brown solid in 49% yield 
(based on die.mine 14). M.p. 231-233°C. 'HNMR: c5 =7.2-7.0 (brm, 4H, 
o-CNArH), 6.7-6.2 (brm, 6H, o-NHArH +ArNH), 5.0-4.7 (brm, 6H, 
NH), 4.35, 3.09 (ABq, SH, 2J(H,H) = 13.6 Hz, ArCH 2Ar), 4.0-3.8 (m, 4H, 
OCHJ, 3.75-3.55 (m. 4H, OCH,), 3.28 {q, 4H, 'J(H.H) = 6.6 Hz:, NCH 1), 

2.0-1.7 (m, 8H, OCH,CH,), l.6-l.2 (m, 8H, NCH1CH2CH2), 1.0-0.S [m, 
18H, O(CHJ1CH3 +N(CH1).CH3]. MS (FAB): m/z =1003.4 (100) 
(IM +H+], calcd 1003.6). C56H 70N 1,O,.0.5MeOH: calcd C 66.60, N 19.25, 
H 7.12; found: C 66.18, N 19.52, H 7.08. 

5,17-N,N'-B~(4-runlno-6-(butylamino)-l,3,S-lriazio-2-ylldiamino-11,23-dini­
tro-25,26,27,28-tetrapropoxycalix(4Jarene (3) was prepared from bis(chloro­
triazine) 27 (4.6 g, 4.8 mmol), 11-butylamine (17.0 mL, 171 mmol), and 
DIPBA (10.0 mL, 57.0 mmol) in THF (100 mL). The residue was recrystaJ. 
lized from CH2Cl1/EtOR to give pure dimelamine 3 as a yellow solid in 81 % 
yield, M.p. 185-190°C. 1HNMR: c5 =7.7 (brs, 4H, o-NO,ArH), 6.7-6.2 
(m, 4H, o-NH.ArH +ArNH), 5.2-4.7 (m, 6H, NH), 4.39, 3.17 (ABq, SH, 
2J(H,H)=13.6Hz, ArCH2Ar), 4.l-3.9 (m, 4H, OCH,), 3.8-3.6 (m, 4H, 
OCH,), 3.3-3.1 (m, 4H, NCH 2), 2.0-1.6 (m, SH, OCH2 CH2), 1.6-1.2 (m, 
SH, NCH2CH2CH2), 1.1-0.8 [m, 18H, O(CHJ1CH, + N(CH1),CH,]. MS 
(FAB): m/z =1044.3 (100) (IM+2H•J, calcd 1044.6). C5,H,0N 140 1·EtOH: 
calcd C 61.74, N 18.00, H 7.03; found: C 61.67, N 18.23, H 7.12. 

5,l 7-Diamino-11,23-N ,N'-bls(4-amino4-(butylamino }-1,3,5-triazin-l•yll­
diamino-2S,26,27,28-tetrapropoxycalix(4(arene (4): Eltcess hydrazine mono­
hydrate (1.0 mL) and a catalytic amount of Raney Ni were added to a 
suspension of 1,3-dinitro 3 (0.50 g, 0.48 mmol) in THF/MeOH (100ml, 1:1 
v/v). The mixture was refluxed for 2 h. Then tbe suspension was filtered 
immediately over Celite and evaporated to dryness to give pure diamine 4 as 
a white solid in quantitative yield. M.p. 175-180°C (MeOH). 1HNMR: 
c5 == 6.6-6.2 (m, 10H, ArH + NH), 5.1 -4.8 (m, 6H, NH), 4.35, 2.97 (ABq, 
SH, , J{H,H) == 13.0Hz, ArCH2Ar), 3.9-3.6 (m, 8H, OCHl)• 3.34 (q, 4H, 
3/(H,H) = 6.5 Hz. NCH2), 2.0-1.3 [m, 16H,OCH2CH2 +NCH 2CH2CH:J, 
1.04 [t, 6H, 3 J(H,H) = 7.2 Hz, O(CH,.l2CH,J, 1.0-0.8 [m, 12H, 
N(CHJ3CH3 +O(CH1) 2CH3]. MS (FAB): m/z = 983.9 (100) ((M+W], 
calcd 983.6). CuH74N 140 4 ·2H2 0: calcd C 63.62, N 19.24, H, 7.71; found: 
C 63.76, N 19.00, H, 7.52. 

5,17-Bls(acetamldo}-11 ;13-N ,N' ·bis(4-amino-6-(butylaml110 }-1,3,5-lrlazin-2-
ylldiamino-25,26,27,28-tetrapropoxyealixl4larme (S): K 2CO, (1 M) was added 
to a turbid solution of 1,3-diamine 4 (100 mg, 0.102 mmol) in THF/EtOAc 
(40 mL, 1: 1 v/v), which rapidly clarified. Excess aoctyl chloride (0.3 mL) was 
then added, and the two-phase solution was vigorously stirred for I h, after 
which TLC analysis showed tbe complete disappearance of starting material. 
The reaction mixture was washed with H10 (3 x 25 ml) and brine (25 mL) 
and dried over Na2S0 •. Removal of the solvent and recrystallization from 
CHCJ:Jhexane gave pure 5 as an off-white solid in 83% yield. M.p. 258-
2600C. 'HNMR (IDJmethanol/[D,Jchloroform 1:9) 6 =7.0 (brs, 4H, 
ArH), 6.4 (brs, 4H, ArH), 4.32, 3.03 (ABq, 8H, 1J(H,H) c13.2Hz, 
ArCH,Ar), 4.0-3.8 (m, 4H, OCHJ, 3.56 (t, 4 H, 1 J(H,H) = 6.6 Hz, OCH,), 
3.4-3.2 (m, 4H, NCH.), 2.0-1.7 (m, SH, OCH 2CHJ, 1.84 [s, 6H, 
C(O)CH3J, t.6-1.2(m, 8H, NCH2CH2CH1), 1.00 [t, 6H, 'J(H,H)-7.3 Hz, 
O(CHJ,CH,J, 1.0-0.7 [m, 12H, N(CH,),CH, +O(CH,)2CH3]. MS 
(FAB): m/z=l068.1 (100) ([M+Hr, calcd 1067.6). CsaH,aN14O6 • 

0.25CHCl3 ·0.5n•hexane: calcd C64 . .52, N 17.20, H 7.54; found: C 64.58, N 
17.48, H 7.53. 

11-Ammo-S,l 7•N ,N'-bis(4-amino-6-(butylamlno }-1,3,S-trl azin..2-yl]diamlno-
25,26,.27,28-tetrapropoxycalixf 4larene (6) was prepared from monophthal• 
imide 32 (0.20 g, 0.20 mmol), 11-butylamine (0.7 g, 7.0 mmol), and DIPEA 
(0.49 g, 2.8 mmol) in THF (25 mL). The crude material was refluxed for 2 h 
in EIOH/THF (30 mL, 5: I) in the presence of excess hydrazine (0.20 mL). 
After evaporation of the solvents, the residue was dissolved in CH 2Q 2 
(50 mL), washed with 1 N NaOH (2 x 25 mL), H20 (2 x 25 mL). and brine 
(25 mL), and dried over Na2S04 • Removal of the solvent gave crude dime­
la.minc: 6, which was recrystallized from CH2Cl1fhexane to give pure 6 in 54 % 
yield. M.p. 150-155°C (slow phase transition). 1HNMR: .5 =7.0-6.! (m, 
9H, ArH), 4.9 (brs, 6H, NH), 4.41, 4.35 (2d, 4H, 1J(H,H) cl3,5 and 
13.2 Hz, ArCH2Ar), 4.0-3.6 (m, SH, OCH.), 3.5-3.2 (m, 6H, NCH, 
+NHJ, 3.09, 2.96 (2d, 4H, 2J(H,H)=l3.4 and 13.3Hz, ArCH2Ar), 
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2.0-1.8 (m. 8H, OCH,CHJ, 1.6-1.3 (m, SH, NCH2CH2CH2), t.04 
[t, 6H, 3J(H,H) =7.4Hz, O(CH,),CHJ, 1.0-0.8 [rn, 12H, O(CH1) 2CH1 
+N(CHJ3CH3]. MS (FAB): m/• = 968.8 (100) (!M+H]', ca.led 968.6). 
C5,H13N130 4 ·0.6CH2Cl2 ·0.25n-bexane: ca!cd C 64.74, N 17 . .SO. H 7.52; 
foW!d: C 64.61, N 17.54, H 7.48. 

11-Acetamido-5,17-N,N'-bis[4-amino-6-(butylamino)-l,J,5-triazin-2-yl]di­
amino-25,26,27,28-tetrapropoxycalix[4Jarene (7): The reaction was carried 
out according to the procedure described for compound 5, by using 
monoamine 6 (50 mg, 52 µmol) and excess acetyl chloride (0.10 mL) in a 
mixture of EtOAc/1 M K 2C03 (20 mL, l: I), to give monoamide 7 in 65 % 
yield after recrystallization from CH1Cl2/hcxane. M.p. 150-!SS'C (slow 
phase transition). 1HNMR: f, =7.0-6.l {m, 9H, Ad{), 5.1 (brs, 68, NH), 
4.41, 4.38 {2d, 4H, 2J(H,H) =13.1 and 13.2 Hz, ArCH2Ar), 4.0-3.6 (m, 
SH, OCH2), 3.5-3.2 (m, 4H, NCH,), 3.09, 3.07 {2d, 4H, 2J(H,H) = 
13.3 and 12.9 Hz, ArCH2Ar), 2.06 Is, 3H, C(O}CH3], 2.0-1.7 (m, 

SH, OCH2CH2), l.6-1.2 (m, SH, NCH2CH2CHJ, 1.01 It, 6H, 
1J(H,H}=7.3Hz, O(CHJ,CHJ, 0.92 It, 12H, 3J(H,H}=7.1Hz, 
O(CHJ2CH3 +N(CHJ3CHJ. MS (FAB): m/z=-101!.0 (100) (!M+Hj+, 
calcd 1010.6). C56H,.N 13O5 0.5CH2Cl2 ·0.Sn-hexane: calcd C 65.21, 
N 16.62, H 7.30; found: C 65.22, N 16.64, H 7.47. 

S,17-N,N'•Blsf4-amino-6-{buty12111lno)·l,3,S-triazin-2-ylldiamino-11,23-
bis(l,l-dimeihylethyl)•25,26,27,28-tetrapropoxycalixf41arene (8) was prepared 
from crude bis(chlorotriaune} 28 (0.57 g. 0.57 mmol), n-butylamine (2.0 ml., 
21 mmol), and DIPEA (1.2 mL, 6.9 mmol). Calix[4Jarene dimclamine 8 was 
obtained as an orange oil in 97% overall yield (based on diamine 16). 
'H NMR: ci = 6.97 (s, 4H, o-tBuArH}, 6.2-5.8 (m, 4H, o-NHArH), S.S-4.8 
(m, 6H, NH), 4.34, 3.03 (ABq, 8H, 2J(H,H) =13.3 Hz, ArCH 2Ar),4.0-3.8 
(m, 4H, OCH2), 3.57 (t, 4H, 3J(H,H) = 6.6 Hz, OCH2), 3.19 (q, 4H, 
lJ(H,H) = 6.5 Hz, NCH2), 2.0-1.7 (m, 8H, OCH1 CH3), 1.S-1.2 (m, 8H, 
NCH2CH,CH2), 1.25 [s, 18H, C(CH3) 1], 1.02, 0.78 [2t, 12H, 3J(H,H) = 
7.4 Hz, O(CH 2) 2CH3], 0.84 [t, 6H, 3J(H,H} =7.2 Hz, N(CHJ3CH:J. 
HRMS (FAB): m/z =1065.7 (100) ([M+H•J, calcd for C62H 88N 12O4 : 

3065.7). 

5,17-N,N'-Bi5f4-amino-6-{b11tylamioo}-l,3,S-triazin-2-ylldiamino-ll,23-di• 
lodo-25,26,27,28-letrapropoxycalix{41arene (9) was pn::pared from crude bis­
(cb!orotriaiine) 29 (1.3 g, 1.0 mmol), n-bucylamine (4.0 mL, 40 mmol), and 
DIPEA (2.3 mL, 13 mmol). Crude ca!ix[4]arcne dimelamine was mixed with 
2 equiv of DEB and subsequently purified by futsh column chromatography 
(Si02 , MeOH/CH 2CJ2 10:90). Toe product containing fractions were 
washed with 1 N NaOH (3 x 25 mL), H1O (3 x 25 mL), and brine (25 mL), 
and dried over Na2SO4 • Evaporation of the solvent in vacuo gave pure 
dimelamine 9 as a yellow solid in a 75 % overall yield (based on 1,3-diamine 
17). M.p. 18S-187°C (CH,Cl,). 1HNMR: I, =7.35 (s, 4H, o-lArH), 
6.6-6.1 (m, 6H, Q-NH2ArH +NH), 4.9 (brs, 6H, NH), 4.35, 3.05 (ABq, 
SH, 2J(H,H} =13.3 Hz, ArCH2Ar), 4.0-3.9 (m, 4H, OCH2), 3.64 (t, 4H, 
3J(H,H) = 6.9 Hz, OCH2), 3.34 (q, 4H, 1/(H,H) = 6.5 Hz, NCH,), 2.0-1.8 
(m, SH, OCH1CH2), t.7-1.3 (m, SH, NCH2CH2CH2), 1.1-0.8 [m, 18H, 
O(CH,hCH, +N(CH,).CH,]. MS (FAB): m/z =:'1205.6 (100) ([M+W]. 
c:alcd 1205.4). C 54H70!2N 120 4 : calcd C 53.82, N 13.95, H 5.86; found: 
C 53.95, N 13.93, H 6.00. 

S,17-N,N'-Blsf4-amlno-6-{batylamino)-1,J,S-trlazin-2-ylldilllniao-ll,23-
bis((lrimethylsilyl)elhynyl]-25,26,27,28-tetrapropoxycallxl4l11rene (10) was 
prepared using crude bis(chlorotriaune) 30 (110 mg, 0.114 mmol), n-butyl­
amine (o.41 mL, 4.1 mmol), and DIPEA (0.24 mL, 1.4 mmol) in THF 
(20 mL). The crude material was purified by flash column chromatography 
(SiO 2 , 5% MeOH/CH 2CIJ to give pure dimclamine 10 as a colorless sticky 
solid in 46% overall yield (based on 1,3-diamine IS). 'H NMR: o =7.19 (s, 
4H, o-TMSCeCArH), 6.3-6.0 {m, 6H, o-NHArH +NH), S.3-4.7 (brm, 
6H, NH), 4.30, 3.01 (ABq, SH, 2J(H,H) =13.4 Hz, ArCH,Ar), 4.0-3.9 (m, 
4H, OCHJ, 3.55 (t., 4H, 3J(H,H) = 6.7 Hz, OCH1), 3.25 (q, 4H, 
3.l{H,H) = 6.S Hz, NCH 2), J.9-1.7 (rn, 8H, OCH,CH.), 1.5-1.2 (m, SH, 
NCH2CH2CH.), 1.01 ft, 6H, 3J(H,H) =7.4 Hz, O(CHJ3CH3], 0.9-0.7 Im, 
12H, O(CH3) 2CH3 +N(CH 2) 3CH,], 0.21 [s, 18H, Si(CH3)s]. MS (FAB): 
m/z =1145.7 (100) (IM+H+], calcd 1145.7). C64 H 88N,.O,Si2 ·1.SH2O: 
calcd C 65.SS, N 14.33, H 7.82; found: C 65.62, N 14.39, H 7.63. 

5,17-N ,N' -Bis[4-amino-6-{batylamino )-l ,J,S-triazin-2-yljdl:imino-11,23-
bisl (triethylsilyl)ethynylj-25,26,?7,28-tetrapropoxycalixJ41nrene (11) was pre-

1823-1832 

pared from crude bis(chlorotriazine) 31 (90 mg, 0.10 mmol}, n-butylamine 
(0.36mL, 3.6mmol), and DIP.EA (0.21 mL, 1.2mmol) in THF (15 mL). 
Putc dimclamine 11 was obtained as a colorless foam in qllllntitative yield. 
1HNMR: 6 :7.19 (s, 4H, Q-TESCaCArH}, 6.3-6.l (m, 6H, c:>-NHArH 
+NH), 4.9 (brs, 4H, NH.), 4.7 {hrs, 2H, NH), 4.30, 3.02 (ABq, 8H, 
'J{H,H) = 13.4 Hz, ArCHaAr), 4.0-3.9 (m, 4H, OCH2), 3.55 (t, 4H, 
3J(H.H) = 6.6Hz, OCH2), 3.24 (q, 4H, 3.l{H.H) = 6.5 Hz, NCH.}, 1.9-1.7 
(m, 8H, ·OCH,CH2), 1.5-1.2 (m, 8H, NCH,CH2CH2), 1.1-1.0 [rn, 
24H, O(CH2hCH3 +Si(CH2CHJJ, 0.86 [t, 6H, 'J(H,H)=7.l Hz, 
N(CH2J,CH3], 0.79 [t, 6H, 3J(H,H) =7.5 Hz, O(CH1),CH3 J, 0.63 [q, 12H, 
'J(H,H) c7.8 Hz, Si(CH1CH3)sl- MS(FAB):m/z =1229.9 (100) (!M+WJ, 
calcd 1229.S). C70H 100N 12O,Si3 ·H2O: calcd C 67.37, N 13.47, H 8.24; 
found: C 67.28, N 13.47, H 8.41. 

S,17-N ,N' -Bl.sl4-amlno-6{batylamino)-l,3,5-triazin-2-yl]diamlno-l 1,23-d.i -
ethynyl-25,26,27,28-tetrnpropoxycalix[4)arene (12): To a solution of calix­
[4]arcne dimelamine JI (33 mg, 29 µmol) in THF/McOH (10 mL, 1:1 •/v) was 
added l N NaOH (1-2 mL), and the mixtutc was stirred at RT for 1 h. After 
removal of the solvent, the residue was taken up in CH2Cl1 (25 mL), washed 
with H20 (3 x 10 mL) and bripe (10 mL), and dried over Na2SO4 • Evapora­
tion of the solvent gave cliacctylene 13 iu a colorless solid in quantitative yield. 
M.p. 16S-180°C (slow phase transition). 1HNMR: /J =7.16 (s, 4H, 
1rHCaaCArH), 6.5-6.1 (brm, 6H, NH/ArH), S.2-4.8 (brm, 6H, NH), 4.32, 
3.02 (ABq, 8H, 2J(H,H) =13.S Hz, ArCH1Ar), 4.0-3.9 (m, 4H, OCH2), 

3.57 (t, 4H, 3J(H,H) =- 6.7 Hz, OCH,), 3.24 (q, 4H, 3 J(H,H) = 6.5 Hz, 
NCH2), 2.9S (s, 2H, ArC;;;CH), 2.0-1.7 (m, SH, OCH2CH1 ), l.6-1.2 (m, 
8H, NCH2CH2CH2), 1.0 [t, 6H, 3J{H,H) =7.4 Hz, O(CH2J.CH:J, 0.9-0.7 
[m, 12H, O(CH1hCH3 +N(CH2),CH3]. MS (FAB): m/z e:1002.1 (100) 
QM+H+], calcd 1001.6). C58H,,N 12O4 ·0.SH2O: calcd C 68.95, N 16.64, 
H 7.28; found: C 68.65, N 16.62, H 7.27. 

Roselle Formations: Calixl4Jarene dimclamine 2-12 (l O mg) were each mixed 
with 2 equiv of DEB and suspended in [D1jchloroform or [D8]tolucne. The 
resulting mixtures were stirred until all solid material had dissolved. In cases 
where the material did not dissolve, addition of 10% methanol was usually 
sufficient to rapidly dissolve the solid material. The resulting solution was 
then evaporated to dryness, and the residue redissolved in [D i)chloroform or 
[D8Jtoluene to give clear solutions of the corresponding hydrogen-bonded 
assemblies. 

MALDI-TOF Mass Spectra: The samples were prepared by stirring a solu­
tion of 10 mg of (2), · (DEB)6 and ± 1.0 mg (1.0 equiv) of Agl"CF3COO in 
J.O mL ofCHC1 3 until all solid material had dissolved. 10 µL of this solution 
was then· mixed with 20 µL of a solution containing 3 mgL - t of 2,S-diby­
droxybenzoic acid in nitrometbane. 1 µL of the resulting solution was finally 
loaded on the gold sample plate and submitted for the MALDI-TOF mea­
surement. 

Single Crystal X-Ray Diffraction: Crystal data aod structure refincrru:nt for 
(3). ·(DEB).-(toluene)20 (C,. 0 H44,N,.O41); crystal size= 0.60 x 0.60 x 
0.50 mm, M, "'6077.58, rhombohedral crystal system, space group Rlc, 
a=38.7950(4), c=42.0004(9)A, 7=120", V=54743.9(14)A3

, Z=6, 
p..,.,. =1.l06 Mgm-•. The diffraction data were collected with Mo"" radia­
tion (,( = 0.71073 A, 28,..,S40°, G> scan mode, absorption coefficient= 
0.066 mm-') and a graphite monochromator on a Siemens SMART diffrac­
tometer equipped with a CCD detector. Reflections collected 90185, indepen­
dent reflections 5693 (R1n, = 0.0478). The structure was solved by direct 
methods using the SHELXTL suite of programs. l•JJ All non-hydrogen atoms 
on !he host were refined anisotropically; those of the guest (solvent) mole­
cules were refined isotropically by full-matrix least-squares on F 2 ; hydrogen 
atoms were pl.aced in calculated positions and allowed to ride on the parent 
atoms. No com:ctions were made for polarization or absorption. Data/ 
restraints/parameters 5151/93/611, goodness-of-fit on F 2 = 1.090, final R 
indices [/> 2.Sa([)]: R, = 0.1236, wR2 = 0.3359, R indices (all data) 
R1 = 0.1641, wR2 = 0.4331, extinction coefficient 0.00051 {ll), largest cliff. 
peak and hole 0.515 and -0.352 A·•. 
The crystals arc very sensitive to the absence of the solvent and are destroyed 
by exposutc to air within several seconds. Selection of crystals to be intro. 
duced into the capillary was carried under the solvent. After the crystal was 
placed inside the capillary, a small amount of solvent was added and the 
capillary scaled. 
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Experiments were carried out on the same crystal a1 two temperatures; 
- !50°C and +20 °C. Al a temperature of approximately -60°C, the reflec­
tion widths broadened by several orders of magnitude, indicating a change in 
the crystal. Therefore the experimental errors at - I 50 •c were much more 
significant. However, t.hc low-temperature experiment made it possible to 
observe the toluene molecules and these coordinates were used as the starting 
points for the refinement of their locations for the CJtperiment at +20•c. 
Crymllographic data (c:Jtcluding structure factors) for the struct\lre reported 
in this paper have been deposited with the Cambridge Crystallographic Data 
Centre as supplementary publication no. CCDC-100 561. Copies of the data 
can be obtained free of charge on application to The Director, CCDC, 12 
Union Road, Cambridge CB2lEZ, UK (Fax: Int. code +(1223)336-033; 
e-mail: dcposit@ccdc.cam..ac. uk). 
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We demonstrate that significant improvements in kinetics of 
co-crystal formation by grinding can be achieved by the 
addition of minor amounts of appropriate solvent. 

The synthesis of crystalline supramolecular structures mediated 
by hydrogen bonds is of considerable importance. 1-4 In the case 
of co-crystals, these are generally formed by dissolution and re­
crystallisation from a suitable solvent, although sublimation and 
growth from the melt are also used. The use of grinding a solid 
mixture has also been described. Solid-state grinding, i.e. the 
use of mechanical forces to create new molecular and 
supramolecular assemblies-mechanochemistry--can be re­
garded as an attractive and eco-tiiendly alternative route, 
avoiding the use oflarge amounts ofsolvent. 5- 10 The utilisation 
of solid-state grinding, however, is limited. In certain instances, 
it is known that even though co-crystals are readily formed from 
solution, co-crystals are difficult to form even after extensive 
grinding. 11 Here, we report a significant increase in kinetics by 
the appropriate use of very small quantities of solvent. 

Several co-crystals of cyclohexane-1,3cis ,5cis-tricarboxylic 
acid (CT A, C6H9(COOHh), the symmetry analogue of ben­
zene-1,3,5-tricarboxylic acid (C6HJ(COOHh, trimesic acid) 
which has been extensively employed as a building block in 
supramolecular chemistry, 12, 13 have been synthesized using the 
solution-based method and their structures have been deter­
mined.14 ,oyo 

0 OH 

CTA 

Bipy 

HTMA 

.N~N. 

~ 
ll'h 

When a mixture of CTA and hexamethyltetramine (HMTA) 
are ground together in a ball mill for 20 min, 15 a distinct change 
in the powder X-ray diffraction pattern takes place. 16 Fig. I 
shows the powder XRD patterns of pure CT A, pure HMT A as 
well as the I : I mixture after 20 min grinding. Reflections 
associated with the reactants decrease in intensity while new 
reflections appear. The simulated powder pattern of 
CT A·HMT A (generated on the basis of its determined single 

E crystal XRD structure17) and the pattern obtained show 
~ excellent agreement. The structures 'generated by grinding and 
~ from solution are, therefore, identical. 
~ 
M 
0 

~ 
t Electronic supplementary information (ES!) available for PXRD profiles 
showing the grinding results for CTA + Bipy with and without solvent as 

0 well as CTA + 21Ph with different solvents. See http://www.rsc.org/ 
o suppdata/cc/b2/b207369m/ 

Co-crystallisation by simple grinding is, however, not always 
successful. The co-crystal structure of CT A and 4,4'-bipyridine 
(Bipy) has been determined by single-crystal X-ray diffraction 
analysis with co-crystals grown from MeOH solution. 18 When 
an equimolar mixture of CT A and Bipy is ground for I h, 
however, only partial reaction occurs. Reflections in the PXR.D­
pattern of the ground sample associated with the original 
components are still clearly present. When the reaction of CT A 
and Bipy is repeated, however, but now with the addition of 
approximately 0.05 ml of MeOH, 19,20 co-crystallisation is 
found to be significantly accelerated such that complete 
conversion (as monitored by PXRD) is achieved in 20 rnin.t 

For co-crystals of CTA and 4,7-phenanthroline (fPh), few 
reflections corresponding to the simulated CTA·2fPh PXRD 
pattern appear even after a considerable length of time grinding 
CT A with fPh (molar ratio of I : 2), despite the fact that the 
CT A·2fPh co-crystals can be readily obtained from MeOH · 
solution. Fig. 2 shows the PXRD patterns of CTA·2fPh 
prepared by grinding with small amount ofMeOH. After 5 min, 
reflections in the powder pattern associated with CTA·2fPh 
appear while the peaks matching the original reactants still 
remain but with diminished intensities. The observed PXRD 
pattern after IO min is found to be very similar to the simulated 
PXRD pattern (Fig. 2(g)), and the reflections associated with 
CT A and fPh absent. 

In order to rationalize how small amounts of solvent may 
influence the co-crystal formation, several different kinds of 
solvents have been tested. Water, in which CTA is very soluble 
but fPh only partially, is found to accelerate the reaction. 
Similarly, co-crystals were also formed by grinding using ethyl 
acetate in which fPh is soluble but not CTA. Acetonitrile, in 
which both CT A and fPh are only partly soluble, also 
accelerates the reaction. An important distinction, however, 
arises with cyclohexane-a liquid in which neither CTA nor 

0 10 20 30 40 50 

2 Theta 

Fig. I Powder X-ray diffraclion pattern of (a) CTA, (b) HMTA, (c) ground 
mixture of CTA + HMTA (20 min), (d) simulated pattern from single­
crystal structure of CT A-HMTA. 
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Fig. 2 Powder X-ray diffraction pa11ern of(a) CTA, (b) fPh, (c) ground dry 
mixture ofCTA + 2fPh {I h), (d) ground mixture of CTA + 21Ph with 
MeOH (5 min), (e) ground mixrure of CT A+ 2fPh with MeOH (10 min), 
(f) ground mixture of CT A + 21Ph with cyclohexane (l.5 h), (g) simulated 
pattern from single-crystal structure of CTA.21Ph. 

fPh are soluble. In this case no kinetic enhancement is observed 
and no reaction occurs even after 1.5 hour grinding (Fig. 
2(f)). 

This paper reports the important observation that the addition 
of relatively minor amounts of a solvent can significantly 
enhance the rate of co-crystal formation. Whilst clearly of 
benefit to the organic solid-state chemists, it is likely to be of 
interest to aJJ areas of chemistry where mechanochemistry 
methods are envisaged. The observed enhancement in kinetics 
might be rationalised by the additional degrees of orientational 
and conformational freedom open to molecules at the various 
interfaces as well as the enhancement of opportunities for 
molecular collisions. In addition, tiny co-crystal seeds may be 
envisaged to form within the solvent during the grinding 
process so that the rate of co-crystallisation can be increased. 
The choice of solvent used in grinding, therefore, should be one 
that is necessarily able to dissolve at least part of the original 
components. On the other hand, solid-state grinding involving 
small amount of solvents, might also be utilised to pre-test 
whether co-crystals can be synthesized from solutions. For 
instance, the co-crystal of CT A and phenazine, whose structure 
has not been reported in the Cambridge Structural Database21 to 
date, cannot be synthesized from solution in our study. 

Interestingly, it cannot be obtained by grinding in the presence 
of various kinds of solvent either. Given the potential for 
tailoring solid-state properties via co-crystal formation, the use 
of small amounts of solvent allied with sample mechanical 
treatment may provide an important synthetic route in organic 
solid-state chemistry. 

We are grateful for a DWEF Cambridge Scholarship and 
ORS Award (N. S.). 
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AbstracL An inclusion complex between TRIMEB and (S)-naproxen has been crystallised and 
characterised by physicochemical methods including X-ray analysis. The complex crystallises in the 
orthorhombic crystal system, space group P212121, with a- 15.179(4), b•2l.407(5}, c• 27.67(1) A 
and Z - 4. The structure was solved using ·published coordinates for the skeleton atoms of 'IRIMEB 
in an isomorphous complex. Refinement by full-matrix least-squares analysis yielded R • 0.0571 for 
6573 unique observed reflections. Hydrophobic forces are responsible for the inclusion of the drug, 
which has its methoxy group burled in the cavity of the host and its propionic acid moiety protruding 
from the 0(2), 0(3) side of the TRIMEB molecule. Both host and guest undergo conformational 
changes on complexation relative to their conformations observed in the 'IRIMEB monohydrate and 
naproxen crystal structures respectively. Complex units pack in a screw-channel mode in a head-to-tail 
fashion with their axes almost parallel to the b-axis. 

Key words: Pennethylated ,B-cydodextrin, (S)-naproxen, inclusion complex, X-ray crystal struc­
ture. 

1. Introduction 

The cyclodextrins and their derivatives are finding increasing application in the 
pharmaceutical industry as carrier molecules for many drugs, as complexation can 
result in improved physical characteristics such as increased aqueous solubility 
[1]. The interaction between the non-steroidal anti-inflammatory drug, naproxen 
((S)-6-methoxy-a--methyl-2-naphthaleneacetic acid), and /3-cyclodextrin has been 
investigated in solution and in the solid state [2-7]. Molecular modelling and 
NMR studies have generated proposals on the mode of inclusion of the drug 
by /3-cyclodextrin · [2, 5;... 7] and stability constants for the complex have been 
estimated by phase solubility, NMR, fluorescence, circular dichroism and U. V. 
techniques [2, 5-7]. The 13C-NMR. study by Bettinetti et al. [2] also includes the 
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278 MINO R. CAIRA ET AL. 

calculation of stability constants in solution of naproxen complexes with some /3-
cyclodextrin derivatives, amongst which is a partially methylated ,8-cyclodextrin. 
However, there are no data available on the interaction between naproxen and 
permethylated /j-cyclodextrin ((2,3,6-tri-O-methyl)-,8-cyclodextrin, or TRIMEB). 
Permethylation of ,8-cyclodextrin renders it many times more soluble and, as 
such, potentially more useful in the pharmaceutical. industry [8]. We report here 
the preparation, thermal analysis and crystal structure of a naproxen-TRIMEB 
complex. 

2. Experimental 

2.1. MATERIALS 

TRIMEB (Cyclolab, Hungary) and (S)-naproxen (Syntex, U.S.A.) were used as 
received. 

2.2. THERMOGRAVIMETRIC ANALYSIS AND DIFFERENTIAL SCANNING 
CALORIME'IRY 

Thermogravimetric (TOA) and differential scanning calorimetric (DSC) traces 
were recorded on a Perkin-Elmer PC7-Series Thermal Analysis System in the 
range 30-180 °C at a scanning rate of 5 °C/min under N2 gas-purge. Sample 
masses were 7-8 mg. Samples were placed in vented pans. 

2.3. PREPARATION OF THE NAPROXEN-'IRIMEB COMPLEX 

Crystals of the complex, which are colourless and prismatic, were grown at approx­
imately 50 °C from an aqueous solution prepared by mixing equimolar amounts 
of (S)-naproxen and TRIMEB in distilled water at room temperature and then 
filtering off the undissolved naproxen. 

·2.4. CRYSTAL STRUCTURE SOLUTION 

In order to optimise diffraction data quality, reflection intensities were measured 
from a crystal of dimensions 0.50 x 0.50 x 0.50 mm cooled to -15 °C (258 K) 
on an Enraf-Nonius CAD-4 diffractometer using graphite-monochromated MoKo 
radiation ( A = 0. 71069 A). Accurate cell dimensions were obtained by least-squares 
analysis of the setting angles of 24 reflections in the range 16 ~ 8 ~ 17°. Intensity 
data were collected by the w-scan technique. To ensure accurate measurement of 
weak reflections, a pre-scan acceptance parameter of zero was chosen to force 
their final intensity scans up to a maximum time of 100 s per reflection. Data were 
collected to (sin 8/A)max = 0.595 A-1. Three standard reflections (2 13 15; 216 8; 
· l O 3 13), which were monitored every hour, showed a 4% decrease in intensity 
during data collection. Orientation control was performed every 150 reflections. 
Data were corrected for Lp effects. Crystal data collection and refinement details 
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(S)-NAPROXEN-TRIMEB INCLUSION COMPLEX 279 

are listed in Table I .. The structure was solved using published coordinates for 
the non-hydrogen cyclodextrin atoms (excluding the 0(6), C(7), C(8) and C(9) 
atoms of each methylglucose residue - see Figure 2 for numbering scheme) of 
the isomorphous p-iodophenol-TRIMEB tetrahydrate complex [9]. A difference 
Fourier synthesis after refinement by full-matrix least-squares techniques (minimi­
sation of [:E{w{FJ - F;)2)/ :E(w(FJ)2]112 ) [10] revealed all the non-hydrogen 
atoms of the guest and many of the remaining non-hydrogen atoms of the host. 
Once all non-hydrogen atoms had been located from subsequent difference Fouri­
er syntheses, all the cyclodextrin hydrogen atoms linked to carbon atoms were 
in.serted at idealised positions with C-H - 1.00 A. All the methyl hydrogen atoms 
were assigned a common variable isotropic temperature factor and the remaining 
hydrogen atoms of each methylglucose moiety were assigned common variable 
isotropic temperature factors. All non-hydrogen atoms were assigned anisotropic 
temperature factors, except for C(7G3 ), which was disordered, and C(l), C(5), C(9) 
and C(l O) of the naproxen molecule, which, in addition, were refined subject to the 
following distance constraints, on account of abnormally long bond distances for 
C(l}-C(9) and C(5}-C(l0): C(l}-C(2), C(1}-C(9), C(5)-C(6) and C(5)­
C( 10) with C-C = 1.42 A, rJ = 0.005 A. The hydrogen atoms attached to the carbon 
atoms of the guest were also inserted at idealised positions with C-H = 1.00 A 
and assigned a common isotropic temperature factor. The carboxyl hydrogen atom 
of the guest was located in a difference Fourier synthesis and allowed to refine 
subject to a distance constraint (0-H = 1.00 A, a = 0.05 A). Final fractional 
coordinates for non-hydrogen atoms are given in Table II. 

3. Results and Discussion 

3.1. THERMOGRAVIMETRIC ANALYSIS AND DIFFERENTIAL SCANNING 
CALORIMETRY 

TGA and DSC traces are given in Figure 1. TOA of the complex showed a loss of0.4 
weight percent from 30 to 150 °C. This is negligible and probably represents surface 
water. There was no evidence for any water molecules in the structure solution and 
crystals of the complex showed no signs of cracking in this temperature range 
on a hot-stage microscope. It was therefor~ concluded that the complex contains 
no water molecules of crystallisation. The DSC trace confirmed this as it was 
featureless except for an endotherm corresponding to fusion of the complex at 
165.7 °C (onset melting temperature). 

3.2. CRYSTAL STRUCTURE SOLUTION 

Numbering schemes for the host and guest are given in Figure 2, which shows the 
host and guest molecules separately. Figure 3 shows a stereodiagram of the (S)­
naproxen-TRIMEB complex. The riaproxen molecule is inserted in the host cavity, 
with the propionic acid moiety protruding from the 0(2), 0(3) face. The mode of 
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280 MINOR. CAIRA ET AL. 

TABLE I. Crystal data, experimental and refinement parameters for the title 
compound. 

Molecular formula 
Mr/g mol- 1 

Crystal system 
Space Group 
z 
a (A.) 

b (A.) 

c(A 
V (A3) 

Dz 
Crystal dimensions (mm) 
Range scanned 0 (0

) 

Index range 
Scan width (0

) 

Aperture width (mm) 

No. of reflections collected 
No. of unique reflections 
No. of reflections with 
I> 2q(l) 
No. of L.S. parameters 
Rl (I > 2u(l)) 
wR2 (F2

) 

w 

s 
Shift/e.s.d. max., average 

. · (~P)max final (e A-3) 

(~P)min final (e A-3
) 

43H11203s·C14H1403 · 
1659.8 
Orthorhombic 
P212121 
4 
15.179(4) 
21.407(5) 

· 27.67(1) 
8991(5) 
1.226 g cm-3 

0.5 X 0.5 X 0.5 
1~8~25 
h: 0,18; k: 0,25; l: 0,32 
0.8 + 0.35 tan 8 
1.12 + l.05 tan 0 
8655 
8613 

6573 
1050 
0.0571 
0.1456 
[e12(Fo)2 + (0.0859 X P)2 + (1.79 X P)r1 

P = (max(FJ, 0 + F;)/3 
1.120 
0.362, 0.006 
0.56· 
-0.27 

inclusion will be discussed in more detail once the conformation of the host has 
been described. All seven methylglucose moieties of the TRIMEB molecule are 
in the 4 C1 chair conformation. Average bond lengths and angles for the host are 
w.ithin the standard deviations of those reported for other TRIMEB complexes [9, 
12]. Atom C(7G3) is disordered over three sites with site occupancies of 0.56, 0.22 
and 0.22. As is normally the case for TRIMEB, the 0(2)-C(7) bonds are directed 
away from the cavity and the 0(3)-C(8) bonds are directed towards the cavity [9, 
11-14]. The C(6)-0(6) bonds of residues Gl, G3, GS, and G6 are directed away 
from the cavity in the (-)-gauche confonnation [15], while those of 02, G4 and 07 
point towards the cavity in the (+)-gauche conformation. The 0(6}-C(9) bonds of 
all glucose residues are trans to the corresponding C(5)-C(6) bonds except in 06, 
where.the relationship is gauche. Table III lists values for the 0(4)· • -0(4')· • -0(4") 
an.gles of the 0(4) heptagon, radii of the 0(4) heptagon, 0(4)- • •0(4') distances, 
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(S)-NAPROXEN-TRIMEB INCLUSION COMPLEX 281 

TABLE ll. Final fractional atomic coordinates (x 1041 and 
equivalent isotropic displacement parameters (A.2 x JO ) for 
the naproxen-TRIMEB complex. 

utJJ. == (1/3) Li L; U;;o.taja, • a; 

X y z Utt1/U{;0 

C(IGl) 8639(3) 4589(2) 4730(2) 41(1) 

C(2Gl) 7926(3) 4129(2) 4883(2) 42(1) 

C(3Gl) 7392(3) 3910(2) 4447(2) 40(1) 
C(4Gl) 7014(3) 4495(2) 4210(2) 41(1) 
C(5Gl) 7758(3) 4930(2) 4063(2) 45(1) 
C(6Gl) 7449(4) 5522(2) 3830(2) . 55(1) 
C(7Gl) 8543(4) 3703(3) 5595(2) 63(2) 
C(8Gl) 6683(4) 2936(3) 4350(3) 75(2) 
C(9Gl) 6413(6) 6332(3) 3897(3) 90(2) 
O(2Gl) 8277(2) 3590(2) 5113(1) 50(1) 
O(3Gl) 6718(2) 3507(2) 4602(1) 49(1) 

0(401) 6497(2) 4310(2) 3802(1) 46(1) 

O(SGI) 8250(2) 5104(1) 4488(1) 45(1) 
O(6Gl) 6787(3) 5800(2) 4118(1) 65(1) 
C(IG2)· 11859(3) 4139(2) 4046(2) 46(1) 
C(2G2) 11565(3) 3720(2) 4468(2) 47(1) 
C(3G2) 10566(3) 3716(2) 4504(2) 42(1) 
C(4G2) 10166(3) 4360(2) 4507(2) 43(1) 
C(5G2) 10558(3) 4774(2) 4109(2) 45(1) 
C(6O2) 10313(4) 5447(2) 4164(2) 62(1) 
C(7O2) 12721(4) 2985(4) 4536(3) 101(3) 
C(8O2) 9928(4) 2798(2) 4869(2) 61(1) 
C(9O2) _ 10344(8) 6406(3) 3761(4) 132(4) 
0(202) 'l 1823(2) 3093(2} 4421(1) 63(1) 
0(302) 10311(2) 3402(2) 4941(1) 49(1) 
0(402) 9244(2) 4278(2) 4426(1) 42(1) 
0(502) 11506(2) 4742(2} 4129(1) 5 l(l) 
O(6G2) 10517(3) 5770(2) 3734(2) 86(1) 
C(lG3) 12446(3) 3881(2) 2176(2) 47(1) 
C(2G3) 12445(4) 3270(2) 2451(2) 52(1) 
C(3G3) 11927(4) 3293(2) 2916(2) 51(1) 
C(4G3) .12174(3) . 3863(2) 3213(2) 44(1) 
C(5G3) 12090(3) 4441(2) 2896(2) 45(1) 
C(6G3) 12316(3) 5058(2) 3125(2) 52(1) 
C(7G3)' 12736(15) 2269(9) 2151(7) 120(6)" 
C(73A)b 11511(21) 2504(15) 2076(11) 70(7)" 
C(73B)b 12292(19) 2177(12) 2185(9) 51(6)* 
C(8G3) 11382(6) 2412(3) 3354(3) 100(3) 
C(9O3) 13409(6) 5602(3) 3528(3) 97(2) 
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TABLE II. Continued. 

Ueo. = (l/3) Li Lj U,ia:a;ai · a; 

X y z ufY.l;u:o 
0(203) 12147(4) 2784(2) 2143(2) 83(1) 

0(303) 12114(3) 2734(2) 3171(2) 70(1) 

0(403) 11556(2) 3883(2) 3611(1) 46(1) 

0(5G3) 12666(2) 4373(2) 2486(1) 47(1) 

0(6G3) 13166(2) 5023(2) 3335(2) 66(1) 

C(IG4) 10507(3) 4571(3) 694(2) 51(1) 

C(2G4) 11356(3) 4194(3) 629(2) 54(1) 

C(3G4) H621(3) 3882(3) 1103(2). 48(1) 

C(4G4) 11599(3) 4326(2) 1529(2). 46(1) 

C(5G4) 10780(3) 4737(2) 1537(2) 45(1) 

C(6G4) 10898(4) 5279(2) 1885(2) 55(1) 

C(7G4) 11266(7) 3915(5) -199(2) 119(3) 

C(804) 12619(5) 3027(3) 932(3) 85(2) 

C(904) 10188(6) 6099(3) 2277(3) 88(2) 
0(204) 11284(3) 3719(2) 279(1) 72(1) 

0(3G4) 12506(2) 3659(2) 1073(1) 57(1) 
0(404) 11602(2) 3972(2) 1970(1) 46(1) 
0(504) 10642(2) 5012(2) 1068(1) 50(1) 

0(604) 10102(3) 5596(2) 1949(1) 70(1) 
C(1G5) 7095(3) 4077(2) 582(2) 43(1) 
C(205) 7682(3), 3709(2) 240(2) 46(1) 
C(3G5) 8598(3) 3632(2) 425(2) 46(1) 
C(405) 8973(3) 4267(2) 570(2) 41(1) 
C(505) 8344(3) 4614(2) 904(2) 43(1) 
C(6G5) 8624(3) 5270(2) 1028(2) 50(1) · 
C(705) 6571(4) 3108(3) -147(3) 89(2) 
C(8G5) 9431(6) 2766(3) 147(4) 108(3) 
C(9G5) 9147(5) 6203(3) 697(2) 76(2) 
0(205) 7330(3) 3105(2) 149(1) 64(1) 
0(305) 9149(2) 3380(2) 62(1) 64(1) 
0(4G5) 9803(2) 4160(2) 801(1) 46(1) 
0(5G5) 7492(2) 4660(1) 677(1) 43(1) 
0(605) 8859(2) 5586(2) 603(1) 52(1) 
C(lG6) 4987(3) 3627(2) 2040(2) 47(1) 
C(2G6) 5313(4) 3014(2) 1820(2) 53(1) 
C(3G6) 6160(4) 3105(2) 1545(2) 49(1) 
C(4G6) 6093(3) 3640(2) 1180(2) 46(1) 
C(5G6) 5713(3) 4223(2) 1418(2) 44(1) 
C(6G6) 5508(4) 4_756(2) 1079(2) 54(1) 

' \ 
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(S)-NAPROXEN-TRIMEB INCLUSION COMPLEX 283 

TABLE IL Continued. 

Ueq = (1/3)1::,1::;U,;araja; •a; 

X y z Utt:ifui:o 
C(7G6) 5099(7) 1973(3) 2090(3) 110(3) 

C(8G6) 7263(5) 2354(3) 1317(4) 105(3) 

C(9G6) 4171(4) 4480(4) 690(2) 85(2) 

0(206) 5414(3) 2572(2) 2190(1) . 68(1) 

0(306) 6364(3) 2532(2) 1301(2) 69(1) 

0(406) 6974(2) 3741(2) 1015(1) 49(1) 

0(506) 4906(2) 4077(2) 1669(1) 49(1) 

0(606) 5083(2) 4587(2) 643(1) 64(1) 

C(lG7) 5679(3) 4617(2) 3742(2) 49(1) 

C(2O7) 4940(3) 4140(2) 3678(2) 51(1) 

C(3G7) 5108(3) 3746(2) 3227(2) 46(1) 

C(4G7) 5211(3) 4172(2) 2791(2) 47(1) 

C(5O7) 5856(4) 4703(2) 2884(2) 52(1) 
C(6O7) 5811(5) 5198(3) 2506(2) 64(2) 
C(7O7) 4609(4) 4033(4) 4515(2) 79(2) 
C(8G7) 4485(4) 2727(3) 3322(2) 68(2) 
C(9O7) 6695(9) 5907(5) 2086(4) 149(5) 
0(207) 4854(2) 3729(2) 4078(1) 60(1) 
O(3G7) 4382(2). 3345(2) 3134(1) 54(1) 
0(407) 5576(2) 3817(2) 2397(1) 45(1) 
0(507) 5683(2) 5013(2) 3335(1) 51(1) 
0(607) 6626(4) 5506(3) 2471(2) 128(2) 
C(I) 7191(5) 2085(3) 3160(2) 84(2)• 
C(2) 7441(4) 1610(3) 3475(2) 74(2) 
C(3) 8235(5) 1686(4) 3732(3) 95(2) 
C(4) 8770(6) 2194(4) 3688(3) 98(2) 
C(S) 9057(5) 3213(3) 3331(3) 99(2t 
C(6) 8774(5) · 3693(3) 3017(3) 81(2) 
C(7) 8000(5) 3605(4) 2781(3) 88(2) 
C(8) 7496(6) 3090(4) 2816(3) 100(2) 
C(9) 7738(4) 2628(3) 3109(2) 70(2)* 
C(lO) 8503(4) 2670(3} 3372(2) 68(2)" 
C(l l) 6876(4) 1044(3) 3558(2) 60(1) 
C(l2) 6524(5) 716(4) 3114(3) · 81(2) 
C(l3) 6139(4) 1240(3) 3897(2} 64(2) 
0(14) 5401(3) . 1354(3) 3765(2). 93(2) 
0(15) 6385(3) 1272(3) 4342(2) 85(1) 
0(16) 9278(5) 4230(3) 2989(3) 129(2) 
C(l7) 8939(12) 4725(6) 2712(6) I 81 (6) 

1 Site occupancy0.56. 
bSite occupancy 0.22. 
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Fig. 1. TOA and DSC traces for the title compound. 

tilt angles and deviations of the 0( 4) atoms froin their least-squares plane. The 
values calculated for these parameters are comparable with those found for other 
TRIMEB complexes [9, 11-141 and, as usual, two glucose moieties have negative 
tilt angles (in this case 03 and 06), while all the others have positive tilt angles 
[11]. The TRIMEB molecule is cllp-shaped with the C(6)-0(6)-C(9) groups of 
G 1, 02, 04, G5 and G7 almost closing off the 0(6) side of the TRIMEB cavity. 

The distorted conformation of the TRIMEB molecule relative to the confor­
mation observed for the parent ,B-cyclodextrin molecule is stabilised by numerous 
intramolecular C-H· : .o interactions, a common interaction found in carbohy­
drate crystal structures [ 16J. We have found that in the crystal strucure of TRIMEB 
monohydrate [ 17] the conformation of TRIMEB is stabilised by four intramolecular 
C(6Gn)--H· · ·0(5Gn-1) hydrogen bonds. Furthermore, we have noted that in the 
known crystal structures of TRIMEB complexes, five of the relevant C(6)· • •0(5) 
distances are in the range 3.0-3.4 A [17]. These hydrogen bonds are also present 
in the naproxen-TRIMEB crystal structure. In addition, there are two C-H· • •O 
interactions stabilising the negative tilt angles of 03 and G6, namely C(1G3h 
H; · ·0(304) and C(l 05~H · · ·0(606). Table IV lists C-H · · ·O hydrogen bond­
ing parameters. 

Figure 3 is a stereoview of the title complex. The naproxen molecule is held in 
the TRIMEB cavity by hydrophobic forces and is inserted from the 0(2), 0(3) side 
of the cyclodextrin molecule with the methoxy group buried in the cavity near the 
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(S)-NAPROXEN-TRIMEB INCLUSION COMPLEX 285 

TABLE ID. Geometrical data for TRIMEB. 

i. Glycosidic oxygen angle (0
) and radius (A) of the 0(4) heptagon (measured from the 

centre of gravity of seven 0( 4) atoms to each 0( 4) atom). 

0(4G7)· · -0(401)· · ·0(4G2} 130.4 GI 4.86 

0(4GI}· · -0(402)· · ·0(4G3) 124.2 G2 5.21 

0(4G2)· · -0(4G3)· · ·0(404) 122.2 G3 5.14 

0(403)· · -0(404)· · ·0(405). 139.0 04. 4.64 

0(4G4)· · -0(4GS)· · -0(406) 120.1 · GS 5.17 

0(4G5)· · ·0(4G6)· · ·0(407) 125.5 06 5.12 

0(406)· · -0(4G7)· · -0(4G1) 130.2 07 4.86 

Average 127.4 Average 5.00 

ii. 0(4}· • -0(4') distance (A) 

0(4G1)· · -0(4G2) 4.513 0(4G5)· · ·0(4G6) 4.425 

0(4G2)· · -0(403) 4.256 0(406)· · ·0(407) 4.377 
· 0(4G3)· · -0(404) 4.543 0(4G7)• · ·0(401) 4.265 
0(404)· · -0(405) 4.251 Average 4.376 

iii. Tilt angle (0
) and deviation (A) of each 0(4} atom from the least-squares plane 

through the seven 0(4) atoms. 

Residue Tilt-angle 0(4) atom Deviation 

G1 27.0 0(4Gl) 0.430(3) 
G2 20.8 0(402) 0.225(2) 
G3 -9.4 .0(403) -0.504(3) 
G4 44.3 0(4G4) -0.037(3) 
GS 34.3 0(4GS) 0.581(3) 
G6 -14.4 0(406) -0.317(3) 
G7 34.4 0(407) -0.377(3) 

TABLE IV. Jnti:amolecular C-H· · ·O hydrogen bonds. 

Distance (A} Angle (0
) 

C H 0 C···O C-H H···O C-H···O 

C(6Gl)-H(261) 0(507) 3.201 (7) 0.97 2.54 125.5 
C(6G2)-H(l 62) 0(5Gl) 3.341(7) 0.97 2.44 155.1 
C(6G3}-H(263) 0(502) 3.114(6) 0.97 2.35 134.9 
C(6G5)-H(265) 0(504) 3.112(6) 0.97 2.42 128.5 
C(606)-H(266) 0(5G5) 3.216(6) 0.97 2.45 136.2 
C(lG3)-H(lG3) . 0(304) 3.090(6) 0.98 2.44 123.5 
C(lGS)-H(lG5) 0(606) 3.247(6) 0.98 2.45 138.l 
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Fig. 2a. Nuinberlng scheme for the host. C atoms are labelled with numerals oniy. 

Fig. 2b. Numbering scheme for the guest. 

0(6) side and the propionic acid group protruding from the 0(2), 0(3) side. Bond 
lengths and bond angles for the naproxen molecule are listed in Table V. The way 
in which the naproxen molecule is included by TRIMEB in the solid state is similar 

Fig. 3. Stereodiagram of the title compound. 
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(S}-NAPROXEN-TR!MEB INCLUSION COMPLEX 

TABLE V. Bond lengths (A) and angles (0
) for naproxen. 

C(l}-C(2) 
C(1)-C(9) 
C(2}-C(3) 
C(2}-C(ll) 
C(3}-C(4) 
C(4}-C(l0) 
C(5}-C(6) 
C(5}-C(10) 
C(6}-C(7) 
C(6}-0(16} 
C(7}-C(8) 
C{8}-C(9) 
C(9}-C(l0) 
C(ll)-C(12) 
C(l l)-C(l3) 
C(l3}-O(l4) 
C(l 3 }-0(15) 
O(16}-C(l7) 

. 1.392(5) 

1.435(5) 
l.41(1) 
l.502(9) 

l.36(1) 
1.40(1) 
1.412(5) 
1.440(5) 
l.36 (1) 

· l.383(8) 
l.34(1) 
1.33(1) 

1.374(9) 
1.513(9) 
1.519(8) 
1.204(7) 

1.286(7) 
l.40(2) 

C(2}-C(I}-C(9) 
C(l }-C(2)-C(3) 
C(l}-C(2)-C(l l) 
C(3}-C(2}-C(l l) 
C(4}-C(3}-C(2) 
C(3}-C(4}-C(l0) 
C(6}-C(5}-C(l 0) 
C(7}-C(6}-C(5) 
C(7}-C(6}-0(l6) 
C(5}-C(6}-0(l 6) 

C(8}-C(7}-C(6) 
C(9}-C(8}-C(7) 
C(8}-C(9}-C( 10) 
C(8}-C(9}-C(l) 
C(l 0}-C(9}-C(1) 
C(9}-C(10}-C(4) 
C(9}-C(l 0}-C(5) 

. C(4}-C(l0}-C(5). 

C(12}-C(l 1}-C(2) 
C(12}-C(l l}-C(13) 
C(2}-C(l 1}-C(13) 
O(14}-C(l3)-0(15) 
O(14}-C(13}-C(1 l) 

O(l5}-C(l3}-C(l 1) 
C(l7}-0(16}-C(6) 

I 19.7(6) 
117.7(7) 
122.0(6) 
120.3(6) 
123.8(8) 

117.6(7) 
117.3(6) 
117.2(7) 
124.6(7)·· 
118.1(7) 
124.8(8) 
I 19.8(8) 
120.4(6) 
120.2(6) 
119.4(6) 
121.8(6) 
120.4(6) 
117.8(6) 
116.8(5) 
11 l.7(5) 

107.0(5) 
123.3 (6) 
123.7(6) 
113.0(6) 
117.1(9) 

287 

to the modes of inclusion of naproxen by ,B-cyclodextrin proposed by Bettinetti 
et al. (2], Otero-Espinar et al. [5] and Ganza-Gonzalez et al. [7] on the basis of 
their NMR and/or molecular modelling studies. The guest is not as fully included 
in the TRIMEB molecule on account of the host's cup•like shape as opposed to 
the toroidal shape of ,B-cyclodextrin. However, the mode of inclusion proposed 
by Wang and Warner [6] for naproxen and P~cyclodextrin, where the methoxy 
group is near the secondary hydroxyl side and the carboxyl group near the primary 
hydroxyl side, cannot be ruled out by the results of the present study as it has 
been noted by Harata that for some guests an 'upside-down relationship is found 
between cyclodextrin complexes and methyl-cyclodextrin complexes' [11]. 

As we reported earlier [17], the uncomplexed TRIMEB molecule has a some­
what collapsed structure, partially attributed to its attempt to minimise the hydropho­
bic cavity size in the absence of a hydrophobic guest, thereby facilitating more 
efficient packing and simultaneously avoiding accommodation of water molecules 
in a relatively hydrophobic environment. On complexation with the (S)-naproxen 
molecule, the ellipticity of the TRJMEB molecule is significantly reduced. We not-
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Fig. 4. Stereo packing diagram of the title compound viewed down the a-axis. The 0-H• • ·O 
hydrogen bond is indicated by the dashed line. 

ed that one of the seven methylglucose residues in uncomplexed TRIMEB adopts 
the unusual 1 C4 conformation [17] in the crystal while the title complex and other 
TRIMEB complexes contain only residues of 4C1 confonrtation. Since the most 
stable conformation of uncomplexed TR.IMEB in solution may not coincide with 
that observed in the crystal, inclusion of guests by TR.IMEB is not necessarily 
accompanied by the 1C4 to 4C1 conformational change. We intend to use molec­
ular mechanics and NMR techniques to investigate the dynamics of complexation 
in solution. 

The conformation of the methoxy group in naproxen with respect to the naphtha­
lene ring is defined by the torsion angle rl C(5)-C(6)-0(16)-C(17) and that 
of the propioruc acid substituent by r2 C(l)--C(2)-C(11)--C(12), r3 C(l)-­
C(2)--C(l l)-C(13) and r4 C(2)--C(l 1)--C(13)--0(15). The values for these 
torsion angles are -173.9(9), 48.1 (8), - 77.9(7), and - 78.4(7)0

, respectively. The 
values for the corresponding torsion angles in the crystal structure of naproxen have 
been calculated for the (S)-isomer using the published coordinates [ 18] and are - 2, 
-129, 112 and -90° (e.s.d.s $; 1 °)respectively.The methoxy group, while still 
coplanar with the naphthalene ring has C(l 7) anti-periplanar to C(5) as opposed to 
a syn-periplanar relationship in the naproxen crystal structure. The former confor­
mation is favoured for inclu.sion as it reduces the width of the naproxen molecule. 
The propionic acid substituent itself is in much the same conformation as that in the 
naproxen crystal structure, but, like the methoxy group, is rotated by approximately 
180° with respect to the naphthalene ring (i.e. around C(2)--C(l 1)). The dihedral 
angle between the least-squares planes of the two rings of the naphthalene moiety 
is only 1.4(5)0 compared with a value of 5.2(2)0 in the naproxen crystal structure 
[18]. 

Calculation of the propionic acid group torsion angles in (S)-flurbiprofen using 
published coordinates for the crystal structures of fturbiprofen [19] and the (S)-

UM00012364 

NOVARTIS EXHIBIT 1017 
Novartis v. Regents, IPR2023-01346 

Page 1110 of 4460



( S)-NAPROXEN-TRIMEB INCLUSION COMPLEX 289 

flurbiprofen-TRIMEB complex [ 12] reveal similar conformations for the propionic 
acid substituentas in the (5)-naproxen-TRIMEB complex. The values for the tor­
sion angles corresponding to r2, r3 and r4 are 52, - 70 and -102° respectively 

. (e.s.d.s ~ · 1 °) in uncomplexed (5)-flurbiprofen and 39, -87 and -88° respec­
tively (e.s.d.s ~ 1.6°) in the (S)-flurbiprofen-TRIMEB complex. This means that 
this residue of the (S)-flurbiprofen molecule undergoes little change in confonna­
tion on complexation with TRIMEB, in contrast to what is reported here for the 
complexation of naproxen by TRIMEB. 

An intermolecular hydrogen bond between the carboxyl group of naprox.en and a 
methoxy oxygen atom of a symmetry-related TRIMEB molecule, namely 0( 15)-­
H · · -0(3G2)1 (I=x-1/2, -y + 1/2, -z+ 1 withO· · ·02.6(>1(6), H· · ·O l.80(8)A 
and 0-H· • -6 141(i2)°), stabilises the packing arrangement of the compiex. This 
interaction is also present in the (S)-flurbiprofen-TRIMEB crystal structure [12] 
as may have been expected, given the similar way in which this guest molecule 
interacts with the host compound. Figure 4 shows a stereo packing diagram for 
the naproxen-TRIMEB complex. Complex units pack in screw-channel mode in a 
head-to-tail fashion with their axes almost parallel to the b-axis. This is a common 
type of packing arrangement for TRIMEB complexes and has been observed in all 

.the TRIMEB complex structures pubHshedto date [11-14], with the exception of 
the m-iodophenol-TRiMEB complex [13]. 
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One-Dimen..tjonal Zigzag Chain Structures with lntermolecuhu C-H··-n: and C-H·"O 
Interactions Consisted of Pbthalic Acid and Pyridine Derivati'1es 
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(Received February l6, 2001; CL-010137) 

C?ystal ST/UClUJU of co-crystals of phthal.ic acid with 4,4'­
bipyridinc or 4,4'-dipyridylacetylcnc contain one-dimensional 
zigzag chains connected by intmnoleoular 0-H···N hydrogen 
bonds and edge-to-face packing of pblhalli: acid and pyridine rings 
mbllim:I by intc:rmolc::cu1ar C-H· •·1t mi C-H-.. o hUtnctions. 

Compounds cont.aim.ng a OllHimmsional zi~ chain sttue­
tu.rc have aaract.ed much attmtion for developing moloc:u.lar based 
~ 1- 3 and non-linear optical matcrials.4 Suen a rigzag chain 
S1:rUClllre an ht achiC"lled by the reaction or a metal complex hav­
ing two vacant or two substitutable coordination sites with a 
bridging ligand.' Bis(hexafluoroacetylaoetonm> )manganese(Il} 
Mn(hfac):i and a bipyridinc lype ligand have been widely Used for 
this purpose.~ Zigzag chain stNcrurea cOlilpO$td of only organic 
molecules are also of intr:n:S( from the viewpoint of aysllll engi­
neering as well as development of organic mole<.11lar materials. 
Such structures 11eem to be formed from phtbalic acid and 
dipyridyl compounds because catboxyl moieties and nitrogen 
atOm.S of pyridyl groups furn\ intermolecular hydrogen bondings 
with lil'lfar and robust strucilll'es,, 7•1 and the angle of the direction 
of the™> cmboxyl groups of phthalic acid is (:l.'f. On the other 
hand, edge-to-fate i:,ac.klng with T-sbaped geometry is important 
in crystal engineering.9 aose padcing of zigzag chains may pro­
duce such a T-shaped goometty of the r..vo c:omp«>nents by inter­
moltc:ular C-H• .. Jt intcractions.10 From these vicwpoinis ~ have 
now carried out co.crystallization of phchalic ai::id with 4,4'-bipyri­
dine or4.4'-dipyrldylac:etylenc11 w,.d have mcc:ccded in constmcl­
ing the expected crystal s1ructure.~. 

g 
N 

phllalieac,ld 

The U c~ccystal.s (1) and (Z) were prepared from an acc:-
1one solution of phUialic acid wllt1 4,4'-bipyridinc and 4,4"• 
dipyridylacetylene, respectively. Single crystals suitable for X­
my crystallographic analysis12 were grown at room temperature 
by slow evaporation. Both co-crystals form in the monoclinic 
CtyStal S}'3lem with space group C'l/c. The crystAl structll.l"eS of 
113 and .21' consist of an infinite one-dimensional zigzag chain 
structure along the (l 0-ll and the 12 0 1] dmdions, respcctive-­
ly (F~ l). The z;i~ chain,,; a.re COM~ by strong inter­
molecular 0-H, .. N bydrogen'bonds (N .. ,O distance 2.64 A: 
N·--H distance 1.42 A for both 1 and 2). The two pyridine: rings 

of 4,4'-bipyridine md 4,4'-dipyridylacelylene lie in a plane, and 
the angles between the lea.~•squurcs planes of the pyridine rings 
and the benzene ring of phthalic acid are 89.4° and 61.9° ror l 
and 2, respectively. The: angles between the zigzag chains 
(angles between the planes of the pyridine rings within the zigzag 
chains) are clooe to 60" (54.7° for l, S6.1 ° for 2). 

flprt I, (I) Two aoe-dimem.lonal 'iip,S d'll.iJI ~ iD co­
c,yma.l l alonit rhc I I O I I direction, viewed lloni:; lliC It O I l 
diftll::.tion, (b) Two cmwtr,ien,..-uw ~ chain ,l:a"lll:Ulr'e: ia co­
~ :t Along Ille 1-1 0 I) dil'QCuoa, viewed Alosl& the H O II 
~ 

Figwe 2 shows the tig7.!18 chain sttuc1llres in dlC co-crystals 
l and :2 along a direction different from thoSe in figure 1. In both 
of J. and 2, edge-to-face packing wilh C-H .. ·ff intermolecular 
interactions between phthalic acid and pyridine ringi was 
observed. lll'ld the :z:igug chains fomi two-dimensional undulated 
sheet-like structures. The C-H--•:n disWICCS (distances between 
the least-squares planes of the pyridiru: rings and the 3- and 4-
posltlon carbon and hydrogen arom.~ in phtha.lic acid) a.re 3.69. 
3.64. 2.75, 2.84 A for 1 and 3.45, 3.40. 2.70, 2.77 A. for 2, respec­
tively. The strong heningbone inler..ctions with characteristic T­
shaped geometty are $illlllilar to those found in crystals of ben­
une1S and 2-ami.nophcnol, 1'°' The unique s!.l'l.lctUral pattc:ms with 
the: c,dge-tl)-f110e packing observed here nre stabili7.ocl by variOU$ 

types of inimnola:ular hydrogen bonding interactions such as 
0-Ji .. -N. C-H .. ,it and C-H--·O. Thus. short C-J-1 .. -O lntcrmolecu. 
lar int.er.aetlons belween the carbonyl oxygen atoms of phthalic 
acid and Che aromatic hydrogen atoms at the 4-position carl:,on of 
the next pbthalic acid exist in the crystals of 1 and 2 [2.54 A 
<H-·O), 3.42 A (C--·O) and 144.4° for 1: 2.74 A (H---0), 3.53 A 
(C···O) and 139.5° for 1). These kind~ of weak C-H, .. Q intc:rac­
lions a.re also known 1.0 play an important role In dctcnninlng the 
crystal pacl,ting lP oraw~ solids. 11 ln 1he C ·H--·O interac:tion.<i, 
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iypiw values for H···O Md C---O distances are 2.4-3.0 A 17• and 
3.3M3.8 A/"' n:spcclivcly. The llltl:rChain disumccs between Ille 
plan~ of the pyridine derivatives in Figure 2 are 3.6 A for l and 
3.7 A fot l. Strong resemblance between the crystal structurt5 of 
1 and 2 SU~ fQbUStnesS and reproducing ability of me supra• 
molecular symhon18 formed with phthalic acid and pyridine rings. 
In this case a :tig%ag chain :UNCture setrM to be ''programmed" to 
ftmn in a czystal. 

(ll) • 

~ 
. · ··;xx 

\ 

~-------
(bl 

;€ ............... .,...,....,... 

%,'¾¾ 
Flpn ::r.. (a) hCting of lhc ~ diam lffllavteS in oo-cryEtal l 
along Ille b am, V!«Wcd lll0flS thr: ! I O I} direction. (b) Pac:11:mg of 
Ille z.lpag cbain ;1~ I.DOC-aysw I along me b ws, ~ 
aloilg tile [-I O 11 dtteCd.on. Doaecl I.Ines s11ow me ill.t.etmolc:cul&r 
0-H·-N hydrogetl bouds, C-H··1Ulld C-H, .. Q ~ns. 

In conclusion the supnimolccular syntbons gcnctated by 
combination of simple compound.,; such as phlhaljc acid and 
blpyridine type derivalivc, WCR $1JCCCSsfully used in the design of 
OIU!-dbncnsicnml ~ chain ,trw:.~ 11111d. could rea!i,-,e unique 
prewved crystal sttUCWres. Oooe packing of lhc zig1.ag chains 
produces edge-lo-face packing with intermolecular C-H·-·Tt and 
C-H• .. Q intcractioM. Studies on the co11Stnlction of new onc­
dlmermonal iigzag chain sttuciures containing functioml mole­
cules are now in~-

This work wai. mppom:d by a Gran\-in-Aid for Scientific 
Rcsca.rcb on Priority Areas from the Ministry of Education, 
CultJJrc, Spom. Science and Technology, Japan. 
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Abstract Crystal engineering of organic cocrystals is gaining interest across a variety of 
disciplines. The solid-state grinding approach to preparing cocrystals is an alternative to the 
traditional method of solution crystallisation, and possesses several distinct advantages. This 
review first demonstrates that the approach of solid-state cocrystal preparation is well 
established in the literature by providing a brief historical account of its applications. Several 
cases are then examined in which certain cocrystal materials can be prepared only by solid­
state grinding methodologies. These examples underscore the importance of this approach 
in the search for new cocrystal materials. This is particularly advantageous when searching 
for new cocrystal stoichiometries. The focus then turns to a recent modification of the solid­
state grinding process, in which small quantities of solvent are introduced either to increase 
solid-state cocrystallisation kinetics or to provide polymorph control - the latter having par­
ticular significance in the pharmaceutical field. Finally, a significant analytical advancement 
with direct implications for the field of solid-state cocrystal preparation is considered by 
examining recent examples of crystal structure determination from powder X-ray diffraction 
data. 

Keywords Solid-state grinding • Cocrystal formation • Crystal engineering · 
Pharmaceutical materials • Polymorphism 
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XRD X-ray diffraction 
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1 
Introduction 

A. V. Trask · W. Jones 

One flourishing area in the field of crystal engineering is based upon the for­
mation of crystalline molecular complexes, or cocrystals. Cocrystals may be de­
fined as materials which contain two or more discrete molecular entities in the 
crystal lattice. Crystal engineering, when applied to cocrystal systems, gener­
ally involves the design and study of new materials in order to widen the 
knowledge base of successful engineering strategies, and the application of 
that knowledge to provide cocrystals with specific properties for a multitude 
of applications. Crystal engineering is actively applied within a variety of 
scientific disciplines as diverse as materials science, nanotechnology and the 
pharmaceutical industry [l]. 

In designing a cocrystal, it is necessary to evaluate the potential intermole­
cular interactions that a given molecule may exhibit. Due to their robust and 
directional nature, hydrogen bonds are a valuable tool in cocrystal synthesis. 
Hydrogen bonds of varying strengths may be employed, including the tradi­
tional OH ... O and OH"'N strong hydrogen bonds and the weaker CH"'n or 
CH'"Cl variety. Other intermolecular associations which may be employed in 
cocrystal design include halogen-halogen, nitro-nitro and n"'n interactions, 
among others [2-4]. 

Cocrystals are often prepared by a traditional solution crystallisation ap­
proach such as solvent evaporation, cooling, or anti-solvent addition. There 
are a number of reasons for the popularity of the solution-based approach. 
Solution crystallisation can yield large, well-formed single crystals, from which 
one may easily evaluate crystal habit and surface features. Analysis of the dif­
fraction pattern of a single crystal is typically the best means of obtaining an 
absolute crystal structure determination. Further, solution crystallisation is an 
established and effective purification step. 

There are, however, several accompanying drawbacks to the solution-based 
approach to cocrystal formation. The solubility of the starting components is 
one obstacle, as a suitable solvent for all ingoing materials must be identified 
before cocrystallisation may occur. Unexpected solvate formation may also 
pose a problem. The solvent employed in the cocrystallisation may possess the 
ability to interfere with the desired cocrystal intermolecular interactions, 
and thus may become incorporated into the crystal lattice. In this way, solvate 
formation hampers rational cocrystal design. In the case of polymorphic 
cocrystal systems, it could be the case that solution crystallisation leads to an 
undesired kinetically controlled metastable polymorph. An additional draw­
back to cocrystallisation from solution is the typically large volume of solvent 
necessary to prepare the cocrystals. As cocrystals emerge as products in 
industrial applications, avoidable waste streams will be increasingly scrutinised 
as environmentally and fiscally imprudent. 

An alternative to the solution-based approach exists in the approach of 
solid-state grinding. The act of solid-state grinding to induce chemical change, 
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known as mechanochemistry,has relevance to a variety of fields [5],and has sev­
eral attractive aspects with regard to forming organic cocrystals. The relative sol­
ubility of ingoing components in a particular solvent is not a concern when solid­
state grinding is employed, thereby increasing the utility of this technique over 
the solution approach by greatly easing the burden of experiment design. 
Solvent-free solid-state cocrystallisation also eliminates the possibility of form­
ing undesired solvates. There is some evidence to indicate that, at least in single­
component systems, solid-state grinding leads to the high-melting thermo­
dynamically stable polymorph [ 6]. Further, the absence of solvent makes this an 
inherently'green' approach to forming cocrystals by eliminating large volumes of 
solvent waste; the minimization of excess crystallisation solvent could help 
achieve corporate green chemistry targets [7]. Finally, while it is not yet fully 
understood, there are instances in which certain structures or stoichiometries of 
cocrystals may only be obtained via the solid state. 

Solid-state cocrystallisation also possesses drawbacks. While the field of 
crystal engineering develops, the primary point of interest upon forming a 
cocrystal material is often the elucidation of its crystal structure. Single crystal 
X-ray diffraction (XRD), which requires a crystal of sufficient size, is incom­
patible with solid-state grinding, which is a particle size reduction technique. 
Thus, a cocrystal prepared only by solid-state grinding will require alternative, 
less common means of revealing structural features of interest, such as the 

· hydrogen bond motif that may be present. Other disadvantages to solid­
state grinding include the lack of purification that solution crystallisation may 
provide, and the increase in crystalline disorder which accompanies some ma­
terials upon energetic grinding. A grinding-induced change in a compound's 
degree of crystallinity may lead to changes in its physicochemical prop­
erties [8, 9]. 

2 
A Historical Perspective 

Despite its simplicity, the solid-state grinding approach remains less familiar 
than cocrystal formation from solution. There is, however, ample precedence 
of the solid-state approach in the literature. Over a century ago, researchers in 
the field of charge-transfer complexes reported cocrystal formation by grind­
ing [ l O]. In a paper describing halogen derivatives of quinhydrone, Ling and 
Baker reported the formation of a tetrachloroquinhydrone by grinding together 
equal weights of metadichloroquinone and metadichloroquinol, followed by 
purification from light petroleum. 

To date, very little research has been directed at understanding the mecha­
nism of organic cocrystal formation by solid-state grinding. Work by Rastogi 
and co-workers in the 1960s, which was aimed at improving the understanding 
of the solid-state kinetics of several systems containing picric acid 1, appeared 
to suggest that a vapour diffusion mechanism might operate in some of the 

UM00012371 
NOVARTIS EXHIBIT 1017 

Novartis v. Regents, IPR2023-01346 
Page 1117 of 4460



44 A. V. Trask· W. Jones 

systems they studied. One interesting example described solid-state complex 
formation between land naphthalene 2 in the absence of grinding [11]. 

--:::: 2 

OH 

02N*NO 
I h' 

N02 

1 2 

The two starting components were packed into a glass capillary from 
opposite ends until they met in the centre. A coloured reaction product was 
observed visually after 7 to 10 min at the reactant interface. As time progressed, 
the product interface was observed to advance in the direction of the picric acid 
reactant. Further study of this reaction supported a vapour diffusion mecha­
nism, bolstered in part by the observation that complexation proceeds even if 
a small gap of space exists between the two reactants [ 12]. The nature of the 
complex was investigated in additional work, whereby it was proposed that a 
donor/acceptor TI-complex was produced [ 13]. A crystal structure confirming 
this deduction was later published [ 14]. · 

Quinhydrone charge-transfer complexes were die subject of study by Paul, 
Curtin and co-workers in the 1980s [15-18]. Unsymmetrically substituted 
quinhydrones, which are very labile in solution with respect to redox self-iso­
merisation, form asymmetric charge-transfer complexes upon solid-state 
grinding. For example, 1,4-benzoquinone and 2-methylhydroquinone form the 
charge-transfer complex 3 upon solid-state grinding with a mortar and pestle. 

o=Oo----- HO-b-OH 
3 

Ho-0-oH-----aOo 
4 

The product of solid-state grinding exhibits no evidence of complex 4, which 
would be expected to result following solution-me3iated redox isomerisation 
of the starting components. Solid-state grinding preparation of quinhydrone 
complexes was later pursued by Guarrera et al. [ 19]. 

Several examples of solid-state formation of cocrystals without charge-trans­
fer interaction were reported by Toda and co-workers in 1987 [20]. Various or-
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ganic reagents were combined in a test tube and agitated with a mechanical test 
tube shaker for specific lengths of time. A total of seven resulting cocrystal 
products were formed in this manner. 

The amount of time necessary to effect complete cocrystallisation, as judged 
by IR and melting point, varied significantly. A co crystallisation between 5 and 
6 was deemed complete after only 12 min of solid-state agitation, while the 

Ph 

Ph I -
OH 

6 

Ph 

I Ph 
OH 

complexation of 7 and 8 required 48 h of agitation. Interestingly, while many of 
the complexes could be formed both by solid-state agitation and by solution 
methods, the cocrystal containing 7 and 8 could not be obtained by solvent 
crystallisation; this was also the cocrystallisation that required the longest 
solid-state agitation time. 

OH 

0 

OH 

c¢ 
0 

7 8 

Beginning in the late 1980s with work directed at understanding the prefer­
ences of hydrogen bonds, Etter and co-workers consistently attempted to pre­
pare cocrystals by both solution evaporation and solid-state grinding techniques 
[21-29). The sustained effort of the Etter group towards consistently reporting 
results from both solution and grinding cocrystallisation attempts provided 
confirmation that the grinding approach was a viable means of generating a 
variety of hydrogen-bonded cocrystal materials. 

In order to illustrate the value of hydrogen bonding in designing acentric 
organic solids for non-linear optical materials, Etter and Frankenbach studied 
the 1:1 cocrystal of 4-aminobenzoic acid and 3,5-dinitrobenzoic acid [21). The 
carboxylic acid heterodimer hydrogen-bonding pattern (Fig. l) was confirmed 
by XRD analysis on a single crystal obtained by evaporation of an equimolar 
solution in methanol. The same cocrystal material, as determined by powder 
XRD, was produced by grinding the solid components together for 5 min 
(grinding was performed in a dental amalgarnator). 

A cocrystallisation study of the hydrogen bond preferences of 2-amino­
pyrimidine 9 by Etter and Adsmond provided further evidence of the utility 
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0 2N 

F\_j ___ -H-~L(}-NH, 
~0-H·····O~ 

0 2N 

Fig. 1 Carboxylic acid heterodimer formed by solution and solid-state grinding cocrys­
tallisation approaches [21] 

of solid-state grinding, especially with regard to stoichiometry selection [ 23]. 
A total of 11 cocrystals were reported with different mono- and dicarboxylic 
acids. Interestingly, both 1 :2 and 1: 1 co crystal stoichiometries were observed 
in co crystals of 9 with 10, 11 and 12. For both solution and solid-state grind-

9 

ing approaches, it was found that the resulting cocrystal stoichiometry could be 
dictated by the stoichiometry of the ingoing components. Different crystallisa­
tion behaviour was observed in one instance with two stoichiometries of a 
cocrystal with succinic acid; this case is described in the following section. 

A further example of interest reported by Etter and co-workers involved 
the base pair consisting of the pyrimidine 1-methylthymine T and the purine 
9-methyladenine A (28]. These are derivatives of the base pairs found in the 

A T 

DNA structure. The hydrogen-bonding interaction of the AT base pair was pre­
viously described from XRD analysis by Hoogsteen on a single crystal grown 
from aqueous solution (Fig. 2a) (30). Etter et al. reported that grinding A and 
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Fig.2 a AT crystal packing [30] and b CG crystal packing [31] (some methyl hydrogens are 
absent from both reported crystal structures) 
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T together in the solid state for 20 min produced a material which had the same 
powder XRD pattern as that calculated from the known crystal structure AT. 
By comparison, however, an interesting distinction exists with an analogous 
base pair involving 9-ethylguanine G and 1-methylcytosine C, which had also 

G C 

been grown from solution and characterised by single crystal XRD (Fig. 2b) 
[ 31]. While AT formed after grinding for only 20 min, CG showed no co crys­
tallisation after intermittent grinding and heating for up to 7 days. This is 
surprising, particularly in light of the increased number of hydrogen bonds 
that are possible in the CG base pair as compared to the AT pair. This illustra­
tion underscores a lack of full understanding of the factors which influence 
successful solid-state grinding. 

Resulting from their efforts at using the grinding approach with a variety of 
cocrystal systems, Etter and co-workers related two factors which appeared to 
be important determinants of cocrystal formation by solid-state grinding. 
Etter et al. state that "at least one of the components should have some volatil­
ity at the temperature of the grinding experiments, and the product dimers 
should have a stronger intermolecular hydrogen bond than any of the hydro­
gen bonds in the structures of the two starting materials" [25). The comment 
regarding volatility, which calls to mind the findings of Rastogi et al. [12], is 
experimentally supported by the observation of Etter et al. that the yield of a 
solid-state cocrystallisation may be improved by heating the product following 
grinding [25). The heating was always at least 50 °C below the melting tem­
perature of either starting component, and no melting or fusing of the parti­
cles was observed. While this topic appears not to have been further explored, 
it is interesting to consider the possibility that 'activation' of a cocrystallisation 
mixture may also be accomplished by other methods, such as the input of ultra­
sound [32] or microwave energy. 

Cocrystallisation has gained recent interest in application to pharmaceuti­
cals [33-35]. The ability to tailor the physiochemical properties of a drug sub­
stance via complexation is highly desirable for bioavailability, stability and pro­
cessing considerations. In 1995, Caira and co-workers demonstrated the 
pharmaceutical application of cocrystallisation via solid-state grinding by sys­
tematically studying a range of different pharmaceutical cocrystals [36]. 
Cocrystals of the sulfa drug sulfadimidine 13 (also known as sulfamethazine) 
with various carboxylic acids were prepared from solution, and crystal struc­
tures were obtained [ 3 7, 38]. It was then demonstrated that six of the co crystals 
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could be prepared by grinding with mortar and pestle or with a ball mill. The 
cocrystals formed by grinding exhibited identical powder XRD patterns to 
those grown from solution. 

A remarkable preference was demonstrated for one particular cocrystal, the 
sulfadimidine:anthranilic acid (13:14) cocrystal. In a grinding competition 
experiment, a sulfadimidine:salicylic acid (13:15) cocrystal, for which the crys­
tal structure had been previously determined [39], was ground in the presence 
of anthranilic acid 14. The result was a displacement of salicylic acid 15 by 

0 

~OH 

UNH 
2 

14 

0 

c(oH 
15 

anthranilic acid 14 as the cocrystal partner of sulfadimidine 13. Because of the 
common hydrogen-bonding pattern in both cocrystals (Fig. 3), the authors base 
their explanation for the preference on the intermolecular bonding of the· 
ingoing homomeric acid crystals. Salicylic acid 15 is observed to pack with 
familiar carboxylic acid dimers, while the particular polymorph of anthranilic 
acid 14 employed in the experiment consists of an unusual helical packing 
of un-ionised and zwitterionic molecules. The preferential formation of the 
sulfadimidine:anthranilic acid (13:14) cocrystal is attributed to an increased 
reactivity of the pure anthranilic acid material due to its presumably less stable 
hydrogen-bonding pattern. 

This elegant demonstration of the displacement of one cocrystallisation 
partner with another via solid-state grinding may indicate the possibility of a 
more general application. A new route may exist to obtaining novel cocrystals 
whereby one first produces an intermediate cocrystal, or precursor, containing 
a cocrystallising agent which may then be displaced by a second cocrystallis­
ing agent en route to the desired product. While this has not yet been widely 
demonstrated with organic cocrystals, a similar methodology has been demon­
strated in the field of layered inorganic solids. In order to generate an isopoly­
metalate pillared day, a precursor is first prepared in which a large organic 
anion is inserted between brucite layers. The precursor is then subjected to 
polymetalate exchange to allow the even larger heptamolybdate or decavana­
date anion to intercalate within the solid [40-42]. 
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a 

Fig.3 Hydrogen bonding motif of a sulfadimidine:anthranilic acid {13:14) [37] and b sulfad­
imidine:salicylic acid {13:15) [39] 

As mentioned above, Caira et al. implicated the stability of an ingoing 
cocrystallisation component as a factor in the preferential formation of a sul­
fadimidine cocrystal [36].A year later, in a detailed structural analysis of three 
anthracene 16 co crystals, Pedireddi et al. concluded that the ability of potential 
constituents to satisfy a network of hydrogen bonds dictated solid-state cocrys­
tal formation [ 43]. Co crystallisations of anthracene 16 with 4-chloro-3,5-dini­
trobenzoic acid 17, 3,5-dinitro-4-methylbenzoic acid 18 and 3,5-dinitrobenzoic 
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COOH COOH COOH 

* * ,0 
0 N NO 0 2N N02 

0 2N N02 2 2 

Cl 

16 17 18 19 

acid 19 were attempted by solution precipitation and by solid-state grinding. 
Solid-state grinding led to cocrystallisation of 17:16 and 18:16 but not 19:16. 
Solution precipitation also yielded 17:16 and 18:16. A cocrystal of 16 and 19 
resulted from solution precipitation from benzene only. 

Crystal structures of the three cocrystal materials were solved by single 
crystal XRD. The inability of a 19:16 cocrystal to form by solid-state grinding 
was revealed by the fact that a benzene molecule was incorporated into the 
cocrystal structure formed from solution. Hydrogen bonding of the 17:16 and 
18:16 cocrystals is nearly identical (Fig. 4a,b). In each, a planar hexagonal 
hydrogen-bonded ring composed of 17 or 18 surrounds the anthracene 16. In 
order to maintain favourable contacts around the ring, the following three 

b 

d\ a 

Fig. 4 Crystal packing diagrams of a 17:16 and b 18:16, both with 2:1 stoichiometry, and 
c 19:16:benzene with 2:1:l stoichiometry (dashed lines represent hydrogen bonds and dose 
contacts) [ 43] 
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Fig. 4 (continued) 
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interactions are necessary for the cocrystal involving 18: carboxylic acid dimer, 
o···o close contact of nitro groups, and C-R"O hydrogen bonding between the 
methyl and a nitro. In the case of 17, a c1···0 interaction replaces one of the 
C-H'"O hydrogen bonds. 

Lacking a meta constituent, it is clear that 19 alone cannot satisfy an analo­
gous ring of continuous intermolecular interactions around anthracene. Hence, 
no cocrystallisation occurred by solid-state grinding, and the incorporation of 
a benzene solvent molecule upon solution evaporation was necessary to permit 
cocrystallisation (Fig. 4c). The authors thus attributed the lack of cocrystal for­
mation by solid-state grinding to an inability of reactants to satisfy the desired 
intermolecular interactions, rather than the relative stability of reactants. 

A selection from early reports on the solid-state grinding cocrystallisation 
approach has been offered here. The quantity and scope of solid-state grind­
ing cocrystallisation examples continues to grow today. Interest is also turning 
towards varied constituent types, such as organometallic cocrystals [ 44-46]. 
Additionally, the use of grinding as a means of inducing chemical reactivity has 
been demonstrated by Toda and others to be of tremendous utility [47-49]. 
It is anticipated that as interest grows with respect to cocrystals and green 
chemistry practices alike, so too will the field of cocrystal formation by solid­
state grinding continue to develop. 

3 
Cocrystals Produced Exclusively by the Grinding Approach 

One great attraction of preparing cocrystals by solid-state grinding is that, in 
certain cases, cocrystals unobtainable by other methods may be prepared. The 
number of reported instances of these cases is small, but may grow as the field 
of solid-state cocrystal preparation widens. From the standpoint of novel ma­
terials design, these cases are of great interest in that they may lead to under­
standing, prediction and exploitation of this phenomenon. 

An illustrative example was provided by the work of Kuroda and co-workers 
[SO]. They reported that different methods of preparation resulted in distinct 
cocrystal products in their work with racemic bis-~-napthol (BN) 20 and ben­
zoquinone (BQ) 21. Upon solid-state grinding with a mortar and pestle, a 1:1.5 
BN:BQ cocrystal resulted, termed form I. In contrast, from a solution of ether 
and hexane, a cocrystal containing 20 and 21 in a l:l BN:BQ ratio resulted, 

20 

¢ 
0 

21 
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termed form II. Further, cooling a mixture of the two components from the 
melt resulted in a third cocrystal, form III. 

Several of the experimental details were varied in order to elucidate a pos­
sible mechanism for the variation in products derived from the different 
techniques. The starting ratio of components was varied without successfully 
producing form II by grinding, showing that the formation of form I occurred 
independently of the starting ratio. Additional experiments were performed to 
demonstrate that the grinding procedure was not affected by light, oxygen, or 
static charge. It was also illustrated that either mixing without grinding or 
exposure of solid 20 to 21 vapour did not induce cocrystallisation. Coupled with 
the observation that a third cocrystal form was obtained from the melt of these 
materials, the experiments seem to highlight the importance of solid-solid 
interaction and grinding-induced crystal cleavage during the cocrystallisation 
process. 

It was fortunate that in one case of solution crystallisation, a few crystals of 
the grinding product, form I, were found as a minor component, which allowed 
for structure determination of both form I and form II by single crystal XRD. 
A crystal structure of the material from the melt is not available. The asym­
metric unit of form I contains one 20 and two 21 molecules, one of which rests 
on a centre of symmetry. The expected 0-H"'O hydrogen bond between the 
hydroxyl of20 and the carbonyl of21 is observed, although one of the four to­
tal carbonyls does not participate in any hydrogen bonding. This results in a 
discrete hydrogen bond chain consisting of five alternating participants (see 
Fig. 5). In the structure of form II, which contains three each of 20 and 21 in the 
asymmetric unit, all hydrogen-bonding donors and acceptors are satisfied. This 
provides an infinite chain of hydrogen bond connectivity, as viewed in Fig. 6. 
n-Stacking interactions seem to play a role in both structures, as the BQ rings 
are always stacked between BN rings. 

Whether the difference in hydrogen bonding between the cocrystal struc­
tures has a role in their crystallisation preferences is not dear. The authors 
suggested that crystal shearing together with molecular diffusion may have a 
role in the preference for form I formation by grinding. A structural confir­
mation of the shearing hypothesis, however, is not readily apparent from the 
crystal structures. In viewing the packing of a unit cell of both cocrystals, a 
cleavage plane may be envisaged in each structure. In viewing form I along the 
c axis, one may identify planes parallel to the a axis across which no hydrogen 
bonding occurs (Fig. 7). Similarly, when viewed from an appropriate angle, the 
unit cell of form II shows what may be interpreted as non-polar cleavage planes 
(Fig. 8). From this analysis, it is possible that both crystals may possess the 
capability for shearing. Thus, an examination of unit cell packing alone is 
not sufficient to explain the crystallisation behaviour of these cocrystals. As 
the authors suggested, further investigation into the solid-state cocrystallisa­
tion mechanism will provide a foundation for exciting future work. 

The example illustrated above is unusual, in that the crystal structures of the 
cocrystals from both solution and grinding have been determined and hence 
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Fig. 5 Form I cocrystal of20:21 showing discrete hydrogen-bonded unit (non-hydroxyl hydrogens removed for clarity) [50) 
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Fig. 6 Form II cocrystal of 20:21 showing infinite chain of hydrogen bonding (non-hydroxyl hydrogens removed for clarity) [SO] 
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Fig. 7 Form I unit cell packing of cocrystal 20:21 - possible cleavage planes are projected horizontally [50] 
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C 

Fig. 8 Form II unit cell packing of cocrystal 20:21, showing potential cleavage planes pro­
jected horizontally [50) 

may be studied. Typically this is not the case, particularly for materials produced 
only by grinding. Etter and co-workers frequently prepared cocrystals by multi­
ple methods, including grinding, solution evaporation and crystallisation from 
the melt. Often the same cocrystal was obtained by all techniques. However, there 
were certain instances in which grinding afforded a unique cocrystal product. 

Etter and Reutzel conducted a series of experiments designed to understand 
the hydrogen bonding preferences of acyclic imides [27]. They identified two 
cocrystals containing the compound diacetamide 22, which could only be pre­
pared by the solid-state grinding approach. The first is a 1:1 cocrystal of 22 
and benzamide 23. A crystal structure was not determined; however, infrared 
spectroscopy, solid-state NMR and melting range characterization data were 
reported. The second material obtainable only by solid-state grinding is a 1:1 
cocrystal containing diacetamide 22 and 3,4-dinitrobenzoic acid 24. A crystal 
structure is also unavailable for this compound. The authors offer the expla-
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nation of disparate solubilities for why these two compounds could not be 
formed from solution. 

In contrast, solubility was not an issue in a second case of a product obtained 
only from grinding. In work with Adsmond on co crystals of 2-aminopyrimidine 
25, Etter found that by grinding the base 25 with succinic acid 26, two cocrystal 

25 

0 

HO½OH 

0 

26 27 

stoichiometries were obtained, 1: 1 and 2: 1 base:acid [23]. The outcome depended 
upon the ingoing starting material ratio. Solution crystallisation, conversely, 
yielded only the 1:1 product. The crystal structure of the product obtained only 
by grinding is not known, so a structure-based rationalisation of this observa­
tion is difficult. It may be possible that a certain preference for the 1: 1 stoichio­
metry exists in solution, which is not as dominant during solid-state grinding. 

Interestingly, in the same work [23] Etter and Adsmond reported two poly­
morphs of a 1:1 cocrystal containing 25 and malonic acid 27. Both crystallised 
from solution, but only one was obtainable from solid-state grinding. Contrary 
to the examples mentioned above, this instance suggests that solution crys­
tallisation may at times offer more product diversity than grinding. 

Hollingsworth et al. demonstrated the utility of the grinding approach in 
preparing a cocrystal material not initially accessible from solution [51, 52]. 
The researchers aimed to prepare a series of cocrystals with a,oo-dinitriles of 
the formula NC(CH2)nCN with urea, with varying aliphatic chain lengths (n). 
Success was achieved in growing from solution a number cocrystals of differ­
ent chain lengths; however, the n=3 (glutaronitrile) derivative could not be pre­
pared from solution. Solid-state grinding of the two components, on the other 
hand, allowed for cocrystal formation with greater than 98% yield. When 
growth from solution was re-attempted, with the introduction of cocrystal 
seeds from the grinding experiment, the solution growth was successful and a 
single crystal of this compound was grown, thereby enabling crystal structure 
determination. This case establishes that the initial use of solid-state grinding 
for the preparation of co crystal seeds may allow subsequent solution growth of 
novel cocrystal materials. The method was also demonstrated to apply to 
organometallic cocrystal systems [53, 54]. 
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At the moment, the aforementioned examples serve as curious exceptions 
to the general trend that most cocrystals can be produced by both the grind­
ing and solution approaches. However, as research continues in this field, it is 
hoped that an improved understanding will develop regarding the different 
mechanisms of these cocrystallisation approaches. With a better understand­
ing in hand, novel solid-state materials for various uses may eventually arise 
as a consequence. 

4 
A Recent Enhancement to the Grinding Approach 

The technique of solid-state grinding by mortar and pestle to induce cocrys­
tal formation has been known for at least a century [10], and unlike many sci­
entific techniques, this basic approach has seen little advancement since that 
time. Notwithstanding the development of more sophisticated mechanical 
grinders, grinding solids together with a mortar and pestle is still performed 
today exactly as it was then. Recent reports, however, have introduced a new 
variable into the process. The addition of a small amount of a particular sol­
vent to the grinding process has been termed 'solvent-drop grinding', and has 
been shown to influence the cocrystallisation process in two specific ways: 
reaction kinetics and polymorph control. 

Shan et al. first illustrated this solid-state enhancement technique in the 
context of cocrystals of the compound cydohexane-l,3cis,5cis-tricarboxylic 
acid (CTA) 28 [55]. CTA readily formed phase-pure cocrystal material with 
hexamethylenetetramine (HMTA) 29 upon grinding for 20 min (as judged from 
powder XRD data). 

28 29 

The same was not true of a cocrystal of CTA 28 with 4,4'-bipyridine (Bipy) 
30. The structure of a cocrystal containing these two components was deter­
mined by single crystal XRD, using crystals grown from methanol [56]. When 
the ingoing powders were ground together without solvent, only partial for­
mation of this cocrystal occurred after 1 h of grinding. The kinetics of the 
cocrystallisation, however, could be accelerated by introducing approximately 
0.05 ml of methanol (i.e. two drops from a pipette) to the two powders before 
grinding commenced. In this case of the CTA:Bipy (28:30) cocrystal, the ki­
netics were increased so that the pure cocrystal was obtained in 20 min. 
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A second illustration of such reaction acceleration was reported using CTA 
28 and 4,7-phenanthroline (f'Ph) 31[55].A 1:2 CTA:f'Ph (28:30) cocrystal,known 

31 

to precipitate readily from a methanol solution, was observed by powder XRD 
only as a minor component after grinding for a considerable period of time. 
The addition of two drops of methanol, water, ethyl ?,cetate, or acetonitrile were 
all shown to accelerate this cocrystal formation. At least one of the components 
was soluble in each of these solvents. To demonstrate that solubility was a 
factor in this phenomenon, the researchers noted that the addition of cyclo­
hexane, in which neither material was soluble, did not noticeably improve the 
reaction rate. 

Solvent-drop grinding was next applied as an eco-friendly modification to 
a previously described preparation of a crystalline organic inclusion com­
pound. Initial work had demonstrated solution-mediated supramolecular 
organisation and solid-state topochemically controlled reactivity in a system 
involving 1,2-bis(4-pyridyl)ethylene (bpe) 32 and 1,2,4,5-benzenetetracar­
boxylic acid (bta) 33 [57].A single crystal of a 2:1 bpe:bta 32:33 cocrystal was 

32 

HOOC~COOH 

HOOC~COOH 

33 

obtained from a dimethyl sulfoxide {DMSO) soluti_on of the starting compo­
nents, and its structure was determined (Fig. 9). UV-irradiation of this cocrys­
tal induced [2+2] photodimerisation between adjacent bpe molecules in the 
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Fig. 9 Crystal packing of bpe:bta (32:33) cocrystal material, showing topochemical align­
ment of bpe molecules prior to UV radiation-induced solid-state dimerisation [57] 
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solid state to produce rctt-tetrakis(4-pyridyl)cyclobutane (tpcb) 34. Following 
a DMSO recrystallisation of the irradiated product, single crystals of a novel 

34 

co crystalline inclusion compound were isolated and were shown to contain 1: l 
tpcb:bta 34:33 with disordered DMSO and water molecules in the supramole­
cular channels (Fig. 10). 

A 'green' modification to this process, utilising the approach of solvent-drop 
grinding, was then demonstrated [ 58]. It was found that the initial cocrystal 
material (Fig. 9) containing bpe 32 and bta 33 could not be prepared by grind­
ing the starting components for 2 h. However, the addition of several drops of 
the solvent methanol permitted complete cocrystallisation in 20 min, as deter­
mined by a comparison of the powder XRD pattern of the ground material to 
the pattern simulated from the known cocrystal structure. The cocrystal was 
irradiated as before to induce solid-state dimerisation. The irradiated mater-

Fig.10 Crystal packing of tpcb:bta (34:33) cocrystal material; disordered water and DMSO 
molecules have been omitted from supramolecular cavity [57] 
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ial was then subjected to 20 min of solvent-drop grinding with DMSO to pro­
duce the desired organic inclusion compound as before (Fig. 10). This was an 
efficient demonstration of the value of solvent-drop grinding in providing 
'greener' routes to novel supramolecular materials. 

The utility of the solvent-drop grinding approach was recently extended by 
Trask et al. with a cocrystal system containing the model pharmaceutical 

0 0 

HO~OH 

35 36 

compound caffeine 35 and glutaric acid ( GA) 36 [ 59]. Evaporation of a solution 
containing both components produced single crystals of two habits. Rod-like 
crystals were solved as monoclinic form I; block-like crystals were solved as 
triclinic form IL Both exhibited 1:1 stoichiometry; with identical chemical 
composition, the two cocrystals were designated polymorphs. 

The hydrogen bonding scheme is identical in both crystals as seen in Fig. 11 
and Fig. 12. The molecules pack so as to provide what may be aptly described as 
a hydrogen-bonded comb, with a GA 36 backbone and caffeine 35 teeth. In fact, 
the major difference between the two polymorphs. on the secondary level of 
supramolecular architecture resides in the torsion of the GA 36 aliphatic chain. 

b 
A 

Fig.11 Caffeine:glutaric acid (35:36) form I crystal packing, showing two hydrogen-bonded 
combs [59] 
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Fig. 12 Caffeine:glutaric acid (35:36) form II crystal packing, showing two hydrogen-bonded 
combs [59] 

Given the identical hydrogen bonding arrangement, it may not be surprising 
that these two polymorphs precipitated concomitantly. Unexpectedly, however, 
it was found that application of the solvent-drop grinding approach allowed 
preparation of each crystal form essentially pure from the other. Grinding 
equimolar starting components in the absence of solvent produced form I. 
Similarly, grinding in the presence of a solvent in which neither component was 
soluble, including cyclohexane, hexane and heptane, also provided form I. 
Grinding with several drops of a more polar solvent, on the other hand, pro­
duced predominantly form II. Such solvents included chloroform, dichloro­
methane, acetonitrile and water. 

A clear explanation for this observation was not offered. However, as a con­
sequence of the space group symmetry, the crystals differ in their tertiary level 
of supramolecular architecture (see Fig. 13 and Fig. 14). The authors note that 
this difference affords a potential non-polar cleavage plane in form I but not in 
form IL As it is form I that preferentially formed in the presence of non-polar 
solvents, it is possible that this may play a role in the phenomenon. 

The examples of this section summarise the recent application of the sol- · 
vent-drop grinding approach to solid-state cocrystal preparation. The approach 
has been shown in certain instances to provide for either acceleration of 
cocrystallisation kinetics or selection of a particular polymorph via solid-state 
grinding. The approach is attractive, as it appears to incorporate some of the 
beneficial aspects of solvent participation while maintaining an essentially 
green, eco-friendly process. 
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Fig. 13 Form I crystal packing of caffeine:glutaric acid (35:36), as viewed down the length 
of the hydrogen-bonded combs, showing potential non-polar cleavage plane, projected ver­
tically [59] 

Fig. 14 Form II crystal packing of caffeine:glutaric acid (35:36), as viewed down the length 
of the hydrogen-bonded combs, showing lack of analogous cleavage plane [59] 

s 
Structure Determination from Powder XRD Data 

The solid-state grinding approach to cocrystal formation is simple, easily per­
formed and environmentally friendly. So why is it not the dear favourite for 
obtaining cocrystal material? The answer may in part pertain to the fact that 
grinding results in microcrystalline powders, which are unsuitable for single 
crystal XRD. In other words, the most common means of obtaining a crystal 
structure is incompatible with solid-state cocrystal preparation. Thus, in order 
to ascertain the intermolecular interactions and packing features of a partic­
ular cocrystal via single crystal XRD, the researcher must grow a suitably sized 
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crystal of the same structure and stoichiometry from solution. A simulated 
powder XRD pattern from the solved crystal structure can then be compared 
to other powdered materials which may have been produced by solid-state 
grinding. 

However, recent advancements in the field of crystal structure determina­
tion from powder XRD data may soon change this bias [60]. For some time, 
researchers have been developing the technique for solving homomeric crystal 
structures of materials with an increasingly large number of degrees of free­
dom [61]. Commonly these freedoms exist as molecular torsions or indepen­
dent molecules in the asymmetric unit. The direct-space approach has seen 
much recent success in solving structures from powder data. This approach is 
an iterative process consisting of (1) generating a trial crystal structure inde­
pendently of the experimental powder diffraction pattern, (2) simulating the 
powder diffraction pattern of the generated structure, and (3) comparing the 
simulated pattern to the experimental pattern. The crystal structure corre­
sponding to the best agreement between the two patterns is found by a par­
ticular global optimisation strategy such as Monte Carlo, simulated annealing, 
or genetic algorithm. When the agreement is within an acceptable standard, the 
crystal structure has been solved. 

In 2000 Tremayne and Glidewell claimed the first instance of a structure 
_determination of a cocrystal material by the direct-space approach [62]. Their 
work involved a 1:1 cocrystal of 1,2,3-trihydroxybenzene 37 and hexamethyl-

HO 

H0-0 
HO 

37 

enetetrarnine (HMTA) 29, which was crystallised from solution but could not 
be grown as sufficiently sized single crystals. The experimental powder XRD 
pattern was collected using a monochromated laboratory instrument. The 
pattern was indexed to a monoclinic cell; its volume was consistent with one 
molecule each of 37 and 29 in the asymmetric unit. Both molecules 37 and 29 
are rigid, so no torsional variables were necessary. However, within the asym­
metric unit, each molecule must be described by three positional coordinates 
(x,y,z) and three rotational coordinates ( e,cp, tp ). This system, therefore, pos­
sessed a total of 12 degrees of freedom. 

The crystal structure obtained from structure solution and subsequent re­
finement shows a rational pattern of hydrogen bonding, with each hydroxyl 
group of 37 participating in an OH" .. N intermolecular hydrogen bond to a 
tertiary amine of 29 to form a ribbon parallel to the a axis (Fig. 15). Such in­
teractions are consistent with structures obtained from single crystal XRD data 
on other hydroxyl compounds complexed with HMTA [63). 
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Fig. 15 Hydrogen-bonded ribbons of 37:29; the crystal structure was solved from powder 
XRD data [62] 

The structure solution of the cocrystal of 37 and 29 from powder XRD illus­
trates the current utility of this approach in the field of crystal engineering. 
While the material above was prepared from solution crystallisation, it is clear 
that this approach directly impacts cocrystals prepared by solid-state grinding. 

Recently, Harris, Kuroda and co-workers claimed the first example of a 
direct structure determination of a cocrystal prepared by solid-state grinding 
[64]. The cocrystal involved was an extension of a system described earlier [SO], 
consisting of the three components benzoquinone (BQ) 21, bis-~-naphthol 
(BN) 20 and anthracene (AN) 16. The authors noted that this system was yet 
another example in which solution and grinding approaches yielded different 
cocrystal products, as judged by their powder XRD patterns. This example 
highlights the significance of powder XRD structure determination, as the likeli­
hood of obtaining sizable single crystals of this compound appears small. 

The stoichiometry of the ground cocrystal material was confirmed by NMR 
and elemental analysis to be 1:1:0.5 (21:20:16). Interestingly, however, it was 
reported that a slight excess of BQ 21 was necessary to generate phase-pure 
material, in order to compensate for partial sublimation during the 60 min of 
manual mortar and pestle grinding. 

Both BQ 21 and AN 16 are rigid structures, but BN 20 contains a molecular 
torsion about the two napthol rings. The unit cell volume and the C2/c space 
group assignment indicated that AN 16 spanned a symmetry element, therefore 
requiring the evaluation of only one half of that molecule. The crystal structure 
was confirmed by the resulting agreement between the experimental and 
simulated powder XRD pattern following Rietveld refinement (Fig. 16). 
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Fig.16 Experimental (+marks), calculated (solid line) and difference (lower line) powder 
X-ray diffraction profiles for the three-component material after final Rietveld refinement, 
as reported by the authors [64]. (Reprinted with permission from Cheung et al. (2003) J Am 
Chem Soc 125:14658. Copyright 2003 American Chemical Society) 

Fig. 17 The intermolecular interactions of the BN:BQ:AN (21:20:16) cocrystal, as solved 
from powder XRD data (non-hydroxyl hydrogens removed for clarity) [64] 
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The structure determination allows for an examination of the intermolecu­
lar interactions of the three-component cocrystal (Fig. 17). Hydrogen bonding 
is observed between the carbonyls of BQ 21 and the hydroxyls of BN 20. A four­
component TI-stacking motif is apparent among two molecules each of BQ 21 
and BN 20. Finally, edge-to-face interactions are observed with two molecules 
each of BQ 21 and AN 16. 

Such a detailed understanding of the structural features of these two 
cocrystals would not have been possible without the advent of the developing 
technique of powder XRD crystal structure determination. Further progress 
in this exciting area of research will undoubtedly continue to benefit the 
advancement of solid-state cocrystal preparation. 

6 
Concluding Remarks 

Crystal engineering is a prospering scientific field, comprised of practitioners 
with a variety of interests. The field at present remains to some extent in an in­
formation-gathering phase. Researchers are producing an abundance of novel 
cocrystal structures, cataloguing intermolecular interactions, and revealing 
crystallisation preferences. With evolving computational methodology and 
clever mining of the Cambridge Structural Database, the ultimate goal of reli­
able crystal structure prediction will someday be realised. Until then, novel 
cocrystal structures will be discovered through a process which combines 
design and chance: while the design of cocrystals using discrete intermolecular 
interactions, such as hydrogen bonding, is increasingly common, the entire 
three-dimensional architecture of the cocrystal structure, which often results 
from weaker, non-directional forces, is quite often left to chance. Because of this 
present inability to understand and control all contributing forces of the crys­
tallisation process, researchers in search of novel cocrystal materials must in­
crease the diversity of experimental conditions to plumb all chances for success. 

A variety of cocrystallisation approaches, including solid-state grinding, will 
provide the most gainful outcome to a series of cocrystallisation experiments. 
The solid-state approach is certainly well precedented, but until more research 
is conducted its mechanism will remain far from well understood. It is sim­
plistic in its application, and its environmental benefits, particularly on a large 
scale, could provide tremendous cost savings and hazard reduction. In what 
may someday provide a reliable source of novel materials, the solid-state 
grinding approach has been demonstrated to produce materials which will not 
form by traditional solution crystallisation. Enhancement by the solvent-drop 
method is known to provide increased cocrystallisation kinetics or polymorph 
control in certain instances. Finally, the arrival of structure determination from 
powder XRD data is beginning to overcome what may have comprised the most 
significant deficiency of the grinding approach: an inability to conclusively 
analyse the intermolecular interactions within the cocrystal produced. As 
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researchers further demonstrate the utility of solid-state grinding and more 
thoroughly examine its mechanism in cocrystal formation, its role in the field 
of crystal engineering will certainly grow. 
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ABSTRACT: A systematic crystal engineering study was performed on the model pharmaceutical compound caffeine 
to prepare a cocrystal that, unlike caffeine, is physically stable at all relative humidities (RH). Six cocrystal materials 
containing caffeine with one of several dicarboxylic acids are described herein. Methods.of cocrystallization included 
solution growth, neat solid-state grinding, and grinding with solvent-drop addition. Crystal structures are reported 
for a total offive cocrystals containing caffeine (with oxalic acid, malonicacid, maleic acid, and glutaric acid), including 
two recently reported polymorphic caffeine cocrystals. 1n each of these structures, a predicted intermolecular hydrogen­
bonding motif is observed. The stability with respect to RH is evaluated for the six cocrystal materials. The cocrystal 
with oxalic acid exhibit,.<, complete stability to humidity over a period of several weeks. Other cocrystals demonstrate 
lesser degrees of stability with respect to humidity. 

Introduction 

The field of crystal engineering enables the design of 
crystalline molecular complexes, or cocrystals, using 
robust, reliable supramolecular synthons.1- 4 The exten­
sion of the field to pharmaceuticals has been previously 
demonstrated with several drug substances.5•6 Cocrys­
tallization of phannaceutically active molecules repre­
sents a viable means of enhancing the physical prop­
erties of a drug substance, particularly when the options 
for forming ionic complexes are limited and the inherent 
instability of the amorphous material is undesired. In 
recent literature, pharmaceutical cocrystals have been 
demonstrated to alter the physical properties of melting 
point7,8 and solubility.9 In a related example, the solid­
state chemistry of a pharmaceutical cocrystal containing 
two active pharmaceutical ingredients was investigated 
with regard to its anhydrous and hydrate crystal 
forms. 10 

The stability of a solid drug substance in the presence 
of atmospheric moisture ·is of concern to the pharma­
ceutical industry as it has practical implications for 
processing, formulation, packaging, and storage.11,12 It 
is sometimes the case that an anhydrous crystal form 
is stable below a certain critical relative humidity (RH), 
but at higher RH it will convert to a crystalline 
hydrate.13 In these cases, solid form selection is often 
employed to search for a polymorph or salt form that 
exhibits greater stability at high RH values. 

Caffeine (l,3,7-trimethyl-2,6-purinedione) is a model 
pharmaceutical compound that is known to exhibit 
instability with respect to humidity, with the forma­
tion of a crystalline nonstoichiometric hydrate. 14 Caf­
feine is a central nervous system stimulant and a 
smooth muscle relaxant, and is commonly employed as 
a formulation additive to analgesic remedies. Its solid­
state properties have been widely investigated; it is 
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'University of Cambridge. . 
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known to exist as two anhydrous crystal forms (o., /3) 
and one crystalline nonstoichiometric hydrate.15 The 
stable anhydrous ,B-caffeine crystal form convert,.<, to the 
metastable a-caffeine at high temperature.16 Neither 
anhydrous crystal structure has been fully determined 
according to the most recent version of the Cambridge 
Structural Database (CSD).17,lB 

The nonstoichiometric crystalline hydrate of caf­
feine has been reported to contain 0.8 moles of water 
per mole of caffeine.14 This unusual ratio appears to 
result from a channel inclusion of water in the hy­
drate crystal structure, which has been previously 
determined (CSD reference code CAFINE0l).19 Crystal­
line powder of anhydrous o.- or /J-caffeine convert,.<, to 
caffeine hydrate at high RH; conversely, caffeine hy­
drate loses its water of hydration at low RH and re­
verts to ,8-caffeine. 20 The dehydration of caffeine hy­
drate has·· been studied in detail,19,21,22 with one 
study in particular finding that the critical humidity 
necessary for conversion, the dehydration boundary, 
occurs at 61% RH, although the dehydration rate 
varies with particle size.14 Significantly less research 
has been done on the hydration process, i.e., crystalline 
hydrate formation, from anhydrous caffeine to caffeine 
hydrate.20 

Given the hydration behavior of caffeine, the develop­
ment of this model drug substance into a marketed form 
would potentially require the synthesis of a crystalline 
salt form to improve upon it,.,, physical properties. A 
search of the CSD reveals only one pharmaceutically 
acceptable salt form of caffeine, a hydrochloride d.ihy­
drate. 23 It appears, however, that a stable, anhydrous, 
pharmaceutically acceptable24 form of caffeine is not yet 
known. The fact that the structure of only one pharma­
ceutically acceptable caffeine salt has been reported may 
result from the limited salt-forming capability of caf. 
feine. ·The weakly basic imidazole nitrogen of caffeine 
result,.<, in a pK. of 3.6.26 As salt formation requires a 
significant acid-base pK2 difference (ca. 3. 75 for a series 
of pyridme/benzoic acid complexes26), the potential salt-

10.1021/cg0496540 CCC: $30.25 @ 2005 American Chemical Society 
Published on Web 02/03/2005 

UM00012399 
NOVARTIS EXHIBIT 1017 

Novartis v. Regents, IPR2023-01346 
Page 1145 of 4460



1014 · Crystal Growth & Design, Vol. 5, No. 3, 2005 

Scheme 1. Heteromeric Synthon Showing Strong 
0-H···N and Weaker C-H···O Hydrogen Bond 

Interactions 

Scheme 2. Expected Intramolecular Interactions 
of 2:1 Caffeine/Dicarboxylic Acid Cocrystals 
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forming acids for caffeine are limited to only strong 
acids. 

By the same token, given its weak basicity, caffeine 
may be particularly suited for cocrystallization in its 
neutral form. A search of the CSD reveals 12 neutral 
organic cocrystals of caffeine. Several of these are 
pharmaceutically acceptable cocrystals, including 1: 1 
complexes of caffeine with the antibiotic sulfa drugs 
sulfacetamide27 and sulfaproxyline28 (CSD reference 
codes SACCAF and VIGVOW), and a cocrystal of 
caffeine with the sedative barbital29 (CAFBAR20). Two 
other cocrystaJs, while not pharmaceutically acceptable, 
illustrate a hydrogen-bonded interaction between the 
imidazole nitrogen of caffeine with an un-ionized aro­
matic carboxylic acid (CAFSAL and DIJVUN). However, 
despite the existence of a number of caffeine cocrystals, 
a systematic crystal engineering_study of pharmaceuti­
cal cocrystals of caffeine has not been described. 

The aim of this study, therefore, was to rationally 
design and prepare a series of pharmaceutically accept­
able caffeine cocrystals and to evaluate the stability of 
the cocrystals. with respect to atmospheric humidity. 
Dicarboxylic acids were selected as cocrystal formers. 
The desired supramolecular interaction was the ~(7) 
acid-base heterodimer synthon (Scheme 1), so as to 
permit strongO-H···N and weaker c..:.H···O hydrogen 
bonding.30 The CSD illustrates the precedence of this 
heteromeric synthon: a search of all organic compounds 
for heteromeric interactions involving the Scheme 1 
synthon yields 131 crystal structures.31 In the context 
of the current crystal engineering experiment, it was 
expected that the combination of caffeine with dicar­
boxylic acids would induce the formation of trimeric 
caffeine-acid-caffeine hydrogen-bonded units (Scheme 
2). This arrangement would necessitate a resultant 2:1 
caffeine/acid cocrystal stoichiometry. 

The following caffeine cocrystals were prepared in this 
study: A caffeine/oxalic acid (2:1); B caffeine/malonic 
acid (2:1); C caffeine/maleic acid (2:1); D caffeine/maleic 
acid (1:1), E caffeine/glutaric acid (1:1) form I; and F 
caffeine/glutaric acid (1:1) form II. The chemical struc­
tures of the successful cocrystallizing agents are pre­
sented in Scheme 3. Crystal structures are reported here 
for the first time for A, B, and D. They are compared to 
the recently reported structures ofE and F.32 All of the 
crystal structures exhibit the expected Scheme .l.su-. 

pramolecular synthon. Stoichiometry of 2:1_ caffeine/acid 
is observed for A, B, and C, and the crystal structures 
of A and B confirm the hydrogen-bonded trimers 
described in Scheme 2. A stoichiometry of 1:1 caffeine/ 
acid was observed for D, E, and F. In these instances, 
one of the carboxyl ·groups participates in the Scheme 
1 synthon with caffeine, while the other carboxyl group 
associates in an alternative hydrogen-bonding arrange­
ment. The pharmaceutical acceptability of each of these 
cocrystallizing agents has been confirmed by their 
precedence as pharmaceutical salt formers, 24 with the 
exception of glutaric acid. 

Cocrystal preparation was attempted by the methods 
of solution precipitation and solid-state grinding. While 
less common than solution methods, cocrystal prepara­
tion in the solid state is well established and offers 
several advantages, such as a more environmentally 
friendly synthesis and an experimental design free from 
solubility considerations.33- 36 It was recently reported 
that solvent-drop grinding, i.e., grinding with the ad­
dition of a small amount of appropriate solvent, allowed 
for polymorphic control of the cocrystallization of caf­
feine with glutaric acid. 32 In this work, solvent-drop 
grinding was employed to obtain bulk powder of D, 
which could not otherwise be prepared as essentially 
phase-pure. 

Experimental Procedures 

Materials. All chemicals were obtained from the Sigma­
Aldrich Company, Ltd. (Gillingham, UK) and were used as 
received. 

(a} Caffeine. Anhydrous fl-caffeine was used as received 
from the Sigma-Aldrich Company. PXRD analysis of this 
material agreed with that of previously analyzed .B-caffeine.19 

(b} Cocrystal A (2: 1 Caffeine/Oxalic Acid). This material 
was prepared by both solution precipitation and by solid-state 
grinding. From solution, caffeine (4.85 g; 25.0 mmol) _and 
maleic acid (1.12 g; 0.5 eq) were dissolved in 7:2 (v:v) 
chloroform/methanol (90 mL) by heating to reflux. The solution 
was concentrated in vacuo until precipitation· commenced. 
Crystals were isolated by filtration. Cocrystals were a!Eo 
prepared by grinding fl-caffeine (0.38 g; 2.0 mmol) and oxalic 
acid (0.89 g; 0.5 eq) for 60 min. A single crystal for XRD 
analysis was obtained by slow evaporation of a chloroform/ 
methanol solution of dissolved cocrystal material, 

(c) Cocrystal B (2:1 Caffeine/Malonic Acid). This mate­
rial was prepared by solution and grinding techniques. Caf­
feine (1.43 g; 7.4 mrriol} and malonic acid (0.38 g; 0.5 eq) were 
dissolved in 30:l (v:v) chloroform/methanol (30 mL) and heated 
to reflux. The solution was then seeded (with single crystals 
a.q obtained below) and stirred at ambient temperature while 
permitting evaporation until precipitation commenced. This 
cocrystal material was also obtained by grinding caffeine (0.30 
g; 1.5 mmol) and malonic acid (0.81 g; 0.5 eq} for 30 min. Single 
crystals were obtained by dissolving this material in chloroform/ 
methanol and evaporating slowly at ambient conditions. 

(d) Cocrystal C (2:1 Caffeine/Maleic Acid}. Cocrystal 
material with minor f:l-caffeine content could be prepared by 
dissolving caffeine (2.42 g; 12.5 mmol) and maleic acid (0.73 
g; 0.5 eq) in 8:1 (v:v) chloroform/methanol (17 mL) with heating 
to reflux, followed by seeding, and then prompt addition of 
n-hexane to effect sudden crystallization. Initial seeds of 
essentially phase-pure C material were obtained in small 
quantities by the removal of a small (ca. 1 mL) aliquot from a 
solution of caffeine (2.70 g; 13.9 mmol) and maleic acid (0.82 
g; 0.5 eq) in 15:1 chloroform/methanol (32 mL), and the 
addition of cyclohexane (ca. 1 mL) to the aliquot to effect 
crystallization, followed by filtration. As an alternative to the 
solution-based approach, cocrystal powder of C with substan-
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Scheme 3. Molecules That Successfully Formed Cocrystals with Caffeine 
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tial P-caffeine content was obtained by grinding caffeine (0.41 
g; 2.1 mmol) and maleic acid (0.12 g; 0.5 eq) for 60 min. The 
2:1 caffeine/maleic acid stoichiometry was confirmed by 1H 
NMR analysis of crystals filtered from solution. While the 
crystal structure of C was not successfully determined, X-ray 
diffraction from a single crystal at 180(2) K provided unit cell 
dimensions of a, b, c = 13.1356(5), 6.8750(3), 26.1807(12); a, 
fj, y = 90, 97.739(3), 90; volume= 2342.77(17) A3• This unit 
cell volume agrees with the existence of eight caffeine mol­
ecules and four maleic acid molecules per unit cell.37 The 
experimental PXRD pattern was indexed to similar unit cell 
parameters. 

(e) Cocrystal D (1:1 Caffeine/Maleic Acid). C material, 
obtained by grinding, was dissolved in dichloromethane, and 
the solution was permitted to evaporate slowly to yield a single 
crystal of 1:1 stoichiometry, D. This is the only instance of 
solution precipitation of the D material. This cocrystal material 
could be prepared in bulk powder form by grinding caffeine 
(0.40 g; 2.1 mmol) and maleic acid (0.24 g; 1 eq) with the 
addition of methanol (5 drops from a pipet; ca. 0.06 mL) for 
90 min. 

(f) Cocrystals E and F (1:1 Caffeine/Glutaric Acid 
Forms I and II, respectively). Essentially pure form I was 
prepared by grinding caffeine (0.53-g; 2.7 mmol) and glutaric 
acid (0.63 g; 1 eq) with cyclohexane (5 drops from a pipet; ca. 
0.06 mL) for 90 min. Essentially pure form II was prepared 
by grinding caffeine (0.51 g; 2.6 mmol) and glutaric acid (0.35 
g; 1 eq) with chloroform (5 drops from a pipet; ca. 0.04 mL) 
for 90 min. Single crystals of form I (rods) and form II (blocks) 
were obtained concomitantly by slow evaporation of a chloro­
form solution of the starting components, in which there was 
a slight excess of caffeine.32 

General Methods. RH conditions were achieved at ambi­
ent temperature (ca. 20 °C) within sealed glass desiccator jars 
containing P205 for the 0% RH condition and the appropriate 
saturated aqueous salt solutions-for other RH values (K2COa 
for 43%; NaCl for 75%; and K2S04 for 98%).38 RH conditions 
were monitored with humidity-indicator cards (Sigma-Aldrich 
Company). 

To compare the stability of anhydrous caffeine to the various 
cocrystals produced, cocrystals A through F were evaluated 
along with anhydrous caffeine for physical stability at the 
conditions of 0, 43, 75, and 98% RH for time periods of 1 day, 
3 days, 1 week, and 7 weeks. Cocrystal materials formed from 
solution (A, B and C) were ground gently with a mortar and 
pestle to homogenize the particle size to ca. 10-50 µm, as 
observed by optical microscopy, before the· experiment com­
menced. The cocrystal materials necessarily formed by solid­
state grinding (D, E and F) were obtained as microcrystalline 
powders and were used as isolated. Open glass vials containing 
40-60 mg of powdered cocrystal material were stored in the 
RH chambers at ambient temperature. A vial was removed 
for each cocrystal material at each time point. Upon removal 
from the chamber, the samples were promptly evaluated for 
any form change by PXRD. 

Powder X-ray diffraction (PXRD} data was collected on a 
Philips X'Pert Pro diffractometer, using Ni-filtered CuKo. 
radiation (i, = 1.5418 A) at 40 kV and 40 mA with a X'Celerator 
RTMS detector. Each sample was analyzed between 4 and·40 
'20 with a step size of ca. 0.02 °20 and a total scan time of 3 
min 5 s. Experimental PXRD patterns were compared to PXRD 
patterns simulated from available crystal structures to confirm 
the composition of those materials.39 

Fourier transform infrared (FT-IR) spectra were collected 
in the mid-IR region on crystalline powders with a ThermoNi­
colet Nexus spectrometer equipped with a Smart Golden.Gate 
Attenuated Total Reflection accessory. 

MaleicAcid Glutaric Acid 

Solid-state grinding was performed with a Retsch MM200 
Mixer mill, equipped with stainless steel 10-mL grinding jars 
and two 7-mm stainless steel grinding balls per jar. All 
grinding was performed at a rate of 30 Hz. The temperature 
of the grinding jars following grinding experiments did not 
exceed ca. 30 •c. 

Single-crystal X-ray diffraction data was collected- at 
180(2) K with a Nonius Kappa CCD diffractometer using 

.MoKa radiation (,l = 0.71073) and equipped with an Oxford 
Cryosystems cryostream. Data reduction and cell refinement 
were performed with the programs DENZO (University of 
Texas, Southwestern Medical Center at Dallas, HKL Denzo 
and Scalepack, USA, 1997) and COLLECT (Nonius, B. V. 
Delft, The Netherlands, 1998). Multiscan absorption correc­
tions were applied with the program SORTA V. 40 Structures 
were solved by direct methods using SHELXS-97 (University 
of Gottingen, Germany, 1997) and refined on F'2 against all 
data using SHELXL-97 (University of Gottingen; Germany, 
1997). All non-hydrogen atoms were refined with anisotropic 
displacement parameters. The OH hydrogen atoms were lo­
cated in difference Fourier maps and refined isotropically. All 
other hydrogen atoms were placed geometrically and were 
allowed to ride during subsequent refinement. Experimental 
details of the structure determinations of A-Fare given in 
Table 1. 

Results and Discussion 

Cocrystal Structure Analysis. In examining the 
caffeine/acid materials, the matter oflocating the /l,cidic 
proton was of significance, as it differentiated between 
salts (ionic complexes) and cocrystals (neutral com­
plexes). For each of the crystal structures obtained, 
acidic protons were located on the acid in the X-ray 
difference maps, which confirmed in each case that salt 
formation (ionization) had not occurred. Typical 0-H 
bond distances were observed in all instances.41 It is also 
noted that ambient temperature FT-IR spectra·of each 
powder sample exhibited a broad peak ranging from ca. 
2200 to 2800 cm-1, interpreted as the 0-H stretching 
modes of un-ionized, strongly hydrogen-bonded carboxy­
lic acids. 26 The lack of a band associated with a sym­
metric carboxylate stretch, which typically would be 
observed from ca. 1300 to 1420 cm-1, is further indica­
tion of the nonionic character of these complexes. 

A stoichiometry of 2: l caffeine/acid is observed for A 
and B from the solved crystal structures, and for C from 
1H NMR. The expected heteromeric synthon (Scheme 
1) is observed in the crystal structures of A and B. 
Further, the trimeric caffeine-acid-caffeine motif 
(Scheme 2) is also demonstrated in both structures. 
However, the varied geometries of oxalic and malonic 
acids necessitate differences in_ crystal packing. 

Cocrystal A, which crystallizes in the P21/c space 
group, has the highest calculated density (1.542 g cm-3) 

of all the solved cocrystal structures. The planarity of 
the oxalic acid molecule allows a flat trimeric motif to 
stack along the a axis (Figure la). If the trimeric units 
are considered to be "dumbbell-shaped," whereby the 
acid is the "handle" and the bulky caffeines are the 
"weights," then it can be noted that these units best fill 
space on (h, 0, 0) by placing the end of one weight 
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Table 1. Crystallographic Data for Caffeine Cocrystals 

A 2:1 caffeine/ B 2:1 caffeine/ 
oxalic acid malonic acid 

experimental formula 2(CsH10N402)· 2(CsH1oN,02)· 
~H20, C3H.O• 

formula weight 478.44 492.46 
crystal system monoclinic orthorhombic 
space group P21/c Fdd.2 
a<Al 4.41430(10) 30.3992(12) 
b <Al 14.7701(5). 31,2845(16) 
c<A> 15.9119(6) 4.6739(2) 
a(deg) 90 90 
/3 (deg) 96.4850(10) 90 
y (deg) 90 90 
V(;\3) 1030.81(6) 4445.0(3) 
z 2 8 
B range (deg) 3.78-27.46 3.74-27.45 
data/res train ts/parameters 2354/0/161 1413/-1/168 
Peale (g cm - 3) 1.541 1.472 
T(K) 180(2) 180(2) 
Rl 0.0462 0.0425 
wR2 0.1162 0.0855 

adjacent to a neighboring handle. An angling of the 
stacks with respect to one another appears necessary 
to achieve a close-packed arrangement (Figure lb). 

Figure 1. Crystal packing of A, showing (a) stacks of planar 
trimeric units along the a axis, and (b) an angling of the 
trimeric units with respect to one another. 

D l:l caffeine/ 
maleic acid 

CsH1oN,02• 
C,H.O• 

310.27 
monoclinic 
P21ln 
6.8565(2) •' 
12.5051(4) 
15.8362(5) 
90 
93.6100(10) 
90 
1355.12(7) 
4 
3.56-27.48 
3093/2/208 
1.521 
180(2) 
0.0437 
0.0962 

E 32 1:1 caffeine/ 
glutaric acid form I 

CsH1oN,02· 
CsHaO, 

326.31 
monoclinic 
P21/c 
13.0129(5) 
6.6017(2) 
17.1427(8) 
90 
97.8360(10) 
90 
1458.93(10) 
4 
1.58-27.5 
3343/2/217 
1.486 
180(2) 
0.0645 
0.1870 

F32 1:1 caffeine/ 
glutaric acid form II 

CsH1oN.Or 
CsHsO• 

326.31 
triclinic 
Pi 
8.3212(8) 
8.6667(8) 
11.3636(12) 
68.955(4) 
78.559(4) 
74,236(4) 
731.43(12) 
2 
3.69-27.47 
3094/0/217 
1.482 
180(2) 
0.0581 
0.1592 

Cocrystal B crystallizes in the orthorhombic Fdd2 
space group, with a calculated crystal density of 1.472 
g cm-3. Like A, this cocrystal also possesses stacks of 
trimeric intermolecular hydrogen-bonded units, whereby 
the weights and handles interdigitate as before (Figure 
2a). However, the central sp3 carbon of malonic acid 
imposes a V-shaped geometry to the trimeric unit, so 
that the motif may be better described as a kinked 
dumbbell. As a result, packing is significantly different 
from A (Figure 2b). The stacks of V-shaped trimeric 
units fill space by a 90° rotation of each successive stack 
to allow interdigitation. · 

The 1:1 caffeine/acid stoichiometry was observed for 
D, E, and F. In each of these cocrystals, the Scheme 1 
heteromeric synthon was observed with only one of the 

(a) 9«<#9«, .· ' ~~ ,r. ' ' -~:. 
' \ . : . 

Figure 2. 2:1 Caffeine/malonic acid crystal packing, showing 
(a) stacks oftrimeric units as viewed.down.Jhe c axis, and (b) 
V-shaped geometry of the interdigitated trimeric units.. · 
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(a) 

Figure 3. Cocrystal D showing (al sheets of dimeric hydrogen­
bonded units and (b) angled vertical stacks of dimeric units. 

two carboxyl groups of each dicarboxylic acid. The other 
carboxyl group formed a hydrogen bond to another 
carboxyl group. This implies that in these cocrystals the 
hydrogen bond acceptor ability of the caffeine imidazole 
nitrogen did not successfully compete with that of a 
carboxyl group in dictating the hydrogen-bonding pref­
erence of the second carboxyl of each acid. 

It is important to note that the caffeine/maleic acid 
cocrystal exists in both 2:1 and 1:1 stoichiometries (C 
and D); however, the crystal structure of C was not 
determined. It is perhaps not surprising to find a 1:1 
stoichiometry involving maleic acid. A cis orientation 
of the carboxyl groups about the double bond predis­
poses maleic acid to form intramolecular S1(7) hydro­
gen-bonded rings, as evidenced in its reported crystal 
structure (CSD Refoode MALIAC11)42 and in a recently 
determined polymorph. 43 The crystal structure of D 
indeed validates this intramolecular hydrogen-bond 
preference. The structure packs in the space group P21/n 
with a relatively high calculated density of 1.521 g cm-3• 

Dimeric caffeine-acid units are formed by the expected 
Scheme 1 hydrogen-bonded interaction. These units 
form two-dimensional sheets in the be plane by transla­
tion and 21-screw axis symmetry (Figure 3a). The units 
are propagated in the a axis direction via the n glide 
plane (Figure 3b) 

The two caffeine/glutaric acid polymorphs E and F 
exhibit a similar hydrogen-bonded. interaction to that 
of D, in that the Scheme 1 interaction occurs with one 
of the two carboxyl_groups (Figure 4). The 1:1 stoichi­
ometry may have resulted from the very weak acidity 
of the second carboxyl group of glutaric acid: the 
potential acid-base interaction between caffeine and 
glutaric acid was sufficiently weak that a hydrogen bond 
to another carboxylic oxygen was more favorable than 
a bond to the caffeine imidazole nitrogen. The two 
different structures of caffeine/glutaric acid are in fact 
conformational polymorphs,44 differing in the torsion of 
the glutaric acid aliphatic chain (Figure 5). 

Cocrystal Preparation by Grinding. It was gener­
ally possible to prepare most cocrystals by the dual 
methods of solution growth and solid-state grinding, but 
the exceptions are of interest. Polymorphs E and F 
precipitated concomitantly from solution in our experi­
ments. As described previously,32 solvent-drop.grinding 
enabled the preparation of essentially pure samples ·of 
both of these polymorphs. For this study, the solvent-

Figure 4, Sheets of caffeine:glutaric acid ribbons· showing 
identical packing in projection of the two conformational 
polymorphs: (a) E (b) F. 

Figure 5. Stacked ribbons of caffeine:glutaric acid cocrystal 
polymorphs illustrating conformational differences in glutaric 
acid torsions: (a) E (b) F. · 

drop grinding approach was performed with cyclohexane 
and chloroform to prepare E and F, respectively. 

The stoichiometric competition between the two caf­
feine:maleic acid cocrystals C and D also resulted in 
interesting crystallization behavior. Aside from the one 
instance in which a single crystal was obtained of.D, 
solution growth never yielded the 1:1 stoichiometry·in 
this system. Neat grinding of caffeine and maleic ·acid 
in a 2:1 ratio produced mostly C with residual unreacted 
material apparent by PXRD. Neat grinding of a l:l·ratio 
of caffeine and maleic acid produced a mixture ofC and 
D cocrystals. Thus, a bulk quantity of essentially·pure. 
D could not be prepared by traditional solutiori•or·di-f 
grinding methods. _.,, · "· 
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Scheme 4. Summary of Caffeine/Maleic Acid (a) 
Stoichiometry Control via Solvent-Drop Grinding 

lngoing5-.,.,,y 
c.r.lelno:MalolcAcld 

SoM!nt-<irop Gmdlng: 
60mln.30Hz.-
lndlcaledbelow COc,yal!IIProdud 

(Cnffalno:Mlllelc Acid) 

1:1 __ ___,...,._-,,,::;._...c::.., .... 
~-=.L+ D ( 1 : 1 ) 

The solvent-drop grinding method was investigated 
as a potential means of obtaining pure D. Upon addition 
of several drops of methanol to the 1: 1 ingoing mixture, 
the resulting product from grinding was predominantly 
D, with a slight component of unreacted starting 
materials and no C material observable by PXRD. It is 
noted that methanol addition provides a significant 
preference for D formation: grinding of an ingoing 2: 1 
caffeine/maleic acid ratio with methanol addition pro­
duces D with excess caffeine without any evidence of 
C, the 2:1 product, by PXRD. 

Just as methanol favors D upon grinding, toluene 
appears to favor C. Solvent-drop grinding of ingoing 1:1 
material with toluene provides C with excess maleic 
acid and some unreacted residual caffeine as a minor 
component. Additionally, solvent-drop grinding of in­
going 2:1 material with toluene provides C with some 
unreacted material, mimicltj.ng the results of neat 
(solvent-free) grinding. These results are summarized 
diagrammatically in Scheme 4, .and PXRD data are 
presented in Figure 6. While the mechanism underlying 
this phenomenon has not yet been fully explained, it 
was employed to generate nearly phase-pure D material 
for use in the RH stability study. 

It should be noted that not all the dicarboxylic acids 
that were attempted successfully formed cocrystals with 
caffeine. When screened for cocrystallization by the 

· grinding method, the following three pharmaceutically 
acceptable dicarboxylic acids were determined to be 
unsuccessful cocrystallizing agents with caffeine: fu­
maric acid, L-tartaric acid, and adipic acid. Further, a 
cocrystal involving caffeine and succinic acid was iso­
lated from solution, but .. due to significant physical 
instability resulting from weakly bound solvent of 
crystallization, it was not included in this study. 

Relative Humidity Challenges. The RH stability 
results of caffeine and of each cocrystal are described 
in turn below and are summarized diagrammatically· 
in Table 2. Analysis of powders by PXRD provided an 
effective means of analyzing the different cocrystals 
(Figure 7). Generally, it is noted that cocrystal hydrates 
were not formed from any of these cocrystals. Rather, 
the materials that possessed instability with respect to 
RH demonstrated dissociation of the cocrystal into its 
crystalline starting components, as observed by PXRD. 
The exception to this was one case of polymorph 
conversion seen from E to F. Dissociation at high RH 
(75 and 98%) was apparent from the emergence of 
crystalline caffeine hydrate peaks by PXRD; dissociation 

(b) 

" " Pwaonnn.a1 

10 12 

" 

Figure 6. PXRD patterns of results from caffine:i:naleic acid 
solvent-drop grinding: (al from top to bottom: simulated 
pattern of D; result from grinding an ingoing 1:1 mixture with 
methanol; result from grinding an ingoing 2:1 mixture with 
methanol; anhydrous ,8-caffeine; and (b) from top to bottom: 
pattern of C from solution precipitation; result from grinding 
an ingoing 1:1 mixture with toluene; result from grinding an 
ingoing 2:1 mixture with toluene; anhydrous ,B-caffeine. Pat­
terns plotted in units of relative intensity 

at low RH (0 and 43%) was observed by the growth of 
crystalline anhydrous caffeine peaks. Acid peaks were 
less evident in the dissociated product. 

(a) Anhydrous P-Caffeine. Crystalline anhydrous 
caffeine was stored in humidity chambers alongside the 
cocrystal materials. At 98% RH, caffeine showed partial 
conversion to the hydrate after 1 day and full conversion 
after 3 days and beyond. Interestingly, no hydration was 
apparent at 75% RH or below at seven weeks. The dif­
ference between this observed hydration behavior of 
anhydrous caffeine and the reported dehydration bound­
ary of caffeine hydrate (61 % RH)14 may reflect the phys­
ical differences between the solid-state processes of hy­
dration and dehydration. It is also possible that a hydra­
tion/dehydration hysteresis, as has been observed else­
where, 46·46 may have had a kinetic influence on the 
transition. 

(b) Cocrystal A. This material was found to be stable 
at a11 · relative humidities across all time points. This 
cocrystal clearly demonstrates enhanced stability over 
anhydrous caffeine. Its stability was additionally dem­
onstrated by slurrying the cocrystal material in water 
for 2 days at ambient temperature without any observed 
physical form change. 

UM00012404 

NOVARTIS EXHIBIT 1017 
Novartis v. Regents, IPR2023-01346 

Page 1150 of 4460



'fable 2. Stability of Cocrystals with Respect to RH 

Material 
Condillon Observed Relative Humidi!y Stability" 

(%RH) 
ld.ay 3daya I wee!: 7 "'=" 

0 ✓ ✓ ✓ ✓ 

Caffeine 
43 ✓ ✓ ✓ ✓ 

75 ✓ ✓ ✓ ✓ 

98 " " " " 
0 ✓ ✓ ✓ ✓ 

43 ✓ ✓ ✓ ✓ 
A 

✓ ✓ ✓ ✓ 7S 
98 ✓ ✓ ✓ ✓ 

0 ✓ ✓ ✓ ✓ 

B 43 ✓ ✓ ✓ ✓ 

75 ✓ ✓ ✓ ✓ 

98 ✓ ✓ ✓ " 
0 ✓ ✓ ✓ ✓ 

C 43 ✓ ✓ ✓ ✓ 

75 ✓ ✓ ✓ ✓ 

98 " " " 
,. 

0 ✓- ✓ ✓ ✓ 

D 43 ✓ ✓ ✓ ✓ 

75 ✓ ✓ ✓ ✓ 

98 " " " " 
0 ✓ ✓ ✓ ✓ 

E 43 ✓ " " " 75 X " " X 

98 " " " " 
0 ✓ ✓ ✓ ✓ 

F 43 ✓ ✓ ✓ ✓ 

75 ✓ • ✓ ✓ ✓ 

98 ✓ ✓ " " 
•Note: The aymbol ✓ indicm... that the crystalline Dllllai&I was stable al that 
C<Jndition and lime point. The S)fflbol " indicates 1hat tho crystulinc mat<:riaJ 
wiibiled physical instability al tbal time point: caffeine convcm,d to caffeine 
hydrat<; """')'lltab B, C, D and F dis!ICCialcd into molecular oomp"""""'; and 
c:cc:ry,,tal E was observed in somo instances to convert to polymorph F befon, 
dissociatin11. Seo toxt for deuils. 

(c) Cocrystal B. This material was stable at 75% RH 
and below for the duration of the study. At 98% RH, 
however, B showed evidence of partial dissociation at 1 
week, as seen by growth of peaks associated with crys­
talline caffeine hydrate. At 7 weeks, this material had 
deliquesced to a liquid. 

(d) Cocrystal C. This material was stable at 75% 
RH and below for the duration of the study. Similar to 
the malonic acid cocrystal material, this cocrystal also 
demonstrated instability at 98% RH. At just 1 day at 
this RH condition, crystalline caffeine hydrate was 
observed by PXRD. 

(e) Cocrystal D. The 1:1 cocrystal stoichiometry of 
D exhibited identical RH stability to the 2:1 material 
of C. It was stable at 75% RH and below for 7 weeks, 
and exhibited complete dissociation at 1 day at 98% RH. 

(f) Cocrystal E. This cocrystal material demon­
strated a tendency for conversion to F, the form II 
polymorph of the caffeine/glutaric .acid system. The 
only storage condition at which E showed stability 
across all time points was 0% RH. Cocrystal E showed 
partial conversion to F at 1 day at 43% RH and full 
conversion to F at 43% RH, 3 days. At 75% RH E 
converted to F after 1 day. Cocrystal E at 98% RH 
converted by 1 day to F with some evidence of minor 
dissociation to caffeine hydrate. At one week, the 98% 
RH sample was predominantly caffeine hydrate by 
PXRD, and by 7 weeks the material had deliquesced. 
The stability of this material foliowing polymorph 
conversion to F agreed with the RH stability observa­
tions of F, below. 

(g) Cocrystal F. Of the two 1:1 caffeine/glutaric acid 
polymorphs that were analyzed, F was found to be more 

" " Pos:tonrrn-,) 

,., 
" 

I .. 
Figure 7. PXRD patterns of caffeine cocrystals, from top to 
bottom: simulated pattern of A; simulated pattern of B; ex­
perimental pattern of C; simulated pattern of D; simulated 
pattern ofE; simulated pattern ofF; experimental pattern of 
anhydrous caffeine; simulated pattern of caffeine hydrate. 

stable with regard to humidity. Cocrystal F remained 
· unchanged at 75% RH and below for 7 weeks. At 98% 
RH, it showed a minor caffeine hydrate component at 1 
day. This conversion was nearly complete by 1 week, 
and the material had deliquesced by 7 weeks. 

In considering the RH stability of the caffeine cocrys­
tals, it is clear that A was most stable, while E was least 
stable. Intermediate in stability were C and D, which 
had dissociated at 98% RH by 1 day, and Band F; which 
persisted at 98% RH for 7 and 3 days, respectively. An 
ordering of the stability of these intermediate cocrystals 
was not performed because the kinetic differences in 
stability at 98% RH may have been influenced by minor 
phase impurity or by variation in sample particle size, 
neither of which was rigorously controlled in this study. 
The overall cocrystal RH stability trend may thus be 
summarized as A > B "'=' C "'=' D "'=' F > E. It is noted 
that the strongest acid employed, oxalic acid, produced 
the most stable caffeine coctystal (A), while the weakest 
acid of the group, glutaric acid, produced the least stable 
cocrystal (E). However, from the fact that cocrystal F, 
a polymorph ofE, demonstrated intermediate stability, 
it is clear that acid pK8 is not the only factor dictating 
cocrystal stability. 

In the current study, it has been possible to design a 
series of caffeine cocrystals, which could then be evalu­
ated for their RH stability. A remarkable variation in 
RH stability was observed across the series. It was 
found in this study that no cocrystal hydrates were 
produced by exposure of the caffeine cocrystals to high 
humidity. This lack of cocrystal hydrate formation 
could potentially be characteristic of cocrystals in 
general. One driving force for the formation of co­
crystals is presumably the introduction of additional 
stabilization by hydrogen bonding, which may mean 
that fewer unsatisfied hydrogen bond donors or accep· 
tors exist in cocrystals. AB such, cocrystals may ex­
hibit a reduced tendency for hydration. In the case of 
caffeine;· the introduction of. a carboxylic acid as a 
hydrogen bond donor for the basic imidazole nitrogen 
seems to prevent the incorporation oflattice water into 
the cocrystal. 
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Conclusion 

A series of cocrystals of the model pharmaceutical 
compound caffeine with dicarboxylic acids has been 
described. Cocrystals were formed in 2:1 and 1:1 caf­
feine/acid stoichiometries by the methods of solution 
precipitation and solid-state grinding. In some cases, 
solid-state grinding with the addition of a minor quan­
tity of solvent afforded bulk cocrystal material that could 
not be produced by precipitation from solution. 

The RH stability profile of these cocrystals differed 
from pure crystalline caffeine, in that no cocrystal 
hydrates have been found; rather, the cocrystals that 
were unstable with respect to RH generally exhibited 
dissociation into crystalline starting components. One 
humidity-induced cocrystal polymorphic transition was 
also observed. One cocrystal was stable at all relative 
humidities and for all time points, and thereby clearly 
demonstrated superior stability to an.hydrous caffeine. 
Several other cocrystals demonstrated approximate 
stability to that of caffeine, whereby they were unstable 
at high RH but stable at lower RH. 

The goal of pharmaceutical cocrystallization is to 
engineer pharmaceutical cocrystals with specific im­
proved properties. While strategies for the design of 
pharmaceutical cocrystals appear to be growing increas­
ingly rational and successful, the subject of property 
control has been largely latent. At least in the context 
of pharmaceuticals, crystal structure engineering is 
evidenced, while crystal property engineering has yet 
to fully emerge. It was the aim of this study to design a 

. series of pharmaceutical cocrystals and measure the 
resultant change of a targeted physical property. Present 
work is focused on understanding the observed trend 
of RH stability of this series, with an aim toward 
predicting such properties in tJ?e future. 
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By grinding with a minimal addition of a solvent of appropriate 
polarity, control over the polymorphic outcome of a novel 
cocrystallisation involving the model pharmaceutical com­
pound caffeine may be achieved. 

The technique of cocrystallisation continues to gain significance for 
its application to the design of new supramolecular structures with 
desired functional properties. 1- 3 Most recently, in the field of 
pharmaceuticals, cocrystallisation has been shown to be· an 
effective means of altering a drug's physical properties, such as 
solubility and melting point. 4-5 However, one notable obstacle in 
the path of rational cocrystal design is the phenomenon of 
polymorphism. Different crystal forms of a given chemical entity 
will possess different physical properties;6 thus, in the field of 
crystal engineering, polymorph control amounts to the control of 
physical properties. Polymorphic cocrystals are not uncommon, 
and at least 20 systems have been reported to date.7 Herein we 
demonstrate a novel, eco-friendly means of controlling the outcome 
of a previously unreported polymorphic cocrystallisation of the 
model pharmaceutical compound caffeine. 

The system under study specifically consists of two polymorphs 
of an unionised molecular cocrystal containing caffeine and 
glutaric acid (GA). Slow evaporation at ambient temperature of a 
chloroform solution containing both caffeine and GA produced 
crystals of two morphologies: rods and blocks. 8 Single crystal X­
ray diffraction analysis identified the rods as monoclinic (form I) 
and the blocks as triclinic (form JI).t Both polymorphs possess I : 
l caffeine : GA stoichiometry and exhibit identical secondary 
architecture, such that a two-dimensional sheet results from an 
array of hydrogen bond-containing ribbons. A conformational 
difference between the two crystal forms exists in the torsion of the 
methylene carbons of GA (Fig. 1).9 

'\ :"xo / N N 
)__ I ~ 

0 N N 
I 

Caffeine 

Given the calculated densities of 1.486 and 1.482 Mg m-3 for 
forms I and II, respectively, it may be assumed that the energies of 
these two polymorphic cocrystals are quite similar based upon the 
density ruie. 10 That they precipitated concomitantly from solution 
is another indication of their comparable energies. Control of this 
polymorphic system was desired so that pure samples of each form 
could be obtained for subsequent study of physical properties. 

Precipitation from solution is the most common route to 

cocrystal formation by solid-state grinding has been established for 
some time.11. 12 A significant enhancement to solid-state grinding 
was recently illustrated, whereby the cocrystallisation kinetics may 
be considerably enhanced by the addition of a few drops of 
solvent. 13 We now observe that this 'solvent-drop grinding' 
methodology can provide a successful means of controlling the 
polymorphic outcome of a cocrystallisation. 

Equimolar quantities of anhydrous caffeine and GA were 
combined in a stainless steel grinding jar with two grinding balls, 
and the material was ground together either with or without the 
addition of a few drops of solvent. 14 The resulting material was then 
characterized by PXRD, 15 having allowed any small amount of 
solvent present to evaporate. When caffeine and GA are ground 
together in the absence of solvent, cocrystal form I predominantly 
results. Similarly, the addition of four drops from a pipette of a non­
polar solvent, such as n-hexane, cyclohexane, or heptane also 
produces form I. Conversely, upon addition of four drops ofa more 
polar solvent, including chloroform, dichloromethane, acetonitrile, 
and water, the grinding experiment results in predominantly form 
n.16 

Fig. 2 shows the powder XRD patterns calculated for both 
polymorphs 17 in addition to powder XRD results from solvent-drop 
grinding with cyclohexane and chloroform. It is apparent that the 
experiment involving cyclohexane produced predominantly form I, 
while the solvent-drop grinding with chloroform produced form II. 
A small peak at 11. 9° 2 e corresponds to the most intense peak of the 
anhydrous.caffeine starting material, indicating that the cocrysta!l:­
sation with cyclohexane has not proceeded entirely to completion 
within the 60 min grinding time. 

obtaining cocrystals. An alternative approach is that of solid-state 
,. grinding, in which two solids are ground together with a mortar and 
~ pestle or in a mixer mill to induce cocrystal formation. In addition 
g to its 'green' nature, in that it avoids excessive use of crystallisation 

~ _ ~::t~:~~~~~1~~~: ~~d~n~0~~:~~~:~:eo~~~:i:~~=r~ 
0 

0 

t Electronic supplementary information (ES!) available: additional powder 
XRD patterns. See http://www.rsc.org/suppdata/cc/b4/b40097Sa/ 

Fig. l Crystal packing diagrams of (a) caffeine-GA form I and (b) 
caffeine-GA form ll, each showing a planar sheet composed of two 
hydrogen-bonded ribbons. 
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A detailed look at crystal packing reveals a difference which may 
be important in rationalising the observation that solvent polarity 
together with solid-state grinding offers a means of controlling 
polymorphism. While the two cocrystals possess a common 
secondary level of architecture, their teniary level of architecture 
differs (Fig. 3). Orienting form I along the c axis provides a 
perspective down the length of the hydrogen-bonded ribbons. It can 
be seen that the sheets of form I stack along the b axis; one ribbon 
exactly overlays the next. This leads to what may be interpreted in 
form I as a non-polar cleavage plane (200) between the stacks of 
ribbons along the b axis. With only methyl and methylene groups 
exposed, it is possible that non-polar solvents would preferentially 
stabilise this exposed plane upon grinding-induced cleavage. In 
contrast, viewing form II from an analogous perspective reveals 
that sheets stack in a staggered fashion, so that the non-polar 
cleavage plane is not observed. 

We have demonstrated that solvent-drop grinding represents a 
novel means of obtaining a particular cocrystal polymorph in a 
green chemistry fashion. Ongoing investigations include further 
rationalising this observation and exploring the possibility that this 
technique may have more general applications to other poly­
morphic systems, including single component systems. 

The authors gratefully acknowledge funding from the Pfizer 
Institute for Pharmaceutical Materials Science. Thanks are due to 
Dr J.E. D. Davies for crystal data collection and structure solution, 
and to Dr Neil Feeder and Dr Pete Marshall for helpful 
discussions. 

Fig. 2 Powder X-ray diffraction pattern of(a) simulated pattern from single­
crystal structure of form I, (b) result of solvent-drop grinding of caffeine 
and GA with cyclohexane, (c) simulated pattern from single-crystal 
strucrure of form II, {d) result of solvent-drop grinding of caffeine and GA 
with chloroform (see ref. 15). 
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Fig. 3 Crystal packing diagrams of (a) caffeine-GA form I and (b) 
caffeine-GA form II, oriented perpendicular to the ribbon long axis, so as 

· to·reveal potential vertical cleavage planes. 

Notes and references 
t Crystal data for caffeine-GA form I: C 13H 1sN•06, M = 326.3 I, 
monoclinic, space group P2 1/c; a = 13.1029(5), b = 6.6017(2), c = 
l7.1427(8)A,/l = 97.8360(10)0

, U = l458.93(IO)A3, T= 180(2)K,Z = 
4, µ(Mo-Ka)= 0.119 mm- 1, D, = l.486Mgm-l,). = 0.71073 A, F(000) 
= 688, 28,.., = 27.52°. 8983 reflections measured, 3343 unique (R,n, = 
0.0418). Final residuals for 217 parameters were R 1 = 0.0645, wR2 = 
0.1870 for/> 2a(f), and R1 = 0.1061, wR2 = 0.2271 for all 3343 data. 
Crystal data for caffeine-GA form II: C 13H 18N.06, M = 326.31, triclinic, 
space group Pl; a = 8.3212(8), b = 8.6667(8), c = 11.3636(12) A, a = 
68.955(4), f3 = 78.559(4), r = 74.236(4)0

, u = 731.43(12) A3 , r = 180(2) 
K, Z = 2, µ(Mo-KO'.) = 0.119 mm- 1, D, = l.482 Mg m- 3, A.= 0.71073 
A, F(000) = 344, 20,,,., = 27.47°. 5689 reflections measured, 3094 unique 
(R,n, = 0.0442). Final residuals for 217 parameters were R1 = 0.0572, wR2 

= 0.1569 for I > 2a(l), and R1 = 0.0815, wR2 = 0.1771 for all 3094 data. 
In both crystal strucrures the carboxylic acid protons were located 
crystallographically and their positions were refined, confirming that proton 
transfer had not occurred. CCDC 229592 and 229593. See http:/ 
/www.rsc.org/suppdata/cc/b4lb400978a/ for crystallographic files in CIF or 
other electronic format. 
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7 Cambridge Strucrural Database version 5.24 (November 2002). Con­
quest cocrystal search terms: 22 residues; text search 'polymorph'; 
must not have charged species or water; exclude text 'solvate' and 
'clathrate'; search all organics with R < 0.1 and 3D coordinates 
determined. For further information concerning the CSD see F. H. 
Allen, Acta Crystallogr., Sect. B, 2002, 58, 380. 

8 The single crystals described here were obtained from a solution 
containing the components in an approximate ratio of l .3 : I caffeine : 
GA. 

9 J. Bernstein and A. T. Hagler, J. Am. Chem. Soc., 1978, 100,673. 
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Commun., 1996, 987. 
13 N. Shan, F. Toda and W. Jones, Chem. Commun., 2002, 2372. 
14 Experiments consisted of ca. 750 mg total material, ground for one hour 

at 30 revolutions per second with a Retsch Mixer Mill. Ratio of moles 
of added organic solvent per mole of total cocrystal material varied 
between 0.2 and 0.6, so that the solvent only slightly moistened the 
crystalline powder. This contrasts with conventional solution cocrys­
tallisations, where the mole ratio of solvent to solid is commonly in the 
hundreds. 

15 Powder XRD data were collected with a Philips X' Pert diffractometer 
with Cu Ka radiation and an X'Celerator detector. 

16 In preliminary solution cocrystallisation work, equimolar solutions of 
the two components in chloroform and in dichloromethane produced 
crystalline powder of mixed polymorph content. Conversely, a solution 
cocrystallisation from acetonitrile provided predominantly form II, 
while cocrystallisation from water produced crystalline caffeine hy­
drate. Solution cocrystallisation from non-polar solvents was not 
possible due to poor solubility. 

l 7 Calculated powder XRD patterns were generated from single crystal 
XRD data using X'Pert Plus, Philips Analytical B.V. The calculated 
PXRD patterns exhibit a peak shift which is particularly noticeable 
toward high 20 values. A form II crystal was recollected near ambient 
temperature to confirm that this shift results only from crystal lattice 
contraction at the low temperature used for the single crystal data 
collection. 
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Fig. ESI 1 Simulated powder X-Ray diffraction patterns from single-crystal 
structures of (a) form II collected at 280K, (b) form II collected at 180K, (c) form I 
collected at 180K. 
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Fig. ESI 2 Powder X-Ray diffraction patterns of (a) form I simulated from single­
crystal data collected at 180K, (b) results of dry grinding of l: 1 caffeine:GA for 60 
min, ( c) results of hexane solvent-drop grinding of 1: 1 caffeine:GA for 60 min, ( d) 
results of heptane solvent-drop grinding of 1: 1 caffeine:GA for 60 min, ( e) caffeine 
starting material, (f) GA starting material, (g) form II simulated from single-crystal 
data collected at 180K. 
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Fig. ESI 3 Powder X-Ray diffraction patterns of (a) form II simulated from 
single-crystal data collected at 180K, (b) results of dichloromethane solvent-drop 
grinding of 1: l caffeine:GA for 60 min, (c) results of acetonitrile solvent-drop 
grinding of l: 1 caffeine:GA for 60 min, (d) results of water solvent-drop grinding of 
l: 1 caffeine:GA for 60 min, ( e) caffeine starting material, (f) GA starting material, 
(g) caffeine hydrate simulated from single-crystal data deposited in the Cambridge 
Structural Database (reference code CAFINEOl; see reference 7) (h) form I simulated 
from single-crystal data collected at 180K. 
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COMPOSITES FOR NONLINEAR OPTICS: 
CRY5'TAL GROWfH AND POLYMORPHISM. 

L.'Trowbrjdge, C.B. Aakerlly, G.S. Bahra, 
P.A. Chaloner•, and K.R. Seddon . 

•school of Chemistry and Molecular Sciences, 
University of Sussex, Falmer, Brighton, UK 

INTRODU.CTlON 
The production of composite materials for applications in 

optoelectronic devices is. now a well established technique. The 
combination of a crystalline guest with a transparent polymer, with 
desirable mechanical properiies, offers numerous advamages over the use 
of single crysta Is. 

Nonlinear optical effects arc highly strucrure dependenl. For a 
material to exhibit second harmonic generation (SHG) it must have an 
acentric crystal structure: Polymorphism can be defined as the ability of 
a subsumce 10 crystallise into more than one structure. The factors which 
effect the formation of polymorph over another ·are primarily temperature, 
pressure and the chemistry of its environment. Hall et al l l] noted that 
different polymorphs of N-(2-acetamido-4-nitrophenyl)pY,rrnlidine could 
be obtained by changing the speed of crystallization where as different 
polymorphs _of 2-(4-methoxy1>henyl)-5-(4-11itrophenyl)pyrazolidin•5-ene 
occurred on changing solvent. . 

The work of Miyata et aL [21 on composites of 4-nitroaniline (4-
NAl with poly(oxyethylene) and poly(e-caprolactone) demonstrated I.hat 
it was possible to produce a new polymorph of 4-NA by inducing crystal 
growth within a polymer matrix. 

The powder SHG activity of 3-
hydroxy-2-pyridinecarboxylic acid (l, 
3hpca) has been recently measured and 
shown to be on a level t..'Omparable to urea 
[31. Its high melting point, 220 ·•c, and 
propeosiiy to form rectangular crystals 
make it a useful candidate for 
incorporation into composite films. Thus 
guest/host composites of I and a variety 
of water soluble polymers have been 

(1) 

synthesised using the temperature gradient . 
solution technique (TGST) [4J. However, 3hpca was found to exhibit 
polymorphism. One accntric polymorph {lA) i~ obtained cleanly from an 
aqueous solution of l in the presence of 30 w1% of poly(acrylamide). The 
mher polymorph is centric (lB) and is obtained by recrystallization from 
methanol [3]. Therefore, a method of assessing the structural purity of the 
composite films was required. 

RESULTS and DlSCUSSION 
Structural a5sessment of the composites was achieved by 

comparing the experimental x-ray powder diffraction pattern with the 
theoretical simulated patterns, calculated from the single crystal data of the 
two· polymorphs. X-ray powder diffraction (XPD) was used to identify 
the structure of l after each stage of every experiment. 

Quantitative analysis by x-ray powder diffraction is based on the 
fact that the intensity of the diffraction pattern of a particular phase in a 
mixture is dependant on the concentration of that phase in the mixture [SJ. 

Recrystallization of 1 from an aqueous solution resulted in a 
mixture of the two polymorphs 70% of which was lA, as determined by 
XPD, Figure I. 

The incorporation of I into an aligned composite film with the host 
poly(acrylamide), (PAA), resulted in the recrystallization of the guest 
e~clusively into the 1B polymorph, Figure 2. 

The resull was the same for seven out of eight of the films 
prepared in which the poly(acrylamide) was replaced by different hosis. 
Only when the host was poly(vinylpyrrolidone), Mw. 44 000. was a 
mixture obtained in which the dominant form was still lB, however, 

272 

approximately 30% of the total was in the active form. Unfortunately the 
degree of alignment was not very high. 

EXPERIMENTAL 
. l was recrystallized from aqueous solution and the resultant 

crystals were filtered, dried and ground to a uniform powder prior to 
analysis by XPD. · 

Aligned composite films were prepared using the TGST at 70 "C 
from a solution of 70 wt% of 1 and 30 wt% of poly(acrylamide), Mw 4-5 
000 000. Additional films were prepared with solutions in which the PAA 
was replaced by poly(vinylpyrrolidone) and poly(ethylene oxide). in a 
range of molecular weights from 44 000 to 5 000 000, all other factors 
were held constant. A special sample holder was manufactured to 
facilitate the XPD of the composites on the glass s_ubstrates. 

SUMMARY 
X-ray powder diffraction has been used to assess the structural 

purity of composites produced by the TGST method. This methodology 
is not limited to composites produced by this technique alone but it is a 
valid method of assessing structural composition in all types of composilCS 
as long as single crystal dam is available. 
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Structure of 5 ,5-Diphenylhydantoin-1-( 4-Bromop henyl)-4-dimeth ylamino-2,3-dimethyl-
3-pyrazolin-5-one (1: 1) 

BY Tovoz.o UNO AND NOBUYUKI SHIMIZU. 

Faculty of Pharmaceutical Sciences, Kyoto University, Kyoto 606, Japan 

(Received 26 March 1980: accepted 18 June 1980) 

Abstract. ~ 15 H 11Np2 .CDH 16 BrN30. M, = 562·5, 
triclinic. Pl. a = 12-997 (8), b = 9-902 (5), c = 
12-796{9)A. 11 = 113-21 (9), p = 118-18(7), y = 
83-37 ( 19) 0

, U = 1329,Q A3, D.x == l •405. Dm 
(11-heptane/CCl,) = 1·408 Mg m-3, Z = 2, µ = 1-74 
mm- 1

• F(OOO) = 580, Mo K11 radiation. ). = 
0- 7 !069 A. The final R index was 0-033 for 2485 
reflections. In the crystal. molecules of the title 
compound are held together by hydrogen bonds 

• Present address: Pharmaceutical Institute, School of Medicine. 
Keio University. Shinjuku-ku, Tokyo 160. Japan. 

(NH••• 0) and weak charge-transfer interactions (0-
Br), in the a-axis direction. 

Introduction. 5.5-Diphenylhydantoin (DPH) is used as 
an antiepileptic drug. This analysis was undertaken to 
obtain information concerning the interactions between 
DPH and l-(4-bromophenyl)-4-dimethylamino-2,3-di­
methyl-3-pyrazolin-5-one (BDDP). Single crystals 
(colorless plates) of the title compound were obtained 
by slow evaporation of an equimolar mixture of DPH 
and BDDP dissolved in acetone. Lattice parameters 

Table l. Positional parameters and isotropic thermal parameters with e.s.d. 'sin parentheses 

DPII 

C(ll 
0(1) 

N(ll 
C(2l 
0(2) 
N(2l 
C(J) 
C(4l 
C(Sl 
C(t\l 
Cl7l 
C(B) 
C(9) 
C(I0) 
CII I) 
C(l2) 
C/13) 
C(l4) 
C(IS) 
H(I) 
H(2l 
H(S) 
H(nl 
H(7) 
H(8) 
H(9l 
H(l ll 
H(12l 
H!13l 
H(l4) 
H(l5) 

X 

0-4999 (4) 
0·5843 (2) 
0-4893 (3) 
0·3848 (3) 
0·3577 (2) 
0·3244 (2) 
0-3830 (3) 
0-3149 (3) 
0-1945(4) 
0-1319 (3) 
0· 1888 (4) 
0-3059 (4) 
0-3709 (3) 
0-4064 (3) 
0-4148 (3) 
0-4403 (4) 
0-4577 (4) 
0-4503 (4) 
0,4241 (3) 
0-543 (3) 
0-257 (3) 
0-153 (3) 
0-041 (3) 
0-142 (3) 
0-34 7 (3) 
0-459 (3) 
0-394 (3) 
0-435 (3) 
0-480 (3) 
0,458 (3) 
0-414 (3) 

.I' 

0-7976 (4) 
0-8431 (3) 
0-6721 (3) 
0,6572 (4) 
0,5567 (3) 
0- 7709 (3) 
0-8684 (4) 
0-8610 (4) 
0-8625 (4) 
0-8695 (4) 
0-8709 (4) 
0-8670 (5) 
0-8624 (5) 
1 ·0272 (4) 
1-0563 (4) 
1-1991 (5) 
1-3137 (5) 
1-2868 (4) 
1-1441 (4) 
0-607 (3) 
0-791 (3) 
0-850 (3) 
0-864 (4) 
0-876 (4) 
0,868 (4) 
0-860 (4) 
0-979 (4) 
1 ·216 (4) 
1,417 (4) 
1-369 (4) 
1-126 (4) 

z 

0-7086 (4) 
0-8132 (3) 
0-6063 (3) 
0-4954 (4) 
0-3903 (2) 
0-5265 (2) 
0,6629 (3) 
0-7315 (3) 
0-6728 (3) 
0-7378 (4) 
0-8600 (4) 
0·9168 (4) 
0-8546 (4) 
0-6826 (3) 
0-5898 (4) 
0-6099 (5) 
0-7227 (5) 
0-8149 (4) 
0-7966 (3) 
0,609 (3) 
0-468 (3) 
0,579(3) 
0,689 (3) 
0-904 (3) 
0·998 (3) 
0·896 (3) 
0-506 (3) 
0-540 (3) 
0-743 (3) 
0-898 (3) 
0-858 (3) 

3-50 
4.97 
3.30 
3-10 
3-40 
3-14 
2-95 
3-31 
3.59 
4-19 
4-36 
5-07 
4.53 
3,40 
4-21 
5.49 
5,62 
5,48 
4.45 
3-30 
3-14 
3.59 
4-19 
4-36 
5.07 
4.53 
4-21 
5.49 
5,62 
5-48 
4.45 

BOOP 

Br 
C(l6) 
C07l 
C(18) 
C(l9) 
C(20l 
C(2 I) 

N(3) 
N(4) 
C(22) 
C(23) 
C(24) 
C(25) 
N(S) 
C(26) 
C(27l 
C(28) 
0(3) 
H(l7) 
H(l8) 
H(20) 
H(21) 
~i(221) 
H(222) 
H(22Jl 
H(24 I) 
H(242} 
H(243l 
H(261) 
H(262) 
H(263) 
H(271) 
H(272) 
H(273) 

X 

-0· 19832 (5) 
·-0· 1597 (3) 
-0· 1565 (4) 
-0-1251 (4) 
-0-0987 (3) 
--0·1051 (3) 
-0-1360 (3) 
-0-0645 (3) 
-0-1236 (3) 
-0-2507 (4) 
-0-0570 (3) 
-0-0996 (4) 

0-0421 (3) 
0-1327 (3) 
0-2385 (4) 
D· I 545 (4) 
0-0411 (J) 
0·1160(2) 

-0· 173 (3) 
--0· I 30 (3) 
-0-090 (3) 
-0-144 (3) 
-0·267 (3) 
-0-281 (3) 
-0-284 (3) 
-0·039 (3) 
·-0• l 17 (3) 
--0-168 (3) 

0-220 (4) 
0·296 (4) 
0·277 (4) 
0-210 (4) 
0-082 (4) 
0-185 (4) 

_I' 

0-59219 (5) 
0·6339 (4) 
0-5199 (4) 
0•5486 (4) 
0·6932 (4) 
0-8071 (4) 
0-7786 (4) 
0-7282 (3) 
0-6558 (3) 
0-6666 (5) 
0·6985 (4) 
0-6518 (4) 
0-7781 (4) 
0-8315 (3) 
0-7579 (5) 
0-9898 (5) 
0-7960 (4) 
0-8547 (2) 
0·417 (4) 
0-462 (4) 
0-913 (3) 
0-859 (4) 
0-770(4) 
0·606 (4) 
0-627 (4) 
0-68 l (4) 
0·549 (4) 
0-708 (4) 
0-657 (5) 
0-789 (4) 
0-781 (4) 
1·020(4) 
1-034 (4) 

1-030 (41 

0•54575 (4) 
0-4357 (3) 
0·3329 (4) 
0·2537 (4) 
0-2798 (3) 
0-3809 (3) 
0·4600 (3) 
0-2019 (3) 
0·0672 (3) 
0-0078 (4) 
0-0247 (3) 

-0· 1168 (3) 
0-1250 (3) 
0· 1154 (3) 
0· 1567 (5) 
0· 1767 (5) 
0• 2422 (4) 
0-3570 (2) 
0-313(3) 
0-168 (3) 
0-396 (3) 
0-535 (3) 
0·019 (3) 

-0·084 (4) 
0·038 (3) 

-0· 127 (3) 
-0· 161 (3) 
-0-147(3) 

O· 108 (4) 
0-143 (4) 
0•246 (4) 
0· 158 (4) 
0-150 (4) 
0·267 (4) 

0567-7408/80/l I 2794-03$01.00 © 1980 International Union of Crystallography 

5-14 
3-58 
4-62 
4·31 
3·29 
3-24 
3-71 
3-16 
3.39 
4-98 
3-01 
4.43 
3-08 
J.81 
6-55 
6,04 
3-10 
3-40 
4-62 
4-31 
3-24 
3. 71 
4-98 
4,98 
4-98 
4.43 
4.43 
4.43 
6-55 
6-55 
6-55 
6,04 
6-04 
6·04 
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were obtained by a least-squares method from the 
setting angles of 18 reflections. Three-dimensional 
intensity data with (~in (})/; .. :S 0-6497 A- 1 were 
collected on a Rigaku four-circle diffractometer using 
Zr-filtered Mo K11 radiation from a crystal with 
dimensions 0-4 x 0-4 x 0-5 mm. A total of 2485 
independent reflections were considered as observed I ! 
> 3-0a(!)I and used in this analysis. The data were 
corrected for Lorenl7. and polarization effects but not 
for absorption. The structure was solved by the 
standard heavy-atom method. Because there were too 
many variahle parameters (418). including anisotropic 
temperature factors for the nonhydrogen atoms. the 
structure was refined by full-matrix least-squares 
calculations with parameters grouped into three blocks 
to yield R - 0-0:U. Isotropic temperature factors of 28 
H atoms were fixed to be equal to the isotropic 
temperature factors of their parent atoms (3 • 14-
6- 55 A2). Anomalous dispersion for Br was taken into 
account in the structure factor calculation. The atomic 
scattering factors were taken from J111er11a1io,wl Tables 
for X-ray C1ys1allography (1962). Positional param­
eters are shown in Table I.• 

• Lists of ,1ruclUrc facwr, :,nd anisotropic thermal parameters 
have hccn dqn•sitcd with the llritish Uhrnry Lending Di\'ision ns 
Supplcmcnwri· Puhlication Nu. SUP J5429 (5 pp.). Copies may he 
obtained through The 1-:xccuth·c Secretary. International Union of 
Crystnllogrnphy. 5 Ahhcy Square. Chester CH I 2HU. En!,!land. 

Fig. I. S1crc,iscnpic drnwin[! of the tillc compound. 

Fi!,l. 2. Packing diagram of the title compound. Hydro[ten ht,nding 
{---):charge transfer (--).The axial directions arc a '· !'­
and h" nut of the plll?-C-

2795 

Table 2. Bond distances (A) and bond angles (0
) 

Estimated standard deviations are given in parentheses. 

5.5-Diphcnylhydanmin 
C!ll 0(11 1-204{5) 
Cfll NIil 1-3115(51 
cm -crn 1-543 !lil 
N!I I· C!2l 1 ·393 CSl 
cm-om ,.225 csi 
Cl2l -N!2\ 1,334 (51 
Nt2l-CL11 1-4"4 14\ 
CCll-C!4l 1-536 (7\ 
CO\ -C(IO) l-534 (6) 
C!4)-C(5l l•JRI (6\ 
Cl4l -C(9l 1 · 383 (6) 

OC ll C(l)-N(l\ 
0(1). CII) -C(3) 
N(l)-C(ll· cm 
C(I). N(ll ·C(2) 
N(ll-C(2l 0(2) 
N(I)- C(2I N(2) 
om -cm-N12i 
cm--:-im cm 
cm .cm--N!2l 
("(l)-·COI-C(4l 
Clll-CtJl C(IOI 
Nm- cm -C(4l 
Nm C(3l -C(IOl 
C(41 .. CO! C(IOI 
COl-C(4) .. C(5l 

126-4 (4) 
127-3 (4) 
106-3 (3) 
112-3 (41 
124-3 (4\ 
107-313) 
128-J (3) 
113-J (3\ 
100·3 (3) 
111-0 (4) 
109,7 (4) 

111-2 (J) 
112,0 (4) 

112.0 (3) 
119,5 (4) 

C(51 ·C(M 
C(61-C(7) 
cm-C<Sl 
C(Kl •C(9l 
C!IO}··Cllll 
C( l0l-C{l5) 
C{lll C(l2l 
C{l2l-cm1 
C( 13)-C( 14) 
C(l4) C(l5l 

1-393 (8) 
1-373 171 
1-345 rn 
1 ·3Y~ ('I) 

1-380 (8) 
I -391 (5l 
I •3M (7) 
1-312(7) 
1-354 (10) 
1.3q4 (6) 

cm ·CC4l-C!9l 
C(5) C(4) -C(9l 
C(4l-C(5)-C(6l 
C(5)-C(61· C(7) 
C(fi\- cm C(R) 
C(7) ·C(Rl-C19l 
Cl4l -C(9l-CCR1 
CCJl- C(I0) -C( 1 ll 
C(3\-C( IOl-C( 15) 
C(l ll-C(IOI-CI 151 
C( 10)-C(I 11•· Cll2l 
C!I II ·C( 121-C( 131 
C(l2l C(l31-C(l4) 
C( IJl -CC 141-CI 15l 
Cl IOl -Cl 15)-CI 141 

122,013) 
I 18·3 141 
120-S (4) 
120-4 (4) 
119·3 IM 
I 21-5 (5) 
120,0(3} 
120-7 (3) 
120-5 (4) 
IIR,7141 
120-6 (4) 

120-3 (f,) 
119·8 (5) 
121-0 {4) 
119-7 {5) 

l ·(4 • Bromnphenyll-4 ,dimethylamino-2.3 -dimethyl-3-pyra,olin-5-one 

Hr .{"( lhl 1-K92 15) Nl4\-Cl221 I •468 (fil 
Cl IM ·Cl l7l 1 ·310 (6) N14l-·C(23l 1 ·391 l7l 
CW,l-C(2I) 1·380(61 CIB) C(241 1-500(5) 
Cll7l CCII!) 1,.185 (9) Cl2JI-C{251 1-.<43 l~l 
Cll8l C{l9) 1·381 (6) Cl25)-N(5l 1,419(7) 
C(l9l C(20\ I •372 !51 C<25l-C!281 1-445 (71 
C( 19) -NOi I •427 (7) N(5)· C(2nl 1-445 {(,) 
com- cm> ,.ngm N1s1-c1rn 1.441 (5l 
~(:I) -N!4l I -406 (Sl C(28)- 0(3) 1 •245 (4) 
NOl-· C(28l 1-368 (bl 

Br -C(l6l- C(l 7) 
Hr• C(l6) -C{21l 
CCl7)-CC16l· C(2I) 
Cl lnl .. C(17l-C!l8l 
en 71 CII R)-C(I Q) 

Cl 18l ·•C{l9)· C!20l 
C( I 8l-Cll9) N(3l 
C120l C(19l-N!3) 
C<19l-·C(20l ·C(21l 
C(lhl-Cl21l C(20l 
C{ll/)-N(3)-•N(4) 
{"( 11/l -N(3)-C(28l 
Nl4)- NOl- C{28) 
NIJl• N14l C(22) 

l 19-414) 
119.4m 
121 ·2 (5) 
119-9 (4) 
1 IR-8 {41 
120·9 (5) 
120·9 (4\ 
I 18·2 (4) 
120·3 (4) 
118•713) 
120.4m 
121,.0 rn 
111-1 (4) 
114•8 (4) 

N0l-Nl4l-C(23l 
C(221 ·N(4l ·C{23l 
N(4)-C(23) -C{24) 
N(4) -C(23l-Cl25l 
C(24l-C(2Jl-C(25l 
C!23)-C(25l-N(5) 
C(23)-C(25)-·C!28) 
N(S)- C(25) ··C(2Rl 
C(25)-N(5l-C(2fil 
C(25l -N!5l-C127l 
C(26l--Nl5l-C!27l 
N{3) C(2Rl-Cl25l 
N(3l-C(2Rl 0(3) 
C(25l· C{28) 0(31 

104-8 (3) 
119·5 (4) 
I 19·8 (3) 
110-5 (4) 
129•7 (5) 
125·0(4) 
108-4 (4) 
126·5 (3) 
I I 2,8 (41 
112-7 (4) 
112-4 (4) 
104,60) 
124-1 (5) 
13 I •2 (4) 

Discussion. Table 2 lists bond distances and angles. 
Table 3 contains the best planes and deviations of the 
atoms from them. Bond lengths and angles· in DPH are 
reasonable in comparison with our previous results 
for diamminediaquabis(S,5-diphenylhydantoinato)­
nickel(ll) (Shimizu & Uno, 1980a) and di­
amminebis(S,5-diphenylhydantoinato)copper(II) (Shi­
mizu & Uno, 1980b), and with those for DPH 
(Camerman & Camerman, 1971). 0(1) atoms deviate 
from plane (I) by 0· 123 (3) A. Dihedral angles between 
planes ( I) and (2). between planes (I} and (3) and 
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Table 3. Leas1-squares planes and del'ia1io11s (A) of 
atoms.from them 

The planes arc expressed hy Ix + my + nz ·" din A. 
5,5-Diphcnylhydantoin 
Plane (l):-0,6010x-0,763ly+ 0-2376, = 3-9311 

CCI) -0-0J4 (5). N( I l 0-024 (4). C(2l 0-000 (4). 
N(2) -0,022 (3). COl0-032 (4).0(1)• -0-123 (3). 
om· -0-011 (Jl. HI 1i• o-064 Olil. Hc2i• -0-137!36) 

Plane (2): 0•0752:r - 0·9236y - 0•3758z = 1 ·3938 
C(4) -0-006 (4). C(Sl0-010 (4). C(6) --0-00/i (4). 
C(7) -0-001 (4). C(8) 0-005 (5). C(9) -0-001 (5). 
cm• -0-12614> 

Plane (3): -0-8908 x + 0-2080y -· 0-4041 z =- -4-7317 
C{I0)-0·000(4).C(II) -0-001 (4).C(l2)0,000(5l. 
C(l3) 0-002 (5). C( 14) -0·003 {5). C( 15) 0-002 (4). 

cm· --o-oss <41 

I -( 4- Bromophc:nyl)-4-dimeth ylam i no-2.3-dimethyl-3-pyrazolin-5 -
one 

Plane (4): 0·52 l7x - 0·8530y + 0-0ll5z = 2·2982 
N(J) -0-041 (4). N(4) 0-039 (4). C(23)-0,024 (4). 
C(25) 0-000 (4). C(28) 0·025 (4). C(l9)0 0· 190 (4). 
ccm• -0-838 cs>. cr241• -o-os2 <SJ. Ncsi• o-02s C4l. 
om• o. 1 11 m 

Plane (5): -0· 7772:c + 0-2242y - 0-5880z = -0-5460 
C( 16) - 0-013 (4). C(l7) 0-008 (5). C( 18) 0·003 (51. 
C(l\lJ -0-010 (4). C(20) 0-005 (4l. C(21) 0·006 (4). 
Br• -0·058 (I). N(3) 0 -0,032 (4) 

• Atoms not included in the plane calculations. 

between planes (2·) and (3). are 55-2, 73-7 and 96-2° 
respectively. In BDDP bond distances and angles are 
similar to those found in BDDP itself (Shimizu & Uno. 
1980c). The notable contact in Fig. I is the hydrogen 
bond between N(2)-H of hydantoin and 0=C(28) of 
3-pyrazoline. The pyrazoline-phenyl angle in the 
BDDP part is 52-9° and our result for BDDP itself is 
36-6°. This difference in rotation about C-N is mainly 
brought about by the adjacent plane (2) of DPH. The 
dihedral angle between planes (2) and (5) is 92,6°: 
H(6) .. · H(2 I). 2-268 A. is shorter than the sum of the 
van der Waals radii {Pauling. 1960). Fig. 2 is the 
packing diagram. Table 4 gives the hydrogen-bond and 
charge-transfer parameters. DPH molecules form 
dimers (B-C) via hydrogen bonds N ( 1)-H .. • 0(2). In 
the a-axis direction, A-B-C-D chains as a unit 
are linked by weak 0(2}-Br (C-E and B-F) charge-

Table 4. lnrermolecular hydrogen bonds and the 
charge-transfer interaction 

Onnnrs Acctrunrs P.rirnm1·tcr~ 

N12l· 11(21 Ii Ii) om .. m N!ll-H(2) 
N(l) .. ,001 
llf2l···Of31 
N(ll -IH2l·· -01~1 

N( H- HIil (' (iil Olll H (i) Nlll·H(II 
S(l), .. 0(21 
11(1) ... 0(2) 
N(ll-H(ll---Om 

0(2) (' (iii Rr I: fiii) Rr-C(l6) 
0(2) ... fl, 
Q(ll ... R, CIIM 

Symmclrycndc: (il.r.y.:: (ii) I ·· x. I y. I .:: (iii) I - .r .. 1·. ;. 

Band C: 5.5-diphenylhydanioin. 

0-91 (.l)A 
2-~JJ m 
).Q.lR 1311 
11.,.1112-11° 
IH•01A 
:!•lOh f7l 
1.1.,152 IJ2) 
171-2 1371° 
l•R92 m A 
,l,2N 1~1 
l~J-l't (1) 0 

A and F:: I {4-bromophenyl~4 dimc1hyh1mino-2.3-dimcthyl 3-pyra,nlin 5 onr. 

transfer interactions (Gaultier, Hauw & Schvoerer, 
1971). 0(1) atoms do not participate in any hydrogen 
bonds. No short contacts exist between F and G. 

We thank Professor Masao Kakudo, Osaka 
University, for collecting the dilTraction data. The 
calculations and the drawing of the figures were carried 
out using the programs UNICS (Ashida. 1973) and 
OR TEP (Johnson. 1965} at the Data Processing 
Center, Kyoto University. 
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STRUCTURE-ACTIVITY STUDIES OF 
NON-STEROIDAL AROMATASE INHIBITORS: 

THE CRYSTAL AND MOLECULAR STRUCTURES 

PATRI 

OF C 16949A AND CGS 18320B 
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The crystal and molecular structures or 4-(5,6,7,8-tetrahydroimidazo[l ,5-a]pyridin-5-yl)benzonitrile hydro­
chloride (CGS 16949A) and bis(p-cyanophenyl)imidazo-1-yl methane hemisuccinate (CGS 183208) have 
been determined as part of structure-activity relationship studi~s of non-steroidal aromatase inhibitors. 
CGS 183208 crystallizes with two inhibitor molecules in the asymmetric unit that are similar in conforma­
tion. The cyanophenyl groups and the imidazole moieties in the CGS 18320B molecules display a propellor­
like arrangement. The orientation of the imidazole ring in CGS 16949A, which is constrained by the 
piperidine ring. differs by about 80° from the orientations in both CGS l8320B molecules. The conforma­
tions of both compounds are consistent with the proposed mo\1el (Banting et al. (1988) /.Enz.Inhibit., 2, 
216) for inhibitor binding by positioning of the cyanophenyl group in the steroid A-ring binding site and 
interaction of the imidazole nitrogen with the iron of the haem. 

KEY. WORDS: Aromatase inhibitors, Crystal structure. CGS 16949A, CGS 18320B. 

INTRODUCTION 

Hormone deprivation by surgical or pharmacological means has been used in the 
treatment of a variety of hormone-dependent cancers. 1

-
3 Aromatase, a complex of a 

cytochrome P450 and a NADPH-cytochrome P450 reductase, has been shown to be 
an attractive target for chemotherapeutic treatment. Aromatase catalyzes the termi­
nal androgen 19-desmolase step in the conversion of androgen to estrogen.4 Specific 
inhibitors of aromatase have shown promising results.S-7 Schematic diagrams of the 
non-steroidal inhibitors discussed in this paper are shown in Figure l. 4-(5,6,7,8-
Tetrahydroimidazo[l,5-a]pyridin-5-yl)benzonitrile (CGS 16949A) and bis(p-cyano­
phenyl)imidazo-1-yl methane hemisuccinate (CGS 18320B) are among the most 

tCorrespondence. 
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FIGURE I Schematic diagrams showing the structures of: (l) CGS 16949A; (II) CGS 183'.!0B; (lll) 
aminog]utethimide; and, (lV) CGS 14796C. 

potent non-steroidal arornatase inhibitors in in vitro experiments. 8·
9 Both are more 

than 100-fold rriore active than the clinically used non-steroidal inhibitor, amino­
glute.thimide. CGS l 8320B exhibits a two-fold lower K; than CGS 16949A towards 
androstenedione aromatization by human placental microsomal aromatase.9 

The nature of the mechanism of action of non-steroidal aromatase inhibitors is not 
clearly understood. Many inhibitors lack any structural or chemical similarity 
with the steroid substrates and related inhibitors (for a recent review, see Cole and 
Robinson. 10

) Banting et al. 11 have proposed that the non-steroidal aromatase inhibitors, 
including aminoglutethimide and CGS 16949A, act by interaction with the haem iron 
of aromatase and that they bind in the active site in the same location as the A-ring 
of the steroidal substrates. This hypothesis forms the basis for recent structure­
activity studies. 12 

In this paper we report the crystal structures of CGS 16949A and CGS I 8320B as 
part of on-going studies aimed at determing structure-activity relationships of non­
steroidal aromatase inhibitors. CGS 16949A contains an imidazole ring in a con­
strained conformation and a cyanophenyl moiety. Two cyanophenyl substituents and 
an unconstrained imidazole group are present in CGS 183208. The goal of this 
analysis is to determine similarities in the overall molecular conformations and the 
location of the functional groups in particular and thus determine how the com­
pounds may bind to the active site of the enzyme. 

MATERIALS AND METHODS 

Crystals of CGS 16969A and CGS !8310B were obtained by slow evaporation of 
aqueous methanol solutions at 37°C. X-ray diffraction intensities were measured on 
a Siemens (formely Nicolet) P3 diffractometer. using Nb-filtered MoKa radiation 
(). = 0. 710 69 A). The intensities of six reference reflections were monitored throughout 
the data collection but did not change significantly. Lorentz and polarization 
corrections were applied, but absorption corrections were not considered necessary. 
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STRUCTURES OF NON:STEROlDALAROMATASE INHIBITORS 121 

The data with F > 3a(F) were considered observed and used in the. refinement. The 
sructures were determined by direct met_hocls, using the program MULT AN,13 and 
refined i:,y full~matrix least-squares. Coordinates for the hydrogen atoms were deter­
mined from difference maps and included in the refinement after the anisotropic 
refinement of the non-hydrogen atoms had converged. Programs used include Blessi_ng's 
data reduction package, 14 locally modified versions of the refinementprogram con­
tained in the Enraf-Nonius SOP package, 15 the plotting program ORTEP-II16 and the 
least-squares molecular fitting program FITMOL. 17

. 

CGS 16949A. 

C 1.H 13 N 3 . HCI, M, = 258.73, orthorhombic, Fdd2, a= 15.982(2), b = 25.777(3), 
c = 13.156(2)A, V = 542l.7(7)A3

, Z = 16, D., = l.27Mgm-3, µ = 2.649mm-1, 
F(OOO) = 2160. The sample was recrystallized from an aqueous me_thanol solution. 
The crystal was shaped as a tria"ngular plate and had approximate dimensions of 
0.30 x 0.40 x 0.60 mm. In total, 2640 intensity data with 4 < 28 < 55°, - 2 < 
h < 20, -2 < k < 31, 0 < l < 16, were measured. Of the 1634 unique data, 1456 
had F > a(F) and were considered observed. a(F) calculated according to Stout & 
Jensen: 18 a1(F) = (k/4Lp/)[a2

(/) + (0.011)2]. The maximum value of the shift/e.s.d. 
during the last cycle of refinement was 0.03. Final R values are R = 0.036 and 
R .. = 0.041 for the observed data, and Ra11 = 0.042 for all 1634 data. The final value 
of the standard deviation of an observation of unit weight was s = 1.874. The final 
difference map has maximum and minimum densities of 0.057 and - 0.056 eA - 3

• 

CGS 18320B 

C1~H 12 N4 . l/2[CH2-COOHh,M, = 343.37,triclinic,Pl,a = 9.753(1),b = 10.982(1), 
c = I 7.443(2)A, a. = 100.51(1), /3 = 93.15(1), y = 99.32(1)°, V = 1808.1(4)A3

, 

Z = 4, Dx = l.26 Mgm-3, ,1.(MoKcr:) = 0.71069A. µ = 7.90 mm 7 1
, F(00O) = 716. 

The sample was recrystallized from an aqueous methanol solution. The crystal used 
had approximate dimensions of 0.10 x 0.40 x 0.60 mm. ln total, 8160 total data 
with 4 < 20 < 52°, 0 < h < 13, - 14 < k < 14, - 22 < l < 22 were measured. 
Of the 6817 unique data, 4864 had F > 3u(F) and were considered observed 
(rr(F) = (k/4Lpl)[a2 (I) + (0.011)2]. The maximum value ofshifts/e.s.d. during the· 
last cycle of refinement was 0.02. Final R values are R = 0.064, wR = 0.057 for 4864 
observed data and Rau = 0.091 for all 6817 data; s = 2.204. The final difference map 
has maximum and minimum densities of 0.339 and -0.380eA- 3 respectively. 

RESULTS 

Atomic coordinates and isotropic thermal parameters for both compounds are listed 
in Table 1.t Selected torsion angles that are important in describing the conformations 
are listed in Table II. Figure 2 shows the observed molecular conformations of both 
compounds and the numbering scheme used in the text and tables. Table III lists the 
geometries of the least-squares planes of the conjugated systems in both compounds. 

tTables of coordinates and thermal parameters have been deposited with the Cambridge Crystallographic 
Database. Tables of anisotropic thermal par.imeters, bond lengths and angles and observed and calculated 
structure factors are available from the authors (PVR) upon request. 
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122 : ·P VAN ROEY ETAL. . .. ~- :,_ . 
-TABLE 1 . 

Atomic cqordinate~ ( X 10', X 105 for 0) and isotropic thermal para~eters (x 102
) for cc:;.s 16949A and 

CGS I 8320B. The e.s.d.?s are given in parentheses. Beo, shown is· the equivalent isotropic th~nnal parameter 
calculated from the refined an_isotropic thermal parameters by means of the equation:'Bcq == 4/3!:i!:iB,;aiai. 

CGS 16949.4. 

N(l) 
C(2) 
N(3) 
C(4) 
C(5) 
C(6) 
C(7) 

. C(S) 
C(9) 
C(I0) 
C(l l) 
C(l2) 
C(l3) 
C(14) 
C(l5) 
C(l6) 
N(l7) 
CL(l8) 

CGS 1832VB 

C(2A) 
C(3A) 
C(4A) 
C(5A) 
C(6A) 
C(7A) 
C(8A) 
C(9A) 
C(IOA) 
C( llA) 
C(l2A) 
C( 13A) 
C(14A) 
C(l5A) 
(Cl6A) 
C(l9A) 
C(20A) 
C/22A) 
N(lA) 
N(l7A) 
N(18A) 
N(21A) 
C(lC) 
C(2C) 
0(3C) 
0(4C) 
C(2B) 
C(3B) 
C(4B) 
C(SB) 
C(6B) 

X y 

3324(2) 
2628(2) 
2807(1) 
3662(2) 
3977(2) 
4064(2) 
3464(3) 
2632(2) 
2196(2) 
1421(2) 
1437(2) 
710(2) 

-47(2) 
- 75(2) 
655(2) 

-820(2) 
- 1434(2) 

10827(5) 

6113(4) 
5250(3) 
5307(3) 
4542(3) 
37 I 5(2) 
3646(3) 
4422(3) 
2963(3) 
1645(3) 
1594(3) 
402(3) 

-749(3) 
-723(3) 

469(3) 
- 1986(3) 

4899(3) 
546l(3) 
3990(3) 
6813(4) 

- 2938(3) 
3935(2) 
4896(2) 
4663(3) 
3376(3) 
2846(2) 
2822('.!) 
2171(3) 
1351(3) 

173(3) 
-591(3) 
- 217(2) 

Bcq 

1663(1) 557 494(6) 
1400(1) 578(3) 446(7) 
900(1) 621(3) 390(5) 
846(1) 616(3) 465(7) 

1328(1) 586(3) 516(8) 
326(2) 643(4) 624(11) 

-92(1) 323(5) 691 ( 12) 
-34(1) 875(4) 565(10) 
465(1) 555(3) 441(7) 
586(1) 1151(3) 431(7) 
683(1) 2185(3) 517(8) 
781(2) 2710(4) 556(9) 
782(1) 2207(3) 459(7) 
682(1) 1177(3) 537(9) 
582(1) 659(3) 519(8) 
88 l( l) 2741(3) 569(9) 
958(2) 3138(3) 778(11) 

22319(3) 9527(22) 584(2) 

1378(3) 3734(2) 837(14) 
2156(3) 3433(2) 587( 10) 
2326(3) 2676(2) 614(11) 
3143(3) 2400(2) 523(9) 
3776(2) 2885(l) 419(7) 
3574{3) 3641(2) 524(9) 
2776(3) 3918(2) 594(10) 
4743(2) 2593(2) 422(8) 
4887(2) 2995( I) 423(8) 
5862(3) 3598(2) 604(!0) 
5915(3) 3989(2) 667(11) 
4994(3) 3768(2) 518(9) 
4025(3) 3150(2) 561(10) 
3987(3) . 2766(2) 514(9) 
5051(3) 4180(2) 644(1 l) 
6512(3) 3295(2) 518(9) 
7625(3) 3137(2) 508(0) 
6737(3) 2176(2) 439(3) 

794(3) 3996(3) 1167(16) 
5108(3) 4524(2) 879(12) 
5935(2) 2676(1) 415(6) 
7772(2) 2435( 1) 479(7) 
4328(3) - 162(2) 470(8) 
3903(3) 213( I) 432(8) 
2714(2) - 30(1) 670(7) 
4578(2) 663(1) 716(7) 
5716(3) 8705(2) 537(9) 
4475(2) 8547(1) 430(8) 
4200(3) 8934(2) 494(9) 
3007(3) 8779(1) 470(8) 
2072(2) 8229(1) 406(7) 

CGS /8320B 

C(7B) 
C(8B) 
C(9B) 
COOB) 
C(I IB) 
C(l2B) 
C(l3B) 
C(14B) 
C(l5B) 
C(l6B) 
C(l98) 
C{20B) 
C{22B) 
N(l B) 
N(l7B) 
N(l8B) 
N(21B) 
C(ID) 
C(2D) 
0(3D) 
0(4D) 

FIGURE 2 M 
18320B. molecul 
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6949A and 
( parameter 
!:,t;B,ja,a;. 

494(6) 
446(7) 
390(5) 
465(7) 
516(8) 
624(1 l) 
69[(12) 
565( IO) 
441(7) 
43 l (7) 
517(8) 
556(9) 
459(7) 
537(9) 
5 l 9(8) 
569(9) 
778(1 !) 
584(2) 

837(14) 
587(!0) 
614(11) 
523(9) 
419(7) 
524(9) 
594( lO) 
422(8) 
4'.23(8) 
604([0) 
667(1 I) 
518(9) 
561(10) 
514(9) 
644(1 !) 
518(9) 
508(9) 
439(8) 

ll67t!6) 
879(12) 
415(6) 
479(7) 
470(3) 
432(8) 
670(7) 
716(7) 
537(9) 
430(8) 
494(9) 
470(8) 
406(7) 

CGS /8320B 

C(7B) 
C(8B) 
C(9B) 
C(lOB) 
C(IIB) 
C{l2B) 
C(lJB) 
C(i4B) 
C(!5B) 
C(l6B) 
C(19B) 
C(10B) 
C(22B) 
N(!B) 
N(l7B) 
N(!3B) 
N(21B) 
C(ID) 
C(20) 
0(3D) 
0(4D) 

STRUCTURES OF NON:STERO!DAL AROMAT ASE INHIBITORS 

TABLE I 
Continued 

:-c y 

952(3) 2362(3) 7842(2) 
1739(3) 3552(3) 8002(2) 

- I !26(3) 780(2) 8047(1) 
- !218(3) 169(2) 7192(1) 

- 4 !8(3) - 7!0(3) 6908(2) 
-496(3) - 1207(3) 6126(2) 

- 1386(3) -824(2) 5604(1) 
-2195(3) 51(3) 5880(2) 
- 2112(3) 535(3) 6669(1) 
- 1443(3) - 1349(3) 4785(2) 

608(3) - 195(3) 8813(2) 
440(3) - 1137(3) 9213(2) 

- 1588(3) -915(3) 8827(2) 
2833(3) 6694(3) 8823(2) 

- !467(3) - !790(3) 4142(2) 
- 70[(2) -43(2) 8564(1) 
- 948(3) - !59!(2) 9223(1) 

5504{3) 10038(3) 348(2) 
4946(3) 9306(2) 939(2) 
S832(2) 9381(2) 1545(1) 
3785(2) 8691(2) 373(1) 

123" 

B.., 

512(9) 
509(9) 
446(8) 
423(7) 
531(9) 
536(9) 
441 (8) 
540(9) 
533(9) 
525(9) 
466(9) 
526(9) 
504(9) 
756(10) 
706(9) 
44!(6) 
538(7) 
507(9) 
448(8) 
599(6) 
685(7) 

FIGURE 2 Molecular conformations of (a) CGS 16949A; (b) CGS 183"208. molecule A; and (c) CGS 
18320B. molecule B showing the numbering scheme used in the text. 
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TABLE 11 
S.:lected torsion angles (0

) for CGS 16949A and CGS 18320B. 

ccs· J6949A 

N3 C2 NI cs 0.2(4) CIO C9 N3 C2 -41.2(4) 
Nl C2 N3 C4 -0.8(4) CIO C9 N3 C4 147.1(3) 
NI C2 N3 C9 - l 73.6(3) N3 C9 CIO Cll -59.8(4) 
cs C4 N3 C2 1.1(4) N3 C9 ClO Cl5 12:2.6(3) 
cs C4 N3 C9 l 74.0(3) cs C9 ClO Cl! 63.3(4) 
C6 C:4 N3 C2 - l 79.1(3) cs C9 CIO Ci5 - 114.4(4) 
C6 C4 N3 C9 - 6.2(5) N3 C4 cs NI -1.0(4) 
C6 C4 cs NI 179.2(4) N3 C4 C6 C7 19.3(5) 
cs C4 C6 C7 -160.9(4) C4 cs NI C2 0.5(4) 
C4 C6 C7 cs -48.0(5) C6 C7 cs C9 65.7(4) 
C7 cs C9 N3 -48.9(4) C7 cs C9 CIO -173.1(3) 
cs C9 N3 C2 - 167.4(3) cs C9 NJ C4 21.0(4) 

CGS 183208 

ClOA C9A Nl8A Cl9A 83.0(3) · CtOB C9B Nl8B Cl9B 86.3(3) 
ClOA C9A N18A C22A - 9 l.8(3) CIOB C9B Nl8B C22B -86.7(3) 
CSA C6A C9A CIOA 153.0(2) CSB C6B C9B C!OB 143.3(2) 
CSA C6A C9A NISA -81.5(3) CSB C6B C9B N18B - 89.3(3) 

'C7A C6A C9A CIOA - 30.7(3) C7B C6B C9B CIOB - 34.5(3) 
C7A C6A C9A NISA 94.8(3) C7B C6B C9B Nl8B 92.9(3) 
C20A Cl9A Nl8A C9A - 174.9(2) C20B Cl9B NISB C9B -174.2(3) 
C6A C9A CIOA CIIA 100.3(3) C6B C9B ClOB CIIB 98.6(3) 
C6A C9A CIOA Cl5A - 77.5(3) C6B C9B CIOB C\58 - 79.4(3) 
Nl8A C9A ClOA CllA -23.4(4) Nl8B C9B ClOB C!IB -28.5(3) 
N21A C22A Nl8A C9A 175.1(2) N21B C22B N!SB C9B 174.7(2) 
Nl8A C9A C!OA C!5A 158.9(2) N18B C9B CIOB Cl5B 153.4(2) 
C6A C9A N18A C19A -42.2(3) C6B C9B N18B C19B -41.7(4) 
C6A C9A N18A C22A 142.9(2) C6B C9B Nl8B C22B 145.4(3) 

CGS 16949A 

Nl of the inhibitor molecule is protonated and forms a salt bridge with the chloride 
anion (Nl-HNI ... Cl18:N ... Cl, 3.048(3)A: N-H, 0.87(4)A; H ... Cl, 2.22(4)A, 
N-H ... Cl, 160(3)0

). The only other significant intermolecular contact is a moderately 
close contact between C4 and Nl 7 (3.226 A). 

The bond lengths and angles of the imidazole ring indicate only limited contri­
bution of resonance forms in which Nl-C5 (l.354(4)A), N3-C2 (l.323(3)A) and 
N3-C4 (1.375(3) A) have double bond characteristics. The Nl-C2 bond ( l.302(4) A.) 
is much shorter than the N l-C5 bond and the C4-C5 bond ( 1.341(5) A) is only 
slightly longer than a standard double bond. But the ring is planar. Atoms C9 and C6 
are on the same side of the plane. The angle between the least-squares planes of the 
imidazole ring and the p-cyanophenyl group is 100.0°. The absolute configuration this 
compound has not been determind. The configuration used is that also used by 
Banting et al. 11 for their modeling studies. 

CGS 18320B 

The asymmetric unit contains two CGS l 8320B molecules and two half succinic acid 
molecules. The two half succinic acid molecules are independent and located on 
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41.2(4) 
47.1(3) 
59.8(4) 
22.6(3) 
63.3(4) 
14.4(4) 

- 1.0(4) 
19.3(5) 
0.5(4) 

65.7(4) 
173.1(3) 
2 l.0(4) 

86.3(3) 
-86.7(3) 
143.3(2) 
- 89.3(3) 
- 34.5(3) 
92.9(3) 

174.2(3) 
98.6(3) 

- 79.4(3) 
- 28.5(3) 
l 74. 7(2) 
153.4(2) 

-41.7(4) 
145.4(3) 

hloride 
(2(4) A, 
\erately 

contri­
A) and 
l2(4) A) 
is only 
and C6 

:s of the 
tion this 
used by 

,nic acid 
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STRUCTURES OF NON-STEROIDAL AROMATASE INH1BITORS 125 

TABLE HI 
Least-squares planes geometry. deviations from the planes and interplanar angles.of the co!')jugate'd systems 
in CGS 16949A' (n and CGS l8320B (U). . . 

CGS 16949A (!). 

Plane 1: Cyanophenyl moiety. 
Atoms: C9, Cl 0. Cl L Cl2. Cl3. C!4. Cl5. 

Cl6. Nl7 
r.m.s. deviation: 0.008 A 
C8 - l.284 N3 1.160 

Plane 2: Imidazole Ring 
Atoms: C2. C4. CS, C6, C9, NI. N3 
r.m.s. deviation: 0.027 A 
CS 0.343 CIO 0.778 

CGS 183:!0B Molecule A. 

Plane l: Cyanophenyl moiety. 
Atoms: C2, C3, C4, CS. C.6, C7. CS. 

C9, NI 
r.m.s. deviation: 0.062 A 
ClO -0.509 N18 l.532 

Plane 2: Cyanphenyl moiety. 
Atoms: C9, ClO, Cl I. Cl2, Cl3. C14, Cl 5. 

Cl6. Nl7 
r.m.s. deviation: 0.037 A 
C6 1.498 NIB -0.392 

Plane 3: imidazole moiety. 
Atoms: C9, Cl9, C20. C22, Nl8, N21 
r.m.s. deviation: 0.024 A 
C6 0.863 C!O - 1.449 

Plane 4: C9 substituents 
Atoms: C6, ClO. Nl8 
C9 -0.453 N l 1.859 Nl7 1.749 N21 0.022 
Angle Plane 1-Plane 2: 93.2° 
Angle Plane !-Plane 3: 83.7° 
Angle Plane 2-Plane 3: 75.2° 
Angle Plane I-Plane 4: 60.2° 
Angle Plane 2-Plane 4: 54.3° 
Angle Plane 3-Plane 4: l 12.0° 

Plane 3: C9 substituents 
Atoms: C8. C IO, N3 
C9 - 0.457 NI 0.339 N l7 l.399 
Angle Plane !-Plane 2: 100.0° 
Angle Plane I-Plane 3: 93.1° 
Angle Plane 2-Plane 3: 17.3° 

CGS /8230B ;'v/olecule B. 

Plane l: Cyanophenyl moiety. 
Atoms: C2, C3. C4. C5, C6. C7, C8. 

C9, NI 
r.m.s. deviation: 0.013 A 
CIO -0.864 Nl8 1.322 

Plane 2: Cyanophenyl moiety. 
Atoms: C9. C\O, Cl l, Cl2. Cl3, Cl 4. CIS, 

Cl6, Nl7 
r.m.s. deviation: 0.017 A 
C6 l.433 N 18 -0.569 

Plane 3: imidazole moiety. 
Atoms: C9, Cl9. C20. C22. N!8, N2I 
r.m.s. deviation: 0.(J25 A 
C6 0.803 CIO - 1.466 

Plane 4: C9 substituents 
A::toms: C6. CIO, Nl8 
C9, -0.428 NI l.361 Nl7 l.541 

N2l -0.064 
Angle Plane 1-Plane 2: 92.5° 
Angle Plane !-Plane 3: 74.5° 
Angle Plane 2-Plane 3: 79.6° 
Angle Plane !-Plane 4: 63.0° 
Angle Plane 2-Plane 4: 56.2° 
Angle Plane 3-Plane 4: l 14. l 0 

distinct inversion centers (l/2, l/2, 0 and l/2, 0, 0). The bond lengths of Cl to the 
symmetry related atoms are CIC-CIC(! - x, l - y, -z) l.511(4)A and ClD­
ClD(l - x. 2 - y, -z) l.503(4)A. Succinic acid molecules Band D form strong 
hydrogen bonds with CGS 183208 molecules C and A. respectively, with the following 
goemetries: 03D-H03D ... N21A: 0 ... N, 2.640(3) A; 0-H, 1.10(3) A; H ... N. 
1.55(3) A; O-H ... N, l 78(2) 0 and O3C-HO3C ... N2 I B: 0 ... N, 2.662(3) A; O-H, 
l.06(4)A; H ... N, l.66(4)A; O-H ... N, 155(3)0

• 

The two CGS 183208 molecules have nearly identical geometries and confor­
mations. Again, both imidazole rings show limited resonance structure but are very 
planar. The only conjugated system that differs significantly from planarity is 
the first p-cyanophenyl group of molecule A. The phenyl ring appears to be bowed, 
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TABLE fV 
Results ofleast,squares fitting of the molecular structures of CGS-16949 (1) and CGS-189320B, molecule 
A {IIA) and molecule B (IIB). 

A. Fit of the Central atoms: 

I: C9, CS, CI0, N3 
II: C9, C6, CIO, Nl8 

Molecules Distances of fitted atoms (A) 

Average Maximum 

HA-HB 0.017 0.023 C9 

HA-I 0.016 0.022 C9 

11B-I 0.21 0.031 C9 

B. Fil of the imida;;o/e ring atoms: 

I: C9, C4, C5, C2, N3, Nl 
II: C9, Cl9, C20, C22. N18, N2I 

Molecules Distances of fitted atoms (A) 

IIA-llB 

IIB-I 

Average 

0.012 

0.054 

0.058 

Average 

0.0187 

0.087 

0.099 

C9 

Nl8 

Nl8 

RMS 

0.018 

0.017 

0.022 

RMS 

0.0127 

0.0576 

0.0627 

Other distances 

Awm A1om Di.stance 

C8A C8B 0.159 
Cl2A Cl2B 0.044 
C20A C20B 0.139 
NIA NlB 0 867 
N17A N17B 0.302 
N21A N21B 0.164 
CSA C7 0.799 
Cl2A Cl2 0.570 
Cl3A CD 0.244 
C20A cs 0.870 
Nl7A Nl7 0.542 
N21A NI 0.425 
C5B C7 1.002 
Cl2B Cl2 0.595 
Cl3B Cl3 0. 132 
C20B cs 0.857 
Nl7B N17 0.241 
N21B NI 0.450 

Other distances 

Atom Atom ·. Di.stance 

C3A C3B 0.568 
CSA C8B 0.369 
C12A Cl2B 0.269 
Cl3A Cl3B 0.448 
NIA NlB l.!90 
N17A N17B 0.760 
CSA C7 2.594 
C6A cs 1.251 
CI0A CI0 l.373 
C12A Cl2 3.723 
Cl3A Cl3 3.965 
CSB C7 2.685 
C6B cs l.209 
Cl0B CI0 1.267 
Cl2B Cl2 2.993 
C\3B Cl3 3.610 
N17B N17 5.906 

with C9 and Nl 0.10 and O. l2 A. above the least-square plane. The second p-cyanophenyl 
group of molecule A is also somewhat distorted but the imidazole ring and all 
three groups of molecule B are very planar. NI of molecule A also has a high 
thermal parameter, indicative of static or dynamic disorder in its position. No obvious 
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TABLE IV 
Continued 

C. Fit of the phen_v/-ring atoms: 
I: C9, CI0. Cl l, cr2. Cl3, C\4, Cl5. Cl6. Cl7 

11: C9, ClO, Cl I. c12.·c13, Cl( Cl5. Cl6, Cl? 

Molecules 

IIA-l 

lIB-1 

Distance of fitted atoms (A) 

Average 

0.041 , 

0.037 

Maximum 

0.Q75 

0.081 

N17 

Nl7 

RMS 

0.0456 

0.0417 

Other distances 

Atom Atom Discance· 

CSA C7 1.659 
C6A C8 0.884 
C20A cs 2.534 
N18A N3 0.956 
N2IA Nl 2.090 
CSB C7 l.754 
C6B cs 0.816 
C20B C5 2.169 
N18B N3 0.791 
N2IB NI 1.656 

causes, such as intermolecular contacts, for the distortions in molecule A are 
observed. The main conformational features are to be found in the orientation 
of the two phenyl rings and the imidazole ring about the central atom C9. The 
presence of three bulky substitutents on C9 forces the molecule in a propeller-like 
conformation. The three bond angles between C6, C!0 and Nl8 differ by small but 
significant amounts. The largest difference in the torsion angles about the bonds that 
link the rings to the central atom is 10°. The phenyl rings are nearly perpendicular in 
both molecules. The angles of the last squares planes of the imidazole ring with the 
phenyl rings are significantly different, but in the opposite direction in the two 
molecules. 

Table rv summarizes the analysis of the least-squares fitting of the two molecules 
of CGS I 8320B as well as those with the structure of CGS 16949A. Figure 3 shows 
the corresponding illustrations. Three different superpositions are shown. The two 
CGS 183208 molecules are very similar in conformation, indicating that this con­
formation is highly preferred. The small differences in the torsion angles do not affect 
the overall geometry. The largest difference in the geometry is in the positions of NI 
as can best be seen at the bottom of Figure 3c. This is caused by small differences in 
the angles about C9 and the non-planarity of the one p-aminophenyl ring in molecule 
A described in the previous paragraph. This distortion is most likely not significant. 

DISCUSSION 

Tne most important differences between the conformations of CGS 16949A and CGS 
183208 are in the orientations of the imidazole rings and the phenyl rings. Looking 
down the H9-C9 bond all three planar substituents in CGS 183208 make an angle 
of about 60° with the plane of the atoms C6, Cl0 and Nl8. This conformation is 
caused by steric interactions of the bulky substituents. In CGS 16949A, the phenyl 
ring is at a 93° angle with the corresponding plane (CS, ClO, N3) but the plane of the 
imidazole ring is nearly parallel (l 5°) because of the constraint caused by the pyridine 
ringe on the orientation of the imidazole ring. Table IV summarizes the least-squares 
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. di~ 
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FIGURE 3 Stereodiagrams showing the overlap of CGS L6949A (largest bond radii) and CGS l8320B 
(molecule A, intermediate bond radii; and molecule B, smallest bond radii) after least-squares iltting of. 
(a) the four central atoms. (b) the imidazole rings. and (c) the cyanophenyl group. Note the similarity in 
the conformations of the two molecules of CGS 183208, except for the slight change in the position of N l 
and the significant differences in the orientation of the imidazole ring between the two compounds but with 
only small differences in the relative positions of the nitrogen atoms. 
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fitting of related structural parts of CGS 16949A and CGS 18320B with the accompany:: 
ing illustrations shown in Figure 3. The overlap of functional groups appears to work 
best when the central four atoms are superimposed. Overlapping the phenyl groups 
or the imidazole moieties results in large distances between the positions of the other 
functional groups. This suggests, if the two compounds are to bind to the same 
binding site, that the imidazole conformation in the restrained molecule is a suitable 
conformation and that the more flexable compounds would have to adopt a similar 
conformation or:,. alternatively, that the location of the cyano and imidazole nitrogens 
are important but not the orientation of the phenyl or imidazole rings. If the irnidazole 
ring of CGS I 8320B would need to be rotated independently of the cyanophenyl rings, 
this would most likely result in a significantly higher energy conformation than the 
observed in the crystal structure. The observed two-fold higher inhibition by CGS 
l 8320B would suggest that this higher energy conformation can be achieved upon 
binding to the enzyme or that the enzyme can accomodate a wider range of molecular 
geometries or conformations. The inhibition by CGS 14796C, aminoglutethimide and 
its analogues, the crystal structures of which have been reported elsewhere10

·
1

1.
1
: and 

which differ even more significantly in structure, may provide additional evidence for 
this accommodation. 

CGS, 16949A and CGS 183208 are both active aromatase inhibitors that differ 
greatly in chemical structure when compared to other non-steroidal inhibitors such as 
aminogluetethimide. Both have the imidazole ring and the p-cyanophenyl group as 
functional groups. For the structure-activity studies we need to compare the two 
compounds in terms of the overall shape and size and distances between corresponding 
functional groups, specifically the cyano and imidazole nitrogen atoms, which 
according to the model of Banting et al. 11 form the anchor points for interaction with 
the binding site for the A-ring of the steroid and the interaction with the iron of the 
haem group. This analysis can provide information regarding the shape and properties 
of the binding site or active site of the target enzyme. If the two nitrogen atoms are 
the crucial functional groups for the effective binding and activity of the inhibitors- . 
their relative positions as well as the overall shape and geometry of the hydrophobic 
core are important. Both compounds have V-shaped hydrophobic cores with the 
nitrogen atoms at the extreme ends of essentially perpendicular axes. One of these 
would be oriented towards the haem iron and the other towards the protein com­
ponent that interacts with the 03 of the steroid molecule. The additional cyanophenyl 
group of CGS 183208 may well fit within the remaining space for the steroid. 
Figure 3 shows that the relative positions of the nitrogen atoms do not differ greatly 
but that the orientation of the imidazole rings are different. For CGS 16949A the 
distance between the nitrogen atoms NI and N17 is 8.525A. CGS 183208 has 
two cyano nitrogens. One, Nl7 is a similar distance from the imidazole nitrogen 
N2 l : 8.931 A in molecule A and 8.811 A in molecule B. The distance of the other 
cyano nitrogen NI to N2 I is similar in molecule A, 9.004 A, but significantly larger 
in molecule 8, 9 .409 A. 

Another non-steroidal aromatase inhibitor CGS 14796C has two imidazole rings at 
opposite ends of the molecule. The distance between the two free nitrogen atoms in 
the crystal structure of this compound~0 is I 0. 77 A. However, the conformation 
observed in the crystal structure is highly extended. We have demonstrated by 
searching distance maps, using SYBYL21 software, that this molecule can adopt 
several conformations in which the distances between the two nitrogen atoms are 
between 8.25 A and 9.0 A, without prohibitive steric interactions. On~ such confor-
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FIGURE 4 Conformation of CGS 14796C: top, extended conformation observed in the crystal structure; 
bottom, conformation obtained by rotating about the exocyclic bonds. This conformation has a distance 
of 8.95 A between the two nitrogen atoms and does not have any prohibitive steric interactions. 

FIGURE 5 Stereodiagrams showing the superpos1uon of CGS l6949A (largest bond radii) on the 
steroidal inhibitor 4-hydroxy-4-androstene-3, 17-dione produced by the least squares fitting. (a) atoms N 17. 
Cl6, Cl2 of CGS 16949A on the atoms 03, C3, C5 of the steroid, and (b) Nl7, Cl6 and Cl4 of CGS 
16949A on 03. C3, 05 of the steroid. Fit (a) corresponds to the model of Banting e1 al. 11 where the 
imidazole ring is above the /J-face of the steroid. Fit (b) has the imidazole ring above the a:-face. . 
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matio.n is shown in Figure 4. In this conformation the molecule can also. be interpreted 
as having a· V-shaped core with the free. nitrogen atoms on near\y perpendicular axes.' 
This would suggest that binding to the enzyme involving. contacw.with 1hftwo 
nitrogen atoms in a similar fashion as for CGS 16949A and CGS· 183208 could be 
possible. Additional studies of the molecular conformations and activity ·of these and 
related compounds but especially structural data abciut the active site of the inzyme 
are required to further evaulate this hypothesis, · · · · 

CGS l 6949A-and CGS l 8320B and the other non-steroidal aromatase inhibitors 
do not resemble the natural substrates or steroidal inhibitors·, yet are thought to 
function by binding in the same active site. The molecular modeling studies of Banting 
et al. 11 included the superposition of the inhibitors with the steroidal inhibitor 
4-androstene-3, 17-dione. Included was an overlap of CGS •16949A with the steroid 
based on the superposition of the cyano group of CGS 16949A on the 03 keto group 
of the steroid. The imidazole ring ofCGS 16949A, which is supposed to interact with 
the haem group in the active site, was found to be placed perpendicular to the steroid 
<!nd above the B-ring of the steroid. Similar superposition, using the experimentally 
determined structures of 4-hydroxy-4-androstene-3, 17-dione19 and CGS 16949A, is 
shown in Figure 5. Although similar to the modeled structure, the experimentally 
determined structure of CGS 16949A appears to be somewhat longer, placing the 
imidazole ring perpendicular to the plane of the steroid but above the D-ring rather 
than above the C-ring as shown by Banting et al. 11 This result and the similarities in 
the overall shape of CGS 19639A and CGS !8320B and especially the consistent 
distance between the two functional nitrogen atoms appears to support the proposed 
mechanism of action of the non-steroidal aromatase inhibitors. 
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Abstract. CGS l4796C, C14H20N4.C4H6O4, M, == 
362·43, monoclinic, C2/c, a= 28· 148 (4), b = 
9•722 (1), C = l9·200 {2) A, /3 = J 33•06 (1)0

, V = 
3838·88 A3

, Z = 8, Dx = l ·26 Mg m - 3
, A{Cu Ka)= 

l ·5418 A, µ = 0·702 mm- 1
, F(OOO) = 1552, T= 

294 K, R = 0·015 for all 3285 reflections. The struc­
ture is composed of linear chains of alternating CGS 
l4796C and succinic acid molecules. The CGS 
l4796C molecule is in an extended conformation. 

Introduction. cis-l-{14-( 1-lmidazolylmethyl)cyclo­
hexyl]methyl}imidazole-succinic acid [CGS l 4796C, 
(l)] is an active non-steroidal aromatase inhibitor 
(Schiavo, Green, Triana, Spaet & Zaidi, 1988; 
Bullion, Osawa & Braun, 1990). Compound (I) is 
structurally unrelated to the natural substrates of the 
enzyme or to the clinically used inhibitor amino­
glutethimide (II) (Santen, Santner, Davis, Veldhuis, 
Samojlik & Ruby, 1978; Shaw, Nicholls & Smith, 
1988). However, (I) has the imidazo!e group in 
common with other potent aromatase inhibitors, 
CGS 16949A (III) and CGS 18320B (TV) (Steele, 
Meller, Sawyer & Brown, 1987), as shown in Fig. l. 
The crystal structures of these compounds are being 
determined as part of on-going structure-activity 
studies of non-steriodal aromatase inhibitors (Van 
Roey, Bullion, Osawa, Browne, Bowman & Braun, 
1990; Van Roey, Bullion, Osawa, Bowman & Braun, 
1991). 

Experimental. The sample was provided by the Ciba­
Geigy Corporation. Crystals were obtained by slow 
evaporation over a period of about 6 weeks of a 3 ml 
methanol solution containing approximately 20 mg 
of compound. The sample was kept in a glass vial, 
sealed· with a plastic cap and placed in a walk-in hot 

• Author to whom correspondence should be addressed. 

0 I 08-2701/91/051015-04$03.00 

room at 310 (1) K. Very slow evaporation at high 
temperature yields excellent quality crystals for all 
compounds in this series and many other com­
pounds. However, the benefits or effects of crystal­
lization at the elevated temperature over room 
temperature have not been further evaluated. The 
crystal used for data collection had approximate 
dimensions 0·30 x 0·35 x 0·35 mm. Oscillation and 
Weissenberg photographs were used to detennine the 
crystal system and preliminary cell dimensions. 
Systematic absences (hkl, h + k ;,I! 2n; hOl, h,l ;c 2n) 
are consistent with the space groups C2/c or Cc. A 
body-centred orthorhombic cell was also consistent 
with the orientation angles but not with the diffrac­
tion pattern observed on the photographs. Equiva­
lent reflections (hkl and likl) of the orthorhombic cell 
had different intensities. The highest symmetry 
monoclinic space group was selected for the first 
structure determination attempt and proved to be 
correct. Enraf-Nonius CAD-4 diffractometer, 
Cu Ka radiation (A = l ·5418 A), Ni filter, 8/28 scan 
method. Unit-cell dimensions and orientation matrix 

Fig. I. Schematic diagrams of the structures of the non-steroidal 
aromatase inhibitors: (I), CGS l4796C, the title compound; (II), 
aminoglutethimide; (Ill), CGS 16949A; and (IV), CGS 183208. 

© 1991 International Union of Crystallography 
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were determined from 25 reflections with 41 ·66 < 28 
< 58·76°. 5373 total data with 3·0 < 29 < 154·0°, 
- 35 < h < 35, 0 < k < 12, - 1 < l < 24. Intensities of 
six standard reflections (119, TI,1,2, 912, 533, TI,3,9, 
261) were monitored every 3 h but did not decline 
significantly. Orientation checks were made after 
every 400th intensity measurement. Lorentz and 
polarization corrections were applied but an absorp­
tion correction was not considered necessary. Of the 
3992 unique data (~nt = 0·025), 3290 had F > 3u(F). 
u(F) was calculated according to Stout & Jensen 
(1968): cr(F) = (k/4Lpl)[cr(J) + (0·011)2]. The struc­
ture was determined by direct methods using the 
program MULTAN (Germain, Main & Woolfson, 
1971) and refined by full-matrix least squares, mini­
mizing I[w(F., - F.,)2] where w = 1/cr(F) for the data 
with F> 3u(F). Coordinates for all H atoms, except 
the one bonded to 0(25), were determined from 
difference maps and refined with the non-H atoms 
after the anisotropic refinement had converged. The 
maximum value of the shift/e.s.d. du.ring the last 
cycle of refinement was 0·04. Two reflections were 
considered mismeasurements on the basis of a 8R 
plot (Abrahams & Keve, 1971) and not included in 
the refinement during the last cycles. Final R values 
are R = 0·067, wR = 0·078 for the 3285 data included 
in the refinement (335 parameters) and R..u = 0·075 
for all 3992 data; S = 3·091. The R values are some­
what higher than expected because of the higher 
thermal motion or disorder of the succinic acid 
molecule and because of high correlations caused by 
the large /J angle. 45 correlation coefficients were 
greater than 0·75. 0(26) has the highest thermal 
parameter and the two largest positive (0·520 and 
0·379 e A. - 3) and the most negative (-0·664 e A. -3) 

peaks in the final difference map are within l · 5 A 
from it. The remaining maximum and minimum 
densities of the map are 0·301 and -0-303 e A- 3_ 

Atomic scattering factors and dispersion corrections 
were.taken from International Tables/or X-ray Crys­
tallography (1974, Vol. IV, pp. 71-147). Other pro­
grams used include Blessing's (1987) data reduction 
pack.age, locally modified refinement and structure 
analysis programs based on programs in the Enraf­
Nonius SDP package (1979), and the plotting pro­
gram ORTEPII (Johnson, 1976). 

Discussion. Atomic coordinates and equivalent iso­
tropic thermal parameters are listed in Table 1. • Fig. 
2 shows the molecular conformation of (I) and the 
numbering scheme used. Selected bond lengths, bond 

• Lists of structure factors, anisotropic thermal parameters, full 
bond .lengths and angles. and torsion angles have been deposited 
with the British Library Document Supply Centre as Supplemen­
tary Publication No. SUP 53492 {36 pp.). Copies may be obtained 
through Toe Technical Editor, International Union of Crystallog­
raphy, 5 Abbey Square, Chester CHI 2HU, England. 

Table 1. Atomic coordinates ( x 104 for non-H atoms; 
x 103 for H atoms) and equivalent isotropic thermal 

parameters (A.2 x 10) for the succinic acid complex of 
(I); e.s.d. 's are given in parentheses 

C(2) 
C(3) 
C(S) 
C(6) 
C(7) 
C(8) 
C(9) 
C(I0) 
C(ll) 
C(l2) 
C(l3) 
C(l5) 
C(l7) 
C{IS) 
N(l) 
N(4) 
N(l4) 
N(!6) 
C(20) 
C(22) 
C{'.3) 
C(24) 
0(19) 
0(21) 
0{25) 
0(26) 
H(2) 
H(3) 
H(S) 
H(6a) 
H(6b) 
H(7) 
H(8a) 
H(Sb) 
H(9a) 
H(9b) 
H(IO) 
H(l la) 
H(llh) 
H(l2'1) 
H(l2b) 
H(lla) 
H(l3b) 
H(15) 
H(l7) 
H(l8) 
H(Ol9) 
H(22o) 
H(22b) 
H(23a) 
H(23b) 

Bcq -(l/3)~L1Buata/a,.a1. 

X 

7487 (2) 
7804 (2) 
8273 (I) 
7675(2) 
7851 (I) . 
7742 (I) 
7894 (I) 
8569 (I) 
8693 (2) 
8S49 (I) 
90')8(1) 
914! (I) 
9329 (2) 
9267 (I) 
779S (I) 
8297 (I) 
9145 (I) 
9248 (I) 
9471 (I) 
9888 (2) 
9527 (2) 
9173(1) 
9759 (1) 
8945 (I) 
8898 (l) 
9144 (3) 

717(1) 
769 (l) 
8SS(l) 
794 (2) 
718 (2) 
7SI (I) 
729 (2) 
802 (I) 
mc21 
779 (I) 
858 (l) 
1143 (ll 
908 (2) 
886 (I) 
861 (I) 
898 (I) 
949 (1). 
902 (I) 
941 (2) 
927 (2) 
944 (2) 

1008 (2) 
1024 (2) 
919 (2) 
983 (I) 

y 
2190 (3) 
2308(4) 
3683 (4) 
3250(3) 
1978 (3) 
22.28 (4) 
960 (3) 
395(3) 
223(3) 

lS2I (3) 
1269 (3) 
2033 (3) 

129 (4) 
-170 (3) 
30n (2) 
3255 (3) 
1056 (2) 
1508 ()) 
3515 (3) 
4073 (4) 
4902 (3) 
4055 13) 
2544 (2) 
3972 (2) 
4749 (3) 
2841 (3) 

180(3) 
185 (3) 
437 (3) 
400(4) 
348 (3) 
121 (2) 
253 (3) 
299(3) 

27 (3) 
118 (3) 

-45 (2) 
-59 (3) 
-s {3) 
231 (3) 
130(2) 
231 (3) 
108 (3) 
299 (3) 
-44 (3) 
-99(3) 
210 (4) 
334 (3) 
489 (SJ 
SSB (4) 
559 (3) 

: 
3426 (2) 
4359 (3) 
4125 (2) 
2429 (2) 
2188 (2) 
1305 (2) 
1022 (2) 
18.ll (2) 
2733 (2) 
3010 (2) 
2024 (2) 
813 (2) 
487 (2) 

1106 {2) 
3293 (I) 
4792 (2) 
131S(I) 
302 (2) 

-9$4 (2) 
-1116 (2) 
-2014 (2) 
-2889 (2) 
-315(1) 

-1330(1) 
-3650 (2) 
-2905 (2) 

302 (2) 
468 (2} 
417 (2) 
258 (2) 
187 (2) 
198 (l) 
74 (2) 

146 (2) 
79 (2) 
39 (2) 

165 (2) 
262 (2) 
326 (2) 
323 (2) 
3S6 (2) 
196(2) 
260 (2) 
79 (2) 
20 (2) 

139 (2) 
-10(3) 

-114 [2) 
-47 [3) 

-210(3) 
-196(2) 

».. 
S6 (2) 
67 (2) 
60 (2) 
56 (2) 
45 (ll 
Sl (I) 
56 (I) 
47 (I) 
56 (2) 
48 (1) 
48 (I) 
Sl (I) 
61 (2) 
SJ (2) 
49(1) 
67 (I) 
43 (I) 
60 (I) 
50 (I) 
65 (2) 
S6 (2) 
57 (2) 
71 (l) 
66 (I) 
85 (2) 

115 (3) 
54 (1) 
80 (8) 
76 (8) 
94 (JO) 
85 (8) 
SI (5) 
95 (9) 
61 (7) 
87 (9) 
63 (7) 
45 (SJ 
80 (8) 
80(9) 
Sl (6) 
41 (5) 
SI (5) 
59(6) 
69 (7) 
77 (8) 
83(9) 

131 (12) 
78 (9) 

139 {14) 
107 (II) 
71 (7) 

angles and torsion angles are listed in Table 2. The 
structure is described as the complex of (I) with 
succinic acid, rather than the ion pair because H(l9) 
is closer to 0(19) than to N(l6). The hydrogen bonds 
between the molecules are very strong. The hydrogen 
bond geometry is as follows: O(19}-H(l9)···N(l6) 
(x, y, z): O···N 2·610(5), 0-H 1·28(7), H· .. N 
1 ·35 (7) A, 0-H .. ·N 167 (3)0

; and O(25) .. ·N(4)(x, y, 
-1 + z): O···N 2·648 (4) A. The long O(19}-H(19) 
bond length may be a result of the strength of the 
hydrogen bond. The H atom of the other bond, 
O(25)···N(4), could not be located. A complex of 
neutral molecules was also observed in the structure 
of (IV) which was also determined as the complex 
with · succinic acid (Van Roey, Bullion, Osawa, 
Browne, Bowman & Braun, 1990). 
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Table 2. Selected bond lengths (A), bond angles (0
) 

and torsion angles (0
) for the succinic acid complex 

o/(I) 

C(2)-N(I) 1·336 (6) 
C(3)-N(4) 1·373(S) 
C(S)-N(4) 1·304 (6) 
C(6)-N(I) 1·459 (6) 
C(IS)-N(16) 1-310(6) 
C(l7)-C(l8l 1·344 (7) 
C(l0)-0( 19) l-301 ()) 
C(20)--0{21) 1·205 (4) 
C(20)-C(22) M06(7) 
C(22)-('(2J) H04(S) 

N( I J-C(2J-C(3) lOS·l (3) 
N(l,-C(S)-N(4) 111'7 (2) 
C(2)-C(JJ-N(4) 109·8 (3) 
C(2)-N(l)-C(6) 127-0 (2) 
C())-N(4J-C(5) 105·4 (3) 
C(2)-N(l)-C(S) 107-8(2) 
C(5}-N(l)-C(6) 125-0 (2) 
0( 19J-C(20)-()(2 I) 123·4 (2) 
C(23J-C(24)-0(2SJ 114·4 ()) 
C(23J-C(24)-Q(26) 124·3 ()) 

C(7>-{:(6)-N{l)-C(S) 108·1 (4) 
C(7)-C(6)-N(IJ-C(2J -65·4 {4) 
N(l)--{:(6)-C(7}-C(8) -177-9 (3) 
N(IK(6)-C(7)-C(l2) - 54-8 (4) 
0{19J-C(20)-C(22)-C(13) 164·1 (3) 
0(21)-C{20}-C(22)-C(23) -20·2 (S) 
C(20)-C(22)-C(23)-C(24) - 79·S (4) 

C(2)-C(3) l·lS4 (6) 
C(S)-N(I) 1-lll ()) 
C(U)-N(l4) 1·467 (S) 
C(I SJ-N(l4J 1·348 (SJ 
C(l7}-N(l6) 1·366 (4) 
C( 18)-N(l◄J 1·375(4) 
C(23)-C(24) 1·486 (4) 
C(24)--0(25) 1·282 (4) 
C(24)-()(26) 1·182 (4) 

C(i3)-N(l4J-C(J8) 126-3 (2) 
N(l4)-C(IS)-N(l6) 111·6 (2) 
N(l6)-C(ll)-C(l8) 110-0 ()) 
C(IS)-N(l6)-C(l7J 105·7 (2) 
C(ll)-N(l4J-C(IS) 127-0(2) 
C(IS)-N(l4)-C(l8) 106-4(2) 
N(l41-C(l8)-C(l7) 106·3 (2) 
0(19)-C(20)-C(22) 112'7(2) 
0(2 l)-C(20)-C(22) 123-8(2) 
0(2SJ-C(24)-Q(26) 121·2 (l) 

C(l lK(10)-C(l3)-N{l4) 158·9 (l) 
C(9)-CO 0)-C(l J>-N( 14) - 76· 2 (3) 
C(IOK(ll}-N(l4J-C(IS) 128·4 (3) 
C(IO)-C(ll}-N(l4J-C(l8) - 58-8 (4) 
C(22K(2l)-C(24}-0(2S) - 17S·7 (l) 
C(22)-C(2lKC24}-0(26l 3-3 (6l 

Both imidazole rings are very planar with r.m.s 
deviations from pl;marity of 0·025 and 0·026 A for 
the rings containing N(l) and N(l4), respectively. 
The cyclohexyl ring has a nearly perfect chair confor­
mation with no torsion angle differing by more than 
4·8° from the average value of 54·4 (7)0

• One of the 
imidazolylmethyl substituents, C(6), is equatorial 
and the other, C( 13), is axial. The links between the 
cyclohexyl ring and the imidazolylmethyl substit­
uents are in extended conformations, especially at 
the side of the equatorial substitution. The C( 6)­
N ( l) bond is trans to the endocyclic C(7)-C(8) 
bond, while the N(l4)-C(l3) bond deviates by 
about 20° from coplanarity with C(IO)-C(l I). The 
angle between the planes of the imidazole rings is 
120· l (7)°. 

The C(23)-C(24), C(24)-0(25) and C(24)-
0(26) bond lengths appear significantly shortened, 
owing to the high thermal motion of that part of the 
succinic acid molecule. The angle between the two 
planar carboicyl groups is 92·2 (9)0

• 

Fig. 3 shows the crystal packing. The structure is 
composed of helical chains along the c axis of 
alternating molecules of (1) and succinic acid con­
nected by strong hydrogen bonds as described earli­
er. No other intennolecular contacts shorter than 
3·45 A are observed. 

Banting et al. (1988) proposed that imidazole­
containing non-steroidal aromatase inhibitors bind 
in the active site in the place of the A ring of the 
steroid and that this would position the imidazole 
ring in a plane perpendicular to the steroid location 
and allow for interaction of the imidazole nitrogen 

with the haem group in the active site of the enzyme. 
It is conceivable that compound (I) could bind in the 
place of the steroid molecule but the observed 
conformation is not consistent with the required 
imidazole orientation. 

The analysis of the structures of the more rigid 
compounds (III) and (IV) (Van Roey, Bullion, 
Osawa, Browne, Bowman & Braun, 1990) showed 
that both compounds have N atoms at the extreme 
ends of the molecules that are between 8· 5 and 9·0 A 
apart. This arrangement may be important for the 
interaction of the inhibitors with the enzyme. The 
distance between the two free imidazole N atoms in 
(I) is 10·77 (1) A. However, distance map calcula­
tions using SYBYL (Tripos Associates, Inc., 1988) 
have shown that confonnations that have 
N(4)· .. N(l6) distances between 8·25 and 9·0 A are 
accessible without obvious increases in molecular 
energy (P. Van Roey, unpublished work). Therefore, 
although (I) differs substantially in structure from 
other inhibitors, it could bind in a similar manner as 
(III) and (IV). 

Fig. 2. Structure of the succinic acid complex of (l), showing the 
numbering scheme used in the text. Thermal ellipsoids are 
shown at 50% probability levels. 

Fig. 3. Stereo packing diagram of the succinic acid complex of (I) 
viewed approximately down the a axis. The c: axis is vertical and 
the b axis is horizontal. Note the helical strings of alternating 
donor and acceptor molecules parallel with the c axis. 
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Structure of Sodium 1,2,3,4-Thiatriazole-5-tbiolate Dihydrate and 5-Benzoylthio-
1,2,3,4-tbiatriazole 

BY CRAIG A. PERMAN AND W. B. GLEASON* 

Corporate Research Laboratories, 3M Company, 3M Center, St Paul, MN 55144, USA 

(Received S January 1990; aceepred 28 August 1990) 

Abstract. Sodium 1,2,3,4-thiatriazole-5-thiolate (A) 
dihydrate, Na+ .C$iN3.2H2O, M, = 177· 18, mono­
clinic, ni1n, a= 5·821 (2), b = 18·494 (7), c = 
6·786 (3) A, fJ = 114·84 (3)0

, V = 663•0 A3 Z = 4, Dx 
= 1·77 gcm-3, A(Mo Ka)= 0·71073 A, µ, = 
7·6 cm- 1

, f{OOO) = 360, T= 173 (1) K, R = 0·024 for 
1160 observed reflections. 5-Benzoylthio-1,2,3,4-
thiatriazole (B), CsH5N3OS2, M, = 223·28, triclinic, 
PT, a=7·420(3), b=11·115(2), c=5·642(l)A, a 
= 91 · 50 (2), fJ = 98·42 (2), 'Y = 79·68 (2)0

, V = 
452·8 A3, Z= 2, D,,= 1·64 gcm- 3

, A(Mo Ka)= 
0·71073 A, µ. = 5·3 cm- 1, f{OOO) = 228, R = 0·026 
for 1435 observed reflections. The structure of the 
reaction product of sodium azide and carbon disul­
fide is unequivocally established as (A). The exocyclic 
C-S bond length is l ·704 (1) A in contrast with the 
bond length of l · 580 A predicted by MNDO 
methods [Conti, Franco & Trsic (1986). lnorg. Chim. 
Acta, 113, 71-74]. Benzoylation of (A) is established 
to occur at the exocyclic S atom rather than at an N 
atom of the thiatriazole ring, yielding (B). 

"To whom correspondence should be addressed: Department 
of Biochemistry, University of Minnesota, Minneapolis, MN 
55455, USA. 

0108-2701/91/051018-0003.00 

Introduction. Brown & Hoel (1922) reported the reac­
tion of carbon disulfide and sodium azide to give 
what was thought to be an azidodithiocarbamate (I). 
From infrared spectroscopic measurements Lieber, 
Pilli, Ramachandran & Hites (1957) concluded that 
the reaction product was actually the 1,2,3,4-
thiatriazole-5-thiolate anion (II). Discussion has con-

(Il) 

tinued concerning the. structure of (II) and its pro­
tonated form as to whether the thiol (Ila) or the 
thione (IIb) structure is the major resonance contri­
butor (Lieber, Oftedahl & Rao, 1961; Christopher­
son & Holm, 1971); L'abbe, Toppet, Willocx & 
Mathys, 1977). Recently the MNDO method has 
been applied to the problem and Conti, Franco & 
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The carboxylic acid-primary amide supramolecular hetero­
synthon is exploited for the generation of pharmaceutical 
co-crystals that contain two active pharmaceutical ingredients 
that are polymorphic in their pure forms. 

That crystal engineering has matured into a fmm of supramole­
cular synthesis is the consequence of several decades of research 
focused upon gaining a better m1derstanding of the forces that 
sustain and direct crystal structures. 1 The fundamental precept of 
crystal engineering is that crystals are in effect "supermolecules",2 

the result of a series of directional. and therefore predictable. 
molecular recognition events or supramolecular synthons.3 A 
salient feature of crystal engineered structures is that they are 
designed from first principles and can therefore consist of a diverse 
range of chemical components as exemplified by coordination 
polymers (i.e .. metals and organic ligands).4 polymers sustained 
by organometallic linkages5 and hydrogen bonded organic 
networks. 1

"·'·
6 Active pharmaceutical ingredients, APis. are 

extremely valuable materials so it is perhaps surprising that crystal 
engineering has only recently addressed APis via development of a 
fourth class of API, phannaceutical co-crystals.7 Whereas co­
crystals have lorig been known as addi1ion compoundi or organic 
molecular compounds9 the Cambridge Structural Database, CSD, 10 

indicates that they remain relatively unexplored with very few 
entries prior to 1960 and even now there are only ca. 1450 hydro­
gen bonded co-crystals vs. almost 35,000 hydrates. The potential 
benefits of co-crystals include the generation of novel NLO 
materials, 11 solvent-free organic synthesis. 12 modification of 
photographic films 13 and formulation of APis,7

·
14 which is the 

focus of this contribution. 

Piracetam, 1 Gentisic acid, 2 p-l·lydroxybenzoic acid, 3 

Pharmaceutical co-crystals, i.e., co-crystals that are fom1ed 
between an API and a co-crystal fonner that is a solid under 

0 Department of Chemistry, Uni1•ersity of South Florida, SCA 400, 4202 
E. Fowler Avenue, Tampa, Florida, USA. E-mail: xtal@usfedu; 
Fax: +I 813 974 3203; Tel: +I 813 974 4129 
"TransForm Pharmarefllicals, Inc., 2.9 Hartwell Al'enue, Lexington, 
Mnssochusetls. 02421. USA 
t Electronic supplementary infom1ation (ESI) available: Experimental 
details of solvent drop grinding, PXRD spectra and interpenetration in S. 
See http://dx.doi.org/10. l039/b50l 304f 
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ambient conditions, represent a new paradigm in API formulation 
that might address important intellectual and physical property 

issues in the context of drug development and delivery. In this 
contribution we demonstrate how the carboxylic acid-'primary 
amide supramolecular heterosynthon 7c C'dn be exploited to generate 
phaimaceutical co-crystals of a polymorphic APl, piracetam, 1, 15 

in which the co-crystal formers are also polymorphic and APls in 
their own right: gentisic acid, 2, 16 and p-hydroxybenzoic acid, 3. 17 

Piraceta.m, (2-oxo-1-pyrrolidinyl)acetamide, 1. is a nootropic 

drug that works to boost intelligence by stimulating the central 
nervous system. 18 Four polymorphic forms of 1 have been 
reported 15 although only three, refcode BISMEV, have been 
deposited in tl1e CSD. No co-crystals, solvates or hydrates have 

been reported although one study suggests that 1 may exhibit as 
many as 6 polymorphs. 19 Gentisic acid. 2,5-dihydroxybenzoic acid, 
2. is an aspirin metabolite that exhibits NSAID activity. 20 Gentisic 
acid exhibits two polymorphic fonns21 and forms co-crystals with 
piperazine-:!,5-dione and L-proline. ~2 Single crystals of the I: I 

co-crystal of piracetam and gentisic acid, 4. were obtained vil1 slow 
evaporation from acetonitrile. Co-crystal 4 can also be prepared 
via grinding or slurrying in water. Co-crystal 4 was characteri.7..ed 
by IR, melting point, DSC. PXRD and single crystal X-ray 
diffraction.~3 ll1e carboxylic acid-amide supramolecular hetero­

synthon has been long documented24 and 71 of the 153 structures 
in the CSD that contain both a carboxylic acid and a primary 
amide are sustained by this interaction. It would therefore be 
unsurprising if the acid-amide supramolecular heterosynthon 
were lo occur in 4 and. as revealed by Fig. la, this is indeed the 
case. TI1e remaining H-bond donors are satisfied as follows: 

the :!-hydroxy group of gentisic acid fonns an intramolecular 
hydrogen bond and acts an ac.ceptor to the anti-oriented NH of 
the primary amide; the 5-hydroxy group of gentisic acid serves as a 
hydrogen bond donor to the ring carbonyl of piracetam (Fig. I b). 
The resulting network exhibits 4.4-topology and it is 2-fold 
interpenetrated (Fig. Jc). 

Piracet.am also forms a I: I co-crystal with p-hydroxybenzoic 
acid, 5. Co-crystal 5 can be crystallized from acetonitrile via slow 
evaporation. Co-crystal 5 can also be prepared via grinding or 
slurrying in water. The crystal stmcture of 5~5 reveals the presence 
of the acid-amide supramolecular heterosynthon which in tum 

dimerizes to fonn a tetrameric motif sustained by N-H · · ·O 
hydrogen bonding (Fig. 2). This tetrameric motif is found in JO 
04%) of the 71 structures in the CSD that contain acid-amide 
supramolecular heterosynthons.~6 The ring carbonyl of pinu.:ctam 
molecules and the hydroxy group of 3 H-bond each tetra.mer to 

four others, thereby affording a 3-fold interpenctrated network. 
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Fig. 1 (al The carboxylic acid-amide supramolecular heterosynthon in 
the I: I co-crystal of pirncetam and gentisic acid. 4. Structural parameters: 
0-HaarO = 2.590(15) A. N-H,J,. .. ,o = 2.907(18) A, N-Hun,("0 = 
2.944( J 9) A. (b) A portion of the hydrogen bond network in 4. (c) A space­
filling model of the 2-fold interpenetration that occurs in 4. 

That APis are promiscuous in the context of polymorphism is a 
critical issue for the phannaceutical industry:27 from a regulatory 
perspective it has been established that bioactivity can change 
between forms: from an intellectual property perspective, poly­
morphic forms are established in law as discrete materials and new 
forms can be patented. We have therefore investigated the general 
occurrence of polymorphism in existing co-crystals. A CSD search 
revealed only eleven examples of polymorphism in hydrogen 
bonded co-crvstals for which coordinates are available for two or 
more forms. 28 Interestingly, the polymorphism in these eleven co­
crystals can be attributed to confom1ational flexibility or different 

4602 I Chem. Commun., 2005, 4601--4603 

Fig. 2 (a) The carboxylic acid-amide supramolecular heterosynthon in 

the tetrameric motif that sustains 5. Structural parameters: O-Hacid' · ·O = 
2.598(3)A. N-H_,,.,,·--O = 2.955(3) A. N-Hmut··O = 2.908(3) A. (b) A 
portion of the hydrogen bond network in 5. 

packing between layers, i.e., the hydrogen bonded supramolecular 
synthons are consistent. Co-c1ystals 4 and 5 were therefore screened 
for the existence of polymorphs using solvent-drop grinding, a 
technique that has been shown to be able to generate and control 
polymorphism.29 Mechanical grinding experiments were con­
ducted in reaction vessels by adding gentisic acid or p-hydroxy­
benzoic acid to solid piracetam fom1 A A group of 23 solvents 
(water, acetone, methanol, ethanol, ethyl acetate, n-hexane, toluene, 
acetonitrile, tetrahydrofuran, isopropyl acetate, benzyl alcohol, 
nitromethane. dimethyl an1ine, 2-butanol, ethyl formate. acetic 
acid, methyl ·ethyl ketone. methyl terr-butyl ether, chlorobenzene. 
N-methyl pynolidone, 1,2-dichloroethane, dimethyl sulfoxide and 
dimetho.xyethane) was evaluated by adding a different solvent to 
each well. The samples were ground for 20 minutes and charac­
terized using powder X-ray diffraction. Co-crystals 4 and 5 were 
also obtained by slurrying 0.62 mmol ofpiracetam and 0.62 mmol 
of gentisic acid or p-hydroxybenzoic acid in water (IOOµL) for 60 
or 16 hours. respectively. Co-crystals 4 or 5 were obtained from all 
grinding and slunying reactions as a mixture with one or both of 
the starting materials, i.e .. co-crystals 4 and 5 do not exhibit poly­
morphism based on a series of solvent-mediated grinding experi­
ments (See ESI for experimental details and PXRD spectrat). 

In summary, · we address herein the use of supramolecular 
hcterosynthons, in particular the carboxylic acid-primary amide 
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dimer, to crystal engineer phannaceutical oo-crystals from pairs of 
AP ls that are polymorphic in their pure fom1s. An analysis of the 
CSD and evaluation of new pharmaceutical co-crystals suggests 
that these co-crystals are robust enough to be prepared via 
solution, slurry or solid-state metl10ds and that they appear to be 
less prone to polymorphism than the corresponding single 
component APls. However, it should be stressed that the amount 
of data available concerning the extent of polymorphism in 
co-crystals remains minimal and that one will not be able to make 
definitive conclusions even if exhaustive higll throughput screen­
ings are oonducted. 
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X-ray crystal structures of pyrazinic acid l and isomeric methylpyrazine carboxylic acids 2-4 are 
analyzed to examine the occurrence of carboxylic acid-pyridine supra.molecular synthon Vin these 
heterocyclic acids. Synthon V, assembled by (carboxyl)O-H···N(pyridine) and (pyridine)­
C-H···O(carbonyl) hydrogen bonds, controls self-assembly in the crystal structures of pyridine and 
pyrazine monocarboxylic acids. The recurrence of acid-pyridine heterodimer V compared to the 
more common acid-acid homodimer I in the crystal structures of pyridine and pyrazine 
monocarboxylic acids is explained by energy computations in the RHF 6-31G* basis set. Both the 
0-H•··N and the C-H•··O hydrogen bonds in synthon V result from activated acidic donor and 
basic acceptor atoms in 1-4. Pyrazine 2,3- and 2.5-dicarboxylic acids 10 and 11 crystallize as 
dihydrates with a (carboxyl)O-H···O(water) hydrogen bond in synthon VII, a recurring pattern in 
the diacid structures. In summary, the carboxylic acid group forms an 0-H .. ·N hydrogen bond in 
pyrazine monocarboxylic acids and an 0-H···O hydrogen bond in pyrazine dicarboxylic acids. This 
structural analysis correlates molecular features with supramolecular synthons in pyridine and 
pyrazine carboxylic acids for future crystal engineering strategies. 

Introduction 

The retrosynthesis of crystal structures from multi­
functional molecules may be carried out with supra­
molecular synthons,1 defined as structural units within 
supermolecules that can be assembled by hydrogen bonds 
and/or intermolecular interactions. Thus, crystal engi­
neering2 is a kind of supramolecular (noncovalent) syn­
thesis of target crystal structures with hydrogen bonding 
as the key recognition element between molecules. 1·3 

0-H .. ·O, 0-H--·N, and N-H•··O hydrogen bonds4 are 
frequently used to construct crystalline architectures5 

because of their strength and directionality. Supramo­
lecular synthons assembled with weak hydrogen bonds 
(C-H···O, C-H···N) 6 and heteroatom interactions 
(Br···Br, I···O, I···N) 7 have emerged in complementary 
strategies.8 These studies have advanced our understand­
ing of hydrogen bonding and heteroatom interactions for 
the construction of target nanostructures with desired 
architectures and functions. Some applications of su­
pramolecular chemistry in organic synthesis include 
enantioselective reactions in a chiral host lattice,9 ca-
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talysis in the constrained microenvironment, 10 and ste­
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aligned in the crystal. 
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Scheme 1. Hydrogen Bond Synthons of Carboxylic Acid Discussed in This Paper 
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Hydrogen bond patterns of carboxylic acids in the solid 
state 12 are summarized in Scheme 1. Carboxylic acids are 
well known to fonn centrosymmetric dimer I as the 
dominant recognition motif; however, hydrogen bond 
catemer {or chain) II and single- and double-bridged 
aggregation motifs III and IV incorporating one and two 
alcohol (or water) molecules, respectively, are also 
known. 12d There is a one-to-many relationship between 
the functional group present in the molecule and su­
pramolecular synthons observed in the crystal structure, 
even for a strong O-H···O hydrogen bonding group like 
CO2H. From a supramolecular retrosynthesis perspec­
tive, only those synthons that occur repeatedly in crystal 
structures, namely, robust synthons, 13 are useful in 
crystal design. In this context, the occurrence frequencies 
of 75 common ring motifs assembled with O/N-H···O/N 
hydrogen bonds in the Cambridge Structural Database 
(CSD, October 1996, ca. 160 000 entries) were classified 
recently. 14 Carboxylic acids are the second most common 
category of molecules archived in the CSD, with an 
occurrence frequency of 33% for dimer I formation. 
Furthermore, the probability increases to 96% in rnono­
carboxylic acids when competing donor and acceptor 

(10) (a) Aoyama, Y. Top. Curr. Chem. 1998. 198. 131 and references 
therein. (b) Nakash. M.; Clyde-Watson, Z.: Feeder, N.; Davies, J. E.: 
Teat, S. J.: Sanders, J. K. M. J. Am. Chem. Soc. 2000, 122, 5286. 

(11) (a) Ramamurthy, V.; Venkatesan, K. Chem. Rev. 1987, 87, 433 
and references therein. (b) Kane J. J.: Liao, R.-F.; Lauher, J. W.; 
Fowler, F. W. J. Am. Chem. Soc. 1995, 117, 12003. (c) Coati,.s, G. W.: 

;= 
H·····N -{ r-
N·····H 
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VIII 

VI 
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I '• . 0 
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)=o····Wo 
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groups are absent, making synthon I a robust and 
reliable crystal design element. 

A perusal of supramolecular synthon schemes1-13-14 

shows that there are examples of bimolecular motifs with 
two strong hydrogen bonds or with two weak hydrogen 
bonds, but motifs with one strong and one weak bond 
are rare. However, as more crystal structures are depos­
ited in the CSD (April 2001, 233 218 entries), new 
hydrogen bond patterns are discovered. A very recent 
database study15 on carboxyl donors shows that recogni­
tion of CO2H with pyridine is favored 10 times more 
through an O-H···N hydrogen bond compared to dimer 
I and catemer II motifs with itself. The participation of 
a weak C-H .. ·O hydrogen bond between the pyridine 
and the acid results in heterodimer ring motifV. To our 
knowledge, synthon V is the only example of a mixed 
strong-weak hydrogen bonded motif, O-H•··N and 
C-H···O, that has been systematically exploited in the 
crystal engineering of molecular complexes by a number 
of research groups. 16 These studies indicate that an acid­
acid dimer (O-H· .. O) does not generally form when the 
pyridine functional group is present. However, both 
O-H···N and N+-H ... o- hydrogen bondings are possible 
depending on the acidity of the CO2H group and the 
basicity of the pyridyl moiety. For example, adducts of 
formic acid with pyridine crystallize as a l: l molecular 
complex and a 4:1 ionic salt.17 In a variation to synthon 
V, and yet containing one strong and one weak hydrogen 
bond, supramolecular assemblies of predictable one- and Dunn, A. R.: Henling, L. M.: Ziller, J. W,; Labkovsky, E. B.; Grubbs, 

R.H. J. Am. Chem. Soc. 1998. 120, 3641. (d) Xiao, J.: Yang. M.: Lauher. 
J. W.: Fowler, F. W. Angew. Chem .. Int. Ed. 2000, 39, 2132. (e) 
MacGillivray, L. R.; Reid. J, L.: Rlpmeester, J. A. J. Am. Chem. Soc. 
2000, 122, 7817. (f) Feast, W. J.: Lovenich, P. W.: Puschmann. H.; 
Taliani. C. Chem. Commun. 2001, 505. (g) Scheffer, J. R.; Scott, C. 
Science 2001, 291, 1712. (h) Irie, M.: Kobatake, S.: Horichl. M. Science 
2001, 291, 1769. (i) Yang. Z.: Ng, D.; Garcia-Garibay, M. A. J. Org. 
Chem. 2001, 66, 4468. 

· two-dimensional arrays were constructed using cocrystals 
of carboxylic acids with phenazine (synthon VI). 18 Car-

(12) (a) Leiserowitz, L. Acta Crystallogr. 1976, 832. 775. (b) Ref 2, 
pp 129-132. (c) Bernstein, J.: Etter. M. C.: Leiserowitz, L. In Structure 
Correlatiorr. Biirgi. H.-B., Dunitz, J. D .. Eds.; VCH: Weinheim, 1994: 
Vol. 2. (d) Ko!otuchin, S. V.; Fenlon. E. E.: Wilson, S. R.: Loweth, C. 
J.: Zimmerman, S. C. Angew. Chem .. Int. Ed. Engl. 1995. 34, 2654. 

(13) Nangia, A.; Desiraju, G. R. Top. Curr. Chem. 1998, 198, 57. 
(14) Allen, F. H.; Motherwell, W. D. S.: Ralthby, P.R.: Shields, G. 

P.: Taylor, R. New J. Chem. 1999, 23. 25. 

(15) Steiner, T. Acea CrystalJogr. 2001, B57, 103. 
(16) (a) Sharma. C. V. K.; Zaworotko, M. J. Chem. Commun. 1996, 

2655. (b) Palmore, G. T. R.; McBride, M. T. Chem. Commun. 1998, 
145. (c) Ferguson. G.; Gl!deweH, C.: McManus, G.D.; Meehan, P.R. 
Acta Crystallogr. 1998, C55, 418. (d) Pedireddi, V. R.; Chaterjee, S.; 
Ranganathan, A.; Rao, C. N. R. Tetrahedron 1998, 54, 9457. (e) Lough. 
A. J.: Wheatley, P. S.: Ferguson, G.: Glidewell. C. Acta Crystallogr. 
2000, B56, 261. (f) Aakeroy, C. B.; Beatty. A. M.; Tremay,:ie. M.; Rowe. 
D. M.; Seaton. C. C. Cryst. Growth Des. 2001, I. 377. (g) Lynch, D. E.: 
McClenaghan, I. Acta Crystallogr. 2001, C57, 830. (h) Ishida, H.; 
Rahman, B.; Kashino, S. Acta Crystallogr. 2001, C57, 876. 

(17) Wiechert, D.; Mootz, D. Angew. Chem .. Int. Ed. 1999, 38, 1974. 
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Scheme 2. Pyridine and Pyrazine Carboxylic Acids Analyzed in This Paper. Pyrazine Ring Atoms Are 
Numbered as Shown in l, and the CH3 Group is C7 
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boxylic acids that are insoluble in conventional solvents 
can be crystallized from pyridine as solvates19 on the 
basis of the enthalpic advantage of multipoint recognition 
during crystallization. 20 

The examples cited above relate to molecular com­
plexes. While binary crystals are excellent systems to 
study new synthons and their robustness, difficulties in 
obtaining a particular cocrystal because of mismatched 
solubility between the two components is a vexing 
problem. For example, Jones and co-workers18 were 
interested in mixed crystals of terephthalic acid with 
phenazine to synthesize molecular tapes but instead had 
to use malonic acid because solubility considerations 
favored complexation with the latter acid. Generally, the 
more soluble component dictates the choice of comple­
mentary molecules in cocrystallization experiments. On 
the other hand, single-component crystals can be recrys­
tallized from a wide variety of solvents depending on the 
solubility profile of that particular molecule. Therefore, 
one can systematically study crystal packing character­
istics in a family of structures with the same functional 
group (e.g .. C02H, CONH2, OH) and different substitu­
ents (e.g., alkyl, phenyl. halogen), or with the same 
substituent in isomeric positions. Crystal engineering 
studies that deal with functional group - supramolecular 
synthon correlation in closely related structures continue 
to elicit interest from organic and supramolecular chem­
ists.5·8·21 By modifying the nature of donor and acceptor 
groups in a graded manner through chemical synthesis, 
it is possible to probe the supramolecular behavior of a 
particular synthon in the crystal. The idea in these 

(18) {a) Pedireddi. V. R.; Jones. W.; Chorlton, A. P.; Docherty, R. 
Chem. Commun. 1996, 997. (b) Batchelor, E.: Kllnowski, J.: Jones, W. 
J. Mater. Chem. 2000, JO. 839. 

(19) Anthony, A.; Desiraju, G. R. Supramol. Chem. 2001, 13, IL 
(20) Nangia, A.; Desiraju. G. R. Chem. Commun. 1999, 605. 
(21) {a) Schwiebert, K. E.; Chin, D. N.; MacDonald, J.C.; Whitesides, 

G. M. J. Am. Chem. Soc. 1996, J 18. 4018. (b) Bhyrappa, P.: Wilson. S. 
R.; Suslick, K. S. J. Am. Chem. Soc. 1997, 119, 8492. (c) Kuduva, S. 
S.: Craig, D. C.; Nangia, A.; Desiraju, G. R. J. Am. Chem. Soc. 1999, 
121, 1936. (d) Kuduva. S.S.: Blaser. D.: Boese, R.; Deslraju, G. R. J. 
Org. Chem. 2001, 66. 1621. 
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studies is to find out the extent to which one can perturb 
the molecule and still obtain the same or similar crystal 
packing and also the limit at which a different hydrogen 
bond pattern is adopted. 

Pyrazine carboxylic acids (Scheme 2), exemplified by 
pyrazinic acid 1, are a rare category of molecules in the 
CSD.22 In methylpyrazine carboxylic acids 2-4. the C02H 
group and the pyridine moiety are covalently linked, thus 
overcoming the necessity of preparing molecular com­
plexes as a route to studying synthon V. Crystal packing 
in some simple pyridine and pyrazine mono- and dicar­
boxylic acids may be summarized in the following man­
ner:23 acids 1, 23d 5, z3r 6,23• and 823h contain synthon V; 
923• and 1023c crystallize as dihydrates via motif VII. In 
view of the structural diversity observed in the published 
crystal structures,23 further studies on hydrogen bond 
patterns in pyrazine mono- and dicarboxylic acids will 
be useful in crystal engineering. The structures of acids 
2-4 and diacid 11 were determined by single-crystal 
X-ray diffraction with the following objectives: (1) To find 
out the occurrence of synthon V in the family of substi­
tuted pyrazinic acids. This crystallographic study will 
complement earlier reports on molecular complexes. (2) 
To examine the formation of 0-H···N and C-H···O 
hydrogen bonds in competing situations of donor acidity 
and acceptor basicity in the same crystal structure. (3) 

(22) Allen. F. H.; Kennard, 0. Chem. Des. Automat. News 1993, 8. 
31. The Cambridge Structural Database {April 200 I, 233 218 entries) 
was searched for synthon V from good quality (R < 0.10) organic crystal 
structures in the normal distance-angle range: O-H 00 •N (1.4-2.3 A. 
130-180'), C-H--·O (2.0-3.0 A. 110-180'). and the O-H and C-H 
distance was neutron normalized. Out of the 45 hits retrieved, 1 O 
structures are single-component crystals and 35 are molecular com­
plexes. The only example of a pyrazine carboxylic acid with synthon 
V in the database is 1. 

(23) (a) Takusagawa. F.; Hirotsu, K.: Shimada, A. Bull. Chem. Soc. 
Jpn. 1973. 46. 2020. (b) Takusagawa. F.; Hirotsu, K.: Shimada, A. Bull. 
Chem. Soc. Jpn. 1973. 46. 2292. (c) Takusagawa, F.; Shimada. A. 
Chem. Lert. 1973. 1121. {d) Takusagawa. F.; Higuchi, T.: Shimada. 
A.; Tamura, C.; Sasada. Y. Bull. Chem. Soc. Jpn. 1974. 47. 1409. (e) 
Takusagawa. F.; Shimada, A Acea Crystallogr. 1976, B32, 1925. (f) 
Kutoglu. A.; Scheringer, C. Acta Crystallogr. 1983, C39. 232. (g) 
Hamazakl, H.: Hosomi, H.: Takeda. S.: Kataoka. H.: Ohba, S. Acta 
Crystallogr. 1988, C54. e49. 
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Table 1. Crystallographic Data and Structure Refinement Parameters 

2 3 4 11 

empirical formula CsHsNzOz CsHsN2O2 CsHsN2O2 CsH◄N2O4•2H2O 
fw 138.13 138.13 138.13 204.14 
crystal system monoclinic monoclinic orthorhombic triclinic 
crystallization solvent ethanol/water hexane/EtOAc hexane/EtOAc 2Q% aqueous HCI 
space group P2,/n P21/c Pca21 Pl 
a[Al 4.1037(8) 5.0546(2) 14.494(3) 5.2101 (2) 
b[Al 11.597(2) 13.2795(6) 3.8090(8) 6.8261 (2) 
c!Al 13.556(3) 9.1067(4) 11.269(2) 6.8713(2) 
n [deg] 90 90 90 119.144(2) 
p [deg] 93.34(3) 95.315(3) 90 99.808(2) 
y [deg] 90 90 90 99.927(2) 
z 4 4 4 I 
volume [A3] 644.0(2) 608.64(5) 622.1(2) 200.85(1) 
;. [Al 0.7 l073 0.7l073 0.71073 0.71073 
D,.1c [g/cm3J 1.425 1.507 l.475 l.688 
µ [mm- 1] 0.110 0.116 0.114 0.153 
20 1·1 4.62-59.92 7.60-54.98 7.24-55.06 6.9-54.86 
range h 0 to 5 -6 to6 -18to18 -6 to 5 
range k 0 to 16 -17 to 16 -4 to 4 -8 to 7 
range l -18 to 18 -11 to 11 -14tol4 -8 to 8 
reflections collected 1870 8509 3793 1268 
unique reflections 1870 1392 1399 875 
observed reflections 1265 1174 1346 781 
R1 [/ > 2a(J)]" 0.063 0.040 0.027 0.032 
wR2 [all] 0.176 0.114 0.070 0.091 
TIKI 293(2) 123(2) 173(2) 153(2) 
Diffractometer Nonius CAD4 Nonius CCD NoniusCCD Nonius CCD 
Ck• [%]b 69.5 74.3 72.7 77.1 

0 R1 , crystallographic reliability index. b ck•, packing fraction calculated with PLATON.46 

Scheme 3. Synthesis of Methylpyrazine 
Carboxylic Acids 

Table 2. Geometrical Parameters of Hydrogen Bonds 

J(XC02H N CO H 

~on iJ 2 

2 Torr, 180 "C Me N Me N co,H 
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To calculate the energy of heterodimer V and homodimer 
I in order to explain the preference for synthon V in the 
crystal structures of pyridine and pyrazine monocarboxy­
lic acids. (4) The crystal structure of pyrazine-2,5-
dicarboxylic acid 11 contains synthon VII, a new motif 
common to pyrazine diacids. 

Results and Discussion 

Acid 2 was obtained by vacuum sublimation of diacid 
14 with concomitant decarbo,cylation. 243 Acids 3 and 4 
were synthesized by mono-oxidation of the corresponding 
dimethyl pyrazine with KMn04 (Scheme 3).24b Recrys­
tallization of 2 from 4: l EtOH/H20 and of 3 and 4 from 
n-hexane/EtOAc afforded diffraction quality single crys­
tals. Diacid 11 was recrystallized from 20% aqueous HCL 
Details of X-ray data collection on crystals of 2-4 and 
11 are listed in Table 1. The arrangement of molecules 
and hydrogen bonding interactions (Table 2) in these 
structures are analyzed and compared, specifically with 
reference to synthons V and VII. 

(24) (a) Leonard, F.: Spoerri. P. E. J. Am. Chem. Soc. 1946, 68,526. 
(b) Pitre. D.; Boveri, S.: Grabltz, E. B. Chem. Ber. 1966, 99, 364. (c) 
For preparation of pyrazine dicarboxylic and related acids. see: Jones. 
R. G.; McLaughlin. K. C. Organic Syntheses. Coll. Vol. 4, 1963. 824. 

acid H-bond d(A)s D(A) {} (deg) 

Ih O-H•··N< 1.68 2.66 173.4 
C3-H···O' 2.32 3.10 127.2 
C5-H· .. O 2.33 3.16 132.7 
C6-H· .. O 2.76 3.68 143.2 
C5-H .. ·N 2.51 3.53 157.2 

2 O-H .. ·N< i.70 2.683(1) 174.3 
C3-H· .. O' 2.49 3.294(2) 129.9 
C6-H· .. O 2.72 3.805(2) 172.1 
C6-H· .. N 2.43 3.158(2) 122.7 

3 O-H .. ·N' 1.67 2.655(1) 176.4 
C5-H· .. O' 2.42 3.227(1) 130.1 
C6-H .. ·O 2.37 3.458(1) 175.5 
(Me)C7-H• .. Q 2.76 3.633(1) 137.5 
C6-H···N 2.53 3.224(1) 120.6 

4 O-H .. ·N' 1.69 2.680(2) 177.5 
C3-H· .. O' 2.39 3.225(2) 132.3 
(Me)C7-H .. ·O 2.54 3.540(2) 152.9 
(Me)C7-H .. ·O 2.49 3.536(2) 160.1 
C5-H .. ·N 2.62 3.658(2) 158.4 

11 O-H· .. O(H2O)d 1.54 2.514(1) 170.3 
(H2O)O-H···Od 1.88 2.802(1) 153.5 
(H2O)Q-H .. ,Nd 1.88 2.849(2) 165.8 
C3-H .. ,Q 2.49 3.452(2) 146.3 

12• O-H• .. O(H2O)d 1.55 2.527(1) 167.2 
(HzO)O-H· .. Qd 1.92 2.874(1) 162.4 
(HzO)O-H· .. Nd 1.97 2.896(1) 155.1 

13• O-H· .. O(HzO)d 1.50 2.479(1) 170.3 
(HzO)Q-H .. ·Od 1.74 2. 701 (l) 162.6 
(HzO)Q-H .. ,Nd 2.01 2.939(2) 156.1 

"0-H and C-H distances are neutron-normalized to 0.983 and 
1.083 A. b Ref 23d. 'Hydrogen bonds in synthon V. d Hydrogen 
bonds in synthon vn. • Ref 29. 

The ORTEP plots of acids 2-4 (see Supporting Infor-
mation for figures) show that the assignment of isomers 
in the literature is incorrect. Decarboxylation of diacid 
14 afforded the 5-methyl isomer 2 and not the 6-methyl 
isomer 4, as described in the preparation.240 The melting 
point of 2 is in agreement with the value reported in a 
later report-. 2◄ b 6-Methyl isomer 4 was prepared in the 
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same way as 3 by CH3 - CO2H oxidation (see Experi­
mental Section for details). 

Crystal Packing in Acids 1-4. 5-Methylpyrazine-
2-carboxylic acid 2 crystallizes in the space group Pl. 1/n 
(Z = 4). Screw axis related molecules form a zigzag. 
hydrogen bonded tape along 1010] with synthon V. The 
metrics of 0-H···N and C-H .. ·O hydrogen bonds are 
l.70 A, 174.3° and 2.49 A, 129.9°, respectively. O-H and 
C-H distances are normalized to the neutron diffraction 
value of0.983 and 1.083 A. respectively. 25 The hydrogen 
bonded tapes of synthon V are connected through 
C-H .. ·N dimer VIII (2.43 A, 122.7°) and C-H···O bond 
(2.72 A, 172.1°) to produce a lamellar structure in the 
(102) plane (Figure la). It is difficult to assess whether 
the C-H···N or the C-H···O interaction is more signifi­
cant in the bifurcated motif26 of C6-H (atom numbering 
as in acid 1, Scheme 2), because the former has a short­
bent geometry while the latter is long-linear. It is likely 
that the layered structure of 2 is stabilized by a combina­
tion of synthon V and C-H•··O/N hydrogen bonds; the 
sheets are in turn stacked with slight offset through van 
der Waals interactions (Figure lb). Six molecules of 2 
assemble in a brick-shaped array, with the hydrophobic 
core occupied by methyl groups of inversion-related 
molecules (Figure le). In 3-methylpyrazine-2-carboxylic 
acid 3 (space group Pl..ifc, Z= 4), the layers are assembled 
with linear tapes of acid-pyridine synthon V and C-H· 
.. N dimer VIII (Figure 2, see Table 2 for hydrogen bond 
metrics). Compared to the brick pattern of 2, hydrogen 
bonded molecules of 3 produce a hexagonal core that is 
occupied by methyl groups. The occurrence of C-H· .. N 
synthon VIII in these crystal structures is not surprising 
because this recognition motif was identified in a recent 
analysis of some pyrazine crystal structures. 27 

6-Methylpyrazine-2-carboxylic acid 4 crystallizes in the 
polar space group Pca21 (Z= 4). Zigzag tapes of 21-related 
molecules connected by synthon V (1.69 A, 177.5°; 2.39 
A, 132.3°) along [001] extend into a pleated sheet through 
(pyrazine)C-H···N and {methyl)C-H···O (2.62 A. 158.4°; 
2.54 A, 152.9°) hydrogen bonds (Figure 3). Cyclic 
C-H···N synthon VIII is not possible in 4 because ortho 
substituents flank the second N-atom. (Me)C-H .. ·O and 
(pyrazine)C-H···N hydrogen bond chains run in opposite 
directions within a pleated layer. Significantly, adjacent 
layers stack in a parallel fashion resulting in the non­
centrosymmetric, polar crystal structure. In centrosym­
metric structures 2 and 3, the layers stack with the more 
common antiparallel alignment. The arrangement of 
molecules and hydrogen bonding motifs in 4 are similar 
to the crystal structure ofpyrazinic acid 1 (Pna21, Z= 4, 
a= 11.35 A, b = 7.36 A, c= 6.45 A). 23d In 1, C5-H is 
involved in a bifurcated C-H .. ·O/N motif while C6-H 
makes a long contact (Table 2, Figure 4). In methyl­
substituted acid 4, C5-H is engaged in a C-H•··N 
interaction and the C6 position is occupied by a methyl 
group. Thus, replacement of H with Me at the position 
on the pyrazine ring that is only weakly C-H···O bonded 

(25) Since H-atom positions are systematically underestimated and 
cannot be determined accurately by X-ray diffraction, D-H bonds are 
uniformly nonna!lzed to the neutron distance so that comparison of 
hydrogen bond geometry in different crystal structures is more reliable. 

(26) If there are two acceptors bonded to the same H-atom, the motif 
is a bifurcated hydrogen bond. For a recent paper on bifurcated 
hydrogen bonds, see: Parra, R. D.: Zeng, H.: Zhu, J.: Zheng, C.: Zeng, 
X. C.: Gong, B. Chem. Eur. J. 2001, 7. 4352. 

(27) Thailadi, V. R: Gehrke, A.: Boese, R. New J. Chem. 2000, 24, 
463. 

Vishweshwar et al. 

Figure l. (a) Zigzag hydrogen bonded tapes mediated by 
synthon V along [010] in 5-methylpyrazine-2-carboxylic acid 
2. Inversion-related tapes (shaded differently) are connected 
by C-H• .. Q/N hydrogen bonds (synthon VIII). (b) Interlayer 
region with a slight offset is stabilized by van der Waals 
interactions. (c) Space-filling representation of six molecules 
of 2 to show the rectangular array of 7.4 x 12.8 A. Methyl 
groups fill the internal hydrophobic core. 

results in minimal structural perturbation. A minor 
difference between these structures is that the layer is 
flat in 1 but pleated in 4, a structural adjustment that 
accommodates the bulkier Me group in place of the H 
atom. The above analysis also explains why crystal 
structures of isomeric acids 2 and 3 are very different 
and adopt centrosymmetric packing in P2. 1/n and Pl.. 1/c 
space groups. Replacement of H with Me at the C3 or 
CS position of 1 results in global structural changes 
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Supramolecular Synthon in Pyrazinecarboxylic Acids 
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Figure 2. (a) Linear tapes of synthon V in 3-methylpyrazine-
2-carboxyllc acid 3. Inversion-related tapes produce the layer 
structure in (101). (b) Space-filling view of the hexagonal array 
formed by six molecules of 3. 

because these H atoms are intimately involved in hydro­
gen bonding. 

Analysis of Syn th on Vin Acids 1-4. The recurrence 
of synthon V in the crystal structure of pyrazinic acids 
1-4 confirms the robustness of this recognition motif. 
Since synthon V can result from more than one 
O-H 00 •N hydrogen _bond orientation in pyrazinic acids, 
the nature of acceptor group in these crystal structures 
was scrutinized. It is known that hydrogen bond strength 
increases with the acidity of the donor atom and the 
basicity of the acceptor group. 28 In acids 1-4, the carboxyl 
O-H bonds to the more basic (electronegative) pyridine 
moiety, namely, the N-atom adjacent to the H/Me group, 
and not the N-atom ortho to the electron-withdrawing 
CO2H group. Furthermore, this preference is observed 
even for the weak C-H•··O hydrogen bond in pyrazinic 
acids l and 4. The C3-H donor, activated by the .ortho 
CO2H group, forms the C-H• .. O bond that is part of 
synthon V, and not CS-H. Thus, both the CO2H group 
and the H-C=N moiety form the best combination of 
O-H···N and C-H .. ·O hydrogen bonds (synthon V) in 
pyrazinic acids 1-4 (Scheme 4). These results imply that 
not only the strong O-H 00•N (7-8 kcal/mo!) but also the 
weak C-H 00 •O (1-2 kcal/mo)) hydrogen bond contribute 
to the stability of synthon V. This issue is substantiated 
by computation of charges on donor/acceptor atoms in 
pyrazinic acid 1 and energies of synthons I. V, and VIII 
later in this paper. 

Hydrogen Bonding in Pyrazinic and Related 
Acids. We now compare crystal structures of pyrazinic 
acids 1-4 with pyridine carboxylic acids and pyrazine 
dicarboxylic acids, molecules that are less and more 
densely functionalized, respectively. than the title acids. 

(28) (a) Ref 4b. pp I 1-16. (b) Ref 6, pp 50-56. 
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Scheme 4. Selectivity in Hydrogen Bonding 
between the C02H Group and the Chemically 

Activated H-C=N Moiety 
acidic 
donor) 
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CN O-H··-··N N 

( 'Lil 
baslc 
acceptor 

Observed hydrogen bonding 

rv-------·H~ 
CN 0-H-·--·N N 

'J-!I H02C 
Nol observed 

Acid-pyridine synthon Vis present in nicotinic acid 5,23f 

isonicotinic acid 6, 23< and dinicotinic acid 8;23b picolinic 
acid 723s has a complex hydrogen bonding network 
between neutral and zwitterionic molecules. Pyrazine-
2,3-dicarboxylic acid lOZJc crystallizes as a dihydrate with 
motif VII. A reason for the absence of synthon V in 10 
could be either the inclusion of a water molecule 
that opens the possibility for a strong (carboxyl)­
O-H •00O(water) motif or because the ortho CO2H group 
deactivates the pyrazine N-atom as the O-H .. ·N accep­
tor. In any case, acid-acid homodimer I is not formed in 
pyrazine mono- and dicarboxylic acids. Since 10 is the 
only pyrazine diacid in the CSD, we determined the X-ray 
crystal structure of pyrazine-2,5-dicarboxylic acid 11. 

Pyrazine-2,5-diacid Erystallizes as a dihydrate, 11 · 
2(H2O) (space group Pl). The structure contains a (car­
boxyl)O-H .. ·O(water) hydrogen bond (1.54 A. 170.3°) 
that is part of motif VU. The carbonyl oxygen accepts a 
hydrogen bond from a water molecule (0- H 00·O=C: 1.88 
A, 153.5°). and the water molecule is polarized because 
it donates to the pyrazine N-atom (l.88 A, 165.8°). 
resulting in a cyclic cooperative array (Figure 5). Crystals 
of 1023< and 11. as well as related compounds diacid 1229 

and tetraacid 13,29 are hydrated because these molecules 
are rich in hydrogen bond acceptor groups {CO2H. N­
atom). The inclusion of water, a donor-rich molecule, 
compensates for this imbalance and completes the hy­
drogen bond network in these crystal structures. 30 The 
(carboxyl)O-H···O(water) hydrogen bond is short and 
linear compared to isolated hydrogen bonds of synthon 
VII in diacids 11-13 (Table 2). We have recently ascribed 
the unusual shortening of (carboxyl)O-H···O(water) 
(1.50 A, 0 00 •0 2.479(1) A, 170.3°) in pyrazine tetraacid 
13 into the short hydrogen bond regime (0 00 ·0 < 2.5 A) 
to the cumulative stabilization from a- and n-bond 
cooperativity in the extended array VII.29 

A comparison of hydrogen bonding in closely related 
crystal structures gives an idea of the molecular features 
that favor the recurrence of a particular synthon and also 
of the factors that result in different crystal packing 
motifs. In the present case, acid-pyridine synthon V is 

(29) Vishweshwar. P.: Nangia. A.: Lynch. V. M. Chem. Commun. 
2001, 179. 

(30) (a) Desiraju. G. R. J. Chem. Soc., Chem. Commun. 1991, 426. 
(b) Krygowskl, T. M.: Grabowski, S. J.; Konarski, J. Tetrahedron 1998, 
54, 1131 I. (c) Vishweshwar. P.: Nangia, A.; Lynch. V. M. Acta 
Crystallogr. 2000. C56. 1512. 
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Figure 3. (a) Zigzag tapes of 6-methylpyrazine-2-carboxylic 
acid 4 assembled with synthon V along [001]. Translation­
related tapes are connected by C-H• .. Q/N hydrogen bonds into 
a pleated sheet structure. Note that synthon VIII is 
not possible here. (b) Stacking of pleated sheets with (Me)­
C-H .. ·O interactions between the layers. 

Figure 4. Laminated sheet parallel to (001) in pyrazinecar­
boxylic acid l. Note the similarity with Figure 3a. The layer 
in l is flat, while it is pleated in 4. 

a recurring (robust) structural pattern in pyridine and 
pyrazine monocarboxylic acids, while di- and tetraacids 
adopt motif VII in hydrate crystal structures (Table 3). 31 

Such a molecule - synthon correlation is an essential 
exercise for the rational supramolecular synthesis of 

(31) However, if a CO2H group Is present ortho to the pyridine/ 
pyrazine N-atom (e.g .. 7, 10, and 11), then the likelihood ofO-H···N 
hydrogen bonding is diminished because the adjacent electron­
withdrawing group weakens the basicity of the N-acceptor. 

Vishweshwar et al. 

Figure 5. Lamellar structure parallel to (121) mediated by 
synthon VII in pyrazine-2,5-dicarboxylic acid 11. Note 
that the extended hydrogen bond array O-H···O=C-O­
H···OH2···O/N is stabilized through cooperativity and polariza­
tion resulting in the short (strong) (carboxyl)O-H· .. O(water) 
hydrogen bond. 

Table 3. Dominant Synthon In Some Pyridine and 
Pyrazine Carboxylic Acids 

molecule synthon molecule synthon 

1 V 8 V 
2 V 9 VII 
3 V IO VII 
4 V 11 VII 
5 V 12 VII 
6 V 13 VII 

target crystal structures from functionalized molecules. 13 

While establishing such relationships, it may be noted 
that carboxylic acids participate in a variety of hydrogen 
bond motifs depending on the presence of other functional 
groups, 12d activated C-H donors, 21 c and heterocyclic 
rings. 32 Therefore, reliable correlation is possible only 
within families of homogeneous crystal structures. As the 
structural diversity is expanded to cover the entire 
database, 14 the probability of the occurrence of the 
synthon is reduced. 

RHF Computation of Charge and Energy. The 
next step in our study was to compute the energy of acid­
pyridine synthon V, acid-acid synthon I, and pyridine 
dimer VIII. 33 Energies of these synthons were calculated 
in the Restricted Hartree-Fock (RHF) 6-31G* basis set 
using Spar.tan Pro 1.0.34 The molecules selected for 
energy calculation are the 1:1 CH3CO2H-pyridine adduct 
and isonicotinic acid 6, so that energies of these synthons 
may be compared in two types of chemical systems, 
molecular complexes, and in single-component crystals. 
The energy of the synthon was computed by calculating 
the difference between the minimized energy of the 
hydrogen bonded complex and that of the isolated mol­
ecules. For example, the energy of synthon V was 
calculated by optimizing the energy of CH3CO2H-pyri­
dine complex and subtracting from this value the energy 
of CH3CO2H and pyridine molecules. The computed 
energy of synthons I, V, and VIII is listed in Table 4. 
The hydrogen bond geometry in the computed configu­
ration was found to be in the normal distance-angle 

(32) Pyrazole-4-carboxylic acid forms ribbons of O-H· .. N and N­
H· .. O hydrogen bonds in the solid state: Foces-Foces. C.; Echevarria, 
A.: Jagerovic, N.; Alkorta. I.: Elguero, J.: Langer, U.: Klein, 0.: 
Minguet-Bonvenhf, M.; Limbach, H.-H. J. Am. Chem. Soc. 2001, 123, 
7898. 

(33) For recent papers on hydrogen bond energy computations, see: 
(a) Vargas. R.; Garza, J.; Dixon. D. A.: Hay. B. P. J. Am. Chem. Soc. 
2000, 122, 4750. (b) Kobko, N.: Paraskevas, L.: de! Rio, E.: Dannenberg, 
J. J. J. Am. Chem. Soc. 2001, 123, 4348. (c) Raymo. F. M.: Bartberger. 
M. D.; Houk, K. N.; Stoddart. J. F. J. Am. Chem. Soc. 2001, 123, 9264. 

(34) Spartan Pro 1.0.; Wave Function. Inc.: 18401 von Karman 
Avenue, Suite 370, Irvine, CA 92612. 
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Table 4. Energy of Synthons Calculated In RHF 6-3IG• 
(in kcal/mo!) 

synthon V 
synthon I 
synthon VIII 

-9.95 
-15.54 

-2.50 

isonicotinic acid 

-9.97 
-15.62 
-2.67 

Scheme 5. Mulliken Charges on Donor and 
Acceptor Atoms in Pyrazinecarboxylic Acid l 

-0.528 

0.22& Hx-0.~-.::::(o,..l•f°'
75 

I -0.11s 
/4 

H N 
0.225 -0.469 0.256 

range for these interactions. From these data, it is clear 
that crystallization through heterodirner V (2 x -9.97 
= -19.94 kcal/mo!) is energetically favored compared to 
a combination of O-H•··O and C-H···N homodimers I 
and VIII [-(15.62 + 2.67) = -18.29 kcal/mo!] by -1.65 
kcal/mo! in isonicotinic acid 6. Similarly, the CH3C02H­
pyridine molecular complex formation is favored over 
acid-acid and pyridine-pyridine hydrogen bonded ag­
gregates by -1.86 kcal/mo!. Thus, the recurrence of 
mixed strong-weak hydrogen bonded synthon V in 
crystal structures is explained by energy considerations. 
The calculated Mulliken charge (RHF 6-31G*) on donor/ 
acceptor atoms in pyrazinic acid 1 is displayed in Scheme 
5. It is clear that the more basic N-acceptor (electro­
negative) and the more acidic C-H donor (electropositive) 
participate in the hydrogen bonds of synthon V. These 
charges are in agreement with the selectivity for the 
synthon formation summarized in Scheme 4. 

It has been suggested in a recent paper35 that forma­
tion of acid-pyridine synthon V may be rationalized by 
the formation ofan O-H···N hydrogen bond between the 
best donor (CO2H) and the best acceptor (pyridine N­
atom) in the crystal. The electronegativity of the C=O 
oxygen is moderately better than the pyridine nitrogen 
in 1 on the basis of Mulliken charge (-0.528, -0.469 e). 
Our computations suggest that hydrogen bonding of 
carboxylic acid O-H group is equally likely with both 
C=O oxygen and pyridine N for electrostatic and basicity 
reasons. However, self-assembly of molecules in the 
crystal is favored via synthon V compared to synthon I 
because of energetic factors. Furthermore, depending on 
the pK. of the carbo.xylic acid and pyridine, O-H•··N 
hydrogen bonding will result when .6.pK. < 3. 75 and 
proton transfer (hence salt formation) when .6.pK. > 
3. 75. 168, 36 The pK. of pyrazinic acid l is 2.9237 and that 
of pyridine is 5.23, 36·38 giving .6.pK0 of 2.31, a value that 
is in agreement with the O-H• .. N hydrogen bonding 
observed in these crystal structures. Since different 
atoms in different chemical environments are the poten­
tial acceptors, namely, C=O and pyridine-N, the final 
outcome in terms of the O-H•··O vs O-H .. ·N hydrogen 
bonding is determined by a combination of electronega­
tivity and basicity factors. A hydrogen bond is a three­
center, four-electron multicomponent interaction, and a 
dissection of the various contributions to the total energy 

(35) Aakeriiy, C. B.: Beatty, A. M.; Helfrich, B. A. Angew. Chem .. 
Int. Ed. 2001. 40. 3240. 

(36) Johnson, S. L.; Ruman. K. A. J. Phys. Chem. 1965. 69, 14. 
(37) The Merck Index, I Ith ed.; Merck & Co.: Rahway. 1989; p 1266. 
(38) The pK. of pyridinium ion is 5.23 (ref 36). This Is taken as the 

approximate pK,, for the protonated form of pyrazine N4 in 1. 
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Scheme 6. Self-Assembly of a T-Module into a 
Herringbone Network 

B 

T-module 

A-A 
A-B 

Herringbone network 

is not trivial. Tables of hydrogen bond acidity and basicity 
constants for aliphatic, aromatic, and heterocyclic com­
pounds published recently39 should aid in our further 
understanding of hydrogen bonding in multifunctional 
molecules. 

Herringbone Network in 5-Methylpyrazine-2-car­
boxylic Acid. The description of crystal structures as 
networks may be carried out by representing the mol­
ecules as nodes and the intermolecular interactions 
between them as node connectors.40 The network repre­
sentation facilitates the understanding of three-dimen­
sional architectures and the comparison of structures 
assembled with the same or different molecular constitu­
ents. The topology of metal-organic crystal structures, 
or coordination polymers, is frequently described in terms 
of chain, ladder, brick wall, square grid, rhombus grid, 
and hexagonal networks. 41 Self-assembly of a T-module 
with recognition sites A, A, and B produces a herringbone 
network through one A-A and two A-B type metal­
ligand or metal-metal bonding. or through hydrogen 
bonding in the case of an organic molecule (Scheme 6). 
For example, [Cd2(azpy)J(NOJ)4] (azpy = 4,4'-azopyridine) 
16 is a T-shaped molecule in which pyridine rings of azpy 
B are nearly coplanar, while pyridine rings in azpy A 
have a dihedral angle of 65°. Recrystallization from 
ethanol/acetone afforded 16·2Me2CO, which exhibits a 
herringbone-type two-dimensional network41 •42 (Figure 6) 
with rectangular cavities of 23 x 11 A. Acetone molecules 
are included in the voids of the triple-interpenetrated 
three-dimensional structure. 

In the nomenclature of Scheme 6, acid 2 may be viewed 
as a T-shaped molecule (Figure 7a) with pyridyl groups 
making A-type hydrogen bonding and a carboxylic acid 
representing B-type recognition site. In the crystal 
structure of 2, two acid-pyridine synthons V and one 
pyridine dimer VIII at each molecule (node) produce the 
herringbone network in the (102) plane (Figure 7b). 
Similarly. acid 3 exhibits a hexagonal network (Figure 
7c). It may be noted that Cd···N bonding with A- and 
B-type azpy ligands in l6·2Me2CO is replaced by syn­
thons V and VIII in 2. In effect, the two-dimensional 
network formed by an organic molecule and a metal-

(39) Abraham. M. H.; Platts, J. A. J. Org. Chem. 2001. 66, 3484. 
(40) (a) Deslraju, G. R. Chem. Commun. 1997, 1475. (b) Zaworotko, 

M. J. Chem. Commun. 2001, I. 
(41) Kondo. M.; Shimamura, M.; Noro, S.: Minakoshi. S.: Asami, A.: 

Seki. K.; Kitagawa, S. Chem. Mater. 2000, 12, 1288. 
(42) For other examples of two-dimensional herringbone networks. 

see: (a) Ref 40b. (b) Dong. Y.-8.: Layland, R. C.; Pschirer. N. G.; Smith, 
M. D.; Bunz. U. H.F.; Loye, H.-C. Chem. Mater. 1999, II, 1413. (c) 
Carlucci, L.; Ciani, G.; Proserpio, D. M. J. Chem. Soc .. Dalton Trans. 
1999. 1799. (d) Masse. R.; Nicoud, J.-F.; Bagieu-Beucher. M.: Bour­
gogne, C. Chem. Phys. 1999, 245. 365. (e) Withersby, M.A.: Blake. A. 
J.: Champness, N. R.: Coole, P.A.; Hubberstey, P.; Schroder, M. New. 
J. Chem. 1999, 23. 573. 
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Figure 6. (a) ORTEP plot of T-shaped molecule 16 to show 
the A. A, and B sites. (b) Herringbone two-dimensional 
network formed by one A-A and two A-B type Cd· .. N 
interactions. (Adapted from ref 41.) 

organic clathrate is identical. Such a topological com­
parison of crystal structures and their connectivity is 
possible only through the network representation. To our 
knowledge, acid 2 is the first example of an organic 
crystal structure with a herringbone network. Staircase­
type networks have been recently identified in some 
organic structures. 11 r.i 5e.3oc 

Conclusions 

We have studied hydrogen bonding supramolecular 
synthons in a family of crystalline pyrazine carboxylic 
acids by X-ray diffraction. Strong-weak 0-H···N and 
C-H· .. O hydrogen bonded synthon Vis a robust recogni­
tion motif that is largely insensitive to the substitution 
and placement of functional groups in pyridine and 
pyrazine monocarboxylic acids. However, a pyridyl N 
with an ortho C02H group is sufficiently deactivated that 
it does not form synthon V. Pyrazine dicarboxylic acids 
crystallize as dihydrates with a (carboxyl)O-H· .. O(water) 
hydrogen bond as the strong and dominant interaction 
in synthon VII. Our structural analysis shows that 
pyrazine mono- and dicarboxylic acids exhibit distinct 
hydrogen bonding patterns. The recurrence of acid­
pyridine synthon V compared to the more common acid-

Vishweshwar et al. 

(a) 

Figure 7. (a) ORTEP plot of 5-methylpyrazine-2-carboxylic 
acid 2 to show the A, A. and B hydrogen bonding sites. (b) 
Self-assembly of the T-shaped molecule 2 into a two-dimen­
sional herringbone network via two A-B (synthon V) and one 
A-A (synthon VIII) type interactions. (c) Hexagonal network 
in 3-methylpyrazine-2-carboxylic acid 3. 
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acid dimer I in these crystal structures is supported by 
ab initio computations. Synthon V results from hydrogen 
bonding between activated acidic donor and basic accep­
tor atoms. 

Previous studies on molecular complexes of acid and 
pyridine derivatives have focused on the construction of 
one-dimensional tape and two-dimensional layer archi­
tectures from simple molecular building blocks. The 
lamellar and pleated architectures of pyrazinic acids 
discussed in this paper provide a novel system for the 
design of nanostructures from tailored molecules. The 
present study on pyrazine mono- and dicarboxylic acids 
examines crystal packing in complex and competing 
chemical environments and hence provides a better 
understanding of a useful supramolecular synthon in 
crystal engineering. 

Experimental Section 

Synthesis: 5-Methylpyrazine-2-carboxylic Acid 2.21a 

5-Methylpyrazine-2,3-dicarboxylic acid 14 (250 mg, 1.4 mmol) 
was placed in a vacuum sublimation apparatus and decar­
boxylated by heating to 175-185 •cat 2 Torr. Yield: 130 mg 
(71%) of acid 2. Mp: 167-8 ·c (166-167 °C).24b 1H NMR 
(DMSO-dG): d 2.59 (s, 3H), 8.68 (s, lH), 9.06 (s, lH). IR (cm-1): 

3450, 2507, 1892, 1734, 1273, 1184. 
3-Methylpyrazine-2-carboxylic Acid 3.24b To I ml (9.3 

mmol) of 2,3-dimethylpyrazine 15 in 10 mL of water at 70-
75 •c was added 3.3 g (20.9 mmol) of KMn04 in 50 mL of 
water. After decolorization of a purple color, the MnOz cake 
was filtered and washed with water several times. The filtrate 
was acidified to pH 1.5 with HNO3 and the solution heated to 
50 °C briefly, cooled to room temperature. and extracted with 
EtOAc. Workup afforded 350 mg (28%) of acid 3. Mp: 170-1 
0 C. 1H NMR (DMSO-dG): o 2.65 (s. 3H). 2.66 (s. IH). 2.75 (s. 
IH). IR (cm- 1): 3749, 1684, 1508, 1413, 1288.1103. 

6-Methylpyrazine-2-carboxylic Acid 4.24h Compound 4 
was prepared in 21 % yield using the above procedure starting 
from 2,6-dimethylpyrazine. Mp: 200-1 •c (201-202 °C). 1H 
NMR (DMSO-d6): cl 2.59 (s. 3H), 8.85 (s, lH), 9.05 (s, lH). IR 
(cm- 1): 3435, 1732, 1383, 1296, 1257. 1018. 

Pyrazine-2,5-dicarboxylic Acid 11. Pyrazine-2,5-dicar­
boxylic acid 11 (dihydrate) was purchased from Acros Chemi­
cals and used as received for crystallization. 

Single crystals of acid 2 were obtained from 4: I EtOH/H2O; 
3 and 4 from n-hexane/EtOAc: and ll from 20% aqueous HCI. 

X-ray Diffraction. Reflections were collected on an Enraf­
Nonius CAD-4 diffractometer (for acid 2) and on a Nonius 
Kappa CCD diffractometer (for acids 3, 4, and 11). The incident 
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radiation is Mo Kn X-ray (.:l == 0.71073 A) on both instruments. 
Data on the crystal of 2 was collected at 293 K, and crystals 
of 3, 4, and 11 were cooled with an Oxford Cryostream device 
attached to the CCD machine. Data reductions were performed 
using Xtal 3.5 (CAD-4) and DENZO-SMN (CCD).43 Structures 
were solved by direct methods using the SHELXS-97 program 
and refined by full-matrix least-squares refinement on P. with 
anisotropic displacement parameters for the non-H atoms 
using the SHELXL-97 program.44 The function Iw(!F0 12 -
IF.:12)2 was minimized, where w == l/l(a(F0 ))

2 + (0.04 l S• f')2 + 
(0.9360* 111 and P= (!F.12 + 2!F012)/3. Equations for calculating 
R(F), Rw(P). and the goodness of fit, S, are given below. 
Neutral atom scattering factors and values used to calculate 
the linear absorption coefficient are taken from the Interna­
tional Tables for X-ray Crystallography. 45 Geometrical analysis 
was carried out in PLATON46 on a Silicon Graphics Octane2 
workstation. Details of cell parameters, data collection, and 
structure refinement are summarized in Table I. Hydrogen 
bond metrics are listed in Table 2. Rw(P.) = {Iw(!F0 12 - IF.:12)2/ 

Iw(1F0 1) 4} 112 , where w is the weight given to each reflection. 
R(F) = I(IF0 J - !Fcl)l'LIF0 I} for reflections with F0 > 4(L(F0 )). S 
= [Iw(1F0 12 - !Fcl2) 2/(n - p)l112 , where n is the number of 
reflections and p is the number of refined parameters. 
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(43) (a) Xta/3.5. Reference Manual; Hall. S. R.. Flack, H. D .. Stewart. 
J. M., Eds.; University of Western Australia: Australia, Geneva, 
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5,5-Diethylbarbituric acid is a convenient molecular pre­
cursor for a newly identified N-H .. ,N/C-H--·O synthon, 
which is robust enough for the design of a helix archi­
tecture. 

The central aim of crystal engineering is a general protocol for 
the construction of crystal structures from molecular struc­
tures.1 Since there is no direct correspondence between 
molecular functional groups (F0 ) and crystal packing features, a 
realistic approach lo crystal engineering is to identify particular 
combinations of molecular functionality that preferentially 
yield particular supramolecular synthons, which in tum are 
more easily related to the packing features. 2 Along these lines, 
several groups of investigators have identified two-point 
hydrogen bonded synthons with the general structure I. A 
number of these have been identified by Allen el al. from the 
Cambridge Structural Database (CSD),3 while Jones and co­
workers have shown that a strong/weak combinationt such as · 
0-H· · -N/C-H- · -0 for F 1 ·· -FiF2 · ··F4 is sufficiently reliable in 
crystal design.4 Other related examples of strong/weak synthons 
are well known. 5 In this communication, we show that 
5,5-diethylbarbituric acid, 1 (barbital),! is an effective tecton in 
the generation of the hitherto unreported N-H···N/C-H .. ,0 
strong/weak supramolecular synthon II, which is endowed with 
sufficient robustness for effective crystal engineering. 

-c·····F} 
F;·····F, 

. I 

-<tH···N}-
0····H-C 

II 

When barbital and acridine were taken in an equimolar ratio 
in EtOAc, crystals of the 1 : 2 molecular complex (mp 175 °C, 
Cllc), § shown in Fig. I, were obtained. Notice the 'bifurcated' 
arrangement of two acridine molecules about the central 
barbital molecule and the two-fold symmetry equivalent 
synthons Ila (N-H .. ·N: 1.92 A, 177°; C-H···O: 2.49 A, 157°). 

Fig. l Barllital and acridine I : 2 complex. Notice synthon II. 

Similarly, when equimolar amounts of 1 and I, I 0-phenanthro­
line were taken in EtOAc, the result was the I : 1 molecular 
complex (mp 160 °C, P2 1/c)§ shown in Fig. 2. Here too the N­
H·•·N/C-H···O arrangement is seen (as synthon Ilb, N-H· .. N: 
1.83 A, 172°; C-H .. •O: 2.85 A, 114°), but additionally there is 
a centrosymmetric N-H· • •O dimer (l.83 A, 176°) that effec­
tively acts as a spacer. Why acridine gives the I : 2 complex with 
1 while I, I 0-phenanthroline gives the I : I complex is another 
matter because equimolar amounts of the components were 
taken for recrystallisation in both experiments, and there 
appeared to be no special problem with compound solubility in 
either case. Perhaps the approach of two molecules of 
phenanthroline towards the barbital molecule is sterically 
disfavoured. In any event, what is significant is the formation of 
the N-H···N/C-H···O synthon II in both cases. 

, r 
N-H···N 

~--·H-t 
Ila 

' r N-H···N -<, )= 
0·······H 

llb lie 

The CSD was now examined to find out the generality of 
occurrence of heterosynthon n. The April 2002 version (5.23, 
257162 entries, screens 85, 88, 153) contains I 0323 hits with 
the (C=O)NH fragment. Using accepted ranges for N-H- · · N 
(l.5-2.4 A, 120-180°) and C-H···O (2.0-3.1 A, 110-180°) 
hydrogen bonds,6 we obtained 140 occurrences of synthon II 
containing either 0, I and 2 atoms in the tether between the N­
atom and the C-H group. Among these, synthon IJ occurs as 
part of a larger three-point recognition motif in 62 hits. These 
larger synthons contain not only N-H--·N and C-H .. ·O 
hydrogen bonds but also a third, generally stronger hydrogen 
bond. Accordingly, these 62 hits were removed so as to obtain 
78 genuine occurrences of the two-point synthon II. Computa­
tions on the model system succinimide-pyridine (Spartan RHF/ 
6-3 I G *) showed that the stabilisation energy for synthon Ilb is 
-8.2 kcal mol- 1, which is comparable to the stabilisation 

Fig. 2 Barbital and l, l 0-phenanthroline I : I complex. Notice synthon II and 
the central N-H···O dimer. 
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provided by a single 0-H • • •O hydrogen bond. These CSD and 
computational results show that synthon H is a reasonably 
viable structural unit for crystal design. 

The next step in the crystal engineering exercise was to test 
the robustness of synthon II in a new system. The molecule 
selected for co-crystallisation with barbital was urotropine 
(hexamethylenetetramine). An equimolar mixture of the two 
components taken in EtOAc yielded a I : I molecular complex 
(Fig. 3). Notice that both barbital and urotropine can be 
supramolecularly bifunctional with respect to synthon Ile. 
Further, the rigid geometry of both molecules leads via the 
intermediacy of this synthon (N-H• .. N: 1.88 A, 169°, 1.84 A, 
168°; C-H···O: 2.50 A, 124°, 2.89 A, 115°) to a helix with a 
pitch of 13.3 A. The space group is centrosymmetric (Pbca) and 
so both left and right-handed helices are present in the crystal 
structure. The helix topology is a current target in crystal 
engineering strategies,? but very few all-organic helix structures 
have been reported.8 What makes the present example note­
worthy is that the helix may be anticipated from the robustness 
of the N-H .. • N/C-H · · ·O synthon II, the shapes of the 
constituent molecules, barbital and urotropine, and the firm 
scaffolding provided by both molecules. 

Finally, it is worthwhile to observe that variations of synthon 
II with an overall stabilisation of only around -8 kcal moJ- 1 

occur repeatedly in molecular complexes of barbital. As seen 
from our computations, such stabilisation is comparable to what 
is provided by a single strong hydrogen bond such as 0-H···O 
or N-H• .. Q. We estimate that the N-H .. ,N hydrogen bond is 
worth around -6 kcal mol- 1 and that the C-H-··O bond is 

. 
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Fig. 3 Stereoview of the helix structure in I : I complex of barbital and 
urotropine. 

correspondingly weak. A combination of a moderate to strong 
interaction and a weak interaction therefore seems to be 
sufficient to achieve synthon robustness. Such robustness 
almost surely arises from the two-point nature of synthon II. All 
this augurs well for the reliability of other strong/weak 
interaction combinations in crystal engineering because of the 
concomitant predictability of the design exercise. 
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Paper 

Molecular complexes of four phenols (hydroquinone, resorcinol, phloroglucinol and 4-hydroxybenzoic acid) 
with isonicotinamide are characterized by X-ray diffraction. (Hydroquinone)o.disonicotinamide) 1 and 
(resorcinol)·(isonicotinamideh 2 have tapes of 0-H···N and amide N-H···O dimer synthons. In 
(phloroglucinol)·(isonicotinamideh·(H20h 3, six component self-assembly results in stacked dimers with four 
0-H···N and four amide N-H···O hydrogen bonds and the third phenol OH aggregates with two water 
molecules in a supramolecular chair cyclohexane array. Phenol···pyridine and amide N-H···O dimers are 
robust synthons in 1-3 for the self-assembly of OD discrete aggregates and infinite ID chains. Hydrogen 
bonding of amide dimers via N-H···OphonoVwater is ascribed to cooperative effects. The crystal structure of 
(4-hydroxybenzoic acid)·(isonicotinamide) 4 establishes the robustness of phenol···pyridine hydrogen bonding 
in the presence ofcarboxylic acid groups. Molecular components in 4 are arranged as zigzag tapes ofO-H···N 
hydrogen bonds and acid···amide heterodimers. Supramolecular synthesis with phenol-isonicotinarnide adducts 
expands the versatility of isonicotinamide as a co-crystallizing agent in crystal engineering. 

Introduction 

Crystallization of phenol with pyridine (0-H···N hydrogen 
bond) has been examined to build structures with intricate 
supramolecular architectures, 1 for non-linear optics,2 to syn­
thesize host-guest complexes, 3 and as a supramolecular 
template to direct topochemical reactions.4 Proton transfer in 
a very short 0-H .. ·N hydrogen bond in pentachlorophenol-
4-methylpyridine has been studied by variable temperature 
neutron diffraction.5 Supramolecular organization is controlled 
by the strong and directional 0-H···N hydrogen bond in co­
crystals of diverse phenol molecules with various pyridine 
derivatives, some of which are displayed in Scheme I. How­
ever, co-cryst.allization of phenols with isonicotinarnide is not 
reported. Perusal of recent literature shows that carboxylic 
acids have been co-crystallized with isonicotinamide. 6 We 
reasoned that bis- and tris-phenols would hydrogen bond with 
the pyridine moiety of isonicotinamde and the amide group 

would extend the hydrogen bond aggregate via dimer syn­
thon. Another reason for studying phenol-isonicotinamide co­
crystals is to better understand hydrogen bond competition and 
interplay between 0-H···O, 0-H-··N and N-H···O hydrogen 
bonds in binary systems. 

164 

Ref. 1f, MEKWUU 

HO"fi'Y . .___, OH~ y l) 
OH N 

Rel. 1c, HIMGAL 

We report and discuss in this paper X-ray crystal structures 
of (hydroquinone)0.disonicotinamide) 1, (resorcinol)·(isoni­
cotinamide)2 2, (phloroglucinol)·(isonicotinamide)z·(H20h 3, 
and (4-hydroxybenzoic acid)·(isonicotinamide) 4. Crystals 1 
and 2 have predictable ID chains assembled via 0-H · · · N 
hydrogen bond I and amide dimer IT (Scheme 2). The chains 
are infinite in 1 and 2 whereas in 3 phenol-isonicotinamide 
recognition results in finite stacked dimers of synthons I and 
IT that extend via the third OH group of phloroglucinol as 
dihydrate. Competition between four functional groups in co­
crystallization of 4 results in zigzag tapes of phenol·· ·pyridine 
0-H···N hydrogen bond I and acid···amide heterodimer Ill. 
The fact that synthon I prevails in the presence of COOH 

Ref. 4a, ABEKUN Ref. 17, ACOYOG 

PUVMIC TEKKOJ 

Scheme 1 Some examples of phenol-pyridine co-crystals found in the Cambridge Structural Database (CSD). 
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Scheme 2 Hydrogen bond synthons discussed in this paper. 

groups suggests that phenol···pyridine hydrofen bonding is 
specific and strong. Supramolecular synthons are structural 
units that direct self-assembly in crystal structures. 

Experimental 

Chemicals were purchased from Lancaster and used as such 
for the crystallization. In all co-crystallization experiments the 
components were finely ground manually and dissolved in 
appropriate solvents in the stoichiometry mentioned below. 

(Hydroquinone)o.s·(isonicotinamide) I. Hydroquinone (0.022 g, 
0.20 mmol) and isonicotinamide (0.05 g, 0.40 mmol) were 
dissolved in hot EtOH. Colorless, needle-shaped crystals were 
formed after a few days upon evaporation of the solvent. mp: 
155 °C. 

(Resorcinol)·(isonicotinamideh 2. A I : 2 mixture of 
resorcinol (0.025 g, 0.23 mmol) and isonicotinamide (0.055 g, 
0.46 rnmol) was dissolved in hot EtOAc. Needle shaped, light 
brown crystals were obtained after a few days. mp: 155 °C. 

(Phloroglucinol)·(isonicotinamide)z-(H2Oh 3. Phlorogluci­
nol (0.017 g, 0.14 rnmol) and isonicotinamide (0.05 g, 0.42 mmol) 
were ground and dissolved in acetone. Colorless crystals of 
the dihydrate were obtained the next day after evaporation of 
solvent. mp: 144 °C. 

Table 1 Crystallographic data and structure refinement parameters" 

2 

{4-Hydroxybenzoic acid)·(isonicotinamide) 4. Colorless, 
plate like crystals of the I : l complex were obtained upon 
crystallization of 4-hydroxybenzoic acid (0.028 g. 0.205 mmol) 
and isonicotinamide (0.025 g, 0.205 mmol) from hot MeOH. mp: 
195 °c. 

X-Ray diffraction 

Reflections were collected on a Nonius Kappa CCD diffracto­
meter at 153(2) K using incident X-ray radiation Mo-Ka:(}. = 
0.71073 A). Crystals were cooled with an Oxford Cryosystem 
device attached to the CCD machine. Data reductions were 
performed using DENZO-SMN.8 Structures were solved by 
direct methods using SHELXS-979 and refined by full-matrix 
least-squares refinement on F- with anisotropic displacement 
parameters for non-H atoms using SHELXL-97.9 The func­
tion, I:w(1F0 12 

- 1F0f)2, was minimized, where w = l/[(cr(F0 ))2 
+ (aP)2 + (bP)], P = (1F0 i2 + 21£01

2)/3, and parameters a and 
b are suggested by the refinement results. Neutral atom scat­
tering factors and values used to calculate the linear absorp­
tion coefficient are taken from the International Tables for 
X-ray Crystallography. Geometrical analysis was carried out in 
PLATON. 10 Details of cell parameters, data collection and 
structure refinement are summarized in Table 1. Hydrogen 
bond metrics (Table 2) are neutron normalized because the 
H atoms were only located with limited accuracy by X-ray 
diffraction. 

CCDC reference numbers 208482-208485. 
See http:l/www.rsc.org/suppdata/ce/b3/b304078j/ for crystal­

lographic data in CIF or other electronic format. 

Results and discussion 

In the crystal structure of 1 hydroquinone resides around a 
crystallographic inversion center at ½, ½, ½ in space group 
n 1lc. The molecules aggregate as linear tapes along [l -2 I] 
through 0-H · · · N hydrogen bond I (I. 73 A, 2.693(2) A, 165.1 °) 
and centrosymmetric amide N-H···O dimer Il (l.93 A, 
2.932(2) A, 171.7°), as shown in Fig. 1. The primary amide 
does not extend through the normal 5.1 A translation 11 but 
instead hydrogen bonds with the phenol O atom of a screw axis 
related tape (N-H···Ophcnol: 2.11 A, 3.110(2) A, 169.1°). A 
search of the Cambridge Structural Database 12 (ConQuest 1.5, 
November 2002 update) for motif V wherein the amide dimer 
is hydrogen bonded to OH groups shows that it is present in 
five crystal structures and motif VI occurs in one structure. 13 

3 4 

Chemical formula 
Formula weight 
Crystal system 
Space group 

(CoHoO2lo.s·(C6H6N2O) 
177.18 

(C6H6O2)·(C6H6N2Oh 
354.36 

(C6H6O3)·(C6H6N2O)2·(H2Oh 
406.40 

(C1H6O3)·(C6H6N2O) 
260.25 

atA 
b!A 
c!A 
r,./0 

{JI° 
l'fo 

z 
VIA 3 

Dca1c!g cm-3 

1dmm-1 

Reflns. collected 
Unique reflns. 
Observed reflns. 
R1 [/ > 2a(l)] 
wRdall] 
Goodness-of-fit 

Monoclinic 
n1fc 
14.2811(4) 
5.4136(2) 
l l.9110(3) 
90.0 
111.934(1) 
90.0 
4 
854.21(5) 
1.378 
O.l00 
3354 
1933 
1277 
0.044 
0.113 
l.040 

Triclinic 
PI 
7.0307(1) 
10.7052(2) 
11.9562(2) 
87.755(1) 
82.735(1) 
73.835( I) 
2 
857.36(2) 
1.373 
0.100 
7843 
4462 
3324 
0.041 
0.115 
1.070 

Triclinic Monoclinic , 
Pi P2 1/n 
7.4967(1) 6.0729(1) 
8.8748(1) 9.4013(2) 
15.2793(3) 20.6723(4) 
95.1886(6) 90.0 
97.4790(6) 95.287(1) 
105.7701(7) 90.0 
2 4 
961.50(3) 1175.23(4) 
1.404 1.471 
0.110 0.111 
6903 4946 
4275 2684 
3583 1952 
0.036 0.041 
0.098 0.105 
1.051 1.029 

0 R.-(fl) = { Iw(1F0 12 
- 1Fd2)2/Iw(IF0 ll') 112 where w is the weight given to each reflection. R(F) = I(IF0 I - IFcl)IIjF0 1) for reflections with F0 > 

4(a(F0 )). S = [Iw(jF0 f2 - 1Fci2)2/(n - pl] 112• where II is the number of reflections and pis the number of refined parameters. 
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Table 2 Geometrical parameters of hydrogen bonds" 

Co-crystal H-bond dlA DIA o,, 

O-H···N 1.73 2.6936(16) 165.l 
N-H .. ·O l.93 2.9321(19) 171.7 
N-H .. ·O 2.11 3.1100(20) 169.l 
C-H .. ·O 2.30 3.3270(20) 156.9 
C-H .. ·O 2.51 3.1370(20) 115.5 

2 0-H»•N l.75 2.7225(14) 168.7 
0-H .. ·N l.78 2.7198(15) 159.0 
N-H .. ·O 1.87 2.8764(15) 176.2 
N-H .. ·O l.95 2.8657(15) 149.8 
N-H .. ·O 2.02 3.0208(15) 168.6 
N-H .. ·O 2.14 3.1202(15) 162.4 
C-H .. ·O 2.36 3.2262(17) 135.4 
C-H .. ·O 2.67 3.5682(17) 140.l 
C-H .. ·O 2.75 3.5815(17) 133.2 

3 O-H .. ·O 1.65 2.6275(14) 173.0 
O-H .. ·O l.81 2.7899(15} 170.3 
O-H···O l.81 2. 7967(14) 178.2 
O-H .. ·O l.83 2.8172(14) 175.3 
O-H .. ·O l.94 2.8878(14) 160.1 
O-H .. ·N l.77 2.7555(14) 174.5 
O-H- .. N l.81 2.7953(14) 179.2 
N-H .. ·O l.91 2.9128(15) 174.l 
N-H .. ·O l.92 2.9292(15) 176.2 
N-H .. ·O 2.14 3.0464(16) 148.5 
N-H .. ·O 2.48 3.3096(16) 138.6 
C-H .. ·O 2.44 3.2249(16) 128.4 
C-H .. ·O 2.48 3.5438(17) 166.9 
C-H .. ·O 2.65 3.4998(17) 134.5 
C-H· .. O 2.70 3.7749(17) 170.0 
C-H .. ·N 2.48 3.2895(17) 130.2 
C-H•»N 2.67 3.4132(16) 125.6 

4 0-H .. ·O 1.61 2.5796(15) 168.5 
O-H .. ·N l.78 2.7459(17) 165.2 
N-H· .. O l.98 2.9760(17) 168.2 
N-H .. ·O 2.46 3.2931(17) 139.3 
N-H .. ·O 2.47 3.1334(17) 122.6 
C-H- .. O 2.44 3.2060(20) 126.8 
C-H· .. O 2.51 3.5050(20) 152.4 
C-H· .. O 2.61 3.4670(20) 135.0 
C-H .. ·O 2.73 3.5171(18) 129.3 

"O-H. N-H and C-H bond lengths are neutron-normalized. 

We note the similarity of hydrogen bonding in l with 
4-hydroxybenzamide monohydrate (JIXCOI, P2 1/a) 14 in 
which amide dimers hydrogen bond with the OH group of a 
21-related molecule (N-H .. ·O: 2.08 A, 168.4°). 

The crystal structure of 2 in space group Pi contains one 
molecule of resorcinol and two molecules of isonicotinamide. 
Of the three possible conformations of resorcinol OH groups, 
the divergent form that leads to a linear tape is present in 2 
(synthon 1: (i) 1.78 A, 2.719(2) A, 159.0°; (ii) 1.75 A, 2.722(2) A. 

Fig. I (a) Linear tape of O-H»•N synthon I and amide dimer n in 
(hydroquinone)0s(isonicotinamide) 1. Click here to access a 3D 
representation. (bl N-H .. ·Ophcnol hydrogen bond between 21 related 
tapes.Click here to access a 3D representation. See text for metrics of 
H-bonds. 
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168. 7°). Symmetry-independent isonicotinamide molecules 
extend the chain along [2 I -1 J via dimer II (Fig. 2; N­
H .. ·O: (iii) 1.87 A, 2.876(2) A, 176.2°; (iv) 2.02 A, 3.020(2) A, 
168.6°). The second NH of the amide groups hydrogen bonds 
with amide and phenol O atoms of inversion-related tapes 
(N-H .. ·Oumidc (v) 1.95 A, 2.865(2) A, 149.8°; N-H .. ·Ophenol 
(vi) 2.14 A, 3.120(2) A, 162.4°) to produce a 2D sheet parallel to 
(-1 2 0). The amide donor with the shorter N-H- .. 0 bond in 
synthon Il (iii) has a longer second contact (vi) and vice versa 
(iv and v). There are no examples in the CSD of primary amides 
with symmetry-independent dimers Il that hydrogen bond to 
different acceptor groups, C=O and OH (motifV1l). Generally, 
carbonyl oxygen is the preferred acceptor for H atoms in 
primary amides. The cooperative hydrogen bond array15 in 
motifN-H .. ·Opheno1-H .. ·N perhaps polarizes the acceptor and 
makes it comparable to an amide C=O group. 

Crystallization of phloroglucinol and isonicotinamide in a 
I : 3 ratio afforded dihydrate 3, (phloroglucinol)·(isonicotin­
amide)i-(H20h, Six-component self-assembly involving two 
phloroglucinol and four isonicotinamide molecules produce a 
stacked dimer of I : 2 stoichiometry (PI, Fig. 3). Two phenol 
groups hydrogen bond with the symmetry independent iso­
nicotinamide molecules (0-H .. ·N I: (i) 1.77 A, 2.755(2) A, 
174.5°; (ii) 1.81 A, 2.795(2) A, 179.2°) that are in turn bonded 
via symmetry-independent amide dimer Il (N-H · .. o: (iii) 
1.92 A, 2.929(2) A, 176.2°; (iv) 1.91 A, 2.912(2) A, 174.1 °). 
These stacked dimer units constructed from inversion-related 
phloroglucinol and isonicotinamide molecules are hydrogen 
bonded along [0 I 2] via the third phenol and two water mole­
cules. Phenol to water hydrogen bond (0-H .. ·O: (v) 1.65 A, 
2.627(2) A, 173.0°) is shorter than H-bonds from water ((vi) 
1.81 A, 2.796(2) A, 11&.2°; (vii) 1.81 A, 2.789(2) A. 110.3°), 
as expected. Two phenol and four water molecules form a 
supramolecular chair cyclohexane with 0-H · .. O hydrogen 

Fig. 2 Linear tapes of 0-H .. · N syn th on land amide dimer II in 
(resorcinol)·(isonicotinamideh 2. Synthon n is between symmetry­
independent amide molecules. Inversion-related tapes are connected 
via N-H .. ·O0 m;<1e and N-H" ·Ophcnal H-bonds into 2D sheets parallel to 
(- I 2 0). See text for metrics of H-bonds i. ii, iii. etc.Click here to access 
a 3D representation. 
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Fig. 3 (a) Six component self-assembly in (phloroglucinol)·(isonicotin­
amide)i-(HiOh 3 through eight hydrogen bonds of synthons I and Il. 
The third OH of phloroglucinol is hydrogen bonded to water 
molecules. See text for metrics of H-bonds i, ii, iii. etc.Click here to 
access a 3D representation. (b) Supramolecular chair cyclohexane of 
0-H···O hydrogen bonds from two phenol and four water molecules. 

bonds! 6 The six O atoms are related by a center of sym­
metry, the most common (81%) torsion pattern in R6 water 
clusters. 100 The left over amide NH hydrogen bond with phenol 
and water oxygen acceptors (N-H · · ·Owa,c,: 2.14 A, 3.046(2) A, 
148.5°; N-H .. ·Ophcnol: 2.48 A, 3.309(2) A, 138.6°) through 
interactions at the long (weak) distance range. It may be noted 
that the N-H--·Oamidc hydrogen bond formed from the dimer 
aggregate is replaced by N-H .. ·Ophcnollwa,cr in this series of 
co-crystals. 

Three types of supramolecular organization are possible 
for 1,3/1,4-bis- and 1,3,5-tris-phenols: infinite chain, 11 finite 
dimer1

d and trigonal motif. 1
c When n-n stacking stabilizes the 

strong hydrogen bond assembly, finite dimers are preferred 
over infinite chains in adducts with resorcinol.40 The placement 
of an electronegative Cl atom in resorcinol steers the infinite 
chain motif towards a finite stacked dimer. 17 In light of these 
observations we feel that weak n-n stacking (3.9-4.0 A) of the 
pyridyl rings appears to tip the structure towards a discrete 
dimer in 3 compared to an infinite chain in 2. Another reason 
for the ID chain in 2 could be that this motif promotes crystal 
growth through strong hydrogen bonds. The OD discrete dimer 
in 3 is able to use the third phenol group for assembly into 
larger aggregates through water molecules. Our results 
supplement structural trends in phenol-pyridine co-crystals 
with O-H···N synthon I (Scheme!). Hydrogen bonding of an 
amide group to a OH acceptor is a new recurring motif in these 
crystal structures. 

The I : I co-crystal of (4-hydroxybenzoic acid)·(isonicotin­
amide) 4 (P2 1/n) is a multi-functional system suited to study 
hydrogen bond competition between phenol, acid, pyridine 
and amide groups (Fig. 4). Phenol--·pyridine and acid·--amide 
synthons I and m (O-H···N: 1.78 A, 2.745(2) A. 165.2°; 
O-H· .. O: 1.61 A, 2.579(2) A, 168.5°; N-H···O: 1.98 A, 
2.976(2) A, 168.2°) assemble 11-glide related molecules as 
zigzag tapes. Such inversion related tapes are connected by 

Fig. 4 Zigzag tapes of alternating phenol·--pyridine I and acid--· 
amide min (4-hydroxybenzoic acid)·(isonicotinamide) 4. The tapes 
are connected by N-H · · ·O..,,d H-bonds. Note lhat the crystal structure 
is stabilized by heterosynthons. See text for metrics of H-bonds.Click 
here to access a 3D representation. 

amide-to-acid N-H · · ·O hydrogen bonds (2.46 A, 3.293(2) A, 
139.3') and weak C-H···O interactions (Table 2). There are 
at least two other supramolecular organization modes possible 
in 4. (I) In the crystal structure of (3,5-dihydroxybenzoic 
acidh·(4,4-bipyridineh (space group Pi) 1

d both phenol OH 
and COOH groups are hydrogen bonded to a pyridine acceptor 
via 0-H .. · N hydrogen bonds I and IV. (2) The crystal structure 
of (3-hydroxybenzoic acid)·(isonicotinamide) (I : 1, Cllc)6h 
is stabilized by acid· .. pyridine and amide--·amide hydrogen 
bonds IV and II. The occurrence of different combinations of 
synthons I-IV in a given molecular adduct involving hydrogen 
bonding between the same functional groups implies that 
their energy is comparable. We are computing hydrogen bond 
energies in experimental crystal structures and also other 
possible structures that are not observed. Co-crystal 4 is the 
first example of a carboxylic acid-isonicotinamide adduct with 
phenol· .. pyridine and acid--·amide synthons I and m. On the 
other hand, over a dozen structures with acid--·pyridine and 
amide-- ·amide synthons IV and II have been published under 
the banner of high-yield supramolecular reactions.6h Desiraju 18 

has emphasized the need to report low yield supramolecular 
reactions also because they provide new information about 
molecular recognition and hydrogen bond preferences. In the 
present context, isolation of minor product 4 leads to the 
question: are there other carboxylic acid-isonicotinamide co­
crystals with the same synthon and furthermore what chemical 
modification will favor this motif? 

Conclusions 

Crystal engineering 19 with complementary multi-functional 
systems requires a proper understanding of the factors that 
control supramolecular organization when different hydrogen 
bond synthons are in competition. Crystal structures 1-3 
of phenol-isonicotinamide adducts have recurring 0-H--·N 
synthon I and amide dimer U. The OH group of phenol/water 
appears to be a better hydrogen bond acceptor for the amide 
NH than C=O, perhaps because of cooperative effects in the 
former motif. The change from infinite chains in 2 to stacked 
dimers in 3 is ascribed to stabilization from weak lt"''1t stacking 
in the latter structure. The 'low-yield' adduct 4 provides the 
first example of a carboxylic acid-isonicotinamide co-crystal 
with acid·· ·amide synthon m without acid-- ·pyridine recogni­
tion IV. Phenol--·pyridine synthon I is a persistent recognition 
pattern in the present family of co-crystals. To conclude, some 
novel hydrogen bonding features in the supramolecular organi­
zation of phenol-isonicotinamide adducts are observed that 
could not have been anticipated from hydrogen bond synthons 
in phenol-pyridine and carboxylic acid-isonicotinamide co­
crystals. 
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Evie Sun 

From: Rick Gyory 

Sent: Monday, September 15, 2003 6:46 AM 

To: Chris Moore; True Tran; Evie Sun 

Subject: FW: TPI Conference call: Galantamine flux work 

Importance: High 

I may need to call in separately, and may not be able to call in at all. 

We ARE NOT USING THE CONFERENCE BRIDGE. sEE THE CONTACT NUMBER 
BELOW. 

Rick 
-----Original Message-----
From: Yates, Barbara [mailto:Barbara.Yates@Alza.com] 
Sent: Thursday, September 11, 2003 5:14 PM 
To: Audett, Jay; TFP: Gyory, Rick; TFP: Moore, Chris; Goldman, Eli; Wen, Jack; Nedberge, Diane; Van Osdol, Bill 
[ALZUS] 
Cc: Imbert, Delphine 
Subject: TPI Conference call: Galantamine flux work 
Importance: High 

When: Monday, September 15, 2003 1 :00 PM-2:00 PM (GMT-08:00) Pacific Time (US & Canada); Tijuana. 
Where: Dial in # below; not bridge line 

* * * * * * * * * * ---------

Conference Call Information 
Toll-Free Number 866-222-0917 
International, Caller Paid 803-477-2000 

Participant Code 879688 
Customer Care 888-864-5656 or 205-791-4402 

9/15/2003 
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Barbiturates and Adenine Derivatives. Molecular 
Structure of a Hydrogen-Bonded Complex 

Donald Voet and Alexander Rich"' 

Contribution from the Department of Biology, Massachusetts Institute of 
Technology, Cambridge, MassachusettS 02139. Receir,ed January 7, 1972 

Abstract: A crystalline 1: 1 intermolecular complex has been formed between 9-ethyladenine and 5-isopropyl-S­
bromoallylbarbituric acid. The complex crystallizes in a triclinic unit cell, the molecular structure of which has 
been solved by X-ray diffraction analysis. It was found that the molecules form linear hydrogen-bonded arrays 
in which the adenine derivative forms a pair of hydrogen bonds with one barbituric acid molecule using the Watson­
Crick bonding that is found in DNA. In addition, the adenine forms another pair of hydrogen bonds with a 
second barbituric acid molecule using the imidazole bonding that has often been observed in crystalline complexes 
of derivatives of adenine and uracil. Each molecule in the complex thus participates in four different hydrogen 
bonds. 

Barbiturates have diverse actions in biological sys­
tems. In addition to their widely known sedative 

effects, they are also regarded as general metabolic 
depressants because they inhibit a large number of 
enzyme systems, including those involved in oxidative 
phosphorylation. 1 A great deal of information con­
cerning the complex pharmacological activities of the 
barbiturates has been accumulated, but very little is 
known concerning the molecular basis of their activ­
ities. 

The barbiturates are derivatives of uracil. Solution 
studies of the specificity of hydrogen bonding among 
purines, pyrimidines, and barbiturates have shown that 
the barbiturates have a selective affinity for forming 
strongly hydrogen-bonded complexes with a variety of 
adenine derivatives. This strong association has been 
demonstrated by infrared studies, 2 and by the formation 
of a number of crystalline intermolecular complexes 
containing derivatives of adenine and the barbiturates. 3 

The molecular basis of the extremely varied pharma­
cological effects of the barbiturates might therefore be 
understood in terms of the strong association of the 
barbiturates with adenine-containing coenzymes as 
well as with molecules, such as cyclic AMP, that play 
an important role in controlling various metabolic 
activities. Thus, it is of considerable interest to deter­
mine the detailed molecular geometry of the complexes 
between barbiturates and adenine derivatives. 

The crystallographic analysis of one complex con­
taining two molecules of an adenine derivative and one 
of a barbiturate has previously been reported.' In the 
present report we describe the structure of an inter­
molecular complex containing a commercially available 
barbiturate, 5-isopropyl-5-bromoal!ylbarbituric acid, 
and 9-ethyladenine. In this l: 1 complex the two types 
of molecules are organized into infinite ribbons of al­
ternating adenine and barbiturate residues in which 
adjacent adenine and barbiturate molecules interact 
through a pair of hydrogen bonds. 

9-Ethyladenine (Cyclo Chemical Corp.) and 5-iso­
propyl-5-bromoallylbarbituric acid (Riedel-deHaen, 

(I) S. K. Sharpless in "The Pharmacological Basis of Therapeutics," 
3rd ed, L. S. Goodman and A. Gilman, Ed., Macmillan, New York, 
N. Y., 1965, p 105. 

(2) Y. Kyogoku, R. C. Lord, and A. Rich, Naru,e (London), 218, 69 
(1968). 

(3) D. Voci, S. H. Kim, and A. Rich, unpublished results. 
(4) S. H. Kim and A, Rich, Proc. Nar. Acad. Sci., 60, 402 (1968). 

A.G., Hanover, West Germany) were mixed together in 
equimolar amounts and dissolved in SO% aqueous 
ethanol. The solution was allowed to evaporate to 
dryness, yielding a number of flat prismatic crystals with 
well-developed faces approximately 0.2-0.4 mm in 
diameter. The ultraviolet spectrum of an aqueous 
solution of one of these crystals revealed that the adenine 
and the barbiturate derivative were present in the crys­
tal in equimolar amounts. 

Precession and Weissenberg X-ray diffraction photo­
graphs showed that the complex crystallized in a tri• 
clinic lattice. The unit cell parameters of this lattice, 
as measured on a four-circle diffractometer, are pre• 
sented in Table I. The buoyant density of the crystals 

Table I. Unit Cell and Space Group Date for 
9-Ethyladenine-S-lsopropyl-5-bromoallylbarbituric Acid• 

a= 9.094 (6) A 
b = 10.0S6 (8) A 
c = 14.271 (7) A. 
Space group, PI 
Z=2 
Density (obsd) = 

1.501 g/cm1 

a = 107 .05 (S) 0 

/3 = 106. 71 (S) 0 

'Y = 114.08 (5) 0 

Density (calcd) = 
1.496 g/cm• 

• The quantities in parentheses are the estimated standard devia­
tions of the least significant figure of the tabulated values. 

was measured in a CCI,-<:yclohexane mixture. A sta­
tistical analysis of the diffraction data revealed that the 
space group contained a center of symmetry. There­
fore, the space group of the crystal is PI and the asym­
metric unit of the unit cell contains two sets of com­
plexed molecules. Diffraction data were collected 
with a G.E. XRD-490 automatic diffractometer, using 
the stationary counter-stationary crystal method and 
Cu Ka X-radiation. Observable reflections (1718) 
were measured out to a value of 28 = 120°. 5 After 
correcting the intensities for the Lorentz polarization 
factors, a three-dimensional sharpened Patterson func­
tion was calculated. The position of the bromine 

(5) Structure factors and thermal parameters will appear following 
these pages in the microfilm edition of this volume of the journal. 
Single copies may be obtained from the Business Operations Office, 
Books and Journals Division, American Chemical Society, 11 SS 
Sixteenth St., N.W., Washinston, D. C. 20036, by referring to code 
number JACS-72-5888. Remit check or money order for $3.00 for 
photocopy or $2.00 for mkrofiche. 

Journal of the American Chemical Society I 94: 16 I Augll.ft 9, 1972 
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Figure 1. A perspective drawing of the hydrogen-bonded inter· 
molecular complex 9-ethyladenine-5-isopropyl-5-bromallylbarbi­
turic acid. The atoms are represented as thermal e.llipsoids of a size 
such that the centers of the vibrating atoms have a 50% probability 
of being found within them.' The numbering system for the two 
molecules is shown in the figure. 

atom was located directly from analysis of the Patter­
son map. This information was used with the Woolf­
son weighting technique6 to determine the phases and 
the amplitudes of the Fourier coefficients of an elec­
tron density map. This heavy-atom Fourier map re­
vealed all 28 nonhydrogen atoms in the asymmetric 
unit of the unit cell. The structure was refined using 
full-matrix least-squares refinement, initially employing 
isotropic temperature factors and finally anisotropic 
temperature factors. The data converged to a final 
error residual of R = 0.091. Hydrogen atoms were 
not evident in the final difference Fourier map. 

The structure of the complex together with the atomic 
numbering scheme used here is shown by the perspec­
tive drawing in Figure l.7 It can be seen that each 
barbiturate molecule participates in a cyclic dimer of 
hydrogen bonds with two neighboring adenine mole­
cules. Thus, adenine atoms N-1 and N-6 hydrogen 
bond with barbituric acid atoms N-3 and 0-4, respec­
tively. This pair of hydrogen bonds resembles the 
Watson-Crick pairing between adenine and thymine 
in DNA. The second set of hydrogen bonds associates 
the imidazole nitrogen, N-7, and the amino group, 
N-6, on the second adenine molecule with barbituric 
acid atoms N-1 and 0-6, respectively. The two adenine 
molecules are related by a unit cell translation. Thus, 
the structure forms an infinite hydrogen-bonded array 
of alternating adenine and barbiturate residues. 

Many crystalline intermolecular complexes of adenine 
and uracil derivatives have been found in which the 
adenine forms a hydrogen-bonded cyclic dimer utilizing 
either its N-1 or its N-7 position as the hydrogen bond 
acceptor.8 Only in the cases in which the stoichiom­
etry of the complex is two uracil derivatives t~ one 
adenine derivative are both hydrogen bonding sites 
used.8 The present structure is the only intermolecular 
complex of l: l stoichiometry reported to date in which 
both adenine sites are occupied. This is made possible 
because the barbituric acid derivative has a proton 

(6) M. M. Woolfson, Acta Cr;mallogr., 9, 804 (1956). 
(7) C. K. Johnson, "OR.TEP: A Fortran Thermal-Ellipsoid Plot 

Program for Crystal Structure Illustrations," ORNL-3794, Oak Ridge 
National Laboratory, Oak Ridge, Tenn .• 1965. 

(8) D. Voet and A. Rich, Progr. Nucl. Acid Res. Mo/. Biol., 10, 183 
(1970). 
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Figure 2. A projection of the crystal structure onto the plane of the 
aromatic rings. This shows the packing relationship among the 
adenine and the barbiturate rings. The side groups of the barbitu­
rate which do not lie in the plane have been left out for the sake of 
clarity. 

rather than some other substituent at the N-1 position, 
and this gives it the capability of forming a second pair 
of hydrogen bonds. In this respect barbituric acid 
derivatives are somewhat analogous to pseudouridine, 
a nucleoside that is found in all transfer RNA mole­
cules. In pseudouridine the uracil ring is connected 
to ribose with a carbon-carbon bond to uracil atom 
C-5, leaving atom N-1 of the ring free to form a second 
set of hydrogen bonds. The barbiturate molecule in 
the present structure could thus be considered to be a 
model for a pseudouridine molecule in transfer RNA 
because both have the potential of forming a pair of 
hydrogen bonds to two different adenine bases. In 
the intermolecular complex of phenobarbital with two 
molecules of 8-bromo-9-ethyladenine4 the barbiturate 
ring forms two sets of hydrogen bonds to two crystallo­
graphically independent adenine derivatives. In that 
crystal structure the formation of an additional pair of 
hydrogen bonds between symmetry-related adenine 
molecules exhausts the hydrogen bonding capability 
of the complex. 

Figure 2 illustrates the mode of packing of successive 
layers in the lattice. As is shown in this figure, the 
arrays of hydrogen-bonded adenine-barbiturate com­
plexes form an elongated flat zigzag chain. These are 
packed side by side in the crystal to form a layer struc­
ture. The hydrogen-bonded array at one level lies 
largely over and under the spaces between neighboring 
linear arrays of hydrogen-bonded molecules in the 
adjacent levels. The side chains of the barbiturate 
derivatives project above and below the plane of the 
hydrogen-bonded array to fill the space between neigh­
boring layers in adjacent levels. 

In the perspective drawing of Figure 1 the atoms are 
represented as thermal ellipsoids with a size such that 
the centers of the vibrating atoms have a 50 % probability 
of being found within them.7 The thermal ellipsoids 
are therefore indicative of the mobility of the different 
parts of the molecule in the crystalline lattice. It can 
be seen that the amino group (N-6) and the ethyl 
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Figure 3. A schematic drawing of the complex showing the bond 
distances (in angstroms) and the bond angles (in degrees). Hydro­
gen bonds are represented by dashed lines. 

group (C-I0-C-11) of adenine vibrate in a direction 
out of the plane of the purine ring. In a similar fashion, 
the isopropyl group of the barbiturate (C-10, C-1 l, 
C-12) can be seen to vibrate about the C-5-C- l l bond. 

The atomic coordinates of the intermolecular com­
plex are listed in Table II. The bond distances and 
angles are given in Figure 3. The estimated standard 
deviations of these quantities are 0.02 A and l.0°, 
respectively. The bond distances and angles are gen-

fable n. Atomic Parameters in Fractions of a 
Unit Cell Edge of the Crystal Structure 
9-Ethyladcnine-5-lsopropyl-5-bromoallylbarbituric Acid• 

Atom X y z 

9-Ethyladenine 
N-1 0.0240 0. 2102 0. 3869 
C-2 0.0557 0.3408 0.4744 
N-3 -0.0070 0. 3405 0. 5452 
C-4 -0.1136 0.1832 0.5265 
C-5 -0.1618 0.0403 0.4389 
C-6 -0.0937 0.0541 0. 3657 
N-7 -0.2775 -0.0965 0.4493 
C-8 -0.2918 -0.0315 0.5340 
N-9 -0. 1964 0.1403 0.5873 
N-6 -0.1299 -0.0770 0. 2768 
C-10 -0. 1743 0.2598 0.6888 
C-11 -0.2802 0.1741 O. 7411 

5-Isopropyl-5-Bromoallylbarbituric Acid 
N-1 0.5198 0.5584 0.3245 
C-2 0.4017 0. 4917 0. 3668 
N-3 0. 2778 0. 3258 0. 3119 
C-4 0.2496 0.2137 0.2128 
C-5 0.3804 0.2857 0.1664 
C-6 0.5155 0.4724 0.2303 
0-2 0.4054 0.5818 0.4499 
0-4 0. 1385 0.0719 0. 1683 
0-6 0.6167 0.5469 0.1969 
C-7 0.2654 0.2330 0.0441 
C-8 0. 1824 0. 3329 0.0300 
C-9 0. 2260 0.4375 -0.0113 
Br -0.0050 0.2998 0.0699 
C-10 0.4922 0.1932 0. 1705 
C-11 0.6001 0.2337 0.2934 
C-12 0.6095 0.2239 0.1166 

• The numbering system is the same as that shown in Figure I. 
Carbonyl oxygen and amino nitrogen atoms have the same number 
as the carbon atom to which they are covalently bound. 

erally similar to those which have been obtained from 
averaging the corresponding quantities in a number of 
crystal structures containing adenine or barbiturate 
derivatives.8 An exception is found in those bonds 

· involving atom C- lO in the barbiturate. Since no 
significant peaks could be detected in the difference 
Fourier map in that region, it is likely that the least­
squares refinement did not position this atom appro­
priately. It has been noted by Hughes 9 that the es­
timated standard deviations obtained from least­
squares refinement are often underestimates. 

The two NH-N hydrogen bond lengths (2.790, 
2.808 A) are in the normal range, whereas the two NH­
O hydrogen bonds (3. 124, 3.339 A) are significantly 
longer than normal.'• 1.0 The reason for these longer 
hydrogen bonds is not entirely clear. Model building 
studies show that the two adenine molecules that are 
hydrogen bonded to a single barbiturate residue could 
not be parallel if all of their hydrogen bonds were of 
normal length. However, since these adenine mole­
cules are related by the translational symmetry of the 
unit cell, they must be parallel. Hence the increased 
length of the longer hydrogen bonds may be due to 
constraints arising from the packing of molecules 
in the unit cell. 

The closest nonbonding intermolecular approaches 
are between barbiturate atom 0-2 and atoms 0-2 and 
C-2 of the barbiturate molecule related to the first by a 
center of symmetry. These distances, which are 3.159 
and 3.165 A, respectively, are slightly larger than the 
minimal van der Waals contact for such interactions. 10 

Both the adenine and the barbiturate rings are very 
close to being planar. The root-mean-square devia­
tion from planarity of the adenine atoms, excluding the 
side-chain atom C-11, is 0.022 A. The corresponding 
quantity for the barbiturate molecule is 0.037 A, ex­
cluding the side-chain atoms. The dihedral angle be­
tween these planes is 10.5°. In intermolecular com­
plexes of this type, the hydrogen-bonded molecules 
usually have dihedral angles which are less than 5°. 8 

However, the majority of these hydrogen-bonded pu­
rine-pyrimidine complexes contain only two molecules 
and do not form infinite chains. The small size of 
such a hydrogen-bonded complex may enable it to act 
as a more rigid unit in response to crystal packing 
forces than is possible for an infinite hydrogen-bonded 
array. Thus it seems likely that in the present case 
the deviation of the rings from coplanarity is the 
result of a compromise between the tendency of the 
infinite arrays of hydrogen-bonded molecules to be 
perfectly cop!anar and the requirement that the bulky 
substituents of the barbiturate mo!ecules be efficiently 
packed in a regular crystalline lattice. 

Adjoining levels in the layered structure are separated 
by a distance of 3.2 A. This is somewhat shorter than 
the 3.4 A which is the van der Waals thickness of aro­
matic rings. 10 However, as is seen in Figure 2, there 
is very little overlapping of the rings in successive layers 
so that a closer approach is possible between successive 
layers of the structure than if there had been more over­
lap. 

(9) E. W. Hu11hes, "Structural Chemistry and Molecular Biology," 
A. Rich and N. Davidson, Ed., W. A. Freeman, San Francisco, Calif., 
1968, p 628. 

(10) L. Pauling, "The Nature of the Chcmicnl Bond," Cornell Uni­
versity Press, Ithaca, N. Y., 1960. 
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Our interest in intermolecular complexes between 
derivatives of purines and pyrimidines is related to the 
central role of hydrogen bonding in the transfer of 
information in biological systems. In the present case, 
however, the intermolecular complexes between adenine 
derivatives and the barbiturates are of interest because 
these interactions may provide some insight into the 
varied and profound biochemical effects of the bar­
biturates when they are present in biological systems. 
The present structure shows a somewhat unusual and 

5891 

extensive system of hydrogen bonding which is a re­
flection in the solid state of the highly selective hydrogen 
bonding affinity that is observed between the bar­
biturates and adenine-containing compounds. 
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Communications to the Editor 

Decomposition of Azo Compounds via Cationic 
Intermediates. Elucidation of the Mechanism of 
Ionization and Nitrogen Elimination 

Sir: 

Recently we reported the first two cases of azo com­
pounds which eliminate nitrogen by mechanisms involv­
ing cationic intermediates. 1 The results clearly showed 
that for a structurally suitable system the -N=N­
group anchimerically assists ionization. 1 However, 
the preliminary work did not provide for a definitive 
mechanistic description of nitrogen loss. This has 
stimulated us to begin a general investigation of the 
scope and mechanistic details of such reactions. In 
this communication we wish to report the acetolysis 
of the new system Ilb-OBs and a detailed analysis of 
ionization-nitrogen elimination for this reaction. 

Addition of 2-diazopropane 2 to methyl methacrylate 
afforded I in excellent yield, bp 67-73° (1.5 mm). 3 

Ila, X=OH 
b, X=OBs 
c, X=OAc 

Reduction of I with lithium aluminum hydride followed 
by oxidation with yellow mercuric oxide gave Ila-OH, 
bp 88-90° (1.2 mm). 1 Reaction of Ha-OH with sodium 
hydride followed by treatment with p-bromobenzene­
sulfonyl chloride produced IIb-OBs, mp 109-110°. 

(I) E. L. Allred and C. R. Flynn, J. Amer. Chem, Soc., 92, 1064 
( 1970). 

(2) A. C. Day, P. Raymond, R. M. Southam, and M. C. Whiting, 
J. Cht!m. Soc. C, 467 (1966). 

(3) Satisfactory elemental analyses were obtained for al! of the new 
compounds. The runr, ir, and uv spectral data were in complete agree­
ment with the structural assiiinmenl!. 

2-Diazopropane-d6
4 was converted in an analogous 

manner to IIb-OBs-d6• Treatment of IIa-OH with 
acetic anhydride and pyridine afforded IIc-OAc. 

Azo p-bromobenzenesulfonate Ilb-OBs was solvo­
lyzed in dry acetic acid buffered with sodium acetate. 
Rate measurements were made by the usual sealed 
ampoule technique. Titration of the developing p­
bromobenzenesulf onic acid was performed with a 
Metrohm Potentiograph Model E-436 high-precision 
automatic titrator. All of the rate constants were nicely 
first order. The kinetic data are summarized in Table 
I. A reactivity comparison of llb-OBs acetolysis 
with the gas-phase thermolysis of structurally related 
III also is included. Another reactivity comparison 
was made by subjecting IIc-OAc to the acetolysis con­
ditions at 130°. The azo acetate was stable for at least 
25 acetolysis half-lives of Ilb-OBs. 

p-Bromobenzenesulfonate Hb-OBs produced a quan• 
titative yield of nitrogen and a mixture of the acetate 
and dienes shown in eq 1; no llc-OAc was detected. 

~cOH 

NaOAc 

IV V 

Ill 
gas phase 

~ 
99. 75% 

+ Nz (1) 

VI 

+ 'rY +N2 

0.25% 

(2) 

Product identification was based on glpc and nmr 
comparisons with authentic samples of IV,& V, 6 and 
Vl.7 Product yields and ratios are summarized in 
Table II. Equations 1 and 2 compare the products of 
Ilb-OBs acetolysis and the gas-phase thermolysis of 
m.s 

The best available evidence indicates that decomposi­
tion of Ill occurs by a mechanism which involves a 

(4) 2-Diazopropane-d, was prepared from acetone-a', of 99.5 % 
minimum isotopic purity.• Nmr analysis showed I,d, and Il-d, to be 
of srcater than 98 7. deuterium incorporation. 

(S) Prepared from 2,4-dimethyl-4-penten-2-ol obtained from Chem­
ical Samples Co. 

(6) Obtained from Chemical Samples Co. 
(7) T. L. Jacobs and R. A. Meyen, J, Amer. Chem. Soc., 86, 5244 

(1964). 
(8) R. I. Crawford and A. Mishra, Ibid., 88, 3963 (1966). 
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The Crystal and Molecular Structure of the Intermolecular 
Complex 9-Ethyladenine-5,5-Diethylbarbituric Acid1 

Donald Voet 

Contribution from the Department of Chemistry, and the Laboratory for 
~esearch on the Structure of Matter, Uni-oersity of Pennsylr,ania, 
Philadelphia, Pennsylvania 19104. Receioed March 22, 1972 

Abstract: The X-ray crystal structure of the intermolecular complex 9-ethyladenine-S,5-diethylbarbituric acid has 
been determined. The two types of molecules associate by forming extended planar sequences of mutually 
hydrogen-bonded barbiturate and adenine rings. The mode of hydrogen bonding in these sequences alternates 
between the Watson-Crick and the Hoogsteen types of base pairing. In both of these pairings the N-H • · · 0 
contacts are anomalously long. The planes of hydrogen-bonded molecules form stacks of parallel layers that are 
held together by dipole-dipole interactions. The strengths of these interactions appear to be related to the strengths 
of the N-H • • • 0 hydrogen bonds. 

Barbiturates are general metabolic depressants that 
appear to act as competitive inhibitors in oxidative 

metabolism. 2 Barbiturate derivatives that are physio­
logically effective as sedative-hypnotic agents are sub• 
stituted at their 5 position by two nonpolar groups of at 
least the size of ethyl groups. 2 These hydrophobic side 
groups increase the solubility of the barbiturate ring in 
nonpolar environments and decrease it in aqueous 
media. Nerve tissue is quite lipid rich in comparison 
with other tissues such as muscle or blood. Hence, 
the marked effect of barbiturates on the central nervous 
system is due, at least in part, to their selective solu­
bility in nerve tissue. 

The nature of the barbiturate receptor site is largely 
unknown. Barbiturates, as do other uracil derivatives, 
have a selective affinity for hydrogen bonding to adenine 
derivatives. This has been demonstrated by infrared and 
nmr spectroscopy 8•' and by the formation of a number 
of crystalline intermolecular complexes containing both 
adenine and barbiturate derivatives. M An attractive 
hypothesis concerning the nature of the barbiturate 
receptor site is that it involves adenine containing 
effectors or coenzymes, such as 3',5'-cyclic AMP, 
ATP, FAD, and NAD. It has been postulated that the 
barbiturate molecules selectively hydrogen bond to 
these receptor molecules, thereby interfering with their 
normal function. 1•6 It is therefore of great interest to 
determine the crystal structure of a number of adenine­
barbiturate complexes as this may shed light on the de­
tailed molecular architecture of the barbiturate re­
ceptor site. 

· This article describes the structural determination of 
the crystalline intermolecular complex 9-ethyladenine-
5,5-diethylbarbituric acid (I). In this structure the 
adenine and the barbiturate derivatives associate by the 
formation of extended hydrogen-bonded strips that 
contain adenine and barbiturate residues in alternating 

(I) This paper was presented, in part, at the American Crystallo• 
graphic Association Winter Meeting, Columbia, S. C., Jan 1971, 
Abstract L4. 

(2) S. K. Sharpless in "The Pharmacological Basis of Therapeutics," 
3rd ed, L. S. Goodman and A. Gilman, Ed., Macmillan, New York, 
N. Y., 1965, p 105. 

(3) Y. Kyogoku, R. C. Lord, and A. Rich, Narure (London), 118, 69 
(1968). 

(4) Y. Kyogoku and B, S. Yu, Chtm•Blol. lnttractloru, 2, 117 (1970). 
(5) S.-H. Kirn and A. Rich, Proc. Nor. A.cad. Set. U. S., 60, 402 

(1968). 
(6) D. Voct and A. Rich, J, A.mu. Chom. Soc., 94, 5888 (1972). 

order. The layers or hydrogen-bonded strips appear to 
· be held together by a series of stacked dipoles. It is 
shown that the strengths of these dipolar interactions 
and those of the N-H • · ·O hydrogen bonds appear to 
be closely interrelated. 

Experimental Section 
9-Ethyladenine (Cyclo Chemical) and 5,5-diethylbarbituric acid 

(Merck and Co.) were dissolved in equimolar amounts in dimethyl 
sulfmdde. The resulting solution was evaporated to dryness at 
~80°, yielding a number of small colorless crystals with the shape of 
flattened parallelepipeds. The ultraviolet spectrum and the paper 
chromatographic analysis or an aqueous solution of one of these 
crystals indicated that both 9-ethyladenine 0.11d 5,5-diethylbarbituric 
acid were present in the crystals in approximately equimolar 
amounts. 

A small crystal (0.4.5 X 0.30 X 0.08 mm) was sealed inside a glass 
capillary tube. Preliminary Weissenberg and precession photo­
graphs of the crystal revealed that it had triclinic lattice symmetry. 
All subsequent X-ray measurements were made using a Picker 
FACS-1 diffractometer emplo~ing Ni-filtered Cu radiation (>-(Cu 
Ka) = 1.5418 A). The reduced unit cell parameters as determined 
by the least-squares analysis of the angular positions of 12 indepen­
dent reflections are given in Table I. The buoyant density of the 

Table I. Crystal Date• 

a=7.s2oo>A 
b = 10.455 12) A 
C = 12.255(1}A. 
Space Group Pl 
z C 2 
Density (obsd) = I. 393 Bfcm3 

Density (calcd} = 1. 391 g/cm 1 

a= 95.88(1) 0 

{3 a 102.35(1) 0 

"I = l 15.48 (1) 0 

c The quantities in parentheses are the estimated standard devia­
tions of the least significant figure of the tabulated data. 

crystals was measured by flotation in a mi,cture of CCI, ond cyclo­
hexane. 

X-Ray diffraction peak counts, C, wfre measured using the 8-28 
scan mode, a scan rate of l 0/min, 11 scan range of 1.2°, and a take-off 
angle of 3°. Stationary background counts, B, and B,, of 10-sec 
duration each, were taken at the limits of each scan. A total of 
2464 unique reflections were measured to the limit 211 = 125°. All 
computer calculations were performed using an IBM 360-7.5 com-
puter. . 

Structure Determination and Refinement. The intensities, I 
(h,kl), were calculated according to the equation 

where tis the ratio or the peak counting time to the total background 
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Figure 1. The molecular formulas and atomic numbering schemes 
for (a) 9-ethyladenine and (b) 5,5-diethylbarbituric acid, 

counting time, Lis the Lorentz factor, and pis the polarization fac­
tor. The standard deviation of these intensities, u(l), is defined as 

where k is a factor that accounts for instrumental instabilities.' In 
the present structural determination, k was assigned a value of 0.030. 
A total of 43 reflections had I< 2,33u(l) and hence were considered 
to be unobserved. (The rest are observed at the 98 % confidence 
level.) It was not considered necessary to correct the intensities 
for absorption effects due the small size of the crystal. 

The amplitudes of the normalized structure factors, £, were cal­
culated according to the equation 

E'1(h,k,l) = I(h,k,l)/e(I) 

where (I) is the average value of the intensity at the same (sin 9/X) 
value as that of the (11,k,{) reflection and e is a small positive integer, 
the value of which depends on the symmetry class of the reflection.1 

For triclinic symmetry, e is unity for all reflections. 
The values of(/} were calculated according to the equation 

,\' 

In (/) = }:a.(sin 6/>..t 
n • 0 

The coefficients, a., of the above polynomial me determined as 
follows. The reflections are ordered in increasing (sin 8/'A) and the 
resulting list is divided into a small number of equally populated 
intervals. The average values of I and (sin 8/>.) are computed for 
each interval. The a. values are then fitted to these averages by the 
method of polynomial rej!ression.• The degree of the final poly­
nomial, N, is that integer such that there is no statistical improve-· 
ment of fit of the equation to the data when 11 = N + I. In the 
present case N was found to be 3 when the list of reflections was 
divided into 25 intervals. 

The statistical distribution of the normalized structure factors," 
which is shown in Table II, indicated that the unit cell had centric 

Table II. Experimental and Theoretical Values of the 
Normalized Structure Factors · 

Obsd Centric Acentric 

(£') 0,994 1.000 1.000 
(1£1) 0.797 0.798 0.886 
(£' - \) 0.979 0.968 0.736 

1£1 ~ 3.0 
0.50}~ 0. 30~-; 0.01% 

E ~ 2.0 4.46 5.00 1.80 
E ~ 1.0 30.66 32.00 36.80 

(7) G. H. Stout and L. H. Jensen, "X-Ray Structure Determination," 
Macmillan, New York, N. Y., 1968. 

(8) A. J.C. Wilson, Acta Cr;,stallogr., 2,318 (1949). 
[9) System 360 Scientific Subroutine Package (360 A-CM-03X), 

Version m, Programmers Manual, LB.M. Manual H20-0205-3, White 
Plains, N. Y., 1968, pp 408-412. 

(10) H, Hauptman and J. Karle, "Solution of the Phase Problem I. 
The Centrosyn,metric Crystal," A. C. A. Monograph No. 3, Polycrystal 
Book Service, Pittsburiih, Pa., 1953. 

symmetry and hence that its space group was PI. This finding was 
corroborated by the zero moment test 11 and was subsequently con­
firmed by the successful refinement of the structure. The above 
method of computing normalized structure factors, and also the 
Wilson plot 11 and the centrosymmetry tests, were carried out by the 
program STATISTX which was written by the author. 

The structure was solved by the reiterative application of the 
Sayre equation 11 using a modified version of the program REL." 
The positions of all of the expected nonhydrogen atoms except those 
of the barbiturate ethyl groups were evident in an £ map based on 
the 310 (phased) reflections with IEI > 1.5. The positions of the 
remaining four ethyl carbon atoms were found in a Fourier map in 
which the phases of the observed structure factors were based on the 
positions of the 21 located atoms. The structure was refined by the 
method of full matrix least squares. The quantity minimized in this 
process was l:w(IF!. - !Fl.)' where w = l/u'(l). The initial scale 
factor and the initial overall isotropic temperature factor were those 
determined by Wilson's method. 11 The atomic scattering factors 
were taken from the International Tables for Crystallography. 11 

After three cycles of refinement of the scale factor, the atomic posi­
tions and the isotropic temperature factors. the discrepancy index, R 
( = 2: II Fol - IF,1112':IF.!), was 0. 132. An additional cycle of refine• 
ment employing anisotropic temperature factors reduced the dis­
crepancy index to R = 0.098. A difference Fourier map based on 
the structure at this stage of refinement revealed the positions of all 
21 unique hydrogen atoms at their expected positions. However, 
the hydrogen atoms about one of the barbiturate methyl carbon 
atoms, C-2', were very poor!} resolved from each other. 

The positions and the isotropic temperature factors of the hydro­
gen atoms were refined for two cycles yielding a discrepancy index of 
R = 0.074. The full structure was then refined for three cycles 
using isotropic temperature factors for the hydrogen atoms and 
anisotropic temperature factors for the nonhydrogen atoms. The 
refinement process converged al a final discrepancy index_of R = 
0.063 based on 2421 reflections." The final parameter shifts were, 
with three exceptions, all less than the estimated standard deviations 
of these parameters. 

Results 

The atomic numbering scheme used in this article is 
presented in Figure l. Table III contains the final 
fractional coordinates and thermal parameters for all 
atoms in the asymmetric unit together with their stan­
dard deviations as estimated from the variance-co­
variance matrix of the final cycle of the least-squares re• 
finement. 17 

Most of the thermal parameters are within the normal 
ranges for these quantities. However, the thermal 
parameters for barbiturate hydrogen atoms H-5, H-6, 
and H-7 are considerably larger than those of the other 
atoms in the crystal. Furthermore, the estimated 
standard deviations of the atomic parameters of these 
hydrogen atoms are significantly larger than those of 
any other atom in the structure. These hydrogen 
atoms form a methyl group with barbiturate atom 
C-2', which itself has the largest thermal parameters of 
any nonhydrogen atom in the structure. Three of the 

(l I) E. R. Howells, D. C. Phillips, and D. Rogers, Acta Crystallogr., 
3, 210 (1950). 

(12) A. J.C. Wilson, Na1ure (London), 150, 151 (1942). 
(13) D. Sayre, Acta Cr;,1ta//ogr., 5, 60 (1952). 
(14) R. E. Long, Diss. Abs1r., 26, 3651 (1966). 
(15) "International Tables for Crystallography," Vol. Ill, The Ky­

noch Press, Birminsham, Ensland, 1968, p 201. 
( 16) The observed and calculated structure factors for 9-ethyladenine-

5,5,diethylbarbituric acid will appear following these pages in the micro­
film edition of this volume of the journal. Single copies may be ob­
tained from the Business Operations Office, Books and Journals Di­
vision, American Chemical Society, 1155 Sixteenth St., N.W., Washing­
ton, D. C. 20036, by referring 10 code number JACS-72-8213. Re­
mit check or money order for $4.00 for photocopy or $2.00 for micro­
fiche. 

(17) It has been noted by Hughes that the estima1ed standard devia­
tions obtained from a least-squares refinement are often underestimates 
(£. W. Hughes in "Structural Chemistry and Molecular Biology," A, 
Rich and N. Davidson. Ed., W. H. Freeman, San Francisco. Calif .. 
1968. p 628). 
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Table m. Final Atomic Coordinates and Thermal Parameters• 

Atom6 X y z /311 or B • /3n 13 .. /3u /311 fJu 

AN! 0. 2922 (3) 0.2873 (2) 0.0503 (2) 0.0232(6) 0.0097 (3) 0.0066 (2) 0.0096 (3) 0.0026 (2) 0.0012 (2) 
AC2 0. 3044 (4) 0. 3011 (3) -0.0562 (2) 0.0244 (7) 0.0101 (4). 0.0067 (2) 0.0095 (4) 0.0027 (3) 0.0017 (2) 
AN 3 0. 2979 (3) 0.2064 (2) -0. 1397 (2) 0.0249 (6) 0.0093 (3) 0.0060 (2) 0.0095 (3) 0.0027 (2) 0.0018 (2) 
AC4 o. 2754 (3) 0.0839 (3) -0.1047 (2) 0.0169 (6) 0.0090 (4) 0.0054 (2) 0.0074 (4) 0.0016 (2) 0.0011 (2) 
ACS 0. 2608 (3) 0.0542 (3) 0.000.S (2) 0.0165 (6) 0.0091 (4) 0.0054 (2) 0.0071 (4) 0.0019 (2) 0. 0015 (2) 
AC6 0.2701 (4) 0. 1640 (3) 0.0825 (2) 0.0177 (6) 0.0105 (4) 0.0051 (2) 0.0079 (4) 0.0016 (2) 0.0010 (2) 
AN 7 0. 2394 (3) -0.0833 (2) 0.0047(2) 0.0235 (6) 0.0087 (3) 0.0060 (2) 0.0087 (3) 0.0025 (2) 0.0017 (2) 
ACS 0.2424 (4) -0.1329 (3) -0.0970 (2) 0.0226 (7) 0.0089 (4) 0.0061 (2) 0.0083 (4) 0.0024 (3) 0.0014 (2) 
AN9 0. 2630 (3) -0.0385 (2) -0. 1675 (2) 0. 0218 (S) 0. 0091 (3) 0. 0055 (2) 0. 0083 (3) 0.0024 (2) 0.0008 (2) 
AN6 0. 2615 (4) 0.1505 (4) 0.1891 (2) 0.0338 (8) 0.0132 (4) 0. 0058 (2) 0.0128 (S) 0.0043 (3) 0.0018 (2) 
AC I' 0.2770 (S) -0.0583 (4) -0. 2851 (2) 0.0286 (8) 0.0131 (S) 0.0056 (2) 0.0113 (S) 0.0041 (3) 0.0012 (2) 
AC2' 0.0918 (5) -0.0706 (S) -0.3717 (3) 0. 0337 (10) 0.0177 (6) 0.0055 (2) 0.0128 (6) 0.0018 (4) 0.0014 (3) 

BN I 0.1967 (3) 0. 7189 (2) 0. 1502 (2) 0.0267 (6) 0.0093(3) 0.0051 (2) 0.0101 (3) 0.0035 (2) 0.0016 (2) 
BC 2 0. 2190 (4) 0.6059 (3) 0.0986 (2) 0.0186 (6) 0.0088 (4) 0.0052 (2) 0.0070 (4) 0.0016 (3) 0.0010 (2) 
BN 3 0.2309 (3) 0. 5087 (3) 0.1632 (2) 0.02.54 (6) 0.0095 (3) 0.0058 (2) 0.0100 (4) 0.0038 (2) 0.0015 (2) 
BC4 0.2065 (4) 0. 5079 (3) 0.2696 (2) 0.0220 (7) 0.0I03 (4) 0.0054 (2, 0.0082 (4) 0.0027 (3) 0.0018 (2) 
BC 5 0.1481 (4) 0.6176 (3) 0. 3209 (2) 0.0273 (7) 0.0108 (4) 0.0052 (2) 0.0108 (4) 0.0034 (3) 0.0014 (2) 
BC6 0.1840 (4) 0. 7413 (3) 0. 2598 (2) 0.0194 (6) 0.0096 (4) 0.0056 (2) 0.0074 (4) 0.0021 (3) 0.0005 (2) 
BO 2 0.2301 (3) o. 5939 (2) 0.OOOS (I) 0. 0268 (5) 0.0113 (3) --0.0050(1) 0.0097 (3) 0.0033 (2) 0.0010 (!) 
804 0.2205 (4) 0.4154 (2) 0.3194 (2) 0. 0453 (8) 0.0142 (3) 0.0075 (2) 0.0177 (4) 0.0068 (3) 0.0043 (2) 
806 0.1923(3) 0. 8558 (2) 0. 3018 (2) 0.0334 (6) 0.0I03 (3) 0.0077 (2) 0.0114 (3) 0.0048 (2) 0. 0006 (2) 
BC I' 0. 2526 (5) 0.6718 (4) 0.4497 (2) 0.0346 (10) 0.0165 (5) 0.0060 (2) 0.0136 (f) 0.0027 (4) 0.0007 (3) 
BC 2' 0. 4856 (7) 0. 7526 (7) 0. 4780 (4) 0. 0329 (12) 0.0266 (9) 0.0102 (4) 0.0128 (8) 0.0003 (5) 0.0008 (5) 
BC 3' -0.0961 (5) 0. 5223 (4) 0. 2966 (3) 0.0277 (8) 0.0130 (5) 0.0078 (3) 0.0092 (5) 0.0049 (4) 0.0024 (3) 
BC4' -0.2017 (6) 0.5998 (5) o. 3442 (3) 0.0289 (9) 0.0193 (6) 0.0103 (3) 0.0131 (6) 0.0070 (4) 0.0041 (4) 

AH I 0. 326 (5) 0.896 (4) -0.073 (3) 3. I (8) 
AH 2 0. 232 (5) -0.229 (4) -0.119 (3) 2. 9 (8) 
AH 3 0. 252 (5) 0.219 {4) 0.231 (3) 3 .6 (8) 
AH4 0. 237 (6) 0.068 (5) 0.216 (3) 3.4 (1.0) 
AH 5 o. 299 (4) -0.144 (4) -0.301 (2) 24(7) 
AH6 0.408 (6) 0.025 (4) -0.288 (3) 3.9 (9) 
AH 7 -0.037 (6) -0. 165 (4) -0.375 (3) 4.7 (9) 
AH 8 0.081 (6) 0.019 (5) -0.356 (3) S.2 (l .0} 
AH9 0.117 (5) -0.072 (4) -0.444 (3) 3. 8 (8) 

BH 1 0.204 (4) 0. 789 (3) 0.106 (2) 1.3 (6) 
BH 2 0. 257 (5) 0.439 (4) 0.129 (3) 2. 2 (7) 
BH 3 0. 211 (7) 0. 578 (5) 0.486 (4) 5. 5 (l. l) 
BH 4 0. 182 (6) 0.738 (5) 0.476 (4) 5.2(1.0) 
BH 5 o. 539 (10) 0.821 (8) 0.548 (6) 12.0 (2.1) 
BH 6 0.525 {13) 0. 824 (9) 0.437 (7) 16.9 (3.2) 
BH 7 0. 553 (13) 0.693 (9) 0.476 (7) 14.2 (3.0) 
BH 8 -0.118 (5) 0.430 (4) 0.340 (3) 3. 7 (8) 
BH9 -0.157 (4) 0.486(3) 0.211 (3) 2.3 (6) 
BH 10 -0.349 (7) 0. 528 (4) 0.332 (3) 4.9(!.0) 
BH 11 -0.183 (7) 0.690 (5) 0.300 (4) 7.0(1.2) 
BH 12 -0.148 (5) 0.621 (4) 0.434 (3) 3. 5 (7) 

• The positional parameters are expressed as fractions of unit cell edges. Anisotropic temperature parameters are expressed as r = exp• 
I -Ch'/311 + k'l'Jn + /'{Ju + 2hkfJ., + 2hl/3u + 2k/fJ11)1. Isotropic temperature factors for hydrogen atoms are of the form exp(-B sin• 8/X*). 
Standard deviations, as determined from the variance-covariance matrix of the final cycle of least-squares refinement, are given in parentheses 
and rrfer to the least significant digits of their corresponding parameters. b The prefix A refers to the 9-ethyladenine molecule and the pre• 
fix B refers to the 5,5-diethylbarbituric acid molecule. The atomic numbering scheme is the same as that given in Figure 1. 

six highest peaks in the final difference Fourier map 
were in the region about this methyl group. These 
peaks had heights in the range 0. I0-0.15 e/A 3• Hence 
it is concluded that this methyl group either can rotate 
rather freely or is rotationally disordered about the 
barbiturate C-l '-C-2' bond. 

The Molecular Structure 

Table IV shows the bond distance and the bond 
angles found in I together with their standard devia­
tions as estimated from the least-squares refinement.17 
These standard deviations are abnormally large for 
those bonds that involve barbiturate hydrogen atoms 
H-5, H-6, and H-7 due to the previously discussed dis­
order. The covalent bond distances and bond angles 
are, for the most part, well within the ranges normally 
found for these quantities. 15 The twofold molecular 

symmetry of the barbiturate ring is preserved almost to 
within experimental error. However, the methyl 
groups, especially the one involving barbiturate atom 
C-2', appear to be somewhat distorted. This is not 
surprising in view of the disorder mentioned above and 
because of the difficulty of accurately determining the 
positions of hydrogen atoms in an X-ray structure 
determination. 

The only other significant deviations from the ex• 
pected covalent bond parameters in the structure are the 
barbiturate C-5-C-3' bond length, which is at least 
0.05 A longer than is expected for a carbon-carbon 
single bond, and the barbiturate C-4-C-5-C-3' bond 
angle, which is 7 .3 ° smaller than the nominally expected 
tetrahedral angle. The highest feature in the final differ-

(18) 0, Voet and A. Rich, Progr. Nucl. Acid Res. Mal. Biol., 10, 183 
(1970). 
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Table IV. Bond Lengths and Angles• 

l. 9-Ethyladenine 
-A- ~A~ 

N-l-C-2 l. 345 (3) C-2-H-l 0. 99 (4) 
C-2-N-3 l. 326 (3) C-8-H-2 0. 98 (4} 
N-3-C-4 l. 345 (3) N-6-H-3 0. 87 (4} 
C-4-C-5 1. 372 (3) N-6-H-4 0.92(4) 
C-S-C-6 1. 413 (4) C·l'-H·S 0.98{4) 
C-6-N-1 I. 338 (3) C-l '-H-6 1.01 (4) 
C-S-N-7 1. 384 (3) C-2'-H-7 1.03(4) 
N-7-C-8 1. 309 (3) C-2'-H·8 0.98(4) 
C-8-N-9 1. 358 (3) C-2'-H•9 0,95 (4) 
N-9-C-4 1. 379 (3) 
N-9-C-1' 1.468 (3) 
C-1 '-C-2' 1.506(4) 

~Deg- -Deg~ 
C-6-N•I-C-2 119.5 (2) N-1-C-2-H-1 1 l S (2) 
N-1-C·2-N-3 128.8(3) N-3-C-2-H•I 116 (2) 
C2-N-3-C-4 110.2(2) N-7-C-8-H-2 123 (2) 
N-3-C-4-C-5 127.6 (2) N-9-C-8-H-2 124 (2) 
C-4-C-5-C-6 117 .0 (2) C-6-N-6-H-3 117 (2) 
C-5-C-6-N-l ll7.0(2) C-6-N-6-H-4 125 (2) 
N-3-C-4-N-9 127 .0 (2) H-3-N-6-H-4 117 (3) 
C-6-C-S-N-7 132.1 (2) N-7-C-1 '-H-S 109 (2) 
C-5-N-7-C-8 103.8(2} N-7-C-l '-H-6 108 (2) 
N-7-C-8-N-9 113.8(3) H-5-C-l '-H-6 104 (3) 
C-8-N-9-C-4 106.0 (2) C-2'-C-l '-H-5 112 (2) 
N-9-C-4-C-5 105.4 (2) C-2'-C•l '-H-6 112 (2) 
C-4-C-5-N-7 111.0(2) C-1 '-C-2'-H-7 110 (2} 
N- l-C-6-N-6 119.8 (3) C• l '-C-2'-H-B 109 (2) 
C-5-C-6-N-6 123. 2 (3) C-1 '-C-2'-H-9 109 (2) 
C-4-N-9-C-1 ' 126.3(2) H-7:-C-2'-H-8 116 (3) 
C-8-N-9-C-1' 127.7 (2) H-7-C-2'-H-9 l 10 (3) 
N-9-C-1 '-C-2' 112.4 (2) H-8-C-2'-H-9 103 (3) 

2. 5,5-Diethylbarbituric Acid 
-A- ~A-

N-1-C-2 l. 374 (3) N-1-H-l 0.95(3) 
C-2-N-3 1.371 (3) N-3-H-2 0.92(4) 
N-3-C-4 l. 356 (3) C-1'-H-3 1.07(5) 
C-4-C-5 l. 519 (4) C-l '-H-4 1.10 (4) 
C-5-C-6 1.513 (4) C-2'-H·S 0.94 (7) 
C-6-N·l l. 370 (3) C-2 1-H-6 0.93(9) 
C-2-0-2 1.219(3) C-2'-H-7 0.96 (9) 
C-4-O-4 1. 225 (3) C-3'-H·B 1.1 l (4) 
C-6-O-6 l. 225 (3) C-3'-H-9 1 .01 (4) 
C-5-C-I' I. 528 (4) C-4'-H·IO I.I l (5) 
C•l'-C-2' I.S20(5) C-4'-H•ll 1.06 (3) 
C-5-C-3' l.608 (4) C-4'-H-12 1.00 (4) 
C-3'-C-4' 1.510 (4) 

~Deg~ -Deg-
C-6-N-1-C-2 125 . .5 (2) C-6-N-1-H-l 120 (2) 
N-1-C-2-N-3 I 16. 7(2) C-2-N-l-H-1 114 (2) 
C-2-N-3-C-4 125.8(2) C-2-N-3-H-2 115 (2) 
N-3-C-4-C-5 118.2(2) C-4-N-3-H-2 119 (2) 
C-4-C-5-C-6 113. 2 (2) C-5-C-1 '-H-3 107 (2) 
C-5-C-6-N-l 117.4(2) C-5-C-1 '-H-4 103 (2) 
N-1-C-2-0-2 121.5 (2) C-2'-C•l '-H-3 108 (2) 
N-3-C-2-0-2 121.8 (2) C-2'-C•l '-H-4 115 (2) 
N-3-C-4-0-4 121.1 (2) H-3-C-l '-H-4 Ill (3) 
C-S-C-4-0-4 12!.6 (2) C-l '-C·2'-H·S 109 (4) 
C-5-C-6-0-6 123.0(2) C-1 '-C-2'-H-6 110 (5) 
N-1-C-6-0-6 119. 5 (2) C-l'-C-2'-H-7 l 16 (5) 
C-4-C-S-C-l I I 11.1 (2) H-5-C-2'-H-6 93 (6) 
C-6-C-S-C-1' I 12.1 (2) H-S-C-2'-H-7 113 (6) 
C-4-C-5-C-3' l02.2 (2) H-6-C-2'-H-7 114 (7) 
C-6-C-5-C-3' 107. 7 (2) C-5-C-3'-H-8 106 (2) 
C-l '-C-5-C-3' 110.1 (2) C-5-C-3'-H-9 107 (2) 
C-5-C-l '-C-2' 112.4(3) C-4'-C-3'-H-8 107 (2) 
C-5-C-3'-C-4' 115.4(3) C-4'-C-3'-H-9 111 (2) 

H-S-C-3 '-H-9 111 (3) 
C-3'-C-4'-H-10 109 (2) 
C-3'-C•4'-H•ll 107 (2) 
C-3'-C-4'-H-12 107 (2) 
H-10-C-4'-H-ll 113 (3) 
H-10-C-4'-H-12 100 (3) 
H-ll-C-4'-H-12 120 (3) 
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Table IV ( Continued) 

3. lntramolecular Contacts 
(a) Hydrogen Bonds 

-A- -A-
AN-1-BN-3 2.832 (3) AN-1-BH-2 l.91 (4) 
AN-6-B0-4 3.218 (4) B0-4-AH-3 2.35 (4) 
AN-7-BN-la 2. 827 (3) AN-7-BH-la l.89 (3) 
AN-6-B0-6a 3. 387 (4) B0-6a-AH-4 2. 47 (4) 

~Deg~ ~Deg-
AC-2-AN-l-BN.-3 112.2(2) AC2-AN-l-BH-2 113 (I) 

AC-6-AN-l-BN-3 126.9 (2) AC-5-AN-l-BH-2 127 (I) 

BC-2-BN-3-AN-1 114.0 (2) AN-l-BH-2-BN-3 176 (3) 
BC-4-BN-3-AN-l 120. l (2) BC-4-B0-4-AH-3 123 (l) 

AC-6-AN-6-B0-4 111.8 (2) AN-6-AH-3-B0-4 172 (3) 
BC-4-B0-4-AN-6 120.6 (2) AC-5-AN-7-BH-la 140.(l) 
AC-5-AN-7-BN-la 142.8(2) AC-8-AN-7-BH-la 116 (l) 

AC-8-AN-7-BN~ la 113 .4 (2) AN-7-BH•la-BN-la 171 (3) 
BC-2a-BN-la-AN-7 108. 3 (2) BC-6a-B0-6a-AH·4 129 (1) 
BC-6a-BN-la-AN-7 125. 7 (2) AN-6-AH-4-B0-6a 176 (3) 
AC-6-AN-6-B0-6a 127 .4 (2) 
BC-6a-B0-6a-AN-6 129. 3 (2) 

(b) Dipole-Dipole Interactions -A-
BC-2-BO-2b 2. 983 (4) 
BC-2-BC-2b 3.288 (5) 
B0-2-B0-2b 3.156(4) 
BC-2-AC-2c 3.458(3) 
BC-2-AN-3c 3.192 (3) . 
B0-2-AC-2c 3.073 (3) 
BO-2-AN-3c 3.190(3) 

-Deg-
BC-2-B0-2-BC-2b 93.4 (2) 
BC-2-B0-2-B0-2b 70. 7 (2) 
BC-2-BO-2-AC-2c 97. 9 (2) 
BO-2-BC-2-AN-3c 78.9 (2) 
AC-2c-AN-3c-BC-2 90. 1 (2) 
AN-3c-AC-2o-B0-2 82. 8 (2) 

~A-(c) C-H • • ,0 Hydrogen Bond-Like Interaction -A~ 
AC-B-B0-2a 3.180(4) B0-2a-AH-2 2.47 (4) 

-Deg~ -Deg-
AN-7-AC-8-B0-2a 8.5.4 (2) BC-2a-B0-2a-AH-2 12.5 (2) 
AN·9-AC-8-B0-2a 150.4(2) AC-8-AH-2-B0-2a 129 (2) 
AC-8-B0-2a-BC-2a 109.2(2) 

(d) Closest Stacking Contacts -A~ 
AC-6-AN-7d 3.437 (4) 
AC-6-AC-Sd 3.483 (4) 
AN-l-AN-7d 3.493 (3) 
AN-6-AN-9d 3.538(4) 
AN•6-AC-4d 3. S44 (4) 
AN-6-AC-Bd 3.634 (4) 
AC-8-AC-Se 3.361 (3) 
AN-7-AC-Be 3.403 (3) 
AN-7-AN-9e 3.434 (3) 
AN-7-AN-7e 3.573(4) 
AN-7-AC-4e 3.595 (3) 
AN-7-AC-Se 3.653 (3) 

(e) Other Close Contacts -A~ -A-
BO-2-BC-3'b 3.496 (4) B0-2-AH-1 2.60(4) 
BO-2-AC-2 3.372(4) 

• The bond lengths are uncorrected for thermal motion. Standard deviations as determined from the final cycle of least-squares refinement 
are given in parentheses and refer to the least significant digit of their corresponding parameter. The prefix A refers to the 9-ethyladenine 
molecule and the prefix B refers to the 5,5-diethylbarbituric acid molecule. The atomic numbering scheme is that given in Figure I. Lower 
case letters accompanying the atom numbers refer lo atoms related to those in Table m by the following symmetry operations: (a) x, -1 + 
y, r; (b) -x, I -y, -r; (c) I - x, l -y, -r; (d) -x, -y, -z; (e) I - x, -y, -z. 

ence Fourier map has a peak height of0.21 e/A. 3 It is 
located at the point (0.030, 0.605, 0.395) which is near 
barbiturate atoms C-5, C- l ', and C-3 '. This peak 
appeared in all of the difference Fourier maps that were 
calculated in the latter stages of the structure refine­
ment. It is likely that it is symptomatic of a small 
amount of disorder, that is most probably due to a 
different puckering conformation of the barbiturate 
ring at atom C-5. Such disorder could easily account 
for the apparent distortions in the above-mentioned 
bond parameters. 

The adenine and the barbiturate molecules are highly 
planar as is shown in Table V. The planes of the 
molecules are very nearly parallel to the crystals' (2, 
0,0) planes. The only large deviations of the atoms of 
the rings out of the least-squares planes are those of 
barbiturate atoms C-5 and 0-6 from plane 2. This 
"flap" conformation of the barbiturate ring, in which 
atom C-5 and one or both of the carbonyl oxygen 
atoms 0-4 !:1,nd 0-6 are displaced to opposite sides of 
the planar barbiturate ring by 0.1-0.4 A, has been ob­
served quite often in crystal structures of barbiturates. 18 
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Figure 2. A stereodrawing depicting a section of the extended hydrogen-bonded chain in the crystalline intermolecular complex 9-ethyl­
adenine-S,5-diethylbarbituric acid. The nonhydrogen atoms are represented as thermal ellipsoids of a size such that the vibrating atoms 
have a 50% probability of being found within them. The hydrogen atoms are represented as spheres of a size such that the atoms have 
a :ZS% probability of being found within them. 

Figure 3. A projection of three consecutive hydrogen-bonded 
layers of the crystal structure onto the (I, 0, 0) plane of the crystal. 
This illustrates the stacking relationships in the structure. Hydro­
gen bonds are represented as dashed lines. Carbon atoms are 
depicted as open ellipsoids, nitrogen atoms are filled ellipsoids, and 
oxygen atoms are shaded ellipsoids. Hydrogen atoms have been 
omitted for the sake of clarity. 

However, there are also many crystal structures re­
ported in which the barbiturate ring assumes some 
other conformation such as that of coplanarity. 18 As 
has been pointed out by Voet and. Rich 18 and also by 
Gatehouse and Craven, 19 there seems to be no reliable 
correlation between the mode of barbiturate ring 
puckering and the nature of the substituents at atom 
C-5. Indeed, the mode of barbiturate ring puckering 
varies quite significantly among the six crystal struc­
tures containing 5,5-diethylbarbituric acid that have 
been reported.20- 23 This suggests that little energy is 

(19) 13. M. Gatehouse and B. M. Craven, Acta Crystal/ogr., Sect. B, 
27, 1337 (1971). 

(20) 13. M. Craven, E. A. Vizzini, and M. M. Rodrigues, Ibid., Sect. B, 
25, 1978 (1969). 

(21) B. M. Craven and E. A. Vizzini, Ibid., Stet. B, 27, 1917 (1971). 
(22) 13. M. Craven and G. L. Gartland, /. Pharm. s,1. 59, 1666 

(1970). 
(23) S. Kiryu, ibid., 60, 699 (1971). 

Table V. Deviations, in Angstroms, of Nonhydrogen Atoms 
from the Least-S4uares Planes through the Adenine Atoms 
(Plane 1), the Barbiturate Atoms (Plane 2), and the 
Adenine-Barbiturate Complex (Plane 3) 

Atom Plane jb Plane 2• Plane 3d 

Adenine 
N-1 0.001 0.284 
C-2 -0.003 0.299 
N-3 -0.005 0.181 
C-4 -0. 009 0.028 
C-S -0.008 -0.007 
C-6 -0.003 0.131 
N-7 -0.009 -0.176 
C-8 -0.005 -0.233 
N-9 -0.009 -0.121 
N-6 0.023 0.139 
C-l' 0.028 -0.111 

Barbiturate 
N-l -0.006 -0.141 
C-2 0.000 -0.063 
N-3 0.037 0.026 
C-4 -0.038 -0.062 
C-5 -0.266" -0. 370' 
C-6 0.012 -0.148 
0-2 -0.012 -0.057 
0-4 0.006 0.032 
0-6 0.188" -0.039• 

rms deviation 0.012 0.021 0.150 

• Atoms not included in the least-squares fit. • The equation of 
plane l is: l0.21B3x - 1.0118y + 0.655lz = 1.6989. 'The equa­
tion of plane 2 is: 6.0830x + 0.8305y + 0.7024z = 1.9049. 
d The equation or plane 3 is: 6.3054.r + 0.267ly + 0.6161: = 
1.6663. 

required to cause small distortions of the barbiturate 
ring from its equilibrium conformation. Therefore, in 
the solid state the mode of barbiturate ring puckering 
must be largely directed by crystal packing forces. 

The two ethyl groups substituent to the barbiturate 
have quite different conformations relative to the bar• 
biturate ring as can be seen in Figures 2-4. Atom C- i ' 
is in a nearly equatorial position with respect to the 
barbiturate ring whereas atom C-3' is almost axial. 
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figure 4. A stereodrawing illustrating the dipole-dipole interactions among the adenine and the barbiturate rings in four consecutive 
layers of the crystal structure. The atoms are represented as thermal ellipsoids of such a size that the vibrating atoms have a SO% proba­
bility of being found within them. Hydrogen atoms have been omiited for the sake of clarity. 

The C-l'-C-2' bond has a trans configuration with re­
spect to the bond sequence C-2'-C-l '-C-5-C-3'. 
Thus the C-l '-C-2' ethyl group is pointed back over 
the barbiturate ring in a manner that is quite common 
among 5-substituent ethyl groups in barbiturates. 
However, the C-3'-C-4' bond assumes a gauche con­
figuration with respect to the C-4'-C-3'-C-5-C-I' 
bond sequence and thus is pointed away from the ring. 
This latter conformation is quite unusual among 5-sub­
stituent ethyl groups in barbiturates. 

The Intermolecular Associations 
The most striking structural feature of the crystalline 

adenine-barbiturate complex (I) is that it forms ex­
tended planar sequences of alternating adenine and bar­
biturate rings. These are held together by cyclic 
dimers of hydrogen bonds as is shown in Figure 2. 24•26 

The hydrogen-bonded ribbons are organized side by 
side to form planar sheets. These in turn stack to 
form a layered structure. This is illustrated in Figure 
3. 24 Alternate layers in this arrangement are related to 
each other by centers of symmetry located between the 
layers. 

If barbiturates are considered to be derivatives of 
uracil, then it can be seen in Figure 2 that one of the two 
types of hydrogen-bonded cyclic dimers present in the 
structure has the Watson-Crick base pairing configura­
tion and the other has the Hoogsteen (imidaz.ole) con­
figuration.18 The bond lengths and the bond angles of 
these hydrogen bonds are given in Table IV. It can be 
seen that the two N-H · · · N hydrogen bonds have 
parameters within the normal ranges for these quan• 
tities.rn,iG However, the two N-H···O hydrogen 
bonds are extremely long. Indeed, the one involving 
barbiturate atom 0-6 has an O · · • H distance of 2.47 A. 
This is just slightly shorter than the O · · · H van der 

(24) C. K. Johnson, "ORTEP: A FORTRAN Thermal Ellipsoid Plot 
Program for Crystal Structure Illustrations,"Oak Ridge National 
Laboratory, Oak Ridge, Tenn., 1965, ORNL-3794. 

(25) Inexpensive glasses thnt give the stereo effect with this figure 
may be purchased from Taylor Merchant Corp .. New York, N. Y. 
10036. or from Hubbard Scientific Co., Northbrook, lit. 60062. 

(26) J. Donohue in "Structural Chemistry and Molecular Biology," 
A. Rich and N. Davidson, Ed., W. H. Freeman, San Francisco, Calif., 
1968, p 443. 

Waals contact distance of 2.6 A 27 and hence the inter­
action energy of this hydrogen bond must be extremely 
weak.u 

The best planes through the adenine ring and through 
the barbiturate ring (planes I and 2 in Table V) are re­
lated by a dihedral angle of l0.2 °. This is a rather large 
dihedral angle relating planar hydrogen-bonded base 
pairs. 18 However, there are considerably less degrees 
of freedom for efficiently packing extended hydrogen­
bonded sequences of rigidly coplanar bases into a crys­
talline lattice than there are for the more usual com­
plexes consisting of two coplanar hydrogen,bonded 
molecules. Thus it seems reasonable to attribute the 
large dihedral angle between the best planes through 
the adenine and the barbiturate rings to crystal packing 
forces. 

An extremely interesting feature of the crystalline 
complex is the close contact made between two sym­
metry related barbiturate carbonyl groups, C-2-O-2. 
These groups lie in neighboring planes of hydrogen­
bonded rings as is shown in Figures 3 and 4. 24• 25 The 
noncovalent C-2 · · ·(0-2)' contact is 2.983 A which is 
somewhat less than the C· · · 0 van der Waals contact 
distant of 3.1 A. 27 Such short intermolecular C· · ·O 
contacts are not uncommon in crystal structures of 
conjugated ring molecules that have several substituent 
carbonyl groups. 29 

Each barbiturate C-2-O-2 carbonyl group is also in 
very close contact with atoms C-2 and N-3 of an ad­
enine ring located in a neighboring layer but on the side 
of the barbiturate ring opposite the close carbonyl­
carbonyl contact. This interaction, which can also be 
seen in Figures 3 and 4, has two intermolecular con­
tacts that are slightly shorter than generally accepted 
van der Waals contact distances. These are the BC-2-
AN-3 distance which is 3.192 A and the BO-2-AC-2 
distance which is 3.073 A. The minimum van der 
Waals distances for C· • •.N and C· · ·O contacts are 3.2 
and 3.1 A, respectively.- 11 

(27) L. Pauling, "The Nature of the Chemical Bond," Cornell Uni­
versity Press, Ithaca, N. Y., 1960. 

(28) W. C. Hamilton and J. A. lben, "Hydrogen Bonding in Solids," 
W. A. Benjamin, New York, N. Y., 1968, p 182. 

(29) W. Bolton, Nature (Landon), 201, 987 (1964). 
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Figure 5. A schematic representation of the hydrogen bonding and 
the dipole-dipole interactions found in the structure of the complex 
9-ethyladenine-5,5-diethylbarbituric acid: A, 9-ethy!adenine; B, 
5,5-diethylbarbituric acid; solid line, N-H .. , N or N-H· .. Q 
hydrogen bond; dashed line, C-H· • ,Q hydrogen bond-like inter­
action; dotted line, dipole-dipole interaction; open circle, center 
of symmetry. 

Bolton 29 has attributed close carbonyl-carbonyl con­
tacts to electrostatic attractions between activated 
dipoles on the interacting carbonyl groups. This hy­
pothesis was tested by a CNDO/2 molecular orbital 
calculation so. 31 on 5,S-diethylbarbituric acid using the 
atomic coordinates found in Table HI. The total 
atomic charges calculated for the barbiturate molecule 
are given in Table VI. This table shows that the two-

Table VI. Total Atomic Charges, in Electron Units, of the 
5,5-Diethylbarbituric Acid Molecule as Determined Using the 
CNDO/2 Method of Calculating Molecular Orbitals• 

Atom Charge Atom Charge 

N-1 -0.24 H-1 0.14 
C-2 0.47 H-2 0 14 
-N-3 -0.24 H-3 0.01 
C-4 0. 39 H-4 0.01 
C-5 -0.08 H-5 0.04 
C-6 0.38 H-6 0.04 
0-2 -0.37 H-7 0.03 
0-4 -0.34 H-8 0.01 
0-6 -0.33 H-9 0.01 
C-1' -0.03 H-10 0.03 
C-2' -0.10 H-11 0.02 
C-3' -0.03 H-12 0.03 
C-4' -0.05 

"The calculations were based on the atomic coordinates found in 
Table Ill. 

fold symmetry of the barbiturate molecule is main­
tained to within 0.01 electron unit with the exception of 
the disordered, and therefore distorted, methyl group. 
It can be seen that the charge separation on the C-2-
O-2 carbonyl group is 15 % greater than those on the 
other carbonyl groups. 

A CNDO/2 calculation on adenine that was cal­
culated by Geissner-Prettre and Pullman 32 predicts that 
ring atoms N-1 and N-3 are the most negatively charged 
positions of the adenine molecule. They have total net 
charges of - 0.26 electron unit each. In addition, 
atom C-2, with a total net charge of 0.21 electron unit, 
is second to atom C-6 (with 0.27 electron unit) as the 
most positively charged atom of the adenine molecule. 

()0) J. A. Pople and G. A. Segal, J. Chem. Phys., 43, S136 (1965), 
(31) G. A. Segal, A CNDO/2 Program, Carnegie Institute of Tech• 

nology, PittSburah, Pa., 1966. 
(32) C. Gcissncr-Prc11re and A. Pullman, Theor. Chim. Acta, 9, 279 

(1968). 

Thus, the close contact between the barbiturate car­
bonyl group C-2-O-2 and the adenine ring atoms 
C-2-N-3 can also be attributed to a strongly attractive 
dipole-dipole interaction. 

Barbiturate atom 0-2 appears to take part in a hy­
drogen bond-like interaction with the C-H group at 
atom C-8 of the adenine ring making the Hoogsteen 
pair with the barbiturate. The C · · · 0 contact for this 
interaction.is 3.180 A and the H · · · 0 contact is 2.47 A. 
These distances are significantly less than the normal 
van der Waals contacts for these quantities of 3.6 and 
2.6 A, respectively.27 Such close C-H · · · 0 contacts 
are commonly observed between oxygen atoms and the 
C-8 position of purines. 18 

The short C-H · · · 0 contact involves the carbonyl 
group that takes part in the dipole-dipole interaction. 
Through the center of symmetry, there are two short 
C-H · · · 0 contacts surrounding the interacting car­
bonyl groups. Considering the supposed electrostatic 
nature of C-H · · · 0 interactions, it seems likely that 
the C-H · · · 0 and the dipole-dipole interactions found 
in the structure mutually stabilize each other. Hence, a 
second feature that has major responsibility in main­
taining the stereochemistry of the crystal structure is 
the sequence of four stacked dipoles, flanked by two 
C-H · · · 0 hydrogen bond-like interactions. The 
entire assembly of molecules that are associated through 
hydrogen bonds and dipole-dipole interactions is 
schematically depicted in Figure 5. 

Each adenine ring contacts two other adenine rings. 
As can be seen in Figure 3, these contacting adenine 
rings are in adjoining layers and are related by centers 
of symmetry. The data in Table IV show that the 
closest of these adenine-adenine interatomic distances 
are greater than 3.35 A. Hence, these are normal 
stacking interactions. 18 As can be seen in Figure 3, 
there is remarkably little overlap of rings in .neigh­
boring layers. This manner of packing parallel rings 
is not uncommon in crystal structures of purines and 
pyrimidines. 33 

The ethyl groups of the adenine and the barbiturate 
molecules are gathered together above and below the 
assembly represented in Figure 5 so as to form con­
tinuous bands of closely associated ethyl groups. 
Thus, as can be seen in Figure 3, the crystal structure 
consists of these bands interspersed with the regions 
containing the stacks of associated rings. This type of 
structural feature, in which groups of atoms with 
similar polarities are closely associated, is often found 
in crystal structures of organic molecules. 

Discussion 

The hasic structural features of I closely resemble 
those of the crystalline complex 9-ethyladenine-S-iso­
propyl-S-bromoaHylbarbituric acid6 (U). The hy­
drogen bonding patterns of the two complexes are al­
most identical. Both have two N-H · · · N hydrogen 
bonds of normal length, two abnormally long N-H · · · 0 
hydrogen bonds and a short AC-8 · · · BO-2 contact. 
However, in ll the N-H • · · 0 hydrogen bonds are 
about 0.2 A shorter and the AC-8· · · B0-2 contact is 
about 0.1 A longer than the corresponding contacts in I. 
In both crystalline complexes the barbiturate C-2-O-2 

(33) C. E. Bugg. J.M. Thomas, M. Sundaralingham, and S. T. Rao, 
Blopolymers, 10, 175 (1971). 
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carbonyl group has a close contact with a centrosym­
metrically related C-2-O-2 group, but in II the inter­
molecular C-2· • •(0-2)' distance of 3.165 A. is 0.182 A. 
longer than in I. 

In the structure of the crystalline complex pheno­
barbital-{8-bromo-9-ethyladenine1 (HI), the pheno­
barbital molecule forms a separate Watson-Crick type 
base pair with each of two crystallographically inde­
pendent adenine rings. 5 The N-H · · · 0 distance for 
the hydrogen bond involving the barbiturate atom 0-2 
is 2.97 A, whereas the analogous N-H · · · 0 distance in­
volving barbiturate atom 0-4 is 3.19 A. This latter 
N-H • • • 0 contact is also considerably longer than 
usual. 

There are eight reported crystal structures of ad­
enine-uracil complexes that contain N-H · · · 0 hy­
drogen bonds involving atom N-6 of the adenine deriv­
ative and atom 0-4 of the uracil derivative. 18 None of 
these N-H · · · 0 hydrogen bonds have lengths outside 
the normal range for such interactions. Yet in the 
three reported adenine-barbiturate complexes (I-III), 
all five N-H · · · 0 bonds involving barbiturate atom 
0-4 (or its chemical equivalent, 0-6) are anomalously 
long. The forces stabilizing hydrogen bonds are be­
lieved to be largely electrostatic in character. 27 Yet 
Table VI shows that the net atomic charges on all three 
barbiturate carbonyl oxygen atoms should be approxi­
mately equal in the isolated barbiturate molecule. In 
addition a comparison of the values in Table VI with 
the net atomic charges on thymine, as calculated by 
Geissner-Prettre and Pullman 32 using the CNDO/2 
method, reveals that analogous positions in 5,5-di­
ethylbarbituric acid and thymine should have almost 
identical net atomic charges. This suggests that the 
interaction between adenine and barbiturate deriv.a­
tives somehow polarizes the barbiturate ring so as to re­
duce the charges on atoms 0-4 and 0-6. 

The data in Table VI and that of Geissner-Prettre 
and Pullman 32 suggest that· the C-2-O-2 carbonyl 
groups in both barbiturates and uracil derivatives have 
strong dipole moments. Nevertheless, dipole-dipole 
interactions between carbonyl groups are rather un­
common phenomena in the crystal structures of di­
alkylbarbiturates and have not been observed in crys­
tal structures of uracil derivatives. 18 Thus it appears 
that such dipole-dipole interactions occur only when 
the dipoles are "activated" 29 in some manner. 

It has been observed that adenine and barbiturate 
derivatives form highly specific hydrogen-bonded com­
plexes which, in chloroform solutions, have association 
constants that are an order of magnitude greater than 
those of adenine-uracil complexes. 1 The nature of 
this hydrogen bonding specificity, which has been 
termed "electronic complementarity," 34 is not under­
stood. However, the foregoing discussion suggests 
that the immediate result of the "electronically com­
plementarity" adenine-barbiturate association is a re­
distribution of the bonding electron density on the bar­
biturate ring so as to reduce the electrostatic charge on 
atoms 0-4 and 0-6 and to enhance the dipole moment 
on the C-2-O-2 carbonyl group. 

In light of its apparently greater charge, it may ap­
pear surprising that barbiturate atom 0-2 is not a 

(34) Y. Kyoaoku, R. C. Lord, and A. Rich, Pro,:, Nat. Ar:ad. Sci. 
u. s., 57, 250 (1967). 

s:m 
member of one of the N-H · · · 0 hydrogen bonds in I 
and II. However, in the crystal structure of alloxan 15 

(5-oxobarbituric acid), each molecule has the potential 
to participate in four intermolecular hydrogen bonds. 
It should therefore be expected that this number of hy• 
drogen bonds will form. 26 Yet none are observed. 
Rather the structure is held together by a number of 
carbonyl-carbonyl dipolar interactions. This demon• 
strates that if dipolar interactions are sufficiently 
strong, they can form at the expense of hydrogen 
bonding interactions. 

In II, the requirement of efficiently packing the bar­
biturate's bulky bromoallyl and isopropyl side groups 
into the crystalline lattice probably prevents the adenine 
rings from closely approaching the C-2-O-2 carbonyl 
groups as they do in 1. It is quite likely that the addi­
tional dipole-dipole interactions in I provided by the 
proximity of the adenine C-2-N-3 bonds to the barbi­
turate C-2-O-2 carbonyl groups enhance the charge 
polarization in the barbiturate ring. Thus it is not 
surprising that anomalies in N-H · · · 0 hydrogen bond 
lengths and carbonyl-carbonyl contacts are more ex­
treme in I than in II. 

Voet and Rich6 explained the long N-H · · · O hy­
drogen bonds in II as being due to the packing forces in 
the crystal that maintain the translational equivalence 
of all adenine (and barbiturate) molecules in the same 
layer. This would force the N-H · · · 0 hydrogen 
bonds to lengthen because if they were all of normal 
length, alternate molecules in the hydrogen-bonded 
sequence could not be parallel. The present study 
sheds more light on the molecular forces underlying 
these distortions and suggests why the dipole-dipole 
interactions appear to form at the expense of the 
N-H · · · 0 hydrogen bonding strength. 

In the solid state, the C-H bonds at the C-8 position 
of purines are commonly observed to participate in 
close C-H ·. · · 0 contacts. It is known that the C-H 
groups at these positions are considerably more acidic 
than is usually the case for C-H groups. 36•17 There­
fore, a close C-H · · · 0 contact may be symptomatic of 
an unusually large electrostatic charge difference be­
tween the oxygen atom and the C-H hydrogen atom. 
If this is the basis of close C-H · · · 0 contacts, it follows 
that if the charge on the oxygen atom were increased, 
the C-H · · · 0 contact distance should decrease. As 
was explained above, the close approach of the adenine 
C-2-N-3 bond to the barbiturate C-2-O-2 carbonyl 
group in I appears to induce a greater negative charge 
on atom BO-2 than would otherwise be the case. Thus 
the AC-8 · · · BO-2 contact in l might be expected to be 
significantly shorter than the analogous contact in IL 
This is what is observed. 

There has been some controversy concerning the 
nature of close C-H · · · 0 contacts. 2us.aa Their C­
H-O angles appear to have much greater departures 
from linearity 26•38 than has been found for the anal­
ogous angles in normal N-H · · · O, N-H · • · N, and 
O-H · · · 0 hydrogen bonds. 18

• 16 This suggests that 
C-H · • • 0 interactions have a lesser covalent character 

(35) W. Bolton, Acta Cry1tallozr,, 17, 147 (1964). 
(36) P. 0. P. Ts'o, N. S. Kondo, M. P. Schwei1zer, and 0. P. Hollis, 

Biochemistry, 8, 997 (1969). 
(37) M. P. Schweitzer, S. I. Chan, G. K. Helmkamp, and P. 0. P. 

Ts'o, J. Amer. Chem. Soc., 86, 696 (1964). 
(38) D. J, Sutor, Nature (London), UIS, 68 (1962). 
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than is true of normal hydrogen bonds. Normal hy• 
drogen bonds are directly observable by a number of 
physical-chemical techniques such as infrared and nmr 
spectroscopy. So far, C-H · · · 0 interactions in mole• 
cules such as purines and pyrimidines have not been ob­
served using these techniques. 19 Therefore, although 
the reality of C-H · · · 0 interactions in the solid state 
can no longer be denied, 18• 12•40 they must be placed in a 
class apart from normal hydrogen-bonding interactions 
until it can be shown that they exhibit similar physical 
characteristics. Hence in this report short C-H • • • 0 
contacts are referred to as hydrogen bond-like inter­
actions. 

There is no direct evidence to support the hypothesis 
that adenine-barbiturate base pairing has biological 
significance. Nevertheless, the great specificity and 
binding strength of this interaction 3 makes this hy­
pothesis seem extremely plausible. The biological sig-

(39) G. C. Pimentel and A. C. McClellan, "The Hydroaen Bond," 
W. H. Freeman, San Francisco, Calif., 1960, p 197. 

(40) N. C. Seeman, J. L. Sussman, and S.-H. Kim, Naturt (London), 
New Biol., 233, 90 (1971). 

nificance, if any, of the stacked dipoles found in I and II 
is less clear. In aqueous media, the free energies of such 
interactions are insignificant as are those of hydrogen 
bonds between bases. However, as was previously ex­
plained, it is quite likely that the barbiturate receptor 
site is in a nonpolar environment. The low dielectric 
constant of such a medium would stabilize any dipole­
dipole interactions present. Hence, it may be that the 
barbiturate receptor site contains a group of atoms 
forming a strong dipole. This could be aligned so as to 
form an attractive interaction with the C-2-0-2 dipole 
of the barbiturate when it forms a hydrogen-bonded 
base pair with the adenine residue supposed to be at 
the receptor site. Such an interaction would enhance 
the strength of the adenine-barbiturate base pair and 
would therefore increase the already large specificity 
and binding strength of the barbiturate with its receptor 
site. 

Acknowledgments. This work was supported by 
the National Institutes of Health (Grant No. GMl8632) 
and by the Advanced Research Projects Agency, 
Office of the Secretary of Defense. 

Communications to the Editor 

Conformations of Saturated Phosphorus Heterocycles. 
Possible p.-d. Overlap Effects on the Apparent 
Conformational Energies of the Dimethylamino Group 
and the Influence of Phosphorus Lone-Pair 
Orientation on 3Jtt,.P 

Sir: 

Earlier work I has demonstrated that 2-R-5-tert-butyl-
1,3,2-dioxaphosphorinanes 1 prefer to be in chair con-

+-(0 , .. 
P-R 

I , 

0 
' " 

2 

formations with the substituent on phosphorus axial 
rather than equatorial (for R = Cl, lb MeO, ib Me, i. 
i-Pr, 2 Ph 10). Consequently, the cis isomers (r-Bu 
equatorial, .. R axial) have been found to be more stable 
than the trans species. Thus, conformation about 
phosphorus is not determined primarily by 1,3-steric 
interactions but rather by the balance of vicina! inter­
actions 3 between adjacent phosphorus and oxygen 
ring atoms and the substituent R (compare sturctures 
2 and 3). 

We now report evidence that the dimethylamino 
group on phosphorus is more stable in the equatorial 

(I) (a) W. G. Bentrude, K. C. Yee, R. D. Bertrand, and D. M. 
Grant, J. Amer. Chem. Soc., 93, 797 (1971); (b) W. G. Bentrude and 
J. H. Hargis, ibid., !12, 7136 (1970); (cl W. G. Bentrude and K. C. Yee, 
Tetrahedron Leor., 3999 (1970). 

(2) W, G. Bentrude, H. W. Tan, and K. C. Yee, unpublished results. 
(3) The so-called gauche ejJee1 may be operative: S. Wolfe, Accounrs 

Chem. Res., 5, 102 (1972). 

position with the consequence that trans-2-dimethyl­
amino-5-tert•butyl-1 ,3,2-dioxaphosphorinane (4a) is more 
stable than its cis isomer 4b. 4 This finding is quite 
surprising in that the Me2N should have similar steric 
requirements to those of the isopropyl group' and also 
could impart to the system with axial Me2N the sta­
bilization usually ascribed to the anomeric effect. 8 In 
addition, results are presented that very strongly sug­
gest that the size of 3JH •• P is greatly dependent on the 
axial or equatorial orientation of the lone pair on 
phosphorus. 

Compound 4 was synthesized by reaction of 2-tert-

R, 
HA I 

~f'~ 
Hx 

4a, R, - e • pair; R, - Me,:-J 
b, R1 ~ Me,N; R, - e- pair 

Sa,R1 - 0; R, = Me,N 
b,R, - Me,l\';R, - 0 

(4) This conclusion has been reached on the basis of independent 
evidence from a study of the me,o-2-dimethylamino-4,6-ciimethyl• 
1,3,2-diouphosphorinane system: J. A. Mosbo and J, G. Verli:ade, 
J. Amer. Chem. Soc., 94, 8224 (1972). 

(5) J. A. Hirsch, Top. Sttreochtm., 1, 199 (1967). This review 
quotes a best value for the conformational eneray of I-Pr in cyc:lohexane 
of 2.15 kcal/mol and a value for Me,N of 2.1 kcal/mot (80% methyl 
Cellosolve). 

(6) For recent discussions and references to the anomeric effect, 
see: H. Booth ancl R. U. Lemieux, Can. J. Chem., 4!1, 777 (1971); 
S. Wolfe, A. Rauk, L. M. Tel, and l. G. Csizmadia, J. Chem. Soc. B, 
136 (1971); F. W. Nader and E. L. Eliel, J. Amer, Chem. Soc., 92, 
3050(1970). 
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The Structure of an Intermolecular Complex 
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Abstract: Crystals of an intermolecular complex containing cytosine and 5-fluorouracil in 1: I molar ratio have 
been isolated from an aqueous solution containing these components. The structure of the crystal has been de­
termined using single-crystal X-ray diffraction techniques. The crystals belong to the space group PT with one 
molecule each of cytosine and 5-fluorouracil in the asymmetric unit. The two molecules are joined together by 
two hydrogen bonds to form a cyclic dimer. These cyclic dimers are in turn joined by hydrogen bonds across 
centers of symmetry to other such cyclic dimers to form infinite sheets so that the crystal is a layered structure. In 
each unit cell of this structure there is a centrosymmetric cavity that contains two disordered water molecules. 

The properties of purines and pyrimidines are de­
termined to a great extent by their ability to form 

hydrogen bonds. Hydrogen bonds between purines 
and pyrimidines are responsible for the specificity that 
is believed to be the basis of intracellular information 
transfer in biological systems. In the double helical 
form of DNA, adenine forms hydrogen bonds with 
uracil and guanine with cytosine. This specificity of 
hydrogen bonding can be seen both in the solid state 
and in solution. A large number of intermolecular 
complexes have been formed between purines and 
pyrimidines in which specific interactions are found that 
are related to those occurring in the double helical form 
of DNA. Several adenine derivatives have been 
crystallized with uracil or thymine derivatives, 1- 6 and 
likewise, derivatives of guanine and cytosine have been 

✓ crystallized together. 6•7 Infrared8• 9 and proton nmr 10 

studies in solution have shown the existence of selective 
hydrogen bonding betweeq the naturally occurring 
purines and pyrimidines that have substituents on the 
glycosidic nitrogen. Thus, adenine derivatives have a 
high association constant for hydrogen bonding with 
uracil or thymine derivatives but do not form hydro­
gen bonds with guanine or cytosine derivatives. The 
latter pair, however, associate strongly with each other. 
This selective affinity has been described as being due to 
an electronic complementarity which is a property of the 
individual purine and pyrimidine molecules. However, 
it is of considerable interest to look for other kinds of 
interactions between the purines and pyrimidines. In 
the present work, we have discovered that it is possible 
to make a hydrogen-bonded one-to-one intermolecular 
complex between two pyrimidines, cytosine and 5-
fluorouracil (see Figure I). The structure of this 
complex has been solved by X-ray diffraction analysis. 
The molecules crystallize in a layer structure involving 
a complex system of hydrogen bonding. The lattice 

(1) K. Hoogsteen, Aero Cryst,..16, 907 (1963). 
(2) L. Katz, K. Tomita, and A. Rich, Ibid,, 21, 754 (1966). 
(3) K. Tomita, L. Katz, and A. Rich, J. Mo/. Bio/., 30, 545 (1967). 
(4) H. M. Sobel!, ibid., 18, I (1966). 
(5) L. L. Labana and H. M. Sobel!, Proc. Not/. Acad. Sci. u: S., 57, 

459 (1967). 
(6) H. M. Sobel!, K. Tomita, and A. Rich, ibid., 49, 885 (1963), 
(7) E. J. O'Brien, Acta Cryu,. 23, 92 (1967). 

'

(8) Y. Kyosok:u, R. C. Lord. and A. Rich, Science 154, 518 (1966). 
(9) E. Kilchler and J. Dcrkosch, Z. Naturforsch., 21B, 209 (1966). 
(10) L. Katz and S. Penman,/. Mo/. Biol., lS, 220 (1966). 

l is somewhat unusual in that it contains a cavity that is 
partially filled with water, molecules in a disordered 
state. 

Experimental Section 
Materials. 5-Fluorouracil was obtained as a gift of the Hoffman 

La Roche Co.. The cytosine was purchased from the Cyclo Chem­
ical Co. Crystals of the intermolecular complex were obtained by 

\ 
preparing an aqueous solution of the two materials in l: l molar 
ratio and allowing this solution to evaporate to dryness at room 
temperature. Only one class of needle-shaped crystals appeared in 
the beaker, suggesting that the two materials had cocrystallized. 
Single crystals were isolated from the beaker and dissolved in 
water. The ultraviolet absorption spectrum of the resulting solu­
tion suggested that both cytosine and 5-fluorouracil were present in 
I : l molar ra\io. The solution was also analyzed by paper chroma-

. tography using an aqueous phosphate-ammonium sulfate solvent, 
pH 6.8. 11 This analysis showed that both materials were in the 
solution in approximately 1 : 1 molar ratio. 

A chemical analysis of the crystals, carried out by Dr. S. Nagy, 
showed that the best empirical formula that could be written for 
the crystals involved cytosine and 5-fluorouracil in 1 : 1 molar ratio 
plus an added molecule of water. 

Anal. Calcd for CaN60,FH,o: C, 37.07; N, 27.02; F, 7.33; 
H, 3.89; 0, 24.69. Found: C, 37.05; N, 27.40; F, 7.15; H, 
3.77; 0 (by difference), 24.63. 

Crystallographic Analysis. A suitable crystal, which measured 
0.S mm along its needle axis and 0.2 mm in cross-section, was 
mounted along the needle axis (a axis). The absence of any diffrac­
tion symmetry other than Friedel symmetry implied that the 
Bravais lattice of the crystal was triclinic. The unit cell parameters 
were determined from an Oki Weissenberg photograph that had 
been calibrated with superimposed Al powder lines and from 
hkO and hOI precession photographs. The unit cell parameters 
were found to be a == 4.29 ± 0.02, b = 9.59 ± 0.01, and c = 15.14 
± 0.o2 A; a = 111.8 ± 0.2, fJ = 98.0 ± 0.2, and "Y = 101.3 ± 
0.2°. 

The bouyant density of the crystals in a ca.-CHCI, solution was 
found to be U94 g/cm •. The calculated density for the crystal, 
if it contains the complex cytosine-5-fluorouracil-water, with two 
such complexes in the unit cell, is 1.560 g/cm•. . 

Weissenberg intensity photographs were made using the multiple 
film technique. The levels hkl were collected for O ,;;; h ( 3 using 
Cu Ka (>.. = 1.5418 A) X-rays, Data for correlating the individual 
levels were recorded with timed exposures of precession photo­
graphs employing Mo Ka radiation (>.. = 0.7107 A). For this 
latter set of data the levels hkl for O < k ..; 2 were collected. The 
intensities of the diffracted spots were estimated visually using 11 

calibrated film strip that was made using the same crystal from 
which the intensity data were collected. Lorenu-polarization cor­
rections were applied and the intensities from individual films 
within each level were placed on·the same scale using the program 

(!I) Pabst Laboratory Circular OR-10, Pabst Brewing Co., Mil­
waukee, Wis., 1956. 
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Figure 1. 

XRDPl. 11 · The intensities determined from the Weissenberg films 
were corrected for spot-shape distortion by the method of Phillips. 11 

All the intensities were then placed on a common scale u.sing the 
method of Simpson." All computer ·calculations were performed 
using an IBM 7094 computer. 

Structure Determination and Refinement 

A total of 1730 unique reflections were collected. Of 
these, 1218 were considered intense enough to have been 
accurately estimated. The absolute scale factor and 
mean isotropic temperature factor were found by 
Wilson's method 14 to be k = 1.080 and B = 1.84, 
respectively. The statistics of the normalized structure 
factors, lb normalized to (P) = 1.00, were found to be 
as shown in Table I. The results indicated that the 
crystal structure is centric; therefore the space group 
of the crystal is Pl. This result was subsequently 
confirmed by the successful refinement of the structure. 

Table I 

Exptl Centric Acentric 

(£' - I) 1.050 0.968 0. 736 
('£!) 0.718 0.798 0.886 
1£1;;, 3.0, % 0.99 0.30 0.01 
IE:;;, 2.0, % 4. 70 5.00 !. 80 
1£\;,, 1.0, % 27. 54 32.00 37.00 

Initial attempts were made to solve the structure by 
direct methods using the 1:2 relationship. 16 This 
attempt was unsuccessful, probably due to the effect 
of the lack of symmetry in the unit cell in limiting the 
number of vectors with known phases. Accordingly, 
Patterson methods were employed to solve the crystal 
structure. The 122 reflection was by far the most 
intense reflection in the diffraction pattern. Its cor­
responding interplanar spacing of 3.45 A. suggested that 
the complex between cytosine and 5-fluorouracil crystal­
lized in a layer structure because this spacing is very 
dose to the thickness of the pyrimidine ring. The 
sharpened Patterson map with the origin partially 
removed was calculated. The 122 section of this map 
showed an extremely well-resolved and extensive 
hexagonal pattern that served to confirm our initial 
assignment of the 122 plane as the molecular plane. 

The structure was solved by a consideration of the 
packing properties of the pyrimidines. If the pyrim-

(12) P. G. Simpson, Ph.D. Thesis, Harvard University, 1963. 
(13) D. C. Phillips, Acta Crys1., 7, 746 (1954). 
(14) A. J.C. Wilson, Nature, 150, 152 (1942). 
(15) J. Karle and H. Hauptman, Acta CryJI., 9, 635 (1956). 
(16) I. L. Karle and J. Karle, ibid., 16, 969 (1963). 

idines crystallize with a center of symmetry, they 
often do so by forming infinite chains of hydrogen­
bonded molecules that are organized into cyclic dimers 
across a center of symmetry. It also seemed reasonable 
to assume that the cytosine and 5-fluorouracil molecules 
were forming a hydrogen-bonded pair. There are 
eight possible ways of forming a hydrogen-bonded 
cyclic dimer between cytosine and 5-fluorouracil that 
incorporate the necessary centers of symmetry. From 
the Patterson rriap the orientation of the six-membered 
rings was evident. Accordingly, there are six different 
orientations.of the structures which could be considered, 
making a total of 48 possible packing configurations. 
Only one of these possible structures was found to have 
the translational symmetry which is required for proper 
packing into the .unit cell. From the coordinates of 
the atoms in this model the structure factors of a trial 
structure were calculated using the 12 ring atoms of the 
cytosine and 5-fluorouracil rings. In this initial cal­
culation all atoms were assumed to be carbon .atoms. 
The residual, R = ~\JF0 \ - IFci/l:iF0 I, of this initial 
structure factor calculation was 0.58. Two more 
iterations of Fourier map calculations brought out 
the remaining five cytosine and 5-fluorouracil atoms. 
When all 17 of these atoms were used in the structure 
factor calculation the value of the residual became R = 
0.44. 

The least-squares refinement of the structure -was 
carried out employing the program ORFLS 17 using the 
Hughes weighting scheme. 18 The atomic scattering fac­
tors were taken from the International Tables for X-Ray 
Crystallography. 19 The 16 most intense reflections in 
the diffraction pattern were not used in the refinement 
because it was considered that their intensities could not 
be accurately estimated. In later stages of refinement 
those reflections with u(Fc)/F0 > 10, 13 reflections in 
total, were deleted so that a total of 1189 reflections 
were used in the final refinement. 20 Two cycles of 
isotropic temperature refinement reduced the residual 
to R = 0.34. A difference Fourier map that was 
subsequently calculated showed a large diffuse peak, 
elongated in the direction parallel to the a axis, located 
between the molecular planes in an apparent cavity in 
the structure. This peak appeared to be caused by the 
presence of a water molecule. Accordingly, an oxygen 
atom, atom A, was added to the model of the structure 
being refined at the position of the maximum of this 
peak. Two more cycles of isotropic temperature 
refinement reduced the residual to R = 0.24. Two 
cycles of anisotropic temperature refinement then re­
duced the residual to R == 0.11. However, during 
the anisotropic temperature refinement the temperature 
factor, /311, for oxygen atom A appeared to increase 
without limit. The difference Fourier map at this stage 
of refinement showed two poorly resolved peaks, one 

(17) W.R. Busing, K. 0. Martin, and H. A. Levy, "A FORTRAN 
Crystallographic Least Squares Program" ORNL-TM-305, Oak Ridge 
National Laboratory, Oak Ridge, Tenn., 1962. 

(18)·E. W. Hughes, J. Amer. C!,em. Soc., 63, 1737 (1941). 
(19) "International Tables for X-Ray Crystallography," Vol. Ill, 

The Kynoch Press, Birmingham.England, 1952. 
(20) Observed and calculated structure factors have been deposited as 

Document No. NAPS-00312 with the ASIS National Auxiliary Publi­
cations Service, ·% CCM Information Sciences, Inc., 22 West 34th St. 
New York, N. Y. 10001, A copy may be secured by citing the docu­
ment number and by remitting S 1.00 for microfiche or S3.00 for photo­
copies. Advance payment is required. Make checks or money orders 
payable to: ASIS-NAPS. 
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/ 

/ 
/ of which was near the position of oxygen atom A. A 

/ second oxygen atom, atom B, was therefore added to 
/ the model of the structure at the position of the second 

peak and the refinement was continued with the 
occupancy factors of both oxygen atoms A and B 
allowed to vary. Two cycles of anisotropic temperature 
refinement brought the residual to its final value of R = 
0.162. ln the final cycle of refinement the shifts of the 
atomic position parameters, except for those of atoms 
0-A and 0-B, were all less than one-fourth of their 
standard deviations. The same situation was true of 
the thermal parameters except for those of 5-fluorouracil 
atoms C(4) and C(S), cytosine atom N(6), and water­
oxygen atoms 0-A and 0-B. The probable reason for 
these exceptions will be discussed below. The final 
occupancy factors for partial water-oxygen atoms A 
and B were 0.76 ± 0.11 and 0.26 ± 0.08, respectively. 
The refinement program was not constrained in terms 
of determining the total occupancy of the two sites of the 
water molecules. However, the fact that the sum of 
these two partial occupancies is close to unity suggests, 
in addition to the data previously mentioned, that the 
crystal is a monohydrate with one water of crys­
tallization for each cytosine-5-fluorouracil pair. It is 
quite clear that the water molecules are present in the 
structure since refining the structure without them leads 
to a final residual of R = 0.26. 

Results 

The final fractional coordinates for all the atoms in 
the asymmetric unit are given in Table II together with 
the maximum value of the standard deviation, u, for 
each atom type. Table III contains the final anisotropic 

Table II. The Atomic Positions in Fractions of a Unit Cell 
Edge and the Deviation from the Mean Molecular Plane in 
Angstrom Units 

Atom X y z A 

C-N(l) -1, 1933 0.0082 0.6011 -0.04 
C-C(2) -0. 9705 0.1577 0.6394 -0.02 
C-N(3) -0.9599 0.2530 0. 7349 0.00 
C-C(4) -1.1384 0.2049 0.7887 0.07 
C-C(5) -1. 3742 0.0520 0.7515 0.04 
C-C(6) -1.3802 -0.0435 0.6545 0.02 
C-O(2) -0.8173 0.2000 0. 5898 -0.11 
C-N(4) -1.1059 0. 3070 0. 8796 0.09 

U-N(l) 0.4652 0.4634 0.1990 -0.05 
.U-C(2) 0.4639 0.3513 0.1087 0.09 
U-N(3) 0.2360 0.2043 0.0794 0.10 
U--C(4) 0.0287 0.1664 0.1353 0.02 
U-C(5) 0.0640 0.2932 0.2304 -0.08 
U-C{6) 0.2773 0.4325 0.2606 -0.IO 
U-0(2) 0.6308 0. 3762 0.0556 0.15 
U-0(4) -0.1713 0.0370 0.1030 -0.01 
U-F(5) -0.1326 0.2613 0.2859 -0.17 

O-A 0.1131 0.4208 0.5147 
0-B 0.3973 0.4162 0.5017 

The Maximum Value of u for Atomic Positions in Fractions of a 

Atom type 
C 
N 
O• 
F 
Qb 

Ax 
0.0028 
0.0022 
0.0020 
0.0017 
0.0231 

Unit Cell Edge 
fly 

0.0011 
0.0010 
0.0008 
0.0007 
0. 0043 

• Ring substituent. 1 Water. 

ti.z 
0.0008 
0.0007 
0.0006 
0.0005 
0.0025 

3071 

Table ill. The Anisotropic Thermal Parameters" (X 101) 

Atom f3u f3u f:lu f3n {313 f3n 

C-N(l) 198 58 so -22 23 18 
C-C(2) 154 37 32 -18 34 8 
C-N(3) 297 53 30 -16 60 8 
C-C(4) 137 37 24 38 41 7 
C-C(5) 154 68 30 -12 28 7 
C-C(6) 109 78 38 -8 50 11 
C-O(2) 490 61 3.5 -9 113 5 
C-N(4)1 224 105 16 -24 68 9 
U-N(l) 253 48 33 23 42 4 
U-C{2) 63 60 28 -7 33 13 
U-N(3) 179 60 40 -11 13 14 
U-C(4)6 -3 68 33 -26 26 14 
U-C(5)' 107 ·92 26 14 72 12 
U-C(6) 336 59 38 52 22 6 
U-0(2) 333 90 39 -2 75 8 
U-O(4) 419 55 21 -50 51 -5 
U-F(5) 445 100 39 -58 114 2 
O-A 5195 352 139 75 55 122 
0-B 139 153 86 33 97 70 

The Maximum Value of u for Thermal Parameters (X !O') 

Atom type 
C 83 l3 7 24 17 7 
N 64 ll 6 19 15 7 
O• 60 10 4 18 13 5 
F 52 9 4 16 11 5 
o• 1439 71 31 219 127 38 

• The thermal parameters are in the form exp[-(h'f3a + k'/312 + 
1%, + 2hkf3., + 2hl{J,3 + 2klf3u)]. 1 The matrix of this quantity is 
not positive definite. • Ring substituent. d Water. 

temperature factors for all unique atoms together with 
the maximum value of their standard deviations for 
each atom type. The final anisotropic temperature 
factors for oxygen atom A can be seen to be very large. 
These values correspond to root-mean-square thermal 
displacements of oxygen atom A from its atomic center 
of 0.81 A parallel to the a axis, 0.40 A parallel to the 
b axis, and 0.41 A parallel to the c axis. 21 The tem­
perature factors of oxygen atom B are also rather large. 
Such displacements are much too large to be sat­
isfactorily accounted for by thermal vibrations. It 
should also be noted that the final water-oxygen atom 
refinement parameters have very large standard devi­
ations (Tables II and III), whereas the final standard 
deviations of the parameters describing the atoms of 
the cytosine and the 5-fluorouracil molecules are all 
small. This result must be taken as evidence of extreme 
disorder of the water molecules within the cavity in the 
crystal structure. This disorder was readily evident in 
the difference map since the electron density of the water 
molecule appeared to be very large and diffuse compared 
with that of a normal oxygen atom. Thus, the existence 
of water-oxygen atom sites A and B does not imply that 
the water molecule occupies two discrete sites in the 
crystal structure but rather, suggests that there is a 
continuum of sites, some of which have a relatively 
high probability of occupancy. This continuum is only 
poorly approximated by the model of discrete atoms 
held in a harmonic potential field implicit in the 
functional form of the thermal parameters (see footnote 
a of Table III). 

The values of the anisotropic temperature factors of 
the atoms of the cytosine and 5-fluorouracil molecules, 
although somewhat scattered, are mostly within the 
normal range for these parameters. However, the 

(21) D. W. J. Cruickshank, Acta Cryst., 9, 747 (1956). 
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Figure 2. The 1 i 2 section of the electron-density map together with a schematic drawing of the molecular .structure indicating the 
· atomic numbering scheme, the bond lengths (in dngs1rom units) and the bond angles. Hydrogen bonds are indicated by dashed lines. The 
positions of the partial water oxygen atoms, A and B, as projected along the a axis onto the 1 2 2 plane, are indicated by x 's. 
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Figure 3. A schematic representation of the hydrogen bonding in 
the crystal. Here C represents cytosine, U represents 5-fluoro­
uracil, and a solid line represents a single hydrogen bond. 

matrices of the anisotropic temperature factors for 
5-fluorouracil atoms C(4) and C(5) and cytosine atom 
N( 4) are not positive definite quantities, a situation that 
is not physically meaningful. It is likely that this 
situation, together with the large shifts in the thermal 
parameters for these atoms, is due to the disorder of 
the water molecule which has a distribution that does 
not fit the model of discrete atoms assumed in the 
refinement procedure. This disorder is undoubtedly 
also responsible for the slightly high value of the residual 
after the final refinement. 

Figure 2 shows the 122 section of the electron density 
map together with a schematic drawing that illustrates 
the hydrogen bonds between the 5-fl.uorouracil and the 
cytosine molecules. The atomic numbering scheme 
and the bond angles and distances are also shown in 
this figure together with the relationship of the molec­
ular structure to the unit cell. The standard deviations 
of the cytosine and the 5-fluorouracil bond lengths and 
bond angles as determined from the errors in the unit 
cell parameters and from the variance-covariance 
matrix of the final refinement are all very close to 0.01 
A and l 0

, respectively. · 

The 122 section of the electron density map is very 
close to the molecular plane but not exactly through it. 
The equation of the mean molecular plane through all 
the atoms of the cytosine and the 5-fluorouracil residues 
as deterrnined by the method of least squares is given by 
the equation x - l.955y + l.924z = -0.041, where 
x, y, and z are the fractional coordinates of the unit cell. 
The deviations of the atoms of the cytosine and the 5-
fluorouracil molecules from this plane are given in 
Table IL The root-mean-square deviation of these 
17 atoms out of the mean molecular plane is 0.027 A. 
The maximum deviation out of this plane, which is that 
of 5-fluorouracil atom F(5), is 0.17 A. The interplanar 
spacing between these mean molecular planes is 3.50 
A, a figure which is very close to the value cited above 
of 3.45 A for the 122 plane. In Figure 2 it was con­
venient to draw the structure in the 122 plane. How­
ever, this action resulted in a slight deviation of a 
portion of the 5-fluorouracH molecule from the plane of 
the drawing. For example, the electron density peaks 
of atoms C(6), C(5), and F(5) of the 5-fluorouracil 
molecule are slightly out of the plane of Figure 2 which 
causes these peaks to appear somewhat smaller in the 
electron density map of this figure than they actually 
are at their maxima. 

The 5-fluorouracil and cytosine molecules are 
organized into a hydrogen-bonded net as is shown in 
Figure 2. In the vertical direction of this figure there 
are infinite chains of molecules held together by two 
hydrogen bonds between each pyrimidine molecule. 
These chains consist of the pair 5-fluorouracil-cytosine 
followed by the pair cytosine-5-fluorouracil. The 
former pair is related to the latter pair by a center of 
symmetry. This hydrogen-bonding scheme forms an 
alternating double repetition of cytosine and 5-fluoro­
uracil residues. These infinite chains are cross linked 
by single hydrogen bonds between cytosine and 5-
fluorouracil residues. This scheme is illustrated sche­
matically in Figure 3 in which the lines between the 
symbols for cytosine (C) and .5-fluorouracil (U) stand 
for the number of hydrogen bonds connecting them. 
It can be seen that adjacent vertical columns have the 
alternating sequence of two cytosine and two 5-fluoro­
uracil residues out of phase in such a way that they are 
held together by single hydrogen bonds between the 
cytosine and the 5-fluorouracil residues in the horizontal 
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Figure 4. The van der Waals packing diagram in the 122 plane shown in Figure 2. The contours represent the electron-density distribu­
tion of the water molecules projected along the a axis onto the 122 plane. The positions of the partial water-oxygen atoms, A and B, are 
indicated by x 's. 

direction. The open areas without hydrogen bonds in 
Figure 3 are schematic representations of the cavity 
that contains the disordered water molecules. This 
elongated cavity is also illustrated in Figure 2 which 
has X's over the positions of partial water-oxygen atoms 
A and B as projected along the a axis. 

The bond lengths and angles listed in Figure 2 are 
similar to those which have been observed in crystal 
structure analyses of other cytosine or uracil derivatives. 
The hydrogen bond distances shown in Figure 2 are all 
within the normal range, 22 the only exception being a 
slightly long hydrogen bond of length 3.03 A between 
the amino group, N(4), of cytosine and the carbonyl 
oxygen atom, 0(2), of 5-fluorouracil. 

The van der Waals packing of the cytosine-5-fluoro­
uracil complex in the 122 plane is shown in Figure 4. 
As can be seen in this figure, the pyrimidine rings fit 
together quite well with no abnormally short intermo­
lecular contacts in forming the hydrogen-bonded net but 
the~ leav~ en:pty a flattened and somewhat elongated 
c~v1ty which 1s shown in the middle of the figure. In 
Figure 4 the electron-density distribution of the water 
molecules is projected along the a axis onto the mo­
lecular plane producing the contours shown. The 
position of partial water oxygen atoms A and B are 
indicated by X's in Figure 4. Figure 5 shows the 
electron-density map between the molecular planes. 
This section, which is part of the plane y = 0.433, is 
taken through the water peak. It shows the diffuseness 
of the water peak and the position of the two partial 
water-oxygen atoms A and B. It can be seen that 
peak Bis located just below the midline between the two 
molecular planes, whereas peak A is far above it. An 
identical electron density peak, related to the peak 
shown in Figure 5 by a center of symmetry, lies l.15 A 
away in the plane y = 0.567.. 

Discussion 

"!'he cavity. in the cytosine-5-fluorouracil crystal is 
qmte narrow m the molecular plane; if an oxygen atom 

(2_2) L. Pauling, "The Nature of the Chemical Bond," Cornell Uni­
versity Press, Ithaca, N. Y., 1960. 

Figure 5. A portion of the section y = 0.433 of the electron­
density m~p in the vicinity of the water molecules. The positions 
of the partial water-oxygen atoms, A and B, are indicated by x's. 

were located at the level of the plane it would be quite 
crowded. Accordingly, the water molecules adopt 
positions in between the two molecular levels. The 
walls of the cavity are lined with atoms with which it is 
unlikely that a water molecule would have any signif­
icant interaction. The only exceptions to this state• 
ment are the four symmetry-related cytosine 0(2) 
atoms which are located at the ends of the flattened 
crevice. However, the approach to the only available 
position on each of these oxygen atoms which is most 
likely to take p_art in strong hydrogen bonding is 
completely blocked by the hydrogen atom which is 
covalently bonded to 5-fluorouracil atom C(6) adjacent 
to the atom under consideration. The closest approach 
of any of the symmetry-related cytosine 0(2) atoms 
surrounding a particular cavity to the positions of 
partial oxygen atom A is 2.77 A, about the distance one 
would expect for a strong 0-H • • • 0 hydrogen bond. 12 

However, it is also about the distance one would expect 
for an O · · · O van der Waals contact. 22 It could be 
argued that the relative orientations of cytosine car­
bonyl oxygen atom 0(2) and the closest of the two water 
mol_e7ules centered at the two symmetry related 
pos1t1o_ns, 0-A, are. unfavorable for hydrogen bonding 
but this argument 1s, at best, tenuous. 23 However, it 
is to be expected that if the water molecule were hydro­
gen bonded to cytosine atom 0(2) it would be strongly 

(23_) J. Donahue !n "Structural Chemistry and Molecular Biology," 
A. ~1ch and N. Davidson, Ed., W. H. Freeman and Co., San Francisco, 
Calif., 1968. 
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1ocalized near that atom but, as mentioned above, the 
water molecules are extremely disordered within the 
cavity. Thus it appears unlikely that a water molecule 
at position 0-A, and similarly, one at position 0-B, 
hydrogen bonds to any of the symmetry-related cytosine 
0(2) atoms. Therefore it seems reasonable to argue 
that there are only very small, if any, attractive forces 
between the water molecules and the atoms lining the 
cavity wall and that the observed stoichiometry of the 
crystal is simply a reflection of the fact that the total 
volume of the cavity is such that it will accommodate 
only two water molecules. 

The cytosine-5-fluorouracil structure has an inter­
esting four-membered hydrogen-bonded ring. As can 
be seen in Figure 2, this ring involves two amino groups 
and two carbonyl groups so that, in effect, two sets of 
cytosine and 5-fluorouracil molecules each held together 
with two hydrogen bonds are then joined with two 
additional symmetry related hydrogen bonds to make a 
cyclic tetramer. Arrangements of this type have been 
found in other crystal structures involving purines and 
pyrimidines. In the intermolecular complex of l­
methyl-5-bromocytosine and 9-ethylguanine 4 the two 
base pairs are organized into a cyclic tetramer with a set 
of hydrogen bonds similar to that observed in the 
present structure. A similar ring is also found in the 
structure of cytosine-5-acetic acid 24 in which the 
cytosine derivative itself occupies all four sides of the 
hydrogen-bonded ring. A third example is found in 
the closely related structure of 1-methylcytosine-5-
fluorouracil.25 The occurrence of this type of hydro­
gen-bonded tetramer in which pairs of bases are brought 
together is of some interest because of the frequent 
occurrence of hydrogen-bonded pairs of bases in 
the double-helical form of the nucleic acids. These 
structures provide a kind of structural rationale for 

- believing that cyclic tetramers of bases in polynucleotide 
structures may form in configurations which are 
transiently stabilized. 26 This phenomenon might be 
of direct relevance in the phenomenon of genetic 
crossing over which involves the participation of two 
double-helical molecules of DNA. 

The molecular structure of the complex between 1-
methylcytosine and 5-fluorouracil 25 is very closely 
related to present structure. In both crystals the 
network of hydrogen-bonded cytosine and uracil 
derivatives are identical, including the cyclic tetramer 
described above, except that the structure containing 
1-methylcytosine is blocked by the methyl group from 
forming a cyclic dimer between the two cytosine deriv­
atives. The similarity between the two structures is 
remarkable considering that the crystal structures of the 
two complexes are completely different. The space 
group of the crystal containing 1-methylcytosine is 
Pbca which causes the rings to pack into a herring-bond 
pattern, whereas the rings in the present structure are 
packed into a layered array. We must therefore 
conclude that there is some type of specificity between 
the bases which is common to the two structures. 

A survey of reported crystal structures containing self­
bonding uracil derivatives revealed nine such additional 

(24) R. E. Marsh, R.. Biemadt, and E. L. Eichorn, Acra Cryst .. 15, 
310 (1962). 

(25) S. H. Kim and A. Rich, J. Mo/. Biol., in press. 
(26) 0. Siddiqi, "The Nucleic Acids," Sree Sarawaty Press Ltd., 

Calcutta, 1965, p 175. · 

structures. 27-H In eight of these nine structures, those 
of uracil, 27 l-methyluracil,28 1-methylthymine, ~9 the 
complex 5-fluorouracil-9-ethylhypoxanthine, ao 5-ethyl-
6-methyluracil, 31 2,4-dithiouracil, 32 5-nitrouracil mono­
hydrate, 3 3 and the photodimer of 1-methylthymine, 34 a 
cyclic dimer is formed between the uracil residues which 
is identical with that formed between the uracil residues 
in the structure of cytosine-5-fluorouracil. Only in 
the structure of thymine monohydrate 33 does a different 
cyclic dimer form. In that case atom 0(4) is hydrogen 
bonded to a water molecule.· The frequent occurence 
of the type of cyclic dimer found between the uracil 
residues in the structure of cytosine-5-fluorouracil 
suggests that its association constant is far greater 
than those of the two other possible cyclic dimers which 
might exist between uracil derivatives. When such a 
cyclic dimer is formed between two 5-fluorouracil 
molecules there are only two ways of forming a cyclic 
dimer with cytosine using the available hydrogen­
bonding sites. However, only one of these ways can be 
used to form a cyclic dimer with 1-methylcytosine. It 
is interesting that the cyclic dimer which is possible with 
both cytosine derivatives is the only one which allows 
the formation of the above-mentioned cyclic tetramer. 
It is likely that the formation of the cyclic tetramer 
confers additional stability on the crystal structure. 

Only in the present str~cture has the mode of self­
complexing between cytosine molecules shown in 
Figures 2 and 4 been found. In two of the other three 
known structures in which a neutral cytosine derivative 
forms a self-complex, those of cytosine 36 and cytosine 
monohydrate, 37 an unsymmetrical cyclic dimer is 
formed utilizing, respectively, as the hydrogen donor 
and acceptor atoms, atoms N(l) and 0(2) on one 
molecule and atoms N(4) and N(3) on the other 
molecule. In the remaining reported structure in 
which a neutral cytosine derivative forms a self-complex, 
that of J -methylcytosine 33 atom N(J) is blocked by a 
methyl group. The molecule forms a hydrogen-bonded 
pair with itself through a centrosymmetric cyclic dimer 
utilizing atoms N(3) and N(4) in each molecule as the 
hydrogen-acceptor and -donor atoms, respectively. The 
limited data above do not suggest that the cyclic 
dimer formed between cytosine molecules in the present 
structure is especially favorable energetically since all 
three possible types of cyclic dimers which can be 
formed between two neutral cytosine molecules do 
occur. Thus it is likely that the strength of the cyclic 
dimer formed between the 5-fluorouracil molecules in 
the present structure and in that of the complex l­
methylcytosine-5-fluorouraci!25 and the formation of 
the cyclic tetramers mentioned above are the en­
ergetically controlling factors in these structures. 

(27) (a) G. S. Parry, Acta Cryst., i, 313 (1954); (b) R. F. Stewart, 
and L. H. Jensen, ibid., 13, I 102 (1967). 

(28) D. W. Green, F. S. Mathews, and A. Rich, J. Biol. Chem., 2.37, 
3573 (1962). 

(29) K. Hoogsteen, Acta Crysz .. 16, 28 (1963). 
(30) S. H. Kim and A. Rich, Science, 158, 1046 (1967). 
(31) G. N. Reeke and R. E. Marsh, Acta Crysr., 20, 703 (1966). 
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The present structure is an intermolecular complex 
involving cytosine and a derivative of uracil. It 
appears to go against the rule of electronic compti­
mentarity described above, since infrared studies of 
derivatives of these molecules have shown that there is 
no selective affinity for hydrogen bonding between 
uracil and cytosine derivatives.8 Similarly, 1-methyl• 
5-fluorouracil forms a crystalline complex with 9-
ethyladenine I but does not form one with cytosine 
derivatives. 39 However, it is important to note that 
the molecules involved in the present structure do not 
have side chains on their glycosidic nitrogen atoms. 
Instead, atom N(I) is protonated in both molecules 
and, of course, plays an important role in developing 
the hydrogen bonding system which stabilizes the 

(39) A. Rich, unpublished observations. 

3075 

entire crystal. Thus, it is likely that the electronic 
distributions in the pyrimidines are modified somewhat 
when they are substituted on the N(l) position so that 
their hydrogen-bonding properties are altered. Of 
course, in the present crystal structure, and that of the 
complex l-methylcytosine-5-fluorouracil, the hydrogen 
bonding between the cytosine derivatives and 5-fluoro­
uracil involves the atom N(l) of 5-fluorouracil. Such 
a mode of hydrogen bonding would be impossible if a 
substituent were present on this atom. 
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Synthesis of Carbocyclic Analogs of Purine Ribonucleosides1 

Y. Fulmer Shealy and Joe D. Clayton 

Contribution from the Kettering-Meyer Laboratory, Southern Research Institute, 
Birmingham, Alabama 35205. Receioed Nooember 8, 1968 

Abstract: The racemic forms of the carbocyclic (cyclopentane) analogs of adenosine, inosine, 6-mercaptopurine 
ribonucleoside, and 6-(methylthio)purine ribonucleoside were synthesized from ( ± )-4iS-amino-2a,3a-dihydroxy­
l,B-cyclopentanemethanol. This amine was synthesized by two routes from 2a,3a-diacetoxy-lt3,4,B-cyclopentanedi­
carboxylic acid via its anhydride and monoamide. The two routes differed in the order in which the amino group 
was introduced by a Hofmann reaction and the hydroxymethyl group, by metal hydride reduction of an ester or 
acid chloride group. The stereochemistry of the starting cyclopentane was fixed by the preparation of this com­
pound from exo-cis-5-norbomene-2,3-diol, which was prepared by cis-dihydroxylation of norbornadiene. The 
structure of the norbomenediol was confirmed by chemical means and by nmr analysis. 

It is now well estaolished that alterations of either the 
furanose or the base moiety of naturally occurring 

purine and pyrimidine nucleosides may produce deriv­
atives that exert interesting and powerful biological 
effects. 2 Replacement of the furanose oxygen atom 
of nucleosides with a methylene group would produce 
carbocyclic (cyclopentane) analogs in which the hy­
droxyl groups occupy the same positions, have the same 
cis-trans relationships, and may be expected to assume 
similar conformations. 4 The carbocyclic analogs have 

(I) This investigation was supported by the Cancer Chemotherapy 
National Service Center, National.Cancer Institute, National Institutes 
of Health. Contract No. PH43-64-51 and by the C. F. Kettering Foun­
dation. 

(2) References to some of the large number of publications in this 
field may be found in the following reviews: J. A. Montgomery and 
H. 1. Thomas, Advan. Carbohydrate Chtm., 17, 301 (1962); J, 1. Fox, 
K. A, Watanabe, and A. Bloch, Progr. Nucl. Acid Res. Mo/ . .Biol., 5, 
251 (1966); S.S. Cohen, ibid .. S, 1 (1966); C. Heidelberger, Ann. Rev. 
Pharmacol., 7, 101 (1967); J. A. -Montgomery, Progr. Med. Chtm., 
in press; cf. references cited in ref 3. 

(3) Y. F. Shealy and J. D. Clayton, J. Amer. Chem. Soc., 88, 3885 
(l966). 

(4) The preferred conformations of simple substituted cyclopentancs 
are the puckered envelope and half-chair forms [K. S. Pitzer and W. E. 
Donath, ibid., 81, 3213 (1959); F. V. Brutcher, Jr., T. Roberts, S. J. 
Barr. and N. Pearson, ibid., 81, 4915 (1959); M. Hanack, "Conforma­
tion Theory," Academic Press, New York, N. Y., 1965, pp 72-78; 
E. L. Elie!, N. L. Allinger, S. J. Angyal, and G. A. Morrison, "Confor­
mational Analysis," John Wiley&: Sons, Inc., New York, N, Y.; 1965. 
In c:rys1alline purine and pyrimidine nucleosidcs and nucleotides 
either C2' or C3' is displaced (either endo or exo to the base moiety) from 

the potential, therefore, either to mimic or to antagonize 
the functions of the naturally occurring nucleosides and 
nucleotides. Unlike the nucleosides, the carbon-ni­
trogen bond joining the heterocyclic base to the cyclo­
pentane ring should be comparable in stability to that 
of a simple alkyl derivative and should, therefore, be 
much less susceptible to enzymatic fission than the 
analogous bond of nucleosides. For these reasons we 
have synthesized the carbocyclic analogs (racemic 
forms) of the naturally occurring nucleosides adenosine 
and inosine and of two biologically active purine nu­
cleosides. A preliminary account of our synthesis of 
the adenosine analog (C-Ado, 28) has appeared ;3 sub­
sequently, Kishi and coworkers• reported in a prelim­
inary communication that X-ray analysis revealed the 
structure of a recently isolated antibiotic6 to be an op­
tically active form of C-Ado (28). Earlier, Murdock 

the mean plane of the other four furanose-ring atoms by 0.5-0.6 A; 
see the following publications and references cited therein: M. Sun­
daralingam, J. Amer. Chem. Soc., 87, 599 (1965); M. Sundaralingam and 
L. H. Jensen, I. Mo/. Biol., 13,930 (1965); A. E. V. Haschcmeycr and 
A. Rich, Ibid., 27,369 (1967); P. Tollin, H. R. Wilson, and D. W. Young, 
Nature, 117, 1148 (1968). There is evidence, however, of some dif­
ference in the stabilities of the preferred conformers of comparably sub­
stituted cyclopentanes and tetrahydrofurans [H. R. Buys, C. Altona, 
and E. Havinga, Tetrahedron, 24, •3019 (1968)]. 

(5) T. Kuhi, M. Muroi, T. Kusaka, M. Nishikawa, K. Kamiya, 
and K. Mizuno, Chem. Commun., 852 (1967). 

(6) T. Kusaka, H. Yamamoto, M. Shibata, M. Muroi, T. Kishi, 
and K. Mizuno, J. Anrlbiot. (Tokyo), 21, 255 (1968). 
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of orally administered digoxin may be due to variation in gastric pH, 
which would modify the composition of digoxin species available for 
absorption ( 12). The catalytic effect or montmorillonite will accentuate 
this problem. Therefore, the coneomitant. administration of drug producta 
containing digoxin and montmorillonite should be avoided. 

A similar catalytic effect may also occur with other neutral drup that 
degrade by acid hydrolysis and should he considered in the formulation 
of clay-containing drug products or their coadr_ninistration with ·other 
drug11. 
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,\n·eptl'<I fur puhlil·11tion 

Abstract IJ The pn•dic·tiun of a i;truni,: hydrol{1m-l11111clin:! i11IN111·tiun 
ht•l\\'t"('ll h11rhital nnd 1-meth\'limidmmlt• wus runfirmt•ci. Two l'f\'st.il 
1·11mpll'X('li Wl•re ohtui11l'd. 1:1 und :!:I, mid tlu- X-rn~· slrllt'lllfl' \\Iii~ d(•• 
tt'rmi11ed for thr I: l mr1111lrx. whil'l1 is monol'link. i<µal'e ::roup l':!i/1·. with 
a= t:!.2:161:ll A. h = 11.:tl:!Ul .1\,1· = l~.-l!l!il-11 A. 1md ,f = 1:111.lii(l\0

• Th(• 
,-\o"Ul'lllfl" 1·nntnins di~k-shnJK·d hyrlrnl{Pn•h11ndt'il h•trnnwrs with two 
molecules uf each kind. 'fhere i,; u Nhnrt NHw,N hydrogen bond (2.82 Al 
in whil'h hnrbiturale provides the NH donor. 

Key phrases O Hurhit11l---1·11mpll•X with 1-nwt h~·limi,1111:nlt>. crystal 
strurture determint!d a 1-Mt•lhylimidawle • 1·urn1>l1;x wilh lmrhit.11. 
1·ryN111I ~trm·turt• rlt-lt>rmitwd a ('omplei1es- -harhirnl with l-mt>thylim­
idu1.ule. l'r:,:stal Nlrurllll't' di-terminl'd O ( 'rystul strm·lurt•--dl'lermin!'d 
rnr 1·um1>ll'x ur harhitnl with l ·m1•1hylimidmwlt-

Barbiturate drugs behave as strong hydrogen-bonding 
donors through their two NH groups but are weak accep­
tors through their three carbonyl oxygen atoms. These 
conclusions were derived from the hydrogen-bonding ar­
rangements and interatomic distances observed in the 
crysta1 structures of a series of complexes of barbital with 
other small molecules representative of biological systems 
(1, 2). Thus, barbiturate drug receptor sites are likely to 
involve strongly electronegative hydrogen-bonding ac­
ceptor groups, such as the nitrogen atoms of adenine rn, 
4), the imidazole ring in histidine or histamine (2), or the 
phosphoryl oxygen atoms of phospholipids (5). 

0022-3549l 79I 0300..0361$01.0010 
© 1979, American Pharmaceutical Association 

These studies indicated that a strong hydrogen-bonding 
interaction would occur between. barbital (5,5-diet.hyl­
harhituric acid) and 1-met.hylimidazole (Fig. 1), which 
might lead to crystal complexation, Indeed, 1-methylim­
idazole was a powerful solvent for barbital. The high vis­
cosity uf this solution made direct. crystallization imprac­
tical. However, two crystal complexes were obtained from 
an ethanol solution; in one complex (l:l), crystal structure 
determination confirmed a short hydrogen bond NH•••N 
(2.82 A) in which barbital is the donor and 1-methylim­
idazole is the acceptor. 

F.XPlmlMF.NTAL 

('r!,'!lllll~ nf thl' 1:1 and :1:1 cumpl1•x1•~ wt•re 11ht11i1wd frnn\ the i-.11111• 
1·thnn11li1•i;c1h11i11n, which w11s~111uruted 111 lil1° with n•~1,1•1·1111 hulh har­
hital and 1-methylimidawll'. 11ml ~luwl~· 1"t111lt>d inn se:1ll'd \in!. :-i1m1·1• 
~rnups am! 11p1>roximalt> t·ell dntu fur t hpi;p 1·111111>lt>Xt'S Wl'rr 1lett:>rmi1wd 
from X-rn~· 1>re1•ei;.~i11n phnlnJlrnph~ 1• 

('rystnl11 of the l:l mmplex, which dk~11ri111t· 111 !lli0 , nre monndinil·. 
~11111·e i:rou11 l':?1k, with a"' 12.:!:lll(:ll .\, h = 11.:tl:!{~I A. c = 1:!.-l!lf,(-ll 
A. and ,1 = 120.fii( 11°. The rr~-i;tnl d~n~ity 11. I !Jll i:lt-m:11 ilrtemlin<'d hy 

1 N,- rurtlu-r ...,.,.rk l:-1,l:anm·d ,m 1h,· :.?:I n",mp!t•x 111' 1,arhitnl aml I ~mt-tlwlimid• 
azuh•. Tht-M• ,·~·,,.1nl,- urit• munu..-linh·~ ,-pa,·t• ;:ruu\1 1':!i/,·. ,--:ith n • lli.7 ,\.Ii::: l:.?.I 
,\, ,. ,. l:!.-1 ,\. 111111 ,I " I 1r!•. Th,•n• an• ••i~ln luar 1i111I 111111 four 1-nM h,·limi,l:rmli• 
"'!'1i,.~11..,. 1wr uni! t"t•II. · 
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0.88(3) 
1.00(4) 

L.C4 CsC9,ros 913> 
LCs CsC1 •109.6131 

LC1 Cs C9 ,109.5 C4l 

a 

b 

105(3) 

09/(3) 

100(4) 

•!:ir---C~:....0 I 02(3) 

1.45415) 

Figure l--n11111I l,·n.~th., 1,111~,_,,,,111.,1 mul <mp{,,., lcl1•.11r,•1•.,1 fur lmrhi/11/ 
I u) ,md 1-m, •/ h.\ Ii midr,z,,/,• I h I. J-:.,1 i nm/ ••d ,;/11111/rircl cfrri111 iwrn 11n· ~it'f•n 
in l>nwA·,•1.,. Cirri<'., 11f <1,·rr,·11sini:.,i:,•rt•t1r,w,•11I 11xy!,!1•11, 11ilm.i:1•r1, rar/11111, 
m11I hydr,.111•11 u/11m.,, in //1111 11rd,·r. 

nutution in rurhun ti,1r:u·hloridt- ht-nwm, :l)!fl't•~ with 1h1• 1;11h-11l11tt•d 
d1msi1y 11. ll'li l!/'1·m"l, >L,~uminl,( 1h1111h1• 11ni1 rl'll 111111ains fo11r mulr-t·uh.,; 
uf E-m·h ki11d. • 

Tht- t·ell duta 11ml I he X-rm· intl'nsilit-s wt-rl• m,msnrl'Cl :11 ruom !I'm• 
1wrn1ur1' ui,ing n four-l'irrh: ,:111111mH•r-1·1111trulll'd diffr1wt11m~ti,r' with 
iraphite-munm·hrum:iled M0Ku-radi1ui11n 1/\ = O.itl!J:I Al. ThP 1·ry~tal 
m.:i:z X ll.22 x n.:!H mm) was mounted with the r-nxi" ulmnst nlong thi, 
diffradnmt!ter ~•-oxis. lntei:rall:tl intensitit'!i fur :W:!5 111,nsymml'lry re• 
lated renerti11ns wtre meusurt!d lw ll/:lll ,;1•un~. The v11ri11111't! in an i11tt-­
µrntetl inlt!nsilywa.~a~'IUtned to ht- ~~ui = ,,~ + !ll.11:UJ~. where,,~ is the 
vuri:rnce due to t·mmti1111 ~tnlh,til-s. There were ll!l:17 rei1e..:tiuns with 1111 
inu•ni;ity greater than 2111/1. Nu t~•rrK"liun!4 wtrc made for X-ray rih­
~ur11tion or cxtint·tiun. 

The 1>hose prohll'm wn.s sul\'cd by di re•·! mt>I hml". u><inic ~ym lmlil' arl • 
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Table I-Atomic Positional Parameters for the I• 
Mothylimida:wlo-RBrbital Complex• 

IC y 

Nunh~drug:en Atoms6-Barhital 
Nm /\9:~6 (2) 4106 (2) 
C(2l 4719 (:Jl 4016 (2) 
0(21 asrn121 4452 (2) 
N<:O 4602 (2) :1424 (2) 
cm 5.'i571:0 2909 (:I) 
0(41 5:l-16(2) 2439 (2) 
C15l 681:11 !:\I :mos 1:n 
Cl61 699/i <:\I :1e11 c:n 
0(6) 8013 (2) :1727 (2) 
cm 7H4:I 141 :1:184 16) 

·crn1 7617 (51 466.116) 
C19l 7199 (4) rn:15151 
C!lOl 6:111(51 1119al4l 

N11nh~dru11:en Atums"-1-Meth:z:limidazole 
NUii ll:IK(2l 2fi71 (2) 
Cllll li07 (4) 1866(4) 
Cll:!1 2'104 (;l) 24791:n 
Nll:11 22:m 121 :l:!17 (:!) 
Cll-0 ll Ill (:I) :1!12."> (:l) 
Cl(!i) ,14:11:1) M:16(:l) 

Hvdrugl'n Atoms•-. • Barbital 
HIil li9f, (2) .ff,:! (2) 
H(;I) :lHSC:.!l :1-1012) 
Hlill !1701:11 :l:15 (:ll 
Hli!ll ;7:11:11 :1111 (:l) 
Hllll\ 7!l6t:ll Jil!l(!il 
H1!!21 82i' (41 491 l:\l 
Hl!i:11 li7,'i 1:11 -181 (!\ ► 
Hl911 ilf,t:11 11!! !:ii 
H19:!I 1-1191:11 l,">81:ll 
Hl!OII 6!191:11 :w1:11 
HII021 6119(:1) ur, 1:11 
HIIO:ll r.:m1:n lllllt:O 

H,·dmgl'n Atoms•·. · I •Ml'thvlimidazul'-' 
Hlllll 11(:1} llif, 1:11 
H!ll:!I l:!-1(:1) 24:! 1:11 
Hlll:ll 1-101:11 l:!i(:ll 
Hll21 :!!!:I I:!) l!J2 12) 
HIW 9:! l:.!l ·l-161:!) 
Hll!il !lli6!21 :16:ll:!l 

z 

6423 (2) 
s211 1:u 
531:t (2) 
7104 (2) 
s15a ca, 
8896 (2) 
8:328 (3) 
7:157 (:i) 
7421 (2) 
9651 (4) 
9!!02 (4) 
822215) 
6997 (5) 

777:\(2) 
85:lK(4l 
77.!B(:I) 
6957 (2) 
6476 (a) 
6974 mi 

:'iK7 (2) 
700(2) 
984 (21 

11120 (!ll 
9;111:1) 

Hla9141 
977 (!I) 
119:l 1:ll 
!l:l4 1:\1 
7011:11 
RIil (,II 
6a:11:11 

1114 t:11 
!Jl:\(!11 
!l0:1(:1) 
1121121 
!IB!l (:!l 
f,8-1 (2) 

n 1111!-i-hiunnl 1u.1rarnl'1L•n. ur.-1,ti\'t"II at- lrm:tiun~ of llw lntlit.•t• uanJr-lntiun~. 1--:,.,i, 
111111<,I s1,1111l<1rc clniuliu111< ~iwn in 1~1rt•nlhl"""' nf,•r 111 lhl' h•:ll'l••i~nili.-11111 fi~un-s 
in.parnttu-h.•r Vttln~. "'J•c.silional fmrnnwtt~ni. X Ht'.,· Potti1icmal Jmraml'turn X 
l!t. . 

diliun 11nd timl(ent refinement procedurl'!I llil. Tin• 111,nhydrogen nli.nnit· 
puramell'rn uht.ained l'rom un 1-:-map wt•n• rd"ined inilinlly hy hlo<'k• 
di11g11nul lem•t·S<tuores methodt-. Nim• of lht! 11-\ hydr111t1m ati,11111 Wl'r<: 
readily found in II difference Fuurit•r map. The wmninder, whi,·h <•on­
sisled m,ii;1ly of lt'rminal methyl hydrogen nlums. were found mmr the 
encl of a full matrix leasl•,;quures relinem<'nt. 

The function minimi:P:ed hy leaMt 11111111n!M w11s ~11·11.lf,. wh1•re .l11 ::r w .. , .. 1 - lf'mb•I 1111d 11·11 = J/11:!(f".~ .. 1. At11mk li!';lt\l'Tilll! liu·turs Wt•rl' 111,,,.1• 
uH'roml'r 11ml Waher Iii for n11nh_vdr1,g1•11 nnd nf S1t•w11rl r•I 11/. 11-11 for 
hydrogen. Thi' clatn were• 111ii;pt'('tcd tu hr 11uhjet·l 111 X-rn;v 1.'Xtim·t ion sim't• 
rl'l1c,·tiuns with slronl{ intrnsil iC!< untl lnrl!I.' d-s1111rilll{li l!IIW mli·ulatl'li 
strul'lure am11lit111le11 i.yi.temnlil·nlly larg1•r thnn the uhst•rwd v11l111'>'. In 
lhl' lin,11 relinemenl, "'-'\"t•n ,m,·h rene,·tinn,. ,wr1• omittl'd. Tht- lir111I U • 

0.08 

0.04 

-0.04 

-008 

Figure 2-H11rhila/ rinp. '/'I,,• doslwd /in,• i.• tl1<• lr11«·,· of liw h,·st /,.a,<1· 
aqu11n•.• plnm· tllrou,:l1 tl1r ri11,: o/um.,. A!omir clispl11n•m1•nl~ fnim this 
plam• lw1,:.,1mm.<I nn• s/1111r111111 ri ,,.,,tirnl sm/1• 1•i,:l11 tillw:<~r,•alc-r them 
lh1• h11riz11nlnl sl'al,•. 
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Figure 3-Hydr11,:1•11-b1111dr-d /i'tranl!'r. Tlu•rmal l'llipsoid.• ari• .~lwu:n 
Iha/ hat••• ,5fJ', pruhahilit.,· of ,•m·losi111-1,•a.-J1 t•ibrnti111: alum. Nitm}!Pn 
atom 1°11ips11id.• ar,• l1111t-l11°d, and rarbun atom rllip,mids arp crm,"S­
hatdll'ci. Hydr11}!1•11-hrmd1•d N .. ,c, and N•-N di:1lant"t•.• (a11,::1troms) an• 
:1hmi-n. 

fact.om were R = ~111-l,11 l/~111-' .. 1 .. = O.ll,7 and R.,. = l~u(w.lu )t/ 
~ 11(wf',J,.l~l w = O.o:14. A li.,;t ut' o!Nrveci and rolmlnted ~1ruc·ture l'llctuni 
and a table of anisotropic temperature fnrtnri.-for nonhydrol(en u111m11 
were cnmpiled:1. 1-'inul atnmi,· pn:.itional pamml•leri- are given in 'l'ahlt-
1. 

DISCUSSION 

Bond lenl(ths and anl(les 11-'il(. 11 agrl'<' with those in thl' hnrhilnl­
imidnznle romp lex (21 within the limits of cxpl:'riml'ntnl error. The har• 
hital rinl( atumsare in an almc,i;I ml)limar mnforn1111iun 11-'iii. 21 Rimilar 
111 that uhserved in a num1>¥r of o!hl'r lmrhiturnte crystal ~lructuroi. Wig. 
:\ in Ref. 9). The ethyl l(TIIIIJl c·nrlmn alums 11111! the rinl( u!om ('(!H in 
hnrhital are aim,~~, rnplunar, with utom <'121 havin" the li1rg~t dis• 
11lurement (0,06!i Al from the len.,;t.~quart'II plane. This roplunar j!WUI> 

11nd the ring t>lane make II dihl'Clml 11111!11.' uf!ll .7°. In I •ml't hylimida:wle. 
the imidmmle ring atoms nnd the I-methyl l'Urlmn 1\111m ure l'1111l11nnr. 

The most interestini ft.nlure in the structure fa the formation uf hy-

"Avuil11hlt· "" r1•11ua•~f t'rum anth11rs. 

drogen-bonded tetrnmers consisting of two molecules or each kind (1-'ig. 
3). Two barbital molecules related by a crystallographic center of sym­
metry form N(l)H--0(2) hydrogen bonds with N-O distance (2.85 A). 
This distance is within the range (2.8-3.0 Al observed for other hydro!'en 
bonds between barbitumtes (l). The other barbital N(3)H donor group 
forms a very short hydrogen bond (N•-N, 2.82 Al with the nitrogen ac­
ceptor atom of 1-methylimidazole (2). The NH-Nangle is 172°. The 
barbiturate and imidazole rings of molec:ules that. form a tetramer are 
at dihedral angles of 19.1°. The tetramers are thus disk shaped, with 
non polar l{l'OUJl!I forming most.ofthe outersurface. There is an unusual 
CH-0 interaction between tetramers (C-0 distance, 3.:n A; CH--0 angle 
154.1 °) involving the 1-methylimidazole C{5)-H(5) group and barbiturate 
atom 0(6). This interaction is not considered to be a hydrogen bond be­
cause the c •. Q distance is too long. 

The hydrogen-honding armniiement isquii.e different from thut of the 
imidazole complex with berhi1.11I. In that complex, harhitnls dimeri.1.e 
through NH--0 hydmiien honds invnlving 016) rather than 012). ThesP 
dimers are cr<r.tS•linked by hydrogen bonds formed at opposite sides nl' 
imidazole molecules to make infinite ribbons through the crysl~l struc­
ture. The important feature common to hnth rry~tal complexes is the 
short NH•-N hydnll(en bond (N-N distnnre. 2.i8 A in the imidawle 
complex) in which h3rhitumte is the donor. 

Thu$, the present crystal structure !'its n pattern of hehaviur in whil-h 
harhiturate NH gruup1, form i;trung hydrci:ien bonds with lll'«'!>lm group~ 
in other molecules. 
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2,5-0-METHYLENE-D-MANNITOL·SODIUM-CHLORIDE, 

C1H1-0s,NaCl 

R.A. Wood and V,J. James* 

Sc,hool, of Physies,' ·university of New Bouth. Wal.es, 

P.O. Bo~ 1, Kensington 2033, Auatral,ia 

J.A. Mills 

Di.vision of Chemipa1, Technology, C.S.LR.O., 

P.O. Box 310, South Melbourne 3805, Australia 

PRELIMINARY INFORMATION 

2, s-o..:Methyl~ne-D-m~nitol (N~ss, 'sann an~ Hudson, 1943) 

was found to form a crystail:i.ne . c~mple·x· with sodium chloride, 

and se~eraffacts prompted a s.truct~e determination. It 

is very stal:>l~, unaffected· by· being heated to 250° (2. 5-0-

methylene-D..:mannitol· melts at 174°), and is less· soluble in 

water than its ~omponents (aboi:it 13 g in 100· ml ·at 25°). 

Paper electroph~~esis showed no ev.idence of complex-fo~tio~ .. 

in aqueous solution between 2,s...:0-methylene-D-mannitol and a 
. . 

number of metal cations. Th.er~ are several possible 

conformations for the seven-membered ·ring of this·acetal in 

solution (Stod.dart ancf°Szarek, 1971). 

Th~ c~ui°pound was recrystallised ·from water and freed of 

adhering mother liquo~· by·~entrifugatfon of.the wet crystals 

under chloroform. 
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- 208 -

CRYSTAL DATA 

From oscillation and Weissenberg photographs and single­
o 

crystal diffractometry (CuKa, A= 1.54178 Al,~= 6.839 {5}, 
0 

~ = 11.474 (5), £ = 13.328 (S}A, z = 4 (the basic asymmetric 

-! 
unit contains only half• of the molecule) , · Dobs = L 61 g cm , 

-a . 
Deale= 1.60 g cm , space group: C222 1 • 

INTENSITY DATA, STRUCTURE DETERMINATION AND REF.INEMENT 

The intensities of 597 reflections with 8 _< 70° were 

measured on a Siemens automatic single-crystal diffracto­

meter using the method· of Hoppe· (1965}. The· scanning pro­

cedure utilized the moving-crystal, moving-detector method 

(8-26 scan} (Arndt and Willis, 1966). Lorentz, 

polarisation and. absorption cor_rections_ were applied to the 

data •. The position of the chle>ride i,o_n was determined from 

a P_atterso.n map, a,nd subseque~t Fc,urier ¢1.ifference -syntheses 

revealed the· remaining atoms. A full-matrix .least-sq_uares 

refinement, incorporating anisotropic temperature factors 
. . . : ' . ' . . . . 

for non-hydrogen atoms while the thermal para.meters o_f. 

hydroge_n atoms were kept equal to those of the atoms with 

which they were· most closely associ_ated, resulted in a 

conventional R of 0.044. The co-ordinate of the two 

hydroxyl hydrogen.sin the_ basic asymmetric unit repeatedly 

refined to values that gave 0-H bond l:engths_ of approximately 
0 

0.6 .A, whereas the co-ordinates of the_associated peaks· on 
0 

the difference _map gave bon_d lengths, o_f ~pproximately O .9 A. 

Consequently, only fractional shifts-were applied to these 

hydrogens in the refinement. 
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Atomic co-ordinates ( xlo'+ for non-hydrogen and xl0 3 for hydogen atoms) 

x/a (o) y/b (0) z/c (o) x/a(a) y/b (o) z/c(a) 

Cl 2757(1) 0 0 0 (3) 711(2) 332(1) 3491(1) 

Na 0 2044(1) 2500 H(l) 57 (4) 613(2) 194(2) 

C(ll 0 6580 ( 3) 2500 H(2) -,,16 (4) 804 (2) 384(2) 

C{2l 1056 (3) 8211 (2) 3501(2) H(3) 256 (5) 76 4 ( 2) 457{2) 

C{3) 86 3 ( 3) · 9314 (2) 2869 (2) H(4) 266 ( 4) 891 (2) 474 (2) 

C(6) 2656 (4) 8266 (2) 4.279 (2) H(5) 531(4) 877(3) 417(2) 

0(1) 1586 (2) 7272 (1) 2824 (1) H(6) 216 (4) 9 38 (2) 256 (2) 

· 0(2) 4491 (2) 8377(2) 3777 (1) ·H(7) -: 3 (5) 21 {2) 398(2) 

0 
.. 

Bond distances (A) Bond angles. (0 l ·· Torsional .angles ( 0 ) 

1 1;412(2) 10.,l .111.6.(2}' 10;1,2 ··47.4(1) 

2 1.452:(3) 1,2· 114 .6.(1) 1,2;5 -97.1(2) 

3 1.508 (3) ; 2 ,3·.- 106 .1 (2) 2·,s, 1 67.6(2) 

4 1.428(3i · .3,'4 i08.6(2) 5_·,1 ,9 -:-47 .9 (3) 

5 1.526 (3) · 3 ,5 114.0(2) _6 ;1,.8_. .62 .l (3) 

6 1.436(3) .5 ,6 · lil.2(2) 

7 1.538(4) S,1 il4.8(1). 

6,7 108.3(1) 
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- 210 -

COMMENTS 

Each sodium ion is coordinated, with Na-0 distances of 2. 388 Ill, 

2.314(2), 2.417(2)A, tosixoxygenatoms,comprising 0(3) and0(4) 

from one molecule of 2,5-0-methylene-D-mannitol, 0(1) and 

0(2) from a second molecule, and 0(5) and 0(6) from a third. 

The sodium ions and_cyclic acetal molecules form sheets, with 

the chloride ions arranged between. The conformation of 

the seven-membered ring of the acetal is essentially a 

twist-chair (TCll that was considered to be one of the most 

probable for this compound and its derivatives in.solution 

(Stoddart and Szarek, 1971). The cyclic acetal is symmetrical 

about a two-fold axis throug~ C(l) and the sodium ion· lies 

·on this axis. . The· highly- syn,me_trical arrangement and 

efficient six-fold coo.rdination ·'of sodium ions without 

incorporation of wat_er molec:ules account for the stability 

of the crystalline complex,. although· the acetal lacks the 

structural features-that ~eem to be most favourable for 

complexing of carbohydrates with cations in solution 

(Angyal, 1972). 
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Effect of composition distribution on miscibility and co-crystallization 
phenomena in the blends of low density polyethylene with conventional 

and metallocene-based ethylene-butene copolymers 

Junting Xu 3•*, Xurong Xu3, Linsen Chen\ Linxian Feng\ Wei Chenb 

'Department of Polymer Science & Engineering, Zhejiang University, Hangzhou 310027, People's Republic of China 
bResearch Institute of Petroleum Processing, S!NOPEC, Beijing 100083, People's Republic of Chino 
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Abstract 

Three ethylene-butene copolymers (two metallocene-based and one conventional) having different composition distributions were 
blended with low density polyethylene (LOPE) in a wide proportion range. The miscibility of the blend melts was studied with the 
rheological method. It is found that zero-shear viscosity of all the blends does not obey the logarithmic additivity rule, indicating the 
immiscible state of the blend melts. The blends were rapidly quenched from the melts and co-crystallization phenomena were investigated by 
differential scanning calorimetry (DSC). The obtained results show that composition distribution has a great influence on co-crystallization. 
In the blends of the conventional ethylene-butene copolymer, which has a broad composition distribution, part of the co-crystals may 
segregate from the crystals of both LOPE and ethylene copolymer and exist as a separated population. Th.is suggests that there exist three 
phases in the melts. In contrast, the blends of the metallocene-based ethylene-butene copolymers with a narrow composition distribution are 
only composed of two phases together with some exchange between the two components. It is also observed that broader composition 
distribution leads to more ethylene-butene copolymer transferred into LDPE. © 2001 Elsevier Science Ltd. All rights reserved. 

Keywords: Composition distribution: Miscibility; Co-crystallization 

1. Introduction 

Co-crystallization phenomenon is frequently observed in 
the blends of different types of polyethylene [1-9]. It is 
believed that co-crystallization is produced due to the ther­
modynamically miscible parts of two components in the 
blends having similar crystallization rate (10-12]. This 
means that the miscibility of the components in melt plays 
an important role in the co-crystallization phenomenon, 
though it is a kinetic process. The miscibility of the blend 
melt and the crystallization rate strongly depend on the 
molecular structure of the polymers such as branch content, 
molecular shape and molecular weight [13-18]. Among 
these factors, the branch content of ethylene copolymers 
may be the most important one. As a result, when one of 
the components is composed of a series of fractions with 
different branch contents, i.e. the intermolecular composi­
tion distribution is inhomogeneous, the composition distri­
bution may have a great influence on co-crystallization 

• Corresponding author. TelJfax: +86-571-795-2400. 
E-mail address: xujt@ipsm.zju.edu.cn (Junting Xu). 

[19,20]. In fact, the ethylene/ex-olefin copolymers produced 
with Ziegler-Natta catalysts generally have a broad compo­
sition distribution [21 ], even though the structure of the 
copolymers from metallocene catalysts is also not very 
homogeneous [22,23]. Tashiro et al. observed different co­
crystallization degrees in the blends of high density poly­
ethylene (HDPE) with two linear low density polyethylene 
(LLDPE) samples (LLDPEI and LLDPE2) having a close 
composition [16]. No explanation was given for this 
phenomenon. However, it could be seen from this paper 
that these two LLDPE samples were prepared by two differ­
ent methods: one from the hydrogenation of polybutadiene 
and the other with heterogeneous Ziegler-Nana catalyst. 
The DSC melting curves of the former were much narrower 
than the latter, indicating a more homogeneous composition 
distribution [16]. To our knowledge, most of the ethylene 
copolymers used. in the literature for the study of co­
crystallization were not well characterized in the composi­
tion distribution, and there has been no systematic report 
about the influence of composition distribution on co­
crystallization. 

For the blends of LDPE with HDPE, it is often observed 

0032-3861/01/$ - see front matter© 2001 Elsevier Science Ltd. All rights reserved. 
PII: S0032-3861 (00)00756-4 
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Table I 

Junting Xu el al. I Polymer 42 (2001) 3867-3874 

Some characteristics of polymer samples 

Samples Branches content (CH/IOOOC) Density (g/cm3
) M..,(X 10-•) M.JM. 

Short' Long" 

A 1.9 0 
B 5.8 0 
C 2.9 0 
LDPE I 1.7 1.6 

• Branches containing :s;g carbon atoms (via 13C-NMR). 
b Branches containing >8 carbon atoms (via 13C-NMR). 

0.947 
0.931 
0.949 
0.923 

that the linear part of LDPE is incorporated into the crystals 
of HDPE and co-crystallization occurs in HOPE crystals, 
leading to the decrease in the melting temperatures of both 
LOPE and HDPE [24]. However, co-crystallization can also 
occur in other forms. For example, co-crystals may segre­
gate from both HOPE and LDPE and exist as a separate part 
(showing a third intermediate melting peak between the 
melting temperatures of two pure components) [25]. 
Recently, Wignall et al. reported that co-crystals can also 
occur within the LOPE lamellae by incorporating HDPE 
molecules [26]. Therefore, two questions are raised: Why 
can co-crystallization occur in different forms? How do the 
polymer structure and crystallization conditions affect the 
forms of co-crystallization? So far, no answer has been 
given to these two questions in the publications. 

In the present work, ethylene-butene copolymers with 
different composition distributions, which were prepared 
with metallocene and conventional Ziegler-Natta catalysts, 
were blended with LOPE in a wide range of blending ratios. 
The miscibility in the melt of the blends and the co-crystal­
lization phenomena were studied and the observed differ­
ences between these copolymers were correlated to their 
composition distributions. 

2. Experimental procedure 

2.1. Materials 

LOPE was blended with three different ethylene-butene 
copolymers. Some characteristics of these polymers are 
listed in Table 1. Samples A and B prepared with metallo­
cene catalyst w1:re donated by RIPP SINOPEC. Sample C, 
which was prepared with heterogeneous Ziegler-Natta 
catalyst, was supplied by Qilu Petrochemical Corporation. 
LDPE prepared by free radical polymerization under high 
pressure was commercially purchased. 

2.2. Preparative temperature rising elution fractionation 
(TREF) 

Preparative TREF apparatus was used to collect a suffi­
cient amount of polymer fractions. About 2 g of polymer 
was dissolved in xylene at a concentration of 0.005 g/ml at 

11.10 2.28 
8.01 2.72 

13.86 6.49 
9.65 4.85 

i30°C. This solution was deposited on an inert support, sea 
sand (particle diameter: 0.3-0.6 mm) packed in a steel 
column. The length and the internal diameter of the column 
are 1.0 and 40 mm, respectively. The column was cooled to 
room temperature at a rate of l .5°C/h. Then, the deposited 
polymer was heated stepwise and eluted with xylene. The 
polymer fractions were recovered by evaporating the xylene 
solvent and drying in a vacuum oven. Because a small 
amount of antioxidant 1010 had been added, the total 
recovery of polymer was around 105%. 

2.3. Characterization of composition distribution with DSC 

The samples of ethylene-butene and LOPE were first 
heated to 170°C and kept for IO min, then were quickly 
transferred into an oil bath of l 40°C. The temperature of 
the oil bath decreases stepwise, and at each temperature the 
samples were maintained for 12 h under nitrogen gas 
atmosphere. The temperatures of the oil bath were 140, 
135, 130, 125, 120, 115, 105, 100, 95, 90, 85 and 80°C. 
Then, the treated samples were scanned with DSC at a 
heating rate of 5°C/min. 

2.4. Dynamic rheological testing 

The polymer samples were molded into 2 mm thick disks 
with a diameter of 30 mm under 160°C and 15 MPa. The 
dynamic rheological properties were carried out on a 
Rheometric Science ARES-9A rheometer. Parallel plates 
with gap 1.0 inm and diameter 25 mm were used. The 
temperatures for testing were 170°C and the angular 
frequency range ·was from 0.1 to 300 rad/s. The strain and 
time sweeps were first performed before dynamic testing to 
ensure that the frequency sweeps were within the linear 
viscoelastic and stable region. 

2.5. Preparation of the blends 

LDPE and ethylene-butene copolymers were dissolved 
in xylene (] % w/v) at l 30°C and stirred for 2 h. Then, the 
hot xylene solution of the polymer blends was poured into a 
large amount of ethanol to precipitate the blends, followed 
by filtering and drying under vacuum at 60°C for two days. 
The pure components went through the same procedure. For 
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Fig. I. TREF curves of various ethylene-butene copolymers. 

the purpose of convenience, all blends were designated with 
a letter and a number, which referred to ethylene-butene 
copolymers and the proportion of the ethylene copolymers, 
respectively: 

2.6. Thermal treatments and DSC measurement 

The blends were weighted and wrapped in aluminum 
pans for DSC measurement. The aluminum pans were 
sealed in glass tubes full of N2 and placed into an oil bath 
at l 70°C for 30 min, then rapidly quenched with liquid 
nitrogen. The melting curves of the thermally treated 
samples were recorded on a Perkin-Elmer DSC-7 calori­
meter. The heating rate applied was l0°C/min, and the 
temperature was calibrated with standard substance Indium 
at the same heating rate. 

3. Results and discussion 

3.1. Composition distribution of pure components 

Fig. 1 illustrates the TREF curves of samples A, B and C. 
TREF fractionates the ethylene copolymers based on corno­
nomer content [27,28]. The higher the comonomer content, 
the lower the elution temperature. From the peak height, 
peak width and peak number in W;o/olt:..T-T curves of Fig. 
I, one can compare the composition distribution of these 
three samples. The higher and narrower peaks, and the 
smaller number of peaks suggest a narrower composition 
distribution. It is observed that the peak height decreases 
in the order A> B > C whereas the peak width exhibits a 
reverse order A < B < C. This result shows that the metal­
locene-based ethylene-butene copolymers A and B have a 
more homogeneous composition distribution than the 
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Fig. 2. Melting curves of different pure components after stepwise crystal­
lization. 

conventional sample C. Moreover, it is found from the 
cumulative curves in Fig. 1 that as high as 20 wt% of sample 
C is eluted at room temperature, and this quantity is much 
higher than that of samples A and B, indicating that sample 
C contains more highly branched fractions than samples A 
and B. 

The composition distribution of ethylene copolymers can 
also be qualitatively investigated by DSC and this method 
shows better resolution than TREF [22,29]. Fig. 2 shows the 
DSC melting curves of various pure components after step­
wise crystallization from 140 to 70°C at an interval of 5°C. 
Under this crystallization condition, the crystallization of 
ethylene copolymers is mainly controlled by the composi­
tion (thermodynamic factor) instead of kinetic factors, thus 
the polymer fractions with different comonomer contents 

10' .--------~---_-_-_-_-_-:_-_-_-~-~ 

-•-AILDPE 

"'· - -•- - B/LDPE 
···•·· C/LDPE 

A 

10' 

0 20 40 60 80 100 

LDPE"k (wt"k) 

Fig. 3. The plot of logarithmic zero.shear viscosity versus the proportion of 
LDPE in the blends. 

C 

0.60 ..---------------. 

0.56 

0.52 

0.48 

0.44 

0.40 

- -e- - 9/LDPE 

·A· CILDPE 

"':· ...... ...... ·.· . 

0 

.. .. .,. 

20 40 

LDPE%(wt%) 

80 100 

Fig. 4. The plot of values of n versus the proportion of LDPE in the blends. 

will not co-crystallize. The larger the comonomer content, 
the lower the crystallization and melting temperatures. Only 
a single peak appears in the melting curve of sample A, 
indicating a relatively homogeneous composition distribu­
tion of this polymer. In the melting curve of sample C it is 
observed that four peaks distribute in a wide temperature 
range (from 100 to l35°C). This shows that sample Chas a 
much broader composition distribution than sample A, 
though they have similar densities. Sample B has an inter­
mediate composition distribution between sample A and C, 
since there exist several small peaks besides a major peak in 
its melting curve. The result obtained with the DSC method 
is in accordance with that of TREF. The DSC curve of 
LDPE reveals that the molecular structure of LDPE is also 
inhomogeneous. 

3.2. Rheological results 

The complex viscosity ( T/) of various blends at different 
frequencies was determined with a dynamic rheometer 
under l 70°C. It is found that all experimental data can be 
fitted by the Cross model [30]: 

r,= [l + 7*-y]l-n' (1) 

where 7/o is the zero-shear viscosity, r' a representative 
relaxation time and n an exponent. 

It is generally accepted that the zero-shear viscosity of a 
miscible blend without specific interactions or free volume 
variation should obey the logarithmic additivity rule defined 
as [31]: 

log 710 = I w; log 7/h- (2) 

Fig. 3 is the plot of log 71 0 versus the proportion of LDPE 
in the blends. It is observed that the zero-shear viscosity of 
all the blends exhibits a positive deviation from the loga­
rithmic additivity rule, indicating the immiscible state of 
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Fig. 5. Melting cunies of rapidly quenched NLDPE blends. 

these blend melts. The obtained values of n are also plotted 
versus the proportion of LDPE in the blends (Fig. 4). All the 
blends show a negative deviation except for the blend C-50. 
This unusual change will be discussed together with the 
result of co-crystallization. 

3.3. The occurrence of co-crystallization 

The blends were heated to l 70°C and then rapidly 
quenched with liquid nitrogen. This thermal treatment was 
applied for two purposes. Firstly, in such a procedure the 
crystallization is mainly controlled by kinetic factors and 
co-crystallization phenomena can be readily observed. 
Secondly, the morphology of the blend melt is solidified 
and the co-crystallization behavior can be correlated with 
the phase behavior of the melt [19). Figs. 5-7 show the 
melting curves of the rapidly quenched blends, and the 
data of melting temperature and fusion heat are listed in 
Table 2. 

In the rapidly quenched blends of LOPE with samples A 
and B, it is found that the melting temperatures of both 
components are lower than that of pure LOPE and those 
of ethylene-butene copolymers, respectively. This indicates 

that the most linear part of LDPE is incorporated into the 
lamellae of ethylene-butene copolymers, thus reducing the 
stability of the lamellae of ethylene-butene copolymers and 
leaving more branched parts in the LDPE [9). On the other 
hand, crystallization kinetics experiments have revealed that 
the crystallization of the ethylene-butene copolymers 
becomes faster after blending with LDPE [32]. This was 
attributed to the transfer of the highly branched fractions 
of ethylene-butene copolymers into LDPE. The above 
results show that samples A and B are not completely 
immiscible with LDPE, though the presence of liquid­
liquid phase separation is evidenced by rheological experi­
ment. There are some exchanges between LDPE and these 
two ethylene copolymers, i.e. some less branched fractions 
of LOPE were incorporated into ethylene copolymers and a 
part of the highly branched ethylene copolymers is trans­
ferred into LDPE. 

In contrast, a broad melting peak is observed at the low 
temperature region in the blend C-70, and in the blend C-50 
this peak is further separated into two melting peaks at 106.3 
and l 15.5°C. Moreover, it is found that the high melting 
peak temperatures of the blends C-90, C-70 and C-50 are 
higher than that of the pure sample C, while the low peak 
temperatures are lower than that of pure LOPE. It is strange 
that the melting peak temperature becomes higher after 
blending, and this phenomenon is rarely reported. From 
the third intermediate melting peak between the melting 
peaks of LDPE and sample C, we can judge that a part of 
the co-crystals segregate from the crystals of both sample C 
and LDPE and exist as a separated population in the blend 
C-50. 

Since the samples in Figs. 5-7 are directly quenched from 
the melt state, the co-crystallization behavior of these blends 
can be correlated with the miscibility of their melts. Only 
two melting peaks are observed in the blends of LDPE with 
samples A and B, indicating two phases in the melts of these 
blends. On the contrary, three endotherms appear in some of 
the blends of LOPE with sample C (for instance, C-50), 
which correspond to LDPE crystals, segregated co-crystals 
and ethylene-butene copolymer crystals. This shows that 
there exist three phases in the melt of the blend of LDPE 
with sample Cat. certain proportions: As reported above, it is 
observed that in the blend containing 50 wt% sample C, the 
value of n in the rheological experiment suddenly changes 
from the usual negative deviation to positive deviation at 
this proportion (Fig. 5(b)). This unusual change may also 
imply the presence of ternary phases in this blend. There­
fore, the metallocene-based and conventional ethylene­
butene copolymers exhibit different miscibility with 
LDPE. This difference may originate from their different 
composition distributions and can be illustrated as in 
Scheme l. Scheme l shows the exchange between LDPE 
and ethylene-butene (E-B) copolymers. Both LDPE and 
E-B copolymer are viewed as compositionally heteroge­
neous and the stacks in this scheme are designated for differ­
ently branched fractions. LOPE and the metallocene-based 
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Fig. 6. Melting curves of rapidly quenched B/LDPE blends. 

samples A and B can be considered to consist of two parts 
for simplidty: LI (highly branched part) and L2 (less 
branched part) for LOPE, and HI (highly branched part) 
and H2 (less branched part) for samples A and B. There 
are two phases, in the blend melts of LDPE with samples 
A and B, which are composed of Ll and Hl, L2 and H2, 
respectively, due to the exchange between the two compo­
nents (Scheme l(a)). Nevertheless, in the blends of sample 
C with LDPE both components must be viewed to be 
composed of three parts for simplicity, and the blend 
melts (at least for the blend C-50) are ternary blend 
systems [15,33,34] instead of a binary blend system 
(Scheme l(b)). The highly branched fractions (LI),· 
intermediately branched fractions (L2) and the less 
branched fractions (L3) of LDPE are miscible with 
the corresponding fractions HI, H2 and H3 of sample 
C, respectively. After the blends are quenched, they 
exhibit different co-crystallization phenomena because 
of the difference in miscibility. Based on these analyses, 
it is very clear that the composition distribution of the 
components has a great influence on the form of occur­
rence of co-crystallization, though only three ethylene 

123.a•c 

2s.4°C 

101 .4°C 

C-70 

C- 5-:..,0.___ __ 

c~ _/\110.?°c 

L~ L 
80 9ll 100 110 120 130 140 

Temp erature(°c) 

Fig. 7. Melting curves of rapidly quenched C/LDPE blends. 

copolymers are used to blend with LDPE in the present 
work and definite conclusions cannot be drawn. 

The TREF result has revealed that sample C contains 
much more highly branched fractions than the metallo­
cene-based samples A and B. These highly branched frac­
tions can severely interfere with the crystallization of the 
less branched fractions [35]. After blending with LDPE, 
these highly branched fractions are transferred into the sepa­
rated co-crystals and the crystals of LDPE. The loss of these 
fractions leads to the disappearance of the interference 
effect, and thus the melting temperatures of the sample C 
increase accordingly. On the contrary, the metallocene­
based copolymers A and B contain few highly branched 
fractions and the interference to the crystallization of the 
less branched fractions is not remarkable. The transfer of the 
highly branched fractions of samples A and B into LDPE 
hardly change the melting temperature of the high tempera­
ture peaks. In fact, the melting temperatures of the high 
temperature peaks for the quenched blends of samples A 
and B are always lower than that of corresponding pure 
ethylene copolymers due to the concentration dilution 
effect [36]. 
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Table 2 
DSC data of the quenched samples (the superscripts H and L denote high temperature peak and low temperature peak, respectively) 

Samples r.;11!! c·cJ t,.r,,;•1t.T'~b c0 c) 6/lt/t.Hr (Jig) t,.(t.H/1
)' (Jig) 

Experimental Calculatedd 

LDPE 110.7/- 0/- 81.8/0 
A -/129.5 -/0 -/152.7 
A-90 -/128.6 -/-0.9 0/145.3 8.2/137.4 7.9 
A-70 -/127.6 -1-1.9 0/134.2 24.5/106.9 27.3 
A-50 -/127.7 -/-1.8 01112.0 40.9n6.4 35.6 
A-10 109.51124.2 - 1.2/-5.3 75.11-' 73.6/15.3 
B -/123.2 -10 -/128.7 
B-90 -/123.l -/-0.l 0/128.l 8.2/115.8 12.3 
B-70 108.1/122.4 - 2.6/-0.8 2.2/106.2 24.5/90.l 15.9 
B-50 105.3/121.9 -5.41-1.3 3.1/98.2 40.9/64.4 33.8 
B-10 110.8/- + 0.11-· 62.1/-' 73.6/12.9 
C -/123.8 -/0 -/162.2 
C-90 105.8/125.5 -4.9/+l.7 0.2/153.0 8.2/146.0 7.0 
C-70 105.6/125.4 - 5.1/+J.6 9.9/121.1 24.5/113.5 7.6 
C-50r 106.3/124.9 -4.4/+ 1.2 22.4/110.7 40.9/81.1 29.7 
C-10 111.0/121.0 + 0.31-2.8 85.1/-' 73.6/16.2 

• Difference between the melting temperatures of low peak and pure LOPE. 
b Difference between the melting temperatures of high peak and pure ethylene copolymer. 
' Difference between the experimental and calculated t.HP. 
d Calculated assuming completely segregated crystals. 
' It was not determined because of not well-separated peaks, and the fusion enthalpy was included in low temperature peak. 
1 The fusion enthalpy of the intermediate peak at I 15.5°C was included in the high temperature peak . 

. ~ctl~t,Mei-: 

A 

. ·· .. -· . 

~13:oo~tirner 

l ~.11.·. 
.··· .. · 

.•· .. 

·:-~ Hf 

:1i··1: .. '• . 
" . -~ 

Scheme I. 

3.4. Semi-quantitative estimation of the exchange of the 
components 

The exchange of the components in the blends can be 
semi-quantitatively estimated from the change of the fusion 
enthalpy. It is found that the experimental data of fusion 
enthalpy corresponding to the high temperature peaks 
(11Hr) are invariably larger than the theoretical values 
calculated assuming completely segregated crystals. The 
differences between the experimental and calculated data 
of the high temperature peaks (11(11Hr)) are approximate 
to the theoretical values of fusion enthalpy corresponding lo 
the low temperature peaks. This indicates that most of 
the LDPE is incorporated into the crystals of ethylene 
copolymers . 

On the other hand, the values of fusion enthalpy for the 
low temperature peaks increase in the order A < B < C at 
any proportion, which is the same as the composition distri­
butions. The fusion enthalpy of the low temperature peaks is 
contributed by two parts: the highly branched part of LDPE 
(Ll) and the highly branched part of ethylene copolymer 
(Hl). Since most of the LDPE is transferred into the ethy­
lene copolymers, the contribution of the highly branched 
part of LDPE is very small and the highly branched part 
of ethylene copolymer is mainly responsible for the lower 
temperature peaks. Therefore, one can see that the quantity 
of ethylene-butene copolymer transferred into LDPE rises 
as the composition distribution becomes broader. This result 
is easily understandable. The broader the composition 
distribution, the more the highly branched fractions in the 
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ethylene-butene copolymers, thus more ethylene-butene is 
incorporated into the crystals of LOPE. 
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Abstract 

The reaction of Pt(DMB)Cl2 (DMB = 3,3'-dihydroxymethyl-2,2'-bipyridine) with AgF3CSO3 in H2O yielded a dimeric platinum 
complex, [{Pt(DMB)(µ-OH)hh(F 3CSO3)4-2H2O. X-ray structure reveals that two conformational isomers are self-assembled by 
different hydrogen bonding motifs in one crystal, resulting in a new type of co-crystal of monomer and its polymer. One conformer 
is self-assembled into the one-dimensional polymeric chain by strong hydrogen bonds, while the other conformer of which possible 
hydrogen bond donors/acceptors are blocked by two triflate anions exists as an isolated molecule itself. DFT calculations show that 
the strong hydrogen bonds and crystal packing force might compensate for the energy gap of ~ 14 kcal mo1- 1 between two 
conformers and the conformational energetics are dominated by the energies of the coordinated ligands rather than those of 
hydroxo-bridged platinum cores. © 2002 Published by Elsevier Science Ltd. 

Keywords: Cocrystallization; Dinuclear platinum complexes; One-dimensional polymers 

1. Introduction 

Molecular self-assembly employing hydrogen bond­
ing and its significance in crystal engineering are of 
considerable interest [1]. Hydrogen bonding is known to 
play an important role in governing the crystal packing 
of molecules due to its moderately strong interaction 
and high degree of directionality [2]. Recently, the 
incorporation of transition metal into supramolecular 
chemistry triggered the development of new molecular 
architecture, and several elegant examples for the 
combination of coordination and hydrogen bonding in 
self-assembly are published [3]. 

Some coordination or organometallic complexes 
which possess conformational flexibility or possible 
hydrogen bond donor/acceptor, could crystallize in 
two or more different crystal systems containing each 

• Corresponding authors. Tel.: + 1-314-362-8636; fax: + l-314-362-
9940 (J.Y.); tel.: +82-42-869-2829; fax: +82-42-869-2810 (Y.D.). 

E-mail addresses: yooj@mir.wustl.edu (J. Yoo), ykdo@kaist.ac.kr 
(Y. Do). 

0277-5387/02/$ · see front matter © 2002 Published by Elsevier Science Ltd. 
Pl!: S0277-5387(02)00838-0 

conformational isomer or differently self-assembled 
molecule, respectively, by tuning crystallization condi­
tions precisely, i.e. co-crystallization with other mole­
cules [4] or different solvent pairs [5). To the best of our 
knowledge, we are not aware, however, of any previous 
examples in which two differently self-assembled con­
formational isomers co-crystallize in one asymmetric 
unit. 

Herein, we report a new example of the self-assembly 
of a platinum dinuclear complex [ {Pt(DMB)(µ-OH)hh­
(F3CS03k2H20 into a co-crystal containing a dinuc­
lear monomer and a hydrogen-bonded one-dimensional 
chain of the dinuclear monomer. 

2. Experimental 

2.1. General procedures 

K2PtCl4 was purchased from Strem. All other re­
agents were purchased from Aldrich and used without 
further purification. Solvents were of reagent grade and 
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were dried by standard methods. Pt(DMB)Cl2 (DMB = 
3,3'-dihydroxymethyl-2,2'-bipyridine) was prepared ac­
cording _to the published procedure [6]. 

1H and 13C{1H} NMR spectra were measured on a 
· Bruker AM 300 spectrometer and were referenced to 
internal solvent peaks. IR spectra were recorded in K.Br 
discs on a Bruker Equinox 55 FT -IR spectrometer. C, 
H and N elemental analyses were carried out at the 
Seoul Branch Analytical Laboratory, Korea Basic 
Science Institute, on an Elementar Analysensysteme 
GmbH Vario EL elemental analyzer. 

2.2. Synthesis of [ {Pt(DMB)(µ-OH)}i}r 
(F1CS03h2H20 (1) 

To a water solution (30 ml) of Pt(DMB)Cl2 (190 mg, 
0.40 mmol) was added a twofold amount of solid 
AgF3CSO3 (210 mg, 0.80 mmol). The reaction mixture 
was warmed to 55 °C and was allowed to stir for 20 h in 
the absence of light. The precipitated AgCl was filtered 
off by a membrane filter. The slow evaporation of the 
solvent from the yellow filtrate at room temperature 
gave yellow crystalline product 1, which was collected 
over glass frit, washed with a small amount of cold 
water and dried in air (120 mg, 52%). Anal. Found: C, 
26.85; H, 2.42; N, 4.77. Cale. for Cs2Hs6F12NsO26Pt4S4: 
C, 26.63; H, 2.41; N, 4.78%. 1H NMR (300 MHz, DMF­
d7, 273 K): J 8.73 (dd, J = 5.5, l.2 Hz, 4H), 8.67 (dd, 
J = 8.0, 1.2 Hz, 4H), 8.13 (dd, J = 8.0, 5.5 Hz, 4H), 6.00 
(t, J = 5.8 Hz, 4H), 5.92 (s, 2H), 4.74 (d, J = 5.8 Hz, 8H). 
13C{1H} NMR (75 MHz, DMF-d7, 297 K): {J 155.0, 
148.1, 143.5, 143.3, 127.2, 61.5. IR (KBr, cm- 1

): 3425 
(br m, OH stretch), 1029 (s, OH bend), 575 (m, PtO 
stretch). 

2.3. X-ray structure determination 

Yellow crystals of 1 suitable for X-ray diffraction 
study were grown by slow evaporation of solvent from 
an aqueous solution. A crystal was mounted on a glass 
fiber tip. Crystal data were collected on an Enraf­
Nonius CAD4 diffractometer equipped with graphite 
monochromated Mo Kac radiation. Cell dimensions and 
orientation matrix for data collection were obtained 
from least-squares refinement, using the setting angles of 
25 centered reflections. Intensity data were collected in 
the w-0 scan mode to a maximum 20 of 50°. Data were 
corrected for Lorentz and polarization effects, and an 
empirical absorption correction was applied. 

The structure was solved by using the SHELxs-86 
system [7] and refined by full-matrix least-squares on F 2 

(sHELXL-93) [8]. The non-hydrogen atoms were refined 
anisotropically and all hydrogen atom positions, except 
those of µ-OH hydrogen, were initially calculated and 
then refined using a riding model. Geometrical restraint 

Table l 
Crystallographic data for I 

Empirical fonnula 
Fonnula weight 
Crystal system 
Space group 
Unit cell dimensions 

a (A) 
b (A) 
C (A) 
a (o) 
p (o) 

i' (o) 
V (A3) 

z 
Deale (g cm - 3

) 

Absorption coefficient (mm- 1
) 

Radiation (A) 
Temperature (K) 
R1 [/ ~ 2u(/)J • 
wR2 [l ~ 2u(/)] b 

a R1 = LIIFol-lFclllLIFol-
b wR2 = [L[w(Fo-~)2]1L[w(Po)2]]in. 

Cs2Hs5Ns026F 12S•P'4 
2345.7 
triclinic 
PI (No. 2) 

15.692(3) 
15.758(3) 
17.953(6) 
64.17(3) 
65.58(2) 
62.83(2) 
3424.8(16) 
2 
2.275 
8.385 
0.71073 
293 
0.0432 
0.1166 

was applied for four triflates using SADI in SHELXL-93. 
The detailed crystallographic data are listed in Table 1. 

2.4. Computational method 

The B3LYP calculations [9] were carried out with 
GAUSSIAN98 program [10]. Single point energy eva­
luations were performed using the experimental geome­
tries. A pseudopotential was used to replace 60 core 
electrons while a (8s7p6d)/[6s5p3d] basis set was used to 
describe the valence orbitals of Pt [11]. The 6-31 G** 
basis set was used for the other elements. The 6-31 + + 
G* and 6-311 + +G** basis sets were also applied for 
the calculation of four residues, but there was no 
noticeable discrepancy between energy values. 

3. Results and discussion 

3.1. Crystal structure of 1 

ORTEP representation of 1 is shown in Fig. 1 and 
selected bond distances and angles are summarized in 
Table 2. X-ray structure determination of 1 has revealed 
that the asymmetric unit contains two independent 
conformational isomers, la and lb, of a dinuclear 
[Pt(DMB)(µ-OH)]~+ unit. The crystal and molecular 
structures with the numbering schemes of the confor­
mers la and lb are shown in Figs. 2 and 3, respectively. 

The conformer la is a dinuclear monomer and has the 
expected hydroxymethyl conformation in which two 
hydroxymethyl substituents are oriented as far as 
possible to minimize steric interaction between them­
selves as seen in the structure of Pt(DMB)Cl2 [6]. The 
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Fig. I. ORTEP drawing of 1 showing the atom numbering scheme. Two triflates and one solvated water, which show no intermolecular interaction 
with two [{Pt(DMB)(µ-OH)hh complexes, are omitted for clarity. 

Table 2 
Selected bond distances (A) and angles (0

) for 1 

Bond lengths 
Pt(l)-Pt(2) 
Pt(l)-N(l1') 
Pt(l)-O(2) 
Pt(2)-N(2I ') 
Pt(2)-O(2) 
0(21)· · ·0(411;;) 
Pt(3)- N(3 l) 
Pt(3)-O(3) 
Pt(4)-N(41) 
Pt(4)-O(3) 
0(41)· · -O(5iv) 

Bond angles 
N(l 1')-Pt(l)-N(l l) 
N(2l)-Pt(2)-N(21') 
Pt(l)-O(1)-Pt(2) 
0(1 l)-H(l IA)·· ·O(3li) 

N(31)-Pt(3)-N(3I ') 
N(41 ')-Pt(4)-N(4I) 
Pt(4)-O(3)-Pt(3) 
O(4l)-H(4IA) 
· · ·O(5iJ 

3.1283(14) 
1.977(9) 
2.063(7) 
1.991(8) 
2.042(7) 
2.840(6) 
1.974(9) 
2.050(7) 
1.979(8) 
2.032(6) 
2.649(5) 

80.5(4) 
80.8(3) 
99.9(3) 

167.1(5) 

81.7(4) 
80.2(3) 

100.0(3) 
158.5(8) 

Pt(l)-N(I I) 
Pt(l)-O(1) 
Pt(2)-N(21) 
Pt(2)-O(I) 
0(11)· · ·O(3li) 
Pt(3)-Pt( 4) 
Pt(3)-N(3 I') 
Pt(3)-O(4) 
Pt(4)-N(41') 
Pt(4)-O(4) 
0(41')· · ·O(31ii) 

O(l)-Pt(l)-O(2) 
0(2)- Pt(2)-O(I) 
Pt(2)-O(2)- Pt(l) 
O(21)-H(21A) 
· · -O(4ll") 
0(4)-Pt(3)-O(3) 
O(3)-Pt(4)-O(4) 

. Pt(3)-O(4)-Pt(4) 
O(41')-H(4I B) 
· ·_-0(31;;) 

1.997(8) 
2.038(6) 
1.970(8) 
2.048(6) 
2.759(7) 
3.1275(12) 
2.013(9) 
2.023(6) 
l.970(8) 
2.033(6) 
2.689(3) 

79.0(2) 
79.2(3) 
99.3(3) 

107.7(2) 

79.0(3) 
79.1(3) 

100.9(3) 
160.8(2) 

two OH groups in trans position (relative to the plane 
which contains two Pt atoms and is perpendicular to the 
Pt20 2 plane) is hydrogen bonded to the oxygen atom of 
two triflates, which prevents the approach of other 
molecules for further hydrogen bonding. The 0- • •O 
distances in hydrogen-bonded OH·· -0 are 2.76 and 2.84 
A and the 0-H- • -0 angles are 167° and 108°. The 

Fig. 2. Crystal and molecular structure of the conformer la. Hydrogen 
atoms of hydroxymethyl group are only seen for clarity. Symmetry 
operation: (i) x, y, - I + z; (ii) I -x, I -y, I - z. 

extreme disparity of the hydrogen bond angle from 180° 
may be attributed to the effect of crystal packing force 
[12]. 

In contrast to la, the conformer lb exists as a 
hydrogen-bonded one-dimensional chain of the dinuc­
lear unit and has a completely different pattern of 
crystal packing. The orientations of the oxygen atoms of 
hydroxymethyl groups are directed toward the same 
direction, resulting in the unfavorable interactions of 
C(36} • •0(31) [3.07 A] and C(46)· · ·0(41') [3.08 A]. 
Furthermore, the conformer lb self-assembles to form a 
one-dimensional linear polymer through the· formation 
of intermolecular hydrogen bonding between the two 
hydroxymethyl OH groups of neighboring monomers. 
Two OH groups in lb involved in the connection of 
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031" 

Fig. 3. Crystal and molecular structure of confonner lb. Hydrogen bonds are represented by thin lines. Symmetry operation: (i) x, y, I+ z; (ii) x, y, 
-l+z; (iii)x,y, -2+z;(iv) 1-x, 1-y, -z. 

building blocks are situated in cis position. The inter­
molecular 0(41')···0(31) distance .of 2.69 A and 
O(41')-H(41B)- • -0(31) angle of 161° shows that the 
hydrogen bond between donor OH and acceptor O is 
reasonably strong [13]. One OH hydrogen atom (H4IA) 
of the two remaining hydroxymethyl groups in lb is also 
strongly hydrogen-bonded to a crystal water 
[0(41)-. -0(5) 2.65 A]. 

Perspective view of 1 clearly shows the different 
orientations of hydroxymethyl groups of ligands (Fig. 
1). Two hydroxymethyl oxygen atoms in DMB residues 
of la are directed to the opposite side, up and down, but 
those of lb are all oriented to the lower direction. The 
structures around the platinum cores of the two 
conformers are of close similarity. The coordination 
geometries of the two platinum centers are approxi­
mately square planar. Two least-squares planes of 
N 2PtO2 in la and lb are not coplanar but tilted by 
15.5° and 12.2°, respectively. 

3.2. Calculations 

The B3L YP calculations, summarized in Table 3, 
indicate that the conformer la is more stable than lb, as 
expected, by 13.8 kcal mo1- 1

• The stability of two 
conformers was further analyzed by carrying out 
calculations on four coordinated DMB residues using 
the same method. The residue n refers to DMB 
coordinated to Ptn (n = 1-4). Surprisingly, the residue 
4 is more stable than the residues 1, 2 and 3 by + l.6, + 

Table 3 
Summary of B3L YP calculations with 6-3 IG** basis set on the relative 
stability of the conformational isomers, la and lb and DMB residues 

Entries Energy (a.u.) Relative difference • (kcal mol- 1
) 

la -1838.81907657 0.0 
lb -1838.79703584 13.8 
Residue I - 724.1657956 l.6 
Residue 2 -724.1651554 2.0 
Residue 3 -724.1435419 15.6 
Residue 4 - 724.1683875 0.0 

• Unit conversion: a.u. x 627.51 = kcal mo1- 1
• Relative differences 

are referenced to la and the residue 4 for the comparison of the 
conformers and the residues, respectively. 

2.0, and + 15.6 kcal mo!- 1, respectively. These some­
what unexpected results could be rationalized by close 
examination of dihedral angle between the average 
pyridyl planes of DMB units and torsional angles in 
each residue (Table 4). The dihedral angle of two least­
squares pyridine planes in residue 4 is 24. JO that is 
smaller than 28.1 ° for residue 3, indicating that the 
residue 4 is expected to be more stable because the better 
re-conjugation between the two pyridyl rings can be 
achieved as the dihedral angle decreases [14). The 
dihedral angle of 24.9° in the residue 1 is comparable 
with that of the residue 4 and there is no close 
interaction between two hydroxymethyl groups. How­
ever, torsional angles of Cl3-Cl4-Cl6-Ol I (35.7°) 
and Cl3'-Cl4'-Cl6'-Ol 1' (43.7°) for the residue 1 are 
far from 60° of the ideal gauche conformation, which 
makes the residue 1 unstable due to torsional strain. No 
steric repulsion between two substituents and the 
favorable torsional angles of C23-C24-C26-O21 
(46.8°) and C23' -C24'-C26' -021' (50.0°) in the residue 
2 compensate less overlap of n-conjugation between the 
two pyridyl rings (dihedral angle: 28.2°). The energy 
difference of 13.6 kcal mo1- 1 [£(residue 3 and 4)­
E(residue I and 2)] is comparable to 13.8 kcal mo1- 1 

derived from intact la and lb. This implies that the 
conformational energetics of la and lb are dominated 
by the energies of the coordinated ligands, residue 1-4 
rather than those of two hydroxo-bridged platinum 
cores, N2PtO2PtN2. 

Table 4 
Dihedral angles (0

) of the two least-squares pyridine planes and 
selected torsional angles (0

) for 1 

Residue l 

Residue 3 

Cl3-Cl4-Cl6-OI I 
C23-C24-C26-O21 
C33-C34-C36-O3l 
C43-C44-C46-04J 

24.91 
(0.53) 
28.14 
(0.36) 
-35.7 

46.8 
69.6 
49.7 

Residue 2 

Residue 4 

Cl3'-Cl4'-C16'-OII' 
C23' -C24' -C26' -021' 
C33' -C34' -C36' -031' 
C43' -C44' -C46' -04 l' 

28.19 
(0.53) 
24.08 
(0.52) 
-43.7 

50.0 
-56.6 
-68.3 
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4. Conclusions 

Two different hydrogen bonding patterns involving 
cis- and trans-positioned OH groups stabilize each 
conformational isomer, yielding a new co-crystal of 
the dinuclear monomer terminated by two trif1ates (la) 
and the self-assembled infinite one-dimensional polymer 
(lb). This work provides a new type of co-crystal 
containing two differently self-assembled conforma­
tional isomers in one crystal system. This is also a 
good example of the important role of hydrogen 
bonding in self-assembly and of the usefulness of flexible 
molecule in studying the nature of forces controlling the 
molecular structure in the crystal. The strong hydrogen 
bonds and crystal force seem to compensate for ~ 14 
kcal mol- 1 of energy gap between two conformers. 

5. Supplementary material 

Crystallographic data for the structural analysis have 
been deposited with the Cambridge Crystallographic 
Data Centre, CCDC No. 166378 for compound 1. 
Copies of this information may be obtained free of 
charge from The Director, CCDC, 12 Union Road, 
Cambridge, CB2 lEZ, UK (fax: +44-1223-336033; e­
mail: deposit@ccdc.cam.ac.uk or www: http://www. 
ccdc.cam.ac. uk). 

Acknowledgements 

We gratefully acknowledge the financial support 
provided by Non-Directed Research · Fund, Korea 
Research Foundation, 1998. We also thank the KISTI 
Supercomputing center for the use of CRAY C90. 

References 

[IJ (a) J.L. Atwood, J.E.D. -Davies, D.D. MacNicol, F. Vogtle, 
Comprehensive Supramolecular Chemistry, Pergamon, Oxford, 
1996; 
(b) D. Braga, F. Grepioni, G.R. Desiraju, Chem. Rev. 98 (1998) 
1375. 

[2] (a) R. Taylor, 0. Kennard, Acc. Chem. Res. 17 (1984) 320; 
(b) D. Braga, F. Grepioni, P. Sabatino, Organometallics 13 (1994) 
3532. 

[3] (a) J.A.R. Navarro, B. Lippert, Coord. Chem. Rev. 185 (1999) 
653; 
(b) M.-C. Tse, K.-K. Cheung, M.C.-W. Chan, C.-M. Che, Chem. 

Commun. (1998) 2295; 
(c) V.Y. KuKushkin, T. Nishioka, D. Tudela, K. lsobe, I. 
Kinoshita, Inorg. Chem. 36 (1997) 6157; 
(d) D. Walther, T. Klettke, A. Schmidt, Organometallics 15 (1996) 
2314; 
(e) P.J. Davies, N. Veldman, D.M. Grove, A.L. Spek, B.T.G. 
Lutz, G. van Koten, Angew. Chem., Int. Ed. Engl. 35 (1996) 1959; 
(f) S.L. James, G. Verspui, A.L. Spek, G. van Kolen, Chem. 
Commun. (1996) 1309; 
(g) M.M. Chowdhry, D.M.P. Mingos, A.J.P. White, DJ. 
Williams, Chem. Commun. (1996) 899; 
(h) A.D. Burrows, D.M.P. Mingos, A.J.P. White, D.J. Williams, 
J. Chem. Soc., Dalton Trans. (1996) 149; 
(i) S.B. Copp, K.T. Holman, J.O.S. Sangster, S. Subramanian, 
M.J. Zaworotko, J. Chem. Soc., Dalton Trans. (1995) 2233. 

[4] (a) F. Cervantes-Lee, H.K. Sharma, K.H. Pannell, A. Derecskei­
Kovacs, D.S. Marynick, Organometallics 17 (1998) 3701; 
(b) D. Braga, F. Grepioni, C.M. Martin, E. Parisini, Organome­
tallics 13 (1994) 2170. 

[5] (a) D. Braga, F. Grepioni, Acc. Chem. Res. 27 (1994) 51; 
(b) Z. Qin, H.A. Jenkins, S.J. Coles, K.W. Muir, R.J. Puddephatt, 
Can. J. Chem. 77 (1999) 155; 
(c) T. Ishida, R. Manabe, Y. In, H. Takashima, K. Kitamura, A. 
Wakahara, Bull. Chem. Soc. Jpn. 72 (1999) 947; 
(d) S.B. Sembiring, S.B. Colbran, R. Bishop, D.C. Craig, A.D. 
Rae, Inorg. Chim. Acta 228 (1995) 109. 

[6] J. Yoo, J.-H. Kim, Y.S. Shon, Y. Do, lnorg. Chim. Acta 263 
(1997) 53. 

[7] G.M. Sheldrick, sHELXS 86. Program for Crystal Structure 
Determination, University of Gottingen, Gottingen, Germany, 
1986. 

[8] G.M. Sheldrick, sHELXL 93. Program for Crystal Structure 
Refinement, University of Gottingen, Gi:ittingen, Germany, 1993. 

[9] (a) A.D. Becke, J. Chem. Phys. 98 (1993) 5648; 
(b) C. Lee, W. Yang, R.G. Parr, Phys. Rev. B 37 (1988) 785. 

[10] M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. 
Robb, J.R. Cheeseman, V.G. Zakrzewski, J.A. Montgomery, 
R.E. Stratmann, J.C. Burant, S. Dapprich, J.M. Millam, A.O. 
Daniels, K.N. Kudin, M.C. Strain, 0. Farkas, J. Tomasi, V. 
Barone, M. Cossi, R. Cammi, B. Mennucci, C. Pomelli, C. 
Adamo, S. Clifford, J. Ochterski, G.A. Petersson, P.Y. Ayala, Q. 
Cui, K. Morokuma, D.K. Malick, A.D. Rabuck, K. Raghava­
chari, J.B. Foresman, J. Cioslowski, J.V. Ortiz, B.B. Stefanov, G. 
Liu, A. Liashenko, P. Piskorz, I. Komaromi, R. Gomperts, R.L. 
Martin, DJ. Fox, T. Keith, M.A. Al-Laham, C.Y. Peng, A. 
Nanayakkara, C. Gonzalez, M. Challacombe, P.M.W. Gill, B.G. 
Johnson, W. Chen, M.W. Wong, J.L. Andres, M. Head-Gordon, 
E.S. Replogle, J.A. Pople, Gaussian 98 (Revision A.7), Gaussian, 
Inc., Pittsburgh, PA, 1998. 

[l I] P. Schwerdtfeger, M. Doig, W.H.E. Schwarz, G.A. Bowmaker, 
P.D.W. Boyd, J. Chern. Phys. 91 (1989) 1762. 

[12] P. Dauber, A.T. Hagler, Acc. Chem. Res. 13 (1980) 105. 
[13] (a) P. Gilli, V. Bertolasi, V. Ferretti, G. Gilli, J. Am. Chem. Soc. 

116 (1994) 909; 
(b) G.M. Kapteijn, P.J. Baesjou, P.L. Alsters, D.M. Grove, W.J.J. 
Srneets, H. Kooijman, AL. Spek, G. van Koten, Chem. Ber. 130 
(1997) 35. . 

[14) V.M. Miskowski, V.H. Boulding, C.-M. Che, Y. Wang, Inorg. 
Chem. 32 (1993) 2518. 

UM00012501 
NOVARTIS EXHIBIT 1017 

Novartis v. Regents, IPR2023-01346 
Page 1247 of 4460



BUZATU, NOLAN AND STEVENS 1857 

Lists of structure factors, anisotropic displacement parameters, H­
atom coordinates and complete geometry have been deposited with 
the rucr (Reference: CR 1112). Copies may be obtained through The 
Managing Editor, International Union of Crystallography, 5 Abbey 
Square, Chester CH I 2HU, England. 
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A 2:1 Molecular Complex of TheophyUine 
and 5-Fluorouracil as the Monohydrate 

SHYUICHI.ZAITU, YoSHIHisA MIWA AND TooRu TAGA 

Faculty of Pharmaceutical Sciences, Kyoto University, 
Sakyo-ku, Kyoto 606-01, Japan 

(Received 13 January 1995; accepted 6 March 1995) 

Abstract 
Theophylline, 5-fluorouracil and water molecules are 
packed in parallel sheets in the crystal structure of 
the title compound, 3,7-<lihydro-1,3-dimethyl-lH-purine-
2, 6-dione-5-fluoro-2,4( IH, 3H)-pyrimidinedione-water 
(2/1/1), 2C1HsN4O2.C4H3FN2O2.H2O. The planar mol­
ecules are held together within the sheets by hydro­
gen bonds which include C-H· • -0 interactions. Short 
linear N--CH3· · -F and N-CH3· • ·O contacts are also 
found between molecules within the sheets. 

Comment 

Theophylline has the ability to fonn molecular com­
plexes with various aromatic compounds, and several 

©1995 International Union of Crystallography 
Printed in Great Britain - all rights reserved 

crystal structures of these complexes have been studied 
(e.g. Shefter, 1969; Shefter & Sackman, 1971; Nakao, 
Fujii, Sakak.i & Tomita, 1977; Aoki, Ichikawa, Koinuma 
& Iitaka. 1978). The complexing properties of 5-fluoro­
uracil and its derivatives have also been studied ex­
tensively through the determination of the structures 
of purine-pyrimidine hydrogen-bonded complexes (e.g. 
Kim & Rich, 1967; Tomita, Katz & Rich, 1967; Mazza, 
Sobel! & Kartha, 1969). We report here lhe crystal 
structure of the title 2: l complex of theophylline and 
5-fluorouracil as the monohydrate, (I), obtained from 
aqueous solution. 

The bond distances and angles in the two crys­
tallographically independent theophylline molecules in 
the asymmetric unit are in good agreement, and are 
similar to those reported previously for theophylline 
(Sutor, 1958; Koo, Shin & Oh, 1978). The bond dis­
tances and angles in the 5-fluorouracil molecule are 
also similar to those in 5-fluorouracil itself (Fallon, 
1973). The 5-fluorouracil molecule is bonded to the 
one theophylline molecule by two N-H· • •O hydro­
gen bonds [N(20)· · -0(33) 2.772 (4), N(29)· • •0(26) 
2.785 (4) A]. and the two independent theophylline mol­
ecules are linked together by an N-H- • -N hydrogen 
bond [N(7)• · -N(22) 2.903 (5) A] (Fig. 1). The three 
molecules are approximately coplanar: the largest devi­
ation from the least-squares plane through the 35 non-H 
atoms is 0.37 A for F(35). The water O atom also lies 
on this plane with a deviation of 0.66 A. The crystal 
structure consists of these molecules packed in parallel 
sheets perpendicular to the ac plane (Fig. 2). 

The water molecule is hydrogen bonded to two 
5-fluorouracil molecul.es within the same sheet [N(27)· • • 
0(36) 2.702 (5), 0(36)· · ·O(34)(x, -1 +y, z) 2.829 (4) A] 
and is also hydrogen bonded to a theophylline mol­
ecule in an adlacent sheet [0(36)· • -N(9)(-x, ..,. 1 - y, 
-z) 2.980 (5) A]. Short C5P1-H· · ·Osp2 contacts are 
also found for C(8)--H· · ·O(24){x, -1 + y, z) [C- • •O 
3.226 (5), H·. -0 2.25 (3) A., C-H·. -0 159 (3) 0

] and 
C(2l)-H· · -O{24)(x, -1 + y, z) [C· · -0 3.298 (5), 
H· · -0 2.35 (4) A, C-H- · -0 171 (3)0

]. These C­
H·• ·O hydrogen bonds stabilize the sheet structure. 

There are also close intermolecular contacts within 
the sheets between the methyl groups of the theophyl­
line molecules and F and O atoms. The short N­
CH3- · -F contacts are C(l0)· · ·F(35)(1 + x, ½ -y, 
_ l + z) 3.107 (6) A [N-C- • -F 170.0 (3)0

] and C(l2)· · • 2 I I ' F(35)(1 +x, - 2 -y, - 2 +z) 3.246(7)A [N-C-··F 
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Fig. 1. Perspective view of the molecules with the atom-numbering 
scheme. Displacement ellipsoids are drawn at the 50% probability 
level. 

Fig. 2. Perspective view of the unit cell. 

141.6 (4) 0
], which are similar to the linear N­

CH3· · -F contacts observed in 1.3-dimethyl-5-fluoro~ 
uracil , (Taga, Yamamoto & Machida, 1989) and the 
1:1 adduct of hexafluorobenzene and N,N-dimethyl­
aniline (Dahl, 1977). Short N-CH3- • •O contacts are 
also found between theophylline molecules in the 
same plane: C(23)· • •O(33)(x, 1 + y, z) 3.263 (5) A 
[N-C···O 165.0(3)0

] and C(25)···OO3) 3.178A 
[N-C· · -0 150.6 (3)0

]. Similar N-CH3 • • •O hydrogen­
bond like contacts have been observed in 1,3-dimethyl­
uracil (Banerjee, Dattagupta, Saenger & Rabczenko, 
1977). These N-CH3• · ·X interactions may also sta­
bilize the sheet scrucrure. 

Experimental 

Crystals of the title complex were grown from a solution 
prepared by dissolving equimolar theophylline and 5-fluoro­
uracil in water. The crystal density Dm was measured by 
flotation. 

Crystal data 

2C1l-fsN4O2.CH3FN202.-
H20 

M, = 508.43 
Monoclinic 
P21/c 

Cu Ko radiation 
.>. = !.54178 A 
Cell parameters from 25 

reflections 
0 = 17.54-25.85° 

a= 7.640 0) A 
b = 8.804 (l) A 
c = 32.126(2) A 
(3 = 98.28 (1 )0 

V = 2138.4 A.3 

2=4 
D, = 1.579 Mg m- 3 

Dm == 1.58 Mg m- 3 

Data collection· 

µ = 0.901 mm- 1 

T = 295 K 
Prism 
0.40 X 0.30 X 0.30 mm 
Colorless 

Rigaku AFC-5RU diffrac­
tometer 

Run = 0.015 
0mu = 60° 
h=0-+8 
k=0---10 
I= -36-+ 36 

en.e scans 
Absorption correction: 

none 
3533 measured reflections 
3269 independent reflections 
2697 observed reflections 

3 standard reflections 
monitored every 150 

reflections 
[F > 3u(f)] 

Refinement 

Refinement on F 
R = 0.059 
wR = 0.072 
S = 1.19 
2697 reflections 
389 parameters 

intensity decay: <3% 

(!::./u)mv. = 0.27 
!::.Pmax = 0.44 e A - 3 

l::.pmin = -0.53 e A- 3 

Extinction correction: none 
Atomic scattering factors 

Only coordinates of H atoms 
refined 

from International Tables 
for X-ray Crystallography 
(1974, Vol. IV, Table 
2.28) w = l/[u2(F) + 0.023F2J 

Table I. Fractional atomic coordinates and equivalent 
isotropic displacement parameters (1\1) 

N(I) 
C(2) 
N(3) 
C(4) 
C(5) 
C(6) 
N(7) 
C(S) 
N(9) 
COO) 
O(lll 
CO2) 
0(13) 
N(l4) 
C(l5) 
N(l6) 
C(l7l 
C(IS) 
C(19) 
N(20) 
C(2I) 
N(22) 
C(23) 
0(24) 
C(25) 
0(26) 
N(27) 
C(28) 
N(29) 
C(30J 
C(3ll 
C(32) 
0(33) 

:c 
0.5909 (4) 
0.6050 (5) 
0.5526 (5) 
0.4839 {5) 
0.4701 (5) 
0.5255 (5) 

0.3973 (4) 
0.3709 (6) 
0.4223 (5) 
0.6478 (7) 
0.6618 (4) 
0,5770 (8) 
0.5215 (4) 
0.1710 (4) 
0.2310(5) 
0.2691 (4) 
0.2393 (S) 
0.1707 (5) 
0.1343 (5) 
0.1598 (4) 
0.2215 (6) 
0.2736 (4) 
0.1447 (7) 
0.2503 (4) 
O.J357 (7) 
0.0805 (4) 

-0.1092 (5) 
-0.0496 (Sl 
-0.0350 (4) 
-0.0740 {5) 
-0.1310 (6) 
-0.1492 (6) 
-0.0091 (4) 

B"l = (4/3)E;Ei.6iia;.a1. 

y 
0.0416(4) 

-0.1007 (5) 
-0.2248 (4) 
-0.2043 (4) 
-0.0638 (4) 

0.0713 (5) 
-0.0891 (4) 
-0.2392 (5) 
-0.3152 (4) 

0.1739(6) 
-0.1134 (4) 
-0.3769 (6) 

0.1999 (3) 
0.4364 (3) 
0.4580 (4) 
0.3308 (3) 
0.1898 (4) 
0.1730 (4) 
0.2966 (4) 
0.0188 (4) 

-0.0462 (5) 
. 0.0539 (3) 
0.5748 (5) 
0.5861 (3) 
0.3442 (6) 
0.2906 (3) 

-0.1668 (4) 
-0.0706 (4) 

0.0785 (4) 
0.1373 (5) 
0.0227 (5) 

-0.1223 (5) 
-0.1130 (J) 

z 
-0.1740 (I) 
-0.1928 (1) 

-0.1717 (1) 
-0.1348 (I) 

-0.1177 (I) 
-0.1359 (1) 
-0.0816 {I) 
-0.0797 (I) 
-O.lll3 (l) 
-0.1963 (2) 
-0.22623 (9) 
-0.1878 (2) 
-0.12208 (9) 

0.05166 (9) 
0.0131 (II 

-0.00869 (9) 
0.0073 (I) 
0.0437 (I) 
0.0692 (I) 
0.0495 (I) 
0.0172 (I) 

-0.0098 (I J 
0.0755 (I) 

-0.00026 (8) 
-0.0490(1) 

0.10337 (8) 
0.1725 (I) 
0.1450 (I) 
0.1577 (I) 
0.1953 (I) 

0.2221 (I) 
0.2109 (I) 
0.11126 (8) 

Be,i 
3.2(2) 
3.4 (2) 
3.4 (2) 
3.0 (2) 
2.7 (2) 
3.1 (2) 
3.0(2) 
3..5 (2) 
3.6 (2) 
4.4 (2) 
4.7 (2) 
4.9 (2) 
4.2 (2) 
2.7 (2) 
2.9 (2) 
2.8 (2) 
2.6 (2) 
2.6 (2) 
2.9 (2) 
3.0(2) 
3.2 (2) 
2.9 (2) 
3.7 (2) 
3.7 (2) 
3.8(2) 
4.0(2) 
3.1 (2) 
2.9 (2) 
3.0(2) 
3.2 (2) 
3.3 (2) 
3.2 (2) 
3.8 (2) 
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0(34) -0.0612 (4) 0.2726 (3) 0.20315 (9) 4.3 (2) 
F{35) -0.1661 (4) 0.0704 (3) 0.25983 (8) 5.7 (2) 
0(36) -0.1613 (5) -0.4648 (4) 0.1548 (l) 5.3 (2) 

Table 2. Selected geometric parameters (A, 0
) 

N(l)-C(2) l.402 (5) N(l6}-C(l7) 1.375 (4) 
N(l)-C(6) 1.412 (5) N(l6}-C(25J l.463 (5) 
N(l)-C(I0) 1.466 (7) C(l7)-(:(18) l.357 (5) 
C(2)-N(3J 1.375(5) C( 17)-N(22) 1.358 (5) 
C(2)-0(ll) l.220 (5) C( 18)-(:( 19) l.414 (5) 
N(3)-C(4) 1.376 (5) C( I 8)-N(20) 1.374 (5) 
N(3)-C(l2) 1.457 (7) C(19)-0(26) l.227 (4) 
C(4)-C(5) 1.364 (5) N(20)-(:(2 I) l.329 (5) 
C(4)-N(9) 1.359 (5) C(2l)-N(22) l.337 (5) 
C(5)-C(6) l.417 (6) N(27)-(:(28J 1.349 (5) 
C(5)-N(7) 1.375(5) N(27)-(:(32) 1.370(5) 
C(6)-0(13) 1.218(5) C(28)-N(29) 1.374 (5) 
N(7)-C(8) 1.339 (6) C(2S)-0(33) 1.227 (4) 
C(8)-N(9J 1.322 (5) N(29)-(:(30) l.385(5) 
N(l4)-C(l5) 1.394 (5) C(30)-(:(31) 1.434 (6) 
N(l4)-C(l9) 1.399 (4) C(30)-0(34) 1.219(5) 
N(l4)-(:(23) 1.468 (5) C(31)-(:(32) 1.328 (6) 
C(l5)-N(l6) 1.374 (5) C(3 l )-F(35) 1.346 (5) 
CO5)-0(24) 1.223 (4) 

C(2)-N(I )-C(6J 126.7 (3) C(l5)-N( 16)-C(l7) 119.1 (3) 
C(2)-N(l)-C(I0) 116.9 (4) C( 15)-N(l6)-(:(25) 120.8 (3) 
C(6)-N(l)-C(I0) 116.3 (4) C(l7)-N(l6)-(:(25) 120.t (3) 
N(I )-C(2)-N(3) 116.9 (3) N(l6)-(:( 17)-(:(18) 121.7(3) 
N(l)-C(2)-0(JI) 121.4(4) N(l6)-(:(17)-N(22) 126.3 (3) 
N(3)-C(2)-0(ll) 121.8 (4) C( 18)-(:( I 7)-N(22) 111.9 (3) 
C(2)-N(3)-C(4) 119.7 (3) C(l 7)-(:(18)-(:(19J 123.2 (3) 
C(2)-N(3)-C( 12) 119.6 (4) C( 17)-(:( I 8)-N(20J 105.2 (3) 
C(4)-N(3)-C(l2) 120.7 (4) C( 19)-(:( I 8)-N(20) 131.4(3) 
N(3)-C(4)-C(5) 121.8 (3) N( 14)-(:(19)-(:(l 8) 112.l (3) 
N(3)-C(4)-N(9) 126.2 (3) N(l4)-(:(19)-0(26) 120.7 (3) 
C(5)-C(4)-N(9) 112.0(3) C(l8)-(:( 19)-0(26) 127.2 (3) 
C(4)-C(5)-C(6) 123.4 (3) C( l 8)-N(20)-(:(2 I) 106.5 (3) 
C(4)-C(5)-N(7) 104.9 (3) N(20)-(:(2 I )-N(22J 113.3(4) 
C(6)-C(5)-N(7) 131.7 (3) C( I 7)-N(22)-(:(21) 103.0(3) 
N(I )-C(6)-C(5) 111.5 (3) C(28)-N(27)-(:(32) 123,4 (3) 
N(I )-C(6)-0( 13) 121.3 (4) N(27)-(:(28)-N(29) 115.2(3) 
C(5)-C(6)-0( 13) 127.2(3) N(27)-(:(28)-0(33) 122,6 (3) 
C(5)-N(7)-C(8) 106.3 (3) N(29)-(:(28)-0(33) 122.2 (3) 
N(7)-C(8)-N(9) 113.6(4) C(28)-N(29)-C(30) 126.7 (3) 
C(4)-N(9)-C(8) 103.2 (3) N(29)-(:(30)-(:(3 I) 112.5 (4) 
C(l5)-N(l4)-C(l9) 126.1 (3) N(29)-(:(30)-0(34) 121.7 (4) 
C( 15)-N( 14 )-C(23) IIS,9 (3) C(3 I )-(:(30)-0(34) 125.9 (3) 
C(l9)-N(l4)-C(23J 118.0(3) C(30)-(:(3 I )-(:(32) 122.9(3) 
N(l4)-C(l5)-N(l6) 117.5 (3) C(30)-(:(3 l)-F(35J 116,0(4) 
N(l4)-C(15)-0(24) 120.6 (3) C(32)-(:(3 l)-F(35) 121.1 (4) 
N(l6)-C(l5)-0(24) 121.8 (3) N(27)-(:(32)-(:(3 I) 119.4 (4) 

Table 3. Hydrogen-bonding geometry (A., 0
) 

D-H···A H···A D···A D-H···A 
N(7)-H(N7)- · -N(22J 2.05 (4) 2.903 (5) 162 (2) 
N(20)-H(N20), · -0(33) l.87 (4) 2.772 (4) 170(2) 
N(27)-H(N27)• · ·0(36) l.83 (4) 2.702 (5) 174 (2) 
N(29)-H(N29)· · -0(26) 1.90(4) 2.785 (4) 172(2) 
O(36)-H(036A)· · -0(34') l.99 (5) 2.829 (4) 168 (4) 
O(36)-H(O36BJ, • •N(9") 2,21 (5) 2.980 (5) 163 (6) 

Symmetry codes: {i) x, y - I, z; (ii) -x, - I - y, -z. 

All H atoms were located from a difference Fourier map. 
Data collection and cell refinement: MSC/AFC Diffractometer 
Control Software (Molecular Structure Corporation, 1988). 
Program(s) used to solve strucrure: MULTAN88 (Main et al., 
1988). Program(s) used 10 refine structure: KPPXRAY (Taga, 
Masuda, Higashi & Iizuka. 1991) including a modified version 
of ORFLS (Busing, Martin & Levy, 1962). Molecular graphics: 
KPPXRAY. Software used lo prepare material for publication: 
EDCIF-1 (Osaki & Taga, 1993). 

© 1995 International Union of Crysta.llography 
Printed in Great Britain - all righlS reserved 

LislS of structure factors, anisotropic displacement parameters, H-
atom coordinates, bond distances and angles involving non-H atoms, 
and torsion angles have been deposited with the IUCr (Reference: 
AS 1172). Copies may be obtained through The Managing Editor, 
ln1emational Union of Crystallography, 5 Abbey Square, Chester CHI 
2HU, England. 
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Abstract 
The crystal structure determination of the title com­
pound, C14H21 N02, established the absolute configura­
tion of the N-phenylethyl chain. The pyrrolidine ring 
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The title compounds, 4,4'-(ethyne-1,2-diyl)dipyridinium bis­
(squarate ), C12H1oN/+ -2C4HO4 -, and 4,4' -( ethene-1,2-diyl)­
dipyridinium bis(squarate), C12H 12N/+·2C4HO4 -, are isomor­
phous and crystallize in space group Pl. The cocrystals contain 
linear hydrogen-bonded molecular tape structures along the 
[120] direction. The squarate monoanions form a ten­
membered dimer linked by two intermolecular O-H• · ·O 
hydrogen bonds. Each component molecule forms a segre­
gated stack along the c axis. The bond lengths of the squarate 
monoanion indicate delocalization of the enolate anion. 

Comment 

Squaric acid (3,4-dihydroxy-3-cyclobutene-1,2-dione) is a very 
strong dibasic acid and has been studied for potential appli­
cation to xerographic photoreceptors, organic solar cells and 
optical recording (Seitz & Imming, 1992; Liebeskind et al., 
1993). From the viewpoint of crystal engineering, squaric acid 
is also a useful tool for constructing crystalline architectures, 
because of its rigid and flat four-membered ring framework, 
and its proton donating and accepting capabilities for 
hydrogen bonding (Braga et al., 1999; Reetz et al., 1994 ). We 
have recently shown that the simple combination of chlor­
anilic acid and various dipyridyl-type ligands can create a 
variety of supramolecular architectures involving an infinite 
one-dimensional molecular tape structure (Zaman et al., 1999, 
2000). In the course of our crystal-engineering studies on the 
combination of squaric acid and dipyridyl-type ligands, we 
have obtained cocrystals of 4,4'-dipyridylacetylene-squaric 
acid (1/2), (I), and 1,2-bis(4-pyridyl)ethylene-squaric acid 
(1/2), (II), where a rare ten-membered hydrogen-bonded 

t Present address: Department of Chemistry and Biochemistry, University of 
South Carolina, 631 Sumter Street, Columbia, SC 29208, USA. 

organic compounds 

dimer of a squarate monoanion is formed. We report here the 
structures of the resulting hydrogen-bonded molecular tapes. 

O~OH 

·2 ;-\ 

0 o-
(I) 

ttter-0" 
(II) 

Cocrysta!s (l) and (II) are isomorphous and crystallize in 
space group Pl, with one molecule of squaric acid and half a 
molecule of the dipyridyl-type ligand in the asymmetric unit. 
The molecular structures of (I) and (II) are shown in Figs. 1 
and 2, respectively, and selected geometric parameters are 
listed in Tables 1 and 2, respectively. The coordinates in (I) can 
be related to those in (II) by the transformation (1 - x, ! - y, 
½ - z) subject to a permutation of the O labels; 01-04 in (I) 
correspond to 02-04 and 01, respectively, in (II). The molar 
ratio of the dipyridinium dication and the monoanion of 
squaric acid is 1:2 in both (I) and (II). The bond lengths in the 
squarate monoanion display delocalization of the enolate 
anion. Thus, the average bond lengths in the four-membered 
squarate frameworks are 1.421 (5) (Cl-C4, C3-C4) and 
1.494 (5) A. (Cl-C2, C2-C3) for (I), and 1.429 (2) (Cl-C2, 
C1-C4) and 1.495 (2) A. (C2-C3, C3-C4) for (II). The 
bond lengths of 01-Cl [1.255 (4) A] and O3-C3 
[1.240 (4) A] in (I), and O2-C2 [1.245 (2) A.] and O4-C4 
[1.244 (2) A] in (II), are intermediate between a double and 
single bond. Such bond-length distribution has been found in 
cobalt and nickel squarate octahydrates (Brach et al., 1987) 

Figure 1 

~ 
~ 

03 

The molecular structure of (I) with the atomic numbering scheme. 
Displacement ellipsoids are drawn at the 50% probability level and H 
atoms are shown as small spheres of arbitrary radii [symmetry code: (i) 
1 - X, 2 - y, 3 - ,]. 

Figure 2 

02 01 

~ 
~ 
03 04 

The molecular structure of (II) with the atomic numbering scheme. 
Displacement ellipsoids are drawn at the 50% probability level and H 
atoms are shown as small spheres of arbitrary radii [symmetry code: (iii) 
l -x,-l-y,-2-z]. 
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organic compounds 

and in L-argininium hydrogen squarate (Angelova et al., 1996). 
The dipyridinium dications of (I) and (II) lie in a plane, with 
maximum deviations of 0.003 (3) A for (I) and 0.004 (1) A for 
(II). The bond lengths in the dipyridinium moieties are similar_ 
to the literature values [Cambridge Structural Database 
(CSD), Version 5.20; Allen et al., 1987]. 

Figs. 3 and 4 show the packing diagrams of (I) and (II), 
respectively, viewed along the c axis. The squarate mono­
anions and the dipyridinium dications form an infinite one­
dimensional molecular tape structure along the [120] direction 
and are connected via an intermolecular N-H· • -0 hydrogen 
bond [Nl-Hl···Ol 2.636(4)A for (I) and Nl-Hl---O2 
2.655 (2) A for (II); see Tables 3 and 4J. The conformation of 
these molecular tapes is flat and almost linear. The squarate 
monoanions and the pyridine rings of the dipyridinium 
dications are almost coplanar [the dihedral angles between the 
two ring planes are 8.9 (2) 0 for (I) and 10.2 (1)° for (II)]. 

The most remarkable feature of the molecular tapes is the 
existence of a ten-membered hydrogen-bonded dimer of the 
squarate monoanions· within the tapes. The two squarate 
monoanions are linked by two intermolecular 0-H· · ·O 
hydrogen bonds [04-H4- • •03;; 2.511 (3) A for (I) and 01-
HlA· • .Q4i• 2.503 (2) A for (II); symmetry codes: (ii) 2 - x, 
-y, 1 - z; (iv) -x, l - y, -z] and are coplanar. The dimen­
sions of the squarate dimer fit those of the dipyridyl-type 
ligands, as shown in Figs. 3 and 4. The squarate monoanion 
dimer is rare, and we have found only eight examples in the 
CSD (Angelova et al., 1996; Bemardinelli et al., 1989; Bock et 
al., 1998; Braga et al., 1999; Braga & Grepioni, 1998; Kanters et 
al., 1991; Karle et al., 1996; MacLean et al., 1999). In all other 

figure 3 
The packing diagram of (I) viewed along the c axis. Dotted lines show the 
intermolecular hydrogen bonds. 

squarate structures, the squarate monoanions are linked by a 
single intermolecular 0-H· • -0 hydrogen bond and no ten­
membered rings are formed. 

Each component molecule forms a segregated stack along 
the c axis. The interstack distances of the squarate plane and 
the dipyridinium plane for (I) and (II) are 3.21 (1) and 
3.40 (1) A, respectively. The flat conformation of the mole­
cular tapes is favourable for close packing of the tapes and of 
the segregated stack. 

figure 4 
The packing diagram of (II) viewed along the c axis. Dotted lines show 
the intermolecular hydrogen bonds. 

In conclusion, the supramolecular synthon (Desiraju, 1995) 
formed by a combination of squaric acid and dipyridyl-type 
ligands has been successfully used in the construction of linear 
hydrogen-bonded molecular tapes. The strong resemblance 
between the crystal structures of (I) and (II) suggests the 
robustness and reproducibility of this supramolecular synthon. 
Studies of the characterization of the physical properties of 
the cocrystals (I) and (II), and of the construction of new 
molecular architectures using squaric acid and other dipyridyl­
type ligands, are now in progress. 

Experimental 

4,4' -Dipyridylacetylene was prepared according to the literature 
method of Tanner & Ludi (1980). Squaric acid and l,2-bis(4-pyri­
dyl)ethylene were commercially available and were purified by 
standard methods. Slow evaporation of a solution of squaric acid 
(0.05 mmol) and the dipyridyl-type ligand (0.05 mmol) in methanol­
water (1:1, 20 ml) gave crystals of (I) or (II) suitable for X-ray 
analysis. 

622 Md. Badruz Zaman et al. C12 H10N/•.2c.HO.- and C12H 12N/•·2C4 H04 - Acta Cryst. (2001). C57, 621-624 
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) 

Compound (I) 

Crystal data 

C12H,0N, ,. -2c.Ho.­
M, = 408.32 
Triclinic, Pl 
a = 10.221 (2) A 
b = 12.325 (3) A 
c = 3.7951 (9) A 
a = 97.24 (2)0 

f3 = 98.49 (2)0 

y = 67.649 (18) 0 

V = 436.06 (18) A.3 

Data collection 

Rigaku AFC, 7 R diffractometer 
w/20 scans 
2101 measured reflections 
I 992 independent reflections 
788 reflections with / > 2a(l) 
R; .. = 0.048 
em .. = 27.5° 

Refinement 

Refinement on F' 
R[F2 > 2o-(F2

)] = 0.045 
wR(F2

) = 0.141 
S = 0.92 
1992 reHections 
160 parameters 

Table 1 

Z=l 
D, = l.555 Mg m-3 

Mo Ka radiation 
Cell parameters from 25 

rellections 
e = 13.1-14.8° 
µ, = 0.12 mm- 1 

T = 296 (2) K 
Prismatic, gold 
0.22 x 0.15 x 0.05 mm 

h = o- 13 
k = -14 - 15 
I= -4 - 4 
3 standard relleclions 

every 150 reflections 
intensity decay: 0.8% 

All H-atom parameters refined 
w = ll[u'(F/) + (0.0564P)2

] 

where P = (F.' + 2F,2)/3 
(.0./0')mu = 0.001 

• -l 
.ll.Pmu = 0.24 e A 
.ll.pm;n = -0.26 e A -J 

Selected geometric parameters (A, 0
) for (I). 

01-CI 1.255 (4) C2-C3 l.505 (5) 
02-C2 1.215(4) C3-C4 1.427 (5) 
03-C3 1.240 (4) C5-C6 l.383 (4) 
04-C4 1.306 (4) CS-C9 1.397 (4) 
NI-C7 1.328 (4) CS-CIO 1.436 (5) 
NI-CS 1.329 (4) C6-C7 1.367 (5) 
CI-C4 1.415 (4) C8-C9 1.377 (5) 
Cl-C2 1.483 (5) CIO-CJO; 1.181 (6) 

C7-Nl-C8 122.3 (3) 04-C4-C3 136.5 (3) 
Ol-CI-C4 136.6 (3) CI-C4-C3 93.5 (3) 
Ol-Cl-C2 133.3 (3) C6-C5-C9 119.4 (3) 
C4-CI-C2 90.0 (2) C6-CS-CIO 119.2 (3) 
02-C2-Cl 135.0 (3) C9-C5-CIO 121.4 (3) 
02-C2-C3 137.3 (3) C7-C6-C5 119.1 (3) 
Cl-C2-C3 87.7 (3) NI-C7-C6 120.4 (3) 
03-C3-C4 138.2 (3) NI-C8-C9 120.3 (3) 
03-C3-C2 133.1.(3) C8-C9-C5 118.4 (3) 
C4-C3-C2 88.7 (2) CIO;-Cl0-C5 176.2 (6) 
04-C4-Cl 130.0 (3) 

Symmelry code: (i) l - .r. 2 - y, 3 - z. 

Table 2 
Hydrogen-bonding geometry (A, 0

) for (I). 

D-H--·A 

NI-Hl···Ol 
04-H4• · ·03" 

D-H 

0.98 (4) 
1.04 (5) 

Symmelry code: (ii) 2 - x. -y, 1 - z. 

H--·A 

1.68 (4) 
1.52 (5) 

D···A 

2.636 (4) 
2.511 (3) 

D-H···A 

165 (3) 
157 (4) 

organic compounds 

Compound (II) 

Crystal data 

c,,H,,N/•.2c,Ho, -
M, = 410.33 
Triclinic, Pl 
a = 10.2606 (9) i,. 
b = 12.2942 (17) A 
c = 3.7749 (I 3) A 
a= 97.845 (17)° 
fj = 98.444 (!3)0 

y = 67.259 (8) 0 

V = 432.75 (17) A3 

Data collection 

Enraf-Nonius CAD-4 diffract• 
ometer 

w/20 scans 
Absorption correction: ,fr scan 

(North et al., 1968) 
T min = 0.778, T mn = 0.920 

2052 measured reflections 
1771 independent reflections 
1468 rellections with/> 20-(/) 

Refinement 

Refinement on F' 
R[F2 > 2o-(F2

)] = 0.044 
wR(F2

) = 0.133 
S = 1.02 
1771 reflections 
164 parameters 
All H-atom parameters refined 

Table 3 

Z = 1 
D, = 1.575 Mg m-3 

Cu Ka radiation 
Cell parameters from 22 

reflections 
6 = 13.9-42.6° 
µ, = 1.06 mm-• 
T = 296 (2) K 
Prismatic, yellow 
0.25 x 0.10 x 0.08 mm 

R,., = 0.009 
em .. = 74.2° 
h = -12 -1o 12 
k = -15 - 15 

3 standard renections 
frequency: 120 min 
intensity decay: 2.9% 

w = 1/[cr(F/) + (0.0919P)2 

+ 0.0683P] 
where P = (F.' + 2F,')13 

(.O./u)ma, < 0.001 
.ll.Pmu = 0.24 e A -a 
t,.pm;n = -0.30 e A -J 

Selected geometric parameters (A, 0
) for (II}. 

01-CI 1.3138 (19) C2-C3 
02-CZ 1.2453 (19) C3-C4 
03-0 1.215(2) C5-C9 
04-C4 1.2440 (19) C5-C6 
NI-C7 1.340 (2) CS-CIO 
NI-CS 1.342 (2) C6-C7 
Cl-C2 1.425 (2) C8-C9 

· CI-C4 1.432 (2) CIO-CIO;;; 

C7-NI-C8 121.94 (13) 04-C4-C3 
01-CJ-C2 130.32 (14) Cl-C4-C3 
OI-CI-C4 136.15 (14) C9-C5-C6 
C2-CI-C4 93.53 (12) C9-C5-CIO 
02-CZ-Cl 136.23 (14) C6-C5-CIO 
02-C2-C3 134.37 (14) C7-C6-C5 
CI-C2-C3 89.40 (12) Nl-C7-C6 
03-C3-C2 135.!3 (15) Nl-C8-C9 
03-C3-C4 136.64 (15) C8-C9-C5 
C2-C3-C4 88.22 (11) CIOm-ClO-C5 
04-C4-Cl 137.42 (14) 

Symmetry code: (iii) I - x. -1 -y. -2 - z. 

Table 4 
Hydrogen-bonding geometry (A, 0

) for (II). 

D-H--·A 

Ol-HIA•••04"• 
Nl-Hl--·02 

D-H 

0.99(2) 
l.02 (3) 

Symmetry code: (iv) -.r. I - y. -z. 

H-- -A 

1.56 (2) 
1.64 (3) 

D···A 

2.5033 (17) 
2.6546 (17) 

1.491 (2) 
1.499 (2) 
1.394 (2) 
1.400 (2) 
1.470 (2) 
1.369 (2) 
1.378 (2) 
1.320 (3) 

133.73 (14) 
88.84 (12) 

118.14 (14) 
119.34 (14) 
122.51 {14) 
119.41 (15). 
120.71 (14) 
119.52 (14) 
120.27 (14) 
125.34 (19) 

D-H--·A 

!56 (2) 
170 (2) 

Acta Cryst. (2001). C57, 621-624 Md. Badruz Zaman et al. • C12 H, 0N/'.2C.HO• - and C12H 12N/'-2C4H04 - 623 
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,f 

organic compounds 

All H atoms in both(!) and (II) were located in the Fourier map 

and were refined isotropically; the C-H ranges are 0.91 (3)-0.95 (4) 
and 0.96 (2)-0.99 (2) A for (!) and (II), respectively. 

For compound (1), data collection: MSC/AFC Diffractometer 
Control Software (Molecular Structure Corporation, 1988); cell 

refinement: MSC/AFC Diffractometer Control Software. For 

compound (II), data collection: CAD-4 EXPRESS (Enraf-Nonius, 

1995); cell refinement: CAD-4 EXPRESS. For both compounds, data 

reduction: TEXSAN (Molecular Structure Corporation, 1995); 
program(s) used to solve structure: SHELXS97 (Sheldrick, 1997); 
program(s) used to refine structure: SHELXL97 (Sheldrick, 1997); 
molecular graphics: ORTEPII (Johnson, 1976); software used to 

prepare material for publication: SHELXL97. 

MBZ thanks the Institute for Molecular Science for post­
doctoral fellowships. This work was supported by a Grant-in­
Aid for Scientific Research on Priority Areas from the 
Ministry of Education, Culture, Sports, Science and Tech­
nology, Japan. 

Supplementary data for this paper are available from the IUCr electronic 
archives (Reference: GDl 134). Services for accessing these data are 
described at the back of the journal. 
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orbital calculations.'3 we conclude that the product is indeed the 
diazirinyl anion (6a). 

Consistent with this assignment is the observation that 6a 
exchanges one hydrogen for deuterium upon reaction with ND3• 

Likewise one might expect the diazirinyl anion to react similarly 
to the diazomethyl anion, and this is the case with CO2 (eqs 2 
and 3). 10 Both ions lead to the formation of a c:arbene (m/z 57) 

HC=N=N co, 
Hc~co; 9 . H-c-co; ♦ adduct Ill 

71 m/1 57 7.1 85 
m,p 

N 9 p\ CO2 
Hco; HC-co; . • H-C-co; ()) 

H mt, 45 ~7 7.1 
61 major 

and a glyoxylate ion (m/z 73), but the latter also leads to the 
formation of a small amount of an adduct (15%)10 while the former 
gives rise to a formal hydride ion transfer product ( ~80%). Given 
the greater basicity of the diazirinyl anion, one might also expect 
it to be more reactive than 7a. Indeed, the diazomethy! anion 
is inert to 0 2, whereas 6a undergoes a rapid reaction affording 
two product ions (eq 4). The structure of the m/z 40 ion (P -

m/z 26 40 

6a -I J 

2. CNt·) is intriguing. Three possibilities, cyclic, C-N-N, and 
N-C-N, exist, and an independent preparation of the two acyclic 
ions via the reaction of o- with cyanamide and diazomethanc 
has enabled us to conclude that the reaction product is cyclic. This 
assignment is based on the different reactivities of the P - 2 ions 
and indicates that the C-H bond in 6a is quite weak (:S49 kcal 
moi-1v◄ 

Having established the structure of the diazirinyl anion, we are 
in a position to address the question of its stability. In this regard, 
it is of interest to compare 6a to its acyclic analogue (8a, eq 5 ). 
The reaction enthalpy is the difference in acidity between 6 and 
8. The latter quantity has not been measured, but the proton 
affinity of 3-methyl-1-azaallyl anion, 375 ~ 3 kcal mo1-1, 15 can 
be taken as an upper limit. The acyclic ion is clearly the more 
stable isomer. This is consistent with the notion of antiaromaticity, 
but can also be accounted for by the charge repulsion in a con­
strained allylic system. 16 

0 81 61 8 

Recently Zhou and Parr17 described the use of relative and 
absolute hardness in determining the stability and reactivity of 
cyclic conjugated systems. Their model predicts that the diazirinyl 
anion should be nonaromatic. 18 This is consistent with more 
detailed ab initio molecular orbital calculations 13 and suggests 
that 6a will be a viable species in solution. Investigations to test 
this hypothesis are currently underway and will be reported in 
due course. 

( 14) We thank one or the referees for pointing this out 10 us. The bond 
diuoc:iation energy or 0 2-H {49 kcal mol·1) is taken from rer 9. 

( I 5) Dahlke, G. D.; Kass, S. R., unpublished n:sulu. 
(16) Strcitwieser el al. have shown that as the central bond angle or an 

allylic anion is reduced, the energy rapidly increases. Bocrth, D. W.; Strc• 
· itwieser. A .. Jr. J. Am. Chttm. Soi:. lffl, 100, 750. 

( 17) Zhou. Z.; Parr, R. G. J. Am. CAttm. S«. 1989, II I, 7371. 
( 18) Absolute: hardness h) is given by ,i • C•LuMo - •HOMo)/2, where the 

dividing line between aromatic (~ > --0.2511) and antiaromatic (11 < --0.15/1) 
compounds is about --0.2/1. For the diazirinyl anion.~= -0.2111 (HOMO a 
-0.46/1: LUMO a --0.89/1). 
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Design of Organic Structures in the Solid State: 
Hydrogen-Bonded Molecular "Tapes" 1 
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We have begun a program whose objective is to develop methods 
to predict the packing of organic molecules in crystalline and 
noncrystalline solids, starting from the atomic structures of these 
molecules.2 The ability to relate molecular and crystalline 
structure for organic solids will clarify the interactions that underlie 
molecular recognition and self-assembly, simplify the preparation 
of optically or electronically active organic solids, and help to 
rationalize the macroscopic properties of organic materials in terms 
of microscopic, molecular structures. 

One problem that has frustrated efforts to relate molecular and 
crystalline structures is the very large number of orientations the 
molecules can, in principle, adopt: calculating relative energies 
of all possible packing structures is currently impractical. To limit 
the scope of the problem, we wish to constrain the possible ori­
entations of the molecules in the solid state. We are developing 
systems in which strong, directional hydrogen bonds provide the 
required constraint. 

Using the network proposed for melamine/cyanuric acid as a 
model, 3·' we are examining the structures of I: I cocrystals of 
derivatives of melamine (M) and barbituric acid (B), function­
alized in patterns that break up the sheet structure but permit 
the formation of hydrogen bonds that yield wtapesft (eq I). Tapes 
are likely to pack with their axes parallel. This enforced paral­
lelism will, we believe, significantly simplify the computational 
analysis of these solid-state structures. 

111 

Here we summarize evidence that this strategy is successful 
in generating a family of closely related solid-state structures and 
that these structures can be classified according to a hierarchy 
of elementary structural features (Figure l ). The two compo­
nents, M and B, form tapes with an alternating sequence, 
•-M•B•M•B• .. ; the tapes pack into sheets with their long axes 
parallel; the sheets stack and form three-dimensional solids. Table 
I summarizes crystallographic data for the structures we have 
examined; complete data will follow in a full paper. We believe 
that this system has sufficient simplicity to be the object of a 
systematic study of the influence or molecular structure on crystal 
structure. 

(I) Supported by the National Science Foundation, Grant CHE-88-12709 
to G.M.W. and Grant DMR-89-20490 to the Harvard University MaterialJ 
Research Laboratory. 

(2) Oesiraju, G. R. C,ysral Eng/Mering: The Duign af Organic Solids; 
Elsevia: New York, 1989. Etter, M. C. Aet:. Cltrm. Res. 1990, U, 120. 
Hagla. A. T.; Dauber, P. Arc. Clltm. R,s. 1980, /J, 105. 

(3) Seto. C.: Whitesides, G. M. J. Am. Cltrm. Soc. 1980, 112, 6409. 
(4) We have not yet been able to obtain dirrraction-quali1y single: crystals 

Crom cocrystallizations of derivatives of melamine and cyanuric acid. 

0002-7863/90/ IS 12-9025S02.50/0 © 1990 American Chemical Society 
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Table I. Summary of Structures of Cocrysta!s of Derivatives or Barbituric Acid and Melamine (Eq l, R. = Nl 
R1 R2 = R3 r s 8, deg data• 1emp,& °C space group R factor,% goodness or lit 

CEt 1 C6Hs I 2 0 a -80 Pnma 6.5 1.21 
p-C!C6H, 1 2 0 b 23 PT 9.9 1.44 
p-BrC6H, I I 0 b 23 PT 7.2 l.91 
p-lC6H, l I 0 b 23 P2i/n 4.5 1.39 
p-McC6H, I 1 0 a -10 P21/n 10.3' I.SO 
m•MeC6H, I I 0 b 23 Pl s.s 1.54 
1tr1-butyl 2 2 0 d 20 P11a21 3.7 1.19 
m•CIC6H, 2 l 0 a 0 Cl/r. 4.9 0.80 

C(CH1C6H,·P.-Br)i 1-naphthyl I 2 0 C 23 f21/ll 6.8 2.09 
p-MeOC6H, I 2 0 C -120 P21/n 8.6 2.39 

CBr2 H I I 0 a 0 Crm21 4.0 1.05 
CH2 I I 90 a -10 Ccc2 4.l 2.79 

• Data code; a .. data collected and structure solved by us; b,. data collected by Molecular Str~ct~re Corporation (MSC) and sol~ed by us;
6
c • 

the complete wuclurc determination was performed by MSC; d • the complete structure determ1nauon was performed by Crystalyucs, Inc. All 
temperatures correct to :!:: I •c. 'Further refinement is in progress . 

~ 

BR 
I 

2 

3 

4 

.s. 

2 

e 

Fi111re I. Classification of features characterizing solid-state structures 
of I; I cocrystals of derivatives of melamine (M) and barbituric acid (B). 
T = the number of B•M units lhat constilute a translational repeat unit 
along a tape (boxed); S = the number of tapes that constitute a trans­
la1ional repeat unit in a sheet. This figure shows representative examples 
of possible geometrics. not an exhaustive list. 

We offer two general observations concerning these structures. 
First, all follow some variant on the motif: tape; sheet; solid. 
Second, although 1:1 compound formation seems to be general, 
this system is not yet ideally convenient for studying the physi­
cal-organic: chemistry of the solid state, because the crystals that 
grow are often too small for single-crystal X-ray structure de­
termination. Figure 2 shows one representative structure. 5 Most 
(IO of 12) of the tapes follow the simple motif shown in this 
structure ( T .. I), although we have observed two "crinkled" tapes 
(T = 2). We have not encountered structures in which T = 3 
or 4. 

Others have described hydrogen-bonded chains in the solid 
state.<t-9 In particular, Leisemwitz and c:o-workers7 have examined 

{5) Crystal data for N.N~iphenylmelamine/S.S-dieth:tlbarbi111ric acid: 
lCuH 14N6)(C1H1~ 2O1); a• 12.940 (3) A, b • 9.982 (5) A, c • 17.377 (3) 
A. V • 2245 (I) A3, D .. 1o11 • 1.37 s/cm1, Z = 4 (four M•B pairs). 

(6) O'Brien. E. J. J. Mo/. Biol. 1966. 11,377. Voct, D. J. Am. Chem. Sor. 
1972, 94, 82 l J. 

(7) Lciscrowitz, l.; Hagler. A. T. Proc. R. Sor. London 1983, AJ88, 133. 
(8) Shimizu. N.; Nishigalti. S.; Osaki, K. Atta Crystal/oz,. 1982, 818, 

2309. 
(9) l..chn, J.-M~ Mucal. M.; DeCian, A.; rrxhcr, J.J. Chem. Soc., Chtm. 

Commun. 1990. 479. 

... -yY ........ ~·-.. 
---·Y·-._ --··Y··-. 

_.-- .. ,~~ .. ·· ~~,~ 

~~~ 
fnt ~~if~ <~> (. ~><. -.._> 
~~)~~)('~) 

b ~~)Z~~ 
<.. .Ar~) 'wp,->7 
~! ~ 

Flsure l. Plots of the packing patterns of N,N'•diphenylmelamine/5,5· 
diethylbarbituric acid complex. (a) Individual tape, OllTI!P plot along the 
[001] direction showing 30% ellipsoids. Non-hydrogen-bonding hydrogen 
a1oms have been omitted for clari1y. (b} End-on packing view down the 
long tape axes, [010] direction. All hydrogen atoms have been omitted 
for clarily. 

patterns in amides in detail. While many of these structures 
consisted of hydrogen-bonded tapes, a variety of other structural 
motifs were also identified. Shimiz.u8 and Lehn9 have studied 
structures related to those reported here. We believe that the I: I 
compounds based on the barbituric: acid/melamine structure offer 
predictable stoichiometry and simplicity in packing, while still 
affording (through variation in R 1_.) ample opportunity to vary 
details of tape-tape and sheet-sheet interactions. 

Acknowledgment. We acknowledge the support of the National 
Science Foundation through Grant CHE 80·00670 for the pur• 
chase of the Siemens X-ray diffractometer. 

Supplementary Material Mailable: Brief synthetic outline, 
details or X-ray data collection, tables or crystal data and atomic 
positional parameters and an ORTEP drawing for N,N'-di• 
phenylmclamine/5,S-diethylbarbituric acid, and table of lattice 
parameters for all structures (9 pages). Ordering information 
is given on any current masthead page. 
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Design of Organic Structures in the Solid State: Molecular 
Tapes Based on the Network of Hydrogen Bonds Present in the 
Cyanuric Acid-Melamine Complex · 
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George M. Whitesides" 
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Abstract: Tbis paper describes the single-crystal X-ray structures of 1:1 complexes between seven N,N'-bis(4-X­
phenyl)melamincs (X ca H, F, Cl, Br, I, CH3, and CF3) and S,S-dicthylbarbit:urle acid. These complexes crystallize 
as infinite tapes having components joined by triads of hydrogen bonds; the tapes pack wlth their long axes parallel. 
·The crystalline architecture of these complexes-parallel tapes-serves as a structurally constrained framework with 
which to study physical-organic relationships between the structures or the crystals and the molecules of which they 
are composed. The complex with X c Br exists in polymorphic forma. One of the polymorphs is isomorpbous to the 
X .., Cl complex; the other is related to the X "' I complex. 

Introcluction 

We are interested in three complementary problems in the 
organic solid state: rationalizing the structUl'CS of organic crystals 
based on the structures of their cmnponent molecules; predicting 
the structures ofnew molecular crystals; and designing molecules 
that crystallize in designed arrays. An undemanding of inter• 
molecular interaction& that is sufficiently detailed to aecomplisb 
these objectives would be useful throughout materials science 
and would contribute to molcc:ular recognition and molecular 
self-assembly. 

The problem of understanding and predicting the packing of 
organic molecules in crystals, OOD11idered in its full generality, is 
complicated: a very large number of possible arrangements of 
molecules in the crystal need to be considered, the differences in 
energy between crystal forms may be ama.ll, and there are no 
search routiJles to identify the most stable of these fonns.1 We 
simplify the problem by reducing the number of orientations open 
to each molecule by forolng 'them to form "tapes" (which might 
also be called "rods" or "ribbons") connected by networks of 
hydrogen bonds (eq 1). We expect tapes to pack wlth their tons 
axes parallel, a geometric arrangement likely to minimiu free: 
volume.1 Packing of hydrogen-bonded tapes with axes parallel 
would necessarily limit their constituent molecules to a set of 
arrangements in space that is substantially reduced relative to 
that available, in principle, to molecules with no constraints on 
their packing. 

We have based our design for tapes on the network of hydrogen 
bonds present in the 1: l complex of eyanurlc acid and melamine 
(CA•M). We and others believe that this material has the 
structure shown in Figure l, although it has not been possible to 
grow single crystals of this compound large enough for X-ray 
diffraction.,_, By interrupting the hydrogen bonds (either by 
replacement of two of the NH2 groups of melamine with NHR 
groups, by substitution of NH groups in cyanuric acid with CR2 

• Abstract publlshod in Adllanu ACS Almractt. Fcbnlary 15, 11194. 
(I) Prom!siDg apJ)fflJlhcs for predicw,a padcilla have been Rported by: 

Gavuz:ottl, A. J. Am. <:Mm. Soc. 1991. 113, 4612. Pt:rlsteln, J. /. Am. 
Chem. Soc. tm, 1 u, l llSS. • 

(2) We relate OW' arpmc:nt for parallel packing of tapes to tb6 1imilar 
pacldna of tan,,dlaln allwlea. For a wmmary, aee: KiwgorocWdi, A. J. 
MoJ•alar 0,,Jtau muf Nolfflliu; A,:ademic Prcaa: New York, 1973. 

(3)Scto. C. T~ Whltl:Jl!dc:s, O. M. J. Am. Clum. Soc. 1990, 112. 6409, 
(4) There ii probably aubnantlal diaon!cr In umple.l ar CA•M, and it Is 

difficult to cantrol iu nucleation and 1ubsequmt c::ym.l growth. 

0002-786S/94/15U;.23s2$04.50/0 

Mel(4-X-Ph)2 Bar(Et}2 

X"' H, F, Cl, Br, I, CH3, CF3 
' a ~ ~ 

•••~•H w••0~•••H H••••• 
•-. 'N' N N 'N' •• (1} •• ,l H'' "j( 'H ,l ••· 

·······tt ···l x·· H..Jk •. H ···1 x·· ..... •·· 
Q"◊ 9·9 

X IC X X 

or NR groups, or by more complex structural modifications) it 
is possible to construct at loast two types of tape (•linear• and 
"crinkled", Figure 1) that preserve the three hydrogen bonds 
between the two components.6•7 The objective of the research 
reported m tlris paper was to establish the corrcctness of the 
hypothesis trust molecules of types Mel(4-X-Ph)z and Bar(Eth 
would form l: 1 complexes with tape atructures in the solid atate. 
An additional goal was to define the generality of tape formation 
for a range of substituents on melamines and barbiturates. Our 
immediate interca was to define: structuresofa scrica of molecular 
crystals differing only in substitution at one position. Thia set 
of structures might serve as a starting point for a systematic; 
physical-organic analysis of the relation of molecular to cryital 
structure. 

(S) We ccms!dl:r il c:rya!J!l to be big c11011gb to warrant U1VC1tia1tlon usma 
a rotaling anode X-ray &fflel'lltor If Ill smallest dimension ii u !wt 0.05 mm. 
A cryltal referred to in tho text u "good" er "usable• or "dilfnction quality" 
wu in tJlil size range and wu free or CrilCks or visible twillllin& umla a 
mleroscopo. 

(6) Zalcawski, J. A.; Seta, C. T.; Whitesides, O. M. J. Am. Clllm. Soc. 
1!192. JU, S473. 

(7) Fiaure 1 indicates that a powble goomel1)' for a 1:1 c:mnple;r. of Mel• 
(4-X•Pbh and Bar(Eth could a1ao be a cyclic structure (Mc:1(4-X-Ph)3),, 
(Bar(Et)i),- For X • C(CH,)J, we have observed this duk shapn u a 
crystallographic motif.• 

@ 1994 American Chemical Society 
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Flpre 1. Proposed &heel itrueture of the cyanwic acid•mWlllline compl01. Outlined aection1 indicate (A} linear tape, (B) Q'inkled tape, and (C) cyclic 
beu.mer. , 

Acmmtap:s to the Uae or Hydrogen Bonclfq of Melamines aad 
Barbiturates hi Crystal Englneerlnl, Hydrogen bonds arc well 
suited for use in the design of molecular solids for two reasons: 
they are directional, and their formation is reversible at room 
temperature, Using nondirectional forces (e.g. van der Waals 
a.11d ionic interactions), it is difficult to predict geometrics relating 
adjacent molecules in a crystal. Statistical studies of hydrogen 
bonds in organic crystals have shown that, for many hydrogen­
bonding moieties, bond angles and distances involving the 
hydrogen atoms and donor and acceptor heteroatoms cluster in 
a small spread of values.• Measurements of the enthalpy of 
formation of hydrogen bonds in purine and pyrimidine bases-­
compounds similar to cyanuric acid, barbituric acid, and 
melamine-and in other compounds give a range of values,' but 
regardless of the precise energetic&, hydrogen bonds will be 
important intmnolecular interactions in tho solid stato.1° Etter 
has suggested that strong hydrogen bond donors and ac:ccpton 

(8) Taylor, R..; Kc!nard, 0. Acc. Chrm. Ru. 1984, 11, 320, Murray­
Rust, P.; Olusker, J. P. J. Am, Cllem. Soc. 1984, 106, 1018. Taylor, R.; 
Kennard. O.; Vmlchcl, W. Acta 0-,millogr, 1984, JUO, 280. Vedani, A.; 
Dlmltz. J. D. I. Am. Qem, Soc. 1985, 101, 7633, 

(!I) Cllorimotrlc mWlll'tlllenll of wociatlon or gvan111ille and cyild!ftc 
{derivatized at Ille 3'· and S'-pcsitlom with trli.aopropylsUyl groups) in 
o-dlchlorobenmle: Ml• -2.2 ki:al/mol H-bolld.s. wmwns, L I>.; Chawla, 
B,; Shaw, 13, !l, 8lopolJ'11W1 1981, 16, 591. MOJ1t.o.C&rlo cakulaticms cm 
O,C !me-pair rormaticn in CC4: il • -S.9 la:&1/mol H•bcm.di, Pohorille, 
A.; Burt, S. IC.: MacElroy, R. D. I. Am. Chml. Soc. 11184, 106, 402. 
SpeeUepbotometric meuurcmcnl by van't Hoff lllUllym of ~lie illtramo­
lcculu hydrogen 'bo!ulil!a in an amide: 411 • -1.4 to -1.6 kcal /mol H-bo!lds. 
Oe11man. S, H.; Dada, G. P.; I..iall3, 0.-B.; Adams, 13. R. /.Am.Chem. Soc. 
1991, 113, 1164, Calculatians11.1ins them!odynamcqclabuedcmeatim&tcs 
fo1uam.lallonalandrota.wmalenuopie8: 1:J1..,_2.9m1/molH•bolld&(mea.n 
In C~) 11111 -1.0 ml/mal H-bands (mean in Hi()). Doig. A. J.; Williama, 
D.H.J.Am. Clmn.S«. 1992,l U, 338. Mca.surements cfdiffcn:ntialbindlng 
cf 111bstntca to enzymos in 1he prueace and abumco or bydroacn-boad!DJ 
groups: AG•--O..Sto-l.8kcal/molH•bonds. Ffflht,A. R. Tr.nd.rBlochtm. 
Sd.1987, 11, 301. 

(10) Dcsiraj11, G. R. 0,,itoi Bll§(nurlng; Tit, Dtlig110/0rgankSolldr, 
Ellcvicr: Now York, 1989. 

will always engage in hydrogen bonding in organic solids.11 Given · 
the directional preferences and strength of hydrogen bonds and 
the complementary donor/aec:eptor pattern of melamines and 
barbitura.~ we expect our tapes to assemble reliably. 

A further advantage or compounds of the type Mel(4-X-Ph.z) 
and Bar(Bt)1 is that their heterocyclic core is rigid. Thus, the · 
bidirectional hydrogen bonding necesaary for construction of 
extmded solid-statestructures is not dependent on con.formations 
of flexible linkers. 12 Their simple trigonal shapes also require 
consideration of only a few orientations of hydrogen-bonding 
moieties; this symmetry simplifies predictions of packing. 

The syntheses of Mc.I( 4-X-Pb)i and Ba.r(Eth arc straightfor­
ward. We have used barbiturates rather than isocyanuratesll 
because the latter have not yielded crystala 1uitable for single­

. crystal X-ray analysis.5•14 The barbiturates seem to be more 
soluble than isocyanuratea in common organic solvents, and the 
two sites for substitution in the S-positionallow more opportunity 
for modification. 

(11) Bttcr, M. C.J.Am. Chmn. Soc.1982, ICU, 1095. 'l'here m w,eptiona 
to thla guideline; m tho ltnlCnml of allcmn, which enpaai In only weak, 
'bil'urc:atecl hydrogmi bond.I: Swamlnatban, S.. Cra'ffll. B. M.; McMullan, R. 
IC. Acta c,,j,to/[o,r. 1!185, IHI, 113. · 

(12) Garc:la-Tcllado, F.; Gelb,S. J.; Gmwaml, S.; Ha.m.Uum. A. D. J. Am. 
CM111, S«.1991, 113, 9265. Eucr, M. C.; Ad&mond, D. A. J. Chem. Soc., 
Clum. Commr.m. l!l!ilO, S89. 

(13) llocy&11111&lcl arc: N-lllkylalcd; C)'lll!Uf&lal arc ~Ud. FoiJowins 
thla canvcnt!ou, .the parm11 moloculo u ii.I tri&bydroxy tallUlll'lel' should be 
nuned c;yanuric acid, e?el! thoup It la lmow:n to emt lllme&t Oldlllivcly u 
the lrikclO form. Our eummalloo of !he tituawc lllUffll I.hat the uamo 
lsoeyanwic add iJ rarely illCd, however, IIO WO will 0011timlc lo refer to l1u: 
triltcto fmn u cyanurlc add, . . 

0') We !Rllpcet that the greater addil)' cf laocyanuratea relative IO 
barbltUt'llles may lead to ltr'OJl8Cl' hydrosm bandJas alcmg ono dcvdop!Dg 
cryl1allioa oil in lhe former cue ind iieo= to nap!d and 111Ml0nuollable 
Cl)'llal growth. lloeyam.matea wa-c aho more dlilicult to synthesize. Pumn, 
D. D. Dllstu:lotlon Co,utOIIII of Orp.1tlt: Bani bi Aqwro111 Solurlmr, 
Butterworths: Landon, 15'65. 
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Precedent for CrymJ Eqmeerma of Hydroam•Bcmed Struc­
mm. Infmitecbainabasedonhydrogcnbondabavebeenobscrved 
and studied previoualy, notably in monocomponent cryatals of 
amides and carboxylie acids. Leiserowitz and colleaguea have 
produced c::omprelu:mivec:atalogucs of crystallincfcatures armng 
from hydrogen bondins of these functionalities.ts The relation• 
ships between tho mo!~ structures of alicyclie diols and their 
packing motif's have been investigated by Bishop and Dancc.15 

Etter's work provides useful structural generalizations and 
premctive guidelines for patterns of solid-state hydrogen-bonded 
networb,17 Sevemlhydrogcn-bondeddimersof'barbituratcshavc 
been reported by Craven, 11 and Shimizu has observed a hydrogen­
bonded c:ihain of barbital c:iocryatallize with adenine.19 Lehn 
has examined a molecular tape similar to ours20 and has used 
hydrogen bonds to design other kinds of systoms.2' 

Galde to the Work. The data presented below support our 
hypothcsia that threefold hydrogen bonding leads to the formation 
of crystalline tapes. These tapes consist or a structurally constant 
backbone and variable periphery that can be altered by substitution 
on Mel(4-X-Phh and barbiturates. The packing of the tapes b 
sensitive to small perturbatlom on tho molecular composition. In 
at least twocaaes (X =Brand CF3) polymorphismocctlffl, allowins 
packing of a eompl11x in moro than one phaso.22 Despite the 
complexity introduced by polymorphism, wo beli11ve that this 
system of linear, hydrogen-bonded tapes is an excellent one with 
which to study the physical-organic chemistry of organic 
molecular solids. Iu moat serious shortcomings at pre.sent are 
that numerow crystallization efforts may be required to obtain 
singlecrystaJs large enough for X-ray analysis, that polymorphism 

· complicates interpretation, and that difficulties may be en~un­
terc.d in forming single crystals oontaining certain polar substit• 
uents. 

Results 

Qyatllllza11oas, We have not yet developed a single c:rys• 
tallization procedure that produces diffnctioo-quality single 
crystals of tapes, An acicular crystal habit was the one most 
frequently obtained. The most common reason for rejecting a 
batch of crystals wu that the needles were too thin.5 We suggest 
that the crystals grow rapidly in the direction of (aces that expose 
hydrogenbonds. Asolventcapableofbothdonatingandac:cepting 
hydrogen bonds should, in principle, bind well to the crystal face 
exposlngpolarhydrogcn-bondingmoietieaandshouldslowgrowth 
in this direction, while allowing growth to continue on faces with 
exposed alkyl or aryl su'bstituents.2J Crystals that are loss acicular 
arc in fact obtained from methanol and ethanol, while solvents 
or lesser hydrogen-bonding ability gave whiskers. Tbua one 

US) Leiierowitz. L.; Hqlcr,A. T.Proc. R.Soc, London 1!1113.AJM, 133. 
Leisc:owitz. L. At:to O,,nolw,r. 1!176, B32, ns. 

(16) Blahop, R.; Dance, I. G, in lndiu1on Ccmpmmdr, Atwood, J. L., 
MacN!co!, D. D.,Danca, J.E. D., Eda.; Academic: Prcu: Lcnd1111, 1991: Vol. 
IV. 

{17) Etter, M. C. Acc. Chim. Jui. 1990, 23, 120. 
( 18) Hau, l.; Crami, B. M. Acta Crynollop. 1914, 113(), 974. 
(19) Shlm11, N.; Nllhipld, S.; Nakai, Y.; Osaki, K. Ma. C,,,1tal/.ogr. 

1982. BJS, 2309, 
{:!O) Lo!m, J.•M.;Mueal, M.; DeCw!, A.; Flachc:r,J.J. Cltun.Soc.,Ptrklll 

T,a.tu. 2 tm. 461. 
(21) Lclm, J.-M. Allg,w. Cltm., Im. Ed, Engl. 1990, 29, 1304. 
(21) A ayate.ml.tic ll\ldy or tile Cl}"1&l packlnJ of cqallle ~ca mut 

tab palymorph!Jm Into CO!llidemtion. We haw fawut that at lean two 
mcmbm of ll!IJ family of oomploxee, Mc!{4-Bz-Ph)rB&r(Etn and Mcl(4-
CF,-P!l)rBar(Et)2, display palymmp!lim. For X • Br, we obleffo th1u 
polymCIJll]ls. Thestntetma aftwo am reported here, but wo llaw been wiablc 
to oblalll large lllllNP c:eyal&b of the tlliJd for ~!&I azwylil. For 
X • CF., wo oblcrve two polymorphl; tho 11111: far which wo !Mm: obtained 
aced c;ryatala la deacribed bere. A full UM1tlption of the altc!'Dlltlvepackina 
ll:l0de. cf tho pan aerlm of oompllw-.e. rdyiq CIII X-ray powder diffractiOll 
and IOlhkt&te mffl, ,rill be prmm1tcd In • sepantc publication. 

(23) Betklwltc:h-YcllJn, z.; nn Mil, J.; Addadl. L.; Iddaon. M.; Lahav, 
M.: Lellerow!U, L. J. Am. C/tffll. Soc. 1985, 101, 3111. Wlrem, F, c~ 
Shlmcm. L J. W.; Frelow, F.: Berkovitch-Ycllin, Z.; Lahav, M.; l..cdacn,wlu, 
L J. PIQ,1. Chem. 1987, 91,471. Wang, J.-L.; l..eilerowitz, L~ Lahav, M. 
J. Plays. Clicm. 1992, 96, ts. 

.Solld{4°) 

e 

~ 

Zerkowskl et al. 

Tapes (2°) 

Jo1sare 2. Hli:ran:hlc::a of structural ele.mcnta, or cryatallinc architecture. 
In crystals oflhe 1:1 compleus of N,N'·bia(4-X-pbenyl)melamines 1111d 
S,S-dlethylbarbituriclcid. Levdaof&tmetural0Tllllllimlim11;rcauueatcd 
schematically: primary • I O

, molcculc:a; secondary • 2•, taper, tertiary 
.. 3 u, arrays of tapa with parallel uea; quatc:rnry • 4 u, full aolld, uea 
or tapes may be IIOilparailcl. 

guideline that we can offer is that hydrogen-bonding solvents 
work best for crystallizations of solutes or this sort.24 Indexing 
of crystal faces, to allow correlation of the tape packing direction 
with the shape of the crystal, 1w been performed ill only one case 
(on tho Mel(4-F-Ph):rBar(Bth complex). The long nccdlc am 
did correspond with tho long tapo ax.is, e.loq the crystallographic 
b direction, in that caso,25 

Strnctunl Gel!erallzaeiom. AB baelc.growid for the cxperi• 
mental results, we aummarizc two llmltatiom (summarized 
graphically in figure 2) to the types of' 1tmcturea c:omiderod. 
Fust, we consider only linear tapes; crinkled tape11 have a1ao been 
observod.6 Limiting consideration to the linear tape11 allows wi 

to focus on the structural features common to them. Second, we 
further mtrlct the scope of this paper to small structural 
perturbatioru; generated by a series of 1ubstituents in the para 
position or the phenyl rinp of N,N'-dlphenylmela.mines: H, F, 
Cl, Br, I, CH:,, and CF3• For all of thoae structures, 8 (Figure 
2, bottom) i.s zero: that is, all th11 tapes pack with their long axes 
parallel.26 A c:onglomeratcview of all these substitucmu, showing 
their relative Vllll dcr Waals radii, is presented in Figure 3. 

Solid-State Stmctura of Complexes MeJ( 4-X•Pb),-lar(Et)i. 
Figures 4-11 summarize thcatructurcaof 1:1 cocrystala between 
5,5-diethylbarblturlc acid (Bar(E.th) and dcrivatiw:s of dlphen• 

(24) Broader senc:ralizatlou on tlae ~ wo hvc lUIOd will be 
pub!Wiod at a later timo. Tho cryatals dilCU.IIDd ill thia wort. u.gcpt for tho 
tlucrinc-eontainmgoomplexca,wc:roC0111plll'lltlvelyrcadib'amm;tllatil,they 
did not require manytrlal-ll!ld-crm·bued ceymlllzaliml attempu. We have 
not 'been able to ~ melam!Dca wl1h polar ~ti (e,a. COµ!, 
CO~. or CN). Arter mm.l attempt&, we ocwdcmly obtaJfl mic:roc:ryatah, 
at best. Wo IIW!peet that thlu1oodfcr thcso 1ublllltllffltl to h)'drosen bolld may 
be gcomeuic:&Uy lnODlllpatlble with o!Clle paclr::illl of IIIJICII. 

(2.5) The data collocicd flQIII I.he panlcll!ar c:rysw that wu lndued pve 
• Cl')'llalJosniph!nallltion thatCCllldDOt be n:fi!lcdbclowan IMact.or a!0..20. 
Smee• n,c:olloctiOll of data from ualhcr Cl')'ltal pvo m mentla!ly ldentkal 
1alutlon (ud good refinement), we do bdlevc that tho tape/needle co:ro­
spcmdcm:o ls nia]. 

(26) Strolli illlemetiODS between tapes mlpt, howe'm', make I JJ<i 0. Thu 
ii tile cue Ill lhnc:omp!cx between mel&ffli:neudberblturic:add, wbcrcthrcc­
dimomicmal ¥rosmi bonding ot mpea tw11ts e to 111mast llO". Zcricmnld, 
J. A.; Whltcs!dct, G. M. UDpubllshcd 1'CS11111. 
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Molecular Tapes Based on Cyanuric Acifl.Melamine OJmplu 

Flpre 3. Comparative van der Waals sizes of tbe phenyl substitnents 
used in this work. The van der Waals ~di! used arc listed in ref 29. The 

J. Am. Chm. Soc.. Yol. 116, No. 6, 1994 2385 

NH group para to the mbstitaenu is attadied to the triazioe ring. A 

FllUff 4. Viewa of the Mel(4-H•Ph):r&r(Eth complCJt. 

ylmelamine substituted in the para position with substituenta X 
(Mel( 4-X-Ph)2). These figures show several views of pacldng"at 
once and arc intended to provide the information needed to discuss 
packing. We are primarily concerned here with imumolccular 
interactions. We have not yet found a sinsle representation of 
the crystal structure that provides the information needed to 
visualize intert.apc. contacting van dcr Waals surfaces. Stereo- , 
scopic views are not helpful. The sets of composite views given 
in Figures 4--11, while complicated, represent the most useful 
way we have developed to describe packing and to show close, 
nonbonded contacts between molecules. 

The central portion of each figure shows an end-on view, loold.ng 
down the long axes or the tapes. This view illustrates the major 
stacking motifs of the tapes. Both the van der Waals section. and 
the remaining ball-and-sticlc picture(s) arc views looking down 
on selected tapes (indicated in the end-on view with thcnnal 
ellipsoids). The vertical dotted lines identify tapes that appear 
in more than one view. The letters also identify corresponding 
structures in different views. The ball-and-stick top-down view 
shows how various portions of the tapes overlap. For simplicity, 
the only noncovalent interactions illustrated (dotted llnes) are 
hydrogen bonds. 

Flpre 5. Views of I.be Mc::1(4-F-Ph)rBar(Eth complex. 

To summarize the registry or the tapc:a along their long axes, 
we introduce the symbolism shown in Figure 12. We choose one 
tape (A, Figure 12), arbitrarily as a reference, and represent its 
orientation in the crystal by an arrow attached to an open circle. 
All the other tapc:a represented by open circles are related to the 
reference tape by simple tmmlation perpendicular to the long 
axis of the tape. The rdation of any other tape (B, Figure 12) 
to the reference tape is determined by the manipulations that 
must bo pc;rformed to superimpose it on the reference tape. First, 
we move tape B along the tape axis (and in tho positive direction 
of the parallel crystallograpbic axis) by a distance A (see Figure 
12) until its melamine and barbituric acid groups (but not 

·necessarily the substituents on the&e groups)11 line up with those 
of the reference tape;. To convert the fraction 'A/ L (where L is 
the repeat distance along a tape am, Figure 13) to a graphic 
symbol, we multiply by 2w radians and represent the reaulting 
angle rp 011 the circle attached to the arrow representing tape B. 
Other manipulations of tape B required tomperimposeit on tape 

· A-reflcuions of melamine and barbiturate uniu across a mirror 
plane perpendicular or parallel tothelongaxis-arealsoindicated 
in Figure 12. 

The most important information summarized in F"agure 12 is 
the rdative positions a.nd orientations of the tapes. Thus, for 
example, X • Cl and X"" Br (form I) are isomorphoua,21 and 

(27) Since:: llie agles 1.t tlNs mcl&m!ne aitn,gcas limns lhe phm!y! ring to 
thctriazlnel'UJi&regratc:rtlum 120• (Fisurc: 13) and im not~ tocadi 
other, I.be pllcDyl rillguplayout and the intramo!ecuw sep1ntllmofthepa,o 
aubctit111:11tt la sreatc::r lha11 the width of the uw:mc rins, Thlll dcpcDdlJ!a 
cm tbcc::rystallosraphicrdatlDflllllpof two 1ape1,s:upcrirnpaliq 1.hdt backlxillCI 
might lllOt lllpcrimpc,le thar 111balilucnts. 
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X = I. X = CH3, and X = Br (form II) arc a closely related set. 
Head-to-tail dimers occur in four structures (H. Cl. Br (form I), 
and CFJ), The tape with X = F is unique in its architecture. 
Table 1 lists some pertinent cr)'Stallographic data. 

N,N'-Diphenylmewnine/berl>ital (Md(4-H-Pb)rBar(Eth), 
The phenyl and ethyl substituents on adjacent, stacked tapes 
dovetail: tapes D and E (a centrosymmetric dimer) in figure 4 
show how the phenyl groups of one tape in an inversion-related 
pair of tapes tilt to form a small pocket into which an ethyl group 
from the partner tape can fit. This kind of accommodation is 
repeated between nonparallel tapes, as between tapes B and C 
in figures 4 and 14. There are no intcrtapc phenyl-phenyl 
interactiom, such as in a stacking or edge-to-face arrangement. 

~Bis(4-lkaorophmyl)meiaminefbubital (Me1(4-F-Pb)r&ir­
(Et>,). There are two dimen in the asymmetric unit of this 
complex. The paclcing is built up from both ccntrosymmetric, 
or bead-to-tail dimers (tapes G and Hin Figure S), and parallel 
head,to-headdimm(tapc:sCandG). Theintcrplanarseparations 
between the bead-to-bead tapes arc smaller than those for the 
bead-to-tail tapes (3.3-3.S w 4.2--4.4 A). Then:: are no flu~ 
Oiiorine contacts, but I.here is a bydrogcn--fluorinc contact: one 
Oiiorlnc atom in lapc C is 2.44 A away from a meta-phenyl 
hydrogen intapcD (~w ..,2.67.A).D-31 Oncof'lhc ethyl groups 

(28) "C'ryslals in whlcb !he atcm!c paslllons a.re eaentlally the wne but 
differ oulr ill the 111tUl'C of !he all:lmS wt ocwpy lhcso l)Olit!DIII RR callod 
isomorpbous; -lhllY are rocogniz.ed by l.he.ir &lmilar cd1 dhnenslom, IIW!IC 
IJ)llllelJ'OllP, aachi111ilardiffw:ti011 patterns.• Duuitz, J. D. X-Ray Analysis 
and rh S1rut:tr,r~ of Orgtmlt: Molttvlu; C,omell Univcnity Presa: Ithaca, 
NY, 1979; p 12.l. 

{29) We arc llling lsolrop!c van der Waals radii: H 1.20 k C, 1.70 A, 
N, I.SSA; o. 1.52 A; F, 1.47 k Cl, 1.75 A; Br, 1.85 A; I, l.98 A. Bondi, 
A. J. PAy1. Ck-. 1"4, 68, 441. For aMOttapic van der Waals radii,-= 
Nyt,urg, S. C.; F&c:n1W1, C. H. Acta O,,srallogr. 1985, JUI, 274. 
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Fipre 7. Views of the Mel( 4-Br-Ph)rBar(Elh (form I) complex. Only 
one orientation of the disordered ethyl groups of barbital is shown. 

is disordered, with the methyl group Q9CUpying two different 
positions in approximately a 2:1 ratio. 

N,N'-Bil( 4-diloropbenyt)mel•minefbubital and N,N'-Bis(4-
bromopbenyl)melamlae/barbital (Me1(4-0-Pb):rlar(Eth and 
Mel(4-Br-Ph)rBar(Eth (Fonn I)). These complexes arc i.so­
morphous. The centrosymmctric:dimcris again a principal motif'. 
Both ethyl groups of barbital arc cfuonlcrcd. In both complexes, 
there are no halogen-halogen c:onlacts at or under the awn of the 
van dcr Waals radii. 

N,N'-Bis(4-ioclopmyl)melamine/barl>llal ud N,N'•Bis(4-
bromoplaenyl)melamme/barllit&J (Mel(4-1-~)rBar(Et)i) and 
Mel(4-Br-Ph)rBar(Et)z (Form m). The halogen-halogen In­
teractions arc more extensive in these complexes than in those 
for which X c: F, Cl, and Br (form I) and a.re clearly less than 
the 11im of van dcr Waals radii: for iodine, ~w "" 4.0 A. I-I 
contacts at 3.76 and 3.81 A; for bromine, :E.,sw a 3.7 A. Br-Br 
contacts at 3.75 and 3.SO A. These interactions occur between 
tapes. The packing has changed to a format based on sheets. 

N,N'-Bis(4-metliylpbenyl)mel.amhie/barbltal (Me1(4-CH3-

Pb)rBu(Eth). The packing of this complex is very similar to 
thatofMd(4-I-Pb)rBar(Et)2andMcl(4-Br-Pb)rBar(Et)a(form 
JI), although none of tho three arc in fact crystallograpbically 

(30) Siooc we plaoed Ill the hydrogen atcma in c:aleulalcd palitiona for 
detemlningilltermalecular~c:ts.wcwillOl!lypropccethat1pcicificcoatacts 
illvo!Yins bydJOIICIII are IIISIIClted uui will not put tea much c:mpbuis on lhe 
pn:,c:i.se distance& or thae ClOlltac:tl. MOit of I.be -- that we CIDll1!mlll 
IIJ)OII ill the tc::11t are at leas1 CJ.I A lea th8JI the 111111 er van dcr Wula radii 
or I.be intaactiq atoms. We bclim:. bowCTcr, that m:n if a hydrogen­
bderoatam oontac:t inliglitlyovu the 111111 ohu dct Wuh radii, ii will slill 
pobably play some role in piding pKking. 

(31) All aliphatic and al'Olmtic c-H bcmdJ were: set to 1.08 A, and all 
N-H bonds to 1.00 A.. 
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Molecular Tapes Based on Cyammc Acid•Mtlamine Ccmplex 
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Flpre II. Views of the Mcl(4-Br•Ph)rBar(El)i (form ll) C)Omplcx. 

isomorpbous. Between the methyl groups, theTC are no interta.pe 
contacts analogous to the halogen-halogen interactions of the 
preceeding two Mel(4-X-Ph)rBar(Eth complexes. 

N,N'-Bis( 4-trlfluoromethylphenyl)mela.mine /baridtal (Mel( 4-
CF 3-Pb)rBar(Et):). ThereisrotationaldisorderaroundtheF,C­
C.r,1 bond. lntcrtape fluorine-hydrogen contacts at 2.41, 2.45, 
and 2.51 A (:t..iw"" 2.67 A) exist between the fluorines of tape 
D and the barbital CH, hydrogens of tape C in Figure 11, although 
the disorder cautions against overinterpreting those contacts. 
There are no ftuorin~flnorine interactions. 

Paddng Fractions. Table I lists the packing fractions, Ct•, u 
for all the complexes. The packing fraction, which is a measure 
of the efficiency of space tilling in a crystal. is defined by oq 
2,wbcrc Vmis themolccularvolume,Nis the number of molecules 

C., = N(Y.JV,J (2) 

in the unit cell (which is not necasarily oqual to Z, the number 
of asymmetric units), and Ve is the volume of the unit cell. The 
molecular volumes were calculated by putting crystallographic 
coordinates into MacroModel.JJ All C-H and N-H bond lengths 
were set to conventional values.l1 The Mac:roModel volume­
calculating facility was used without alteration, so these values, 
while in the acceptable range for organic compounds, are not 
intended for comparison to previous literature values for c..:u 
We have thercforecmployeda modified label, Ct•, for thepacldng 

(32} Ki~liii,A. I. Organic Clwnlul 0-,stallograplty; Comulta111.1 
Bureau: New York. 1!1161. 

(33) Sl.lll, W. C., et al. MouoModel YJ.O; Departmc:nt af Chemistry, 
Columbia Uoivcnily: New York, 1990. 
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fraction. Furthermore, strict comparisons should only be made 
for structures done at the same temperature (X.., F, Cl, Br (forms 
I and II), I, and CF3). 

Regarding the ~o X == Br polymorphs, Kitaigorodskii', closc­
paclcing principle would suggest that the form I polymorph should 
be the more thermodynamically st.able, since it fills space more 
efficiently and since there arc no strong directional intertape 
interactions.:i.10 The disordered ethyl groups should also favor 
this polymorph by raising the entropy of the crystal. A complete 
discussion of the relative energetics of these two polymorphs must 
await det.a.iled calculations.22 

The lowest packing coefficient, that for Mel( 4--CF3-Ph)rBar­
(Eth, is consistent with the existence of rotational disorder in the 

(34) We calculated aome molcmlar voll!IDCII WI publlahed c:Tyltali1>­
gnphie ccordinatcs to compuc aur MacraMadcl-dcrived packing rr1cti!lllS 
t.alituaturcvaluea(00111pawldaodreicnmcoforcrymllopaphiccoordinata, 
lil.C:n.tllre nluc for Ct. and rd'ene-. aur Mac:roMadel value for Ct"): 
heuniuobcnr.enc (ref 348), 0.64 (ref 2), 0.68; lleueyallabenzeoe (rd' 34b), 
0.56 (ref 10), 0.61; n:sorciDcl., a•form (rd 3-4<:), 0.67 (rd' 32), 0.68; acridinc 
(ref 34d), 0.71 (ref 32), 0.'13. (a) Akopyan. Z. A.; Slnldltov, Yu. T.; 
Dashevslw, V. G. Zh. Stnzlcr. Kllim. 1"6, 1, 408. (b) Draclt, U~ Kuu,glu, 
A. Acra Crystallogr. 1983, c.19, 638. (c) Rabenscm. J. M. Proc. R. S«. 
1936, AIS'l, '19. (d) Phillips, D. C. Acla Crystallog,. 1'56. 9, 237. The 
nlucs o!' Ct that o:mlC from ICiwgorcdskil's worltl.10 were almost ccrlainly 
caicQlated from tables of average volume incn:mc:nts, sinc:c Kitalgarodwi 
developed and J)fOlll(ltcd that method. 01:irious drawbacks to Im appmach 
are lhauame functional groups may ooc haYCtabulatod valuc:umd lhalclifi'e:rent 
'IO!ume c:ontriblll.iaas 1'1111)' be infcmd from dilTerent molccutar enviranmenll. 
While scme af lhc:sc pain of Ct and C1 • 'llllluea may oot be u clase to each 
oilier as la clclirable. lho relallve cue of c:alculaling ma!CICIIW vol11mC111 using 
Macra:Mocld or same other widely accem'131e piop-am re<:omJ:nellds aw 
prooedurc. As lq u \lie progmm-thewm:Kt of YIIII clct Waals raclll,21 

camparilam lhould be valid. Wo hcpe lhat this IIPJ!l'08C:II. natlic:r than Ibo UJe 
or potcotWJy utiqualed or illcamplctc tables or Yolumc i.ncremcn11 far 
fuDCticmal groups,2.12 may mduoo wider reporting of packing fracliom. 
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CF, groups. If packing is loose, there may be enough free space 
to permit molecular motion in the c:rystaL JS There is no correlation 
bctwCCD substituent size and tightm::ss of packing. 

The eight structures described here c:onflf'Ill the hypothesis 
that suitably designed 1:1 c:oc:rystals of N,N'-disubstituted 
melamines and dialkylbarbituric acids form linear tapes in the 
solid state. These structures all have relatively small, nonpolar 
substitucnu in the 4-position of the phenyl groups of N,N'­
dipbenylmclamine. Larger, nonpolanubstltuents (COJCH,. tut­
butyl) lead to different structures (c:rinlclcd tapes or cyclic: 
"rosettesj; these structures have been described in a separate 
papcr.6 We have not yet been abletopreparec:oc:rystalssuitablc 
for single-crystal X-ray diffraction when the substituent in the 
4-position is polar (~H, CN, CONH2). 

The limitation to the formation oflineartapc:s in the structural 
class of c:oc:rystals explored here appears to be unfavorable steric 
int.eractiollll between the substituents in the 4-positions of phenyl 
groups of adjacent melamines (Figure 13, Table 2) .. The 
intermolecular separation of su bstituents (din Figure 13) is always 
smaller than the inuamolccular separation (d'). This feature 
reflccu the fact that the angle at the melamine nitrogen connecting 
the phenyl and triaz.ine rings (ill in Figure 13) is greater than 
120°. For the larger X groups CH, and CF,, dis smaller than 

(35) Arcvicwcr 1w pointed out I.bat itil tllclocal,not t.baovcrall, paclcirlg 
emda,cynzar ll dilll!nim:d group that is relevant tolta diaordu. Ncmdllelas, 
itaa::msre&S01111bletoCllpcctthatloealregionso!IOCGepeclcingmaycantn'bute 
to a n,dgced cm:nll packing rnu:11on. 

Zukowski et al. 
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Ftgure 11, Views of the Md(4-CF3-Ph)rBar(Et), complex. Only one 
orientation of the di.&oiderecl trifluoromethyl group is shown. 

the van der Waals diameter of X. Since these diameters assume 
a semicircular cross section, they probably imply a potential for 
steric repulsion that is greater than that existing between real, 
noncylindrical CH3 or CF3 groups. Any increase in the size of 
X beyond the values of these larger substituents would lead to 
repulsive interactions and prevent formation of a linear tape.7 

The quantity d + d' is constant at about 10).. and this value is 
greater than the translational repeat di.stance within a tape (9. 70-
9.98 A, Table l: Lin Figure 13). This exuueparation is attained 
by a distortion of the phenyl rings above or below the mean planes 
of the hydrogen-bonded backbones. 

When the para substituent is bromine, which comes toward 
the middle of the range ofsiz.cs spanned by substituenu H to CF; 
(Table 2), two alternative packing e.rrangmnents (at least)21 are 
energetically accessible at ambient conditions. Complexes with 
the smaller substituent.s H, F, and Cl adopt a packing that is 
based on dimers of tapes (Figure 2), although the architecture 
of the case with X = Fis unique and complicates th.ii simplified 
picture. Complexes with the largc::rsubstituents CH, and I adopt 
a packing that is sheet-like, although, again, the fluorinated 
complex with X -= CF, does not fit into this picture, since it packs 
with head-to-tail dimers that are further stacked into sheets (see, 
however, footnote 22). The complexes with the intermediate­
sized X = Br substitucnts can adopt either a dimer-baaed (Figure 
7)ora sheet-bascd(Figure 8) packing. Thus.aswehaveobserved 
with builder substitucnts, 5 the stcric properties of the substituents 
in the para positions of these diphenylmelamine oomplexe., appear 
to be critical to determining both secondary and tertiary crystalline 
architecture. 

The overall quality of thc:se structures (as measured by the 
crystallographic R-index) varies from 0.04 to 0.09. An inde­
pendent measure of the reliability of the structures comes from 
examination of the geometrics ofthetriazine.. phenyl, and barbital 
groups. These fragments wonld be expected to be approximately 
constant in geometry, and errors in the crystal structures might 
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Molecular Tapes Based on Cya11Uric Add•Melamine Complex 

X•H 

X•CI 

~ ~ ~ 
+-0 +-0 +-0 
~~~ 
+-0 +-0 +-0 

()--1+ ~ ~ 
+-0 +-0 +-0 

X• llr(lormQ 

+-0+-0 
()-ft, ()-ft, 

+-0+-0 
()-ft, ()-ft, 

x .. cF, 
F1pre n. Top: Scl:u::matlc diagram summarizing the packing of !apes. 
Tape: B is moved in the positive direction along its long axis until the 
atoms of tho tape: baekboncs In the two lapcs have (in ibis example) the 
ame-, coordinate. ,p (radians) ia the fraction of the repeat distance In 
a tape(L)tbal tape Bmut be moved to lineup with tape A (open circle). 
The arrows with Mies attached represent cmd-on view& of the tapes. 
looking down their l011g axes. Bottom: All the tapes with partially filled 
~ are n=Jated to the reference tapes by at least a rctation around an 
am parallel to the IGng tape axiJ. A crossbar near I.be arrowhead indicates 
that a reflection across a mirror plane: perpendicular to the long ues 
must also be: done (u in the picture at the top); a c:rossbar near the cirele 
indicates the: same for a mirror plane: parallel to the long axes. The 
rc:fen:11ce unit In the X • F case is a dimer (011e circle and one sq11Bre), 
since there are two Independent tapes in that complex. The offset amount 
,pis rounded to the m:amit twelfth for clarity of the filled circles. This 
rouoding euggcratcs the di!Ten:noo between the isomorpbous structures 
X • Cl and Br (form I). 

be expected to appear as distortions from the anticipated 
geometries. In fact the observed geometries are sensibly constant. 

Coacluiom 

The objective of this work was to develop a dass of organic 
crystals that would exist in a limited set of crystalline architectures 
but would allow the kind of variation in structure useful in 
physical-organic studies or structure-property relationships. 
These I :I cocrystalline tapes have many of the desired charac­
teristics. Their components are easily synthesized and can be 

J. Am. Chem. Soc., Vol. 116, No. 6, 1994 2389 

Figure 13. Intratepe meuurements listed in Table 2. L is the 
crystallograpbic repeat io a tape. 

varied widely over a range of structures. The observation that 
linear tapes arc frequently obtained, and that these tapes pack 
with their long axes parallel, hrul the potential to simplify the 
analysis of solid-state structure significantly (relative to crystals 
in which the constituent molecules can, in principle, adopt many 
conformations with respect to one another). 

The system also has three disadvantages: growing crystals of 
the quality and size suitable for single-crystal X-ray diffraction 
requires patience; the system bas not yet proved amenable to lhe 
introduction of polar substituents (perhaps because of competition 
of these substituents for hydrogen bonding sites); and at least 
some of the crystals can apparently exist in several crystalline 
foJ'lllli. The issue of polymorphism is probably the one with the 
most far-reaching consequcnces.22 Nonetheless, the important 
feature of our system is that it does tolerate ~mall changes in 
molecularstructurc while maintainiq a consistent solid-state 
motif. We have, thua, demonstrated a system that allows 
systematic investigation into crystalline architecture. 

Experlmental Section 

G-1 Mttllods. Cyanuric chloride (Pluka), barbital (Fisher Sci­
entific), and all anilines (Aldrich} were used u received without 
purification. Solvents were reagent grade and were used without 
purification waleu otherwise indicated; THF was distilled from sodium 
bem;opb.eoone kclyl. Melting points were determined 011 a Md-Temp 
apparatus and are UIICO!Tected. 

2-Amlllo-4,6-dldlofo.. ~M Ammonia from a cylinder was 
slowlybubbledintoaround-bottomcdflaslceontaininga&lurryofeymuric 
chloride (36.88 g, 0.2 mo!) in 200 mL or dloxanc: and 30 ll'1L or diglyme 
cooled in a11 ice-water bath. The tempenture of the reaction was 1101 
allowed to me above 10 •c. Addlti011 of the gu was ccntinaed until 6.8 
g (OA mol) bad been takc!I up by the mixture, which took about l b. 
Nitrogc:n was blown through tb11 reaction flulc to remove c:mc:aa NH,. 
The mlxtme was filtered, and tho precipitate wu wubed well with THF 
(300mL). Thcc:ollectedsolulicmswerecxmc=tnuedbyl'OUl}'CM1poration 
(first at aspirator preuuro and then at I Torr), 8Jld the 11olid reaid11e wu 
dried u!Kler vacuum at 0.1 Torr ovcmlgbt, yielding 28.34 g (0.112 mol, 
86%) of a while powder, mp 223-231 •c (llt." 235-236 'C). This 
material decomposed slowly in the pn:scucc of.atmmpheric moisme; ii 
wu atom! in a dcsiccatoT. To obta.111 fresh aminodk:hlorotriuinc for 11 

(36) This preparation ia a modfficaticm of that found in: Thlll'ltoo, J. T ~ 
Dwiley, J. R.: Kal.ser, D. W.; Hcdicnbleikm:r, I.; Sclwfcr, F. C.; Holm· 
HallWl, D. J. Am. Chem. Soc. 1951, 71, 2981. 
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Table 1. Crystallographic: Data for Cocrystals of N.N'-Bis(paro-X-pbcnyl)mclamioes and S,S-Dicthylbarbituric acid (Mel(4-X-Pb)rBar{El)z)• 

space 
X group a(A) b{A) c (A.) a (deg)- p (deg)• 

demi1y crystallization 
7 {deg)• R' Ck•_, (g/r:ml)" solvent 

H Pmna 12.940 9.982 17.377 0.063 0.72 1.369 CHJ<:12 
F P2i/n 3Ui27 IT.470 9.700 90.08 0.044 0.69 1.395 CHJCN 
Cl Pi 9.822 13.650 T.m 92.86 95.14 92.57 0.084 0.70 1.436 MeOH 
Br(form I) PI 9.826 13.742 9.389 93.67 95.11 93.30 0.061 0.71 1.636 Mc:OH 
Br (form II) P'li/n -ms 31.396 8.417 90.47 0.044 0.68 1.602 (CHi)iC-0 
l P'lafn 8.656 l 1.412 9.735 90.73 0.045 0.69 1.7512 MeOH 
CHi P2i/n 51.747 8.226 nm 95.46 0.093 0.68 l.276 Mc:OH 
CF1 P2/n "T.m 16.186 9.740 92.80 0.071 0.66 1.455 2: l pyridine/Hz() 

• The underlined cell dimensions repn:scnt the repeat distance in a tape, or L in Figure 13. b A blank means that the angle is constrained to be 90°. 
< This value is Ole crystallographic: reliability index, R"' El(Fo - FJl/l:P.,. 11 This value is the packing coefficicnt calculated using molecular volumes 
obtained from MacroModelll (sec the Results section and footnote 34 for a di&cussion of Ole relatlonsbip between Ct• and the •c1ass1ca1• packing 
c:oefficicnt, Ct). • Calculated. 

Figart 14. Complcmcniary packing between phenyl amletl!ylaubstitucnts 
in the Me1(4-H-Ph)rBar(Eta) complex. The lop melamine belongs to 
tape B in Figure 4, the barbital to tape F, and the botlom melamines to 
tape G. 

Tahle 2. lntratape Measurements<' 

X in Mel(4-:X:•Pla):rBu(Et)i 

H Ft Cl Br< CH, ·CFs 

intmnolcc:ular 4.45 3.70 3.70 3.85 4.38 4.25 4.33 
distance, d (A) 4.14 4.30 

intramolecula r 5.53 6.34 6.32 6.09 S.47 S.69 5.48 
distance, d' (A.) S.76 S.S9 

d + d'(A) 9.98 10.04 10.02 9.94 9.85 9.94 9.81 
9.90 9.89 

van der Waals 2.40 2.94 3.50 3.70 3.96 4.44' S.46"' 
diameter of X (A) 

• SoeF'igure 13fordepictionsof parametas. • Thercan::twomelamines 
in lhe asymmetric unit of this complex. • The first and second lines give 
the values for the form I and form JI polymorphs, rcspeetivdy. "The 
diamcten listed for CH, and CF, arc calc:ulatcd B1S11ming a circular 
a,:isucction for these groups. 1bc value for CF3 is therefore approximately 
1.1 A greater than d, but sinei: a tl110rine of one CF, group may be ahle 
lo cogwheel with two fluorinc::a on an adjacent group, stc:ric repulsion is 
not ncc:e5Rri!y as large as these diameters Imply. 

reaction, thc:ston::d material wu stirred with dry diethyl ether (about 10 
mL/ g), the slurry was filtered at reduc.ed pressure, am1 the solvent was 
removed by rotary evaporation at upinator pressure to yield pure 
aminodichlorotriazine. 

GeatnaJ ProeedareforSyatbal1 orl-Amlllo-4,6-IJls(IUl'lulllno)•l.l.S­
lriu!Ba (N,N'-Dlplamylnadaillllna), MdllOd AP A 0.1 M solution of 
2-amino-4,6-dichloro-l,3,S-tria:zinewaspreparcdinfrc:5hJydistilledTHF 
and heated to 40-SO °C in ·an oil bath. To the soluticn in the oil bath 
wu added a THF sol11tlon of I equiv of the dcslrod aniline (0.1 M) and 

(37) This preparatioa is II modification of that fc1111d in: Kaiscl', D. W,; 
1'bllr5ton, J. T.; Dudley, J. R.; Schaefer, F. C.; Hccl!enbleilcner, I.; Holm· 
H,1men, D. J. Am. Chem. S0t:. IHI, 7J, 25184. 

I equiv of dilsopropylethylamme (DIEA) via a dropping funnel over the 
course of about 30mill with magnetic stirring. Conversion to the 2-amino-
4-anilino-6-chloro- l ,3,S-trwdnc was wiually complete by the end of the 
additimi. as shown by TLC, but heating could be c:ontmued as nCCICS'8ry 
11111il the reaction was complete. At that point, another equivalent of 
aniline wasaddcd,along withanothcrofDIEA, in THF. Thelcmpcmtore 
of the healing bath wuraiscd toaboul 100-IOS °C. As thcTHFboiled 
off, 2: I dioxane/Hi() was added to keep the amount of solvent 
approxima1c:ly constant, and a reflux c:ondemcr was attached. Reaction 
was usually continued for 3-5 h at l 00-105 •c, but it could be prol011ged 
as ncc:cssary, \ll'hile the progress of the reaction was monitored by TLC. 
At cc111pletion, the reaction was oooled and poured into about l S0-200 
mLorH20. Thepmcipi1a1ed product was collected byvacuumliltratioo. 
After being dried under vac:uum at 0.1 Torr, the melamine was purified 
by flash chromatography on silica gel. 

Mttbod 9.:11 A 0.1 M solution of cyanuric chloride wu prepared in 
freshly distilled THF and cooled in an ico-watcr bath. A THF solution 
of I equiv of the desired aniline (0.1 M) and l equiv of DIEA wu added 
via a dropping f unndover tbccounc of 15-30 min wilJi magneticatirring. 
When the addition wu complete, the mixtun: wu allowed to warm to 
room temperature, and stirring was continued for another hour. The 
mixture was Olcnhcatecl to40-SO •c in an oil bath, and another equivalent 
of aniline and base was added. Heating was continued for several hours, 
or anti! TLC showed no further change. At this siage, the intermediate 
2-cbloro-4,6-diamino-l ,l,S•trinz:inc was usually pure: enough, u deteT• 
mined by TI.C, Olat it could be isolated by filtering the reaction mixture 
and removing solvent by rotary evaporation al aspirator pressure. The 
crude product. wu usually used directly in the nc:xt 11.cp. Flub 
chromatography on ailic:a c:ould be performed if necc&suy. 

Th11 2-chloro-4,6-diamino-1,3,S-triazine (dia&o!ved In ~S--8 mL of 
dioxane or TIIF) and a magnetic stirrer were placed in a 15-mL pn:asurc 
bottle. Approximately 3-5 mL of 30% NH.OH was added, and the 
bottle was capped and heated (CAUllON: hhlDd a Afety llalekll) to 
100-105 •c in an oil bath. Healing was co111in11ed for 5-8 h. after which 
the vis! could be cooled and opened to monitor reaction progress by TLC. 
If an uoacceptable amo1111t of starting material remained, an additiona.1 
aliquot o! 30% NH.t()H (2-3 mL) was added, and the via.I waa recapped 
and rcl!eatcd u necessary. When reaetlon was judged to be complete, 
the solution was poured into I 50-200 ml. or H20, and the precipitated 
product was collected by vacuum fi11n1tion. Arter drying under vacu11111 
at 0,1 Torr, the crude mlllami.nc wu purified by flub chromatography 
on &ilica gel. 

The following summary lists the melamine (X in Mel( 4-X•Pb)z), the 
method used, and the meltina point of the product: H, A. 214-6 •c (lit. 
mp 219-20 °C17); F, B, 191-3 °C dee; Cl, B, 202-<4 °C; Br, A, 243-5 
°C dee; I, B, 267-70 °C dee; CH1, A, 282-<4 °C dee (liL mp 289-90 
°Cll); CF1, B, 218-9 •c. Forspcc:Uosooplcdetailund elemental IIIl&lysea 
on new comp01.1Dds, m: Ille supplementary material. 

Pnpaan.tica of Complexes. E,quimolar amounu of the melamine and 
barbital were dissolved together {in OIIO naslc) in THF. The solvent was 
n:mcved'by rotarycvaporationatupimtor pressure.and thccompositioo 
of the complex was chtdced by 1H NMR spectroscopy. U integration 
of peaks indicated that one component wu present in ace:ss, the other 
component was added to bring their ratio to 1:1. Thcmellina points of 
tbe complexes were: as follows: Mel(4-H-Pb)rBar(Et):i, 234-237 °C; 
Mc!(4-F-Pb)rBar{Et):i. 23~243 °Cdcc; Mel( 4-CI-Pb)rllar(Et)2, 268-
270 °C; Me1(4-Jlr-Ph)rBar(Eth (f0m1 0, 272-275 •c dee, (form II), 

(38) Honda, I. Yuki Gosd /Ctzgd:u ICyobhlsl 1962, 20,460; Clwn. Alwr. 
1963, S8, 4S68c~ . 
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.278-2.80 °C dee; Mcl(4-I•Pb)rBar(Et)i, 280-283 °Cdce; Mcl(4-CHr 
Ph):rBuCEt>:11 270-277 •c dee; Mel( 4-CFrPll)r!lar(Bt)2, 264-266 °C. 
The meltills point of barbital is 1!10--192 °C. 

CJ711111lllnlillaof~a.. A. Mel(4-H-Pb)rBu(Eth, Cryatals 
weregrownbyroom•tcmperatureevaporotl011ofaao!uti011otthcccmp!c:it 
in ClLCh in a 1-dram screw-top vial with tho lid rating on top of the 
vial. 

B. Mei{4-F•Pb):rBar(Et)1, Mtl{4-CH,-Pb)rBu(Et)2, and Mel(4-
CF,-Ph):rB.v(Et)2- Ccyltals were grown by allowing II solution of the 
complex in boiling CH,cN, McOH, or 2:1 pyri.dincfH1O, rapc,etmly, 
to cool over tho COlll'SC of at lcmt 24 h to room temperature by enclosing 
it In a corltcd Dewar llaak. 

C. Mei(4-0-Pla)rllu(Etb, Md(4-lr•Pla):rBar(Et)1 (liolla fonna), 
1111d Mtl(+l•Pb)rBar(Eth, Cryatals wm: gruwn by roam-tcmperatu.n: 
evaporotion of 111olutlon of the complex in CH30H in a S-mL screw•top 
vial with the lid re:stlns on top of the vial. 

X-hy ~y. For detailJ of X-ray data oollcction and 
structlll'O 10lution and refinement, see the aupplcmentarymaterial. Data 
were c:ollectocl on eomplcxea Mc1(4-H•Ph):rBarCEt)1 and Mcl(4-CHr 
Ph)rBar(Et)a at Harvard 011 a Siemc:m P3 dllhactometer. Data on the 
other complexes were collected by Molecular S~ureCorporatioo, The 
Woodland£, TX, on a Rlgaku AFC.SR dl.trractometcr equipped with a 

J. Am. Chem. Soc .. Vol. 116, No. 6, 1994 2391 

rotatma anode generatar. All atruc:turea wmi IOlved and RfiDcd at 
Ham.zd using the Siemens SHBLXTL-PLUS packap of programs. 

Admo~t. Woaclmowledpt.besupportoftheNational 
SciencoFoundation tbroupGnmtsCHE-91-22331, toO.M.W., 
DMR CHB-89-20490, to the Harvard University Materlah 
Research Laboratory, and CHB-80-00670, for the purchase of 
the Siemens X-ray diffractometer. J.C.M. acknowledges the 
Merck Corporation for fmancial assistance. We thank Profcasor 
Jaclc ~nitz for helpful comments, especially concerning poly­
morphiml. 

Supplementary Material Awlable: Techniques of crygtalli· 
zation, experimental details for subatituted diphcnylmelamines, 
table of hydrogen bond lengths, table of intermolecular contacts, 
crystallographic details including tables of atomic positional 
parameters and bond lengths and angles (134 pages): tablea or 
observed and calculated structure factors (108 pages). This 
material is contained in many libraries on microfiche, immediately 
follows thia article in the microfilm version of the journal, and 
can be ordered from the ACS; see any current masthead page for 
ordering info/,ffilltion. 
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Five crystal structwes of hydrogen-bonded complexes (N-(p-iodophenyl)-N' -(p-cyanophenyl)­
melwnine,barbital, N ,N' -diphenylmelamine•5,5-dimethylbarbitwic acid, 2-amino-4-((m-bro­
mophenyl)amino)-6-chloro-1,3,5-triazine•barbital, mel.amine-5,5-dibromobarbituric acid, and 
melwnine• barbituric acid) are presented. These particular components represent perturbations 
on the molecules that were previously used to construct crystallographic hydrogen-bonded 
tapes (Zerkowski, J. A.; MacDonald, J.C.; Seto, C. T.; Wierda, D. A.; Whitesides, G. M. J. Am. 
Chem. Soc. 1994, 116, 2382). Four of the complexes pack in the solid state as linear tapes, while 
the diphenylmela.mine•dimethylbarbituric acid complex packs as a crinkled tape due to the 
closer stacking of tapes permitted by the small methyl substituents. The triad of hydrogen 
bonds that forms tapes is apparently robust to this sort of variation, even though some of the 
substituents introduce noncovalent intertape interactions, such as halogen-nitrogen contacts, 
ionic forces, and other hydrogen bonds. The potential of such intertape interactions for designing 
crystalline architectwe is discussed. 

Introduction 

To probe the modifiability and robustness ofhydrogen­
bonded cocrystallirie "tapes", we have begun investigating 
the effects that major structural changes have on the 
formation and packing of tapes. We have shown that 
crystalline architecture1 could be constructed and ratio­
nalized from complexes of 1 and 2. In particular, by varying 

2 

Bar(R')a 

the steric properties of the substituents R of l, we have 
obtained three structural motifs. When R wa.s a phenyl 
ring substituted in the para position with CF a or a smaller 
group, we obtained linear tapes.2 When the para sub­
stituent on the phenyl group was C02Me,3 the meta 
substituent was Cl or Br,' or when R was tert-butyl,6 

crinkled tapes were obtained. When the para substituent 

• Abatract pubiiahed in Advance ACS Abatmcts, August 16, 1904. 
(l) To llll8.fyu the packing of theae complexn, we define hierarcltical 

levels of cry&talline architecture: the primary level is ocmpo11itlon and 
aequence (formation of 1:1 chains or ringa with alternation of melamine 
and barbituric acid components); the secondary level ocnaiste of the motif 
describing the 1:1 aggregates (for eumple linear or crinkled tapes and 
roaette1); the tertiary level comiata of the organlution and packing of 
Ute tapes In the cryatal (!or es.ample, u sheetlike or dillleric structures). 

(2) Zerkowaki, J. A.; MacDonald, J. C.; Seto, C. T.; Wierda, D. A.; 
Whitesides, G. M. J. Am. Chem. Soc. 1994, 116, 2382. 

(3) Zerkowald, J. A.; Seto, C. T.; Whitesides, G. M. J. Am. Chem. Soc. 
l 911Z, 114, 6473. 

(4) Zertowa.lci, J. A.; Mathias, J.P.; Whitesides, G. M. J. Am. Chem. 
Soc. 111114, 116, 4305. 

0897-4 756/94/2806-1250$04.50/0 

was tert~butyl, a pseudo-Cs cyclic structure (a "rosette") 
was obtained.3 Bar(Et)z (barbital) has been the barbi­
turate that we used most frequently, although other 
substituents on the barbiturate have also generated 
crystalline tapes.11 

In the research presented in this paper, we examined 
the influence of larger variations in the structures of both 
components on the structure of the 1:1 cocrystals. With 
an unsymmetrically substituted melamine (3, R1 .. p• 

R'11Br e 
R'• H 7 
A' ■ IMe I 

iodophenyl, R2 = p-cyanophenyl), a non-melamine (4), 
unsubstituted melamine (5), or significantly truncated 
substituents on the barbiturate (R' .,. Br (6) or H (7)), 
linear tapes are still obtained. With the seemingly minor 
perturbation of shortening the ethyl groups of Bar(Et): 
to methyl groups (8), the secondary architecture switched 
from a linear to a crinkled motif. We were also interested 
in surveying how substitution patterns of these kinds might 
be used to control intertape orientation, or tertiary 
crystalline architecture. 

Results 

Figures 1-6 are conglomerate pictures of the sort we 
introduced in previous work. These pictmes show several 

(5) Zerkowaki, J. A.; Whlteaidn, G. M. J. Am. Chem. Soc. 11194, 116, 
4298. 

© 1994 American Chemical Society 
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Table l. Cey11tallographic Data• 

c(Al 
density crystallization 

complex apace group a(Al b <A> a (deg)b fJ (deg)b .., (deg)6 R< Ck-' (glcmll)• solvent 

Mel(p-I-Ph)(p-CN-Ph)•Bar(Et)a Fdd2 30.603 36.760 9.711 0.052 0.68 1.534· EtOH 
4-Bar(Eth P1 7.424 9.944 13.1599 97.34 91.25 95.41 0.069 0.72 1.625 MeOH 
Mel,Bar(Br)a Ccm2i 7.207 9.740 17.072 0.036 0.81 2.284 H10 
Mellf+,BarH· Ccc2 6.062 12.221 15. 742 0.046 0.79 1.787 H10 
Mel(Ph)rBar(Me)a P2,ta 9.296 16.911 lS.520 96.16 0.058 0.70 1.366 MeOH 

• The underlined cell climenaiona represent the repeat distance in a linear tape. b A blank indicates that the angle ia constrained to be 90°. 
< Thia value Is the cryatallographlc reUabllity index, R • El(F. - F.)VE.F.,. d This value is the packing coefficient baaed on molecular volumes 
calculated using MacroModel (see Resulte). For a comparison of our modified, MacroModel-derived Ck• values to "classical" Ck values, see 
ref 2. • Calculated. 

different views of the packing of the complexes. Table 1 
lists crystallographic data and some geometric pBrameters 
describing the packing of tapes. 

N -(p-Iodophenyl )-N' • (p-cyanophenyl)mel­
am.lne-Barbital, Mel(J>-I-Ph)(J>-CN-Ph)•Bar(Et)z (Fig­
W'e 1). This complex was investigated to determine 
whether interactions between iodine md nitrile groups 
could be used to guide the formation of tertiaey archi­
tecture. Although-CN and -I have similar linear sizes,6 

the crystal is well ordered with alternating nitrile and 
iodide moieties along the edge of each tape.7 Despite 
abundant evidence for interaction between nitrile groups 
and the halogen atoms of organic iodides and bromides in 
the solid state, s neither linear nor lateral I- - -NC contacts 
is important. The closest I- - -N distance involving nitrile 
groups is that occurring intermolecularly between adjacent 
melamines within a tape, with a magnitude of 4.0 A (Evdw 
~ 3.5 A).9 There is, however, a contact at 3.4 A between 
perpendicular tapes involving an iodine in tape A in Figure 
1 and an NH2 nitrogen of a melamine in tape B (see Figure 
6 for a closeup view of this contact).10 There are no iodine­
iodine contacts. 

N,N -Dlphenylmelamine•5,5-Dimethylbarbituric 
Acid, Mel(Ph)rBar(Me)z (Figure 2). We investigated 
this complex to study the influence that the protruding 
ethyl groups of Bar(Et)2 exert on the packing of tapes. 

(6) The <;.rI bond length in this structure is 2.09 A. the Cp11e,,y1-N 
distance (akipplng over the nltrlle carbon) is 2.52 A. 

(7) The bond lengths of the cyanophenyl group do not indicate a 
significant contribution from the dipol.a.r quinonoid resonance structure 
L In particular, the HN•Cpi,..,,,i bond (1.418 A) Is unchanged from the 
analogoua bonds we have observed in other para substituted diphe­
nylmelaminu, which ranJed from l.389 to l.441 A.2 

(8) For a review of balogen-nitrile interaction&, see: Desiraju, G. R.; 
Harlow, R. L. J. Am. Cir.em. Soc. 1989, 111, 6767. Caner, V. B.; Britton, 
D. Acta Crystallogr. 11172, B2B, 945. Britton, D. Perep. Str. Chem. 11187, 
1, 109. For general halogen-nitrogen contacts, aee: Xu, K.; Ho, D. M.; 
Pucal, R. A., Jr. J. Am. Chem. Soc. 11194, 116, 105. 

(9) The van der Waals radii we are uainl)' are isotropic: H 1.20 A; C 
1.70.A; N 1.55A; 01.62A; F 1.47 A; Cl 1.75 A; Br 1.85.,\; I 1.98A. Bondi, 
A. J. Phy,. Chem. 11164, 68, 441. 

(10) lntuitionauggeata that the van der Waals radius of an atom should 
be dependent, t.o some eEtent, upon its hybridization state and the identity 
oftheatomatowhichitisoovalentlyattached. Thereisevidenceeupportmg 
thia Idea: Bond!9 cites data purporting that the nitrogen In a nltrUegroup 
has a van der Waals re.diua of 1.4 A parallel t.o the CN s.xla and 1. 7 A 
perpenclicul.a.r to it. Some intereating work has appeared on 1UW10tropic 
van der Waals radii a up eating that halogen& in particul.a.r undergo •po1ar 
fiatt.lning" parallel to the C-X u.ia and m:pansion perpendicul.a.r t.o it: 
Nyburg, S. C.; Faerman, C. H. Acta Crystallogr. 11185, B41, 274, and 
Nyburg, S. C.; Faerman, C.H.; Prasad, L. Acta Crystallogr. 1987, B43, 
108. Nonetheleu, many solid-state cbemm:a seem to prefer Bondl'a 
isotropic radii u aimpl.e, comiltent (and succ:esaful) approximations, m 
the absence of comprehensive studies of different hybrldilation claaaes 
of each element. For a diacuaalon, aee: Desiraju, G. R. Cl')'lltal En,ineer­
i1'18: The Deai.gn of Organic Solida; El.aevier: New York, 1989. 

Although we assumed that the replacement of ethyl with 
methyl groups would have no effect on the secondary 
Brchitecture, the complex packs as a crinkled tape, rather 
than the linear tape observed for Mel(Ph)rBar(Et)2•2 

One of the phenyl groups is almost coplanar with the 
melamine ring, while the other is more twisted out of the 
plane (torsion angles 11" and 28", respectively). With no 
substituents extending very far out of the hydrogen-bonded 
plane of the tape (relative to tapes with ethyl groups or 
phenyl groups with larger torsion angles), these crinkled 
tapes appear "flat" (see the end-on view in Figure 2) and 
can stack closely on top of each other. Conversely, there 
are no contacts between adjacent stacks of tapes (e.g., 
between tapes B lllld C in Figure 2). There are two 
intratape CH- • -0 contacts under the sum of the vm der 
Waals radii ( ~2.7 A).9 One involves an ortho proton on 
the nearly in-plane phenyl ring and the neighboring 
barbituric acid. The other contact involves a meta proton 
on the other, more twisted phenyl ring and the barbituric 
acid three units away in the tape (see the top of Figure 2). 
Both H- • -0 distances are ~2.65 A. 

2-Amino-4-((.m-bromophenyl)amino)-6-chloro-1,3,5-
triazine-Barbital, 4,Bar(Eth (Figure 3). This melamine 
analogue (a triazine) wa.s chosen primlll'ily because it has 
only two amine groups. Chlorine is one of many sub­
stituents that might go in the remaining ring position, 
and the m•bromophenyl ring fortultously gave good 
crystals; neither of these substituents was chosen to test 
a specific hypothesis. The linear tape motif is preserved, 
even though one hydrogen bond has been deleted relative 
to complexes constructed from melamines. The chlorine 
and oxygen that occupy the space of the former hydrogen 
bond are just at van der Waals contact (distance = 3.3 A, 
Evdw = 3.3 A). With the removal of one of the NHRgroups, 
the phenyl group of the remaining NHR has room to lie 
almost coplanar with the triazine ring: the mean planes 
of the two rings differ by only approximately 3". Due to 
this orientation of the phenyl ring, one ortho-hydrogen is 
positioned close to a barbital oxygen at 2.5 A. 

Melamine-5,5-Dibromobarbituric Acid, Mel•Bar­
(Br)z (Figure 4). This substituted bBrbituric acid (and 
barbituric acid itself, Figure 5) was examined to determine 
the influence of replacing the ethyl groups of barbital by 
smaller but more polarizable and/or reactive substituents. 
The bromine atoms of Bar(Br>, a.re involved in several 
intertape contacts with nitrogen atoms of melamine at 2.7 
and 2.8 A (l:v.iw = 3.4 A, see Figure 7 for a closeup view). 
These intertape interactions a.re reflected in the high value 
of Cl<• (Table 1). 

Melamine-Barbitu:ric Acid, MelB+,BarB- (Figure 
5). Proton transfer from the CH2 of barbituric acid to a 
ring nitrogen of melamine has occurred. This complex 
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Figure l. Views of the Mel(p-1-Ph)(p-CN-Ph)•Bar(Et)J complex. 

also bas a high value of Ck•. The crystallographically 
infinite hydrogen-bonded axes of the tapes are parallel 
within a stack of tapes, but adjacent stacks are twisted 
by 78° with respect to each other. This structure is the 
first in which we have observed nonparallel tapes. 

Packing Fractions. The values of C11:•11 for the 
complexes incorporating Bar(Br)z and Baril· are higher 
than normal for organic molecular crystals.12 The value 
for Mel•Bar(Br)2 is the highest we have observed in any 
tape. This increase in the efficiency of space filling is 

Zerkowaki et al. 

probably due to two factors. The first is the presence of 

(U) C, = NV..,JV..u, wbereN is the number ofmoleculea in a unit 
cell, V ...a is the molecular volume, and V ..u is the volume or the unit cell. 
Kitaigorodaky, A. I. Organic Chemical Crystallography; Co1111ultanta 
Bureau: New York, 1961. For a discussion of the relationabip between 
our modified C• • values and tradit.ionally calculated C, valuea, see ref 2. 

(12) Values of C, uaually range from roughly 0.65 lo 0.77: Desinju. 
G. R. Cryatal Engineering: The Design of Organic Solids; Elsevier: New 
York, 1989; Chapter 2.Some of the highest values listed by Kitaigorodskyll 
me 0.785 (p-quaterpbenyl), 0.781 (1,2-anthmquinone), and 0.805 (peryleue). 
The value for graphite is 0.887, which can probably be c::onsldered an 
effective upper limiL 
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Firure 2. Views of the Mel(Ph)rBar(Me)a complex. Hydrogen atoms have been omitted from the central, end-on view for clarity. 

strong electrostatic intertape forces such as those between 
bromine and nitrogen atoms in Mel•Bar(Brh end the 
ionic interactions in MeJH+,BarB-. Ionic interactions in 
crystals of the latter compound cause them to have a high 
density (1.737 g/cm3) for a material containing only C, H, 
O, and N. 13 The second factor is geometric: the individual 
molecules are flatter than melamines and barbiturates 
substituted with phenyl or ethyl groups; this shape allows 
the tapes to stack with little empty space between them. 

DiscuHion 

The complex ofMel(p-1-Ph) (p-CN-Ph) with Bar(Et)a 
was investigated because it represented a preliminary 
experiment in the control of tertiary architecture. We 
hypothesized that this complex might pack analogously 
to the Mel(p-I-Ph)rBar(Et)acomplex {Figure8).2 There 
were extensive I-• -I contacts between tapes in that 
complex; we ihought that replacing one iodine with a nitrile 
group would allow for virtually isostructural packing and 
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Figure 3. Views of the 4•Bar(Et)J complex. 

the introduction of I- - -CN interactions.7•14 Instead, a 
different kind of packing arrangement occurred, namely, 
the head-to-tail dimeric orientation of tapes that we have 

US) Extensive hydrogen bonding in the solid state can lead to high 
dena!ties in organic crystals.. For example, the density of cyanuric ecid 
ia 1.82 g/cm1 (Dietrich, H.; Scberinger, C.; Meyer, H.; Schulte, K.-W.; 
Schweig, A. Acta Crystallogr. 1979, 835, 1191); oxalic acid= l.91 g/cm2 

(Deriasen, J. L.; Smit, P.H. Acta Cry,tallogr. 1974, 830, 2240); oxamide 
~ l.67 g/c:m1 (Ayerat, E. M.; Duke, J. R. C. Acta Crystal/Qgr. 1954, 7,588); 
odahydroxyeyclobutane ., l.98 g/cm3 (Bock, C. M. J. Am. Chem. Soc. 
1968, 90, 2748); squaric acid = 1.90 g/cml (Semminpen, D.; Hollander, 
F. J.; Koetzle, T. F. J. Chem. Phys. 1977, 66, 4405). 

(U) We have previously observed an iodine-nit.rile interaction in the 
N .N'•bia(m-iodophenyl)melamine-barbital•acetonitrile crystalline sol• 
vet.e.• 

Zerkowski et al. 

observed in many complexes.2.-' In this structure, an 
iodine-• -nitrogen interaction different from the one we 
expected was formed (Figure 6). This contact, which is 
only about 0.1 A under the sum ofvan der Waals radii, is 
probably weak, but it may help to stabilize the perpen­
dicular orientation of tapes.15•16 The intended packing 
arrangement shown at the bottom of Figure 8 may have 

(15) Since the iodine atoma in the Mel(p-I-Ph)rBar(Et)1 complex 
were involved ill interactions among themselves, they did not engage in 
short contacts with nitrogen in that comples.2 

(16) We have not searched for polymorpha of this complex (nor of any 
of the st.ructurea presented in this paper); other packing ammgemente, 
perhaps even the proposed one shown in Figure 8, could of courae occur 
for thia complex. 
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. Figure 4. Views of the MeJ.13ar(Br)z complex. The extensive 
Br- • •N interactions have been omitted from all these views for 
clarity; see Figure 7 for a closeup of these interactions. 

failed to form because the strong dipoles of the nitriles 
would have been too dose to each other in an unfavorable 
head-to-head orientation.17 

The difference between hypothesized and observed 
structures emphasizes that it is still difficult to predict 
solid-state structures, even when the prediction is based 
on a relatively modest change to a known structure. 

The hypothesis motivating our study of the Mel­
(Ph)rBar(Me)zcomplex was thatsmall alkyl substituents 
on the barbiturate component would permit close stacking 
of tapes. The Mel(Ph)rBar(Ethcomplex packs as linear 
tapes, its tertiary architecture consisting of dimers of tapes 
arranged in a herringbone pattern.2 We suspected that 
replacement of ethyl groups with methyl groups might 
alter this dimer-based packing to a sheetlike arrangement, 
similar to that observed in 4-Bar(Et)z (Figure 3) or 
Mel•Bar(Brh (Figure 4), where all the tape backbones in 
a given stack are parallel. 

117) Gavezzotti, A. J. Phys. Chem. 1990, 94, 4319. 
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Figure 5. Views of the MelH .. ,BarH- complex. 

While the crinkled tape that resulted does display some 
of the close-stacking features that small barbiturate 
substituents should allow, the crossover to a crinkled motif 
was entirely unexpected. On closer examination, however, 
the factors that favor adoption of a crinkled motif become 
clearer. One of the phenyl rings of Mel(Phh is nearly 
coplanar to the triazine ring. It thus protrudes into the 
region of space that phenyl groups on a neighboring 
melamine in a linear tape would need to occupy. The flat, 
in-plane orientation of this phenyl group is favored by 
stacking interactions between two tapes (e.g., C and Din 
Figure 2) involving both the heterocyclic, hydrogen-bonded 
backbone rings and the aromatic substituents. The 
intended close stacking of tapes arising from a reduction 
in the ratio of alkyl to aryl surface area has therefore 
occurred, but maximal close packing of flat, aromatic and 
heterocyclic surfaces at the tertiary level is apparently 
energetically favorable enough to dictate the motif of 
secondary architecture that is adopted. 

The 4•Bar(Et )z complex was investigated to see if 3-fold 
hydrogen bonding is esaential to the construction of 
cocrystalline tapes between barbiturates and derivatives 
of triezines. Evidently, it is not. We do not know if the 
approach of the chlorine to the oxygen atom is energetically 
favorable or repulsive. If repulsive, it is apparently not 
strong enough to overwhelm the favorable tape-forming 
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Fipn 6. Closeup of the iodine-nitrogen interaction between 
two perpendicular melammes in Mel(.p-1-Ph)(J>-CN-Ph),Bar­
(Et)1. The melamine on the left belongs to tape A in Figure 1; 
the melamine on the right belongs to tape B. The number adjacent 
to the dashed line that indicates this interaction represents the 
value of the distance of the contact minus the sum of the van der 
Waals radii (in angstroms). 

)_m~.o.aa,w 
\ ', 

-o.ae \ ' 
\ F 

Fipre 7, Closeup of the intermolecular interactions involving 
bromines in Mel,Bar(Br)a. The letters indicate to which tape 
in Figure 4 the molecules belong. The numbers adjacent to the 
dashed lines that indicate these interactions represent the value 
of the distance of the contact minus the awn of the van der Was.ls 
radii (in angstroms), The hydrogen atoms were placed in 
calculated positions for crystallographic refinement, with a N-H 
bond length of 0.9 A. 

hydrogen bonds.18 In a structural sense, we have "mu­
tated" the symmetrically substituted melamine component 
that we have usually employed for constructing tapes into 
this kind of chlorotriazine by replacing one NHR group 
(R = alkyl or aryl) with a chlorine atom.19 AB a result, an 
indentation or hole has been generated along the periphery 
of the linear tape (see Figure 3).20 Note that a nearly 
coplanar orientation of the bromophenyl and triazine 
groups can be accommodated by the linear motif when 
the other substituent on the tria.zine ring is small (chlorine 
in 4 compared to NHPh in Mel(Ph)z). 

The key feature of both complexes incorporating 
melamine is that some of the hydrogen-bonding sites of 
the melamine remain unutilized by the formation of linear 
tapes. That is, one edge of the planar melamine molecule, 
representing a donor-acceptor-donor triad (HN-N-NH), 
is uncomplexed. It is therefore free to engage in intertape 
interactions that can direct tertiary architecture. The 
occurrence of several close contacta involving bromine and 

( 18) The retention of the linear motif cannot be aac:ribed to the Cl-0 
contact, since a crinkled tape or a roaette would a1ao contain thia contact. 

(19) In a synthetic Bell8ll, the tnmaform.ation la In the opposite 
direction: the chlorotriazine is a precUl'IIOr to the melamine. 

(20) Tapes of thla general shape may be uaeM for Inducing back· 
to-back packiJlg of tapes through a knob-into-hole appl'Ollch; a protruding 
aubatituent, perh.apa appended to the para position of the phenyl rina, 
might dovetail efficiently into the cleft cm a neighbomli tape. 

~H H.. H 

Y:X ·:,09H 
9 r 9 I 

: 1/l' : 1/l' 
I I I 1 
I I I I 

4J~J ~tf :yJX-
H' H HIH 

Zerkowski et al. 

Fipre 8. Back-to-back: orientations of two tapes linked by 
noncovalent interactions between substituente in the para 
positions of the diphenylmelamines. At the top is the observed 
structureoftheMel~I-Pb)r&r(Et)a comple:1.1 At the bottom 
is the hypothetical structure that we predicted (incorrectly) might 
result by replacing one iodine with a nitrile group. The observed 
structure is given in Figure 1. 

nitrogen atoms in the Bar(Br)J complex (Figure 7) is due 
to the availability of these melamine sites for participation 
in electrostatic interactions.8 

In the MeU:l+•BarH- complex, the uncomplexed state 
of one ring nitrogen of melamine permits proton transfer 
from the CH2 group ofbarbituric acid. Protonatiori creates 
ionic interactions between MeIH+ and BauH-both within 
and between tapes, and the hydrogen-bonding network 
throughout the crystal is three-dimensional. To maximize 
the influence that these strong forces can provide and 
thereby minimize the lattice energy, stacks of the tapes 
twist with respect to each other. Thie crystal structure is 
the only one in which we have observed tapes with 
nonparallel axes. We hypothesize that in the absence of 
such strong intertape forces, the arrangement of tapes 
that permits the closest possible packing (reflected in a 
high Cs•) is one in which the hydrogen-bonded ues of all 
tapes are parallel. 

Conclusions 

The crystal structures presented in this paper demon­
strate that hydrogen-bonded cocrystalline tapes are robust 
to a wide range of structural variations. Even variations 
that preclude formation of the full triad of hydrogen bonds, 
such as replacement of a melamine by a chlorotriazine, do 
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not disrupt the tape motif. Interactions between tapes 
involving bromine-nitrogen contacts, ionic forces, or 
hydrogen bonds can lead to close packing of tapes and to 
high densities. Intertape stacking interactions appear to 
be able to cause a switch from a linear to a crinkled motif. 
This phenomenon runs counter to our previous hypothesis 
that intratape steric effects are most likely to force 
adoption of a crinkled motif. 5 On the other hand, we have 
also noted that electrostatic interactions (e.g., CH- · ~O 
contacts) or the packing of tapes around trapped solvent 
molecules may play a role in crinkling.' The Mel­
(Ph)z•Ba.r(Me)a complex can be viewed as combining 
these two effects: the immediate cause leading to crinkling 
is intratape (secondary) steric repulsion involving flat 
phenyl groups, but the underlying cause is favorable 
intertape (tertiary) stacking of these groups and the 
heterocyclic tape backbones. These initial forays into 
controlling tertiary architecture show that moieties that 
are capable of engaging in noncovalent interactions can 
be appended to the peripheries of tapes. Directing those 
interactions in a specific manner, however, remains a 
challenge. 

Experimental Section 

General Methods. N-(p-Iodophenyl)-N'-(p-cyanopbenyl)­
melamine (Mel(p-I-Ph)(p-CN-Ph)), 2-amino-4-((m-bromophe­
nyl)amino)-6-chloro-1,3,5-triazine (4), N ,N'~dipbenylmelamine 
(Mel(Ph).>, end 6,5-d!methylbarbituric acid (Bar(Me)J) were 
prepared according to previoU11ly published procedures. 2,4,5 The 
supplementary material contains epectroscopic details and 
elemental analyses (see paragraph at end of paper). Melamine 
and dibromobarbituric acid were obtained from Aldrich Chemi­
cale, barbital from Fisher Scientific, and barbituric acid from 
Alfa Products. Solvents were reagent gTade and were used as 
received without purification. 

Crystallizatiou. Mel(p-I-Ph)(p-CN-Ph)•Bar(Et)2,4•Ba.r­
(Et)a, and Mel(Ph):rBa.r(Me)J. These 1:1 comple1:es were 
prepared according to procedures described previously.2.•.a 
Crystals of the first two complexes were obtained by room-

Chem. Mater., Vol. 6, No. 8, 1994 1257 

temperature evaporation of solutiom of the complexes in ethanol 
and methanol, respectively, in 1-dram screw-top viala with the 
Iida resting loosely on top of the viala. Crystals of Mel(Ph):rBa.r­
(Me)1 were obtained by room-temperature evaporation of a 
solution of the complex in methanol in a glass beaker with a 
watchglaes resting on top of the beaker. 

Mel•Ba.r(Brh and MeU:I••BarH·. Solutiom of melamine 
and the barbituric acid (both 0.1 M) were prepared in distilled 
H20 and heated on a steam bath. When the temperature of the 
solutions was approximately 70 •c, they were combined in an 
Erlenmeyer flask. This flask was loosely capped and wu placed 
in a Dewar flask that contained approximately 25 mL of water 
that bad also been heated to about 70 ° C on a steam bath. The 
Dewar flask ·was corked and allowed to rest undisturbed for at 
least 24 h as it cooled to room temperature. Crystals of the 
complex developed during this cooling period. 

· X-ray Crystallography. Data on the Mel(p-1-Ph)(p-CN­
Ph)•Bar(Et). and Mel(Ph)rBa.r(Me>, complexes were collected 
on a Rigaku AFC5R diffractometer equipped with a rotating 
anode generator by Molecular Structure Corp., The Woodlands, 
TX. Data on the other complexes were collected on a Siemens 
P3 diffractometer at Harvard. All structures were solved and 
refwed at Harvard uaing the SHELXTL-PLUS, SHELXS-86, 
and SHELXL-93 package of progTams. For details of data 
collection, structure solution, and refinement, see the supple­
mentary material. 
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Abstract: This paper describes the crystal structures of a series of seven 1: 1 complexes between N ,N'-bis(m-X-phenyl)­
mclamine and 5,5-diethylbarbituric acid (X = H, F, Cl, Br, I, CH3, and CF3). This series provides small perturbations 
on the structures of molecules (N ,N'-bis(p-X-phenyl)mclamines) used in a previous study (Zerkowslci, J. A.; MacDonald, 
J.C.; Seto, C. T.; Wierda, D. A.; Whitesides;-6:-M:-J~J'lm:-C/rem;-Soc:-In-prcss). Both the meta and para complexes 
crystallize as hydrogen-bonded Ktapes". With the phenyl substituent in the meta position, however, the melamines can 
adopt a greater number of molecular conformations; this feature leads to a greater variety of orientations of packing. 
The meta series packs in both linear and crinkled tape motifs, and four of the seven complexes are solvatcs. By contrast, 
the para series, which used the same set of phenyl substituents, always yielded linear tapes and crystals without solvent 
in the lattices. Inclusion of solvent increases the packing coefficients of members of the meta series to values approximately 
equal to those of the para series: Thc:'multiplicity of.molecular conformations available: to the meta series is probably 
largely responsible for the clathration of solvent, which does not rely upon specific non-covalent interactions except 
in the case of the m-iodo complex with acetonitrile. The wider range of crystalline architecture in the meta series attests 
only to the kinetic accessibility of these packing formats; polymorphic phases of greater thermodynamic stability may 
occur. Polymorphism has not been investigated in the series of meta~substituted compounds. 

Introduction 

To expand our understanding of the physical-organic chemistry 
of the solid state, we are continuing to develop a system of co­
crystallized derivatives of melamine and of barbituric acid. 1-' 

Hydrogen bonding between these components affords crystal­
lographically ·infinite l:l solid-state complexes in the form of 
"tapes" that pack with their long axes parallel. The constrained 
packing of tapes allows systematic study of the relationships of 
crystalline architecture to molecular structure. Formation of 
the triad of hydrogen bonds that links the components of the. _ 
tapes withstands variation of the substitucnts at the periphery of 
the tapes. We have found thatstericproperties of the substituents 
can be controlled to induce selectively the formation of three 
different crystalline motifs: linear tape (for small substituents),3 
crinkled tape (for medium-sized substituents),2.4or cyclic pseudo-
C3 Mrosette" structures (for large substituents).2 These motifs 
can be thought of as abbreviated segments of the infinitehydrogen­
bonded sheet structure of the l: l complex between cyanuric acid 
and melamine (CA•M). We have used the network of hydrogen · 
bonds in the CA•M lattice as the conceptual template for the 
design of crystallographic motifs1.J and solution-phase struc­
tures.5•6 

Our most extensive investigations have focused on a series of 
para-substituted diphenylmelamines complexed with 5,5-dieth­
ylbarbituric acid (barbital,'Bar(Eth),3 The principal result from 
that work was that all the tapes were linear when the para 
substituent was CF3 or smaller,7 An important inference from 
X-ray powder diffraction was that polymorphism occurred for 

• Abstract published in Advance ACS Ab1rrac:11. April I, 1994. 
(I) Zerkowski, J. A.; Seto, C. T.; Wicrda, D. A.; Whitesides, G. M. J. Am. 

Chem. Soc. 1990, / 12, 902.5. 
(2) Zerkowski, J. A.; Seto, C. T.; Whitcsidcs, G. M. J. Am. Chem. Soc, 

1992, JU, 5473. 
(3) Zerkowslci, J. A.; MacDonald, J. C.; Seto, C. T.; Wicrda, D. A.; 

Whitcsides. G. M. J. Am. Chem. Soc. 1994, J 16, 2382. 
(4) Zerkowslci, J. A.; Whitesides, G. M. J. Am. Chem. Soc. Previous 

paper in this iuue. 
(5) Seto, C. T.: Whitesides, G. M. J. Am. Cliem. Soc. 1991. JJJ, 712. 
(6) Seto, C. T.; Whitesides, G. M. J, Am. C/iem. Soc. 1993, !JS, 1321. 
(7) In two complexes with largcraubatltucnu (X • C01Mo and C(CH1)i), 

the la!'fl were 1torlcally for~ to adorn either the ~inldod or rosette format.1 

Mel(p-X-Ph)2 Mal(m-X-Phh Bar(Eth 

some of the complexes. 3•1 In the work reported in this paper, we 
changed the position of substituents on the phenyl rings of the 
melamine component of the tapes from para to meta, so that we 
could explore a structurally closely related series of compounds. 
We employed the same set of substituents (H, F, Cl, Br, I, CH3, 

and CF3) in our investigations of both the para- and meta­
substituted series of complexes so that comparisons between the 
two series could be as straightforward as possible. The barbiturate 
component was held constant as Bar(Eth in both series. 

While these changes in the pattern of substitution on the 
diphenylmelamines are geometrically well-defined, they are not 
necessarily simple. For example, the number of conformers 
obtainable by rotation around the N-phenyl bond in the melamine, 
which affects both steric and electrostatic f c:atures of the molecules, 
is greater for the mela series than for the para scries.9 · Thu the 
orientational options for packing the molecules are substantially 
more complicated for the meta- than for the para-substituted 
compounds. '· 

Our overall aim in this work was to survey the crystalline 
architecture (either new varieties or modified versions of those 

{8) MacDonald, J. C.; Zerkowski, J. A. Unpublished data. 
{9) We are describing an effective rotation: when the phenyl sro11p1 arc 

adjacent to each other aa I.hey an, in both linear and i:rinltled t.apa, a JMta 
sub11ituent would be eir.pcctcd to binder rotation around tho N-phenyl bond 
relative to a ptva 1ubstitumt. DilTenmt c:cnfommliona muatiiutead be ac:c:eued 
when the melamine i1 free in 10l111!011 ( or only partially c:omplexed) and rotation 
uound tho N•trluinc bond bu separated tho phony! grouin, 
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Figure l. Views of the Md(Pb)rBar(Eth complex. 

previously observed) in these meta-substituted compounds and 
Lo establish the types of slructural changes that can accompany 
a relatively small penurbation on molecular structure. 

Results 

To give an overview of the important packing interactions in 
these co-crystals. we will continue to use the conglomerate pictures 
(Figures 2-7) that we introduced in previous papers. 3•4 These 
pictures show several different views of the structure. The complex 
in which the phenyl substituent is hydrogen (Figure I. N.N'­
diphenylmelamine/barbital, or Mel(Ph)r&r(Eth) was discussed 
fuJly in an earlier papcr.l It is included here for comparison to 
the meia series. since it could be considered a member of either 
the mera or para series. Table l lists crys1allographic data and 
some geometric parameters describing the packing of tapes. 

N.l'v'-Bis(m-fluorophenyt)melamine/Barbiml.Mel(m-F-Ph)r 
Bar(Eth (Figure 2). The packing of this complex is similar to 

. . .... ,,. 
. I ~r,:;.~•.:::;:·:.::: . . r ~r:::; ;.";~-~.->. 
-- - . - -------- -

.. < .,- - .• .J 
I 
I 
I 

··I 

that of the Mel(Phh•Bar(EthcomplCJt..although the arrangement 
of the phenyl groups i.s significantly different: the melamine 
molecule does not sit on a mirror plane as it did in Mel(Phh•Bar­
(Et):. One fluoropbeny! group is disordered. with 60:40 oc­
cupancy of sites related by a 180° rotation of the phenyl ring 
around the FC0H~-N bond. The corresponding p-F complex 
was also a nonso!vatcd 10 linear tape. but there were two tapes in 
its asymmetric unit. 

N.N'-Bls( m-chlorophenyl)melamine/lhrbital and N.N'-Bis(m­
bromophenyl)melamine/Barbital. Mel(m-0-Pbh·Bar(Eth and 
Mel(m-Br-Pbh•Bar(Eth (Figures 3 and 4). These twosU1.1ctures 

(10) We will use Lhc term solr:au 10 n:fcr to a specific kind of elazhrart 
in which the host is the: tnpe complex and lhc gunt is thc:solvcm from which 
it wns crysuillizi:d. For 3 propos,:d scheme of definitions of the varieties .oi 
cla1hrn10. sec: Weber. E. In Molecular lnt:ll&Sian and Molu11.lor 
Rr.rognitio~Clarhrale., !; Weber, E .. Ed.: Springer-Verlag: Berlin. 1987 
(Tap. Curr. Ch,m .. VoL 1~0). 
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Table 1. Crystallographic Data for Cocrystals of N,N'-Bis(m-X-phenyl)melamim:: and 5,5-Diethylbarbituric Acid, Mel(m-X-Pb)rB&r(Et)i• 

density crystallization dcv from ta pc 
x solvate :C~~ a (A) b (A) c (A) a (deg)b {J (deg)6 -r (deg)b R' (g/cml)d solvent planarit}" (A) motil1 

H Pnma 12.940 9.982 17.377 0.063 l.369 CH2Ch 0.14 L 
F n, 1/ 11 9.724 !8.715 13.068 93.18 0.085 l.394 CH,CN 0.17 L 
Cl 1/zTHF C2/c 27.319 16.656 13.335 119.09 0.044 J.422 THF 0.41 C 
Br 1!zMc2CQ C2/c 27.283 16.470 13.340 118.14 · 0.060 1.632 acetone 0.39 C 
J CH,CN P2i/c 13.095 11.575 19.212 96.52 0.033 !.734 CH1CN 0.6! L 
CHi Pi J!.273 12.117 9.730 98.35 110.86 81.45 0.054 1.333 EtOH 0.18 L 
CFi CHiCN P2i/n 14.268 9.824 22.377 108.!8 0.074 1.426 CH,CN 0.14 L 

·· • The underlined cell dimensions represent the r~t distance in a linear tape. 6 A blank indicates that the angle is constrained to be 90°. 'This 
value is the crystallographic reliability index, R = El(F0 - Fcll/Ef:o- '~lc:ulated. • D~tion •from p~ty of the hydrogen-bonded backbone (see 
the text). The average deviation of lineanapcs in ref 3 (para sem:s) IS 0.14 A.IL = linear, C = cnnlded. 

are isomorphous. The tapes of the complexes are crinkled. Thc:rc 
is a CH---O contact (H-O = 2.5 A, I::wdwu-o = 2.7 A) between_ 
a proton in the meta position of one phenyl ring and a barbital 
oxygen in the same tape. 11 Both meta complexes are solvates.12 

The crystals of the corresponding para-substituted compounds 
were also isomorphous to each other (for one polymorph of the 
p-X = Br complex), but both of those complexes were nonsolvated 
linear tapes. 

N,N'-Bl<!(m-lodophenyl)melamme/Barbital, Mel(m-I-Ph)rBar­
(Eth (Figure 5). The linear tapes of this complex pack as head­
to-tail dimers that are further stacked into sheets. The tapes 
deviate from planarity (Table l) to a greater extent than any of 
the linear tapes we observed in the para series. 3 Figure 8. sho"'.s 
this deviation in a side-on view of a tape. Solvent _(CH3CN) ts 
included in the lattice. There is a contact between.the nitrogen 
ofacetonitrile.and.an iodine atom (3.3 A., I::vdw ~ 3.5 A).13 In 
the p·I complex, which was not a solvate (even when crystallized 
from acetonitrile), there were·extensive I--1 contacts under the 
sum of the van der Waals radii; no such contacts occur in them-I 
complex. _ 

· N,N'-Bis(.m-methylphenyl)melamine/Barbital, Mel(.m-CHr 
Ph)rBar(Eth (Figure 6). These linear tapes pack in head-to­
tail dimers that then stack into sheets. The p-CH3 analogue was 
also a nonsolvated linear tape. 

N,N'-Bls(m-( triflooromethyl)pbenyl)melamine /Barbital, Mel­
(m-CF 3-Pb)r Bar(Eth (Figure 7). The tapes of this complex are 
linear and pack as head-to-tail dimers. Molecules of solvent (CHi· 
CN) are included in the lattice in discrete channels between the 
dimers. This structure is the first example of a channel clathrate 
that we have observed in crystals of tapes. There are no fluorine­
fluorine contacts under the sum of van der Waals radii. There 
is, however, a region of high fluorine density between tapes Band 
D in Figure 7. The p~CF 3 complex also consisted of linear tapes 
but was not a solvate. 

Packing Fractions (Table 2). The meta complexes that 
crystallize as solvates would have lower packing fractions than 
their para congeners if the volume of the solvent molecule were 
not in chided in the calculation of Ck• .14 In fact. two of the solvates 
(m-1 and CF3) would have values lying outside the range accepted 
as nonnal for organic molecular crystals. u Inclusion of the solvent 
leads to more efficient packing as measured by minimization of 
void spaces and maximization of contact of van der Waals surfaces. 
We comment on the values of Ck• in the Discussion section. 

(I I) Wcdonotlcnowifthiscontactisattractiveorrepulsivc. Fora discussion 
of CH-0 contac:ts, sec: Dc=iraju, G. R. Acc. Chem. R~s. 1991, 24, 290. 

( 12) For Mel(m-0-Pli)rBu\Et)i, the solvent is an ordered molecule of 
THF; for Mel(.m-Br-Pb)rBar(Eth, the solvent is a disordered molecule of 
acetone. • • G 

( 13) For an investigation of nitrilo--iadinc interactions, sec: Di:siraJu, . 
R.; Harlow, R. L. J. Am. C/m11. Soc. 1989, ill, 6757. . . 

(l 4) Ct =- N• V .,,./ V odl, where N is the number of molecules m a u~lt cell, 
V mo1 is the molecular volume, and V cell is the volume of the urut cell. 
Kitaigorodsky, A. I. Organic Chemical Crysrallography; Consultants Bu­
reau: New York. 1961. For a discussion of our modified parameter Ct" 
(c:alculated using MacroModcl), see ref 3. . . 

(I 5) Values of Ck usually range from rouply 0.65 to 0.7?, DemaJu. G. 
R. Crys1a/ E,igin,arlnr, Th, D11lp of<nr~nlcSollds; ElJevm: Now York, 
I 989: Chapter 2, 

Discussion 

Crystalline Architecture in the Meta Series. This series of 
complexes presents examples of several new varieties of the 
architecture of packing of tapes, as well as modifications of some 
types that we have observed before. Five of th~·sevcn structures 
(m-X = H, F, I, CH3, and CF3) consist oflinear tapes, while the 
other. two (m-X = Cl and Br) are crinkled tapes. We have not 
searched for polymorphism, which was important in the para 
scries. 16 Polymorphism may, in fact, also turn out to be 
crystallographically important in the meta series; the greater 
variety of architecture already observed for co1;11plexes of meta­
substituted diphenylmelamines might suggest that the existence 
of polymorphs of these complexes is likely. 

There are·two sets of crystals in which members of the meta 
and para series have similar although not isomorphous structures. 
First, the m-CH3 complex adopts a structure analogous to that 
of the p-Cl and p-Br (form I) complexes.3 All-three crystallize 
in space group PI and consist of stacked head-to-tail dimers of 
tapes. Second, the crinkled tapes of m-Cl and m-_Br packsimilarly 
to the crinkled tapc2 of p-CO2Me in space group 0./c, with 
solvent included between stacks of tapes. · 
' Am>ther similarity occurs in the packing of the Mel(Ph)rB11r­
(Eth and Mel(m-F-Pbh•Bar(Eth complexes. In this pair, steric 
effects seem uppermost in determining packing, since a large 
change in the dipoles of the substituents does not alter the 
secondary or tertiary architecture. In addition, the disorder ~f 
one of the m-fluorophenyl moieties demonstrates the rough stenc 
equivalence of Hand F. By contrast, a different result is obtained 
on going from Mel(Pbh•Bar(Eth to Mel(p-F-Ph)rBar(Et)z. 
Those two complexes pack with different tertiary a.rchitecture.3 

The adoption of a crinkled tape motif in the meta series is not 
due to the bulk of the substituents. Larger substituents (CH3 
and I) afford linear tapes, while smaller ones (Cl and Br) afford 
crinkled tapes. Itis, however, not clear what factors do determine 
whether a member of the meta series adopts a linear or a crinkled 
motif. The observation of a particular motif might, in fact, turn 
out to be a manifestation of polymorphism. In other words, 
different conditions of crystallization may yield alternative 
crystalline architectures (such as a crinkled m-1 or a linear m-Br 
structure). 

Toe Mel(m-l-Ph)rBar(Eth complex has a tape backbone that 
is abnormally deformed, or wavy, for a linear tape {Table I and 
Figure S). We hypothesize that the deformation of the tapes of 
this complex reflects association of CH3CN and iodine, and not 
steric properties of the substituent. 13 The tapes incorporating 
the substituents m-CH3 and m-CF3 (both of which have larger 
cross sections than I) deviate from planarity to about the same 
extent as the tapes containing the small suhstitucnt m-F (see 
Table 1). 

Importance of Solvent to Packing, Four of the seven complexes 
of the meta series are solvates: two of the linear tapes (m-1 and 

(J 6) Thcprincipa.l reason that we have not yet looked for alternative pha.sea 
of thcac ccmplcxea is that wo lack an experiment.al setup capable of pri,yenting 
dc:aolvatlon while invcatiaalina.tho powder diffraetlOTI patt.ema of c:l&thratca. 
Non-aolvated polymorph• cculd of c:oune oec;ur, howenr. 

.,, 
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* 

FlFe 2. Views of the Mcl(m-F-Ph)rBar<Et): complex. One Ouorophenyl group (indicated with an astcruk) is disordcn:d: only one position (the 
one with the more populated fraction:il site occupancy) is shown· for the fluorine in this group. 

m-CF3) and both of the crinkled lapes (m-CI and m-Br). By 
contrast. none of the crystals of linear tapes in the para-substituted 

series.containedsolvent. Alloftb~solvatedcrystalsdecomposed 
through the loss of sol\'ent :n room temperature in the open 

. ~-·-,,.:..:·. --
---~-~~---==--==.......·. 
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' cry:rral S1n1c1ures of ,ifelamine-Barbiwric Acid Complexes 

Figutt 3. Views of tile MeJ(ll>-0-Ph)rBar(Etlro.sTHF Cllmplex. 

atmosphere. as evidenced by their transformation from clear to 
opaque and by the development off ractures. The m-CF 3 complex 
desolvated in a matter of hours. m-C! and Br in about a <my, and 
m-I over the course of several days. For clatltrates, the guest is 
an integral partofthel:mice. It might be most accurate, therefore. 
to describe these crystals as three-component systems composed 
of melamine. barbital. and solvent molecules. Solvent .seems to 
play an important role in determining the packing of these uipes 
(probably more important than th:.n it plays in crysuilizations 
of nonsolvatcs). 

The precise influence of solvent in determining the pacidng of 
the meta structures remains obscure. The m-1 soh·ate is the only 

J. Am. Chem. Soc .. Vol. I 16, No. JO. 1994 4309 

structure that !ms a specific non-aJValent interaction (CN-I) 
between solvent and hosL The crinkled solvatcs, m-CI and m-Br, 
have contacts between hydrogen atomsof.µtesolventandhaiogen 
atoms (in the range or 2.9 to 3.0 A) that are just at the limit of 
van der Waals contact (approximately 2.95 to 3.05 A). but these 
interactions arc: probably weak. Since voids in these two 
isomorphous crystals arc filled by different solvents (THF and 
:icetone), we infer that shape specificity of host for guest is 
minimal. In the m-CF l case. there is no host-guest contact. but 
there is a H--N contact (2.5 A, !:.aw~ 2.7 A) between adjacent 
solvent molecules. creating a crystallograpbically infinite chain 
that may be held together by weak hydrogen bonds. We have 
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Figure 4. Views of the Mel(m-Br-Pb)r8ar(Et)r-0.5(Mei<:0) comple.~. Only one orientation of the disordered ac::tone molecule is shown. 

not yet investigated the contribution of solvent by attempting to 
crystallize these.complexes (especially t.hesolvates) from different 
solvenu. 

For the para series. we searched for polymorphism by 
performing X-ray powder diffraction !XPD) on crystals of the 
complexes grown from different solvents. While polymorphism 
occurred unambiguously for p-Br and p-CF 3, there was never a 
special relationship between solvent and crystalline phase in the 
sense that polymorph X was only obtainable from solvent X or 
that solvent Y yielded only polymorph Y .17 In particular. there 
appeared to be 110 specific inter:iction between CH 3CN and the 
p-1 complex when it was grown from that solvent.5 The crystals 
were nm solvalcs. and they had the same structure (_:iccording to 
XPD) as crystals grown from other solvents. Similarly, neither 

p-CI grown from THF nor p-Br grown from acetone weresolvates, 
unlike their meca analogues. Observation of solvent-dependent 
polymorphism in the meta series would therefore constitute a 
marked difference from the para series. 

Table 2 compares values of the packing coefficient. c., •, for 
the para and meta series. In most cases. the value for the meta 
complexes is the same or only slightly larger than that for the 
para complexes. The e.'l:ccption is the pair of CHrsubstitutcd 
complexes .. The meta-CH1 complex has a higher value of Ck• 
and is also more dense. The space-filling of the meta series is. 

C 17) Polymorphism of the p-Br romplci1 (and perhaps of I.he para.CF1 
complex·, appeared 10 be more sensitive to the rate of crystal growth by solvent 
evapornrion, or 10 factors inflnencing n11dca1ion (such· n.s ,-ibra1ions or dust 
r.3rticics) over whicb we exercised little or no control.. than 10 the solvent from 
wbich the crvstals formed ( MacDonald. J. C.: Weissbe,,:kc:r, C.: Zericowski. 
J. A. Unpubiished dam). 
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Figurt 5. Vi~s of the Mel(m-[•Phh•&r(EOrCH:,CN complex. 

therefore. not necessarily less efficient than that of the para 
series. Table 2 also includes a listing of hypothesical Ct• values 
for the mer a solv:itcs with solvent removed. It is interesting that 

inclusion of solvent increases the efficiency of space-filling 
for the meta series only to values roughly equal to those of the 
para series. 
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Figun 6. Vic'llls of thc·Mel(m-CH,-Pb)rBa.r(Eth aimplcx. 

Conclusions 

A comparison of the- series of me1a-substitutcd diphe­
nylmelamines complexed with barbital presented in this paper to 
the para-substituted serics>shows that small changes in molecular 
structurcc:m be accompanied by significant changes in crystalline 
architecture. For example, switching a chlorine substituent from 
a-para to a meta position on a phenyl ring results in a change in 
lhc: tape motif from linear to crinkled. We emphasize. however. 

Z.:r-kowski er al. 

.~ 
I ; 

i 

that we do not know whether this change reflects thermodynamic 
or kinetic factors {or both). Without extensive studies of 
polymorphism. the observation of these two particular chlorine­
containing structures shows only that both :ire acce.ssible, not 
that they :ire thermodynamically preicm:d relative to other 
structures. 

The meta series provides new examples of the varieties of 
cryst:illine architecture that tapes. particularly linear ones. can 

. ..,_ 

UM00012536 
NOVARTIS EXHIBIT 1017 

Novartis v. Regents, IPR2023-01346 
Page 1282 of 4460



Crysial Siruciures of Melanrine-Barbiruric Acid Comple:ceJ 

........ .,. •=I• 

-··- ·-·---··· ·1 

I 

--·- ,. 
- .. 1 · 

. ··-·-·----1--­
··· ----- .-··r--······ 

I 

I 

. ·----L·--·· 

Figure 7, Views of the Mel(m-CF:,-Ph)rBu(Et)rCHP complex. 

adopt. Tapes c:in accommodate solvent in the lauicc in several 
ways. First. crinkled ~2.pes (such as m-CI and Br) can pack to 
give pockets between st:i.cks of tapes thin solvent can fill. Second, 
linear tapes (m-l) can deform from planarity (become -wavyw) 

J. Am. Chem. Soc .. Vol. 116, No. JO. 1994 43·13 

. ·- I 

I 

1: . 
.:··:,,.·- -··.·. ·v,, ... 

. . . . . 
. •••. ...,. ... ~- ~--. 1.,- ... ~ .. ·-·"""' 

I 

to allow a solvent molecule to engage in a dose. specific contact 
with a tape substituenl. Third. linear tapes {m-CF3) can pack 
with channels of solvent between them. In each of these cases, 
inclusion of solvent increased the efficiency of space-!illing of the 
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Fipre 8. Side view of a tape of the Mel(m-1-Pli)::rBar(El)rCH~ complex showing the dmation from ple.ne.rity or the tape baclr::bo~~- . Th; co~tact 
between acctonitrilc and iodine ja indicated by a dashed line .. _ The a;oms of th~tape backbone arc shown u thermal ellipsoids. 

Table l. Comparison of Packing Coefficients. for the Meta and . . . . . while the limited architcciure of the para seri~-.~~r;ii~ ·N-::iv~---·-~ ~=-: .. :·::_ · :· .. 
Para Series• -·---di(tert-butyl)melamine series•is a result of the-rcduccd-confo~.-------

- -·--· · · =· -- ~-"' 'q• for ,;,";x- ------- .· :..~ --=-mitionafmultiplicity of those molecules. . -
I 

- - . --- ----
with solvent hypothetical, ...... 

X c,•forp-X6 ifpresent withoutsolvent' ·· · .... _.:.-:.·-:. ······-·-······--
Experimental Section •,7,•-·~in~·- =-·-. -.. ,-;~ -

H 0.72 :-- -· ·--· ·· -();72- ... . .... -·· ..... •·· ... ···- • -· .. • • ---··· •ac•e•;,,-,,._.,, ••···-··. • c :•:·•., •.•.-.·.·c•. "'·· •:c: 

_.,_. ,,-.· .. ,. F -· ·· · ·· 0-69 r:,,c,,;-; ·, · ' -~. 0.69·- "'·" .-,.·._. ··· ·· ·· Geriu-d. Airanilinc:swereobtainedfromAldrichChemic:als:0a~ml 1 .,,._,•.o. ., ,,.,, ·,-r:=e:; 
Cl (I {lTHF) 0.70 0,70 0.65 
Br (l/2Me1CO) 0.71 (form I) ····,.-0.11 ·o:67 ' : procedurc:s were-performed as prymausly published.)_"•:~_-·-·· 

~-:7• 0.69 (fornl II) ... ·-··--· .. . .. ---·-·· ---·-· ... --· Cmenl-ProeidmeforSyntht.sliof'.2-~,6-bis(ujlaii.ifno)-I~;;~.:-•:'-· :.:s-::-:-:::,:--.n, . .-:_.·~-~ 

···· I (CHiCN) -," 0.69 ~ .. ~. . 0,70-· · -., .. -- --0,63-· ~. ~ .. --triazims-(N.N'•Plpbeny~).19 A 0.l M solutimt.Qfcyanuric'-•···"·'.' :•-~·:_-:_:..:....:._:_' 
·----·cHi 0.68 ________ .!l..:71 ________ ·-··-· -----·· cbloride_was.prepar:edin frcshlydistilledTHFandcooled"inanicc-water· :·:.· .. ::•· _, ·:··:::<:·~= 

::._ CFi (CH1CN)···•· 0.66 0.67 0.61 bath. A THF solution of I equiviof the aniline (0.C!vi_fimdTcq__uiv·of-. -. -· .. , ·~ 
· ----· a These packing coefficients are based 011 molccuJarvolumes calculated diiBopropylethylamine as bue was added from a dropping funnel over the 

with MacroModel. See ref 3 for a discus.sion of the relationship between course of15-30 min with magnetic stirring of the rcacti011 mixture. When 
ck• and the packing coefficient calculated in a traditional way, Ct.1• the addition was complete, the mixture was allowed to warm to room 
b Taken from ref 3. < This value is a hypothetical one.that excludes the temperature, and stirring was continued for another hour. The mixture 
contribution to volume from the included solvent molecule. was heated to 40-50 °C in an oil1bath, and another equivalent each of 

meta series to values approximately equivalent to those of the 
para series. Only them-I complex relics clearly upon a specific 
host-solvent contact to favor clathration. 

We suspect that nonspecific clathration of solvent may arise 
principally as an effect of polymorphism. For example, since the 
linear motif can accommodate meta substitucnts with large 
diameters (I, CH3, CF3), there should be no steric barrier to the 
m-Br or m-CI complexes adopting a linear motif. Thus there 
could well be other (yet unobserved) polymorphs, such as linear 
m-Br and m-Cl tapes, that pack to fill space more completely but 
that are not solvates. These phases might occur if crystals were 
grown from a solvent that for some reason (probably steric) 
could not be included in a lattice of tapes. Kinetic effects leading 
to packing arrangements that are local minima in free energy 
should become more important as conformational multiplicity 
increases. 18 Computational modeling and energy calculations 
will be required to make comparisons between alternative packing 
orientations. 

The meta series of complexes has important structural 
similarities to the corresponding para series, and to other related 
I: l co-crystalline complexes that we have investigated. In 
particular, members of this series preserve the triad of hydrogen 
bonds between melamine and barbituric acid components as the 
dominant structure-determining element in the solid state and 
crystallize in both the linear and crinkled tape motifs observed 
previously. Our initial investigations into this series suggest to 
us, however, that crystals based on meta-substituted cliphe­
nylmelamines are less suitable than other series we have examined. 
(specifically, crystals based on para-substituted diphenyl­
melamincs3 and on N,N'-di(ren-butyl}melamine4) as the basis 
for a systematic physical-<1rganic study. This unsuitability arises 
because of the greater number of varieties of packing adopted by 
the meta series than by the para series. We hypothesize that this 
range of architectures may be attributable to the variability of 
molecular conformation of meta-substituted diphenyimelamines, 18 

( 18) Desiraju, G. R. Crysral Enginttrlng: The Design of Organic SolldJ; 
Elsevier: New York, 1989; Chapter 10. 

aniline and base (in THF) wu ad~. Heating wu continued for several 
hOlln. At this stage, the interm~tc 2-chloro-4,6-dlamino-l,3,S•triazine 
was pure enough, as determined fby. TI.C, that it could be isolated by 
filtering the reaction mixture throVP a abort plug of silica gel. The silica 
gel was washed with solvent (ethyl acetate or TiiF) and the combined 
'orgllllic solutions were concentrated to dryness by rotary evaporation at 
aspirator pressure- .An altcmativ~ procedure was to remove the solvent · 
from the reaction mixture by rotary evaporation, dissolve the rc:sidue in 
ethyl acetate and wash it several times with H20, and then remove the 
ethyl acetate by rotary cvaporatio~. -The crude product was used directly 
in the next step. 

The 2-chloro-4,6-diamino-!,3,S-triazinc (dissolved in approximately 
5-8 mL of 1,4-dioxane or THF) and a magnetic stirrer were placed in 
a 15-mL pressure bottle- Approximately 3-5 mL of 30% NH.OH was 
added, and the bottle was capped and heated (CAUTION: behind a 
safety shield) to 100-105 °C in an oil bath. Heating was continued for 
5-8 h, after which the vial was cooled and opened to meaaun the progress 
of the reaction by TLC. If an unacc:cptable amoU11t of starting material 
remained, an additional portion or 30% NH.OH (2-3 mL) was added, 
and the vial was recapped and reheated. When reaction was judged to 
be complete by TLC, the solution :was poured into 150-200 mL of H20, 
and the precipitated product wu collected by vacuum filtration. After 
drying under vacuum at 0.1 Torr, the crude melamine was purified by 
flash chromatography on silica gel. 

The melting points of the melamines were the following: Mel(m-F• 
Pbh, 178-80 °C; Mel(m-0-Pbh, 181-84 •c; Mel(m-Br-Pbh, 192-9S 
°C; Mel(m-1-Pbh, 188-91 °C; MeJ(~Pb)z, 138-40 •c (lit.10 mp 
139-40 °C); Mei(m-CF rPbh, 70-7 5 •c. Forspcctroscopic detail.sand 
elemental analyses on new compounds ace the supplementary material. 

Preparation of Complexes. Equimolar amounu of the melamine and 
barbital were dissolved together (in one flask) in THF. The solvent was 
removed by rotary evaporation at aspirator pressure, and the composition 
of the complex was c:becked by 1H NMR spectroscopy. [f integration 
of pcab indicated tbat one component.was present in excc:ss. the other· 
component was added to bring their ratio to l:J. The melting poinu of 
tbe complexes were the following: Mel(m-F-Pb):rBar(Et)1, 230-32 °C; 

(19) This prcccdure is a modification of that found in: Kaiser; D. W,; 
Thurston, J. T.; Dudley, J. R.; Schaefer, F. C.; Hechcnbleikncr, I.; Holm• 
Hansen, D. J. Am. Chem. Soc. 1951, 7J, 2984. 

(20) Honda, I. Yuki Gosei /Cagaku Kyolcai Shi 1962; :ZO, 460; Chem. Abm. 
1963, 58, 4568c:. 
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,, Crystal Structures of Melamine-Barbituric Acid Complexes 

Mel(m-O·Pb)rBu(Eth,21 21~12 °C dee; MeJ(m-Br-Ph)rBar(Et)i,21 

l 9!-94 °C;Mel(m-I-Pb)rlu(Eth,11 197-202 °C;Mel(m,Of,,-Pb)rBu­
(Eth,I98-2000C;Mel(m-CF,-Pb)rBar(Eth,21 l 78-8 l °C. Thcmelting 
point of barbital is 19~92 °C. · 

CrystB!lmdon of Complexes: Mel(m-CH:rPh)rBu(Et):. Crystals 
were grown by room-temperature evaporation of a solution of the complex 
in Et OH. A slow rate of evaporation (approximately 2 weeks fon:omplete 
evaporation of solvent from a 1°mL sample of solution) was achieved by 
enclosing a loosely capped 1-dram screw-top vial containing the solution 
inside a 10-mL vial that was also loosely capped. 
~.Mel(m-F-Pb)rBar(Eth, Mel(m-I•Ph)rBar(Eth, and Mel(.a>-CT:r 

•. Pb)rBu(Eth, Crystals were grown by allowing a solution oflhe00mplc:x 
in boiling CH3CN to cool over the coune of at least 24 h to room 
temperature. A slow rate of cooling was achieved by enclosing a round­
bottomed flask containing the solution in 11. corked Dewar flask. After 
it was observed that crystals of the m-1 andm-CFi complexcsweresolvates, 
these crystals wm stored in contact with mother liquor. 

Mel(m-Cl-Pb)rBa.r(Et)JandMel(m-Br-Pb)rBar(Et):z. Crystal.swerc 
grown by room-temperature evaporation of solutions of the complexes 
inTHFandac:tane,rcspectively,inloosdycappcd25-mLround-bottomed 
flasks. Once suitable single crystals had formed, as detmnined by 
observation under a microscope, the llaskll were tightly stoppered to retain 
a small amount of solvent and prevent decomposition of the solvatcd 
crystals. 

(21) The c;rystalline samples used for melting point analyses of these 
complexes had been grown from the solvent that afforded the solvated crystals 
studied by single-a-ystal diffraction, but they had dcsolvated prior ta the melting 
point analysis. U solvatcd sampl~ had ~ used, they proba~ly would ~ve 
dcsolvated (even in a sealed capillary) dunng the melting pomt analym. 

J. Am. Chem. Soc., Vol. 116, No. 10, 1994 4315 

X-nay Cr,,stallognpby. For details of X-ray data collection and 
structure solution an~ rcfmement. see the supplementary material. Data 
were collected on complexes af Mel(IZ>O-Ph)rBu(Eth and MeJ(m­
Br-Pll)rBar(Eth at Harvard on a Siemens P3 diffractometer. Data on 
the other complexes were collcc:ted by Molecular Structure Corp .• The 
Woodlands, TX, on a Rigaku AFCSR diffractometer equipped with a 
rotating anode generator. AJi structures were solved and refined at 
Harvard using the Siemens SHELXTL-PLUS package of programs. 
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Supplementary Material Available: Experimental details for 
melamines, crystallographic details including tables of atomic 
positional parameters and bond lengths and angles (95 pages); 
tables of observed and calculated structure factors (85 pages). 
This material is contained in many libraries on microfiche, 

· · immediately follows this article in the microfilm version of the 
journal, and can be ordered from the ACS; see any current 
masthead page for ordering information. 
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Polymorphism occurs in the family of engineered cocrystals that form from N N '-bis(,p­
X-phenyl)melamines (X = H, F, Cl, Br, I, CHs, and CFs) and barbital. X•ray powder 
diffraction indicates that only one crystalline phase formed for X .== Cl, F, and CHs, that 
primarily one phase occurred for X = H and I, but that a small contribution from an 
alternative phase or phases was possibly also present, and that at least two different 
polymorphs exist for both-X =Brand CF8• Agreement of positions of peaks in experimental 
XPD traces and reflections calculated from single-crystal data is good, while agreement in 
intensities is good in some cases but only fair in others. Reasons for this disagreement are 
likely to include the physical design of the diffractometer and preferred orientation of 
crystallites in the sample. Two of the polymorphic forms ofX = Br are converted to a third 
on annealing at 140 °C. Sterle effects seem the most probable ·origin of the polymorphism: 
the bromine-substituted diphenylmelamine crystallizes in several polymorphs, and the 
bromine substituent is intermediate in size for the family of substituents examined. This 
cocrystal forms one polymorph that is formed by cocrystals having larger substituents (I 
and CHs) and one that packs similarly to a cocrystal having a smaller substituent {Cl). 

Introduction 

Successful design of crystalline organic solids requires 
control over molecular packing. As part of our studies 
of the engineering (that is, the design and preparation) 
of organic molecular crystals, 1-• we are concerned with 
the occurrence of multiple patterns of packing­
pol_:rmorphism-for compounds of interest. The wide­
spread occurrence of polymorphism in organic crystals 
makes the packing of organic molecules especially 
difficult to rationalize and predict. As Desiraju has 
rhetorically asked in: his important overview of organic 
solids, "does the existence of polymorphism negate ... 
the very concept of crystal engineering?".5 

Truly rational solid-state design will not be possible 
until polymorphism is understood and controlled.6 Al­
most all approaches to understanding the structure of 
crystals focuses on their thermodynamics: the first 
question is always "what is the most stable crystal 
form?" The occurrence ofpolymorphs often reflects the 
kinetic factors that determine the rates of nucleation 
and growth of crystals and is even more difficult to 
understand than the thermodynamics of the most stable 
crystal.7 Since the crystal that forms in some circum­
stances is not necessarily the most stable crystal, it is 
especially difficult to work out structure-stability rela­
tions of the sort on which physical-organic chemistry is 

• Abstract published in Adoonce ACS Abstracts, June I. 1997. 
(l) Zerkoweki, J. A.; MacDonald, J.C.; Seto, C. T.; Wierda, D. A.; 

Whitesides, G. M. J. Am. Chem. Soc. UHM, 116, 2382. 
(2) Zerkowski, J. A.; Whitesides, G. M. J. Am. Chem. Sac. 1994, 

· I 16, 4298. 
(3) Zcrkowski, J. A_; Mathies, J. P.; Whitesides, G. M. J. Am. Chem. 

Soc. 11194, 116, 4305. 
(4) Zerkowski, J. A.; MacDonald, J. C.; Whit.csidcs, G. M. Chem. 

Ma.ur. 11194, 6, 1250. 
(5) Desiraju, G. Crystal EnginttrirllJ: The Design o(Organu- Solid•; 

Eleevier: New York. 1989; Chapter 10. 
16) Bernstein, J. J. Phys. D: Appl. Phys. 1993. 26. 866. 
(7) Salo, K. J. Phys. D: Appl. Phys. 1993. 26, B77. 
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based.8 Complicating this issue is the fact that many 
polymorphs differ in energy only slightly (for example, 
by less than 10 or 12 kJ/mol, according to compilations 
of heats of transition between polymorph.s).9,10 

A further difficulty is that conformational polymor­
phism11 will always be a theoretical possibility for 
molecules that have multiple conformational isomers 
accessible energetically: every different conformation 
is a different molecular shape and can, in principle, form 
its own crystalline polymorph (or polymorphs). Even 
molecules constrained to pack in geometrically simple 
aggregates through the use of directional intermolecular 
forces-the class of interest in our work-can show 
conformational isomerism and polymorphism. Evidence · 
of the present difficulty in rationalizing and controlling 
polymorphism is the fact that an experimental exami­
nation for polymorphs usually involves an almost 
undirected, empirical search across the many param­
eters-solvent, temperature, mass transport, nuclea­
tion-that influence crystallization.12 

The study of polymorphism can be valuable for several 
reasons. 13 It can yield information about the interplay 
between molecular conformation and intermolecular 
interactions. It will contribute to the determination of 
the stable thermodynamic form of a molecular crystal. 
It also has technological ramifications: polymorphism 
is an important consideration in the design of acentric 

(8) Duniu, J. D. Pure Appl. Chem. 1991, 63, 177. 
(9) Burger, A.; Hamberger, R. Mikror:him. Acta (Wien) JI 1979, 273. 
(10) Royer, J.; Dccorcl, C.; Tinland, B.; Perrin, M.; Perrin, R. J. 

Phys. Chem. 1989. 9:J, 3393. 
01) Bcnl&t<'in. J. In Orsanic Solid Slate Chemistry; Dcsireju, G., 

Ed.; Elsevier: Amsterdam. 1987. 
<12) Etter, M. C.; Krr.SH, R. B.; Bernstein, J.; Cash. D. J. J. Am. 

Chem. Soc. 1984. 106, 6921. 
!13J (u) MrCronc, W. C. In Phy,ics and Chemistry of the Organic 

Solid State; Fox. D., LabcH, M. · M .. Weissberger, A., Eds.; lnt.cr­
scicnre: Ne-.: York, 196li; Vol. 11. (h) Halcblion, J. K. J. Pharrn. Sci. 
1975, 64, 1269. 
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phuscs for nonlinear optical materials, 1-1 in explaining 
solid-state reactivity,lf1 in stabilizing bioavailability in 
pharmaceutical applications where rates of dissolution 
of a drug can differ among polymorphs, 16 and in control­
ling the physical properties (packing, pourability, tri­
boclectrical effects) of crystalline solids. 11 •· 19 

We have previously demonstrated that 1:1 cocrystals 
of melamines and barbiturates serve as a model system 
for the study of packing in organic molecular crystals 
in which molecular structure can be correlated with 
crystal structure (at least to some extent). 1- 4 One class 
of this system, composed of N.N '-bis(p-X-phenyl)­
rnelamines and barbital (where X = H, F, Cl, Br, I, CH3, 
and CF:i), clearly exhibited polymorphism (see ref 1 for 
the crystal structures of this series of complexes). Here 
we present a study of the polymorphism of this family 
of complexes, using X-ray powder diffraction and solid­
state NMR spectroscopy. Although techniques such as 
differential scanning calorimetry (DSC), thermogravi­
metric analysis (TOA), solid-state IR spectroscopy, and 
optical microscopy have been used to study polymor­
phism, we have focused on XPD since this technique 
provides information. about the packing of molecules in 
cryfltal lattices. We have not attempted to address the 
use·ofXPD as a method for ab initio determination of 
crystalline structure. Rather, a major objective of this 
work was to demonstrate, on a representative class of 
designed crystals, that XPD is the most convenient tool 
to use for rapid yet comprehensive screening for poly­
morphism in organic solids and that a survey for this 
phenomenon is crucial to rational crystal en~neering. 

H, _.H 
N 

NAN 
~ Ji.. ¢¾¢ 

X X 

N,N'-bis(para-X-phenyl)melamine 
X = H, F, Cl, Br, I, CH3, CFi 

barbital 

Results and Discussion 

Detection of Polymorphs using X-ray Powder 
Diffraction (XPD). We rely upon XPD for information 
about polymorphism in polycrystalline samples. This 
technique provides qualitative results quickly, and it 

(14) Oliver, S. N.; Pantelis, P.; Dunn, P. L. Appl. Phys. Lett. 1990, 
56,307. . 

(15) Cohen, M. D.; Schmidt, G. M. J.; Sonntag, F. I. J. Chem. Soc. 
1964, 2000. 

ll6) (a) Byrn, S. R.; Prei.ffer, R. R.; Stephenson, G.; Grant, D. J. 
W.; Gleason, W. B. Chem. Mater. 1994, 6, 1148. (b) Byrn, S. R. Solid­
State Chemistry of Drugs; Academic Press: New York, 1982. 

(17) For food behavior, see: (a) Walstra, P. In Food Structure and 
Behavior; Blanshard, J. M. V., Lillford, P., Eds.; Academic Press: 
London; 1987. (b) Craig, S. R.; Roberts, K. J.; Sherwood, J. N.; Sato, 
K.; Hayashi, Y.; Iwahashi, M.; Cemik, R. J. J. Cryst. Growth 1993, 
128, 1263. (c) Davey, R. J.; Richards, J. J. Cryst. Growth 1985, 71, 
597. 

(18) For polymorphism of clathrate latticea, see: Weber, E.; Sko­
bridia, K.; Wierig, A.; N8ll8imbeni, L. R.; Johnson, L. J. Chem. Sec., 
Perkin Trana. 2 1992, 2123. 

(19) For polymorphism in organic conductors, see: Shibaeva, R. P.; 
Kaminsk.i.i, V. F.; Yagubakii, E. B. Mo/. Cryst. ·Liq. Cryst. 1985, 119, 
361. 
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characterize,:; the average . structure of a sample of 
crystals generated by a given set of crystallization 
conditions, not just. the structure of a few selected single 
crystahi suitable for single-crystal X-ray diffraction. In 
contrast to spectroscopic methods. which ch,,n1cterize 
the local environment of individual atoms or functional 
groups, XPD provides a fingerprint, or diagnostic pat­
tern, of any crystalline lattice that is present in a 
polycrystalline sample; that is, it characterizes the 
three-dimensional organization of molecules in a solid 
not just the environment of single molecules. ' 

For these studies, we have examined only the influ­
ence of solvent on crystallization;20 all crystallizations 

. were carried out at room temperature. Figures 1-3 
show XPD traces for complexes containing the seven 
substituents used to construct t.his family. Each set of 
traces includes a calculated trace,' generated using the 
Siemens program XPOW or the MSI program Cerius•2 
from the data obtained from single-crystal diffraction 
studies. These calculated traces consider only the 
intensities of the reflections, the unit-cell dimensions, 
and the lattice symmetry; no explicit allowance is made 
for disorder of the molecules in the crystalline lattice, 
crystal morphology, or X-ray absorbance.21 Experimen­
tal traces were obtained from crystals that had been 
ground for several minutes with a mortar and pestle. 
Crystals were grown from several solvents., not just the 
solvent used to obtain single crystals for diffraction. 

Comparison of the experimental traces to the calcu­
lated trace suggests that these seven complexes can be 
separated into three classes. The first class (X = Cl, 
CH.,, and F) has, in our opinion, satisfactory agreement 
between experimental and calculated traces. By this 
judgment, we mean that the positions of the observed 
peaks (their 20 values) do not deviate, within the 
experimental error of the technique (approximately 
±0.2°), from the calculated values. Furtherm•Jre, the 
relative intensities are also in general agreement with 
calculations, although some peaks clearly are weaker 
or stronger than calculations predict. We discuss our 
investigation of potential c_auses for disagreement be­
tween calculated and experimental diffraction traces 
below. 

The second class (X = H and I) is intermediate in 
agreement between experiment and calculation. The 
positions of peaks, especially the most intense ones, are 
in satisfactory agreement, but in some traces the 
relative intensities of experimental peaks agree less well 
with the relative intensities of calculated peaks than 
they do in the first class (X = Cl, F, and CH.s). 
Additional low-intensity peaks may appear, suggesting 
that other polymorphs may be present. Alternatively, 
some peaks expected from calculation may be weak ?r 
virtually absent; Tb4a diminution is moat apparent lll 
several traces ofX == H that have only broad, ill-defined 
peaks, which may be indicative of poor crysta,llinity. 

(20) A number of tllc:hniquea can be employed, such as !l!por 
diffusion, sublimation, or melt crystallization. Experimental condiJ:ion& 
such as temperature or rate of evaporation of the solvent can~-~ 
varied. Historically, attempts to crystallize neutral organic canJpv-;­
have relied most frequ!llltly on changes of solvent. Ellem, A.; ~= 
J.; Becker, J. Y.; Zamir, S.; Shahal, L.; Cohen, S. Chem. Mater. .. 
6

' ~::f ·Iruwnuch u ~ factors do affect the observed refi~on ~ 
in single-crystal studies, they will also make a contribution . .. 
calculated powder trace based on those data. It is unknown, h~: 
whether they would affect experimental powder dift'raction data to . 
same e;ident. 
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35 

Figure 1. Experimental X-ray powder diffraction traces for X = Cl, CH.,, and F, and comparison with traces calculated from 
single-crystal coordinates. Agreement between experimental and calculated patterns is considered good. The boxed solvent is 
that used to grow the crystal studied by single-crystal diffraction. The starred peak that appears in many of the traces may be 
due ti) the fiberboard sample holder23 or to an unknown contaminant; it is neither barbital nor the substituted diphenylmelamine 
in tmcomplexed form. 

The third class (X =Brand CF3) obviously lacks even 
partial agreement· between observed and calculated 
traces. We conclude that the single crystals used for 
structure determination were a different polymorph 
from the powdered bulk samples investigated by XPD. 
We will label the single-crystal phase as polymorph I, 
and the new phase detected as polymorph II. 

After detecting the presence of polymorphs of X = Br 
and X =·CFs by XPD, we made repeated attempts at 
crystallization, varying experimental conditions such as 
solvent and rate of evaporation and were able to grow 
single crystals of polymorph II for X = Br. For-X = CFa, 
however, we could not obtain single crystals· of poly­
morph II or a powder sample consisting predominantly 
of polymorph I, as judged by XPD.22 Figure 4 shows 
comparisons between calculated and observed XPD 
traces for the X = Br polymorplw (calculated traces for 
both polymorphs are based on single-crystal data); 
agreement is satisfactory, especially between the 28 
values of the calculated and experimental peaks, as it 
w!ls for the X = Cl, CH3, and F complexes described 
above. 

In addition to these first two polymorphs for X = Br, 
we obtained a third po.lymorph, no single crystal of 
which could be grown (Table 1 lists the conditions that 
yielded each polymorph). The XPD result for this third 
polymorph (Figure 4) is unusual: only one dominant 
diffraction peak appears, with few separate small peaks. 
The presence ofone very intense reflection may indicate 
that the constituent molecules pack in flat, parallel 
layers in this phase. In fact, the value of 20 of this 
reflection, 21.9°, corresponds to a spacing of lattice 
planes· of 4.05 A, a reasonable value for the distance 
betwe_en adjacent molecular layers. 

(22l For an overview of "disnppearing poli·morphs". •cc: Duniu. 
J. D.: Bernstein, J. A<"C. Chem. Res 1995, 28. 193. 

Table 1, Crystallization Parameters and Crystal Data for 
X = Br Polymorphs I-III 

polymorph 

II 

Ill 

sohient(s)" 

MeOH 
THF 
1:1 CHaCN!l'HF 
( CH.,),JC..C 
EtOAc 
MeOH 
CH.,CN 
6:95 THF/CHCh 
THF {fast evapl' 
2:5 CH3CNfrHF ' 
l:1CHC13'I'HF 

crystal 
morphology 

plates 

needles 

prisms 

density'> 
(g/cm31 

1.636 

1.602 

• All evaporations of solvent took several days from a closed 
vessel unless otherwi11e noted. The underlined solvent was the 
one used to grow single crystals. b Calculated from single-crystal 
results.• Evaporation was complete in several hours from an 
uncovered beaker. · 

This third polymorph of the X = Br complex is 
unlikely to be a partially amorphous solid, where poor 
crystallinity could be caused by desolvation of a lattice 
with trapped solvent, leading to a comparatively fea­
tureless XPD trace of this sort. First, there is no 
evidence of even trace amounts of residual solvent in 
an NMR spectrum of the r~dissolved solid. Second, a 
decrease in crystallinity should be accompanied by 
broadening of the diffraction peaks, whereas the major 
peak of polymorph III is no broader than intense peaks 
in the other polymorphs. Similarly, resonances in the 
solid-state 13C NMR are not broadened relative to 
resonances for the other· polymorphs (see below). Fi­
nally, healing polymorph III transforms it to one of the 
polymorphs with known structure !see below). 

Influence of Sample Preparation on XPD Traces. 
There are significant differences in the intensities of 
observed and calculated peaks in the data summarized 
in Figures 1-3; the peaks at 20 = s• in Figure le and 
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28, degrees 

calc'd 

THF 

CH;iCN 

10% TiiF/CHCli 

A) X"H 

B) X" I 

l 
35 

0 5 10 15 20 25 30 35 
28, degrees 

Figure 2. Experimental X-ray powder diffraction traces for 
X = H and I. Agreement with the calculated traces is only 
fair: although the peaks in the calculated trace are present 
in the observed traces, additional peaks are also observed and 
the agreement in interurities is poor. The boxed solvent is that 
used to grow th:e crystal studied by single-crystal diffraction 
{for X = H, the solvent for growth of single crystals was 
dichloromethane). The starred peak may be due to the sample 
holder or to a contaminant as in Figure 1. 

28 = 31° in Figure 2a provide examples. Effects 
associated with the geometry of the diffractometer are 

' Zerkowski et al. 

A) X = Br 

c:alc:' 

5% THF/CHCI 

0 5 10 15 20 25 30 35 

2:1 pyridine/ 
water· 

28, degrees 

0 5 10 15 20 25 30 ·35 
28, degrees 

· Figure 3. Experimental X-ray powder diffraction traces for 
X =Brand CF3; the disagreement between experimental end 
calculated traces indicates that the single-crystal and powder 
data were obtained on different polymorphs. The boxed solvent 
is that used to grow the crystal studied by single-crystal 
diffraction. The starred peak may be due to the sample bolder 
or to a contaminant WI in Figure 1. 

likely to be responsible for intensity differences at low 
values of 20.23.24 In fact, attempts to solve crystal 
structures from powder data might discard from the 
calculations diffraction peaks at low angles21l or at least 
apply a correction factor,28 for this reason. The exple· 
nation is as follows: a divergence slit of fixed width (in 
our case, 0.5°) will bathe e wider area with X-rays at 

(23) Modem Powder Diffrodion; Bish, D. L, Pos~ J. E., _Eds,; 
Mineralogical Society of America; Washington, DC, 1989. 

(24) Prurlsh, W.; Mack, M.; Taylor, J. J. Sci l11J1trum.. 1966, ~ 
&23. o· 

{25) Masciocchi, N.; Moret, M.; Cairati, P.; Sironi,A.; Anlizzola. • 
A.; La Monica, G. J. Am. Chan. Soc. 19114, 116, 7668. ,,_.. 

(26) Petit, S.; Coquerel, O.; Perez, G.; Loui!r, D.; Lou4r, M. C 
Matv. 11194,6, 116. 
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Figure 4, Comparison of experimental X-ray powder diffrac­
tion traces for three polymorphs of the X = Br complex with 
traces calculated from the solved crystal structures. There is 
no calculated trace for the third polymorph, since no single 
crystal suitable for X-ray diffraction could be grown. 

low 28 than at high 28. Equation 1, taken from ref 24, 

L = R tan a/sin 0 (1) 

details this relationship for a point X-ray source (an 
approximation that will serve for demonstration pur­
poses). For example, with a, the angular slit width, 
equal to 0.5°, and R, the distance from the source to 
the sample, equal to 170 mm, the irradiated area L is 
10 mm wide (the size of our sample) at 20 = 17°. For 
28 = 5°, the area is 34 mm wide. In effect, the sample 
will then be sensing only a fraction of the total X-ray 
intensity of the beam, so diffraction from crystallite 
planes below about 17° in our experimental setup is 
correspondingly weaker. In addition, at low angles 
there will be a contribution from scattering due to the 
sample holder, which can give rise to a small peak at 
low 20.23 We suspect that this background scattering 
is the origin of the small peaks that are starred in 
Figures 1-3, as well as the broad hump from ap­
proximately 13-18° in Figure 2b. 

Effects associated with sample preparation could also 
be important. In general, we propose that some com­
bination of two experimental features-preferred orien­
tation and crystallite size-could produce powders that 
are not sufficiently isotropic to yield experimental XPD 
data in good agreement with idealized traces calculated 
only from unit-cell information and the molecular 
structure of the asymmetric unit. 

We first considered preferred orientation, which is 
known to cause a weakening of some reflections experi­
mentally.27,26 Crystals composed of linear hydrogen-

(27) Klug, II. P.; Alexender, LE. X-ray IJiffru,·liu11 l'mn:r/11re., for 
Poly,:rystallin, and Amorphau• Materials, 2nd ed.: Wiley: New York, 
1974. 
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o· 

~ 
1so· ~ 

S 10 15 2.0 ZS 30 35 40 
degrees 

Figure 5. Comparison of two XPD traces performed on the 
same sample showing the effect of rotation of the sample 
holder in the diffractometer. The initial orientation is· arbi­
trarily labeled 0°. The change in relative intensities of peaks, 
especially at low 20, could be an indication of preferred 
orientation of crystallites in the sample or of variations in the 
beam width due to the geometry of the diffractometer (see 
text). 

bonded tapes, when ground for XPD.studies, probably· 
afford crystallites with high aspect ratios due to the 
anisotropy of the intermolecular forces. 29 Fracture 
should thus be easier parallel, rather than perpendicu­
lar, to the tapes. Alignment of these rnicroneedles with 
their long axes parallel seems likely, although we do 
not have independent experimental evidence (such as 
electron micrographs) for this effect. 

We tested for preferred orientation by rotating a 
sample (polymorph II of the X = Br complex in all cases) 
in the diffractometer by 30° increments about the axis 
perpendicular to the horizontal sample holder.30 Figure 
5 shows the diffraction traces obtained at two such 
orientations; the biggest change occurs in the relative 
intensity of the peak at about 6°. These results suggest 
thai preferred orientation might be occurring in these 
samples, although considering the small effects in 
relative intensity in primarily· one region of the spec­
trum (at low 20, where the beam-width problems 
discussed above are also operative), it is probably not 
responsible for all the discrepancies between calculated 
and observed traces.31 

A second factor could be incomplete grinding of the 
sample, leaving large crystallites; this situation could 
lead to a poorly isotropic distribution of crystal planes 
in the X-ray beam.32,33 To test for the effects that a 
broad distribution of crystallite size might have, we 
ground samples for varying lengths of time. Grinding 

(28) (al Nukat.a, K.; Sugihara, H.; Mori, S.; Yumaguchi, H.; Takaki, 
Y. Bull. Chem. Soc. Jpn. 11184, 57, 3395. !bl Nakata. K.; Takaki, Y. 
Bull. Cliem. Soc. Jp11. 1987. 60. 1168. 

(29) Mncroscopically, these complexes do frcquenlly yield needle• 
shaped crystals. The plate murµholol:Y lhnl olso rt?gularly occurs can 
al"" lead t.o uricnt.ution pruhlcms or crystallit.cs.•• 

(30 I The sample for this experiment wa• ground for 5-8 min in an 
ngnlc mort..,r und pc•tlc. This method wM the one we commonly used 
1o prepare nil our powdered Rnmplcs, KO we believe thot this search 
for preferred oricntnLion is b,n,,.cd on o rcpn\t-.CnLat.ivc cluss of powders. 

(31) Nole. however, t.hnt hy rot...,ting t.hc 1mmph: und tmmp1c holder 
only uround one uxis, we would only he. nhle to dot.eel pr?fcrrcd 
oricnl.lilion in unc plnnc I th<! plnnc of the ,.ample holdi,r). T,ltmi. the 
snmp1c holder ,which is l'l-i~cnlinlly iinpo~~ihlv in our difTract..omctcrJ 
,:;,hould uhw he pcrfun11l·d to 1...t•st fur a hnrizont.nl packing of ncc:dlc­
•hnpcd crvst.ullit1•s. 

(32) l...1;rgc ci,·,ittnllitcM cun give unomalomd.v in~n,.;,.: Kpikus for some 
rcOcction,." W,• •1JCcul;1tc thuL KOmc uflhc pcnks m lhc X ~ I complex 
I F'ii.:ur<i 2hl 1:nuld ;.1ris,• in this manm!r. 
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(a). (b) (c) 
Figure 6. XPD traces of three polymorphs of the X = Br complex before (above) and after (below) thermal annealing at 140 °C 
for 6 days. Forms I and III have been converted to form II. 

samples 10 min longer than usual (for a total of 15-18 
min) led to small changes in the relative intensities of 
peaks at 6° and 11° (data not shown}, on the order. of 
magnitude of the changes seen above for rotating the 
sample. Visual inspection of crystalline samples showed 
that individual crystals did not become opaque or 
develop fractures with the passage of time (over a period 
of at least several days), indicating that they were not 
solvates. Grinding was therefore unlikely to be respon­
sible for any changes in crystallinity associated with 
desolvation of the lattice (none of the members of this 
para series of complexes were ever found to contain 
solvent in the lattice). 1 · 

Our conclusion is that disagreement between calcu­
lated and observed traces, especially at low 20, are likely 
to be due primarily to the physical design of the 
diffractometer.34 This contention is consistent with the 
fact that even for those complexes where agreement is 
satisfactory (X = Cl, CH3, and F), agreement is least 
good at low 20. An auxilliary reason for the disagree­
ment could be heterogeneity and anisotropy over the 
region probed by the diffractometer, caused by preferred 
orientation and/or crystallite size. The magnitudes of 
these effects associated with sampl~ preparation, as 
detennined by tests intended to check for their presence, 
seem too small to explain the discrepancies fully. 35 

Annealing of the X = Br Polymorphs. Annealing 
powders of the three polymorphs at 140 °C for 6 days 
demonstrated that both forms I and III convert to form 

(33) For a demonstration that differences in crystallite size and 
shape can lead to powder diffraction traces that can be mistakenly 
interpreted as arising from different polymorpba, see: Potts, G. D.; 
Jones, W.; Bullock, J. F.; Andrews, S. J.; Maginn, S. J. J. Chem. Soc., 
Chem. Commun. 1994, 2565. 

(34) Other problems associated with the setup of the diffractometer, 
e.g., inconsistent filling of the sample holder, could alao make a 
contribution. Furthermore, the very act of grinding a sample could 
generate enough heat or mechanical stress to initiate a polymorphic 
phase transition. There seem to be few ways around this dilemma, 
except perhaps by employing a gradual increase in grinding time or 
vigor while remaining aware of the problems mentioned in footnotes 
32 and 33. 

II (see Figure 6). 'The relative intensities of.the peaks 
in form II itself change slightly. These-results indicate 
that form II is thermodynamically the most stable (at 
140 °C) of these three polymorphs. We do not know 
which polymorph is the thermodynamically stable one 
at room temperature, although one .rule of thumb holds 
that the denser polymorph (in this case polymorph I) 
will be the more stable.36,37 Polymorph I also has a 
higher packing density, 0.72 vs 0.68 for polymorph II.1 

Differential scanning calorimetry (DSC) was at­
tempted on forms I - III. Separate runs were cr,:,ducted 
for each sample during which the rate of heating Wll/J 

varied from 1 to 10 °C/min. In each case, the samples 
began to turn brown and decompose in the range 240-
260 °C. Each sample showed a broad melting endot­
herm in the range 270-280 °C. None of the samples 
gave a detectable endotherm/exotherm prior to melting 
that indicated a phase transition under the conditions 
reported above. For melting points of the com:Jlexes, 
see ref l. 

Comparison of Packing in Single Crystals of Br 
Polymorphs I and II. Figures 7 and 8 show se,·eral 
views of the molecular packing in polymorphs I and II 

(35l For studies that demonstrate the difficulty of reproducing~ 
intensities exactly, see: (al Chrzanowski, F. A.; Fegely, B. J.: S~, 
W. R.; Newton, M. P. J. Phann. Sci 1984, 73, 1448. (b) Kidd. W. Ji'. 
Varlashkin, P.; Li, C. Powd£r Diffraction 1993, 8, 180. (cl Dav•Y: 
J.; Maginn, S. J.: Andrews, S. F.; Black. S. N.; Buckley, A. M.; CottiA'. 
D.; Dempsey, P.; Plowman, R.; Rout, J. E.; Stanley, D. R.; Taylor_, 
J. Chem. Soc., Faraday 1'ran&. 1994, 90, 1003. (d) Davey, R. J.; ~ 
S. J.; Andrews, S. F.; Black. S. N. Mol. Cryst. Liq. Cryat. 11194, . • 
79. These last two papers demonstrate an important but subtle pou1t: 
different polymorphs may ~ve XPD patterns that appear ffltually 
indistinguishable from each other. . 

(36) Burger, A.; Ramberger, R. MiJvopwn. Acta (Wim) 1119711, 2,59. 
(37) In the absence of calorimetric measurement&, we cannot tell 

whether forms I end II are enantiotropie or monotropic. 18 The ~ai:t ~ 
the thermally produced samples of form II did not revert to their 11'.U 
identity (forms I and III, respectively) is not proof that fonn U 1ll 'i:i: 
thermodynamically stable polymorph at room temperature. Meta.SUi .. 
phases can be trapped well below the temperature of pba.se ~· 
tfon: (a) Yang, Q.-C.; Richardson, M. F.; Duniu, J. D.A.cta CryatiiJJo8r, 
1989, 845, 312. (bl Richardson, M. F.; Yang, Q.-C.; Novotny-Breggtll'! 
E.; Dunitz, J. D. Acta Crys:allogr. 1990, 846, 653. · 
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Figure 7. Comparison of tape geometry for two X = Br 
polymorphs. The disorder of the ethyl groups in form I is not 
shown in this figure; the torsion angles of one ethyl group 
cause it to appear skewed in this top-down view of the tapes. 

Forml 

F<:mnll 

Figure 8. End-on packing views of two X = Br polymorphs. 

of the X = Br complex (both of these struct.ures were 
described in a previous paper on the family of complexes 
built from para-substituted diphenylmelamines). 1 Both 
polymorphs adopt the same kind of secondary architec­
ture, namely, the linear tape motif. Differences arise 
instead at the tertiary level of architecture. Polymorph 
I exhihits dimer-based packing (illustrated by tapes A 
and B in Figure 8). while polymorph .II adopts a 
sheetlike architecture. There are also differences in 
molecular conformation (Figure 91. The torsion angles 
of the phenyl groups differ: they are 42° and -136" in 
polymorph I. and 156° and -93" in polymorph II. 

Chem. Mater., Vol. 9, No. 9, 1997 1939 

Form 1 
(disordered) 

Form II 

Figure 9. Comparison of the molecular geometry in two 
polymorphs of the X = Br complex. The ethyl groups in form 
I are statistically disordered in a ratio of about 2:1; the minor 
component has essentially the same torsion angles, but with 
trans and gauche conformations switched as though . the 
molecule were flipped upside-down. 

Polymorph I is statistically disordered in the Et groups 
of barbital, and the torsion angles of these groups also 
differ: they are 38° (roughly a gauche conformation) and 
178°in polymorph I, and -180° and -174° in polymorph 
II (both groups extended and trans). 

18C Solid-State NMR of Br Polymorphs I, H, and 
m. We also used 13C CP/MAS N:MR to characterize the 
three polymorphs. Solid-state NMR should be useful 
for studies on polymorphism. The characteristics that 
define a molecule in alternative polymorphs, such as its 
conformation, thermal motion, and near-neighbor con­
tacts, will also affect ·the isotropic chemical shifts of each 
carbon atom in the solid state.38 In practice, however, 
routine one-dimensional spectra provide little specific 
information about three-dimensional packing.39 We use 
the technique primarily in a fingerprinting sense to 
confirm the composition of the solid and to show that 
solvent is not included in the lattice. 

Figure 10 shows solution and solid-state NMR spectra 
of all three polymorphs. The only significant statement 
we can make is that polymorph III is qualitatively 
different from the other two, especially in the aliphatic 
region, in that it has three methylene resonances. We 
cannot, however, determine what structural features 
might cause this spectroscopic result: for example, the 
ethyl groups could be crystallographically disordered, 
or there could be multiple molecules in the crystal­
lographic asymmetric unit. 

Conclusions 

Figures 1-3 indicate that, considering only a limited 
range of crystallization conditions, polymorphism is not 
equally likely across this closely related family of 
complexes. Three complexes (X == Cl, CHs, Fl adopt onl} 
one packing arrangement, two (X = H, I) adopt p·rima­
rily one arrangement but may have a small contribution 
from an alternative phase or phases, and two complexes 

(38) Chnngc• in van der Waals cont.act.a, chorge-Lransfcr intcrac• 
tions, ionic field effect.a, or dipnlnr intcrnction• lhnl nrisc frum 
nltemutivc pocking orrangcmcnW! cun lead t.o differences between 
solution-phase and solid-phase chemical shin vulucs of up Lo 3 ppm. 
Larger diITcrences uf up to 10 ppm arc likely lo be nssocint.cd with 
changes in molcculnr conformation from solution to •olid. 

!39l For solid,stntc studies using sophisticntl>d NMR 1.cchniqucs, 
•cc: Edward•. A. J.: Burke. N. ,I.: Dolu«in, C. M.: Prout, K.; Heyes, S. 
J. J. Am. Ch<"m. SOf'. 1995, 117, 4637. 
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c) Form II 

180 1110 140 120 100 80 60 40 20 0 
ppm 

Figure 10. Solution and solid-state 13C NMR spectra ofX = 
Br polymorphs. Spinning sidebands are starred. 

(X = Br, CF a) adopt at least two packing arrangements. 
Given the polymorphism of the X = Br and CF3 

complexes, the single-crystal diffraction studies that we 
initially performed on those complexes only provided an 
incomplete picture of the packing preferences of these 
molecules.1 In other words, the particular polymorph 
that was first described reflected a subjective choice of 
a crystallographer who simply selected the single crys­
tals of diffraction quality: In the case of the X == Br 
complex, this choice amounts to a preference for poly­
morph I (plates) over polymorph II (needles; see Table 
1). These studies reinforce the idea clearly stated by 
Desiraju,5 Dunitz,40 and Aakeroy and Seddon41 that 
single-crystal studies should not form the basis for 
generalizations about molecular packing preferences in 
the absence ofXPD studies (or other studies that explore 
polymorphism}. Arguably, in studies directed toward 
crystal engineering, XPD studies that survey polymor­
phism should precede single-crystal studies. 

In making connections to our previous work on 
crystalline architecture, we can draw only limited 
conclusions, since we have found only one complex that 
yields two polymorphs as single crystals. We note, 
however, that the differences between polymorphs occur 
at the levels of molecular conformation and tertiary 
packing, or aggregates of tapes; the secondary motif 
(linear tapes) is unchanged. This consistency in the 
secondary motif is expected considering our previous 
work: there are no steric or electronic: reasons to force 
a change in the secondary motif, since the molecular 
c:ompc;,sition has. not changed.1- 3 

Furthermore, we speculate that the Br substituent, 
coming approximately at the midpoint of the size range 

(40) Dunit&, J. D. X-ro:y Analysis and the Structw,i' of Organic 
Mouculu; Cornell University Press: Ithaca, NY, 1979. 

(41) Aakeroy, C. B.; Seddon, K. R. Cmm .. Soc. Juu. 1993, 23, 897. 

CF3 

CH3 
I 

Br 

Cl 
F 

H 

Zerkowski et <ti. 

~~ 8 • singl•-crysta! &tl\JC\UfO 

n-~ o • observed by ~erditfractlcn ._,,, 
0 2.7 

2.2 ~ "-2.0 =~ 0 

~~ • ~~ • 
Dimer- Herring- Other Polymorphs ol 
based bone types ol undetermined 
stacks sheets structures structures 

1.8 
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1.2 
YIOcltr 
WaaJa 

radius(>\) 

Figure 11. Relationship between the size of the substituent 
and the motif of tertiary crystalline architecture in complexes 
built from N,N '-bis(p-X-phenyl)melamines. Two varieties of 
dimer-based stacks and one of herringbone sheets are shown 
schematically. Arrows with circles attached represent end-on 
views of the tapes. 

spanned by these substituents (from H to CF3), can 
crystallize in one of two alternative, polymorphic pack­
ing arrangements (see Figure 11). Phase II is isostruc­
tural to the packing adopted by the larger substituents 
X = I and CHs, while phase I is isostructural to the 
packing of the smaller substituent X = Cl. We do not 
understand why the coc:rystal with X = CF3 has the 
structure it does. In other studies we have also found 
that fluorinated compounds show behavior that is 
anomalous based on steric: arguments, but. the origin of 
the anomalies remains undefined.42 It remains to be . 
seen whether the steric: component to polymorphism 
turns out to be a general phenomenon that occurs in 
other families of organic: crystals. 

Experimental Sectio_n 

General. Preparation of the complexes and single-crystal 
diffraction studies on them were described previously. 1 

X-ray Powder Diffraction Studies, Crystalliwtions to 
search for alternative polymorphs were performed by dissolv­
ing the complexes and placing the solution in a loosely closed 
vessel, such as a beaker or a crystnllization dish covered wit.h 
the lid of a crystallization dish. Evaporation proceeded nt room 
temperature, usually over the course of several days. The 
crystalline solids obtained after evaporation was complete were 
ground by hand with an agate mortar and pestle, routinely 
for 5-8 min. The resulting powders were loaded into a 
fiberboard holder that had a l cm by 1 cm· depression for the 
sample. The top of the powder WIil! smoothed with II metal 
spatula to be flush with the top of the fiberboard holder. 
Thermal annealing of powder samples was performed in a 
drying oven. 

Powder diffraction traces were obtained on both Phillips 
Model PW1010 and Scintag model XDS-2000 diffractometers 
with Cu Ka. radiation(}. = 1.4606 A). Scans were begun at 29 
= 3° and run to 33° or 43° in 0.1 • step sizes with 40 s of 
counting at each step. Output files (intensity vs 29) were 
generated using the plotting program Kaleidagraph. 

· 18C CP/MAS NMR. Spectra of forms I-ill of N ,N '-bis(p-
bromophenyl)melamine·barbital were collected· at Eli Lilly 
Corp., Indianapolis, IN, on a Varian Unity 400 spectrometer 
operating at a carbon frequency of 100.677 Mlh and equipped 
with e. Varian solid-state NMR probe. Typical conditiODS for· 
measurements utilized a 3.4 ms 90° proton.radio frequeDCY 
pulse, l ms contact time, 10 ms pulse-repetition time, 7 ~ 03 
kHz MAS frequency (rate of spinning), 60 kHz spectral width. 
and 60 ms acquisition time. The UC chemical shifl;s were 
referenced to the methyl resonance ofhexamethylbenz«::_~ 
= 17 .3 ppm) by replacing the sample. Powders wm,-pre....,.­
by grinding samples in an agate mortar and pestle for 6 mm-

(42) Schwiebert, K.; Chin, D.; Wbitealdea, G. M. Unpuhliahed data, 
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c:.Jculation of _XPD Traces. The Siemens programs 
XPOW und XFOG m the SHELXTL-PLUS package of pm, 

11 111111 the MSI package Cerius·2 were used to calculate 
~ trucrn:. XPOW (which uses observed single-crystal 

tensit;y ,luia1) and XFOG (which calculates intensity data 
~ on un input molcculur model and 11puce i,'Toup) guve 
(dentic:ul i:ult~ilul~id trac1m. 

,Acknowledgment. We acknowledge the support of 
·ie National Sc:ie_nc<l Foundation through Grants CHE-
91.22:1:n b1 G.M.W., DMR CHE-89-20490 to tho Har•• 

Chem. Mater., Vol. 9, No. 9, 1997 1941° 

vard University Materials Research Laboratory, and 
CHE-80..00670 for the purchase of the Siemens X-ray 
diffractometer. J.C.M. acknowledges the Merck Cor- · 
poration for financial assistance. We thank Dr. Susan 
M. Reutzel for obtaining the solid-state NMR spectra. 

Supporting Information Available: X-ray diffraction 
data (3 pages). Ordering information is given on any current 
masthead page. 

CM9505660 

UM00012549 
NOVARTIS EXHIBIT 1017 

Novartis v. Regents, IPR2023-01346 
Page 1295 of 4460



J. Am. Chem. Soc. 1991, I 14, 5473 · ~475 5473 

C-4 and also in that clue to C-3, indicating formation of 6P· 
hydroxytropine with the labeling pattern 9A plus 98, identical 
with that found in the experiment with [l,2- 1lC1Jacetate. In­
corporation of an intact C3 unit (9G), as observed in the case of· 
N-mcthylpcllctieri.ne,2 would have resulted in a doublet of doublets 
in the signal due to the CHOH group, C-3. Since the pattern 
of incorporation of uc from [l,2,3,4-13C4Jacetoacetate was 
identical with that from [l,2-13C2Jacetate, the acctoac:etate had 
cleaved to acetate before incorporation of the label. Thus, the 
C3 unit, C-2-4, was generated from two discrete acetate units, 
as demanded by the "cocaine mcchanism•1 (2 - 3 .... 4, Scheme 
I), and not from an intact acetoac:etate-dcrived CJ unit, as de­
manded by the "pclletierine mechanism• 2 (Z - - 5, Scheme l). 
• Secondly, entry of the side chain into l may take place stereo­

spccifically, eventually leading to a uniquely labeled tropine (7), 
but the hydroxylation whereby the 6/j-OH group is introduced 
into the omithine-derived moiety of the tropine unit of hyoscya­
mine (8), while diaster~pccific, is not enanliospecific with respect 
to the tropine unit, forming a pair of diastereomers, (3S,6S)-
6/j-hydroxyhyosc:yamine (10) and (3R,6R)-6P-hydroit;•· 
hyoscyamine (also known a.s 7tl-hydroxyhyoo:yamine), from which 

• a pair of enantiomeric molecules, 9A plus 9C or 9B plus 90, is 
generated on hydrolysis. 

This explanation of the labeling pattern requires that the 
biosynthetic sample of 6.8-hydroxytropine be a racemate, consisting 
of the {3S,6S) isomer (9) (see also 9A and 99) and the (3R,6R) 
isomer (occasionally referred to erroneously as 3c:r,7P-di­
hydroxytropane,u i.e., 7/j-hydroxytropine) (9C and 9D). Esters 
or both enantiomers of 6P-hydroxytropine occur in plants of the 
genus Solanaceae, including several species of Datura, but no 
racemates have been reported, and the enzymic hydroxylation 
process whereby the 6/j-bydroxy group is introduced into one or 
the alkaloids, (-)-hyoscyamine (8), is stereospecilic8 as well as 
substrate specific.' Furthermore, in the instances when diaste­
reomeric alkaloids, namely, the 0-3 (-)-(S)-tropic: acid esters of 
(3S,6S)-dihydroxytropane ((-)-6/j-hydroxyhyoscyamine) (10) and 
of (3R,6R)-dihydroxytropane {{-)-7P..hydroxyhyoscyamine), were 
isolated from the same plant, the latter compound was much less 
abundant than the former.u·16 It is unlikely that hydrolysis of 
a mixture of ester alkaloids should fortuitously yield an cquimolar 
mixture of the two enantiomeric dihydroxytropanes. This ex­
planation of the incorporation pattern is thus unlikely. 11 

Thirdly, addition of the acetate-derived side chain to the N• 
methyl-~1-pyrrolinium ions (l) may take place by the .. c:oc:aine 
mechanism" 1 (analogous to route C in ref 2), yielding an equi­
molar mixture of (R)· and (S)-N-methylpyrrolidineac:etoacetate 
(4), both of which are then further elaborated into tropine (7) 
either via (R)- and (S)-hygrine' (5) or directly. The mixture of 
{R)- and (S)-4 can originate either by raccmiz.ation1~ or a chiral 
species, namely (R)-4 which is originally generated,6 or less 
probably can be formed directly by nonstercospccific entry of the 
side chain into l. 

A third experiment, with N-metbyl-A1-[2-1H]pyrrolinium 
chloride (500 mg. 98% 2H; prepared from DL·[2-2HJproline by 
Eschweiler-Clarlte methylation,18 followed by heating with 
POC'319) as the substrate, provides evidence for the implication 
of raccmic intermediates between l and 6. This experiment gave 
a sample of 6P-hydroxytropine {ca. 3 mg,% enrichment 0.3%) 
whose 2H NMR spectrum (76 MHz. 16 000 scans) indicated the 
presence of deuterium, equimolar within the limits of detection, 
at each of the two bridgehead sites (6 = 3.0, 3.6 ppm) 1s of the 
molecule, which tlius consisted of an equimolar mixture of 9E and 
9F. This result dispo&CS of any scheme that does not accommodate 

(IS) lshimam, K.; Shimomura, K. Phyuxllemu,ry 1989. 28. 3501. 
(16) Sl!lmomura, K.; Sauerwein. M.; lshimaru. K. Phytochlmist,y 1991, 

JO, 2275. Sauerwein, M.; Shimomura, K. Phyt«h~misrry 1991, JO, 3277. 
( 17) The labeled samples of 6/J,-bydrollytropitlc isola1ed rrom our £ceding 

cxperimenlJJ were or inadequat.c weight and chemical purity to permit deter• 
minalion of reliable [alo valu.ea. 

( 18) Clarice, H. T.: Gillespie, H. B.; Whitehouse. S. Z. J. Am. Chtm. S«. 
1933, 5S, 4S71. 

(19) Dean, R. T.; Padgcll, H. C.; Rapoport, H.J. Am. Clt,m. Str. 1976. 
98, 7448. 

the involvem,:mt or both enantiomers of N-methylpyrrolidine­
ace10acetatc: (4) (or ofhygrine' {S)). Any mec:ha.lism that irivolves 
chiral inter.nediau:s {e.g., (R)-4 and ( R)-S) would have: produced 
9E iu the sole product rather than an equimo!ar mixture of 9E 
and 9F. 

The evidence here presented leads to the inference that, contrary 
to conventional wisdom, the non-ornithine-derived moiety of the 
tropane ring system of 6/j-hydrctytropine in D. srramonlum does 
not originate from acetoacetate but by stepwise incorporation of 
acct.ate, wh!)se nonregiospecific distribution within the C3 unit 
implies the involvement of a raccmic intermediate on the pathway. 

Registry No. 9, 41164-06-1: acetate, 64-19-7. 

Soli~State Structures of .. Rosette" and "Crinkled Tape" 
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Received February 21, 1992 

We are using the pattern of hydrogen bonds piuent in the l: I 
complex formed from cyanuric acid and melamine (CA•M) as 
the basis for the design of self-assembling structures. M We have 
described a solid-state structure based on a .. linear" tape motif 
taken from this lattice (3, Figure 1),3 and we have inferred the 
existence of cyclic aggregates containing three melamine and three 
isocyanurate moieties in solution.4·s Herc we report solid-state 
structures of a new type of tape format {a "crinkled tape", 4) and 
a cyclic structure {a "rosette", 5), both obtained by combination 
of N.N'-bis(p-substituted phenyl)melamine (I) and S,5-diethyl­
barbituric acid (2). We believe that the three solid-state structures 
.3-5 are the most plausible structural motifs that can be derived 
from the CA•M lattice; other, more collapsed tape or cyclic 
structures (e.g., 6 and 7, and larger cyclic structures containing 
these units) are destabilized by nonbonded steric interactions 
(indicated by arrows in Figure I). These two new structures, 
together with the structure of a linear tape (X =. H) already 
described,1 serve as paradigms for use in the design of self-11!1-
sembling structures based on the CA•M lattice and provide 
structural parameters applicable to evaluation of the energetics 
of these structures using molecular mechanic:s.6 

Figure 2 (middle) shows the structure of the 1:1 complex of 
la (X = C02CHi) and 2.7 This crinkled format occurs com­
monly: of l S structures we have determined in the series of 
coc:rystals incorporating substituted diphenylmelamines and 2, 
three are crinltled tapes. The complex 1a,2 crystallizes from 

(I) Supported by the NeUOTial Scicna: Foundation, Grant CHE-88-12709 
to G.M.W .. Grant DMR-89-20490 10 the Harvard Univc:nity Materials 
Rcscarcb laboratory, and Gram C:HE 80-00670 for the purchase of the 
Siemens X-Ray dilTractometcr. 

(2) Whitesides, G. M; Mathias, J.P.; Seto. C. T. Stle,w 1991, 2.14, 1312. 
(3) Zerlcowski, J. A.; Seto, C. T.: Wicrda. D. A.; Whitcaides, G. M. J. Am. 

Chem. Soc. 1990. / 12, 902S. 
(4) Seto, C. T.; Wbilesides, G. M. J. Am. Cllttn. Soc. 1990. II 2, 6409. 
(S) Seto, C. T.; Whitesides, Cl. M. J. Am. Chem. Soc. 1991. I I J, 112. 
(6) Dcsiraju, G. R. Cry11a/ E11gi11rrring; Thr lHsign of 0,.,llllk Solids; 

Elsevier. New York, 1989. Wright, J. D. Molm,lor Crysra/r, Cambridge 
Uniwenity Press: Cambridge. 1987. 

(7) Crystal dua for la•l (X,. C02CH,1: (C19H 11N 60.)(C1H 12N 10 1),C­
H,CHlOH; space group C2/c: a "23.95 (3) A. b., 16.95 (4) A. t: = 14.59 
(I) A. ti = 94.4 ( 1)0

• V • S90S (2) A.1, D.,~ .. 1.302 g/cm> without a 
contribution from included solvcn1. l .405 g/cm with the solvent; Z .. 8 l•l 
pain;; R .. 0.14 ( further refinement 10 model the disordered solvent molor:ulc 
is underway). 

0002-7863/92/IS14-547J:S0l.00/0 © 1992 American Chemical Society 
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1 2 

1 

3 linear tape 

4 crinkled tape 5 rosette 

F".gure I. Schematic representation of structures based oo repeating units 
or 1•2. Melamines are represented by filled triangles. diethylbarbituric 
acid is represented by open triangles, and the triad or bydrogen bonds 
is represented by the three connecting dotted lines. Regions of unfa­
vorable atuic interactions are indicated by the arrows. The structure of 
7 superimposes one pair or R groups on a unit or 2 to show the stcric 
strain. 

ethanol as a solvate.1 Fipre 2 (lower) shows the structure of 
lb (X = C(CH3) 3) and 2. The mean planes of all the rosettes 
in the crystal are parallel: that is, they do not adopt a herringbone 
packing motif. No solvent of crystallization is included in the 
lattice.-

We hypothesize that a competition between nonbonded steric 
interactions between the X groups and a tendency for a high 
packing coefficient10 in the crystal is important in determining 
which structural motif is adopted by a I: l cocrystal or 1 and 2. 
We assume that any structure must retain the triad pattern of 
hydrogen bonds. The linear tape 3 is observed for a number of 
groups X that are small (F, Cl, Br, I. CH1). When X becomes 
larger than CF1 or I, 11 unfavorable lateral nonbonding interactions 
between X groups on adjacent melamines (Figure 1) are relieved 
in going to the crinkled structure 4, but arc replaced by unfavorable 
interactions with the ethyl groups or :Z (Figure 2, bottom). 12 The 

(8) All three or the crinkled diphenylmelaminc structures we have obsem:d 
arc solvatc:s.. 

(9) Crysta.I data for lb-2 (X = C(CH,l,): (CnH»N.h(C,H 11N2O,l,: 
space group Pl; a"' 16.471 (J) A. b = 19.930 (2) A. c .. IS.410 (41 A. a 
• 9S.I0 (1)0

, /J = 99.79 (2)0
, 'l' • 97.01 (1)0

, V = 4917 (2) A1, D.- = l.16S 
g/cm•, Z c 2 rosellcs (6 1·2 pain); R .. 0.112 er our or the ten-butyl grollps 
are diJordued; we are-continuing 10 reline the Jlructure wllh alaema1ivc 
positions for the CH, groups). 
· (10) Kitaigonxlsky, A. I. MoleaiJar Crystals ond Molen,/,s; Academic 
Press: NC\11 York. 1973. 

(11) Zukowski. J. A.: Seto, C. T.: Wierda, D. A.: WhitC5ides, G. M. 
Unpublished work. 

Comtt1unications to the Editor 

Figure 2. Top: crystal structures of linear tape (X -= CH,V crinkled 
tape (X = CO2CH1), and roseue (X "' C(CH1h) motifs. The crinkled 
tape cry5tal contains disordered ethanol that has been deleted from this 
view for clarity; it is located above and below the planes of tbe phenyl 
rings. Bottom: hypothetical space-filling model generated by rc:plmng 
the ester groups in the crinkled tape with 1erl•butyl groups, without 
changing any other nuclear positions. The arrow indic:ates regions of 
unfavorable &teric interaction between the tm-butyl group and the ethyl 
group, of the diethylbarbituric acid. 12 

crinkled structure is sufficiently loosely packed to accommodate 
one ethanol per dimer unit of la•:2.8 Both types or steric inter­
actions are relieved in the rosette S. 

The structures reported here demonstrate that simple modi­
fications in the molecular structures of a self-assembling system 
can lead to changes in crystalline architecture that am be ra­
tionalized (at least qualitatively) using steric arguments. By 

(12) We have not examined these systems for crystalline polymorphism 
and have not excluded the possibility that some or these 11111c:1ure, arc ki­
netically determined, rather than being thermodynamic minima. 
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varying the steric demands or substituents around the periphery r 
or our hydrogen-bonded components. we expect to be able to select 
from among alternative geometrical isomers of hydrogen-bonded 
assemblies in the solid state. . 

Supplementary Material Afflilable: Brief synthetic outline, 
details of X-ray data collcc:tion, cables of crystal data and atomic 
positional parameters, and ORTEP drawings for both complexes 
(23 pages). Ordering information is given on any current 
masthead page. 

P-Cyclodextrin/Pyridine Gel Systems. The Crystal 
Structure of a First P-Cyclodextrin-Pyridine-Water 
Compound 

Colette de Rango, •·1 Pierrette Charpin,t Jorge Navaza.' 
Nelly Keller,1 Ioannis Nicolis.' Fran~ise Villain/ and 
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General models for gel structure involve a dynamic interlocking 
three-dimensional network of solvent and ~gelanf' held together 
by ordered regions_l-3 We report here the crystal structure of 
a compound in the {k:yclodextrin-pyridinc-watcr gel system. 
which evidences such an interlocking network of ,8-cyclode:urin 
(,8-CD) and solvent. 

Isotropic physical gels are obtained from solutions of rigorously 
anhydrous ,8-CD in dry pyridine. For concentrations up to 2.5 
x 10-1 M, melting points vary linearily with temperature; at higher 
concentrations the gels become sensitive to rapid temperature 
increases, with formation of a microcrystalline solid and free 
pyridine. Slow syneresis with formation or anhydrous nudles4 

within the gel has been observed, although samples may be stable 
for several years. Ternary gels exist with toluene, chloroform, 
or tetrahydrofuran, with the oosolvent in the isotropic phase. 

The 1H NMR signals of pyridine-d5 have line widths (10-15 
Hz), in the melt and gel. typical for solution samples, implying 
the pyridine is in an isotropic fluid state. Solution technique nc 
NMR spectra of molten and gel samples show narrow line widths, 
requiring some ,3-CD molecules to be in an isotropic state. On 
going from liquid to gel, the intensity of the 8-CD 13C signals 
decreases considerably with respect to the signals of pyridine. due 
to a percentage of molecules becoming fixed in ordered junction 
zones as observed for agarose gels.s Addition of water by slow 
diffusion through the gel from CuSO4•SH2O yields a crystalline 
form, corresponding to the title compound.6 

The structure is a novel packing of fJ-CD monomers that is less 
compact (2300 A.1 per ,3-CD) than known monomeric ( ~ 

1 Uni11c11it~ de Paris Sud. 
ISCM 0 DPhG°CEN Saclay. 
(I) Hoffm.11nn, H.; Ebert, G. An.tffi'. Chem .. Int, Ed, Ent/, 11188, 27, 

ll02-1 :!. . 
(2) Atkins, E. D. T. ComprtlltlUI~ Polymtr Stient:e-. Allen, G .. ~.: 

Pergamon Prm: O1ford. 1989: Vol. 1. 11111m-m. 
(l) Wawe, M.; Nahinara, K.; Williams, P.A.; Phillip.,, G. 0. Polym. J. 

1990, 11, 991-9. 
(4) Crystal parameters (crystal!ogcne:sis under investigation): a= 14.551 

(1). b,. 15.224 (3). c • 20.854 (2) A: 8., 104.96 (I)". V • 4463 {I) A. 1: 

monoclinic 1'21, Z c 2. 
(S) Nic:olaiun, F. M.: Mcyl.and, I.: Schaumberg, K. A~ta C'htm. Srand. 

1980. BJ4, 579-.583. 
(6) Crysw data: formula C.,H116O»N1; cell constanis a = 14.700 (ll, 

b = 14.742 (6). c = 21.784 (4) A; JJ • lOl.87 (21". JI • 4620 (6) A,); 
monoclinic P.21, Z "' 2. l.eall•squares refinement bascc! on 3783 unique 
observed rcllcctions (Mo Ka, A'" 0.71073 A). Final R • 0.100; anisotropic 
thermal pgrametcrs for all hydroxyl oxygen atoms, pyridine molecules as rigid 
gTOlll)S, hydrogen atoms. excepl !hose of water molecules and hydro1yl groups. 
were in ideal positions. · 

Fipre I. Projection of the structure al011g the Ii axis showing lhe packing 
of cyc:lodextrin layers in the triple unit cell: a' = a + c = 23.641, I,• = 
-b = 14.742. c'"' 2.a- C' = 40.03 A, fJ = 96.57° (similarly transformed 
anhydrous rorm: a'= 22.135. b' = 15.224, c' a 39.94 A. fJ "'95.83°). 

A B A 

' . . ,s O '. ·'5 :0:l,0·. ,:0:l,0·:,,, 
'. -($ fl '. ·<! fl 00· <'l,, . ,~0· \~0·.,, 

0 ~0~ (:) . 
0 '0··. c:10 ~ r:t) '0··. 60 ~ . 

f) ~·:'@ 0 ~-:' 
. ·O 

Figure 2. •• Section of the structure in the (I, 0, 2.) plane. isolating a 
monomenc layer. 

1500-1750 A3) or dimeric ( ~ 1800 A>) structures. Monomers 
have been described either as the "heningbone~ packing for hy­
drates' and inclusion8 and cationic insertion9 compounds or as 
arr:mged_ in sheets in the •brick" packing model. 10 Dimeric layers 
of 111clus1on compounds form C-centered layers in four classes of 
molecular padcing.11 In contrast to aU of these compounds formed 
in aqueous solutions, in our pyridine medium, water was introduced 
under strict control. 

The crystal structure was solved using a new molecular re­
placement package_l2.•3 Eight pyridine molecules per .B-CD are 
located in inter- and intramolecular channels (Figure I). and three 
water molecules are outside the cavity. One pyridine is included 
within the P..CD cavity, and a second is located at the primary 
hydroxyl level. Six others are pnzent within two channels (A and 
B), both along the crystallographic 2-fold screw axis. 

Sheets of ,6-CD molecules stacked nearly parallel to the b axis 
(inclination == !0°) form an open arrangement of nonoverlapping 
P-CD monomers. The overall packing consists of layers, fonned 
of pyridine and ,6-CD units, appearing with a 3-fold translational 
periodicity along a'"' a+ c: water molecules are located interlayer. 

The interlayer distance (7.88 A) is within the previously ob­
served range; in the layers, 8-CD molecules are packed more 
openly in a pseudo-C-cent.ered arrangement (unit area 620 A.2) 

than in dimer structures (unit area 460 A2). Each layer (Figure 
2) contains two alternative symmetry-related rows or ,6-CD. each 

(7) Lindner, K,;_ Saenger, W. Carbahydr. Res. 1981. 99. 103-115. Betzel, 
C.; Saenger, W.; Hmgerty, B. E.: Brown. G. M, J. Am. Chem. Soc. 1984 106 
7545-7557. Zabel. Y.; Sacnecr. W.: Mason. S. A. J. Am. Chem Soc jgu' 
108, 3663-3673. . . • 

(II) 'Toln,ok, It.; Abe, M.; Pujiwara, T.; Tomii.., IC; S.~H, W, Chrm. 
1411. 19111, 491-494. Lindner. K.:Saenger, W. Crubohydr. RtJ. 1982..107. 
7-16. Hara ta. K.; Kawano. IC.: fukunaga. K.: Obtani. Y. Chtm. Plwm. &II. 
Jpn. 1983, JI, 1428-1430. Hama, K. Bull. Clrtm. Sac. Jpn. 19114. J7. 
2596-2599. Harata, K.: Uekama, K.; Otagiri, M.; Hirayama, F.; Obtani, Y. 
Bull. Chem. Soc. Jpn. J 985. JB. 1234-1238. 

(9) ~. P.: Nicolis, I.; Villain. F.: de Rango, C.; Cclcman, A.. W. Acta 
C'ryJtalJagr. 1991, C47, 1829-1833. 

(10) Harata, K. Bull. Chrm. Soc. Jpn. 1982, 55, 2l!S-2J20. 
( 11) Le Bas. 0.; Ryunck. N. Cyc/odu1rlris wtd Their lndwtrlal Uses· 

Editions. de la SantE: Paris. 1987; pp 107-llO. Le Bas, G.; Rysanek, N.; 
T110ucans. 0. hoc. J(h_/111. Symp. C'ydodextri,u, Paris 1990; pp 114-119. 
Mcntzaf0$. D~ Mavndis, M.: Le Bas, G.: Tsoucaris, G. Acta Cry11allog, 
1991, 847. 746-7S7. . 

(12) Navaza, J. Ae1a Crys1a/logr. 1987, A4J. MS-6S3. 
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Atmospheric New Particle 
Formation Enhanced by 

Organic Acids 
Renyi Zhang,,,. lnseon Suh, 1 Jun Zhao, 1 Dan Zhang, 1 

Edward C. Fortner,1 Xuexi Tie,2 

Luisa T. Molina,3 Mario J. Molina3 

Atmospheric aerosols often contain a substantial fraction of organic matter, but 
the role of organic compounds in new nanometer-sized particle formation is 
highly uncertain. laboratory experiments show that nucleation of sulfuric acid 
is considerably enhanced in the presence of aromatic acids. Theoretical cal-. 
culations identify the formation of an unusually stable aromatic acid-sulfuric 
acid complex, which likely leads to a reduced nucleation barrier. The results 
imply that the interaction between organic and sulfuric acids promotes efficient 
formation of organic and sulfate aerosols in the polluted atmosphere because 
of emissions from burning of fossil fuels, which strongly affect human health 
and global climate. · 

Aerosols influence the Earth-atmosphere sys­
tem in several distinct ways (1, 2). Concerns 
over the human hea Ith effects of fine partic­
ulate matter constitute the most important 
element in fonnulating the national ambient 
air quality standard (3). Also, aerosols direct­
ly or indirectly affect the Earth's radiation 
budget (4, 5), and light absorption by aerosols 
causes visibility degradation. Furthermore, 
modification of clouds and precipitation by 
aerosols may enhance lightning activity and 
thus influence tropospheric chemistry (6, 7). 
The impacts of particulate matter on health, 
radiation, and cloud microphysics are strong­
ly dependent on the particle sizes. 

Several processes determine the aerosol 
size distribution, including new particle pro­
duction (as a result of gas-to-particle conver­
sion), growth due to condensation and coag-
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ulation, removal rates, and primary emis­
sions. New particle formation or nucleation is 
the least understood of these steps (8). Much 
of the previous research has focused on nu­
cleation of sulfuric acid, because sulfate rep­
resents an important component of the nucle­
ation mode aerosol (9). It is commonly 
recognized that binary nucleation of H20-
H2S04 is not efficient enough to explain 
atmospheric new particle formation (/ 0). 
Progress recently has been made in assessing 
the importance of ternary water-sulfuric 
acid-ammonia nucleation (11, 12), ion-in­
duced nucleation (13, 14), and .nucleation 
involving iodide species (15, J 6). 

The role of organic compounds in new 
particle fonnation is another potentially im­
portant issue (/ 7). Atmospheric measure­
ments reveal that aerosols often contain a 
considerable amount of organic matter (18-
21). During photooxidation of volatile organ­
ic compounds (VOCs), non- or semivolatile 
organic products are produced that contribute 
to secondary organic aerosol (SOA) forma­
tion. For example, in the urban atmosphere 
the aromatic component in gasoline (mainly 
toluene and xylenes) is responsible for SOA 
formation caused by oxidation of these com-

REPORTS 
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pounds (22). Current theory of SOA fonna­
tion assumes that condensation of low-vola­
tility organic species such as carboxy!ic or 
dicarboxylic acids occurs on preexisting par­
ticles from primary emissions or formed by 
homogeneous nucleation, most probably in­
volving sulfuric acid-ammonia-water or ions 
(8). Alternatively, it is suggested that SOA 
nucleation may occur through the fonnation 
of stable organic heterodimers (23). Current­
ly, few experimental studies have investigat­
ed new particle formation from organic acids. 
Another process, which also influences the 
chemical composition of organic aerosols, 
involves absorption of gaseous species onto 
particulate mal1er. On the basis of consider­
ation of the thermodynamic equilibrium dis­
tribution of a compound between the gas and 
condensed phases, a gas-particle partitioning 
model has been proposed (24) and invoked to 
explain the observed correlation between the 
SOA yield and the organic aerosol mass con­
centration (22, 25). More recently, it has been 
suggested that sulfate aerosols catalyze het­
erogeneous reactions of carbonyl com­
pounds, leading lo a considerably enhanced 
SOA yield (26). The growth of SOA from 
both mechanisms depends on preexisting par­
ticles, which are !inked to new particle for­
mation or primary emissions. 

To assess the role of low-volatility or­
ganic species in new particle formation, we 
performed laboratory studies of particle nu­
cleation from aromatic acid vapors and 
their mixtures with H2S04 (27). Aromatic 
acids, such as benzoic (C 7 H6 0 2 ), p-toluic 
(C8 H80 2), and 111-toluic (C8 H80 2) acids, 
are products from photochemical' degrada­
tion of aromatic hydrocarbons emitted from 
automobiles in the urban atmosphere (28) 
and have been identified in the particle 
phase (29, 30). Nanometer-sized particles 
were produced in an aerosol chamber, and 
the particle concentration and size distribu­
tion were monitored with an ultrafine par­
ticle counter (model 3025A, TS! Incorpo­
rated Particle Instruments, St. Paul, MN) 
and a nanodifferential mobility analyzer 
(model 3085, TSI Incorporated Particle In­
struments) capable of measuring particle 
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~~TS 
Fig. 1. Measured par­
ticle size distributions 

· · of the nucleating aero-'/1 sols. In (A), the brown 
and black curves corre­
spond to H2SO 4 aero­
sol formation with a 
RH of 5% and gaseous 
H

2
SO • concentrations 

of 6 x 109 and 8 x 
109 molecule cm·3, 

respectively. The green 
and orange curves are 
similar to the brown 
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and black curves, re- 3 5 7 9 
spect_ively, except for Particle Diameter (nm) 
add1t1on of 0.04 ppb . 
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benzoic acid to the aerosol chamber. In (B), the brown curve corresponds to 
H

2
SO4 aerosol formation with a RH of 5% and a gaseous H2SO4 concen­

tration of 7 X 109 molecule cm- 3. The green and orange curves are similar 

to the brown curve, except for the addition of 0.04 and 0.1 ppb benzoic acid 
[corresponding to 1 x 109 and 2.5 x 109 molecule cm- 3), respectively. The 
experiments were performed at 298 ::: 2 K and a total pressure of 760 torr. 

1488 

sizes as small as 3 nm (fig. S l). Gas-phase 
concentrations of the organic and sulfuric 
acids in the aerosol chamber were moni­
tored with the use of proton-transfer reac­
tion mass spectrometry and chemical ion­
ization mass spectrometry, respectively 
(3 l, 32). We initially generated H2 S04 

aerosols by introducing gas-phase H2 S04 

in a nitrogen carrier gas with a· variable 
relative humidity (RH). For a gaseous 
H2S04 concentration in the range of 109 to 
10 10 molecule cm- 3 , the particle sizes 
formed ranged from 3 to l 0 nm (Fig. l ), 
corresponding to the nucleation mode. The 
observed particle concentration increased 
when the gaseous H 2S04 concentration or 
RH was increased. A marked increase in 
the particle concentration occurred when 
benzoic acid vapor was added to the aerosol 
chamber (Fig. l ). With H2S04 concentra­
tions of 6 X 109 and 8 X 109 molecule. 
cm- 3, addition of 0.04 ppb (parts per bil­
lion) benzoic acid increased the particle 
concentration by a factor of 5 (Fig. I A). 
For a fixed H2S04 concentration, higher 
amounts of benzoic acid resulted in more 
pronounced particle formation (Fig. I 8). 
Figure l shows that the measured peak 
diameter of the particle distribution shifted 
slightly to a larger size with addition of 
benzoic acid, imp_lying that the presence of 
benzoic acid both enhanced nucleation and 
contributed to the growth of the newly 
nucleated particles. Substantially larger 
peak diameters (>IO nm) were detected 
when benzoic acid concentrations were in­
creased by one to two orders of magnitude. 

The aerosol nucleation rate, J, was esti­
mated on the basis of the ratio of the mea­
sured particle concentration to the nucle­
ation time (33). In the absence of organic 
acids, the nucleation rate· is dependent on 
the gas-phase H2S04 concentration and 
RH. Our measured nucleation rate of the 
H2 0-H2S04 binary system is qualitatively 
in agreement with previous experimental 
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5 7 9 

[H,SO,J (io' molecule cm") 

11 13 

Fig. 2. Estimated nucleation rate (J) as a func­
tion of gaseous H2 SO •concentration.The solid 
triangles correspond to H2SO • aerosol forma­
tion with a RH of 5%, and the solid circles 
correspond to particle formation with 5% RH 
and in the presence of 0.1 ppb benzoic acid (A), 
0.2 ppb p-toluic acid (B), or 0.3 ppb m-toluic 
acid (C). The curves are fit to the experimental 
data. The experiments were performed at 
298 :t 2 K and a total pressure of 760 torr. 

studies (12). Figure 2 shows that the nucle­
ation rate was considerably increased in the 
presence of the organic acids. The nucle­
ation rate in the presence of 0.1 ppb ben­
zoic acid is about a factor of 8 to 10 higher 
than that of the H20-H2 S04 binary system. 
Enhanced nucleation rates were also ob­
served for p-toluic and 111-toluic acids (Fig. 
2, B and C). The nucleation rate was in­
creased by a factor of 5 to 13 in the pres­
ence of 0.2 to 0.3 ppb of the two acids. For 
RH in the range of 4 to 15%, addition of 
sub-ppb levels of the aromatic acids con­
sistently led to a larger nucleation rate by a 
factor of 5 or higher than that of the H2 0-
H,S04 binary system (fig. S2). The partial 
pr~ssures of the aromatic acids in those 
experiments were several orders of magni­
tude smaller than their corresponding equi­
librium vapor pressures; that is, the satura­
tion ratio, S (34), was much smaller than 
unity. Interestingly, the high nucleation 
rate was also measured in the absence of 
water vapor for benzoic acid and p-toluic 

-., ., 
1 .., 

100000 

10000 

1000 

100 

10 

10000 

1000 

iOO 

10 

B 

C 

11 13 

{H2SO,J (1 o' molecule cm") 

5 7 11 13 

[H,SO,J (1o' molocule cm") 

acid, indicating that binary nucleation of 
the organic acid-sulfuric acid system is 
responsible for the enhanced new particle 
formation (35). Hence, these results suggest 
a probable interaction between the aromatic 
acid and sulfuric acid that leads to a reduced 
(heteromolecular) nucleation barrier. The 
magnitude of the effect of aromatic acids on 
H2S04 nucleation enhancement appears to be 
comparable to that previously reported for 
ammonia at similar H2 S04 and ammonia ad­
ditive concentrations and RH (fig. S3). 

We also examined (homomolecular) nu­
cleation of the aromatic acids in the ab­
sence of sulfuric acid and water. New par­
ticle formation was only detected when a 
substantial saturation ratio was established 
in the aerosol chamber. The minimum S 
required to produce detectable new parti­
cles was about 45 for benzoic acid and even 
higher for p-toluic and m-toluic acids. Sim­
ilarly, water was observed to have a negli­
gible influence on the organic particle for­
mation for benzoic and p-toluic acids, 
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~Bood;og eoe,g;e,, D0 1;0 kcal mo!- '), of 
the aromatic acid-sulfuric acid complexes. BA­
SA denotes benzoic acid-sulfuric acid complex; 

. ~ PTA-SA, p-toluic acid-sulfuric acid complex; and 
• MT A-SA, m-toluic acid-sulfuric acid complex. All 

energies are corrected with the zero-point en­
ergies (ZPE). The quantum chemical metho_ds 
used in the present study are similar to those 
used by Suh er a/. (28). 

Complex Do 

BA-SA 19.85* 
17.62t 
18.63! 
17.84§ 

PTA-SA 19.99* 
MTA-SA 23.72* 

*Determined with B3L YP/6-31 G(d,p)/IS3l YP/6-
31G(d,p). tDetermined with CCSD(T)/6-31G(d) + 
CF//B3LYP/5-31G(d.p). tDetermined with QCISD(T)/ 
6-31G(d)/IMP2(fu!l)/6-31G(d). §Determined with 
G2(MP2, SVP). 

because the two organic acids are insoluble 
in water and the organic aerosols formed 
are hydrophobic. In general, particle forma­
tion can be qualitatively predicted in terms 
of fundamental thermodyn<!mic and kinetic 
principles (36). The spontaneous gas-to­
particle conversion process corresponds to 
a decreased free energy and is thermody­
namically favorable but kinetically hin­
dered. During nucleation, a thermodynam­
ically stable cluster or critical embryo is 
generated before condensation growth of 
the particle, and this embryo formation in­
volves an energy barrier. Also, condensa­
tion growth of nucleated critical embryos 
will be retarded because of increased activ­
ity due to the Kelvin barrier. Hence, parti­
cle nucleation and subsequent growth in a 
single-component system occur only if the 
system is supersaturated (S > 1). It is 
conceivable that large barriers generally 
exist for other carboxylic or dicarboxylic 
acids, as shown in our experiments for the 
aromatic acids. The atmospheric concentra­
tions of the low-volatility organic com­
pounds are typically at the ppb level or less, 
even under polluted conditions (/, 2). Al­
though certain dicarboxylic acids do reach 
their saturation points in the atmosphere 
(18), the high supersaturation required for 
homomolecular nucleation likely renders 
new particle formation from those com­
pounds implausible. Previous smog chamber 
studies reported homogeneous nucleation 
from low-volatility organic compounds, but 
those experiments were carried out with the 
use of hydrocarbon concentrations that were 
several orders of magnitude higher than those 
found under the ambient conditions (25). 

To gain an insight into the nature of the 
interaction between aromatic and sulfuric 
acids at the molecular level, we performed 
quantum chemical calculations that show 
the formation of surprisingly stable aromat-

ic acid-sulfuric acid complexes (fig. S4). 
The equilibrium aromatic acid-sulfuric 
acid structure exhibits a nearly planar 
eight-membered ring: There are two hydro­
gen bonds, with the organic acid molecule 
acting as both a hydrogen bond donor and 
acceptor. The strength of the hydrogen 
bonding is reflected by the calculated bond 
lengths. For the benzoic-sulfuric acid com­
plex, for example, the hydrogen bond is 
1.503 A for C=O···HOS and I·. 705 A for 
COH···O=S, nearly comparable to weak 
covalent bonds. The energetics of the com­
plexes was quantified with a series of quan­
tum chemical calculations (Table 1 ). The 
bonding energies of the complexes are 
about 20 kcal mo1- 1 for benzoic and p­
toluic acids and are about 4 kcal mo1- 1 

higher for m-toluic acid. For comparison, 
the bonding energy is about JO kcal mo1- 1 

for the Hp-H2S04 complex (37) and 25 
kcal mo1- 1 for. the H2 0-H2S04 -NH3 sys­
tem (38). The large stability of the organic 
acid-sulfuric acid complex implies that the 
aromatic acid molecule bonds irreversibly 
to H2 S04 under atmospheric conditions. 
The complex formation between aromatic 
and sulfuric acids most likely reduces the 
barrier in heteromolectilar nucleation and 
helps condensation growth of the nucleated 
critical embryo by overcoming the Kelvin 
effect, explaining the enhanced new parti­
cle formation observed in our experiments. 
Additional calculations were performed for 
glutaric acid, indicating that stable complex 
formation with sulfuric acid represents a 
general feature for organic compounds with 
the carboxylic or dicarboxylic functional 
group. It is likely, though, that for smaller 
organic acids the effect on H2S04 nucle­
ation may be less important than that ob­
served for the aromatic acids (39). 

Organic acids have been widely identi­
fied as common components in atmospheric 
particulate matter (18-21). Our experimen­
tal study shows that homomolecular nucle­
ation of aromatic acids is unlikely to occur 
under atmospheric conditions, but that the 
interaction between aromatic acids and sul­
furic acid promotes efficient heteromolecu­
lar nucleation. The gas-phase concentration 
of organic acids is substantially higher than 
that of gaseous H2S04 in the atmosphere 
(18); thus, organic acids can also contribute 
considerably to the initial growth of the 
newly nucleated embryos, which is impor­
tant for subsequent particle growth by ad­
sorption or heterogeneous reactions of oth­
er organic vapors. The particle formation 
mechanism proposed in this study can have 
major implications for SOA and sulfate 
aerosol formation in polluted areas, be­
cause both organic and sulfuric acids are 
photochemical degradation products linked 
to the emissions from the burning of fossil 

REPORTS 

fuels (1, 2). In particular, new particle for­
mation can occur efficiently over a large 
portion of northern America, eastern Asia, 
and some parts of central Europe because 
of the concurrent anthropogenic VOC and 
S0 2 emissions in those regions (fig. SS) 
( 40). Our results suggest an alternative 
cause for efficient aerosol nucleation fre­
quently observed in the polluted atmo:' 
sphere, in addition to the available theories 
of water-sulfuric acid-ammonia ternary 
nucleation and ion-induced nucleation. For 
example, enhanced new particle formation 
(with a particle size of 3 to 4 nm) was 
observed in anthropogenic plumes advect­
ing from Asia, which were identified by 
elevated CO and S02 concentrations ( 41). 
The high CO amount was indicative of the 
abundance of VOCs inside those plumes. It 
was speculated that a high S0 2 concentra­
tion, in conjunction with other unidentified, 
possibly co-emitted species, was responsi­
ble for nucleation. In contrast, the same 
study revealed that few 3- to 4-nm particles 
were detected in the clean background and 
even within a volcanic plume that had a 
high H2S04 but.. low CO concentration. 
Also, measurements of aerosol hygroscop­
icity during the 1999 Houston Supersite 
Project indicated a dominance of the organ­
ic matter in the fine particle mode, which 
could not be explained by the formation of 
ammonium sulfate (21). Those measure­
ments likely can be explained by the im­
portance of organic acids in particle nucle­
ation and growth in the presence of sulfuric 
acid, because of the large abundance of 
both types of acids in urban environments 
and in the tropospheric boundary layer in­
fluenced by anthropogenic pollution. 
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The Acquisition of Exogenous Algal 
Symbionts by an O~tocoral After 

Bleaching 
Cynthia l. lewis and Mary Alice Coffroth* 

Episodes of coral bleaching (loss of the symbiotic dinoflagellates) and coral 
mortality have occurred with increasing frequency over the past two decades. 
Although some corals recover from bleaching events, the source of the repop­
ulating symbionts is unknown. Here we show that after bleaching, the adult 
octocoral Briareum sp. acquire dinoflagellate symbionts (Symbiodinium sp.) 
from the environment. Uptake of exogenous symbionts provides a mechanism 
for response to changes in the environment and resilience in the symbiosis. 

A diverse array of cnidarians fom1 symbioses 
with photosynthetic dinoflagellates in the ge­
nus Syrnbiodinium. These are true mutual­
isms, in that the symbiont receives inorganic 
nutrients from the host and the host obtains 
translocated photosynthetic products from the 
symbionts (J-3). Symbiont species within the 
diverse genus Symbiodinium are classified 
into broad groups or clades (i.e., A, 8, C, etc.) 
on the basis of sequence variation in the 
small-subunit ribosomal gene ( 4-6). Most 
cnidarians preferentially establish and main­
tain a stable symbiosis with either a specific 
clade of Symbiodinium (7-10) or a subset of 
the clades that vary with environmental gra­
dients such as light intensity (I 1-14). Envi­
ronmental perturbation (e.g., increased tem­
perature, increased solar radiation) can result 
in the breakdown of the symbiosis (i.e., coral 
bleaching) that can lead to coral death and 
subsequent reef degradation. However, some 
corals recover; and bleaching has been posit­
ed as a mechanism whereby hosts acquire 
new, potentially better-adapted symbionts ( 4, 
15, 16). The source of the symbionts that 
repopulate a host colony following bleaching 
is poorly understood (I J, 16, 17). Are the 
symbionrs derived from Symbiodiniwn popu­
lations remaining in the host at very low 
levels or from an exogenous pool of potential 
symbionts (12, 17-19)? 

To determine whether adult corals can 
acquire exogenous symbionts from the envi­
ronment after a bleaching event, the Caribbe­
an octocoral Briareum sp. was bleached and 
then exposed to exogenous Symbiodinium 
containing rare variants of the chloroplast 
23S ribosomal DNA (rDNA) domain V re­
gion (cp23S-genotype) (20). The potential 
symbionts were derived from isoclonal lines 
of Symbiodinium clade B initially isolated 
from newly settled octocoral polyps (cp23S­
genotypes 8211 and 8223) and an adult col-
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ony of Plexaura flexuosa (cp23S-genotype 
"8224). Because these variants are not com­
monly found in adult Briareum sp., they 
served as markers for uptake of exogenous 
Symbiodinium. The markers 8211 and 8223 
cp23S-genotypes were not detected in any of 
255 Briareum sp. colonies collected from the 
field; one colony harbored Symbiodinium 
8224 (2 ]); 254 colonies harbored either Sym­
biodinium B 178 and/or Bl 84, the cp23S­
genotypes typically found in Briareum sp. 
(21). The cp23S-genotypes used as markers 
in the experiment were not found in Symbio­
dinium isolated from the experimental colo­
nies before or immediately after bleaching 
(Fig. 1 and Fig. 2A, lanes P and B; table S l ). 

Cell counts of Symbiodinium within Bria­
reum colonies immediately after bleaching 
confirmed a decrease in symbiont density to 
less than 1% of the original population den­
sity (Fig. 28). Molecular analysis detected 
residual populations of 8178 and/or B 184 in 
27 of the 39 colonies after bleaching (table 
S l ). During the subsequent 6-week exposure 
to exogenous symbionts, cell densities within 
the hosts increased 9- to 31-fold, demonstrat­
ing that the symbiosis had begun to reestab-
1 ish itself (Fig. 2B). Molecular analysis of the 
symbiont population within these hosts after 
3 and 6 weeks of exposure to exogenous 
Symbiodinium cultures identified the marker 
cp23S-genotypes in 58% and 45% of the 
samples, respectively (Fig. 2A, lanes R). This 
demonstrates repopulation of adult Br-iareum 
by exogenous symbionts and thus establishes 
a potential exogenous source of symbionts 
following bleaching events (22). Further­
more, 37% of the colonies that initially har­
bored Symbiodinium B 178 and/or B 184 con­
tained only Symbiodinium with the marker 
cp23S-genotypes when sampled after 3 
weeks of exposure to the exogenous algal 
source ["switching" sensu (I/)]. In contrast, 
six colonies, which initially contained Sym­
biodinium B 178 and/or B 184, did not acquire 
symbionts with the marker cp23S-genotype. 
This may be due to physiological differences 
between the different Symbiodinium strains 
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Fig. S1. Schematic representation of the experimental setup. The aerosol chamber is 
made of a jacketed glass tube of 2.45 cm i.d. and 60 cm in length. The nucleation time 
was estimated to be in the range of 7 to 12 s. For the nucleation experiments involving 
sulfuric acid and organic/sulfuric acid mixtures, the experiments were performed at 298 ± 
2 K. For experiments involving homomolecular nucleation of organic acids, the 
emperature was regulated between· 220 and 298 K. All experiments were performed at a 
pressure of one atm. The PTR-MS and CIMS methods have been discussed in our 
previous studies (Sl,S2). 
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Fig. S2. Nucleation rates in the H2SO4/H2O/C7~O2 system at 9.5% RH. The 
concentration of the benzoic acid is 0.04 ppb. 
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Fig. S3. Comparison of the nucleation rate in the HiS04/I-h0/C1!¼02 system at 4.6% RH 
with that in the H2S04/l-120/NH3 system at 5.5% RH reported previously !>'3). The 
amount of benzoic acid is 0.1 ppb in the present work, and the amount of NH3 is 0.17 ppb 
(S3). 
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(a) (b) 

(c) 

Fig. S4. Equilibrium geometries of the benzoic acid (a), p-toluic acid (b), and m-toluic 
acid (c) - sulfuric acid complexes obtained at the B3L YP/6-31 G(d,p) level of theory. 
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Fig. S5. Simulated global distributions of total concentrations of condensable species for 
sulfate aerosol (top) and SOA (middle) averaged for June, July, and August using a 
global chemical transport model (MOZAR - v2) (S4). The bottom panel corresponds to 
the square root of the product of the quantities shown in the top and middle panels. The 
amount of condensable organic species was computed according to the bulk aerosol 
yields from biogenic and anthropogenic VOCs on the basis of experimental studies of 
SOA formation (S5). A key feature of the figure is that the abundances of condensable 
SOA and sulfur compounds generally coincide because of the concurrent emissions from 
fossil-fuel burning, except for the regions in South Africa and South America where 
biogenic emissions contribute significantly to the condensable SOA species. 
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