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Crystal and Molecular Structure of a 1:1 Molecular Complex of
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As a model compound of flavin-adenine dinucleoctide, the crystal and molecular
structure of a 1:1 molecular complex of adenine and riboflavin has been determined by
an X-ray diffraction method. There are two independent 1:1 complexes in an asymmetric
unit, and, in both complexes, adenine and riboflavin molecules were connected by
similar reversed Hoogsteen-type hydrogen bonds. In addition, nearly coplanar adenine

“and isoalloxazine rings interact with each other to form an infinite alternate stacking.
Riboflavin molecules were found to have two rotational isomers about the glycosyl bond
and the orientations of carbon atoms in the ribityl chain are“nonplanar to avoid
intramolecular nonbonding short contacts. These two conformations are significant to
considerations of plausible flavin-adenine dinucleotide models consistent with the re-

sults of nuclear magnetic resonance studies.

Riboflavin is well known as an impor-
tant biological substance, not only as vi-
tamin B,, but also as a component of coen-
zyme, FAD' or FMN, in oxidation-reduc-
tion systems. Recently, it was shown that
adenine aceelerated the photochemical in-
activation of riboflavin-sensitized dehy-
drogenase (1), and it was of interest to
examine the interaction between ribo-
flavin and the other chromophore. Several
studies have been reported of the interac-
tions, using such physicochemical methods
as fluorescence ‘quenching, -ultraviolet, in-
frared, and other spectroscopic measure-
ments (2-5). In the FAD moleculé, particu-
larly, the mode of interaction between the
1zculloxazine and adenine rings is an in-
teresting problem relating to its biological’
role as a coenzyme. Several interaction
mechanisms have been postulated, influd-

e -

! Abbreviations used: FAD, flavin-adenine dinu-
cleotide; FMN, riboflavin 5'-phosphate; RF1 and.
RF?2, first and second riboflavins, respectively; Al
and A2, first and second adenines, respectively; Br-'
ads:Rf, the erystal structure of a 1:1 complex of 5'-
bmmo-S'-deoxyadenosine with riboflavin; P confor-.
mation, y, = +90° M conformation, x, = —~90°% CPK
model, Corey-Pauling Koltun model.

ing (9) the stacking between two chromo-
phoric rings by charge transfer or 7-m in-
teraction (6) and (b) characteristic hydro-
gen bonding between the pyrimidine (ura-
cil) skeleton in the isoalloxazine ring and
the adenine ring similar to the base pair-
ing found in polynucleotides or crystalline
purine-pyrimidine base-paired complexes
(7, 8).

Therefore, we attempted to solve the
crystal and molecular structure of a 1:1
molecular complex of adenine and ribo-
flavin as a model compound of FAD. In
this.paper, we deal with the detailed struc-
ture analysis and also consider a new FAD
molecular conformation, assuming that
the two rotational isorners in the ribityl
group found ifi'this crystal are maintained

in solution. The chemical structures of

ribgflavin and adenine are shown in Fig. 1
with the dtomic numbering scheme.

EXPERIMENTAL PROCEDURE

. Materials and methods. Adenine and riboflavin
were purchased from Nakarai Chemicals, Ltd.
Equimolar amounts of adenine and riboflavin were
dissolved in warm dimethyl sulfexide. The solution
was equlibrated with water in a sealed container,
and, within a few days, small, dark yellowish plate-
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riboflavin

Fic. 1. Numbering of atoms adopted in the text.

like crystals were obtained. The crystallographic
data are shown in Table I. The space group was
determined to be P2, in the monoclinic system by
gystematic absence on (0k0) reflections with & = 2n
+ 1. The calculated density containing four formula
unita in a unit cell, 1.479 g/em?, isin good agreement
with the experimental value of 1.472 g/em?®, mea-
sured by the floatation method.

The intensities of a total of 1512 independent
reflections up to a limit of 26, 76° were measured on
a Rigaku-Denki computer-controlled four-circle dif-
fractometer with Ni-filtered CuK« radiation. The
w~-20 scanning technique was employed at a rate of
P/min. The intensities of three standard reflections
measured for every 30 reflections of the data set
indicated that there was no structural damage dur-
ing the run. Lorentz-poiarization corrections were

applied to the measured intensities, but no absorp- .

tion correction was considered because of the small
size of the crystal (0.20 x 0.20 x 0.01 mm?).
Structure determination and refinement. From
the requirement of the space group P2, and the
number of molecules in a unit cell calculated from
the density measurement, it was found that two
units of the complex containing one adenine, 'one’
riboflavin, and three water molecules should occur
in one asymmetric unit. With reference to the crys-
tal structure of a 1:1 complex of 3'-bromo-5"-deoxy-
adenosine with riboflavin (hereafter abbreviated as
Br-ads:Rf) determined by Voet and Rich (9), an in-
teresting correlation between the unit cell dimen-
sions of the two crystals was found. The values, for
comparison, area = 7.873'(b = 7.88), 4 = 8.601 (¢ =

adenine

8.53),c = 48.493 (37.82 A, anda = 8=y = 90° (8 =
97.83°); the values in parentheses are those found in
this work. The significant difference in the c-axis .

dimension (10.67 A) might be due to the additiona
ribose group in the 5'-bromo-5'-deoxyadenosine mol
ecule. Meoreover, the space group P2, in this crystal

ig different from that found in the other, £2,2,2,, but
it seems likely that the molecular arrangement re-

lated by the twofold screw axis along the a-axis in
the crystal structure of the Br-ads:Rf complex might
be similar to that related by the twofold screw axis
along the b-axis in this crystal. These facts seem to
indicate that the molecular conformation and pack-
ing in these crystals resemble each other rather
closely.

The structure determination was continued by a
combination of Patterson vector search and Fourier
techniques. A total of ‘80 nonhydrogen atoms was
determined. The rigid-bady vector set was calcu-
lated from 29 atoms where isoalloxazine and ade-
nine rings weré connected by hydrogen bonds as
found in the crystal of Br-ads:Rf. Rotation and
translation of the vector set against the Patterson
function properly located the above 29 atoms. At this

" stage. the R index (R = T|F,| - [FJ/ SIF.}) was 0.48,

and careful inspection of the Fourier map with
phases based on 29 atoms made it possible to locate
another pair of isoalloxazine and adenine rings.

After 10 cycles of successive Fourier synthesis, the °

positions of all of the remaining nonhydrogen atoms
were determined and the R index was lowered to
0.35. Further refinement of positional and isotropie
temperature parameters was carried out by a block-
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TABLE I
CrySTAL DATA OF THE ADENINE-RIBOFLAVIN
ComprEX
Chemical formula C=HN,O3H,0
Molecular weight 565.5
a (A 8.53 = 0.01
5 (A 7.88 = 0.01
cd 37.82 = 0.04
I:Xy] 97.83
Crystal system Monoclinic
Space group P2,
VA ’ 4
Dm {g-em™) 1.472 = 0.04
Dx (g-cm™) 1.479

diagonal least-squares method with unit weight,
and the final R index was decreased to 0.22, which is
relatively high, probably due to the small size of the
crystal and/or the disorder attendant on dehydra-
tion similar to that found in the crystal structure of
Br-ads:Rf. For all computations, the UNICS system
program was used (10).

. RESULTS AND DISCUSSION

The positional parameters for all nonhy-
drogen atoms are listed in Table II, in
which the two independent riboflavin mol-
ecules are designated as RF1 and RF2, and
the two adenine molecules are designated
as Al and A2, Figure 2 shows the bond
lengths and angles in the two independent
romplexes. Owing to the low accuracy of
the final structural parameters, the
quoted bond lengths and the bond angles
are slightly inexact, but these values are
within standard deviations (ca. 0.05 A in
distance and 2° in angle).

As shown in Figs. 3 and 4, each ribo-
flavin molecule is associated with a partic-
ular adenine molecule by two hydrogen
bonds (the reversed Hoogsteen type), one
Jetween the amino N(6) of adenine and the
isoalloxazine O(2) of riboflavin, and the
other between N(7) of adenine and N(3) of

riboflavin, similar to those found in some.

molecular complexes containing adenine
and uracil (8) or in the Br-ads:Rf complex.
Raszka and Kaplan (11) have examined
the conformational specificity of FAD by
intramolecular hydrogen bond formation,
and, according to them, this intramolecu-
lar hydrogen bonding, which is energeti-
cally less favored, could exist in aqueous
solution. Their proposed FAD model has

STRUCTURE OF THE ADENINE-RIBOFLAVIN 1:1 COMPLEX
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Hoogsteen-type intramolecular hydrogen

bonds between O(4) and N(3) of the ribo--

flavin and the amino N(6) and N(7) of the
adenine moiety, respectively, which differ
from those found in this work. Using
either of these two types of hydrogen bond-
ing, it is possible to construct FAD molecu-
lar models with the- space-filling CPK
models.

Voet and Rich (12) suggested that the
hydrogen-bonded FAD molecule fits into a
pocket of the enzyme molecule having a
large hydrophobic surface and that the
specificity arising from the intramolecular
hydrogen-bonded FAD conformation is a
protection against any genetic modifica-
tion of the adenine group or the pyrimidine
ring of the isoalloxazine group. Such hy-
drogen bond formation could be involved
in the acceleration of photochemical inac-
tivation of riboftavin-gensitized dehydro-
genase by adenine (13).

The adenine ring and isoalloxazine ring
of riboflavin in each complex molecule in-
teract with each other to form an infinite
alternate stacking. It is interesting to com-
pare the mode of stacking in each complex
molecule. The riboftavin, RF1 (Fig. 3),
which forms the hydrogen-bonded dimer
with the neighboring adenine (Al) mole-
cule, stacks between two adjacent adenine
rings, of which the upper one associates

with large overlap and an interplanar’

spacing of 3.4 A while the lower ene over-
laps slightly with a 3.5-A separation. On
the other hand, the second riboflavin mol-
ecule, RF2 (Fig. 4), also involved in a hy-
drogen-bonded dimer with adenine (A2),
has a large overlap with the lower adenine
(spacing: 3.4 A) and a small overlap with

the upper one-(spacing: 3.5 A). Even

though the separation in the highly over-
lapping stack, 3.4 A, is somewhat too great

.o be regarded as a charge-transfer inter-

action, a similar mode of overlapping was
observed in the crystal structure of the Br-

_‘ads:Rf complex. However, the small over-

lapping association found in this crystal
differs considerably from that observed in
the Br-ads:Rf complex, and it indicates
that this weak stacking may be easily
changed by packing forces.

The observed strong stacking between
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TABLE O
Atomic PosrTions i¥ FracTions oF A Untr Cers Ence op THE CRYSTAL STRUCTURE OF THE ADENINE-
RiBorLavin ComMPLEX
Atom X Y Z Atwom X Y Z O\
RF1 RF2 z
N1 0.6255 0.2200 0.1116 N1 0.3623 0.4449 0.3920 ’
cz 0.7769 0.1833 0.1285 c2 0.2203 0.4816 0.3807 $
N3 0.8380 0.2061 0.1608 N3 0.1583 0.4666 0.3447 &
C4 0.7381 0.3021 0.1820 C4 0.2186 0.3660 0.3205 O/
Cs 0.2733 0.5772 0.1977 C5 0.7083 0.1035 0.3050
Cé 0.1144 0.6324 0.1808 ce - 0.8708 0.0758 0.3115
C7 0.0566 . 0.5825 0.1454 C7 0.9336 0.0947 0.3522
o) 0.1399 0.4932 0.1254 C8 0.8476 0.2003 0.3765
N9 0.3880 0.3497 0.1176 N9 0.6044 0.3242 0.3818
N10 0.5108 0.4447 0.1900 N10 0.4792 0.2540 0.3134
C11 0.3001 0.4508 0.1393 Cl11 0.7011 0.2391 0.3618
C12 0.3686 0.4866 0.1752 Ci12 0.6356 0.2190 0.3254
C13 0.5447 0.3072 0.1318 C13 0.4439 0.3522 0.3685
Cl4 0.5851 0.3581 0.1686 Cl4 0.3834 0.3358 0.3323
Cl15 . —0.1060 0.6438 0.1329 C15 1.1129 0.0360 0.3670
C16 0.0121 0.7288 0.2041 C16 0.9571 ~0.0426 0.2858
02 0.8643 0.0943 0.1094 02 0.1276 0.5623 0.3965
Q4 0.8114 0.3287 0.2156 04 0.1658 0.3550 0.2894
Cct 0.3352 0.2967 0.0778 cr 0.6764 0.3876 0.4192
. c2' 0.3515 0.4622 0.059¢ ce 0.6276 0.2550 0.4461
, (074 0.5280 0.5101 0.0599 Q' 0.7300 0.0933 0.4443
? Cc3 0.3026 0.4393 0.0165 C3 0.6672 0.3327 0.4858
03 0.3872 0.2976 0.0027 [o}% 0.6175 0.1904 0.5072
C4 0.1343 0.3656 0.0100 Ccy . 0.8485 0.3457 0.4999
04’ 0.0350 0.4933 0.0280 04’ 0.8806 0.5042 0.4745
Cs’ 0.0674 0.3979 -0.0315 C5' 0.8873 0.4205 0.5398
05’ -0.0899 0.3187 -0.0412 05’ 0.7579 0.5771 0.5423
Al A2 Oy
N1 1.4611 -0.1153 0.1537 N1 -0.4578 0.7873 0.3483 i
C2 1.5769 ~0.1120 0.1866 C2 -0.5648 0.7917 0.3210 '
N3 1.5360 -0.0162 0.2170 N3 -0.5385 0.7130 0.2928
o 1.3903 0.0541 0.2128 C4 ~0.3908 0.6453 0.2921
- Cs 1.2794 0.0424 0.1823 C5 -0.2759 0.6445 0.3220 v
Cs 1.3141 -0.0400 0.1512 C6 -0.3115 0.7220 0.3520 O/
N6 1.2082 -0.0519 0.1188 N6 -0.2217 0.7237 0.3847
N7 1.1513 0.1439 0.1800 N7 -0.1447 0.5568 0.3163
C8 1.1864 - 0.2023 0.2230 - C8 -0.1796 0.5201 0.2824 2
N9 1.3323 0.1475 0.2381 N9 ~0.3353 0.5586 0.2660
p £
Water ) Water %
01 0.7805 0.3106 0.0452 [oX! 0.5693 0.3997 0.5886
02 0.3867 0.9784 0.0260 05 0.3237 0.2952 0.5379 £
03 0.5571 0.8080 0.0888 (8]} 0.1865 0.4374 0.4668 £
the isoalloxazine and adenine rings of the based on circular dichroism by Miles and 73;
FAD molecule in aqueous solution may Urry (14), and on nuclear magnetic reso-
play an important role in maintaining its nance spectra by Sarma et al. (15) and
conformational rigidity and many models Kainosho and Kyogoku (16), differ consid-
involving such stacking have been postu- erably from our model based on X-ray
lated. However, the 'proposed models analysis of the adenine-riboflavin com- r rit
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Fic. 2. Bond distances (in Angstrom units) and bond angles (in degrees) in the adenine-

riboflavin complex.
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Fic. 3. A projection of the first intermolecular
complex onto the plane of the isoalloxazine ring of
riboflavin RF1. The hydrogen-bonded (dashed lines)
and stacking relationships among the adenine and
the isoalloxazine rings are shown.

i
Hdirgy

Fic. 4. A projection of the second intermolecular
complex onto the plane of the isoalloxazine ring of
riboflavin RF2. The hydrogen-bonded (dashed lines)
and stacking relationships among the adenine and
the isoalloxazine rings are shown.

plex. It is possible to build a stacking -

space-filling CPK model based on this
work, but there are still some difficulties
in building a model having sugar and py-
rophosphate groups consistent with the re-
sults of solution studies, especially by nu-
clear magnetic resonance. Therefore, the
intermolecular stacking mode detected in
the adenine-riboflavin complex does not
seem to be the same as the intramolecular
stacking mode of the FAD molecule. But
the large overlapping stack is plausible in
intermolecular interactions between the
riboflavin moiety and the adenine moiety
of adjacent FAD molecules, which was

FUJII ET AL.

~ ‘carbon atoms in ribityl backbones take

noted by Sarma et al. (15). This could alst
be considered as an alternative explana¥&
tion of the acceleration of photochemical¥
inactivation in riboflavin-sensitized dehy
drogenase by adenine.
It is of interest that two independen
rotational isomers around the glycosy
bond were found in this crystal. The tor
sion angle about the glycosyl N(9)-C(1’
bond is denoted by the symbol x,. The s&.,
quence of atomns chosen to define this angle
is C(13)-N(9)-C(1)-C(2’). The use of the%
symbols, P and M, corresponding to x;,
+90° and -90° conformations, respec- &
tively, is found to be advantageous in de- "
scribing the conformational differences o
the ribityl moieties. It makes a distinction™
between two ribityl conformations, that is,
the P conformation for the RF1 mo]ecule,
and the M conformation for the RF2 mole- %
cule. The conformations of the ribityl &
group in riboflavin found in seven crystal 3
structures are listed in Table III. The P i
conformation is comimonly observed in the
crystal structures, but the M conformation i
is found in only two crystals. Courriére &
and Pullman (21) suggest that riboflavin
has one global minimum at y,; = +90° (7,, =
180°) and an energetically close local mini-
mum at x; = =90° (7,, = 180°). The ribo-
flavin insolution and in the enzyme (as
FMN and FAD) could be considered to
have the M conformation as well as the P
conformation. The P-¢t-g~-t conformation &
{corresponding to the y~r,~r.~74 torsion ?
angles in Table III) including riboflavin
RF1 of this crystal is commonly observed.
On the other hand, the M-t-g*-¢ confor-
mation (riboflavin RF2 of this crystal) is
observed here for thé first time. The plus
or minus gauche conformation at r,,, with
the aid of the trans conformation of adja-
cent bonds at each side, avoids intramolec-
ular short contact, especially between hy-
droxy substituents, and it means that the

nonplanar conformations. By energy calcu-
lations, we found that these two nonplanar
conformations are the preferred ones
among the many cases in Table I (unpub-
lished work).

From nuclear magnetic resonance stud-
ies, Kainosho and Kyogoku (16) have pre-
dicted interchangeable forms (two folded

J—
Rf-HBr-H
Br-Ads:Rf"
oRf-2Cu(C
9Rf-2Cu(C
Rfr-AgCH
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kil
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¢ Form}y
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Crystal® Torsion angles (%) References
© Xs Ty Ty Ty Ty

Rf-HBr-H,0 97(P) 175(1) 298 (g7) 193()  310(g") 17
Br-Ads:Rf-3H,0 35 (P) 186 (¢) 303 (g7) 192 () 188 (¢8) 8
oRf- 2Cu(C10,),-12H.0 Mol-1 284 (M) 157 (¢) 298 (g) 201 () 178 (1) 18
2Rf-2Cu(C10,), - 12H,0 Mol-II" 103 (P) 177 (t) 288 (g7 183 (&) 56 (g*) 18
Rf- AgCl10,-1/2H,0 96 (P) 166 (¢) 168 () 56 (g*) 62 (g*) 18
2Rf-2quinol -4HBr-4H,0 Mol-1 98 (P) 193 (t) 169 (1) 296 (g7)  297(gM) 20
2R{-2quinol-4HBr-4H,0 Mol-II 96 (P) 191 (¢) 186 (&) 281(g7) 191 (p) 20
°Rf-2Ade-6H,0 RF1 105 (P) 180 (&) 306 (g7) 202 (®) 190 (&) This work
2Rf- 2Ade -6H,0 RF2 279 (M) 169 () 75 (g*) 186(H) 37(g*)  This work

s Conformational characters, Xy, 7\, Ty, T25. T3, and 7y, correspond to the rotations arcund the bonds of
N(9)-C(19), C(11-C(2, C(2)-C(3'), C(3)-C(4"), and C(4')-C(5’), respectively. The definition of the sym-
bols, P and M, is described in Footnote 1. The other symbols, ¢, g*, and g~, correspond to trans, plus gauche,

«

and minus gauche conformations in each bond, respectively.
¢ RS, riboflavin; Br-Ads, 5'-bromo-5'-deoxyadenosine; Ade, adenine.
¢ Formylated {45%) on the 5' position by the formic acid solvent.

possible to build a new FAD molecule

with CPK models, in which the planar
isoalloxazine and adenine rings are highly

stacked (Fig. 5), and it should be reexam-
ined by nuclear ‘magnetic resonance as a
possible folded form.

The molecular arrangement of this crys-
tal is similar to that of the Br-ads:Rf com-
plex. The molecular conformation and ar-
rangement of the riboflavin (RF1) and the
adenine (Al) are very similar, which is to
be expected from the correlation between
the unit cell dimensions of two crystals.
The second riboflavin (RF2) and adenine
(A2) molecules are also very similar, ex-
cept for the ribityl moiety. This fact shows
that the difference between adenine and
adenosine derivatives has little effect on

g%r:ioin molecular packing.
lerve dn Both independent ribityl groups ar-
o nfor: 2 : ranged around the dyad-screw axis and
; I Fic. 5. A model of a FAD molecule having the the water molecules interact primarily
stal) is stacked form in which the conformation of the ribi-  with the ribityl group to occupy the space
e p].us ) tyl moiety, M-t-g"-t, corresponds to one of the ob-  in the latti¢e (Fig. 6). All of the hydroxy
? :gld'th served conformations in this work. oxygen atoms in the ribityl group are hy-
molcjai: . , drogen bonded to other ‘hydroxy or water
en hy. forms. and a flexible open form) as the most oxygen atoms of the neighboring molecule
at tge plapsxble models of the FAD mol_ecu].e, with dls_tances of 2.6-3.1 A. The atom N(})
s take whlcl} bear the P-t-g™-¢ conformation in of the riboflavin (RF2) is not involved in
caleu. the nbxtyl.residue. However, the M-t-g*-t hydrpgen bgn’djx_xg, contrary to the case of
olanar conformation found in the RFZ. molecule the riboflavin complex with copper (ID per-
" ones could not be excluded as a possible back- - chlorate, which also has the ribityl back-
wpub- bone conformation of the FAD model, be- bone in _the M conformation (18).

cause it is also consistent with the nuclear Two independent coplanar complexes
\ stud- magnetic resonance results. In fact, it is form a coplanar association with each

other by a bifurcated hydrogen bonding
between N(9) of adenine and N(10) or O(4)
of the isoalloxazine ring of the adjacent
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Fic. 6. A projection of the crystal structure
along the b-axis. The water molecules are rep-
resented as open circles.

riboflavin molecule (Figs. 3 and 4). There
exists an approximate center of symmetry
at the middle of two independent complex
molecules, excluding the ribityl group,

FUJO ET AL.

.

which has three asymmetric carbon at- 3
oms, as shown in Fig. 6. This sort of tetra- :
mer interacts with itself to form the infi- 5
nite molecular array in the crystal. 3
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Ladderanes \lﬁ

Supramolecular Construction of Molecular
Ladders in the Solid State**

Leonard R. MacGillivray*

In memory of Xiuchun Gao

An {n]ladderane is a molecule that consists of n edge-sharing
cyclobutane rings (where n>2) that define a molecular
equivalent of a macroscopic ladder." Ladderanes are consid-
ered promising building blocks in
optoelectronics? and, very

R —R recently, have been identified in
B R biological systems (n=3 and 5), in
) the form of ladderane lipids,*

which are integral components in
{nlladderane the microbiological conversion of
ammonium and nitrite ions to dini-
trogen gas**! In the simplest case, a cis-fused {n]ladderane
(n=3,5,7...) can be constructed by photochemical dimeri-
zation of two all-trans-poly-m-enes (m=2, 3, 4...). Despite
the apparent simplicity of this intermolecular process, how-
ever, such a transformation generally fails!! This can be
attributed to the lack of a method that overcomes the
energetic cost, due to solvent!® and entropy!* effects, of
organizing two polyene molecules in a suitable geometry in
the liquid phase for photoreaction, although a covalent linker
that holds two polyene chains in a parallel orientation for a
high-yield, intramolecular photoaddition to give a [n}ladder-
ane (n =3 and 5) has been reported.!!

We believe that a supramolecular approach to covalent
synthc:sis”'BI in the organized, solvent-free environment of the
solid state!™ can provide a solution to the problem of
organizing two polyenes for an intermolecular reaction to
give a ladderane. Specifically, by taking an approach to
control reactivity in solids!” by using molecules that serve as
linear templates,'™"* we have anticipated that the cocrystal-
lization of resorcinol (1,3-benzenediol), or a derivative, with
an  all-trans-bis(4-pyridyl)poly-m-ene  (4-pyr-poly-m-ene)
would produce a four-component molecular assembly,

. 2(resorcinol)-2(4-pyr-poly-m-ene), in which each resorcinol
preorganizes, through two O~H--N hydrogen-bonding inter-
actions, two poly-m-enes for [2+2] photoaddition."! In this
design, the two polyenes (Scheme 1) would be positioned by
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towa City, |1A 522421294 (USA)
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the templates such that the C=C
bonds of the olefins lie parallel and
separated by <42 A, a position
suitable for the photoreaction. UV
irradiation of the solid would pro-
duce the targeted [n]ladderane, with
the C=C bonds reacting to form the
fused cyclobutane framework.
Herein, we report the application of
2(5-OMe-res)-2(4-pyr-poly-m-ene)
(where: m=2 (1a) and 3 (1b); 5-
OMe-res = 5-methoxyresorcinol) to
construct [n]ladderanes (where n=
3 (2a) and 5 (2b)) in the solid state.
The remarkable efficiency of this
intermolecular process is exempli-
fied by the fact that the polyenes are
converted to the ladderanes stereo-
specifically, in gram quantities, and
in 100% yield.'"

In a typical experiment, one
equivalent of 5-OMe-res'"!! was co-
crystallized with an equimolar
amount of a 4-pyr-poly-m-ene!® in
methanol. Single crystals of 1a and
1b suitable for X-ray analysis formed
in the methanolic solution within a
period of approximately one day.

Single-crystal X-ray structure
analyses of 1a and 1b reveal that
the linear templates preorganize
each polyene into a position for
intermolecular photoaddition that is
favorable for ladderane formation.!®!

Angew. Chem. Int. £d, 2004, 43. 232-236

Figure 1. X-ray crystal structures of 1a and 1b: a) ORTEP view of 1a, b) ORTEP view of 1b, c) space-filling
view of the packing of 1a, and d) space-filling view of the packing of 1b. Selected interatomic distances [A]
and angles [°): a) O1-N1 2.761(3), 02-N2' 2.736(3), O1-H10--N1 175 .5(2), 02-H20--NZ 171.4(2);

b) O1-N1 2.792(5), 02--N3 2.777{6), O4--N2 2.782(6), O5--N4 2.756(6), O1-H10--N1 173.6(3), O2-
H20--N3 173.4(3), 04-H40--N2 176.6(3), O5-H50--N4 175.1(3). Symmetry operator i: —x+1, -y, ~z+2.
The asymmetric unit of 2(5-OMe-res)-2(4-pyr-poly-2-ene) consists of one half assembly, which resides around
a crystallographic center of inversion, whereas that of 2(5-OMe-res)-2(4-pyr-poly-3-ene} involves two full
assemblies, which are virtually identical.

www.angewandte.org © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 233
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In each case, the linear templates and polyenes form discrete,
four-component molecular assemblies that are held together
by four O—H--N hydrogen bonds (Figure 1a,b), wherein the
templates orient the polyenes in a parallel arrangement. The
separation between the stacked C=C bonds ranges from 3.78
to 3.82A and 3.69 to 3.97A in 1a and 1b, respectively.
Nearest-neighbor assemblies of each solid pack in an
antiparaliel fashion so that the olefins of the hydrogen-
bonded assemblies are the sole C=C bonds organized to
undergo reaction (Figure 1 ¢,d).

To evaluate the reactivity of the solid-state molecular
assemblies, powdered crystalline samples of 1a and 1b were
subjected to UV irradiation (broadband Hg lamp) for periods
of approximately 120 and 72 h, respectively. As evidenced by
"H NMR spectroscopy (in [Dg]DMSO), 2a and 2b formed
stereospecifically and in 100% yield (Figure 2). Each ladder-
ane is characterized by the complete disappearance of the
olefinic protons and the emergence of cyclobutane protons in
the 6=23.0-4.3 ppm range.*'"! The three fused cyclobutane
rings of 2a produced two broad signals at 6 =349 and

a)

4.30 ppm (1:1 ratio), while the five fused cyclobutane rings of
2b produced three broad signals at 6=3.12, 3.27, and
4.27 ppm (1:1:1 ratio).

To confirm the structures of the ladderanes, the reactions
were repeated in gram quantities. The linear templates were
then separated from each photoproduct by solvent extraction.
Single-crystals of 2a and 2b-2(benzene) were grown, over a
pericd of approximately three days, by way of slow solvent
evaporation-from ethanol and benzene, respectively.

Single-crystal X-ray structure analyses confirm the struc-
tures of 2a and 2b (Figure 3). Each photoproduct consists of a
cis-fused cyclobutane framework with ends that are function-
alized with four 4-pyridyl groups. The C-C bond lengths and
C-C-C bond angles of the fused cyciobutane units compare
well to both calculated and experimentally related struc-
tures.*'¥l

The ladderanes 2a and 2b appear to form within 1a and
1b through stepwise [2+2] photodimerizations. 'H NMR
spectra obtained 24 and 48 h into each reaction reveal that
lower-order {n]ladderanes form during the generation of each

b}

H Ha

c) d)
H, H,
‘ J | | ]
J l Hc
10 s 8 7 6 5 4 R T T D Ty 6 5 4 '

S [ ppM

@ §/ppm

Figure 2. '"H NMR spectra of the solid-state assemblies before and after photoreaction: a) 1a (before), b) 1a (after), ¢) 1b (before), and d) 1b

(after).

234 © 2004 WileyVCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. ORTEP perspectives of the ladderanes: a) 2a and b) 2b.
Selected interatomic distances [A] and angles [°}): C6-C7 1.593(5), C13-
€14 1.566(5), C15-C16 1.575(5); b) C6-C7 1.585(3), C13-C14 1.567(3),
C15-C16 1.585(3), C16-C15" 1.526(3). Symmetry operator ii: —x+2,
—y, —2+1. The asymmetric unit of 2a contains two full ladderanes,
which are virtually identical, while that of 2b-2{benzene) contains one
half ladderane, which resides around a crystaliographic center of inver-
sion, and an included benzene molecule, respectively.

final product. Thus, a product consistent with a single
cycloaddition (i.e., “[1]ladderane™) precedes 2a while prod-
ucts consistent with single and double cycloadditions (e.g.,
[3]ladderane) precede 2b. Such observations contrast reac-
tivity experiments involving 1,4-butadienes," ' which exhibit
similar packing in the solid state and react, via a single
photodimerization, to produce cis-vinyl cyclobutanes and
rearrange thermally, via a Cope rearrangement," into cis—cis
cyclooctadienes!’” Here, the relatively strong O-H--N
hydrogen bonds between the templates and reactants may
serve to force divinyl groups from a first photoaddition into a
conformation suitable for a second and third photoaddition,
thus leading to each ladderane product.!” In the case of 2b,
such stepwise transformations may occur either randomly or
by way of a “zipper” process in the solid.!! Experiments are
underway to determine the structures of the lower-order
ladderanes and the sequence by which the photocycloaddi-
tions occur.!

In this report, we have demonstrated that a linear
template may be used to position two polyenes for an
intermolecular reaction to produce [n]ladderanes (n =3 or 5).
The template preorganizes the polyenes, through hydrogen-
bonding interactions, for [2+2] photodimerizations in the
solid state. By using the organized, solvent-free environment
of the solid state® for reaction, the ladderanes can be formed
in gram quantities and in 100 % yield. We believe that these

Angew. Chem. int. Ed. 2004, ¢3, 232-236
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results illuminate the utility of applying concepts of supra-
molecular chemistry and self-assembly to address a problem
of covalent synthesis”* and we are now exploring whether
such template molecules can be used to construct ladderanes
of increasing size and complexity in the solid state.®

Experimental Section

1a and 1b: 4-pyr-poly-2-ene and 4-pyr-poly-3-ene were prepared
according to a literature procedure.™ 5-OMe-res was commercially
available. Cocrystals of 1a were obtained by evaporation of a solution
of 4-pyr-poly-2-ene (0.058 g, 0.28 mmol) and 5-OMe-res (0.039 g,
028 mmol) in hot methanol (3.0mL). Co-crystals of 1b were
obtained in a similar manner using 4-pyr-poly-3-ene (0.030g,

* 0.13 mmol) and 5-OMe-res (0.018 g, 0.13 mmol).

Solid-statc photorcactions and isolation of 2a and 2b: UV
irradiation of powdered crystalline 1a (500 W Hg lamp) over a period
of 120 h resulted in 100% conversion of poly-2-ene to [3}ladderane.
In the case of 1b, the quantitative formation of the [5]ladderane was
achieved after 72 h. In both cases, the irradiation expenments were
performed by placing finely ground samples of either 1a or 1b
between two pyrex plates and turning cach sample in eight-hour
intervals (o ensure uniform irradiation. The irradiated solids were
stirred with 1M KOH solution, then extraction with methylene
chloride and evaporation of the organic phase yiclded the appropriate
ladderane as a white solid in 85% yield. All procedures were readily
scaled up to give the ladderanes in gram quantities. Single crystals of
2a were grown from ethanol, while single crystals of 2b were grown
from benzene yielding a 1:2 benzene solvate. "H NMR of 1a before
irradiation (300 MHz, [D¢]DMSO): 6 =9.15 (br 5, 2H), 854 (dd, 4H),
7.50 (dd. 4H), 7.40 (dd, 4H), (dd, 4 H), 5.82 (br 1, 1H),5.78 (br d,2H),
3.61 ppm (5. 3H). '"H NMR of irradiated 1a (300 MHz, {D]DMSO):
0=9.16 (br s, 4H), 826 (dd, 8H), 7.04 (dd, 8H), (br t, 2H), 5.78 (br d,
4H), 430 (brs, 4H),3.61 (s.6H), 3.49 ppm (brs, 4H). '"H NMR of 1b
beforc irradiation (300 MHz, [DJDMSO): 6=9.16 (brs, 2H), 8.52
(dd, 4H), 7.46 (dd, 4H), 7.33 (m, 2H), 6.72 (m, 4H), 5.82 (br t, 1 H),
5.79 (brd, 2H), 361ppm (s, 3H). 'HNMR of imadiated 1b
(300 MHz, [D,]JOMSO): 8 = 9.15 (brs, 4 H), 8.25 (dd, 8H), 7.02 (dd,
8H), (brt, 2H), 5.78 (br d, 4H), 4.27 (brs, 4H), 3.61 (s, 6H), 3.27
(brs, 4H), 3.12 ppm (brs, 4H).

Crystal data for 1 a: monoclinic, P2,/c, a = 9.182(5), b=13.381(5),
c=15122(5) A, B=106.712(5)°, V=17719.513) A’, Z=4, poys=
1.300 gcm™, R, =0.0441 for 2324 reflections with /> 20(J). Crystal
data for 1b: triclinic, P1, a = 9.081(3), b = 21.143(4), ¢ = 21.308(18) A,
a=8792(4), B=79.47(6). y=T891(2)°, V=3947(4) A}, Z=2,
Peaca=1.260 gem™, R, =0.0891 for 6150 reflections with 1> 2a(J).
Crystal data for the 2a: triclinic, PI, a= 12.534(5), b= 12.583(5), c =
14.787(5) A, «=100.388(5). B=106.555(5). y=89.945(5)°, V=
2195.7(14) A}, Z =2, peyea = 1.260 gem™>, R, =0.0647 for 4018 reflec-
tions with I > 2o(J7). Crystal data for 2b-2(benzene): monoclinic, P2,/c,
a=9.475(2), b=15.048(3), ¢=12235Q2) A, B=9595(3)°, V=
1735.0(6) A*, Z=4, pyee =1.196 gem™, R, =0.0438 for 1625 reflec-
tions with 7> 20{/). All crystal data were measured on a Nonius
Kappa CCD single-crystal X-ray diffractometer at 77K. After
anisotropic refinement of all non-hydrogen atoms, aromatic, methine,
and hydroxyl hydrogen atoms were placed in idealized positions and
aliowed to ride on the atom to which they were attached. The
structure of 1b was determined to be a rotational twin, the twinning
law being a twofold rotation about the (011) reciprocal lattice
direction. All crystallographic calculations were conducted using
SHELXL-97/%! CCDC-218101 (1a), CCDC-218102 (1b), CCDC-
218103 (2a), and CCDC-218104 (Zb) contain the supplementary
crystallographic data for this paper. These data can be obtained free
of charge via www.ccde.cam.ac.uk/contsfretrieving.html (or from the
Cambridge Crystallographic Data Centre, 12, Union Road, Cam-
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Hydrogen Bonding NH - - O=C of Barbiturates: The (1:1) Crystal Complex
of Urea and 5,5-Diethylbarbituric Acid (Barbital)

By G.L.GArTLAND* AND B. M.CRAVEN

(Received 12 Ocrober 1973, accepted 10 December 1973)

The 1:1 complex of urea and barbital (CH,N,0.CsH,N;05), m.p. 146-150°C, is orthorhombic with
space group P2,2,2,. Lattice translations are a=10-302 (5), b=10-181 (2), and c=11-627 (3) A. The
crystal density (D= 1320 g cm~%) agrees with the calculated density (D,=1-330 g cm™?) for four

* molecules of each component in the unit cell. The crystal structure has been determined from 1144

. Departrﬁent of Crystallography, Univeristy of Pittsburgh, Pittsburgh, Pennsylvania 15260, U.S.4.

integrated intensities measured on a computer-controlled four-circle diffractometer with nickel-filtered -

Cu Ka radiation (absorption coefficient, 9-05 cm ™). The final R index is 0-037. In the crystal structure,
barbital molecules hydrogen bond exclusively with urea molecules and rice versa. The NH: .-0=C
hydrogen bonds in which barbital (NH) is donor are stronger (N- - - O distances 2-78 and 2-80 A) than
those in which it is acceptor (N- - -O distances 2-95, 3-16 A). The minor role of urea as the hydrogen-
bonding donor in this complex is confirmed by the isomorphous replacement of urea by acetamide.

~ Thus we consider that the association in this complex is essentially that of a hydrogen-bonding acid

(barbital) with a hydrogen-bonding base (urea).

Introduction

We have undertaken a series of crystal-structure deter-
minations of molecular complexes of drug-active
barbiturates such as barbital (Fig. 1) with other mole-
cules which also contain the ~-NH-CO- amide group-
ing. Our particular interests are in the modes of
NH-.-0=C hydrogen bonding, and the hydrogen-
bonding distances in the crystal structures of the mo-
lecular complexes and of the component molecules.
These crystal structures provide opportunities for
NH. - -0=C hydrogen bonding of the types A4---4,,
By---By, Ag---B,and By- -+ A,, where 4 and B are the
component amide and barbiturate molecules. respec-
tively, and subscripts d and a refer to donor (NH) and
acceptor (O=C) functions. We wish to determine
whether any one of these is a preferred mode of hydro-
gen bonding, and whether there is any correlation be-
tween the N - - - O hydrogen-bonding distances and the
mode of hydrogen bonding.

The results of nine crystal-structure determinations
of barbiturate complexes, including those for the 1:1
barbital/urea complex which are presently reported,
'suggest that such relationships may exist. The barbi-
turate drugs appear to be more effective hydrogen-
bonding donors than acceptors.

Experimental

The crystal complex was obtained as transparent

prisms,} m.p. 146-150°C, from a solution of barbital

* Present address: The University of Alabama Medical
Center, Birmingham, Alabama 35233, U.S.A.

1 Sekiguchi, Himuro, Horikoshi, Tsukuda, Okamoto &
Yotsuyanagi (1969) describe the crystallization of this com-
plex from n-propanol.

(600 mg) and urea (300 mg) in an equal volume mixture
of n-propanol and ethanol. The crystals are ortho-
rhombic with space group P2,2,2, and lattice transla-
tions @=10-302 (5), 5=10-181 (2) and c=11-627 (3) A.
The crystal density (1-320 g cm~3), which was deter-
mined by flotation in a mixture of ethyl acetate and
tribromomethane, agrees with the. calculated value
(1-330 g cm™?), assuming four molecules of each com-
ponent in the unit cell. The lattice translations and X-
ray intensity data were measured on a four-circle auto-
matic diffractometer using nickel-filtered Cu K« radia-
tion (A=1-5418 A, =905 cm™*). Integrated inten-
sities were measured for 1144 symmetry-independent
refiections in the range sin 8/2<0-59 A~ (6<65°)
with the prism axis of the crystal (a) along the g axis of
the goniostat. The crystal dimensions were approxi-
mately 0-5x0-3 x0-3 mm. Reflections were scanned in
the #:26 mode at'a rate of 2° min~! with 20 s back-
ground.counts being taken at each of the scan limits.
The 26 scan width was based on 1-4° and was varied to
allow for spectral dispersion. There were 44 reflections
for which the integrated intensity, /, was less than 1-2
o(I) as calculated from the counting statistics. These
reflections were arbitrarily assigned intensities of
o(I)/2. No corrections were applied for X-ray absorp-
tion or extinction.

The crystal structure was determined by direct
methods as reported in detail by Gartland (1971).
Atomic parameters (Table 1) were refined by a block-
diagonal least-squares procedure. The function mini-
mized was Twyd}y, where dy=|F3*|—|Fg"|. The

H
weights were wy=1/c%(F)), with ¢*(Fy)=0-16-0-015
| Fyl+0-0024 | F;,|. The atomic scattering factors were
those of Cromer & Waber (1965) for C, N, O and
Stewart, Davidson & Simpson (1965) for H. All
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hydrogen-atom positions were obtained from dif-
ference Fourier syntheses which were calculated after
refinement of anisotropic thermal parameters had been
introduced for the non-hydrogen atoms. Hydrogen-

G. L. GARTLAND AND B. M. CRAVEN 981

cluded as variables in the refinement, but hydrogen-
atom temperature parameters were fixed with. values -
the same as those of the atoms to which they are
covalently bonded. Before the last two cycles of least-

squares refinement, 12 strong reflections for which
|Feaie] > |F°%| were given zero weight. The calculated
and observed structure amplitudes are listed in Table 2.
The final overall R* index was 0-037. The r.m.s. dis-
placements of atoms along the principal axes of their
thermal ellipsoids are given in Table 1. In the barbital
molecule, the largest atomic r.m.s. thermal displace-
ments, excluding atoms of the ethyl groups, are ap-
proximately normal to the ring plane. Except for C(4)
and C(5), which appear to have isotropic motion, the
greatest deviations from this direction are about 20-25°
for the carbony! oxygen atoms. In the urea molecule,
the largest thermal amplitudes are within 15° of being
normal to the molecular plane, except for N(4), where
the deviation from perpendicularity is 32°.

* R=JIAZIFR.

“atom positional parameters were subsequently in-

Fig. 1. Molecular structure of 5,5-diethylbarbituric acid
(barbital).

Table 1. Atomic parameters and their e.s.d.’s

Positional parameters are given as fractions of the unit-cell translations. Thermal parameters are given according to the expres-

sion: T=exp (— 2 S Bimky). The quantity U, is the r.m.s. displacement (A), derived from the components f,;, along the direc-

tion of the kth ptmmpal axis of the thermal ellipsoid. The e.s.d.’s given in parentheses refer to the least significant figures in the

parameter values. Non -hydrogen positional parameters and all thermal parameters are x 10%, hydrogen positional parameters
are x 10° and U, parameters are x 107, )

(i) The barbital molecule . '
X Y z B Bz Bss Ji Bis Bas U, U, Us

N(1) 5754 (2) 4037 (2) 4891 (2) . 93(2) 70(Q 60 3 25() 3 (1) 17 19 25
H(1) 530 (2)  397(2) 549 ()

C(2) 6588 (2) 3014 (2) 4688 (2) 108(2) 62 52(2) 02 9(2) 2(2) 18 19 24
0(2) 6704 (2) 2096 (2) 5348 (2) 185(3) 87 TI() 25(2) 32 27(1) 18 23 33
N(3) 7285(2) 3059 (2) 3684 (2) 101 (2) 65(2) 48(1) 21{(2) 10(1) 6 (1) 17 18 25
H(3) 782 (3)  242(2) 355 (2) .

C(4) 7199 (2)  4030(2) 2864 (2) 6(2) 852 5@ 2 —-2(1) 3D 19 19 21
04) 7778 (2) 3896 (2) 1961 (1) 99 (2) 127(2) 49(1) 24(2) 4@ 12Q) 17 22 28
C(5) 6429 (2)  5255(2) 3138 (2) 76(2) 65(2) 61(2) —1(2) 1Q2) 8 (2) 18 20 21
C(6) 5626 (2) 5145 (2) 4232 (2) 862 7M@) TQ 1(2) 13(2) -6() 19 20 24
0O(6) 4891 (2) 6006 (2) 4520 (2) 143(2)  95(2) 115(2) 48(2) 47(2 2 (2) 17 25 34
(D 5524 (3) 5591 (2) 2125(2) 101(3) B1() 792 8(2) —18(2) 7(2) 19 22 26
H(@71) 518(3) 639(2) 233(2) -

H(72) 614(3) 515(33) 145(2)

C(8) 4563 (3) 4504 (3) 1814 (3) 92(3) 131(3) 1022 13) -16Q@ —-12(3) 21 25 28
H(81) 410 (3)  429(3) 254 (2) :

H(82) 506(3)  368(3) 154 (3)

H(83) ~  392(3) 484(3) 122(2)

C(©9) 7427 (3) 6382 (2) 3301 (2) 109(3) 84(2 76(Q@ -24() -3 10 19 23 26
H(s1) 689 (3 722(3) 3352

H(92) 789 (3)  654(2) 254 (2)

C(10) 8372(3) 6199 (3) 4282 (2) 108(3) 1303 75 -22(3) ~-2(2) —10(2) 22 23 28
H(101) 786 (3)  605(3) 500 (2)

H(102) 894 (3) 539(3) 419(2)

H(103) 902(3) 696 (3) -423(2)

(ii) The urea molecule . ~

C 3894 (2) 4614 (2) 7596 (2) 67(2) 922y 602 -3 1(2) —11(2) 19 19 23
0 4178 (2) 3786 (2) 6845 (1) 113(2) 87(2) 67(1) -31() 30) —-23() 18 19 29
N(2) 4294 (2) 5858(2) 7532 (2) 129(2) 81(2) 84(2) -3(2) 18(2) —16(2) 19 23 28
H(21) 470 (3) 596 (2) 698 (2)

H(22) 425(3) 644(3) 816 (2)

N@) 3164 (2) 4292 (3) 8499 (2) 116 (2) 134(3) 66(2) —-13(2) 232 —-13(2) 19 25 28
H(41) 300(3) 356(3) 856 (2)

H(42) 295 (3)  4838(3) 904 {2)
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1:1 COMPLEX OF UREA WITH

The molecular structures

(i) Barbital

The oxopyrimidine ring.is almost plapar, with C(5)
and ethyl carbon atoms forming the spine of a hydro-
carbon chain which extends nearly perpendicular to
the ring. The slight twist conformation of the ring has
already been shown and compared with similar con-
formations found in other barbiturate crystal struc-
tures (Craven, Cusatis, Gartland & Vizzini, 1973).
Torsion angles C(8)-C(7) — C(5)-C(9) and C(10)-
C(9) — C(5)-C(7) are 1846 and 180-9° respectively,
indicating that the extended hydrocarbon spine

5,5-DIETHYLBARBITURIC ACID

C(8)—C(7)—C(S)—C(9)—C(10) deviates slightly from two-
fold symmetry about the axis C(5)- - - C(2). All carbon
atoms of the hydrocarbon spine are coplanar to within
0-03 A, and the best least-squares planes through these
atoms and through atoms of the pyrimidine ring form
a dihedral angle of §9-3°,

The bond lengths and angles (Table 3) are similar
to those found in other barbiturates (Craven er al.,
1973). Within experimental. error, the C=0 and C-N
bond lengths are symmetrical about the C(5)---C(2)
molecular axis. There is thus no evidence of the small
(0-01 A) C-N and C=O bond-length differences which
consistently appear in barbiturate crystal structures

Table 2. Observed and calculated structure amplitudes

Successive columns are /, 10| F§*|, 10| F§#*°|. Reflections marked (*) were given zero weight in the final refinement cycles.
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G. L. GARTLAND AND B. M. CRAVEN : 983

where the O(4) oxygen atom is hydrogen bonded but Table 3 (cont.)

O(6) is not. In barbital/urea, the barbital O(4) and O(6) .
oxygen atoms are both at most weakly hydrogen gg;:gg)}___gg; i?gjg g))
bonded. ' C(H—C(O)—C(10) 1154 (2)
C(6)——N(1)}—H(1) 119 (1)
(ii) Urea C(2)—N(1)—H(1) 115 (1)
The urea molecule is planar except possibly for the gg;_?_ﬁgt:ﬁg; H:,’ g;
hydrogen atom H(22) which is 0-19 ,f (60) from the HOD—C(T)—H{T2) 107 (2)
plane. The bond lengths and angles (Table 3) are in H(@EBN—C(8—H(82) 109 (2)
good agreement with those found in the crystal struc- TeL—CcEm—HAy 102
tures of urea itself (Caron & Donohue, 1964; Pryor & HE9 ,)}: C§9)):Hé92; }(1)3 ?2;
-Sanger, 1970) and the 1:1 glucosefurea complex H(101)-C(10)-H(102) 106 (2)
(Snyder & Rosenstein, 1971). The bonds N(2)-H(22) H(101)-C(10)-H(103) 12} (2)
and N(4)}-H(42), which are trans to the urea oxygen H(102)-C(10)~H(103) 103 (2)
atom, may be significantly longer (0-94 and 0-89 A) (ii) Urea
than the other two urea N-H bonds (0-77 A). The longer N@)-C—0 1220 2)°
bonds involve the hydrogen atoms which are weakly O——C——N(4} 121-2 (2)
hydrogen bonded to barbital oxygen atom O(2). ’ N(4)-C—N(2) 116-9 (2)
C—N(2)-H(21) 110 (2)
C—=N(2)-H(22) 123 (2)°
Table 3. Bond lengths and angles for the barbital and H@Z1)—-N@2)—H(22) 126 (3)

C——N(4)—H(41) 116 (2)

C——N(4)—H(42) 121 (2)

“These values have not been corrected for the effects of aniso- H(41)—N(4)—H(42) 122 (3)

tropic 'thermal motion. The ¢.s.d.’s are given in parentheses

and refer to the least significant digits in the tabulated quan-
tities.

urea molecules

(@) Bond lengths The hydrogen bonding

(i) Barbital . In the crystal structure of the 1:1 barbital/urea com-

C6)-N(I) 1370 3) A N()—H({ 084(2 A DPlex, the most important intermolecular interactions
N(1)-C(2) 1-370 (3§ Ngs)—-HEB; 0-87 (2) are the NH---O=C hydrogen bonds, which link the
C(2)-N(3) 11371 (3) C(H—H@)  092(2) molecules to form a three-dimensional network (Fig.
EI((S)):SE%)) i%g 8; (c::g)}-—_}l-{igﬂ ﬁg% g; 2). The hydrogen-bonding environments of barbital
C(2)-0(2) 1-215 (3) C(9)—H(92) 1-01 (2) and urea are shown separately in Figs. 3 and 4. Barbital
C(4)-0(4) 1215 (3) C(8)—H(81) 099 (3) molecules are hydrogen bonded exclusively to urea
g(g)—g@) \'551 (g) C(g)—H(Sg) ;‘04 3 molecules and vice versa, i.e., there are only B,-- -4,
Cgsgjcggg s 533 EE&:EE%}) Lo 8; and A, --B, hydrogen bonds. The two barbital NH
C(5)-C(9) 1-552 (3) Ci10)—H(102) 1-02 (3) groups both form hydrogen bonds with the urea
C(NH-C(8) 1-528 (4) C(10)-H(103) 1-03 (3) oxygen atom with N - - O distances of 2-78 and 2-80 A.
CO-C(10) 1511 (4) Only two of the four urea hydrogen atoms form hydro-
rog
(ii) Urea gen bonds, and both of these involve the same barbital
C—O0 1-238 3) N@2)—H(21) 077 (2) OXxygen atom, 0(2) The N---0O distances (2'95 and
CN(2) 1344 (3) N(2)—H(22) 094 (3) 3-16 A) are significantly longer for the (NH)yea:- -
C—N(4) 1-332 (3) N(d)—H(@41)  077(3) O(2)p. hydrogen bonds than for the (NH),,,,---O
N(4)—-H 42 0-89 (3) barb g bard urea
. (42) hydrogen bonds, and in the former, the NH:-.O
(b) Bond angles ’ . angles are moze severely bent (Table 4). The NH---0O=
(i) Barbital
EE})):(C;E‘%:S% i:;%?, % Table 4. Hydrogen-bonding distances and angles
gg)): S((g);g(%) }%2? g; . Parameters for atoms not in the crystal chemical unit (as listed
NG)-C(#)-0(4) 1151 (2) in Table 1) may be derived by operations specified by the sub-
NE3)-Cl4)-C(5) 187 (2) scripts §; j, where i is (3 +x,4—y,1~2z) and j is (1—x%+p,
C(5)-C(4)-0(8) 1221 (2) 4+—12). The es.d.'s given in parentheses refer to the least
C(4)—C(5)-C(6) 1136 (2) significant figures in tabulated values.
C(5)~C(6)-0(6) 121-3 (2) N(1)----0 2803 (3 A N(1)- - O—o-=C 129:9 (2)°
C(5)—-C(6)-N(1) 1184 (2) H(l)----0O 1-96 (2) N(I}—H(1)----O 177(2)
N(D-C(6)~-O(6) 1202 (2) N@3)----0, 2:777(3) N3} -0y C; 116:6 (1)
C(6)-N(1)-C(2) 1261 (2) H(3)----0, 192 (2) NQ3y—H(3)--- -0, 171 (2)
C(4)-C(5)-C(N 1098 (2) N(2)----0(2); 2-953 (3) N(2)- - -0(2)—C(2); 1452 (2)
C(4)y-C(5)-C(9) 1068 (2) H(22)- - -0O(2), 2-10 (3) N(2)—H(22) - -0(2); 150(2)
C(6)-C(5)-C(9) 1082 (2) N(4)----0(2), 3-157(3) N(4)- - -0(2)~—C(2); 1655 (2)
C(6)~-C(5)-C(T) 1091 (2) H(42)---0O(2); 239 (3) N(4)—H(42)- - -0(2); 144 (2)
UMO00013746
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1:1 COMPLEX OF UREA WITH 5,5-DIETHYLBARBITURIC ACID

turate ring (Fig. 1) has one carbenyl group C(2)-0(2)
covalently bonded to two NH groups and two equiv-
alent carbonyl groups C(4)-0(4) and C(6)-O(6)
bonded to one NH group. The N-.-O distances for
hydrogen bonds between barbiturate NH donors and
these two kinds of barbiturate oxygen atoms have verl
similar distributions. The average values are 2-88

and 2-89 A for distances involving O(4) and O(2),
respectively. It should be noted that in many cases, the
oxygen atoms accept a second hydrogen bond, The

Fig. 2. The crystal structure viewed down c. Circles of decreas-
ing size represent oxygen, nitrogen and carbon atoms re-
spectively. Nitrogen atoms are also cross-hatched. Hydro-
gen bonds are shown as thin lines.

C hydrogen bonds in which urea is donor (4,4 - - B,)
are thus considerably weaker than those in which
barbiturate is donor (B;- - - 4,). This conclusion is sup-
ported by a comparison with the structure of the 1:1
barbital/acetamide complex (Hsu & Craven, 1974a),
which is isomorphous with the 1:1 barbital/urea Fig. 3. The environment of the barbital molecule viewed nor
. af ide, which d - = barbra. A Y
‘z%?rssﬁroggs bCO El:i,g:;;‘lgc:sf or‘x::tzlfn:.ii’N l}}ilz Em‘?;: amrzéls;’om:vl;‘eiglrc of the pyrimidine ring. Distances N---O
of urea, with only minor perturbation of the crystal
structure.

The existence of both strong and weak NH---0O=C
hydrogen bonds in the barbital/urea crystal structure
may be the result of the overall packing requirements
of more or less rigid molecules. However, the N---0O
distance* may also depend to some extent, on the
electronic structures of the molecules which provide
the particular NH donor group and carbonyl oxygen
acceptor atom. A similar effect has been noted in the
hydrogen bonding of ammonium ions with oxyanions
in the crystal structures of inorganic salts. Baur &
Khan (1970) find that the N-...O distances in such
NH- - -0 hydrogen bonds increase with the coordina-
tion number of the oxygen acceptor atom.

Table 5 lists the N-- - O distances determined from
crystal structures with NH- - . O=C hydrogen bonds in
which a barbiturate provides either the NH donor, the
carbonyl acceptor or both. A remarkable feature is the
narrow range (2-82 to 2:92 A) of the B,- - - B, hydrogen
bond N. . .O distances in the crystal structures of the
barbituric acids themselves [Table 5(a)}. The barbi-

* The N---O distance gives a convenient, although not a
definitive measure of hydrogen-bond strength. Nakamoto,
Margoshes & Rundle (1955) have correlated NH infrared  Fig. 4. The environment of the urea molecule viewed normal

stretching frequencies with N---O distances in NH- - 0 hy— to the plane of the molecule. Distances N---O are shown
drogen bonds. ) in A
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angles N-H- . - O range between 155 and 177°, with an
average value of 170°. The N-..O=C angles are
grouped in the ranges 124-131° and 160-177°. There is
no obvious correlation between either of these angles
and the N-.-O distance.
"The N---O distances for B,-- - B, hydrogen bonds
in crystal structures of l-methylbarbituric acids {Table
. 5(b)], barbiturate anions [Table 5(c)] and barbiturate
molecular complexes {Table 5(d)] fall within the same
range as found in Table 5(a) (2-82 to 2-92 A) except for
one slightly shorter distance of 2-78 A in caicium
barbital trihydrate, and three slightly longer distances
of 2-93, 294 and 2-98 A in 2:1 barbital/caffeine. Thus
changes in barbiturate structure, electronic charge and
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molecular environment appear to have at most a small
effect on the observed N- - - O distances in NH- - -0=C
hydrogen bonds which involve barbiturates as both
donor and acceptor. These hydrogen bonds may be
considered to have a distance N-..O of 2:9 A subject
to variations of +0-1 A.*

* Table 5 lists hydrogen-bonding data for barbiturates with
non-polar C(5) substituents. Voet & Rich (1970) list data for
barbituric acid, its dihydrate and other non drug-active bar-
biturates with polar C(5) substituents. The N---O distances
in these crystal structures range from 2:79 to 3-07 A. The long
N---O distances of 3:00 and 3-07 A in perdeuterated violuric
acid monohydrate have been explained (Craven & Takei, 1964)
in terms of an unusugl kind of intermolecular packing.

Table 5. Distances N---O in NH- . - O=C hydrogen bonds involving barbzturale derivatives with nanpolar C(5)

substituents
Crystal structure (NH)parn* * " O@) = Chars {(NH)uaro® * " O2)=Cyare
(a) Barbituric acids ’
5,5-Diethylbarbituric acid (barbital), form I (Craven, Vizzini & Rodrigues,

1969) 287 A 2:89 A
Barbital, form IT (Craven, Vizzini & Rodrigues, 1969) : 2-87 -
Barbital, form IV (Craven & Vizzini, 1971) 2-90, 2-87, 291, 2-91,

2:92, 291, 2-92, 2:85 .-
5-Ethyl-5-isoamylbarbituric acid (amobarbital), form I (Craven & Vizzini,

'1969) 2-89 2-92
Amobarbital, form 1I (Craven & Vizzini, 1969) 291 2 86 2-92, 2-88
5-Ethyl-5-(3,3-dimethylbutyl)barbitutic acid (Gartland & Craven, 1971) '2-88
5-Ethyl-5-(1-methylbutenyl)barbituric acid (Craven & Cusatis, 1969) 2: 87 2 92
5-Ethyl-5-butylbarbituric acid (Bideau, 1971) 2-86 2«87.
5-Ethyl-5-(l-cyclohexen-1-yl}barbituric acid (Bideau & Artaud, 1970) 2-87 2-90
5-Ethyl-5-(1-cyciohepten-1-yl)barbituric acid (Bideau, Leroy & Housty,

1969) 2-89, 2:87 -
5-Ethyl-5-phenylbarbituric acid, form 111 (Williams, 1974) 2-89, 2-91 -
5-Methyl-5-phenylbarbituric acnd (Bravic, Housty & Bideau, 1968) 2:90 . 2-89
5-Ethylbarbituric acid (Gatehouse & Craven, 1971) 285 2:89
() 1-Methylbarbituric acids
1-Methyl-5,5-diethylbarbituric acid (Wunderlich, 1973) 2:84 -
1-Methyl-5-ethyl-5-(1-cyclohexen-1-yl)barbituric acid (Bideau, Leroy &

Housty, 1970) 288 -
1-Methyl-5-ethyl-5-phenylbarbituric acid (Bideau, Marly & Housty, 1969) 2-89 -

{c) Barbiturate anions
Sodium barbital (Berking & Craven, 1971) 2:84 ’ -
Calcium barbital trihydrate (Berking, 1972) - 2-82, 2-78, 2-86, 2-85
Guanidinium barbital dihydrate (McClure & Craven, 1973) - 285
(d) Barbiturate molecular complexes

Crystal structure (NH)uars® *  (0=Cloars (NH)parv* * " (O=Closner {(NH)otner* * *{O=Clear»
5-Ethyl-5-phenylbarbituric acid/8-bromo-9-ethyl-

adenine (1:2) (Kim & Rich, 1968) - - 2:97, 3-19 A
5-Isopropyl-5-bromoallylbarbituric acid/9-ethyl-

adenine (1:1) (Voet & Rich, 1972) - - 3-34, 3-12 -
5,5-Diethylbarbituric acid/9-ethyladenine (1:1)

(Voet, 1972) - - 3-22, 339
§5,5-Diethylbarbituric acxd/caffeme (2:1) (Craven

& Gartland, 1970) 2-98, 2-94, 2-93 - -
S.S-Diethylbarbimric acidfaminopyrine (1:1) -

- (Kiryu, 1971) 2-82 2-75 -
5,3-Diethylbarbituric acidfurea (1:1) (This paper) - 2-78, 2-80 2-95, 3-16
5,5-Diethylbarbituric acidfacetamide) (1:1) (Hsu & )

Craven, 1974q) - 2:82, 2:82 2:95, 3-08
5-Ethyl-5-isoamylbarbituric acid/salicylamide

(1:1) (Hsu & Craven, 19745) 2-92 - . 3-00
5,5-Diethylbarbituric acid/imidazole (1:1) (Hsu &

Craven, 1974¢) 291 - 3-21
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986 1:1 COMPLEX OF UREA WITH

The observed range of N..-O distances in all
NH-..-0=C hydrogen bonds is considerably greater.
The shortest reported distances which we could find
were 2-55 A in cysteylglycine sodium iodide (Dyer,
1951) and 2-62 A in guanine hydrochloride mono-
hydrate (Broomhead, 1951). Since these structure
determinations were based only on zonal X-ray
intensity data, a more reliable lower limit for N...O
distances might be 2-67 A which occurs in the urea/
parabanic acid complex (Colman & Medlin, 1970;
Table 6). At the other extreme, there are N...O
distances in NH- - - O=C interactions which are. doubt-
fully described as hydrogen bonds. In the 1:1 complex
of barbital with 9-ethyladenine (Voet, 1972), there is an
NH-..0=C interaction in which the NH-.-O atoms
are collinear, with an N-..Qdistance of 3-39 A [Table
3(d)]. However, the H--.O distance (2:47 A) is too
long for hydrogen bonding according to Hamilton &
Ibers (1968), who state that the H. - - O distance should
be shorter than the van der Waals distance (2-6 A) by
at least 0-2 A.

1t is possible that additional N-..O distances in
B,--- B, barbiturate hydrogen bonds will be found
which will make their range conform more closely to
the range of all N- - - O distances in NH - - - O=C hydro-
gen bonds. This would imply that there is little value
in characterizing an N--.Q distance on the basis of
the particular donor and acceptor groups which are
involved. However, the available evidence is to the
contrary. The five N-..-O distances in Table 5(d) for
B;---A, hydrogen bonds are all between 2-75 and
2:82 A which is at the short limit of the range for
By- - - B, hydrogen bonds. The 12 distances for 4,4 - - B,
hydrogen bonds are between 2:95 and 3:39 A which
is at and beyond the long limit of the range for
B,;--- B, hydrogen bonds. These data are consistent
with the drug-active barbiturates being more effective

e e e e ot

5,5-DIETHYLBARBITURIC ACID

as donors than 'as acceptors in NH- - -0=C hydrogen
bonds. ’ :

The N-..O distances for hydrogen bonds in which
urea is both donor and acceptor have an average
value of 298 A and range between 2-84 and 3-13 A
(Table 6). In urea complexes, 21 hydrogen bonds have
N..-O distances for which urea is donor and other
molecules are acceptor, but only eight of these involve
a carbonyl oxygen acceptor atom. The latter have an
average value of 3-07 A and range from 291 to 3-24 A.
There are four NH- - - O=C hydrogen bonds in which
urea is acceptor and all are short, ranging from 2:67
to 2:80 A. The available data for the NH...0=C
hydrogen bonding of urea are fewer than for the
barbiturates, but they are suggestive of a trend which
is complementary to that of the barbiturates, namely
for urea to be more effective as an acceptor than as a
donor.

Thus, while barbital and urea both have hydrogen-
bonding donor and acceptor capability, their associa-
tioninthe 1:1 crystal complex may be considered to be
essentially that of a hydrogen-bonding acid (barbital)
with a hydrogen-bonding base (urea). The association
of barbiturates with adenine derivatives in the com-
plexes listed in Table 5(d) would appear to be of a
similar nature, with barbital as the hydrogen-bonding
acid and adenine as the hydrogen-bonding base. The
strong hydrogen bonds in these complexes are of the
type NH---N involving barbiturate as 'donor. The
N-.-N distances in these and other NH---N barbi-
turate hydrogen bonds are discussed in our report of
the crystal structure determinations of the 1:1 com-
plexes of barbital with imidazole and with 2-amino-
pyridine (Hsu & Craven, 1974c¢,d).

This work was supported by the U. S. Public Health
Service, National Institutes of Health, Grant No. NS-

Table 6. Distances N---O in N_H- - -O hydrogen bonds involving urea and the uronium ion

Crystal structure

(NH)yrea " * *(0=Chorea

(NH)uees" * * Oorner (NHlamner* * " (0=Clusea

Urea (Pryor & Sanger, 1970) 298, 3-04 A - -
Barbitaljurea (1:1) (This paper) : - 2:95%, 3-16* A 2-78, 2:80 A
Parabanic acid/urea (1:1) (Colman & Medlin, 1970) 3-01 3-07*, 3-20*, 3-24* 2:67
5-Nitro-2-furaldehyde-oxime/furea (1:1) (Mathew .

& Palenik, 1972) 2-84 2-94, 3-07 : -
L-Cysteine ethyl ester hydrochloride/urea (1:1) .

(Haas, 1965) 2-88 3-06* 2-70
Hydrogen peroxide/urea (1:1) (Lu, Hughes &

Giguére, 1941) 2-94 - -
2,6-Lutidine/urea (1:1) (Lee & Wallwork, 1965) 305 - -
Estradiol/urea (1:1) (Duax, 1972) 2-85 303, 3-15, 3-04 -
Oxalic acid/urea (1:1) (Harkema, Bats, Weyenberg .

& Feil, 1972) 2:94 3-00%, 312, 2-91*, 2-94 >~ -
Phosphoric acid/urea (1:1)t (Mootz & Albrand,

1972; Kostansek & Busing, 1972) 3-10, 313 298, 3-16 -
Uronium nitrate (Worsham & Busing, 1969) - 2-98, 2-97, 2-90, 2-92 -

Range . 2-84-3-13 2-:90-3-24 2-67-2-80

* This hydrogen bond invofvo; a carbonyl oxygen atom as acceptor. .
1 This crystalline compound is intermediate in character between an adduct and a salt, because of the very strong more or
less centered O~-H- - -O hydrogen bond between the two components.
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02763. We thank Dr R. Shiono for the computer pro-

grams which we used.
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Abstract.  p-Isopropoxy-N-sulfanilylbenzamide-3,7-
dihydro-1,3,7-trimethyl-1 H-puriue-2,6—dione /1),
CH1sN,04S.CeH (N, O,, M, = 528-58, monoclinic,
P2i/e, Z2=8, a=12-197 (1) b=134-109(5), c¢=
17 878 (1) A B = 10868 (1)°, ¥ =50754(1-0)A°,
D,=138gem™, CuKa, A=15418A, u=
1532 cm™ ‘, F(OOO) =2224, T=293K, final R=
0-046 for 5997 observed reflections with F = 3o(F).
The asymmetric unit contains two sulfaproxyline and
two caffeine molecules. In the crystal the flat caffeine
molecule is packed parallel to another caffeine mol-
ecule. Hydrogen bonds, where present, are weak
(DA lengths > 3-0 A), showing that the packing is
dominated by the non-bonded interactions.

Introduction. Sulfonamides form molecular com-
plexes with different small molecules. Trimethoprim—
sulfamethoxazole (Nakai, Takasuka & Shiro, 1984),
sulfathiazole-xanthine (Higuchi & Lach, 1954), sul-
fathiazole~theophyiline (Shefter & Sackman, 1971)
etc. are such molecular complexes. The molecular
basis for complex formation in such a simple system
helps in the understanding of the interaction of small
molecules with a bioreceptor and of the resulting
antibacterial activity.

Here crystallographic studies on such a sulfon-
amide complex (l:1 sulfaproxyline—caffeine) have
been carried out to determine the nature of the
interaction between the compounds, hydrogen bond-
ing and change in structural features, if any, due to

*To whom all correspondence should be addressed.
0108-2701/91/030577-04503.00

this complex formation. Sulfaproxyline is widely
used in synergestic combination with sulfamerazine,
as the metabolites are readily soluble in acid urine
preventing the formation of crystalluria even at
acidic pH. Caffeine, a xanthine derivative, sumulates
the central nervous system, cardiac muscle, cortex
and respiratory system.

Experimental. Needle-shaped light-yellowish crystals
were obtained by slow evaporation of an acetone
solution of a 1:1 mixture of sulfaproxyline and caf-
feine. Weissenberg photographs showed the crystals
to be monoclinic and systematic absence conditions
determined the space group as P2/c. The lattice
parameters a, b, ¢ and B were also found using
oscillation as well as Weissenberg photographs.

A crystal of dimensions 0-26 x 0-08 X 0-05 mm
was used for intensity data collection on an Enraf-
Nounius CAD-4F diffractometer using Cu Ka radia-
tion. The cell parameters were determined by least-
squares refinement of 48 reflections with 19 <8 <
42°. w26 scans. The data were measured for values
of 26 up to 120° with —13<h<=13,0<4k <38 and
—14<[<14. The reflection 357 was measured at
regular intervals as an intensity check with an aver-
age count of 449-5 and o (calculated from distribu-
tion) = 72 (1-6%). The data were corrected for
Lorentz and polarization factors but not for absorp-
tion. 11 447 values were recorded and merged using
SHELX76 (Sheldrick, 1976) to give 6454 unique
reflections (merging R = 0-02). The structure was
solved by direct methods using MULTANTE (Main,

© 1991 International Union of Crystallography
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SULFAPROXYLINE—CAFFEINE (1/1)

Hull, Lessmger Germain, Declercq & Woolfson7' Tablel Fracnanal atomzc coordmates ‘and U, values.
1978) ‘and’ refined 1sotrop1cally by full—matnx least “AY for non-H atoms with.e.s.d.’s in parentheses
squares based' on F using SHELX76. wuh 5997-

observed [F = 3o(F)] reflections. Owing to the limita- . Uq= iZ,Z a%aa,.5;.
tion of the total number of parameters in SHELX76 Lo
each pair of molecules forming hailf of the' asym- Motecule 4 x - y o : U
otecuie . B
metric unit was refined anisotropically in' turn. H s 02406 ) 03129 @ 05784 (1) b2
atoms were located from a difference Fourier synthe- ~@ 03147 ) 0-3089 (1) 07116 (2) 0-0417 (8)
: : ; : s N, 00036 (2) 0-3557 (1) 0-2801 (2) 00522 (9)
sis and put into the atom list with the equivalent 5 01536 (2) 23335 (1 03095 3 00603 oy
isotropic thermal parameter of the attached atom. N(4) 0-3844 (2). 0-4633 (1) 04378 (2) 00603 (10)
= ). - (). N(5) 0-1213 (2} 0-4430 (1) 0-2170 (2) 00636 (10)
Further refinement gave R=0-046, wR=0-05 53  _ 050 04296 (1) o198 ) 00500 )

with w = 1-7237/(c*F, + 0-001297|F,}*). In the final o 0219 () 02813 (1) 0523 (1) 0-0534 (8)

refinement cycle, the average shift to e.s.d. ratio was 3 ot oa0ee b ool om0 8
0-1; maximum and minimum electron densities in the o 06527 () 0-2939 (1) 1:2074 (1) 0-0549 (7)
. —0. -3 o) 02614 (2) 0-3800 (1) 01491 (2) 0-0881 (13)
ﬁ.na.l AF map were 0295 and —0-290e A3, TESPEC- - o5 00393 (2) 02910 (1) 02599 () 00878 (12)
tively. Scattering factors were taken from Inferna- <) 02|12} - 03572(1) 05342 (2) 0-0401 (3)
. - c) 0-210 (2) 0:3915 (1) 0-5375 (2) 0-0430 (9)
tional Tables for X-ray Crystallography (1974, Vol. &) 02541 () 04265 (1) 0505 ) 00470 (11)
V). Ci4) 0-3500 (2) 04286 (1) 04687 (2) 00442 (10)
' (%)} 04095 (2) 0-3941 (1) 0-4638 (2) 0-0505 (11)
A . . . . c(6) 0-3760 (2) 0-3589 (1) 04964 (2) 00463 (10)
Discussion. The final atomic parameters are listed in  cm 0-4336 (2) 0:3048 (1) 07512 (2) 00396 (9)
; - . c(8) 0-4866 (2) -0-3013 (1) 08719 (2) 0-0399 (9)
Table 1* and bond distances, angles and selected ) 04295 (2) 02846 (1) 09388 (2) 00489 (10)
torsion angles are given in Table 2. Two complex ceo g;g;g (13) 0-2817 (1) 10501 (2) 00525 (11)
- . s : (1 - 2) 0-2961 (1) 10975 (2) 0-0443 (9)
molecules are present:in ez}ch asymmetric unit. Fig. LT 0-6528(2) - 03117(N) 10312 2) 00490 (11)
shows the molecular diagram with the atomic glg ggggg g; omg 21) 09204 (2) 00457 (10)
R 1 0-2978 (1) 1:2842 (2) 00526 (11)
numbering SCI}eme. . . c(1s) 06716 (3) 02872 (1) 13939 (3) 0-0786 (15)
Sulfaproxyline possesses various conformations 3:6; 051 8; ggg? 3; 1m0 (;; 01052 (19)
7 - - 2505 (. -0629 (14)
about the.C(l)—S, S—N(1) and N(1}—C(7) bonds. ¢ug 0-1848 3) 03739 (1) 01888 (2) 00597 (13)
Te toion angles lel [COO-CUN-S-N(). ot esg  owa el
wherg X=2 or 6] am;l l&l [C(I)—S———N(l ML can 00392 (3) 0-4555 (1) 02613 (3) 0-0658 (14)
defining the conformation of the sulfonamide group, g%; g0 81 gg%ﬁ; puse gg bo9s7 E:i)
fie 1n the range 70-120 and 60—900, respectively, C(24) 0-1941 (3) 0-4677 (1) 01750 (3) 0-0852 (17§
found in related molecules (Kalman, Czugler &
Argay, 1981). But the val different in the free g oo ?
rgay, ) ut the values are dilierent in the iree g 08758 (1) 00558 (0 10618 (1) 0-0459 (3)
sulfaproxyline molecule (Basak, Mazumdar & N(? 08222 (2) 0:0538 (1) 09261 (2) 0:0460 (8)
. —_ N(2) 11177 ) 0-1081 (1) 1-3663 (2) 00435 (8)
Chaudhuri, 1984) where & = —84-1 (3), 103-8 (3)° . NG3) 09633 (2) 0:0973 (1) 14358 (2) 00490 (9)
and & =75-6(2)°. The torsion angles S—N(I}— N@ 07476 (2) 02096 (1) 1-1947 (2) 0:0693 (11)
N(S) 1-0295 (2) 02019 (1) 14166 (2) 0-0527 (9)
C(7—C(8) for molecules 4 and B of present struc- g 111630 () 01765 (1) 1-3485 (2) 00496 (9)
ture are greater than the value of 1614 (2)° in the o 03191 ) 0-0258 (1) 111029 (2) 0:0628 (8)
. o) 09983 (2) . 0:0540 (1) 1-0836 (2) 0-0592 (8)
f_ree 'molecule. The conformatxons of sulfaproxy- g3 06320 (2) 00541 (1) 09126 (2) 00607 (7)
line in the free molecule and in the present structure 0@ 0-6160 (2) 0301 (1) 0-4152 (1) 00512 (7)
o : : : O(5) 0-8714 (2) 01477 (1) 1-4917 (2) 00777 (10)
about the S—N(1) bond are shown in Fig. 2, in o 10559 (2) 00462 (1) 13843 (2) 00663 (9)
which Newman projections along the same bond are <) 08384 (2) 01013 (1) 11016 (2) 00407 (10)
@) 0-7351 (2) 0-1060 (1) 11239 (2) 0-0515 (10)
compared
p . . ) c3) 0-7058 (2) 01417 (1) 11543 (2) 0-0541 (11)
The two planar rings are almost perpendicular to g(;; 07780 (2) 01740 (1) 111635 (2) 0-0475 (9)
. : ( 08821 (2) 0-1690 (1) 111416 (2) 0-0493 (11)
each other, the dihedral angle between them being ¢ 09113 (2) 0133 Q1) 11108 (2) 00444 (10)
829 (1) and 82-0 (1)° for molecules 4 and B, respec- gg; g;g;g gg gm En; o267 (g) 003 ﬁf,,
A d ; N . I 7489 (2) 0-
tlvely.. However, this .dlh;drgl angle in the free mol- ¢ 0-5778 2) 00593 (1) 06761 2) 00511 (01)
ecule is 51-9 (1)°, which is significantly smaller than gﬁ?; ggﬂg (2§ o‘osgo ) g:g«ts g) ggﬁ; gg)
. 279 (2 0-0351 (1) 31 (2) -
those in the present structure and the values gy 07263 (2) 00176 (1) 0-5953 (2) 00433 (10)
observed in most of the sulfonamides. c(1y) 01517 () 00227 (1) 07063 (2) 0-0434 (9)
C(14) 0-5185 (2) 0-0475 (1) 03314 (2) 0-0505 (10)
C(15) 0-5302 (3) 00911 (1) 03272 (3) 0-0784 (16)
* Lists of structure factors, anisotropic thermal parameters, gﬁ% ?ﬁg g; 33;}3 fg ?.'?,2 g 33?;?}.'3}
H-atom parameters, bond lengths and angles involving H atoms, (s 09453 (2) 0-1369 (1) 1-4525 (2) " 00489 (10)
and least-squares-planes data have been deposited with the British  C(19) 10220 (2) 0-1616 (1) 14195 (2) 0-0421 (10)
Library Document Supply Centre as Supplementary Publication C(29) 11037 (2 0-1876 (1) 13775 (2) 0-04‘;‘3’ (3
No. SUP 53270 (42 pp). Copies may be obtained through The C2)  [i«@ o tmG 6o
Technical Editor, International Union of Crystallography, 5 c(23) 12113 (3) 00929 (1) 13301 (3) 0-0698 (1)
Abbey Square, Chester CH1 2HU, England. C(249) 09623 (3) 02318 (1) 1-4534 (3) 0-0703 £14)
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“Table 2. Bond distances (A); angles: () aid selected’ ~ -~ '+ “Table 2 (cont)y

¥ torsion angles (%) PRSI Molecule- 4 Molecule B
. “Molecule 4 Molecule B ¢ . CRIE-N(=—C24y. - . 12630).  1362.6)
- Distances in sulfaproxyline mq"'lc A Mo@gg- N(E-C2BY-NE) unioy e
N ryin . B OE—COT—N2} . 12L:3.3) 126 (3)
s——N(ll) ) 2 1:269 [0} 1:660 (3) . O(5—C(18—C(19) - 126-6.3)° 12600
SO - -423 (3) 1428 (3) . | NE—C(0y—C(19) - 136 (3) S 20
N(O)—C(T ) - 138209 1379 () C(18)y—C(19)}~C(20) . 1237 (3) 3 Q)
C(a—-o(l)‘ iﬁf] (i) :319, (;) . N(2)—~C(20)—N(8) 1254 (3) 126:5 (3)
fC:(M)—Ogl%) Hpoid (5) Hg §4) CR0—C(I9-N(5) - 1053 (3) 1060 (3)
(l )—C2) B (4; 36 (4; CUT—NE—-C(22) 115-7 (3) 1161 (3)
q}gcc(“ 1-398 (4 1392 (4 cn-Na—Can i e Rt
gs)—éc% : 1-376 (5; C1369 ) cag—n—can e A
c(S)-—C(v e 24) et 8 CU9—N(5~C(24) . 128-4 (3) 1287°(3)
CEIO)-—C()H) 1.386 (3) 1386 (&) Cany-Nie—cia) :g} (i) §§2'3 &
CO12)—C{13) 1375 (1) 1373 (4) - &g*_ﬁﬁ};’;ﬁg; . ,2\,58 1’3:.9 %
. 1y 1-742 (3) 1740 (3) . 16
s'—C(’) 1433 2) 1-430 (3) N Hae e
i—;o(- 9 peeded ot (S) . N)y—C(18)—C(19) 1118 (3) L@y
c((ﬁ-c 4) 1371 23) 1361 E;, C(19)—Ci20y—N(2) 1209 (3) 1211 (3)
cuxa)_(xls) 1094 @ 1497 () . C{18)—C(19y—N(5) 1309 (3) 1309 (3)
C—C®) 1-485 (3) 1-479 (4) . . .
C2—C(3) 1-365 (5) 1361 (5) ;(;%iangsl—t—:a sulfaproxyline - 90:6 (3) 89-7 (3)
Ciay—C(5) 1:354 (4) 139 (9 c@ r-s-ou) 152:5 () -253(3
Ci—C(1) 11392 (4) 1-383 (4) 2r—Cl—$—0(1) SB30
o0 133 0) 1371 () CRCU—5—0(2) 202 (3 1582 ()
CO1—C(12) 1388 (4) 1-395 (3) C—S—NIO—CD e Sl
: . OQ)~S—N(1)}—C(N) 1792 (3) 1738 (3)
cu—c® 13923 13939 S—N(1)—C(T)}-0(3) 14 (% 748 (5)
) . . CE~C(1)—S—N(1) 885 (3) -90-0 (3)
S‘;m“ls n m“f{“c 1396 (5 1389 (& - CE—~CI1—5—0(1) -2850) 154-9 (3)
(. >—C(77) . ‘-m( ) b Q] CE~C(1 —5—0(2) ~160:7 (2) 200
N(g)—-c(.g) bae &) I'J_’S ) O(1)—S5—N—C(T) 519 (3) 465 (3)
:2 5))—_-<qu9; 1333 g)) ::37; g)) S N(1}—C(T)—C(8) -1795(2) -i722(2)
N(S—C28 1449 (5) 1-469 (5
N(§—C(21) 1356 (5) 1-346 (5)
CAT—06) 12195 1-228(5)
NO—C(18) 1413 (5) 1-396 (5)
N2—C(17) 1389 (5) 1-381 ()
N2—C(23) 1453 (5) 1-460 (5)
N(S—CQR1) 1370 (5) 1-347(5)
N(§—C(20) 1338 (5) 1-344 (4)
C(18)—0(5) 1218 (5) 1222 (8
C(19—C(20) 1-370 (4) 1-363 (4)
C(18y—C(19) 1416 (5) 1-421 (4)
Bond angles in sulfaproxyline
O(1)y—8=C(1) 109-6 (1) 1090 (2
0(1)—5—0(2) 1193 (1) 1197 ()
O(1)—S—N(1) 1082 (2) 1066 (2)
S—N(1)—~C(7) 1232 (2 1244 (2)
O3—C7—C(8) 1219 (2) 1235 (3)
N(@—C@—C(3) 1214 (3) 1203 (3)
C(2y=—-C(1)~C(6) 118-8 (3) 195 (3)
CR—CB—Ci4) 1205 (3) 1200 (3)
CA—C(5)y~C(6) 1208 (3) 1204 (3)
§—C(1)—C(2) 1207 (2) 1203 (3)
CI—C(B)~C(9) 1230 (2) 1198 (2)
CE—CE—C(13) 1182 (2) 1180 (2)
CO-C(10—C(11) 1197 2) 1197 )
CUH—CO2—C(13) 1197 (3) 1199 (3)
O(dy—C(1 1)—C(10) 1239 (2) 1260 (2)
O(4)—C(14}—C(15) 1060 (2) 1116 (2)
Cl11)—O(@)—C(14) 1184 (2) 1201 (2)
O2)—5—C(1) 1089 (2) 1096 (2
! C(1—S—N(1) 1068 (2) 1071 () Mol B
| O(2)—S—N(1) 1032 (1) 1038 (2) L. .
! O3—C(T—N(1) 1214 () 12170Q) Fig. 1. Molecular diagram.
N(I)—C(N—C(8) 1166 (2) 1149 (2)
N(3)—C(4)—C(5) 1205 (3) 1202 (3)
C(H=—C—C3) 1201 (3) 1201 (3)
CO—C@C(5) 1184 (3 185 (3) ) &
d C(S—C(6)~C(1) 1203 (3) 1204 (3)
;Y S—C{1)—C(6) 1204 (3) 1203 ()
|3 CT—C(8Y~C(13) 1183 2) 1222(2)
{ CE—~COCl10) 1212 (3) 1215 (3)
CUo—C—C(1) - 1199 (2) 1195 (2) ez ol
f CB—C(13}—C(12) 1201 (3) 12141 (3) Ryt
O($)—C(11)—C(12) 1161 (2) 1145 (2) oz
O($)=—C(18)—C(16) 1090 (2) 103-5(2)
| O(1 §—C(14)—C(16) 1133 (3) 1123 (3) o
Bond angles in caffeine (a) (b) (c)
;. CUT—NGI=C(18) 1266 (3) 1268 (3 . : et . isti
? C(18)}=N3»—C(22) 1177 (3) 1171 8 Fig. 2. Neman projection showing characteristic features of
t CUN—NE—C() 1184 (3) 1185 (3) sulfaproxyline along the S—N(1) bond. (a) Molecule 4 and (b)
i CU—N(E—C(21) 105-3 (3) 1050 (3) molecule B in the present structure. {¢) Free molecule.
i
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Fig. 3. Molecular packing diagram viewed along the c¢ axis.

The pyrimidine and imidazole rings of the caffeine
molecule are planar and the dihedral angle between
them is 1-6 (1) and 2-6 (1)° for molecules 4 and B,
respectively; the dihedral angle between them is
67-0 (2)° in the free molecule (Sutor, 1958).

Intermolecular  bonds and molecular packing.
Molecular packing in the crystal is shown in Fig. 3.
Three hydrogens are available for hydrogen bonding
in each molecule, two from the aryl amino nitrogen
and one from the sulfonamido mtrogen But H(42)4
and H(41)B do not participate in hydrogen bonding.

Acta Cryst. (1991). C47, 580-584

ULFAPROXYLI'NE—CAFFEINE (l/ 1)

DVA

D—H-A "Hed  D—Hed

N(4)5—H(42)B~0(3)4 e1:() - F34()  238() 1607 (26)
NEA—H($1A-O(98 18 (3)  395(4)  245(3) 1593 (26)
N(1)B—H(1)8 - N(6") T eEG() 383 229() 1714 (23
N(A—H(DA-NEIB e8I 2978 2T IR0

) Syrmnfwc?dc @x ~y+herh@x —p+hz-h Gii) x, y, = (V) <1,

r+

The hydrogen-bonding geometry (Table 3) shows
weak hydrogen bonds having DA lengths > 3-0 A
The predominant intermolecular forces responsible
for complex formation are therefore non-bonded
interactions. The flat caffeine molecules are packed
parallel to each other.
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Structure of an Adenine Tetrafluoroborate Salt

By AmeeN C. M. YOUNG anD Joun C. Dﬁwm*
Depariment of Chemistry, New York University, New York, NY 10003, USA

AND ANTHONY J. EDWARDS
Department of Chemistry, University of Birmingham, Edgbaston, Birmingham B15 2TT, England

(Received 26 January 1990; accepted 2 May 1996)

Abstract. Adenine-adeninium tetrafluoroborate-
water (]/1/2), C5H5N§.C5H6N;.BF4—.2H20, M,.=

394-10, monoclinic, P2,/m, a=5358(1), b=
19-468 (7), ¢=7905(2) A, B=10475Q20, V=
797-4 (T) A>, Z=2, D, =1-641 gcm~>, A(Mo Ka) =

0-71069°A, & = 142 cm™, F(000) =404, T=298 K.

* Author to whom correspondence should be addressed.
0108-2701/91/030580-05303.00

Final R=0-062 for 1597 unique observed reflections
with I, > 20(l,). After consideration of various fac-
tors the structure was assigned as adenine and adeni-
nium moieties in a 1:1 ratio, disordered over the one
site. The BF; anion and the two water molecules of
crystallization lie on mirror planes. H atoms on C(2),
N(6), C(8) and N(9) of adenine were located in
difference-Fourier maps and were refined, but those

© 1991 International Union of Crystallography

UMO00013755

NOVARTIS EXHIBIT 1517

Novartis v. Regen

ts, IPR2023-01347
Page 2501 of 4460



This Page is Inserted by IFW Indexing and Scanning
Operations and is not part of the Official Record

BEST AVAILABLE IMAGES

Defective images within this document are accurate representations of the original
documents submitted by the applicant.

Defects in the images include but are not limited to the items checked:

(] BLACK BORDERS

(J} IMAGE CUT OFF AT TOP, BOTTOM OR SIDES

UJ FADED TEXT OR DRAWING

(J BLURRED OR ILLEGIBLE TEXT OR DRAWING

(J SKEWED/SLANTED IMAGES

(J COLOR OR BLACK AND WHITE PHOTOGRAPHS

(J GRAY SCALE DOCUMENTS

(J LINES OR MARKS ON ORIGINAL DOCUMENT

(J REFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY

(J OTHER:

IMAGES ARE BEST AVAILABLE COPY.
As rescanning these documents will not correct the image

problems checked, please do not report these problems to
the IFW Image Problem Mailbox.

UMO00013756
NOVARTIS EXHIBIT 1517
Novartis v. Regents, IPR2023-01347
Page 2502 of 4460



138 GiusepPerT! G. and co-workers, /I Farmaco - Ed. Sc. - vol. 35 - fasc. 2

(19%0) I

THE CRYSTAL STRUCTURE ;
OF A SULFAMETHOXAZOLE-TRIMETHOPRIM 1:1 ]
MOLECULAR COMPOUND (*)

G. GIUSEPPETTI - C. TADINI

CENTRO DI CRISTALLOGRAFIA STRUTTURALE - CNR ' i
ISTITUTO DI MINERALOGIA - UNIVERSITA DI PAVIA (ITALY) '

G.P. BETTINETTI! - F. GIORDANO - A. LA MANNA

DIPARTIMENTO DI CHIMICA FARMACEUTICA - UNIVERSITA DI PAVIA (ITALY)

SummarYy. — The crystal structure of a sulfamethoxazole (SMZ)-trime-
thoprim (TMP) 1:1 molecular compound (TSC) was determined from three-
-dimensional X-ray diffraction data. In TSC the association between SMZ
and TMP molecules is achieved through two N....N hydrogen bonds. The
packing of TSC molecules in the crystal is stabilized mainly by a system
of N....O hydrogen bridges.

RiAssuNTo. — E stata determinata con l'analisi diffrattometrica a rag- b !
gi X la struttura cristallina di un composto di associazione molecolare 1: 1 i
(TSC) tra sulfametossazolo (SMZ) e trimethoprim (TMP). Nel TSC l'associa-
zione tra le molecole di SMZ e TMP avviene attraverso due legami a idro-
geno di tipo N.....N. L'impaccamento delle molecole di complesso nel reticolo
cristallino ¢ dovuto principalmente a ponti d’idrogeno di tipo N....O.

In a previous paper the physico-chemical properties of a sulfametho-
xazole-trimethoprim 1:1 molecular compound (TSC) were investigated
and the possible nature of bonding between components was briefly
discussed on the basis of I.R. spectra (1).

The present work deals with crystal and molecular structure of the
title complex by the X-ray diffraction method.

(*) This work has been partially supported by CNR.
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THE CRYSTAL STRUCTURE OF A SULFAMETHOXAZOLE-TRIMETHOPRIM 1:1, etc. 139

Experimental

Transparent single crystals of TSC were obtained by sublimation (0.1
mm, 170-75%) of fragile, needle-shaped crystals prepared by recrystallization
of equimolecular amounts of components (m.p. 178-79°). The identity of the
crystals was confirmed by L.R. spectrum and X-ray diffraction pattern.

Single crystal data, CuK,, X = 1.5418 A, are: sulfamethoxazole (3-sul-
- fanilamido-5-methylisoxazole, SMZ) - trimethoprim [2,4-diamino-5-(3,4,5-tri-
methoxybenzyl)pyrimidine, TMP] 1:1 molecular compound, C,H;,N;O,5-
-C1H;sN,O; (TSC); system orthorhombic, space group Pbea, a = 12.055(0) A,
b = 24476(1) A, ¢ = 17423(1) A, V = 5141 &A’, Z = 8, D, = 1.406
gem™, D = 140 gcm™,

™ (Helium pycnometer)

Intensity data, structure determination and refinement

The intensities were collected on a Philips four circle computer con-
trolled diffractometer PW 1100, by using CuK, radiation monochromatized
with a graphite chystal and & — 2 ¥ scan mode, from a 0.4 x0.2x 0.1 mm
specimen. The intensities of independent reflections were inspected
(Fp. = 60°): reflections with I < 30 (I) were considered as unobserved.
No absorption correction was applied.

The crystal structure was solved by direct methods using the MULTAN
program (2) and refined by full matrix least-squares techniques (3) with
anisotropic thermal parameters for the non-hydrogen atoms.

All hydrogen atoms were localized geometrically and checked on a
- difference Fourier synthesis. Scattering factors are from Hanson et al. (4).

Out of a total of 2072 independent reflections collected, 1464 were used
in the present work. Final conventional R factor is 0.054.

The structural parameters of TSC are reported in the following Tables
and Figures.

Comments

In the SMZ molecule the intramolecular bond lengths and angles

agree well with their equivalents in other compounds concerning both
sulfanilamide (5-8) and isoxazole (9) portions. The benzene and isoxa-
zole rings are essentially pianar and make an angle with each other of
61.4°.
(one hydrogen atom, H1(N1), is displaced by —0.750 A from the phenyl
ring plane) as observed in B-sulfanilamide (10). The hydrogen bonding
ring plane] as observed in f-sulfanilamide (10). The hydrogen bonding
about this functional group (see later) is no doubt responsible to a great
extent for the distortion from trigonal symmetry.

The stereochemistry about the sulphur atom is a slightly distorted
tetrahedron and the deviation of the angle O(1)-S-O(2) [116.3(2)°] from
the ideal tetrahedral conformation is expectedly large (10). The two
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Fig. 1

A computer generated drawing of TSC showing the molecular conformation and

the ellipsoids of thermal vibration. The ellipsoid surfaces are drawn at the 25%

probability level. The hydrogen bondings between SMZ and TMP are shown by
' broken lines.

S-O bonds [1.459(4) and 1.448(4) A] differ by 0.011 A: this may be
related to the different hydrogen bond characteristics of each oxygen
atom, O(1) having two intermolecular links while O(2) has only one
(see later).

The amido tautomer (hydrogen atom linked to N(2)) seems the
stable form in the solid state but the C(7)-N(2) bond distance [1.367(7)
A) is shorter respect to other amido tautomers (1.390-1.400 A) (11, 12).

Comparable N(sulfonamide)-C(heterocyclic ring) bond distances
[1.36(2) and 1.37(2) A} were found for two polymorphs of silver
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TaBLE [ g

Final atomic coordinates and thermal parameters (*) (x 10%) for non-hydrogen atoms. %

atom x/a y/b zfc by, by, by - by, b,, by, r;'
9

Sulfamethoxazole g

S 6832(1) 3788(1) 4490(1) 32(2) 8(0) 14(1) —1i( 0(1) o(1) c
o 6699(3) 3938(2) 3685(2) 42(4) 17(1) 16(2) 8(2) —3(2) —2(1) §
0(2) 6071(3) 3380(2) 4783(2) 46(4) 11(1) 28(2) —5(2) 0(2) —I{H :
Oo3) 10723(3) - 3707(2) 3964(2) 34(4) 14(1) 31(2) 1(2) 13(3) 7 @
N(D 5853(4) 5788(2) 6309(3) 45(6) 12(1) 30(3) 4(2) —12(3) —4(2) E
N(2) 8050(4) 3575(2) 4663(3) 53(6) 9(1) 17(2) 6(2) —4(3) (1) 5
N(3) 9893(4) 3452(2) 4420(3) 42(5) 13(2) 27(3) 10(2) 2(4) 6(2) g
C(1) 6085(5) 5322(2) 5872(4) 42(7) 5(2) 21(3) —1(3) -—13(4) ~—3(2) 2
C2) 6948(5) 5316(2) 5334(4) 52(7) 9(2) 33(4) —13(3) 6(4) 2(2) E
C(3) 7170(5) 4853(2) 4920(4) 47(7) 10(2) 30(4) —5(3) 11(4) —7(2) 2
C4) 6567(5) 4386(2) 5046(3) 28(6) 5(1) 21(3) 0(3) —10(4) —1(2) Z
C(5) 5722(5) 4384(2) 5586(4) 32(6) 8(2) 20(3) —1(3) —1(4) 2(2) §
C(6) 5496(5) 4854(3) 5997(3) 40(7) 12(2) 15(3) 3(3) 5(4) —2(2) E
c) 8978(5) 3730(2) 4268(3) 44(7) 8(2) 13(3) —6(3) 4(4) 0(2) f
C(8) 9160(5) 4157(2) 3714(4) 34(7) 12(2) 17(3) 2(3) 7(4) 2(2) “._‘
C(9) 10255(6) 4126(2) 3555(4) 76(8)- 7(2) 12(3) 1(3) 5(4) —2(2) %
C(10) 11006(5) 4440(2) 3065(4) 66(7) 11(2) 26(4) —7(3) 10(4) 2(2) )
r-N
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{follows Table I)

atom x/a y/b zfc b, by b, beg " by by, ]
Trimethoprim

O4) 4721(3) 4261(2) 8228(3) 55(5) 14(1) 29(2) 6(2) —15(3) —6(1) o
Q) 3183(3) 4309(2) 7124(2) 55(5) 16(1) 29(2) 12(2) 11(3) —1(1) c
Q(6) 2827(3) 3471(2) 6197(2) 54(5) 24(1) 28(2) 8(2) —2(3) —13(1) §
N{4) 8016(4) 2895(2) 5914(3) 13(5) 9(1) 22(2) 6(2) 11(3) 2(1) 3
N(5) 8714(4) 2086(2) 6484(3) 28(5) 5(1) 21(3) 1(2) 3(3) 3(2) ;
N(6) 9694(4) 2532(2) 5542(3) 28(5) 8(1) 23(3) 2(2) —b6(3) —3(2) »
N@) 7794(4) 1666(2) 7457(3) 50(5) .91 26(3) - 0(2) 9(3) 1(2) a
c(n 8794(4) 2508(3) 5998(3) 20(6) 11(2) 12(3) - —4(3) 0(4) —5(2) 8
C(12) 7814(5) 2076(2) 6935(3) 45(7) 3(2) 14(3) —1(3) —3(4) 2(2) §
cQ3) 6950(5) 2470(2) 6896(3) 41(6) 7(2) 14(3) 3(3) 6(4) 2(2) ,:‘7;
C(14) 7100(5) 2867(2) 6370(4) 43(7) 6(2) 22(3) 8(3) —2(4) 0(2) -
C(15) 5909(5) 2422(2) 7391(4) 70(7) 9(2) 28(4) 4(3) 14(4) 6(2) :
C(16) 5139(5) 2914(2) 7336(4) 47(7) 6(2) 22(4) —2(3) 20(4) 12) §
ca7n 5298(5) 3346(2) 7834(4) 23(6) 12(2) 27(4) 3(3) 3(4) ©4(2) §
C(18) 4621(5) 3806(3) 7778(4) 46(7) 12(2) 16(3) —4(3) 7(4) —3(2) t'n
c(19) 3803(5) 3836(3) 7220(4) 32(6) 11(2) 19(3) 0(3) 11(4) 0(2) f
C(20) 3673(5) 3400(3) 6726(4) 26(7) 18(2) 17(3) —3(3) 4(4) —5(2) g
C(21) 4329(5) 2935(2) 6767(4) 45(7)y 10(2) 28(4) 0(3) 14(4) —3(2) g
C(22) 5384(6) 4226(3) 8890(4) 109(9) 18(2) 32(4) 0(4) 7(5) —8(2) "
C(23) 2367(5) 4392(3) | 7710(4) 32(6) 15(2) 46(4) 0(3) —2(5) —11(2) &
C(24) 2707(6) 3079(3) 5622(4) 83(9) 37(3) 43(4) 15(4) —16(5) —18(3) g‘

nN

(*) Anisotropic temperature factors (x 10%) defined by:

exp [—'(huhz -+ bzk?® + bulz + anhk + b,,2hl + b,,2kl)]
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exP [—(bllhz + bukz + b!)lz + anhk + buzhl + b;,?kl)l

| C(24) f 2707(6) | 3079(3) l 5622(4) [ 839 | 3703 l 43(4) I 15(4) [ —16(5)

(*) Anisotropic temperature factors (x 10%) defined by:

i
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Atomic coordinates (x 10*) for hydrogen atoms (*).

TasLe I

atom x/a y/b z/c
Sulfamethoxazole
H(N2) 812 330 509
HI(N1) 511 591 623
H2(N1) 635 608 614
H(2) 744 564 523
H(3) 773 484 453
H(5) 531 405 565
H(6) 491 484 638
H(8) 865 441 350
H1(10) 1133 420 264
H2(10) 1 161 462 334
H3(10) 1054 473 281
Trimethoprim
HI(N®6) 1008 287 - 566
H2(N6) 1020 224 566
HI(NT) 777 133 722
H2(N7) 708 171 776
H(14) 653 315 633
HI1(15) 551 209 724
H2(15) 614 237 793
H({17) 589 333 821
H(21) 421 262 644
H1(22) 503 393 925
H2(22) 614 411 877
H3(22) 538 458 919
H1(23) 181 408 - 772
H2(23) 272 442 823
H3(23) 194 475 762
H1(24) 340 304 524
H2(24) 255 269 577
H3(24) 208 317 520

(*)'The thermal parameters were given a fixed B = 5,0 A%
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Fig. 2

(a) bond lengths (X), (b) valency angles (°) of TSC. The hydrogen bridges between

SMZ and TMP molecules are shown by broken lines. The ¢ values for bonds and

angles not involving hydrogen atoms range between 0.004-0.007 A and 0.3-0.6°,
respectively.
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N!-(3-pyridyl)sulfanilamide and ascribed to some contribution of the
imide form which sulfapyridine is known to exhibit (8). Unfortunately,
a comparison between SMZ structure in the complexed and in the free
state can not be effected at present. The double bond character in the
C(7)-N(2) bond may have a limiting effect on the conformational flexi-
bility about this bond. The conformational state of the SMZ molecule
can be specified by three torsion angles <, 72 and ~; (Table II1: see refs.
11 and 12). The torsion angles showing the orientation of the benzene
ring respect to O(1) and O(2) oxygen atoms are also reported.

TasLE III

Torsion angles (*) describing the conformations adopted by the SMZ and
TMP molecules in TSC.

Sulfamethoxazole
N{(2)-S-C(4)-C(3) T = 64.3°
C(4)-S-N(2)-C(1) T, = —90.3°
S-N(2)-C(7)-N(3) T = —170.6°
C(3)-C(4)-S-O(1) —56.7°
C(3)-C(4)-S-0(2) 179.0°
C(5)-C(4)-S-O(1) 120.9°
C(5)-C(4)-5-0(2) —3.4°

Trimethoprim
C(12)-C(13)-C(15)-C(16) T o= 173.4°
C(13)-C(15)-C(16)-C(21) T, = 87.7°
C(22)-0(4)-C(18)-C(17) —13.9°
C(23)-0(5)-C(19)-C(18) —74.7°
C(24)-0O(6)-C(20)-C(21) —7.1°

(*) Mean ¢ for all angles 0.4°.

As far as the TMP molecule is concerned, the values of intramole-
cular bond distances and angles are in good agreement with the cor-
responding values observed for TMP alone (14) and its salts (15, 16).

Both benzene and pyrimidine rings are planar within the limits of
experimental error and are connected by a methylene carbon atom in a
non-coplanar fashion, making an angle of 84.5° with each other.

R el

UMO00013764

NOVARTIS EXHIBIT 1517
Novartis v. Regents, IPR2023-01347

Page 2510 of 4460



146 Gi1usePPETTI G. and co-workers, [l Farmaco - Ed. Sc. - vol. 35 - fasc. 2

It must be pointed out that: a) the Ph-O(5) and CH;-O(5) distances
are both larger than those concerning O(4) and O(6); b) the angle
C(19)-0(5)-C(23) is smaller than angles with vertex in O(4) and O(6);
c) the angles C(21)-C(20)-O(6) and C(17)-C(18)-O(4) are larger than
120°, while the angles C(19)-C(20)-O(6) and C(19)-C(18)-O(4) are cor-
respondingly lower than 120° (owing to the close interaction between metq
methoxy groups and orfo hydrogen atoms); d) the C(12)-C(13) bond is
significantly longer than C(13)-C(14) (17); e) the angles in the pyrimi-
dine ring are significantly distorted from a regular hexagon. In parti-
cular, the value of the angle C(11)-N(4)-C(14) [117.9(5)°] is significantly
lower than the corresponding value in the free molecule [119.9(7)°]
while it is of the same magnitude order as in TMP acetate salt (118°) (16).
This can be attributed to the hydrogen bonding involving the ring ni-
trogen N(4).

The displacements of the ring-attached atoms C(15) and O(5) from
the benzene plane and C(15) and N(7) from the pyrimidine plane are of
greater significance. The substituent N(6), while markedly out of the
pyrimidine ring plane in TMP free molecule (14), in TSC is equiplanar
as in TMP acetate salt (16), being involved in the hydrogen bond in the
linkage with the SMZ molecule [N(6)-H1(N6)....N(3)].

The TMP molecule has only two important degrees of conformatio-
nal freedom, described by the torsion angles t; and <. around the bonds
C(13)-C(15) and C(15)-C(16) (Table III: see ref. 14). The values of
other torsion angles describing the orientation of methoxy groups respect
to the ring plane are similar to those found in TMP acetate salt and show
that the carbon atom on O(5) twists out of the ring plane about the
0(5)-C(19) bond owing to intramolecular steric crowding (16) (C(23)
out-of-plane displacement 1.113 A). ]

In TSC the association between SMZ and TMP molecules is achieved
through two hydrogen bonds between the aminoisoxazolic fragment
[H(N2)N(2) (donor)-C(7)-N(3) (acceptor)] and the aminopyrimidine por-
tion [N(4) (acceptor)-C(11)-N(6)H1(N6) (donor)]. The same aminopyri-
midine moiety is involved in the bonding between TMP and acetic acid
in TMP acetate salt where however the nitrogen ring atom is proto-
nated (16).

Referring to the best plane formed by atoms N(2), C(7), N(3), N(4),
C(11) and N(6) (plane 5 in Table IV), the isoxazole and pyrimidine ring
systems are twisted about C(7)-N(3) and C(11)-N(4) bonds by 10 and 9°,
respectively. The atoms of plane 5 opposite to each other N(2) «—> N(4),
C(7) «—> C(11), N(3) «<—> N(6) show out-of-plane displacements almost
equal as absolute value but of different sign. This is true also for H(N2)
and H1(N6), although the H1(N6) displacement is very considerable
when compared with H(N2).
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. A2
s TaBLE 1V
zle
;)_ Least-squares planes.
an
- Equations of planes (a)
fa
iS Plane (b) A B C D
ni-
- 1 242741 155167 | 13.0097 | —13.5117
tly 2 7.8444 | 69030 | 12.2832 | —8.3220
7 H
f’)] 3 56325 | 13.5152 | 12.0306 | —15.5439 :
. i
o 4 —7.8875 | —10.1045 | 11.0395 | —1.0941
5 42575 | 16.0815 | 116040 | —14.7579 g
m :
of Displacements from the plane (A)
he ( ) :
Plane (c) Displacement !
ar
he '
1 o3y 0.000 | N2 0.056 i
io- N(3)* —0.004 | C(10) 0.037 ?
ds : - c(n* 0.007 H(8) —0.014
Of C@®)*  —0.006
iC Y
W C)l 0.004
2‘; : 2 CU)y  —0010 | S —0.063
. c@)* 0010 | N(1) 0022
5 C(3)* —0.005 | HI(N1) —0.750
nt : C4)* —0001 | H2NI) 0001
- c5)* 0001 | H(2) 0.052
ri- |
d c(6)* 0.004 | H® —0.036 i
o- H(5) —0.015
H(6) 0.036 :
b, 3
8 3 N(@)* —0002 | N(6) 0.006
P, ; N(G)*  —0.015 | N 0.069 ;
3, cans 0.014 | H(14) —0.002
zs)t ) C12)* 0006 | C(15)  —0.050
e c(13)* 0.005
C(14)*  —0.007
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(follows Table IV)

Plane {c) Displacement

4 C(16)*  0.006 | O(4) —0.041
cun®  —0005 | O@) —0.094
C(18)* 0001 | O(6) 0.010
C(19)* 0001 | C(15)  —0.044
CQO)* —0.000 | H(17)  —0.046
C@l* —0004 | H(21) 0.043
’ C(22) 0.203
C(23) 1.113
C(24)  —0.134
5 N@)* —0170 | H(N2)  —0.084
N(3)* 0.134 | HI(N6)  0.719

N(@)* 0.172

N(6)*  —0.128

cn* - 0014

c(1ny*  —0.022

(a) The equations are in the form AX + BY + CZ + D = 0 referred to the
crystallographic axes, with X, Y and Z in A units.

(b) Plane number: 1, isoxazolic ring of SMZ; 2, benzene ring of SMZ; 3, pyri-
midine ring of TMP; 4, benzene ring of TMP 5, intermolecular ring N(2),
C(7), N(3), N(6), C(ll) and N(4).

(c) The asterisks denote the atoms used to define the planes.

The value for the most dominant hydrogen bond between the two
molecular entities N(2)....N(4) (2.74 A) is significantly smaller than the
analogous values found in dimeric aminopyrimidine structures [3.09-3.37
A (14, 17-20)] and the average value (3.10 £ 0.13 A) tabulated by
Pimentel and McClellan (21) for N-H....N bridges. In the
same range falls the other bridge (2.99 A) between the two molecules.

The principal intermolecular binding forces joining the TSC mole-
cules throughout the crystal lattice involve two N-H.....O hydrogen bridges
between the two oxygen atoms of an —SO,— grouping of one molecule
of TSC and the —N(6)H2(N6) and —N(7)H2(N7) groups of other two
molecules, respectively. Both N(6).....0(2) (2.84 A) and H2(N6).....0(2)
(1.97 A) distances are significantly shorter than the average value of
3.04 A = 0.13 A tabulated for N-H.....O hydrogen bonds (21) and the
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TaBLE V

Intermolecular hydrogen bonds (a, b) and angles and intermolecular distan-
ces (¢) less than 3.40 A.

. N(2)...N#) (a)

Angle (*) and equivalent

Bond (A
ond () positions {d)

N(2)-H(N2) H(N2)...N{4) | N(2)-H(N2)....N(4)i
274 1.00 1.76 168

N(6).....0(2) (b) N(6)-H2(N6) | H2(N6).....0(2) | N(6)#-H2(N6)....0(2)

2.84 0.96 2.00 145
N(7)....0(1) (b) N(7Y-H2(NT) | H2(N7)....0(1) | N(7)H2(NT)ii_ O(1)i
2.92 1.01 2.31 : 117
N(6)....N(3) (a) N(6)}-H1(N6) | HI(N6)...N(3) | N(6)Y-H1(N6)i....N(3)i
2.99 0.98 2.59 105
N(1)....0(1) (b) N(D-HI(N1) | HI(ND)....O(1) | N(Di*-H1(N1)ir....O(1)
3.15 0.96 221 164
N(D....N(5) (c) N(1)-H2(N1) | H2(N1)...N(5) | N(1)-H2(N1)"....N(5)i
323 0.99 2,53 128

C(10)....0(4) (o) C(10)-H3(10) | H3(10)....0(4) | C(10)v-H3(10)....O(4)}
3.31 1.00 2,60 128

N(7)..N(1) (¢) N(7)-HI1(N7) HUN7)..N(1) | N(T)wHUNT L LN
. 3.36 0.93 265 . ) 134

(a) Hydrogen bonds involved in the association between SMZ and TMP molecules.
(b) Hydrogen bonds holding together in the lattice the complex molecules.
(c) Intermolecular contacts.
(d) i = xy,2; il = %1/2,1/2-y,1-2; iii = x,1/2-y,2-1/2; iv = 1-x,1y,l-z;
v = 3/2-x,y-1/2,z; vi = 3/2-x,1-y,1/2+2; vii = 3/2-x,1/2+y.z.

value of 2.4 A, below which a hydrogen bond may be said to exist (22),
respectively. Therefore this interaction is strong and more significant
than N(7).....0(1) interaction. The arrangement of TSC molecules in-
volving hydrogen bondings shorter than 3 A is shown in Fig. 3.

As far as the N(1).....0(1) hydrogen bond between different SMZ
molecules in crystal lattice is concerned, it can be pointed out that,
although the length of 3.15 A is somewhat greater than the accepted
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Fig. 3 ‘;‘ . '

Molecular arrangement of TSC molecules viewed along the c-axis involving hydro- ;

gen bondings shorter than 3 A (— — . — , N...N bridges; ~—-——, N...O '
' ' bridges).

maximum for hydrogen bond (3.10 A), the H1(N1).....0(1) length of '
221 A is well below the upper limit proposed for the H to O distance :"
when hydrogen bonding takes place. '

The SMZ aminogroup of TSC is involved in other two interactions
with aminopyrimidine nitrogen atoms. These N....N lengths fall in the
upper range of such interaction (21); thus they can be considered extre-
mely weak (intermolecular contacts). :

Lastly, the C(10).....0(4) distance suggests weak association or pola-
rization bonding (23) between the O(4) TMP methoxy group oxygen atom

of one molecule of TSC and the SMZ methyl group of another TSC
molecule.
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In conclusion, hydrogen Bonds appear to be the predominant stabi-

lizing forces for TSC in the solid state, as already hypotized on the basis
of I.R. spectra (1).

n

2)
3)

4)

6)
7
8)

10)
11)

12)

13)
14)
15)
16)

17)
18)
19)
20)
21)

22)
23

~

REFERENCES

Giorpano F., BETTINETTI G.P., La Manna A., Ferront P., [{ Farmaco, Ed. Sc.,
32, 889; 1977.

GERMAIN G., MAIN P., WooLFsoN M.M., Acta Cryst., A27, 368; 1971.
Busine W.R., MarTiN K.O., LEvy H.A., 1962, ORFLS, A Fortran Crystallo-
graphic Least Squares Program, ORNL-TM-305.

Hanson H., HermaN F., LEa J.D., SKiLLMAN S., Acta Cryst., 17, 1040; 1964.
ALLEAUME M., DEecar J., Acta Cryst., B24, 214; 1968.

Krucer G.J., GAFNER G., Acta Cryst., B28, 326; 1971.

Cook D.S., TUurRNER MF., J. Chem. Soc. Perk. Trans. 11, 11, 1021; 1975.
Cook D.S., TurNer M.F., ]J. Chem. Soc. Perk. Trans. II, 12, 1379; 1976.
BrenuM L., Acta Cryst., BSS 146; 1977.

O’CoNNEL A.M., MasLEN E.N., Acta Cryst., 22, 134; 1967.

SHEFTER E., Canm;w:cz Z.F., Brount J.F., BrReENNaN T.F., Sackman B.F.,
SackMAN P., . Pharm. Sci., 61, 872; 1972.

GrusepPETTI G., Tapmi C., BerriverTi G.P., Giorpano F., Cryst. Struct..

Comm., 6, 263, 1977.

SHEFTER E., SaAckMaAN P., J .Pharm. Sci., 60, 282; 1971.

Koerzie T.F., WirLiams G.J.B., /. Am. Chem. Soc., 98, 2074; 1976.
PuiLLips T., Bryan R.F., Acta Cryst., A25, S200; 1969.

HQALTIWANGER R.C., M. Sc. Thesis, University of Virginia, Charlottesville, Va.,
1971.

Crews C.].B., CocHraN W., Acta Cryst., 2, 46; 1949,

CLews C.].B., Cocuran W., Acta Cryst., 1, 4; 1948,

WaiTe N.E,, CLews C.J.B., Acta Cryst., 9, 586; 1956.

Kvick A., THoMmas R., Koetzie T.F., Acta Cryst., B32, 224; 1976.

PiMENTEL G.C., McCLELLAN A.L., “The Hydrogen Bond”, W.H., Freeman, San
Francisco, Calif., 1960, chap. 9.

HamiLtoN W.C., “Structural Chemistry and Molecular Biology”, A. Rich and

N. Davidson, Eds., W.H. Freeman, San Francisco, Calif., 1968, p. 468:
Sutor D.]., J. Chem. Soc., 1963, 1105,

Pervenuto in Redazione il 10 Aprile 1979.

Ed. Sclent.

UMO00013770
NOVARTIS EXHIBIT 1517

Novartis v. Regents, IPR2023-01347

Page 2516 of 4460



This Page is Inserted by IFW Indexing and Scanning
Operations and is not part of the Official Record

BEST AVAILABLE IMAGES

Defective images within this document are accurate representations of the original
documents submitted by the applicant.

Defects in the images include but are not limited to the items checked:

(]} BLACK BORDERS

UJ IMAGE CUT OFF AT TOP, BOTTOM OR SIDES

LJ FADED TEXT OR DRAWING

U] BLURRED OR ILLEGIBLE TEXT OR DRAWING

U SKEWED/SLANTED IMAGES

L] COLOR OR BLACK AND WHITE PHOTOGRAPHS

U GRAY SCALE DOCUMENTS

(J LINES OR MARKS ON ORIGINAL DOCUMENT

(] REFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY

(] OTHER:

IMAGES ARE BEST AVAILABLE COPY.
As rescanning these documents will not correct the image

problems checked, please do not report these problems to
the IFW Image Problem Mailbox.

UMO00013771
NOVARTIS EXHIBIT 1517
Novartis v. Regents, IPR2023-01347
Page 2517 of 4460



SHYAMAPROSAD GOSWAMI et al.

Acta Cryst. (1999). C55, 583-585

2-Aminopyrimidine-fumaric acid cocrystal

SHYAMAPROSAD Goswamt,® At KUMAR MAHAPATRA,?
Gur DavaL Nicam,” Kanpasamy CHINNAKALLYt Hoong-
Kun Fun? anp IBram ABpuL Razak?

°Department of Chemistry, Bengal Engineering College
(Deemed University), Howrah 711 103, india, "Deparrmenl
of Chemistry, Indian Institute of Technology. Kharagpur
721 302, india, Department of Physics and Meteorology,
Indian Institute of Technology, Kharagpur 721 302, India,
and “X-ray Crystallography Unit, School of Physics,
Universiti Sains Malaysia, 11800 USM, Penang, Malaysia.
E-mail: hkfun@usm.my

(Received 18 August 1998: accepred 28 Ociober 1998)

Abstract

In crystals of the title compound, 2-aminopyrimidin-i-
ium hemifumarate hemifumaric acid, CsHgN#$-0.5C4H;-
04~ -0.5C4H40,4, the asymmetric unit contains one
2-aminopyrimidine cation, C4HgN37, protonated at a
pyrimidine ring-N atom, one half-molecule of fumaric
acid, C4H4Oy4, and one half of a fumarate ion, C4H,0%".
These are linked by N—H-- .0, O—H---O and rela-
tively strong C—H. . -O bonds, resulting in eight- and
nine-membered hydrogen-bonded rings and an exiended
supramolecular structure.

Comment

" Supramolecular assembly is a central theme in the
design of new solid state structures with unusual con-
ductance, electronic, non-linear optical or magnetic
properties (Disalvo, 1990). Such an assembly has been
observed in the cocrystal of 2-aminopyrimidine with
terephthalic acid (1:1) (Goswami et al., 1999). The
crystal structure of 2-aminopyrimidine itsel{ has been
reported (Scheinbeim & Schempp, 1976), in which two
equivalent proton donors and two equivalent accep-
tors make an eight-membered hydrogen-bonded self-
assembly. This communication reports the crystal struc-
ture of 2-aminopyrimidine with fumaric acid, (I), in
which 2-aminopyrimidine makes typically eight- and
nine-membered hydrogen-bonded rings with fumaric
acid. The structure of the complex shows that a strong
interaction alone need not always dictate the crystal
structure if other weaker interactions are of special sig-
nificance. This indicates that caution must be taken to
keep track of weak interactions while designing novel
structures of new materials.

t On leave from: Department of Physics. Anna University, Chennai
600 025, India.
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The asymmetric unit of (I) contains one 2-amino-
pyrimidine cation, one half-molecule of fumaric acid
and one half of a fumarate dianion. The fumarate
dianion is formed through the protonation of 2-amino-
pyrimidine by fumaric acid: this type of protonation
is observed in other carboxylic acid and 2-amino-
pyrimidine cocrystals (Byriel er al., 1992; Lynch et al.,
1994).

The bond lengths and angles in the 2-amino-
pyrimidine agree with the values observed for the
protonated molecule (Byriel et al., 1992; Lynch et al.,
1994). The geometries of the fumaric acid and fumarate
dianion are comparable with those reported by Brown
(1966) and Li & Mak (1997). The fumaric acid and its
dianion form a dihedral angle of 12.51(8)°, and they
make dihedral angles of 27.66(9) and 16.74 (9)°, re-
spectively, with the 2-aminopyrimidine.

Within the asymmetric unit, the 2-aminopyrimidine
is linked to the fumaric acid and fumarate dianion
by NI—H---03, N2—H. - .04, 02—H. - -04 and C2—
H-: --O1 hydrogen bonds, through the formation of eight-
and nine-membered hydrogen-bonded rings (Table 2
and Fig. 1). These hydrogen bonds, together with
NI—H---Ol(x,§ — y,4 +2) and the crystallographic
symmetry elements (the fumarate molecule and anion lie

Fig. 1. The siructure of title compound, showing 50% probability
displacement ellipsoids and the atom-numbering scheme. Symmetry
codes are as in Table |.
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on inversion centres), result in extended ‘wavy' sheets
parallel to the (100) plane. Adjacent sheets are linked
by three weaker C—H. - O hydrogen bonds to form a
supramolecular assembly, which is further stabilized by
the interactions between the pyrimidines within their
stacks (Fig. 2).

ot

-1 Oziil

Fig. 2. Packing of the molecules of (1), viewed normal to the (100)
plane. Symmetry codes are as in Table 2.

Experimental

Single crystals were grown by slow evaporation of a solution
of 2-aminopyrimidine and fumaric acid (1:1 molar ratio) in 2
6:1 mixture of dry acetone and methanol.

Crystal data

CsHgN3-0.5CeH2 08~ - Mo Ka radiation

0.5C:H,04 A=071073 A
= 21118 Cell parameters from 3463
Monoclinic reflections
P2, /c 6 =3.14-33.12°
a=3.7946(2) A #=0121 mm™'
b=19.1766(7) A T=293(2) K
c = 13.0641(6) A Slab
B =96.893(1)° 0.48 x 0.24 x 0.18 mm
V= 94377 (7) A} Colourless

Z=4
D, = 1.486 Mg m™?
D., not measured

CaHgNyY -0.5CaH20}— -0.5C4H404

Data collection

Siemens SMART CCD .area-
detector diffractometer
w-scans
Absorption correction: none
7257 measured reflections
2752 independent reflections
1830 reflections with
1> 20(D)

Refinement

Refinement on F*

RIF? > 20(F%)) = 0.067
wR(F?) = 0.184

§ = 1.055

2752 reflections

172 parameters

All H atoms refined

R = 0.04
gm‘k - °

==5—=35
k=0— 26
1=0— 18

(A/U)mu < 0001.

Apmax = 0.387 e A:’

<Apmin = -0227¢ A_)

Extinction correction: none

Scattering factors from
International Tables for
Crystallography (Vol. C)

w = Wo*(Fh) + (0.0917P)
+ 0.1819P)
where P = (F} + 2FH13

Table 1. Selected bond lengths (A°)

01-C5 1.209 (Y N3—C} 1.349 (3)
02—-Cs 1.306 (3) C2-—-C3 1.364 (3)
037 1233 (2 Ci—C4 1.394 (3)
04-C7 1.284 (2) C5—C6 1.491 ()
Ni—C1 1.322(3 Co~Le' 1.310 4)
N2—-C2 1.352.(%) C1—C8 1494 (3)
N2—-C1 1.3585( cg—C8" L3t @)
N3~—C4 1.324 (3

Symmetry codes: (i) —x, | — v, | — 20} —x, 1 — ¥, 2~
Table 2. Hydrogen-bonding geometry (A.°)

D—H---A D—H H-.-A D.--A D—H-..A
NI—HIN}. . .03 0.96 (3 184 () 2796 (3 176 (3)
N2—HIN2. . .04 091 (0 1.80 (1) 2,708 (2) 170 (3)
02—H102.. .04 093 (3} 163 (N 2.551(2) 172 ()
C2—H2-. .01 096 (3 248 ) 3.068 (1) 119 ¢2)
C2—H2-- -0l 096 ()  2.56 () 3378 (3) 143 (2)
NI—H2N1.. .01" 095 (3 1.83 (3) 2875 () 174 ()
C4—Hd4. . .02" 0.97 (3 2.58 (B 3.440 (3) 149 (2)
Ci—H3...03" 097( 243 (D) 3367 (3) 162 (2)

Symmetry codes: (i) L+x, ¥, 20 (i) x, § =3, §+ 2 (i) 1=x, j+y, §~2
) l+x ¢ -y:-4
The data collection covered a hemisphere of reciprocal space
by a combination of three sets of exposures; each set had a
different © angle (0. 88 and 180°) for the crystal and each
exposure of 30s covered 0.3° in w. The crystal-to-detector
distance was 4cm (20mn = 66.24°) and the detector swing
angle was —35°. Coverage of the unique set is over 99%
complete. Crystal decay was monitored by repeating 30 initial
frames at the end of data collection and analysing the duplicate
reflections, and was found to be negligible. Only reflections
having 26 less than 60° were used for structure solution and
refinement, as only a few reflections were found to be observed
at higher angles. All H atoms were located from a difference
Fourier map and refined isotropically.

Data collection: SMART (Siemens, 1996). Cell refinement:
SAINT (Siemens, 1996). Data reduction: SAINT. Program(s)

used to solve structure: SHELXTL (Sheldrick, 1997). Pro- .

gram(s) used to refine structure: SHELXTL. Molecular graph-
ics: SHELXTL. Software used to prepare material for publica-
tion: SHELXTL and PARST (Nardelli, 1995).
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5,10-Dimethoxy-1,4-methano-1,4,4a,11a-
tetrahydrobenzo[b]fluoren-11-one oxime
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Abstract

In the title compound, CyHoNO;, the oxime moiety
C=N—O—H adopts a trans conformation. Further-
more, the molecule as a whole exists in a dimeric form
through hydrogen bonding between the oxime groups.

t On leave from: Department of Physics, Anna University, Chennai
600 025, India.
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Comment

The title compound was prepared in connection with
our work on the synthesis of phenanthroviridin, an anti-
cancer drug (Gore et al., 1992). The X-ray structure de-
termination of the title compound, (1), was undertaken
in order to determine the stereochemistry of the oxime
moiety, which is very important for the planned Beck-
mann rearrangement.

HOL

OMe

The bond lengths and angles observed in this structure
have normal values (Allen er al., 1987; Beddoes er al.,
1993); the C9—C10 and N1-—C6 bonds show double-
bond character. The oxime moiety C==N—QO—H adopts
a trans conformation. The six-membered ring, D, of the
norbornene ring system is a fairly symmetrical boat with
asymmetry parameters AC,(C7T—C12) = 0.019(1) and
AC(C8) = 0.024 (1) (Nardelli, 1983). The two five-
membered rings in the norbomene moiety formed by
the bridging atom C14 adopt envelope conformations.
The angles between the three-atom bridge plane C8—
C14—C11 and four-atom planes of the six-membered
rings (C8, C9, C10, C1l and C7, C8, Cll, C12) are
52.0(2) and 60.2(2)°, respectively. The C9—C10—
C7—C12 plane is nearly perpendicular [dihedral angle
87.59(8)°] to the five-membered ring C. In the solid
state, inversion-related molecules exist in dimeric form
through O—H- - :N hydrogen bonding (Table 2).

Fig. 1. The structure of the title compound showing 50% probability
disptacement ellipsoids and the atom-numbering scheme.
Experimental

To synthesize the title compound, 3-phenylsulphonyliphthalide
(1.100 mg, 4.0mmol) was allowed to react with tricyclo-
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‘‘tightener”, placing the attracted partners in close contact.

Supramolecular synthon competition in organic sulfonates: A CSD

survey
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The hydrogen bonding motifs seen in sulfonate salts have been examined using the CSD. In a total sample of
1069 sulfonate salts, 594 structures contain NH-donors, and this subset of structures has been investigated in
detail. Several robust hydrogen-bonding motifs have been identified. A particularly robust R(2,2)8 motif, here
called the bidentate motif, has been investigated in more detail. This motif occurs with a probability of 75.4%
in the CSD, and 78.6% in the sulfonate salts. A set of rules for the prediction of the occurrence of the bidentate

motif in sulfonate salts has been developed.

1. Introduction

In the development of new pharmaceutical materials, it is often
necessary to form the salt of a drug molecule in order to
improve such physical properties as solubility and stability.'?
A typical example of a group of counterions used for this
purpose are the R-SO;” derivatives.’ In the hope of
discovering preferred patterns of hydrogen bonding with
specific functional groups on drug-like cationic molecules,
the hydrogen-bonding motifs exhibited by the sulfonate anion
have been investigated.

A previous study investigating hydrogen bonding in
structures containing sulfate ions* made several interesting
observations regarding the characteristics of hydrogen bonding
involving this anion. It was found that the sulfate anion
exhibited no preference for either nitrogen or oxygen donors,
but that hydrogen bonds from O-donors were shorter and
stronger than those to N-donors. It was also found that
N-donors often form two- or three-centred H-bonds, and also
that in most cases a suifate O accepted two or three (seldom
one) H-bonds. The formation of hydrates, which occurred in
around 60% of the structures studied, aliowed the completion
of the coordination sphere around the sulfate jon. It was
concluded that the sulfate ion “will behave as a sterig
It was hoped that the present study would reveal whether the
sulfonate anion exhibits similar characteristics.

Previous work on the geometrical features of hydrogen
bonding of N-donors to the sulfonate group® gave a mean
value for the N---O distance of 2.946 A. This value is slightly
larger than those obtained for hydrogen bonds by N-donors
to carboxylates and monohydrogen phosphates (2.836 and
2.810 A, respectively), indicating that sulfonates form longer,
and weaker, hydrogen bonds to N-donors than carboxylates
and monohydrogen phosphates. This was attributed to the
differences in electron densities on the O atoms of the various
groups. This study’ also showed that the hydrogen bonds
formed to sulfonates by N-donors were generally linear.

The Cambridge Structural Database (CSD) (version 5.24,
November 2002),* which contains structural data for 272 066
organic and organometallic compounds, was used in this study.
As mauny in-depth studies have shown, the CSD can provide a
useful tool for examining structural motifs and discovering new

supramolecular synthons.”® The identification of frequently
occurring specific interactions in the CSD could indicate
that these interactions are fairly robust, and may be useful in
crystal design and structure prediction: if an interaction occurs
with a high enough probability, it can be predicted to occur in
unknown compounds containing the same groups. In this
study, the CSD has been used to collect information on
the hydrogen bond motifs formed in a sample of sulfonate
salts.

2. Methodology

Searches to determine the number of CSD hits for each ion
were performed using ConQuest,® and hits were restricted to
organic-only structures with 3D coordinates present. Variable
bond types were allowed for in the sketches of SO;™ groups.
Unless otherwise stated, contact searches were performed using
a van der Waals sum of 3.2 A for N---O and O---O contacts
(NH---O and OH---O hydrogen bonds were identified using
these contact distances). This cutoff point of 3.2 A is in
agreement with values used previously in the literature.** In all
cases, water was defined as H,O or H;O™.

3. Results and discussion
3.1. Hydregen bonding in sulfonates

There are 21146 S-containing compounds in the CSD. 7445
contain S bonded to an O atom, of which 1069 structures
contain a sulfonate moiety. An investigation of the interactions
of the SO, -group with several different hydrogen bond
donors is summarised in Table 1. These results agree well with
previous studies.* This sample of 1069 structures contains a
wide range of chemical environments for SO;~. There are a
small number of special cases such as S-SO4(13) and
N-SOx(27), which perhaps should be treated separately.
(Also, the SO,*" ion is a special case and has been excluded).
Our main focus of interest is on C-SO5, 1019 structures.

The 1069 sulfonate-containing structures can be sub-divided.
We are interested in strong hydrogen bonding only, so we have
eliminated the 268 structures that comtain no N- or O-
hydrogen bond donors, leaving 801 structures that can be

584 CrystEngComm, 2004, 6(95), 584-588
This journal is © The Royal Society of Chemistry 2004
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Table 1 Hydrogen bonds formed by SOy to a selection of donors
RSO;™
R # 0 SO0H S0O0X S0.
Total hits 1069 63 38 162
Hydrogen NH Npos' 594 39 25 146
bond Nt 522 35 23 140
donors % 87.9 89.7 92.9 95.9
OH Npos 488 29° 35 123
New 433 26 34 115
% 88.7 89.7 97.1 92.0
HNXNH N, 192 7 6 59
Nee 182 7 6 54
Yo 94.8 100 100 91.3
COOH Npos 78 6 0 43
Noce 39 4 36
% 50.0 66.7 ’ 83.7
SH Npos 4 0 0 0
Noc 0
o 0

“ Npos is the number of refcodes where an H-bond between two par-
ticular groups could possibly occur, ie. the number of hits where
both components {e.g.. SO;” and NH) occur in the same structure.
P Noce is the number of refcodes with an H-bond between the two
components. < This number refers to OH groups other than S_O?OH.

subdivided according to donor types present in the structure as
follows:

R-80; R # O 1069
R~SO; + NH or OH 801
R-S0O; + NH only 313
R-80; + NH + water only 100
R~S0, + OH only (no water) 47
R-80; + OH + water only 64
R-SO; + NH + OH only (no water) 100
R~SO; + NH + OH + water 8t
R-S0; + H,0 only 96

The overall picture of how the SO3;7 group interacts with
other chemical groups in these 801 structures may be
summarised by a simple count of the number of cases where
we have at least one strong H-bond to each of the oxygens of
the SO;™ (Fig. 1). These data show that in more than half of the
structures, all three sulfonate oxygen atoms are involved in
hydrogen bonding to a strong donor. This indicates that the
sulfonate moiety behaves as a ‘steric tightener’, ie. brings
several hydrogen bond donors into close contact, in the same
way as the sulfate anion.* There are 50 structures which show
no sulfonate oxygen atoms are involved in H-bonding to a N-
or O-donor. Of these structures, 18 are alkali metal salts, and
often the cation forms short contacts to the anion. Also, there
are a number of cases where there are no available N- or
O-donors due to intramolecular H-bonding or complexation.
There are also some cases where an existing H-bond is not
detected in the search process, due to atoms not being present
in the structure, or due to the H-bond being longer than 3.2 A.

-

percontage of structures
osu88883888

number of oxygen atoms used in H-bonding

Fig. 1 Percentage of structures using 0, 1. 2 or 3 oxygen atoms of
SO;” in hydrogen bonding in a sample of 801 structures.

However, when a strong H-bond donor is available there is 2
94% probability of a contact to the sulfonate moiety.

It must again be noted here that there is a large variety of
chemical compounds in this sample, and this distribution is
influenced by the ‘random’ acquisition of structures into the
CSD. For example, there are cases of metal salts with no
H-bonds but metal coordination, as in calciumn methylsulfo-
nate, CAMSUL; other cases have only one available H-donor
(BAZRAYV, DICKIJ). It is quite common to find when there
are two donors available that thev form H-bonds to two
different oxygens of SO;”, eg. CEBTIZIO, DETRID,
FIDYTA. When we have 3 or more donors available we
normally find H-bonds to all 3 oxygens of SO;~. Some struc-
tures have as many as 18 available donors, e.g. HEJRAP. This
effect of increasing H-bond accepiance by a group with
increasing donor/acceptor ratio for the compound has been
studied in detail by Infantes and Motherwell.’ Further detailed
dnalysis of the number of H-bonds accepted per SO;™ group
has not been reported in this paper, which is more concerned
with identification of common H-bonding motifs.

As shown in Table 1, the sulfonate group forms H-bonds to
N-donors in 87.9% of possible cases, and to O-donors in 88.7%
of possible cases. Table 2 shows the number of structures
containing SO;---HN hydrogen bonds, SO5---HO hydrogen
bonds, or both, in the 181 structures containing both NH and
OH donors. These results seem to imply that when both N- and
O-donors are present in a structure which does not contain
water, the SOy~ group has a greater tendency to form an
H-bond to the N-donor. However, when water is also present,
there is a high tendency to form H-bonds to the water. In fact,
341 (31.8%) of the 1069 sulfonate structures contain water
(which is considerably lower than the occurrence of hydrates of
around 60% reported for sulfates‘), and in 317 of these
structures {93.0%), an H-bond forms between SO;™ and water.

The 341 hydrates have been investigated further. 39
structures contain HyO", and in all cases this is the only
cation. Removing these oxonium salts from the sample leaves
302 structures, of which 48% (145 structures) contain metal
ions. In fact, of those organic structures in the CSD containing
a metal and an 8O3~ group, 76% are hydrates (compared to
42% of structures containing any charge and any metal which
are hydrates in the whole CSD). The high frequency of
hydrates in metal salts has already been noted,'® but the 76%
occurrence of hydrates in sulfonate metal salts is particularly
high. Aside from this correlation however, no obvious reason
for hydrate formation in the sulfonates could be identified.

3.2. Hydrogen bonding in NH-containing structures

There are a total of 594 sulfonate structures containing
nitrogen donors, and these have been examined in detail. A
variety of cyclic hydrogen bonding motifs have been identified
in these structures. Some of these are represented diagramma-
tically in Fig. 2. We are conscious of the great variety of
competing groups among these 594 structures, and the varying
amounts of competing donors present, eg. C-NH-C,

Table 2 Number of structures showing particular hydrogen bonds in
sulfonates containing both NH and OH donors

Donors present in structure

NH and OH. no water
100 structures

NH, OH and water

H-bonds formed 81 structures

SO; N 92 (92%) 67 (82.7%)
SO;-0 73 (73%) 79 (97.5%)
SO;--'N and 80;---0 66 (66%) 65 (80.2%4)
SO3*N not SO0 26 (26%) 2 (2.5%)

SO;--O not SOy N 7 (7%) 14 (17.3%)

SO;---H,0 —
“ 13 of these are to water.

76 (93.8%)
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Fig.2 A diagrammatic representation of some of the hydrogen-bonded motifs formed in sulfonates, along with the graph set and a percentage
occurrence in the sample of 594 sulfonate salts containing NH donors. The percentage occurrence was determined using 3DSEARCH.'?

C=NH,", C-NH,", and also OH, COOH and water. Because
of these competing groups it is not very meaningful to examine
the total sample for detailed motifs in an exhaustive manner,
without careful subdivision into classes with defined ratios of
donor/acceptor groups (which will be the subject of a further
study). Rather, we have chosen a number of ring motifs which
seem reasonably persistent in different environments and
have the chemical significance of binding molecules together
in energetically stable configurations, and often extended
networks. Fig. 2 shows these motifs, as well as perceatage
occurrence of each motif within the sample of 594 structures.
The motifs were chosen on the basis of either relatively frequent
occurrence {e.g. motifs 1-5), or frequent occurrence within a
particular subset of structures {e.g. motifs 7-9).

The bidentate motif. One of the simplest and most
commonly occurring motifs formed between the S04~
oxygen atoms and NH donors is a bidentate motif resulting
in an §-membered H-bonded ring with graph set R2,2(8)
(Fig. 2). This motif has been recognised as occurring with a
55% probability in the database in a previous study.!! In this
study. a total of 264 structures in the whole CSD were found to
contain the required groups for forming this motif (ie.
HNXNH and SO,), and of these 194 do in fact show the

586 CrystEngComm, 2004, 6(95), 584-588

motif. In other words, in 75.4% of cases where it is feasible for
this interaction to form, it does. A more in-depth analysis of the
structures where the expected interaction did not form showed
that there were often steric reasons: the two hydrogen donors
were in a 5- or 6-membered ring, and therefore not correctiy
positioned to H-bond to the SO; group, or the central X-atom
had an R-group which prevented the interaction from taking
place. When these steric impossibilities are removed from the
count, the percentage of structures showing the interaction
increases to approximately 85%.

Searching for the components to form the bidenrate motif in
the subset of 594 sulfonates gives 192 structures. The motif is
formed in 151 of these structures, or 78.6% of cases. Again,
adjustment of samples to take steric factors leads to an even
higher percentage of occurrence of the bidentate motif (ca.
90%). It seems that this is a very robust motif.

3.2.1. Guanidinium salts. 122 of the 594 NH-containing
sulfonate salts are guanidinium salts, with the sulfonate group
often attached to an aromatic ring. These structures are
remarkably consistent: 121(ca. 99%) contain the bidentare
motif (see Fig. 2), and in 119 of these there are ribbons of
bidentate motifs. These ribbons are held together either in
hexagons via the bidentate motif (83 structures), or in a slightly
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Fig.3 Extended motifs formed in guanidinium sulfonate salts (2)
From WETNEO and (b) From HEGQAL.

slipped manner via motif | (Fig. 3). We note that the structures
that do not form the didentate motif or ribbons of this motif all
contain 2 or 3 NO, groups on the same aromatic ring as the
sulfonate group. Only 1 of these 122 structures is a hydrate, and
it is one of the structures with 2 NO, groups. The structures of
these salts have been described in detail by Ward et af,'* and
exploited to predictively synthesize new crystals.

A preliminary analysis of the electrostatic potential of these
compounds mapped onto their electron density reveals that it
appears to be the electron-withdrawing effect of the nitro-
groups on the rest of the molecule that influences the formation
(or not) of the bidentate motif. A more positive potential on
the sulfur atom combined with a less negative potential on the
oxygen atoms could be the cause of the perturbation in the
ribbon motif seen in all the other structures of this nature.
Calculations indicate that the di- or tri-CN or -CF; derivatives
would also exhibit perturbation of the bidentate motif.

3.2.2. Structures containing H.NXNH,. Aside from the
guanidinium salts described above, 70 of the 594 NH-
containing sulfonate salts contain an H . NXNH, moiety, of
which 26 (ca. 37%) are hydrates. These 70 structures can be
subdivided into those containing H,NXNH, groups, those
containing HNXNH, and those with HNXNH groups.

Fifteen structures contain H,NXNH,, and only 3 of these do
not show the bideniate motif at all, but contain motif 3. (3 of those
that do show the hidentate motif have N---O > 32 A). The
bidentate motifs are joined into more extended patterns in several
ways: by asingle O---H-N connection, or via motif 2 or 3 (Fig. 4),
or the bidentare motifs are joined into ribbons as in the
guanidinium salts. Two of these H,NXNH,-containing struc-
tures are uronium salts. One (UBESAV) forms flat sheets of
connected bidentate motifs in a manner analogous to the sheets
formed in the guanidinium salts. In the other uronium salt
(BIKYUP), the H,NCOH functionality successfully competes
for the SO; functionality, and the bidenrate motif is not seen.

28 structures contain an HNXNH,; moiety, 7 of which
contain water (ca. 25%). 24 of these structures have the
bidentate motif (only 1 has N--O > 3.2 A). In two cases, the
bidentate motif is unable to form for steric reasons, and motif 2

(@ (b)

Fig.4 Extended motifs seen in some sulfonate salts. (a) Two bidentate
motifs joined by a single hydrogen bond (UBESAV) and (b) two
bidentate motifs joined by motif 3. iLe bideniate-motif 3-bidentate
(NEGTICQ).

Fig. 5 ‘Hydrophobic’ and ‘hydrophilic’ regions in CIDWOB, showing
extended patterns of motifs, including the bidentase-morif 3-bidentate
pattern. .

or simple single NH---OS links form instead. Taking this into
account, ca. 92% of these structures show the bidentate motif,
which is almost as high an occurrence as in the guanidinium
sulfonate salts (ca. $9%). In both structures where the bidentare
motif could form but is not seen, there is a water molecule
hydrogen-bonded to one of the N-donors, obstructing the
formation of the expected motif.

A subgroup of these structures contain 2,4-diaminopyrimi-
dine derivatives (or very similar functional groups such as
triaminotriazine). This combination of functional groups always
results in motifs 7, 8 ot 9 (see Fig. 2) which, when combined with
the bidentate-motif 3-bidentaze pattern mentioned above, leads
to layers of ‘hydrophobic’ and ‘hydrophilic’ regions in the
crystal structure (Fig. 5). 9 structures contain this particular
combination of functional groups, of which two are hydrates.

27 structures contain an HNXNH group, of which 14 (ca.
52%) are hydrates. In 17 of these structures the NH groups are
cyclic, and several motifs are seen to occur. In three cases there
are no NH---OS hydrogen bonds formed, and in all three of
these structures X is C=0, and an alternative hidenrate-type
motif occurs (Fig. 6). In many of the remaining cases, two of the
SO; oxygen atoms form hydrogen bonds to nitrogen donors,
linking the molecules into chains {4), or other cyclic motifs such
as motif 2 (2), motif 3 (1), mouf 10 (1) and motif 14 (2).-

Of the remaining 10 structures. 5 are sterically unable to
form the bidentate motif. In these structures the molecules are
linked by single NH---OS hydrogen bonds in four cases. and
motif 2 in one case. Of the other 5 cases, 3 show the bidentate
motif, and 2 structures contain a urea functionality, which
forms the well-known urea hydrogen-bonding motif.

3.2.3. NH, - and NH;"-containing structures. Once the
structures coutaining H NXNH, have been eliminated from
the sample of 594 NH-containing sulfonates, 402 structures
remain. We now discuss the 165 which contain only N-donors,
and no O-donors.

8 structures contain NH,™. 6 of these structures contain no
other N-donors, and the structures form layers of NH4™ and
SO;” ions in an analogous manner to the guanidinium salts
(see above). These layers are formed from ladders of various
cyclic motifs (Fig. 7).

Fig. 6 Hydrogen bonding motif seen in BIFBOH.
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Fig. 7 Layers of ions in FASJUE.

30 structures contain NH;”. Of these, 15 have no other
N-donors, and once again layers of NH;" and SO;~ are
formed. 10 structures contain other N-donors, and of these §
structures show motif 2. In 6 of the 10 structures, there is some
type of extended motif such as ladders or chains of motifs.
However, as the complexity of the molecule increases, the
degree of extended pattern formation decreases. The 5 remain-
ing NH; " -containing structures have O atoms (for example, in
crown ethers) that accept hydrogen bonds from NH.

44 structures contain only NH,; groups as hydrogen bond
donors, and 83 have only NH groups. Very few of these
structures show any motifs more complex than simple chains of
hydrogen bonds, NH;-SO37'NH;--SO; ™.

3.3. Structures containing only water as a donor

96 of the 1069 SO;-containing structures have water as the only
hydrogen-bond donor present in the structure. Approximately
47% of these structures are alkali or alkaline earth metal salts
(see above), and in ca. 24% of the structures the cation is the
oxonium ion (H;07). Many of the hydrogen bonding motifs
and patterns (ladders of motif 2, etc.) seen in the oxonium salts
are similar to those seen in the ammonium salts, The oxonium
salts are also similar to the ammonium salts in that often nets of
ions form, separated by interstitial hydrophobic regions
(Fig. 8). In fact, this séparation of hydrophilic and hydro-
phobic regions into layers is characteristic of CSD structures
where water is the only strong hydrogen-bond donor.

3.4. Prediction of the bidentate motif

Using the information described above, a set of rules have been
developed for predicting the occurrence of the bidentate motif
in sulfonate salts. These have then been tested against new
structures added to the database since the collection of the 1069
sample. The rules, which apply in cases where the groups are
sterically able to form the bidentate motif (ie. not trans to one
another) are as follows:

(1) All guanidinium sulfonate salts will show the bidentate
motif, with the exception of those containing two or more
strongly electron-withdrawing groups (NO,, CF3, CN) on the
same molecule as the sulfonate group.

(i1) Sulfonate salts with no guanidinium cation, but contain-
ing an HNXNH, group, will show the bidentaie motif, with

Fig. 8 ‘Hydrophilic’ and “hydrophobic’ layers seen in JEHPAN.
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the exception of structures where X is C=0 or C=OH, in which
case there will be strong competition for the formation of the
bidemate motif. However, the O---N distance in the motif may
be greater than 3.2 A

Searching version 5.25 of the CSD, plus 1 update (January
2004) gave 20 new structures that contained R~S0O;™ and an
H,NXNH, group. |3 of these are guanidinium salts, and it was
predicted that all of these salts would exhibit the bidentate
motif. In fact, 1 salt (QFOXAI) does not exhibit the bidentate
motif. This could perhaps be rationalised by examining the
electrostatic potential of this sulfonate ion. Of the remaining 7
structures, 2 were sterically unable to form the bidentare motif
(MOTCON and WUYRUD), and so were removed from this
analysis, leaving 5 structures. According to rule 2 above, all of
these structures should contain the bidentate motif. In fact,
only 1 structure (LUHWOA) does not show this motif.

4. Conclusions

This work describes the analysis of hydrogen bonding motifs
formed in sulfonate saits, particularly with nitrogen donors.
The robust nature of a particular R2,2(8) motif,!" here called
the bidentate motif, has been confirmed. [t has been shown that
certain functional groups will compete with HNXNH for the
formation of this motif, particularly groups containing C=0 or
C-OH, and that certain motifs may form in favour of this
motif, for example the urea hydrogen bonding motif. However,
the bidentate motif can be predicted to occur with a fair degree
of confidence.

Other cyclic motifs formed between the R-SO;” function-
ality and nitrogen donors have been described, and their
occurrence noted. The nature of the functional groups involved
obviously affects the motif that is seen in the structure.
Extended networks of motifs have also been described.
Guanidinium sulfonate salts are extremely likely to form
extended motifs made up of ribbons of the bidentate motif,
whereas NH,* and NH; -containing sulfonate salts are more
likely to form nets made up of ladders of motifs 1-5.
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In the title cocrystal, 2-aminopyrimidine—(+)-camphoric acid
(1/1), CeHsN3-CyoH160,, the 2-aminopyrimidine forms two
eight-membered hydrogen-bonded rings with two different
camphoric acid molecules. This results in infinite wave-like
chains of molecules in which neighbouring chains aré
connected by weak C—H.--O contacts. The five-membered
fing in the acid molecule adopts a half-chair conformation.

Comment

Because of their strength as well as directional nature
compared with other intermolecular non-covalent interactions
{Lehn, 1995), hydrogen bonds are normally used as a tool in
designing the structure of molecular crystals. Weak C—H...O
contacts play a significant role in determining the molecular
packing of organic solids (Taylor & Kennard, 1982). The
crystal structure of 2-aminopyrimidine itself has been reported
previously (Scheinbeim & Schempp, 1976; Furberg eral,, 1979)
and both of the pyrimidine-ring N atoms and the amine group
form eight-membered rings which leads to hydrogen-bonded
self-assembly. The pattern can be changed to a hetero-
assembled structure where the donors (acid OH) are paired
with the acceptors (ring N) (Etter er al., 1990). This commu-
nication reports -the structure of the hydrogen-bonded
heterodimer of 2-aminopyrimidine with camphoric acid, (I},
where the 2-aminopyrimidine is hydrogen-bonded with the
camphoric acid moiety to form typical eight-membered rings.

S
N _zN

OH

" OH N
NH, Me

Me Me

Q)

The bond lengths and bond angles of the 2-amino-
pyrimidine and the camphoric acid molecules are comparable

with the reported values (Etter et al., 1990; Furberg et al, 1979;
Barnes et al., 1991). The five-membered ring of the acid mol-
ecule adopts a half-chair conformation, as observed in trans-m-
camphanic acid (Hudson & Mills, 1972), with &C,(C3) =
0.007 (2) A (Nardelli, 1983). The twofold axis passes through
C3 and intersects the C1 —C5 bond. Atoms C1 and CS deviate
from the mean plane defined by the atoms C2, C3 and C4 by
0.316 (5) and —0.376 (5) A, respectively.

In the crystal (Fig. 1), each acid molecule is linked to two 2-
aminopyrimidine molecules and vice versa by N—H---O and
O—H-.. N intermolecular hydrogen bonds to form two
symmetry-independent eight-membered rings each of which
has the graph-set motif of R3(8) (Bernstein et al., 1995). The
eight-membered ring formed between the two moieties
belonging to the same asymmetric unit (i.e. that ring involving
N2 and O2) is almost planar with a maximum deviation from
the plane of 0.111 (4) A for O1. The second eight-membered
ring, which contains O4 and N1' [symmetry code: (i) 3 —x,1 -
¥y, 2 — 1], is more twisted with the angle between the two four-
atom planes defined by the acid and amine moieties being

Figure 1
The structure of the title compound showing 30% probability displace-
ment ellipsoids and the atom-numbering scheme.

23.8 (4)°. The maximum deviation from the mean ring plane is
0321 (5) A for O3. The mean plane through the five-
membered ring in the acid molecule makes dihedral angles of
33.9 (2) and 38.3 (2)°, respectively, with the two adjacent
pyrimidine rings described above. These hydrogen bonds
thereby link the acid and amine moieties into infinite wave-
like chains which extend parallel to the c¢ axis (Fig. 2). The
crystal structure is also characterized by alternate layers of
camphoric acid and 2-aminopyrimidine molecules which lie
parallel to the ab plane. This pattern has also been reported by
De Santis et al. (1997). The neighbouring chains are inter-
connected by weak C—H---O interactions (Table 1) and are
stacked along the b axis with C—H. - .7 interactions involving
the 2-aminopyrimidine molecules of 3.602 A [C13—H134 =
093, HI3A~Cg(~}+x 3 -y, 1 — z) = 2893 A and C13~
HI134.--Cg(—4 +x,} = y, 1 — z) = 134° (Cg = centroid of
pyrimidine ring)].
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Figure 2
The C—H---O interactions connecting neighbouring chains. The
symmetry operators are given in Table 1,

Experimental

Single crystals of (1) were grown by evaporation of a 1:1 mixture of
2-aminopyrimidine and (1R35)-(+)-camphoric acid in ethanol.

Crystal data
CHsN;-CoH, 604 Mo Ko radiation
M, =29534 Cell parameters from 2297
Orthorhombic, P2,2,2, reflections
a=7146 (1) A 8 =191-28.33
b = 10561 (1) A # = 0.090 mm™'
¢ =21306 (1) A T=293Q)K
v = 1607.9 (3) A® Needle, colourless
Z=4 0.36 x 0.16 x 0.32 mm
D,=1220Mgm™*
Data collection
Siemens SMART CCD area- Ry = 0.066
detector diffractometer Brax = 25.01°
W scans h=-7—+8
8732 measured reflections =~-12 > 12
2837 independent reflections 1=-23 25

1522 reflections with { > 20(/)

Refinement

w = Y[o*(F,?) + (0.0551P)
+0.2628P)
where P = (F,2 + 2F.)3
(8/0)imes < 0001
Apmx=015¢ AT?
APon = ~0.15e A7}

Refinement on F?
R[F? > 20(FY)] = 0.065
wR(F?) = 0.159

S5 =105

2837 reflections

190 parameters

H atoms constrained

Table 1 .

Hydrogen-bonding geometry (A, °}.

D—H..-A D-H H.. .4 DA D-H...4
02~H2B-..N2. 0.82 187 2.665 (S) 163

04 -—-H4C. - NI 0.82 190 2.713(4) 170
N3-H3D...01 . 0.86 206 2.910(S) 170
N3—H3C...03" 086 243 2.951(5) 161
C12—H124...03" 0.93 2.59 3.221 (6} 125

Symmetry codes: () j=x 1=y 2~k (@D }-x -y i+ i) y-x1-plsz

After checking their presence in the difference map, the positions
of all H atoms were geometrically idealized and.allowed to. ride on
their parent atoms.

Data collection: SMART (Siemens, 1996); cell refinement: SAINT ' 

(Siemens, 1996); data reduction: SAINT, program(s) used to solve
structure: SHELXTL (Sheldrick, 1997); program(s) used to refine
structure: SHELXTL; molecular graphics: SHELXTL,; software used
to prepare material for publication: SHELXTL and PARST
(Nardelii, 1995).

The authors would like to thank the Malaysian Government
and Universiti Sains Malaysia for research grant R & D No.
30S/PFIZIK/622004. SSSR thanks the Universiti Sains
Malaysia for a Visiting Postdoctoral Fellowship.

Supplementary data for this paper are available {rom the IUCr electronic
archives (Reference: LN1090). Services for accessing these data are
described at the back of the journal.
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Molecular Recognition Induced Supramolecular Array
of 2-Aminopyrimidine with Terephthalic Acid,
1,4-Phenylenediacetic Acid and Fumaric Acid in Solid
State via H-bonding and =-stacking Interactions*
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Department of Chemistry, Bengal Engineering College (Deemed University), Howrah-711 103, India
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The crystal structures of molecular complexes of 2-
aminopyrimidine (2AP) with terephthalic acid (1)
(1:1; Complex A), 1,4-phenylenediacetic acid (2) (1:1;
Complex B) and fumaric acid (3) (1:2; Complex C)
were determined. Complex A is orthorhombic, space
group Pnma, with a=13.0323(3), b=23.9443(1), c=
3.7927(VA; a=B=y=90"; Z=4; Dy =1466 Mg/m®;
final R=0.0384, wR*=0.0939 for 1381 independent
reflections. Complex B is orthorhombic, space group
Pbcn with a =4.5686(1), b =15.7687(2), c = 20.1621(4} A;
a=f=y=90"; Z=4; Dy =1323Mg/m*% final R=
0.0461, wR*=0.1158 for 1662 independent reflec-
tions. Complex C is monoclinic, space group P2/c
with a=3.7946(2), b=19.1766(7), c=13.0641(6)A;
«=90", f=96.803(1), y=90"; Z=4; D.y.=1.486Mg/
m’; final R =0.0665, wR>=0.1626 for 2752 indepen-
dent reflections. 2AP generates supramolecular as-
sembly with 2 and 3 via non-conventional weak
C-H—O hydrogen bonding. Interestingly only in the
case of Complex C, proton transfer occurs to the ring
nitrogen of 2AP from 3. A novel hydrogen-bonding
motif for the control of solid-state structures has been
developed. The motif is based on the hydrogen
bonding complementarity of dicarboxylic acids
with 2AP.

Keywards: Molecular recognition, hydrogen bonding, n-stack-
ing and molecular hetero-assembly

INTRODUCTION

Molecular self-assembly is the spontaneous.

association of molecules under equilibrium
conditions into stable aggregates, joined by
noncovalent bonds, with well defined composi-
tion and structure [1]. Careful choice of com-
plementary binding groups will lead not only to
strong but also discriminating interaction in the
solid state. Most of the supramolecular crystals
are originated from conventional, strong
N-H—X and O-H—X (X=O,N) hydrogen
bonds. The weak hydrogen bonds such as
C-H—O0 [2] and C-H—N {3] are known to play
a significant role in the determining the mole-
cular packing of organic solids. In continuation

* Dedicated to J.-M. Lehn, D. J. Cram and C. J. Pedersen for their contribution in the opening up of Molecular Chemistry into the

Intermolecular Science of lifc and materials.
Corresponding author.
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26 S. GOSWAMI AND A. K. MAHAPATRA

of our research interest in molecular recognition
studies on dicarboxylic acids [4}, we report here
the crystal structures of some interesting mole-
cular complexes of 2AP with terephthalic acid,
14-phenylenediacetic acid and fumaric acid
respectively.

2AP has two equivalent proton donors and two
equivalent proton acceptors (5] available for
hydrogen bonding with neighbouring molecules.
Hetero-assembly with 2AP could be prepared by
the addition of a dicarboxylic acid guest that
forms preferentially hydrogen bonds with 2AP
rather than forming self-assembled {6, 7] hydro-
gen bonds and they form cyclic hydrogen bonded
dimers like 2AP [6). The crystal structures of 2AP
with succinic acid [8] and terephthalic acid (9]
have been reported, but in both cases C-H—O
hydrogen bondings were not observed to form a
supramolecular hydrogen bonding array though
succinic acid contains a-hydrogens. The goal of
this co-crystal structural study was to investigate
the ability of 2AP in the formation of different
hydrogen bonding pattern with different dicar-
boxylic acids although the basic hydrogen bond-
ing units are same.

RESULTS AND DISCUSSION

Complex A

Terephthalic acid typically associates with 2-
aminopyrimidine by N-H—O and O-H—N
hydrogen bonds through the formation of eight-
membered hydrogen bonded rings (Fig. 1). The
acid molecule (within +0.028(1)A) makes a
dihedral angle of 22.34(6)° with the planar
pyrimidine ring. These heterodimers form hy-
drogen-bonded zig-zag chains extended along
[010] axis (Fig. 2).

The pyrimidine and benzene rings are stacked
independently along [001] axis (Fig. 3) with N1-
C2 (x,y.z+1) 3364 (A being the shortest
contacts for the pyrimidine rings and C5—Cé
(x,y,z+1) 3513 (A for the benzene rings
respectively.

FIGURE 1 ORTEP diagram of complex A showing dis-
placement ellipsoids at the 50% probability level.

FIGURE 2 Hydrogen bonding network in crystal lattice of
complex A.

FIGURE 3 Supramolecular array of complex A showing
stacking mode along (001) axis.

The bond lengths and bond angles observed
in the molecules of the co-crystal agree with
those observed in the independent crystal
structures {10}.
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DICARBOXYLIC ACIDS 27

Complex B

The asymmetric unit contains one-half molecule
for each 2-aminopyrimidine and 1,4-phenylene-
diacetic acid with other-half being symmetry
related (Fig. 4). 2-Aminopyrimidine is related by
a crystallographic two-fold axis passing through
the atoms N2, C6 and C8 whereas 1,4-phenyle-
nediacetic acid is inversion related. The car-
boxylic acid group (01,02, C4 and C5) makes a
dihedral angle of 77.54(8)° with the phenyli ring.
The planar 2-aminopyrimidine molecule is
linked to the 1,4-phenylenediacetic acid by
N-H—0Oand O-H—N intermolecular hydrogen
bonds (N2-HIN2 0.91(2), HIN2—O1 2.02(2),
N2-O1 2.921(2)A, N2-HIN2—01 174(2)A;
02-H102 1.04(3), H102—NT1 1.65(3), 02—N1
2.676(2)A, 02-H102—N1 172(2)A. The donor
and acceptor atoms in these hydrogen bonds
along with C5 and C6 form a eight-membered
ring which is coplanar with the pyrimidine
moiety. Since these molecules lie across the
crystallographic symmetry elements they form
an infinite wave like chain in the solid state.
The chains translated one unit along [100] axis
are linked by weak C-H—O contacts involving
C4 and ON(C4-H4A 1.00(3),H4A —O1 2.56(3),
C4A —O1 3.541(3)A, C4-H4A —O1 167(2)°. The
pyrimidine and phenyl rings translated one unit
along [100] axis are stacked (Fig. 5) with per-
pendicular distances of 3.605 and 3.614A, respec-
tively. The line joining the centroids of adjacent
rings form angles of 37.91° and 37.72° respec-
tively with the normal to the planes. Thus
benzylic hydrogens of the acid molecule of one
layer are linked to carboxylic carbonyl oxygen

FIGURE 4 ORTEP diagram of complex B showing displa-
cement ellipsoids at the 50% probability level.

FIGURES Interlayer Hydrogen bondings through C-H—O
of complex B.

atoms of another layer through hydrogen bonds
in the crystal sheet and thus resuits a three point
fixation [11] of carboxylic acid motif in the
complex.

Complex C

The asymmetric unit contains a molecule of 2-
aminopyrimidine and half molecule each of two
fumaric acids (Fig. 6). The 2-amino pyrimidine is
protonated at the N2 position which is trans-
ferred from one of the fumaric acid (all the
hydrogen atoms were located from a difference
Fourier map and no sign of any peak was seen
near the O4 atom). Proton transfer is also
corroborated from the 'H NMR spectrum [12}
(a broad signal appeared at 6 8.19 for ring N-H)
of the complex crystal.

In complex C (Fig. 6), 04 makes two hydrogen
bonds with N2-H (due to proton transfer from
carboxylic group to ring N of 2AP) and O2-H of
another formic acid molecule. Thus the charge
density on O4 atom of carboxylate group is
partially shared by these two hydrogen bonds
showing the unequal bond distances in carbox-
ylate group. The fumaric acid molecules form a
dihedral angle of 12.51(8)° between them and
they make dihedral angles of 27.66(9) and
16.74(9)° with the 2-aminopyrimidine.
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28 S. GOSWAMI AND A. K. MAHAPATRA

FIGURE 6 ORTEP diagram of complex C showing displa-
cement ellipsoids at the 50% probability level.

The contents of the asymmetric unit are linked
by two N-H-—O, one O-H—O and one very
weak C-H—O hydrogen bonds. In the solid
state they extend along (010) axis to form an
infinite plane wave like structure. The adjacent
wave-like structures are linked by a network of
N-H—O and weak C-H—O intermolecular
hydrogen bonds to form a supramolecular
structure (Fig. 7). The 2-amino pyridimine and
both acid molecules translated along [100] axis
are stacked (Fig. 8) as individual columns.

EXPERIMENTAL

General: Melting points were recorded (uncor-
rected) in open capillaries with a hot-stage
apparatus (Toshniwal). IR spectra were recorded
on a PERKIN-ELMER, MODEL No. 883, spectral
bands are reported in cm”'. Proton NMR
(200 MHz) spectra were measured with a BRU-
KER AM-200 spectrometer; chemical shifts are
expressed in ppm down field from internal
Me,Si. Elemental analysis was carried out in the
Microanalytical Laboratory of Indian Associa-
tion for the Cultivation of Science, Calcutta.
Solvents were purified and dried in the usual
manner before use.

FIGURE 8 Column like stacked H-bonding network of
Complex C.

Synthesis
Complex A

Single crystal was grown by slow evaporation of
5:1 mixture of a dry acetone and methanol
solution of the 2-aminopyrimidine and ter-
ephthalic acid (1:1mol. ratio). MP : 192°C.
IR(KBr)em™": 3369, 3322, 3199, 2436, 1672,
1289; 'H NMR (200MHz CDClL): 6827
(d,2H,]=6Hz), 8.09 (bs, 4H), 659 (t,1H,]=
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DICARBOXYLIC ACIDS 29

6Hz), 473 (bs,2H, ~NH,); Anal. Caled. for
Ci12H11N304; C, 55.17; H, 4.24; N, 16.09%.
Found: C, 55.18; H, 4.28; N, 16.14%.

Complex B

The complex . B was prepared by mixing 2-
aminopyrimidine with 14-phenylenediacetic
acid (1 : 1) in dry acetone. The resulting solution
was allowed to evaporate at rt to give the de-
sired crystals, MP 154°C.

IR (KBr)em™: 3384, 3332, 2455, 1904, 1695,
1566, 1341, 1243; "H NMR (200 MHz, CDCl,): §
8.19 (d,2H, J=6Hz), 7.19 (s, 4H), 6.53 (t, 1H,
J=6Hz), 549 (bs, 2H, ~NH,), 3.52 (s,4H); Anal.
Caled. for C14H15N304: C, 58.13; H, 5.23; N,
14.53%. Found: C, 58.21; H, 5.32; N, 14.49%.

Complex C

The Complex C was grown by slow evaporation
of 3:1 mixture of dry acetone and methanol

solution of the 2-aminopyrimidine and fumaric
acid (1:1mal ratio). Colourless slab crystals of
the complex appeared which was suitable for X-
ray study. MP: 180-182°C.

IR (KBr)em™': 3248, 2930, 1664, 1430, 1362,
1294, 1234; 'H NMR (200MHzCDCl3): 6 819
[bs,1H, (ring ~NH)], 8.04 (d, 2H, ] =6 Hz), 6.56
(t, 2H, J=6Hz), 6.36 (d, 2H, J=9.6 Hz), 471
(bs,2H, =NH,). Anal. Caled. for C8HIN304: C,
45.50; H, 4.29; N, 19.89%. Found: C, 45.59; H,
4.27; N, 19.91%.

Experimental conditions are summarized in
Table I. Positional and thermal parameters for
non-hydrogen atoms are listed in Table II. Bond
distances and bond angles are contained in
Table Il and the hydrogen bond data are listed
in Table IV.

X-ray Structure Analysis

Data were collected on a SMART CCD area
detector diffractometer using graphite mono-
chromated MoK, radiation (A=0.71073 A) with

TABLE 1 Crystal data and structure refinement for complex A, complex B and complex C

Complex A B C
Empirical formula CI2HIIN3O4 C14HI5N304 C8HIN30O4
Formula weight 261.24 289.29 211.18
Wavelength, 0.21073 0.71073 0.71073
Crystal system Orthorhombic Orthorhombic Monoclinic
Space group Pnma Pben P2,/c

Unit cell dimensions (A):

a 13.0323 (3) 4.5686 (1) 3.7946 (2)

b 23.9443 (1) 15.7687 (2) 19.1766 (7)

¢ 3.7927 (1) 20.1621 (4) 13.0641 (6)
« 90° 90° 90°

B 90" 9° 96.893°

7 . 90° 9p°

Volume (A% 118351 (4) 1452.50 (5) 943.77 (7)

z 4 : 4 4

Density {(calculated) 1466 Mg/m? 1323 Mg/m® 1.486 Mg/m’
Absorption coefficient inm™")  0.113 0.099 0.121

F(000) 544 608 440
Reflections collected 6833 7257

1381 [R(int) = 0.0280]
Full-matrix least-squares
1.073

R1=0.0384, wR?* = 0.0939

independent reflections
Refinement method
Goodness-of-fit on

Final R indices

[1>2 sigma(D]

R indices (all data)

Largest diff. peak and hole

R1=0.0532, wR?=
0.175 and -0.140e.A™*

8468
1662 [R (int) =0.0287] 2752 |R(int) = 0.0417]

Full-matrix least-squares
1.078
R1=0.0461, wR*=0.1158

R1=0.0716, wR*=0.1355
0.118 and —-0.0%4ec.A™?

Full-matrix least-squares
1.055
R1=0.0665, wR*=0,1626

R1=0.1031, wR*>=0.1836
0.387 and -0.27e. A7
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30 S. GOSWAM! AND A. K. MAHAPATRA

TABLEIl Atomic coordinates ( x 10*) and equivalent isotropic parameters (A x 10°). Uy, is defined as one third of the trace of

the orthogonalised Uj; tensor

Atoms | x y z Uleq)
Complex A
o 7904 (1) 3995 (1) 107 (4) 53 (1)
0@ 9270 (1 3576 (1) 2425 (4) 60 (1)
N (1) 6965 (1) 3000 (1) 88 (3) 37 (D
N {2) 8256 (1) 2500 2775 (5) 41 (1)
c 7382 (1) 2500 938 (5) 33(1
CQ@ 6066 (1) 2948 (1) -- 1596 (4) 41 (1)
()] 5570 (2) 2500 — 2456 (6) 44 (1)
C @) 8868 (1) 3983 (1) 1118 (4) 40 (1)
c @ 9940 (1) 4514 (1) 523 (&) 36 (1)
C (6 8965 (1) 4986 (1) —-863 (4 40 (1)
cm 10478 (1) 4531 (1) 1378 (4) 40 (1)
Complex B
o ~1401 (3) 6495 (1) 3543 (1) 96 (1)
0@ - 10 7763 (1) 3885 (1) 96 (1)
NA(D ~ 3388 (3) 8492 (1) 2963 (1) 76 (1)
N (@) - 5000 7247 () 2500 90 (1)
cm 970 (4) 5770 (1) 4733 (1) 69 (1)
C(2) 1813 (5) 5006 (1) 4470 (1) . 89 (1)
(o1 €)] -850 (5) 5751 (1) 5268 (1) 87.(1
C@ 1966 (5) 6603 (2) 448 (1) 93 (1
(5 16 (4) 6939 (1) 3912 (1) 72(1)
C(6) - 5000 8091 (2) 2500 : 68 (1)
cC& ~ 3460 (5) 9338 (1) 2954 (1) 87 (1)
C 8 - 5000 9794 (2) 2500 B
Complex C
o) 1905 (6) 6291 (1) 6139 (1) 54 ()
O @) 801 (6) 5292 (1) 6887 (1) 55 (1)
oM 1719 (6) 6273 (1) 10140 (1) 53(D
0@ . 2351 (5) 6016 (1) 8517 (1) 47 (H)
N 3200 (6) 7655 (1) 9664 (2) 421
N (@) 5257 (5) 7271 () 8169 (1) 33(M
N (3) 5203 (6) 8471 (1) 8576 (1) 40 (D
cm 4566 (6) 7800 (1) 8804 (2) 31 (1)
C@ 6686 (6) 7399 (1) 7289 (2) 37
C 3 7389 (7) 8069 (1) 7026 (2) 42 (1)
(o 0))] 6561 (7) 8588 (1) 7704 (2) 43 ()
C(5) 1165 (6) 5678 (1) 6083 (2) 36 (1)
C (6) 602 (7) 3319 (1) 5063 (2) 38 (1)
cm 1541 (6) 5858 (1) 9415 (2) 34D
c® 346 (6) 5125 (1) 9556 (2) 371

a detector distance of 4cm and swing angle of
—35°. A hemisphere of the reciprocal space was
covered by combination of three sets of expo-
sures; each set had a different angle (0, 88, 180")
and each exposure of 10s covered 0.3° in w. The

collected data were reduced by using the .

program SAINT [G.M. Sheldrick SAINT v4
Software Reference Manual, Siemens Analytical
X-ray systems, Inc., Madison, Wisconsin, USA

(1996)] and for reflections with 26 <55° were
used for further processing. The structure was
solved by direct methods and refined by least-
squares on F%, by using the SHELXTL [GM.
Sheldrick, SHELXTL v5 Reference Manual, Sie-
mens Analytical X-ray System, Inc, Madison,
Wisconsin, USA (1996)] software package. All
non-H atoms were anisotropically refined. The
hydrogen atoms were located by difference
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DICARBOXYLIC ACIDS 31

TABLE li} Selected bond lengths (A) and angles (deg) TABLE ITI  (Continued)
Complex A 0(3)-C(7) 1.233 )
O4)-C(7) 1.284 (2

O(1)-C(4) 13142 N )-C%l) 1322 (3;
O(2)-C{4) L2 N)HIND 0.96 (3)
N(1)-C(2) 13342 Npj-HaN 0.95 (3)
N(1}C(1) 1384 (19 N).C(2) 1.352 (3)
N(2)-C(1) 1335Q)  np2)-c1) 1.355 (3)
CO)y-NQ) #91 135 010 Np)HIN2 0.91 (3)
C(2)-C(3) 1375Q2)  Ng3)-cla) 1.324 (3)
C(3)C(2) #1 1375Q) N3 1.349 (3)
C(4)-C(5) 14912 cayc3) 1.364 (3)
C(51-C(7) 1392Q)  ¢(2)-H(2) 0.96 (3)
C{5)-C(6) 1.393 (2) C(3)-C(4) 1.394 (3)
C(6)-C(7) #2 1378 @ ¢(3).H(3) 0.96 (3)
C(7)-C(6) #2 1378 @ C(a)-H(4) 0.97 (3)
C(2)-N{1)-C(1) 11665 (13)  ¢51.¢(6) 1491 3)
N(2)-C(1)-N(1) #1 117.8509)  ¢(5).Cle) #3 1310 (4)
N(2)-C(1)-N(1) N7850)  ¢c(e)-H(s) 1.02 (3)
N(1) #1-C(1)-N(1) 1243Q)  c(7)-ci8) 1.494 (3)
N(1)-C(2)-C(3) CIR9@ oe).Cs) #5 1311 @)
C(2)-C(3)-C(2) #1 1652 c(g).H(8) 1.03 (3)
0(2)-C(4)-01) 12330 (1) ¢(5).002)-H102 . 111.0 (18)
O(2)-C(4)-C(5) 1200013 ¢(1).N(1)-HINI 11856 (18)
O(1)-C(4)-C(5) 1150 (13)  c(1).n(1)-H2N? 118.4 (16)
C(7)-C(5)-C(6) 196513 HINI-N(1)-Fi2NT 123(2)
C(7)-C(5)-C(4) 1848 (13 9y N(2)-C(1) 120.79 (18)
C(6)-C(5)-C(4) 121.87 (13 2)-N(2)-HIN2 119.9 (18)
C(7) #2-C(6)-C(5) 12007(14)  ¢(1)-N(2)-HINZ 119.0 (18)
C(6) #2-C(7)-C(5) 12028 (03 ¢(4)-N@)-C(1) 11682 (19)

Complex B : N{1)-C(1)-N(3) 119.15 (19)

N{1)-C(1)-N(2) 119.20 (18)

O(1)-C(5) 1208 2)  N(3)-C(1)-N(2) 121.65 (18)
Of2)-C(8) 1300 ) N(2)-C(2)-C(3) 119.8 (2)
N(1)-C(7) 1335@Q@  N(2)-C(2)-H(2) 114.1 (15)
N(1)-C(6) 13472  ¢(3)-C(2)-H(2) 126.1 (15)
N(2)-C(6) 13323 ¢(2)-C(3)-Cla) 116.5 (2)
C(1)-C(3) 1362(3)  ¢(2)-C(3)-H(3) 121.9 (18)
C(1)-C(2) 1373 @) C(4)-C(3)-H(3) 121.6 (18)
C(1)-C(4) 1503 (3)  N(3)-C(4)-C(3) 1245
C(2)-C(3) #3 1378 (3)  N(3)-C(4)-H(4) 114.8 (16)
C(3)-C(2) #3 1378 () C(3)-C(4)-H(4) 120.7 (16)
C(4)-C(5) 1498 (3)  O(m)-C(5)-0(2) 1232 (2)
C(6)-N(1) #4 1347 @) o(1)-C(5)-C(6) 120.69 (19)
C(7)-N(1)-C(6) 1165 ()  Q(2)-C(5)-C(6) 116.07 (19)
C{3)-C(1)-C(2) 1173 Q) ¢(6) #3-C(6)-C(5) 1236 (3)
C(3)-C(1)-C(4) 1205 Q@) C(6) #3-C(6)-H(6) 119.2 (15)
C(2)-C(1)-C(4) 1223 C(5)-C(6)-H(6) 1171 (15)
C(1)-C(2)-C(3) #3 215@)  O3)C(7)-0(4) 123.51 (19)
C(1)-C(3)-C(2) #3 1213 o@)-C(7)-C(8) 120.06 (17)
C(5)-C(4)-C(1) N39@  04)-C(7)-C8) 11643 (17)
O(1)-C(5)-0(2) 12322 c(8) #5-C(8)-C(7) 123.4 (2)
O(1)-C(5)-C(4) 1238  C(8) #5-C(8)-H(B) 1181 (18)
O(2)-C(5)-C(8) 1129Q  C(7)-C(8)-H(8) 118.5 (18)
N(2)-C(6)-N(1) 117.99 (11)
N(2)-C(6)-N(1) #4 11799 (11) Symumetry transformations: #1x, ~y + 1/2, 242, -x+2, -y +1, -2 43
N(1)-C(6)-N(1) #4 124.0 2) -4 eyl -z 18-, ey, 24 1/285 —x, - y+ 24 2
N(1)-C(7)-C(8) 1234 ()
C(7) #4-C(8)-C(7) 116.2 (3) :

Complex C synthesis and refined isotropically. Final con-
0(1)-C(5) 12093y  ventional R(F) and wR(F?) for observed reflec-
0(2)-C(5) 1306 ) tions [I>20(DD] with weighting scheme,
O@)-HI2, 0920 w=1/[c*(F3) + (0.0534P)? + 0.2173P],  where
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TABLE IV Hydrogen bond parameters (A,°)

Complex A
D-H—A H—A D—A D-H—A
N2-HIN2—Q2 2.02(2) 289 (1 166 (2)
O1-H101 —N1 1.69 (3) 268 (2) 169 (2)

Complex B
D-H—A H—A D—A D-H—A
02-H102 —N1 1.65(2) 268(2 171.5(2)
N2-HIN2—01 2.02(2) 292 () 173.8(2)
C3-H3-—02 259(2) 346(3) 1539 (2)
C4-H4A—O1 256(2) 354(3) 166.7(2)

Complex C
D-H—A H—A D—A D-H—A
N1-HIN1—03 1.84 (3 279 (3) 176 (3)
N2-HIN2—O4 1.80 3) 271 () 170 3)
02-H102 —04 163(3)  255() 172 (3)
C2-H2—01 248(3) 3060 119.(2)
C2-H2—O01 #1 256(3) 33103 143 (2)
N1-H2N1--01 #2 1.93 (3) 2.88 (3) 174 (2)
C4-H4—O02 #3 258 (3) 34403 149 (2)
C3-H3—03 #4 2433y 3373 162 (2)

Synunetry transformations: #1 x+1, y,z #2 x, ~y+3/2,241/2; #3
~x+ L y+1/2, —2+3/ 2, 8 x+ 1, ~y+3/2,2-1/2.

P = (F} +2F2)/3. The molecular graphics were
done using SHELXTL.

CONCLUSIONS

This article thus demonstrates the role of 2AP in
the formation of supramolecular structure with
various dicarboxylic acids by utilising weak
forces like hydrogen bonding, m-stacking efc.,
and also shows how 2AP can be used to probe
the hydrogen-bond preferences of carboxylic
acid. All the crystal structures reported here
involve a wave like or zig-zag pattern except the
case of fumaric acid. In case of complex B and
complex C, 1,4-phenylenediacetic acid and fu-
maric acid take part in unconventional C-H—O
hydrogen  bonding  [C(sp®)-H—O and
C(sp)*-H—O for complex B and C respectively]
along with pyrimidine-pyrimidine (3.605 A) and
phenyl-phenyl (3.614 A) stacking. This results an
infinite wave like chairn structures in the solid
state. Most interestingly in complex C fumaric
acid is complexed with 2AP via the formation of

fused eight-nine membered hydrogen-bonded
rings after the transfer of one proton to the
pyrimidine ring nitrogen and ultimately forms a
plane wave like structure. This is in contrast to
succinic acid although it has the same geome-
trical orientation with succinic acid. All these
supramolecular structures therefore demon-
strate that acidity of the carboxylic acid as well
as acidity of C-H proton of methylene or aro-
matic ring, govern the pattern of supramolecular
structure in the solid state. Also in the solid state
design, besides the arrays of conventional hydro-
gen bonds, C-H—O contacts play a significant
role in futher modification of the structure of
supramolecular assemblies.
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Abstract

Investigations of crystal structure, electronic and vibrational absorption spectra and electron spin resonance of the
complex of the fullerene C,, with chloro(triphenylphosphine)gold have been performed. Optical anisotropy, in particular the
anisotropy of normal vibrations of the donor, has been observed and discussed. It was stated that the Cyq - 2[(Ph4P)AuCl]
complex undergoes a first-order phase transition at ~ 160 K and shows an anomaly between 225 and 250 K. The role of the
shape of C,, molecule in the structural organization and physical properties of the electron donor-acceptor complex is
emphasized. © 1999 Elsevier Science B.V. All rights reserved.

1. Introduction to its form and reduced symmetry, the electronic,
vibrational and dynamical properties of C,, differ
from those of Cg,. Although there is more strain in
the C,, molecule than in C,, and fewer pyracylene
bonds in the former molecule, it exhibits the same
first reduction wave potentials in various solvents
1.

However, despite a similar chemical nature, mate-
rials made out of C,, differ much in their properties
from their Cg, -analogues [2]. Similarly, the number
of reports on the physical properties of both groups
of derivatives is quite different. It seems that only a
few C,, complexes with organic donors are charac-

The fullerenes are the subject of wide interdisci-
plinary interest in materials science. Amongst their
various kinds, C¢y and C,, are the most abundant
and the most investigated. Although the chemistry
and physics of C,; have developed more slowly than
that of Cy, its properties are being studied currently.
In contrast to the Cg4 molecule with I, symmetry,
the C;, molecule has the lower symmetry Ds, and
lacks inversion symmetry; it is no longer spherical,
but has a slightly elongated rugby-ball shape. Owing

* Comesponding author. Fax: +48-61-8684524; e-mail.  terized by X-ray diffraction [3-7]. Knowledge of the
graja@ifmpan.poznan.pl physical properties of C,, complexes is still poor

0009-2614/99/$ - see front matter © 1999 Elsevier Science B.V. All rights reserved.
PIl: S0009-2614(99)01038-6
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[2,6,8]. Recently, electronic and vibrational spectro-
scopies were used to investigate the electron pro-
cesses in C,, complexes with crown-shaped sulfur
and 9,9'-bis-trans-(telluraxanthenyl) donors as well
as in C,, salt (Ph,P),C,oBr [8].

In this Letter we describe the crystal structure and
spectral characterization of a new complex of Cy
with an electron donor chloro(triphenylphosphine)
gold — (Ph,P)AuCl. The aim of these investigations
is the selection of the spectral (WV~VIS-NIR-IR
and ESR) effects typical for the complex, in particu-
lar studies of its optical anisotropy and an evolution
of these spectra versus temperature. A comparison of
its physical properties with the properties of the C,
complex with the same donor is also given.

2. Experimental

The complex of C,, with (Ph,P)AuCl was grown
from solutions of stoichiometric amounts of C,; and
the donor in toluene or benzene according to the
procedure which have been ‘applied for preparation
of a similar complex with Cg,. Details of the synthe-
sis of the latter complex have been reported else-
where [9,10]. The compound formula C, -
2{(Ph,P)AuCl] was suggested on the ground of the
elemental analysis and X-ray diffraction studies.
However, it is necessary to mention that the elemen-
tal analysis as well as infrared (IR) spectral studies
show some contamination of solvent molecules.

Methods used for data collection and structure
solution will be given in Section 3.

Electronic absorption spectra of the C. -
2[(Ph,P)AuCl] complex, in KBr pellets containing
dispersed samples with concentration 1:10000, were
recorded with a Perkin Elmer Lambda 19 spectrome-
ter at room temperature. The transmission IR spectra
of a single crystal of the complex as well as its Cy,
analogue were recorded for polarized light, for van-
ous crystal orentations, in the spectral range 650—

4000 cm™! with a FT IR Perkin Elmer 1725 X.

spectrometer equipped with an IR microscope. The
IR spectra of Cy - 2[(Ph;P)AuCl] were taken in the
temperature range from 4 to 300 K using an Oxford
Instruments cryostat.

The ESR spectra of powered sample of C, -
2[(Ph,P)AuCl] were recorded within the temperature

range from 80 to 300 K on a SE /X 2544 spectrome-
ter with TE |, cavity and 100 kHz magnetic modula-
tion. Temperature was measured by a thermocouple
mounted inside the sample.

A standard four-probe technique for the determi-
nation of dc conductivity along the long crystal axis
has been applied. Electrical contacts were made by
sticking the silver wires with silver past paint. At
room temperature the samples’ resistance exceeded 2

GQ.

3. Crystal structure

A crystal of the title compound was examined on
a Kuma KMA4CCD diffractometer equipped with a
CCD camera. The method used for data collection
with KM4CCD, as for other area detectors [11], was
rotational: for each small rotation of the crystal, a
two-dimensional image of data was taken. An image
increment and integration time used in the case of
the C,, - 2[(Ph;P)AuCI] crystal were 0.3° and 20 s,
respectively. The data were collected for two tilt
angles of the area detector, 27° and 40°, in four
sweeps for each tilt: two 100° rotations of o at
k = 0° (separated by 90° in ¢) and two 70° rotations
of w at k= 90° (separated by 90° in ¢). The cell
constants were determined precisely by the least-
squares method on the ground of four sweeps for the
detector tilt angle 27°. The data collection was per-
formed at 190 K. The reflections were corrected for
Lorentz-polarization and absorption effects [12].

The structure was solved by Patterson techniques
from the SHELXS86 program [13]. Only 1/6 of C,,
and 1/3 of (Ph,P)AuCl is crystallographically
asymmetric. Positions of almost all atoms of the
(Ph,P)AuCl species were revealed. The remaining
atoms of this fragment were found by the difference
synthesis. The phenyl rings appeared to be disor-
dered on two equally occupied positions. In the
fullerene molecule only one atom (situated on a
three-fold axis) was clearly seen by SHELXS86 and
by the difference syntheses in SHELXL93 [14]. For
this molecule the model was constructed on the
ground of coordinates taken from [15]. The model
molecule was disordered on six orientations around
the three-fold axis and the inversion center. In the
refinement process, the geometry of the C,, model
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was fixed and only translational and rotational move-
ments of the molecule were regarded. The structure
was refined by SHELXL93. During the structure
determination, many constraints and restraints were
applied. Most of them were also kept in final stages
of the refinement. The non-hydrogen atoms of the
(Ph,P)AuCl were treated anisotropically and the hy-
drogen atoms of only one disordered phenyl group
were included. The C,, molecule was refined
isotropically. The ratio between a number of ob-
served reflections and a number of such refined
parameters was 6.7. The partly occupied solvent
molecule was not identified in a crystal lattice. The
crystal data and refinement details were given in
Table 1.

The long axis of the C,, molecule is situated
perpendicularly to a crystallographic three-fold axis
and simultaneously on an inversion center. The Cl,
Au and P atoms of the (PhyP)AuCl fragment are
placed on a three-fold axis. There are three C,, and

Table 1 )
Crystal data structure refinement for C,q - 2[(Ph; P)AuCl]

Formula CiosH3pAu,ClL Py
M, 1830.07
Crystal system trigonal

Space group R3

a(A) 12.371(5)
c(A) 35.752(5)
V(A% 4739(3)

zZ 3

F(000) 2664

D, (Mg/m® 192
A(A) 0.71073 -
p(@mm™") 4.84
Crystal size (mm) 0.12x0.12x0.35
Temperature (K) 190(2)

Bnax (deg) 24
Number of 4521

all reflections

Number of 1629
independent reflections

Number of 1232
observed reflections

Ri 0.041

R indices [7> 20(1)]
R indices (all data)
Goodness-of-fit on F2

Apy,, and Ap_. (A7)

R, =0.093, wR, = 0.254

Ry =0.123, wR, = 0.254
1.07

1.17 and —0.%4

(close to Au and C,,)

six (PhyP)AuCl species in a unit cell. Fig. 1 presents
a stereoscopic view of the (Ph,P)AuCl content in the
unit cell. As it was mentioned both species are
disordered in the crystal lattice. The disorder of C,q
is a requirement of the symmetry. The disorder in
{Ph, P)AuCl can be a result of two possible, energet-
ically equally preferred, orientations of the phenyl
ring in a free (PhyP)AuCl molecule. In the crystal
lattice an angle between the (110) and pheny! ring
planes is 54° for both occupations. The exactly equal
occupancy of the Ph rings is demanded by a connec-

-tivity pattern in the crystal. The meta atoms of the

phenyl rings of one orientation form bonds to the
phenyl meta atoms of adjacent species of the second
occupation creating in this way a two-dimensional
network. The C,, molecules are arranged in layers
simated between such networks.

4. Spectral properties

Spectra of C,q - 2[(Ph,P)AuCl] in the range from
near IR to ultraviolet (UV) (3000-200 nm) show
only some features at visible and UV regions. Broad
and weak absorption is observed between 500 and
600 nm, farther a local minimum covers the blue-
violet region and maxima of intermediate strength
appear in the near UV region at ~ 340, ~ 365 and
~ 385 nm. Following a weaker maximum at ~ 325
nm, very strong absorption appears below 290 nm.

»These bands are typical for a neutral C,;, molecule

[16,17], but they are broadened in comparison with
the bands of C,, crystals. On the other hand no
absorption was found between 750 and 3000 nm,; it
means also that there is no the absorption band at
~ 1370 nm, typical for C7, anion [17] From this
investigation one can conclude that the electronic
structure of C,, is not disturbed by the complex.
Thus, C,,-2[(Ph,P)AuCl] is a weak, molecular
complex with negligible charge transfer from the
electron donor to C.

A vibrational spectrum of the single crystal of the
investigated complex is strongly anisotropic (Fig. 2).
It consists of tens of bands for both polarizations of
light. The bands at about 1462, 1433, 1417, 1135,
795, 674 and 642 cm™' can be attributed to normal
vibrations of C;; molecule. Their wavenumbers are
the same or are shifted by 1~3 cm™! but their width
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Fig. 1. A stereoscopic view presenting the (Ph,P)AuCl content in the unit cell.

is bigger with respect to the dominant bands of C,,
[18]. There are also many weak lines similar to those
observed in the transmission spectra of C,, com-
plexes [8]. This structure of IR spectrum is due to
silent and combination modes typical of the broken
D, symmetry of the free C,, molecule. The spec-
trum of C,, - 2[(Ph,P)AuCl] is dominated however
by the absorption lines of the donor molecule
{(Ph,P)AuCl. The bands at 1584, 1481, 1433, 1312,
1182, 1100, 1028, 1000, 749, 712, 693 and 668
em™! are typical for the donor. They are shifted by
1-2 em™! with respect to the normal vibrations of
(Ph,P)AuCI, observed in its transmission spectra in
KBr pellets. Some very weak bands can be assigned
to solvent contaminations — if this attribution is
correct, the solvent content is only residual. It seems,
that an assignment of these bands to the silent or
combination modes of C,, is equally probable.
There are several absorption bands whose origin
is not clear. The band at 1182 cm™' shows too
strong intensity for the band of the donor. On the
other hand, it coincides with the strongest band of
Cgp — thus one could suspect the band to be a result
of contamination of C,, with Cg,. However, this
suspicion is not confirmed by the IR spectrum of the
pure C,, used for the complex synthesis neither by
the UV-VIS spectra of the complex that is typical for

C,,- An attribution of the bands at 987, 922 and 848
cm”™' is also not clear. These bands are observed
neither in the spectra of C., or in the spectra of the
donor or solvent. We can find the same bands in the
IR spectra of a similar complex with Cg,. Thus, we

suggest that in both Cg, - 2[(Ph,P)AuCl] and C,y-

2[(Ph, P)AuCl} complexes one or more phenyl rings
are strongly deformed and have normal mode fre-
quencies different from that of their undeformed
configuration. It is highly probable because short
C---C contacts between the phenyl rings of

Polarization:

Absorbance

700 800 300 1000 1100

Wavenumbers, cm’’

1200

Fig. 2. The FT IR polarized spectrum of Cq - 2[(PhyP)AuCl] at
room temperature for two perpendicular light polarizations.
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(Ph,P)AuCl and some kind of polymerization have
been suggested for Cgy - 2[(Ph,P)AuCH] -
0.1C¢HCH, [19]. The short contacts between the
pheny! rings of (Ph;P)AuCl in its complex with Cg,
have been also emphasized [10]. As mentioned be-
fore, each pheny! ring is not only disordered on two
positions but the rings creat a two-dimensional, ori-
ented network in the structure of C,4 -
2[(Ph,P)AuCI]. Thus, some shifts of the frequencies
of the normal vibrations of phenyl rings are expected
for both complexes of (Ph;P)AuCl with Cg, or Cyq.

The above discussion of the vibrational spectrum
of the complex confirms our conclusion from an
analysis of the visible and ultraviolet spectra that
interactions between donor and acceptor molecules
are weak in C.q - 2[(Ph,P)AuCl] and that it is a
'complex of Van der Waals type. On the other hand
the broadening of some IR and UV-VIS bands sug-
gests a disorder in the positions of C,, molecules
and phenyl rings of the donor.

A good quality of the single crystals of C,, and
Cg complexes with (Ph,P)AuCl enables us to study
an anisotropy of their IR spectra. The spectra have
been recorded for two light polarizations: parallel
(0°) and perpendicular (90°) to the long single crystal
axis.

The spectrum of C,,- 2[(Ph,P)AuCl] (Fig. 2) is
strongly anisotropic. The band at 712 cm™! disap-
pears, at 749 cm™' is shifted by ~5 cm™' and
shows a complex structure, at 1000 cm™! loses its
weaker component at ~ 997 cm™!, the bands at

729

1070 and 1091 cm™! lose distinctly their intensities,
a doublet at 1158 and 1163 cm ™' changes its form
and the band at 1182 cm™! is weaker and narrowed
for 90° polarization. All these bands are attributed to
the donor normal vibrations. Much smaller changes
occur for normal vibrations of C,;. The intensity of
the band at 795 cm™! decreases without a change of
its frequency for 90° polarization. The band at 1135
em™! is more or less independent of the crystal
orientation. )

A similar spectum of Cg - 2[(Ph,P)AuCI] is

-isotropic, in principle. One can see only some

changes in the form of the bands at ~ 720 and
~ 750 cm™!; the intensity of the band at 1182 cm™!
shows also a small decrease for 90° polarization.
The anisotropy of F, mode (1182 cm™"') of the
fullerene is very small in Cg, - 2[(Ph, P)AuCI] but
the bands typical for C,, molecule (795 and 1135
em™!) in the C, - 2[(Ph,P)AuCl] complex show
small anisotropy adequate to a natural orientation of
the elongated C,, molecules in the crystals. The
ordering effect is better seen if one analyses the
bands of the donor. The spectral isotropy of the
Ceo - 2[(Ph,P)AuCl] testifies the isotropic distribu-
tion of the donor molecules, in particular their phenyl
rings. It is seen first of all in the X-ray crystal
structure [10]. On the other hand, the distribution of
the phenyl ring orientations is strongly anisotropic in
the C,, complex — the phenyl rings form a two-di-
mensional network in C, - 2[(Ph,P)AuCl]. It seems
that this crystal structure anisotropy is caused by the

6,0
1102+ 404
Y
B.onens [f PN 551 u
b, ; R
o ., — ; 351 i .
= 1ot =, = i y IR N
£ " S o1 s \
& ] a 5.0 ; !
s , 3 / . |
% 3 3,04 , '
L] -t K.“ \ g
11004 o L o, ....
B 457 ;
2,54 3
1099 — . i ‘ .
0 100 200 300 0 100 200 300 0 100 200 300
T T T4

Fig. 3. The temperature dependence of the spectral parameters of the band at 1001 cm ™' for Cig - 2[(Ph; P)AUCI]
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orientation of the C,; molecules; as it was men-
tioned before, the long axis of C,, is situated per-
pendicularly to the crystallographic three-fold axis.
The structural anisotropy of C, - 2[(Ph, P)AuCI] is
perfectly reflected by its IR spectra. From this inves-
tigation it is clear that the spectral study for polar-
ized light are useful tool for investigation of the
structural anisotropy of the crystals of the fullerene
complexes. Recently, this method has been used
successfully for the study of C, complexes with
TMTSF [20].

A detailed temperature study of anywhere from
ten to twenty separable bands of C,, - 2[(Ph, P)AuCl]
has been carried out. Temperature variations of the
IR line wavenumbers (w) linewidths (A w), ampli-
tudes (/) and integral intensities (/,,) have been
analysed for the range 5-300 K. It was stated- that
investigated bands show a distinct anomaly of their
parameters at ~ 150 K — it is exemplified in Fig. 3
where temperature dependencies of the investigated
spectral parameters of the band at 1100 cm™' are
presented. Another anomaly is seen at ~ 225--250
K. Usually, the frequency of the bands of C,,-
2{(Ph,P)AuCl] increases monotonically with de-
creasing the temperature down to 150 K and stabi-
lizes below this temperature. The linewidth decreases
down to 250 K and further stabilizes showing how-
ever an anomaly below 150 K. The amplitude and
integral intensity increase with lowering the tempera-
ture down to 250 K, are rather stable between 250
and 150 K and further increase. The anomaly at 150
K is also perfectly seen as an appearance of a new
band at ~ 1020 cm™’, but that at 250 K is marked
as an appearance of the bands at 1040 cm™' and
1055 cm ™ 'above adequate temperatures. It is charac-
teristic that mainly the modes attributed to normal
vibrations of the donor are significantly perturbed at
the critical temperatures.

For elucidation of these anomalies, the tempera-
ture studies of the crystal unit cell have been per-
formed. The crystal structure and the cell parameters
can be stated only for temperatures above 160 K —
below this temperature diffraction spots are so
smeared that one cannot find good unit cell. How-
ever assuming the trigonal crystal system in the
whole temperature range, one can evaluate the crys-
tal cell parameters versus temperature. The tempera-
ture dependence of the a parameter of the unit cell

12,45
12,40 Pl
12,354 Pl

. 12,304

<

© 12,254
12,204

12,15+ /

-
12,10 — T AR T —
100 150 200 250 300
’ TIK)
Fig. 4. The temperature variation of the unit cell parameter a of
C - 2[(Ph, P)AUCIH].

obtained this way is shown in Fig. 4. A similar
anomaly is seen for parameter ¢ between 160 and
150 K. If even the crystal system in low temperature
is changed and values of the unit cell parameters are
not correct below 160 K, it is unquestionable that
C1o - 2[(Ph,P)AuCI] undergoes the first order phase
transition at ~ 160 K. The anomalies in the spectral
parameters of the selected absorption bands, which
have been presented above are of course a conse-
quence of this phase transition. The second anomaly,
detected by IR spectral studies at ~ 250 K, is not
seen in the X-ray investigation. Thus, this anomaly is
not caused by a structural phase transition but can
reflect changes of the oscillator forces provoked or
by a redistribution of the charges on the donor
molecule or by changes in the molecular dynamics
of the phenyl rings.

The EPR spectrum of Cg, - 2[(Ph,P)AuCl] con-
sists of one line with A B linewidth equal 0.15 mT
in the (80-300) K temperature region. In contrast,
the g-value is temperature-dependent. The distinct
anomaly of g(7) at ~ 159 K show the I-order
phase transition like as anomaly of a-lattice constant
(Fig. 4). The g(T) anomalies for C,; - 2[(Ph, P)AuCl]
and Cg, - 2[(Ph,P)AuCl] are shown in Fig. 5 for
comparison. For Cg, - 2[(Ph,P)AuCl] the tempera-
ture dependence of g(T) is well described by the
equation [10]:

g(T) =gy + 4T, (1)
where
g k
h 0% mw?’
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2.0030

20025 ~4

2.0020 -

g-factor

2.0015 -

200104 | k
T{Cr)~ 159K
20008 ~——— T T
180 150 200 250 300

TIK]

Fig. 5. The temperature dependence of the g-factor of the ESR
line of C4y - 2{(Ph; P)AuCI] (@®); for comparison the g-factor of a
narrow line of Cg, - 2[(Ph; PYAuCl] is shown (D).

and O is the normal coordinate, and ® the fre-
quency of normal mode vibration.

For Cyq - 2[(Ph,P)AuCl] with IR spectra show
strong anisotropy due to ellipsoidally shaped C,
molecule, the transitional and rotational motion of
C,, cannot be described by Eq. (1) applied for only
harmonic vibration regarded for Cg, - 2{(Ph, P)AuCI]
In our opinion the tendency to lowering the g(7T)
value about 250 K is due to enhancement of rota-
tional motion of C,,. At this temperature also the
linewidth of normal mode of donor vibration grows
up (Fig. 3).

5. Conclusions

We have performed complex investigations of the
properties of the new compound C, * 2[(Ph,P)AuCl].
It was stated that its crystal structure is different
from the structure of Cg, - 2{(Ph;P)AuCI] - the dif-
ferences are mainly caused by the elongated form of
the fullerene C,. Both donor and acceptor species
are disordered in the crystal lattice. The disorder has
been confirmed by UV-VIS-NIR-IR spectral studies.
It was stated also that C . - 2[(Ph;P)AuCI] is a weak
molecular complex with negligible charge transfer
from the electron donor to C,y. IR spectra of the
complex are strongly anisotropic — they reflect the
crystal structure organization. The anomaly in the
temperature dependence of the IR spectral parame-

ters is confirmed by the temperature variation of the
unit cell parameter and ESR studies. It was shown
that C,; - 2[(Ph,P)AuCl] undergoes a first-order
phase transition at ~ 160 K.
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Table 1. Fractional atomic coordinates and equivalent
isotropic temperature factors (A?) with es.d. s in paren-
theses

Ueq = $ 58Uy} a7 v 4.

X y 2z Ueq
o) 0.1762 (2 02957 @ 0.6506 (1) 0.0251
o) 0.2936 (2) 0.1747 ) 0.5382(1) 0.0282
N(1) ~0.0399 2) 04862 () 0.8453(1) 0.0257
[4)) 0.1673 (2) 0.2368 (2) 0.5901 (1) 0.0181
C@2) 0.0000 0.2500 0.5254 (2) 0.0162
[o(c)! 0.0159 (3) 0.3401 () 0.4109 (2} 0.0260
H(lg) —~0.098 3) 0.424 (3) 0.839 (2) 0.051 (33t
H(15) -0.136 3) 0.558 (3) 0.811(2) 0.051 3yt
H(lc) 0.045 (3) 0.549 (3) 08792 0.051 (3t
H(lg) 0.010 (3) 0.421 (3) 0.782 2) 0.058 (3t
HQa) 0.138 (3) 0.381 (3) 0.391 @) 0.051 (3)t
H(3b) —0.080 (3) 0.420 (3) 0.3%0(2) 0.051 (33

. t Isotropic U.

Table 2. Interatomic distances (A) and angles (°) with
e.s.d.’s in parentheses

on—C() 1.25% ) CR—CEO) 1.517(3)
o) 1.256 (2) C(3)—C3) 1.474 (4)
C(~C2) 1.505 (2

O(2y—-C()—0(1) 123.3(2) CE—CR—C(1Y) 8.1 (1)
C—-C(H—0(1) 118.7(2) C(3)—-CR—C() 113.4 (1)
CRH-C(H—00) H1.9 (N CEr—-C2—C(3) 58.1 ()
A—CR—C) 1204 2) CEI-C3—CQ) 60.93 (8)
Hydrogen bonds

O(n)~N(1) 2.897(2) O(2)y-N(1%) 2.890 (2)
O(1)-H{1d) 195 (3) D(2)—--H(ldff) 199(3) .
O(1)~H(1d—N{1) 161 (1) Of2)~H{1a%)—N(1%) 168 (2)
O(1)~N(1%) 2.855(2) OQ2)N(I*)y 2794 ()
O(1)--H(15Y) 1.88 (3) O2y-H(1) 1.87 (3)
O(1)-H(16°~N(1¥) 158 @) O2)-H(1&"—N(™) 175 (2)

Symmetry codes: (i) —x, §~y, z; (i) §+x, 1-y, -z (iii) $+x, -y
= hi-pny-ii-z

Colourless needles of the compound were crystallized from wa-
terfethanol at 277 K. The structure was solved by direct methods
(SHELXS86; Sheldrick, 1986) and refined by full-matrix least
squares.

_ We thank Professor J. C. Chottard for helpful discus-
sions.

. Lists of structure factors and anisotropic thermal parameters have been
deposited with the British Library Decument Supply Centre as Supple-
mentary Publication No. SUP 55269 (5 pp.). Copies may be obtained
through The Technical Editor, International Union of Crystallography, 5
Abbey Square, Chester CH1 2HU, England. [CIF reference: PA1005])
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Structure of the 1:1 Complex of 6,6'-
lzi' :llinolyl Ether with 5,5‘-)Diethylbarbituric
ci , A
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Abstract .

The crystal structure shows that barbital (5,5-diethylbar-
bituric acid) is bonded to 6,6'-diquinolyl ether by two
short NH- - ‘N hydrogen bonds with N---N 2.88 A. This
arrangement is similar to those reported for hydrogen
bonds in the molecular complexes of barbiturates.

_Comment

Barbiturates are widely used medicinally and are among
the most frequently encountered drugs for the treatment
of epilepsy. This class of antiepileptic drug is of special
interest since many of them and their active metabolites
form metal complexes. Various metal complexes of bar-
biturates have been synthesized and studied (Caira, Faza-
kerley, Linder & Nassimbeni, 1973; Pezeshk, Greenaway
& Sorenson, 1983). A series of crystal structure deter-
_minations of molecular complexes of barbiturates with
other molecules, such as 9-ethyladenine (Voet & Rich,
1972; 1972), caffeine ven & Gartl
aminopyrine (Kiryu, 1971), urea (Gartland & Craven,
1974), acetamide (Hsu & Craven, 1974a), salicylamide
(Hsu & Craven, 1974b) and imidazole (Hsu & Craven,
1974c), have been reported. In crystal complexes of bar-
biturates with these ligands there are stronger NH- - -O—
—C and NH- - -N hydrogen bonds between the two com-
ponents than are found in the crystal structures of the in-
dividual components.

© 1992 International Union of Crystallography
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Quinoline is one of the ligands often used in coordina-
tion chemistry. Zhang and co-workers synthesized 6,6'-
diquinolyl ether and described its structure (Zhang, Tan

C2/c
a=24565(@2) A
b=17750 (2) A

2097

A=07107 A
Cell parameters from 25
reflections

& Li, 1986; Wang, Zhang & Kong, 1988). It was found ¢ = 10.959 (3) A 6=10-20°
that 6,6'-diquinolyl ether is an important ligand in the syn- g = 105.24 (3)° s 2'9‘13‘}‘(5 mm

theses of some complexes with biomedical activity. The
present paper reports an X-ray diffraction study of the
crystal structure of the molecular addition compound of
6,6'-diquinolyl ether with barbital (Fig. 1). :

Fig. 1. An ORTEP (Johnson, 1965) drawing of the molecular structure.

In the quinolyl ring, the C—C bond lengths are be-

V= 46104 A3

Data collection
CAD-4 four-circle diffrac-

0.40 x 0.25 x 0.25 mm

2657 observed reflections

tometer [I>2a(D}
wf28 scans R = 0.017
Absorption correction: Omax = 27°
empirical h=0-—32
Tmin = 0925, Tax = k=023
1.000 l=-14— 14

5384 measured reflections
4548 independent reflections

Refinement
Refinement on F

3 standard reflections
frequency: 90 min
intensity variation: 1.5%

Dpmas =032 € A7

" . Final R = 0.052 Apmin = ~040 e A3
tween 1.352 and 1419 A, average 1.392 A. The C—N  p~ 0,047 o iom corection: none
bond lengths are between 1.314 and 1.367 A, average §=3.75 Atomic scattering factors

1.340 A. The C—H bond lengths are in the expected range
0.93-1.01 A. The average value of the C—O bond length
is 1.394 A; the C6—0O—C16 bond angle is 117.5°. The
above results are similar to those for the 6,6'-diquinolyl
ethier hydrate (Wang, Zhang & Kong, 1988). All atoms
for each quinoly! ring are coplanar.

The 6,6'-diquinoly! ether molecule adopts a confor-
mation with a dihedral angle of 108.8° between the two

2657 reflections
375 parameters
(A/0)max = 0.60

from International Tables
Jor X-ray Crystallography
(1974, Vol. IV)

Table 1. Fractional atomic coordinates and eguivalent
isotropic thermal parameters (A?)

Beq = (4/3)[a*B(1,1)+b? B(2.2)+c* B(3,3)+ab(cos 7)B(1,2)
+ac{cos B)B(1,3)+bc(cos a)B(2,3)].

. . x y z B
quinolyl rings. o 054456(9)  0.1666 (2) 00807()  566(6)
The C30 atom in the ethyl group of the barbital gg } g?g;; 8; g. égg: g; g,%gg 8} ;.;gg;
molgcule ha§ _abnprmally high' thermal parameters sug- 02117 () 01735 @) 01222 3) 295 (8
gesting that it is disordered. NI 0.6912 (1) o2TIR) -02129(2) 421
Strong intermolecular N1.- -H—N25 (N---N 2.88, g;; g—;}gg Eg 8—%;3 (fg —gé;ﬁ g; g-gz (g;
N---H 190, H—=N 099 A, N---H—N 178°) and (5 0.1769 (1) 0.1643(2) 00853(3)  S05(7
Nil---H—N23 (N---N2.88,N---H195, H—-NO09% A, « gﬂg; m 02(;168 @ 01774 (3) 4.77(8)
M o : a 7635 (1) 0.1567(2)  —0.0702(4) 517(9)
N---H—N 173°) hydrogen bonds occur. N11 is hydrogen ¢, 0.7293 (1) 0.1392 (2) 000503 48709
bonded to N23 of the barbital of the same asymetric unit ¢ 06341 (1) 0.1508 (2) 0.0427 3) 443 (8)
while N1 is hydrogen bonded to N25 of the barbital of 276 3§2§?§:§ ggg g; g.?gg'll g; :.g (Us;
S it at ) 1 -0,

the asymmetric unit at PR Bt et RS Thus bar- 0.5998 (1) 02376(2)  —0.768(3)  443(%)
bital is linked with 6,6'-diquinolyl ether to form chains ¢ 0.6555 (1) 02100(2)  —0.1403 (3) 373N
.. ; ; ; cio 0.6730 (1) 0.1661(2)  ~0.029 (3) 392

by the NH: - -N hydrogen lzon.‘k in which the barbital NH o9 03134 (1) 00238(2)  —02182(3) 439(8)
groups are donors and 6,6 -dlqumolyl ether N atoms are C13 0.3530 ) ~0.0017 {2) -0.280] (3) 484 (3)
acceptors (Hsu & Craven, 1974a). The dihedral angles be- 8‘; -g:‘_;;: 8; g'g;% g; ‘3‘3-’,21 8; :ﬁ ?3
tween the planes of the two qumol):l rings and the barbi- ¢ 0.4910 (1) 0130 02) 00236 () 03
tal molecule of the same asymmetric unit are 105.12 and cn»7 0.4488 (1) 0.1634 (2) 0.0799 (3) 452(8)
5.23°, respectively. cis 0.3849 (1) 0.1394 (2) 0.0324 (3) 452 (8)
: ci9 0.3808 (1) 00896(2)  —00724(3) 358 (N
0 0.4240 (1) 0.0659(2)  —0.1274(3) 365 (N
. 1 0.1228 (1) 0.0762(2) ~  ~0.0782(3) 465 (8)
Experimental (o] 0.1789 (1) 00619(2)  ~010M2(3) 509 (9)
C24 02276 (1) 0.1464 (2) 00618 (3) 5.16 (9)
Crystal data s 01254 (1)  0.1363(2) 0023()  4950)

CasHaaN4Os Z=8 7 0.0800 (2) 0.1000 (3) —0.199; @ 57¢1)

. - -3 c28 0.0968 (2) 0.1685(3)  —02608(5) 8.1(1)

M, = 45651 D, = 1.315 Mg m c29 0.1054 2) 00019(3)  —0.0205(d) 69(1)
Monoclinic Mo Ka radiation ci0 0.0957(5)  -0.0606(6)  —0.04(1) #6(6)
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Table 2. Geometric parameters (A, °)

01—C6 1399 (&) C1—C8 1.362(5)
01-Cl16 1.388 (4) C3—C9 1.409 (4)
0226 1.211 (5) C9~C10 1.413(4)
03—C22 1219 (5) C12—C13 1.400 (5)
04—C24 1212(5) C13—C14 1.355(5)°
N1—-C2 1315 ¢4) Cl4—C20 141 (4)
N1-=C9 1367 () C15—-C16 1.358(5)
N11—CI2 1314 (4) C15—C20 1.407 (@)
N11—Ci19 1365 (4) C16—C17 1.407 (5)
N23—C22 1.360 (4) C17—C18 1.358 (4)
N23-—-C24 1375(9) C18—-C19 1.419(8)
N25—C24 1373 (5) C19—C20 1.414(5)
N25—C26 1.366 (4) 21—-C22 1.516(5)
«Q-C3 1.399 (5} C21—C26 1.522(5)
C3-—C4 1359 (6) Q1—C27 1.519(5)
C4-—C10 1419 (5) C21—-C29 1.569 (6)
© C5=-C6’ 1352(5)-  C7—-C28 1.501 (7)
Cc5—C10 1416(5) - C29—C30 1.41Q1)
C6—C7 1.406 (5)
C6—~01—Cl16 175Q) Ci5—C16—C17 1218(3)
€2--N1—-C9 1180 (3) C16—C17—C18 1195 (3)
C12—-N11—C19 1179 (3) C17—C18—C19 1209 (3)
C22~N23—C24 1262 (4) N11—-C19—C18 1189 (3)
C24—N25—C26 1259 (3) N11—C19—C20 1225(3) °
N1—C2—C3 1236 () C18—C19—C20 1186 (3)
C2—C3—C4 1198 (3) C14—C20--C15 1234 (3)
C3—-C4—C10 1186 (3) C14—C20—C19 1168 (3)
C6-C5—C10 - 1193 (4) C15—C20—C19 1198 (3)
01—C6—CS 1182 (3) C22—C21—C26 1138(3) -
01C6~-C7 1195 (3) c2—-C21—C27 108.9 (4)
C5--C6—C7 1221 (3) C22—C21—C29 1075(3)
C6-—-C7—C8 1194 (4) C26—C21—C27 109.0 (4)
C7—C8—C9 1207 (4) C26—C21—C29 1052 (3)
N1—C9—C8 118.6 (3) C27—-C21—C29 127 ()
N1—-C9—~C10 1221 (3) 03—-C22—N23 1199(3)
C8~-C9—C10 1193 (3) 03—C22—C21 121.4 (4)
C4—=C10—-C5 1228 (4) N23-C22-—-C21 11873)
C4—-C10—C9 1180 (3) 04-—C24N23 1213 (3)°
C5—C10-—-C9 1193 03) 04—(24-—N25 122.1(4)
N11—C12—-C13 1237 (3) N23—C24—N25 116.6 (3)
C12—C13—Cl4 1189 (3) 02—~C26—N25 1202 (3)
C13—C14—C20 1201 (%) 02—C26—C21 1213 (3)
C16—~C15—-C20 1195 (3) N25—C26—C21 1186 (3)
01—-C16—C15 1237(4) C21—C27—C28 1142 (3)
0O1—C16—-C17 1144 (3) €21—C29—C30 1347 (D

A solution of sodium barbital (1 mmol) in 10 ml H,O was added

. dropwise to a solution of 6,6'-diquinolyl ether (1 mmof) in 15 ml
absolute alcobol at room temperature (294 K), with constant stir-
ring for 2 h. Brown stick-like or plate-like crystals were grown
from the mixed solution after 10 d. The crystals were filtered,
washed with H>O and absolute alcohol. Analysis: calculated for
CaH2sN4O4: C 6840, H 5.30, N 12.28%; found: C 68.18,
H5.12,N 12.40%.

Structure analysis was performed with the SDP program on a
PDP11/44 computer. The crystal structure was solved by direct
methods. The positions of 34 non-H atoms in the asymmetric
unit were determined with MULTANS2 (Main et al., 1982). The
positions of all H atoms were determined by difference Fourier
syntheses. The refinements were carried out with unit weights
by full-matrix least squares for the coordinates of all atoms and
snisotropic thermal parameters for the non-H atoms (isotropic
thermal parameters for H atoms were fixed at 5 A2).

Lists of structure factors, anisotropic thermal parameters, and H-atom
coondinates have been deposited with the British Library Document
Supply Centre as Supplementary Publication No. SUP 55380 (19 pp.).
Copies may be obtained through The Technical Editor, International
Union of Crystallography, 5 Abbey Square, Chester CH1 2HU, Eng-
land. {CIF reference: CR0411}

0108-2701/92/112098-03%06.00
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Abstract

The unambiguous identification by X-ray diffraction
of the (E) configuration of the title compound con-
firms a previous tentative assignment by NMR. The
two planar rings (phenyl and- pyridyl) are at an angle
of about 70°. Crystal cohesion is ensured by a dense
network of van der Waals contacts. :
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Abstract: The low-melting polymorphic modification of the 1:1 complex of benzocaine (BC) and picric acid
(PA) had earlier been reported to be an example of a “disappearing polymorph”. The BC:PA system has been
reinvestigated by thermomicroscopy, calorimetry, solid-state NMR, and X-ray crystallography. The phase
diagram has been derived, and robust procedures for the crystallization of the two 1:1 complexes, a hydrate
of the 1:1 complex, and a 2:1 complex have been devised. The structures of all four phases have been determined
and compared using graph set analysis to characterize the hydrogen-bonding patterns. It is shown that the
thorough microscopic investigation of the thermal behavior, combined with calorimetric methods, can lead to
the development of strategies to crystallize metastable polymorphic forms which may be difficult to obtain

once their stable congeners have been obtained.

Introduction

Polymorphism, the ability of a substance to exist in several
different crystal forms or modifications, is a frequently observed
phenomenon in molecular compounds.' If a solid substance
includes a solvent during crystallization, this structure is known
as a pseudopolymorph, and in case of, e.g., water such crystal
forms are generally called hydrates.2 The polymorphic modi-
fications of a compound are chemically identical but usually
differ in their physical and chemical properties, such as density,
vibrational spectra, and diffraction patterns.

Since a particular polymorph may have desirable properties,
it may be useful to develop a robust method to obtain that
polymorphic modification consistently and reproducibly. There
are many documented cases of difficulties in obtaining crystals
of a particular known modification.># Such difficulties may have
serious practical consequences: a material designed to give a
particular structure may exhibit an undesired polymorphic one;’
a plant manufacturing a particular modification may have to
close because it has been “poisoned” by an undesired poly-
morph;® a commercial drug formulation may no longer be

* To whom correspondence should be addressed.

t Universitit Innsbruck.

! Ben-Gurion University of the Negev.

§ Universitit-GH Essen.

" Current address: Bayer AG, PH-PD PQCDI, Building E39, 51368
Leverkusen, Germany.

(1) The April 1, 1998, release of the Cambridge Structural Database
contains 181 309 entries, of which 5641 contain the qualifier “form”, 163
the qualifier “polymorph”, 172 the qualifier “modification”, and 146 the
qualifier “mod”. Not all of these are entries for the structures of all
polymorphs for a particular substance, but these numbers indicate that
roughly 3% of the entries in the database are for polymorphic materials.

(2) Bym, S. R. Solid State Chemistrv of Drugs, 2nd ed.; SSCI, Inc.: West
Lafayette, IN, 1999; pp 513—514.

(3) Dunitz, J. D.; Bernstein, J. Acc. Chem. Res. 1995, 28, 193—200.

(4) Webb, J.; Anderson, B. J. Chem. Educ. 1978, 55, 644.

(5) Askerdy, C. B.; Nieuwenhuyzen, M.; Price, S. L. J. Am. Chem. Soc.
1998, /120, 8986—8993.

(6) Anonymous. /nd. Eng. Chem. 1953, 11a.

available on the market due to the appearance of an undesired
polymorphic modification.” We recently documnented a number
of representative cases in which it was difficult to obtain a given
polymorphic form even though previously it had often been
obtained routinely over long periods of time—so-called “disap-
pearing polymorphs™.® In the conclusion to that review, we
stated our belief “that once a particular polymorph has been
obtained, it is always possible to obtain it again; it is only a
matter of firiding the right experimental conditions™. One of
the challenges to those dealing with the preparation of solids is
to be able to rationally develop those conditions and to conirol
the polymorphic form obtained—in many instances to recover
the disappeared polymorph. In this paper we present a case study -
of how such a challenge might be met.

One of the examples cited in the above-mentioned review
was the case of benzocaine picrate (BC:PA). This binary system
has been studied previously at least three separate times.?~'0 In
1972, Nielsen and Borka® reported the first preparation of the
complex (now known as Mod. 1) with a melting peint of 130~
132 °C. At the time, this modification was used as a pharma-
copoeial standard for the identification of benzocaine (a topical
anesthetic). Subsequently, the same authors prepared a high-
melting modification (now known as Mod. T}, mp 162—163 °C,
whereupon they encountered severe difficulties in preparing and
maintaining Mod. II for more than several hours before it
transformed into Mod. 1!' The low-melting meodification is
thermodynamically unstable at 20 °C.$

In 1974, Borka and Kuhnert-Brandstitter® reinvestigated
the system using thermomicroscopy and found four modifica-

(7) Chemburkar, S. R.: Bauer, J.; Deming, K.; Spiwek, H.; Patel, K,;
Morris, J.; Henry, R.; Spanton, S.; Dziki, W.; Porter, W.; Quick, J.; Bauer,
P.; Donaubauer, J.; Narayanan, B. A.; Soldani, M.; Riley, D.; McFarland,
K. Org. Process Res. Dev. 2000, 4, 413-417.

(8) Nielsen, T. K.; Borka, L. Acta Pharm. Suecica 1972, 9, 503—505.

(9) Borka, L.; Kuhnert-Brandstitter, M. Arch. Pharmaz. 1974, 307, 377
384. .

(10) Togashi, A.; Matsunaga, Y. Bull. Chem. Soc. Jpn. 1987, 60, 1171
1173.

10.1021/ja0021130 CCC: $20.00 © 200! American Chemical Society
Published on Web 02/10/2001
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tions of BC:PA. They further identified two modifications of a
(BC):PA complex as well as a monchydrate. Apparently
unaware of both of these earlier works, Togashi and Matsunaga
also reported a (BC);:PA complex and an additional charge-
transfer complex between the two compounds, observed by
using differential scanning calorimetry (DSC).'® No structural
studies on any of the complexes were reported.

The aims of the work we report here were (1) to develop a
general strategy and specific methods for controllably and
reproducibly obtaining the “‘disappearing” modification Il of BC:
PA; (2) to develop methods for obtaining single crystals suitable
for X-ray structure determination of as many as possible of the
BC:PA species reported by earlier authors; and (3) to fully
characterize the BC:PA phases by spectroscopic and structural
techniques.

Experimental Strategy

Since the discovery of polymorphism in 1822, one of the
principal techniques for investigating the phenomenon has been
optical microscopy and, in the latter part of the 20th century,

thermomicroscopy.'>~!6 These methods are particularly useful

in detecting the existence of polymorphs and polymorphic
transitions quickly and casily. In the last few decades, more
sophisticated analytical techniques have supplanted the two
classic ones,'” but the net result of years of effort by a number
of groups is that many polymorphic materials have been
identified and characterized.'5!8-20 Despite the success of these
methods, very few of these findings have been utilized as the
starting point for structural studies.?’ The general problem

(11) The authors reported the disappearing phenomenon and their
attempts to overcome it as follows:® “As a matter of curiosity, it ought to
be mentioned that once the stable medification was obtained, the metastable
modification could no longer be isolated. It was first observed by one of us
(TKN). This observation was later confirmed in a separate laboratory (LB).
Further, it was found that after discarding all samples, washing the
equipment and laboratory benches and waiting for 8—12 days, the low
melting modification could be isolated again. This has now been repeated
several times in our laboratories. Obviously the sceding cffect during the
formation of the primary crystals (or during the very procedure of
determination of the melting point) is exceptionally strong.”

(12) Mitscherlich, E. Ann. Chim. Phys. 1822, 19, 350—419.

(13) Chamot, E. M.; Mason, C. W. Handbook of Chemical Microscopy,
Volume i, Principles and Use of Microscopes and Accessories: Physical
Methods for the Study of Chemical Problems, 3rd cd.; John Wiley and
Sons: New York, 1958,

(14) Kofler, L.; Kofler, A. Thermo-MikroMerhoden zur Kennzeichnung
organischer Stoffe und Stoffgemische; Wagner: lnnsbruck, 1954,

(15) McCrone, W. C. Fusion Methods in Chemical Microscopy; Inter-
science: New York, 1956.

(16) (a) Kuhnert-Brandstatter, M. Thermomicroscopy in the Analysis of
Pharmaceuticals; Pergamon Press: Oxford, 1971 Kuhnert-Brandstitier, M.
In Thermomicroscopy of Organic Compounds, Svehla, G., Ed.; Compre-
hensive Analytical Chemistry, Vol. XVI; Elsevier: Amsterdam, 1982; pp
329-513.

(17) Threlfall, T. Analyst 1995, /20, 24352460,

(18) Burger, A.; Ramberger, R. Mikrochim. Acta 1979, II, 259-2171.

(19) Haleblian, J. K.; Borka, L. Acta Pharm. Jugosl. 1990, 40, 71~94.

(20) Borka, L. Pharm. Acta, Helv. 1991, 66, 16—22.

{21) For a more detailed account of the use and decline of the use of the
microscope in polymorphism research, see: Bemstein, J.; Henck, J.-O. Cryst.
Eng. 1998, 1, 119128,
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apparently lies in the difficulty of translating the microscopic
observations to the growth of single crystals that can be used
for structure determination. In this work, we adopted a strategy
for crystal growth experiments aimed at obtaining crystals for
X-ray determination of the various phases of BC:PA based on
the observations made using optical and thermomicroscopy and
on the appearance and disappearance of those phases. We
believe that this approach can be widely utilized and thus can
provide the means for greatly expanding our understanding of
the structural basis for polymorphic behavior.

Results

The Phase Diagram. The phase diagramn can provide very
useful information and guidelines for the preparation of a
particular polymorphic modification. Much of the data for the
preparation of the phase diagram may be readily obtained from
thermomicroscopic studies. In fact, for a two-component system,
such as BC:PA, Kuhnert-Brandstitter pointed out that “Kofler’s
contact method of thermal analysis offers the possibility of
investigating organic two component systems qualitatively in
the shortest possible time in the simplest possible manner.” 1622
More quantitative details may be added from DSC measure-
ments.

Details on the preparation of the BC:PA contact sample and
analysis are given in the Experimental Procedures section. Figure
la shows the photomicrograph of the recrystallized contact
preparation of BC and PA at 25 °C. The interference colors
are due to the use of crossed polarizers. The pure compounds
are at the extremities of the preparation, while in the region
where the original compounds have merged, a number of
different areas may be observed, due to the formation of different
crystalline species combining the two components. Heating this
preparation on the hot-stage microscope to a temperature of
about 88 °C shows (Figure 1b) the eutectic melt of BC and the
broad dark yellow crystals of a new compound. Due to the
crossed polarizers, the isotropic melt appears black. As can be
seen in Figure lc, at about 120 °C on the left side of the
preparation BC is melted, and on the right side the eutectic
between PA and the remaining crystals of the BC:PA 1:1
complex melts. Figure 1d shows the situation which is observed
at 122 °C. PA is almost melted, and in the middle of the
preparation a ecutectic melt appears. Thus, two chemically
different kinds of complexes between BC and PA have been
formed. The one on the right side is the 1:1 complex, while the
small strip on the left side (the BC side) is a complex with
composition (BC);:PA.° The former melts at 129 °C, while the
latter shows a melting point at 124 °C.

The results obtained by means of thermomicroscopy and DSC
experiments on different mixtures of benzocaine and picric acid
led to the phase diagram (Figure 2). These investigations indicate
the existence of two modifications of the 1:1 complex as well
as of one modification of the 2:1 complex. The eutectic points
of Mod. II of the 1:1 complex with benzocaine and picric acid
are located at mole fractions of 0.07 (88 °C) and 0.85 (109 °C),
respectively. The peritectic of Mod. I with the 2:1 complex
appears at a mole fraction 0.33 and about 120 °C, and the
eutectic between the 2:1 complex and benzocaine is located at
0.3 and at 110 °C.

Preparation of Single Crystals. The thermodynamic
phase relationship between the two forms of BC:PA may be

(22)For a summary of the contact method, see also: Emons, H.-H,;
Keune, H.; Seyfarth, H.-H. In Chemical Microscopy; Svehla, G., Ed.;
Comprehensive Analytical Chemistry, Vol. XVI; Elsevier: Amsterdam,
1982; pp 180—184.

UMO00013807
NOVARTIS EXHIBIT 1517
Novartis v. Regents, IPR2023-01347
Page 2553 of 4460



1836 J. Am. Chem. Soc.. Vol. 123, No. 9, 2001

B 2
Benzocaine ‘ Picric acid
Eutectic Eutectic
Benzocaine/BCPA 2:1 i Picric acid/BCPA 1:1 mod.il

Peritectic
BCPA 2:1/BCPA 1:1 mod.li

Benzocaine Picric acid

Eutectic
Picric acid/BCPA 1:1 mod.Ii

. Peritectic
BCPA 2:1/8CPA 1:1 mod.ll

BEST AVAILABLE copv

Henck et al.

Picric acid

Eutectic
Picric acid/BCPA 1:1 mod.It

Eutectic
Benzocaine/BCPA 2:1
Peritectic
BCPA 2:1/BCPA 11 mod. il

\ =
e CPA 11 mod Hx
‘<

BCPA 21

Benzocaine Picric acic

i
Peritectic
BCPA 2:1/BCPA 1:1 mod.l

Figure 1. Photographs of the microscope slide Kofler preparations showing the various phases of the BC:PA binary system: (a) 25 °C, (b) 87 °C,

(c) 120 °C, and (d) 123 °C (see text for explanation and discussion of

enantiotropic or monotropic.'¢ In the former case, the choice
of crystallization conditions for one of the two polymorphs
would be more facile, because thermodynamically controlied
crystallization conditions could be chosen at temperatures below
the thermodynamic transition point. To determine the mono-
tropism/enantiotropism, we crystallized microcrystalline BC:
PA Mod. II by means of thermomicroscopy and carried out
DSC measurements on the resulting solid. The DSC trace shows
an exothermic transition of Mod. I into Mod. 1. We could then
apply the empirical heat-of-transition rule?® to conclude that
these two crystal forms are monotropically related (Table 1).
This means that Mod. I is the thermodynamically stable crystal
form from absolute zero up to its melting point.

Since the lower melting Mod. II is thermodynamically less
stable at all temperatures below the melting point, “kinetic”
conditions must be created to attempt to crystallize this form.
Therefore, a high-temperature (80 °C) crystallization was
attempted, with water as the solvent, yielding single crystals
up to | mm in maximum dimension. Since the prior work of

(23) According to the “heat-of-transition rule™,!8 if the phase transition
is exothermic, then there is no transition point below the experimentally
observed transition temperature. This is generally observed if two transitions
are monotropically related. As can be seen in Table 1, the phase transition
has been determined by DSC measurements to be cxothermic,

details of the phenomena observed here).

Nielson and Borka® indicated that seeds of the stable form must
be excluded, we obtained the less stable form prior to carrying
out crystallization experiments aimed at obtaining the more
stable one.

As Mod. I is the thermodynamically preferred form, an
“equilibrium” crystallization is preferred over a “kinetic” one.
Nielsen and Borka® obtained Mod. I by “excessive drying of
[Mod. II] at_105 °C”, conditions which are not particularly
conducive to an “equilibrium” situation, nor to the growth of
single crystals. Also, the existence of the hydrate (determined
in the thermomicroscopic studies) suggests that the presence
of water might be problematic in attempting to obtain nonhy-
drated phases. Hence, we resorted to a nonaqueous gel-diffusion
crystallization,® using Sephadex as the gel medium, and
obtained large single crystals (1—2 mm maximum dimension)
after 3 days at 20 °C.

The rather drastic drying procedure described by Nielsen and
Borka® to obtain Mod. 1, Borka and Kuhnert-Brandstitter’s
report,® and our own observations on the hot-stage microscope
indicated the existence of a hydrate of BC:PA. To obtain single
crystals of this material, we attempted a crystallization from a

(24) Desiraju, G. R.; Curtin, D. Y.; Paul, L. C. J. Am. Chem. Soc. 1977,
99, 6148—6149,
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Figure 2. Phase diagram of the BC:PA system.

Table 1. Physicochemical Data of BC:PA Mod. I, BC:PA Mod.
II, and (BC),:PA

BC:PA BC:PA

Mod.I Mod. I (BC)PA
mp (°C), DSConset 161 129 119
thermomicroscopy 161 128 120
enthalpy of fusion (kJ mol™!) 63 56
cathalpy of transition (kJ mol™") -9
— Mod. ]
cntropy of fusion® (J mol™' K~') 145 118

@ Calculated by ASy = AHy mp™'.

=N

BC:PA Mod.! BC:PA Mod.ll Hydrate 21

Figure 3. Line drawing representation of the morphologies of the four

different crystalline materials obtained, as labeled.

saturated water solution in a sealed virgin flask (to prevent the
unintentional incursion of seeds of any of the other forms) at
20 °C; needle-shaped crystals (up to 4 mm long) appeared after
48 h.

Crystals of the 2:1 complex were obtained by slow evapora-
tion (ca. 4 weeks) of a 1:1 mixture of the components in
2-propanol at 4 °C. Admittedly, this was not an expériment
designed to obtain the 2:1 complex, but the ample evidence to
indicate its existence increased our interest in examining all the
crystals obtained and motivated our attempts to obtain the
crystals, using conditions different from those used for the other
three species.

The crystals of all four complexes were yellow but were easily
distinguished by their morphology (Figure 3) and, very clearly,
by their melting points.

Crystal data for the four structures are given in Table 2; details
of the structure determination are given in the Experimental
Procedures section.

Crystal Structures. (a) General Features. All four structures
are ionic picrates, the acidic hydrogen of the hydroxyl group
on picric acid having been transferred to an amino group on
benzocaine. The atomic numbering, given in a the ORTEP
diagram (for (BC);:PA), is identical for all four structures

Figure 4. ORTEP diagram of the molecules in the (BC),:PA structure, showing the atomic numbering. Hydrogens are numbered according to the
atoms to which they are attached. Numbering is identical for the other structures; the oxygen of the water molecule in BC:PA-H,0 is O01.
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Table 2. Summary of Crystallographic Data for the Four Compounds Studied

BC:PA Mod. | BC:PA Mod. I (BC)2:PA BC:PA-HO
formula C|5H14N409 C]gHuNAOq CqustOn CISHISNIOIO
formula weight 3943 3943 559.5 4123
crystal system monoclinic triclinic triclinic monoclinic
space group P2y/n Pl Pl P2,
color of crystal yellow yellow yellow yellow
4 4 2 2 2
a(A) 7.149(3) 7.304(3) 8.190(2) 4.1478(8)
b{(A) 12.240(7) 8.231(2) 8.857(3) 12.732(3)
c(A) 19.594(9) 15.361(5) 19.747(5) 17.518(4)
a(®) 20 99.91(2) 78.59(2) 90
B 96.77(3) 99.53(2) 85.13(2) 93.84(3)

y (%) 90 106.73(3) 67.93(2) 90
R-factor (%) 5.1 33 4.0 3.8
GOF (on F%) 0.988 0.969 0.908 0.980

Figure 5. Packing diagrams the four crystal structures. For ease of comparison, in all cases the view is chosen on the best plane of the shaded
picrate anion as a reference, with the C—O vector pointing down. Some slight rotational adjustments of the views have been made to facilitate
better viewing of the packing and the hydrogen bonds. Carbon atoms are not explicitly drawn. Oxygens are represented by empty circles, and
nitrogens are represented by filled circles. Hydrogens have been eliminated for clarity except where noted. The unit cell axes are marked as X,Y,Z,
while hydrogen bonds are identified by lowercase letters (see text). (a) BC:PA Mod. 1, (b) BC:PA Mod. 11, (c) BC:PA-H,0 (hydrogens are included
on the water molecule and on N1 of BC), and (d) (BC),:PA (hydrogens on NI and N1 are included).

Table 3. Rotation Angles (deg) of Nitro Groups in PA in the Four
Crystal Structures

angleabout BC:PA  BC:PA

C—N bond Mod. 1 Mod. 11 BC:PA-H;0 (BCh:PA
Cl1-N2 —1760 —1444 —168.5 -152.8
CI3—-N3 4.7 113 8.2 0
CI5—N4 -37.9 147.4 ©19.2 -49.4

(Figure 4). There are no unusual bond lengths or angles. Only
two of the torsion angle values for the ethyl ester chain of the
BC moiety suggest some conformational variation, namely that
for C5—C6—C7—-01 of BC:PA Mod. 1 (157.6°) and that for
C7-01-C8—C9 of BC:PA Mod. II (161.0°) compared to the
others, which are all in the range 170—180°. These conforma-
tional differences were not investigated further.

The rotations of the nitro groups in PA are summarized in
Table 3. That para to the phenolate oxygen is essentially
coplanar with the benzene ring in all cases. The ortho nitro
groups are rotated out of the phenyl plane, those about Cl1—
N2 all in the same sense but to varying degrees, while those
about C15—N4 are also rotated to approximately the same
degree, but the rotation in the hydrate is opposite in sense from
the other three instances.

BC:PA Mod. 1 in (Figure 5a) may be described as mixed
stacks of --*BC*--+ PA™ -+ with apparently 77— plane-to-plane
interactions along the [100] direction. The best planes of the

BC* and PA~ within a stack make an angle of 2.3° with each
other, the distance between centers of rings being 4.04 A
BC:PA Mod. II (Figure 5b) also crystallizes in mixed w—x
stacks of *=*BC*++*PA"+++, again essentially along [100]. The
mode of overlap along the stack is such that the four atom chain
of the ester group is nearly parallel to the long (0O--C-+-p-NO,)
axis of the molecule, while in Mod. I the chain of the ester
group is nearly perpendicular to that axis. The angle between
the phenyl! rings (7.6°) is slightly larger, but the distance between
centers is smaller (3.70 A), indicating a greater degree of overlap
between neighboring molecules in Mod. IL

In contrast to the two anhydrous complexes, in BC:PA-H,0
(Figure 5¢c) the cations and anions are arranged in segregated
stacks *=*BC*++«BC*++- and *"PA™+--PA~*+, The perpendicular
distance between planes in the BC* stack is 3.73 A, while that
in the PA™ stack is 3.45 A. Sheets of cations or anions are
generated by the screw operation along the b axis, and in these
sheets cations and anions alternate along the ¢ axis. The angle
between the pheny! rings of BC* and PA™ is 35°. There are
sheets of cations and sheets of anions, both parallel to the
stacking direction, so that the structure is built up of parallel
sheets of cations and anions, in a manner similar to zinc blende.
Since the structure is polar, this means that, as drawn in Figure
Sc, the (001) and (001) faces of the crystal should be oppositely
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Table 4. Geometric Features of the Hydrogen Bonds Discussed in
the Text (The Designations a, a’..d Correspond to the Hydrogen
Bonds in Figure 4, and Are Defined for Each Section)

(a) N*—H+-=0—C

N*-=0 (A) H-"0(A)
BC:PAMod. | 2.681(4) 1.772(3)
BC:PAMod. I 2.667(3) 1.716(3)
BC)»PA 2.762(4) 1.792(4).
a’e 3.024(4) 2.182(4)
BC:PA-H;0 2.678(7) 1.70%(8)
a’ 2.791(7)) 2.083(7)
(b) N*—H---0=C
N*-0 (A) H-0(A)
BC:PA Mod. 1 2.834(4) 1.956(3)
BC:PA Mod. I 2.883(3) 2.279(3)
(BC)::PA 2.860(4) 1.945(4)
bt 2.994(4) 2.163(4)
BC:PA-H;0 - -
(€) N*—H---O(w), (d) O(w)—H-+*O=N(nitro)
BC:PA-HO¢ DA (A) H--A (A)
¢ 2.803(8) 1.983(7)
d 2.948(7) 1.787(7)

2 For this entry, a’ is the hydrogen bond from the neurral BC to the
PA~ in the 2:1 complex. ? For this entry, b’ is the hydrogen bond from
the neutral BC to the PA™ in the 2:1 complex. © The generic notation
(D—H-A) for the hydrogen bond is used here, since ¢ and d are
different hydrogen bonds.

charged as in zinc blende.?® The (BC)::PA complex (Figure
5d) is composed of BC* cations, PA™ anions, and an additional
neutral BC molecule, confirming the conclusion of Togashi and
Matsunaga from IR data.!® The PA™ anions are arranged across
successive inversion centers at '/, '/, /5, forming a stack in
the b axis direction, with a perpendicular distance between atoms
of one picrate ring and the plane of its centrosymmetric neighbor
of 3.48—3.51 A and a distance between ring centers of 5.90 A.
Translation of these stacks along the a crystallographic axis
generates a sheet of picrate anions. The BC molecules are also
stacked along the b crystallographic axis, with altemating neutral
BC and BC* cations. The angle between the pheny! rings for
the two species is 13.6°, with a center-to-center distance of 3.82
A. Sheets of these BC moieties are then generated by the g
axis translation.

(b) Hydrogen Bonding. There are clearly a number of
possibilities for hydrogen bonding in these four structures, and
a comparison of the hydrogen-bonding pattems facilitates
recognizing the similarities and differences among them.

The hydrogen bonds are defined and their metrics are
compared in Table 4. Hydrogen bond a appears in all structures
and is remarkably constant, save for the bond to the neutral
BC in (BC),;:PA and for the second hydrogen bond of the type
(noted as a’) in the hydrate. Hydrogen bond b appears in all
but the hydrate, but the H+++O distance is longer in BC:PA Mod.
11 and to the neutral BC in (BC);:PA than in the two other
cases.

The two hydrogen bonds involving water (once as donor and
once as acceptor) in the hydrate are denoted as ¢ and d in Table
4, It is not clear if the long O—H and concomitantly short
H:--O distances for the latter are of significance or merely a
result of the unconstrained refinement of the hydrogen atom
position in the crystal structure analysis.

The most direct way of summarizing the hydrogen-bonding

(25) Mak, T. C. W.; Zhou. G.-D. Crystallography in Modern Chemistry,
Wiley-Interscience: New York, 1992; pp 77-80.
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Figure 6. Graph set assignments for the hydrogen bond patterns in
the four structures studied. The hydrogen bonds are denoted by
lowercase letters that correspond to the tabulation in Table 5 and the
notation in Figure 6. As in ref 27, diagonal elements represent first
level graph assignments, while off-diagonal ones represent second level
graph sets composed of the two hydrogen bonds forming that element.
A hyphen indicates that there is no connectivity between the hydrogen
bonds at the second level.

patterns and comparing them is through the use of graph sets.262
The graph set assignments are conveniently summarized in
(symmetric) matrix-type tables,?? in which the diagonal elements
are the first level graph set assignments and the off-diagonal
elements are the second level assignments. Consistent ordering
of the columns and rows with chemically identical hydrogen
bonds through the four molecules (to the extent that it is
possible) greatly facilitates comparison of hydrogen-bonding
patterns among the structures. These graph set assignments are
summarized in Figure 6.

The same two individual hydrogen bonds are present in
BC:PA Mod. I and BC:PA Mod. II. The monotropic transfor-
mation from mod. IT to mod. 1 is not accompanied by any overal!
pattern change. Also, the fact that the ~7 A axis is maintained
suggests that the transformation takes place within the sheets
nearly perpendicular to this axis. The transformation, observed
by microscope, is seen to be a solid—solid transformation but
involves extensive shattering of the crystalline material, indicat-
ing that quite drastic structural changes are, indeed, taking place.
However, a careful visual examination and comparison of the
two structures with all of these considerations did not reveal a
simple geometric mechanism for the phase change.

Thermal Studies and Thermodynamic Relationships among
the Structures Studied. The structural properties of Med. |

(26) Etter, M. C. Acc. Chem. Res. 1990, 23, 120—127.
(27) Bemnstein, J.; Davis, R. E.; Chang, N.-L.; Shimoni, L. Angew. Chem.,,
Int. Ed. Engl. 1995, 35, 1555—1567.

UMO00013811
NOVARTIS EXHIBIT 1517
Novartis v. Regents, IPR2023-01347
Page 2557 of 4460



1840 J. Am. Chem. Soc., Vol. 123, No. 9, 200!

a)

-
—e7 88
—tp e
o
iz 0
—ib.108
—tren

80,540
— e

Henck et al.

d)

© e
—nes

e N

ﬂ '.
b) e)
a sy @, g oaman o
\‘\\\\\Wﬁ///ff“"‘"‘ \\V N7 ST TR 0 i Y

|

.
qul‘k‘. mll, '! 1|
‘WWWW MW&W i

1 Wbt

€)

BI8858
IR3

VAW

ton
000
8y

——ttt 82
—161.2%
— g3 89

—_—

N

'*'M M‘% 'I r‘w?‘ﬁ‘w“*w"wﬁd WM" ‘WJ W\

3

Figure 7. CP-MAS solid-state NMR spectra: (a) benzocaine, (b) BC:PA Mod. |, (¢) BC:PA Mod. Il, (d) BC:PA-H,0, and (e) (BC),:PA.

and Mad. II are quite similar. Lacking the structural data, one
might be tempted to suggest the 30 K difference in melting
point as being due to extraordinary differences in the packing
properties of the two modifications. The system studied here
shows that it is questionable whether differences in melting can
be used to try 1o relate thermodynamic properties of crystalline

systems to structural features. It is the difference in entropy of
fusion between the two forms which is the thermodynamic
quantity for comparison here. The thermoanalytical results on
BC:PA (Table 1) indicate that the entropy of fusion of the two
crystal forms is also close. Since melting point, enthalpy of
fusion, transition temperature. or enthalpy of transition can be
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measured by “power compensation” DSC, the entropy of fusion
is usually more readily available than the enthalpy of sublima-
tion, which is a direct measure of the lattice energy.

Solid-State NMR Studies. The four crystalline complexes
studied here (Figure 7) show different 13C solid-state NMR
spectra, which can be used as fingerprint identifiers. One of
the most distinguishing signals is that for the methylene carbon
atom of the ethyl group of benzocaine. For Mod. I, Mod. 1],
and the hydrate, this chemical shift appears at approximately
64 ppm, whereas the 2:1 complex shows two signals at 64 and
61 ppm, respectively, clearly reflecting two different kinds of
benzocaine species. The chemical shift for this carbon atom in
pure solid benzocaine is 61 ppm. Another observation reflecting
the ionic and neutral nature of the two benzocaine molecules
in the 2:1 complex is the fact that the chemical shift for the
carbon atom which is connected to the amino group is at 152
ppm for pure solid benzocaine and 156 ppm in the 2:1 complex.
This peak is not observed in the other crystal forms, in which
all benzocaines are cationic.

Experimental Procedures

Kofler’s Contact Method for Determination of the Binary Phase
Diagram.'#'® A few crystals of the lower melting substance picric acid
{mp 122 °C) were placed on a microscope slide at the edge of a cover
glass. The amount of substance is chosen in such a way that the melt,
which is pulled by capillary forces between the microscope slide and
cover glass, occupics about half of the space between them. The
preparation is solidified by cooling, and benzocaine (mp 90 °C) is
treated in the same manner. In the zone where the melts come into
contact, the two compounds merge. The thermal behavior observed on
the Kofler hot-stage microscope during heating of the- resulting
preparation was used to construct and confirm the phase diagram. DSC
experiments were also performed to construct the isobar phase diagram
(Figure 2) using the melting points and enthalpies of fusion of mixtures
of benzocaine and picric acid. determined from DSC studies.

Production of Single Crystals of the Crystal Forms, Crystal
growth experiments were carried out using commercially available
benzocaine and picric acid (Sigma), and the solvents were of analytical
grade. Nate: Picric acid is potentially explosive!

The crystallization of Mod. 1l as described by Nielsen and Borka®
leads to a microcrystalline precipitate, which is not suitable for single-
crystal X-ray structure determination. However, a mixture of 50 mL
of a room temperature saturated water solution of benzocaine and picric
acid in a virgin one-neck 250-mL flask covered with Parafilm leads
after 48 h at 20 °C to needlelike single crystals of benzocaine—picrate
monohydratc. Another preparation of a solution maintained at 80 °C
yields, by siow evaporation, platelike single crystals of Mod. IT within
24 h. Mod. I resuited only if particular care was taken to exclude seeds
of Mod. I. Therefore, it is preferable to perform the crystallization of
Mod. II directly from of the synthesis of the compound.

Single crystals of Mod. I suitable for crystallographic analysis were
obtained by means of nonaqeous gel diffusion.?® In this procedure, 0.5
g of Sephadex LH-60-120 (Sigma) was placed in a sealable flask, and
0.5 g of benzocaine dissolved in 6 mL of a 3:1 mixture of chloroform:
methanol was added. The gel sets immediately. A solution of 0.2 g of
picric acid in 6 mL of the same solvent mixture was placed above the
gel. Diffusion of the two solutions and a crystallization period of 3
days at 20 °C yielded yellow crystals of columnar habit with dimensions
about 2.5 x 1 x 1 mm®.

Single crystals of (BC)2:PA were obtained by slow evaporation (4
weeks) of a solution of a 1:1 mixture of BA and PA in 2-propanol at
4 °C. The procedure for obtaining the hydrate was described above.

Thermoanalytical Methods. Polarized microscopy was performed
using a Kofler hot-stage microscope (Thermovar, Reichert, Vienna,

J. Am. Chem. Soc., Vol. 123, No. 9, 2001 1841

Austria). DSC was carried out with a Perkin-Elmer DSC-7. The binary
phase diagram was constructed from DSC data (heating rate of 5 K
min~') on several ground mixtures of known composition.

(a) Single-Crystal X-ray Diffraction. Crystallographic Data. The
X-ray data for BC:PA Mod. 1, BC:PA Mod. 2, and (BC);:PA were
collected on a conventional Syntex P1 diffractometer [A(Mo Ka) =
0.711069 A, graphite monochromator, w/26 scan, 7 = 293 K]. The
data for BC:PA-H,O were collected on a Siemens SMART 1000 CCD
diffractometer. All structures were solved by direct methods and refined
by full-matrix least-squares for non-hydrogen atoms. All the hydrogen
atoms were located from a difference Fourier map and were refined
isotropically. The only exceptions were the H atoms of the —NH;*
group in the (BC),:PA structure, which were found as above, but refined
as a “riding group”. SHELXTL? was used for all calculations. All the
metric parameters are collected in Table 2. Atomic coordinates, bond
lengths, angles, and anisotropic parameters have been deposited at the
Cambridge Crystallographic Data Center.

(b) Solid-State NMR. The solid-state '*C CP-MAS NMR spectra
were measured on a Bruker DMX-500 spectrometer, at a measurement
frequency of 125.8 MHz and a rotation frequency of 11 000 Hz.

Conclusion

Careful consideration of the thermodynamics and phase .
diagram along with observation of crystallization phenomena
can provide information about the relationship among phases
and suggest conditions for growing different polymorphic forms
and solvates. Although Mod. II of BC:PA has been reported to
be a “disappearing polymorph”, we have demonstrated a strategy
for determining the conditions to consistently produce it. We
believe that this strategy can be useful for the exploratory search
for polymorphs. the development of robust procedures for
selectively obtaining a particular polymorph, and the preparation
of single crystals of polymorphs for single-crystal X-ray
structure determination. The success of this strategy reinforces
our earlier contention® that once a particular polymorph has been
prepared, in principle it should always be possible to find the
conditions to.obtain it again.
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Complexation of Organic Substances in Aqueoﬁs
Solution by Hydroxyaromatic Acids and Their Salts

Relative Contributions of Several Factors to the Overall Effect

By TAKERU HIGUCHI and ARGE DRUBULIS

Apparent stability constants in water of approximately 100 molecular complexes

formed berween aromatic acids hydroxylated to varying degrees and their salts,

on one hand, and four organic compounds, theophylline, hydrocortisone, pred-

nisolone, and phenacetin, on the other, are reported. The data show that intro-

duction of —OH into the first groui,_ particularly ortho to a carboxylate grouping,
i

produced marked enhancement in

nding. The relative magnitude of the con-

stants suggest that neither the squeezing out force nor hydrogen bonding is signifi-
cantly responsible in most instances for the observed effects.

TuE PRESENT communication is concerned with
the results of experimental studies designed
to obtain further information on the nature of
physical interaction responsible for formation of
organic molecular complexes in dilute aqueous
solutions, The relative roles of such factors as
hydrophobic binding, hvdrogen bonding, donor-
acceptor forces, etc., have been considered. DNata
have been obtained specifically on the com-
plexing behavior, as reflected in their solubilizing
action, of various hydroxybenzoic acids, corre-
sponding benzoates, several hydroxynaphthoates,
and related compounds for theophylline, hydro-
cortisone, prednisolone, and phenacetin. The
latter group was selected to provide a spectrum of
compounds, Experimental techniques and inter-
pretive approaches employed follow our earlicr
reports in this area
Information of this nature is of biological and
pharmaceutical interest from two standpoints, (a)
actions of drugs, hormones, enzymcs, ete., are
believed to be mediated by formation of com-
plexes in aqueous environment, and (§) thermo-
dynamic activities and solubilities of physiologi-
cally potent chemicals can be modified by complex
formation.

EXPERIMENTAL
Reagents

All organic compounds used in these studies were
purified prior to use by recrystallization from water
or water-ethanol mixtures.

Procedure

Solubility Studies.—An amount of material to be
tested equivalent to at least three times its normal
solubility was weighed into 15-ml. vials containing

Reccived Jaouary 26, 1801, from the University of Wis.
consin., School of Pharmacy, Madison €,

Acvepted for publication February 13, 1941,

Presented to the Scientific Section, A.Pu A., Chicago meet-
ing., April 1961, .

This study was supported in part by a grant {rom Chas.
Phizer and Co., Brooklyn, N. Y., and in part by a grant from
the National Institutes of Health (RG 5830).

varyving amounts of complexing agent {acid or salt)
and 10 ml. of distilled water. When the complexing
agent was an acid, the water was replaced by an
equivalent amount of 0,006 7 sulfuric acid solution
to decrease the ionization of the complexing agent.
When the salt of an acid was used as the complex-
ing agent, aliquots from a stock subution were added
from a buret into the vials and the necessary volume
of distilled water was added,

Each system was cquilibrated by rotation for
twenty-four hours for systéms involving theophyl-
line or phenaeetin, amd for forty-eight hours for those
containing the steroids,  This equilibration was of-
fected in a thermostated water bath at a tempern-
ture of 30.0 == 0.1°, The respeetive cquilibration
times were cvaluated previously as suflicient time
for each of the substrates,

Following cquilibration, appropriante aliquots of
clear solution were removed and analyvzed for the
wuterinl solubilized.

Analysis.—The aliguots  were  esteacted  with
chloroform from a 0.5 Y aqueous sodimm bicar.
bonate solution. For theophylline, the extrcting
salvent was composed of three parts ehlornform to
ane part isopropy! alcohol,

Analysis for theophylline or phenacetin was made
directly in the chlaroformic solutinns,  Analysis for
the steroids wias carried out in ethanolic solution.
In these instances, the chlorofurm was evaporated
with the use of mild heat and the substrate residue
dissolved in 95¢¢ ethanol.

In all cases the spectrul characteristies of the
analyzed component, us determined previously in
the proper solvents, were used as standards, The
wavelengths chiosen for spectral unalyses were:
theophylline, 275 mgu; hydrocortisone, 242 mp;
prednisolone, 245 myu; and phenacetin, 240 mypu.

RESULTS

The complexing tendencies of the several free
acids and the sodium sults of these aromatic and
hydroxyaromatic acids, as reflected in their respec-
tive solubilizing power for theophylline, hydro.
cortisone, prednisolone, und phenucetin, are pre-
sented in Tables [ and II. For the majority of the
cases, the results are listed as first-order interaction
constants (K,), since the phase diagrams describing
those systems indicated that the amount of material
solubilized increased generally lincarly with the
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TABLE [ —APPARENT STABILITY CoNSTANTS® (L/AM) POR INTERACTIONS OF SOME MONO- AND DIHVDROXY-
BENZOIC ACIDS AND SALTS

Phenacetin

Compound Theophbylline Hydrocortisoge Prednisolone

Benzoic Acid € 12 . 11 2.6
Salt 5.3 2.9 3.7 1.0

o-Hydroxybenzoic Acid c 12 in a.4
Salt 20 7.2 7.3 1.0

m-Hydroxybenzoic Avid € 13 12 3.0
Salt 11 4.9 6.1 1.1

p-Hydroxybenzoic Acid ‘ 10 Hik 4.0
Salt 12 4.1 3 1.2

2 ,4-Dihydroxybenzoic Acid ‘ 12 15 4.5
Sals 58 13 12 24

2,5-Dihydroxybenzoic Acid 16 158 1.6
Salt 43¢ e 12 2.4

2,6-Dihydroxybenzoic Acid ¢ 128 13 4.5
Salt 300 13% 108 3.3

3,4-Dihydroxybenzoic Acid ¢ 12 144 4.3
Salt 14 6.8 6.5 1.5

3.5-Dihydroxybenzoic Acid ¢ 1R (YA 1.9
: Salt 20 6.0 8.5 2.0
3.4,5-Trihydroxybenzoic Acid ¢ tps i7e 5.3
Salt 224 7.3 ti. 2% 2]

« Caleulated by uze of Eq. 1. » Best fit single linear constant deseribing interactions exhibiting curvature. ¢ The inter.

uctions of these acids with theophylline were not studied since these cumpounds gave insnluble complexes.

TaBLe II.—AppARENT StaBiLITY CoONSTANTS?
(L/3) FOR INTERACTIONS OF SOME NAPHTHOATE
AND HYDROXVNAPHTHOATE foNs

Theophyl- Hydro- Pred- Phena-
Compound line cortisune nisolone celin

1-Naphthoate 38 g.2° 8.0° 2.5
2.Naphthoate 1:1.2% 19° 20¢ 5.8°
2-Hydrozy-1.

paphthoate 1:1.4% 21° 23¢ 6.6¢
1-Hydroxy-2- |

vaphthoate 1:1.7° B 35¢ 7.0"
3-Hydroxy-2-

naphthoate 1:1.6% 32 10 6.3

e Calculated by use of Eq. 1. & Stoichiometric ratics
{salt : theophyllive). <« Best fit single linear constant de-
scribing internctions exhibiting some curvature,

amount of aromatic compound present, in accord-
ance with the relationship

A+B=4dAB
1
{Bimlid

K = 4Bl
SRRV T I Y-} (Eq. I}

where A is the acid or its salt, B is the substance

solubilized, and 4 B is the complex formed.

A typical phase diagram exhibiting this linearity
is that for the interaction of theophylline with
sodium l-naphthoate shown in Fig. 1. The sta-
bility constant can be calculated from such a dia-
gram if any observed increase in solubility is as-
sumed to be due to complex formation (1). Be-
cause of the nature of the experimental method em-
ployed this technique cannot, unfortunately, give
any information as to the dependency of the com-
plexing reaction on the concentration of B,

In a number of instances the dependency did not
appear to be completely linear, the plots having an
upward curvature. The solubilization of predniso-
lone by sodium 2-hydroxy-1-naphthoate, as shown
in Fig. 2, for example, seems to be best described

by a combination of more than one equilibrium
occurring in solution at the same time.  Although a
better fit for such cases can be obtained by a com-
bination of linear and quadratic terms, the data do
not wafrant such a refined treatment, For this
reason the values {or the best fit linear constant (K0
{best fit linear comstant, describing inteructions
exhibiting curvature) are given in these instances.

The values describing the binding behavior of
some of the naphthoates with theophylline require
additional explunation, Since, for these systems,
one molecule of the naphthoate jon added usually
brought more than one molecule of the xanthine
into solution, as shawn in Fig. 3, it is evident that
the constant K, as defined above, is meaningless,
The observations strongly support the suggestion
that two or more theophylline molecules may inter-
act with individual naphthoate or hydroxy-naph.
thoate ions.  Since the experimental detenninations
were carried out at constant theophylline activity,
the dependency of the complex formation on thee-
phyiline could tiot, of course, be established.  Since
these systemis appear (o be more or less linearly
dependent on the concentrntion of naphthoate ion
added, the results for these interactions are given
as the molar ratio

naphthoate added
theophylline solubilized

It is possible that complexes of similar higher
order dependency, relative to the solubilized species,
may exist in systems other than those specifically
cited in the preceding paragraph. The results are
listed, nevertheless, in terms of interactions of first-
order dependency since this probably is the most
significant interaction ocecurring in these dilute
systems.

DISCUSSION

As indicated in the data given in Tables [ and 11,
aromatic acids and their salts appear to have
definite affinity for the four organic compounds.
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Fig. 1.—Plot showing the solubilization of theo-
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24 {PREDMISOLONE
COMPLETELY

SOLUBILIZED !

- - )
0 [ O

PREDNISOLONE (M/L X0 )

A '] ] 1 i

| 3 8 9 il 13
$0D. Z-HYDROXY-i-NAPzHTHOATE
tMsL X 10™)

5

FFig. 2.—Plot showing the solubilization of pred-
nisolone by sodium 2-hydroxy-i-naphthoate ex-
hibiting mixed order dependencies of complex for-
mation on the salt concentration.

The calculated apparcnt stability constants range
from 1.0 L./mole for phenacetin and benzoate to
39 L./mole for prednisolone-3-hydroxy-2-naphthoate
systems. For low concentrations of the complexed
material this would mean that 0.1 molar concentra-
tion of the complexing agent would render roughly
10% of the first and 809 of the second system into
their respective complexed species.

1f we were to look only at the phenacetin systems,
the weakness of the solubilization effects produced
by the carboxylate salts hardly seems to justify
attributing them to complex formation. Yet it is of
interest to note that these largely parallel the be-

Fig. 3.~Plot showing the solubilization of thee-
phylline by sodium L-hydroxy-2.naphthoate ex-
hibiting stoichiometrie ratio greater than 1: 1,

havior of the theophylline systems: a weak binder
for phenacetin is a relatively weak binder fur theo-
phylline, and a strong biuder for one is also 4 strong
binder {or the other. The binding constants for the
xunthine are, on the other hand, generally so large
that there is very little doubt that formal fonmation
of new molecular species is involved in the sola-
bilization process.

The same relative order of solubilizing action
produced by the salt solutions appears to hold not
only for theophylline and phenacetin but alse for
the two steroids, with only a few minor exceptions.
This was somewhat surprising in view of the wide
structurul differences among the three classes of sub-
strute compounds used. The relationship holds

" best with the two steroids since these structures are

very similar, but the tendency is definitely evident
even for the other systems, These results tend to
suggest that much of the binding behavior exhibited
in these iustances, by these aromatic and hydroxy-
aromatic compounds, wus largely of a sunspecific
nature us opposed to a behavier where more definite
“lock and key” cun exist between the components
of a complex (2).

This lack of specificity does not, however, appear
tu extend to the acids.  Salicylic acid, {or example,
appears to compliex twice as much with phenacetin
as does benzoie (5.4 L./mole vs. 2.6 L./mole),
whereas with respect to the steroids, the uctivities
of the two ueids are essentially the same.

Interactions of Acid vs. Salt Forms.~—In instances
where both the frec acid and its sodium salts were
studied, the acid proved to be the stronger binder
in cvery case. It is possible that this effect is o
consequence of the lower hydrophilicity or the
greater electrophilicity of the acid. With salt, the
ions in solution are probably associnted with several
molecules of water situated near the carboxylate
group. The directing effect of the formal charge
on this group can influence the movement and the
freedom of the water molecules, possibly resulting in
the formation of ice-like structures. It is possible
that the presence of such structures may hinder the
association involving the aromatic ring materially.
The negative charge on the ionized species may, on
the other hand, be responsible for sufficient reduc-
tion of the electrophilicity of these compounds to
reduce their affinity for electron donating agents.

No data-are reported for interactions of free acids
with theophylline as these systems led, in nearly all
cases, to formation of insoluble complex species.
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The solubility of the malecular compounds found
were usually so low that ne reliable stability con-
stants could be determined (3).

Hydroxy- and Methoxybenzoates.—The relative
complexing abilities of salicylic acid, m-hydroxy-
benzoic acid, and p-hyvdroxybenzoic acids, to-
gether with those of their salts, are shown in Table 1.
The introduction of an hydroxyl group into the
ring markedly enhauced the hinding tendencies of
the carboxylate forms.  With the erthe substituent,
the cffect is essentially doubling of the observed
stability constants over those found for the simple
benzuate. The enhancement for the mela and para
isomers is somewhat less but still significant, being
roughly one-half of that of the ortha. The binding
tendencies of the free acids do not appear to be
markedly influenced by the addition of an hydroxyl
group except with phenacetin. With the latter, the
ortho substitution again produced doubling of the
constant over that with henzoic acid.

The reason for the apparent greater complexing
efficacy of hivdroxybenzoates, particularly salicylate,
over that of henzoate is not altogether clear at the
moment. Certainly if the driving force behind these
interactions were largely due to the squeezing out
effect (1) or hydrophobic bonding, the introduction
of an —QOH grouping would not be expected a priori
to increase the assuciative tendencies. A possible
explanation for the observed nonspecific increase in
binding may be in the changes produced in the rela-
tive electrophilicity of these compounds. The four
compounds against which these aromatic com-
pounds were tested are largely clectron, donors in
nature. I the major effect in going, for example,
from benzoate to salievlate is in the relative nflinity
for the w-electrous of the donor molecules, the ob-
served results may be rationalized.

Possible participation in a molecularly dispersed
state by dipolar or, specifically, hydrogen bonds in
promoting molecular association between these
hydroxy compounds and xanthine, steroids, and
phenacetin appeared to be small. For one thing,
such interactions would be in dircet competition
with the water molecules, the net gain inenergy being
small. Also, more significantly, although the posi-
tion and presence of the hydroxyl groups markedly
enhanced the intensity of interaction, the cffect was
largely nonspecific with respect to the solubilized
component. There could not be direct fits, since
the relative order of interaction did not appear to
differ markedly for each of the substances.

To shed additional light on the nature of the
hydraxyl contribution, the binding tendencies of
ortho- and mela-methoxybenzoates with respect to
theophylline were determined. The first-order con-
stant found for e-methoxybenzoate was 5.3 L./mole
and that for m-methoxybenzeate was 17 L./mole,
The marked ortho cficct noted for the phenalic
benzoate thus appears to be absent for the methoxy
system. For the mela isomer, the replacement of
the proton seems toc enhance the binding tendency.
These results, again, seem to preclude hydrogen bond-
ing as a major factor in these interactions.

Interactions of Di- and Tribydroxybenzoates.—
Comparison of the results obtained for the inter-
actions of the dihydroxybenzoates with those of the
monohvdroxybenzoates indicates that the effect
of the additional hydroxyl group further intensified
these interactions. Again, to substantiate the

Journal of Pharmaceutical Sciences

thought that this was not due to hydrogen bonding,
the binding tendency of 3.4,5-trimethoxybenzoate
with respect to theophylline was determined. The
first-order constant for this interaction was 23 L./
mole; this compares well to that abtained for the
trihvdroxy compound (22 L./muolei.  Thus, it is
further cevident that the presence of the phenolic
protons was not of major importance in these inter-
actions,

In general, the total effect that additional groups
may have on the binding ability of a bifunctional or
trifunctional compound may conceivably be of two
types. It is possible that the added groups may
enhance the strength of the initial complex maintain-
ing essentially the same structure, or the new
groups may lead to the formation of anather com-
plex species independent of the initial complex. In
the former case, the energics of interaction are, in o
sense, additive, while in the lutter case, the oxtents
of the interactions are statistically additive.

if the effect of the two hvdroxy groups is such
that the interaction energies are additive, then it can
be casily seen that the interaction constant (A
for the dihyvdroxy isomer may be approximately
related to the interaction constants for the mono.
hydroxy compounds in the following manner

Kn = I\." X Ku (Eq.
Ke

Ap ois the interaction constant for the dihvdroxy.
Benzaate, where Aa and R are the interaction
canstants for the respective monohvdroxvhenziates,
and K¢ is the interaction consant for benzoate alone,
The assumption made here, of course, s that the
two: hvdroxyl groups do not interaet appreciably
with cach other. :

I, on the other hand, the hydroxyl groups do
not make use of the same structure in exerting their
binding action, then it is apparent that

Kp=Ka+ Ku - R tEq. 3

The data obtained in this study with the di-
hyvdroxybenzoates suggest that in these associations
the hydroxyl groups generally appear to reinforce
the initin! binding of the henzoute nucleus and the
interaction vonstants for these compounds follow
the relationship expressed by Eq. 2. A comparison
hetween the experimentally observed values and the
calculated values is presented in Table 111 It is
cvident that these values agree {or cach of the sub-
strutes in n very approximate sense.  In view of the
obvious assumptions implicit in such’ treatment,
these data should be counsidered only as qualitative
indications.

Interaction of Naphthoates.—Expausion of the
ring syvstem from a benzenoid to the naphthalene
structure may be expected to lead to increased com-
plexing tendencies on at least two counts. The
greater hydrophobic surface of the flat naphthalenc
ring surcly must contribute more substantially to
the ‘‘squeezing out” tendency. Also, the relative
electron affinity of the two systems must be suffi-
ciently different to produce some changes. Data
show, in any case, very strong binding tendencies
by these compounds.

As is evident from Table 1I, g-naphthoate was a
markedly stronger binder than its isomer, -
naphthoate, Since this relative difference in hind-
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TABRLE III.—CoMPARISON OF EXPERIMENTAL (E) axp CarcuraTeps (C) INTERAcTIONS CONSTANTS FOR
DIHVDROXYBENZOATES

Theaphylline c=Hydrocortisone— < Preduisolone-- = Phemicetin=—

1 4 < K (& ¢ 4 <
2,4-Dihyvdroxyvbenzoate 36 15 13 10 12 10 24 2.3
2.85-Dihvdroxybenzoate 13 42 10 12 12 12 2.4 2.1
2.6-Dihvdroxybenzoate 300 5} 13 18 1 4 3. 3.6
3,4-Dihvdroxybenzoate 14 25 6.8 6.9 8.4 N4 1.5 [
3,5-Dihydroxybenzoate 20 o 5.6 8.3 G in 2.0 1.2

o Obtained by use of . 2,

irg wus true for all four systems, it is somewhat
unlikely that the effeet counld be attributed to
speeific steric interactions.  There is a possibility,
however, that  steric  interference  between  the
carboxyiate group und the second ring may confer
flatter configurution to the g-isomer; this may be

" generally more coanducive to binding,  The abserved
greater interactions, on the other hand, may again
he attributed to the possibly greater electron aflinity
of the B-isomer, although it would be ditlicult to
explain why this would be the case.

The results fur the few  hydroxynuphthoates
studied indicate that the added offcet due to the
presence of a hydroxyl group on the naphthalene
ring was approximately the same as it was {or the
presence of this graup on the benzene ring,  This
abservation tends to suggest that the factors re-
spousible for the increased complexation of the
monohyvdroxybenzaates over benzoate apparently
hald for these naphthoate systems as well,  Again,
it is difficult to mauke any conclusions which would
be more than speculative, particularly in view of the
limited systems studied,

Considerations from the Standpoint of the Ma-
terial Solubilized. -The degree of solubilization
achicved is, as expected, strongly dependent on the
nature of the compound.  The data of Tables 1 and
11 reveal that the most nucleophilic compound,
theophylline, was the strongest binder in all in-
stances. Previous studies (1, 2) have shown that
the xanthines generally are strong binders of elee-
tron ueceptors. It is probable that the contribution
from this type of binding, reinforced by other fue-
tors, is also importaut in the interactions with these
aromatic and hydrosyaromatic compounds.

One might expect from the type of structures in-

volved that hydrephobie associntions wouhl be re-
spunsible, un the other hand, for the binding ten-
dencies of the steroids.  Contributions from such
hinding alone could not, however, expliin the en-
hancing  ability of phenolic groupings,  Conse-
quently, it is felt that weclectrons in the keto groap
andl in the double bonde of the A ring must par-
ticipate to some extent i these interactions,
The relatively  low  associative  teudeney
phenaeetin was somewhat unespeeted,

of

CONCLUSIONS

It is cvident from the above scetions that we
are presenttly of the epinion that the major con-
tributions of the interactions between  these
aromatic or hvdroxyvaromatic compounds und the
four substrates studied have been of the “donor-
acceptor'” type and that the contributions from
hydrophobic bonding and hydrogen honding were
possibly of lesser magnitude.  The genceral con-
siderations discussed herein can, however, only be
considered as speculative.  Further work along
these lines may bring to light additional {actors
which have not been evident in this limited
study.
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Abstract

The thermal behaviour of nicotinamide was investigated by differential scanning calorimetry (DSC). Nicotinamide was
heated to 140°C, cooled and subsequently re-heated using DSC. Nicotinamide displayed four polymorphs. The melting points
of Forms I, II, IIT and IV were 126-128, 112-117, 107-111 and 101-103°C, respectively. Untreated nicotinamide composed
only of Form I. When molten and subsequently cooled, a mixture of polymorphs recrystallised. When the molten liquid was
cooled to temperatures <80°C, the main product was Form 1. In these scans, conversion from the metastable forms to the stable
one without accompanying melting was observed at low re-heating rates. At higher rates, the melting of the metastable form
became more obvious and it occurred concomitantly with recrystallisation of the stable form. When molten samples were
cooled to 80 or 85°C and held isothermally, Form II was predominantly formed and the formation of Form I could not be
detected. Form II was converted to Form I by cooling to 30°C. Form I was the stable form; others were metastable.

© 2001 Elsevier Science B.V. All rights reserved.

Keywords: Nicotinamide; Polymorphs; DSC; Scanning rate dependence; Isothermal hold

1. Introduction

Solid dispersions are extensively investigated for
improving the dissolution properties of poorly water-
soluble drugs [1-3]. These are prepared with drugs
and carriers by intermediate action of heat [4-6],
solvent or a combination of heat and solvent {7,8].
The heating method should result in no inherent
toxicity from residual solvent. However, the heating
method may require careful control of heating and

" Corresponding author. Tel.: +44-151-231-2096;
fax: +44-151-231-2170.
E-mail address: j.1.ford@livim.ac.uk (J.L. Ford).

! Present .address: Faculty of Pharmaceutical Sciences, The
University of Tokushima, Sho-machi 1-78-1, Tokushima 770-8505,
Japan.

cooling conditions because of the potential problems
of polymorphic modifications.

Nicotinamide, viz. pyridine-3-carboxyamide, is
one of the components of vitamin B. It was reported
that the solubilities of nifedipine [9,10], indometha-
cin [11] or halofantrine [12] are increased by form-
ing solid dispersions with nicotinamide. In spite of
these potential utilities of nicotinamide, the thermal
properties of this compound have not been fully
investigated. Fused nicotinamide shows a different
differential scanning calorimetry (DSC) scan to the
scan of the untreated material [13]. The polymorphic
modifications of nicotinamide and their interconver-
sion have not been explained in detail. In the present
paper, the relationships between nicotinamide poly-
morphs and the heating and cooling conditions are
reported.

0040-6031/01/$ - see front matter © 2001 Elsevier Science B.V. All rights reserved.

PII: S0040-6031(01)00491-9

UMO00013820

NOVARTIS EXHIBIT 1517
Novartis v. Regents, IPR2023-01347
Page 2566 of 4460



86 T. Hino et al./Thermochimica Acta 374 (2001) 85-92

2. Materials and methods
2.1. Materials

Reagent grade nicotinamide was purchased from
BDH Laboratories (Poole, England) and used without
further purification.

2.2. DSC analysis

The DSC scans were carried out using a Perkin-
Elmer DSC7 calorimeter. The calorimeter was cali-
brated for temperature against the melting points of
indium and zinc (156.60 and 419.47°C, respectively)
and for enthalpies against the heat of fusion of indium
(AH; =28453g7"). -

Samples (normally 2-5 mg) were placed in alumi-
num pans and aluminum lids were crimped in position.
Each sample was initially held at 50°C for 1 min prior
to analysis. These samples were heated to 140°C,
maintained at this temperature for 0.5 min, cooled
to 30, 50, 70, 80, 85 or 90°C, held isothermally at
these temperatures for periods varying from O to
20 min and subsequently re-heated to 140°C. The
heating, cooling and re-heating scans were carried
out under the rates specified in the discussion.

2.3. Thermogravimetic analysis

Thermogravimetic (TG) analysis of nicotinamide
was determined using a Perkin-Elmer TGA7 thermo-
gravimetric analyser equipped with a Perkin-Elmer
TAC7 controller. The apparatus was calibrated against
the magnetic transition temperatures of nickel and iron
(354 and 780°C, respectively) and weight against a
100-mg Class M calibration standard (Part No. 0990-
8397, Perkin-Elmer).

The initial weights of samples analysed were 4.5-
7.7 mg. Samples were heated from 30 to 140°C at a
rate of 1.0 or 10.0°C min™".

2.4. Hot stage microscopic observation

Untreated nicotinamide was placed on a glass
microscope slide and covered by a glass cover
slip. The thermal behaviour of the sample was
observed using hot stage microscopy. The hot stage,
the microscope and the central processor of the system

used were a Mettler FP82, an Olympus BH-2 and a
Mettler FP80, respectively. Samples were heated from
50 to 140°C, cooled to ambient temperature by remov-
ing the slide out of the stage and subsequently heating
to 140°C again. The heating and re-heating rates were
in the range 1-20°C min™'. Accuracy of the hot stage
was routinely checked against the melting of indo-
methacin B.P. and ibuprofen B.P.

2.5. Swability of nicotinamide during heating

The stability of nicotinamide during heating was
checked by high performance liquid chromatography
(HPLC). Nicotinamide samples were placed in uncov-
ered aluminum pans and heated in the DSC7 calori-
meter. Samples were held at 50°C for 1 min, heated to
and maintained at 140°C for 0.5 min, and subse-
quently cooled to 30°C. Heating and cooling rates
were 20°C min™'. Following heat treatment, samples
were also maintained at 80°C for 20 min during the
cooling procedure. Samples were dissolved in metha-
nol and the quantity of nicotinamide remaining deter-
mined by HPLC using a Model 2690 Separation
Module (Waters Limited, Watford, UK) with a Waters
996 photodiode array detector. The data system used
was a Millenium 32. The injection volume was 3 pl
and the column used was a Symmetry Shield™ RPg
(3.9 x 150 mm, 5 pm d.p., Waters Limited, Watford,
UK) ‘at a temperature of 30°C. A gradient elution
profile was used, comprising initially 1 v/v% aqueous
acetonitrile, containing 0.1 v/v% trifluoroacetic acid.
This composition was maintained for 2 min, and then
the proportion of acetonitrile increased linearly over
8 min to 70 v/v%. This ratio was maintained for
2.90 min and subsequently decreased linearly over
0.1 min to the starting composition. The column
was allowed to equibrate for 5 min prior to the next
injection. Nicotinamide was determined by UV detec-
tion at 260 nm.

3. Results and discussion

3.1. Thermal behaviour of the untreated
nicotinamide

Untreated nicotinamide was heated to 140°C at
1-30°C min~! using DSC. Each scan (represented
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Fig. 1. DSC heating scans of untreated nicotinamide. Heating rate:
(@) 1°Cmin~", (b) $°C min™", (c) 10°C min™", (d) 20°C min™".

by Fig. 1) exhibited one sharp peak with onset tem-
perature of 126-128°C and melting enthalpies of
~209 J g~! (Table 1). The fact that no other events
were apparent indicated that the untreated nicotina-
mide contained one crystal form. Slight baseline dis-
placements were observed between the baselines prior
to the onset and following the offset temperatures of

the melting peaks. This suggests that slight decom-

position of nicotinamide might have occurred on

melting. However, the weight loss after heating to
140°C at rates of 1 and 10°C min™', determined by
TG, were in the ranges 0.31-0.34 w/w% and <0.02 w/
w% (n = 2), respectively. Neither significant reduc-
tion in peak areas nor new peaks originating from
decomposition of nicotinamide with heating were
detected by HPLC. Therefore, nicotinamide was con-
sidered to be stable under the DSC conditions
employed.

The thermal behaviour of nicotinamide during heat-
ing to 140°C was observed using hot stage micro-
scopy. Crystals melted in the range 124-130°C. No
changes were observed at lower temperatures. These
observations confirm that nicotinamide was originally
composed of one crystal form.

3.2. Characterisation of nicotinamide polymorphs

Heating, cooling and re-heating of nicotinamide.

were carried out at various rates. Several patterns of
endothermic peaks due to melting of the samples were

Table 1
Characterisation of nicotinamide crystal forms
Heating rate (°C min~") 1 5 10 20 30 Mean s.D.? n
Form I (untreated)
Onset temperature (°C) 125.9-128.3 127.8~128.2  126.5-1284  128.0-128.3 127.9-128.4  128.1 0.9 20
Peak temperature (°C) 130.7-132.5 130.8-133.1 131.2-133.5 130.2-134.6 131.0-133.8 131.5 1.5 20
AH (g™ 207.5-218.8  208.8-219.2  204.3-205.2  182.8-228.3 197.7-221.9  208.9 9.6 20
Form | (from recrystallised material)
Onset temperature (°C) 127.7-1284  128.1-129.6  124.8-128.8 127.9-130.1 127.5-128.5 128.0 0.9 32
Peak temperature (°C) 128.8-129.3 129.5-133.6  130.1-130.7 131.1-135.6 131.5-134.5 1313 1.7 33
AH (Jg-"Y 182.7-242.7  208.8-261.7  189.3-210.2  208.6-228.3 191.7-191.9  208.6 22.0 13
Form 11
Onset temperature (°C) 113.3-116.9 112.2-1154 112.6-1154 113.5-116.2 111.6-116.1 114.5 14 26
" Peak temperature (°C) 113.7-117.2  113.1-117.5  113.3-117.7  1147-120.2  114.9-120.9 1159 1.9 48
AH (g™ 156.1-160.2  153.8-171.3  146.7-164.6  150.3-180.5 167.6-180.5 161.6 9.7 12
Form M1 -
Onset temperature (°C) 107.6 108.2 109.1~-110.6 106.9-110.7 108.9 11
Peak temperature (°C) 1089 109.1 110.0-113.6  109.1-113.5 1115 1.5
AH (g™ 148.6 167.3 158.0 132 2
Form IV®
Onset temperature (°C) 103.1 101.1-102.0 102.0 102.1 0.7 4
Peak temperature (°C) 104.2 103.9 102.2-105.2 103.9 0.9 6

® Standard deviation.
® AH of Form IV was not determined.
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observed in the re-heating scans, depending on the
operating conditions of DSC. These peaks were clas-
sified into four types, i.e. Forms I, II, III and IV,
defined by the temperatures when the onset of melting
and the peak temperature occurred. The DSC char-
acteristics of the four polymorphic forms of nicotina-
mide are shown in Table 1. The peak maxima of
the endotherms of Forms I, II, IIT and IV were
1315+ 15, 1159+£19, 111.5+1.5 and 1039+
0.9°C, respectively.

Onset temperatures are defined as the temperatures
where the baselines intersected the extrapolated tan-
gents at the midpoints of the peaks [14]. Although this
analysis slightly overestimates the onset temperature,
it diminishes the personal bias of judgement of the
onset. Because sample weight, filling state and the
heating rate affect the onset and peak temperatures
[15], these conditions were carefully controlled. The
peak temperature has somewhat larger variance com-
pared with the onset temperature (Table 1). This is due
to the fact that onset temperature reflects the tempera-
ture when the threshold of the energy for melting was
supplied to the sample, while peak temperature is
influenced by the dynamical equilibrium between
supplied heat and the content of the solid portion
which is gradually converted to the molten liquid in
the sample [16]. On the contrary, the reproducibility of
the onset temperature was such that the standard
deviation was <1.4°C. Consequently in this study,
the peaks were characterised by onset temperatures
unless multiple peaks overlapped each other.

AH denotes the enthalpy change caused by melting
of the sample per unit weight. The value of the Form I
was significantly larger than that of the Form II
(P < 0.001) or Form III (P < 0.05; r-test). It suggests
that Form 1 is the stable form, the other forms are
metastable and that these polymorphs are monotropic
according to Burger’s rule [17]. The AH values of the
Form IV could not be calculated, because the peaks
originating from the melting of Form IV could not be
solely obtained and other peaks always appeared
during re-heating.

3.3. Effect of cooling rates on the nicotinamide
polymorphs

The DSC cooling and re-heating scans of nicotina-
mide are shown in Fig. 2. The initial heating rate and
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Fig. 2. DSC cooling and re-heating scans of nicotinamide. Initial
heating rate: 20°C min™', cooling rate: (a) 5°C min~'. Re-heating
curves: (b) 1°Cmin™', (¢) 5°Cmin™!, (d) 10°Cmin~", (¢
20°C min™", (f) 30°C min™".

cooling rate were 20 and 5°C min™", respectively. The
samples were heated to 140°C, held at 140°C for
0.5 min, cooled to 30°C and held for 0.5 min prior
to subsequent re-heating. Fig. 2a shows a typical
cooling scan under these heating and cooling condi-
tions. A large split exothermic peak, due to the
recrystallisation of nicotinamide, is observed at 68—
60°C (Fig.2a). Also several small exothermic peaks
existed at lower temperatures. These complex aspects
of the cooling scans were not reproducible. However, a
large split exothermic peak in the range 85-60°C and
several subsequent smaller peaks were observed in
each scan. The enthalpy of the main recrystallisation
peak was —129.8 £ 16.1Jg™" (n = 8).

Fig. 2b-f are typical re-heating scans. The main
peak is due to the melting of the Form I in each scan.
Form I was thus considered as the main product of
these heating and cooling operations. However, other
endothermic peaks were obtained. It suggests that
other forms, possibly Forms II, IIT and TV, were also
produced under these conditions. Although the rela-
tive size between the endotherm of Form I and those of
the other forms varied in each experimental run, the
melting endotherm of Form I was always apparent.
The variations in their relative size were probably due
to the unpredictable nucleation process mentioned by
Bottom {18], and He and Craig [19]. Exothermic
peaks were observed in these scans (Fig. 2b, c, e
and f). It suggests that recrystallisation occurred on
re-heating as well as during cooling. Conversion from
one solid form to another without accompanying
melting was observed at the slow scanning rates of
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Fig. 3. DSC cooling and re-heating scans of nicotinamide. Initial
heating rate: 20°C min™', cooling rate: (a) and (b} 10°C min~'. Re-
heating curves: (¢) 1°Cmin~", (d) 5°C min™", () 10°C min™", (f)
20°C min™", (g) 50°C min™".

1, 5 and 20°Cmin~". At the rate of 30°C min™'
(Fig. 2¢), conversion from Form III to Form I occurred
via melting of Form Il and subsequent recrystallisa-
tion of Form I. This phenomenon is caused by insuffi-
cient heat supply due to the rapid heating. Melting of
Form III occurred before the solid—solid conversion.

Fig. 3 shows typical DSC scans at a cooling rate of
10°C min~! and subsequent re-heating. The cooling
scans were not reproducible and showed either sharp
peaks such as Fig. 3a or large split peaks as Fig. 3b. No
relationship between sample weight and the peak
aspects could be recognised. The enthalpy change
was —132.3+20.2] g" (n = 14). Large endotherms
due to the melting of Form I were observed in the re-
heating scans (Fig. 3c-g). Other endothermic peaks
also existed. A solid — liquid — solid conversion
from Form IIT to Form I became more obvious with
increase in the re-heating rate. This could be due to the
fact that gradual recrystallisation at the lower tem-
perature was suppressed because of the rapid supply of
heat during the faster re-heating procedures. Conse-
quently, recrystallisation of Form I occurred conco-
mitantly with melting of Forms III and IV.

Fig. 4 shows typical DSC cooling and re-heating
scans from samples examined following cooling rate
at 30°C min~!. The cooling scan exhibited only one
sharp exotherm (Fig. 4a). The re-heating scans exhib-
ited sharp endothermic peaks caused by melting of
Form I and small endotherms originating from Form
II. Similar results were obtained at an approximate
cooling rate of 250°C min~' (data not shown).
Although a precise cooling rate of 250°C min™"
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<
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Fig. 4. DSC cooling and re-heating scans of nicotinamide. Initial
heating rate: 20°C min~', cooling rate: (a) 30°C min~". Re-heating
curves (b) 1°Cmin™!, (¢) 5°Cmin™!, (d) 10°Cmin~", (&)
20°C min™", (f) 30°C min™", (g) 50°C min~".

was not controllable, this rate was the fastest attainable
with the DSC instrument used.

Nicotinamide, following fusion at 140°C and sub-
sequent cooling, was re-heated and examined using a
hot stage microscope. Recrystallisation was observed
in the range 64-105°C although the temperature was
not reproducible. This result suggests that the conver-
sion of Form TII to Form I occurred during re-heating
and supported the DSC data that some conversion of
the solid state occurred before melting took place.

From Figs. 2-4, Form I appeared to be the main
product of cooling to 30°C and subsequent re-heating.
Form IM frequently existed. Forms 11 and IV might be
formed under these conditions. The endotherm that
originates from Form III became smaller and that from
Form I became more predominant with increase in the
cooling rate. The data suggest that Form I, which was
preferentially formed by rapid cooling, is the stable
form and other forms are metastable.

3.4. Recrystallisation of nicotinamide under
isothermal conditions

Nicotinamide samples were heated to 140°C at
20°C min~", cooled to 80°C at 10°C min~", held at
80°C for 10 min and subsequently re-heated. The DSC
isothermal scan at 80°C exhibited either only one
sharp peak (Fig. 5a) or a complex one (Fig. 5b).
Although recrystallisation occurred and ended mostly
during the isothermal step (Fig. Sa and b), it occa-
sionally started during the cooling step (Fig. 5c) or
ended during re-heating (Fig. 5d).
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Fig. 5. Typical DSC isothermal scans of nicotinamide at 80°C.
Initial heating rate: 20°C min™", cooling rate: 10°C min~', holding
temperature: 80°C. (a) and (b) Recrystallisation occurred and
ended during the holding time. (c) Recrystallisation was initiated
during the cooling step and ended during the isothermal one. (d)
Recrystallisation was initiated during the isothermal stage and
ended during the re-heating one.

Fig. 6a-f shows the re-heating scans of samples,
when recrystallisation started and ended during the
isothermal step at 80°C. No scan exhibited the peak
originating from Form I. At the low re-heating rate of
1°C min~", a sharp peak due to the melting of either
Form III (Fig. 6a) or Form II (Fig. 6b) appeared. At
faster rates, two peaks originating from Forms II and
IIT are observed. The former endotherm was larger
than the latter. A small exothermic peak was observed
at 86°C in Fig. 6a. Such peaks were not observed in
Fig. 6b-f. It is considered that Form II was the main
product of these scanning conditions. The small
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Fig. 6. DSC re-heating scans of nicotinamide after holding at 80 or
70°C. Initial heating rate: 20°C min~', cooling rate: 10°C min™",
Holding temperature: (a)}~(f) 80°C, (g) 70°C. Re-heating curves: (a)
and (b) 1°Cmin~, () 5°Cmin™', (d) 10°Cmin~', (e)
20°C min~', (f) 30°Cmin™', (g) 10°C min™",
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Fig. 7. Effect of holding temperature on the DSC re-heating scans
of nicotinamide. Initial heating rate: 100°C min™!, cooling rate:
100°C min~", re-heating rate: 20°C min~'. Holding temperature:
(a) 30°C, (b) 50°C, (c) 70°C, (d) 80°C, (e) 85°C, () 90°C.

exothermic peak in Fig. 6a was presumably due to
the conversion of Form II to Form ITI. On the contrary,
Form I was the main product when nicotinamide was
cooled to 70°C and subsequently held at this tempera-
ture (Fig. 6g). )

The effect of the holding temperature on the recrys-
tallisation of nicotinamide is shown in Fig. 7. The re-
heating rate was 20°C min™". In order to initiate and
terminate the recrystallisation during the isothermal
procedure, the cooling rate and holding time were
100°C min~" and 20 min, respectively, rather than the
conditions of Fig. 6. Consequently, the recrystallisa-
tion commenced and ended during the holding step,
except at the holding temperature of 90°C. When
nicotinamide was cooled to lower than 80°C, Form
I was predominantly formed, while Form IT was the
main product under the holding temperature of 80 or
85°C. When the cooling was stopped at 90°C, neither
melting nor recrystallisation occurred in the isother-
mal and re-heating scans.

3.5. Recrystallisation of nicotinamide during re-
heating

Nicotinamide was cooled to 80°C and immediately
heated without isothermal holding it at 80°C. When
the re-heating rate was low (1 or 5°C min™"), recrys-
tallisation occurred at a lower temperature in the re-
heating scan (Fig. 8a and b). The main product of these
scans was Form II. Neither recrystallisation nor melt-
ing occurred in the re-heating scan at the faster rates
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Fig. 8. Recrystallisataion of nicotinamide during re-heating
procedure. Initial heating rate: 20°C min~', cooling rate:
10°C min~". Re-heating curves: (2) 1°C min~', (b} 5°Cmin~',
(c) 10°C min~", (d) 20°C min~".

(10 or 20°C min~", Fig. 8¢ and d). This is due to the
fact that nicotinamide was insufficiently cooled and
subsequently re-heated before the solidification
occurred at the larger re-heating rate.

3.6. Solid 10 solid conversion of nicotinamide

Nicotinamide was heated to 140°C, cooled to 80°C,
held at 80°C for 20 min, cooled to 30°C and subse-
quently re-heated. The DSC cooling and re-heating
scans are shown in Fig. 9. The product after cooling
to 80°C and subsequent holding at the temperature is
considered to be Form 11, as described above. However,
when it was cooled to 30°C, Form II was converted to
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Fig. 9. DSC cooling and re-heating scans of nicotinamide obtained
by heating to 140°C at 100°C min~", followed by cooling to 80°C
at 100°C min~", holding at 80°C for 20 min, cooling to 30°C at
10°C min~" and heating to 140°C at 1°C min™",

Form 1. The exothermic peaks were observed at ca. 61
and 105°C in the further cooling and re-heating scans,
respectively. These peaks are considered to be caused
by the conversion from Form II to Form 1 without
accompanying melting. The peak due to the melting
of Form I is also detectable in the re-heating scan.

The original nicotinamide powder was heated to
80°C, held for 20 min and subsequently heated to
140°C. The heating curve exhibited only one small
peak originating from Form I (data not shown). The
conversion from Form I to Form II did not occur in
these procedures. These results denote that Form I is a
stable form and Form II is a metastable one. It was
confirmed by these results as well as the AH data in
Table 1 that the solid—solid polymorphic change from
Form II to Form I is monotropic.

The X-ray diffraction patterns of nicotinamide
investigated at ambient temperature have been
reported earlier [20]. No significant change in the
X-ray diffraction pattern of nicotinamide was obtained
by heating to 140°C nor by subsequent cooling and
holding at 80°C. This was due to a lack of significant
decomposition and that Form II crystals were con-
verted to Form I by cooling to ambient temperature.

This clarified the facts that nicotinamide displays
polymorphic changes and that cooling conditions
affects its polymorphs significantly. Fused nicotina-
mide shows a different DSC scan to the scan of the
untreated material due to the co-existence of the
polymorphs [13]. Consequently, precise control of
cooling is necessary for the preparation of solid dis-
persions with nicotinamide.

4. Conclusion

Nicotinamide has at least four polymorphs. Form T
is the stable form. When nicotinamide is melted and
subsequently cooled to temperatures <80°C, Form I
preferentially recrystallises. When cooling is stopped
at the higher temperature (80 or 85°C), Form II
predominantly forms.
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Crystallograph1c theoretlcal and molecular

modelling studies on the conformations of the
sahcylarmde racloprlde a selective dopamine- D;
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The structure of the potent dopamine-D; antagonist, raclopride, (§)-3,5-dichloro-N-[(1-
ethyl-2-pyrrolidinyl)methyl]-6- methoxysahcylamlde (+)-tartrate, has been determined by
X-ray crystallography. The benzamide moiety of raclopride is planar in accordance with
other salicylamides (FLA 797 and eticlopride). The planar conformation is stabilized by two
intramolecular hydrogen bonds, i.e. one between the amide hydrogen and the methoxy
group and one between the phenol hydrogen and the carbonyl group. The side-chain of
raclopride has an extended conformation in contrast to the solid state conformations of FLA
797 and eticlopride. The side-chain conformations were studied by rigid rotations followed
by MM2PI relaxations of the eight local minima found. Small energy differences
(<4-0 kcal mol-1) exist between the various extended and folded conformations. Based on
modelling studies with piquindone as template, it is suggested that the salicylamides with
N-ethyl-2-pyrrolidinylmethyl side-chains interact with the dopamine—DZ receptor in a folded

© 1987 J. Pharm. Phar}né{céi;

or a half-folded conformation.

Two categories of central dopamine receptors,
dopamine-D| and dopamine-D,, have been identi-
fied (Stoof & Kebabian 1984). Dopamine-D; recep-
tors are positively coupled to adenylate cyclase,
whilst dopamine-D, receptors are either uncon-
nected or negatively coupled to adenylate cyclase
(Stoof & Kebabian 1981, 1984; Meunier & Labrie
1982). The substituted benzamides are a recently
developed class of compounds, which preferentially
block the dopamine-D, receptors (Jenner & Mars-
den 1981; Ogren et al 1984, 1986; de Paulis 1985;
Hall et al 1986). The mode of action of antipsychotic
agents has been suggested to be related to the ability
to block dopamine-D; receptors (e.g. Seeman 1980).

There exist several main types of benzamide
derivatives with different side chains and/or aromatic
substituents. The common denominator is the
2-methoxybenzamide part often referred to as
orthopramide.“The side-chains are of four principal
types, i.e. aminoethyl (metoclopramide), 2-pyrroli-
dinylmethyl (sulpiride), 3-pyrrolidiny! (YM 09151-2)
and 4-piperidyl (clebopride) as shown in Fig. 1. Most
of the first reported derivatives (e.g. sulpiride) are
substituted in the 5-position and unsubstituted in the
6-position. Recently, a series of compounds contain-

* Presented in part at the IXth International Symposium
on Medicinal Chemistry, Berlin, 1986, P 2.2.2.
t Correspondence.

ing 6-methoxy (remoxipride) or 6-hydroxy (eticlop- .
ride, raclopride, FLA 797) substituents have been -

reported from these laboratories (Fig. 2) (Florvall &
Ogren 1982; Ogren et al 1984, 1986; de Paulis et al
1985a, b, 1986; Hall et al 1986). Remoxipride was
shown to improve schizophrenic symptomatology in
an open study (Lindstrom et al 1985). The salicylam-
ides, [3HJeticlopride and [3H]raclopride, have
proved to be potent and selective dopamine-D,
receptor ligands under in-vitro as well as in-vivo
conditions (Kéhler et al 1985, 1986; Hall et al 1985;
Hall & Wedel 1986; Kohler & Radeséter 1986). By
virtue of these properties, [1!C]raclopride has been

N80 \@ \NH/%_)
]

CiH,

l/:( N
n
ocK,

. Supinde Clevogride

()
)
[} : C\NH/\\-/MC"HJ’ C\NH//’\:\
HN ocH, CHNH : CHa
Metccloprarmige YMO9151-2
Fic. 1. Representative examples of antidopaminergic

2-methoxybenzamides containing the four main types of
side-chains.
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used in positron emission tomography (PET) to
visualize the dopamine-D; receptors in the living
human brain (Farde et al 1983, 1986). Moreover, it
has been suggested that raclopride is able to discrimi-
nate between various subclasses of functionally
coupled dopamine-D; receptors (Ogren et al 1986).

Many experimental and theoretical studies have
been done to elucidate how the substituted benzam-
ides may interact with the dopamine receptor at the
molecular level (e.g. Testa et al 1986). The
4-piperidyl derivatives (e.g. clebopride) exist exclu-
sively in the extended form. whereas the 2-pyrroli-
dinylmethyl benzamides have considerable confor-
mational flexibility (van de Waterbeemd & Testa
1983). By utilizing various topographical dopamine
receptor models, both extended (Testa et al 1986)
and folded (Hogberg et al 1986) conformers of
2-pyrrolidinylmethyl derivatives have been proposed
to be the conformation recognized by the receptor.
Such receptor models have been derived from
conformationally restricted compounds. Humber et
al used butaclamol and isobutaclamol (Fig. 3) to
define coordinates of a widely used 3-D receptor
map including a naphthalene binding site (« and B
regions), a nitrogen binding site and a lipophilic

i !
= HW e %
‘ N/(,y \N/ﬁ:
a ‘
\./?QH ‘\/; OH
CICH ), C(CHuy,
Butactamot iscbutactarmot Piquindone

Fic. 3. Conformationally restricted neurolepiics used in
dopamine receptor mapping. Pertinent pharmacophores
are indicated according to original designations.

accessory binding site 4-5 A away from the nitrogen
site (Humber et al 1979b; Philipp et al 1979). Olson
et al (1981) have used piquindone (Fig. 3) and other
antipsychotics as model compounds. The pyrroloiso-
quinoline structure contains three recognition sites,
i.e. a m-excessive pyrrole ring (ty-site). a keto
function (n;-site) and an aliphatic nitrogen, which
chemically relate to the 2-hydroxy-6-methoxyphenyl
group, the amide carbonyl and the pyrrolidine
nitrogen in the salicylamides. Contrary to the (iso)-
butaclamol model, the piquindone model has no
strict requirement for an accessory lipophilic bind-
ing.

Theoretical and crystallographic investigations
provide essential information about possible low-
energy conformations likely to be involved in the
receptor interaction. As a part of the structure-
activity studies of the 6-oxygenated 2-methoxyben-
zamides (Fig. 2). the solid state conformations of
remoxipride, FLA 797 (Hogberg et al 1986) and
eticlopride {Wigner et al 1985; de Paulis et al 1985b)
have been determined.

In the present paper we report on the X-ray
structure of raclopride tartrate. Furthermore, the
conformational behaviour of raclopride, a represen-
tative model for the group of substituted salicylam-
ides (including eticlopride and FLA 797), has been
investigated using molecular mechanics (force field)
calculations (cf. Burkert & Allinger 1982). Finally,
the different solid state conformations and the
theoretically derived conformations have been rel-
ated to the preferred rigid template, i.e. piquindone,
by means of distance parameters and molecular
modelling.

MATERIALS AND METHODS

Crystallography

Single crystals of raclopride (+)-tartrate, FLA 870,
CisHpyOaNLCla x CyHOg were obtained from
recrystallization in absolute ethanol. The crystal
chosen for the data collection was 0-08 % 0-62 x 0-64
mm in size and oriented with the crystallographic
b-axis parallel to the ¢-axis of the goniostat. A
Philips PW 1100 automated diffractometer,
equipped with monochromatized CuK(«)-radiation
was used to measure 2011 unique reflections, utiliz-
ing the w-28 scan technique. The 8-range was: 1-67°;
scan width 1-4° and scan speed 0-035°s-'. All
observed reflections were corrected for Lorenz and
polarization factors as well as for absorption. Least
squared refined unit cell parameters were calculated
from an X-ray powder diffraction photograph raken
in a Guinier-Hagg focusing camera with monochro-
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matized CuK (e )-radiation (h = 1-54056 A). and Si’,
(a = 54309 A) as internal-standard., (Malmros. &
Werner 1973). The crystal structure was elucidated
by a combination of Patterson- and direct methods.
From the Patterson synthesis' the positions' of the
pseudo-related Cl-atoms were determined and the
knowledge was exploited in ‘the MULTAN 80
program (Main et al 1980). Many successive Fourier
maps had to be calculated before a reasonable
structural model was found.

The structure was completed and refined in the
program system SHELX 76 (Sheldrick 1976). All
non-H atoms were refined anisotropically except for
C(12), which was suffering from abnormal thermal
vibration or disorder. Most H-atom positions were
calculated from known geometrical considerations
(C-H = 108 A) and supplied with four different
isotropic thermal factors. Exceptions were the
hydrogen-bonded H-atoms H(3), H(8) and H(14) of
the raclopride molecule and the hydroxyl H-atom

H(3") of the tartrate, which were refined individually
\‘ with isotopic thermal parameters. The two carboxyl
;\ H-atoms of the tartrate group could. iowever, never

{beTocated. In the last cyCle of refinement the large
¥ m&er shift was 0-022 of the non-H atoms. Five
reflections (1155,-301,100,-1546,-160 5) were
"omitted due to their abnormally high 8/¢ ratio.

A summary of some selected crystal and expeni-

mental data is given in Table 1. Lists of atomic

Tabie 1. Some selected crystal data for raclopride tartrate.

Formula CsHa20gN,Cly-CiH O
Space group 2
Number of molecules in the
unit cell =2 .
Celldimensions a= 162147 A
b= 9 )67}3% A
c = 7381(2)A
B =108-20(3)°
Calculated density d.=1-422gcm~3
Linear absorpnon coefficient
{CuKo) pu=302cm-!
Number of unique collected
reflections 2011
Number of reflections for
which F = 60 (F) 1922
Number of parameters refined 309
Final linear R-value R =3-80%
Weighted R-value
{w = 22.76 [oX(F)
+0-009(F)2}~1} R, =591%

coordinates and anisotropic thermal parameters
have been deposited with the Director of the
Cambridge Crystallographic Data Centre, Univer-
sity Chemical Laboratory, Lensfield Road, Cam-

CONFORMATLONS OF RACLOPR!DE

.bndge CB2 1EW, UK. Any request should...‘be
..accomparued by the complete literature cuanon ‘of

this paper. Structure factors and Bijvoet dxffcrences
are available from the authors.- .

Calculations

We -have used a molecular mechanics prooram
MM2PI, which is similar to the MMPI-MM?2 hybrid
force field developed by Lipkowitz et al (1984). The
MM2PI program uses the s-system routines of
MMPI together with the MM2 equations and
parameters. MM2PI provides geometries and ener-
gies that are comparable with those obtained by
MMP2 (Norinder unpublished). The parent rigid
trial structures of raclopride were obtained by using
the MACCS program (Molecular Design Ltd, Hay-
ward, California, USA) followed by MM2PI relaxa-
tion. The rigid rotations were carried out with a
subroutine in the MIMIC program (Liljefors 1983).
The molecular modelling was performed by compari-
son of the molecules with proper alignment accord-
ing to the least-squares fitting routine in CHEM-X
(developed and distributed by Chemical Design Ltd,
Oxford, UK).

RESULTS
Crystallography
The molecular structure and atom numbenng,
shown in Fig. 4, refer to the correct absolute
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Fig. 4. Molecular structure and atom numbering of
raclopride (+)-tartrate displayed from two different angles.
Atoms with a prime refer to the tartrate anion.
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configuration of raclopride (+)-(R,R)-tartrate. The
pertinent possible intra- ‘and intermolecular
hydrogen bonds are shown in Table 2. The molecular
packing arrangeinent is drawn in & mixed ball-and-
stick/van der Waals style for clarity (Fig. 5). The
absolute configuration, measured from Bijvoet dif-
ferences of 14 reflections, entirely confirmed the
(8)-enantiomeric form (Bijvoet et al 1951). The
(+)-tartrate anion, being an asymmetric marker in
itself, was determined to possess the (R, R)-configu-
ration.

Table 2. Possible intra- and intermolecular hydrogen bonds
in raclopride tartrate with estimated standard deviations in
parentheses. Primed atoms refer to the tartrate molecule.

Distances (A) )
Angle (°)
Donor-H - - - Acceptor DA DH H---A <DH---A
O@)-H(2)---O(N) 2:467(6)  0-88(5) 1-6025) 169(6)
N(8)-H(8) - - - O(6) 2.704¢6)  1-05(8)  1-94(7) 127(5)
N{I4-H(14) - - - 02 2-880(7) 0-63(9  2:28(10)  163(11)

Intramolecular distances (A)

Tartrate

O(12 -+ - 02" 2-630(5)
o] 3'; EERA . ] 2-816 6%
O3 - - - 042 2-626(6

Intermotecular distances (&)
Raclopride-Tartrate

N(8) -+ - O(i1") 3-009(6)®
O(6) - - - (11" 313003}

Tartrate-Tarwrate
O(2y--- 02 2
O(12%) - - - O(417) 2-

Symmetry operations: 2 X,y 2:° 2= x, b+ y. 2~ ;¢ —xd+y. ==
dx.y.z+ L

Fic. 5. Molecutar packing arrangement of the raclopride
(+)-tartrate, viewed along the crystallographic b-axis and
drawn in a mixed ball-and-stick/van der Waals style. The
four most closely packed molecules involved in short
intermolecular contacts are shown. No H-atoms are
included.

T HOGBERG ET AL

“The benzamide part of the-raclopride molecule -

adopts a rigid planar conformation stabilized by two
intramolecular hydrogen bonds. Except for the
common interaction from the amide nitrogen 1o the
methoxy oxygen, N(8)-H(8) - - - O(6) = 2-704(6) A.
found in most ortho-methoxy benzamides, another
hydrogen bond between the phenol and carbonyl
oxygen atoms, O(2)-H(2) - - - O(7) = 2-467(6) A, is
also found. This observation is in agreement with
other ortho-hydroxy substituted benzamides (sali-
cylamides) (Wagner et al 1985; Héogberg et al 1986).
It is notable that the only component diverging from
the plane is the methyl group of the methoxy moiety.

The side-chain in raclopride has an extended
conformation in contrast to the other investigated
salicylamides. The interchain torsion angles
13 : C(MHN(B)-C(9HC(10) and =,: N(8)C(9)-C(10)-
N(14), possessing the greatest conformational free-
dom, are —78° and 176°, respectively. The conforma-
tion of the pyrrolidine ring takes a half-chair form,
with the two-fold axis through the C(12) atom and
with a phase angle P = 88(5)° (Cremer & Pople
1975). The dihedral angle between the pyrrolidine
and benzene ring least-squares planes is 41-8(3)°.

The distances between the centre of the benzene
ring and the tertiary nitrogen N(14) is 7-32 A and the
out-of-plane distance is 0-84 A. The distances to
N(14) from the centres of the two pseudo-rings
including N-H - - - O and O-H - - - O are 5-25 A and
5-47 A, respectively.

Bonds involving the tartrate carboxyl group
C(1MO(11)0(12") are normal with a separation of
0-1 A of the C-O and C=O distances. The corre-
sponding values of the deprotonated carboxyl group
C(4")O(41")O(42") are equal. Remarkably, the
hydroxy oxygen O(2"), instead of the carboxylate
oxygen in the tartrate. is involved in the hydrogen
bonding to the protonated tertiary nitrogen N(14) of
the raclopride molecule. Thus, the hydroxyl O(2")H
acts as a hydrogen bonding bridge between the two
ionic centres. The short intermolecular interaction
between the carboxyl oxygen O(11") and the amine
nitrogen N(8) of the raclopride molecule is also
notable.

Calculations

To ascertain relevant basic structural parameters in
the calculations, we have utilized salient features
from the crystal structures (cf. Table 3). The
benzamide moiety in the solid state conformations
of all salicylamides examined so far (vide infra)

has a planar arrangement, i.e. a torsion angle
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CONFORMATIONS OF RACLOPRIDE

Table 3. Selected topographical X-ray features of various antidopaminérgic compounds.

Distances (A)e Torsion angles (°)® .
- - Theor.

Compound Ar-N N-plane 1 T, Ty T4 LT minc - Ref.
Raclopride tartrate 73 -0 -7 =173 -78 176 ~-115 4 .
Eticlopride HCI 62 2-6 -5 =179 93 60 - 98 I Wagnereral (1985)
FLA 797 (base 6-0 03 — 4 177 —-161 - 51 - 75 3 Hogberg et al (1986)
(+)-Sulpiride (base) 7-4¢ 0-8¢ —13 179 =124 171 ~ 69 5 Houttemane etal (1981)
(ig-Suipiride HCl= 6-1¢ 23 =5 178 84 59  -103 1 Blatoneral(1981)
Piquindone HCle 59 0-1 : Olsonetal (1981)

+)-Butaclamol HBr 5-1d 0-5¢ Bird et al (1976)

+)-Isobutaclamol HBr 6:0¢ 1-14 Humberet al (1979a, b)

» Distances from the nitrogen to the centre of the aromatic ring (Ar-N) and above the aromatic ring plane (N-plane).
b Positive sign for clockwise rotation. T, t0 Ts
C(6)C(1)-C(7)-N(8)-C(9)~C(10)-N(14)C(13). Cf. Table 4.

corresponds to the stnng (from left 10 right):

< Corresponding conformation calculated in Fig. 6 (rigid rotation) and Table 4 (MM2PI). ]
d Distances calculated from the X-ray coordinates obtained from Cambridge Crystallographic Data File.

¢ Torsion angles refer to the (s)-enantiomer.

1,: C(6)C(1)-C(7)N(8) of about —5°. This torsion
angle was held constant at —3° in the following
calculations in order to mimic the intramolecular
hydrogen bond. Likewise, the amide bond has a
perfect trans orientation [t.:C(1)C(7)-N(8)C(9):
being about 180°] in a variety of 2-methoxybenzam-
ides (cf. references in Hogberg et al 1986). Crystallo-
graphic data on various benzamides including sul-
piride, remoxipride, eticlopride and raclopride have
shown that the 1-ethyl group in the pyrrolidine ring is
oriented trans to the 2-methylamino chain. For
comparative purposes, both the c¢is and the wrans
configurations of raclopride were initially subjected
to conformational analysis. The torsion angles t; and
ts, which consequently mainly determine the side-
chain conformations, were changed by rigid rotation
(10° increments) in the two trial structures obtained
from MACCS-MM2PI. The final energy surface was
calculated from the grid obtained by rigid rotation
using spline-interpolation. The calculations showed
consistently lower (>1-8 kcal mol-t) energies for the
local minima of the trans forms in comparison with
the corresponding cis forms. The conformation t3 vs
1, energy surface of the trans configuration was
found to contain eight local minima (Fig. 6), which
subsequently were subjected to full MM2PI relaxa-
tion except for the torsion angle t;. Final energies
and selected geometry data are presented in Table 4.

Our caiculations indicate that a half-folded confor-
mation (#8) is the global minimum and a folded
conformation (#3) is less than 0-5 kcal mol-1 higher
in energy. However, all local minima found in this
conformational search are within 4 kcal moi-t of
each other and include various folded and extended
forms. According to this calculation the distance

Fic. 6. Energy surface of raclopride generated by rigid
rotations of T, and 1, in 10° increments. The final energy
surface was calculated from the grid using spline-interpola-
tion.

between the centre of the aromatic ring and the
nitrogen atom can easily range from 6 to about 7-5 A
(Table 4).

Molecular modelling )
As mentioned earlier, the most widely used confor-
mationally restricted compounds for modelling of
the dopamine receptor are (iso)butaclamol and
piquindone shown in Fig. 3 (Humber et al 1979a, b;
Philipp et al 1979; Olson et al 1981). The essential

e v
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distance parameters are the distance between. the
nitrogen atom and the centre of the aromatic ring
and the height of the nirrogen atom above the
aromatic ring plane. - These parameters for - the
calculated conformations of raclopride and crystal
conformations of different dopamine receptor block-
ers are shown in Tables 3 and 4.

Table 4. Prominent features of low-energy conformations
of raclopride calculated by MM2P1.»

Torsion angles (°)¢ Distances (A)f

Energye -
Minimum?  kcal/mot Tt Tt Ar-N N-plane
1 368 86 83 6-8 2:3
2 3.26 94 - 70 6-2 -4
3 0-42 -118 - 49 6-0 -0-4
4 2.46 - 38 -168 71 -17
3 2:66 —1i64 -174 76 26
[ 404 12 -173 65 1-3
7 216 -132 81 63 -22
8 0-00 -167 79 &7 a-0

2 The t-ethyl group is oriented rrans 10 the 2-methylamino chain of the
pyrrolidine ring. Torsion angle 1yC(6)C(1)-C(7IN(8) fixed at —5°.

® Caiculated from the corresponding minimum in Fig. 6.

¢ Relative to minimum #8.

< Positive sign for clockwise rotation.

¢ 1y = C(DN(8)-C(9C(L0). 14 = N(BIC(9)-C(10)N(14).

! Distances from the nitrogen to the centre of the aromatic ring (Ar-N)
and above the aromatic ring plane (N-plane. positive sign when carbonyl
is oriented upwards and nitrogen above plane of paper).

First, we compare the different solid-state confor-
mations of the benzamides with the preferred
template piquindone with respect to the distance
parameters shown in Table 3. The salicylamide FLA
797 exhibits a remarkable fit both in terms of
nitrogen distance from (6-0 A) and height above
(0-5 A) the aromatic ring. The folded conformation
found in eticlopride will place the nitrogen too high
above the ring plane, but it might be argued that a
n-m stacking or other type of interaction at the
receptor can tolerate a smaller angular deviation
which could bring the nitrogen within contact.
However, the extended X-ray conformation of
raclopride is inappropriate for an acceptable over-
lap. When the calculated conformations of raclop-
ride in Table 4 are compared with piquindone, the
closest match is obtained with #3, which is one of the
energetically most favoured conformations.

Molecular modelling of the eight minimized
raclopride conformations and the above mentioned
X-ray structures, with piquindone as template,
results in a more appropriate comparison than that
by the simple distance parameters. The super-
imposition of the benzamide with piquindone was
based on the three assumed recognition sites (7,, 7,
and N) by minimization with respect to the aromatic
ring atoms, carbonyl moieties and aliphatic nitrogens

"T: HOGBERG ET AL

with' attached lone-pairs. Four representative
graphic overlays are shown from two different angles
in Fig. 7 (a~d). The excess salicylamide. volumes are
contoured at the van der Waals radii.

The raclopride conformation #3, having ideal
distance parameters, exhibits an excess volume
primarily from the 3-, 4- and 5-pyrrolidine carbons
and the 5-chloro substituent (Fig. 7a). The latter sub-
stituent, (5-Cl) in the ortho position with regard to the
methoxy group, is not as crucial for activity as the
substituent para to the methoxy group as mentioned
earlier. Most antidopaminergic benzamides, e.g.
sulpiride, clebopride and FLA 797, in fact lack a
substituent in the position ortho to the essential
methoxy group (de Paulis 1985; de Paulisetral 1985a).
This is clearly seen in Fig. 7d having the solid state
conformation of FLA 797 superimposed on piquin-
done. The overlays of these two structures (Fig. 72, b)
are similar with the exception of the excess volume
generated by the less important chloro substituent in
raclopride. This latter type of substituent ortho to the
methoxy group can be tolerated by the receptor not
only in the salicylamide class of compounds (de Paulis
et al 1986) but also in other derivatives such as
tropapride and veralipride (de Paulis 1985). [tshould
be noted that the halogens in the 3-position of the

salicylamides raclopride (Fig. 7a) and FLA 797 (Fig.

7d) are completely included in the van der Waals
volume generated by piquindone. Thus, this par-
ticular type of superimposition with piquindone and
para-substituted orthopramides is consistent with the
observation that 2- and 3-alkyl substituents of linited
size in the pyrrole part of piquindone related
compounds are mandatory for high activity (Olson et
al 1983). .

The global minimum #8 ot raclopride also shows a
favourable overlap with piquindone (Fig. 7b), indi-
cating that the slightly longer distance between the
aromatic ring and the nitrogen in the half-folded
conformation is more reasonable than originally
anticipated. It should be noted that the N-ethyl
group in conformation #8 occupies the same excess
space as the pyrrolidine ring (i.e. carbons 3, 4 and 3)
in conformation #3. However, conformation #?2 is
clearly less likely than might be expected on the basis
of the distance parameters (Fig. 7¢). The other
structures showed less efficient overlays and are thus
not depicted. )

DISCUSSION ,
The crystal conformation of raclopride shows not-
able similarities with FLA 797 and eticlopride

hydrochloride. The salicylamide part in all three
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compounds has a planar conformation which is
stabilized by the two intramolecularhydrogen bonds
from the amide hydrogen to the methoxy oxygen
atom and from the phenol hydrogen to the carbony!
oxygen atom. This common feature, clearly shown in
Table 3 by the practically identical values of t; and
T2, is thus not influenced by the differences in salt
forms or aromatic substituents. It should be noted
that this planar benzamide arrangement is present
also in the solid state of other 2-methoxybenzamides
- lacking the 6-hydroxy substituent, e.g. sulpiride
(Houttemane et al 1981; Blaton et al 1981). meto-
clopramide (Cesario et al 1981), YM-09151-2
(Furuya et al 1982) and its diastereomer YM-0915}-1
(Furuya et al 1986).

The appearance of the side-chain in the crystal
conformations of the salicylamides raclopride, eti-
clopride and FLA 797 differ considerably (t;, 1, and
15 shown in Table 3). The side-chain conformation is
apparently independent of whether the pyrrolidine is
in base or protonated form, which is underlined by
comparison of the two sulpiride structures in Table 3.
Thus, the extended conformation of raclopride is not
necessarily due to the tartrate, which is involved in
extensive hydrogen bonding in the crystal, since a
similar conformation is found for sulpiride base. The
X-ray studies indicate that the salicylamide moiety is
also likely to be in a planar hydrogen bonded form
when the compounds elicit the biological response.
However, no conclusive information about which of
the different side-chain conformations is preferred
can be deduced on the basis of the crystal conforma-
tions alone.

The theoretical conformational analysis of the
model salicylamide raclopride shows that there are a
variety of folded and extended conformations pos-
sible within a small energetic span of 4 kcal mol~1. In
Table 3 it can be seen that the crystal conformations
of raclopride, eticlopride, FLA 797 and sulpiride in
fact correspond to four of the eight local minima
found by the MM?2PI calculations. An exact match of
the torsion angles should not be expected due to the
methodological differences. Yet, this fact underlines
the relevance of the calculations since the X-ray
analysis provides the three-dimensional arrange-
ment of at least one of the minimum energy
conformations, even if it is affected by crystal
packing forces such as n~7 stacking and hydrogen
bonding (Kitaigorodsky 1973; Duax 1978; Hogberg
et al 1986).

A half-folded (#8) and a folded (#3) conforma-
tion are energetically most favoured, which partly is
in line with the results obtained by van de Water-

T. HOGBERG ET AL

beemd & Testa (1981). They investigated a rnodel
molecule [N-(1-methyl-2-pyrrolidinylmethyl)-2-
methoxybenzamide] in the protonated form by the
quantum mechanical PCILO method. The global
minimum thus obtained was a folded conformer
having a hydrogen bond between the carbony! and
the protonated nitrogen. This particular conforma-
tion stems from a cis orientation of the 1-methyi
group and the 2-methylamino side-chain in the
pyrrolidine ring. Consequently, this folded confor-
mation has no corresponding minimum in our
calculations, since we only refined the energetically

- more favoured trans forms of the free base by the

MM?2PI relaxation. Besides, the PCILO method is
known to overestimate attractive interactions
between non-bonded atoms, especially hydrogen
bonds (Bendl & Pretsch 1982). However, the addi-
tional three local minima found by van de Water-
beemd & Testa (1981) are close to the minima #7,
#4 and #6 obtained by the MM2PI calculation. It is
important to note that low-energy folded conforma-
tions are found by force-field (MM2PI) calculations
without any need for an internal hydrogen bond
between the carbonyl and the pyrrolidinium group
(cf. van de Waterbeemd & Testa 1983). Still, there

are no conclusive arguments either for or against any .

of the possible side-chain conformations as being
more relevant than the others in the receptor
interaction. For this purpose one needs to study rigid
analogues or to make comparisons with other
geometrically defined antidopaminergic compounds
as described in the preceding section (Fig. 7).

The 2-methoxybenzamides with N-ethyl-2-pyrroli-
dinyimethyl side-chains have several features that
make piquindone the rigid template of choice, i.e. a
reasonable chemical relationship, a flat aromatic/
pseudo-ring arrangement and a smalt N-alkyl substi-
tuent without the requirement of accessory binding.
The latter requirement is for example not met by
4-piperidyl derivatives such as clebopride which have
the N-benzyl substituent as a prerequisite for activity
(Prieto 1977). Besides, there are certain characteris-
tics of the binding of piquindone that make it an
attractive template for mapping of the benzamide

conformations (Nakajima & Iwata 1984). Firstly,

sulpiride, metoclopramide, molindone and domperi-
done exerted a more potent inhibition of [SH]piquin-
done binding than of [3H]spiperone biriding, where-
as other classical antipsychotics were almost equi-
potent at the two binding sites. Secondly. the binding
of piquindone, sulpiride, metoclopramide and mol-
indone to [H]spiperone binding sites was markedly
sodium dependent in contrast to spiperone, chlor-
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promazine and dompendone Finally, pvrrolmsoqm-
noline compounds havinga nonhpophdlc N-substitu-
ent (methyl, propyl, cyclopropylmethyl aliyl) were
more potent at [3H]piquindone binding sites whereas
compounds with lipophilic N-substituents were equi-

potent at [’H]piquindone and [*H]spiperone binding

sites. It has been argued that the N-substituents may
influence the selectivity between dopamine-D; and
-D; receptors (Olson et al 1983).

Based on the modelling studies of the salicylam-
ides with piquindone shown in Fig. 7, it can be
concluded that the benzamides with an N-ethyl-2-
pyrrolidinylmethyl side-chain are likely to have a
planar hydrogen-bonded pseudo-ring system and a
folded or a half-folded side-chain conformation
when interacting with the dopamine receptor. If this
hypothesis is correct the distance between the centre
of the aromatic ring and the nitrogen atom (ca 6 A) is
significantly longer than the corresponding distance
in dopamine, having a fully extended rrans side-chain
(5A). An_extended phenethylamine moiety has
been proposed as an essential part of the pharmaco-
phore in several dopamine agonists (Ernst 1967;
Horn & Rodgers 1980; Cannon et al 1981; Cannon
1985; Seeman et al 1985) and antagonists (Horn &
Snyder 1971; Humber et al 1975; Harbert et al 1980;
van de Waterbeemd & Testa 1983) (cf. reviews by

. Seeman 1980; Andrews & Lioyd 1982; Kaiser & Jain

1985). For an agonist it is highly relevant to expect
such a resemblance with the endogenous transmitter.
However, for an antagonist this might be the case
(Johansson et al 1986) but there are several other
possible ways to block the receptor than merely by
overlapping in a complementary fashion with the
endogenous pharmacophore. Such explanations
include binding to an allosteric site or binding to only
one of the sites essential for the transmitter (e.g.
aromatic or amine binding site) combined with one
or several other accessory sites. This view lends
support from the different structure-activity rela-
tionships found for agonists (e.g. Cannon 1983,
1985; Kaiser & Jain 1985) and antagonists (e.g.
Kaiser et al 1980). Besides, dopamine agonists and
antagonists exhibit certain different binding proper-
ties (e.g. Seeman 1980; Creese et al 1983; Seeman et
al 1986: Creese & Leff 1986), which can make
comparisons of their structures erroneous. This risk
of using dopamine antagonists to probe the agonist
binding site has been pointed out previously (e.g.
Carnmaim et al 1979; Cannon et al 1981; McDermed
1983).

The phenethylamine moiety has been invoked in
the pharmacophore of 2-methoxybenzamide anti-

.dopammergxcs by regardmg the hydrogen bonded

pseudo-ring as the’ aromatic counterpart (van de
Waterbeemd & Testa 1983) By recem malecular
elecurostatic potential (MEP).studies, van de Water-
beemd et al (1986a, b} slightly revised this model_due
to an inadequate correspondence between tegions of
positive and negative potential generated by dopam-
ine and orthopramides. The receptor topography
thus proposed by van de Waterbeemd and Testa is
based on an extended side-chain, contrasting with
our own view. Further studies are needed to gain a
deeper insight into which is the bioactive conforma-
tion. Different requirements might be involved for
benzamides with a small. alkyl nitrogen substituent
(sulpiride, raclopride, eticlopride, etc) and for semi-
rigidly extended benzamides which require lipophilic
nitrogen substituents (clebopride, YM-09151-2,
BRL 25594, etc).
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The 2:1 Crystal Complex of 2-Aminopyridine and 5,5-Diethylbarbituric Acid (Barbital)
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The 2:1 complex of 2-aminopyridine (CsHgN,) and 5,5-diethylbarbituric acid (barbital, CgH;;N;03),
m.p. 82°C, is triclinic, space group PT with a=9-914 (2), b= 10-004 (2), c=10-861 (2) A, x=108-76 (2),
B=92-28 (2), y=104-24 (2)°, (reduced cell) and with observed density (1-265 g cm™%) in agreement with
a calculated value (1:262 g cm=3) for 4(CsH¢N,).2(CgH;;N;O,) in the unit cell. The structure determina-
tion by direct methods was based on 4032 integrated intensities measured on a computer-controlled
four-circle diffractometer with graphite monochromated Cu K« radiation. Least-squares refinement of two
large blocks of atomic parameters gave a final R value of 0-065 for all data. The structure contains two
strong NH:- N hydrogen bonds with N---N distances 2-81, 2-85 A, in which the two barbital NH
groups are donors and pyridine nitrogen atoms are acceptors. These distances are similar to those
reported for hydrogen bonds in which barbiturate or uracil is donor and adenine atom (N1) is acceptor.
There are four weak NH- - -0=C hydrogen bonds with N- - -O distances 3-02, 3:03, 3-13 and 3-14 A.

Introduction

The strong association of barbiturates with adenine
derivatives in solution may be significant for an under-
standing of barbiturate drug action (Kyogoku, Lord &

“Rich, 1968). Structure determinations of crystal com-

plexes of barbiturates with adenine derivatives (Kim &
Rich, 1968 ; Voet & Rich, 1972; Voet, 1972) have shown
‘examples of hydrogen bonding both in the Watson-
Crick and Hoogsteen modes. The Watson—Crick mode
of hydrogen bonding which involves one NH.--N
hydrogen bond with barbital as donor and adenine
N(1) as acceptor, and a second NH- - - O=C hydrogen
bond with the adenine amino group as donor and a
barbital oxygen atom as acceptor, is very similar to the
mode of hydrogen bonding which is observed in the
complex of barbital with 2-aminopyridine.

Experimental

Prismatic crystals of the 2: 1 complex 2-aminopyridine-
barbital previously reported in the patent literature®
were grown from a supersaturated solution of both
components in a solvent mixture of 3 ml ethanol and
3 ml hexane. The crystals were observed to become
opaque after about a week’s exposure to air. A trans-
parent crystal of dimensions 04 x0-3x0-2 mm was
coated with epoxy resin to prevent deterioration. The
unit-cell dimensions and X-ray intensities were meas-
ured on a four-circle automatic diffractometer using
graphite monochromated Cu Ko radiation (A=
1-5418 A), and with the coated crystal oriented with
{O11] approximately along the goniostat ¢ axis. Reflec-
tions were scanned in the #-26 mode, with a & scan

* (Etlemiiche Fabrik von Heyden A-G@. 769586 (1934).

width of (0-8+0-5tan §)°. Among a total of 4032
independent refiections in the range 8 <75°, there were
726 reflections for which the integrated intensity (7)
was less than 2¢(/) as calculated from the counting
statistics. These reflections were assigned intensities of
o(7)/2. X-ray absorption and extinction corrections
were not applied. :

The crystal structure was determined by direct
methods (Germain, Main & Woolfson, 1971). Because
of computing limitations, atomic parameters (Table 1)
were refined alternately in two blocks by a least-
squares procedure. The first block consisted of param-
eters for all heavier atoms and the second block con-
sisted of parameters for all hydrogen atoms together
with those of the atoms to which the hydrogens are
bonded. The function minimized was >wy4%, where

H
dy=|F%|—\F%|. The weights were wg'=0-13+
0-0034| Fy|%. The atomic scattering factors were those
of Cromer & Waber (1965) for carbon, nitrogen and
oxygen, and of Stewart, Davidson & Simpson (1965)
for hydrogen. All hydrogen atom positions were ob-
tained from a difference Fourier synthesis which was
calculated after some refinement of heavier atom

- anisotropic thermal parameters. Hydrogen-atom ther-

mal parameters were refined isotropically. In the final
cycles of refinement, reflections with 7<20(J) and 14
strong reflections for which | F§| > |F%| were given zero
weight. The final R index* was 0-065 for all reflections
and 0-044 for reflections with non-zero weights.t

* R=Z144/Z1F3

+ The list of structure factors has been deposited with the
British Library Lending Division as Supplementary Publica-
tion No. SUP 30319 (25 pp., 1 microfiche). Copies may be
obtained through the Executive Secretary, International Union
i)f Crystallography, 13 White Friars, Chester CH1 INZ, Eng-
and.
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Discussion

(i) Barbital

The barbital bond lengths and angles (Fig. 1) are
similar to those in barbital II (Craven, Vizzini &
Rodrigues, 1969), the most significant differences being
in the internal ring angles at the nitrogen atoms (125-5°
vs. 126:-8°) and at C(2) (116-8° vs. 115-1°). The e.s.d.’s
in these differences are 0-3°. Corresponding bond
lengths and angles are very similar on each side of the
C(2)---C(5) ring diagonal, in contrast to the slight
differences which have consistently been reported in
other barbiturate crystal structures, in which atom

B. M. CRAVEN 995
O(4) is hydrogen bonded, but O(6) is not (Craven,
Cusatis, Gartland & Vizzini, 1973). In the complex
with 2-aminopyridine, both atoms O(4) and O(6) are
hydrogen bonded and no such differences in bond
lengths and angles are expected. The pyrimidine ring
atoms are nearly coplanar except for C(5), which is
displaced 006 A from the best least-squares plane of
the other five. The hydrocarbon chain C(10)-C(9)-
C(5)-C(N-C(8) is fully extended except .for a twist of
3-1° (¢ =0-1°) about the C(5)-C(7) bond.

(i) 2-Aminopyridine
There is excellent agreement between corresponding

Table 1. Atomic parameters with e.s.d.’s

Positional parameters are given as fractions of the lattice translations. Anisotropic thermal parameters are given according to
the expression: T=exp [—(Bnh*+ Bnk?+ Basl? + 2B1:kk + 2Pishi+ 20::k1)] and isotropic thermal parameters according to the
expression: T=exp [— B sin? 0/1%. Estimated standard deviations given in parentheses refer to the least significant figures in the

parameter values,

{a) Non-hydrogen atom parameters ( x 10%)
(i) Barbital molecule '

X y z B B2z Bas Ji® Bis Bas
N(1) 3588 (1) 3452 (1) 1232 (1) 95 (1) 76 (1) 118 (1) 8 (1) 25(1) 7 (1)
0(2) 5857 (1) 4420 (1) 1049 (1) 108 (1) 109 (D) 176 (1) 15() 60 (1) 10 (1)
N(3) 4829 (1) 5862 (1) 2543°(1) 84 (1) 80 (1) 110 (1) 2(H 19(1) 9(1)
C4) 3717 (1) 6143 (1) 3165 (1) 95 (1) 83 (1) 95 (1) 10 (1) 18 (1) 14 (1)
O4) 3844 (1) 7328 (1) - 4030°(L) 126 (1) 102 (1) 135 (1) 7 (1) 36 (1) —17 (1)
C(6) 2374 (1) 3548 (1) 17387°(1) 877°(1) 87 (1) 109 (1) 4 (1) 16 (1) 16 (1)
O(6) 1331 () 2497 (1) 1369 (1) 103 °(1) 107 (D 174 (1) —16 (1) 31 (1) ~6(1)
[ely)) 1245 (1) 5586 (1) 2193°(1) 97°(1) 121 (2) 118 (1) 31 (D) 22 () 24 (1)
C(8) 1657 (2) 6027 (2) 1022 (2) 1437(2) 194 (2) 147 (2) 48 (2) 23 (2) 76 (2)
C(9) 1818 (2) 4654 (2) 3997(1) 130(2) 140 (2) 112 (n 6 (1) 32( 41 (1)
C(10} 2783 (2) 4065 (2) 46617(2) 198,(3) 224 (3) 163 (2) 5(2) ~4(2) 109 (2)
(i) 2-Aminopyridine (molecule 4, above; molecule B, below)
X y z Bu Pz Bs Bz Bis B3

N(1) 3694 (1) 788 (1) —6237(1) 105 (1) 94 (1) 96 (1) 16 (1) 13 (1) 25(1)

7432 (1) 8079 (1) 3181 (1) 100 (D) 91 (1) 101 (1) 14 (1) 18 (1) 24 (1)
C(2) 2752 (D) -520 (1) —9607(1) 110 (1) 97 (1) 96 (1) 16 (1) —-10(1) 24 (1)

7684 (1) 9440 (1) 4024 (1) 103 (1) 94 (1) 88 (1) 19 (1) 4 (1) 27 (1)
C(3) 2958 (2) —1749(2) —1927(2) 164 (2) 111 (2) 125 (2) 27 (2) —-20(2) o0

8893 (2) 10544 (1) 4051(D) 128 (2) 99 (2) 130 (2) 0N (D 30 (1)
C(4) 4146 (2) —1593 (2) —2522(2) 208 (3) 183 (3) 103 (2) 93 (2) 4(2) -1(2)

9831 (2) 10199 (2) 3204;(2) 120 (2) 144 (2) 163 (2) - 2(h) 21 (N 74 (2)
C(5) 5123 (2) —-241 (2) =2171°(®) 162 (2) 216 (3) 109 (2) 76 (2) 42 () 54 (2)

9584 (2) 8787 (2) 2336 (2) 128 (2) 166 (2) 153 (2) 43 (2) 58 (1) 70 (2)
C(6) 4854 (2) 903 (2) —1222(1) 129 (2) 145 (2) 13 33 (1) 34 (1) 50 (1)

8378 (2) 7776 (2) 2358 (1) 129 (2) 116 (2) 123 (2) 3(NH 36 (1) 30 (1
N(7) 1625 (1) - 605 (1) —286 (1) 108 (1) 121 (1) 157 (2) -4 (1) 15 (1) 33 (1)

6748 (1) 9710 (1) 4893 (1) 134 (2) 120 (1) 121 (1) 25(1) 34 (1) 6 (1)
(b) Hydrogen atom parameters ( x 10%)
{i) Barbital molecule (ii) 2-Aminopyridine {molecule 4, above; molecule B,

. below)

x y z B(AY) : x y z B (AY)
H(1) 359(2) 258 (2) 64 (2) 56 (4) H(3) 229 (2y -270(2)y -210(2) 7-5 (5)
H(3) 564 (2) 654 (2) 279 (2) 46 (3) 898 (2) 1156 (2) 466 (2) 6-8 (5)
H(71) 30 (2) 482 (2) 193 (2) 57 (4) H®) 425(2) =250(2). =321(2) 7-2 (5)
H(7) 109 (2) 645 (2) 290 (2) 62 (4) 1074 (2) 1096 (2) 323 (2) 7-3 (5)
H(8I) 93 (2) 637 (2) 64 (2) 66 (4) H(5) 599 (2) -7(2) -—256(2) 77 (5)
H(82) 195 (3) 523 (3) 34 (2) 9-4 (6) 1021 (2) 854 (2) 173 (2) 7-0 (5)
H(83) 246 (3) 681 (3) 129 (2) 9-3 (6) H(6) 552 (2) 191 (2) -90(2) 6-2 (4)
HOD 88 (2) 400 (2) 375 (2) 5-4 (4) 814 (2) 673 (2) 179 (2) 61 (4)
H(92) 169 (2) 555 (2) 464 (2) 53 (4) H@D 97 (2) - 128 (2) - 64 (2) 66 (5)
H(101) 243 (3) 389 (3) 536 (3) 9-6 (7) 595(2) 908 (2) 471 (2) 60 (4)
H(102) 300 (2) 312 (3) 403 (2) 7-5 (6) H(72) © 143 (2) 27 (2) 19 (2) 5-6 (4y
H(103) 379 (3) 477 (3) 494 (2) © 7-8 (6) 672(2) 1060 (2) 522 (2) 58 (4)
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996 2:1 COMPLEX OF 2-AMINOPYRIDINE

bond lengths and angles in molecules 4 and B (Fig. I).
In each molecule, the pyridine ring atoms are coplanar,
with root-mean-square atomic displacements from the
best least-squares planes of 0-003 and 0-004 A respec-
tively. However, in molecules 4 and B the amino
nitrogen atoms are distant (0-06 and 0-07 A) from the
pyridine ring planes on one side, and the amino hydro-
gen atoms are distant (0-18, 0-15 A and 0-12, 0-22 A)
from these planes on the opposite side. The sums of the
bond angles at the amino nitrogen atoms are 349-3°
and 347-6°. The differences from 360° (10:7° and 12-4°)
are possibly significant in terms of their e.s.d.’s (2:9°
and 3-0°). Thus, the bonds at the amino nitrogen atom
in both molecules appear to be pyramidal rather than
coplanar. The hydrogen atoms all form more nearly
collinear N-H- - - O hydrogen bonds (NHO angles 157,
171, 175 and 168°) than would be the case if the
covalent bonds at the nitrogen atoms were coplanar.

(iii) The molecular association

Barbital molecules hydrogen bond exclusively with
2-aminopyridine and vice versa, forming ribbons as
shown in Fig. 2. All hydrogen atoms capable of hydro-
gen bonding are, in fact, hydrogen bonded. Hydrogen
atoms at C(6) of each 2-aminopyridine molecule are at
H.-.O van der Waals distances (2-65, 2-68 A) from the
same barbital O(2) atom. These interactions are not
hydrogen bonds. In addition to the crystallographic
centers of symmetry in Fig. 2, there are pseudomirror

WITH 5,5-DIETHYLBARBITURIC ACID

planes which pass through atoms C(2), C(5) and the
ethyl groups of each barbital molecule. The pyridine
ring planes of molecules A and B are nearly parallel
(dihedral angle, 2-5°). Both rings are tilted (13-2°,
14-2°) with respect to the plane of the barbital pyri-
midine ring. The hydrogen bonded ribbons are stacked
so that 2-aminopyridine molecules overlap each other
(Fig. 3). Stacking also results in an association of anti-
parallel barbital C(2)=0(2) carbonyl groups, with
C(2)- - - O(2) distances of 3-40 A.

The barbital NH groups are both donors in hydrogen
bonds with pyridine nitrogen acceptor atoms. The
N-.-N distances are 2-81 and 2-85A, the H-.-N
distances are 1-91 and 1-97 A and the NH - - - N angles
are 176° and 174°. These are strong hydrogen bonds
with short N...N distances like those in Watson-
Crick hydrogen bonded adenine/uracil or adenine/
barbiturate pairing. Hsu & Craven (1974) list N--- N
distances for eight such hydrogen bonds, ranging from
2:78 A to 2-85 A with a mean value of 2-81 A.

The four NH---0O=C hydrogen bonds in which 2-
aminopyridine is donor and a barbital oxygen atom is
acceptor are weak, with N .. O distances, 3-14, 3-02,
313 and 3-03 A. These distances are longer than the
longest (2-98 A) of the 48 distances listed by Gartland
& Craven (1974) for NH- . -0O=C hydrogen bonds in
which barbiturate is both donor and acceptor. The
N...O distances in the 2-aminopyridine-barbital
complex are more like those found in barbiturate-

Fig. 1. Bond lengths and angles. The e.s.d.’s are 0-002 A and 0-1° in bond lengths and angles which do not involve hydrogen
atoms. The C-H and N-H bond lengths have e.s.d.'s of 002 A,
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adenine complexes. In these complexes, there are six
NH - - -O=C hydrogen bonds in which adenine is donor
and a barbiturate is acceptor. The N..-O distances
range from 2:97 to 3-39 A, with a mean value of 3-21 A.
In the 1:1 complex of barbital with 9-ethyladenine,
Voet (1972) attributes the long N- - - O distances (3-22
and 3-39 A) to the constraint of crystal-packing forces
which require molecules related by lattice translations
to have the same orientation. However, this constraint
does not apply to the 2-aminopyridine molecules A4
and B in the 2:1 complex with-barbital. In this crystal
structure, the vectors C(2) — NH, in non-symmetry-

RalEed
Fig. 2. The hydrogen bonding. Distances N---O and N---N
are shown in A,

Fig. 3. The overlap of 2-aminopyridine molecules viewed nor-
mal to the plane of the central molecules 4 on the left and
B on the right. The shortest interatomic distance between
overlapping molecules (indicated by the arrow) is 3-46 A.

997

related 2-aminopyridine molecules (Fig. 2) make an
angle of 14-8°. Thus, the long NH-..0=C hydrogen
bonds between 2-aminopyridine or adenine and
barbital appear to be due, at least in part, to the rather
low affinity for hydrogen bonding of the donor and
acceptor groups which are involved.

In the crystal structures of the complexes of barbital
with adenine, with 2-aminopyridine and with imidazole
(Hsu & Craven, 1974), there is a recurrent pattern of
short NH- - - N and long NH- - -O=C hydrogen bonds,
both in the Watson—Crick and Hoogsteen configura-
tions. Asingle NH - - - N hydrogen bond does not confer
specificity upon the overall molecular interaction. How-
ever, this hydrogen bond appears to be important for
the strong association of adenine or its analogs with
barbiturate derivatives.

This work was supported by Grant No. NS-02763
of the U. S. Public Health Service, National Institues
of Health. We thank Prof. R. Shiono for the use of
computer programs.
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The 1:1 Crystal Complex of N-Methyl-2-pyridone and 5,5-Diethylbarbituric Acid (Barbital)

By I-NaN Hsu aND B. M. CRAVEN
Department of Crystallography, University of Pittsburgh, Pittsburgh, Pennsylvania 15260, U.S.A.

(Received 19 November 1973 ; accepted 18 December 1973)

The 1:1 crystal complex of N-methyl-2-pyridone (CsH,NO) and 5,5-diethylbarbituric acid (barbital,
CsH12N;0;5), m.p. 90°C, is monoclinic, with space group P2,/c and a=7257 (2), b=19-339 (2), c=
11-127 () A, B=105-20 (1)°. The structure determination, by direct methods, was based on 3094
integrated intensities measured on an automatic diffractometer with graphite monochromated Cu Ka
radiation. Refinement by a full-matrix least-squares procedure gave a final R value of 0-053. Both |
NH- - -O=C hydrogen bonds, with N - - - O distances 2-86 and 2-89 A, involve the pyridone oxygen atom
as acceptor so that the barbital oxygen atoms are not hydrogen bonded.

Experimental

Crystals of the 1:1 complex of N-methyl-2-pyridone
and 5,5-diethylbarbituric acid (barbital) were obtained
by slow cooling of an ethanolic solution which was
slightly supersaturated with respect to both com-
ponents. The crystal density (1-292 g cm™3), which was
determined by flotation in a mixture of carbon tetra-
chloride and cyclohexane, agrees with the calculated
value (1:293 g cm™3) assuming four molecules of each
component in the unit cell. The lattice constants and
X-ray intensity data were measured on a four-circle
computer-controlled diffractometer using graphite-
monochromated Cu Ko radiation (A=1-5418 A). The
crystal, which had dimensions of 0-37x0-36 x0-15
mm, was coated with lacquer and mounted with the
longest dimension (the ¢ axis) along the ¢ axis of the
goniostat. Integrated intensities were measured for
3094 independent reflections in the range 8<75°.
Reflections were scanned in the /26 mode with a 8
scan width of (0-6+0-2 tan 8)°. There were 385 reflec-
tions for which the integrated intensity (/), was less
‘than 20 o(J) as calculated from counting statistics.
These reflections were assigned intensities of o(7)/2.
No corrections were applied for X-ray absorption or
extinction. .

The crystal structure was determined by direct
methods {(Germain, Main & Woolfson, 1971). Atomic
parameters (Table 1) were refined by a full-matrix
least-squares procedure. The function minimized was
gwﬂdé, where dy=|F%|{—|Fgl, and wzp'=01+

0-045[Fy|% The atomic scattering factors were those
of Cromer & Waber (1965) for carbon, nitrogen and
oxygen, and Stewart, Davidson & Simpson (1965) for
hydrogen. All hydrogen-atom positions were obtained
from difference Fourier syntheses which were calculated
after one cycle of refinement of anisotropic thermal
parameters of the non-hydrogen atoms. Hydrogen-
atom positional parameters were subsequently refined,
but owing to computer limitations, hydrogen-atom

temperature factors were fixed with values the same as
those of the atoms to which they are covalently bonded.
During the last cycles of refinement, six strong reflec-
tions for which |F¢| > {F°| and reflections with / < 2a(J)
were given zero weight.® The final R index} was 0-053
for all refiections and 0-045 for those with non-zero
weight.

Discussion

(a) Barbital

The ring atoms are almost coplanar (Fig. 1) as
found in a number of other crystal structures involving
barbital (Craven, Cusatis, Gartland & Vizzini, 1973).

* The list of calculated and observed structure amplitudes
has been deposited with the British Library Lending Division
as Supplementary Publication No. SUP 30321 (20 pp., 1
microfiche). Copies may be obtained from the Executive
Secretary, International Union of Crystallography, 13 Whiie
Friars, Chester CH1 1NZ, England.

t R=§IAHIIH§|F‘§;L

otay

Fig. 1. The ring conformations of barbital (above) and
N-methyl-2-pyridone (below). In each case, the dashed line
is the trace of the best least-squares plane through the six
ring atoms. The vertical scale (A) is ten times the horizontal
scale.
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However, there is a slight displacement (0-02 A) of
atom C(2) from the plane of the other five ring atoms.
The barbital ethyl groups and C(5) form a chain which
is almost fully extended, with torsion angles C(7)-C(5)-
C(9)-C(10) and C(8)-C(7)-C(5)-C(9) of —179-7° and
177-6° respectively, and e.s.d.’s of 0-14 A. In other
barbiturate crystal structures, slight differences in
oxopyrimidine bond lengths and angles in the halves
of the molecule on either side of C(2)---C(5) have
been attributed to atom O(4) being hydrogen bonded
while O(6) is not (Craven er al., 1973). In the present
complex, none of the barbital oxygen atoms are hydro-
gen bonded. Thus no significant bond length and angle

999

differences of this kind are expected, and indeed none
is observed (Fig. 2).

(b) N-methyl-2-pyridone

The molecule is almost planar (Fig. 1) but with a
slight fold along C(2)---C(5), which increases the
intramolecular distance (2:69 A) of the carbonyl
oxygen and AN-methyl carbon atoms. There are
significant differences among the C-C bond lengths.
The alternating long and short bonds in the sequence
C(2)-C(3)=C(4)-C(5)=C(6) are consistent with the
formal single- and double-bond character of the ex-
pected principle valence-bond structure for the mole-

Table 1. Atomic parameters and their e.s.d..'s

Positional parameters are given as fractions of the unit cell translations ( x 10*) for non-hydrogen atoms and ( x 10%) for hydrogen
atoms. Anisotropic thermal factors ( x 10°) are given by the expression: T=exp [~ I (f,,h4)). The e.s.d.’s are in brackets and
]

refer to the least significant digit of the corresponding parameter.

(i) Barbital
(a) Non-hydrogen atom parameters
X y z Bu - B Bss I Bis Baa
N(1) 5990 (2) 2590 (1) 1160 (1) 1821 (25) 187 (3) 685 (10) ~115(6) 230 (13) 324)
N(3) 6179 (2) 1715 (1) 2637 (1) 1710 (23) 227,(3) 480 (9) 23 (6) 161 (11) 33 (4)
C(2) 6781 (2) 2356 (1) 2353 (1) 1544 (26) 218 (4) 638 (11) =21 (7 212 (13) —40 (5)
C(4) 4838 (2) 1306 (1) 1872 (1) 1509 (24) 189 (3) 594 (10) 25(7) 318 (13) 23 (4)
C(5) 3922 (2) 1559 (1) 556 (1) 1568 (25) 191 (3) 524 (10) -74(7) 199 (13) 6 (4)
C(6) 4641 (2) 2259 (1) 250 (1) 1482 (25) 188 (3) 574 (10) 20 (7) 242 (13) 31 (4)
c() 1750 (2) 1610 (1) 385 (2) 1465 (28) 362 (5) 835(14) —113(9) 74 (16) 83 (7)
C(8) 1167 (3) 2096 (1) 1286 (2) 1921 (37) 487 (7) 1197 (20) 276 (13) 618 (22) 133 (10)
[el¢)) 4343 (3) 1026 (1) —375(2) 3265 (45) 219 (4) 726 (13) —173(10) 591 (19) -~ 83 (6)
C(10) 6442 (3) 926 (1) —295(2) 4043 (61) 243 (5) 1456 (24) 112 (13) 1601 (33) ~18 (8)
0(2) 7961 (2) 2687 (1) 3097 (1) 2392 (27) 325 3) 819 (10) —236(7) —14 (13) —91 (5)
0O(4) 4398 (2) 752 (1) 2235 (1) 2667 (28) 232 (3) 898 (11) =H13(7) 322 (13) 134 (4)
0(6) 4051 (2) 2518(1) =771 (1) 2442 (25) 269 (3) 666 (9) —30(7) 107 (12) 130 (4)
(b) Hydrogen atom parameters
x y z x y z
H() 648 (2) 298 (1) 98 (1) H(83) 185 (3) 257 (1) 138 (2)
H(3) 669 (2) 158 () 338 (2) H(91) 371 (3) 120(1)  ~123(2)
H(Y) 126 (2) 111 (1) 51 (2) H(92) 378 (3) 56 (1) -22(2)
H(72) 120 (2) 181 (1) —43 (2) H(101) 698 (3) 133 (1) —50 (2)
H(81) —21(3) 219 (1) 101 (2) H(102) 664 (3) 59 (1) ~83(2)
H(82) 161 (3) 191 () 210 (2) H(103) 717 3) 70 64 (2)
(iiy N-Methyl-2-pyridone
(a) Non-hydrogen atom parameters
X y z Bu B2 Bas Bz Bis Baa
N(1) 10145 (2) 4369 (1) 1378 (1) 1676 (24) 217 (3) 595 (9) —50 (6) 185 (11) 4 (4)
C(2) 9448 (2) 3927 (1) 390 (1) 1711 27) 178 (3) 591 (10) —-82(7) 209 (13) 21 (4)
C(3) 10736 (2) 3767 (1) 344 (2) 2364 (36) 241 (4) 880 (14) —~57(9) 581 (18) —72 (6)
C(4) 1250 (2) 4057(1) =107(2) 2026 (34) 306 (5) 1143 (17 79 (10) 695 (20) 60 (7)
C(5) 13097 (2) 4530 (1) 871 (2) 1603 (30) 294 (5) 1154 (17) =107 (9) 250 (18) 74 (7)
C(6) 11911 () 4669 (1) 1593 (1) 1838 (30) 245 (4) 800 (13) -—142(9) 6 (15) 3(6)
C(7) 8045 (3) 4507 (1) 2224 (2) 2486 (41) 377 (6) 761 (14) —79(12) - 518(20) —101 (7)
O(8) 7778 (2) 3699 (1) 192 (1) 1943 (23) 281 (3) 734 (9) —245 (6) 274 (11) 1(4)
(b) Hydrogen atom parameters
x y z x ¥y z
H@3) 1030 (3) 342 (1) =103 (2) H(D 793 (3) 473 (1) 178 (2)
H(4) 1335 3) 394 () —62 (2) H(72) 852 (3) 405 (1) 255 (2)
H(5) 1428 (3) 477 (1) 106 (2) H(73) 960 (3) 481 (1) 287 (2)
H(6) 1220 (2) 500 (1) 230 (2)
UMO00013844
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cule. Similar C-C bond-length variations were also
observed in the crystal structure of 2-pyridone (Pen-
fold, 1953). The most notable differences in the two
molecules are in the C(2)-N(1) and C(6)-N(!1) bond
lengths, which are nearly the same in N-methyl-2-
pyridone (1-379, 1-370A; es.d., 0002 A), but are
significantly different in 2-pyridone (1-401, 1-335 A;
e.s.d., 0:01 A).

(c) The molecular association

The crystal structure contains hydrogen-bonded rib-
bons which run parallel to ¢ (Fig. 3). The ribbons are
packed together with no unusual features, such as
short intermolecular distances. The hydrogen bonds
N(DH- - -O(8) and N(3)H .- -O(8) have N- - -O distan-
ces 2:86 and 2:89 A, H---O distances 2:01 and 2-04 A
and NH---O angles 164 and 176°, respectively. There
is also a short (3-03 A) intraribbon N(3)- - -O(6) dis-
tance between barbital molecules. However, thisisnota
hydrogen bond because the corresponding H(3)- - - O(6)
distance (2-92 A) is long, even for a van der Waals
interaction, and the N(3)H(3)- - - O(6) angle is 89°.

This structure determination is one of a series of
crystal complexes of drug-active barbiturates with
other amides such as urea (Gartland & Craven, 1974),
acetamide (Hsu & Craven, 1974a) and salicylamide
(Hsu & Craven, 1974b). The aim is to see whether the

of the various NH and O=C groups involved. Gartland

1:1 COMPLEX OF N-METHYL-2-PYRIDONE AND BARBITAL

mediate length (2:82 to 2-98 A) when barbiturate is
both donor and acceptor, and longer (295 to 3-39 A)
when barbiturate is acceptor and a non-barbiturate is
donor. This pattern of N- - -O distances suggests that
barbiturates are more effective as hydrogen-bonding
donors than as acceptors.

The hydrogen bonds in the complex of barbital with
N-methyl-2-pyridone have longer N---O distances
than the others in which barbiturate is involved as
donor. The range of such distances must thus be ex-
tended (275 to 2:89 A) so as to overlap the range for
hydrogen bonds in which barbiturates hydrogen bond
with each other (2-82 to 298 A).

It must be noted that both hydrogen bonds involve
the 2-pyridone oxygen atom as acceptor, so that none
of the three barbital oxygen atoms is hydrogen bonded.
Similarly, in the complex of barbital with urea (Gart-
land & Craven, 1974) and acetamide (Hsu & Craven,
1974a), the barbital NH groups hydrogen bond only

3 O )
modes of NH-. O=C hydrogen bonding and the \g& ° J;’ é;%gc, 88" _“O’o, ¢
hydrogen bonding N---O distances are suggestive of LRGN S0 9 A
differences in the inherent hydrogen-bonding affinities mg\ 5o r\}gt Ee 40&7%.7”%

& Craven (1974) have pointed out that the N.-.O
distances in NH---O=C hydrogen bonds involving
barbiturates tend to be short (2:75 to 282 A) when
barbiturate is donor and a non-barbiturate oxygen
atomn is acceptor. The N-.-O distances are of inter-

Fig. 3. A hydrogen-bonded ribbon in the projection down b.
The hydrogen bond distances N---O are in

Fig. 2. Bond lengths and angles in barbital (left) and N-methyl-2-pyridone (right). The C-H and N-H bond lengths have e.s.d.’s

of 002 A. The e.s.d.’s are 0-002

in other bond lengths and 0-1° in bond angles.
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with the urea or acetamide oxygen atoms. There are
also weak hydrogen bonds involving the amide amino
group as donor and barbital oxygen atoms as acceptor,
but these have no counterpart in the N-methyl-2-
pyridone complex because of N-methylation. Thus, the
mode of hydrogen bonding in each of these complexes
i1s consistent with the barbital oxygen atoms being
relatively poor hydrogen-bonding acceptors.

This work was supported by Grant No. NS-02763
from the U. S. Publich Health Service, National
Institutes of Health. We thank Dr R. Shiono for the
use of computer programs.
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The Crystal and Molecular Structure of
Methyl 3,3,4-Trichloro-5-methoxyindolenine-2-carboxylate

BY E. HougH* AND D. ROGERS
Chemical Crystallography Laboratory, Imperial College, London SW7 2AY, England

(Received 8 December 1973; accepted 10 December 1973)

The structure of a trichlorinated intermediate in the synthesis of isatin compounds by a new pathway
has been determined by X-ray crystallograpby. The compound crystallizes in the orthorhombic system
with a=22-450, b=13-292, c=8-558 A, space group Pna2,, and two molecules of C;;HsNO,Cl; in the
asymmetric unit. The structure was solved by the symbolic addition method, the phases of the 150
strongest | E|’s being found close to 0 or z. This is probably due to the near centrosymmetric distribution
of the chlorine atoms. The structure, based on 1297 diffractometer intensities, has been refined to R=

0-036.

Introduction

Recent investigations of the products and mechanism
of attack by the positive chlorine ion (Cl*) on indole-
2-carboxylic acid (Hinman & Bauman, 1964; Foglio
& Swern, 1968; Muchowski, 1970) have provided a
novel route for the synthesis of substituted isatins. R. J.
Bass of Pfizer (U.K.) Ltd., who aroused our interest
in this matter, proposed a reaction sequence (Fig. 1)
involving an unstable ‘intermediate compound’ [Fig.
1 (I)]. Later, Muchowski (1970) suggested that this in-
termediate consists rather of a sequence of reactions
(Fig. 2) leading to the formation of a trichloro species
[Fig. 2 (7)] which subsequently loses the elements of
hydrogen chloride and carbon dioxide before tautom-
erizing to an oxindole [Fig. 2 (8)]. Attack by a further
Cl* ion then yields the 3,3,4-trichloro-oxindole shown
in Fig. 2 (2).

Bass found that treatment of the intermediate with
diazomethane yielded a more stable and isolable com-

* Present address: Kjemisk institutt, Universitetet i Oslo,
Postboks 1033, Blindern, Oslo 3, Norway.
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Fig. 1. Reaction sequence for synthesis of substituted isatins.
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Fig. 2. Sequence of reactions comprising intermediate in
Fig. 1 (1).
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The Crystalline Complex (1:1) of Salicylamide and 5-Ethyl-5-isoamylbarbituric
Acid (Amobarbital)

By I-Nan Hsu anp B.M.CRAVEN
Department of Crystallography, University of Pittsburgh, Pittsburgh, Pennsylvania 15260, U.S.A.

(Received 12 October 1973; accepted 21 November 19173)

[CyH,NO,) . [Cy H 5N, 03], m.p. 124°, is monoclinic, space group P2,/c, with a=13-028 (5), b= 12-558 (5),
c=12-719 (5) A, B=107'60 (1)°; Dmeas=1:216 g cm™=? and Dege=1217 g cm~2 for Z=4. The crystal
structure was determined by direct methods from 4089 integrated intensities measured with a com-
puter-controlled four-circle diffractometer and graphite-monochromated Cu Ka radiation. Refine-
ment gave a final R index of 0-072. The crystal structure of the complex resembles the crystal structures
of the components in many respects, including some apparent disorder in the isoamyl group of amo-
barbital, a strong O-H- - - O intramolecular hydrogen bond (2:49 A) in salicylamide, and the nature of

the intermolecular NH- - -O hydrogen bonding.

Introduction

The drug-active barbiturates form crystal complexes
with a number of amides (Gartland & Craven, 1973).
A comparison of the mode of hydrogen bonding in
these complexes and in the crystal structures of the
component molecules is of interest since it may suggest
differences in the hydrogen-bonding affinity of .the
donor and acceptor groups involved.

Experimental

The 1:1 complex of salicylam'de and amobarbital
(Fig. 1) was first prepared by Kuroyanagi (1956). Our
crystals were grown by cooling a solution consisting
of ethanol and cyclohexane (5:1, v/v) supersaturated
with respect to both salicylamide and amobarbital.
Crystal data were measured on a computer-controlled
four-circle diffractometer, using graphite-monochro-
mated Cu K« radiation (A=1-5418 A). The crystal,
which measured approximately 0-32x0-16 x0-16 mm
was mounted with its long dimension (a) along the dif-
fractometer g axis. Integrated intensities for 4089 non-
symmetry-related reflections were collected with the

Fig. 1. Molecular structures and atomic nomenclature for
5-ethyl-S-isoamylbarbituric acid or amobarbital (left) and
salicylamide (right).

AC30B-1°

6/26 scan method. There were 868 reflections with
integrated intensity (/) less than 2o(/). These were as-
signed intensities I=o(J)/2.

The crystal structure was determined by direct
methods with the computer-programmed procedure
of Germain, Main & Woolfson (1971), applied to the
389 reflections with normalized structure factors |E| >
1-5. A set of phases was obtained which correctly
revealed all but three atoms when used to calculate an
E synthesis.

Refinement of the atomic parameters (Table 1) was
by least-squares methods, minimizing the function
Swd? where Ad=|Fp.d—|Fucl, ard w =054+

A

0:0017|F,,..|*>. The atomic form factors which were
used were those of Cromer & Waber (1965) for carbon,
nitrogen and oxygen, and of Stewart, Davidson &
Simpson (1965) for hydrogen. Because of computer
limitations, parameters were refined alternately in two
blocks. The first block consisted of all 235 non-hydro-
gen atom parameters. The second block consisted of
208 parameters for the hydrogen atoms together with
parameters of heavier atoms to which they are bonded.
The latter parameters were included so as to have over-
lapping of the two blocks. The refinement was ter-
minated when the largest change in a non-hydrogen
atom positional parameter was 0-5¢. In the final cycles,
reflections with 7<2¢(J) and 15 low-angle reflections
for which |F,,,| was significantly less than | F,..,|, were
assigned zero weight, The final R values* were 0-072
for all reflections and 0-055 for reflections with non-
zero weight.t

. R=(§|d|l§lqull)-

t The table of observed and calculated structure amplitudes
has been deposited with the British Library Lending Division
as Supplementary Publication No. SUP 30291 (25 pp., |
microfiche). Copies may be obtained through the Executive
Secretary, International Union of Crystallogiaphy, 13 White
Friars, Chester CH1 I NZ, England.
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As was observed in the crystal structure determina-
tions of amobarbital I and amobarbital II [see Fig. 2 in
Craven & Vizzini (1969)] the calculated electron density
peaks are diffuse for the terminal atoms C(23), C(24),
and C(25) of the isoamyl group. The largest principal
values for the r.m.s. amplitudes of thermal vibration
of these atoms is 0-59 A for C(25). In amobarbital I the
corresponding value is 0:60 A. In all three of these
crystal structures, the hydrogen atoms bonded to C(23),
C(24) and C(25) could not be found in electron density
difference maps. However, in the final stages of the
present refinement, a diffuse hydrogen-atom-like peak
(0-5 e A~3) was observed at the expected tetrahedral

THE CRYSTALLINE COMPLEX OF SALICYLAMIDE AND AMOBARBITAL

bond angle, and at a distance of 1'4 A from atom
C(23). This peak may be the result of a partial confor-
mational disordering with respect to rotation about
the C(22)-C(23) bond. No attempt was made to in-
corporate such disordering into the assumed model of
the crystal structure.

Discussion

The amobarbital bond lengths and angles (Fig. 2) and
conformation agree well with those reported for the
two crystalline forms of amobarbital itself (Craven &
Vizzini, 1969). The geometry of the salicylamide mole-
cule (Fig. 3) has been determined with greater accuracy

Table 1. Atomic parameters

Positional parameters are given as fractions of the lattice translations. Anisotropic temperature factors correspond to the ex-
pression T=exp [—(Buk®+ Buk® + ik + 2Biahk + 2813kl + 2f1sk1)], and isotropic temperature factors to the expression exp (— B
sin® 8/2%). E.s.d.'s given in parentheses refer to the least significant figures in parameter values. Atom labels are consistent with

those of Craven & Vizzini (1969) and Sasada ef al. (1964).

(a) Carbon, nitrogen and oxygen atom parameters ( X 10%)

(i) Amobarbital

x y 4 B b iy B2 Bis B
N(I)  =314(1) 1597(1) 2058(1) S53{1) 92(1) 87(1) —18(1) 38(1) =31 (1)
C(2) =211 (1) 1038 (2) 1175 (2) 48 (1) 72 (1) 67(l) ~—-5() 221y =13()
.0(2) -917 (1) 454 (1) 634 (1) 55(1) 95 (1) 89 (1) —=17(1) 24 (1) 5
N(3) 740 (1) 1179 (1) 934 (1) 53 (1) 84 (1) 66 (1) -=9(1) 27 (1) =22(1)
C4) 1583 (1) 1813 (2) 1493 (1) 49 (1) 69 () 65(1) -=5(N) 2y -8()
(o] ()] 2378 (1) 1880 (1) 1189 (1) 54 (1) 101 (1) 87(1y -—-8(1) 35() —16(1)
C(5) 1508 (1) 2385 (2) 2515 (2) 52(1) 80 (1) T3 ~-15() 25(LH =23 ()
C(6) 444 (2) 2229 (2) 2763 (2) 60 (1) 96 (2) 80(2) -16(1) 34 (1) ~-33(1)
Q(6) 262 (1) 2645 (2) 3541 (1) 89(1) 166(2) 118(2) =—-40(1) 61 (1) -80(l)
C(11) 1647 (2) 3589 (2) 2369 (2) 86 (2) 782y 113(2) -8 (1) 41 (2) =25(1)
C(12) 775 (3) 4069 (2) 1412 (3) 128(3) 86(2) 169(3) 10 (2) 41 () -2(2)
C(21) 2415 (2) 1947 (2) 3510 (2) 65(1) 112(2) 00 ~-15Q) 18 () ~17(1)
C(22) 2361 (3) 730(2) 3655(2 131(3) 114(2) 83(2 -12(2 120 -1(2
c2h) 3351 (3) 229(3) 4478 (2) 161(3) 135(3) 101(2) 42(3) 34(2) 8(2)
C(24) 3215(5) —993(4) 4429 (4) 401 (10) 112(3) 167 (5) 37 (4) 21 (%) 9(@3)
C(25) 3501 (5) 581 (4) 5630 (3) 260(6) 212(5) 122(3) 89(5) —15() =-42Q3)
(i) Salicylamide
c( 6972 (1) 1954 (2) 2681 (2) 50 (1) 70 (1) 781y ~—1(1) 27 (1) -9()
C(2) 5852 (1) 1862 (1) 2208 (1) 48 (1) 59 (1) 91y ~-1() 28y =5
C(3) 5195 (1) 2535(2) 2593 (2) 56 (1) 80 (1) 91 (2 8 (1) 25(1) —18(1)
C(4) 5624 (2) 3280 (2) 3399 (2) 74(2) 101(2) 1112 9 (1) 32(1) -43(2)
C(5) 6730 (2) 3378 (2) 3830 (2) 80(2)y 1012y 105¢(2y -=5(1) 23(2) -45Q)
C(6) 7402 (2) 2723 (2) 3478 (2) 58 (1) 98 (2) 932y ~7(1) 20(1) -30(YH)
o)} 5428 (1) 1078 (1) 1314 (1) 49 (1) 57 (1) 69(1) —=2(1) 23(H =3
N(8) 4381 (1) 1030 (1) 797(1) 49(1) 75(1) 89() —1(1) 200 —-21()
09 6062 (1) 465 (1) 1040 (1) 54 (1) 75 (1) 95 (1) 2(1) 2(H -27(H)
O(10) 7660 (1) 1303 (1) 2376 (1) 47 (1) 96 (1) 111(1) -4 (1) 29(L) -37(YH)
(6} Hydrogen atom positional parameters (x 10%)
(i) Amorbarbital (ii) Salicylamide
. x ¥ z B(AY x y z B(AY)
“H(1) -92(1) 156(2) 2182 50(9 H@) 40 247 29@Q) 40(4)
H(3) 89 (2) 80 (2) 39 (2) 57(5) H(4) 510 (2) 373 (2) 365 (2) 74 (7
H(111) 238 (2) 371 (2) 228 (2) 55 (5 H(5) 701 () 391 (2) 446 (2) 5-8 (5)
H(112) 173 (2) 397 (2) 307 (2) 65 (6) H(6) 819 (2) 273 (2) 373 (2) 5-4 (5)
H(121) 73 (3) 3711 (3) 73(3) 86 (9) H(8I) 417 (2) 52 (2) 30 (2) 5-3 (5)
H(122) 14 (3) 393 (3) 153 (3) 94 (10) H(82) 390 (2) 142 (2) 99 (2) 5:6 (6)
H(123) 88 (3) 480 (3) 137 (3) 102 (10) H(10) 725 (2) 91 (2) 186 (2) 70T
H(211) 309 (2) 212 (2) 339(2) 52 (5)
H(212) 240 (2) 235 (2) 421 (2) 69 (6)
H(221) 224 (3) 333) 295(4) 107 (10
H(222) 174 (3) 60 (3) 389 (3) 96 (10)
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I-NAN HSU AND B. M. CRAVEN 845

than in the crystal structure of salicylamide itself
(Sasada, Takano & Kakudo, 1964). The atoms of the
benzene ring are coplanar within +0-01 A, with the
amide carbon atom C(7) and the phenolic oxygen atom
O(10) displaced 0-07 A and 0-05 A from the ring plane
in opposite senses. There is a dihedral angle of 5-4°
between the planes of the benzene ring and the amide
group C(7), O(9), N(8). The internal hydrogen bond
involving the phenolic group and the amide oxygen
atom has an O- - -O distance (249 A) shorter than the
corresponding hydrogen bond in salicylic acid (262 A,
Sundaralingam & Jensen, 1965). The shorter O---O
distance occurs together with a longer carbonyl bond
length (1-253 vs. 1234 A) suggesting that the internal
hydrogen bond in salicylamide is stronger because the

/3\{%

Fig. 4. Hydrogen bonding in the crystal structure. A single
hydrogen-bonded chain is viewed normal to (110).

carbonyl oxygen is more electronegative than in sali-
cylic acid.

The crystal structure consists of hydrogen-bonded
chains made up of alternating hydrogen-bonded dimers
of amobarbital and salicylamide (Fig. 4). The planes of
adjacent dimers are at an angle of 29°. The chains run
parallel to a, which is the direction of fastest crystal
growth, and are oriented parallel to (110) and (170).
The chains are packed so that in the view down a
there are tunnels with minimum cross-sectional dimen-
sions of about 6 x 7 A, into which project the ethyl and
isoamyl groups. The terminal isoamyl atoms are en-
closed by four benzene rings. However, there are no

. short intermolecular distances, so that the arrange-
ment is consistent with the observed large apparent
Fig. 2. Bond lengths (A) and angles (°) with e.s.d.’s for amo- ~amplitudes of thermal vibration, and possible confor-
barbital. Each parameter is separated from its e.s.d. by a mational disorder of atoms C(24) and C(25).
comma. The e.s.d. refers to the least significant digit in the Our principal aim in determining this crystal struc-
parameter. ture was to compare the hydrogen-bonding arrange-
ments in the molecular complex with those in the
crystal structures of the individual components. In the
crystal structure of salicylamide (Sasada ez al., 1964),
there are hydrogen-bonded chains similar to those of
the complex (Fig. 4). The N-..0 hydrogen-bond
distance between molecules of salicylamide within a
dimer is 2-94 A, which is very similar to the corre-
ligg,2 1053 sponding distance in the complex with amobarbital
1404,3 (292 A). Both amobarbital I and II (Craven & Vizzini,
’ 1969) contain hydrogen-bonded chains in which there
can be recognized the same kind of amobarbital
dimers as in the complex with salicylamide. The N--- O
distances (2:92, 292, 2-88 A) in these dimers are also
very similar to the corresponding distance in the com-
plex (2:92 A).
It is of interest to compare the inter-dimer NH. <O
! hydrogen bonds, which occur between. unlike mole-
. . o . ide. Each cules in the complex, and between like molecules in the
Fig. 3. Bond istances (A)and s () orsleyamide, Bah  crycal structures of the separate components. The
refers to the least significant digit in the parameter, N-..O distance in NHyp---O(10),,; is .shorter
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(2-81 A) than in the corresponding NH,,,- - -O(10),,
(3-05 A) hydrogen bond and the distance in NH,,,- - -
O(4)pyrs is longer (300 A) than in the corresponding
NHpery - - - O(@)par hydrogen bords (289, 291, 2-86 A),
in amobarbital I and II, and other hydrogen bonds of
this type involving barbiturate as both donor and accep-
tor (Gartland & Craven, 1974). These distances are thus
compatible with the conclusion that the barbiturates
are more effective hydrogen-bonding donors than ac-
ceptors.

This work was supported by the U. S. Public Health
Service, Nationa! Institutes of Health, Grant No. NS-
02763. We thank Dr R, Shiono for the use of computer
programs.
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Lithium Nuclear-Magnetic-Resonance in Lithium Acetate Dihydrate, Li{CH3;C0O). ZHzO
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Department of Physics, Indian Institute of Science, Bangalore-12, India

(Received 19 November 1973; accepted 22 November 1973)

"Li n.m.r. in single crystals of lithium acetate dihydrate is used to determine the quadrupole coupling
parameters: (e>gQ/h) and 5. The orientations of the principal z, y and x components of the electric field
gradient tensor are determined to be along the crystallographic b, a and ¢ axes respectively. The param-
eters experimentally determined are (e’gQ/h)=154-6 kHz; and =0-9. This study indicates a tetrahedral
configuration around the Li ion, confirming the recent X-ray and p.m.r. resuits.

Introduction

The interaction between the quadrupole moment of a
nucleus and the gradient of the electric field at the
nuclear site perturbs the nuclear magnetic transitions
between the Zeeman levels. The electric field gradient
(e.f.g.) at a site thus reflects the local structural sym-

metry. It is possible, therefore, to obtain information -

regarding structural details around the resonating
nucleus from a study of the quadrupole splitting of the
nuclear-magnetic-resonance lines. With this objective a
study of "Li n.m.r. in Li{CH,CO0).2H,0 is described.

Amirthalingam & Padmanabhan (1958) first studied
the structure of Li(CH,CO0).2H,0 and fixed the
space group as Cmm2. Clark (1964) however, after a
calculation of the various bond lengths, drew attention
to certain inconsistencies, and Galigné, Mouvet & Fal-
gueirettes (1970), after a redetermination of the struc-
ture, concluded that the space group is Cmmm rather
than Cmm2 and further that the Li coordination is four-
fold and not sixfold. The results of a proton-magnetic-
resonance study in our laboratory by Padmanabhan &
Srinivasan (1972) confirmed the results of Galigné et
al. (1970) and indicated more probable locations for
the water protons. It was therefore thought worth

while to look at the structure of this crystal from the
point of view of the quadrupolar interaction at the Li
sites.

According to Galigné et al. (1970),
Li(CH;C00).2H,0 crystals are orthorhombic with
Z=4. Two mirror symmetry elements, one¢ in the ac
plane and a second in the bc plane, pass through the Li
sites, thus fixing the directions of the principal com-
ponents of the e.f.g. tensor along the three crystallo-
graphic axes. The four Li ions in the unit cell are iden-
tical from the point of view of e.f.g. because of the
mirror in the ab plane and the screw axis along a. So
the structure predicts a spectrum characteristic of a
single nucleus in each of the crystallographic planes: a
central signal and a pair of satellites. OQur n.m.r. study
confirms this prediction.

Experimental

Single crystals of sufficient size (3x2x 15 ¢cm) were
grown by slow evaporation of a saturated solution of
AnalaR grade lithium acetate in distilled water, over
calcium chloride in a desiccator. A Robinson oscillator
workingat8-7 MHz was usedwitha6inchelectromagnet.
A magnetic field sweep calibrated by the "Li signal in
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The 1:1 complex of acetamide and barbital (C;H;NO.CsH;,N,0O;), m.p. 116°C, is orthorhombic with
space group P2,2,2,. Lattice transtations are a=10-615 (2), 5= 10-568 (2), c=11-243 (2) A. The crystal
density (1-283 g cm ~3) agrees with the calculated density (1-281 g cm ~?) for four molecuies of each com-

- ponent in the unit cell. The crystal structure has been determined from 1500 integrated intensities
measured on a computer-controlled diffractometer with nickel-filtered Cu Ka radiation. The final R
index is 0-044. The crystal structure is isomorphous with the urea/barbital complex. The acetamide
complex has slight differences in barbital conformation as well as in the relative translations and orien-
tations of the component molecules, but is similar in having two strong hydrogen bonds (N- - -0, 2-84 A)
in which barbital is donor and the oxygen of the second component (acetamide) is acceptor.

Introduction

This crystal structure determination is one of a series
involving NH- - -O=C hydrogen bonded complexes of
drug-active barbiturates with various other amides.
The crystal structure of the 1:1 complex of 5,5-
diethylbarbituric acid (barbital, Fig. 1) with acetamide
is of interest because it is isomorphous with the cor-
responding urea complex (Gartland & Craven, 1974).
Thus the acetamide methyl group which does not
hydrogen bond, replaces a urea amino group which
does hydrogen bond, with only minor perturbation of
the crystal structure,

Experimental

Transparent, prismatic crystals of the complex were
grown from a saturated solution of barbital and
acetamide in a solvent mixture of propanol and cyclo-
hexane (4:1). The crystal density was determined by
flotation in a mixture of benzene and carbon tetra-
chloride. Intensity data and unit-cell dimensions were
measured on a four-circle computer-controlled dif-
fractometer (Enraf-Nonius CAD-4) using nickel-
filtered Cu Kx radiation (1=1-5418 A). The crystal
data for the isomorphous complexes of barbital with
acetamide and urea are given in Table 1.

Table 1. Crystal data for the isomorphous(1:1) complexes
barbitalfacetamide and barbitaljurea

Barbital/acetamide
(This work)

Barbital/urea
(Gartland & Craven,
1974)
CsH,,N,0,. C;H:NO CgH,:N;0;. CH N, O
Orthorhombic, space group P2,2,2,

m.p. 116°C 146-150°C
a 10:615.(2) A 10:302 (5) A
b 10-568 (2) 16-181 (2)

c 11243 (2) 11627 (3)

14 1261-2 A3 12195 A2
Doncs 1283 gem 3 1-320 g cm™?
D, 1-281 1-330

1500 independent reflections were measured in the
range 8 < 75° The crystal, which had dimensions 0-3 x
0-2x0-2 mm, was mounted so that there was an angle
of 15° between the crystal axis a and the ¢ axis of the
goniostat. Reflections were scanned in the w-28 mode
at different rates to obtain a minimum net count of
5000 within a specified maximum scan time (90 s). The
background counts were taken at each of the scan
limits for } of the scan time. The 28 scan width in
degrees was 1-2+0-4 tan 8. There were 86 reflections
for which the integrated intensity (/) was less than
20(1) as calculated from the counting statistics. These
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I-NAN HSU AND B. M. CRAVEN 975

reflections were assigned intensities of o(/)/2. No cor-  the barbital/urea complex (Gartland & Craven, 1974).
rections were made for X-ray absorption or extinction. However, at the time, this relationship was not ap-
In retrospect this crystal structure could have been preciated, and the crystal structure was determined by
determined most readily from its isomorphism with direct methods with the MULTAN program of Ger-
main, Main & Woolfson (1971).

Atomic parameters (Table 2) were refined by a full-
matrix least-squares procedure. The function mini-
mized was Ywgdi, where 4y=|F3S|—~|F3'*|. The
weights were assumed to be wz!=0-15+0-002 |F,)
The atomic scattering factors were those of Cromer &
Waber (1965) for O, N, C, and of Stewart, Davidson
& Simpson (1965) for H. All hydrogen atomic posi-
tions were obtained from a difference Fourier map
which was calculated after refinement of anisotropic
temperature factors had been applied for the non-
hydrogen atoms. Hydrogen-atom positional .and iso-  *
tropic thermal parameters were subsequently refined.
During the last three cycles of least-squares refinement,
Fig. 1. Molecular stiucture of 5,5-diethyibarbituric acid reﬂ_ectxons with /< 20(1) anfl 17 strong reflections for

(barbital). which |F°|>|F'c| were given zero weights. Refine-

Table 2. Atomic parameters with e.s.d.’s

Positional parameters are given as fractions of the lattice translations. Thermal parameters are given according to the expression:
T=exp [ —(Bu/? + Pk + Byl + 2B12kk + 2B13hl + 205k 1)), or T=exp [~ Bsin? 822}, and U, is the r.m.s. displacement (A) along
the kth principal axis of the thermal ellipsoid. The parameters are listed x 10%, except for hydrogen atoms positional parameters
(x10%) and U, (x 10%).

(i) The barbital molecule :

B (A% -
x y z B Ba B Bz Bis B3 U, Uz» U,
N(1D) 5757 (1) 4077 (1) 4916 (1) 88 (1) 59 (1) 55 (1) —-1(1) 21 (1) -2(1) 17 18 24
HM) 524 (2) 398 (3) 1557 (2) 4-8 (5)

C(2) 6551 (2) 3097 (2) 4653 (1) 106 (2) s4¢1) 55 (1) 6(1) 11 (D) 1y 17 18 25
0(2) 6584 (2) 2136 (1)  5245(1) 200 (2) 73(1)  88¢1) 26(1) 43(1) 30(1) 17 23 36
N(3) 7313 (2) 3246 (1)  3677(1) 94 (1) s7¢)  s7(1)  18(1)  17(1) 2(1) 16 18 25
H@3) 777 (2) 258 (2) 350 (3) 35 (4)

C@). 7318(1) 4266(2) 2920(1) 61 (1) 64()  46(1) =—4(1) =2(1) -3 17 18 19
0(4) 7986 (1) 4259 (1) 2043 (1) 87 (1) 9% ()  59(1) 1(1y  20(1) 1(1) 17 23 24
C(5) 6499 (1) 5390 (1) 3223 (1) 69 (1) () 524y =3() -2 Q) 16 18 20
C(6) 5726 (2)  5230(2)  4358(1) 67 (1) 54 (1) S7T(D 3(1) 2 =1() 17 20 20
0(6) 5071 (1) 6070 (1) 4744 (1) 103 (1) 78 9%6(1)  28(1) 19¢) -1y 17 25 27
c7) 5567 (2) 5634 (2)  2190(2)  93(2) 80(2) 66 (1) 6(1) ~17(1) 4(1)y 19 22 24
HTD 513 (2) 643 (2) 242 (2) 38 (4)

H(72) 605 (2) 575 (2) 149 (2) 41 (5)

C(8) 4677 (2)  4548(2)  1930(2) 89 (2) 127(3) 88(2) —-6(2) —~22(2) —20(1) 19 25 28
H(8)) 417 (3) 432 (3) 263 (3) 55 (6)

H(82) 511 (3) 378 (3) 168 (2) 56 (6)

H(83) 414 (3) 473 (3) 127 (3) 65 (7) :

c(9) 7377 (2) 6550 (2) 3317 (D) 99 (2) 60 (1) T3 —20(1) ~-0(I) 3 - 17 22 25
H(S) 690 (2) 736 (2) 349 (2 42 (5)

H(92) 777 (2) 672 (2) 256 (2) 40 (5)

C(10)  8359(2) 6385(2) 4343(2) 89(2) 100(2) 80(2) =~28(2) =—4(1) —-19(1) 18 23 27
H(101) 787 (3) 625 (3) 514 (3) 57 (6)

H(102) 900 (3) 554 (3) 419 (3) 65 (7)

H(103) 889 (3) 719 (4) 437 (3) 84 (9)

(ii) The acetamide molecule .
(1) 3793 (1) 4477 (2) 7644 (1) 62 (1) 77 (2 57(1) —-10Q1) 3(1) —~10(1) 18 19 22
Q) 4048 (1) 3721 (1) 6832(1) 122 (1) 88 (1) 74 (1) —-42(1) 35(1) —=29(D) 18 19 32
N(2) 4191 (2) 5659 (2) 7620 (2) 104 (2) 69 (1) 88 (1) —11(l) 22(1) ~-17(1) 19 21 27
HE2Y 477 (3) 591 (3) 7073 . 61 (D)

H(22) 414 (2) 616 (3) 821 (2) 4-7 (5)

C(3) 3041 (2) 4058 (2) 8699 (2) 102 (2) 103 (2) 67 (1) —-17(2) 22(1) -11(2) 19 22 27
H(@3n 283 (3) 478 (3) 921 (3) -5-7 (6)

H(32) 227 (3) 365 (3) 843 (2) 56 (6)

H(33) 339(33) - 337(4) 211 (3) 7309
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concluded when all parameter changes were
,h:;sa/l The final overall R index* is 0-044.1

The molecular structures

() Barbital

The oxopyrimidine ring is almost planar with C(5)
and the ethyl carbon atoms forming the spine of a
Hydrocarbon chain which extends perpendicular to the

angles are 184-6 and 180-9° respectively, the greater
difference being a twist of 5:9° about the C(5)-C(7)
bond. . :

The bond lengths and angles in the oxopyrimidine
ring (Table 3) are in excellent agreement with those
reported for the urea complex. There is a small but
significant difference (1-5°) in the bond angle C(6)-C(5)
~C(7) which may be associated with the conformational
differences in the two barbital molecules.

(ii) Acetamide

The carbon, oxygen and nitrogen atoms are nearly
coplanar, with the central carbon atom C(1) only
0-008 A from the plane through the other atoms. There
appears to be a rotation of the methyl group about the
C-CH, bond of about 5° from the configuration in
which hydrogen atom H(31) is anti with respect to the
carbonyl oxygen atom. The amide hydrogen atoms are
displaced (0-13, 0-16 A; es.d. 0-03 A) from the mo-

* R=314ul/ZIFFI.
L &

1 A list of structure amplitudes has been deposited with the
British Library Lending Division as Supplementary Publica-
tion No. SUP 30318 (10 pp., | microfiche). Copies may be ob-
tained through the Executive Secretary, International Union
of Crystallography, 13 White Friars, Chester CH1 INZ,
England.

1 COMPLEX OF ACETAMIDE WITH 5,5-DIETHYLBARBITURIC ACID

Table 3. Bond lengths and angles for barbital
and acetamide

These values have not been corrected for the effects of aniso-

tropic thermal motion, The e.s.d.’s ate given in parentheses

and refer to the least significant digit of the parameter. The

C-H bond lengths in both barbital and acetamide range from

094 to 1-13 A. The H-C-H and C-C-H bond angles range
from 98 to 114°,

(a) Bond lengths (A)

ring. Fhe slight ring puckerings, which occur in the C(6)-r(\li()l)Barbill?3l70 @ ggg:gﬁg) ::g}g g;
barbital rings in- both the acetamide and the urea ¢y 1367 (2) N(-H(1) 0-92 (3)
complexes -are’ shown in Fig. 2. In the acetamide C(2)~-N(3) 1-372 (2) N(3)-H(3) 0-38 (2)
complex the ring is skewed with respect to a twist 24((2))—822)) }%g gg i) A g
Yoo i i -~ . 1 cetamide
about tlge C(2) C('S) axls..In the urea complex, this C2)-0(2) 1214 (2) Ch=0t1) 1242 (2)
feature 1s coupled with a displacement of atom C(5) Cay_o(sy 1213 (2) C(1)-N(2) 1-318 (2)
from- the mean plane of the remaining ring atoms. In  C(5)-C(4) 1-511 (2) C(H-C(3) 1-497 (3)
: C E(S)—C(G) 1-525 (2) N(2)-H2D) ggl 3
- ~(C. (5)-C(7) 1-547 (3) N(2)-H(22) -85 (3)
both @olecules, each four-atom group O/C N and COICO 14349 ()
© >C-0 is nearly planar. These puckering modes (¢) Bond angles (%)
N (i) Barbital CEY—C(5)-C(7) 1076 (1)
H . : N(D-C(2)-0(2) 1222 (2) C(NH—C(5)-C(9) 1096 (1)
have both been noted in other barbltgra}e.crystal N(D-CD-NG) 1167 (2) C—CO-C® 1146 (2)
sttuctures (Craven, Cusatis, Gartland & Vizzini, 1973). N(3)-C(2)-0(2) 121-1 (D) C(5)—C(9H-C(10) 1137 (2)
Their occurrence presumably depends on the nature of  C(2)-N(3)-C(4) 1260 (1) CE)—N()-H() 117 Q)
the barbiturate molecular environment in the crystal Eg;—ggg—g((g)) }122; 8; gg))—g((;g—gg; ”; g;
structure. It is interesting that this conformational U ’ N
-difference is now found to occur in a pair of iso- gg;:g‘g:ggzg m‘g 8; CO—NE-HG) 114 (1)
morphous crystal structures as a result of substituting  C(5)-C(6)~0(6) 121-9 (1) (if) Acetamide
acetamide for urea. g((f;)-g(g;—glﬁg 1 %-9 (g g(z))—gﬂ;-ggz :g(})g g;
Torsion angles C(8)-C(7)-C(5)-C(9) and C(10)- )-C(6)~ 1201 ¢ (H—C(h)-cth) 2
; . C(6)-N(1-C(2) 126°1 (I C(3)—C(1)-N(2 117:9 (2
C(9)—C(5)~C(7) are 1785 and 182-1"3 corresponding CE4%—C((5))—C§7; 109-3 :1% C=1)~N((2))—H§Z)l) 120 (2())
to small twists of the hydrocarbon chain from the fully  C(4)-C(5)-C(% 1075 (1) C(1)—-N(2)-H(22) 124 (2)
extended conformation. In the urea complex, these C(6)-C(5)-C(9) 1085 (1) H(21)-N(2)-H(22) 113 (3)

lecular plane on the opposite side from H(31), so that
the bonds at the amide nitrogen atom are possibly
significantly non-coplanar,

The bond lengths and angles (Table 3) agree with
those reported in the two crystal forms of acetamide
itself [rhombohedral, Senti & Harker (1940) and Denne
& Small (1971); orthorhombic, Hamilton (1965)]
although in the latter structure determinations, the
e.s.d.’s are greater (0-05, 0-005 and 0-016 A respectively
in bond lengths).*

Differences between the isomorphous complexes

There are both intra- and intermolecular differences
between the isomorphous complexes of acetamide and
urea with barbital. The intramolecular differences
consist of the obvious difference between acetamide
and urea, and the small conformational differences in
the barbital molecule which have already been de-
scribed. The intermolecular differences will be de-

* The present results should be compared with those of
Denne & Small (1971) before correction for molecular libra-
tions.
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scribed in terms of the relative translations and orienta-
tions of the two components in each complex.

The atoms which are close to the center of mass of
each component are C(5) in barbital and the carbonyl
carbon of acetamide and urea. The C(5)- - - C distance
between these atoms (Table 1) is almost the same in

O&S)
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-200
T
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o
or e _—
08}~ NG o
e R \ - / ——————————————
ol \ T
i ,/ N
-08p~
a2t
.
Joia)

-.20%

Fig. 2. Conformations of the barbiturate trioxopyrimidine
ring in the complex with acetamide (above) and urea (be-
low). The dashed lines are the traces of the best least-squares
plane through the six ring atoms. The vertical scale (A) is
seven times that of the horizontal.
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both complexes (5-82 and 5-84 A). However, the com-
ponents of the C — C(5) intermolecular vector differ
by 025 A, 0-31 A and 0-21 A along the crystal axes
x, y and z respectively, corresponding to a relative
translation of 0-45 A between these atoms in the two
complexes.

Molecular orientations are given in Table 4 in terms
of the direction cosines of the normals to the molec-
ular planes with respect to crystal axes, and the direc-

-tion cosines of a selected C=0 bond which lies in each

of these molecular planes. In each case, the molecules
chosen are those for which atomic parameters are
given [see Table 1 in this paper, and in Gartland &
Craven (1974)]. These molecules are shown as the
central acetamide (or urea) and the barbital at the
bottom right in Fig. 3. The angle between the plane
normals of the barbiturate ring and acetamide in one
complex is different by only 1-4° from the angle be-
tween the plane normals of the barbiturate ring and
urea in the other. Similarly the angle between the direc-
tions of the C(2)=0(2) barbital bond and the carbonyl
bond in acetamide differ by only 2-3° from the cor-
responding angle in the urea complex. The greatest dif-
ferences in molecular orientation in the two complexes
are in the normals to the barbiturate rings (5-9°) and
the direction of the barbital C(2)=0(2) carbonyl group
(7-1°). It is noteworthy that these differences in intra-
molecular and intermolecular configuration have little
effect on the N-..O distances in corresponding
NH- - -O=C hydrogen bonds in the two complexes.

The hydrogen bonding

The important molecular interactions in this crystal
structure are the NH- - -O=C hydrogen bonds (Table
5). Both NH groups from barbital are hydrogen

Table 4. Molecular orientations in the isomorphous complexes of barbital with acetamide and urea

Molecular orientations are expressed as best least-squares planes, Lx+ My+ Nz=D, or as directions (L, M, N) where L,M,N
are direction cosines with respect to the crystal axes, and Disin A. The appropriate angle is listed underneath each direction cosine.

Barbital/acetamide

9-2874
6-1860

Barbital/urea

L M N D
(43} 07295 0-3858 0-5648
43-2° 67-3° 55:6°
2) 0-8398 -0-2670 0-4726
32:9° 105-5° 61-8°
3) 0-0292 —0-8364 0-5481 -
88-3° 146-8° 56'8°
@ 02175 —0:6428 -0-7351 -
77-4° 130-0° 137:3°

L M N D
0-7524 0-4464 0-4843 9-0873
41-2° 63-5° 61-0°
0-8244 -0-2407 0-5123 6-6990
34-5° 103-9° 59-2°
0-0984 —-0-7692 0-6316 -
84-4° 140-3° 50-8°
0-2345 —0-6755 —0-6997 -
76:4° 132:5° 134-4°

(1) Plane of pyrimidine ring

(2) Plane of acetamide or urea

(3) Direction cosines for barbital C(2)=0(2) bond

(4) Direction cosines for acetamide or urea C=0 bond

Angles between plane normals, or between bond directions. Subscripts @ and u refer to the acetamide and urea complexes re-

spectively.
(1D A(2)e  390° (N A(1),  59°
(DuA(2). 405 (2)a A(2)e 29
QBN 819 (3)aA(3). 71
(3)n A (4)1« 84‘2 (4)0 A (4)n 1 '8
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bonded to the acetamide oxygen atom, with N---O
distances (2-84 A) slightly longer than the corre-
sponding distances (2-80 and 2-78 A) in the barbital/
urea complex. Only one of the acetamide amide hydro-
gen atoms H(22), forms a normal hydrogen bond, and
this is with the barbital O(2) atom. The N- - - O distance
is rather long (2-98 A). The remaining amide hydrogen
atom appears {Fig. 3) as if it might be hydrogen
bonded to a barbital O(4) atom, with N- - - O distance
3-07 A. However, the N(2)-H(21)- - - O(4) angle is 131°
and the H- - - O distance is 2-39 A, indicating that this is
at most a very weak interaction.®* The acetamide
methy! hydrogen atom H(31), which corresponds to the
amine hydrogen atom in the urea complex, is at a
normal van der Waals distance (2:64 A) from the
barbital O(2) atom. This hydrogen atom is not con-
sidered to be involved in C~-H- - - O hydrogen bonding.

* In barbital/furea, the corresponding interaction is even
weaker, with N---O distance 3-10 A, H- - - O distance 2:60 A
and N-H---O angle of 123°,

Table 5. Hydrogen-bonding distances and angles

Parameters for atoms not in the crystal chemical unit (Table 1)
may be derived by operations which are specified by sub-
scripts 4, j, where /s ({+x,4—y,1=2)and jis (1 ~x, 4+,
3—1z2). The e.s.d.'s given in parentheses refer to the least
significant figures in the distances and angles.

N()-- - O() 2-841 (2) A
H)-- - O(1) 1:92 (3)
N@----0Q) 2836 (2)
H@3):---0O() 1-96 (3)
N@)----0Q), 2:980 (3)
H(22)- - -O(2), 216 (3)
N(D)- - - - O(1)——C(1) 1277 (1°
N(H—H(D-- - O(1) 175 (2)
N@)- - O(1)—C(1), 1186 (1)
NQ@)—H(@3)----0(1), 170
N(@2)- -+ 0(2),—C(2); 1506 (1)
N@2)—-H(22)- --0(2), 161 (3)

1:1 COMPLEX OF ACETAMIDE WITH 5,5-DIETHYLBARBITURIC ACID

In the crystal structures of simple aliphatic amides
both amide hydrogen atoms are usually involved in
NH. . .0=C hydrogen bonds. Often, the amide mole-
cules form cyclic dimers linked by pairs of hydrogen
bonds which involve the hydrogen atom c¢is to the
carbonyl oxygen atom. The hydrogen atom which is
trans to the oxygen atom forms hydrogen bonds which
further link dimers to give ribbons. Table 6 lists the

Fig. 3. The environment of the acetamide molecule, viewed
normal to the plane of the amide group.

Table 6. Distances N- --Q in NH- - -O=C hydrogen bonds in the crystal structures of aliphatic amides

Amide*
Formamide (Ladell & Post, 1954)
Acetamide, orthorhombic (Hamilton, 1965)
Acetamide, rhombohedral (Denne & Small, 1971)
Chloroacetamide, a-form (Penfold & Simpson, 1956)
Chloroacetamide, S-form (Katayama, 1956)
Fluoroacetamide (Hughes & Small, 1962)
Cyanoacetamide (Chieh & Trotter, 1970)
Decanamide (Brathovde & Lingafelter, 1958)
Tetradecanamide (Turner & Lingafelter, 1955)
Oxamide (Ayerst & Duke, 1954)
Malonamide (Chieh, Subramanian & Trotter, 1970)

Dichloromalonamide (Leibscher, Krishna Rao & Trotter, 1971)

Succinamide (Davies & Pasternak, 1956)
Glutaramide (Hospital & Housty, 1966a)
Adipamide (Hospital & Housty, 19665)
Suberamide (Hospital & Housty, 1966¢)
Azelamide (Hospital, 1971)

N---O distances
N-H trans to C=O0 N-H cis to C=0

2:88 A 2:94 A
2:87, 2:94 297, 3-01
291 2:95
295 2:99
305 -
288 296

- 2:96, 2-94
2:90 2-88
293 2:99
294 2:95

289, 2292 2-89, 2-94

2:95, 295 304, 314
305 296
2:94 2:94
294 2:97
293 294
297 2:91
297 2:99

* This tabulation was compiled from the bibliography of Kennard & Watson (1970, 1971).
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N - - O distances for the two kinds of hydrogen bonds
in amide crystal structures. The distributions of these
two kinds of hydrogen bonds are very similar, with the
20 cis N- - - O distances ranging from 2-88 to 3-14 A with
an average value of 2-97 A and the 21 trans distances
ranging from 2:87 to 3-05 A with an average value of
2-94 A. The combined average distance is 2:95 A.

The N- - -O distances for the NH- - - O=C hydrogen
bonds in which barbital provides the donor (NH) and
acetamide the acceptor (O=C) group are shorter (2-84
and 2-84 A) than any of the distances in Table 6. They
are also shorter than all but four of the 49 N-..0O
distances in which a barbiturate is both donor and ac-
ceptor {see Table 5 in Gartland & Craven (1974)].

The N- - - O distance (2:98 A) for the hydrogen bond
in which acetamide provides the donor and barbital
the acceptor is near the average value (2:95 A) of the
distances in Table 6, but is longer than all but one of
the 49 barbiturate-barbiturate N- - - O distances.

These results are consistent with the conclusion
(Gartland & Craven, 1974) that in NH- - - O=C hydro-
gen bonds the drug-active barbiturates are more ef-
fective as donor than acceptor. Analogous conclusions
regarding the hydrogen bonding properties of aceta-
mide and other simple amides must await crystal struc-
ture determinations of other complexes in which they
are involved,

This work was supported by the U. S. Public Health
Service, National Institues of Health, Grant No.
NS-02763. We thank Dr R. Shiono for the use of
computer programs,
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‘The Crystal Structure of the Triclinic 1:2 Complex of Hexamethylphosphoramide

with 5,5-Diethylbarbituric Acid (Barbital)

By I-NaN Hsu* anp B. M. CRAVEN

Department of Crystallography, University of Pitisburgh, Pittsburgh, Pennsylvania 15260, U.S.4.

(Received 26 December 1973 ; accepted 4 February 1974)

Hexamethylphosphoramide, [(CH;):NLPO, (M. W. 179-2) and barbital, CgH;;N,0;, (M.W. 184:2) form a
1:2 triclinic complex, m.p. 124°C, space group PI, with a=6-889 (1), 6=12-568 (1), and c=
17944 (2) A, a=7576 (1), B=87-85(1), and p=76-31 (1)°, dpeas=1246 g cm™3, Z=2[(CH,),N};
+4CgH;,N, 05, and a monoclinic complex of undetermined composition, m.p. 67 °C, space group Cc or
C2/c with a=45'64, b=20-29, and ¢=13-91 A, f=106'4°, dpea;=1-172 g cm~3, Z=48 molecules. The
crystal structure of the triclinic complex has been determined by the heavy-atom method, from 6020
integrated X-ray intensities measured on a computer-controlled four-circle diffractometer, using graph-
ite-monochromated Cu K« radiation. Refinement by a block-diagonal least-squares procedure gave a
final R value of 0-062 for all reflections. The hydrogen bonding is of interest as a model for possible
barbiturate-phospholipid interactions. There are two rather strong NH-..0=P hydrogen bonds
(N.--O distances 2-81, 2-84 A) formed at the phosphoryl oxygen atom. There are also two
NH~X O=C hydrogen bonds which both form at the same barbital oxygen atom (N - - - O distances 2-92,
2:93 A).

Introduction

The drug-active barbiturates, such as 5,5-diethylbar-
bituric acid or barbital (Fig. 1), form crystal complexes
with a variety of molecules which are of biological in-
terest, such as adenine derivatives (Kyogoku, Lord &
Rich, 1968; Kim & Rich, 1968; Voet, 1972), amides

* Present address: Department of Chemistry, University of
Toronto. Ontario, Canada MS5S 1A1L.

(Gartland & Craven, 1974; Hsu & Craven, 1974a), and
imidazole (Hsu & Craven, 19745). The most important
molecular interactions in these crystal structures are
the hydrogen bonds. Those hydrogen bonds in which
the barbiturate NH groups are donors tend to be short,
whereas those in which barbiturate oxygen atoms are
acceptors tend to be long (Gartland & Craven, 1974;
Hsu & Craven, 1974b). This suggests that barbiturates
are better hydrogen-bonding donors than acceptors
and that the preferred barbiturate binding sites in bio-
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chemical systems are likely to involve a strong hydro-
gen-bonding acceptor group. The phosphoryl oxygen
atoms of phospholipids might satisfy this requirement.
Thus, n.m.r. studies in deuterochloroform solution

(Novak & Swift, 1972) provide evidence of complexa- -

tion between phenobarbital and phosphatidylcholine.
We have been unable to crystallize this complex, but
we have obtained crystal complexes of a barbiturate
with hexamethylphosphoramide (Fig. 2). Thermody-
namic properties of hexamethylphosphoramide in car-
bon tetrachloride solution (Arnett, Joris, Mitchell,
Murty, Gorrie & Schleyer, 1970) show this molecule
to be a particularly strong hydrogen-bonding acceptor.
For the complex formed with p-fluorophenol as donor,
the heat of formation of a hydrogen-bonded dimer is
8 kcal mole™'. We now report the crystal structure
determination of the 1:2 triclinic complex of hexa-
methylphosphoramide (Fig. 2) with barbital, and crystal
data for a monoclinic complex.

Experimental

Crystal data for two complexes of hexamethylphos-
phoramide and barbital are given in Table 1. The
monoclinic crystals were obtained as plates elongated
along ¢ by slow cooling to room temperature of a solu-
tion of barbital in liquid hexamethylphosphoramide.
The triclinic crystals were obtained as needles elongated
on a, from a solution of both components in absolute
ethanol. In order to exclude atmospheric moisture,
crystals of both complexes were grown in a sealed flask,
and were coated in lacquer before X-ray data were
measured. Otherwise, the crystals decomposed in a
few hours. X-ray oscillation and Weissenberg photo-
graphs (Cu K radiation) showed that the monoclinic
complex has an unusually large unit cell. The crystal
density (1-172 g cm™3) corresponds to a total of 48
molecules per unit cell, or 12 molecules in the asym-
metric unit if the space group has the lower symmetry

Table 1. Crystal data for the complexes of hexamethyl-
phosphoramide with barbital

Hexamethylphosphoramide Barbital
{(CH,3):NJ;,PO CgH,;N,04
M.W. 1792 M.W, 1842
Triclinic,* m.p. 124° Monoclinic
_ m.p. 67°
Space group Pl Cecor C2/e
a 6-889 (1N A 45-64 A
b 12-568 (1) 20-29
¢ 17-944 (2) 13-91
o 75:76 (1)° -
B 87-85 (1) 106-4°
Y 76-31 (1) -
incas {246 g cm™? 1172 g cm™-?
dente 1243 gem™? 11172 g cm™?
V4 2[(CH,);NI,PO 48 molecules
+4{CH;;N:0,) with M.W. of
182

* The crystal data refer to the Niggli reduced cell, which was
used throughout the structure determination.

1:2 COMPLEX OF HEXAMETHYLPHOSPHORAMIDE WITH BARBITAL

Cc. The composition of this complex could not be
established with confidence from the unit-cell volume
and crystal density because the two comporcnts have
similar molecular weights.

The crystal structure determination of the triclinic
form was undertaken first because of its relative sim-
plicity. A needle-shaped crystal was cut to give dimen-
sions 0-29 x 0-29 x 0-15 mm and was mounted with the
a axis approximately along the ¢ axis of a computer-
controlled four-circle diffractometer. Unit-cell dimen-
sions and the integrated intensities for 6020 reflections
with 0<75° were measured with graphite-mono-
chromated Cu Ka radiation (;=1:5418 A). Reflections
were Scanned in the 0/20 mode with 0 scan width
(0:6+0-3tan 8)°. There were 1316 weak reflections
for which the intensity I was less than 2-0g(J). These
reflections were assigned intensities of o{/)/2. No cor-
rections were made for X-ray absorption and extinc-
tion.

The phase problem was solved by the heavy-atom
method, based on the phosphorus atoms. Atomic
parameters (Table 2} were refined by a block-diagonal

Fig. 2. The hexamethylphosphoramide molecule viewed down
the phosphoryl bond. The dotted lines are the projections of
the hydrogen bonds which are formed at the phosphoryl
oxygen atom,
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least-squares procedure in which the function mini-
mized was 3pwyudy, where dy=|F%|—|F3'|. The
weights were given by wg ' =0-1+0-002|F,,]>. The atom-
ic scattering factors were those of Cromer & Waber
(1965) -for phosphorus (including 4f’=0-2), oxygen,
nitrogen and carbon, and of Stewart, Davidson &
Simpson (1965) for hydrogen. All hydrogen atomic
positions were obtained from a difference Fourier map
which was computed after refinement of anisotropic
temperature factors had been made for the non-hydro-
gen atoms. Hydrogen atom positional parameters were
then refined, but hydrogen atom thermal parameters
were fixed with values the same as those of the atoms
to which they are bonded. During the final cycles of
least-squares calculation, reflections with 7 < 20(/) and
two strong reflections for which |F§'"| > |F3P®] were

1301

given zero weight. The final R index* was 0-062 for all
reflections and 0-046 for reflections with non-zero
weight.t

Discussion

The crystal structure determination shows a hydro-
gen-bonded 1:2 complex with one hexamethylphos-
phoramide molecule and two barbital molecules (4
and B) in the asymmetric unit of space group PT.

In both barbital molecules, the oxopyrimidine ring

* R=3ul4ul] ZulF¥L.

1 The table of structure factors has been deposited with the
British Library Lending Division as Supplementary Publica-
tion No. SUP 30367 (32pp., | microfiche). Copies may be
obtained from the Executive Secretary, International Union of
Crystallography, 13 White Friars, Chester CH 1 1 NZ, England,

O-PNil) 1087
o-P-NR) B0.0
O-P-ND)  18.0

Fig. 3. Bond lengths and angles. The e.s.d.’s are 0-005 A in C-N, C=0 and C-C bond lengths, 0-3° in corresponding bond angles.
0-003 A in P-N and P-O bond lengths, and 0-2° in corresponding angles, and 0-05 A in bond lengths involving hydrogen atoms.

“Table 2. Atomic parameters and their e.s.d.’s

Positional parameters are given as fractions of the unit-cell translations ( x 10*) for non-hydrogen atoms and (x 10°) for hydrogen
atoms. Anisotropic thermal factors ( x 10°) are given by the expression T=exp [— 2 (B1,hh))). The e.s.d.’s which are given in
parentheses refer to the least significant digit in the corresponding parameters.

(@) Hexamethylphosphoramide

x y z Bu B2z Bas Bz Bis Bas
P 1097 (1) =21 () 3015 (1) 201 (2) 47 (1) 24 (1) =21 (D) =1 (1) -6 (1)
O 1386 (4) 1138 (2) 2707 (1) 338 (8) 47 (2) 32(1) —-27(3) 21 (2) -7 (1)
N(1) —-1274 (5) 31 (3) 3176 (2) 193 (7) 91 (3) 48 (1) =29 (4 1(3) —-16 (2)
N(2) 2403 (5) — 622 (3) 3811 (2) 249 (8) 79 (3) 26 (1) —19(3) —8(2) -7 (1)
N(3) 1869 (5) -907 (3) 2474 (2) 256 (8) 66 (2) 36 (1) - 17 (3) —-8(2) —-20 (1)
cny —1903 (8) - 905 (6) 3700 (3) 291 (13) 185(7) 50 (2) —~125(8) 14 (4) —-12 (3)
C(2)y . —2804 (8) 895 (5) 2693 (6) 276 (14) 97 (5) 145 (6) —20 (6) —-79(7) ~24 (4)
C(3) 2479 (7) 34 (5) 4368 (3) 301 (12) 160 (6) 39 (2) — 14 (7) - 13 (4) —40 (3)
C4) 3066 (8) -~ 1836 (4) 4127 (3) 369 (14) 95 (4) 41 (2) —22(6) -21(4) 21 (2
C(5) 599 (8) — 1206 (4) 1977 3) 399 (14) 100 (4) 42(2) ~ 86 (6) =34 -23 (2)
C{6) 3963 (7) - 1099 (4) 2244 (3) 291 (1) 86 (3) 43 (2) -4 (5) 4(3) —28 (2)
x ¥ z . X y z

H(11) - 100.(T) —134 (5) 415 (3) H@E 225(D —-212 (4) 453 (3)

H(12) ~250 () ~127 (5) 340 (3) H(42) 451 () —200 (4) 435 (3)

H(13) -3 (N —60 (5) 393 (3) H(43) 291 (1) -227 (4) 370 (3)

H(21) -225(8) 144 (4) 235 (4) H(51) 56 (1) -69 (4) 140 (3)

H(22) -372(®) 121 (4) 311 (4) H(52) 104 () - 198 (4) 197 (3)

H(23) —-338 (8) 42 (4) 237 (4) H(53) -68 (7) - 114 (4) 217 (3)

H(31) 150 () —-20 (4) 482 (3) H(61) 412 (7) -~ 64 (4) 172 (3)

H(32) 391 (D) -5 (4) 457 (3) H(62) 452 (6) - 197 (4) 225 (3)

H(33) 221 (D) 75 (5) 412 (3) H(63) 465 (6) —97 (4) 260 (3)
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Table 2 (cont.)

(6) Barbital (molecule 4, above; molecule B, below)

X y z B B2 Bss Bz Bis B2
o) — 1581 (5) 3553 (3) 1570 (2) 398 (10) 97 (3) 32(1) 3(4) 52 —21(1)
3330 (5) 3528 (3) 1926 (2) 486 (11) 103 (3) 01y -=-113@) 27 (3) -26 (1)
O  —5269 (6) 6091 (3) 2749 (2) 437 (11) 70 (2) 46 (1) 58 (4) —16 (3) —11 (D
4764 (4) 4112 (2) - 587 (1) 275 (6) 55 (2) 25(1) ~53(3) 0(2) -4 (1)
O(6) —499 (5) 2898 (2) 4124 (2) 332 (8) 82 (2) 32(1) 19(3)) -—-13(2) —4(1)
2045 (5) 1040 (2) 692 (2) 355 (8) 65 (2) 39()  -89(3) 9 (2) —10(D)
N(1)  —1039(5) 3244 (2) 2852 (2) 259 (8) 55(2) 3t Q) 4(3) 1(2) —-9(1)
2805 (4) 2241 (2) 1312 (2) 247 (7) 51 (2) 26(1) —41(3) 14 (2) -6 (1)
(o(0))] —1932 (6) 3859 (3) 2157 (2) 268 (9) 59 (3) () ~21(4) 5(3) -9 ()
3366 (6) 3205 (3) 1344 (2) 258 (9) 60 (2) 26 (1) —45(4) 72 —11 (1)
N@G@)  ~330L (%) 4851 (2) 2173 (2) 289 (8) 54 (2) 27 (1) -9(3) —-10(2) -3
4004 (5) 3798 (2) 658 (2) 285 (8) 52 (2) 26()  ~58(3) 5(2) -11 (1)
C(4) ~ 39852 (6) 5234 (2) 2806 (2) 284 (10) 50 (2) 32(1) —5(4) -4 (3) -7(1)
4135 (5) 3524 (2) —27(2) 174 (7 40 (2) 24(1) —18(3) -5(2) -5 (1)
C(5) —2961 (6) 4580 (3) 3578 (2) 273 (10) 59 (3) 25 (1) 34 -10Q3) -13()
3516 (5) 2463 (2) —77(2) 191 (1) 43 (2) 25(1) —-26(3) -5(2) -8 (1)
C(6) —1392 (5) 3508 (3) 3547 (2) 237 (9) 55 (2) 29(1) —14(4) 1(3) -6 (1)
2707 (5) 1859 (3) 665 (2) 189 (7) 44 (2) 2(1) ~24(3) -2(2) —6(1)
() —4595 (7) 4242 (4) 4130 (2) 309 (12) 100 (4) 29.(1) 28 (5) 9 (3) —9(2)
5393 (6) 1640 (3) —252 (2) 271 (9) 52 (2) 35(1) =22(4) 18 (3) -15(1)
C(8) —5556 (8) 3384 (5) 3933 (3) 316 (13) 144 (6) Q) -62(7 5 (4) 3(3)
7034 (7) 1196 (4) 329 (3) 222 (10) 83 (3) 63 (2) 13 (5) -3 -18 (2)
ol()) —1937(9) 5356 (4) 3879 (3) 447 (17) 76 (3) 64 (2) —5(6) —51(5 -31(2)
1904 (6) 2770 (3) -719{2) 294 (10) 74 (3) 21 -62(5) =-32(3) -3
C(10) —421 (11) 5827 (5) 3342°(5) 466 (21) 94 (5) 132(5) ~73(8) —58 (8) —29 (4)
80 (7) 3671 (5) -624 (3) 232 (11) 111 (&) 64(2) ~—34(5 —43 (4) 7(3)
X ¥y z x ¥ H

H(1) —27(6) 258 (3) 285 (2) H(83) —448 (D) 263 (5) 396 (3)

236 (6) 189 (3) 171 {2) 817 (6) 69 (4) 17 (3)

H(@3) —~380 (6) 520 (3) 174 (2) H1)  —~133(8) 493 (4) 439 (3)

437 (6) 440 (3) 66 (2) 252 (6) 304 (3). —122(2)

H(71)  —405(7) 394 (4) 467 (2) H(92)  —286(8) 603 (4) 396 (3)

498 (6) 100 (3) ~38 (2) 146 (6) 206 (3) -T2 (2)

H(72)  —552(D) 490 (4) 415 (2) H(0)  —131 (9 637 (5) 287 (4)

578 (6) 205 (3) ~74 (2) 43 (7) 443 (4) —-61(3)

H(81)  —661(7) 322 (5) 431 (3) H(102) 1(9) 631 (5) 364 (4)

651 (6) 68 (4) 82 (3) -82(7) 384 (4)  —107(3)

H(82)  —607 (D) 366 (4) 336 (3) H(103) 48 (9) 530 (5) 314 (4)

747 (6) 183 (4) 49 (3) —40(7) 338 (4) -10 (3)

is almost planar and the ethyl carbon atoms and atom
C(5) form an almost fully extended chain at right an-
gles to the ring. The slight ring puckerings in molecules
A and B closely resembie those found in molecules C
and D in polymorph IV of barbital (Craven & Vizzini,
1971; Craven, Cusatis, Gartland & Vizzini. 1973). The
greatest atomic displacements from the best least-
squares planes through the six ring atoms are 0-07 A
for atom O(2) in molecule 4 and 0-11 A for atom
O(6) in molecule B. The torsion angles in the chain
C10)-CO-C(5)-C(7)-C(8) inmolecules A and Brespec-
tively are —174-8 (5)° and —173-7 (4)° about the bond
CO)»-C(5) and —174-0 (5)°, —1754 (3)° about the
bond C(5)-C(7).

There is good agreement between the bond lengths
and angles of molecules 4 and B (Fig. 3). The differ-
ences between bond lengths such as C(4)-O(4) and
C(6)-0(6) in molecule B are too small (0-013 A) to be
highly significant in terms of their e.s.d.’s (0-004 A).
However, this bond-length difference has the same
sense and order of magnitude as have been consistently
observed in other barbiturate molecules in which O(4)

is hydrogen bonded, while O(6) is not (Craven, Cusatis,
Gartland & Vizzini, 1973). In molecule 4, where none
of the barbiturate oxygen atoms is hydrogen bonded,
bond-length differences across the C(2)- - - C(5) axis are
even smaller than in molecule B.

The hexamethylphosphoramide molecule shows
marked departures from threefold rotational sym-
metry about the P=O bond. This asymmetry involves
the P-N torsion angles (Fig. 2) and valence bond an-
gles (Fig. 3), but not bond lengths (Fig. 3). The torsion
angles O-P-N(1)-C(2), O-P-N(2)-C(3) and O-P-N(3)
~C(6) are all different (32-8°, 41-3°, 56-3°, e.s.d. 0-4°),
in a way which appears to be uncorrelated with differ-
ences among the three O-P-N, the three N<P-N, and
the six P-N-C bond angles. The bonds at the three
nitrogen atoms are almost planar, but each is signif-
icantly displaced (0-09, 0-13, and 0-17 A) from the
plane through the phosphorus and methyl carbon
atoms to which it is bonded. The nitrogen atoms N(1)
and N(2) are on the same side of the plane as the phos-
phoryl oxygen atom, but nitrogen atom N(3) is on the
opposite side.
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The bond lengths in hexamethylphosphoramide
(Fig. 3) are similar to those reported in crystal struc-
ture determinations of related molecules, such as
N,N-dimethyldiphenylphosphinamide [P-O, 1-47 A;
P-N, 167 A; N=CHj, 1-52 and 147 A; Haque &
Caughlan (1966)), the trimeric diethylamide of meta-
phosphoric acid [mean P=O bond length 1-44 A, mean
P-N bond length 1-67 A; Andrianov, Bokii, Cherepin-
skii-Malov, Tarnopolskii & Struchkov (1969)], 2,4,5-
trimethoxy-1,3,5-trimethyl-2,4,6-trioxotriphosphazane
[mean phosphoryl P=0O bond length 1-46 A, mean P-N
bond length 1:66 A; Ansell & Bullen (1968)] and tri-
ethylene thiophosphoramide [mean P-N bond length
164 A ; Subramanian & Trotter (1969)]. The phosphoryt
bond length in hexamethylphosphoramide (1-483 A)
is nearly the same as the phosphodiester phosphoryl
bond lengths found in glycerylphosphoryicholine
[mean value 1-486 A; Abrahamsson & Pascher (1966)]
and glycerylphosphorylethanolamine monohydrate
[mean value 1-488 A ; De Titta & Craven (1973)). Since
it appears that these phosphoryl bonds have similar
double-bond character, the phosphoryl oxygen atom
in hexamethylphosphoramide should have similar af-
finity as a hydrogen-bonding acceptor to the phos-
phory!l oxygen atoms of phospholipids.

In the 1:2 complex of hexamethylphosphoramide
with barbital there are hydrogen-bonded chains which
are parallel to a and have the thickness of one unit
cell in the b and ¢ directions (Fig. 4). Non-polar methyl
or methylene groups from both kinds of molecules
form the outer surface of each chain. Each barbital
molecule 4 and B is the donor in one hydrogen bond
to the O(4) oxygen atom of a barbital B molecule, and
is also donor in a second hydrogen bond to the hexa-
methylphosphoramide oxygen atom. The hydrogen

-C/2e o
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Fig. 4. The crystal structure viewed down b. Atoms of the
hexamethylphosphoramide molecules are shaded.
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bonds N(3,4)H-.-O(4,B) and N(3,B)H---0(4,B)
respectively have N---O distances 2:93 and 2:92 A,
H---O distances 2-10 and 2-07 A, and N-H-.-0 an-
gles 171° and 177°. The N(3,4)---O4,B)---N(3,8)
angle is 86-0°. The hydrogen bonds N(1,4)H---O=P
and N(1,B)H:--O=P respectively have N---0O dis-
tances 2-84 and 2:81 A, H---O distances 1-97 and
1-98 A and N-H...-O angles 173° and 176°. The
N(1,4)---0---N(1,B) angle is 89-5°. Thus, the ar-
rangement of pairs of hydrogen bonds at the carbonyl
O(4) and phosphoryl oxygen atoms is very similar ex-
cept}that the latter hydrogen bonds are shorter by about
01 A,

The N---O distances for the hydrogen bonds in-
volving only barbital are near the center of the range
(2:81 to 2-98 A) which has been observed for all such
hydrogen bonds (Gartland & Craven, 1974). The
N...O distances for the hydrogen bonds involving
the phosphoryl oxygen are near the short limit of this
range, but are longer than the NH-.-O=C hydrogen
bond in which barbital is donor and aminopyridine is
acceptor (2:75 A; Kiryu, 1971). They are also longer
than one of the NH: - - O=P hydrogen bonds (N---O
distances 271, 2:85 A) in glycerylphosphorylethanol-
amine monohydrate (DeTitta & Craven, 1973). Thus,
in the 1:2 complex of hexamethylphosphoramide and
barbital, the N- - - O distances are consistent with strong
NH- - -O=P hydrogen bonds, but these do not appear
to be markedly stronger than some hydrogen bonds in
related crystal structures. We note that NH---0=C
hydrogen bonds between barbiturate molecules have
N.---O distances which differ over a range of almost
0-2 A, presumably as a result of crystal packing effects.
The two NH---O=P hydrogen bonds in the triclinic
complex of hexamethylphosphoramide with barbital
do not provide an adequate estimate of the range of
N-.-O distances- which is to be expected for such hy-
drogen bonds. However, the crystal structure deter-
mination of the monoclinic complex (in progress)
should give considerably more data concerning the
nature of NH- --O=P hydrogen bonds involving bar-
biturates.

This work was supported by Grant No. N§-02763
of the U. S. Public Health Service, National Institutes
of Health. We thank Professor R. Shiono for the use
of computer programs.
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The Crystal Structure of 1,4-Diiodobicyclo[2,2,2]octane

By DoyLE BriTTON*
Laboratory for Organic Chemistry, Swiss Federal Institute of Technology, 8006 Ziirich, Switzerland

(Received 26 July 1973 ; accepted 31 January 1974)

" 1,4-Diiodobicyclof2,2,2}octane is tetragonal, probable space group P4,2,2,, with a=6-653 and c¢=
23-311 A, Z=4. The structure, determined from Fourier maps and partial least-squares refinement, gave
a final conventional R value of 0-045 for a disordered model with assumed tetrahedral bond angles and
normal C-C bond lengths. The disorder arises from the molecules being rotated +20° about the three-
fold molecular axis (i.e. the 1---1 axis) away from an orientation appropriate to the space-group
symmetry. A less probable alternative structure requiring twinned crystals with space group P4, fits the

data equally well.

Introduction

The packing of diiodoacetylene (Dunitz, Gehrer &
Britton, 1972) shows unusual features, and it was
thought that diiodobicyclooctane, which is another
diiodide molecule with approximately cylindrical sym-
metry, would be worth examining. Accordingly, its
structure is reported here.

Experimental

A sample of the compound, which had previously been
provided for another purpose by Dr J. C. Kauer of the
Central Research Department of E. 1. du Pont de Ne-
mours and Co., Inc. (Chem. Eng. News, 1970), was
recrystallized from carbon tetrachloride. The crystals,
mostly thin, square plates with no extinction perpen-
dicular to the plate direction, were not well enough
formed for any useful conclusions to be drawn about
the crystallographic point group. Precession photo-
graphs showed the crystals to be tetragonal with Laue
symmetry 4/mmm. Systematic extinctions (00, h# 2n;
00/, /#4n) indicate the space group to be P4,2,2
(No. 92) or its enantiomorph. The cell constants, deter-

* Permanent address: Chemistry Department, University of
Minnesota, Minneapolis, Minnesota 55455, U.S.A.

mined from a least-squares fit of the diffractometer
positions of 20 peaks (Mo Ka radiation, 2=0-71069 A),
are a=6653, ¢=23-311 A; the estimated error is less
than 0-1 %. For Z =4 the molecular volume is 258 A3
and the calculated density is 2-329 g cm™3. The linear
absorption coefficient is 61-0 em™' (Mo Ka).

A crystal 0-10%x0-15x0-20 mm was used for inten-
sity measurements. It was mounted on the end of a fine
glass fibre, which was then sealed in a thin-walled glass
capillary. Data were collected at room temperature
using a 4-circle Hilger and Watts Y290 diffractometer
with monochromatic Mo Ka radiation. One complete
octant of data (1295 reflexions) was collected for 8
between O and 26°. Reflexions between 0 and 20° were
scanned in 80 steps of 0-01°in 0 and w with 1 s counting
times per step and 10 5 background counts at each end
of the scan; for 20-26° 100 such steps were used and
the background counting time was increased to 25 s at
each end. The 50 most intense reflexions were also
scanned using reduced intensity to test for saturation
of the counter and the seven most intense reflexions
were corrected for this effect. The intensities of two
check reflexions were measured every 25 reflexions;
although the crystal turned dark yellow with use, there
was no variation with time of the intensities of the
check reflexions and the average deviation from the
mean was 1-1%. '
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Hydrogen Bonding NH. . . N of Barbiturates: The 1:1 Crystal Complex
of Imidazole and 5,5-Diethylbarbituric Acid (Barbital)

By I-NaN Hsu anp B.M. CRAVEN
Department of Crystallography, University of Pittsburgh, Pittsburgh, Pennsylvania 15260, U.S.A..

(Received 26 October 1973; accepted 12 December 1973)

The 1:1 crystal complex of imidazole and barbital (m.p. 122°C) is monoclinic, space group P2,/¢, with
a=10-133 (4), 5=11-261 (4), c¢=13-715 (5) A, B=123-12 (1)° and four molecules of each component in
the unit cell (Dpe,s=1-276, D, =1-278 g cm™%). The X-ray crystal structure has been determined from
2115 integrated intensities measured on a four-circle computer-controlled diffractometer using nickel-
filtered Cu K« radiation. The phase problem was solved by a combination of direct and Patterson
methods. The atomic parameters were refined by a full-matrix least-squares procedure to give a final R
index of 0-065 for all reflections. The crystal structure consists of NH- - -O=C hydrogen-bonded dimers
of barbital which are cross-linked by pairs of imidazole molecules to form hydrogen-bonded ribbons.
Barbital provides the NH donor in a strong hydrogen bond to imidazole, with N- - - N distance 2-78 A.
Similar short hydrogen-bond distances occur in crystal complexes in which uracil, thymine or barbiturate
provides the NH donor, and adenine provides the nitrogen atom acceptor.

Introduction

Kyogoku, Lord & Rich (1968) have reported that the
association between barbiturates and 9-ethyladenine
in carbon tetrachloride solution is strong, with equi-
librium constants (K,z~ 1000 M~') which are an

dine respectively). This would be in accord with Taft,
Gurka, Joris, Schieyer & Rakshys (1969) who have
found linear relationships between pK, and pKy; for
the interactions of families of closely related hydrogen-
bonding bases with a common hydrogen-bonding acid.
In crystal complexes of barbiturates with adenine de-

order of magnitude greater than those between uracil
ind adenine derivatives (100 M ~!). Highly specific in-
teractions of this kind may be involved in the drug
action of barbiturates. An important factor in the in-
teraction is likely to be the barbiturate/adenine hydro-
gen bonding. Kyogoku, Lord & Rich (1968) point out
that barbiturates may form stronger hydrogen bonds
than uracil derivatives because of their greater acidity
in aqueous solution (pK, 7-8, 9-4 for barbital and uri-

rivatives (Kim & Rich, 1968; Voet & Rich, 1972; Voet,
1972) there are indeed short NH- - -N hydrogen bonds
between the two components, although not markedly
shorter than those found in crystal complexes of uracil
or thymine with adenine derivatives.

It is interesting that in addition to the crystal com-
plex with 9-ethyladenine [(1), Voet,.1972], 5,5-diethyl-
barbituric acid [barbital, (II)] also forms crystal com-
plexes with 2-aminopyridine (II1) and imidazole (1V).
Molecules (III) and (IV), if fused together, comprise
a molecule which closely resembles adenine. We report
the crystal structure determinations of the latter com-
plexes in this and the following paper (Hus & Craven,

£.64CsCy » 108.3(2)

£ CgCsCy2108.1(2)

Fig. 1. Bond lengths (A) and angles (°) for barbital. These
values have not been correcied for the effects of anisotropic
thermal motion. The ¢.s.d.’s are given in parentheses and
refer to the least significant digit in the parameters.
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1974). As in the barbiturate/adenine complexes, these
structures involve short NH---N hydrogen bonds in
which barbital NH groups are donors.

Experimental

The 1:1 crystal complex of imidazole with barbital,
m.p. 122°C, was obtained by slow cooling to room
temperature of an alcoholic solution which had been
slightly supersaturated with respect to both compo- |
nents. We know of no previous report in the literature
concerning this complex. The crystals are monoclinic
with space group P2,/c and lattice translations a=
10:133 (4), b=11-261 (4), c=13-715 (5) A, f=123-12
(1)°. The crystal density (1-276 g cm ~?), which was de-
termined by flotation in a mixture of CCl, and benzene,
agrees with the calculated value (1-278 g cm™?) assum-
ing four molecules of each component in the unit cell.
The lattice translations and X-ray intensity data were
measured on a four-circle computer-controlled diffrac-

989

tometer using nickel-filtered Cu K« radiation (=
15418 A). Integrated intensities were measured for
2115 symmetry-independent reflections in the range
6<63°, with the prism axis of the crystal (b) making
an angle of 5° with the ¢ axis of the goniostat. The
crystal dimensions were 0-37 x 0-29 x 0-20 mm. Reflec-
tions were scanned in the 0-28 mode at a rate of 2°
min ! with 20 s background counts being taken at each
of the scan limits. The 20 scan width was based on 2-0°
and was increased to allow for spectral dispersion.
There were 385 reflections for which the integrated in-
tensity, /, was less than 2-0¢(/) as calculated from the
counting statistics. These reflections were arbitrarily
assigned intensity of o(/)/2. No corrections were ap-
plied for X-ray absorption or extinction.

The crystal structure was determined by a combina-
tion of direct and Patterson methods. The most
promising phase-set resulting from direct-method pro-
cedures as described by Germain, Main & Woolfson
(1971) corresponded to an £ map in which a barbital

Table 1. 4romic parameters for the imidazole-barbital complex

Positional parameters are given as {ractions of the lattice translations. Anisotropic temperature factors correspond to the ex”
pression: T=exp [— (Byih? + Brak® + faal* + 2B0hk + 2Py3hi + 28:3k1)), and isotropic temperature factors to the expression:
exp (— B sin? §/2%). E.s.d.'s given in parentheses refer 10 the least significant figures in parameter values.

(a) Carbon, nitrogen and oxygen atom parameters (% 10*)

X y z Bu Ji% Bss Bz Bis B2
(i) Imidazole
N(D —-172 (2) 1523 (2) —2149(2) 116 (3) 133 (2) 85(2) —18 (2) 25 (2) —-30(2)
C(2) 661 (3) 1179 (2) —=1047 (2) 128 (3) 95 (2) 107 (2) -13(2) 55 (2) 1(2)
N(3) 1839 (2) 1890 (2) —410 (1) 129 (3) 128 (2) 61 (1) —-28(2) 30 (2) 12 (1)
C4) 1736 (3) 2736 (2) —=1154(2) 157 (4) 122 (3) 79 (2) -49 (3) 51 (2) 2(2)
C(5) 519 (3) 2518 (3) —2219(2) 179 (4) 159 (3) 68 (1) -16 (3) 36 (2) 19 (2)
(ii) Barbital )
N(1) 4033 (2) 1623 (2) 1966 (1) 128 (3) 87 (2) 54 (1) —-17(2) 35 7
C(2) 3515 (2) 870 (2) 2465 (2) 114 (3) 64 (2) 62 (2) —6(2) 39 (2) =3 ()
02) 2195 (2) 453 (1) 1934 (1) 120 (2) 98 (1) 84 (1) -29 (1) 37 () —=5(1)
N(@3) 4564 (2) 595 (1) 3622 (1) 117 (2) 70 (1) 60 (1) —-16 (1) 40 (1) 9(1)
C(4) 6039 (2) 1036 (2) 4324 (2) 113 (3) 57(1) 59 (1) —2(2) 44 (2) 4(1)
0O 6844 (2) 754 (1) 5356 (1) 135(2) 89 (1) 56 (1) -7( 5 17(1)
C(5) 6658 (2) 1871 (2) 3802 (2) 114 (3) 76 (2) 54 (1) 17 (2) 36 (2) 7(1)
C(6) 5486 (2) 2145 (2) 2521 (2) 141 (3) 83 (2) 58 (2) -21(2) 46 (2) 3
0(6) 5822 (2) 2817 (2) 1996 (1) 226 (3) 146 (2) 72 (1) —-69 (2) 62 (2) 22 (1)
(N 8137 (3) 1313 (3) 3943 (2) 131 (3) 149 (3) 102 (2) —-1(3) 69 (3) 16 (2)
B 7844 (5) 151 (4) 3298 (4) 275(7) 171 (4) 177 (5) 57 (5) 147 (5) -6 (4)
C(9) 7114 (3) 3056 (2) 4485 (2) 214 (4) 81 (2) 65 (2) —-52(2) 41 (2) 1 (2)
C(10) 5800 (5) 3656 (3) 4505 (4) 365 (8) 89 (3) 149 (4) 2(4) 139 (5) -14 (3)
(b) Hydrogen atoms (positional parameters x 10%)
(i) Imidazole (ii) Barbital
x y z B(AY x ¥y z B(AY)
H(1) -112 (4) 126 3y —276 (3) 74 (8) H(1) 326 (3) 175 (3) 109 (3) 73(7)
H@®2) 40 (3) 49 (3) -~ 74 (3) 7-4 (7) H(3) 419 (3) 8(2) 391 (2) 62 (6)
H(4) 252 (3) 332 (3) —88 (3) 71 (7) H(71) 891 (3) 122 (2) 484 (2) 61 (6)
H(5) 13 (4) 292 (3)y -288 (3) 84 (9) H(72) 861 (4) 191 (3) 368 (3) 83 (8)
H@81) 884 (5) -17(4) -~ 337(4 12 ()
H(82) 737(5) —-48 (4) 358 (3) 11 ()
H(83) 705 (5) 30'(4) 246 () 11 ()
H(91) 802 (3) 288 (2) 531 (2) 60 (6)
H(92) 749 (3) 356 (3) 412 (2) 70 (7)
H(101) 546 (5) 317 (4) 489 (4) 11 (1)
H(102) 486 (5) 387 (3) 364 (4) 10 (1)
H(103) 621 (4) 447 (4) 490 (3) 10 (1)
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molecule could be recognized. The molecular orienta-
tion was consistent with the origin region of the Patter-
son function, but the position of the molecule was in-
consistent with hydrogen-bonding requirements. The
correct position was determined using the Q-function
of Tollin (1966). Atomic parameters (Table 1) were re-
- fined by a full-matrix least-squares procedure. The
function minimized was Swgydy, where 4, =|F35|—
H

|Fe2i¢], The weights were wg'=0-5+0-002|F,|>. The
atomic scattering factors were those of Cromer &
Waber (1965) for C, N, O, and of Stewart, Davidson
& Simpson (1965) for H. All hydrogen atomic posi-
tions were obtained from difference Fourier syntheses
which were calculated after refinement of anisotropic
thermal parameters had been introduced for the non-
hydrogen atoms. Hydrogen-atom positional and iso-
tropic thermal parameters were subsequently refined.
Before the last three cycles of least-squares refinement,
11 strong reflections for which [F®'¢] > |F°®| were
given zero weight. In the final cycle, all parameter
changes were less than 0-2¢0. The final overall R index
was 0-065.*%1

The molecular structures

The crystal structure consists of a hydrogen-bonded
molecular complex and not of the imidazolium barbi-
turate salt. This conclusion is based upon the position
of the hydrogen atom which was found to be at coval-
ent bonding distance from barbital N(1), and also
upon the barbiturate bond distances and angles, which
closely resemble those of the acid rather than the bar-
biturate anion (Berking & Craven, 1971).

(i) Barbital

The bond lengths and angles are shown in Fig. 1.
The oxopyrimidine bond lengths are very similar to

* At the request of the referee, a second refinement was car-
ried out with zero weight assigned to reflections with /< 2e(])
as well as the 11 strong reflections. After two cycles, all par-
ameter changes were less than 0-20. The final value of R=
EIAHI/Z[F‘S”l remained 0-065 for all reflections and 0-043 ex-

cluding reflections with zero weight. In the first refinement,
the final weighted R index was 0-060 or 0-053, if reflections
with I<20(l) were included or excluded respectively. In the
second refinement, the weighted R index remained 0-053. A
comparison of the two refinements showed that 25 out of 227
parameters were different by more than 1-0g. The largest dif-
ferences in thermal and positional parameters were 1-60 for
B33 of C(5) for imidazole and 1-3¢ for x of C(4) in barbital.
The most significant differences (1-0o) in bond lengths and
angles observed in the second refinement are the bond lengths
N(3)-C(4) of imidazole (1:360 A) and the internal ring angles
at N(3) and C(2) of imidazole (105-0°, 111-6° respectively).
Parameter values in Table | are those of the first refinement.
All interatomic distances and angles are based on these values.

t The table of structure amplitudes has been deposited
with the British Library Lending Division as Supplementary
Publication No. SUP 30314 (14 pp., 1 microfiche). Copies may
be obtained through the Executive Secretary, International
Union of Crystallography, 13 White Friars, Chester CH! INZ,
England.

HYDROGEN BONDING NH---N OF BARBITURATES

those reported in the crystal structures of barbiturates
in which oxygen atom O(4) is acceptor for two
NH- - -O=C hydrogen bonds, and atom O(6) is accep-
tor for none (Craven, Cusatis, Gartland & Vizzini,
1973). There are slight differences of about 0-01 A in
corresponding bond lengths in the two halves of the
oxopyrimidine ring which appear to be related to the
mode of hydrogen bonding. Thus the bond C(4)=0(4)
is longer (1-228 A) than C(6)=0(6), (1-214 A). Bond
lengths and angles in the ethyl groups are similar to
those found in the crystal structures of the three poly-
morphs of barbital (Craven, Vizzini & Rodrigues,
1969; Craven & Vizzini, 1971).

The atoms of the oxopyrimidine ring are nearly
coplanar (Tabie 2), being more so than in all but one
of the 14 molecules from barbiturate crystal structures
which are shown in Fig. 3 of Craven er al. (1973). The
largest atomic displacement from the best least-squares
plane of the six pyrimidine ring atoms is 0-038 A for
atom O(2). The carbon atoms of the ethyl groups and
C(5) form a chain which is nearly in the extended con-
figuration, with torsion angles of 180-9° and 184-7°
about the bonds C(5)-C(7) and C(5)-C(9) respectively.

Table 2. Best least-squares planes through
selected atoms
The equations for the planes have the form Lx+ My+ Nz=D,
where (L, M, N) are direction cosines of the plane normal with

respect 10 the orthogonal axes a*, b and ¢, and D is the dis-
tance of the plane from the crystallographic otigin in A.

(i) Plane equations

L M N D
[} -0-5812 0-7744 0-2500 0-462
) -0-2787 —0-4932 0-8240 1-503
3) 0-8117 -0-5552 —-0-1814 0662

(1): Plane through pyrimidine ring carbon and nitrogen atoms.
(2): Plane through atoms C(5) and the ethyl carbon atoms.
(3): Piane through imidazole ring carbon and nitrogen atoms.
(ii) Dihedral angles

(N £(2)=90-8° (1 £(3)=187°

(i) Atomic displacements from the planes (A)

Plane (1)

N(D) -0-001 o) 0038
C(2) 0-008 o4y 0036
N(3) ~0-013 O(6)* 0-008
C4) 0-010 H(1)y* ~007
c(5 -0-003 H(3)* -003
C(6) -0-001

Plane (2)

C(5) =0-032

C(h 0-023

C(8) 0-006

C(9) -0-029

C(10) 0-032

Plane (3) :

N(D) ~0-001 HbH* =012
C(2) -0-001 H2)y* -004
N(3) 0-003 H(4* 0-06
C(4) -0-003 H(5)* -—-003
C(5) 0-002

* Atom not included in the best least-squares plane.
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(ii) Imidazole

The atoms of the imidazole molecule are coplanar
except possibly for the hydrogen atom at N(1), which
is displaced by 0-12 A (4¢) from the best least-squares
plane of the carbon and nitrogen atoms (Table 2). The
bond distances and angles (Fig. 2) show small but
significant differences from those reported by Will
(1969) and Martinez-Carrera (1966) for imidazole itself
at room temperature and — 150°C respectively. In the
case of the bond length C(4)-C(5) which showed the
poorest agreement in the previous determinations
(1-31 vs. 1:35 A) the value from the barbiturate com-
plex agrees well (1-32 A) with the room temperature
value. In the case of the internal ring angles at N(1),
C(2) and N(3), each of which differ by almost 3° in the
previous determinations, the values from the barbitur-
ate complex agree well with the low-temperature val-
ues. Other differences, which are possibly significant,
are that the bond lengths N(1)-C(5) and N(3)~-C(4) are
somewhat shorter (1-353, 1-357 A) than previously
reported values (1-37, 1-38 A). We can find no explana-
tion for these differences.

131(2) 1312}
@us (2

H0.1(3)

1.322(4)
106.3(3)

1.357 (3)

Fig. 3. The crystal structure viewed down b.
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The molecular association

The crystal structure consists of hydrogen-bonded rib-
bons extending along [101] (Fig. 3). The intra-ribbon
angle between the planes of the imidazole and bar-
biturate rings is 18-7° (Table 2). The ribbon plane is
approximately parallel to (111), with the ribbons
packed in a herringbone pattern, when viewed edge on.
The barbiturate alky! substituents from one ribbon fit
against the region between two imidazole molecules of
one adjacent ribbon and are close to the alkyl substit-
uents of a second adjacent ribbon. The shortest inter-
molecular distances involving ethyl carbon atoms are
C(Noarv” * - C(2)imia and C(7)- - -C(10) which are 3-78
and 3-97 A respectively.

Barbital molecules hydrogen bond both with each
other in cyclic dimers, and with imidazole molecules,
whereas imidazole molecules hydrogen bond exclu-
sively with barbital.* Within the barbital dimers, the
NH-.-0=C hydrogen bonds have N-.-.O distances
(291 A) which are within the range (29+01 A) of
those observed in the crystal structures of the barbi-
turic acids themselves (Gartland & Craven, 1974). The
NH-.-O=C hydrogen bond in which imidazole is
donor and barbital is acceptor is very weak. The
N-.-O distance is long (3-21 A) and the H---O dis-
tance (2:37 A) is only 0-2 A shorter than the corre-
sponding van der Waals distance. Gartland & Craven
(1974) have noted that NH-.-O=C hydrogen bonds
in barbiturate crystal complexes are generally short
when barbiturate participates only as donor, and long,
as in the imidazole complex, when barbiturate par-
ticipates only as acceptor. They have suggested that
this is because the barbiturates are stronger hydrogen-
bonding donors than acceptors.

If this were the case, similar variations should exist
in N-.-N distances for NH- - -N hydrogen bonds in-
volving barbiturates. With one exception, distances
are available only for NH-..-N hydrogen bonds in
which barbiturate is donor. However, these do appear
to be generally short, and thus consistent with the view
that barbiturates are strong hydrogen-bonding donors.

In the barbital-imidazole complex, the NH---N
hydrogen bond in which barbital is donor and imi-
dazole is acceptor has N---N distance 2:78 A and
H---N distance 1-76 A. This N-.-N distance is
slightly shorter than in the hydrogen bonds in the
crystal structure of imidazole itself at room temper-
ature (281 A) and at —150°C (286 A) and the
N(7)H - - - N(9) hydrogen bond involving the imidazole
moiety of purine (2-85A ; Watson, Sweet & Marsh, 1965).

* Thete is a short distance (3:06 A) between atoms C(2) of
imidazole and O(2) of barbital within the same ribbon. This
wouid not appear to be a CH:--O hydrogen bond since the
H---O distance (246 A) is rather long and the CHO angle
is only 119°,

+ Inguanidinium barbiturate dihydrate (McClure & Craven,
1973) the guanidinium cation is donor and the barbital anion
deprotonated nitrogen atom is acceptor for a hydrogen bond
with N-+ - N distance 3-00 A.
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A more extensive comparison of such distances is
possible by considering those NH---N hydrogen
bonds formed by adenine, both in self association and
in complexes of adenine derivatives with uracil and
uracil-like molecules, including the barbiturates.
Table 3 lists the N---N distances for N(6)H- - - N(1)
and N(6)H- - -N(7) hydrogen bonds in which adenine
(D) is both donor and acceptor. There are six distances
involving N(1) as acceptor and they range from 2-86
to 3:12 A with a mean value of 3-00 A. There are 11
distances involving N(7) as acceptor and they range
from 2-93 to 3-13 A with a mean value of 3-02 A. These
distances are combined and shown as a histogram in
Fig. 4. The distribution is similar to that observed by
Wallwork (1962) for 25 NH. - -N hydrogen bonds in
crystal structures of various kinds, presumably in-
cluding purines. He reported a mean N---N distan-
ce of 3-07 A and a standard deviation of 0-11 A.

The N- - -N hydrogen bond distance in the barbital/
imidazole complex is significantly shorter than any of
the distances in Table 3. However, it does fall within
the range of distances for NH: - - N hydrogen bonds in
which a uracil-like molecule provides the NH donor
and an adenine N(1) or N(7) atom is acceptor. Hydro-
gen bonds involving N(1) and N(7) of adenine arise in
pairings of the Watson—Crick and Hoogsteen type re-
spectively. The N-.-N distances for these hydrogen

Table 3. Hydrogen-bonding distance N- - -N

between adenine derivatives

The distances d, and d; are for hydrogen bonds NH---N in
which the 6-amino group is donor and either atom N(1) or
N(7) respectively is acceptot.

Crystal structure d, dy
9-Methyladenine 296 A 306 A
(Stewart & Jensen, 1964)
Adenosine -
(Lai & Marsh, 1972)
Deoxyadenosine hydrate
{(Watson, Sutor & Tollin, 1963)
Adenine hydrochloride hemihydrate -
(Broomhead, 1948; Cochran, 1951)
N s-(4*-isopentenyl)-2-methylthioadenine -
(McMullan & Sundaralingam, 1971)
Uridyl-(3’,5")-adenosine hemihydrate -
(Sussman, Seeman, Kim & Berman,
1972; Rubin, Brennan & Sundara-
lingam, 1972)
1-Ethylthymine/8-methyl-9-ethyladenine
(Tavale & Sobell; see Sobell, 1972)
1-Methyl-5-bromouracil/9-ethyladenine
(Baklagina, Volkenshtein & Kondra-
shev, 1966)
1-Methyl-5-bromouracil/8-bromo-9-
ethyladenine -
(Tavale, Sakore & Sobell, 1969)
{-Methyl-5-bromouracil/8-methyl-9-
ethyladenine/9-ethyladenine
(Ambady & Sobell; see Sobell, 1972)
5-Phenyl-5-ethylbarbituric acid/8-
bromo-9-ethyladenine -
(Kim & Rich, 1968)
8-Bromo-9-ethylhypoxanthine/8-bromo-
9-ethyladenine
(Sakore & Sobell, 1969)

313

2-88 303

299
2:99
2-94,2-98

304 -

303
312 293
3-09, 3-02

3-01 -

HYDROGEN BONDING NH-:--N OF BARBITURATES

Table 4. Hydrogen bonding distances N- --N
between pyrimidine and adenine derivatives

The distances d, and 4; are for hydrogen bonds in which a
pyrimidine NH is donor and either adenine N(1) or N(7)
respectively is acceptor.

Crystal structure d, dy
Sodium adenosyl-(3’,5")-uridinephos-
phate .24H,0
(Rosenberg, Seeman, Park-Kim, Sud-
dath, Nicholas & Rich, 1973)
5-Bromouridine/adenosine monohydrate -
(Haschemeyer & Sobell, 1965)
{-Methylthymine/9-methyladenine -
(Hoogsteen, 1963)
1-Ethylthymine/8-methyl-9-ethyladenine -
(Tavale & Sobell; see Sobell, 1972)
1-Methyluracil/9-ethyladenine -
{Mathews & Rich, 1964)
1-Methyl-4-thiouracil/9-methyladenine -
(Saenger & Suck, 1970)
1-Methyl-5-fluorouracil/9-ethyladenine -
(Tomita, Katz & Rich, 1967)
1-Methyl-5-bromouracil/9-methyladenine -
(Baklagina, Volkenshtein & Kondra-
shev, 1966)
1-Methyl-5-bromouracil/9-ethyladenine -
{Katz, Tomita & Rich, 1965)
1-Methyl-5-bromouracil/8-methyl-S-
ethyladenine/9-ethyladenine -
(Ambady & Sobell: see Sobell, 1972)
1-Methyl-5-bromouracil/8-bromo-9-
ethyladenine
{Tavale, Sakore & Sobell, 1969)
1-Methyl-5-iodouracil/9-ethyladenine
(Sakore, Tavale & Sobell, 1969)
5-Phenyl-5-ethylbarbituric acid/8-
bromo-9-¢thyladenine
(Kim & Rich, 1968) .
5,5-Diethylbarbituric acid/9-ethyladenine
(Voet, 1972)
5-Isopropyl-5-bromoaliylbarbituric acid/
9-ethyladenine
(Voet & Rich, 1972)
Riboflavin/5'-bromo-5'-deoxyadenosine
trihydrate -
(Voet & Rich, 1971)

2824, -
2-83

280 A
292
2:89
2:83
294
278
2-86

2-80

2:85 -
2-80 2:82

278,2:80 -

2-83 2:83
279

2-84

10 4
g1 i
6! il
B
ol "n‘}“,
24 \\ll
1 ,

i
282 292 302 3128 d(N_N)

Fig. 4. Histogram of N---N distances in"NH- - - N hydrogen
bonds involving adenine. The shaded distribution is for dis-
tances from Table 4 (hydrogen bonds in which a-uracil-like
molecule provides the NH donor and adenine atom N(1)
or N(7) is acceptor). The unshaded distribution is for dis-
tances from Table 3 (hydrogen bonds in which adenine
provides both donor and acceptor). The two distributions
overlap at the N- - - N distance of 2:9 A.
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bonds are listed in Table 4. There are eight distances
involving adenine N(1) which range from 2-78 to 2-85 A
with a mean value of 2:81 A and 13 distances involving
N(7) which range from 278 to 2:94 A with a mean value
of 2-85 A. These distances have been combined and their
distribution shown as a histogram in Fig. 4. Katz,
Tomita & Rich (1963) first noted that uracil-adenine
hydrogen bonds at adenine N(7) were short. The dis-
tances in Tablc 3 and Fig. 4 show that their conclu-
sion can be supported by data from more recent crystal
structure determinations, and can also be extended to
include hydrogen bonds at adenine N(!) and donor
NH groups from uracil-like moieties, as found in the
barbiturates and riboflavin.

The shortening of NH:.-N hydrogen bonds in
crystal complexes of uracil and adenine derivatives is
consistent with the hydrogen-bonding enthalpy change
for their association in chloroform solution being
greater by about 2 kcal mole™! than for the self asso-
ciation of adenine (Kyogoku, Lord & Rich, 1966).
However, the relationship between structural and ther-
modynamic properties is complex. In particular there
may be a significant enthalpy change associated with
the second hydrogen bond which accomplishes cyclic
dimerization. This hydrogen bond changes from the
type NH---N in the self association of adenine to
NH-.-O=C in the adenine-uracil or adenine-barbi-
turate complexes.* In the case of the crystal complexes
of barbiturates with adenine derivatives, with imidazole
(IV) and 2-aminopyridine (III), the NH - - - O=C hydro-
gen bonds involving barbiturate as acceptor are weak
(Hsu & Craven, 1974). This suggests that these com-
plexes involve essentially the interaction of a hydrogen
bonding acid (barbiturate) with a hydrogen bonding
base [adenine or its analogs (III) and (IV)].

This work was supported by a grant NS-02763 from
the U.S. Public Health Service, National Institutes of
Health. We thank Dr R. Shiono for the use of com-
puter programs. '

* Enthalpy and entropy changes for barbiturate adenine
interactions in solution have not been reported.
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Host-Guest Complex and their Crystallization
Temperatures '
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Abstract. The formation of different crystal modifications of a given host-guest complex depending
on the crystallization temperature (pseudopolymorphism) is studied. It is shown that such pseudo-
polymorphism is a characteristic feature of versatile host compounds. A very imponiant rule for
host-guest chemistry is derived from the results of the X-ray structural investigations of pseudo-
polymorphs: the higher the crystallization temperature of the modification the more closed is the
space occupied by guest molecules. On the basis of the formulated rule a recommendation for the
. topological control and solution of some central problems of supramolecular chemistry is proposed.

Key words: pseudopolymorphism, crystallization temperature, versatile hosts, gossypol, cyclotri-
veratrylene.

1. Introduction

Many chemical substances are represented as inclusion (host-guest, clathrate) com-
pounds in which molecules of one component (the guest) are enclosed in an in-
tramolecular (monomolecular inclusion) or intermolecular (lattice type inclusion)
space of the other component (the host) with no covalent bonds between the two
compounds [1]. A very common topological classification of the lattice type in-
clusion complexes depends on whether there are two-dimensional open inclusions
(intercalates or layer type clathrates), one dimensional open channel inclusions
(tubulates) or totally enclosed cage inclusions (cryptates) [2]. Inclusion compounds
are widely used in practice. They may serve, for example, as containers for stor-
age of toxic, hazardous, very volatile and unpleasant odor compounds [3] or they
may be used as matrices for controlled (retarded) release of odorous compounds,
pesticides or pheromones [4]. Obviously for purposes of the former applications
the containers should be in the form of cryptates whereas host-guest compounds
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used for controlled release have to be at least in the tubulate form, i.e., the topology
of the space occupied by guest molecules is of crucial importance.

If a given inclusion complex is, say, in the tubulate form instead of the desired
cryptate form, is it possible to prepare the desired modification and vice versa?
In other words, can we control the topology of the space in the given inclusion
compound? This would be possible if at least two crystal modifications of the same
host-guest complex exist, i.e., if polymorphism (more exactly pseudopolymorph-
ism) is a characteristic feature of the compounds formed by the given host-guest
pair.

In order to obtain different polymorphs of polymorphic compounds, crystal-
lization from solutions in various solvents, at different temperatures, pressures
and concentrations is used. A similar approach should be suitable for searching
for the pseudopolymorphs of host-guest compounds. However, to date, system-
atic investigations in this field have not been carried out apart from four studies
in which pseudodimorphs were obtained at relatively high pressure and temper-
ature [5], temperature [6], concentration [7] or by adding a third component to
the crystallization solution [8]. Therefore in order to establish the presence of
pseudopolymorphism for a given host-guest complex, at least in the case of ver-
satile host compounds, and find out a correlation between the crystal structures of
the modifications obtained and their formation conditions we started systematic
investigations several years ago. Investigations were carried out on our traditional
subject, the versatile host gossypol, its dianiline derivative and three other versatile
host compounds. For simplicity a dependence on only crystallization temperat-
ure was studied keeping other parameters (pressure and concentration) constant.
This communication presents a very important rule for supramolecular chemistry
derived from these investigations.

2. Discussion

Gossypol (I), (2,2'-[1,1',6,6',7,7'-hexahydroxy-3,3’-dimethyl-5,5 -diisopropyl-8,8'-
diformyl}-naphthalene), is a yellow pigment of cotton seeds for which many types
of bioactivity are known [9]. Its unique inclusion ability was discovered by our
investigations [10]. Over 20 groups of different inclusion structures have been
identified for this versatile host compound. Gossypol forms voids lined with apolar
groups for inclusion of nonpolar guests and polar host cavities are prepared for
the entrapment of polar guests able to form host-guest type H-bonds. Inclusion
complexes of these two families never belong to the same isostructural group of
crystals [10-12].

All three types of host-guest complexes with different topology are observed
among gossypol inclusion complexes. For example, a very unstable 1:1 tubu-
late is formed from solutions of gossypol in dichloromethane. Its decomposition
gives rise to the isostructural guest-free crystal with wide empty channels (organic
zeolite) [13]. In the complex with trichloromethane the guest molecules are situated
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in the space between host layers. This 1:1 intercalate slowly decomposes under
ordinary conditions [14]. Tetrachloromethane forms a 1: 1 complex with gossypol
in which cages occupied by guest molecules are connected via channels [15]. How-
ever, the narrow channels restrict the movement of tetrachloromethane molecules
because desolvation of this tubulato-cryptate takes place near the melting point of
the crystals [16]. An authentic 1:0.5 cryptate formed from solutions of gossypol
in benzene does not desolvate until melting [14].

An investigation of gossypol crystallization from solutions in dichlorometh-
ane at different temperatures shows that at least 3 modifications of the host-guest
complex may be obtained (pseudotrimorphism) [17]. At 30 °C the 1:1 complex
(B-phase), 1sostructural to that formed between gossypol and tetrachloromethane,
is formed instead of the initial «-phase complex. The cryptate type 1:0.5 complex
(y-phase), isostructural to the complex between gossypol and benzene, is obtained
at 36°C [17]. Thus instead of the wide channels of the «-phase, complex voids
intermediate between channels and cages are formed in the S-phase which are
replaced by well-defined cages in the y-phase complex, i.e., the space for guest
inclusion gradually becomes less open if the crystallization temperature increases.
Crystallization from boiling solutions gives rise to the guest-free host identical with
unsolvated gossypol obtained by desolvation of the «-phase complex.

Another low boiling solvent, diethyl ether, gives an unstable 1: 1 tubulate with
gossypol. As a result of its partial desolvation a stable 1:0.5 channel type com-
plex is formed. This tubulate with half the amount of channels is also obtained by
crystallization at 30 °C. In it guest molecules are situated in more closed channels
and leave the crystals at 140 °C [18]. A new polymorph of unsolvated gossypol is
crystallized from boiling solutions {19].

In the pyridine trisolvate of gossypol desolvating at 112 °C, the channels are
wide and each of them accommodates 3 guest molecules H-bonded to host mo-
lecules [20]. At40 °C anew 1 :1 tubulate, isostructural to the complex of gossypol
with acetone [21], is formed from solutions in pyridine. The total number of chan-

1
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nels is halved and two pyridine molecules H-bonded to gossypol molecules are
situated in relatively narrow channels. This complex does not decompose until its
melting.

In all these 3 examples increasing the crystallization temperature leads to the
formation of the inclusion complexes with “more closed” voids for guest entrap-
ment and to a decrease of the guest component content. “More closed” entrapment
has been reached here by alteration of the inclusion space topology (gossypol di-
chloromethane complex), reduction of the channel dimensions, reduction of the
number of channels (gossypol diethyl ether complex) or simultaneous alteration of
both of the last two characteristics (gossypol pyridine complex).

Gossypol is a host which easily includes any substances relating to any group
of organic compounds, i.e., it is a highly versatile host compound. The observation
of the pseudopolymorphism of a given host-guest complex may be connected with
gossypol’s unusual versatility. Therefore it is necessary to investigate less versatile
hosts with respect to pseudopolymorphism. One such compound is dianilinegossy-
pol (IT) because it does not include, for example, alchohols, carboxylic acids and

" *®rachioromethane [11]. The host-guest complexes between dianilinegossypol and

acetone, DMSO and ethylacetate are 1:2 cryptate [22], 1:2 intercalate [23] and
1: 1 tubulate [24], respectively. Only cryptates are obtained from solutions of this
host in acetone, DMSO and ethylacetate at 35 °C [22], 60 °C [23] and 35 °C [25],
respectively, when the initial content of the guest component remains unchanged.
These cryptates are absolutely new, i.e., in contrast to the case of gossypol they
are not isostructural to any known complexes prepared at ordinary conditions. Two
different polymorphs of the unsolvated host are crystallized from boiling solutions
in acetone and ethylacetate.

Again crystallization at higher temperatures leads to formation of inclusion
complexes with more closed voids. Obviously such behaviour is a universal feature
of the host-guest systems. Therefore on the basis of these results the following rule
may be formulated. A pseudopolymorphic versatile host compound responds to an
increase of the crystallization temperature by entrapping of the guest component
into a “more closed” space in order to withstand the higher thermal mobility of the
molecules being enclathrated (it is easy to observe the phenomenon if the solvent
(guest) is low boiling). Near to the boiling temperature of the guest its thermal
mobility increases to such a degree that an entrapment fails and the guest-free
compound is crystallized instead of an inclusion complex.

As a consequence of this rule it may be concluded that in high temperature
complexes the guest content is generally not less than that in the low temperature
modifications. Indeed, in order to construct an inclusion systern with more closed

voids a greater amount of the host molecules per one guest molecule (or a lesser -

amount of the guest molecules per one host molecule) are required and it is readily
observed in practice.

Following this rule it is possible to make some important recommendations
in order to obtain host-guest compounds with altered topology. If a host-guest
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complex obtained at room temperature is tubulate, its cryptate (or another less
open) modification can be prepared by increasing the crystallization temperature.
If the host-guest complex is cryptate, its tubulate (or another more open) form can
be prepared by decreasing the crystallization temperature.

To check the validity of the postulated rule three versatile host compounds were
chosen. Cyclotriveratrylene (III), a well known versatile host compound with a
trigonal intramolecular cavity, forms tubulates with intermolecular inclusion of
solvent molecules [26]. Intracavity (endocyclic) complexes of this compound with
frequently used solvents have not been obtained to date. If this type of complex,
especially a modification in which solvent molecules are entrapped between two
facing host molecule cups exists, it will crystallize as a clathrate with more closed
space for guest inclusion. According to the proposed recommendation in order to
prepare such a modification, crystallization should be carried out at higher tem-
peratures. Carrying out the crystallization of cyclotriveratrylene from its solution
in acetone at 40 °C we found an absolutely new 1:0.25 sandwich type endocyclic
cryptate [27, 28] instead of the usual 1:0.5 tubulate [26].

The host-guest complex of 2,2-bis(9-hydroxy-9-fluorenyl) biphenyl (IV) with
acetone is a 1: 1 cryptate [29]. If another complex with more open voids for guest
inclusion is possible it must be obtained by decreasing the preparation temperature.
Indeed, the anticipated modification in the form of the very unstable 1: 2 tubulate
was obtained by crystallization at 10 °C [30].
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Another example of the high temperature modification of the initial complex
is provided by the versatile host, 1,1’-binaphthyl-2,2’-dicarboxylic acid (V), which
forms a 1:2 tubulate with ethanol {31]. At 60 °C the 1:0.5 tubulate with half the
number of channels is crystallized. The unsolvated host is obtained by crystalliza-
tion at 100 °C [32]. Analysis of the crystal structures shows that the 1: 0.5 tubulate
is an intermediate phase between the initial modification and the unsolvated host.

These examples demonstrate the power and correctness of the formulated rule
and the results following from its recommendations. Using this rule one may solve
the following problems which are very important for practical supramolecular sci-
ences:

e to obtain an inclusion complex with the required topology (topological con-
trol);

e to prepare pure (solvent free) substances or substances with a reduced content
of solvent molecules if the compound of interest is represented by the stable
inclusion complex of the versatile host compound;
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e to introduce the new method for obtaining inclusion complexes with solid
state guests (also with liquids in which the host is insoluble) according to
which host and guest are dissolved in frequently used solvents and crystal-
lization carried at temperatures slightly higher than the boiling point of the
solvent;

e to prepare thermodynamically stable modifications of unstable host-guest com-
plexes (as a rule, host-guest complexes with more closed voids for guest
entrapment are more stable);

e to control the physico-chemical characteristics of the inclusion compounds
and the biopharmaceutical properties (e.g., solubility, stability during stor-
age etc.) of crystalline medicines (some solid state drugs are versatile host
compounds);

e toexplain the instability of physico-chemical (also biopharmaceutical for crys-
talline medicines) parameters of versatile host compounds caused by crystal-
lization of different host-guest complex modifications under slightly different
conditions (concentration, ambient temperature, pressure and humidity) for
various samples;

e to explain the decomposition (desolvation) of inclusion complexes of the ver- !
satile hosts or sorption and desorption mechanisms between crystalline hosts
(sensor materials) and organic vapours because these processes take place step
by step passing through intermediate phases (pseudopolymorphic stages).
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which prevent the close approach of the appropriate
- »H atom to O.

In conclusion, the solid-state photolyses are topo-
chemically controlled, with minimum motion result-
ing in formation of the cis-OH photoproduct (1)
(Fig. 3) via interaction of p-orbital lobes a and b
(Fig. 2), while the less-sterically hindered trans-OH
compounds [(2) and (4)] are formed in solution
reactions.

Asymmetric synthesis

The crystallographic study of 4-chloro-a-(3-
methyladamantyl)acetophenone indicated that the
material crystallized in the chiral space group
P2,2,2, (Table 1). This suggested the possibility of
producing an optically active product mixture from
the achiral reactant material (Evans, Garcia-
Garibay, Omkaram, Scheffer, Trotter & Wireko,
1986); the important factor is that the (chance)
crystallization of the achiral reactant in a chiral
space group provides a chiral environment for the
reactant. Products formed by photolysis in solution
or in a polycrystalline aggregate show no trace of
- optical activity. However, when a single crystal

Acta Cryst. (1989). B45, 505-512

505

weighing 313 mg was photolysed, the major product
was the cis-OH compound (1), with [a], = —21:6°,
and an enantiomeric excess of 80% (as determined
by the use of a chiral NMR shift reagent). The lack
of total stereospecificity may be due to inversion
twinning in the crystal, or to disruption of the crystal
lattice as the reaction proceeds.

We thank Professor J. R. Scheffer and Dr N.
Omkaram for collaborative photochemical studies,
the Natural Sciences and Engineering Council of
Canada for financial support, and the University of
British Columbia Computing Centre for assistance.
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Abstract

(1) N2%Cyano-3-[2-(diaminomethyleneamino)-4-thia-
zolylmethylithiojpropionamidine monohydrate, Cs-
H,;3N,S,.H,0, M, =301-39, PI, a=11-089(4), b=
9:130(6), c¢=7033(5)A, a=10099(6), B=
83-86 (5), y =86-80(7)°, ¥V = 692:9(6) A3, Z=2, D,
=1443(2), D,=1-444gcm™},  ACuKa)=
1-5418 A, p=34-86 cm ™', F(000) =316, T=293K,
R=0-043 for 2219 reflections. (2) 3-[2-(Diamino-
methyleneamino)-4-thiazolylmethylthio}- N-sulfa-

moylpropionamidine (famotidine) hydrochloride,
CgH,sN;0,S;. HCI, M, =373-90, Ce, a=15205(3),
b=14442(3), c=9262(1) A, B=12400(5), V=

0108-7681/89/050505-08503.00

16861 (YA, Z=4, D,=1470(2), D, =
1473 gem ™3, u(Cu Ka) = 56:09 cm ™', F(000) = 776,
T=293K, R=0:036 for 1411 reflections. (3) 3-
[2-(Diaminomethyleneamino)-4-thiazolylmethylthio}-
propionamide, CgH3NsOS,, M, = 259:35, P2,2,2,, a
=5472(1), 5=18260(5), c=11-880(3)A, V=
11880 (5 A>, Z=4, D,=1448(1), D,=
1-450 g em ™3, w(Cu Ka) = 39-26 cm ™', F{000) = 544,
T=293K, R=0-036 for 1260 reflections. (4) 3-{2-
[Amino(methylamino)methyleneamino}-4-thiazolyl-

methylthio}-N?-cyanopropionamidine, C;oH,sN,S,,
M, =1297-40, P2,/c, a= 14-235(5), b=5453 (2), c =
17782 (M A, B=90-13(6)°, ¥ =1380-2(8) A, Z=
4, D,=1420(1), D,=1431gem™>, w(CuKa)=

© 1989 International Union of Crystallography
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Table 1. Chemical structures with the atomic
numberings and Hj-receptor antagonist activities of
Jamotidine analogues

Chemical structure ED (M)
]
s 18ire
m “":\C_N_%s : NCN 18 x 10"
<% 8 i S 3-Cu Cu,-C-nn
§H, Y—a—CH,-S-CHy-CR,-C-NH,
NH 719.20
2 <s NSO, NH
C==N 2% 2 1
) - I I a8 27x10
N, N—1~CH,-5-Cil,~Cil,~C-NH, 7
18
an\c—__n_(s 8
6) - ScH —on b 0 x 1t
NI, N—d—CH,~5-CH,~CH,~C-NH, 10 x 10
8
Citynn >c=n—<sl ECN
@ NH, N—L—CH,-5-CH,-CH,-C-NH, 12 x (o
on
) 8 /S
® CH SN l §302NH; > 10
CHY H N—l-CH,-S-CH,-CH,~C-NH,

* H,-receptor antagonist activity in guinea pig atrium.

34-39 cm ™!, F(000) = 624, T =293 K, R = 0-035 for
2210 refiections. (5) 3-[2-(N',N’-dimethylhydrazino)-
4-thiazolylmethylthio}- N*-sulfamoylpropionamidine-

maleic acid (l/l), CQH )3N60253.C4H404, M, =
454-53, Pl, a=14802(4), b=13275(3), c=
5236 Q)A, a=9342(2), B=9368(2), y=

84:01 (2)°, ¥ =10198 (5) A%, Z=2, D, = 1-475(2),
D= 1480 gem ™3, w(Cu Ka) =36-57 cm™}, F(000)
=476, T=293 K, R=0:055 for 3326 reflections.
These molecules exhibit different activities as
histamine H,-receptor antagonists. The possible
relationship between the molecular conformation
and inhibitory activity is discussed.

Introduction

To design a biologically active compound, it is
important to identify the key atoms and their spatial
orientation responsible for the activity emergency.
When information on the stereostructure of the
receptor molecule is lacking, an alternative method-
ology is to compare the molecular conformations in
a series of compounds of structural and physico-
chemical similarities but of different pharmaceutical
activities. The conformational characteristics thus
obtained would be useful for considering new potent
compounds.

The therapeutic success of cimetidine as a hista-
mine H,-receptor antagonist (Brogden, Heel, Speight
& Avery, 1978) led to the development of more
potent and/or longer lasting drugs for human peptic

HISTAMINE H,-RECEPTOR ANTAGONISTS

ulcers.  Consequently,  3-[2-(diaminomethylene-
amino)-4-thiazolylmethylthio}- N>-sulfamoylpropion-
amidine (famotidine) was designed as a more-potent
ulcer drug (Takeda, Takagi & Maeno, 1981, 1983;
Takeda, Takagi, Yashima & Maeno, 1982; Takagi,
Takeda & Maeno, 1982; Harada, Terai & Maeno,
1983; Yanagisawa, Hirata & Ishii, 1987). The chem-
ical structure of famotidine differs from cimetidine in
the central aromatic ring and the end group of the
side chain: a thiazole ring and an amidine group in
the former, and an imidazole ring and a guanidine
group in the latter.

This paper deals with the X-ray crystal analyses of
five famotidine analogues exhibiting different antag-
onist activities; their chemical formulae with the
atomic numberings used are given in Table 1, along
with their inhibitory activities (Yanagisawa, Hirata
& Ishii, 1984, 1987). The conformational comparison
of these compounds with cimetidine and ranitidine is
useful for considering the structure-activity relation-
ship of H,-receptor antagonists (Ishida, In, Shibata,
Doi, Inoue & Yanagisawa, 1987).

Experimental

Synthesized by the method of Yanagisawa et al.
(1984, 1987), recrystallized from methanol/acetone/
water (1), methanol [(2) and (3)], ethanol (4) and
methanol/water (5). Crystal size (mm): (1) 0-1 x 0-2
X 05 (2) 0:3x03%x04; (3) 03 x01x04: (4) 02
x 0-2x 04, (5) 01 x02x05. D, by flotation
method (benzene—carbon tetrachloride mixture).
Rigaku four-circle diffractometer with graphite-
monochromated Cu Ka radiation. Cell parameters
from 235 reflections with 15 < 28 < 30°. Intensity data
measured by 26 continuous scan mode; scan speed
2-4>min~! (6); scan range (4 + 0-15tan6)° with 4
0-8 to 1-2°% §s stationary background counts; 26
range 2-130°; hk! range: (1) 0-+13, 0-=10, 0-8; (2)
0-+17, 0-16, 0-10; (3) 0-6, 0-21, 0-13; (4) 0-= 16,
0-6, 0-20; (5) 0-%17, 0-=15, 0~6. Four standard
reflections monitored every 100 reflections; no sig-
nificant variation of intensities. Corrections for
Lorentz and polarization effects; no absorption
corrections. Number of measured reflections,
number of observed [/ > of])] reflections in paren-
theses: (1) 2582(2219);, (2) 1435(1411); (3)
1269 (1260); (4) 2443 (2210); (5) 3913 (3326). Struc-
ture solved by heavy-atom (2) or direct methods,
MULTANT8 (Main, Hull, Lessinger, Germain,
Declercq & Woolfson, 1978). All H atoms located on
respective difference Fourier maps. Block-diagonal
least-squares refinements with anisotropic tempera-
ture factors for non-H atoms and isotropic ones for
H atoms. The function minimized was 2w(|F,| —
[F.))?, where the following w was used: w=1-0/
[o(F) + m||F| + mF,)’} for |F,|>o(F). values
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of my and my (1) 00302, —0-0004; (2) 0-0417,
—0-0004; (3) 0-0454, —0-0006; (4) 0-0324, —0-0003;
(5) 0:0627, -0-0009. Final wR and S: (1) 0-053,
1-198; (2) 0:030, 1-052; (3) 0:040, 1-109; (4) 0034,
1-145; (5) 0:041, 1:326. (4/0)man: (1) 0-40; (2) 0-33; (3)
0-38; (4) 0:32; (5) 0-35. (8p)max and (AP)in (€ A77):

507

(1) 0-35, —0-28; (2) 0-22, —0-18; (3) 0-25, - 0-19; (4)
0-25, —0-15; (5) 0-30, —0-22. Scattering factors from
International Tables for X-ray Crysiallography
(1974). All numerical computations performed on an
ACOS 900 computer at the Computation Center,
Osaka University, using The Universal Crystalio-
graphic Computing System — Osaka (1979).*

Discussion
Table 2 lists final coordinates and B, values for the
non-H atoms. Fig. 1 shows the views of perspective
molecular packings, in which dotted lines represent
possible intra- or intermolecular hydrogen bonds.
The hydrogen-bond distances and angles are sum-
marized in Table 3.

* Lists of structure factors, anisotropic temperature factors and
H-atom parameters have been deposited with the British Library
Document Supply Centre as Supplementary Publication No. SUP
51975 (53 pp.). Copies may be obtained through The Executive
Secretary, International Union of Crystallography, 5 Abbey
Square, Chester CH1 2HU, England.

Fig. 1. Perspective views of crystal packings of (1}-(5). The dotted

lines represent hydrogen bonds. The filled circles show waters of
crystallization in (1), chloride ions in (2) and maleic acids in (5).
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Table 2. Fractional coordinates and equivalent
isotropic temperature fa)c_t(osr)s (A% of compounds
(

C(10)
s(1)
c(12)
c(13)
C(14)
N(15)
N(16)
(17
N(18)
0O(19)
0(20)
czn

3)
€2)

C(14)

W represents the water molecule.

x

0-19184 (6)
07598 (2)
08364 (2)
09270 (2)
09161 (2)
06603 2)
0-6196 (2)
05211 (2)
06650 (2)
10213 ()
095688 (6)
08975 (2)
07837 (3)
06828 (2)
06400 (2)
06366 (2)
06770 (3)
07044 (3)
05755 (2)

0-46667 (9)
03604 (3)
0-2680 (3)
02770 (4)
03767 (4)
03827 (2)
03060 {3)
03422 (3)
0-2069 (2)
01776 (4)
01100 (1)
0:2057 (4)
0-1990 (3)
0-2780 (3)
02656 (3)
03500 (2)

0-43854 (8)

0-5283 (2)
0-4891 (2)
0-3936 (2)

0-10148 (8)

08771 (2)
08993 (7)
10785 {6)
12065 (8)
1-1265 (9)
0739 (7)
0-7382 (8)
0-5666 (9)
09027 (9)
14100 (8)
13074 ()
1416 (1)

09547 (9)
07622 ()
0-6428 (7)
07168 (7)

0-35214 (4)

0-3046 (1)
0-3435 (1)
04120 (1)
0-4261 ()
02339 (1)
01896 (1)
01247 (3)
00719 (2)
0-2025 (1)
04637 (1)
0-38785 (4)
03323 (1)
0-2504 (2)
01708 (1)

¥

0-09405 (7)
00187 (3
0-0484 (2)
01354 (3)
01696 (3)
- 00626 (2)
- 01026 (3)
- 01864 (3)
~ 06704 (3)
0-1841 (3)
031350 (8)
04669 (3)
05472 (3)
0-4425 (3)
0-3825 (3)
04072 {2)
04682 (3)
05140 (3)
07909 (2)

00758 1)
06053 (3)
00413 (2)
01345 (3)
01629 (3)
- 00870 (2)
-01534 (3)
-02401 (2)
~01364 (D)
01899 (3)
021254 (7)
02813 (3)
03831 (3)
04420 (3)
04502 (3)
04801 (2)
0-54953 (6)
04913 (2)
05894 (2)
06128 (2)
066179 (7)

054985 (5)
05720 2)
05379 (2)
04931 (2)
04924 (2)
0-6205 (2)
06422 (2)
0-6884 {2)
0-6207 2)
04485 (2)
037079 (5)
03243 2)
02691 (2)
0-2383 ()
01796 (2)
02675 2)

09111 (1)
0-6568 (4)
0-6134 (3)
0-7841 (4)
09579 4)
0-5314 (3)
0-3555 (4)
0-2238 (4)
00258 (5)
0-3047 (4}
07593 (4)
0-7677 (1)
1-0612 (4)
1-1038 (4)
09236 (4)

B,=%.%8.3,8,

z

0-64019 (9)
0-4068 (3)
02679 (3)
0-3454 (4)
0-5426 (4)
03913(3)
0-2203(4)
02193(8)
00564 (3)
02072 (4)
00703 (1)
0-2689 (4)
02191 (4)
01862 (4)
03316 (3)
00195 (3)
- 01285 (4)
~0-2692 (4)
06884 (3)

04354 (2)
03760 (6)
0-2800 (5)
0-2468 (5)
03218 (7)
04323 (5)
03787 (5)
0-4385 (5)
0-2749 (5)
01387 (5)
02446 (2)
04344 (6)
0-3907 (5)
0-5400 (5)
0-6708 (4)
0-5258 (4)
0-6750 (1)
08434 (4)
05968 (4)
07373 (4)
02242 (2)

0-65199 (8)
0-7946 (3)
0-8464 (3)
07744 (3)
0-6660 (4)
0-8340 (3)
09411 (3)
09758 (3)
10154 (3)
08192 (4)
0.90363 (8)
0-8036 (4)
08609 (4)
0-7841 (3)
08182 (2)
0-6917 (3)

679312 (3)
07477 (1)
0-68222 (9)
0-6663 (1}
07181 (1)
078251 (9)
07441 (1)
07815 (1)
07479 (1)
06720 (1)
0-5936 (1)
0-51151 (3)
05279 (1)
04739 (1)
04848 (1)

B,

o

338(3)
286 (9)
326 (9)
33
351y
334 (9)
35
48 (1)
48 (1)
3741
371 3)
36 (1)
3T
331
44 (1)
3741)
30 (1)
$3(1)
436 (9)

644 (5)
41(2)
&1
47
56 (2)
43
36 (1)
45 (1)
40 (1)
47(2)
530 (4)
53(2)
46(2)
351
&1(1)
32(h
285 (3)
Aty
40 (1)
by
416 (3)

2:87 ¢4)
23(1)
25(1)
25(h
3312y
28(1)
26 (1)
42(2)
412
29(2)
281 (4)
35(2)
34 (2)
271y
30(n)
39(1)

343 (2)
271 (8)
294 (7
299 (8)
356 (9)
280 (0
270 (8)
331 (8)
40 (1)

363 (8)
356 {9)
320(2)
310(9)
342 (9)
306 (9)

HISTAMINE H,-RECEPTOR ANTAGONISTS

Table 2 (cont.)

X y
N(15) 0142 () 0-7961 (4)
N(16) G137 (Y 9118 (4)
cun 0-0600 (2) ¢-7655 (5)
N{18) - 00043 (1) 0-6470 (S)
{5)
S(1) G13773 (6 -0-31250 {7)
2 02684 (2) ~0-3385 (2)
N(3) 01992 (2) -0-2675 (2)
C(4) G197 (2) ~0-1899 (2)
<5 02658 (2) ~0-2026 (3)
N(&) 02835 (2) - 0-4186 (2)
N(7) 0-3553 (2) -0-4927 (2)
Ci8) 04166 (3) -0-5154 (4)
far(]) 03145 {3) - 0-5819 (3)
<0y 01215 (2) =0-1051 (3)
)] 0-13001 (5) ~0-02229 (1)
cud 0-2430 (2) 0-0174 (2)
[$3)] 0-2506 (2) 0-0907 (3)
C(14) 0-3410(2) 0-1338 (2)
N(15) 03506 (2) 01876 (2)
N(16) 0-4018 (2) 01114 (2)
LR 0-50283 (5) 0-15041 (6)
N(18) 05658 (2) 00746 ()
O19) 05382 (2) 0-1343 ()
(20 03032 (2) 0-2482 (2)
Maleic acid
[«(}) 0-9700 (3) 0-3896 (3}
2y 09103 () 0-3820 (3)
o3 09264 (2) 0-3096 (2)
o) 0-8424 (2) 0-4443 (2)
<5 1:0547 (2} 0-3433 (3
C6) LINS () 0-2683 (3)
on 10768 (2) 0-2241 (3)
O8) 1:18% () 02432 ()

Table 3. Hydrogen-bond distances (A) and angles ©)

2
0-4262 (1)
05525 (1)
0-5635 (1)
0-5794 (1)

08029 (2)
0-5380 (6}
0-5066 (3)
0-6989 (6)
08722(N)
0-3831 (6)
0-4597 (6)
0-2528 (%)
0:536 (1)

0-6892 ()
04269 (2)
0-4880 (6)
07197 (N
07639 (6)
0-9873 (6)
0-5892(5)
06273 (1)
0-8095 {5}
03797 (4)
07541 (5)

12746 (8)
10356 (1)
08786 (5)
10238 (6)
13320 (8)
14774 ()
09764 (7)
12614 (6)

By
343 (8)
379 (8)
39 ()
49 (1)

399 (4)
37
3D
36
9N
47 (1)
45¢1)
&8}
638 (3)
39¢1)
378(3)
36(1)
41()
34y
£7(1)
37
3223
EX AN
44
48(hH

53(2)
442)
58 (1)
62(2)
52(2)
48(2)
89(2)
56 (1)

W and M represent water and maleic acid, respectively.

Donor
(D) at )
x,y. 2 Acceplor (4) at symmetry operation D4
)
N(8) N(16) BE R N 310 (3)
NS N X s 2:686 (3)
NS} oW xy=-lez=1i 2955 (3)
N(15) N(18) x yor+d 3012 ¢4)
N(isy  ow —x+tl =y+i -2+1 2941 (3)
O N6y X y+il: 2797 (3)
W N(18) X+l 2:916 (4)
@ [ +05.:+05 3-080 (4}
N(§ czn x+ 05 -5 2+ 0 1
N§8; o9 ny=lz 3-089 (5)
N9} N{3) X y.1 2721 (5
N(I$5) N(16) 2 ~y+l2+05 2959 (53
N(18) e {19 -yt 2+ 05 2:964 (5)
o 15 41,2408 2941 (4)
Ni 16) -x+ 15 —ypel 24D 2
N:g 8((16; ~xt L y+085 ~2+ 18 2-903 (4)
N(%) N(3) x B2 2:691 (4)
N9} Of16) “x+ 15 =—pe 2408 3003 (&)
N(15) N(6) =x+Ly=03 -z+ 15 2:942 (4}
)
N(8) N(18) ~xy=05 -2+ 1§ 3041 (3)
N{9) N(3) X 52 2:626 (2)
N N(16) xy~1l.z I3
N5} N(§) X =y + 15, 2-08 3010 (2)
N(15) N(18) =x =y+til =z+1 3132(3
5)
i«c) oMM  ~x+ 1l =y =241 2:769 (8)
N(1S) O@M x=1y.2 2901 (4)
N(15) 0(20) Xy 2-822 (&)
N{18) o9 yz+l 3085 (9)
N(18)  N(16) ~x+l -y o=z+} 3155 (4)
OM  N(3) ~xtl -y ~z+1} 2727 (&)
oM O O % 249 (5

H-4 D—H-4
2313 140 (3)
1-99 (4) 127(3)
220(3)  168(3)
2:16 (3) 170(3)
2:20(4) 147 (4)
175 (4) 167 (4)
1-83 {4) 167 (3)
202(5) 166 (4)
233 (5) 139 (4)
1-80 (5) 141 (4)
186 (5)  179(5)
-89 (%) 180 (4)
2-20 (4) 153 (3)
200 (4) 169 (3)
2:21 (4) 118 (4)
2:31(8) 161 (%)
2004)  1S1(3)
2:36Q) 13042
195(3)  134()
2302 163 (D)
208(2) 168(2)
2223 173(2)
1-83 (4) 178 (4)
195¢4) 178 (4)
22148 119(3)
212¢4)  179(3)
220¢8)  176(4)
T4 179 (4)
154¢4)  155(4)
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Table 4. Bond lengths (A) of compounds (1)~(5)

M represents maleic acid.

N

S(1~C(2) 17137 (2) C1—N(9) 1-300 (4)
S(1)—C(5) 17123) C(10)-$(11) 1822 (3)
C2—N3) 1303 (3) S(1)—C11) 1-817(3)
C2—N(6) 1:366 (3) COD—C(13) 1530 {4)
N(3}—C(4) 1-406 (3) C(3)—C(14) 1520 (4)
Cla—C(5) 1353 (4) Cl14—N(15) 1307 (4)
C(ay—C(10) 1.495 (4) C(14)~N(16) 11320 (3)
N(6—C(T) 1323 (3) N{16)—C(17) 1:320 {8)
C7—N(E) 1:368 (4) ClI7—N(18) 1163 (4)
(2)

S(1)y—C(2) 1720(5) C(10y—S(i 1) 1-804 (5)
S(1)—C(5) 1717 (6) S(H—C(12) 1826 (35)
C2)—~N(3) 1279 (6) CU—C(13) 1-513 (M)
C(2—N(6) 1-403 (6) Cl13y—CX14) 1490 (6)
N3)Y—C(4) 1404 (6) C(14y—N(15) 11332 (6)
C4—C(5) 1331 () C(14)—N(16) 1:295 (5)
C(ay—C(10) 1494 () N(16)—S(17) 14627 (4)
N6—C(7) 1370 (6) S{17)—N(18) 1619 (4)
CIT—N(8) 1:356 (6) S(17)—0(19) 1439 (3)
CN=NQ) 1278 (6) S(11—0(20) 1-440 (3)
(3)

S(1~C(2) 1752 3) C(I-N(8) 1-328 (6)
S(1)=C(5) 11730 (8) CO—N©) 1321 {6)
CR-NQ) 1316 (5) C(10)—S(11) 1826 (4)
CRy—N(6) 135345 S(1)—C(12) 1799 (5)
N—C(4) 1:376 (5) C12—C(13) 14503 (7)
C(a—C(5) 1361 {6) C{13)p—C(14) 1:503 (6)
Clay—C(10) 1479 (6) C(14)—~N(15) 1320 (5)
N(6—C(T) 1335 (5) C(lay—0(16) 1:246 (5)
4)

S1—C(D) 1746 (2) N(8y—C(8) 1444 (3)
S(1—C(5) 1729 (2} C(10}—S(11) 1815 (2)
CR-NQ) 1312 3) S(H1)—C(12) 1809 (2)
C(2—N(5) 1336 3) CU2—C(13) 1-527 3)
N(3)}—C(4) 11378 (3) CO13)—C(14) 1512 (3)
Cla—C(5) 1336 (3} C(14y—N(1$) 1368 (3)
C(a~C(10) 1495 (3) C(14)-N(16) 1317 (3)
N@o—C() 1335 (2) N{(16)—C(17) 11333 (3)
C—NE) 1348 (3) C(7—N(18) 1157 (3)
CH—NG) 1324 (3)

(5)

S(—C(2) 1712 (3) C(14)—N(15) 1302 (4)
S(13==C(3) 1748 (a) C(1a—N(16) 1324 (a)
C2r-N@3) 1327 (4) N(16)—S(17) 1630 (3)
C(2—N(6) 1307 (4} S(I7—~N(18) 161 (3)
NG—C(4) 1396 (4) S(17)—0(19) 1425 (3)
C(8—C(5) 1322 (5) S(179—0(20) 1423 (3)
C(a—C(10) 1503 {5) CIHM—CRAIM  1-490 (5)
N(6}—N(7) 1426 (4) CHM—~CIM 1361 (6)
N(—C(®) 1455 (6) COM—OBIM  1-241 (5)
N(—C(9) 1470 (6) CQM—O@M 1234 (5)
C0—S(11) 1828 (4) COM—CIEM  1-474 (6)
S(11)}—C(12) 1809 (3) COM—OMM 1279 (5)
C(12)—C(13) 1515 (5) CEM—OBM  1-222(5)
CUI—C(14) 1-508 (5)

The crystals are stabilized by intermolecular
hydrogen bonds, in addition to van der Waals inter-
actions. All of the H atoms bound to polar N or O
atoms participate in hydrogen-bond formation; the
bonding parameters are reasonable. It is characteris-
tic that a hydrogen bond is formed between the
cyanoamidine [N(15)--N(18)] or between the sulfa-
moylamidine [N(18)--0O(19)] groups.

Water molecules in (1), chloride ions in (2) and
maleic acid molecules in (5) exist in the cavities
produced by the packing of the title molecules and
contribute to the crystal lattice stabilization via
hydrogen bonds. The water and maleic acid mole-
cules do not appear to influence significantly the
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Table 5. Bond angles (°) of compounds (1}{5)

M represents maleic acid.

(H

Q2)—§(1)-C(5) 899 (1) N(6)—C(7)—N(9) 1260 (2)
S(1p—C(2)y~N(3) 140 (1) NEP—C(H—N©) 118:2(2)
S{1-C(2)—N(6) "33 C(4y—C{10)~S(1 1) 12
N3)»—C12)—N(6) 1286 (1) CL0=S(11)—Ci12) 1002 (1)
C-N—C14) 1109 (2) S(H)—CU12—C(13) 1106 (1)
NE—C14)—CLs) 147 (2) CH—CLI—0(14) 1116 (2)
N{}~C14y—C(10) 185 (1) C—C14—N(15) 1179(2)
CUSy—Cay—C(10) 1268 (2) CU13)y—~C(14)~N( 16) 124:1(2)
SO )—C(5)—Ci4) Ho-5 () NUS—C(14)—N(16) 1181 (2)
CU2—N6—C(T) 1202 (2 Clidy~N{16)—C(17) 194 (2)
N{6y—-C(71—N(8) 1158 (2) NOS~CIT—N(18) 1713:2(2)
)

C2r—S(1—CL5) 873 (2 CUHO—S{I H—C(12) 1034 (2)
S{HCR—N3 1169 (2} SU—CH2—C(1y) 111942)
S{1)p=—C[2)~N(6) 171 (2) CU2—C13)—C(14) 1141 {33
N(3)y—C(2)—N(6) 126:0 (3) C(13y~C(14)—~N(15) 163 (3
C(2—N(3y—C14) 1098 (3 CUN—C(14)—N(16) 1159 (3)
NOY—CLey—C(5) 1138 (3) N(15y~C{14)—N(16) 1278 (3)
NG)—C(4—C(10) HEI(» CUa—-N{16—S(17) 1211342)
CSH—C(a—CI10} 1279 (3) NUS—S(1T—N{1§) 104 (2}
S(1)—C(5)}—Cl4) H22(2) N{I6-S(17—0(19) 1039 (2)
CRy~NE—C(7) 1234 (3) N(16y--S(17~0(20) 1232
N(E)—C(7)—N(8) 1154 (3) N{18)—S(17)—0(19) 1070 (2)
NE—C(1—N©9) 1230 (3) IN(18)—S(17)~0(20) 1061 (2)
NS)»—~C{Tr~N(9) 120:5(3) O19)—5(1 7)~0(20) 17:0(2)
C(ay—C(10)—S(11) 1138 (2)

3)

CQR—S(1—C(S) 894 (2) N{EP—C(7)—Ni8) 1180 (3}
S(1)—C(2)y—N(3) 134 (H N—C(T)—N(9) 124:3(2)
${1)—C(2)—N(6) 162 (1) NE—C(T)—N(9) 1716 (3
N(3y—C(2}—~N(6) 130:5 () Clay—~C10~S(1 1) 113:2(2)
C(2y~N(3)}—C(4) 1117 (2 CH10y~S8(1 1 y~C(12) 100-5(2)
N(I—C(4r—C(5) tH55 (D S(Hy—Cl12—C(13) 110 (2)
N(3)—C(4y—C(10) 194 () CUD—C13—C(14) H2:7¢3)
C(5)—C(4)—C(10) 1253 (3) CU13y—Cl18)—N(15) 176 (3)
S(1—C(5)—Cl4) 1100 (2 C(13)—C(18)—0D(16} 1211 (3)
C2—N(E~C(7) 1207 (2) N{I5)=Ci14)y=0(16) 1213(2)
@)

CR-8(1)—C(5) 894 (1) N@)—~C(7—N(9) 176 (1)
$(1)~ C2—N(3) 1H33(h C(1—N(8)—~Ci8) 123-4(1)
S(1)—C(2y—N(6) 1g1 (h) CHOy—COo—stin) W36
N(3)y—C(2r—N(6) 1287(H) COHO—S(11)—C(12) 98-7 (1)
CE—NEy—CE) IHENT)) S(H)—=Ci2p—C(13) HIBEIN
N(3)—C(8)—C(5) 163 () CN2—C(3)—CL14) 131 (1)
N3~C(a)—Ci10) 178 (1) Cl13)y~—-C(14)~N(15) 013
Cr—Clay—C(10) 1258 (1) CL3—C14)—N(18) 1168 (3)
S(1)—C(S—C18) 1099 (1} N{IS)—Cli4y—N(16) 1259 (1)
C)y—N@E—C(N) 183 (1) C4p—N(16)~C(17) 187 (1)
N(6—C(7)—N(8} 1570 (1) N(16)—C(17)~N(18) 1739 (1)
N(S—C(7)—N(%) 1254 (1)

(5)

Cy—S(1 ~C(5) 89-5(2) CUH—C14~N{16) 117:9(2)
S(1)—C(2)y—N(3) 123 (D NI S—C(14—N(16) 1274 (2)
S{1)—C(2)—N(6) 1233 (1) C(14p~N(16}—S(17) 121°21)
N{3}—C(2)—N(6) 1243 (D) N(6—S(17)~N(18) 1086 (1)
C—=NG—C(4) 1136 () N{16}—S5(17—O(19) 1042 (1)
N{3—Ca—C(5) 1126 (2) N{16)—S5(17)—0(20) 13:3(1)
N(3)—C(4}—C(10) 1193 () N{18)—S(17)—O(19) 1059 (1)
C(S—C(4y~C(10) 1283 (2) NUI8)Y—S{1 T)~O(20) 1056 (1)
S(1)—C(5)~—C(4) HE9(h O{19)—S{17)—~0(20) 1188 (1)
C(2y=N(E)y~N(T) 1170 (2) CAM—CIHM—CISIM 1301 (2}
N(6)~N(7)—C(8) 109-5 (2} CHM—CDM—ONM 11902
N{&y—N(7»—C(9) 108-2 (2) CNHM—CDM—O4)M 1156 (2)
CE—N(M—C(9) 1134 (3) ONM—CM—O4HM 1250 (2)
Clay—C{10y—S{t1) 125 ¢ CHM—CHM—COM  1295(2)
CO0—S(1§)—C(12) 1025 (1) CSHM—COM DM 1201 (2)
S —CLI2C(1Y) 131 () CIS)M—CIEIM—O8)M 1178 (2)
CLU2—C(13)—C(14) 1152 () ONMM—CEM—OBIM 1218 (2)
C13)—C(14)—N(15) 1147

molecular conformations of (1) and (5), respectively;
maleic acid in (5) exists as a neutral form of
HOOCCH=CHCOOH, as evidenced from the
difference Fourier map. In contrast, the molecular
conformation of (2) appears to be largely affected by
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the presence of hydrochloride (salt formation); the H
atom of HCI is transferred to the N(6) atom of (2).
so that the guanidine group is in a protonated state.
There is a hydrogen bond [N(6)--Cl~ = 3-080 /\] and
short contacts with the chloride ions [N(8)--Cl~
=3349, N(9)--CI” =3231 and N(I5)-ClI~ =
3-235 A).

The bond lengths and angles of (1)(5) are listed in
Tables 4 and 5. These values are all in the accepted
region (Kennard, 1983) within their esd.'s. It is
interesting to note that each C—N bond in the
guanidine group shows nearly equal double-bond
character, and the  conformation about

C(2y—N(6)y—C(7) is fixed to some limited regions
because of the resonance between the thiazole ring
and the guanidine group. On the other hand, the
double-bond character of the amidine group is local-

ized at the C(14)—N(15) and C(14}—N(16) bonds,

(2)

{3}

HISTAMINE H,-RECEPTOR ANTAGONISTS

and the C(4)—C(10)—S(11)—C(12)—C(13)—C(14)
bond sequence is likely to rotate freely, judging from
the bond lengths and angles.

The molecular conformations of {1)+5) are shown
in Fig. 2, where the dotted lines represent intra-
molecular hydrogen bonds. A characteristic common
to (1)~(4) is the formation of a planar and highly
polar six-membered-ring system by means of an
intramolecular hydrogen bond [N(9)—H---N(3), see
Table 3). In (5), where such a hydrogen bond is not
possible, a planar arrangement is also observed.

The torsion angles defining the side-chain con-
formation with respect to the thiazole ring are given
in Table 6, together with the dihedral angles between
the thiazole ring and amidine or amide group. This
table also lists torsion angles of cimetidine (Hadicke,
Fickel & Franke, 1978), cimetidine monohydrate
(Kojic-Prodi¢, Ruzi¢-Toro§, Bresciani-Pahor &
Randaccio, 1980), ranitidine oxalate (Koji¢-Prodic,
Ruzic-Toro$ & Toso, 1982) and the free form of
famotidine (Yanagisawa et al., 1987). Interestingly,
w; and o torsion angles show the common gauche
conformations. The same conformational charac-
teristic has also been observed in cimetidine, cimeti-
dine monohydrate, ranitidine oxalate and famotidine
free form. This result implies that the conformation
about C(4)—C(10)—S(11) is relatively fixed, and the
conformational difference among the compounds is
determined by wy~ws. Table 6 also shows that w, and

4

{8)

Fig. 2. Molecular conformations of (1}+5). The intramolecular
hydrogen bonds are shown by dotted lines.
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Table 6. Torsion angles (°) and dihedral angles (°) between the thiazole ring and the amidine or amide group

The torsion angles of the famotidine (free form), cimetidine, cimetidine monohydrate and ranitidine oxalate are also given for
comparison. Although the side chains of the cimetidine and ranitidine molecules are longer by an NH group than the present
compounds, the listed torsion angles of the former molecules correspond to the latter ones.

@, @, @y as ay
N(—C@d)y— C(4y—C(10y— C(10y—-8(11)— S —C(12)— CUH—C(13)— Dihedral
Compound Ci18)—S(i1) S(11)~=C(12) C(12)—C(13) - Cin—Ci4) C(14)—N(15) angle
(&} 658 (2) 617 (2) -~ 148:5 (2} 60-9 (2) 614 (3 19:6 (2)
(2) 688 (3) 62:5(3) 848 (4) - 1781 {4) =674 (4) 867 (3)
(&)] 73-5(2) 5710 () ~165.0 (3} 1707 (3) 1677 (3) 94-2(2)
{4 584 (1) 368 (1) =173 () 64-4 (2) - 1242 (2) 13:341)
{5 696 (2) 35942) 71-4(2) 1744 (3) 172:6 (3 561 (2)
{2) (free form) 568 627 -170-6 681 =1298 126
Cimetidine 698 =619 =626 1757 -90-6 282
Cimetidine monohydrate 704 59-5 =132 676 58 10-7
Renitidine oxalate 1143 - 590 - 753 -1760 -1010 44

Table 7. Conformational parameters and their
correlation coefficients (r) with inhibitory activities
The antagonist activity was classified as 0-3 according to the EDy,

velues: 0 for EDso> 1074, | for 107 < EDg < 1074, 2 for 10 ¢
<EDsp < 107%, and 3 for 10°7 < EDy,.

D,,of D,of

Dihedral  N(3)-N(15) N(3)~N(i$)  Acti-
Compound  w, angle (°) ) (A) vity
()] 2115 196 0-47 - 008 3
2r 1894 126 330 0-60 3
{3) 1950 94-2 2:88 278 2
@) 189-7 133 307 0-54 2
) 714 561 589 5-56 0
Cimetidine 2974 282 350 - 1-40 2
Cimetidinet 2228 107 100 0-00 2
Ranitidine? 284-5 744 2-R0 =00 3

Linear correlation coefficient with activity

r 0-8875 05334 08113 08333

* Famotidine free form.
t Cimetidine monohydrate.
1 Ranitidine oxalate.

w, torsion angles are restricted to either gauche or
trans, while ws has conformational freedom.

The geometry observed in the crystal structure
may not represent the actual conformation bound to
the H, receptor. Nevertheless, it is reasonable to
consider the possible stereostructure-activity rela-
tionship using these X-ray data, particularly as struc-
tural data on the receptor binding site are lacking at
present. Thus it is assumed that the combination of
wy-ws torsion angles could be closely related with the
H-receptor antagonist activity. Before the discus-
sion, it is important to say that the protonated
structure of (2) (famotidine) shows a different con-
formation from the neutral one. The free form of (2)
has a folded conformation (Yanagisawa ez al., 1987),
while the present hydrochioride takes an extended
conformation. This drastic conformational change
from the neutral to the cationic state has also been
observed in cimetidine (Shibata, Kagawa, Morisaka,
Ishida & Inoue, 1983) and ranitidine (Ishida er al.,
unpublished results). Thus it is questionable whether
the conformation observed in the (2).HCl crystal
reflects the intrinsic form of famotidine. Therefore,

the data of (2).HCl were excluded from considera-
tion. The relationships between the conformational
parameters and H,-receptor antagonist activities are
given in Table 7.

As was expected, the compounds exhibiting high
activities show the trans preference at the w, torsion
angle, while that without activity is in a gauche
region (r=0-8875). On the other hand, the
combination of ws, w,, ws torsion angles determines
the whole molecular conformation, as already stated.
For example, when ws;, w,, wstakes the combination
trans, gauche, gauche or trans, gauche, anticlinal, the
side chain is folded back and the end group becomes
close to parallel with the thiazole ring [(1), (2)(free
form) and (4)), which is also observed for the potent
cimetidine and ranitidine conformations. Therefore
the dihedral angle may be related to the activity,
although the correlation coefficient is not so high
(r = 0-5334).

Since the interatomic distances between the central
aromatic ring and the side-chain end group are
primarily determined by the combination of w;, w,,
ws torsion angles, on the other hand, these param-
eters were examined in relation to the activities. It is
worthwhile to say that, among many possible inter-
atomic pairs, the atomic distance between the thia-
zole N(3) atom and the end-group N(15) atom

>X

Fig. 3. Definition of D,. D,. D, and D,, distances between N(3)
and N(15) atoms.
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showed a high correlation. These two atoms could
form the hydrogen bonds with the binding site of an
H, receptor as the electron acceptor and donor
atoms, respectively. In particular, the D, and D,
components of N(3)--N(15), which are defined in
- Fig. 3, were most strongly correlated with the activi-
ties (r =0-8113 and 0-8333, respectively). Thus the
linear combination of @y, D, and D, led to the
following correlation:

activity = 19033 + 0-0058w, - 0:2678D,, - 0-1613D,,
(0-9160) (0-0040) (0-0987) (0-1233)
r= 09578
(0-3012).

This equation clearly implies that the molecular con-
formation and spatial disposition of the N(15) atom
with respect to the thiazole of imidazole ring are
closely related to the emergence of antagonist
activity.
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Structures of Two 2-Oxyimino-a-D-pyranosides
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Abstract

1-(3-Acetamido-2-acetoxyimino-4-O-acetyl-2,3-dide-
oxy-a-D-threo-pentopyranosyl)pyrazole (I), C,Hs-
N,O¢, M, =338-32, orthorhombic, P2,2,2,, a=

* On leave from Instytut Chemii, Uniwersytet Wroclawski, ul,
Fr. Joliot-Curie 14, 50-383 Wroclaw, Poland.

0108-7681/89/050512-07303.00

9:257(2), b5=9306(2), c=19582(5A, V=
1687 (1) A3, Z =4, D,=1324(1) Mgm ™3,
ACu Keo)=1-5418 A, u=0907mm~', F000)=
712, room temperature, R = 0042 for 1566 reflec-
tions with 7/>20(/). 1-(3,4,6-Tri-O-acetyl-2-
hydroxyimino-2-deoxy-a-D-arabino-hexopyranosyl)-

pyrazole (11), C,sH;gN;O;, M, = 369-33, monoclinic,

© 1989 International Union of Crystallography
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Tasie II

Covurring CONSTANTS POR THE
1-X-2,4-DINITEONAPETHALENES IN Dioxane

J X = C X = Br X =1
3,5 0 .0 0o
6,6 8.84 = 0.04 8.49 = 0.03 8.56 x 0.04
5,7 1.17 & 0.04 1.29 + 0.03 1.05 = 0.04
5,8 0.75 £ 0.03 0.57 %= 0.02 0.58 % 0.03
8,7 7.16 = 0.03 6.91 =+ 0.02 6.03 &= 0.03
8,8 1.20 £ 0.04 1.12 = 0.04 0.98 3= 0.04
7,8 8.59 = 0.04 8.66 = 0.04 8.56 %= 0.04

Tasue II1

CremicaL Suives aNp CourLiNg CONSTANTS FOR
1-X-2,4-DINITROBENZENES IN ACETONE

Bub- Chemical ahift————— ~Coupling constant— -
stituent ” »s L] Jas Jos  Jas

Fe 530.2 515.7 466.1 3.0 0.2 93

Cl 530.8 512.6 483.4 2.48 0.10 8.85

cp 529.8 512.3 483.2 2.70 0.38 8.81

Br 527.9 506.6 494.0 2.63 0.26 8.78

I 523.5 495.4 510.7 2.54 0.02 8.80

o T. Schaefer, Can.-J. Chem., 40, 431 (1862). ® 8. L. Smith and
A. M, Thrig, J. Mol. Spectrosc., 22, 241 (1967).

With the data of Spiesecki and Schneider,? a plot was
. made of the chemical shift of the halobenzene protons
vs. the Pauling electronegativity of the halogen. The
same type plot for the chemical shifts of the 2,4-di-
pitrohalobenzenes shows striking similarities. The H;
and Hg in the 2,4-dinitrohalobenzenes series are qualita-
tively similar to the meta protons of the halobenzene
series; Hj corresponds to the ortho protons in the halo-
benzenes. The two nitro groups affect the magnitude
of the chemical ghift, but the nature of the halogen still
controls the relative chemical shift within the series.
The 2,4-dinitrohalonaphthalenes gave a much more
complex spectra than the benzene series. H, appears
as an intense singlet with a complex ABCD spectrum
for the other protons, Hy, Hs, H;, and H;. Since the
a protons of naphthalene have a greater chemical shift
than 8, the assignment of Hs and Hs to the downfield
portion of the spectra is obvious. Since there is no
coupling between the substituted and unsubstituted
rings, the correct assignment of one of the protons (H; or
H,) is essential. From this one correct assignment,
all other shifts and coupling constants are calculated
via LAOCN3. The assignment of Hs to the lower field
is based on the data of Wells.® The effect of the nitro
groups on Hi, Hy, H;, and H, can be calculated.? These
calculations indicate that ve = 510, » = 503, »¢ = 499,
and » = 437 Hz. In other words, the order is Hy >
H; > He> H;. The dats of Table I follow this pattern.
If one draws resonance structures of the 1-halo-2,4-di-
nitronaphthalenes, both the 2- and the 4-nitro groups
show resonance forms with 4+ charges on the 6 and 8
positions. If electronegativity is the major factor in
chemical shifts, these two protons should be downfield
with respect to protons 5 and 7. The above argument
has the implicit assumption that the halogens do not
greatly affect the shift, and that their effect is a pertur-
bation on the major effect of the nitro groups. Is this
assumption correct or can we arrive at a satisfactory as-
signment on other bases? An alternative method is to

(8) H. Bpi ki and W, G. 8chaelder, J. Chem. Phys., 85, 731 (1981).
8) R. P. Wells, J. Chem. Soc., 1067 (1883).
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apply the chemical shift changes of halogensin the ortho,
meta, and para positions in benzene to the naphthalene
geries. If Hjisregarded as meta to the halogen and H;
88 para, we arrive at the following qualitative result:
1-chloro » = 510 (for NO, groups} (—23 (£-Cl) = 508 Hz

< 203 (for NO, groups) (~8) (p.Cl) = 495 Hy
- (for NO, groups) (~8) (S = 504 He

v = 503 (~2) {p-Br) = 501 Hs
l-odo s = 510 (—15) (m]) = 495 He
e = 503 (-3) (1) = 500 Hs

These assumptions give the same qualitative order as
the previous assumptions for the chloro and bromo ecom-
pounds, but not for iodo. The jodine atom is large, and
the peri positions of naphthalene are cloger than the
meta positions of the benzene. It is probable that the
contributions of both the m-Br (~6) and the m-I (—15)
are too negative; their real contribution would be more
toward the ortho halogens, which are positive. This
approach, though somewhat argumentative, supports
the first. The peri effect has been discussed by Zweig,
Lancaster, and Neglia.'® The effect of & peri substit-
uent is to shift that proton downfield; the low-field
proton is always at the « position peri to the substit-
uent.. In our compounds, H; is the « and peri position
and should be the low-field proton. Hence, the as-
gignments »s > vs and s > vy were aceepted.

Comparison of the 2,4-dinitrohalonaphthalene series
with the benzene series shows the meta pattern is fol-
lowed. In each case, the chemical shift of the chloro
compound is slightly greater than the bromo, which, in
turn, is considerably greater than the iodo compounds.

Coupling constants do not vary much with respect
to change in halogen. The ortho coupling constants,
Jse and Jog, are about equal (8.5 Ha) and greater than
Jo3 (7.0 H:). The meta coupling constants, J;7 and
Ju, show no pronounced trends and have the value of
(1.0-1.3) Hz. The para coupling constants range from
0.75 10 0.6 Hz.

Registry No.—1-Cl-2,4-Dinitronaphthalene, 2401-85-
6; 1-Br-2,4-dinitronaphthalene, 2401-86-7; 1-1-2,4-dini-
tronaphthalene, 4112-02-1; 1-Cl-24-dinitrobenzene,
97-00-7; 1-Br-2,4-dinitrobenzene, 584-48-5; 1-1-2,4-
dinitrobenzene, 709-49-9.

(10) A. Zweig, J. E. Lancaster, and M. T. Neglia, Tutrahedron, 38, 25677
(1967).

Stepwise Synthesis of Oligopeptides with
N-Carboxy-a-Amino Acid Anhydrides.
IV. Glycine NCA

Rvoicur Karaxar® anp Masanao Ova

Department of Indusirial Chemistry, College of Technology,
University of Gunma, Kiryu-shi, Japan

Keigicrr Uno anp Yossio IWAKDRA

Department of Synthetic Chemisiry, Faculty of Engineering,
The University of Tokyo, Tokyo, Japan

Received July 8, 1971

A successful procedure for peptide synthesis using
the controlled reaction of N-carboxy a~amino acid
anhydrides (NCA’s) in an aqueous system has been
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Tase I
Rrsuurs or SynTHERES OF N-GLycYn PePTiDES
Yield, Caled, % Found, %

Peptide % falo, deg o] ;4 N (o] H N
Gly-Gly 80 36.36 8.11 21.20 36.55 8.20 21.50
Gly-1-Ala 87 ~59.0(c2.5,0.5 N HCl)* 41.08 6.91 18.17 40.75 7.12 19.34
Gly-1-Val 91 —19.5 (¢ 2.0. water) 48.25 8.12 16.08 48.33 8.25 16.26
Gly-L-Leu a2 —38.4 (¢ 2.5, water) 51.04 8.68 14.88 51.12 8.61 14.80
Gly-L-Phe 89 41.0 (¢ 2.5, water)d 50.45 68.35 12.60 59.80 8.48 12.55
Gly-1~-Leu-1-Ala 86 ~59.2 (¢ 2.4, water)* 50.94 8.18 16.21 51.05 8.20 18.14

o —59:3" (¢2,0.6 N HCl): B.F. Erlanger and E. Brand, J. Amer. Chem. Soc., 73, 3508 (1951). * —19.9° (¢2, water): K. R. Rao,
8. M. Bimbaum, R. B. Kingsley, and J. P. Greenstein, J. Biol. Chem., 198, 507 (1952). < —38.3° (¢ 2, water): F. H. Carpenter snd
D. T. Gish, J. Amer. Chem. Soc., 74, 38184(1952). 440.8° (¢ 2.5, water): ref 2. * —50.0° (c 2.5 water): E. Abderhalden and A.

Fodor, Z. Phys. Chem., 81, 1 (1912).

developed by the Merck group.'? The procedure was
satisfactorily used by Koppel and coworkers® to pre-
pare some oligopeptides. The usefulness of this syn-
thetic method was demonstrated by the total synthesis
of the S protein of RNase A.4~* In the aqueous system,
however, glycine NCA reacted with an amino acid as
a nucleophile to give hydantoic acid as a side product
to the extent of more than 20% even at the optimal
pH of 102. 2,5-Thiszolidinedione (glycine NTA},
therefore, was used to avoid the formation of the hy-
dantoic acid.®10

Another NCA method for peptide synthesis using
the heterogeneous system acetonitrile-water has been
reported by us.!'*2 With ordinary stirring and addi-
tion of sodium carbonate, the method permitted the
synthesis of peptides without such side reactions as
polymerigation and hydrolysis of the NCA.

A distinet difference in the formation of the hydantoic
acid was found between the NCA method in the ague-
ous system and that in the heterogeneous system.
In the reaction of NCA with an amino acid or & pep-
tide in our previous synthesis,!! attention was not paid
to the formation of the hydantoic acid because the
desired peptide was obtained in high yield!?:** and the
by-product, if it had been formed, could not react with

{1) R. G. Denkewaiter, H. 8chwam, R. G. Btrachan, T. E, Beesley, D.
F. Veber, E. F. Bel idsy, H. Ba , W. J. Paleveds, Jr., T. A,
Jacob, snd R, Hirschmann, J. Awmer. Chem. Sec., 88, 3183 (18668).

{2} R. Hirschmann, R. G. Strachan, H. Bchwem, E F. 8chosnawaldt,
H. Joshua, B. Barkemeyer, D. F. Veber, W. J. Paleveds, Jr., T. A. Jacob,
T. E. Beesley, end R. G. Denkewaltor, J. Org. Chem,, 88, 3415 (1967).

{38) K.D. Kopple, T. Balto, and M. Obnishi, idid., 84, 1631 (1869).

(4) R. G. Denkewalter, D. F. Veber, F. W. Holly, and R. Hirschmann,
J. Ames, Chem. Soc., 81, 602 (1869).

{8) R. G. Btrachan, W. J. Palevada, Jr., R. F. Nutt, R. A, Vitali, D. F.
Veber, M. J. Dickinson, V. Garsky, J. E. Deak, E. Walton, 8. R. Japkins,
F. W. Holly, and R. Hirschmann, ibid., 91, 503 (1869).

(8) 8. R. Jenkins, R. F. Nutt, R, §. Dewey, D. F. Veber, F. W. Holly,
. J. Paleveds, Jr., T. Lanza, Jr,, R. G. Btrechan, E. F. Schoenewaldt, B.
Bark r, M. J. Dicki J. Sondey, R. Hirschmaon, and E. Walton,
ibid., 91, 505 (1060).

(7} D. F. Veber, 8. L. Vargs, J. D. Milkowski, H. Joshua, J. B. Conn,
R. Hi and R. G. Denk sbid,, 91, 508 (1069).

(8) R. Hirschmann, R. F. Nutt, D. F. Veber, R, A. Vitali, 8. L. Varga,
T. A. Jacob, F. W. Holly, and R. G, Denkewalter, ibid., 93, 807 {1968).

® R. 8. Dewsy, E. F. Schoenewsldt, H. Joshua, W, J, Paleveds, Jr.,
H. Schwam, H. Barkemeyer, B. H. Arison, D. F. Veber, R. G. Denkewalter,
and R. Hirschmann, did., 90, 3254 (1908).

{10) D. F. Veber, R. Hirsch and R. G. Denlk
84, 753 (1969).

(11) Y. Iwakurs, X. Uno, M. Oys, snd R. Katakai, Biopolymere, 9, 1410
{1970).

(12) R. Katakal, M. Oys. K. Uno, and Y. Iwakurs, idid., in press.

(13) Izumiya, et al., synthesised

z z
H—-b-L'ys-—b-Llyu—OH
in 87% yield by the NCA thod in the h eystem: N. Mit
suyasu, 8. Terads, K. Noda, M. Waki, T. Kato, and N. Izumiys, Proceedings
of the &th Symposium on Peptide Chemistry, Osske, Japan, 1870, p 8.

. J. Org. Chem.,

NCA. In the reaction of glycine NCA with glycine in
heterogeneous system, glycylglycine was obtained in
80% yield. Such a yield could not be expected from
the results in the aqueous system reported by the
Merck group. Glycyl-i-leucine was also obtained in
92%, yield by the reaction of r-leucine in the hetero-
geneous system acetonitrile-water confaining sodium
carbonate with glycine NCA in acetonitrile. A tri-
peptide with N-terminal glycine, glyoyl-i-leucyl-r-
slanine, was also synthesized by the NCA method in the
heterogeneous system. The sodium salt of r-alanine
was treated with r-leucine NCA and the dipeptide
formed was treated with glycine NCA., The resulting
tripeptide was reerystallized from aqueous ethanol to
give pure tripeptide (86% overall yield). Some N-
glyeyl dipeptides were also prepared in high yields in
the heterogeneous system and these results are sum-
mariged in Table I.

These results strongly suggest that few side reactions
occurred in the heterogeneous system. This was dem-
onstrated by the synthesis of glycyl-i-tryptophan.
After the reaction of glycine NCA with i-tryptophan
in the heterogeneous system, the aqueous layer of the
system was analyzed by thin layer chromatography.
All of the Ehrlich positive components detected on
silica gel were ninhydrin positive. No component
that was Ehrlich positive and ninhydrin negative could
be detected by tle. These components were quantite-
tively determined as unreacted i~tryptophan (1%),
glycyl-L-tryptophan (96.5%), and glycylglyeyl-L-tryp-
tophan (2.5%).

The formation of N-terminal glycy! peptides in high
yields without formation of hydantoic acid is consistent
with our previous suggestion!! that the NCA in the
heterogeneous system may be protected from side re-
actions by the acetonitrile layer. The hydantoic acid
formed in the homogeneous system may be derived
from the isocyanate III formed from the NCA anion II.®

| 0 (,O o0
Jo =T - L

So ~o m
1 i
The rapid polymerization.of NCA (a side reaction in
the peptide synthesis by the NCA metbod) via the NCA
anion®!* does not oceur in acetonitrile!® or in the heter-

and J. Hutcbison, J. Amer, Chem. Sce., 88, 3627

(14) M. Good
(1968).

(15) Y. Iwakurs, K. Uno, snd M. Oys, J. Polym. 8ci., Part A-1, 8, 2185
(1968).
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ogeneous system of acetonitrile-water. Since glycine
NCA cannot be transformed to the isocyanate through
the NCA anion in the heterogeneous system, hydantoic
acid is not formed in this system.

Experimental Section

Glycine NCA *—Into a suspension of 10 g of finely powdered
glycine in 400 m! of dry tetrahydrofuran, dry phosgene was
bubbled at 45° with megnetical stirring. A clear solution was
obtained after 2 hr. The solution was concentrated at reduced
pressure at 30°, then glycine NCA crystallized out. To the
residue was added 200 mi of n-hexane in order to crystallize out
the NCA completely. The erystals of the product were filtered
off and dried over P;3O; in a vacuum desiccator. The crude prod-
uct was recrystallized twice from ethyl acetate to yield 8.8 g
(73%) of the chlorine-free NCA,"" mp 100° (lit.*® 100°).

General Procedure for Synthesis of Glycyl Dipeptides.—To a
solution of 0.01 mol of a-amino acid and 1 g of sodium carbonate
in 10 ml of 1 N sodium hydroxide and 40 m} of water was added
40 ml of acetonitrile and the system was cooled to — 10°. A solu-
tion of 1.2 g (0.012 mol) of glycine NCA in 24 ml of acetonitrile
was added to the system and allowed to react for 3 hr ay —10°
with stirring. The aqueous layer of the system was washed with
50 ml of acetonitrile under cooling and neutralized with concen-
trated sulfuric acid. Sodium sulfate was removed by addition of
200 ml of ethanol followed by filtration and the aleoholic solution
was concentrated tn vacuo at 35°. Addition of 50 m! of ethanol
and 100 ml of diethyl ether to the residue gave a crystalline
product. The crude product was recrystallized from aqueous
methanol to yield a crystalline dipeptide.

Glycyl-L-leucyl-v-alanine —To a heterogeneous system of 50
ml of acetonitrile and 50 ml of 0.2 N sodium hydroxide containing
0.89 g (0.01 mol) of L-alanine and 1 g of sodium carbonate was
added = solution of 1.73 g (0.011 mol) of r-leucine NCA in 17.3
ol of acetonitrile. The condensation reaction was allowed for 2
br at —10° with stirring. After the reaction the acetonitrile
layer of the system was separated off and the aqueous layer was
washed with 100 m] of acetonitrile under cooling. The solution
was warmed to 40° for 3 min. Then 50 m! of acetonitrile and 20
mi of 0.2 N sodium hydroxide were added to the solution and
the system was cooled again to —10°. After the addition of
1.2 g (0.012 mol) of glycine NCA in 24 m! of acetonitrile, the
system was kept at —10° for 3 hr with stirring. The aqueous
layer of the system was treated by the same manner as above,
washing, neutralization, and condensation. The crude product
was recrystallized from agueous ethanol.

Reaction of Glycine NCA with 1-Tryptophan.—To a solution
of 2.05 g (0.01 mol) of L-tryptophan and 1 g of sodium carbonate
in 10 ml of 1 N sodium hydroxide and 40 m] of water, 40 ml of
acetonitrile was added and the system was cooled to —10°,
After the addition of 1.2 g of glycine NCA in 24 m! of acetonitrile
the system was allowed to stand for 3 hr with stirring. The
agueous layer of the system was washed with 30 m! of acetonitrile
and diluted with water to a volume of 50 ml. A 40-ul sample of
the solution was analyzed by tle on silica gel in pyridine-water
(4:1). A strip showed three ninhydrin-positive spots, unreacted
t-tryptophan (B 0.57), glycyl-L-tryptophan (R 0.39), and
glycylglyeyl-i-tryptophan (R 0.18). Three Ehrlich-positive
spots were detected on another strip, L-tryptophan (R. 0.57),
glyeyl-L-tryptophan (R; 0.39), and glycylglyeyl-L:tryptophan
(R¢ 0.18). Then the pertinent areas of the tlc developed snew
were scraped off and extracted with 100 ml of water. The trans-
mittancy of the extracts was measured at 280 mu.?® The residual
sarnple was treated as above to isolate the dipeptide. The crude
product was recrystallized from methanol to yield 2.33 g (89%,)
of s pure dipeptide: [«lD 33.3° (¢2.5, 5 N HCI) {lit.® {a}p 34.3°

(18) Y. Iwekurs K. Uno, and 8. Kang, J. Org, Chem.. 80, 1158 (1085},
We synthesized glycine NCA by the reaction of glycine with phosgene in
tetrahydrofuran, The renction time needed in phosgenation of the amino
acid was shorter in thia solvent than in sny other solvents. High yield and
high purity of the product were obtsined in this sclvent.

(17} M. Oya, K. Uno, and Y. Ywakurs. Kogyo Kagaku Zasshi, 89, 741
(1968).

(18) H. Leuchs, Ber., 89, 857 (1908).

(19) Uv spectra of peptides were measured with Shimezy MPS8-50 L and
Hitachi Perkin-Elmer 13¢ apectrophotometers.

(20) K. R. Rao, 8. M. Birnbaum, R. B. Kingslay, and J. P. Greenstein,
J. Bidl. Chem., 188, 507 (1952).
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(¢ 2,6 N HCl)J. Anal. Csled for C;HuN:O;: C, 59.75; H,
5.80; N, 16.08. Found: C, 39.94; H, 8.06; N, 16.15.

Registry No.—Glycine NCA, 2185-004; Gly-Gly,
556-50-3; Gly-1-Ala, 3695-73-6; Gly-L-Val, 1863-21-9;
Gly-L-Leu, 869-19-2; Gly--Phe, 3321-03-7; Gly-1-
Leu-1~Als, 32557-24-7; Gly-u-tryptophan, 2390-74-1.

A Convenient Synthesis of 5~-Fluorouracil

D. H. R. Bartown, R. H. Hesse,* H. T. Tos,
aNp M. M. PecrET

Communication No. 64 from the Research Institule for
Medicine and Chemistry, Cambridge, Massachusetts 02142

Received dugust 18, 1871

5-Fluorouraeil (1) is & cytotoxic analog of uracil of
use in biochemical research and also of a certain value
in medicine.®? This derivative of uracil is typically pre-
pared by a total synthesis as expressed in Chart 12

Cuart I
0 0 0
H
H
N Ay N
(¢) H H [0) H H [s) H OH
1 2 3
0
Ho
N
1 ey -
MeS” “NH,Hx KO~ R
0
HNJIF L
Mes’k’N R

which requires the use of a persistent and insidious
toxin, fluoroacetic acid. The discovery that fluoroxy-
trifluoromethane (CF:OF) is & useful reagent for the
heretofore diffieult direct electrophilic fluorination of
aromatic compounds* led us to consider that the reac-
tion of CF,OF with uracil (2) (or an appropriate deriv-
ative thereof) might lead directly to 5-fluorouracil (or a
derivative thereof) and thus constitute & convenient
synthesis of such compounds. We now report that the
direct conversion of uracil to 5-fluorouracil may be ac-
complished in high yield by electrophilic fluorination.

Electrophilic substitution at the 5 position of the
pyrimidine ring is well known.? Uracil itself under-
goes nitration at position 5 without complication,® and

(1) For no. 53, see D. H. R. Barton, T. J. Bentley, R. H, Hesse, F. Mut-
terer, and M. M. Pechat. Cham. Comsmun., 912 (1871).

(2) G. Ramires, & al., Amer. J. Surg,, 180, 400 (1870};: J. Dule, Bull. Sec.
Fr, Dermatol. Syphdigr., 7Y, 218 {1970); L. Y. Deemarsky, « al.. Cancer,
88, 771 (1970); M. 8. Mitchell, ¢t ol., {did., 28, 884 (1970); M. Hursthouse,
Brit. J. Dermatol., 88, 218 (1870).

(3) R. Duschinsky, E. Pleven, and C. Heidslberger, J. Amer. Chem. Soc.,
79, 45560 (1857).

(4} D. H. R. Berton, et ai., Chem. Commun,, 508 (1068).

(5) C. W. Kenner and A. Todd in “‘Heterocyclic Compeounds,” Vol. 8,
R. C. Elderfield, Ed., Wiley, New York, N. Y., 1957, pp 235 1.

(8) T. B. Johnson, /. Amer. Chem. Soc., 80, 16 (1008); Chem. Abatr,
2, 2792 (1609).
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The Rationale for E2020 as a Potent Acetylcholinesterase
Inhibitor

Yoshiyuki Kawakami,** Atsushi lnoue,* Takatoshi Kawai,* Misako Wakita,® Hachiro Sugimoto*
and Anton J. Hopfinger"*
“Tsukuba Research Laboratories, Eisai Co., Lid., 1-3, Tokodai 5-chome, Tsukuba-shi, Ibaraki 300-26, Japan
*Department of Medicinal Chemistry and Pharmacognosy, MC 781, The University of Hlinois at Chicago, 833 South
Wood Street, Chicago, I. 60612-7231, U.S.A.

Abstract—The phase [l drug-candidate, E2020, developed for treatment of Alzheimer's disease, and possibly other demenitas,
and its analogues have been the focus of extensive molecular pharmacological and structural studies. The potency and selectivity
of E2020 as an inhibitor of acetylcholinesterase, AChE, in thc brain is establishcd. A combination of malecular modeling and
OSAR studics have been used throughout the evolution of the AChE inhibitor program leading to the benzylpiperidine series,
and, ultimately, E2020. QSAR studies have identified requirements to optimize inhibition activity as a function of substituent
choice on both the indanone and benzyl rings in the E2020 class of inhibitors. A combination of X-ray crystal structure studies of
E2020 isomcrs and the molecular shape analysis, MSA, of E2020 and its analogues has led to a postulated active conformation,
and molecular shape. for these AChE inhibitors. The active molecular shape corresponds to a high degree of shape similarity
between the two E2020 isomers which, in turn, is consistent with the observed high inhibition potencies of hoth of these
compounds. Intermolecular docking studies were carried out for E2020 and some analogues with the crystal structurc of AChE
when it became available. The docking simulations invelving E2020) analogues suggest these inhibitors do not bind at the acetyl-
cholinc, ACh, active site, but rather at the most narrow location of the long channcl leading to the active site. Intermolecular
binding geometries are consistent with the postulated active conformations derived from structure-activity (receptor geometry
independent) information. Capyright ® 1996 Elsevier Science Ltd

Introduction Activity of cholinergic markers, such as choline acetyl-
. ) Lo transferase and cholinc uptakc, arc markcdly reduced
The reversible acetylcholinesterase (AChE) inhibitor, (at least 40%) in the brains of patients with AD in

E2020 (1-benzyl-4-[5.6-dimethoxyl-(1-indanone)-2-yl}- comparison to age-matched controls. Biopsies indicate
mcthylpiperdine hydrochloride), see Figure 1, has been that cortical choline acetyltransferase loss can occur in
undcr clinical study as a candidate drug for the trcat- AD, and ccrtain arcas, including the hippocampus, are
ment of Alzheimer's discase (AD) where the cholin- most severely biochemically affected.
ergic function is selectively, and irreversibly, affected in ’ ‘
this senile demenita disease.' The mechanism proposed There exist relationships between the changes
to explain the memory improvement through AChE described above and loss of memary. Similar memory
inhibition is an incrcasc in acctylcholinc (ACh) levels deficits can also be artifically induced by blocking cholin-
in the central cholinergic synapses involved in the ergic mechanisms in young subjects. Consequently,
memory circuit.”* potentiation of central cholinergic action has been

proposed as an approach for the palliative treatment of
In principle, the synthesis of acetvicholine, its terminal mild to moderate cases of AD.
release, interaction with synaptic receptors and
ultimatc degradation arc straightforward mcchanisms The cholinergic hypothesis has provided the first
although the biochemical picture at each of these levels rational approach to the trcatment of AD by neuro-
is becoming increasingly complex. Figure 2 shows a transmitter replacement. ACh precursors, including
simplified metabolic pathway related to acetylcholine. various preparations of choline and lecithin, were the
The cholinergic hypothesis postulates that memory first compounds administered in the treatment of AD
impairments in paticnts with AD result from a deficit in an attempt to augment central cholinergic activity by
of cholincrgic functions in the brain. Several neuro- enhancing ACh levels. However, the results of clinical
transmitter systems undergu changes with advanced studies have, so far, shown little or no cvidence for the
age. Significant cholinergic dysfunctions can occur in efficacy of this approach. AChE inhibitor type of drugs
an aged and demented central nervous systermn. With do show improvements in cognitive function in clinical
respect to acetylcholine synthesis, it is gencrally studv. Cholinergic agonists acting directly on
acccpted that the immcediate precursors, acetyl muscarinic reccptors may improve the ' cholinergic
coenzyme A and choline, are ultimately derived from dysfunction. Five genetically defincd muscarinic recep-
circulating blood glucose and choline. respectively.” tors subtypes (mi-mS) have been reported to date.’
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Figure 1. Struciure of AChE inhibitors.
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x E : Enzyme
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Figure 2. Reaction scheme in which the inhibitor combines with
AChE and acylated AChE. E, free enzyme; S, substrates; ES, enzyme
substrate complex; EA, acylated enzyme; P, product; I, inhibitor; ES,
enzyme inhibitor complex; EAl acylated enzyme inhibitor complex;
K, dissociation constant for enzyme and inhibitor, K,°, dissociation
constant for EA and inhibitor.

E2020 is the lead compound in a ncw class of AChE
inhibitors having an N-benzylpiperidine and an
indanone moiety which shows a greater selectivity for
AChE than for butyryicholinesterase, and is not
expected to have any peripheral effects.* E2020 has
been developed as a racemic mixture due to the same
inhibitory profiles from each of the enantiomers.’
Clinical studies of E2020 suggest that it is possibly

. effective in the treatment of patients with AD.'* THA

(tetrahydroaminoacridine, Fig. 1) recently became the
first available agent for the treatment of AD in the
U.S. However, the aminoacridines, in general, suffer
from dose-limiting hepatotoxicity which is believed to
be structure related.! Physostigmine, a carbamate-type
inhibitor, has shown inconclusive results in the clinic,
perhaps due to its short half-life and narrow thera-
peutic index. A controlled-released formulation of
physostigmine is currently in phase-11l trials. E2020
appears to be devoid of such an unfavorable side-effect
profile probably because of its novel benzylpiperdine
structure. Many groups have undertaken the design
and synthesis of E2020-like compounds which incor-
porate bioisosteric replacements for the indanone
ring.”'”

Methods and Results
Lead identification and optimization

A benzylpiperazine compound, see Figure 1, demon-
strating weak (its IC,, is 14.5 uM), but definite inhibi-
tory activity against AChE was identified in blind
screening. Continued screening was performed around
compounds of similar structures. Another type of ‘seed’
compound was found which has both benzylpiperidine
and benzamide moieties in -its structure, This
compound has strong AChE activity, its ICs; being in.
excess of two orders of magnitude than that of the lead
compound. Lead optimization synthesis, mainly
involving modification of the benzamide moiety, led to
N-[4-(1-benzyl)piperidinyljethyl-N-methyl-(4-benzylsul-

fonyl)benzamide, sce Figure 1, which has an AChE
IC,, five orders of magnitude smaller (higher inhibition
potency) as compared to the original benzylpiperazine
compound, as well as selective ACBE inhibitory
activity. However, compound 1 has a very short half-
life due to hydrolyzation by proteases in the liver,
which is believed to lead to an N-disubstituted amide
metabolite.

Metabolic resistance was sought by incorporating
bivisosteric replacements for the N-disubstituted amide
moiety. A series of benzamide analogues possessing
high AChE activity and which are readily transported
into brain became the focus in the lead optimization
process.

Over the course of the lead optimization it appeared
that methyl substitution on the amide nitrogen
enhanced activity. Thus, trans and cis forms of benza-
mide were considered as models since methyl substitu-
tion at the amide nitrogen may change the ratio of cis
and frans isomers of the amidc. Overall, conformation
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log 1/C = 0.019 MR - 2.3724E(C-T) + 22.94
n=19, 8=0.256, r=0.833

log 1/C negative logarithm of ICs; of AChE

MR : molar refractivity

AE(C-T) : energy difference between cis and trans
isomer (kcal/mol) by CNDO/2

Figure 3. QSAR of parz-substituted benzamides.

was considered an important component in a QSAR
analysis used to guide the initial lead optimization
process. A good correlation equation, QSAR, was
found between activity, as measured by [Cs, and the
difference in energy between the cis and mrans isomers,
AE(C-T) and the bulkiness of substituents (see Figure
3). The QSAR suggests that the intrinsic activity of cis
isomers of benzamide are higher than the frans
isomers, since there is a negative correlation between
ICy, and AE(C-T).

Table 1 contains the structure-activity behavior of
N-alkylated amides which have higher activity
compared with non-N-alkylated analogues. Conforma-
tional analysis of the N-alkyl-substituted benzamides
was performed using the MNDO quantum chemical
method." Figure 3 contains the estimated ratio of trans
and cis isomers of some MN-alkyl substituted benza-
mides. Nonsubstituted amides exist almost completely
in the trans form, but N-substitution raises the trans
conformational energy state so that, overall, the cis
conformation becomes more stable. These results again
indicate that AChE activity increases as the population
of the cis isomer of the benzamide increases.

The QSAR analysis provided the structural require-
ments for lead evolution. The specific structural
requirements idcntified in the QSAR analysis arc as
follows: (1) the cis conformation of the benzamide is
the active conformation, (2) bulky groups at the para
position of the benzamide increases activity, and (3)
the carbonyl oxygen of the amide is a proton acceptor
for an intermolecular hydrogen bond.

Flexible benzamide analogues having the cis conforma-
tion were made. One of these was E2020 which

Table 1. M-Alkyl analogues of N-{4-(1-benzyl)piperidinyljethylben-

zamide
@&

R ICw (mM)
H 560
Benzy! 180
Methyl 170
Ethy! 130
Phenyl 35

possesses henzylpiperidine and indanone moieties.
E2020 was the first compound in which an indanone
ring was part of the enzyme inhibitor.

E2020 as a selective AChE inhibitor

Pharmacelogy. E2020 was initially thought to be a
mimic of ACh by structural similarity, and, therefore, a
competitive inhibitor of AChE. The N-benzylpiperi-
dines show outstanding in vitro selectivity for AChE.
The IC,, of E2020 for AChE is 5.7 nM, while the IC,,
for BuChE (butyrylcholinesterase) is ~7000 nM, a
selectivity ratio in excess of three orders of magnitude.
THA and physostigmine show poor selectivity having
the same order of magnitude ICgs for both AChE and
BuChE. Inhibition of BuChE, which is abundant in
plasma, may be associated with potentiating pcripheral

side effects.’”” Therefore, an AChE inhibitor which is

essentially devoid of BuChE activity may display higher
therapeutic indices than those which are also active
BuChE inhibitors.

Dissociation constants. AChE catalysis involves an
active serine residue, and the overall catalytic process
proceeds in a three-step mechanism, as defined in
Figure 2, like transfer within a catalytic triad. The
activated serine residue enables a nucleophilic attack
on ACh, resulting in hydrolysis and acetate products
being released. Some reversible AChE inhibitors show
a mixed type of inhibition by blocking the deacetylation
process. The acetyl group is introduced into the

- esteratic site in this catalytic process. Thercfore,

acylated AChE can accept an external charged
moleculc at this vacant anionic site to form an
EA-inhibitor complex (EAI). E2020 appears to bind to
both the free enzyme and the acylated enzyme to block
both Michaclis complex formation and deacetylation.
Molecular modeling and lead evolution

X-ray crystallegraphy of E2020. A single crystal of
E2020, crystallized from ethanol:acetonc (1:2) mixed

trans-form ration

oY = o
o]
spali e
CHe 70:30 Az
L - O
& 16:85 A
83
Ph 67.33

Figure 4. bstimated ratio of mans and cis isomer S in N-alkyl
analogues of N-[4-(1-benzyl)piperidinyl jethylbenzamide.

cig-fom
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solution, was prepared and used. Data collection was
performed with Cu X, radiation (»=1.54184 A) on an
Enraf-Nonius CAD4 computer-controlled & axis
diffractometer equipped with a graphite crystal,
incident beam monochromator. The crystal was found
to be triclinic with unit cell parameters a =9.977 (2),
b=13.347 (4), c=8.541 (6) A, a=92.72 (4)°, B=100.59
(3)°. y=75.47 (2)°, and V=1082.1 A% For Z=2 and
M,=415.96, the calculated density D, is 1.28 gfem’.
From least-squares refinement, the space group was

determined to be P1 (No. 2). The data were collected

to a maximum 26-w of 128.0° using the 26-w scan
techniquc. Lorentz and polarization corrections were
applied to the data. No absurption correction was
made and intensities of equivalent reflection were
averaged. The structure was solved by direct methods.
Full-matrix  least-squares refincment of atomic
positional and thermal parameters [anisotropic C, Cl,
N, O; isotropic H (fixed at 4.0 A?)] converged at
R=0.073 over 2818 reflections with / > 3a(/).

The same procedures used 1o determine the crystal
structure of E2020 at ambient temperature were also
employed to solve the crystal structure of E2020 at low
temperature (—20°C). The unit-cell paramcters were
a=9.982 (5), b=13.335 (7), c=8.526 (5) A, x=92.38
(4)°, B=100.71 (5)° y=75.38 (4)°, and V'=1079.0 A",
Z=2 and D, is 1.28 g/cm®. The space group is Pl
20 =128.0°. Thermal parameters were refined aniso-
tropically for C, Cl, N, O and isotropically for H. The
final R valuc is 0.075 over 3120 reflections with
1>30(]).

Figurc 5 shows the ORTEP'" drawing of the racemic

E2020 crystal structure. The ORTEP shows a pattern
of irregular thermal ellipsoids. There is an asymmetric
carbon atom at the 2-position of indanone ring and the
irregular thermal motions phenomenon occurs around
this chiral center. This thermal behavior is observed
both at 23 and —20°C and corresponds to two
puckering structures of the indanone ring. Thus, the
crystal structure of the indanone ring consists of two
conformers. One conformer has a relative R configura-
tion and the other has a relative S configuration. The
most remarkablc feature of R and § enantiomers is
that they -have the same molecular-shape except for
small portions of the indanone and piperidine rings.
The R and § configurations are so similar that they are
not even recognized in the crystalline state. These two
conformers also have almost cqual heats of formation
as computed by MNDOQO, and the crvstal structure is
one of the most stable intramolecular conformations of
each E2020 enantiomer. This high intramolecular
stability suggests that these two conformations may not
only exist in the crystal state, but also in solution.
Howcever, solution structure studies of E2020 have not
yet been performed.

Receptor independent molecular modeling and QSAR
analyses. A comprchensivc computer-assisted molec-
ular dcsign, CAMD, investigation of some of the
E2020 analogues began at a point where crystals struc-
tures of E2020 had been determined, but a crvstal

structure of a AChE was not yet available. Approxima-
tcly 80 analogues of E2020 had also been made and
tested at the start of the on-going comprehensive
CAMD study, and somewhere between 25 and 35
additional analogues have hecome available over the
course of the CAMD investigation to date. This
CAMD study is continuing with a focus on inter-
molecular ligand-rcceptor modeling.

The experimental design phase of the CAMD study
identified that the maximum amount of structure-
activity information would be derived from using only
those analogucs that could be placed into one of four
structural feature sets. Each structural feature set
corresponds to analogues differing from one another
by a single, common location chemical change. This
pcrmits the differences in activity for analogues in a set
to be considcred only a function of the single chemical

i)

i)

(v

Figure 5. (a) X-ray crystal structure of racemic E2020 ar —20°C. (i,
top) View along the plane of the indanone ring. (ii, bottom) View *
into the plane of the indanone ring. (b) X-ray crystal structure of
racemic 2020 for discrete peaks. A racemic occupancy of 0.6{R)
and 0.4(S) was found from the differential Fourier map. (i. top) View
along the plane of the indanoune ring. (ii, bottom) View into the
plane of the indanone ring.
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modification characteristic of the set. The composite
experimental design led to the consideration of all
E2020 analogucs of the structural class shown in Figure
6. Within the framework of CAMD methods the
construction of the four feature sets defined in Figure 6
corresponds to using the molecular decomposition-
recomposition, MDR, technique’” 1o construct
databases for combincd QSAR and molecular
modeling studies on indanone benzyl piperidine inhibi-
tors of AChE. The justification of using the particular
MDR operation defined in Figure 6 is given in ref 18.
The CAMD study for each feature is described below.

Feature 1. The set of 17 analogues reported in Tablc
2 were used to develop the feature 1 QSARs. These
compounds were selected because all of them have the
same general structure, I. The feature ] structures
diffcr from one another only by the substituents (R,,
R;, R;) on the aromatic ring of the indanonc bicycle.
Thus, the SAR for this set of compounds is due only to
(R,, Ry, R;), and the MDR technique can be applied.
In general, isomers at the *-carbon of the indanone
ring are not resolved with respect to inhibition potency.
The role of this chiral ccater on molecular conforma-
tion has been explored as part of the featurc 2 analysis.
The spacer link from C* to the piperidine ring is at
least partially saturated. and in most cases totally
saturated, so that resonance effects from substituent
modifications on thc rcst of the molecule can be
neglected.

The rangec on AChE inhibition potency for the 18
analogues is 1.3-380 nM IC;, units.

Conformational and electronic descriptors were deter-
mined using the model compound I to represent all
analogues. The detajls of the molecular modeling
procedures are given in ref 18.

Local minimum energy conformer states up to 6 kcal/
mol above the apparent global minimum' werc used to
generate property measures of the descriptors used to
generate feature 1 trial QSARs. The following set of
descriptors was used in the QSAR analysis of feature
1: (1) Partial charge densities (from MNDO) on the C,
to C, carbon atoms in 3. (2) The total dipole moment,
U+, and the angle the dipole makes with the C=0
bond in the plane of the indanone ring. (3) Component
of the dipole moment in the C=0 direction, U,. (4)

-~
~
9™

Lowest unoccupied molecular orbital energy, LUMO.
(5) Highest occupied molecular orbital encrgy,
HOMO. (6) Atomic orbital electron populations in C,,
C., and C,. (7) Sum of the atomic orbital electron
populations in C,~C,. (8) Sum of the atomic orbital
electron populations in C,~C plus C, and O,,, HOMO
n coefficient of each of the phenyl carbons C,-C, as
well as O, (10) Sum of the squares of the HOMO =

- coefficients of C,-C, plus C, and Oy (11) Partition

coefficient, log 2,* of X 3.

Trial QSARs were generated by considering all

~ combinations of the descriptors for feature 1. Both

linear and quadratic descriptor terms were used in the
set of multidimensional lincar regression, MLR,
analyses. The SAS package? was used to carry out the
statistical analyses.

GA discussion

The optimum 3-D QSAR that could be constructed
using direct MLR for substitution onto the aromatic
unit of the indanone ring, based upon all of the
analogucs in Table 2, is:

—log(ICs) = 2.73[C,} + 1.86{ Uy} — 0.14] U]
~156.7HOMO] —8.25[HOMO?] -- 740.93 )

N=17. R=0.804;8D =0.46: F=4.4;U(max)=6.6debye;
HOMO(max)=—9%.49 ¢V,

where C, is the HOMO out-of-plane m-orbital coeffi-
cient of ring carbon four, and the other terms in
equation (1) have alrcady been cxplicitly defined. An
analysis of the residual of fit, A log (IC)=(—log
(1Cs0) Yoma — ( —10g (TCsp))enicas OF equation (1) indicates
that the marginal fit of this correlation equation is
largely duc to two outliers-compounds 4 and 17 of
Table 2. Compound 4 is predicted to be less active that
observed, while the oppositc is truc for 17.

If compounds 4 and 17 are not considered in the direct
MLR analysis, then the remaining 15 compounds can
be described by the 3-D QSAR:

—log (ICs) = 2.21[{C.} ~ 6.65[U] + 1.18[U+?]

—162.9[HOMO)] — 8.58[ HOMO?] - 757.52 (2)
N=15; R=0939;, SD=0.25; F=14.8;, Umax)=2.8
debye; HOMO(max) = —9.49 V.

Thc most obvious difference berween equations (1)
and (2), besides the considerablc increase in statistical

A 4

L
L

FEATURB 3

Figure 6. Definition of the four features of the E2020 analogue inhibitors of AChL.
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Table 2. General SAR data for Feature | based upon model compound |

Y. Kawakami et al.

Ry
/‘2
3N
R H
Tﬁ;u[/s .
5
Ry
No. R, R, R, U, HOMO Obsd Calcd Obsd-calcd Calcd Obsd-calcd
(dehye) energy —log [equation (2)] {equation (1)} [equation (2)] [equation (2}]
(eV) (ICq) -log (ICw) —log(ICs) —log(ICo) —log(iCy)
1 3-OH 4-OMe H 035 3918 -9305 888 8.46 042 8.81 0.07
2 3-OMe 4-OMe H 0454 2301 -9.533 828 7.38 0.90 8.20 0.08
3 3-OEt 4-OEt H (.505 2855 —9.631 8.20 8.00 0.20 7.86 0.34
4 H H 5-Me 0.234 2966 -9.593 8.15 7.46 0.69
s 3-OMe 4-O-isop H 0449 3332 -9.451 8.05 8.48 -043 8.19 —0.14
6 H H 5-OMe 11,249 3.127 —-9.545 7.92 7.72 0.20 7.55 0.37
7 2-OMe 3-OMe 4-OMe 0.468 2765 -—9.615 7.88 7.84 0.04 7.82 0.06
8 H 4-OMe 5-OMe 0.452 2.629 -9.461 7.70 1.77 -0.07 - 793 -0.23
9 3,4-Methylenedioxy H 0409 2785 -9314 7.64 7.58 0.06 751 0.13
10 2-OMe 4-OMe H 0364 2845 -9.3581 7.60 7.70 —-0.10 7.64 -0.04
11 2-OMe H  5-OMe 0.251 3.248 9443 7.44 7.86 -042 7.65 -0.21
12 3-Me H H 0.168 3004 -9615 7.16 7.27 —{.11 7.19 -0.03
13 3-OMe H H 0247 2980 -9577 7.09 7.53 —0.44 742 -0.33
14 2-OMe 3-OMe H 0027 3192 -937 7.06 7.10 -0.04 7.00 0.06
15 H H H 0.021 3009 -9716 6.83 6.58 0.25 6.58 0.25
16 3-F H H 0226 3467 -9856 6.70 6.90 -0.20 6.80 -{.10
17 3-OMe 4-OH H 0463 1946 -9508 6.42 6.97 —-0.55

significance of equation (2), is the change in the

dependence of —log (ICy) on U, According to-

equation (2), —log (ICy) incrcases with increasing Uy
for Ur>2.8 debye, while for equation (1), —log(ICy)
decreases as Uy increase for Uy 6.6 debye. However,
these two relationships between —log (IC,) and U;
are not inconsistent for most of the analogues in Table
2. Fifteen of the 17 compounds in Table 2 have U,
values in the 2.8-6.6 debye range. Both equations (1)
and (2) predict —log (ICs) to increase with increasing
Us in this range of dipole values.

Neither equations (1) or (2) are particularly satisfying.
Consequently, a subsequent QSAR analysis was under-
taken using a genetic algorithm formalism called the
genetic function approximation, GFA.? The GFA
algarithm applied to the feature 1 dataset illustrates
the automatic behavior of spline-based models in
QSAR analysis.”

Feature 1 QSAR analysis using the GFA began with a
popuiation of 300 random models. The terms of the
models were linear polynomials, linear splines, and
quadratic splines. Only the three descriptors identified
in the MLR study were used. However, spline basis
functions were included to explore possible partitions
of the data set. The population was evolved for 5000
crossover operations. By that point there was little
continued improvement in the average score of the
models in the population.

The splines used are fruncated power splines and are
denoted with angle Dbrackets. For example,

<f(x)—a>is equal to zero if the value of (f(x)—a) is
negative, else it is equal to (f (x) —a). The constant a is
termed the knot of the spline. When a spline term is
created, the knot is set using -the wvalue ‘of the
descriptor in a random data sample.

Splines are interpreted as performing cither range
identification or outlier removal. If there are many
members in the nonzero partition, then the spline is
identifying a range of effcct. If there are only a few
members of the nonzero set, the spline is identifying
outliers. Regression can use the spline term to fit these
members independent of the other terms of the modcl
by, effectively, making them ‘special cases’ based on
the extremc value of a descriptor.

The top 10 QSAR models discovered by the GFA
algorithm are reported in Table 3. An example of
outlier removal is the most frequent used spline,
<2.301 - 0,>. The only compound for which this item
is nonzcro is compound 17, which was identified as one
of the two outlicrs in the original study. All of the top
10 models isolate compound 17 in this manner. An
example of range identification is the use of spline
terms based on HOMO. For example, model 3
contains the term < —9.545-HOMO>?, which is
nonzero for approximately half of the compounds: 3, 4,
7, 10, 12, 13, 15, and 16. The interpretation is the
HOMGQO has an effect on activity only after it achieves a
more negative value than -9.545. Four of the top 10
most frequently used basis functions are of this form.

An interesting effect in the selection of splines for the
top 10 QSAR models was the isolation of the least
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active compounds. If a histogram is constructed of the
number of times each spline term is nonzero for each
of the compounds in the data set, a strong skew toward
the least active compounds is observed, as shown in
Figure 7. The system is building general models of the
most-active compounds and taking the least-active as
special cases.

Feature 2. The set of model compounds encompassed
in 11 was used to characterize the conformational
behavior of the bicycle-piperidine portion of the AChE
inhibitor analogues. In I, W={(CH,), [n=0, 1, 2, or 3},
or a combination of singlc and double bond spacer
units, A is usually CH,, but can also be C=0, and X
and Y are CH or N.

Table 4 contains the set of substructure Il analogues
used to investigate fcature 2. Each structure in Table 4
corresponds to an analogue of E2020 for which the
remainder of the molecule CH,Ph is replaced hy Me.

Thus, the variations in [Cs, reported in Table 4 are due
solcly to the structural changes represented by II. Note
that a couple of key analogues in Table 4, with respect
to modeling, correspond to changes on the piperidine
ring of E2020: (1) compound 20 in which there is an
additional nitrogen atom at position X and (2)
compound 21 in which the piperidine nitrogen has
been changed from Y to X. Table 4 is subdivided into
(a) that contains active inhibitors which have one or
two tarsion angles (8,, 8,) between the bicycle and the
piperidine rings, (b) that contains substructure
analogues for inactive inhibitors having zero, one, or
two torsion angles between the rings, (¢) that contains
substructure analogues for active inhibitors having
three or four torsion angles betwecn thc rings. It
should be noted that some 6-6 bicycles were
considered in exploring the SAR and one is given in
Table 4. These analogues provide additional informa-
tion to map the active molccular shape of feature 2
substructures.

Table 3. The top 10 3-D USAR models derived for feature 1 based upon GFA analysis

(1) ~log (ICs) = 6.950
+2.046" C,
—-6.523* <2301 - U, >
+1.037°(U, - 2.845)
—22.090" < -9.631 -HOMO >
LOF: 0.209
r:0.923
F:17.16

(2) ~log (IC, = 7.101

+2.040° C,
—4.581* <2301 —-U,>
+2.988° <U,~3467>
~7.178* (HOMO +9.508)}

LOF: 0.216

r: 0.920

F: 16.55

(3) —log (ICy,) = 7.053
+1.983* <, —0.027 >
—6.468* <2.301 - U,>
+0.987°(U,-2.845)*
~11.185* < —9.545 - HOMO >*
LOF: 0.221
r: 0918
F:16.10

(4) —log (1Cs) = 7.035
+1.7711" C,
—7.683* <2301 - U, >
+1.241*(U,—-2.966)°
~18.192° < - 9.615— HOMO >*
LOF: 0.224
r: 0.917
F:15.84

(5) —log (ICs,) = 7.080
+1.778* <C,-0.027>
-7.686* <2301 - U, >
+1.242*(U, ~ 2.966)°
—18.196* < —9.615~HOMO >
LOF: 0.224
r: 0.917
F:15.82

(6) ~log (ICy) = 7.138

< 1.615* <C,~0.027>
~7.619° <2301 —U, >
+1.231%(U, - 2.966)
~4.616* < —9.631 —~ HOMO >

LOF: 0.225

710917

F: 1580

(7) —log (IC) = 7.092
+1.756*<C,—~0.027 >
—7.667* <2301 U, >
+1.234* (U, - 2.966)
—15.250% <9.593 ~-HOMO >?

LOF: 0.225 :
r: 0.917
F:15.79

(8) ~log (ICy) = 7.098
+1.607" C,
~7.615% <2301 - U, >
+1.231°(U,— 2.966)
~4.610* < ~9.631 ~HOMO >
LOF: 0.225
r: 0917
F:15.78

(9) —log (ICw) = 8076

—2.110* <0.468~C,>
+3.354% <U,-3.467>
—12972° <2301 =, >?
—8.219*(HOMO +9.545)?

LOF: 0.225

r: 0.916

F:15.74

(10) ~log (1Cs) = 7.056

+1.739* C,
—21.539"<2.301 -U,>?
+1.223%(l/,~2.96n) .
—13.468* < -9.577-HOMO>*

LOF: 0.226

r: 0916

F:15.65
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Active conformations were sought by attempting to
identify stable intramolecular conformer states for
active analogues that are not stable for inactive
analogues. This modeling strategy is called the
LBA~LCS (loss in biological activity—loss in conforma-
tional stability) principle. The details of the confor-
mational analyscs are given in ref 18.

Molecular-shape comparisons were performed by
superimposing pairs of molecules under an initial
three-atom constraint (spatial pharmacophore) and

Count

1
1 4 7 i1 14 17
Compound Namber
Figure 7. Histogram of the number of times a given compound was
made a special case in the top 10 models. The histogram shows a
skew toward the highest-numbesed compounds, which are also the
least active. In effect, the GFA algorithm is making special cases of

the least-active compounds and mudeling the patterns it found in the
most active analogues.
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then performing an optimization with respect to the
molecular-shape similarity measure. The measure of
molecular-shape similarity has been bascd upon
considering molecular geometry and corresponding
conformational energetics. The geometric measures of
molecular shape similarity include one, or more, pairs
of interatomic distances and/or maximizing common
vverlap steric volume. Conformational energetics have
been built into the estimation of molecular-shape
similarity by using loss in conformational energy of an
analogue (relative to the intramolecular global
minimum cnergy conformation), to achieve an increase
in the geometric measure of molecular-shape similarity,
as a penalty function to the geometric mcasure.™

The four compounds, two actives, 18A and 20, and wo
inactives, 21 and 22 (of Table 4), whose conformational
energy maps are shown in Figures 8 and 9 have a
common global minimum near (g,=300, ¢,=2300).
These compounds also have various other local
minimum cnergy rcgions as can be seen in Figures 8
and 9. At this poin!, any of the conformations near
minima might be the active conformer. However, it is
unlikely that any of the high-energy conformer minima
of 184 and 20 in the upper left-hand portion of their
respective energy maps could be the active conforma-
tion. Hence, conformations (8, =300, 0,=300°) and
(0,=200, 8,=200°) are considercd the only possible
candidates for the active (8,, §,) conformation.

Conformational analysis of the itrans isomer of
compound 19 the other active analogue of Table 4 (the
cis isomer was found to be a high-energy isomcr for all

Table 4. The analogues of. or similar to, E2020 used to map the active conformations, {g,.'q:). with respect o feature 2

@D\?-w.x/\
A'B K/Ymg

No. A B C D X Y w ICy, oM
{4) Active analogues with two torsion angles (8, 6,)* 8 8y
184 CH. Bond CH- CH="0 CH N Son-Jia 53
18B CH. Bond CH C-0 CH N —CH, —(5) 7.7
19 CH, Bond C= Ca= CH N =CH— 84
20 CH., Bond CH-— C--0 N N —CH,— 94.0
{b) Inactive analogues with one. 0,. or two torsion angles (8,. 6,)
21 CH, Bond CH-- C-=O N CH —CH,—(R/S) 480.0
22 CH. Bond —=C - HC- CH N —CH,— 4400.0
23 CH. Bond CH-~ C: 0 CH N {R:S) 3300.0
24 CH. Bond C— C=0 =( N — 1200.0
(¢} Active analogues with three (0,, 0, 0;) or four torsion angles (6,, 6., 6, 8,) 0 o o
s 2 3
25 C=0 Bond N -0 CH N 23 0.90
-9'012904
26 NH c-0 CH c 0 CH ‘N —(CH,),— 4.2
8, 6z € 6y
27 CH. Bond CH c.0 CH N Sou, oo Jms 1S
28 CH, Bond C= C=0 CH N —CH(CH,),— 0.82
;73 Be
29 CH. Bond C— C-0 CH N
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E2020 as a potent acetylcholinesterase inhibitor 1437

conformer states), indicates two minimum energy
statcs with respect 10 8,. .

Superposition of the conformational minima of
compound 19, with the two poussible active conforma-
tions of 18A, suggests that the conformer (8,=300.
f,=2300°) of 1A is the only one which adopts a similar
molecular shape to a minimum of 19. Thcrefore, the
(6,=300, 8,=300°) intramolccular minimum energy
statc is postulated to be near the active conformation.

The postulated active conformation for 18A is shown in
Figurc 10. The obscrved inhibition potencies of
analogues 18B, 20, 23, and 24 of Table 4 can be inter-
preted in terms of the molecular shape of 1A in the
postulated active conformation. Compound 18B is
active and, therefore, must adopt the postulated active
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Figure 8. Conformational energy maps of key active analogues of I
from Table 4 used to postulate the active conformation (shape) with
respect to (8,. 6,). The energy contours arc in keal per mole relative
to the giobal minimum denoted by (®). (a. top) 18A, (b. bottom) 20
of Table 4.

conformation, or more correctly, active molecular
shape, as a low energy stable state. Superposition of
18A on 18B, in their rcspective active molccular
shapes, indicates that thesc two isomers have their
indanone rings superimposed, and that their respective
piperidine rings are perpendicular to the bicycle and
exhibit significant averlapping.

The inactivity of both 23 and 24 is explaincd by their
becing too short, duc to the lack of a bridging
methylene group. to have their indanone and piperi-
dine rings simulraneously superimpose on those of 184
in the active conformation.

Analogue 20 is only 10-15 times lcss active than the
most active analogue in Table 4(a). It is difficult to
explain the lack of higher activity of this compound.
One possible explanation for the observed activity
profile of 20 is based on the active centers hypothesis
of the E2020 derivatives. Compound 20 has two
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Figure 9. Same as Figure 8. but for key inactive analogues (a, top)
21. (b, botiom) 22 of Tablc 4.
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possible cationic nitrogen centers. The two nitrogens
may compete for a single anionic site on the enzyme.
These competitive interactions may lead 20 to a
binding state for which both N atoms are at similar
distances from the anionic receptor center. Such a
virtual ‘displacement’ may then move the carbonyl
group of the bicycle from its optimum binding position.
A less favorable desolvation binding energy, as
compared to 18A/B, might also contribute to the loss in
inhibitory potency.

The absence of a carbonyl oxygen and the relocation of
the nitrogen in compounds 22 and 21, respectively,
each lead to major losses in activity. These structural
changes also lead to losses in key AChE binding inter-
action which are discussed in the section on ligand
docking.

Hypotheses for the ‘active’ conformations (shapes) of
analogues of I having three or four torsion angles (W)
between the indanone and piperidine cings are not
definitive. There are two reasons for this ambiguity.
First, the additional conformational flexibility in the
three and four torsion angle analogues makes the

e

Figure 10. The postulated active conformation for analogues of 1]
containing ™o torsion angles (6,, 8:). The example here is the stero-
view of 18A of Table 4. (i, top) View into the plane of the indanone
ting. (ii. bortom) View along the plane of the indanone ring.

exploration of conformational space more difficult.
Morc significant, however, is that inactive three and
four torsion angle analogues having structural changes
which alter conformational behavior are not available.
Hence, the LBA-LCS principle cannot be used.

An alternative approach to the LBA-LCS principle to
probe for active conformation candidates for the
analogues in Table 4(c) first focused on the conforma-
tional analysis of the most rigid analogue in this series,
compound 29. The double bonds induce conforma-
tional rigidity. All possible combinations of cis and
rans isomers were considered in the conformational
analyses of 29. The alltrans conformational energy
minima are generally lower than the minima of the
other possible isomers by 3-5 kcal/mol. Thus, the
assumption was made that the all trans-isomer was the
relevant bioactive structure. No allrans structure
adopts a minimum energy conformation within $ kcal/
mol of its global intramolecular minimum that permits
even marginal similarity superposition of its indanone
and piperidine rings onto those of 18A. It is not
possible to determine any energetically reasonably
superpositions of the highly flexible analogues 27 and
28 onto 18A.

The molecular shape analysis becomes more confusing
when stable conformations within 5 kcal/mol of the
global minimum of each of the two active analogues
having three torsions (compounds 25 and 26) are
compared to 18A, in its active conformation, and to the
stable conformations of 29. In essence, no conforma-
tions near the relative minima of 25 or 26 meaningfully
superimpose on either 18A or 29. One possible explan-

- ation of the differences in molecular shapes among the

two, three, and four torsion angle classes of analogues
of II is that each class has a distinct active molecular
shape. This explanation is consistent with the docking
stmulations of E2020 and analogues to AChE that are
discussed below.

Feature 3. The set of feature 3 derivatives is given in
Table §, and the corresponding model compounds used
in the conformational analyses can be represented by
L

U is most often CH, but can also be C=0 and
(CH,),. The substituted aromatic ring has also been
replaced by cyclohexyl and naphthyl rings. Table 5 has
been divided into parts: (a) contains active analogues
which have two torsion angles (j;, j,); (b) contains
inactive analogues which have two torsion angles ({,,
¥.); (¢) contains a single inactive analogue which has
three torsion angles (s, ¥, ¥s).

The LBA-LCS principle was employed to map out the
active conformation of the analogues of III, reported
in Table §, with respect to ¢, and ¢,. An analysis of the
(1. ¢,) conformational cnergy maps of the active
analogues 30 and 31, and the inactive analogue 33,
suggests the minimum-energy conformation near
($,=200, $,=240°) as the active conformation, see
Figure 11, the ($,, ,) map of 30.
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Table §. The analogues of. or similar to. LIl used 10 map the active
conformations, (f,, f2), with respect to leature 3

%\O /‘IZ
)
V\J\

No. U Vv Z

1Cy (nM)

(a) Active analogues with two torsion angles (b, ¢:)

& .
30 .{BGHTE} N H 53

3 - CH; N 0-CH, 10.0

32 —CH,— N c-CH,, 8.9

(b) Inactive analogues with two torsion angles (¢, ¢,)

33 —CH,— N 0-NO; 160.0

34 ~--C(0)— N H 10000.0

33 —CH,— N 2-naphthyl 2900.0

36 -—CH,— N 1-naphthyl 220.0

(c) An inactive analogue with three torsion angles (9,, ¢, ¢1)

L 2 &3

37 {3carf¥uh{} N H 180.0

*[Cy, values correspond 1o analogues of structure 1.

The overall postulated active conformation for E2020,
incorporating feature 3, is shown in Figure 12.

The crystal conformations of the isomers of E2020 (see
Fig. §) are the same as the postulated active conforma-
tion with respect to featurc 1 (8,, ;). However, the

360 -
a - -
$, 1803 -
- pon
3 -
oy :
3 -
b —
I -
0 IRRARARBARARASEESBREGRARRARREA R
180 360
J

Figure 11. The conformational energy map of analogue 30 of Table
5. The energy contours are plotted the same as in Figures 8 and 9.
The postulated active conformation is {¢, = 200. 3. =240").

Figure 12. The postulated active conformation of the R isomer of
E2020.

postulated active conformation differs from the crystal
structurc with respect to feature 3, (¢,, ¢,). The crystal
structure adopts the (¢, =300, ¢,=300° conformation
shown in Figure 11 in contrast to the postulated active
conformation of (¢, =200, ¢,=240°.

The inactive osn-naphthyl analogue 36 has a conforma-
tional energy map nearly the same as 33, thus
accounting for its inactivity. However, the conforma-
tional cnergy map of 35, thc inactive m,p-naphthyl
analogue, is almost identical to that of 30 (active). The
inactivity of 35 can only be explained by hvpothesizing
an intermolecular, sterically forbidden, interaction
between part of the m,p-naphthy! ring and the receptor
wall. This explanation is consistent with the 3-D QSAR
developed for substitution onto thc phenyl ring in
feature 4.

The active analogue 32 and the inactive analogue 34
would both be judged to be inactive based upon their
(®,. ¢.) conformation energy profiles. However, these
two profiles cannot be directly compared with any of
the cnergy maps of analogues such as 26 and 27
becausc 32 and 34 possess changes in valence
geometry. Nevertheless, the conformational cncrgy
minimum found for 32 at (¢, =200, ¢,=180°), corre-
sponds to the near perfect molecular superposition of
32 onto 30 in its active conformation, thus demon-
strating 32 can adopt the postulated active molecular
shape.

Compound 34 has a carbonyl group, in contrast to a
methylene unit, as the spacer between the piperidine
and phenyl rings. None of the conformational minima
of 34 can be meaningfully superimposed on the
proposed active conformation for 30 or for 31. This
tack of molecular-shape similarity is assumed to be a
source for the inactivity of 34. In addition, the nitrogen
atom of the piperidine ring of 34 has a sp® hybridiza-
tion as part of the amide group. Hence, it cannot
protonate, and lacks a cationic head.
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Finally, the inactivity of 37 of Table S can be accounted
for by the fact that it does not possess any energetically
reasonable intramolecular conformation which corre-
sponds to a molecular shape that is close to the active
molecular shape common to the active analogucs 30,
31, or 32. In essence, 37 is too ‘long’ due to the cxtra
mcthylenc spacer.

Feature 4. The set of 15 analogues given in Table 6
were used to develop feature 4 3-D QSARs. These
E2020 analogues were sclected because the only way in
which thesc compounds diffcr from one another is in
the substituent Y. Thus, model compound IV was used
as the substructure in applying the MDR technique for
the feature 4 QSAR analysis.

The range in 1C,s for the 16 analogucs is 1-4900 nM.
For Y substituents having conformational flexibility,
the same molecular modeling and conformational
analysis procedures used and referenced in 18 for
feature 1 were used to determine the minimum-energy
conformer states of Y. Once again, cach intramolccular
minimum-energy conformer statc was used (o compute
measures of descriptors that are dependent upon
substituent conformation. Each descriptor measure was
considered in the QSAR analysis.

Trial QSARs were constructed in the same manner as
those of feature 1. However, a GFA analysis was not
performed.

For feature 4 the optimum 3-D QSAR that could b
developed is:

~log (IC.) = —0.107[S,]+0.046[1X] — 0.151[HOMO]
+6.683 (3)

N=15, R=0905; SD=060; F=16.7.

In equation (3) S, is the nonoverlap steric volume
between cach analoguc and the shape reference
compound (Y=23-OH) and IX is thc largest principal
moment of inertia of each analogue as represented by
IV. The shape reference compound was determined by
sceing which of the 15 analogues, each tested as the
shapc reference, gave the statistically most significant
QSAR. The values of thc QSAR descriptors, the
predicted —log(ICs,)s and the corrcsponding residuals
of fit are reported as part of Table 6.

AChFE inhibition appears to be less sensitive, with
respect to loss in potency, for substitutions onto the
indanone ring (R,. R,, R;). as compared to substitu-
tions on the aromatic ring Y. This observation, coupled
with the presence of a stcric shape term in equation

3I.¥ -
,2._ (3), suggests that substructurc IV is in a more
G\ 2 restricted steric environment than III when ligand-
v rcceptor binding occurs. Loss in inhibition potency

The following set of descriptors were used as part of
the feature 4 QSAR study: (1) The nonoverlap steric
volume, S, using the aromatic ring as the molecular
superposition criterium. (2) The principle moments of
incrtia. (3) The center of charge of cach analogue. (4)
The HOMO energy. (5) The partition coefficient, log
P, of IV.

secms particularly sensitive to the size of the Y
substituent in the para position. This trend can be seen
in Table 7 where the type and size (steric length) of
para substituents are reported along with the corre-
sponding —log(I1C,,). Using the unsubstitued ring as a
refercnce, AChE inhibition potency decreases with
increasing steric length of thc para Y substituent. The
only exception to this relationship is Y =4-OH, which

Table 6. General SAR data for feature 4 based upon model compound 1V

2 3N Y
vz
AN

No. Y 5. (AY X HOMO Obsd Caled Obsd-calcd
cacrgy (cV) —log (ICq) -log (1Cy) ~log (IC«)
38 3-F 0.86 17.47 —9.549 9.00 8.93 0.07
39 4-OH 6.80 15.24 -8910 8.74 8.08 1.66
40 3-Me 11.47 23.46 ~9.286 8.70 8.02 0.68
41 3-NO, 14.06 31.96 ~10.342 R.40 8.31 0.09
42 H 0.71 15.72 -9.339 8.28 8.83 —11.55
43 2F 6.94 26.19 -9.527 8.02 8.67 ~0.65
44 4.F 3.69 15.23 —~9.478 802 8.51 -0.49
45 2-Me 2140 26.57 -9.262 8.00 7.10 0.90
46 4-NH, 9.72 15.47 -8.117 7.44 7.65 —0.21
47 4-Me 17.33 15.72 —-9.225 7.40 7.03 0.37
48 4-NO, 19.20 2231 -10.391 7.00 7.32 -0.32
) 3-OMe 18.83 2355 —B.954 6.66 7.19 —0.53
50 4-OMe 25.37 17.47 —8.895 544 6.20 -0.76
51 3,4-OMe 48.19 6297 -9.198 5.40 5.90 —0.50
52 3,4.5-OMe 70.83 102.57 -9.367 531 532 —001
UMO00013903

NOVARTIS EXHIBIT 1517
Novartis v. Regents, IPR2023-01347
Page 2649 of 4460



E2020 us a potent acetylcholinesterase inhibitor 1441

is also predicted to bc lcss active by équalion (3) than
is observed (sec Table 6).

Receptor dependent (docking) molecular modeling

Receptor model. Sussman and co-workers have
reported the crystal structure of AChE from Torpedo
californica electric organ.”® The atomic coordinates of
AChE were obtained from the Brookhaven Protein
Data Bank (PDB entry: 1ACE). Hydrogen atoms werc

Table 7. fara substituents. Y. of feature 4, their steric length (sizes),
and obscrved ~log (ICy)s

Y Steric length (A) ~log (ICs,)
H 2.23 8.28
F 2.60 8.02
OH 313 8.74
NH; 3.20 7.44
CH, o336 7.40
NO, 3% 7.00
OCH, 4.84 5.44

added after deleting the crystalline water molecules
present in the X-ray structure, and aliphatic carbon-
hydrogen groups werc trcated as united atoms.
Docking studics for an acylated form of the enzymc,
EA, were also carried out.” The 3-D structure of EA
has not been determined so that the EA model used in
this study was generated from the X-ray structure of
AChE.

AChE which contains 537 amino acids is schematically
shown in Figure 13. AChE belongs to the class of o/p
proteins and consists of 12 B-sheets surrounded by 14
helices. A close-up view of the enzyme active site from
the enzyme surface is shown in Figure 14. The active
site serine residue can be seen from the surface of the
enzyme. The active site consists of a catalytic triad
composed of serine 200, histidine 440 and glutamic
acid 327. The catalytic triad lies near the botton of a
long and narrow gorge, which is lined with the side
chain rings of fourteen aromatic amino acid residues.
These aromatic residues are color-coded orange in
Figure 14.

Figure 13. Global view of the AChE motecule iooi(ing d'own.inlo the active site gorge.
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Figure 14. Close-up view of the AChE active site from the enzyme surface.

Figure 15 shows a schematic representation of the
cnzyme inhibition and the formation of intermediates.
Catalysis by AChE involves the active scrine residuc,
and the overall catalytic process proceeds in a three-
step mechanism within the catalytic triad.®® The
activated serine residue enables a nucleophilic attack
on ACh resulting in hydrolysis and acetate products
being releascd. It is known that some reversible AChE
inhibitors show a mixed type of inhibition by blockmg
the deacetylation process.®* The acetyl group is intro-
duced into-the esteratic site in this catalytic process.
Therefore, EA can accept an external charged
" molccule at this vacant anionic sitc to form an

ACh -
E2020 .

2A1050

2A1034

EA-inhibitor (EAI). Both the R and § forms of E2020
and THA appear to bind to both the free enzyme and
the EA to block both M:chaehs complex formation and
the dcacetylation process.”

Ligand models. The atomic coordinates of E2020
were taken from its crystal structure, and the other two
analogues considered in the docking studies (2A1034,
and 2A1050, scc Figure 1) were built from E2020. The
§ form of each inhibitor considered in the docking
simulation was optimized by the MNDQO method. The
atomic charges and dipole moments were calculated
from these optimized structures. All three analogues

Figure 15. Dipolc moments of ACh. F2020. 2A1034, ard 2A 1050 shown superimposed on the respective molecular structures.
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possess large dipole moments, ca. 40-50 debye, and
the direction of each dipole runs through the molecule
from the benzylpiperidine moiety to the methoxy
groups on the indanone ring, see Figure 16. ACh also
has a large dipolc moment of 23 Dcbye.

Docking procedures. The size of the active-site
pocket of AChE is too small for E2020, and its related
analogues, to mimic the binding geometry of ACh.
Thus, it was necessary to scarch the long, narrow gorge
leading to the active site in AChE for preferred
binding locations. A sequential set of search operations
were used to determine the enzyme-inhibitior struc-
tures and energies. The search operations consisted of:
(1) identifying receptor ‘hook’ atoms using CAVHET;™
(2) construction of initial inhibitor—receptor alignments
based upon matching complementary ligand-receptor
hook atoms, and the simultaneous alleviation of
bad-contact atom-pair interactions by intermolecular
ligand translations and rotations coupled with ligand
torsion angle rotations; (3) Monte Carlo sampling,
using the GREEN docking package,™® to establish
intermolecular low-energy locations and orientations,
as well as conformations of the inhibitors, for each
initial ligand~reccptor model; and (4) molecular
dynamics relaxation simulations,” using AMBER,* of
the low-energy complexes generated in the Monte
Carlo sampling analyses.

Docking medels of AChE with ACh. Figure 17 shows
a side view of the active site of AChE. The most
remarkable feature of this structure is its deep and
narrow channel, about 20 A long and as narrow as 4.5
A. This gorge penetrates halfway into the enzyme and
widens out close to its interior terminus, ft has been
suggested that the quaternary group of the choline
moiety of ACh makes a close contact with the indole
ring of Trp 84.* However, our docking study indicates
that the quaternary moiety of choline binds through

interactions with the = electrons of the aromatic
residues in the channel of AChE. Gly 118 and 119
might be part of the oxyanion hole since these glycines
make close contacts to the carboxyl oxygen of ACh in
the most stable AChE-ACh complex models.

Docking models of E2020 amalogues to AChE and
AE. The docking simulations show that stable confor-
mations are adopted hy the inhibitors upon binding to
both AChE and acylated AChE. All three inhibitors
considered dock to both AChE and the AE in a similar
manner. The docking suggests two common features of
binding for these compounds: (1) thc N-benzyl
substituent forms a p-stacking interaction with the
indole side chain of Trp 84 and (2) the piperidine ring
locates on the narrowest part of active-site cavity which
is formed by four amino acid residues, Tyr 70, Asp72,
Tyr 121, and Tyr 334,

E2020 cxhibits five key binding interactions (KBI 1-5)
involving the methoxy group, the phenyl ring, the
carbonyl group in the indanone ring, the protonated
nitrogen of piperidine, and the phenyl ring of the
benzyl group attached to the nitrogen of piperidine.
The carbonyl oxygen interacts with Tyr 121 (KBI 3a)
and Tyr (KBl 3b). However, the § enantiomer of
E2020 (k;=17.5 nM) only adopts the KBI 3b binding
mode. 2A1034 (ki=18.7 nM) in the R form, which is
the preferred binding isomer, interacts with the enzyme
at only three of these five key sites. 2A1050 (k=122
nM) binding involves only two of these interaction sites
at the same time for the preferred binding § form.

The results of the docking study support the active
conformation model discussed above which is charac-
terized by the indanone and piperidine rings being
‘perpendicular’ to one another, where the larger of the
two thickness dimensions of the piperidine ring
contains its plane relative to the indanone ring." The

Figare 16. Side view of the AChE active site.
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preferred mode of binding of E2020 to AChE is shown
in Figure 18. Overall, these results suggest that E2020,
and related analogues, arc noncovalent AChE inhibi-
tors which bind in the aromatic gorge, but do not
intcract with the catalytic residues. Consequently, the
E2020 analogues can inhibit the Michaelis complex
formation step/deacylation step of thc hydrolytic
reaction of AChE.

Discussion

OSAR, small molecule X-ray, and molccular modeling
methods have been useful in the realization of the
E2020 class of AChE inhibitors. These methods have
been useful because they have been both functional
and appropriate. The capacity to perform individual
QSAR, X-ray, and molecular shapc analyses quickly,
relative to synthetic efforts, and at critical times in the
cvolution of the research program, are the reasons
these methods have been functional. The insight to ask
the ‘right’ questions when employing these methods

has made their use appropriate. We note that not
asking qucstions beyond the scopc of a computer-.
assisted molecular design, CAMD, method qualifies as
asking the ‘right’ question.

The intermolccular docking simulations have comple-
mcnied the QSAR and molccular shape analyses in
providing reasons for the high activity seen in E2020
analogues having differing numbers of spacers groups
berween the indanone and piperidine rings. E2020
analogucs which can adopt long, narrow conformations
as low-cnergy intramolecular states can fit in the long
active-site gorge of AChE. The docking simulations
indicate that the preferred binding site of E2020 (both
isomers) to AChE is not at the ACh active site, hut
rather some distance away in the channel leading to
the active site. This may be the recason E2020 is a
potent inhibitor to both AChE and acylated AChE.

In addition, the docking simulations and 3-D QSARs
support and reinforce one another. A detailed
comparison of thc AChE-E2020 docking modes to the

Figure 17. Superposition of thé R and § erantiomers of E2020 b"i'nding{ models in the active site c;w‘it'y with ‘the five key binding interactions
(KBIs) defined.
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L2020 as a potent acetylcholinesterase inhibitor 1445

Figure 8. The truns-decalin analogue superimposed on the R
enantiomer of £2020 in its postulated active conformation.

descriptor terms in the QSARs [equations (1)-(3)]%
reveals a self-consistency between sub-binding sites and
descriptors. Binding simulations and the use of the
QSARs jointly provide a robost tool to predict AChE
inhibition activity in new analogues.

There are still pathways to take in the study and under-
standing of the family of E2020 AChE inhibitors. A
better understanding of the geometric binding speci-
ficity in the activc sitc channel would enhance inhibitor
design capabilitics. One measure of success in
achieving an insight into inhibitor binding specificty
would be to explain the inactivity of what we call the
wrans decalin analogue of E2020 whose structurc is
shown in Figures 1 and 18. This compound was
predicted to be very active as an AChE inhibitor based
upon its molecular shape similarity to E2020 (see
Figure 18). However, the compound was made and
tested and its IC,, was 2530 mM, a quitc inacrive
inhibitor. The inactivity was assumed to be due to
unfavorablc intcrmolccular binding interactions not
identified in the MSA study. At the time of the MSA
study the AChE crystal structure was not available.
Recent docking simulations of the trans-decalin
analogue to AChE., carried out in the samc manner as
for E2020 and somc of its other analogues and
described above, also suggests it should be a potem
inhibitor. Thus, future molecular modeling studies,
and, in particular, docking simulations of the E2020
family of AChE inhibitors should kecp the under-
standing of the low-activity of the trans-decalin
analogue as both a goal and a corresponding measure
of success.

Docking simulations may provide some guidelines for
structural changes in the four features of E2020. A
primary target for structural changes may bc the
indanone ring. There are other bicycles that lead to
active analogucs'™ suggesting a  structure-activity
mapping may be pussible by docking simulation.

Impicmentation of docking simulations in a design
mode is predicated upon reliable calculations. The

ability to predict rcliable and accurate ligand-receptor
binding energies remains elusive in intermolecular
modeling. Perhaps the best chances for success in the
E2020 analoguc—AChE docking simulations is to
combinc X-ray studies to elucidatc AChE-inhibitor
complex geometries with free-energy force-field refine-
ment*® docking simulations. The X-ray structures can
provide realistic initial geometries to the docking
simulations for a training set of inhibitors for which the
inhibition potencies have been measured. The tcrms in
the force field used to compute the binding encrgies of
the inhibitors are then scaled, in a QSAR fashion, to
establish a correlation between inhibition potency and
binding free energy.

Overall, the E2020 project has had a successful past in
terms of CAMD applications and there is every reason
10 belicve in a bright futurc,
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Automated protein crystallization and a new

subtilisin:eglin complex

Henk A.Kelders, Kor H.Kalk, Piet Gros and Wim
G.J.Hol

Laboratory of Chemical Physics, University of Groningen, Nijenborgh 16,
9747 AG Groningen, The Netherlands

A procedure is described for automating labour-intensive
steps of the ‘hanging drop’ protein crystallization method.
An automatic sample changer is employed to fill the wells in
a multi-well plate so that concentration gradients in various
components are obtained. The sample changer is also used
for preparing droplets on a second multi-well plate. Subse-
quently, this second plate is manually turned around and
placed on top of the first multi-well plate such that a large
number of chambers with different conditions is obtained
simultaneously. During initial trials a new crystal form of a
subtilisin:eglin complex was obtained. The crystals have space
group P2,, contain two enzyme inhibitor complexes per
asymmetric unit and diffract beyond 2.2 A.

Key words: crystallization/autonation/subtilisin:eglin complex

Introduction

With the advent of recombinant DNA techniques virtually every
protein, either obtained from nature, modified by man or designed
de novo can be obtained in large enough quantities to make X-
ray crystallographic investigations feasible. The first step,
however, in such investigations is the growth of high-quality
crystals. This usually requires a trial-and-error process during
which a wide variety of conditions have to be tested, (See e.g.
Blundell and Johnson, 1976; McPherson, 1982). The possibili-
ty of expressing genes in high yield in fast growing bacteria,
coupled with the great advances made in the field of protein
purification in the last decade, means that large amounts of pure
protein can be obtained. This implies that automatic methods for
setting up crystallization trials in which robetics replace many
of the manual steps, become feasible in order to test thousands
or more different conditions.

Here we describe an almost completely automatic procedure
for carrying out ‘hanging drop’ experiments which proved to be
successful in obtaining a new crystal form of subtilisin Carlsberg
complexed with its inhibitor eglin.

Materials and methods

The essential piece of equipment used in the automated ‘hang-
Ing drop’ crystallization procedure described here, is a computer-
controlled sample changer. Two multi-well plates (purchased
from Omnilabo Holland B.V., Breda, The Netherlands) were
placed side-by-side within the working space of the sampler
changer (model 221/401, kindly made available by the manufac-
turer, Gilson Medical Electronics, Villiers-le-Bel, France). One
of the multi-well plates (plate I) eventually contained the mother
liquor; the other plate (plate L) was used to accommodate the
drops and was therefore siliconised with a silicon solution
(Serva). Each well of the two plates has a volume of ~ 300 pl,

© IRL Press Limited. Oxford, England
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crystal form of a

and a flat and transparent bottom in order to be able to examine
the drops with a microscope. ,

The Gilson sample changer model 221 is a so-called x—y—2z
instrument. A vertical needle can be positioned at any x—y coor-
dinate within the working space with an accuracy of 0.1 mm,
and at any height (up to 10 cm) above the working space with
an accuracy of ! mm. The needle is connected to a ‘diutor’,
model 401, equipped with a burette which can aspire a volume
up to 1 ml in two different ways. Firstly, through the needle itself
from any vial placed within the working space. In this manner,
no dead-volume problems arise and manipulation of small
volumes is possible. Secondly, from a reservoir placed outside
the working space connected by a tube to the dilutor. Now a dead
volume exists, i.e. the volume of the tubes leading to the needle
plus that of the needle itself, but as the reservoir can contain large
amounts of solution, repeated rinsing takes care of any mixing
of solutions in the dead-volume. The accuracy with which the
dilutor can dispense volumes from the needle is comparable to
the accuracy of the well-known Eppendorf pipettes.

In the set-up used for our experiments the dilutor was con-
nected to a PEG-containing reservoir. After completing the pipet-
ting of the PEG solutions into the wells, the burette and tubes
‘were rinsed with double-distilled water. Buffer and protein solu-
tions were pipetted in a different manner by aspirating respec-
tively thirty 5 ul amounts through the needle from a vial placed
within the working space. In order to be able to manipulate such
small amounts of protein solution, the tubing and needle were
filled with distilled water. An air-gap prevented dilution of the
S ul protein sample with the distilled water.

Hanging drop experiments which resulted in the subtilisin:eglin
crystals, were carried out as follows. First, the following solu-
tions were made by hand: (i) 60% PEG-6000 (Merck) in distill-
ed water with 0.2% sodium azide added (PEG solution); (ii)

A mother liquor cras

|

plcte | plote 1]
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Fig. 1. (A) The two multi-well plates prior to the assembly are shown.
Plate I contains the mother liquor, and plate , which is siliconised,
contains the drops. (B) The two plates after assembly. Plate | is covered
airtight with plastic foil and silicon grease or glue, and plate I is placed
upside down on top of plate 1. Diffusion between the drop and the mother
liquor is made possible by punching small holes in the plastic foil prior to
the assembly.
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"1.0 M potassium phosphate buffer, pH 6.0, conaining 100 mM
EDTA (buffer solution); and (iii) 20 mg/ml subtilisin:eglin,
dialysed against 0.1 M potassium phosphate buffer, pH 6.0 (pro-
tein solution). The subtilisin used (Maxatase) was kindly pro-
vided by Gist Brocades, Delft; eglin was a gift from Dr
H.P.Schnebli, Ciba-Geigy, Basle.

Second, the mother liquor was prepared in the wells of plate
1 by the sample changer. A concentration range of 6—48%
PEG-6000 was made by pipetting 30-60—90 . . . 240 pl of the
PEG solution into successive wells within a row. To each well,
30 pl of the buffer solution was added. Next, each well was fill-
ed up with double distilled water to make a final volume of
300 pl. Six identical rows were prepared in this way, making
a total of 48 experiments [the other 48 wells could not be filled
because of the small workspace of the sample changer used;
another model (model 222) is available which allows prepara-
tion of 96 wells]. The mother liquor was mixed by aspiring 250 gl
from each well and dispensing it back into the same well.

Third, the protein drops were made by the sampler changer.
To this end, S zl of the 20 mg/ml subtilisin:eglin protein solu-
tion were pipetted into a well of plate II. Subsequently 8 ul of
the mother liquor was taken from an appropriate well in plate
I and carefully added to the protein drop in plate I, without mix-
ing of the two solutions. This sequence was repeated for all 48
experiments.

Fourth, the multi-well plates were assembled. Plate I was
covered with a piece of transparent adhesive foil (Alkor®, ob-
tained from Bijholt and Heuvelen B.V., The Netherlands). Silicon
grease (Baysilone-paste, Bayer, Leverkusen) was applied to the
non-adhesive side of the foil, and small holes were punched so
that one hole was centered above each drop. Subsequently, plate
II was carefully rurned upside down and placed on top of plate
I. In this way, each well of plate I was closed airtight except
for the small hole in the plastic foil which allowed diffusion of
vapour between the drop on plate II and the well with mother
liquor on plate I. Finally, the two plates were taped tightly to
each other and stored in a cupboard at 20°C.

Results

Afier ~2 months these cryallization experiments yielded crystals
in drops equilibrated against 18 and 24 % PEG-6000, which were
subsequently investigated by precession photographs and diffrac-
tometer measurements. A few crystals were removed from a
hanging drop after which plates I and II were taped together again.
The space group appeared to be P2, with cell dimensions
a=1383 A, b=465 A, c =89.5 and 8 = 93.4°. This
yields a value of 2.5 A’/daltons, well within the usual range,
if we assume that two subtilisin:eglin complexes of 35.6 daltons
each are present in the asymmetric unit. The crystals diffract
beyond 2.2 A.

For the 48 experiments carried out the total time required was
~ 60 min. Pipetting had to be carried out slowly because the PEG
solution was highly viscous. With further improvements, especial-
ly when less viscous solutions can be used, the final rate should
be of the order of 200 experiments/h. It is clear that a signifi-
cant reduction in the human time required 1o make the 96 dif-
ferent solutions in the wells and drops can be obtained by
employing the ‘robot’.

The reproducibility of the crystallization was excellent as judg-
ed by comparing the sets of six equivalent experiments. Large
single crystals were observed in all six drops of the two suc-
cessful conditions, i.e. 18 and 24% PEG. No useful crystals were
observed in any other drop. This result shows that the
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reproducibility of the method employed is cerainly acceptabi.
even when viscous solutions, such as quite high concentrationy
of PEG-6000, are used.

Discussion

The procedure employed has several advantages compared with
conventional procedures. (i) Two time-consuming steps in the
manual procedure, i.e. making the large number of different solu-
tions in the wells and making the drops, are automated. (ii) The
size of the drops can be 2 ul, or even somewhat smaller, which
increases the number of experiments which can be done with
a limited amount of protein. (iii) The setp is very compact. Many
experiments can be stored in a small amount of space such as
an oven. (iv) Because the vapour diffusion takes place through
a small hole, equilibrium is reached quite slowly. Changing the
size of the hole may be used as an extra parameter by which
crystal growth can be controlled. (v) The compactness of the setup
and the high transparency of the double-plate system allows rapid
and easy screening with a microscope.

A major disadvantage of the current procedure is that all drops
in a pair of plates have to be disturbed . when mounting a crystal
from one of the drops. We are trying various simple ways to
overcome this shortcoming. It appeared, however, that hanging
drops using the two-tray system can be stored for at least 3 months
(even after separating the two plates, removing some crystals
and sealing the plates together by tape) without affecting the quali-
ty of the crystals in the other drops.

The current method is already quite suitable for instance in
cases where one intends to obtain a crude idea under what con-
ditions precipitates form. In such cases quite large variations of
conditions in neighbouring wells can be created and a beautiful
overview of general solubility properties is cbtained by one glance
at the pair of multi-well plates. The procedure outlined in this
paper also seems to be quite useful when small variations around
a well-known crystallization condition have to be explored. This
can be the case when the crystallization conditions are very sen-
sitive 10 one or more parameters, e.g. protein concentration. A
similar situation arises when one tries to crystallize a mutant,
either obtained from nature or engineered by man, as it is not
unreasonable to assume that suitable crystallization conditions
will not differ too much from those of the wild-type protein. In
other words, automnated crystallization along such lines as describ-
ed in this paper may be particularly suitable for protein engineer-
ing projects.

Crystals of subtilisin have, of course, been obtained by several
groups. First in the native state (Wright er al., 1969) or with
a covalent inhibitor bound (Drenth e al., 1972), later comnplex-
ed with subtilisin Streptomyces inhibitor (Mitsui er al., 1979) and
with chymotrypsin inhibitor 2 (McPhalen er al., 1985a). These
studies concerned subtilisin BPN’, or Novo, which are chemically
identical but have different biological sources. Three-dimensional
structures of engineered mutants of this subtilisin have also been
reported (Katz and Kossiakoff, 1986). The structure of the
Carlsberg type of subtilisins, to which the subtilisin in the pre-
sent investigation belongs, has only been elucidated quite recently,
but with high accuracy, and in both cases complexed with eglin
in a triclinic cell (McPhalen et al., 1985b, Bode er al., 1985).
Griitter e al. (1985) reported the same triclinic crystals of the
eglin:subtilisin Carlsberg complex. The monoclinic crystal fom
described in the present communication may be of use to in-
vestigate, for instance, packing effects on structure and mobility
of the subtilisin and inhibitor molecule. Furthermore, it is ad-
vantageous in protein engineering projects to know conditions

L P R T e T ]

UMO00013912
NOVARTIS EXHIBIT 1517
Novartis v. Regents, IPR2023-01347
Page 2658 of 4460



) Automated protein crystallization

leading to different crystal modifications of the same protein. The
reason being that mutations of a loop involved in crystal con-
tacts of one crystal form prevent easy crystallization in that form,
but such a loop may be freely exposed to solvent in another
modification and, hence, mutants are likely to crystallize without
difficulty in the second modification.
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'-Comple‘(atmn of Paracetamol With Xanthine

Derlvatlves.

R.M. Khalil‘

Department of Pharmacentical Sciences, Nadionai

Research Center, Dekki, Cairo, Egypt.

THE INTERACTION of paracetamol with ce.ﬁain xanthine deriva-
tives, viz., ééffcinc, theophyiline, éc:pifymne and dyphelline was
investigi;lcd: Differential uilraviolc{specmrphotomevlyy revealed a
marked effect of xanthines on the extinction coefficient of p;iracet-
amol. Applying the continucus variation method on spectrophoto-
meiric measurements revealed the formation of 1:1 complexes of
paracetamol with caffeine and acepifyliine.. For the interaction be-
tween paracetamol and theophylling, two complexes of stoichio-
melric ratios of 1:1 and 2:1 are formed. On the other hand, two par-
acetamol dyphylline complexes of stoichiometric ratios 1:2 and
2:1 appear to be formed. Determination of the stability constant of
the complexes by spectrophotometric meihod as well as the solubil-
ity methods revealed th_a't acepifj}lli.ne exhibits the highest tenden-
cy to.complex with.paracetamol. 'i'hc dissolution rate of pafaccta-
mol as well as its xanthine complexes was determined and found to
follow first crder kinstics dur_iné the first 12 min of the run. The re-
sults revealed that thére is a correlation t;exwee_'ﬁ the stability con-
stant of the xahth_iae complexeé determined by the solubility meth-

od and the selubilizing power of the xanthine.’

' Many' studies have. shown that caffeiﬁe aad related xanﬂ:iines are czipable- '

of interacting in aqueous medla with a variety of drugs th:ough complex-

ation (1- 3) Complex formation may-be intended to increase the: solubiii- -
ty and/or stabxhty of drugs The physxcal properties of the resnltmg drug -
complex most probably. vary from that of the free drug Complexanon is
one of the physicochemical factors that may profoundly affect drug bxo— :

availability.
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Fig. 1. Differential ultraviolet absorbance spectrum of aqueous solution of paraceta-

mol (2 X 10°3 mole/L) in presence of caffeine.
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mol 2 X 10-5 mole/L) in presence of theophylline.
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Fig. 11. Dissolution profilc of paracetamol and paracetamolxanthine complexes in

water at 37°, ) .

The effect of the investigated xanthines on the solubility of paraceta-
mol was studied (Fig. 9). It can be seen from the figure that there exists a
linear relationship between the maximum additive concentration of the
drug and xanthines concentration; except in the case of dyphelline. This
can be. considered as a further indication -of the formation of 1:1 com-
plexes between the drug and caffeine, theophylline as well as acepifyl-
line.

The stability constant of the formed complexes was determined by the
spectrophotometric method (8) as well as from the data of the solubility
phase diagram of the drug in presence of xanthines. The results compiled
in Table 1 reveal that theophylline and its derivatives form more orless
more stable complexes with the drug compared to caffeine. Acepifyliine
seems to possess the highest complexing tendency towards the drug.

The dissolution rate of paracetamol as well as its xanthine complexes

- was determined by the beaker method.

Th; dissolution efficiency (D.E) (11) which is a suitable compérative
parameter for quantification of dissolution data was determined in each
case and appear in Table 2. o g
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TABLE 1. Stability Constant (k) of Paracetnmél - Xanthine Compl"exs.'! .

Stability constant (k) determined by:

Complexes -
The spectrophotometric The sotubility
: method method

Paracetamol - Cafieine (1:1). 34.67 _
Paracetamol - Theophylline. 20.0

(1:1) 4295.36 '

(2:1) : 802 18.5
Paracetamol - Acepifylline. .

(1:1) 10990.06 24.5
Paracetamol - Dyphelline: -

(1:2) 3572.73

(2:1) 3.65

TABLE 2. Dissolution Rate of Paracetamol and its Xanthine Complexes.

%o Paracetamol dissolved from:

Time
(min) = Paraceta- Paracetamol complexes with:
- mole
Theophylline Dyphelline
. Caffeine ~ 2:1 C1:1 Acepifylline  2:1 1:2
40 78.21 . 70.63  75.31 81.30 64.43  68.23

3
6 63.16 90.02 86.86 90.46 91.50 81.19 84.30
9 80.76 97.92 9530  96.00 97.00 94.30 96.27

12 $0.46 100 100 100 100 99.00 100
15 99.00 100 100 100 100 100 100
20 100 100 . 100 100 100 100 100

30 100 100 100 100 100 100 100

DE (%) 8168 91.62 _ 90.28 91.18 92.00 88.89 89.96.
¢-30 min. o

First-order . . :
dissolution * 0.09 0.03 0.04 0.03 0.02 . 0.05 0.04

‘rate constant
min '1).

It is evident from the data obtained that there are marked differences
between the dissolution rate of paracetamol and its xanthine complexes.
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The value of the dissolution efficiency of paracetamol - acepifylline
complex is more or less higher than the other paracetamol complexes. In
case of theophylline and dyi)heiline_, the dissolution rate increases with in-
creasing the mole fraction of the complexing agent in the complex. '

The graphical illustration of the logarithm of paracetamol dissolved as
a function of time (Fig. 10) revealed that the dissolution of paracetamol
~ as well as the investigated paracetamol complexes follow first-order kinet-
ics during the first tweleve minutes of the run. The values of the dissolu-
7 tion rate constant of paracetamol as well as its complexes during the first
twelve minutes were calculated and compiled in Table 2. On the other
hand,-the solubilizing power of the investigated xathine derivatives ex-
pressed as mole of paracetamol solubilized per mole of xanthine was also
calculated (Table 3).

TABLE 3. The Solubilizing Power of Xanthines, towards Paracetamol at 25°.

Mole drug solubilized per mole Xanthine

; Xanthine
} (mole/L.) Caffeine Theophylline  Acepifylline  Dyphelline
E 0.00 - - - -
4 _ 0.01 - 3.5 - -
g 0.02 4.15 2.8 3.60 0.8
} 0.05 - 2.67 - -
; - 0.04 3.35 2.8 3.15 1.45
! 0.05 - 2.9 - -
0.06 3.17 - 3.79 - 2.27
0.08 3.25 - 3.89 1.89
0.10 3.06 - 3.57 2.39
i 0.20 2.14 - 3.68 1.34
Mean solubilizing . 3.19 293 . 3.61 1.69
Power.

Trying to correlate the stability of the formed compléxes evidenced
by the value of their formation constant with the dissolution rate constant
of the complexes as well as with the solubilizing power of the complexing
agent towards paracetamol, revealed that there is a correlation between the
stability constant of the complex determined by the solubility method
and the solubilizing power of the xanthine compound. However, it is evi-
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dent from the results that there exists a correlation between the. sol'ubil‘iz_-
ing power of the xanthines and the dissolution efficiency (D.E.).of their -
complexes with paracetamol. : B

From the results , we can see that the formed péracetamol - acepifyl-
line complex possesses the highest value of stability constant and shows
the most enhanced dissolution rate and in the same time acepifylline ex-
hibits the greatest solubilizing power for paracetamol. "

The above mentioned data throw a beam of light on the complexation
of paracetamol with some xanthine derivatives which are commonly used.
This complexation reflects itself on the solubility and dissolution proper-
ties of the drug and in the same time, this complexation appears to have
an expected implication on the bioavailability of the drug which is wor-
thy of thorough investigation.
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time” on Fig. 2. Clearly, no cloud about’

the spacecraft can be brighter than the
difference (1.1 X 10°3* Bo) between the
smaller day values and those of night.
But the experiment is capable of deter-
mining a limit half this large.

To confirm the interpretation that
the array of data points represents
light scattered from a certain antenna
with a known position, the situation
was simulated in the laboratory with
an identical photometer and light
shield. The result is the solid curve
(Fig.-2) which was normalized to pass
thru the orbital data at 68°. The or-
bital data points appear- to be approach-
ing the brightness of the night sky
at an antenna angle of 90° in the same
manner as the laboratory data do. We
may show an upper limit to cloud
brightness by assuming that there is
such a cloud and by showing that this
causes disagreement between the or-
bital data and the laboratory simula-
tion: If there had been. around the
spacecraft a cloud whose sunlit bright-
ness in the antisolar direction was
5 X 10-'3 Bo, then we should add this
to the ground simulation before a com-
parison is made with the orbital data.
The result (dashed curve, Fig. 2) is
obtained by doing this and by normal-
izing the ground data again to fit the
orbital data at an antenna angle of 68°.
Since the functional forms are no
longer within experimental error of
each other, one concludes that there
was no cloud as bright as § X 1018
Bo. This upper limit determined ex-
perimentally is equivalent to 0.01 erg
cm~—2 sec—1 sterad—?, or 12 fifth-visual-
magnitude solar-type stars per square
degree.

From the last form of the upper

limit, there is evidently very little inter-
ference in measuring bright stars with
instruments which, typically, have fields
of view less than several minutes of arc.
But the situation is different for ob-
serving extended sources of white light,
in that the above limit is brighter than
the Milky Way and much of the zodia-
cal light. -In the antisolar direction,
the true sky brightness is about 1 X
10718 Bo, whereas the measured upper
limit to the cloud brightness in this
direction is five times larger. If the par-
ticle size distribution in.the cloud were
similar to that of the dust which causes
the zodiacal light, then this brightness
ratio of about 5 would be maintained
over all portions of the zodiacal light
to within 30° of the sun. Closer to the
sun than 30°, scattering from free
electrons enhances the zodiacal light
and solar corona so that the ratio would
fall, perhaps to 1. It is important to
study the amount of solid debris in the
vicinity of a spacecraft and to investi-
gate the rates of formation and release
of micron-size particles. Otherwise, ob-
servations of -dim extended sources
might be compromised whenever a
large satellite is in sunlight.

CHARLES WOLFF
National Aeronautics and Space
Administration, Goddard Space Flight
Center, Greenbeli, Maryland 20771
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Crystal Structure of the 1 : 1 Complex of 5-Fluorouracil

and 9-Ethylhypoxanthine

Abstract. 9-Ethylhypoxanthine and 5-fluorouracil form a 1:1 crystalline com-
plex. The structure of this complex has been solved by x-ray diffraction analysis.
The molecules crystallize in a monoclinic lattice and form a sheet siructure in
which pairs of fluorouracil molecules are held together by rwo hydrogen bonds.
The 9-ethyihypoxanthine residues fill up the rest of the molecular sheet by forming
single hydrogen bonds with each uracil pair. '

The cocrystallization of two differ-
ent molecules into the same lattice is
usually a reflection of interactions
which occur between these molecules
in solution. A particularly important
type of cocrystallization is that which

1046

has been observed with purine and
pyrimidine derivatives of nucleic acids.
It has been shown in a number of
crystallographic studies that adenine de-
rivatives cocrystallize with uracil (or
thymine) derivatives (/, 2), and guanine

derivatives with those of cytosine (3).
In these crystal structures, the purine-
pyrimidine pairs are held together by
two or three hydrogen bonds. The
molecular packing and hydrogen bond-
ing between these residues is of interest
since many of them have a direct bear-
ing on the molecular organization of
the macromolecular nucleic acids. In
these latter molecules, the specificity
of hydrogen bonding plays a central
role in the transmission of genetic in-
formation, in the production of mes-
senger RNA as well as in the polym-
erization of amino acids to form pro-
teins. Thus there is considerable interest
in the way purines and pyrimidines

.associate with each other.

One of the characteristics of the
crystallographic studies carried out in
the past is the fact that only adenine
derivatives have crystallized with uracil
derivatives and likewise guanine deriva-
tives with cytosine derivatives. No cases
have been reported in which there has
been cocrystallization of members of
the adenine-uracil family with members
of the guanine-cytosine family. Infra-
red and nuclear magnetic resonance
studies (4) carried out on the associa-
tion of these molecules in soclution
shows that there is a selective hydro-
gen bonding affinity between adenine
and wuracil derivatives and between
guanine and cytosine derivatives. How-
ever, there is little or no hydrogen
bonding association between members
of these two families. Accordingly, it
was of considerable interest when we
found that it was possible to cocrystal-
lize S5-fluorouracil with 9-ethylhypo-
xanthine. This appeared initially to be
inconsistent with the specificity de-
scribed above, since hypoxanthine is
congidered a derivative of guanine. Here
we report the results of the crystal
structure analysis of this 1:1 com-
plex. Even though these molecules have
crystallized together, they do not form
pairs held together by two hydrogen
bonds. Instead, there is a pairing of
the uracil derivatives with each other,
and the hypoxanthine derivatives are
connected tc .these pairs with single
hydrogen bonds.

5-Fluorouracil and 9-ethylhypoxan-
thine (Cyclo Chemical Co., Los Ange-
les}) were dissolved in equimolar
amounts in water and allowed to
evaporate at room temperature. Well-
developed prismatic crystals were
formed, some of which had a diameter
as great as 1 mm. Single crystals were
isolated and redissolved and were
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shown to have a 1:1 composition by
spectrophotometric and chromatograph-
ic analyses. The crystals were found
to be monoclinic, and the crystallo-
graphic data are presented in Table 1.
The asymmetric unit contains one mole-
cule each of 5-fluorouracil and 9-ethyl-
hypoxanthine, and the unit cell con-
tains four such' pairs. The diffraction
data were collected on a four-circle
Picker automatic. diffractometer out to
a 26 maximum value of 125°. This
included a total of 1632 independent
reflections, excluding systematic ab-
sences. Of these, 1464 reflections were
above the background. The crystal
measured 0.3 by 0.3 by 0.5 mm and no
absorption correction was applied to
the data,

The structure was solved by the
reiterative application of the Sayre
equations (5). The structure factors
were reduced to normalized structure
factors (E), and the method was ap-

plied with a program written by Long
(6). This program preduces various pos-
sible combinations of signs, and the

correct one was among the first four

which were examined. The first Fourier
synthesis (E map) carried out with

these phases revealed 20 out of the 21

atoms in the structure, excluding the
hydrogen atoms. These 20 atoms were
then refined isotropically by using a
least squares program (7). After two
cycles of refinement, the residual fac-
tor was reduced to 23.4 percent using
all the data. A difference Fourier was
calculated at that stage and the terminal
carbon atom of the ethyl group was
revealed. Anisotropic temperature fac-

‘tors were then introduced, and further

refinement reduced the residual to 8.9
percent. Eight very strong reflections
and the very weak reflections were
then excluded and a difference Fourier
was calculated from the remaining

data. All of the hydrogen atoms were

revealed at this stage except for two
hydrogens found at the end of the
ethyl group. These appeared in the dif-
ference Fourier after further refine-
ment. Positional and thermal parame-
ters for the hydrogen atoms were not
refined. The final residual factor was
5.5 percent for the 1464 observed re-
flections.

The molecules form a layer struc-
ture in which they are organized into
a hydrogen-bonded network, and these
sheets are stacked, held together by van
der Waal’s interactions. The sheets are
tilted off the bc plane at an angle of
46°42’, separated by a spacing of 3.24
A. All of the atoms are in the plane
of the sheet with the exception of the
terminal carbon atom of the ethyl
group, which lies halfway between the
sheets. Figure 1 shows a section of the
electron density map in the plane of
the molecules. All of the atoms are

“seen in this plane except the terminal

Fig. 1. The electron density map in the plane of the molecular sheet of the 5-fuorouraci : 9-¢thylbypoxanthine structure. The con-
tours occur at arbitrary levels of electron density in this section. The terminal carbon atom (C-11) on the ethyl group of 9-ethylhy-

poxanthine does not lie on the plane. The hydrogen bond len

between the paired flusrouracil molecules.
24 NOVEMBER 1967

gths are indicated in angstrom units. The center of symmetry lies
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Table 1. Crystallographic data for the 1:1
complex of S-fluorouracil and 9-ethylhypo-
xanthine.

Space group P2y, Z=4
Unit cell a=4.656 A
b=15276 A
c=17807A
B = 90°48°
Calculated density 1.54 g/cm?
Observed density 1.55 g/cm®

carbon atom of the ethyl group. The
S-fluorouracil molecules are paired, held
together by two hydrogen bonds of
length 2:81 A between N-3 and O-4.
They are organized around a center
of symmetry. This is the same pairing
of uracil residues which is seen in the
crystal structure of N-1-methyl uracil
(8). The 9-ethylhypoxanthine molecules
are connected to each fluorouracil pair
by single hydrogen bonds. The hydro-
gen atom attached to the N-1 of hy-
poxanthine is bonded with 0-2 of flu-
orouracil, while the hydrogen atom on
N-1 of uracil is bonded to N-7 of a
different hypoxanthine residue. The lat-
ter hydrogen bond is short (2.73 A),
as is frequently found in association
with the purine imidazole group (2).
The packing is quite compact and there
are no open areas in the plane of the
molecular sheet.

Although it is not shown in Fig. 1,

Table 2. Fractional atomic coordinates.

Position x/a /b z/¢c

9-Ethylhypoxanthine

N-1 0.8514 0.3024 0.3389
c-2 0290 2533 .3843
N-3 0404 1687 3844
C-4 8516 .1338 3331
C-5 6667 1759 2857
C-6 6583 2690 2855
N-7 S131 1169 2427
c-8 L6085 .0395 2650
N-9 8149 0457 .3201
C-10 0388 4744 - 1408
C-11 2126 4417 0757
0-6 .5088 3184 2460
3-Fluorouracil
N-1 0.0812 0.1305 0.1380
c-2 9950 .0508 1143
N-3 7709 0493 0622
c4 6333 1216 0333
[oX; 7440 2034 0616
c6 9565 .2060 1124
0-2 .8930 4831 3635
0-4 4323 3855 .4874:
F 6178 2762 0353°
1048

the fluorine atom is in contact with the
terminal carbon atoms of the ethyl side
chain of hypoxanthine. However, it
does not participate in any hydrogen
bonding. The fluorine atoms are lo-
cated in a column parallel to the a-
axis, surrounded by ethyl groups from
neighboring hypoxanthine molecules.
There is very little overlap of the
purine and pyrimidine rings of one
layer with those of the layers on either
side. A small amount of overlap occurs
with the imidazole rings of hypoxan-
thine and N-1 and C-2 of the uracil
rings immediately below. With this ex-
ception, the w-electrons of the unsatu-
rated rings are not in contact with
other =-electrons. Thus this crystal does
not show a stacking of purine residues
which is seen prominently in several
layer structures involving cocrystals of
adenine and wuracil derivatives (2).
Where overlapping of unsaturated rings
does occur, the spacing between the
adjacent layers is near 3.4 A, as is
found in the stacked bases of the nu-
cleic acids. Partial overlap in the pres-
ent structure is associated with a spac-
ing of 3.24 A. In the crystal of N-I-
methyl wuracil, the pyrimidine rings
form a planar net with no overlap
and there the spacing between the lay-
ers is 3.14 A (8). The bond angles
and distances of the purine and pyrim-
idine rings are sirnilar to those which
have been reported earlier in other
crystallographic studies of similar com-
pounds (9). Table 2 lists the atomic
coordinates of all the atoms in this
structure except hydrogens.

This crystal structure is of interest
since it contains a guanine derivative
and a uracil derivative. As such it
might seem to violate the type of com-
plementary pairing relationship which
has been seen in the other crystal struc-
tures of base pairs. Both of these mole-
cules have hydrogen donor and accep-
tor sites. However, an infrared study
of hypoxanthine derivatives and uracil
derivatives shows that there is no selec-
tive hydrogen bonding between these
molecules in solution (70). The hydro-
gen-bonded pair involving two fluoro-
uracil derivatives is similar to that found
in N-1-methyl wvracil (8) and this may
also be related to the helical double-
stranded hydrogen-bonded form of poly-
uridylic acid which is stable at lower
temperatures (J7). However, it is likely
that the self-dimerization of fluoro-
uracil is energetically less favorable
than its association with adenine de-
rivatives. The 1:1 crystalline complex

of 9-ethyladenine and N-i-methyl-5-
flucrouracil shows that these molecules
form dimers held together with two hy-
drogen bonds (72).

In the present structure, the hy-
poxanthine molecules appear to fill
space fully in the crystal .lattice, and
they are connected to individual uracil
residues by single hydrogen bonds rather
than a pair. In solution studies it has
been shown that hydrogen bonding as-
sociation between two molecules con-
nected with a single hydrogen bond is
much less stable than with a pair of
bonds (4). In the present structure, the
single hydrogen bond connecting the
hypoxanthine with the fluorouracil pair
undoubtedly stabilizes the crystal lattice,
but it is unlikely that this could con-
fer specificity to the interaction in a
biological system. The existence of this
1:1 complex is probably -determined
more by the crystal lattice energy and
the excellent packing and stacking than
by a strong association of its com-
ponent molecules. Thus the analysis of
the present complex does not violate
our understanding of the complemen-
tary pature of the hydrogen bonded
pairs found between the purines and
pyrimidines in the pucleic -acids.

Sunc-Hou KM
ALEXANDER RICH
Department of Biology,
Massachusetts Institute of Technology,
Cambridge 02139
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Crystal Structure of_ a 1:1 Aminopyrine-Barbital Complex

SETSUO KIRYU

Abstract ] The crystal structure of & 1:1 complex of aminopyrine
and barbital was determined from three-dimensional X-ray gif-
fraction data. The unit cell dimensions are @ = 11,915, b = 26.922,
¢ = 7.193 A, and 8 = 97° 17°. The space group is PZjc; Z = 4.
The intensity data were collected photographically, and the struc-
ture was solved directly by the symbolic addition method. Molecules
in the crystal are arranged in the series of aminopyrine-barbital-
barbital-aminopyrine linked by hydrogen bondings. The ethyl
groups and phenyl groups are in contact with the same groups of
other molecules, with normal van der Waals’ interactions.

Keyphrases [] Aminopyrine-barbital complex~—crystal structure {7
Crysial structure—1 : 1 aminopyrine-barbital complex [} Molezular
structure—aminopytine, barbital (J X-ray diffractometry—analysis

Since aminopyrine diethylbarbiturate appeared as a
potent analgetic about half a century ago, numerous
physicochemical as well as pharmacological investiga-
tions of this well-known system have been reported.

[+] 120 s5in 8

Flgure 1—Sections from a three-dimensional E-map profected along
the c-axis. The contours are at equal intervals on an arbitrary scale.
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Figure 2—Ellipsoidal represemations of atomic thermal paramerers
and the atomic niimbering scheme.

Today a variety of information on this compound, such
as its thermal or spectroscopic properties, is available;
but the only study on its crystal structure was reported
by Hertel in 1931 (1), and it does not offer sufficient in-
formation. Therefore, structure analysis by the X-ray
diffraction method was undertaken to determine .the
exact crystal structure of this compound.

Table I—Initial Phase Assignments

h k ! 'Fol 1E| Sign
5 10 3 35.2 4.34 +

-2 i ] 148.5 2.59 -
8 2 5 23.0 3.75 +
i 22 [ 40.2 3.56 a
8 i 2 35.2 3.53 b
6 i 5 28.5 3.z ¢
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’ Table ll;Positiopal Parameters and Their Estimated Standard Table IV—Least-Squares Planes
Deviations (cht_lonal Coordinate X 104}
x ) ¥y - Plane A 1. Equagons of Planw-c .
Aminopyrine - - - —
Sy ppe e me @ GEk Tgam omh Ted
gg) gg g) ‘;02{; (§) 32% @ 3 ~0.70524 0.08008 0.78816 - 1.3226
&d 1300 7, et 23, w2 an 1 2. Displacements from the Plane A x 109
C (&) 1257 (5) 4818 (3) ~0893 (7) Plane Isplacement
c 0726 (7 3708 (3) —0639 (8) -
c@ . 0524 (5) 3495 (2) 3466 (7) 1 C(1) 25, C(2)0, C(3) ~ 24, N(1) 38, N(2) ~ 39; atoms not
c®) —0653 (5) 3491 (2) 3058 (8) forming the piane C(6) 145, C(7) 680, C(B) —457, N(3)
gy To%d 7980 pre i 3 A co) o, Qi =6, C(12)9, €O =5
c2) 0434 (7) 3794 () 3478 (9)) 3 C(14) 17, C(15) =19, C16) =17, C(17) 28, N(4) =3,
g ((ll 3) %ogg {6) 3%2{55 ) 4668 (sg N(SS-% 6(64) aug’{\s not forming the plane O(2) 48, O(3)
) 169 (4) 3 {(2) 2721 (5) 3%, -

N(2) 0819 (4) 4066 (2) 0934 (6
N(3) 2385 (4) 5104 (2) 3077 (6% & The equations are in the form AX 4+ BY + CZ = D, referred to
o) 2070 (3) 4171 (1) 5520 (S) the crystallographic axes, with X, ¥, and Z in A units. ® Plane number:

Barbital . 1, pyrazolone ring of aminopyrine; 2, benzenc ring of aminopyrine; and
c(4) 4360 (4) 0651 (2) 3912(7) 3 Pyrimidine fng of berbiiz

15 ' . . .

g 516% ?Zgg g{ }§§§ % m‘s‘ 22} refrigerator, whereupon colorless thin needles extending slong the
C(17) 5280 (5) 1619 (2} 4925 (8) c-axis were obtained, The lattice constants of the monoclinic unit cell
C(18) 6226 (7) 1912(3) 4122 (11 were determined from Weissenberg and precission photographs
g(;g) ggﬁg (Z) :93_} (g) 6501 (11) with CuKe radiation (A = 1.5418 A); a = 11.915 & 0.007, b =
e AT 1140 It 26922 3 0.005,¢ = 7.199 = 0.011 A,a0d § = 97° 17" 12,
N (4) 5293 @) 0705 ( 2) 5236 6) The cell contains four aminopyrine (C,3H N, 0) and four barbital
N{(5) 3915 (4) . 1069 (1) 3052 (6) (CetlisN:O3) molecules; the observed density is 1.26 g.-em.™3, cal-
0(2) 3956 (3) 0243 (1) . 3522 (5) culated 1.20 g. -cm.™3, Systematic absences of 0k0 for & odd and 40/
O (3) 6613 (5) 1152(2) 6968 (7) for / odd indicate the space group 1o be P2/c. Linear absorption
O (4) 3851 (5) 1886 (2) 2537 (8) coefficient for CuKa radiation is p = 8.1 cm.™1. The total number of

electrons per unit cell is F{000) = 888.
The dimensions of the specimen used for collecting the intensity
EXPERIMENTAL dats were 0.3 X 0.2 X 20 mm. Equi-inclination Weissenberg
photographs, Ak0-1k6 and /Q/h2), were taken with CuKe radia-
Single crystals were prepared by slow evaporation of an ether tion, using the multiple-film technique. The intensities were esti.
solution, containing 0.7 g. of aminopyrine and 1.0 g. of barbital,ina mated with a microphotometer and also visually by comparison with

Table I11—Thermal Parameters and Their Estimated Standard Deviations (X 109

Bii B22 B33 Bi2 Bi3 B23
’ Aminopyrine
C(l) 73(48) 16 (1) 122(11) 14(3)° 32310 7 (4;
C(2) 78 (4) 15(1) 102 (10) 0(3) ~1 (9 G (4
C(3) T2(4) 14 (1) 110 (10) 4(3) -17(9 —3(4)
C@) 92 28 (2 350(21) —30(5) 50 (17) 28 (9)
C(5 136(8) 22(1) 340 (21) —-2(5) 94 (19} —69 58)
€ (6) 25 (1) 96 (12) 20(4) 20(11) 28 (5)
[of¢)] 161(8) 20(D 114 (13) {5) 0 (14) —34 (6)
C(8) 95(5) 14 (1) 105 (11) 5(3) 23 (10) -5(4
C® 92(5) 20 (1) 1 (13) 1(4) 18 (12) - 10
C(10) 133 25(1) 186 (15) —15(5) 74 (16) 2(D
C(i1) 126(7) 26 (1) 16) —19(5) 70 (16) -10 (D)
C(12) 185(9) 16(1) 180 (15) 4(5) 64 (17) 20 (6)
C(i3) 126 (6) 13(1) 149 (12) 3(4) -3(13) 3(5%
N 95(4) lé(lg &4 (8) 5(3) - 18 (8) 2(3)
N2 95(4) 18(1 S (9) 6(3) ~9 (8 -6 (4)
N (3; 111 (5) 16(1) 139 (10) —-T7{3) 15(10) 14
[+ ] ¢: 95(3) 17 (1) () 1(2) -~53(D 6(3)
Barbital
C (19 72(4) 9(1) 148 (11) -1(3} -9 (9) - 3(4
C(15) 98 %5) i1 &l) 224(13) -8 (3; =47 (12) 6(53
C(16) 98 (S) 9(1) 226 (14; DIE) —-26(12) 10 (5
Cc(n 92(5) 9(1) 196 (13 -13(3) -29(11 -2 {4
C(18) 130(8) 22(1) 369 (21) ~45 (5) 019 57(8)
C (19 136 (8) 22{1) 32 (20) -2 (%) 10(19) -89 (8)
C( 195(14) 65 (4) 445 (32) —30(12) 331(3 1(19)
C(2 178(12) 57(3) 432 (30) -46 (10) 257 (30 - 145 (16)
N 54) T1(4) 11(1) 221 (11) -4 (2) - 69 (9 134
NS 89 (4) 10(1) 161 (10} 1(2) — 59 (9) 6(3)
e ag g BB g 58 A3
- - 1

O« 160 (6) 10(1) 426 (15) -2(3) -237 %15} 42 g))

@ Thermal parameters are given according to the expression: T = exp[~ (A'BIl + k'B22 + I'B33 + AkB12 + AIBI3 + k/B23)).
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a calibrated scale. The number of unique reflections examined was
3669, among which were 1176 reflections of zero intensity. Correc-
tions were applied for Lorentz and polarization factors but not for
absorption,

STRUCTURE DETERMINATION

The structure was solved directly by the symbolic addition pro-
cedure for centrasymmetric crystals (2). Three reflections used to
specily the origin and three additional reflections, each phase of
which was designated by a symbol, are listed in Table i,

In the cousse of the phase determination, it became apparent that
g =b = +anda = —c, Phases were finally determined for 394 reflec-
tions of 477 with {E 2 1.5. and 382 of them were found to be correct
after refinement., The positions of the atoms were readily found in
the £-map computed with these 394 reflections (Fig. 1), Sixcycles of
block diagonal least-squares refinement applied to the positional
parameters and the isotropic temperature and overall scale factors
reduced the R-index from 0.50 to 0.27. Further refinement was
carried out, introducing anisotropic temperature factors; after eight
cycles of refinement the R-value was reduced to 0.177 (0.108 for
observed reflections). The weighting scheme was /% = 0.2 for
Fo=0,+vw =10for0< Fo < 1],and vw = 1}/Fofor Fo 2 11,
and the function minimized was Zw{Fo — KFc)®.

0(2)
1.216(6)
N 7
el s
\"5"'\ 0{,}
N{s) N{5)
1.361(8) 1.358(7)
\@\ c{15) Sp, clig) i, o
a2 rOJ /"L\%\ \n‘j
0(3) o ol4)
SCuNy;
O S
~ c
o 2,
~ 3
c(20) cle) cti9) cla1)
1.567{(18) 1.531017)

c(15)—c{17)~—C(19) 108.2(0.5)
¢(18)—Ccl17)—C(18) 109.9(0.5)

TSJreg”

112.4 (0.5)j112.0(0.5)

Figure 3—=Bond lengths (A') and bond
angles with their estimated standard
deciations for aminopyrine.

The three-dimensional difference Fourier map. as well as the
values of the positional and thermal parameters, showed no incon-
sistency with the structure obtained from the initial £-map. but few
peaks of hydrogen atoms were clearly distinguishable in the differ-
ence Fourier map. Therefore. no further refinement, including the
hydrogen atoms, was carried out, Maximum shifts of the positional
and thermal parameters during the final cycle did not exceed a third
of their standard deviations. The final positional and thermal param-
eters with their standard deviations are listed in Tables Il and IiI,
and the ellipsoidal represemiation of the thermal parameters is
shownin Fig. 2,

The atomic scattering factors used for carbon, nitrogen, and
oxygen were those of Berghuis ef o/, (3). Computations were carried
out on the FACOM 230-60 of the Computer Center of Kyushu
University with the programs UNICS (4), except for the computa-
tions of Fourier synthesis which were computed with a program
written by the author.

DESCRIPTION OF THE STRUCTURE

The interatomic distances and the bond angles calculated on the
basis of the parameters obtained are shown in Figs. 3and 4.

Molecular Structure of Aminopyrine—In the five-membered
pyrazolone ring, all the bond lengths lie between the corresponding

Figure 4—Bond lengihs (A) and bond
angles with i1heir estimated standard
devlations for barbital,
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Figure §—litermolecutar utomic disiances ( A')
with their estimated standard deviations. The hy-
drogen bondings are shown by broken lines. The
numbers on the molecules show following symmetry
operations: (1) X, y. Z, A X, Ya—y.~fs + 2; (3)
X, Yoy, Ve + 2, () I —x. =y, I=2; (5)—X.— /s
+ ¥y, = Ye—2zsand (6) 1 + x Ve~y. =Y+ 2

c sin B3

Figure 6—The molecular arrangement u:_'ewed along the ¢~ and a-axes. The hydrogen bondings ure shown by broken lines.
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single-_and double-bond values. The Ct1)—N(2) bond length of
1.350 A, however, shows an isolated double-bond character and the
N(1)—N(2) distance 1.409 A approximates a single-bond length.

Significant out-of-plane distontions occur in the ring (Table §V),
The coordinations around the nitrogen atoms are not planar but
pyramidal. and the substituents on N(1) and N(2), the phenyl and
methyl groups. deviate from one another in a rrans-configuration
from the least-squares plane of the ring. The phenyl ring is com-
pletely planar {Table 1V), and the C—C bond lengths (1.378-1.421
A) and the bond angles (117.5-122.2°) are those of the typical
benzenoid structure. The ring is inclined by 39° with respect to the
plane of the pyrazolone ring. The dimethylamino group on C(2) is
also of a pyramid configuration; the C(2)—N(3) bond length of 1.421
A is a litile shorter than that of a pure single bond at 1.47 A (5) and
is perhaps affected by the conjugated system of the pyrazolone ring.

Molecular Structure of Barbitat—The values of bond lengths
and angles are in reasonable agreement with the corresponding
values for the same molecale in the barbital crystal (Form 1) re-
ported by Craven er al. (6). The C—N bond lengths of 1.359-
1.377 A in the pyrimidine ring show about 20-30%;, of double-
bond characters, and there are no significant differences among the
three C—O pure double-bond lengths. The C~C bond lengths of
1.506 and 1.512 A in the pyrimidine ring approximate that of the
single bond, while the steric requirement of the ring formation
feads to a slight broadening of the angle at the tetrahedrally bonded
atom C(17) from the tetrahedral angle of 109.4-114.1°. In the
ethy! groups. the C—C—C angles and the C—C bond lengths agree
quite well with those of normal paraffin. For an isolated barbital
molecule, the ring atoms should be coplanar and the hydrocarbon
chain of the ethyl groups should be normal to the ring plane. Some
significant deviations of the ring atoms from the plane. however,
were observed in this crystal {Table V). The pyrimidine ring is
slightly folded along the C(15)—C(16) line at an angle of about 4°.
Similar distortions were also found in the pyrimidine rings in
barbital 1 (6) and in other dialkylbarbiturate crystals (7, 8). in which
the foldings of the planes were observed along the N(4)»—C(16)
diagonals.

Crystal Structure— The intermolecular atomic distances are shown
in Fig. 5, and the arrangement of the molecules in the crystals

is shown in Fig. 6. The short distqn_ccs beiween the carbonyl and the
imino groups. O{1)—N(S) 2.749 A and O(2)--N(4) 2812 A, suggest
hvdrogen bondings. The interaction between two barbital molecules
with hydrogen bonds is quite similar 1o that in barbital crystal I, in
which the molecules are arranged in infinite planar ribbons with two
kinds of hydrogen bonding (6). There are no infinite chains of mole-
cules linked by hydrogen bonds in this compound: enly two amino-
pyrine and 1wo barbital molecules are linked in the series of amino-
pyrine-barbital-barbital- aminopyrine. The hydrocarbon groups,
i.e.. the ethyl and phenyl groups. are in contact with one another in
normal van der Waals’ interactions. No other unusually close con-
tacts or overlappings of molecules. which are found in some charge-
transfer complexes, were observed.
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Synthesis and Selected Pharmacology of Anthranilamides

NED D. HEINDEL*, WILLIAM P. FIVES®, THOMAS F. LEMKE®, and

RICHARD A. CARRANOT

Abstract [ A series of anthranilamides of diverse structure were
prepated by the nucleophilic ring opening of isatoic anhydrides.
Sixteen analogs, 10 of them previcusly unknown in the literature,
were submitted to general pharmacologic screening. Several of the
compounds displayed CNS depression, anti-inflammatory-an-
algesic, and antitremor activities.

Keyphrases [ Anthrenilamides—synthesis from isatoic anhydrides
[J CNS depressant activity—anthranilamides [} Anti-inﬂamma}ory.
analgesic potential—antbranilamides ] Amntitremor activity—
anthranilamides

Literature reports regarding the general pharmacol-
ogy of anthranilamides are sparse. In recent years, how-
ever, numerous studies appeared on the analgesic,
antipyretic, and anti-inflammatory activities of anthra-
nilamides (c-aminobenzamides) (1-5). One claim was
made that their physiological activity rests, at least in

part, on their metabolic conversion to salicylate analogs
(6).

Synthetically, these compounds are obtained by
nucleophilic ring opening of substituted isatoic an-
hydrides with amines (Scheme I). Although procedures

0
R’\do HA-R, RJ\@:CO—'NH R
NJ\O €0 NHR,

|
R:

Scheme 1

were suggested for these transformations (7, 8), an im-
proved modification has been developed which simplifies
the experimental method and enhances the yield by the
use of N;N-dimethylformamide as a solvent when
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Crystal Structure of a 1:1 Aminopyrine-Cyclobarbital Complex
Setsuo Kiryu, Fumitosni Hiravama, and Sapao Iguch:
Faculty of Phaflmaceutical Sciences, Kyushu University®
(Received December 21, 1973)

The crystal structure of a 1: 1 complex of aminopyrine and cyclobarbital was deter-
mined from X-ray diffraction data. ‘The triclinic unit cell dimensions are a=12.877, b=
14.357, 6=7.199A, «=91.49°, §=104.42°, and »=100.05°. The space group is P1; Z=2;
The intensity data were collected on a single crystal difiractometer and the structure was
solved directly by the symbolic addition procedure. Molecules in the crystals were
arranged in the series of aminopyrine-cyclobarbital-cyclobarbital-aminopyrine linked by

hydrogen bonds. A partially disordered structure was observed of the cyclobarbital
molecule.

As a part of a program for the pharmaceutical study on the molecular complex formation
of drugs, the crystal structure of aminopyrine-barbital system was previously reported.?
In this paper, the crystal structure determination of another molecular complex used as an
analgetic, aminopyrine-cyclobarbital system, is reported.

Experimental and Structure Determination

Crystals were prepared by slow evaporation of ethanol solution including equimolar aminopyrine (Cy,H, .-
ON,) and cyclobarbital (C;,H;,0,N;) at room temperature. The lattice parameters and the reflection inten-
sities were measured on Syntex PI avtomatic diffractometer using graphite monochromatized CuK« radia-
tion. The crystal data are: Cy,H;,O,N, triclinic system, ¢=12.8774-0.003, b=14.357 £0.004, ¢=7.199%
0.0024, «=91.49+0.02°, $=104.4240.02°, y=100.05+0.02°, density observed 1.227, Calcd. 1.226 gem—?,
Z=2, and space group PI. Intensities for 3432 reflections were measured in the w-26 scanning mode up
to 20=118°, 797 reflections of which were considered to be unobserved (I<(3¢ (I)). Dimensions of spécimen

~ were about 0.3 mm and absorption corrections were not applied.

The structure was solved by the symbolic addition procedure and the atomic parameters were refined
by block-matrix least-squares method. The function minimized was 3 w(Fo— KFc), where /@ =0 for
unobserved reflections, o/ W =1 for Fo<{i0, o/ W=10/Fo for Fo10, and KX is a scale factor. An E-map
computed from 316 signed E’s with absolute values greater than 1.5 gave the positions of all the expected
nonhydregen atoms. There were found, however, two peaks for C{23) atom in the cyclohexene ring of cyclo-
barbital molecule, and either of them was not satisfactorily refined, giving an unusually large thermal para-
meter or chemically unacceptable bond lengths. Then two other possible structures were examined., One
was a structure of noncentrosymmetric space group P1 and the other was a disordered one. The refinement
of the Pl structure, however, did not improve the bond lengths in cyclohexene ring. The structure was final-

-ly assumed to be a disordered one and the two positions were given to'the C(23) atom. The occupancy

ratio was not refined but fixed at C(231): C(232)=0.6: 0.4 after several examinations (Fig. 1). .The refine-
ment of nonhydrogen atoms with the anisotropic temperature factors reduced R factor to 0.087. In the
difference Fourier map at this stage, most hydrogen atom positions were readily found except those bonded
to C(22), C(23), and C(24) located in the disordered region. Then 27 out of 33 hydrogen atoms were included
in the final refinement with the isotropic temperature factors {(R=0.056). The parameters determined.are
listed in Tables I and II.

Atomic scattering factors used for carbon, nitrogen, and oxygen were those of Berghuis, f 41,2 and that
of McWeeny for hydrogen.¥ Computations were carried out in the Computer Center of Kyushu University
with programs UNICS® and those written by one of authors (S.K).

. 1) Location: 1276, Katakasu Higashi-ku, Fukuoka.

2) S. Kiryu, J. Pharm. Sci., 60, 899 (1971).

8) J. Berghuis, I.J. Haanappel, M. Potters, B.O. Loopstra, C.H. McGillavry, and A.L. Veenendaal, Acta
Crystallogr., 8, 478 (1955).

4) R. McWeeny, Acta Crysiallogr:, 4, 513 (1951).

5) “UNICS: The Universal Crystallographic Computation Program System,” Crystallographic Society
of Japan, Tokyo, 1967. : ’
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2:8 " Description of the Structure
The interatomic distances and the bond angles calculated on the basis of the parameters
obtained are shown in Fig. 2 and 8. C(22), C(23), and C(24) carbon atoms and all hydrogen
atoms are excluded from the following discussion. The parameter values of the above three
carbon atoms are less reliable due to the disorder, and some hydrogen atoms of the C(4) and
C(5) methyl groups show unusually large thermal parameters and very dlﬂused electron den-
sities around the carbon atoms. _
Molecular Structure of Aminopyrine
The values of bond lengths and angles are in good agreement with the corresponding
values of the same molecule in the ammopyrme«barbltal complex crystal.®? In the five mem-
bered ring, the C(1)—C(2) bond length 1.352 A shows an isolated double bond character and
N(1)—N(2) distance 1.411 A is approximately a single bond length. The coordinations around
TasLe I. Positional and Thermal Parameters with Their Standard Deviations (X 10%)
n \ " T=exp[—(WBy+kByy+*Byy + khByy -+ hiByy + AB,y)]
uz’
n A‘fom x ¥y * By, By, By B, Bia By
¢ Aminopyrine : '
C( 1) 1465(2) 671(2) S5119( 4) 71(2) 49(1) 181(6) 11(3)  56( 5) 9( 5)
C( 2) 1985(2) 485(2) 6906( 4) 76( 2) 49(1) 193('6) 32( 3) 60( 5) —=1( 5)
- C( 3) 1985(2) 1254(2) 8224(3) 57(2) 50(1) 163(5) 25(3) 42(5)  9(4)
;‘;_ ’ C( 4) 1853(3) ~—925(2) 8625(6) 123(3) 58(2) 472(11) 56( 4) 163(10) 101( 7)
- C( 5) 3592(3) —159(3) 8229( 6) 88( 3) 103(3) 469(12) 97( 4) 130(9)  68( 9)
, C( 6) 1286(3) 111(2) 3268( 4) 105(3) 66(2) 194(6)  8(3) 85(7) —31(5)
& C( 7) 1119(3) 2191(2) 3730( 4) 102({3) 64(2) 193( 6) 17(3) 29(6)  52(5)
> C( 8 915(2) 2534(2) 7841( 4) 63( 2) 45(1) 205( 6) 33( 3) 68( 5) 40( 5)
e C( 9) —196(2) 2479(2) 7124(5) 65(2) 62(2) 362(9) 33(3) 70(7) 51(6)
en C( 10) —719(3) 3072(3) 7983( 6) 83(3) 8L(2) 545(13) 62( 4) 203(9) 121(9)
4 C(11) —120(3) 3717(2) 9506( 5) 132(3) 72(2) 418(10) 83( 4) 265(10) 68( 8)
o : C(12) 978(3) 3780(2). 10160( 4) 135(3) 61(2) 279(8) 60(4) 164(8) 23(6)
© C( 13) 1520(2) 3189(2) 9345( 4) 95(2) 53(2) 19%(6) 45(3) 74( &)  17(5)
- N( 1) 1469(2) 1894(1) 7107( 3) 69(2) 50(1) 158( 4) 34(2)  18( 4) 1( 4)
'le N({ 2) 1060(2) 1501(1) 5192( 3) 80( 2) 52(1) 149( 4) 22( 2) 17( 4) 16( 4)
_:: N( 3) 2413(2) —357(2) 7391( 3) 100( 2 60(1) 224( 5) 66( 3) 76( 5) 12( 4)
fa- O( 1) 2304(1) 1360(1) 10006( 2) 77(1) 61(L) 157(4) 41(2)  3( 4 2( 3)
ot Cyclobarbital _
:1 C( 14) 4465(2) 1190(2) 3935( 4) 55(2) 51(1) 210(6) 25(3) 13(5)  25(5)
- C( 15) 5874(2) 2273(2) 6345( 4) 57(2) 60(2) =219(6) 17(3) 17(5  23(5)
<y C(16) 4470(2) 2892(2) 3754( 4) 67(2) 54(2) 216(6) 29(3) 22(8)  7(5)
;f" C(17) 5494(2) 3134(2) 5434( 4) 62(2) 53(2) 200(6) 22(3) 21(5) ~—14(5)
§ C( 18) 5214(2) 3735(2) 7005( 4) 80(2) 84(2) 225(7) 28(3) 64(6) —41(6)
e " C(19) 6415(2) 3649(2) 4639( 4) 70(2) 45(1) 192(6) 23(3) 31(5 —2(5)
© C(20) 4320(3) 3200(3) 7833( 6) 89( 3) 134(3) 349(10) 28(5) 138(9) —7(9)
ire C(21) 6934(3) 4522(2) 5262(5) 109(3) 55(2) 323( 8) 1(3) 147(8) —38(6)
C( 22) 7858(4) 5051(3) 4511( 6) 160( 4)  72(2) 447(12) —37(5) 286(12) -75(8)
at C(231)® 8388(5) 4423(4) 3457( 8) 116(5)  86(4) 332(15) —22(7) 187(15) —26(12) -
ty C(232) 7729(9) 4565(6) . 2445(14) 167(10)  74(6) 381(26) 11(12) 281(27)  68(I9)
C( 24) 7592(4) 3630(3) 2326(7) 184( 5) 112(3) 569(15) —101( 6) 437(15) —210(11)
; C( 25 6710(3) 3103(2) 311i(5) 130(3)  68(2) 362(10) —9(4) 208(8) —77(7)
{ N( 4) 5357(2) 1386(2) 5506( 3) 62(2) S3(1) 237(5) 25(2) ~5(5  40(4)
\ N( 5) 4067(2) 1956(1) 3140(3) 61(2) 47(1) 218(5) 22(2) —14(4) 14(4)
-ta O( 2) 4052(2) 386(1) 3305(3) 72(1) 48(1) 279(5) 18(2) —32(4) 14(4)
O( 3) 6625(2) 2340(1) 7787(3) 84(2) 76(1) 280(5)  6(2) —101(5)  43( 4)
O( 4) 4018(2) ~ 3502(1) 2067( 3) 102(2) 55(1) 321(6) 60(2) —70(5) 8( 4)
i a) C{251):C(382)=0.8:0.4
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i Fig. 2. Bond Lengths (A) and Bond Angles
@Sg%(%l)/ with Their Estimated Standard Deviations for —
( ( (N Arminopyrine
Fig. 1. Sections from the Final: Electron
Density Map projected along the c-Axis »
Contours are at intervals of 1 eA~S beginning with the -
leA“ contour. —
Tasre II. Hydrogen Atom Parameters with Their Standard Deviations
Atom @ X100 ¥ X108 zx 108 B(A?)
H(D C(4) 197(3) —55(3) 1004 (6) 7.4(1.0) —
H( 2) 107(4) —94(4) 809(8) 12.5(1.8)
H( 3) _ 206(2) —153(2) ‘869 (4) 3.8(0.7) !
H(4) c(5s) " 393(4) —80(3) 863 (6) 8.0(1.1) H
H(S) 374(5) ~5(5) 681(9) 14.3(2.0)
H(6) 374(4) 24(3) 952(7) 8.9(1.3) the
H(7 c(e) 169(3) 52(3) 242(5) 5.6(0.9) ph
H( 8) 55(3) —14(3) 279(5) 6.4(1.0) \
H(9) , 162(3) —48(2) 355(5) 4.3(0.7) 59
H(10) c(mn 188(3) 250(2) 399(5) 5.3(0.8) of
H(11) 61(3) 265(2) 407(4) 4.1(0.7) M
H(12) 81(3)" 182(2) 245(5)- 4.2(0.7) i
H(13) c(9) ~64(2) 200(2) 602(4) 3.5(0.7)
H(14) C (10) —162(3) - 299(3) - 725(5) 6.0(039) by
- H(15) can —43(3) 414(3) 1026(6) 6.8(1.0) th
H (16) Cc(12) 141(3) 431(3) 1120(5), 5.9(0.9) ho
H(17) c13) 238(2) 324(2) 976 (4) 3.0(0.6) =
H (18) N(4) 561(3) 84(3) 589(5) 5.6(0.9) i
H(19) N( 5) 347(3) 183(3) 202(5) 5.5(0.9) ¢ “Th
H(20) C(18) 591(2) 397(2) 812(4) 3.8(0.7)
H{2D 501(3) 439(2) 641(5) 4.5(0.8)
H(22) C (20) 414(4) 377(4) 876(7). 10.2(1.4) an
H(23) o - 356(3) 302(3) 683 (6) 6.7(1.0)
H (24) © T 454(3) T 257(3) © 852(6) i7.2(1.1) -
T H(B) . c@D _ 670(3) 482(2) 635(5) 4.1(0.7) 8
H (26) C(@) - " 704(3) T 2A7(3) 388(6)- 7.7(1.1) 7,
H(@7) ST 608(3): 273(3) 225(6). 7.2(1.1) ! 8.
o) The atoms to which the hydrogen atoms are bonded. : 9,
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- Fig. 4. The Molecular Arrangement
Fig. 3. Bond Lengths (A) and Bond Angles with viewed along the c-Axis and Inter-
Their Estimated Standard Deviations for Cyclobar- molecular Atomic Distances (A)
bital The hydrogen bonds are shown by broken lines,
’fAm.E IIT. ILeast-Squares Plane
1. Equation of plane®
Plane? A B c D
-1 —~0.85682 —0.33252 0.40413 —0.4176
2 —0.21028 —0.68297 0.73101 1.3821
3 —0.78680 0.05922 0.79272 —2.1640
Plane 2. Displacements from the plane (A x 109
1 C(1) =29, C(2) 5 C(3) 22 N(I) —40, N(2) 42; atoms not forming the
plane, C(6) —103, C(7) —778, N(3) 76, C(8) 479, O(1) 138
2 C(8) 12, C(9) -11, C(10) 2, CQl) 8 C(12) -7, C(13) -3
3 : C(14) -—13, N(4) -3, N(5) 1, C(15) 27, C(16) 23, C(17) —35; atoms

not forming the plane, 0(2) —22, O(3) 94, O(4) 84

@) The squations are in the form AX+BY<+CZ=D, referred to the crystellographic axes, with X, ¥, and Z in A units.
&) plane number: 1, pyrazolone ring of aminopyrine; 2, b ring of aminopyrine; and 8, pyrimidine ring of cyclo-
barbital.

the nitrogen atorns are not planar but pyramidal, and the substituents on N(1) and N(2), the
phenyl and inethyl groups, deviate from one another in a frans-configuration from the least-
squares plane of the pyrazolone ring (Table III), The structure is also very similar to that
of antipyrine.®

Molecular Structure of Cyclobarbital

The structure of the cyclobarbital crystal at the stage of R==0.15 was reported as a note
by Bideau, ef al.” and has not been completely refined to be compared with the structure of
this complex. The bond lengths and angles of the barbituric acid moiety of the complex,
however, agree quite well with those of other barbiturates.® A slight folding of the pyrimidine
ting plane® is also recognized along C(15)—C(16) line at an angle of about 5°.

The Crystal Structure

The intermolecular atomic distances and the arrangement of molecules in the crystals
are shown in Fig. 4. The short distances between the carbonyl and imino groups, O(1)-----

8) T.P. Singh and M. Vijayan, Acta Crystallogy., Sect. B, 29, 714 (1973).

7} ].P. Bideau and M. Artaud, C. R. Acad. Sc. Paris, Ser. C, 271, 806 (1970).

8) B.M. Craven, E.A. Vizzini, and M.M. Rodorigues, Acta Crystallogr., Sect, B,.25, 1978 (1969); B.M. Craven
and E.A. Vizzini, ibid., 25, 1993 (1969). '

9} B.M. Craven, C, Cusatis, G.L.. Gartland, and E.A. Vizzini, J. Mol. Struct., 16, 331 (1978).
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thus linked. by hydrogen bonds in the series of aminopyrine-cyclobarbital-cyclobarbital-
aminopyrine, while the hydrocarbon groups, phenyl and cyclohexenyl groups, are in contact
with one another; these molecular interactions are quite similar to those of aminopyrine-
barbital system in spite of its different crystal symmetry. No other close contacts or stackings
of molecules are observed. )

Acknowledgement The authors express their thanks to Drs, T. Komori and K. Miyahara for facilities
for X-ray diffraction measurement.
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FAbstract O The X-ray crystallographic structures of two analogues of
e potent anaigetic fentanyl in which the A-phenethyl substituent is
estrained through incorporation into a tetrahydronaphthyl ring system
e reported. The tetrahydronaphthyl moiety exists in an equatorial
nformation with respect to the piperidine ring which exists in the chair
nformation. The propanilido group is also equatorial and antiperi-
anar. The orientation of the A-phenyl group with respect to the N-acyl
oiety is essentially invariant with an approximately 90° dihedral angle.
e implications of these conformations in the interaction of fentanyl-
e analgetics with opiate receptors are discussed. The following data
swere obtained: Cis-{CasHaaNa0*]CI™ - 1/2 Co04H,, triclinic, P1; a =
37.005(7), b = 13.189(2), c = 14.312(4)A, a = 111.27(2), B = 99.15(5), ¥
93.52(4)°, V = 1205.9A, Z = 2, T = 110K, R = 0.0596, R,, = 0.0760;
ans-{CosHaaNz07] C,04H™ - 1/2 C,0.Hz+ 2 HR0, triclinic, P1, a =
235(6), b = 10.546(8), ¢ = 17.108(9)A, a = 107.72(5), 8 = 95.73(5), v
90.63(6)°, V = 1406.8A%, Z =2, T = 110K, R = 0.0737, R,, = 0.0934.

2
O=0

~C—CyH,
T
N N
1 2 a=cis

- 0022-3545/85/1100-1147801.00/0

A publication of the American Pharmacsutical Association

-entanyl Analogues: cis- and trans-isomers of N-{3-Methyl-
-[2-(1,2,3,4-tetrahydro)naphthyl]-4-piperidinyl}-N-

HERYL L. KLEIN"®, Epwin D. Stevens®S, E. Kim Firer®, AND RONALD F. Borne?

aceived December 5, 1984, from the *Department of Chemistry, Xavier University, New Orleans, LA 70125, $ Deparntment of Chemistry,
niversity of New Orleans, New Orleans, LA 70148, and the *Department of Medicinal Chemistry, University of Mississippi, University, MS

Fentanyl (1) is a potent narcotic analgetic agent which is
representative of the 4-anilidopiperidine class of synthetic
analgetics. This class of analgetics has been the subject of
numerous structural and conformational studies. In'an effort
to clarify structure-activity relationships for analgetic activ-
ity there have been many reports regarding the synthesis of
compounds related to fentanyl.!-1° Several studies relating to
the importance of conformational factors in the action of
these analgetics have also been reported including efforts to
restrict the N-propanilido group!!-13, the piperidine ringi4.15,
and the N-phenethyl substituent.1817 Based on the reports
that a 3-methyl substituent enhances activity®’ compounds
2a and b were prepared as analogues of 3-methylfentanyl in
which the N-phenethyl substituent is restricted in an anti-
periplanar conformation. The observation that 2a possesses
approximately three times the analgetic activity of] %entany_l
and the proposal that the conformation of the N-phenyl rings
plays an important role in the binding of fentanyl-type
analgetics to the opiate receptor!s prompted an investigation
of its crystal structure.

Experimental Section

Compounds 2a and b were prepared as described previously.'s
Single crystals of both compounds were obtained separately from
solutions of aqueous ethanol, and the structure was determined by
X-ray crystallographic techniques as described below.

Crystal_Data—cis-[CysHaaN,0%]Cl™ - 1/2 C,0,H,, triclinic space
group, P1, @ = 7.005(7), b = 13.189(2), ¢ = 14.3124A, a =
111.27(2)°% B = 99.15(5)°, v = 93.52(4)°, V = 1205943, 2 = 2, =
0.70930A, D, = 1.23 g/mL. trans{CpsHyoN,0*]- 112 C,0.H,,
C,0.H" - 2H,0, triclinic space group, PI, ¢ = 8.235(6), b =
10.546(8), ¢ = 17.108(9)A, a = 107.72(6)°, 8 = 95.73(5)°, y =
90.63(6)°, V = 1406.84°% Z = 2, A = 0.709304, D, = 1.25 g/mL.

cis-N-{3-Methyl-1-[2-(1,2,3,4-tetrahydro)naphthyl]-4-piperi-
dinyl}-N-phenyipropanamide (2a)—A single colorless plate-like
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:vstal {0.06 x 0.48 x 0.30 mm) was mounted on an Enraf-Nonius
CAD-4 diffractometer with a molybdenum target X-ray tube and a
graphite crystal monochromator. All three-dimensional intensity
data were collected at 110 K in the w20 scan mode. Independent
reflections (5138) were collected to a 26 maximum of 52° Reflections
with I > 30(I) were considered observed (3059) and were included in
the refinement. The data were corrected for Lorentz and polarization
effects. Absorption as a function of psi was observed to be minimal
and, therefore, not corrected. Three standard reflections measured
every 2 h during data collection showed no significant change in
intensity.

The structure was solved by direct methods using the MULTAN:8
series of programs which revealed the location of 31 non-hydrogen
atoms, corresponding to the cis-isomer of the fentanyl analogue and
one-half of an oxalic acid molecule which is located on an inversion
center on the E map. These 31 atoms were refined isotropically using
a full-matrix least-squares program to R = 0.131%. All hydrogen
atoms, with the exception of the nitrogen proton and the oxalic acid
hydrogens, were calculated on the basis of sp® or sp® geometry and a
C — H bond distance of 0.95A. The oxalic acid hydrogen and the
hydrogen on the piperidine nitrogen atom were located on a differ-
ence Fourier map. Continued refinement of all-nonhydrogen atoms
with anisotropic thermal parameters and hydrogen atoms with
isotropic thermal parameters led to a final R = 0.0596 and R,, =
0.0760.1°

trans-N-{3-Methyl-1-{2-(1,2,3,4-tetrahydro)naphthyl]-4-piperi-
dinyl}-N-phenylpropanamide (2b)—A single, colorless, plate-like
crystal (0.42 x 0.27 x 0.08 mm) was mounted on the instrument
described above. Independent reflections (3727) were collected at 110
K to a 28 maximum of 44°. Reflections with I > 50(I) were considered
observed (1243) and included in the refinement. The data were
corrected for Lorentz and polarization effects. Absorption as a func-
tion of psi was observed to be minimal and therefore not corrected.
Three standard reflections measured every 2 h showed a 15.8% loss
in intensity over a 10-d data collection peried which was corrected
assuming a linear decay model.

The structure was solved using the MULTAN series of programs
which revealed the location of all atoms in the trans-isomer, one
hydrogen oxalate anion, one-half of an oxalic acid molecule, and two
water oxygen atoms. Isotropic full-matrix least-squares refinement
led to an R value of 0.136. All hydrogen atoms except those on the
water molecules and those on the oxalates were calculated on the
basis of sp® or sp® geametry and a C — H bond distance of 0.95A. Two
of the remaining hydrogen positions were located on a subsequent
Fourier map. The remaining hydrogens could not be located. Contin-
ued refinement with all non-hydrogen atoms with anisotropic tem-
perature factors and all hydrogen atom positions and thermal
parameters fixed led to a final value of R = 0.0737 and R,, = 0.0934.

All computer programs used for data collection and refinement are
part of the CAD-4 SDP package.?® Scattering factors were taken
from the International Tables for X-ray Crystallography?* and
included corrections for anomalous scattering contnbutmns

Results and Discussion

Final fractional coordinates for both isomers are given in
Table I. The numbering system and bond lengths may be
found in Fig. 1 for the cis-isomer and Fig. 2 for the trans-
isomer. Bond lengths and bond angles may be found in Table
I1.22 Crystals of the trans-isomer 2b were of lower quality
than those of the cis-isomer 2a, leading to a lower ratio of
observations with significant intensity. In addition, the crys-
tals of the trans-isomer showed significant decay during the
data collection. The overall precision of the structural results .-
for the trans-isomer is therefore somewhat lower than for the intermolecular hydrogen bonding network. The trans-isome
cis-isomer, which is reflected in estimated SD of position 2b crystallized as the oxalate salt, with the piperidin
thermal parameters, and bond distances and angles which nitrogen atom also protonated and the methyl group bound
are 3-4 times higher. Despite the lower precision, the basic equatorially. The unit cell contains two molecules of 2b, oné
information of chemical connectivity and molecular confor- oxalic acid molecule located on an inversion -center, two
mation of the trans-isomer are well defined. monohydrogen oxalate anions, and four water molecules, ! gl

~ The cis-isomer 2a crystallized as the hydrochloride salt pammpatmg in an extensive intermolecular hydrogen bon
- with the piperidine nitrogen atom protonated and the methyl ing network.
group bonded axially. An oxalic acid molecule, located on an Both the cis- and trans -isomers (2a and b) represen
inversion center in the unit cell, participated in an extensive conformatlonally restramed analogues of fentanyl in whi

Figure 2—Numbering system and bond Iengths for 2b. the trans
isomer.
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~Eractional Coordinates for 2a and. 2b* -

2a : ) : "2b
- - Atom
X Ty . 2 Boquw(A?) : X y .2 BequlA?)
0.3450(1) 0.85783(9)  0ASTI(7)  247(2) o) 0.846(1) ~0.1869(8) 0.5661(5) 3.3(2)
-0.2122(4) -0.2113(2) 0.7814(2) 1 2.99(7) Q(2) 0.270(1) 0.0749(7) 0.8034(5) 2.2(2)
T 0.3673(4) 0.0884(2) "0.5803(2) © 2.05(6) 0O(3) 0.375(1) 0.2780(8) ‘0.8165(5) 3.6(2)
0.5325(4) 0.0127(2) 0.6190(2) 223(6)  O(4) 0.106(2) 0.0811(9) 0.6653(7) 7.9(4)
0.2572(4) 0.1626(2) 0.3051(2) 1.41{6) o(s) -0.144(2) 0.2914(8)  0.6968(6) 5.4(3)
0.0042(4) -0.1632(2) 0.6990(2) 1.54(6) Of8) 0.290(1) 0.0083(7) '0.9833(5) 2.2(2)
0.1483(6) 0.0823(3) 0.9461(3) 1.89(8) O(7) 0.481(1) 0.0520(7) 0.9120(5) 2.0(2)
0.1279(8) -0.0290(3) 0.8788(3) 2.17(8) 0(8) -0.027(1) 0.274(1) 0.5623(6) 5.4(3)
0.0213(5) -0.0468(3) 0.7698(3) 1.53(7) 0O(9) -0.180(2) 0.036(1) . 0.4947(7) 8.0(4)
0.1261(5) 0.0282(3) 0.7295(3) 1.43(7) N(1) 0.663(1) -0.1994(8) 0.6529(5) 2.0(3)
0.1471(5) 0.1479(3) - 0.8008(3) . 1.62(7) N(2) 0.808(1) 0.0906(9) 0.8892(5) 2.0(2)
0.3170(7) -0.0774(3) 0.8831(3) 3.2(1) C(1) 0.761(2) 0.139(1) 0.8154(6) 2.0(3)
0.3094(8) 0.2823(3) 0.9741(3) 2.33(9) ce) 0.669(2) 0.035(1) 0.7452(7) 2.2(3)
0.4727(5) . 0.2944(3) 1.0629(3) 1.77(8) C(3) 0.762(2) -0.083(1) 0.7211(7) 2.2(3)
0.5306(5) 0.4128(3) - 1.1335(3) 1.83(8) C(4) 0.802(2) -0.139(1) 0.7979(7)  2.0(3)
0.7058(6) 0.4427(3) 1.2035(3) 27(1) c5) - 0.898(2) ~0.030(1) 0.8650(7) ~ 2.7(3)
0.7594(6) 0.5482(3) 1.2740(3) 258(1) ci6) 0.640(2) 0.092(1) 0.5725(8) 3.4(4)
0.6383(6) 0.6272(3) 1.2756(3) 2.34(9) C(7) 0.891(2) 0.197(1) 0.9636(6) 1.8(3)
0.4673(6) 0.5996(3) 1.2042(3) 2.04(8) Cc(8) 1.050(2) 0.248(1) 0.9503(7) 1.7(3)
0.4101(5) 0.4931(3) 1.1339(3) 1.73(8) c(9) 1.132(2) 0.349(1) 1.0327(7) 1.6(3)
0.2186(6) 0.4647(3) 1.0579(3) 2.59(9) C(10) 1.297(2) 0.373(1) 1.0416(8) 2.7(3)
0.1426(6) 0.3400(3) 1.0109(3) 2.9(1) c(11) 1.377(2) 0.459(1) 1.1128(8) 2.3(3)
0.0944(5) -0.1921(3) 0.6112(3) 1.55(7) C(12) 1.279(2) 0.522(1) 1.1745(7) 2.3(3)
0.2765(6) —0.2289(3) 0.6133(3) 1 2.24(9) C(13) 1.117(2) 0.502(1) 1.1656(7) 2.4(3)
0.3598(6)  —0.2552(4) 0.5291(4) 30(1) Cl14) 1.034(2) 0.413(1) 1.0945(7) 2.3(3)
0.2652(6) —0.2483(4)  0.4412(3) 29(1) c(15) 0.852(2) 0.387(1) 1.0864(7) 2.3(3)
0.0849(6) -0.2083(3) 0.4390(3) 2.36(9) C(186) 0.775(2) 0.310(1) 0.9976(7) 2.5(3)
-0.0007(5)  —0.1821(3) -  0.5229(3) 1.83(8) c(17) 0.515(2) —0.254(1) 0.6674(7) 1.7(3)
-0.1240(6) -0.2372(3) 0.7109(3) 2.08(8) C(18) 0.516(2) -0.362(1) 0.6965(7) 2.8(3)
-0.1464(7) -0.3541(3) 0.6331(3) 2.48(9) C{19) 0.371(2) =0.413(1) 0.7109(7) 3.1(4)
-02812(3)  —0.4315(4) 0.6550(4) 46(1) C(20) 0.222(2) -0.362(1) 0.6906(8) 3.6(4)
0.4917(5) 0.0307(3) 0.5557(3) 1.83(7) C(21) 0.228(2) -0.250(1) 0.6630(9) 3.9(4)
C(22) 0.374(2) -0.198(1) 0.6514(8) 2.9(3)
C(23) 0.716(2) -0.238(1) 0.5802(8) 2.6(3)
C(24) 0.630(2) —-0.343(1) 0.5091(8) = 4.3(4)
C(25) 0.525(2) -0.277(1) 0.4505(8) . 5.3(5)
C(28) 0.288(2) 0.185(1) 0.7836(8) 2.3(3)
c(27) 0.164(2) 0.179(1) 0:7069(8) 3.8(4)
C(28) 0.429(1) 0.015(1) 0.9708(6) 1.2(3)

‘@ Estimated standard deviations are given in parentheses.

the N-phenethyl moiety is restricted to an antiperiplanar
¥Stcconformation by incorporation of this moiety as part of a
%' tetrahydronaphthyl group. In the cis-isomer, the analgetic
. activity was slightly increased'® and it was found to be
.- approximately three times as potent as fentanyl. This is
. analogous to the effect observed in the increased potency of
- fentany! upon addition of a cis-3-methyl group®?. The trans-
- isomer, however, displays a slightly decreased activity rela-
- -tive to fentanyl. These data indicate that the conformation of
- the phenethyl group of fentanyl and related 4-anilidopiperi-
- dine analogues is most probably equatorial and antiperi-
planar when interacting with the opiate receptor. This con-
tradicts another model derived from molecular models which
suggested a “folded” fentanyl conformation where the orien-
tation of a phenyl ring of the phenethyl group is equivalent to
- the orientation of the comparable phenyl ring in other, more
‘rigid, opiates.®
" The piperidine ring in both the cis- and trans-isomers
- exists in a chair conformation with the 4-propanilido group

ns

ner i
ine

ind |
me

‘:’ﬁ ' ‘extended and equatorially oriented. This is also the case in
nd- ‘3% the crystal structure of fentanyl?* itself and a 4-methoxy-

: . methyl derivative of fentanyl which shows analgetic activity.
ot b 460 times that of fentanyl.2® The N-acy! functions in all four
ifh 4 of these compounds are essentially planar with nearly per-

pendicular dihedral angles between the N-acyl plane and the
lane of the N-phenyl ring (fentanyl, 89°; 2a, 87.9°, 2b, 93.3°%;

and 4-CH,OCHj-fentanyl, 85°). In all cases, the orientation
of the N-phenyl ring with respect to the N-acyl plane is
essentially constant and the conformational differences re-
sult from the rotation of the N-phenyl/N-acyl groups about
the C(3) — N(2) bond.

The torsion angles, C(17) — N(2) — C(3) — C(2), vary con-
siderably (2b, —67.2° fentanyl, —81.9° and 2a, —118.1°.
This must be a result of the orientation of the 3-methyl
substituent with respect to the N-phenyl and propanilido
substituents. This can be seen more clearly in Fig. 3. Figure
3a shows that rotation of the N-phenyl/propanilido groups
around the C(3) — N(2) bond in 2a is hindered by the close
proximity of an N-phenyl hydrogen atom and a methyl
hydrogen atom [H(18) — H(6"), 2.32A]. Rotation around the
C(3) —N(2) bond in 2b is also hindered by the close proximi-
ty of an N-phenyl hydrogen atom and a methyl hydrogen
atom [H(22) — H(6"), 2.32A] (Fig. 3c). The comparable tor-
sion angles in the 4-methoxymethy! fentanyl derivative
{CQT) — N(2) — C(3) — C(2)} are —122.0° and —120.8° (for
two unique molecules in the asymmetric unit).?® These are
similar to the torsion angles in the cis-isomer 2a.

In summary this structural investigation has resulted in
the following information concerning the conformation of 2a
and b. The apparently preferred conformation of the piperi-
dine ring is a chair with the propanilide group equatorial and
planar with respect to the C(3)— N(2)— C(23) —C(24)
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Flgure 3—Newman projections showing the degree of roiation of the N-
phenyl/propanilide groups around the C3-— N2 bond (or comparable)
in: a) 28, b) fentanyl, ¢) 2b,and d) 4-methoxymethy! fentany!.

Table I—Bond Lengths (A) and Bond Angles (°) for 2a and 2b

bond. The preferred conformatien of the N-phenethyl moiety’ E -

in fentanyl is, most probably, equatorial when interacting
with the opiate receptor. This is confirmed by the observeg
effects on analgetic activity upon substitution of the N.
phenethyl group with a tetrahydro naphthalene derivative
which conformationally restrains the phenethyl group intg
an equatorial and antiperiplanar conformation. The orienta.
tion of the N-phenyl ring with respect to the N-acyl group is
essentially invariant with an approximately 90° dihedra)
angle. Any variations that occur in the conformation of the
N-phenyl and propanilide groups apparently result from
rotation about the N(2) — C(3) bond. The increased activity
of the cis-3-methyl derivative (2a) when compared with the
corresponding trans-isomer (2b) and fentanyl (1) suggests
that the axial cis-3-methy! substituent may allow the phenyl

ring to assume a preferred conformation for interaction with .

the opiate receptor by avoiding unfavorable interactions
between the pheny! ring and the methyl group. Likewise, the
N-phenyl group in the trans-isomer is also forced into &
conformation that avoids unfavorable interactions between
the phenyl ring and the methyl groups. However, this orien-
tation in the case of 2b is apparently not one which is
favorable to enhanced analgetic activity.

Angle

C(25)

Atom 1 Atom 2 Distance Atom 1 Atom 2 Atom 3
28 .
o(1) 0(23) 1.222(4) c() N(1) C(5) 108.2(2)
N(1) C(1) 1.451(4) c(1) N(1) C(7) 115.9(2)
N(1) C(5) 1.507(3) C(5) N(1) C(7) 111.8(2)
N(1) c) 1.525(4) (olk)) N(2) c(17) 120.5(2)
N(2) C@3) 1.487(4) C@) N(2) C(23) 117.5(2)
N(2) cO7) 1.435(4) c(17) N(2) C(23) 121.1(2)
N(2) C(23) 1.360(4) N(1) c(1) C(2) 112.3(3)
C(1) C(2) 1.523(4) c(1) "C(2) C(3) 109.3(3)
C(2) cE) 1.547(4) c(1) c(2) C(6) 113.3(3)
C(2) (o](5)] 1.509(5) c(3) c(2) C(6) 114.4(3)
C(3) C(4) 1.519(4) N(2) C(3) c(2) 111.9(2)
C(4) C(5) 1.522(4) N(2) C(3) C(4) 110.5(2)
C(7) C(8) 1.524(4) C(2) C(3) C(4) 110.0(2)
C(7) c(16) 1.496(4) c@3) C(4) C(5) 111.8(2)
C(8) C(9) 1.509(4) N(1) C(5) C(4) 109.9(2)
C(9) C(10) 1.389(4) N(1) c) c(8) 108.5(2)
C(9) C(14) 1.395(4) N(1) C(7) C(16) 115.5(3) -
C(10) C{11) 1.376(4) Ci8) c7) C(186) 111.3(3)
Cc(11) C(12) 1.382(5) C(7) c(8) C(9) 111.4(2)
C(12) C(13) 1.378(4) C(8) Cc@) C(10) 119.2(3)
C(13) - C{14) 1.387(4) c(8) ) C(14) 122.2(3)
C(14) C(15) 1.517(4) C(10) c(9) c(14) 118.5(3)
C(15) c(18} 1.554(5) cl10) C(9) c(14) - 118.5(3)
C(17) C(18) 1.393(4) C(9) .C(10) c(11) 121.5(3)
C(17) C{22) 1.387(4) C(10) c(11) c(12) 119.9(3)
C(18) C(19). 1.365(5) c(11y c(i2) c(13) 119.1(3)
C(19) C(20) 1.374(5) C(12) c(13) C(14) 121.5(3)
C(20) C(21} 1.388(5) c(7) c(14) c(13) " 119.4(3)
C(21) C(22) 1.370(5) c(9) C(14) C(15) 120.4(3)
C(23) C(24) 1.521(4) C(13) C(14) C(15) 120.2(3) . -
C(24) C(25) 1.495(5) c(14) c(15) C(16) 113.4(3)
- : c(7) C{(16) C(15) 106.6(3) . °
N(2) ci17) c(18) 121.3(3) -
N(2) c(7) c(22) 119.3(3) .
c(18) c(17) C(22) 119.4(3)
c(17) C(18) c(19}
c(18) c(19) C(20)
C(19) . C(20) c(21)
C(20) c(21) C(22)
c(17) C(22) . c21)
o) C(23) N(2)
o) C{23) C(24)
N(2) C(23) C(24)
: C(24)
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able l—Continued

12701y

(1) 1.52(1) c(3) N(2)
c(5) 1.46(1) “C(17) N(2) C(23)
C(7) 1.52(1) C(1) N(1) C(5) 110.6(7)
C(3) 1.50(1) C(1) N(1) C(7) 113.5(6)
C(17) 1.41(1) -C(8s) N(1) C(7) 112.8(8)
C(23) 1.30(1) "N(1) C(1) C(2) 112.6(7)
C(2) 1.48(1) c(1) C(2 C(3) 111.3(8)
C(3) 1.53(1) C(1) C{2) C(e) 107.9(8)
C(8) 1.54(1) C(3) C(@) c(e) 111.5(8)
C(4) 1.54(1) N(2) C(3) C(2) 110.3(8)
C(S) 1.51(1) N(2) C(3) C(4) 11.0(7)
C(8) 1.47(1) . C(2) C(3) C(4) 109.6(7)
C(16) 1.53(1) C(3) C(4) C(s) 109.5(7)
C(9) 1.57(1) N(1) C(5) C(4) 111.4(8)
c(10) 1.36(1) N1 C(7) C(8) 114.9(7)
C(14) 1.39(1) N(1) C(7) C(186) 110.7(8)
C(11) 1.38(1) c(8) o)) C(16) 112.2(8)
C(12) 1.39(1) c(n c(8) C(9) 110.4(8)
c(13) 1.33(1) C(8) C(9) C(10) 119.1(9)
C(14) 1.40(1) C(8) C(9) C(14) 119.3(9)
C(15) 1.50(2) C(10) C(9) C(14) 121.7(9)
c{16) 1.56(1) C(9) C(10) C(11) 122.(1)
c(18) 1.38(1) C(10) C(11) Cc(12) 116.(1)
C(22) 1.34(1) c(1) C(12) c(13) 122.(1)
c(18) c(19) 1.38(1) C(12) C(13) C(14) 123.(1)
o k) C(20) 1.39(1) C(9) C(14) C(13) 115.(1)
€(20) c(21) 1.41(1) C(9) C(14) C(15) 122.6(9)
c@1) C(22) 1.37(2) C{13) C(14) C(15) 122.(1)
C(23) C(24) 1.49(1) ‘C(14) c(15) C(18) 115.2(8)
£(24) C(25) 1.58(2) N(2) C(17) c(18) 121.(1)
N(2) C(17) C(22) 118.2(9)
c(18) c(17n) c(22) 121:(1)
cun C(18) C(19) 120.(1)
c(18) C(19) C(20) 120.3(9)
C(19) C(20) C(21) 117.(1)
C(20) C(21) C(22) 122.(1)
C(17) C(22) c(21) 119.5(9)
oM C(23) N(2) 121.(1)
o) C(23) C(24) 116.(1)
N(2) C(23) C(24) 123.(1)
C(23) C(24) C(25) 109.8(8)

12, Ma
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Photoreactivities of two kinds of bimolecular crystals formed from
acridine and phenothiazine '
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Otsu 520-21, Japan

¢ Department of Chemistry, Faculty of Science, Osaka City University, Sugimoto, Sumiyoshi,
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A yellow crystal 3 and a red crystal 4 simultaneously crystallize from a solution of acridine 1 and
phenothiazine 2 in acetonitrile. Similar N - - - H-N hydrogen bonding pairs of 1 and 2 are formed in the
two crystals. The 3: 4 crystal 3 has a slightly uncommon molecular arrangement of which four acridine
molecules out of twelve are disordered in the unit cell. The 1:1 crystal 4 has a more rigid packing of the
hydrogen bonding pairs. Irradiation of 3 gives a photoadduct 5 as the sole product, whereas 4 shows
almost no photoreactivity. The occurrence of photoinduced electron transfer has been confirmed by the
measurement of transient absorption spectra of the crystals 3 and 4. However, the two-stage decay of the

transient absorption of 3 with lifetimes of 2 and 50 ps is different from that of 4 with a single short lifetime

of 2 ps. Upon irradiating 3, electron transfer, proton transfer and subsequent radical coupling occur over
the shortest distance of 4.1 A between the preradical carbon and nitrogen atoms in the crystal lattice

followed by dehydrogenation to afford the product 5. In the case of the red crystal 4, the radical coupling
is difficult because of the longer coupling distance of 5.6 A and the more restricted movement in the rigid

NIMddd

crystal lattice. The results indicate that the observed photochemical behaviour of 3 and 4 are controlled by

the molecular arrangement in the crystal lattice.

Since the discovery of topochemical {2 + 2] photocycloaddi-
tions by Cohen and Schmidt,' a large number of solid state
photoreactions of one-component molecular crystals have
been reported. However, the reaction types were almost always
limited to [2 + 2] cycloadditions and some intramolecular reac-
tions, such as hydrogen abstraction, and so have not extended
the scope of solid state organic photochemistry.®* Recently, we
have studied the photochemistry of two-component molecular
crystals prepared by the self-assembly of different organic mole-
cules*® and developed several bimolecular reactions that occur
in the crystal lattice.™® An important advantage to utilizing a
bimolecular crystal as a reaction medium is that induction of
reactivity is possible via photoinduced electron transfer (PET)
by combining an electron donor and acceptor species. Although
a large number of PET reactions are already known in solution
photochemistry, the product selectivities are low due to the
high mobility of radical species in the solutions."” In contrast,
solid state PET reaction can give high product selectivity due to
the quite low mobility in the crystal lattice, as in photodecar-
boxylation of bimelecular crystals of indole-3-acetic acid and
phenanthridine, for exampie.® The occurrence of a stereospecific
reaction ultimately results in the success of absolute asym-
metric synthesis.®!*'? Namely, solid state bimolecular photo-
reactivity depends not only on the nature of component
molecules but also on the crystal structure.

Here, we report an interesting case of two kinds of bimolec-
ular crystals 3 (vellow) and 4 (red) that are formed simul-
taneously from solutions of acridine 1 and phenothiazine 2.
Irradiation of 3 causes photoaddition, while 4 has almost no
photoreactivity. Further, we describe the first evidence for the
occurrence of solid state PET by the successful measurement of
transient absorption spectra in femtosecond diffuse reflectance
spectroscopy.'™* The correlation between the molecular

arrangement and photoreactivity of the two crystals is
discussed.

Results and discussion

Crystal structure

The 3:4 yellow crystal 3 and the 1:1 red crystal 4 are simul-
taneously crystallized from an equimolar solution of acridine 1
and phenothiazine 2 in acetonitrile. By seeding the desired crys-
tals they can be prepared on a large scale. The ground-state
absorption spectra of the microcrystals 3 and 4 were measured
by a reflection method using MgSO, as a standard (Fig. 1).
Although the yellow and red colours of the single crystals are
visually very different, the two spectra seem to be quite similar
at longer wavelengths. The melting point of 3 is 134 °C, falling
between those of 1 (107 °C) and 2 (185 °C}. The red colour of 4
changes to yellow at around 90 °C, which is a transition point,
and the crystal melts at 134 °C, corresponding to the two endo-
thermic peaks in DSC measurements. The powder X-ray dif-
fraction (PXD) pattern of 3 is almost the same as that of 1:1
melting-resolidifying mixture of 1 and 2. When 4 was sub-
mitted to melting-resolidifying manipulation, the PXD pattern
changed to be almost concordant with that of the 1:1 melting-
resolidifying mixture of 1 and 2. It indicated that 4 can form
only by crystallization from solution. The simultaneous crystal-
lization of 3 and 4 from solution suggests that the difference in
their formation energies is small; thermodynamics studies are
under way.

Table 1 shows the X-ray crystal structure data for crystals 3
and 4 and product 5. It should be noted that crystals 3 and 4
have centrosymmetric space groups, C2/c and F2,/c, respect-
ively. while phenothiazine crystal is known to have an enantio-
morphous space group F2,."* Crystalline 3 has a relatively
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Fig. 1 Ground-state absorption spectra of 3 and 4 and components 1
and 2

uncommon melecular arrangement in which twelve and sixteen
molecules of 1 and 2, respectively, are packed in the unit cell
(Fig. 2). The molecular shape of 1 is almost flat, but that of 2is
butterfly-like due to the longer S-C bond (1.8 A) than C-N and
C-C bonds (1.4 A). Molecular pairs of 1 and 2 are formed
through N - - - H-N hydrogen bonding with H - - - N distance of
2.15 A; the dihedral angle between the plane of 1 and the cen-
tral C-C-C~C plane of 2 is 86.58°, /.e. almost perpendicular.
The eight molecular pairs of 1 and 2 are packed head-to-tail
with a distance of 6.4 A between the two acridine planes in the
crystal lattice. The eight molecules of each of 1 and 2 are
arranged almost parallel to the ab face and the ac face, respect-
ively. The residual four acridine molecules out of twelve are
disordered, in which N and C atoms coexist at about 50% occu-
pancy (Fig. 2). The four disordered acridine molecules and the
residual eight phenothiazine molecules do not form hydrogen
bonds in the unit cell. The disordered acridine is placed between
the two phenothiazine molecules at a dihedral angle of 58.2°.
Further, the acridine molecules with and without hydrogen
bonds are arranged almost parallel to each other (dihedral
angle 5.15°). On the other hand. the phenothiazine molecules
with and without hydrogen bonds are almost perpendicular
(dihedral angle 89.38°). The IR absorption band of 3 at 3342
cm™ corresponds to the molecules of 2 with no hydrogen bonds
in 3 in good accordance with the NH band of the crystal 2.
The bands at 3391, 3237 and 3164 cm™ correspond to th
N - - H-N hydrogen bonds of 1 and 2. :
In crystalline 4, similar hydrogen bonding pairs are formed
with an H- - - N distance of 2.19 A; the dihedral angle between

2034 J. Chem. Soc., Perkin Trans. 2, 1997

Fig.2 {(a) Molecular packing and () the radical coupling path in 3. In
(a). the hydrogens are omitted except for the NH hydrogens for clarity.
Sulfur (@) and nitrogen @. Dotted atoms in the disordered acridine
molecules represent the coexistence of carbon and nitrogen atoms with
occupancies of about 50%.

the plane of 1 and the central C-C-C-C plane of 2 is 85.73°
(Fig. 3). The IR absorption bands of 4 at 3395, 3240 and
3179 cm™ correspond to the N - - - H-N hydrogen bonding, but
are slightly shorter than those of 3. Four molecular pairs exist
in the unit cell. The molecular pairs are arranged head-to-tail
to form two independent stacking columns (A) and (B) with
plane distances of 3.9 and 8.9 A between the two acridine
molecules in the crystal lattice. The phenothiazine molecules
in column {A) are arranged almost perpendicular to the
acridine planes in the next stacking column (B) with the
shortest distance of 2.9 A between the aromatic H atom of 2
and the acridine plane. Such rigid molecular packing is a
feature of crystal 4.

Photoreactions

Crystals were pulverized and irradiated with a 400 W high-
pressure mercury lamp through Pyrex glass (>290 nm trans-
parent) under argon. Scheme 1 and Table 2 show the results
together with the solution photoreaction. Irradiation of 3
caused an addition reaction to give photoadduct § in low yield
as the sole product. The molecular structure of § was confirmed
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Table 1 X-Ray crystallographic data for the bimolecular crystals and the product

Yellow crystal 3 Red crystal 4 Product §
Formula CypHaN;S, CasH,sN,S CosHy NS
1334.74 378.49 376.47
Crystal system Monoclinic Monoclinic Monoclinic
Space group Clc P2lc P2)in
4 4 4 4
Cell constants
al 30.194(3) 13.12142) 8.460(8)
wA 14.686(3) 9.126(3) 9.870(2)
dA 15.996(3) 17.318(2) 22.633(7)
107.930(9) 110.83(1) 99.39(6)
VIAS 6748(1) 1938.1(8) 1864(2)
DJgem™ 1.314 1.297 1.341
wem™ 17.16 1.79 1.86
Radiation Cu-Ka Mo-Ka Mo-Ka
20’ 120.3 50.0 50.0
Scan mode w ~ 26 w - 20 w - 20
No. of reflections measured 5367 3809 3745
No. of unique reflections 5252 3642 3493
No. with /> 3.00a(}) 4540 2583 1006
No. of variables 566 257 254
R(%) 8.9 5.6 5.6
R, (%) 8.0 8.0 7.5

Table 2 Photoreaction of acridine and phenothiazine in bimolecular

crystals and in solution

Conversion (%) Yield* (%)
State on
irradiation 5 6
Yellow crystal 3 15 14 0
Red crystal 4 7 0 0
MeCN soin 50 64 35

*Yield based on consumed 1.

Fig.3 (a) Molecular packing and (b) the radical coupling pathin 4. In
(a), the hydrogens are omitted except for the NH hydrogens for'clarity.
Sulfur (®) and nitrogen ®. (A) and (B) are the independent molecular
stacking columns.

by X-ray structure analysis (Fig. 4). However, 4 showed much
lower photoreactivity and afforded no isolated product. The
difference in photoreactivities between 3 and 4 can be attributed
to the difference in crystal structures because both crystals
consist of the same components 1 and 2. For a comparison;
irradiation of a solution of 1 and 2 in acetonitrile produced 5
and biacridine 6 in 64 and 35% yield, respectively.

The transient absorption spectra of the yellow microcrystals
3 are shown in Fig. 5. The absorption bands with maximum
wavelengths at around 600 and 520 nm were observed immedi-

Fig. 4 Molecular structure of product §

ately after excitation with a 390 nm laser pulse. They could be
assigned to the absorption spectrum of acridine anion radical
and that of the phenothiazine cation radical, respectively, on
the basis of the similarity to those in solution.'® This result
provides direct evidence for the generation of ionic species in a
photoreactive two-component crystal. The decay of transient
absorption in Fig. 6 shows non-exponential behaviour, and it
can be approximated to by a double-exponential function with
lifetimes of 2 and about 50 ps. Since almost the same decay
was observed even at a half the excitation intensity, the
observed decay may be mainly ascribed to geminate recombin-
ation of charge-separated species but not bulk recombination
of them. Most probably it reflects the uncommon molecular
arrangement in the crystal lattice of 3. for instance disordered

J. Chem. Soc., Perkin Trans. 2, 1997 2035
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Fig. 5 Transient absorption spectra of 3 excited at 390 nm

Delay time/ps

Fig. 6 Observed time profiles of the transient absorption of 3.
Probe wavelengths are at 524 nm (@) and 613 nm (). Solid lines
are calculated curves by eqn. (2) in ref. 14: n(§ = 5.8exp(— /2.5 ps) +
7. Sexp(—0/50 ps) + 1.4

acridine molecules and the coexistence of hydrogen bonding
and non-hydrogen bonding pairs.

In the case of red microcrystals of 4. similar transient
absorption spectra to those of the yellow crystals were
observed, but the decay was approximated to by a single
exponential decay with a lifetime of about 2 ps and no transient
absorption was observed after several tens of picoseconds. The
fast decay components observed for the two crystals are prob-
ably due to the charge-transfer (CT) excited state of the hydro-
gen bonding pair. Compared with the CT excited state of some
typical crystals of weak CT complexes,' this lifetime is very
short. It is suggested that hydrogen-bonding is the key role in
the ultrafast deactivation of the excited state. The details of the
dynamics and the mechanisms will be discussed elsewhere. On
the other hand, a slow deactivation observed only for the yellow
crystals corresponds to a charge separated species formed
between the non-hydrogen bonding pairs. If we consider that a
part of them results in the formation of photoproduct § then
the above results for transient absorption measurements are
quite consistent with the different photoreactivities of the
yellow and red crystals.

2036 J. Chem. Soc., Perkin Trans. 2, 1997
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Scheme 2 shows the possible reaction mechanism based on
the transient absorption spectra and the photoproduct 5.
Upon irradiation, PET from 2 to 1 occurs to give the acridine
anion radical 7 and the phenothiazine cation radical 8. Then
proton transfer produces the hydroacridine radical 9 and the
dehydrophenothiazine radical species 10. In the case of the
crystalline 3 [Fig. 2(8)]. radical coupling between 9 and 10,
which originates from the disordered acridine and non-
hydrogen bondir:E phenothiazine, can occur over the shortest
distance of 4.14 A most effectively and is followed by dehydro-
genation to give product 5. Occurrence of radical coupling
between the hydrogen bonding pair is difficult because a
half rotation of 9 is needed in the crystal lattice. The low yield
of 5 (Table 2} is most probably due to the existence of only
four disordered acridine molecules out of twelve in the unit
cell.

On the other hand, the lack of production of § on irradiation
of 4 should be attributed not only to the short lifetimes of the
radical species but also to the molecular arrangement in the
crystal lattice. The distance of 5.58 A for the radical coupling of
9 and 10 in Fig. 3(5) can be said to be short enough for radical
coupling because an even longer distance of 6.8 A causes
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radical coupling in other bimolecular crystals.® Steric hindrance
may also be a reason for the non-occurrence of radical coup-
ling. In Fig. 3(a). the plane distance between two acridine
molecules in column (A) is 3.9 A. On the other hand, the pheno-
thiazine molecule of the stacking column (A) is close to the
acridine molecule of the next stacking column (B) with the
shortest distance (2.9 A) between the H atom of phenothiazine
and the acridine plane. Therefore, radical 10 cannot move to
radical 9 in the crystal lattice. Such a rigid molecular packing
arrangement leads 1o no production of 5. The reason for the
lower conversion of 1 compared to 2 is the regeneration of 1 by
dehydrogenation of the radical 8 (Table 2).

Conclusions

Spontanepus crystallization of two kinds of bimolecular
crystals occurs from the acetonitrile solution of acridine pheno-
thiazine. Irradiation of 3 gives the photoadduct § as the sole
product. On the other hand, 4 has a much lower photoreactiv-
ity. Transient absorption spectra of the microcrystals could be
measured by femtosecond diffuse reflectance spectroscopy and
provide the first evidence for a photoinduced electron transfer
reaction in a bimolecular crystal. The difference in reactivities
between the two crystals could be explained by their molecular
arrangements in the crystal lattice.

Experimental

Instrumentation

'H NMR spectra were measured on a 60 MHz JEOL spec-
trometer with tetramethylsilane as an internal standard. IR
spectra were recorded on a JASCO FTIR-8300 spectro-
photometer. UV spectra were measured on Shimadzu UV-3100
and MPS 2000 spectrophotometers. Powder X-ray dif-
fractograms (PXD) were taken on a Rigaku Geigerflex by using
Cu-target X-ray tube equipped with 2 RAD-C system. Differ-
ential scanning calorimetry (DSC) was done on a Rigaku
Thermoflex TAS-200 DSC8230D and melting points were
uncorrected. Elemental analysis was carried out with a Yanaco
CHN Corder MT-5. HPLC with a photodiode-array detector
was used to determine the products on a Waters HPLC system.

Preparation of bimolecular crystals 3 and 4

Acridine 1 (GR grade, Tokyo Kasei} was recrystallized from
ethanol. Phenothiazine 2 (GR grade, Tokyo Kasei) was used as
received. Yellow crystals of 3 and red crystals of 4 were pre-
pared by slow evaporation of a I:1 solution of 1 and 2 in
acetonitrile at room temp. by seeding.

Crystals of 3; mp 133-135°C [Found: C, 79.74; H, 5.05; N,
7.39. Calc. for CgHg3N,S, (3:4): C, 78.29; H, 4.76; N, 7.35%]);
Voa(KBr)fem™ 3342 (NH of 2), 3391, 3237 and 3164
(N - - - HN); A(solid state)/nm 190-550.

Crystals of 4; transition point about 90 °C; mp 133-135 °C
[Found: C, 79.30; H, 4.93; N, 7.42. Calc. for C,sHeN,S, (1:1):
C, 79.34; H, 4.79; N, 7.40%); v (KBr)/em™ 3385, 3240 and
3179 (N : -« HN); A(solid state)/nm 190-600.

Preparative photoreaction of 1 and 2 in MeCN

A solution containing 1 (0.895 g, 5 mmol)- and 2 (0.996 g, 5
mmol) in acetonitrile (100 cm?) was irradiated internally with a
100 W high-pressure mercury lamp under argon for 45 h at
room temp. followed by filtration to give biacridane 6 (0.052 g,
5.6%) as a solid, mp 211-212°C (from tetrahydrofuran)
(Found: C, 86.76; H, 5.76; N, 7.85. Calc. for C,sH,,N,: C, 86.64;
H, 5.59; N, 7.77%); vo(KBr)/cm™ 3370 (NH), consistent
with an authentic sample. After evaporation of the filtrate, the
residue was chromatographed using a silica gel plate (5% ethyl
acetate-hexane) to give the condensation product 5 (0.195 g,
10.3%), mp 289-291 °C (from MeCN) (Found: C, 79.80, H,
4.41; N, 7.46. Calc. for C,sH;¢N,S: C, 79.76; H, 4.28; N, 7.44%);

Vou(KBr)fem™ no NH; 8,460 MHz, [PHJTHF) 5.82-5.67
(2H. m, Ph), 7.14-6.44 (6H, m, Ph), 7.96-7.41 (4H, m, Ph) and
8.39-8.20 (4H, m, Ph); A,./nm (10% THF in MeCN) 384
(loge, 3.79). 362 (4.11), 345 (3.97) and 252 (5.16). The molecular

. structure was confirmed by X-ray crystaliographic analysis

(Fig. 4).

Solid-state photoreaction of 3 and 4

Crystals of 3 and 4 (20 mg) were pulverized in a mortar and
placed between two Pyrex glass plates and irradiated with a 400
W high-pressure mercury lamp (>290 nm irradiation) under
argon at 15 °C for 24 h followed by HPLC analysis using a C,,
column (methanol-water). The results are shown in Scheme 1
and Table 2.

X-Ray crystaliography

Experimental details of the structure determination of 3, 4 and
5 are presented in Table 1. Data collections were performed on
a Rigaku AFC7R automatic four-circle X-ray diffractometer
with graphite monochromated Cu-Ka (4 =1.541 78 A) Mo-Ka
{2 =0.710 69 A) radiation and a rotating anode.t The structure
was solved by direct method (SHELXS-86) and refined by
full-matrix least squares analysis. The non-hydrogen atoms
were refined anisotropically. All the calculations were carried
out on the teXsan crystallographic software package from
Molecular Structure Corporation.

Measurement of transient absorption spectra

The details of a femtosecond diffuse reflectance spectroscopic
system have been reported.” Briefly, an excitation light source
consisting of a continuous wave self-mode-locked Ti:sapphire
laser (Mira 900 Basic, Coherent), pumped by an Ar* laser
(Innova 310, Coherent), and a Ti:sapphire regenerative ampli-
fier system (TR70. Continuum) with a Q-switched regenerative
amplifier (780 nm, 3-4 mJ/pulse, 170 fs fwhm, 10 Hz) was fre-
quency doubled (390 nm) and used as an excitation light source.
The residual of the fundamental output was focused into a
quartz cell {1 cm path length) containing H,0 to generate a
white-light continuum as a probe beam.

Acknowledgements

This work was partly supported by a Grant-in-Aid for scientific
research from the Ministry of Education, Science, Sports and
Culture, Japan. Y. W. is a guest researcher from Zhengzhou
University, China.

t Atomic co-ordinates, thermal parameters, and bond lengths and
angles have been deposited at the Cambridge Crystallographic Data
Centre (CCDC). See 'Instructions for Authors', J Chem. Soc., Perkin
Trans. 2. 1997, Issue 1. Any request to the CCDC for this material
should quote the full literature citation and the reference number
188/87.

References

1 M. D. Cohen and G. M. Schmidt, J Chem. Soc., 1964, 1996,

2 Reactivity in Molecular Crystals. ed. Y. Ohashi, VCH, Weinheim,
1993. :

3 Organic Solid State Chemistry, ed. G. R. Desiraju, Elsevier,
Amsterdam, 1987.

4 H. Koshima and T. Masuura, Kokagaku, 1995, 18, 10.

5 H. Koshima, Y. Chisaka, Y. Wang, X. Yao, H. Wang, R. Wang,
A. Maeda and T. Matsuura, Tetrahedron, 1994, 50, 13 617.

6 H. Koshima. K. Ding and T. Matsuura, J Chem. Soc., Chem. Com-
mun., 1994, 2053.

7 H. Koshima, K. Ding, Y. Chisaka and T. Matsuura, Tetrahedron
Asymmetry, 1995, 6, 101,

8 H. Koshima, K. Ding, Y. Chisaka, T. Matsuura. Y. Ohashi and
M. Mukasa, J Org Chem., 1996, 61, 2352,

9 H. Koshima, K. Ding, Y. Chisaka and T. Matsuura, J Am. Chem.
Sec., 1996, 18, 12 059.

J. Chem. Soc., Perkin Trans. 2, 1997 2037

UMO00013953

NOVARTIS EXHIBIT 1517
Novartis v. Regents, IPR2023-01347
Page 2699 of 4460



10 Photoinduced Electron Transfer, Part C. ed. M. A. Fox and
M. Chanon, Elsevier, Amsterdam, 1988,

11 J. A. Elgavi, B. S. Green and G. M. J. Schmidt. J Am. Chem. Sec.
1973, 95, 2058.

12 T. Suzukd, T. Fukushima, Y. Yamashita and T. Miyasht, J Am.
Chem. Soc., 1994, 116, 2793.

13 T. Asahi, Y. Matsuo and H. Masuhara. Chem. Phys. Lett., 1996,
256, 525.

14 T. Asahi, Y. Matsuo, H. Masuhara and H. Koshima, J. Phys. Chem.,
1997, 101, 612.

2038 J. Chem. Soc., Perkin Trans. 2, 1997

15 J. D. Bell, J. F. Blout, O. V. Briscoe and H. C. Freeman, Chem.

Commun., 1968, 1656.
16 T. Shida, in Electronic Spectra of Radical lons, Elsevier, Amsterdam,

1988.

Paper7/01221G
Received 21st February 1997
Accepted 21 st May 1997

UMO00013954

NOVARTIS EXHIBIT 1517
Novartis v. Regents, IPR2023-01347
Page 2700 of 4460



Polymorphs of a Cocrystal with Achiral and Chiral
Structures Prepared by Pseudoseeding: Tryptamine/

Hydrocinnamic Acid

Hideko Koshima* and Masashi Miyauchi

CRYSTAL
GROWTH

& DESIGN

2001
VOL.1,NO.5
355—357

Department of Applied Chemistry, Faculty of Engineering, Ehime University,

Matsuyama 790-8577, Japan

Received April 12, 2001; Revised Manuscript Received July 5, 2001

ABSTRACT: Helical-type of chiral cocrystal of tryptamine and hydrocinnamic acid was prepared by crystallization
in the presence of different chiral crystals having similar crystal structures, despite spontaneous crystallization

itself giving only achiral crystal.

Chiral crystals formed from achiral molecules are
utilized as reactants for absolute asymmetric synthesis
by means of solid-state reactions.!~3 Such chiral crystals
are also important for the development of new func-
tional materials such as those used in nonlinear optics.*
Although chiral crystallization of achiral molecules
occurs statistically with a low probability of around
5%,%7 we have already succeeded in preparing various
chiral two-component crystals through self-assembly of
flexible molecules.382 In particular, a series of helical-
type crystals formed from tryptamine and achiral car-
boxylic acids were obtained with a probability of around
50%.8 Furthermore, their enantiomorphous control could
be achieved by “pseudoseeding” based on utilizing these
various helical-type crystals as seeds for each other.10:1}
This was significant because chiral crystallization of
achiral molecules by itself always gives both enantio-
morphous (left and right) crystals. Polymorphism,
whereby a compound can crystallize in more than one
different crystal structure, often occurs for organic
molecules. However, it is sometimes difficult to obtain
all such possible polymorphs due to the different
crystallization variables required. Herein, we found that
pseudoseeding could be successfully utilized to prepare
chiral crystals, which is one of the polymorph forms.
despite achiral crystals being usually formed by spon-
taneous crystallization.

Crystals incorporating tryptamine (1) and hydrocin-
namic acid (3-phenylpropionic acid) (2) were first pre-
pared by spontaneous crystallization from a solution of
both components in methanol (Chart 1). Achiral crystals
1-2A in space group P2i/n were the product obtained
(Table 1). Our previous success in helicity control of a
series of helical-type crystals by pseudoseeding!®!!
reminded us that this method might be applicable in
producing the chiral crystals 1-2C, if these exist as one
of the stable polymorphs.

Chiral crystal 1-3!! formed from 1 and trans-cinnamic
acid (3) was selected from a series of available helical-
type crystals as a pseudo-seed crystal, because the
molecular structures of 2 and 3 are similar (Chart 1).
The space group of 1-3 belongs to P2,2,2), and the
absolute structures of FP-1-3 (clockwise helix) and
M-1-3 (counterclockwise helix) are also known.!!

* To whom correspondence should be addressed. Fax: -+81-89-927-
8523. E-mail: koshima@en3.ehime-u.ac.jp.

‘Chart 1
H
N
1 [
CHoCH NH,
CHoCH,COH achiral 1:2A
2 @ chiral 1-2C

Pseudo-seed crystals:

2 COH
3 ©/\/ chiral 1-3
X COH chiral 14

:

c

Table 1. Crystal Data for Achiral 1'2A and Chiral 1-2C
of the Tryptamine/Hydrocinnamic Acid Cocrystal

1-:2A 1-2C
cryst syst monoclinic orthorhombic
eryst size/mm 03 x04x02 0.3 x0.1x0.03
temp/K 293 ) 293
alA 15.658(5) 9.616(2)
A 6.599(1) 26.251(8)
dA 16.411(2) 6.816(1)
space group P2\in F2,2:2,
cell vol/A3 1679.1(7) 1720.6(7)
caled density/g cm™3 1.228 1.198
zZ 4 4
data/params 2547/221 1516/209
R 0.045 0.130
Ry 0.062 0.103

A piece of a small single crystal of P-1-3 was added
to a slightly supersaturated solution of 1 and 2 in
methanol and acetonitrile (1:1). The covered vessel was
allowed to stand at room temperature, and fine needle
crystals formed in a radial manner on the surface of the
pseudo-seed crystal. These crystals were collected to
afford around 10% yield, of which the amount of seed
crystal was less than 0.1%. Next, measurement of solid-
state CD spectra as Nujol mulls gave curve a in Figure
1, showing the formation of one-handed crystals of
1-2C which are most praobably the P-form on the analogy
of successful enantiocontrol by pseudoseeding.!%!! Con-
versely, seeding using M-1-3 in the same solution gave
opposite handed crystals. most probably M-1-2C, cor-

10.1021/cg0155189 CCC: $20.00 © 2001 American Chemical Society
Published on Web 08/14/2001
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Figure 1. Solid-state CD spectra of (a) P-1-2C and (b)
M-1-2C.

responding to the CD eurve b with a mirror image
relationship to the curve a. The X-ray crystallographic
analysis of 1:2C confirmed its chiral nature, the space
group being the same P2;2,2, (Table 1) as that of seed
crystal 1-3, but with different unit cell dimensions from
those of 1-3 (a = 9.681(3) A, b=29.00Q1) A, c=5.931-
(4) A). Thus, the effectiveness of pseudoseeding was
confirmed for the chiralilty induction as well as the
enantiocontrol. In addition, the chiral crystal 1-4

Koshima and Miyauchi

formed from 1 and 4-chlorocinnamic acid (4) {Chart 1)
also acts as a seed crystal for the formation of 1-2C.

The melting point of 1:2A (146—148 °C) is slightly
lower than 1-2C (150—152 °C), but its density (1.228 g
cm™3) is slightly larger than that of 1-2C (1.198 gcm™3).
The IR (KBr) absorptiens are similar: 3226, 2446—3058
{broad), and 1537 cm™! for 1-2A and 3219, 2456—3059
(broad), and 1536 cm™! for 1-2C. These small differences
in physical properties suggest the similarity of the
molecular arrangements in the lattices of both crystals.
In fact, NH3*---CO;~ quaternary ammonium salt bridge
and In-NH++O—C hydrogen bonding are commonly
formed between the molecules of 1 and 2, both of which
distances obtained from the X-ray crystallographic
analyses are very similar. The NH;*---CO,~ distances
are 1.86, 1.86, and 2.01 A in 1-2A and 1.88, 1.89, 1.98
A in 1-2C, and the In-NH---O~C distances are 1.92 A
in 1-2A and 1.95 A in 1-2C.

In the lattice of achiral 1-2A, a symmetrical molecular
unit is formed between the two molecules of each
component through the two kinds of intermolecular
bonding (Figure 2a). The two pairs of symmetrical units
are centrosymmetrically arranged in the unit cell (Z =
4). On the other hand, a 2-fold helix is formed in chiral
1:2C between the two components through the two
types of intermolecular bonding (Figure 2b), and it is
the existence of two pairs of unidirectional helices in
the unit cell that induces the crystal chirality of 1-2C.

Q>SN /
‘.;Q.;s.’” 1

pnCRE) )

Figure 2. Molecular arrangements of (a) symmetrical unit in the achiral crystal 1-2A and (b) clockwise 2-fold helix in the chiral
crystal P-1-2C.
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The InC—C~C—N torsion angles (62.2° and 63.1°) of
the tryptamine aminoethyl group as well as the dihedral
angles (86.7° and 96.8°) of the indole plane of 1 and
pheny! plane of 2 are similar between the symmietrical
unit (1:2A) and the helix (1-2C). The PhC-C-C-CO
torsion angles of propionic acid group of 1 are, however,
almost opposite at 66.2° and —68.7°, respectively. Thus,
whether the molecules of 1 and 2 are arranged into the
symmetrical unit or the helical structure depends on
the conformation of the propionic acid group of 1.

The following explanation may explain these success-
ful chirality inductions. Strong intermolecular bondings
of the NH3*---CO,~ salt bridge and the In-NH---0O—-C
hydrogen bond are common among all of the achiral and
chiral crystals. The similar melting points as well as
the similar crystal densities between 1:2A and 1-2C
suggest their small energy differences in crystallization.
Therefore, at the initial crystallization process from
solution, the amino and imino groups of the tryptamine
molecule and the carboxy! group of the acid molecule
in solution are abstracted with highest priority to the
helical binding sites on the surface of the seed crystals
followed by continuing assembly in the same manner
as the seed crystals, to form the corresponding chiral
crystals. In other words, the seed helical binding sites
act as templating growth points for crystal growth.
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work was supported by a Grant-in-Aid from the Min-
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X-Ray crystal structure of C¢H3(CO:H)3-1,3,5-1.5(4,4'-bipy): a ‘super trimesic

-acid’ chicken-wire grid

C. V. Krishnamohan Sharma and Michael J. Zaworotko®

Department of Chemistry, Saint Mary's University, Halifax, Nova Scotia, Canada B3H 3C3

Trimesic acid cocrystallizes with 1.5 equivalents of 4,4~
bipyridine to generate a large distorted hexagonal network
with ca. 35 X 26 A internal dimensions: three independent
networks interweave to afford a novel threefold two-
dimensional corrugated sheet.

Hydrogen-bonded supramolecular synthons represent a primary
tool for crystal engineering.!2 In such a context, trimesic acid
(benzene-1,3,5-tricarboxylic acid, TMA) is a molecule which
predictably forms honeycomb networks with interesting supra-
molecular properties (catenation or interpenetration, polymor-
phism and inclusion) as a consequence of its molecular
symmetry and complementary hydrogen-bonding capabilities.!
Early work focused upon TMA itself and generated a large
number of inclusion compounds, both with and without
catenation.? That carboxylic acids can form homo- or hetero-
dimers with a variety of complementary functional groups (e.g.
pyridines, 2-aminopyridines and pyrimidines) has allowed
functionalized TMA* its deprotonated forms® or its metal
complexes® to be exploited as templates in crystal engineering
studies. In this contribution we report the remarkable network-
ing and interweaving? in a cocrystal of TMA, TMA-1.5(4,4'-
bipy) 1, the supramolecular structure of which is effectively an
enlarged analogue of TMA that exhibits a novel mode of
interpenetration.

The pyridine~carboxylic acid motif, X, has previously been
exploited to design liquid-crystalline materials and two-
dimensional  networks.89 It occurred to us that it should be
possible to use simple bifunctional spacer moieties based upon
pyridine moieties (e.g. pyrazine, 4,4'-bipyridine) to afford fine-
tunable chicken-wire motifs with large cavities. A hot solution
of propan-2-ol and benzene (3:1 ratio) containing | and 1.5
equiv. of TMA and 4,4'-bipyridine, respectively, afforded the
desired cocrystals of 1 (mp > 300 °C) upon cooling and slow
evaporation of the solvent at room temperature over a period of
two days.

The crystal structure exhibits the desired architecture.f An
expanded form of the infinite two-dimensional honeycomb grid
seen in TMA is sustained by supramolecular synthon!® X:
strong N-H---O hydrogen bonds coupled with complementary
C-H---O hydrogen bonds [graph set!! = R2%(7), N---O, H--0,
N-H---0, C---0, H--0, C-H--0: 2.604(4), 1.470(5) A, 178.5°,
3.182(5), 2419(5) A, 1252° 2.719(4), 1.798(4) A, 157.1°,
3.401(5), 2.683(5) A, 122.3°; 2.660(4), 1.695(4) A, 165.3°,
3.116(5), 2.255(5) A, 133.34% Fig. 1]. The internal dimensions
of the distorted hexagons are 35 X 26 A compared to just 14 X
14 A in TMA itself. Self-inclusion is facilitated by the chair
conformation of the large hexagon that intercalates and engages
in 7 stacking with two other independent networks. Never-

theless, the other two networks only partially fill these cavities
and empty space remains within the layer of interpenetrated
networks, Fig. 2. Interpenetrated chicken-wire frameworks
have also been seen for coordination polymers but the nature of
the interpenetration is somewhat different.'2 This void space is
effectively filled in a cog-like manner because of the way
adjacent layers stack. To our knowledge, such an architecture (a
threefold interpenetrated chicken-wire layer) has not yet been

Fig. 1 The non-planar hexagonal unit formed via motif X in cocrystal 1, N~
H---O and C-H---0 hydrogen bonds are illustrated by dashed lines; (@) N,
@ (0).

Fig. 2 The threefold two-dimensional chicken-wire networks of 1. The
independent networks are shaded for clarity. Note that void space remains
even after catenation of the networks,

Chem. Commun., 1996 2655
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observed. However, interpenetrated ‘supramolecular carpeis’
based upon twofold interweaving of square grids have been
encountered and twofold layered coordination polymers have
also been observed.!3

The significance of C-H--O hydrogen bonds in supramol-
ecular synthon X bas been analysed using the Cambridge
Structural Datsbase!® (version 5.11) and has been exploited
very recently in a similar context.!S A total of 60 compounds
containing pyridine with at least one ortho-H atom and a
carboxylic acid moiety (N--O < 3.0 A) were considered. Of
these, 29 compounds were found to exhibit C-H.--O interactions
(C-+0 < 3.7 A, C-H--O 100-180°) with mean C---O distances
and C-H-+O angles of 3.27 A and 125.4°, respectively.!s The
majority of the compounds that do not exhibit these interactions
are engaged in other strong hydrogen bonds (O-H--O, N-
H--O) which compete with the C-H--O hydrogen-bond
formation or motif X. This observation suggests that C-H--O
interactions afford additional stability and rigidity to motif X
and the generality of this interaction is further supported by the
existence of a 3: 1 cocrystal of TMA with pyridine.f

In conclusion, the large open networks (Fig. 1) of 1 are built

by the strong yet flexible supramolecular synthon X and achieve
" close packing ingeniously in the absence of guest molecule(s)
by adopting: (i) a chair conformation hexagonal architecture
that facilitates two-dimensional interpenetration, (if) staggered
stacking of corrugated layers so as to eliminate continuous
channels. Although 1 is the first crystal structure to be reported
that simultaneously exploits the preceding two features in order
to avoid vacuum in its crystal structure, it seems likely that there
will be numerous simple analogues with supramolecular
synthon X and related synthons.

We acknowledge the generous financial support of the
NSERC {Canada) in the form of a research grant (M. J. Z.).

Footnotes

t Crystal daw for 1: Ca4H;sN3Os, monoclinic, space group P2fc,
a = 11.105(4), b = 10.132(4), ¢ = 18.889(7) A, B = 99.95(6),
U = 2093.30(12) A%, Z = 4, D, = 141 Mg m—3, A = 0.709 30 A,
F{000) = 924, 2582 reflections out of 3671 unique reflections with /o,
> 30(/) measured at 290 K for a crystal of dimensions 0.6 X 0.2 X 0.4 mm
on an Enraf-Nonius CAD4 diffractometer using the © scan mode (4 < 20
< 50° afforded on convergence final R-factors of Ry = 0.057 and
R. = 0.055. The H atoms of the OH groups were found via difference
Fourier map inspection. Other H atoms were placed in calculated positions
(C-H = 1.00 A). All non-hydrogen atoms were anisotropically refined. The

2656 Chem. Commun., 1996

crysallographic calculations were carried out using the NRCVAX program
kage. Atomic coordi , bond lengths and angles, and themmal
p s have been deposited at the Cambridge Cyystallographic Data
Centre (CCDC). See Information for Authors, Issue No. 1. Any request to
the CCDC for this material should quote the full literature citation and the
reference number 182/240.

$ The crystal structure of the cocrystal TMA-3py has been determined in
space group C2/c, a = 24.587(4), b = 13.994(2), ¢ = 13.610Q) A, B
= 100.75°, U = 4600.2(12) A3, Z = 8, W. §. Furey and M. J. Zaworotko,
unpublished work.
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Co-grinding of crystals of racemic-bis-f-naphthol (rac-BN)
and benzoquinone (BQ) preduces a novel crystal adduct
through crystal sheering and molecular diffusion processes
in the solid state, which is structurally distinct from adducts
obtained from solution or melt.

In contrast to crystallization from solution, crystailization in the
solid state is rare and its mechanism has hardly been studied.
We have found that co-grinding of crystals of rac-BN and BQ
crystals, in the total absence of liquid, produces adduct crystals
which are different from those obtained from solution or melt.
To understand the mechanism of the adduct crystal formation,
the crystallization conditions and the structures of crystals
obtained from solid and solution phases have been studied.

On grinding white racemic crystals of rac-BN and yellow BQ
in an agate mortar in a ratio of 1:2.5, the colour of the powder
changes progressively with time from very pale yellow to pink
and eventually to strong red (Fig. 1). The process was monitored
by X-ray powder diffractometry. The powder diffraction pattern
recorded after 20 min of grinding exhibits a new set of peaks in
addition to the peaks corresponding to pure rac-BN and pure
BQ crystals (Fig. 2a). After 45 min of grinding, the rac-BN and
BQ peaks disappear completely and the new set of peaks
becomes stronger (Fig. 2b). It should be noted that no
intermediate phase is observed.

Recrystallization of the red powder crystals produced by
grinding was carried out from ether/hexane (l:1) solution.
Crystallization of a 1: | mixture of BQ and rac-BN component
crystals was also carried out from the same solvent. Both
crystallization experiments produced chunky dark-red crystals
(I1) from a yellow/orange-coloured saturated solution. In a very
rare case, a small amount of long thin plate-like crystals of red
colour (I) emerged before the appearance of II. The structures
of both I and Il were determined by single crystal X-ray
diffractometry.t The composition of the two crystals is

different: 1 contains 1:1.5 rac-BN:BQ (i.e,, 1:1:3 in terms of

R-BN: §-BN:BQ), whereas II exhibits a 1:1 ratio (1:1:2 in
terms of R-BN:S-BN:BQ). Comparison of the observed X-ray
powder diffraction pattern in Fig. 2b with that of crystal 1 (Fig.
2d) and calculated ones of I {Fig. 2¢) and Il (data not shown)
based on the single-crystal structure unambiguously established
that the red materials obtained by mixing/grinding have the
same crystal structure as 1. A measurement of the powder X-ray
diffraction on I was not practical, as the yield of the single-
crystals was very small.

The experimental results have shown clearly that simple co-
grinding of crystals of component chemicals formed a new
crystal. Several such cases have been reported previously by

Fig. 1 Colour change of the co-ground crystals of rac-BN and BQ, (a)
before grinding, (b) during the grinding and (c¢) the final product.

various researchers,! but the detailed formation process is
unknown. A jubricant was used to accelerate the process in one
case.'d Qur experiments were carried out in the absence of any
liquid phase. We have investigated foreseeable factors affecting
the formation process. Given the low melting point of BQ
(113-115 °C), it might be suggested that grinding results in a
local melting of the crystals and that the adduct then crystallizes
from the melt. However, grinding at low temperature did not
inhibit adduct formation. Furthermore, when a mixture of BQ
and rac-BN crystals was melted completely at ca. 110 °C, red
material was also formed and this was shown by X-ray powder
diffraction to be a new adduct crystal, IiI (Fig. 2e). We have
checked by TLC that the compounds were not decomposed in
the melting experiment. Together these results indicate that the
grinding produced co-crystals by a mechanism that is different
from crystallization from what we normally call the ‘melt’.
To help understand the mechanism of adduct crystal
formation by solid grinding, we have carried out various
crystallization experiments, noting that II has a higher BN:BQ
ratio than L. The use of higher mixing ratios than the original

a) b}
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Fig. 2 X-ray powder diffraction pattemns of mixtures of BQ and rac-BN
crysials after grinding together for 20 min (a) and 45 min (b). Peaks
belonging to BQ (@), BN (V) and new crystals (| ) are indicated. (c)
Calculated pattern of 1, (d) and (e) are measured diffraction pattems of 11
and II. Peaks corresponding to 111 are indicated by open amows (4). (f)
The pattemn of 1 after extended exposure o air.
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1:2.5 or a longer sample grinding time (as BQ easily sublimes)
did not produce II. Co-grinding of I and rac-BN crystals did not
produce II. Grinding I with BQ did not produce 1. Grinding
was carried out in the dark, under a dry Ar atmosphere, orina
metal container placed on a wet tissue in order to rule out the
involvement of photons, oxygen, and static charge, respec-
tively. None of these procedures slowed formation of the
adduct. Placing rac-BN crystals under BQ vapour, or simply
mixing crystals of rac-BN and BQ without grinding did not
form an adduct. All these issues were judged unambiguously by
colour change and X-ray powder diffraction patterns. These
observations demonstrate unequivocally the necessity for direct
contact between the two solids followed by mixing of the two
components at the molecular level via appropriate sheering and
diffusion processes.

The crystal structures of I and 1 are compared in Fig. 3. Itis
fortuitous that the structure of I was revealed, as it would
otherwise require difficult determination from the powder
diffraction pattern. The molecular geometries are similar in the
two crystals, with only a slight difference in the central C-C
torsion angles of BN (81° for crystal I, 75, 86 and 100° for the
three independent molecules in crystal II).

Crystal I: (Fig. 3a). The asymmetric unit comprises one
independent BN molecule and two independent BQ molecules,
of which one resides at the centre of symmetry. A semi-column
structure runs along the ¢ axis where the aromatic planes of
naphthol and BQ stack alternately. BQ is sandwiched by the
naphthol rings of the R-BN and S-BN molecules, which are
related by the c-glide. Only one of the carbonyl groups of BQ
forms a hydrogen bond to the hydroxy group of a naphthol
(O---0 = 2.733 A). The BQ on the centre of inversion forms a
triplet structure sandwiched by the inversion-related R- and S-
naphthol rings. Two symmetry-related hydrogen bonds are
formed between the BQ carbonyl and the hydroxy group of the
nearly Xerpendxcular naphthol ring of a BN molecule (O---0 =
2.703

Crystal II: (Fig. 3b). There are three independent molecules
of BN and BQ in the asymmetric unit. The three independent
BQ molecules are always sandwiched by the roughly parallel
naphthol rings of two BN molecules. All possible hydrogen
bonds are exploited between the carbonyl oxygen of BQ and the
hydroxy group of the nearly perpendicular naphthol nniof BN
molecules (O---O distance varies from 2.707 to 2.789

Theoretical calculations using the ZINDO method? indicated
that the strong red colour of I and II which appear only in the

Fig. 3 Stereo views of the crystal structures of | (a) and 11 (b).

crystal phase is due to charge transfer essentially from the 1:1
BN:BQ complex. The details will be reported elsewhere.

The local gesmetry of the BN---BQ---BN triplets in I and 11
appears similar, although the chirality is in sharp contrast. BQ is
sandwiched by a racemic pair in I, but by a homochiral pair in
IL. In the crystal structure of pure racemic BN (space group
Tba2), hydrogen bonds are formed between the hydroxy groups
of BN molecules related by a 2, screw axis, thus forming a
homochiral column.!3 The crystal structure of pure BQ (space
group P2,/a) has no hydrogen bonds.#5 On co-grinding, BQ
molecules may be inserted between the neighbouring opposite-
handed homochiral BN columns of a rac-BN, which may
encourage the formation of a hetero-chiral sandwich found in 1.
Chiral BN crystals do not form a new phase with BQ by either
solid or solution crystallization. Upon complexation in the solid
state, BN and BQ molecules change theiri crystal packing
critically and form new hydrogen bonds between the two
component molecules.

When adduct crystals I or IT were exposed to air, the strong
red colour was lost with time and, after 23 h, the crystals
eventually became white. It might be expected that the crystals
would deteriorate and become amorphous, but instead, they
reverted to the starting rac-BN crystals, as unambiguously
demonstrated by the X-ray powder diffraction (Fig. 2f for I).
When the adduct crystals were placed in the vicinity of BQ
crystals, no decomposition of the adducts was observed.

Crystallization by solid mixing/grinding and spontaneous
crystal-to-crystal transformation both demonstrate that diffu-
sion of molecules in the solid state can be substantial and can
lead to new phases that are sometimes different from those
prepared by crystallization of the same components from
solution. The solid-state chemistry of these materials and the
mechanisms governing their formation are clearly an exciting
area for future investigation.

‘Notes and references

t Crystal data. For 1: red crystal (0.15 x 033 X 038 mm).
C0H140:1.5[C¢H40,}, M = 448.45, monoclinic, space group C2/¢, a =
26.132(2), b = 13.7800(9), ¢ = 13.9782(9) A, B = 118.932(1)°, U =
4405.3(5) A3, Z = 8, D, = 1.352 Mg m~—3, p(Mo-Kat) = 0.092 mm~1,
16286 measured, 5469 unique (R, = 0.0308), final R(F?) = 0.046 using
3254 reflections with / > 20(/), R(all data) = 0.0740. CCDC 170478. For
10: red crystal (0.23 x 0.40 X 0.53 mm). CzoH1402[CsH40,), M = 394.40,
triclinic, space group P1,a = 14.479(2), b = 15.671(2), ¢ = 15.725(2) A,
a = 69.792(2), B = 66.635(2), y= 71.762(2)°, U = 3009.1(6) A3, Z = 6,
D, = 1306 Mgm 3, g(Mo-Ka) = 0.088 mm !, 23185 measured, 14710
unique (Rin, = 0.0364), final R(F2) = 0.054 using 6020 reflections with /
> 20}, R(all data) = 0.140. CCDC 170479. See http://www.rsc.org/
suppdata/cc/b2/b207417f/ for crystallographic files in CIF or other
electronic format.

Data were collected on a Bruker APEX CCD diffractometer at 133 K and
the structures were solved by the direct method using SHELX. We
gratefully acknowledge Dr K. Yoza and Mr S. Igarashi of Bruker Japan for
the crystallographic data collection. .
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des cations associés qui se développe en une chaine de
direction moyenne a — b.

Tableau 4. Distances cation—oxygéne (A) dans les
polyéedres de coordination des cations associes

Ba—O(E21) 2,714 (5) Ba—O(W4) 2,772 (7 -
Ba—-0(£22) 2,749 (7) Ba—O(W3) 2,809 (8) Réferences
Ba—O(Ell) 2,796 (6) Ba~-O(W2) 2,877 (7) R .
Ba—O(£32) 2.821 (4) Ba—O(W2) 2987 (6) Dugu—*, A9. &3(.4’/7-\VERBUCH PoucHoT, M. T. (1976). J. Appl. -
Ba~O(E12) 2,922 (6) TYSt. 3, 241, o )

) - Marmin, C. & DuriF, A. (1972). Bull. Soc. Fr. Minér. Crist.
Apg—~O(E32) 2,445 (5) Ag-O(E32) 2,629 (7) 95, 149-153.
Ag—O(E11) 2,531 (6) Ag—-O(E12) 2.706 (5)  PREwrTT, C. T. (1966). SFLS-5. A Fortran 1V Full-Matrix
Ag—O(E22) 2,624 (5) Ag—O(W1) 2,370 (9) Crystallographic Least-Squares Program.

Acta Cryst. (1977). B33, 2719-2733

The Molecular Packing Modes and the Hydrogen-Bonding Properties of
Amide : Dicarboxylic Acid Complexes
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The various possible modes of forming H-bonded complexes of primary and secondary amides with
dicarboxylic acids in the crystalline phase have been constructed in terms of: (@) O—H..-O and N=H-..O
hydrogen-bond geometry, (b) the nature of the residues attached to the amide and carboxyl groups, and (c)
the commonly occurring crystallographic symmetry elements required to generate hydrogen-bonding
arrangements. The existence of these packing modes was corroborated by crystal structure analyses of model
compounds. The various observed hydrogen-bonding motifs are compared to determine preferred hydrogen-
bond geometries. There is a tendency for a carbony! O atom which participates in both an N—H-.-O and
O—H- -0 bond to adopt, the residues permitting, an arrangement where the system

w°

>C 20; ..

H_ N
is coplanar with.linear hydrogen bonds and C=0O-..-H angles ~120°. The angular geometry of the
complexing O—H---O(amide) bond invariably displays an O(H).--O=C angle ~120°. The N-H...O
{carboxyl) bond shows much greater variation in the N(H)---O=C angle. The O—H---O(amide) distance
between amide and carboxyl groups linked by a single hydrogen bond is 2-50 + 0-02 A, which is shorter than
the average length of the corresponding O—H - .-O(carboxy!) bond of 2:64 A. A similar comparison of
N—H---O(amide) and N—H - .- O(carboxyl) bonds shows no systematic differences. The C=0 length is, on
average, 0-04 A longer in amides than in carboxylic acids.

1. Introduction

A systematic study of crystalline molecular complexes
formed by a large variety of amides and dicarboxylic
acids was undertaken as part of an analysis of the
packing modes of H-bonded functional groups. The
rationale behind these studies is that much information

of chemical interest is imbedded in crystal structures
because they represent minimum-energy arrangements
and, whereas little can be extracted from a single
structure, certain trends become apparent if enough
structures are available. Our principal purpose lay in
the detection of the primary hydrogen-bonding motifs
of the amide:acid complexes as governed by the
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2720 HYDROGEN BONDING IN AMIDE:DICARBOXYLIC ACID COMPLEXES

residues attached to the carboxyl and amide groups,
and consequently in gaining a deeper understanding of
the hydrogen bonds in amides and carboxylic acids and
the factors responsible for complexation. This approach
is reflected in the general outlay of the paper: first we
describe the various packing arrangements in
amide :acid complexes, followed by an analysis of their
hydrogen-bonding properties.

2. Primary point motifs of amide : acid complexes

The forces responsible for molecular complexation
between an amide (1) and a carboxylic acid (2) are
mainly due to hydrogen bonds (to be referred to as H-
bonds) involving both the N—H and O-—H proton
donor groups. Possible proton acceptors are the
electron lone-pair lobes L of the carbonyl O atoms as
depicted in (1) and (2). We shall specify the presumed
locations of the two lone-pair iobes L* of the carbonyl
O atom as well as the locations of the H atoms by the
symbols syn and anti adopting the following conven-
tion: the H atom, or lone-pair lobe, closer to the other
hetero-atom of the functional group is designated as
H,, or L, while that which is further is labelled H
orL

anti
anti®

Haonti

) >N-Hsyn o H
¥ — -
;06 Lsyn X—(
Lanti o0@ Lsyn

Lent

n @

Complexation must be associated with the fact that
the amide and carboxyl groups together have an excess
of proton acceptors: three proton donors versus four
proton acceptors. While the H-bond requirements of
the amide group are completely satisfied, H,,,, and H,,,,,
are complemented by L, and L, the carboxyl
group lacks one proton donor (H,,, versus L, and
L ,q:)- This deficiency is a necessary but not sufficient
requirement for complexation since there are several
amide :acid combinations (e.g. formamide :succinic
acid, and various amides with, for example, fumaric
acid) which do not seem to yield complexes. Conse-
quently, it would seem necessary that the lattice energy
of the crystalline complex must override that of the
individual components.

Since the O—H- - - O bond is significantly shorter and
stronger than the N-H...O bond (Pimentel &
McClellan, 1960), we shall first consider the possible
ways in which O—H..-OCNH, bonds, rather than
N—H...OCOH bonds, are formed between the car-
boxyl and amide groups leading to a set of basic
packing motifs. This may be accomplished on the

* The )one-pair\lobcs are assumed to lie in the plane of the
carbonyl system ~C=O and make angles of 120° with C=0: i.e.
the O atom is sp? hybridized.

assumption that the O—H proton donor is directed at

the acceptor carbonyl O atom along the line of its lone- -

pair lobe. Since either the L, or the L, lobes of (1)

may serve as proton acceptors, the O—H group may

form two distinct H-bond geometries shown in (3) and

(4). .

Y

O, 4‘\,.{“ ¥
P‘( ~O‘H ! W

~°¢\N/
A

O~X--0Q

(3) 4)

The relative orientations between the carboxyl and
amide groups in (3) and (4) may be varied by rotation
about the interlinking O—H-.-O(amide) bond. We
confine ourselves to orientations which-lead to coplanar
arrangements. Therefore (3) and (4) each yield two
motifs, (3a) and (3b), and (4a) and (4b) respectively.

Y
|

0% N 07~ x\l4° v
N | ¥ X ’
8 H H A 0“ 4‘\N¢H \‘I/O\H‘ "Oﬁl\N/N
Osf -0 6 o ° | o 1
Y ~7 A A
X X
(3a) 35 (4a) (48)

The H-bonding schemes in these motifs may be
further extended utilizing first the N—H,, proton donor
and the available lone-pair lobes of the carbonyl O
atoms to form linear N—H.--O bonds. This extension
precludes the motif (3a) since the resulting arrangement
(5), which also incorporates a N—H_,, - -OCNH
bond. would contain too close a contact of ~2-3 z{
between carbonyl and hydroxyl O atoms of neighbour-
ing carboxyl groups. In a similar arrangement (Huang.
Leiserowitz & Schmidt, 1973) (see § 3.3.2.1)an O-..0
contact of not less than 3-6 A was found. Inserting this
distance into. motif (5) would induce a pronounced
distortion in the whole H-bonding geometry. Motif
(3b), on the other hand, is satisfactory since it already
embodies the N—H_, ---O bond yielding the cyclic
dimer (6). ’ :

L j
R S —
[T S S R oo
Bome [
dptrf o0 B4 &
X X X X
(5) )

Both motifs (4a) and (4b) may be extended via
N-H,,,---O bonds by associating the amide groups to
form the commonly observed centrosymmetric H-
bonded pair, resulting in motifs (7) and (8) respectively.

While it is possible to generate additional H-bonding
arrangements from (4a) and (44) in which the N—H_,
bond interacts with the available L, lobe of the
carboxyl group as shown in (9a), (9b) and (9¢), these
schemes inhibit the formation of further N—H---O
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bonds since ali available lone-pair lobes of the carbonyl
O atoms are blocked. Thus motifs (9) may be
discarded.
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(9) Three unfavourable chain motifs constructed from point motils
(7)and (8).

The remaining primary motifs (6), (7) and (8) may
be regarded as point motifs, analogous to crystallo-
graphic point groups, from which we may develop
space motifs, analogous to space groups, by inter-
linking the poini motifs by H-bonds. In constructing
these space motifs use will be made only of the
commonly occurring space symmetry elements in
organic molecular crystals, i.e. translation, glide plane,
and twofold screw axis. The existence of these point
motifs, and their resulting space motifs, are critically
dependent on the steric nature of the amide and acid
residues Y and X. This dependence will now be
examined in detail for motifs (7), (8) and (6) in turn.

3. Space motifs of the amide : acid complexes

3.1. Point motif (7)

The planar arrangement in point motif (7) induces a
close contact between the amide residue Y and the
carbonyl O atom of the carboxyl group. Therefore the
question arises as to the size of the residue Y which
may be incorporated into motif (7). The answer is
provided by the H-bond motif (10) common to formic
acid (Holtzberg, Post-& Fankuchen, 1953), acetic acid

(Nahringbauer, 1970; Jénsson, 1971) and f-tetrolic -

acid {Benghiat & Leiserowitz, 1972).

XI&& (10) Polymeric motif of

N Q. H-bonded carboxy!
xj\v"" x/kfr" groups.

y Y
A A R,N\KLVR
|
X C;,LX v Oj\x
(1ta) (11b)

2721

These molecules, X—CO,H, are interlinked by single
O-H---O bonds in a geometry which strongly
resembles that of the O—H- .- OCNH, bond in (7). The
common features are obvious from (lla) and (115).
Only these three monocarboxylic acids have been
observed incorporating point motif (11), this having
been accounted for by the close van der Waals contact
X..-O (Leiserowitz, 1976). By analogy, formamide,
acetamide and tetrolamide might be expected to fit into
motif (7).

3.1.1. Twofold screw axis and translation packing

" Translation of the point motif (7) generates a one-
dimensional space motif (12) in which the two carboxyl
groups are linked by C—X—C where X represents either
a chemical bond or a van der Waals contact. These
chains (12) may be -interlinked only by N—H_, .-
OCOH bonds via the L, lobes of the carboxyl O
atoms, in fact the only acceptor lobes available. This
may be achieved by a 2, axis or a glide, both running
parallel to the chain axis or alternatively by trans-
lation, yielding space motifs (13) and (14) respectively.
An essential difference between (13) and (14) lies in the
geometry of their interchain N—H--- O bonds.

Y, H

‘%}*‘} LA
H\ h * 'Ot 'L
[ A

(12) Chain motif derived from translation linkage of point motifs

(7.
I A' T
L
Y N\H.
-_?{’ﬁ%~‘°_,n* ; X’ZVWI\I-
NJ( qpl Y 2, ous._qh_de _

vy s ‘gy s -
X P
) 3~x~ /crn-«\{l:", g’ !
~-H-g - [
LI '

(13) Space motif containing chain motifs (12) linked by a 2, axis.
or glide.

trgnsiotion
0 0 /(
w0 A g A Mo ONx oo

yoooeM Ty }

] . kll Y

(14) Space motif containing chain motifs (12) linked by translation.

In the 2, axis, or glide, space motif (13) the distance
between the two carboxy! groups, C~X—C, affects the
geometry of the interchain N—H-.-O bond, since its
length depends on the length of the 2, axis, or glide axis.
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which varies with the C~X—C distance. Therefore the
C-X—C distance cannot be longer than 2 A to
accommodate an interchain N—H---O bond of 2.9~
3.0 A.Only oxalic acid satisfies this condition. Further-
more, of the three amides which may fit into the chain
(12) only formamide and acetamide may be accommo-
dated into the two-dimensional motif (13): tetrolamide
is precluded because of molecular overcrowding.

The C—X-C distance imposes no obvious restric-
tions on the translation space motif (14). However, the
short interchain contact between the Y groups. deter-
mined by the interchain N—H.--O distance, probably
does not permit the residue Y to be bulkier than a H
atom, so it would seem that only formamide complexes
could pack in this motif.

The 2:1 complex of formamide with oxalic acid
(Leiserowitz & Nader, 1977), whose cell constants are
listed in Table 1, does not crystallize in the translation

space motif (14); rather it appears in the space motif

(13) in which the chains (12) are interlinked by a 2,

HYDROGEN BONDING IN AMIDE:DICARBOXYLIC ACID COMPLEXES

axis. The H-bonded system (Fig. 1) contains two
striking features: a short O—H---OCNH, bond of 2.5
A and a H-bonded network which is not coplanar. but
crosslinked by virtue of a tilt of 19° between the chain
axis of (12) and the 2, axis. Such a crosslinked network
cannot be achieved in the glide space motl (13)

_because the axes of the glide-related chains (12) are

parallel. and so would yield a layer structure.

The molecular complex of formamide with formic
acid (Nahringbauer & Larsson, 1969). which of course
cannot pack in the 2, axis motif (13) (the distance
C-X-C — C-=II---11-C > 2 A), contains two
different H-bonded networks, (1) and (I1), shown in Fig.
2. both of which resemble the translation motif (14). In
(1. the point motifs (7) are interlinked by N-H.-.O
bonds generated by a shallow glide which is almost

akin to translation. In (II) the amide groups do not

comprise ring dimers as in (I): rather they form H-
bonds along a 3.6 A axis about a twofold screw, an
arrangement which is not unique: it appears in the

Table 1. Cei[ constants and H-bonding motifs of amide : carboxylic acid complexes

* The observed motif in N-methylformamide :oxalic acid is very similar to that given in the table (see § 4). The crystal structure of

Amide:
: acid  Space a b c B Point motif/
Amide Carboxylic acid ratio  group Z (A (A) (A) ®) space motif
Formamide Oxalic acid 2:1 P2/c 2 3669 11-066 10-314 99-40 (MK
Acetamide t:1 A2/a 16  20-542 9.079  13.931 112.09  {BY/(16)
't. »-F-acetamide 2:1 P2/ 2 4.72 4.83 2296 108 (17)/(23¢)
. «-Cl-acetamide 2:1 P2,/c 2 4-27 5-20 26-77 108 (17)/(23¢)
Crotonamide 2:1 P2/c 4 5-203  12-896 9-310 90-64 (17)/(18)
9219
Furamide 2:1 Pi 1 7-459 6-578 8-064 95.59  (1N/(23¢)
120-29
Benzamide 2:1 P2Je 2 513 5-27 30-97 108-6 (1 (23a)
N-Me-formamide 2:1  P2c 4 13-817 3-838 19.860 110-8 (25b)/(26)*
N-Me-acetamide 2:1 P/ 4 15-23 4-02. 19-94 93-2 (258)/(26)*
Crotonamide Succinic acid 2:1 P /e 2 514 16-60 9.55 98-5 (1N/(18)
129.7
Furamide 2:1  Pi 1 7-23 9-66 11-81 71-6 (1M/(23b)
' 111-0
Benzamide 2:1 P2J/e 2 9-194 5.116 19.480 105-66  (17)/(23a)
Acrylamide mese-DiCl-succinic acid 2:t P2, 2 5-22 21-65 6-85 109 (17 (23a)
Crotonamide 2:1  Pbca 8 20-40 8-69 9-88
Acrylamide (%) DiBr-succinic acid 2:1 P2/c 4 12.80 1396 9-33 104
Acetamide Maleic acid t:t P2, 2 609 6-45 10-48 92
Formamide Allenedicarboxylic acid 2:t  CeorC2/c 4 11-78 7-93 10-90 93
Acetamide I:1 Ce 8 19017 4.829  21-838  118.69  (8)Y/(16)
Crotonamide 2:1 P2Jc 4 18-80 18-20 4.52 93.5
Acetamide Acetylenedicarboxylic acid 2:1 Aba2orAcam 4 13.64 12-86 6-50
Acrylamide - 2:1 Clor C2m 4 14.85 6-38 13.40 91
Tetrolamide 2:1 Cie 4 22-279 9-139 6-944 98-51  (1/(18)y
96-8
Crotonamide Adipic acid 2:1 P 1 8-58 7-96 7-07 116-5 (7235
: 88.0
Furamide 2:1 P2/c 4 6-96 14-36 2098 123 un
Benzamide 2:1  Plje 2 5-04 5-34 37.22 91.9 (17/(23a)

N-methylacetamide :oxalic acid has not been solved, yet its H-bonding motif must be almost isostructural with N-methyiformamide : oxalic

acid (see § 4).

T The observed motif in tetrolamide : acetylenedicarboxylic acid is analogous to that given (see § 3.3.1).
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*Q* 3. rj‘
P
Ty

Fig. 1. Formamide :oxalic acid. H-bonding network viewed along
a.

134
QOA{ 1))
Jal
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reoon

pEP I S U S 2
SO G e

Fig. 2. Formamide :formic acid (Nahringbauer & Larsson, 1969).
H-bonding networks (1) and (I1) viewed along b. In (I) the amide
groups form H-bonded rings; in (I1) the amide groups are related
by a 2, axis to form a helical H-bonded system along the short b
axisof 3.6 A.

crystal structures of hydroxyurea (Larsen & Jerslev,
1966), isohydroxyurea (Larsen, 1968), and a number
of secondary cis amides (Leiserowitz & Tuval, 1977).

It was argued above that acetamide:oxalic acid
could pack in point motif (7) as part of the 2, axis
space motif (13). The actual structure is quite different
displaying the point motif (8). The advantage reaped by
acetamide :oxalic acid appearing in point motif (8) is
discussed below.

3.2. Point motif (8)

A space motif derived from point motif (8) by inter-
linking the free N—H__ . donor with the only available
L. lobe of the carboxyl group would induce close

2723

contacts between the residues X and Y as shown in
(15). Nevertheless point motif (8) is incorporated into |
the crystal structures of the 1:1 complexes of
acetamide with oxalic acid. (Leiserowitz & Nader,
1972) and with allenedicarboxylic acid (Nader, 1977)
through an additional carboxyl function, as shown in
(16), which bridges the N—H, ; proton donor and the
available L, acceptor lobe of the carboxyl group by
N—H-..-OCOH and O—H..-OCOH bonds. Charac-
teristic of this point motif in the two complexes are very

-short O—H---OCNH, bonds of 2-48 and 2-52 A.

X o

u‘onslnnk ¥

(15) Space motif containing point motifs (8) linked by translation.

Y H J\o-n Y
x/% Y”‘"o%

'( 16) Point motif observed in acetamide : oxalic acid and
acetamide :allenedicarboxylic acid.

To accommodate point motif (16) into the crystal
structure of acetamide:oxalic acid the less favoured
synplanar O=C—~C=0 conformation of oxalic acid
(i.e. the torsion angle of O=C—C=0 is 0°) is adopted.
The structure (Fig. 3) contains acetamide dimers H-
bonded to infinite chains of the synplanar oxalic acid
molecules linked to each other by single O—H...O
bonds along a pseudo 2, axis* forming a layer.
Application of the pseudo 2, axis provides the bond
linkage between the two ‘independent’ carboxyl groups
in point motif (16) to form the synpianar oxalic acid
conformer; indeed it is impossible to construct a H-
bond network incorporating (16) with oxalic acid in its
stable antiplanar conformation. The question then
arises why the acetamide complex does not appear in
space motif (13), as does formamide :oxalic acid, in
which the oxalic acid is antiplanar. Were acet-
amide : oxalic acid to pack in motif (13) this postulated
arrangement would bear a disadvantage in that the
O—H-..OCNH, bond could not be as short as in the
observed structure (2-48 A) because of a close
methyl- - - O(carbonyl) contact |i.e. the Y---O contact
in (7). In the observed structure the length of the
O—H-.-OCNH, bond, which is part of point motif (8),
is not at all affected by the bulkiness of the amide
residue Y.

® The structure contains two crystallographically independent
oxalic acid molecules related by a pseudo 2, axis and two
independent acetamide molecules forming the ring dimer.
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plane.

i

®
Fig. 4. Acetamide: allenedicarboxylic acid “(Nader, 1977). (a)
Packing arrangement in the ac projection. (b) The H-bonding
layer structure seen perpendicular to the be plane.

Point motif (16) is evident in the H-bond network of
acetamide : allenedicarboxylic acid which is a layer
structure (Fig. 4a). In a manner similar to acet-
amide :oxalic acid, the allenedicarboxylic acid
molecules form infinite chains (Fig. 4b) by single
O—H- -0 bonds along the 4-5 A b axis. Such chains
are made of double-stranded helices. The molecules in
each H-bonded strand are related by a twofold screw of

HYDROGEN BONDING IN AMIDE:DICARBOXYLIC ACID COMPLEXES

repeat 2b (i.e. a combination of the twofold axis and a
repeat unit), while the two interwoven strands are
related to each other by the twofold axis (Fig. 4a). The
double-stranded helices are connected to centro-
symmetric acetamide pairs by the N—H..-OCOH and
O—H-.-OCNH, bonds inherent in point motif (16).
The allenedicarboxylic acid molecule in the complex
maintains an overall conformation® similar to that of its
parent- compound (Leiserowitz & WNader, 1973), in
contrast to the oxalic acid complex.

The question arises whether the point motif (16) may
be encountered in other systems. It is obvious from the
sheet structure of acetamide :oxalic acid (Fig. 3) that
an increase in size of the amide residue Y will lead to
molecular overcrowding. Indeed, F or Cl substitution of

- one of the methyl H atoms of acetamide leads to a

change in packing type. Nevertheless, we envisage
molecular complexes with arrangements similar to acet-
amide:oxalic acid by choosing appropriate X and Y
residues. This may be achieved, for example, by
increasing the intramolecular separation between the
two carboxyl groups from C—C (oxalic acid) to
C—C=C-C (acetylenedicarboxylic acid).

3.3. Point motif (6)

The point motifs (7) and (8), and their corre-
sponding space motifs, impose strict limitations on the
sizes of the residues X and Y. In contrast, point motif
(6) obviously has no such restrictions and thus should
be commonly observed. Indeed, in the reported mono-
amides of dicarboxylic acids, e.g. fumaramic acid
(Benghiat, Kaufman, Leiserowitz & Schmidt, 1972),
bromosuccinamic acid (Murakami & litaka, 1969),
succinamic acid and muconamic acid (Leiserowitz,
1976), the molecules are linked by the carboxyl : amide
pair (6). Since this analysis is focused on centro-
symmetric dicarboxylic acids point motif (6) develops
into a molecular complex (17) with a 2:1 amide:acid

compaosition.
e
K o i
" A N &b -y

-
L_T'Loj R

{17) 2:1 amide :acid complex incorporating point motif (6).

The point motif (17) can be interlinked into a space
motif either by an N—H..-OCNH, bond or by an
N—H-.-OCOH bond. This may be accomplished
either by translation or by a glide (or 2, axis). The latter

* The torsion angle of C—C=C=C—C in allenedicarboxylic acid
is =90° in both the acetamide complex and the parent compound.

The 0=C—C=C conformation is antiplanar (r = 180°) in the

parent compound, whereas in the complex r = 178 and 163°
(Nader, 1977).
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symmetry, however, permits formation of an extended
structure by N—H--.OCNH, bonds only;* translation
symmetry imposes no such restrictions.

3.3.1. Glide packing

The extended H-bonded system achieved by joining
the point motifs (17) by a glide, or 2, axis, is shown in
(18). This mode of linking amide groups is analogous to
that observed in primary amides (Leiserowitz &
Schmidt, 1969) where it was shown that, to obtain a
sufficiently short, linear, interpair N—H---O bond, the
glide plane has to pass close to the amide C atom at an
angle approximately perpendicular to the Y—CONH,
bond, and in a direction parallel to the plane of the
amide group. This glidet has an axial component of
9.6+ 0-3A.

) »

1 . »
B}*H—- ; M- l . ' |HN-H
—,’%_.H}'x—\é:-n.;)’}‘%‘{ o v _’g
.;H “ He= -H-r(H
Dl P e S o
4 \K‘N-H

L
R '0\ }""‘ -0
Y _—\C-H»J—x—\\O_M\N»_Y '
H

(18) Space motif generated by linking point motifs (17) by a glide
or 2, axis.

An examination of space motif (18) reveals a relation
between the sizes of the residues X and Y. Firstly, steric
contacts arising from the length of the interpair
N—H---0O bond hardly permit X and Y to extend along
the interpair direction and thus X and Y are limited to
non-bulky chains (e.g. the pheny! ring 1s most likely
excluded). Secondly, the residues X and Y must be of
appropriate lengths along the chain direction. This
geometric relation between X and Y may be described
by two distances D and D, shown in (17) and (18). D,
is the separation between the two amide C atoms in the
2:1 molecular complex, given by / + 2j where i is the
intramolecular distance between the two carboxyl C
atoms and j is the distance between the amide and
carboxyl C atoms of the H-bonded carboxyl:amide
pair and thus a constant (= 4.0 A). D is the separation
between the two amide C atoms across the residues Y
equal to 2k + [, where k is the length of the residue Y
and / is the intermolecular distance between the two Y
groups. D, + D, is the translation repeat normal to the

* An extended arrangement wherein interpair N—H...OCOH
bonds are interlinked by glide symmetry cannot be achieved. This
may be seen by constructing hypothetical models.

+This N-H-.-O bond may also be achieved via a 2, axis.
imposing requirements similar to that of the glide: the 2, axis must
pass through the Y~CONH, bond and be in the plane of the amide
group.

AND F. NADER 2725
glide plane in space motif (18). As mentioned above, a
linear N—H--- O bond of the proper length of 2.9 A is
possible only if the glide plane passes close to the amide
C atom, achievable only if D_ = D.

Such a situation arises for the 2:1 complex of
tetrolamide : acetylenedicarboxylic acid (Nader, 1977).
Here D, ~12-1Aand D, ~ 122 A (D, ~i+8A, i~
4-1 A for C~C=C-C; D, =2k + I. k ~ 4-1 A for
H,C-C=C-C and ! ~ 4 A for a CH,--- H,C contact).
The actual structure (Fig. 5) is analogous to the planar
space motif (18), the primary difference being that the
acetylenedicarboxylic acid does not lie on a centre of
inversion but on a twofold axis, so that the acid
molecule adopts a synplanar O=C-C=C-C=0
conformation.

The condition D, =~ D, is also satisfied for the 2:1
complex crotonamide :succinic acid (D,~37+80=
11-7 A D, =2x38+4.0=11-6 A). The structure
exhibits a.packing scheme analogous to space motif
(18) as indicated by the characteristic glide axis of 9.5
A (Table 1). Were the complex to adopt the motif (18)
in its planar form the translation repeat normal to the
glide plane would be D, + D_ = 23.3 A. The actual
length of the appropriate b axis, however, is 16-6 A
(Table 1), implying that the plane of the complex unit
(17) is not perpendicular to the glide plane, but rather
inclined to it at an angle of arcsin(6/D_ + D ) ~ 45°.
Thus the H-bonding scheme of crotonamide : succinic
acid is not planar although the spatial relations
between the residues X and Y seem to be satisfied. This
type of H-bonding arrangement, as viewed along the
9.5 A glide, is depicted in (19). Were crotonamide:
succinic acid to appear in a planar arrangement of (18),
the crotonamide molecules interlinked by N—H...O
bonds along the glide would be involved in prohibi-
tively short contacts between the NH, group and the
B-H atom as indicated in (20). A very similar situ-
ation has been encountered in the structure of croton-
amide itself (Leiserowilz & Schmidt, 1969).

= L

Fig. 5. Tetrolamide : acetylenedicarboxylic acid (Nader. 1977). H-
bonding sheet struciure.
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(19) View of space motif (18) along the glide axis in which the
amide plane makes a shallow tilt of ~45° with the glide plane.

B

}«—CHs

[y
CHy ‘k Y
(20)

o~

O %1

In general the condition D, = D, is rarely satisfied,
leaving the two alternatives D, < D, and D, > D tobe
considered. ,

Given D, < D,, = 4 say, the scparation between the
adjacent glide planes in (18) = D, + 4/2, so that the
glide plane would pass through the H,NOC—Y bond at
a distance of 4/4 from the amide C atom as shown in
(21). An appreciable deviation 4 would induce too long
an interpair N—H---O bond. This situation exists
for the 2:1 complex of crotonamide:oxalic acid
{Leiserowitz & Nader, 1977). Here the estimated
mismatch between D, and D, (9-5 versus 11.6 A)is 2
A. Yet this complex crystallizes in the glide motif (18)
(Fig. 6a). The packing scheme in Fig. 6(b), viewed
along the H-bonding glide axis, shows how the
mismatch 4 is compensated. The complex unit (17) is
not inclined at a steep angle to the glide plane but at a
shallow angle of 40° which serves to bring the glide-
related amide groups into close proximity, yielding a
normai N—H-..0O bond of 2-95 A.

B —

‘FlL—— D, et 1 glidie
a4 Oin N
Bora_ puq]

T Som TS (21) Space motit (18) in
e M which D, > D,.
N»l( ~0 4

A

“1n the event where D, > D, = 4 the glide planes in
(18) pass through the C=0 and C—N amide bonds at a
distance of 4/4 from the C atom as shown in (22). The

HYDROGEN BONDING IN AMIDE:DICARBOXYLIC ACID

COMPLEXES

(a)

(b)
Fig. 6. Crotonamide :oxalic acid. (@) H-bonding network viewed
along a. (b) Packing arrangement in the ab projection.

glide operation yields a geometrically unsatisfactory
interpair N—H - - - O bond if 4/4 is of appreciable length
(ie. 0-5 A). This N—H---O bond geometry cannot be
improved by varying the tilt of the complex unit with
respect to the glide plane, unlike the prior condition D,

[
[ - glide
0, /2 ]

LI n,..__?
F H-0, O
—— c—v
-n-o; r‘b»-u-u’
| W

M

He=f O
SR
oi N-H
n/d‘u-r-—-—-n, h
i

Yo

(22) Space motif (18) in
which D, > D,
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< D,. This point is illustrated by the example of the 2:1
complex crotonamide : adipic acid (D, >~ 14.6, D, ~
11-6 A) for which 4 ~ 3 A, too large a mismatch to
permit the glide space motif (18). This is indeed
supported by the cell constants (Table 1). Applying the
same arguments we rule out packing motif (18) for a
number of 2:1 complexes such as fluoro- and chloro-
acetamide with oxalic acid, supporied again by their
cell constants (Table 1).

3.3.2. Translation packing

All the previously discussed space motifs impose
rather severe constraints on the sizes of residues X and
Y. These restrictions may be partially overcome by
interlinking the complex units (17) by translation in
three distinct ways, shown in (23a), (235) and (23¢).

(c)

(23) Three modes of interlinking point motifs (17) by transtation.

The packing mode (23a) exhibits an interpair
N—H---OCNH, bond between amide groups along a
5.1 A axis. The same type of linkage is frequently
encountered in both primary and secondary amides, as

~shown in (24a) and (245). In space motif (235) an inter-
pair N—H - --OCOH linkage occurs between amide and
carboxyl groups. The interpair N—H - - - O geometries

(24a) Primary amide dimers

e H-bonded by trans-
. !
—{ P lation.
f
(@)
"H
N-R
= (24b) Secondary amides H-
Qg bonded by transiation.
)
{
qu
)]
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in (23a) and (23b) resemble one another; their overall
packing structures, however, differ completely and thus
their relative merits should depend on the sizes of X and
Y. A significant crystallographic distinction between
the two space motifs is provided by the translation axis;
in (23a) it is of constant value (5-1 A), whereas in (23b)
it varies according to the length of C—X—C and must
always be appreciably longer than in (23a).

The packing mode (23¢) contains interpair N—H. -
O(carboxyl) bonds which are bifurcated; both the
carbonyl and the hydroxyl O atoms act as proton
acceptors. Such a H-bond is possible if the intra-
molecular separation C—X—C between the two car-
boxyl groups is sufficiently short, which is satisfied only
in oxalic acid. The length of the translation axis in these
oxalic acid complexes is a constant ~6-6 A.

3.3.2.1. Space motif (23a). The space motif (23a) is
strongly indicated for the three molecular complexes of
benzamide with oxalic, succiniq, and adipic acid
(Huang, 1969) since all exhibit 5-1 A axes (Table 1).
Indeed, this mode has been proved for benzamide : suc-
cinic acid (Huang, Leiserowitz & Schmidt, 1973) (Fig.
7). For the two remaining complexes the alternative
modes (235) and (23c) are ruled out by their cell
constants since none of their translation axes, and
combinations thereof, are compatible with the axial
lengths required by (23b) and (23¢).*

A unique feature of the benzamide:succinic acid
structure is the non-planarity of its H-bonded
carboxyl:amide pair (6). The distortion comprises a
twist of 20° between the planes of the amide and
carboxy! groups about the N—H ... OCOH bond. Such
a pronounced distortion is not evident in other
structures which contain the carboxy!:amide pair (6).
The angle between the planes of the amide and
carboxyl groups in the structures of fumaramic acid
(Benghiat, Kaufman, Leiserowitz & Schmidt, 1972),
furamide : oxalic acid (Huang, Leiserowitz & Schmidt,

* Motif (235) would demand interpair repeat distances ~8-2 and
11-8 A for the oxalic and adipic acid complexes respectively: (23¢).
which is possible only for the oxalic acid complex. requires a 6-6 A
axis.

Fig. 7. Benzamide :succinic acid (Huang. Leiserowitz & Schmidt,
1973). H-bonding along the 5-2 A translation axis.
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1973), and tetrolamide :acetylenedicarboxylic acid
(Nader, 1977) are 0-5. 3 and 10-0° respectively. As a
result of this distortion in benzamide :succinic acid a
separation of 3-6 A is achieved between the carbonyl
and hydroxyl O atoms of the carboxyl groups related
by the 5.2 A axis. Were the carboxyl:amide pair (6)
coplanar, this O---O separation would be ~3.0 A.
Thus it was deduced (Huang er al., 1973) that O---O
lone-pair repulsions do not permit an approach less
than 3-6 A between two O atoms of neighbouring
carboxyl groups arranged in such a way that their lone-
pair lobes are partially directed towards each other.

3.3.2.2. Space motif (23b). No detailed crystal
structure analysis of a molecular complex embodying
space motif (235) has yet been undertaken. Neverthe-
less, the evidence for the existence of this motif in the
crystal structures of furamide:succinic acid and
crotonamide : apidic acid (Huang, 1969) is indisputable.
Both are triclinic {P]) containing one complex unit (17)
per- unit cell (Table 1). Therefore interpair N—H-..-O
bonds can be formed only viu translation. Space motif
(23a) is ruled out by the absence of 5-1 A axes.
Incorporating furamide :succinic acid and croton-
amide :adipic acid into motif (23b) with reasonable
distances and angles (Fig. 8a and b) yields axial repeats
of 9-6 and 10-9 A respectively, in excellent agreement
with the corresponding axial lengths b = 9-7 A and 15
+ ¢l =112 A (Table 1).

3.3.2.3. Space motif (23c). The precise packing of
motif (23¢), with its characteristic 6-6 A axis, follows
from the crystal structure of furamide:oxalic acid
(Huang, Leiserowitz & Schmidt, 1973) (Fig. 9). The
interpair N—H---O bond is bifurcated, since the N—H
group straddles the carbonyl and hydroxyl O atoms of

oxalic acid with distances N-..O(hydroxyl) 3-10 A
and N...O(carbonyl) 2-94 A. This H-bond system is
similar to that observed in azodicarbonamide (Bryden,
1961). which is bifurcated with N—-H...N and
N—H---O bonds.

The motif (23¢) in all likelihood appears in the
isomorphous crystal structures of fluoroacetamide:
oxalic acid and chloroacetamide :oxalic acid although
their crystal structures have not yet been determined
and their cell dimensions (Table 1) do not unam-
biguously identify their H-bond space motifs. While the
vectors a + b for both compounds are of the proper
length of 6-7 A for space motif (23¢) the 4-80 A axis of
the fluoro derivative, and particularly the 5-20 A axis
of the chioro derivative, imply that these two structures
might, however, belong to space motil (23ag). On’
scrutiny the 4-8 A axis of the fluoro compound seems

100 short for an interpair N—H---O bond. Fluoro-

acetamide itself (Hughes & Small. 1962) exhibits a
5-15 A axis motif {(24a) with an interpair N—H.-.O
distance of 2-88 A. Were the fluoroacetamide complex
to form the interpair N—H---O bond along the 4-8 A
axis, the resulting N-..O distance would be appreci-
ably shorter than 2-88 A. Moreover, the average value
of this H-bond translation axis in (24a) for 23 primary
amide structures (Leiserowitz & Schmidt, 1969)is 5-12
A with a scatter |= (£ 4%/23 — 1)] of 0-07 A and thus
is significantly longer than 4-8 A. Consequently fluoro-
acetamide :oxalic acid undoubtedly does not appear in
the motif (23a), but crystallizes in motif (23¢) forming
the bifurcated N—H---O bond along the 6-7 A axis.
Since both the F and Cl complexes appear to be
isomorphous we conclude that chloroacetamide : oxalic
acid features the same H-bond scheme, despite its 5.2
A axis.

3.3.2.4. Comparison of the three translational
modes. The existence of the three translation modes of
N—H---0O bonding between complex units (17) raises -
the question of their relative merits. The packing mode
(23a) suffers from the disadvantage of a non-planar
carboxyl:amide pair (6) apparently induced by O---O
lone-pair repulsions. These O---O contacts are absent
in space motif (23b), and therefore one may query
why the benzamide complexes with oxalic, succinic,

Fig. 8. H-bonding translation motif (23b) postulated for (a)
furamide : succinic acid. {b) crotonamide : adipic acid, yields axial
repeats of 9-6 and 10-9 A respectively.

Fig.‘9‘ Furamide :oxalic acid (Huang. Leiserowitz & Schmidt.
1973). H-bonding arrangement along the 6-6 A axis.
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and adipic acid do not adopt this motif instead of
(23a). It is obvious that such hypothetical arrange-
ments would induce very short intermolecular con-
tacts between the benzamide ring and the carboxylic
acid molecule along the H-bond axis. However, we
are not certain of the distortions the amide and acid
molecules would undergo to relieve the repulsive
.contacts and how the energy of such a motif would
compare with that of the alternative motif (23a).
Perhaps a more satisfactory approach to this question
lies in examining the effect of substituting the bulky
phenyl residue by a smaller group, e.g. furan or allyl.
Indeed furamide:succinic acid and crotonamide:
adipic acid both appear in space motif (235) rather than
(23a) implying that of the two packing arrangements
the former is probably preferred, steric factors
permitting,.

The preference of space motif (23¢) over that of
(23a) and (23b) in oxalic acid complexes is probably
due to the bifurcated N—H---O bonds in (23¢).

4. Point and space motifs of secondary amide :dicar-
boxylic acid complexes

The principles applied in constructing the possible
modes of H-bonding between secondary amides
Y—CONHR and dicarboxylic acids are similar to those
adopted in generating the point and space motifs
involving the primary amides.

Three cardinal modes (25a), (25b) and (25¢) of
forming O—H - .. OCNHR bonds may be envisaged.* It
is evident that motif (254) may be discarded in view of
the too short contact between the OH group and the
residue R. Motil (25b), which is analogous to (7) in the
primary amide series, obviously cannot accommodate a
bulky Y residue. Motif (25¢), which is analogous to (8)
in the primary amides, has no such restrictions.

R

™ R o v
oHR _f Nt e I
e U DS

(@) (b)

—-H—-K\ j4
)
& QM\ 8
Y>-N“
(3]

{25) Three possible point motifs linking secondary amides with
dicarboxylic acids.

* Only the synplanar O=C~N~R conformation is considered in
deriving the motifs since this is the conformer invariably found in
crystalline secondary amides.
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The point motifs (255) and (25¢) may each be inter-
linked by N—H-.-OCOH bonds, via translation to
generate the one-dimensional space motifs (26) and
(27). As planar arrangements these two motifs suffer
from the shortcoming of very close contacts.

R O~ 40

'b v kW
b ?-*—’(}_ ),-yﬁh (26) Space motif containing
PR U A S e point motifs (256) linked
A . {
}: <' }_ (o-w-(?—'"‘ﬂ

by translation.
i Y
e
R O

St
\ " . }L_(bom_ .
/ ‘Su}?

Y

t ransiot

(27) Space motif containing
point motifs (25¢) linked
by transiation.

The H-bond arrangement in N-methylformamide:
oxalic acid (Leiserowitz & Nader, 1977) (Fig. 10)
mostly resembles (26). Its geometry is characterized b,
a linear and short O—H---OCNH bond of 2-475
and a bifurcated H-bonded system

O
e

O
which is approximately coplanar with N- --O distances
of 2.96 and 3-09 A. The N-methylformamide and
carboxyl groups, linked by the O~H.--OCNH bond
into a point motif akin to (255), are-not coplanar, the
angle between them heing 57°. It is by virtue of this
non-planarity that repulsive contacts are avoided
between the point motifs (255), which are interlinked by
the bifurcated N—H---O bonds via a shallow glide,
which may be regarded as a pseudo translation in view
of the short b axis of 3-8 A (Table 1). The shallow glide
performs the role of bringing the N—H bond, which is
not coplanar with the oxalic acid molecule in point
motif (25b), into approximate coplanarity with the
oxalic acid molecule to which it is linked by a
bifurcated H-bond.

Fig. 10. N-Methylformamide :oxalic acid. H-bonding arrangement
in the ac projection.
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Formamide:
oxalic acid

Acetamide:
oxalic acid®

Aceciamide:
allenedicarboxylic
acid

Crotonamide:
oxalic acid

Tetrolamide:
acetylenedicarboxylic
acid

Furamide:
oxalic acid

Benzamide:
succinic acid

N-Methylformamide:
oxalic acid®

Formamide:
formic acid ¥

Fumaramic acid}

2.5-Pyridinedicarboxylic
acid: dimethylformamide

+H,0

single

O-H---OCNH O- H OCNH O—H OCOH N-H,,

248
174
1153

2.60

174
113-0

2.52

O=H--.

2.58
17
114-5

d is the Y—(H). .. O distance (A); ais the X—H- - - O angle (°); fis the C=0---

d

g

2:61
126.7
2-56
168
116.8
253
170
126-1
2:60

126.4

2:66
125-6

Table 2. H-bonding parameters of dmz’de :carboxylic acid complexes

O bonds

AN

2.7
129-6
2.66

157
121-2

ring
---OCNH
d
-3
8
2.99

173
119-4

293
161
124-8

3.0t
m
127.4

2.99 2:93

176 imn
116:8 1227

(H)X angle (°).
N-H...0 bonds o)
ot
ring . _-O (carbonyh o
N-H, ,---OCOH N-H,,, --OCNH N-H,_,.--OCOH|Bifurcated N-H :\ Refesences -]
~0,{hydroxyl) O
d d d \ d, Q
o a a o, a, [g9]
£ s 4 [ b, 4
— — 2.95 - —
162 8
1331 Z
- - 2.9 - - o
113 Z
139-6 b
3.08 Nader (1977 o]
- — 117 — — Z
133.0 >
178‘00 ”%'95 Z
1155 1290 r?’
2.93 2-87 Nader {1977) .
163 168 — — - =
i16-1 1122 e}
’ . . >
.92 — 291 310 Huang, Leiserowitz =
172 104 172 & Schmidt (1973) ot
119-2 127-2 123-0 . le)
2-98 3.02 — — —_— Huang. Leiserowitz ><
160 142 & Schmidt (1973) =<
176 150:1 )
2:96 3-09 a
- - - 144 143 >
129 125 0
Ll
2.95 2-87 Nahringhauer & lw]
— —_ 151 140 —_ —_ Larsson (1969) O
136-0  138-7
e}
2-B4 2-94 Benghiat ef al. Z
111 163 - -— —_ (1972) ?
120-9 . £13.6
jea]
Tto, Kashino & b
Haisa {1976) m
w3

* Average values of two i

:o4alic acid and ¥-methylformamide :oxalic acid.

P 3 for
t Values are given for the two dm’evem H-bonding networks (i) and (Il) shown in Fig. 2.

1 Fi ic acid is nota

yet it is relevant since it contains the carboxyl : amide ring (6).
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N-Methylacetamide :oxalic acid is almost iso-
structural with the N-methylformamide analogue as is
evident from their cell constants (Table 1). This is in
contradiction with what is found in the analogous
primary amide series because acetamide :oxalic acid is
not isostructural with formamide:oxalic acid, as
discussed in § 3.2.2. The latter complex has a point
motif (7) which is analogous to (255), but in a planar
arrangement. Since in the secondary amide series the
amide group is not coplanar with the oxalic acid
molecule in (25b), N-methylacetamide may easily be
inserted into motif (254) without incurring a close
C—CH,---O=COH contact and thus a short O—H-..
O(amide) bond may be formed.

5. H-bonding properties

The systematics of the packing of the amide:acid
complexes, and their H-bond lengths and angies (Table
2} may provide a fuller understanding of the H-bonding
properties of amides and acids and of the factors
responsible for their complexation.

According to a study on the packing modes of
primary amides Y—-CONH, (Leiserowitz & Schmidt,
1969), a carbonyl O atom which participates in rwo
N—H---O bonds tends to adopt, the residue Y
permitting, the motif (28) which is coplanar and
contains two linear N—H.--O bonds symmetrically
disposed about- the carbonyl bond with C=0O-..N
angles ~120°.

(28)

Electron density maps about the carbonyl O atom,
as determined from the diffraction analyses of a
number of carbonyl systems such as cyanuric acid
(Verschoor & Keulen, 1971) (combined X-ray and
neutron study at —170°C) and diketopiperazine (Harel
& Hirshfeld, 1977) (X-ray study at —150°C) display,
fairly convincingly, two lone-pair lobes of the O atom
in the plane of the carbonyl system C=O at approxi-
mately 0.6 A from the O atom and making an angle of
about 110° with the C=0 bond. Combining these
findings with the favoured geometry of motif (28)
suggests that in the preferred H-bonded system the two
N—H proton donors are directed towards the acceptor
O atom approximately along the line of its lone-pair
lobes.

The same angular properties as deduced for the
N—H..-0O bonded motif (28) also seem to prevail for
the O—H---OCOH bond present in carboxylic acids.
Here the carbonyl O atom participates in only one H-

AND F. NADER 2731
bond.* A study of the packing modes of carboxylic
acids (Leiserowitz, 1976) appears to have provided
ample evidence that the O—H---O=CZ system is
coplanar with an angle C=0--- (H)O ~ 120°.

~H-
5.1 Preferred geometry of the H-bonded C=0O. b

system

The amide : acid complexes follow a trend similar to
the primary amides insofar as a carbonyl O atom which
participates in two H-bonds N—H-.-O and O—H---0,
tends to adopt, the residues Y and X permitting, a motif
(29) whose geometry is analogous to the N—H-.-O
bonded system (28). The justification of the preferences
for motif (29) is based primarily on the observation that
those complexes which tend to incorporate (29)
Inamely, formamide:formic acid, formamide :oxalic
acid, acetamide:oxalic acid, acetamide:allene-
dicarboxylic acid, tetrolamide :acetylenedicarboxylic
acid, crotonamide :oxalic acid, crotonamide :succinic
acid] appearing in space motifs (13), (16) and (18)
could as well exist in a translation space motif, e.g.
(23b). In the translation packing the N—H---O bond
along the translation axis is non-linear with a
C=0..-N angle ~150°. Thus the translation modes
(23a), (23b) are inferior to (13), (16) or (18). It is
noteworthy that most of the complexes which appear in
the translation modes (23) cannot, on steric grounds, fit
into any of the preferred motifs. As to the relative
merits of the preferred motifs (13), (16), and (18), their
H-bonding geometries do not permit a clear distinction.

5.2. H-bonding lengths

The O—H:..--OCNH bond has proved to be
surprisingly short in most of the complexes (Table 2),
particularly where the amide and carboxyl groups are
linked by a single H-bond as in point motifs (7),
(8), and (25b). Its length is 2-50 + 0-02 A for
formamide :oxalic  acid, acetamide:oxalic acid,
acetamide : allenedicarboxylic acid, and 2,5-pyridine
dicarboxylic acid:dimethylformamide + H,O (lto,
Kashino & Haisa, 1976), and N-methylform-
amide :oxalic acid. Only in formamide :formic acid
were relatively long O—H---O bonds of 2-58 and 2-60
A found (Table 2).

* It does not necessarily follow that the preferred geometry of a
single H-bond about a carbonyl O atom is the same as for a double
H-bonded carbonyl group, i.e. the angle C=0-...H-X for single
O~H-.-Oor N=H-.-O bonds may not preferentially be ~120°.
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The O—H.--OCNH, bond shows much greater
variation in length when it forms part of the cyclic
carboxyl:amide pair (6). Furamide:oxalic acid and
tetrolamide : acetylenedicarboxylic acid form short
O—H-.--O bonds of 2-53 and 2.56 A whereas in
crotonamide :oxalic acid and benzamide :succinic acid
these distances are 2-61 and 2-60 A. Moreover, the
structures of fumaramic acid (Benghiat, Kaufman,
Leiserowitz & Schmidt, 1972) and of 2-bromosuc-
cinamic acid (Murakami & litaka, 1969) both contain
the carboxyl:amide pair (6) with O—H...OCNH,
bonds of 2-66 and 2-57 A respectively. Thus it may be
concluded that only those motifs containing a single
O—H-.-OCNH bond, namely point motifs (7), (8) and
(25b), lead, with only one exception, to the formation of
exceptionally short (and therefore strong) O—H---O
bonds. Therefore a preference of these motifs over the
cyclic structure (6) seems to exist.

HYDROGEN BONDING IN AMIDE:DICARBOXYLIC ACID COMPLEXES

There appears to be no obvious distinction in length
between dimeric .and single O—H---O bonds of
carboxylic acids. The average length of the single
O-H-..0 bond of 2-65 A (Table’ 3) maiches the
O-H---0 distance of 2-64 A of a large variety of
cyclic dimers (Leiserowitz, 1976). Consequently, there
seems to be little doubt that the single O—H .- OCNH
bond is distinctly shorter than the single or dimeric
O—H.--OCOH bond. An analogous comparison of
N—H...OCNH, and N—H---OCOH lengths, both for
intra- and interpair motifs, does not appear to display
any significant pattern (Table 2).

5.3. The C=0 length in amides and acids

In the context of the findings on O—H--- OCOH and
O—H-.-OCNH lengths it is significant that the C=0

Table 3. O—H---0O distances (A) between carboxyl groups linked by single O—H- - - O bonds

O-H---0
Compound distance Reference
Formic acid 2-58 Holtzberp. Post & Fankuchen (1953)
Acetic acid 2-631 Jonsson (1971)
B-Tetrolic acid 2-655 Benghiat & Leiserowitz (1972)
Maleic acid 2-643 James & Williams (1974)
Cyclopropane-1,1-dicarboxylic acid 2-641 Meester. Schenk & MacGillavry (1971)
Bicyclol2.2.2}octa-2.5-diene-2,3-dicarboxylic acid 2.590 Hechtfischer. Steigemann & Hoppe {1970)
2-585
p-Tartaric acid 2.707 Okaya. Stemple & Kay (1966)
a-Oxalic acid 2.702 Derissen & Smit (1974)
Acetamide : oxalic acid 2-71
Acetamide : allenedicarboxylic acid 2-66 Nader (1977)

Table 4. Bond lengths (A) and angles (°) of amide and carboxyl groups

Amide group Carboxyl group

Compound C=0 C-N 0=C-N C=0 C-OH 0=C-0 References
Formamide : formic acid 1.251* 1-312 124.6 1-202* 1-320 125-4 Nahringbauer & Larsson (1969}
Formamide : oxalic acid 1-246  1-298 123.9  1.203 1-302 125-8
N-Methylformamide :oxalic acid 1-234* 1.296  124.7  1.194* 1.295  125.9
Acetamide :oxalic acid 1-251* 1301 120.0 12121 1.298 1262
Acetamide :allenedicarboxylic acid 1-255  1-305 120-8 1-222% 1.294 1242 Nader (1977)
Tetrolamide : acetylenedicarboxylic acid 1-248  1-313 123-2 1204 1-297  126-4 Nader (1977
Crotonamide :oxalic acid 1-255 1324 1217 1200 1-307 12640
Furamide :oxalic acid 1-250  1-322 123-6  1-201  1-310  126-2 Huang. Leiserowitz & Schmidt (1973}
Benzamide : succinic acid 1230 1.335 122-0 1194  1.318 123-1  Huang. Leiserowitz & Schmidt (1973
Fumaramic acid 1-247  1.323 122-6 1209 1-310 124.0 Benghiateral. (1972}
Acetamide (orthorhombic) 1-260* 1-334 1231 Hamilton (1965)
Acetamide (rhombohedral) 1241 1-324  122-6 Denne & Small (1971)
Benzamide 1-249  1.342 12241 Blake & Small {1972)
«- and f-oxalic acid 1.214* 1.298  126.8 Derissen & Smit {1974)
Allenedicarboxylic acid 1-.222* 1-293 124-3  Leiserowitz & Nader (1973)

* Mean values of two independent groups.
t Mean values of four independent groups.
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length is, on average, 0-04 A longer in amides than in
acids (1-25 versus 1-21 A) (Table 4). This implies that
the carbony! O atoms of the two groups have different
electron density distributions and therefore different
proton acceptor properties, the amide carbonyl group
probably being the stronger acceptor. This statement is
also borne out by the fact that in the complexes it is the
amide O atom which participates in two H-bonds
rather than the carboxyl O atom. The only exception is
space motif (23b).

5.4. The bifurcated N~H--.0 bond

A bifurcated N—H---O bond occurs in the oxalic
acid complexes which appear in space motifs (23¢) and
(26). On inspection it would seem that the bifurcated
N—H.--O system could have been avoided by for-
mation of a single N—H---O(carbonyl) bond. Thus we
conclude. tentatively, that the bifurcated N—H-..-O
bond is preferred over the single N—H--.O(carbonyl)
bond.
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