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Sir: 

AMENDMENT UNDER 37 C.F.R. § 1.116 

Applicants request that the period for response be extended one month through and including 

March 15, 2007, the fees for which have been paid at the time this Amendment was filed. 

In response to the Office Action dated November 15, 2006, please amend the above­

identified patent application as follows: 
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In the Claims 

1-24 (canceled). 

Docket No. USF-106XC1 
Serial No. 10/378,956 

25 ( currently amended). A method for identifying complementary chemical functionalities in 

order to form a desired supramolecular synthon, said method comprising: 

(a) evaluating the structure of an active pharmaceutical ingredient; 

(b) determining whether the active pharmaceutical ingredient contains chemical 

functionalities capable of forming supramolecular synthons with itself (a first supramolecular 

synthon); 

( c) identifying, from a plurality of chemical functionalities that are known to form a 

supramolecular synthon, at least one functionality that will form a second supramolecular synthon 

with the first supramolecular synthon formed by the active pharmaceutical ingredient, wherein the 

identified chemical functionality is not capable of disrupting non-covalent bonding within the 

supramolecular synthon formed by the active pharmaceutical ingredient, and wherein the selected 

chemical functionality is capable of forming a noncovalent bond to the supramolecular synthon 

formed by the active pharmaceutical ingredient; 

( d) identifying co-crystal formers having at least one functionality identified in step ( c ); and 

(e) preparing a multiple-component solid phase composition, wherein the multiple­

component solid phase composition is a crystal that comprises the active pharmaceutical ingredient 

and at least one of the identified co-crystal formers. 

26 ( canceled). 

27 (previously presented). The method of claim 25, wherein the at least one co-crystal 

former is selected from the group consisting of a different active pharmaceutical ingredient, a GRAS 

compound, a food additive, a low toxicity organic, and a metal-organic complex. 
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3 Docket No. USF-106XC1 
Serial No. 10/378,956 

28 (previously presented). The method of claim 25, wherein the multiple-component solid 

phase composition is formed by one or more methods selected from the group consisting of 

crystallization from solution, cooling the melt, sublimation, and grinding. 

29-36 (canceled). 
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4 Docket No. USF-106XCI 
Serial No. 10/378,956 

Remarks 

Claims 1-24 and 29-36 are pending in the subject application. Applicants acknowledge that 

claims 1-24 and 29-36 stood withdrawn from further consideration as being drawn to a non-elected 

invention. By this Amendment, Applicants have amended claim 25 and canceled claims 1-24 and 

29-36. Support for the amendments can be found throughout the subject specification and in the 

claims as originally filed (see, for example, paragraphs 38, 42 and 46). Entry and consideration of 

the amendments presented herein is respectfully requested. Accordingly, claims 25, 27, and 28 are 

currently before the Examiner. Favorable consideration of the pending claims is respectfully 

requested. 

At the outset, Applicants thank the Examiner for the courtesy of the interview conducted on 

21 February 2007 where issues related to the prior art reference of record were discussed (e.g., issues 

related to the effective filing dates of various passages within the reference). Applicants also 

acknowledge the indication that the previous rejection of claims 25-28 under 35 U.S.C. § 112, second 

paragraph, as indefinite has been withdrawn. 

Claims 25-28 are rejected under 35 U.S.C. § 102(e) as anticipated by Almarsson et al. 

(United States Patent No. 6,559,293, hereinafter referred to as the "'293 patent"). The Office Action 

argues that the '293 patent states: 

The present invention involves the unexpected discovery that the sulfamate (­
-OSO2 NH2) group of topiramate is slightly acidic and thus may be a handle for 
generation of salts, co-crystals, and complexes with basic compounds such as, but not 
limited to, caffeine, N-methyl pyrrolidine, nicotine, nicotinamide, and ethers such as 
PEGs (examples include but are not limited to PEG 200 and PEG 300). Salts are 
often associated with improved chemical stability and increased solubility of drugs 
leading to better delivery of drug to the body, by reducing unwanted degradation 
product exposure and increasing levels of drug in the body. Salt forms of drugs 
therefore constitute a useful set of options for development of drug formulations. 

The Office Action further states: 

Co-crystals and complexes of topiramate and other compounds can be prepared using 
conventional crystallization teclmiques, e.g., from solutions comprising topiramate 
and the other compounds. Without being limited by theory, it is believed that the 
compounds within co-crystals and complexes can interact via hydrogen bonding, 
ionic, or other interactions. Crystallization from melts of topiramate and other 
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5 Docket No. USF-106XC1 
Serial No. l 0/3 78,956 

compounds may also be used to prepare co-crystals or complexes oftopiramate. For 
example, a co-crystal or complex of topiramate and caffeine can be prepared by 
melting and recrystallizing caffeine, allowing such to cool, then contacting 
topiramate melt with the recrystallized caffeine, and allowing this to cool. In a 
particular method, caffeine is melted and recrystallized between a glass slide and 
glass cover slip on a hot-stage microscope (such as a Mettler-Toledo FP950tstage 
mounted on a Zeiss Axioplan II polarized light microscope). The hot-stage is allowed 
to cool to about 30° C. Topiramate is then placed on a glass slide in contact with the 
edge of the glass cover slip. The solid topiramate is melted and the melt is allowed to 
come into contact with the recrystallized caffeine. The temperature of the hot stage is 
lowered (e.g., to about 70° C.) and held there overnight. During that time the melted 
topiramate recrystallizes and a cocrystalline phase crystallizes between the caffeine 
and topiramate regions. The slide can then be heated to determined the melting point 
of the caffeine :topiramate co-crystal. 

Applicants respectfully submit that the '293 patent is not prior art to the subject invention as certain 

of the passages relied upon in establishing this rejection under section 102( e) of Title 3 5 are not 

present in the priority document filed February 15, 2002 and a rejection under § 102(e) is not 

appropriate under such circumstances. 

For example, the paragraph beginning at column 14, line 60, is not present in United States 

Provisional Patent Application 60/256, 764 (filed February 15, 2002). Rather, this application 

contains the following passage (see page 14, lines 24-29): 

The present invention involves the unexpected discovery that the sulfamate 
(-OSO2NH2) group of topiramate is slightly acidic and thus may be a handle for 
generation of salts. Salts are often associated with improved chemical stability and 
increased solubility of drugs leading to better delivery of drug to the body, by 
reducing unwanted degradation product exposure and increasing levels of drug in the 
body. Salt forms of drugs therefore constitute a useful set of options for development 
of drug formulations. 

Applicants respectfully submit that the passage referred to in the rejection of record is first disclosed 

in United States Provisional Patent Application 60/380,288 (filed May 15, 2002) at page 16, last 

paragraph of the priority document. With respect to the passage at column 14, lines 14-26, the 

language related to", co-crystals, and complexes with basic compounds such as, but not limited to, 

caffeine, N-methyl pyrrolidine, nicotine, nicotinamide, and ethers such as PEGs (examples include 

but are not limited to PEG 200 and PEG 300)" is not found in the '764 application. The '288 patent 

application states this passage as "The present invention involves the unexpected discovery that the 
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6 Docket No. USF-106XC1 
Serial No. 10/378,956 

sulfamate (-0S02NH2) group of topiramate is slightly acidic and thus may be a handle for generation 

of salts, or a co-crystal or complex with the basic compound caffeine. Salts are often associated with 

improved chemical stability and increased solubility of drugs leading to better delivery of drug to the 

body, by reducing unwanted degradation product exposure and increasing levels of drug in the body. 

Salt forms of drugs therefore constitute a useful set of options for development of drug formulations" 

(see page 15, line 29 through to page 16, line 2). The current version of this passage first appears in 

the paragraph bridging pages 15-16 of United States Provisional Patent Application 60/406,974 

(filed August 30, 2002). Finally, Applicants respectfully submit that the Example relied upon in 

establishing this rejection is also not found in the earliest priority document for the '293 patent. 

Rather, Example 7 of the '293 patent is first disclosed as Example 6 in United States Provisional 

Patent Application 60/380,288 (filed May 15, 2002) at page 37. Accordingly it is respectfully 

submitted that the portions of the '293 patent relied upon for establishing the rejection ofrecord are 

not prior art under 35 U.S.C. § 102(e) to the claimed invention and withdrawal of the rejection is 

respectfully requested. 

It should be understood that the amendments presented herein have been made solely to 

expedite prosecution of the subject application to completion and should not be construed as an 

indication of Applicants' agreement with or acquiescence in the Examiner's position. Applicants 

expressly reserve the right to pursue the invention(s) disclosed in the subject application, including 

any subject matter canceled or not pursued during prosecution of the subject application, in a related 

application. 

In view of the foregoing remarks and amendments to the claims, Applicants believe that the 

currently pending claims are in condition for allowance, and such action is respectfully requested. 

The Commissioner is hereby authorized to charge any fees under 3 7 CFR § § 1.16 or 1. l 7 as 

required by this paper to Deposit Account No. 19-0065. 
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7 Docket No. USF-106XC1 
Serial No. 10/378,956 

Applicants invite the Examiner to call the undersigned if clarification is needed on any of this 

response, or if the Examiner believes a telephonic interview would expedite the prosecution of the 

subject application to completion. 

FCE/sl 

J :\USF\l 06XC l\Amend-Resp\Amd. final.dodDNB/sl 

Respectfully submitted, 

Frank C. Eisenschenk, Ph.D. 
Patent Attorney 
Registration No. 45,332 
Phone No.: 352-375-8100 
Fax No.: 352-372-5800 
Address: P.O. Box 142950 

Gainesville, FL 32614-2950 
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Advisory Action 
Before the Filing of an Appeal Brief 

Application No. 

101378,956 

Examiner 

Leonard M. Williams 

Applicant(s) 

ZAWOROTKO ET AL. 

Art Unit 

1617 

--The MAILING DA TE of this communication appears on the cover sheet with the correspondence address -­

THE REPLY FILED 15 March 2007 FAILS TO PLACE THIS APPLICATION IN CONDITION FOR ALLOWANCE. 

1. [8J The reply was filed after a final rejection, but prior to or on the same day as filing a Notice of Appeal. To avoid abandonment of 
this application, applicant must timely file one of the following replies: (1) an amendment, affidavit, or other evidence, which 
places the application in condition for allowance; (2) a Notice of Appeal (with appeal fee) in compliance with 37 CFR 41.31: or (3) 
a Request for Continued Examination (RCE) in compliance with 37 CFR 1.114. The reply must be filed within one of the following 
time periods: 

a) 0 The period for reply expires __ months from the mailing date of the final rejection. 
b) !8J The period for reply expires on: (1) the mailing date of this Advisory Action, or (2) the date set forth in the final rejection, whichever is later. In 

no event, however, will the statutory period for reply expire later than SIX MONTHS from the mailing date of the final rejection. 
Examiner Note: If box 1 is checked, check either box (a) or (b). ONLY CHECK BOX (b) WHEN THE FIRST REPLY WAS FILED WITHIN 
TWO MONTHS OF THE FINAL REJECTION. See MPEP 706.07(f). 

Extensions of time may be obtained under 37 CFR 1.136(a). The date on which the petition under 37 CFR 1. 136(a) and the appropriate extension fee 
have been filed is the date for purposes of determining the period of extension and the corresponding amount of the fee. The appropriate extension fee 
under 37 CFR 1.17(a) is calculated from: (1) the expiration date of the shortened statutory period for reply originally set in the final Office action; or (2) as 
set forth in (b) above, if checked. Any reply received by the Office later than three months after the mailing date of the final rejection, even if timely filed, 
may reduce any earned patent term adjustment. See 37 CFR 1. 704(b). 
NOTICE OF APPEAL 
2. D The Notice of Appeal was filed on __ . A brief in compliance with 37 CFR 41.37 must be filed within two months of the date of 

filing the Notice of Appeal (37 CFR 41.37(a)), or any extension thereof (37 CFR 41.37(e)), to avoid dismissal of the appeal. Since 
a Notice of Appeal has been filed, any reply must be filed within the time period set forth in 37 CFR 41.37(a). 

AMENDMENTS 

3. !8J The proposed amendment(s) filed after a final rejection, but prior to the date of filing a brief, will not be entered because 
(a) !8J They raise new issues that would require further consideration and/or search (see NOTE below); 
(b) D They raise the issue of new matter (see NOTE below); 
(c) D They are not deemed to place the application in better form for appeal by materially reducing or simplifying the issues for 

appeal; and/or 
(d) D They present additional claims without canceling a corresponding number of finally rejected claims. 

NOTE: __ . (See 37 CFR 1.116 and 41.33(a)). 

4. D The amendments are not in compliance with 37 CFR 1. 121. See attached Notice of Non-Compliant Amendment (PTOL-324). 

5. D Applicant's reply has overcome the following rejection(s): __ . 
6. D Newly proposed or amended claim(s) __ would be allowable if submitted in a separate, timely filed amendment canceling the 

non-allowable claim(s). 
7. D For purposes of appeal, the proposed amendment(s): a) D will not be entered, orb) D will be entered and an explanation of 

how the new or amended claims would be rejected is provided below or appended. 
The status of the claim(s) is (or will be) as follows: 
Claim(s) allowed: __ . 
Claim(s) objected to: __ . 
Claim(s) rejected: __ . 
Claim(s) withdrawn from consideration: __ . 

AFFIDAVIT OR OTHER EVIDENCE 

8. D The affidavit or other evidence filed after a final action, but before or on the date of filing a Notice of Appeal will not be entered 
because applicant failed to provide a showing of good and sufficient reasons why the affidavit or other evidence is necessary and 
was not earlier presented. See 37 CFR 1.116(e). 

9. D The affidavit or other evidence filed after the date of filing a Notice of Appeal, but prior to the date of filing a brief, will not be 
entered because the affidavit or other evidence failed to overcome all rejections under appeal and/or appellant fails to provide a 
showing a good and sufficient reasons why it is necessary and was not earlier presented. See 37 CFR 41.33(d)(1 ). 

10. D The affidavit or other evidence is entered. An explanation of the status of the claims after entry is below or attached. 
REQUEST FOR RECONSIDERATION/OTHER 

11. [8J The request for reconsideration has been considered but does NOT place the application in condition for allowance because: 
See Continuation Sheet. • 

12. D Note the attached Information Disclosure Statement(s).~P ~8) P er No(s). __ 
13. D Other: __ . 

. c~LMW 

U.S. Patent and Trademark Office 
PTOL-303 (Rev. 08-06) 

SP.EENI P/DVJ!:,NABHAN 
SUPEFMSORY PATENT EXAMINER 

Advisory Action Before the Filing of an Appeal Brief Part of Paper No. 20070418 
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Continuation Sheet (PTO-303) Application No. 10/378,956 

Continuation of 11. does NOT place the application in condition for allowance because: The applicants have argued that the prior art 
applied does not constitute prior art under 102(e). The examiner respectfully does not agree. The amendment propsed by the applicants 
would require additional searching to fully evaluate thus it is not entered. 
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I herebv ceI'tify that this correspondence is being 
electr'onically filed in the Unite,d States Patent 
and Trade ark Office on March 15, 2007. 

AMENDMENTUNDER37C.F.R. § 1.116 
Examining Group 1617 

Frank 

Examiner 

Art Unit 

Applicants 

Serial No. 

Filed 

Conf. No. 

For 

Patent Application 
Docket No. USF-106XC1 
Serial No. 10/378,956 

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 

Leonard M. Williams 

1617 

Michael J. Zaworotko, Brian Moulton, Nair Rodriguez-Hornedo 

10/378,956 

· March 3, 2003 

4742 

Multiple-Component Solid Phases Containing at Least One Active 
Pharmaceutical Ingredient 

Mail Stop AF 
Commissioner for Patents 
P.O. Box 1450 
Alexandria, VA 22313 

1} Sir 

~ ,IY c0' March ~:,~::~::;::::::::::: ::::e:~::: :::d:,o::::::~ :::eluding 

AMENDMENTUNDER37C.F.R. § 1.116 

tG,- 7 In response to the Office Action dat~d November 15, 2006, please amend the above­(/ V identified patent application as follows: 

J ;\USF\I 06XC !\Amend-Resp\Amd. final.doo'DNB/sl 

UM00014274 

NOVARTIS EXHIBIT 1517 
Novartis v. Regents, IPR2023-01347 

Page 3013 of 4460



MAY-15-07 TUE 12:15 PM SALIWANCHIK LLOYD FAX NO. 3523725800 P. 01 

FACSIMILE COVER SHE~T 

SALIWANCHIK, LLOYD & SAI..IWANCHIK 
A Professional Association 

RECEIVED 
eENTRALFAXCeN'l'!A 

P.O. Sox 142950 
Gainesville, Fl 326142950 

MAY 15 2007 
. TCIRphone (35:?} ;)75-8100 

Facsimlle (362) :372-5800 

~........._Cl'i:tmht:P 0::ipd 411!'1hl'hlall(ltd lllfWI 1111P' 12 PP , ... ,, ......... 
1"0: Exmnincr l ,cnn~1rd WHlinms . FROM: Prank C. Eiscnschc-nk. Ph.D. 

COMf·'ANY: U.8. Pilk'1H Onicc DATE: May 15, 2007 
NO. OF PAGES 

3 
~•aa>A:Woi..,..:om- :,rerr -wna,1n:r21:r..,.,lr'J:J)(ZllflllP11 ,,.. ,._. mma r 

(INCLUDING COVER SHEET): 
.d:1111::IMU .. 

SUfJ,Jf.:Cl /MESSAGE: 

Re: CJ.S. P,li~'nl Applkntion Docket No. USF-106XC1 
MUL'l'!PLE-COMPONENT SOLID PHASES CONTAJNlNG AT LEAST ONE 
ACTIVE l'llAl{MACEUTICAL INGRliDlENT 
(Zn·worol~o. Mollllon, Rodl'iguc;1.-Homt·do) 
S.:·ri:-11 No. 10/378,956; filed March 3, 2003 

/\W.1chmcnb: Rl'qui..!s! for Continued Exnm,nnlion (RCE) Tronsmi1t11I (1 page) 
Ri.'qu~:-;t for n Limited Suspension of Action After a RcquosL for Continued 

H1rnmin~1tion (RCE) (1 png~) 

THIS IS AN OFFICIAL DOCUMENT. 

PLEASE DEUVER IMMEDIATELY. 

~~·exrr•~mrsrz • 1 1211 • 
11,,, lnfiimuitl(,n crm!al11ed i11 Jhi.v flt~.fi,nile rI1essage is in/ended only fur th,• pu.wnal flild confidc'nlial 11.:;,• of tit" 
d11sigiwfl'if r,1c:ipie11i.1· mm1c:d ubr1w•. Tlii:1 me.9.wge may be an auorney--dh,111 t·m11m1micati,m. and as su,·li is prfrih•[!_,1d 
1.111(/ cml)id,•uliul. lft/11: 1w1da of 1/ii., 1llt's.1·a~e is not lhr.! intf!,ul!!d ri!cipi,·m or cm ag..:111 t'r!Spcmsib/efw· d.:Jivc•ri11g ii lo 
llw i1·1Icud.,i1 rrclf'/1!/lf, )'l\U ,ire lie1·cl,y 11otij11•d that you havr1 rr:ceived I/iis docu1111mt In error, r,wl llwl wry rcvh•w, 
diss,wir'lt1li1111, dl.1·triba/iv11, nr n,pyi,ig o/lhl~ me.I·sa~c• is strictly prohiMtNJ. l/rou lwvc r,•c,.-i~vd this cummw,h'll/i(IJ/ in 
arm·, pl,·,1se 11C'tifi• 11.~ ill/lt1~·di,1/dv h~• tcl.-phon<! oml n!lum th<: ori?,inal 111t•s,1·1I,<;c' hv mail. rtmnk 1-•011. 
llti"'l't?7 I f 1!$111U~7n EA 111 I ·tr• fa- I T Iii h ltSO 

If you do not roceive all pagos or if any transmission is not legible, call tho 
sonder at (352) :375-8100. 

J \ll::H'\10GXC1\f.Jx2ElC~ll1incr doc/DNH/sl 

PAGE 113 t RCVD AT 51151200712:10:49 PM [Eastern Daylight TimeJ * SVR:USPTO-EFXRF-6117 ~ DNIS:2738300 # CSID:3523725800 i DURATION (mm-ss):01-32 

UM00014275 

NOVARTIS EXHIBIT 1517 
Novartis v. Regents, IPR2023-01347 

Page 3014 of 4460



NAY-15-07 TUE 12:15 PN SALIWANCHIK LLOYD RECEIVEIJAX NO. 3523725800 
CENTRAL FAX CENTER 

P. 02 

MAY 15 2007 
P10/SB.'3il IO'l 03) 

l\pf'!'C\/M IOI.,.,,\ Uuo11011071:l112000. OMG Of,~1-0,)l l 
U.S. Patcnl one! Tr.:1tlc'f11ark Office, IJ,,S C>(' PAH1 Ml: N'r l)f' C0t.1MI riCl: 

• • • .l/!i!lcJJllcl.'.,Jl:!!21~.!l!i::11Qll l\ffi!'d.1[::2j ... ~ .... , ... ,.:.r_.•,"'lr, .... ~ '"""'"""""""""""""""'"'"'·''"""""""''--' ~ ...... e..,n ... l ~ ... C:linc "' iQM I in 1 "'"' ,, I "" I ·~v,,ltd QMR 'i:?'Jirnl l II ,bar. 

HHquest 
for 

Continued Examination (RCE) 
Transmlttal 

!3.f>p_liaation Numbat __ ._10_1_37_3_,o_:;_ri ____________ ., --· 

Filin_g Dat_a ____ ._ ·-· t._:EJ~~'~'-~:?~?.~ .. 
Flrsf.Namcd Inventor ..... Mic.hJol J. Z.iwQroiko ______ _ 

Addfl:·•·,n 1c1: .Att Unit ......... ___ . ··--- _161
_
7 
_________ _ 

M.1!! ~;r,,p RCE 
Corlll'lll',t;icrwr l.:>r Pr.otnnt,, 
I' 0 (lvx 111!",0 

,., , Loono1t.l M. Willl.:mm 
. ..-xammer Namo -----1- ·-···-····-··-· .. , .. ··-·-··· 

Ah.:;..indlio, VA ??313•14C.O Attorney Docket Number usi:-1ooxc1 
-...:.,.-,--... ... -..-

~

ii~ii'Ri!i11mct fnr ~1l11li1111crl l:11.1111i11ation (R.CI:) undor 37 CFR 1,114 af tho above•-ide-ntifted ar,plicatio11. 
l{,,q1><":l r,,r C:n111i11uiit.l Cx:1n11i1~llon (1{Ct-:) p1ar.111;,111nd1,r 37 CFR 1.114 doec not opply lo any ulillly or plon1 c::ivric.:11,on r.1.,r1 prior lo Jun,: 0, 
12~!! nr,y 1lc!1w1n r,111,hc;,ll.:rn. r;ac 1ncl!uct1011 Shc:at for RC!:'~ (nol In oo submllled lo !he USPT,Q) on 1ingQ 2. 

1. ~rn.lssfc~~dtimlcr 07 c:i'F-1f 1.11 ~ Nole: If lhe RCF. ls proper, :my pm·,lously hlod unr-nlM~.:I ao1..-:nan1enlij 1JmJ-­
a~1,111chm·nt~ o,1ch;~,;-,1 witi1 lhc l~CE wi~ Le entered 111 lhc Qrdar In which ttiey wa111 liled unlO;.'ss 1'4pplico.nt in~lructr. olhcrwl~c If 

3. 

il;,r,lli:,):11 rtcr...: Ml wi~h m rw,c ,,ny 1'.ilC',/lou,;ly f1hn:l u,1rn·11or.;,t amr.nrlmell!(s) entered. applicant mu~l requet;l non.onlry or suci1 
n11N,n\lmcr,1(11). 

[l .. '·1 1"1,!viou~ly MJl)miHcd. If a final Ollica .:iclior, i~ 01..11i;1a,1t!in!), a,-,y arn!lnrlrnenls filed .irk:r the fin JI Olflca ::iction fllJY bo 
11 · '....I co1rcl1lcr.::11 c,~ o :rnt.nri~~lon c,vrm if ti~•, box j$ nnl <:hllckcd. 

II. 

II. [21 

[] 
[..l 

c,,,i::itl.·r ltlt',1 M<J111,w1,1·; in tile Appeal Brier or Rely Drier pri3vluusly f,l<ill on 

011,~r -~···•--·-

I. [] Am,.nii.-r.r.nlil't<~ply iii. [] 
0 

l11fonn1111on Oiac::1os,1re ~\alemenl (IDS) 

11. [] l\ffid,1vlt(s)I Do<J;:irn1,r,n(:':) Iv. 

['i1i;r;~;jj;;;,·o~iJ 
. 

1
.~J S1Jt.()orv,i1111 of a~tiC1n on lhiJ ::ibcvo,idcnlinod appllc::Jllnn bi reCJL1es!ed unoor 37 er~ 1.10:3(C1 fot a 

i.l, • .. pe;,lor.l !.ll _-________ n,,,n!l,r,. (P,i,;n,I or r.,mpon~hn moU not &>(CC10d a mcn1hi,, r.,,, oncter 37 CFR 117(i) n:qwrcd) 

b. [J Cllh<'r ___ -·--·-··-·· -·-··· ... --~----------------

C f:g,11~,l 
a. r.✓.1 

I, 

11. 

Ul. 

b, CJ 
c. r·1 

lho IKE'. f,(,• un(!,,r :17 C1:H 1.17{11) I}; mriulred by 37 Cl'fl 1.114 Wl)(lf' lho RGF. i~ filed. 
Tl 11t lli11,ctor Is h,,rohy aulho.-1.z.:?d t1> ch1.1rsc lhe fonowlng foc,s, c,r credit lll1)1 alie'Tlaymonts, lo 
Oc:(l(l~lt /l,C1:l)u1ll No, J_~:!l..liilli---•-•-

1.t.1 n,:r., f""' rcquirud lln~Cr 3 7 CF"R 1.17(11) ($'J!l0.00 L~A$1;'0 ON LARGE f:NTITY ST AT US) 

[{] f.-l(f1:n~l11n c.l li,r,c fee (37 CH11 Ua ~ntl 1.17) ($9G0 FOR Tt-il: DIFF-ER!;.NCE B~TWECN A 1 AND 3 MO!HH EO'f) 

[.] Otllrir ---------··----w,,.------·-••A ---··-------- - ,,, __ _ 
C:lwr.fl in lho .1mou11I d$ _~-•· .. ···-~-­

P.iy1t1r.n1 b:,, c:retU c:111<1 (r-t11m pro-,oos 1311r.1ni,M) 

WAIU,Ut-11,: hifom1ation on Jhl.s form moy boeorna p1-1blii;, Credil card lnforrruitioi\ st,ould not 

(~~;~;~:~:r~~;.2:!W1<:.i,;ld::~dl~~~::_::;:i~:~;i~:::::_E!"f <5;;ci2"~:::·= 
b~~!l;;·!.:!!".2_ _ ... ~ .,~ Date M.o 1 S, 7007 ~ 

•- - -· CE!tfflFlt.:A E OF MAIL.ING OR TRANSMISSION _________ 
4 

co 

'i'r,:,;:~.-1-~~~i;;fil~l\l;;;;,;:~~=·!;;;~;;.;,;:,1M ......,ll1 the Unrlod f.tat.,• F'osl;~ S1>t\rii:c wilh ;;,ffic,c;r,I poslil!Jfl an fw~I d,.t.;~ m,JI in lln ttrl\'lllOP<l ~ 
11,f,IIQ%ll,lto: M,:if ~11'1,> f<C:iJ, Cn1r,n,1n::IJnc\rf<rr P,!~11!:;, P. 0. n~ 145 Al~A,mdri~. VA 2.2313·14!lO cdru·a,rnllu IJ,insmiuod totho U.S. P.:.lMI Wld Tr;,;l~m:i1k -

~ Ki~'.'~ !?5 ;A,; ~iii,;;>~ fi-T~,E1~ --,~r_. ··~r.'i'[~ r,w. .. ~ 
c,m.-,, .,n n.11 d.,, .. 1,io(ll.f.'II 1.-100, ~ 

:,1:1n..i11u-, ~ tt_::JT,~ , a\u M-i~QL_ -- g 
-rr;\~.W.:ii:iiic,ii;i1,,rr11:1l,M , 1cq1J;°;7,1 by :u C~111.114, The I ,rorm~!ron Is l'l!lquirl!ll lo o~laln or ru!:.iin a bcnot,1 ~Y the r,11l.~iowt.ic:t, I~ 1a fll!l (11na t,1 u,e u:;PTO c:r-

tc1 ~¼Ou ',:J) ,in hpplir.hllur,, C, 1,hl~l1ii:11lty tO fJ 1J\l'~rpo~ by SS U .. C, 1?1;tm137 CFR 1.1'1. This c,illN'.liOn i:1 e:;limnlcd 1a J.91:a- 12 rrttri11hrfi lo r.o:1'1plda, UldJdnm ...,.. 
oarhu1ill{I. 1:11·rwln\). rn1~ Lt1IJ11u11J110 tlm ccrr,plol~d ap,iht,itlon fnrm lo !ho U:.l"'fO. i,~1e will vrny d"p<rnding LlpQfl tho l11'11vMmd case. Any cc,om,em~ 011 IM :=::; 
nm,,~111 ,,r llmo> Y,,ll (\•C!'ll(~ l<, i,,mJ~c:lr, Ill!~ f~•rn .ind/or •uggo•IIP,\$ f11r tudu,Jng lhla burtlon. &l'oCllld L,l !\t<nl \U thu Ct.id 111fcrmaUon 0!11c,r, U.S. P.ilunl and 0 
r,,v,,.11,11k f)/!ilol, IJ $ ·•~1,,-.,1mcr.1 c,f C:ow1w:,~11, l~.o. [l(lx 14(,(). A!n,<.'\t\d~4, VA :.>2~13•14~0. tlO NOT SE:Nll P.t:u$ C1R r.:OMPLETE:D FORM$ TO.11115 g 
APr.,r,~!,S.S!:11010, M~u :.in,> r.cr:, Comm!at.fcn<.r fur P;,t1m1s, P.O. Box 1 ◄ 50, Alox11111dria, VA 22313,1460. 0 

If y,:m nr.,~d ,,ir.r~t,Mcu /Ji compl~-'tinri th,; form. ~II 1,8()0.fJ f0· 9199 .~nd P.RIP.ct option:! 0 

05/16/2007 HVUONG1 00000039 190065 10378956 
02 FC:1253 960.00 DA 

PAGE 2/3 1 RCVD AT 51151200712:10:49 PM [Eastern Daylight Time!* SVR:USPTO-tFXRF,6/17 * DNIS:2738300 * CSID:3523725800 * DURATION (mm-ss):01·32 

UM00014276 

NOVARTIS EXHIBIT 1517 
Novartis v. Regents, IPR2023-01347 

Page 3015 of 4460



MAY-15-07 TUE 12: 16 PM SALIWANCHIK LLOYD RECEIVEOAX NO, 3523725800 P. 03 

OENTRALFAXCENTEA 

MAY 15 2007 REQORST FOR A LIMITED SUSPl1NSJON 
or AC'J'JON 

Art Uni! 

Appllc:ml-; 

St.!rial N,~. 

Filt!d 

(.'(lnf. No. 

For 

Docket Nn. USF-106XCI. 

IN 11 fE UNITl{I) STATrn:: PATENT AND TRADEMARK OFFrCE 

I.A'011:ml Willimns 

1765 

Mich.'.'lcl J, ZnwornLkn, Bri:ln Moulton, Nair Roddguc:.!-l·Iorncdo 

10/378,956 

M.w~h 3, 2003 

4742 

Multiplc-Cnmponl'nt Solid Phl'lscs Contoinin~ at Le::ist One Aclivo 
Ph:irnKICf..\Hti.;~J lngnxlic-nt 

M11U Slllp RCE 
C<.>111J1lissio11i.:r for Ptitcnls 
P.O. flox 1-150 
Ak•x:111dri,1, VA 22:> 13 

Rl•:QUES'I' 1-'Ol~ A LIMITED SUSPENSION OF ACTION AFTER A 
IWQUHST FOR CONTINUED Al>PLICATION (RCE) 

J\pplk(1llt!i lii:rcoy r~qucst 11 s11spcnslo11 of action in lhis m~ncnindcr 37 C.F.R. § 1.1 OJ(c). 'J'his 

paper is hcinr., tilr.d with a request for conliuued cxominntion in compli:.rncc with§ 1.114 1rnd App!knnts 

n·qu.;:~:1 th:.ll lH:lklll in this applil.~ation he su~pcnckd for a period of three (3) mo111hs. The prnccssing r~c of 

$130.00, sci forlh in § l .17(i) may be charged to Deposit .Acc:-ount No. 19-0065. 

'!'he Commissiom:ris hc.rchy nutllorizcd to chnrgc tiny othcrneccssnry fees under 37 CFR §§ l .16 

11r ! , 17 ns n:quircd by LI iis pnj\0f to lkpo~it A1..'.C01mt No. 19-0065. 

Ro,;c· ,llys~ 

05/16/2007 HVUOH61 000000343 190065 103784356 Fra1 k C. Eiscnsc.hcnk, Ph.D. 
PHIOtJl Atto1,rny 

03 FC:1464 lJO.OO DA Hr.gi!>l.ration No. 45,332 
Pho11c No.: 352-375-8100 
F~x. No.: 352-372•5800 
J\Jdrcss: P.O. Ht,x 142950 

· Gainesville, FL 326 J 4-2950 
FC:F./sl 

PAGE 313' RCVD AT 5/151200712:10:49 PM [Eastern Daylight TimeJ • SVR:USPTO-EFXRF,6117 • DNIS:2738300 a CSID:3523725800 # DURATION (mm-ss):01-32 

UM00014277 

NOVARTIS EXHIBIT 1517 
Novartis v. Regents, IPR2023-01347 

Page 3016 of 4460



I hereby certify that this correspondence is being 
electronically filed in the United States Patent 
and Trad'l1.ce on August 3, 2007. 

AMENDMENT UNDER 37 C.F.R. § 1.111 
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Commissioner for Patents 
P.O. Box 1450 
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SUPPLEMENTAL AMENDMENT UNDER 37 C.F.R.§1.111 

Sir: 

In response to the Office Action dated November 15, 2006 and the Advisory Action dated 

April 24, 2007, please amend the above-identified patent application as follows: 
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2 

In the Claims 

1-24 ( canceled). 

Docket No. USF-106XC1 
Serial No. 10/378,956 

25 (previously presented). A method for identifying complementary chemical functionalities 

in order to form a desired supramolecular synthon, said method comprising: 

(a) evaluating the structure of an active pharmaceutical ingredient; 

(b) determining whether the active pharmaceutical ingredient contains chemical 

functionalities capable of forming supramolecular synthons with itself (a first supramolecular 

synthon); 

( c) identifying, from a plurality of chemical functionalities that are known to form a 

supramolecular synthon, at least one functionality that will form a second supramolecular synthon 

with the first supramolecular synthon formed by the active pharmaceutical ingredient, wherein the 

identified chemical functionality is not capable of disrupting non-covalent bonding within the 

supramolecular synthon formed by the active pharmaceutical ingredient, and wherein the selected 

chemical functionality is capable of forming a noncovalent bond to the supramolecular synthon 

formed by the active pharmaceutical ingredient; 

( d) identifying co-crystal formers having at least one functionality identified in step ( c ); and 

( e) preparing a multiple-component solid phase composition, wherein the multiple­

component solid phase composition is a crystal that comprises the active pharmaceutical ingredient 

and at least one of the identified co-crystal formers. 

26 ( canceled). 

27 (previously presented). The method of claim 25, wherein the at least one co-crystal 

former is selected from the group consisting of a different active pharmaceutical ingredient, a GRAS 

compound, a food additive, a low toxicity organic, and a metal-organic complex. 
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3 Docket No. USF-106XC1 
Serial No. 10/378,956 

28 (previously presented). The method of claim 25, wherein the multiple-component solid 

phase composition is formed by one or more methods selected from the group consisting of 

crystallization from solution, cooling the melt, sublimation, and grinding. 

29-36 ( canceled). 

37 (new). The method according to claim 25, wherein said active pharmaceutical 

ingredient is selected from aspirin, ibuprofen, flurbiprofen, carbamazepine, phenytoin or 

acetaminophen. 

38 (new). A method for identifying complementary chemical functionalities in order to 

form a desired supramolecular synthon, said method comprising: 

(a) selecting an active pharmaceutical ingredient and evaluating the structure of said active 

pharmaceutical ingredient; 

(b) determining whether the active pharmaceutical ingredient contains chemical 

functionalities capable of forming supramolecular synthons with itself (a first supramolecular 

synthon); 

( c) identifying, from a plurality of chemical functionalities that are known to form a 

supramolecular synthon, at least one functionality that will form a second supramolecular synthon 

with the first supramolecular synthon formed by the active pharmaceutical ingredient, wherein the 

identified chemical functionality is not capable of disrupting non-covalent bonding within the 

supramolecular synthon formed by the active pharmaceutical ingredient, and wherein the selected 

chemical functionality is capable of forming a noncovalent bond to the supramolecular synthon 

formed by the active pharmaceutical ingredient; 

( d) identifying co-crystal formers having at least one functionality identified in step ( c) and 

selecting said identified co-crystal formers for the preparation of a multiple component solid phase 

composition; and 
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4 Docket No. USF-106XC1 
Serial No. 10/378,956 

( e) preparing a multiple-component solid phase composition, wherein the multiple­

component solid phase composition is a crystal that comprises the active pharmaceutical ingredient 

and at least one of the identified co-crystal formers. 
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5 Docket No. USF-106XC1 
Serial No. 10/378,956 

Remarks 

Claims 25, 27 and 28 are pending in the subject application. By this Amendment, Applicants 

have added claims 37 and 38. Support for the new claims can be found throughout the subject 

specification and in the claims as originally filed (see, for example, paragraphs 8-10, 49-55 and 

Figure 24). Entry and consideration of the new claims presented herein is respectfully requested. 

Accordingly, claims 25, 27, 28 and 37-38 are currently before the Examiner. Favorable 

consideration of the pending claims is respectfully requested. 

On March 15, 2007, Applicants submitted an after-final Amendment amending claim 25 and 

canceling claims 1-24 and 29-36. Applicants note that a Request for Continued Examination was 

filed on May 15, 2007 requesting that the previously submitted after-final Amendment be entered 

and considered. Applicants note that in this supplemental Amendment, claim 25 has been indicated 

as previously amended and claims 1-24 and 29-36 have been indicated as canceled (previously 

amended via the request for entry of the non-entered after-final amendment in the RCE of May 15, 

2007). Applicants have also added new claims 37-38 in this supplemental Amendment. 

Submitted with this Amendment is a supplemental Information Disclosure Statement for the 

Examiner's consideration. Applicants request that the references in the IDS be made ofrecord in the 

subject application. 

At the outset, Applicants thank the Examiner for the courtesy of the interview conducted on 

21 February 2007 where issues related to the prior art reference of record were discussed (e.g., issues 

related to the effective filing dates of various passages within the reference). Applicants also 

acknowledge the indication that the previous rejection of claims 25-28 under 35 U.S.C. § 112, second 

paragraph, as indefinite has been withdrawn. 

Claims 25-28 are rejected under 35 U.S.C. § 102(e) as anticipated by Almarsson et al. 

(United States Patent No. 6,559,293, hereinafter referred to as the "'293 patent"). The Office Action 

argues that the '293 patent states: 

The present invention involves the unexpected discovery that the sulfamate 
( --OSO2 NI-h) group of topiramate is slightly acidic and thus may be a handle for 
generation of salts, co-crystals, and complexes with basic compounds such as, but not 
limited to, caffeine, N-methyl pyrrolidine, nicotine, nicotinamide, and ethers such as 
PEGs ( examples include but are not limited to PEG 200 and PEG 300). Salts are 
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6 Docket No. USF-106XCI 
Serial No. 10/378,956 

often associated with improved chemical stability and increased solubility of drugs 
leading to better delivery of drug to the body, by reducing unwanted degradation 
product exposure and increasing levels of drug in the body. Salt forms of drugs 
therefore constitute a useful set of options for development of drug formulations. 

As is apparent, this passage relates to the formation of salts, not crystals comprising at least one 

active pharmaceutical ingredient (API) and a co-crystal former. Thus, this passage cannot be said to 

anticipate the claimed invention. 

The Office Action further states: 

Co-crystals and complexes of topiramate and other compounds can be prepared using 
conventional crystallization techniques, e.g., from solutions comprising topiramate 
and the other compounds. Without being limited by theory, it is believed that the 
compounds within co-crystals and complexes can interact via hydrogen bonding, 
ionic, or other interactions. Crystallization from melts of topiramate and other 
compounds may also be used to prepare co-crystals or complexes oftopiramate. For 
example, a co-crystal or complex of topiramate and caffeine can be prepared by 
melting and recrystallizing caffeine, allowing such to cool, then contacting 
topiramate melt with the recrystallized caffeine, and allowing this to cool. In a 
particular method, caffeine is melted and recrystallized between a glass slide and 
glass cover slip on a hot-stage microscope (such as a Mettler-Toledo FP950tstage 
mounted on a Zeiss Axioplan II polarized light microscope). The hot-stage is allowed 
to cool to about 30° C. Topiramate is then placed on a glass slide in contact with the 
edge of the glass cover slip. The solid topiramate is melted and the melt is allowed to 
come into contact with the recrystallized caffeine. The temperature of the hot stage is 
lowered (e.g., to about 70° C.) and held there overnight. During that time the melted 
topiramate recrystallizes and a cocrystalline phase crystallizes between the caffeine 
and topiramate regions. The slide can then be heated to determined the melting point 
of the caffeine:topiramate co-crystal. 

Applicants respectfully submit that the '293 patent is not prior art to the subject invention as certain 

of the passages relied upon in establishing this rejection under section 102(e) of Title 35 are not 

present in the priority document filed February 15, 2002 and a rejection under§ 102(e) is not 

appropriate under such circumstances. 

For example, the paragraph beginning at column 14, line 60, is not present in United States 

Provisional Patent Application 60/256, 764 (filed February 15, 2002). Rather, this application 

contains the following passage (see page 14, lines 24-29): 
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The present invention involves the unexpected discovery that the sulfamate 
(-OSO2NH2) group of topiramate is slightly acidic and thus may be a handle for 
generation of salts. Salts are often associated with improved chemical stability and 
increased solubility of drugs leading to better delivery of drug to the body, by 
reducing unwanted degradation product exposure and increasing levels of drug in the 
body. Salt forms of drugs therefore constitute a useful set of options for development 
of drug formulations. 

Again, as stated above, this passage relates to the formation of topiramate salts and does not 

anticipate the presently claimed method of forming a crystal comprising at least one API and a co­

crystal former. Applicants further respectfully submit that the passage referred to in the rejection of 

record is first disclosed in United States Provisional Patent Application 60/380,288 (filed May 15, 

2002) at page 16, last paragraph of the priority document. 

With respect to the passage at column 14, lines 14-26, the language related to", co-crystals, 

and complexes with basic compounds such as, but not limited to, caffeine, N-methyl pyrrolidine, 

nicotine, nicotinamide, and ethers such as PEGs ( examples include but are not limited to PEG 200 

and PEG 300)" is not found in the '764 application. The '288 patent application states this passage 

as "The present invention involves the unexpected discovery that the sulfamate (-OSO2NH2) group 

of topiramate is slightly acidic and thus may be a handle for generation of salts, or a co-crystal or 

complex with the basic compound caffeine. Salts are often associated with improved chemical 

stability and increased solubility of drugs leading to better delivery of drug to the body, by reducing 

unwanted degradation product exposure and increasing levels of drug in the body. Salt forms of 

drugs therefore constitute a useful set of options for development of drug formulations" (see page 15, 

line 29 through to page 16, line 2). Applicants again respectfully submit that the current version of 

this passage first appears in the paragraph bridging pages 15-16 of United States Provisional Patent 

Application 60/406,974 (filed August 30, 2002). 

Finally, Applicants respectfully submit that the Example (related to the formation of co­

crystals and complexes oftopiramate and other compounds) relied upon in establishing this rejection 

is also not found in the earliest priority document for the '293 patent. Rather, Example 7 of the '293 

patent is first disclosed as Example 6 in United States Provisional Patent Application 60/380,288 

(filed May 15, 2002) at page 37. Accordingly, it is respectfully submitted that the portions of the 
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'293 patent relied upon for establishing the rejection of record are not prior art under 35 U.S.C. § 

102(e) to the claimed invention and withdrawal of the rejection is respectfully requested. 

While Applicants maintain that the '293 patent is not appropriate prior art to the instantly 

claimed invention, Applicants also submit, herewith, a Declaration under 37 C.F.R. § 1.131 

antedating the '293 patent. As stated in the Declaration, the claimed invention was conceived and 

reduced to practice prior to February 15, 2002 in the United States. Accordingly, it is respectfully 

submitted that the cited reference is not prior art to the instantly claimed invention and 

reconsideration and withdrawal of the rejection ofrecord is respectfully requested. 

It should be understood that the amendments presented herein have been made solely to 

expedite prosecution of the subject application to completion and should not be construed as an 

indication of Applicants' agreement with or acquiescence in the Examiner's position. Applicants 

expressly reserve the right to pursue the invention(s) disclosed in the subject application, including 

any subject matter canceled or not pursued during prosecution of the subject application, in a related 

application. 

In view of the foregoing remarks and amendments to the claims, Applicants believe that the 

currently pending claims are in condition for allowance, and such action is respectfully requested. 

The Commissioner is hereby authorized to charge any fees under 3 7 CFR § § 1.16 or 1.17 as 

required by this paper to Deposit Account No. 19-0065. 

J :\USF\ 106XC 1\Amend-Resp\Amd.RCE.dodDNB/sl 

UM00014285 

NOVARTIS EXHIBIT 1517 
Novartis v. Regents, IPR2023-01347 

Page 3024 of 4460



9 Docket No. USF-106XC1 
Serial No. 10/378,956 

Applicants invite the Examiner to call the undersigned if clarification is needed on any of this 

response, or if the Examiner believes a telephonic interview would expedite the prosecution of the 

subject application to completion. 

FCE/sl 

Respectfully submitted, 

~ 
Frank C. Eisenschenk, Ph.D. 
Patent Attorney 
Registration No. 45,332 
Phone No.: 352-375-8100 
Fax No.: 352-372-5800 
Address: P.O. Box 142950 

Gainesville, FL 32614-2950 

Attachments: Supplemental Information Disclosure Statement 
Declaration Under 37 C.F.R. § 1.131 
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Examiner 

Art Unit 

Applicants 

Serial No. 

Filed 

For 

Patent Application 
Docket No. USF-106XC1 
Serial No. l 0/378,956 

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 

Leonard M. Williams 

1617 

Michael J. Zaworotko, Brian Moulton, Nair Rodriguez-Hornedo 

10/378,956 

March 3, 2003 

Multiple-Component Solid Phases Containing at Least One Active 
Pharmaceutical ] ngred ient 

Commissioner for Patents 
P.O. Box 1450 
Alexandria, VA 22313-1450 

Sir: 

DECLARATION OF MICHAEL J. ZAWOROTKO, BRIAN MOULTON, 

AND NAIR RODRIGUEZ-HORNEDO UNDER 37 C.F.R. § 1.131 

Michael J. Zaworotko, Brian Moulton and Nair Rodriguez-Hornedo declare: 

I. That we are co-inventors of the invention disclosed and claimed in U.S. Application 

Serial No. 10/378,956; 

2. That said invention was conceived and reduced to practice on, or before, February 15, 

2002 (the critical date) in the United States; 

3. That we conceived and reduced to practice methods for identifying complementary 

chemical functionalities that comprised evaluating the structure of an active pharmaceutical 

ingredient (API), determining whether the API contained chemical functionalities capable of 

forming supramolecular synthons with itself: identifying at least one other functionality that would 

form a second supramolecular synthon, identifying cocrystal formers having at least one 
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functionality identified in the identifying step and preparing a multiple-component solid phase 

composition that is a crystal and that contains the API and at least one of the identified cocrystal 

formers; 

4. That Exhibit l contains copies of abstracts discussing this technology that were 

submitted to the American Chemical Society on, or before, February 15, 2002 (see Abstracts 30 and 

76). We hereby attest that the submission date of the abstracts to the American Chemical Society 

was prior to the critical date of February 15, 2002; and 

5. Exhibit 2 contains a copy of an invention disclosure to the University of South 

Florida regarding the currently claimed technology. We hereby attest that the submission date of the 

invention disclosure has been redacted from the attached invention disclosure; however, the 

invention disclosure was submitted to the University of South Florida Division of Patents and 

Licensing prior to the critical date of February 15, 2002. 
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We hereby further declare that all statements made herein of our own knowledge are true and that all 

statements made on information and belief are believed to be true; and further that these statements 

were made with the knowledge that willful false statements and the like so made are punishable by 

fine or imprisonment, or both, under Section 1001 ofTitle 18 of the United States Code, and that 

such willful false statements may jeopardize the validity of the application or any patent issued 

thereon. 

Further, Declarants sayeth not. 

By: Date: 
Michael J. Zaworotko 

By: Date: 
Brian Moulton 

By: Date: 
Nair Rodriguez-Hornedo 

Attachment: Exhibit 1; Abstracts from the American Chemical Society, 
Division oflndustrial and Engineering Chemistry 
Exhibit 2; Invention Disclosure to the University of South 
Florida Division of Patents and Licensing 
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Examiner 

Art Unit 

Applicants 

Serial No. 

Filed 

For 

Patent Application 
Docket No. USF-106XC1 
Serial No. 10/378,956 

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 

Leonard M. Williams 

1617 

Michael J. Zaworotko, Brian Moulton, Nair Rodriguez-Homedo 

10/378,956 

March 3, 2003 

Multiple-Component Solid Phases Containing at Least One Active 
Pharmaceutical Ingredient 

Commissioner for Patents 
P.O. Box 1450 
Alexandria, VA 22313-1450 

DECLARATION OF MICHAEL J, ZAWOROTKO. BRIAN MOULTON. 

AND NAIR RODRIGUEZ-HORNEDO UNDER 37 C.F.R. § 1.131 

Sir: 

Michael J. Zaworotko, Brian Moulton and Nair Rodriguez-Homedo declare: 

1. That we are co-inventors of the invention disclosed and claimed in U.S. Application 

Serial No. 10/378,956; 

2. That said invention was conceived and reduced to practice on, or before, February 15, 

2002 (the critical date) in the United States; 

3. That we conceived and reduced to practice methods for identifying complementary 

chemical functionalities that comprised evaluating the structure of an active pharmaceutical 

ingredient (API), determining whether the API contained chemical functionalities capable of fonning 

supramolecular synthons with itself, identifying at least one other functionality that would fonn a 

second supramolecular synthon, identifying cocrystal formers having at least one functionality 
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identified in the identifying step and preparing a multiple-component solid phase composition that is 

a crystal and that contains the API and at least one of the identified cocrystal formers; 

4. That Exhibit 1 contains copies of abstracts discussing this technology that were 

submitted to the American Chemical Society on, or before, February 15, 2002 ( see Abstracts 30 and 

76). We hereby attest that the submission date of the abstracts to the American Chemical Society 

was prior to the critical date of February 15, 2002; and 

5. Exhibit 2 contains a copy of an invention disclosure to the University of South Florida 

regarding the currently claimed technology. We hereby attest that the submission date of the 

invention disclosure has been redacted from the attached invention disclosure; however, the 

invention disclosure was submitted to the University of South Florida Division of Patents and 

Licensing prior to the critical date of February 15, 2002. 

C:\Documents and Settings\Brian Moulton\Local Settings\Temporary Internet Files\OLK52\I 131-inv.doc/DNB/sl 

UM00014291 

NOVARTIS EXHIBIT 1517 
Novartis v. Regents, IPR2023-01347 

Page 3030 of 4460



3 Docket No. USF-106XC1 
Serial No. 10/378,956 

We hereby further declare that all statements made herein of our own knowledge are true and that all 

statements made on information and belief are believed to be true; and further that these statements 

were made with the knowledge that willful false statements and the like so made are punishable by 

fine or imprisonment, or both, under Section 1001 of Title 18 of the United States Code, and that 

such willful false statements may jeopardize the validity of the application or any patent issued 

thereon. 

Further, Declarants sayeth not. 

By: Date: 
Michael J. Zaworotko 

By: -~ Date: 
Brian Moulton 

By: Date: 
Nair Rodriguez-Homedo 

Attachment: Exhibit 1; Abstracts from the American Chemical Society, 
Division of Industrial and Engineering Chemistry 
Exhibit 2; Invention Disclosure to the University of South 
Florida Division of Patents and Licensing 
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Examiner 

Art Unit 

Applicants 

Serial No. 

Filed 

For 

Patent Application 
Docket No. USF-106XCI 
Serial No. 10/378,956 

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 

Leonard M. Williams 

1617 

Michael J. Zaworotko, Brian Moulton, Nair Rodriguez-Hornedo 

10/378,956 

March 3, 2003 

Multiple-Component Solid Phases Containing at Least One Active 
Pharmaceutical Ingredient 

Commissioner for Patents 
P.O. Box 1450 
Alexandria, VA 22313-1450 

Sir: 

DECLARATION OF MICHAEL J. ZA WOROTKO, BRIAN MOULTON, 

AND NAIR RODRIGUEZ-HORNEDO UNDER 37 C.F.R. § 1.131 

Michael J. Zaworotko, Brian Moulton and Nair Rodriguez-Hornedo declare: 

I. That we are co-inventors of the invention disclosed and claimed in U.S. Application 

Serial No. I 0/378,956; 

2. That said invention was conceived and reduced to practice on, or before, February 15, 

2002 (the critical date) in the United States; 

3. That we conceived and reduced to practice methods for identifying complementary 

chemical functionalities that comprised evaluating the structure of an active pharmaceutical 

ingredient (API), determining whether the API contained chemical functionalities capable of 

forming supramolecular synthons with itself, identifying at least one other functionality that would 

form a second supramolecular synthon, identifying cocrystal formers having at least one 
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functionality identified in the identifying step and preparing a multiple-component solid phase 

composition that is a crystal and that contains the API and at least one of the identified cocrystal 

formers; 

4. That Exhibit 1 contains copies of abstracts discussing this technology that were 

submitted to the American Chemical Society on, or before, February 15, 2002 (see Abstracts 30 and 

76). We hereby attest that the submission date of the abstracts to the American Chemical Society 

was prior to the critical date of February 15, 2002; and 

5. Exhibit 2 contains a copy of an invention disclosure to the University of South 

Florida regarding the currently claimed technology. We hereby attest that the submission date of the 

invention disclosure has been redacted from the attached invention disclosure; however, the 

invention disclosure was submitted to the University of South Florida Division of Patents and 

Licensing prior to the critical date of Febmary 15, 2002. 
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\Vl': hereby rurth(;r declare 1hat all slatcmcnts rnade hcr(·in of om own knowledge arc tnk' and that c1ll 

stmcrncnts maclL: on tnformation and belief nre believed lo be tl'ue: und fun her lhal thc3c stntcrncnts 

w1:'l\: rnr1dt· wiih tlk: knowledg,: that \villf'ul false stulcrncnls a11d th,~ lib~ :,u rm1dt· an, punisllabk by 

Jtnc ur irnprisumnent. or both, under Section 1001 ofTitk 18 or tlte U1iikd Stales C\ide, and lint 

sud1 willful folse statements mny jeoparcli%e the validity of the application or any patent issned 

thereon. 

Further_ DcclnnmLs sayt:th nn1. 

Date: 
Miclnel J. Zavvorolko 

By: ·-·---··---------- Dtile: 
lhian \loulton 

Date: 

.\tlachmcnt: L;xhibit 1: Absirnc1s frurn the /\.meric:m Chi.:'ntical Society. 
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ABSTRACTS 
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27. 
OPTIMIZED SYSTEM FOR IMMOBILIZATION AND STRETCHING OF SINGLE DNA 
MOLECULES IN MICROFLUIOIC DEVICES. Vl/ay Namas/vayam, Department of 
Clle1111ci1! tn9i1•e1:1mg /"lie Universtly of Michigan. 2300 Hayward, #3085 HH 
Dow 1\nn /lr/Jvr Ml 48109. Fax 734-763-0459, nvijay@en9in.um1ch.edu, 
llonaici Ci. /.,11sun l'ept. uf Cl1emicai Eng, University al Michigan, David Burke, 
Dupar/men/ oi Hunwn Gem,1ics. University of ,'v/ichig;,n, and Mark A. Bums, 
Depa11men1 of Chemic:11 Engineering c1nd Deparlmenl of Biomedical Engineering, 
Umvers,ty of M1ch,gan 

20. 
CIHSTAL ENGINEERING. aau/a111 R. Des/ra/u, School of Chemistry, University 
ol 1/y(lera/Jild, /-fyclera/i,;d 500 046, lnclia, Fax: 91·40·3010567, 
des1r,11u@11ohy1t.cm0!.1n 

Cryslai engineering, lhe design of organic solids, has emerged as an important 
cross-tl1sc1plinary field ol basic and appiied endeavour and is representative of 
l10U1 estalJlishecl and upcoming streams of ct1ernislry. It Is lratlilional in lhat it 
locuses on ll1e relationsl1ips between structure and properties. In lllis respect, II 
is like p!1ysIcaI organic chemistry. Being a synthetic activity, ii Is also lll<e 
ormrn1c sy11l1Jesis. ll Is modern in lliat ii is based on supramolucular chemistry 
wl;ere;n revu, s11J11ily, kinetics and entropy are all-importanl co11lribulors lo both 
slrui;tu1e c111,11uncl1011. Crystallisation 1s a supramolecular reaction, anti ii is 
,rnpo1la111 u,at one is able lo understand ii beloru systematic crystal design is a 
reality. ll10 essence ol synthetic stratogy in crystal engineering is lo select 
molecules/systems v1l1ere111 the i11ter111olecular interactions are obtained 
l1ie1arclucally, 111 other words lt1e strongest interactions are also Ille most 
predictable Accorclingly, the element of moclularity is introduced into crystal 
rJes1gn In general. sr1prarnolecular !unction is not modular. But, by choosing lhe 
system appropriately lhe chemist tries to obtain a situation which approximates 
to tlie modular ltleal llierarchic situations are not tound often. One of tile aims 
ot crystal engineering is to recognise these situations, if possible try and avoid 
them and 111 the best cases overcome tile problems presented by them. Crystal 
e11gi11001111g is 1i1e planned synthesis of an organic or metal-organic crystal 
structu•e associated with a particular predesirod property. II one can predict and 
co111ro1 crystal structure of molecules, then one can in principle control the 
p1operties ol t11e resulting solicls One moves therefore from structure design to 
p1ope11y cles1gn. However, because the pl1ysical origin of many properties of 
gene1al all(! p1aclical 111terest difters from case to case, thore can be no unified 
,;o11cep1 of clesign. P1oµer:ies rnvoiv1ng mainly cooperative effects ol coupling 
viii! ce1rn,111y tie the most cfil!icull to access by rational routes, ii such a goal is 
ov,11 acl1Icved Others lhat can be more or less derived logically from molecular 
atlribul!is. sucl1 as tile majority of clrnmical properties are to a great extent 
,ealIr;al1le Tnese anel related issues will be covererJ In tills tall<. 

29. 
POLYTYPISM, REACTION CAVITIES AND MECHANISTIC EXPERIMENTS: TOOLS 
FOR THE DESIGN, DISCOVERY ANO UNDERSTANDING OF NEW SOLID·STATE 
REACTIONS. Bmce M. Foxman, Magali Bourghol, and Wen Shang, Department 
of Clw1111stry, Brnndets Univernty, 415 South Street, P 0. Box 549110, 
Wall/Jam. MA 02454-9110, Fax: 181-136·25/6, loxman1@brandeis.edu 

Metal coo1dinalio11 polymers containing ligands with pendant unsaturated 
~roups ,110 excellent synll1ons 101 stereospecilic solid-state syntheses. Recent 
results to tie discussed 1nclutle (1) the occurrence al polylypes in simple metal 
carlJoxylate salts sucll as potassium acrylate or sodium trans-2 bulenoate, and 
ll1eir comparn!ive e!lects on solid-slate reactivity; and (ii) use of deuterium· 
labeling expenmcnts to explore t!1e mechanism of the -y-ray induced cyclodimer­
iz,11io11 reaciion of bis(trans·2·bt1tenoato) calcium. In addition lo the use of 

bi!ayer lorrnation as a steering device to produce reactive c;yslals, vcr; recent 
work In our laboratory focuses on tlie creation o1 "ionic cavities" in crystals, 
where reaction between localized sets of unllgalerJ, unsaturalerJ carhoxylates can 
occur. Tllis technique has allowed us to explore a unique cne reaction al 
trans-2-butenoate, as well as to plan small-molecule synltieses stariing with 
aciylalos and mett1acrylales, species which usually undergo polymerization in 
the solid slate. 

30. 
BINARY CRYSTALS BY DESIGN. Michael J, Zawaralko, Chemistry, University 
of Sou/Ii Fiorida, 4202 E. Fowler Avenue. SCA 400, Tamp,1, FL 33620, Fax. 
813·914-1733, zaworo@chumal.casusf.edu 

Tlie design of binary crystalline compounds relies upon understanding l1ow 
complemenlary supramolecular synthons inlluence composition and structure in 
the solid state. In this paper we shall present clelails concerning a range of new 
binary cocrystals t11al Involve carboxylic acid. amide or et11cr moieties. T11e 
molecular components generate the expected stoichiometry anrl, in some cases, 
predictable crystral packing motifs. An analysis of the structure and pl1ysical 
properties of the new binary cocrystals will be presented The results will be 
discussed in tl1e context of how one miglil exploit our results in order lo 
oenernte novel pharmaceutical phases. 

31, 
C-H, .. x HYDROGEN BONDING IN THE CRYSTALLINE STATE. Kenneth R. 
Solidon, and J,1n Albert van clan Berg, OU/LL Research Centre, The Queen's 
University of Belfast, David Keir Building, Stranm/111s Road, Belfast BT9 SAG, 
United Kingdom, Fax: +44 28 90665297, k.seddon@qub.ac.uk 

We examined the C-H· .. c1 interaction and analysed il statlslically. II was shown 
that tile concept of Van der Waals radii was not sufficient 10 prerlicl tile 
presence or absence o1 hydrogen bonds in the crystalline stale. Hero, we t1ave 
extended this survey of the crystallograpl1ic database to determine t11e contact 
characlerislics of type C-H .. ·X, where X°F, Cl, Br, I, N, P, 0 or S. We also 
looked at some of lhe structures irom an ab initio perspective using modern 
AIM ('Atoms in Molecules') theory lo determine 1110 characteristics ol hydrogen 
bonds obtained within ttie database. This enabled us lo statistically quantify 
parameters wit11i11 the limits ol l110 crystalline phase. Ulllmately, we show 11:at 
C-H .. ·X l1ydroge11 bonds ore a general plienomenon, and cannot bo adequately 
described using tl10 Van der Waals formalism. 

32. 
ORGANIC ION-RADICAL CRYSTALS. PACKING PARAMAGNETIC ORGANIC 
MOLECULES. Silas C. Blackstock, Peera Acharasalian, /(ye-Young Kim, and 
Byron J. McGee, Department of cnomistry, The University of Al.1bama, P a. Box 
870336, Tuscaloosa, Al. 35487, blackstock@ua.edu 

Tho crystal packing of a sorles of stable organic radical Ions will be presented 
with a11 emphasis on dissecting ellects of specific, weak, (even some covalem­
based) anlon-calio11 attractions on aggregation geometry. Nltrosyl sulp!1011atos 
and their aggregation in 1!1e solid state as a function of cal!on identily will be 
discussed. Within this context, hlg!1 resolution x-;ay structures of the two 
polymorphs of Fremy's Snit will presented for the lirst lime. Another series ol 
structures to be presented contain t11e radical calion of tetra-anlsyl•p·pl1enyle11e­
diamine (TAPD). Specific cation-anion CH-0 interactions ,re proposed to play 
a role in packing ol TAPD+ salts. Finally, a case of cl1arge•transler cr1stallizatio11 
will be presented. Here, an extremely endolliermic electron transler between a 
donor (D) and an acceptor (A) in solution yields a D+A· crystal structure. The 
basis o! an energetic payoH for ionization during cr;stallization and possible 
mechanisms of crystal growth wili be discussed. 

33. 
STUDIES OF THE GROWTH AND MORPHOLOGY OF CRYSTALS TEMPLATE □ 
ON CRYSTALS. G. Tayhas R. Palmore, anrf T1y•Jiu11 Mark Luo, Diviswn of 
Engineering, Box D, Brown University, 182 Hope Street, Providence, RI 02912, 
Tayhas_Patmore@brown.edu 

We are interested in how chemical additives influence lhe kinetics of crystal 
growth lor the purpose ol controlling the size, shape and quality of crystals 
templnted on lhe surface of other crystals. We have studied Ille growth ol 
crystals comprised of IJis(imidazolium 2,6-pyrldinedicarboxylate)Cu(ll)lrihydrate 
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molite supporied POM was more eflicient, with the highest kobs (3.18'10·3 
111111· 1) al µIi 7 0, 300!11n. TIie role ol HC03· was lound less signl11cant In the 
plwlo(legradalion l<inet,cs ol DCB with zeolile/ Preyssler system than with Ti02. 

71. 
SYNTHETIC LUBRICANTS FROM EPOXIDIZED SOYBEAN OIL: STRUCTURAL 
EFFECTS ON POUR POINT AND OXIDATIVE STABILITY. Sevlm l, Erhan, 
National Center tor Agricultural Ulilization Research/ARS!USDA, 1815 N. 
U111vors1/y St, Peori,1, IL 61604, Fax: (309)681-6340, erhansz@ncwr.usda.gov, 
,111(/ Hong·Sik Nw<111g, NationEI Cenlar /or Agricufatural Ulilizalion 
fiosen1c/J/ARS!USOA 

/1 va,iety ol lul;ricanl base lluids have been prepared lrom opoxidized soybean 
u,l IJy clie1111cal 111ud1lication Epoxidized soybean oil has been translormod lo 
1111g-opene1I products by reaction with various alcol1ols in the presence ol 
stillur,c acid as a catalyst. Considerable amounts of lransesterillcallon producls 
a,c observed during the ring-opening reaction. Acid anhydride has been lllon 
used to esterily llrn hydroxy groups in the ring-opened product. Structural effect 
ol subsliluenls on pour points ol t11e product in !ho presence and absence of 
1 % Pl'D (pour point tlepressant) will be discussed. A modilied Penn Stale 
111icro-oxidatio11 test al ll1ree seiected products shows 111ese lubricant candidates 
to 11ave similar or better oxidative stability relative to synthelic lubricant base 
llllillS sucll as PAO and aclipale. 

72. 
SYNTHESIS OF 4-(TRIALKYLAMIYlONIUM) PROPANSULTANS AND THEIR 
APPLICATIONS TO NEW PHASE-TRANSFER CATALYSTS. Maw-Lina Wana, 
01.•pn11nw1)/ of Clwm1cal Engineering, rung Hai University, Taichung Port Road, 
Suclwn 3, Taichung i/07, /'a/wan, Fax, (04)·2359·0009, 
c/1111mlw<L~n1<111.1n11.edu tw, anrl Wei-Hung C/Jon, Department of C/Jomica/ 
t'n9111001i119, Clwng Clwng University 

In 1111s worl<, 4-(lnalkylammornum) propansultan (TAAPS) was lirst developed as 
t110 new phase lransfer catalyst. Tile addition reactions of 1,3-propane sultone 
(PS) and !r1a11w1ammines (I AAs) were successfully carried out to synthesize 
sullobet,1ines (re. 4-(lrialkylammonium) propansultans, TAAPSs) in a homoge­
neous solution. For ll1e lirsl lime, live dilferent T AAPSs, which possess high 
,eaclivity, stallility, selectivity and perlormance, were employed as pliase· 
lrnnsler calalysls in synthesis dialkoxymet11anes in lhis work. The reaction ol 
alcohols and dibromomet11ane in an high alkaline solution ol KOH/organic 
solvent two,phase medium to produce dialkoxyme1hanes were carried out under 
phase-transler catalysis using 4·(trialkytammonium) propansultans as the 
calalysls. From 111e experimental observation, a rational reaction mechanism 
using 1111s new plrnse-translcr calalysl was proposed. Kinetics ol Ille reaction 
was st11die(I Ill llOiall. 

73. 
SiMULAT!ON OF S02 TO S03 IN A NON-ISOTHERMAL MULTI-TUBE FIXED-BED 
REACTOR. Selaha//Jn Gu//ekin, OepJ/1men/ of Sciences/Chemis/!y Divis/son, 
Dogus Uni'lorsily, Zearnet Sok. No. 21, Acibadem, Kadikoy, Istanbul 81010, 
ru1key Fax +90 216 3279631, sgu/lekin@dogus.edu.tr, and Nurdan 1/han, 
Evy;;µ Cl1t1111ical Co 

In lhls s111dy, 1t1e oxidation ol S02 to S03 was considered in a non·isott,ermal 
1nu11i-tube fixed-bed reactor The reaction S02 + • 02--S03 DH <0 is exother• 
,n,c and reve1sillle like ammonia and methanol synthesis reactions. The reactor 
simulation, \t1erefore, is rather involved. Especially, the eflects of tl1e variations 
ol some pa1a111eters sucl1 as inlet leed temperature, coolant Initial temperature, 
pressure, leecl rate, pipe tfiarneler and pipe lengt11 on the conversion rate of the 
reaction were i11vesl1galed. Changes ol tile conversion rale wit11 respect lo each 
ol tllese parameters are given in graphical forms and interpreled accordingly. In 
11·,o model equations t11at were derived !or 1!1e system, 1!1e variables (like T, P, 
D. F, L. .) allecling di1eclly the process were used.Mathematical package 
program MATL1\B was used lo solve lhese equations. The numerical results 
obtamed from tile solulions of the simultaneous diflerentia! equations are 
examine(] and compared with the expected results lrom tile theory ol the related 
reacl1on. The results were ilien interpreted accordingly by considering the nature 
of t!ie , eacl1011 under study. 

74, 
ELECTROCHEMICALLY GENERATED SUPEROXIDE ION IN IONIC LIQUIDS: 
APPLICATIONS TO GREEN CHEMISTRY. lnas M A/Nashet, Mic/Jae/ A. 
Matthews, and John W. Weidner, Department of Chemical Engineering, 
University of South Caro/Ina, 301 Main, ColumDia, SC 29208, Fax. 
803-171·8265, alnashef@engr.sc.edu 

Green chemical technology is concerned with reducing the waste from an 
industrial chemical process to zero. Its implementalion will lead to a cleaner 
environment. The introduction o1 greener technologies has become a major 
concern lhrougl1oul bolh Industry and academia. Room temperature ionic iiquids 
(RT!Ls) are emerging as potential replacements for volatile organic compounds. 
They are nonvolatile and non-llammable. Tile superoxide ion can be eiectro­
chemically generated in RTILs. We have shown that lhe superoxtde ion in lrnL 
can be used to destroy polyhalogenate1I aromatic hydrocarbons, wl1icl, rnprcsent 
a major environmental problem. The e!ectrochem1calty generated superoxide ion 
can also activate CO2 lo give a carboxylatlng reagent, which can be used lor 1110 
synthesis of a number of organic compounds. 

75, 
EFFECT Of EMULSIFIED STOCK ON PRODUCT DISTRIBUTION OF FCC. 
Chao-He Yang, and Yu-dong Sun, Slate Kay Lab of Heavy Oil Processing, 
University of Potro/aurn, 271 North Socond Roar/, Oongying 257061, China, 
yangc/J@lldpu.edu.cn 

FCC reaction properly was contraslecl between two kinds ol emulslllod oil and 
atmospt;eric residuo in a conlined lluidized bed reactor (CFBF1). According lo tile 
"demolition atomization" theory that secondary atomization can lorm smaller oil 
drop in riser, and the invigorating el!ect of emulsiller lo FCC whicl1 can promote 
lhe heavy oil FCC reactions. The CFBR experimental results indicate tl1at 
emulsions have better FCC reaction characteristics than atmosplierlc residue. 
Under the same reaction conditions, Ille conversion of emulsified residue 
increase by 4 to 7 percent, gasoline yield 1 lo 4 percent, LPG yield 1.3 to 2 
percent, dry gas yield about 0.8 percent, diesel oil yield decrease by 0.2 to 1.5 
percent, heavy oil yield about 5 percent, and coke yield is similar. At ll1e 
approximate conversion, the selectivity of emulsions are superior lo lhat o! 
atmospheric residue. The difference ol FCC reaction property of two emulsified 
oil is small. 

76, 
CRYSTAL ENGINEERING OF BINARY CRYSTALS THAT CONTAIN 
PHAHMACEUTICAL MOLECULES. Scott Fleischman, Les/lo Ann Mara/es, and 
Michael J, Zaworotko, Department of Chomislry, University of South Florida, 
University of South Florida, 4202 E Fowler Ave SCA 400, Tampa, FL 33620, 
s_fleisch@yahoo.com, lmora/es@chuma.cas.usf.edu 

T110 design of binary compounds using complementary molecules represents an 
example ol an application ol crystal engineering. P11armaceullcal molecules are 
inlierenlly predisposed lor such crystal engineering studies since tlwy already 
contain molecular recognition sites lhal bind seleclively lo biomolecules, and 
lhey are prone lo supramo!ecular sell-assembly. Pharmaceutical molecules tlial 
we llavo explored and have been able to form co-crystals include ibuprolen and 
!lurbiprofen. Tile co-crystals of ibuprofen/4,4' -dipyridyl, !lurbiprof on/4 ,4' -
dipyridyl and llurbiprofenltrans-1,2·bls(4·pyridyl)ethylene have lJeen c!1aracler· 
ized by various techniques and exhibit physical properties different lrom the 
parent compound as a direct result ol liydrogen bonding Interaction. Tliese 
crystalline assemblies could allord Improved drug solubilily, dissolulion rate, 
stability and bioavailability. 

77. 
COVALENTLY BONDING THE BONE CEMENT-METAL INTERFACE OF 
OHTHOPEOIC JOINTS WITH A SILOXANE LINKER. Amyl. Vickers, and Marya 
Lieberman, Department of Chemistry and Biochemistry, University of Noire 
Dame, 251 Nieuwland Science Hall, Notre Dame, IN 46556, avickers@nd.edu 

Present joint Implants have a finite lifetime, usually within ten to flfloon years. 
Tile major mechanism of !allure in ortl10pedic joint implants is the debo11di110 of 
the metal·bone cement Interlace. Any lmprovernenl to increase intorfacia! 
adhesion migtl! extend and improve the implants' lifetimes. Current available 
formulas of bone cement consist of methyl metliacrylate (MMA) tlial is mixed 
with polymett1yl metliacrylate (PMMA) and an initiator. The mixture polymerizes 
In a free radical mechanism, bonding lhe bone and metal implant surfaces 
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Crystal Engineering of Binary Pharmaceuticals 

BACKGROUND TO INVENTION 

The last decade has witnessed tremendous advances in our understanding of and ability to 
manipulate molecular and supramolecular assemblies.' Indeed, it is fair to state that there are new 
paradigms concerning the design and synthesis of a new generation of functional materials and 
molecules. Such advances are a consequence of the fundamental importance of intermolecular 
interactions, structure and cooperativity in many aspects of molecular science, from environmental 
science to molecular biology lo pharmacology to materials science. Thus, the prospects for control 
and manipulation of materials at the molecular level, particularly in areas related to non-covalent 
bonding and nanotechnology, are now truly exceptional. However, whereas crystal structure 
determination has been a tool used by scientists since the l 920's, crystal structure prediction 
remains a largely unmet goal. 2

;3 Fu1ihermore, the existence of more than one crystalline form of a 
given molecular compound. typically in the form ofpolymorphs or solvates, represents both a 
problem and an opportunity.4

·
5 This is particularly true for the pharmaceutical industry and forms 

both the scientific basis for this invention and its potential commercial significance. 
The concept of crystal engineering6 7 represents the scientific basis of the invention since it is 

predicated on the assumption that crystals are de facto examples of self-assembly, i.e. crystals are 
comprised from a series of molecular recognition events or supramolecular synthons. 8 It also offers 
a more realizable goal than crystal structure prediction since it relies on design and allows for 
careful selection of substrates, i.e. substrates that are predisposed to form predictable self-assembled 
superstructures can be targeted for study. Furthermore, the prototypal molecules used in crystal 
engineering contain exofunctional molecular recognition sites and they can be complementary with 
themselves (self-assembly/ or with other molecules (modular self-assembly). 10

:
11 Coincidentally, 

most pharmaceutical molecules also contain exterior molecular recognition sites and, although this 
makes them susceptible to polymorphism and solvate formation, it also makes them attractive 
candidates for crystal engineering studies. 

SUMMARY OF INVENTION 

This invention relates to the application of the concepts of crystal engineering towards the 
design of new pharmaceutical phases. ln terms of superstructure, there are three likely ways in 
which a drng molecule might interact with another molecule: 

Binary cornpounds in which superstructure is generated by two or more molecules, both of 
which are integral components of the network and complementary. 
Cluthrme inclusion compounds in which superstructure is generated by self-assembly of one or 
more molecules and a guest molecule is enclosed within the superstructure. 
Porous inclusion compounds in which the superstructure is open framework in nature. 

In this invention we focus on the former and demonstrate for the first time that the concepts of 
crystal engineering and suprarnolecular synthons can be applied to prepare a wide range of novel 
pharmaceutical materials that are based on rational design. They therefore can be generated in such 
a fashion that they have desirable composition, structure and properties. More specifically, we 
address an issue that is particularly relevant to pharmaceutical composition of matter and 
processing: the diversity of compositions, superstructures and solubilities that can be generated 
when drug molecules form binary phases with complementary molecules. We report such binary 
phases involving the following drugs: aspirin, acetaminophen, ibuprofen (and related compounds), 
phenytoin and carbamazepine and appropriate molecular additives. These novel phases include 
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Crystal Engineering of Binary Pharmaceuticals 

both ·'model binary phases" that illustrate the concept of crystal engineering and binary phases that 
incorporate pharmaceuticals with GRASt compounds. 

WHY IS THIS WORK SCIENTIFICALLY RELEVANT? The ability of crystalline self­
assemblies to be built from a bottom-up approach 12 leads to exceptional control of the design of 
new phases at a molecular level. This contrasts with the current state-of-the-art: "The number of 
forms known for a given compound is proportional to the time and money spent in research on that 
compound". 13 This statement summarizes the predicaments and opportunities that one faces when 
dealing with a need to assert control over the composition and structure of pharmaceutical 
compounds in the solid state: 

• That physical properties of crystalline solids are critically dependent on the internal 
arrangement of molecules or ions makes prediction of composition, crystal structure and 
morphology from knowledge of molecular structure a scientific challenge of the highest 
order. 

• However, crystal structure prediction and even prediction of composition remains a largely 
unmet goal. 

• Yet crystal engineering offers the intriguing possibility of using molecular components for 
their ability to impart functional characteristics (such as solubility, dissolution rate and 
stability) for the development of new delivery systems 

In the context of organic and pharmaceutical solids, our invention addresses these issues by 
demonstrating that crystal engineering offers a paradigm for the supramolecular synthesis 14 of a 
wide range of new multiple component phases that have predetermined composition and, in some 
instances, predetermined topology. Such an ability to build hierarchical structures from molecular 
or supramolecular modules facilitates precise control of structure and function of solid phases. 
These binary phases have the following advantages over single component phases and traditional 
multiple component phases (solid dispersions): high thermodynamic stability (thereby reducing 
problems associated with solid phase transformations), modified bioavailability (finely tunable 
solubility and de! ivery), and enhanced processability ( crystal morphology, mechanical properties, 
hygroscopicity). 
The invention therefore means the following from a scientific perspective: 

• Protocols for the rational design of a new generation of pharmaceutical phases that 
contain at least two components that are sustained by supramolecular synthons. 

• Correlation of structure and function of the new pharmaceutical phases via 
characterization of structure, crystal energy, solubility, dissolution rate, and stability. 

• A new range of novel phases for the treatment of human and animal diseases. 

WHY IS THIS WORK PRACTICALLY RELEVANT? Undesirable physicochemical properties, 
physiological barriers, or issues of toxicity often limit the therapeutic benefit of drugs. This has 
motivated research in drug delivery systems for poorly soluble, poorly absorbed and labile 
substances. Crystalline self-assemblies represent a promising delivery modality for improving drug 
solubility, dissolution rate, stability and bioavailability. In addition, enhancement of drug activity 
can be achieved by means of inclusion complexation or molecular encapsulation. These systems 
offer various advantages over amorphous polymeric delivery systems both from design and stability 
perspectives. In this context, the existence of more than one crystalline form of a given compound, 

t Compounds that are FDA certified as Generally Regarded As Safe 
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Crystal Engineering of Binary Pharmaceuticals 

typically in the form of polymorphs or solvates, represents both a problem and an opportunity and 
awareness of this matter continues to grow. The following factors further complicate the situation: 

• The FDA's strict purity requirements effectively mean that a particular crystalline phase of 
a drug must be selected and that its composition must be established. This has typically 
meant that a consistent X-ray powder diffraction (XPD) pattern is requ ired. 15 

• The US Patent Office's definition that a new phase 16 (i.e. polymorph, solvate or binary 
compound) of a drug can be patented if there is any processing (e.g. filtering, drying, speed 
of crystallization, morphology) or bioavailability (e.g. solubility) advantage to a new solid 
phase. This can have significant commercial relevance because patents can be extended 
(e.g. ranitidine HCl form II - worth $30billion to Glaxo over 10 years) or effectively voided 
(the subsequent use of ranitidine HCl form I by a generic drug rnanufactmer). 

• The need to ensure that processing produces both purity and ease of processing. The former 
is problematic because many drug molecules are prone to form multiple phases and crystal 
size and morphology can vary for a given phase. The commercial and public image costs of 
not ensuring that processing is reliable and reproducible is at best very high (e.g. recent pull 
back and reformulation ofNorvir® by Abbott Laboratories). 17 

That XPD's have been relied on for intellectual property and quality control is convenient 
but is in many ways unfo1iunate since XPD is not as foolproof as single crystal X-ray 
crystallography (e.g. similar patterns can be obtained for different phases, composition is not 
unambiguously determined) and XPD does not determine crystal packing. Knowledge of crystal 
packing is important since it helps explain the solubility and composition of a particular phase and it 
provides information that can be used to design new phases. The materials properties of 
pharmaceuticals and the existence of polymorphs are generally investigated at the tail end of the 
drug ckveloprnent process. We intend to demonstrate that it will be possible to generate dozens or 
hundreds of phases involving a given pharmaceutically active moiety. Furthermore, these phases 
will offer a wide range of physical prope1iies including melting point, solubility and 
hydrophobicity. Therefore, the invention described herein will likely make crystal engineering of 
pharmaceutical phases an early and critical part of drug discovery and development. 
We therefore extend the state-of-the-art in at least three ways: 
l) By generating a rational, supramolecular strategy for the design of novel, multiple 
component crystalline phases. 
2) By extending this strategy to pharmaceutical phases. 
3) By using this strategy to control the delivery properties and stability of pharmaceutical 
compounds. 
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Crystal Engineering of Binary Pharmaceuticals 

APPENDICES 

1. Carbamazepine 5H-Dibenz(b,f)azepine-5-carboxamide (CBZ) has been shown to exist in at least 
three anhydrous forms and two solvated forms (a dihydrate and an acetonate). The aqueous 
solubilities of the di hydrate and the monoclinic anhydrous forms are 0.125 and 0.38 mg/ml at 25°C, 
respectively. The crystal structures of al I forms except the triclinic and the 
acetonate forms have been so!ved45-47. One of the primary intermolecular interactions in these 
crystal forms is the dimer formed between the carboxamide moieties of each CBZ molecule. In the 
tricyciic framework of CBZ the central azepinc ring has a boat conformation and the dihedral angle 
between the planar benzene moieties is 126.6. Intermolecular hydrogen bonding between 
carboxarnide groups forms centrosymmetric dimers. The anhydrous polymorphs are monoclinic, 
trigonal, and triclinic. The polymorphs are enantiotropically related with the monoclinic form being 
the most thermodynamically stable at room temperature. The 10, 11-Dihydro-5Hdibenz(b,l)azepine-
5-carboxamide derivative displays a different bonding pattern from that of CBZ with the 
carboxarnide groups building dimers as well as a continuous chain of hydrogen bonds. As in the 
crystal structures of anhydrous CBZ, the dihydrate exhibits intermolecular hydrogen bonding 
between carboxamide groups and thereby builds centrosymmetric dimers. The two independent 
water molecules form hydrogen bonds with a CBZ molecule, one water molecule as an acceptor 
NH---O(water) and the other as a donor to the carbonyl group of the carboxarnide C=O---H(water). 
Three of the four hydrogen bonds per water molecule are between water molecules that create a 
continuous hydrogen bonded chain between water and CBZ molecules. 

More details to be added on this and other drugs 
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Crystal Engineering of Binary Pharmaceuticals 
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-----------------REVIEWS 

Concomitant Polymorphs 

Joel Bernstein,* Roger J. Davey, and Jan-Olav Henck 

Chemists who encounter polymor­
phism for the first time are often 
unaware of its existence and baffled 
by its manifestations. Experimental 
problems might include, for example, 
variable or diffuse melting point, crys­
tal batches with inconsistent physical 
properties (electrical or thermal con­
ductivity, filtering, drying, flow, tablett­
ing, dissolution), or two (or more) 
different colored or different shaped 
crystals in the same batch of (chemi­
cally) "pure" material. These problems 
arise because the conditions of the 
particular crystallization have led to 
the production of a number of poly­
morphs, which are present in the 
crystallizing medium or vessel at the 
time lhe crystals are harvested. The 
fact that polymorphs of a substance 
can appear concomitantly has long 

been recognized but rarely noted or 
studied. Is the phenomenon of con­
comitant polymorphs a curse or a 
blessing? It can be both. It is a curse 
for the chemist seeking a pure sub­
stance and a robust procedure to 
repeatedly and consistently produce 
the pure material, and the existence 
of concomitant polymorphs corrupts 
that procedure. Il is a blessing, how­
ever, because (the recognition of) the 
existence of polymorphs in general, 
and concomitant polymorphs in partic­
ular, can provide the information and 
the opportunity to gain control over 
the crystallization process, and to ach­
ieve the desired specificity and robust­
ness. An understanding of the compet­
ing thermodynamic and kinetic factors 
that govern the crystallization of poly­
morphs in general, or of a particular 

substance in particular, facilitates the 
control over the production of the 
desired polymorph, to the exclusion 
of undesired ones. Such control has 
important implications in a variety of 
industrial applications, of which phar­
maceutical production and formula­
tion is but one important example. 
This review covers lhe factors that 
govern compelitive polymorphic crys­
tallization and the rationale behind 
concomitantly crystallizing poly­
morphs, followed by a survey of con­
comitant polymorphs of a variety of 
chemical systems and a variety of 
crystallization procedures and condi­
tions. 

Keywords: concomitanl polymorphs • 
crystallization kinetics poly­
morphism • thermodynamics 

You can observe a lot just by watching. describing the phenomenon we certainly can provide hints on 
how one might accomplish the crystallization of polymorphs, 
if that were the desired experimental goal. 

Yogi Berra 

1. Introduction 

Even the title of this paperPl requires close examination: 
are we referring to a description of the phenomenon of 
polyrnorphs that crystallize simultaneously or is lhis meanl lo 
be a practitioner's recipe for obtaining two or more poly­
morphs at the same time? The intent is the former. but in 
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Dr. J.-0. Henck 
Institut fur Pharmakognosie der Universitat Innsbruck 
Josef-Moeller-llaus, lnnrain 52, 6020 Innsbruck (Austria) 

A polymorph has been defined as "a solid crystalline phase 
of a given compound resulting from lhe possibility of at least 
two crystalline arrangements of the molecules of that 
compound in the solid state".[2J Different polymorphs have 
different slructures and hence, in effect, each is a unique 
material with its own physical and chemical properties. Every 
student learns early on that crystallization is one of the 
principal methods of purification, and indeed most industrial 
processes that lead to solid products rely on this technique 
almost exclusively to prepare active materials which meet the 
regulatory and market demands of reproducibility and purity. 
In a polymorphic system, crystallization can result in the 
production of more than one material, in fact a mixture of 
materials; hence a knowledge of lhe processes that govern 
nucleation, crystal growth, and phase transformation in these 
systems is essential, on the one hand, for process control and, 
on the other hand, to ensure that maximum data and 
understanding arc generated from experiments. This review 
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deals with a particular phenomenon which is not widely 
recognized but is associated with crystallization in polymor­
phic systems-namely that of concomitant crystallization of 
polymorphic crystal forms. We shall show that this is of 
particular relevance on two counts. First, from a scientific 
point of view, experiments that simultaneously yield crystals 
of different polymorphic structures potentially offer both 
structural and thermodynamic information not available 
when only one phase crystallizes. Second, from a commercial 
perspective, process conditions that result in concomitant 
crystallization are to be strenuously avoided since they lead to 
variable materials that do not meet prescribed specifications. 
We will address a number of questions related to this 
phenomenon: 
l) Why do different polymorphs crystallize concomitantly? 
2) How can concomilanl polymorphic cryslallizalion be 

achieved or avoided? 
3) What information can be obtained by the observation and 

study of such systems? 

Joel Bernstein was born in 
Cleveland, Ohio, in 1941. After 
obtaining a BA degree al Cor­
nell University, he earned a PhD 
degree in physical chemist!)' at 
Yale University for research on 
the solid-state spectroscopy of 
organic compounds. Following 
two-year postdoctoral stints in 
X-ray crystallography ivith the 
late Ken Trueblood at UCLA 
and in organic solid-stale chem­
istry with the late Gerhardt 
Schmidt at Lhe Weizmann Insti-

J. Bernstein 

4) What use can be made of such information'? 
5) What examples of concomitant polymorphs are available? 

Although in the course of addressing these questions a 
number of examples will be given in demonstration, this paper 
is not intended to be exhaustive or comprehensive. It is meant 
to provide an introduction and an entry to a generally 
unrecognized phenomenon which, when properly recognized 
and studied, can provide useful information for a variety of 
disciplines. 

2. Why do Polymorphs Crystallize 
Concomitantly ?-The Qualitative Picture 

Crystallization is a remarkable process that brings approx­
imately 1020 molecules or ions into an essentially ordered 
array, and results in the same structure-or limited number of 
structures, in the case of polymorphism-for every crystal, in 
every laboratory, and, in principle, every time it is done. There 

R. Davey J.-0. Henck 
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are exceptions, but it is these characteristics of the crystal­
lization process that make it so attractive as a purification 
technique. As generations of chemists have learned, it is 
possible to define experimentally for any substance the 
solvent, temperature, rate of evaporation or cooling, and 
other conditions under which a material will crystallize.f6l This 
has been termed the occurrence domain J7l This domain exists 
for any substance, but rarely, if ever, are its contents 
completely known. The contents of the occurrence domain 
for any material-in the present context, any polymorph-are 
not necessarily unique. ln regions in which there is overlap of 
domains, one may expect that two or more polymorphs would 
crystallize under essentially identical conditions, thus leading 
to the phenomenon discussed in this review. 

3. Polymorphism-Some F'undamentals 

Like most chemical processes, crystallization in polymor­
phic systems is governed by a combination of thermodynamic 
and kinetic factors. We shall see in this and the following 
Section that it is in fact the interplay between thermody­
namics and kinetics that makes concomitant crystallization 
possible. This section deals with the essentials of the 
thermodynamic processes involved. More detailed accounts 
may be found elsewhereJ&-13] 

3.L Thermodynamic and Kinetic Stability Amongst 
Polymorphs 

Thermodynamic theory tells us that crystallization must 
result in an overall decrease in the free energy of the system. 
This means that, in general, the crystal structures that appear 
will be those with the greater (negative) lattice (free) energies. 
In polymorphic systems there are evidently a number of 
possible structures with similar lattice energies. 

This drive towards free energy minimization will be bal­
anced, as in all chemical changes, by the kinetic tendency of 
the system to crystallize as quickly as possible to relieve the 
imposed supersaturation. From the molecular point of view, 
the process of crystallization is one of supramolecular 
assembly in which the building blocks of the crystal assemble 
through the utilization of molecular recognition forces 
involving an anay of intermolecular interactions as well as 
stereochemical packing constraints. If some structures are 
able to form more quickly than others then the system may, in 
the short term, settle for less than the maximum energy 
decrease, providing such a situation can be achieved at speed. 
A secondary transformation to a lower energy state can take 
place later. 

The distinction between thermodynamic and kinetic influ­
ences is often demonstrated using the example of the graphite 
and diamond forms of carbon. The former is the thermody­
namically preferred crystalline form, but kinetic factors (in 
particular. a high activation barrier) make the rate of trans­
formation from diamond to graphite infinitely slow.l14l 

Angew. Chem. Int. Ed. 1999, 38, 3440-3461 

3.1.1. Energy versus 1'emperature Diagrams 

The energy versus temperature (E/T) diagram was intro-­
duced into crystallography by Buergerf151 in 1951 without 
application to any specific example. The theoretical deriva­
tion and practical application of this diagram have been 
described and discussed by Burger and Rambergerlll, 121 and 
by Gnmenherg et aLl13l For simplicity we will limit the 
discussion to two polymorphic solids, although the extension 
to a larger number is based on the same principles. 

The relative stability of two polymorphs depends on their 
free energies, the more stable polymorph having a lower free 
energy. The Gibbs free energy of a substance is expressed as 
Equation (1), where G and Hare clearly functions of temper-

G~H·· TS (1) 

ature and this variation may be plotted for one possible 
relationship between the two polymorphs and the melt 
(liquid) as in Figure 1. Such diagrams contain a great deal of 
information in a compact form, and provide a visual and 
readily interpretable summary of the often complex relation­
ships among polymorphs. 

E 

0 
TIK-~ 

H11q 

Gu 
G, 
G1iq 

m.p.11 m.p. 1 

Figure L Energy versus temperature (EIT) diagrnm of a dimorphic system. 
C is the Gibbs free energy and H is lhe enthalpy. The Roman numerals 
indicate the two polymorphs; m.p. is the melting point and t.p.rn1 is the 
transition point between the two polymorphs. This diagram represents the 
situation for an enantiotropic system, in which form JI is the stable form 
below the transition point. (Reprinted from ref. [13] with permission.) 

At absolute zero, TS vanishes so that the enthalpy is equal 
to the Gibbs free energy. As a consequence, at absolute zero, 
the most stable polymorphic modification should have the 
lowest Gibbs free energy. As mentioned above, at absolute 
zero the entropy term will play a role which may differ for the 
two polymorphs so that the free energy as a function of the 
temperature follows a different trajectory for the two poly­
morphs, as represented by the G, and Gn curves in Figure 1. 
The two curves cross at the thermodynamic transition point 
t.p. 1111 , but since the enthalpy of II is lower than that of I, a 
quantity of energy !>,.H,,m, is required to be input for the phase 
transition, which must be endothermic for the transition 
above l.p. and exothermic below t.p. for the situation that is 
depicted in Figure l. The endothermic solid-to-liquid transi­
tions at the melting points may be understood in the same 
way, with !>,.J/1,1 and !>,.Jlf,11 denoting the respective enthalpies 
of fusion. Figure 1 represents an enantiotropic situation, since 
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t.p.rn1 lies at a temperature below the melting points for the 
two polymorphs. 

The monotropic situation is represented in Figure 2. In this 
case, there is no transition point below the melting points of 
the two polymorphs. The phenomenological manifestation of 
enantiotropism is that there can be a reversible transition 
from one phase to another without going through the gas or 
liquid phase. If the thermodynamic relationship is one of 

E 

0 
T!K~ 

Gll 
G I 
G1iq 

Figure 2. The H/1' diagram of a monotropic dimorphic system. All symbols 
have the same meaning as in Figure 1. (Reprinted from ref. [13] with 
permission.) 

monotropism the two modifications are not interconverti­
ble.l16l ]n the context of simultaneously crystallizing poly­
morphs, the thermodynamic aspects arc clear. First, only at 
thermodynamic transition points can two forms have the same 
stability and hence coexist as mixtures at equilibrium. At any 
other temperature there will be a thermodynamic tendency to 
transform to the more stable structure. This implies that 
mixtures of polymorphs will have limited lifetimes, except at 
the thermodynamic transition point, with transformation 
kinetics playing a role in those lifetimes. 

3.1.2. Vapor Pressure versus Temperature Diagram 

Another common representation of phase relationships is 
the pressure versus temperature (p!T) diagram. Figure 3 
shows prototypical p!T plots for the cnantiotropic and 
monotropic cases. These are best understood by traversing 
along various curves, which represent equilibrium situations 
between two phases. The liq.Iv. line in the high-temperature 
region of Figure 3 a is the boiling point curve for the 
(common) melt of the two polymorphs. Moving to lower 
temperatures along that line, one encounters lhe JI/v. line, 
which is the sublimation curve for form II. The intersection is 
the melting point for form II. Under thermodynamic con­
ditions form II would crystallize out at this point and the solid 
part of the H/v. line would govern the behavior. However, if 
kinetic conditions prevail (for example, if the temperature is 
lowered rapidly) the system may proceed along the broken 
liq.Iv. line to the intersection with the 1/v. line, at which point 
form I would crystallize. Continuing downward along the solid 
part of the II/v. curve, the crossing point with the I/v. 
sublimation curve is the transition point between the two 
polymorphic phases. Once again, if thermodynamic condi­
tions prevail, form II will transform to form I. Under kinetic 
conditions form II may continue to exist (even indefinitely in 

3444 

some cases) along the Il/v. sublimation curve. Figure 3 a 
represents the enantiotropic case because the transition point 
between the two phases is found at a temperature below the 
melting point of form II, while Figure 3 b represents the 
monotropic situation, in which the transition point is above 
the melting points of both forms. 

a) b) 

i i 
p p 

T-- T--

Figure 3. Pressure versus temperature plots: 1/v. and 11/v. represent 
sublimation curves, liq.v. is the boiling point curve. Broken lines represent 
regions which are thermodynamically unstable or inaccessible. a) Enantio­
tropic system; b) monotropic system. The labeling corresponds to that of 
Figures 1 and 2 to indicate that form I is stable al room temperature, which 
is below the transition point in the enantiotropic case. (Adapted from 
ref. [2] with permission.) 

3.2. Some Practical Aspects of Relative Stabilities of 
Polymorphs 

Knowledge of the enantiotropic or monotropic nature of 
the relationship between polymorphs can be used to steer 
crystallization processes to obtain a desired polymorph at the 
exclusion of an undesired one. For a dimorphic system there 
are four possibilities: 
1) The thermodynamically stable form in a monotropic 

system: no transformation can take place to another form, 
and no precautions need be taken to preserve that form or 
to prevent a transformation. 

2) The thermodynamically stable form in an enantiotropic 
system: precautions must be taken to maintain the 
thermodynamic conditions (temperature, pressure, rela­
tive humidity, etc.) at which the G curve for the desired 
polymorph is below that for the undesired one. 

3) The thermodynamically metastable form in a monotropic 
system: a kinetically controlled transformation may take 
place to the undesired thermodynamically stable form. To 
prevent such a transformation it may be necessary to 
employ drastic conditions to reduce kinetic effects ( e.g. 
very low temperatures, very dry conditions, storage in the 
dark). 

4) The thermodynamically metastable form in an enantio­
tropic system: the information for obtaining and main­
taining this form is essentially found in the EIT diagram. 

Therefore, it is of practical importance (e.g. preformulation 
studies of a drug substance[10

, 
131) to determine whether a 

system of concomitant polymorphs is monotropic or enantio­
tropic to enable the choice of and control over the desired 

Angew. Chem. Int. Ed. 1999, 38, 3440-3461 

UM00014313 

NOVARTIS EXHIBIT 1517 
Novartis v. Regents, IPR2023-01347 

Page 3052 of 4460



_C_o_n_co_m_it_ar_1t_P_o_l_yn_1_o_rp_h_s ______________________________ REVIEWS 

polymorphic form. The combination of experience with 
polymorphic systems and the accumulation of sufficient 
thermodynamic and structural data have permitted the 
development of some useful "rules" for determining the 
relative positions of the G and H isobars, as well as the 
enantiotropic or monotropic nature of the relationship 
between polymorphsY1

-
13l 

3.2. l. Heat-of-Transition Rulef111 

If an endothermic phase transition 1s observed at a 
particular temperature, this experimental transition temper­
ature lies above the thermodynamic transition temperature. 
An endothermic phase transition is observed if two modifi­
cations are enantiotropically related and is represented in the 
EIT diagram by the intersection point of the G isobars of two 
modifications. If the phase transition is exothermic, there is no 
thermodynamic transition point below the experimentally 
observed transition temperature. This is generally observed if 
two modifications are monotropically related. Exceptions to 
this rule were discussed by Burger and Ramberger.l12J 

3.2.2. Entropy-of-Fusion Rule 

The entropy of fusion is easily accessible by means of 
differential scanning calorimetry (DSC), since the enthalpy of 
fusion and the melting point of a crystal can be obtained in 
one experiment (!-.Iltf T1 = t-.S£)- At the melting point, the 
difference between the Gibbs free energy of a modification 
and its melt is zero. If a modification with the higher melting 
point has the lower entropy of fusion, the two forms are 
enantiotropic. Monotropism is realized if the lower melting 
form shows the lower entropy of fusion_[l 3J 

3.2.3. Enthalpy-of-Sublimation Rule 

The enthalpy of sublimation of a particular crystal form is 
the sum of its enthalpy of fusion and enthalpy of vaporization. 
The latter is identical for all polymorphs of a compound. 
Therefore the enthalpy of transition for the transformation of 
one modification into another is the same as the difference in 
their enthalpies of sublimationl9J and their enthalpies of 
fusion. Thus, if the modification with the higher melting point 
has the lower enthalpy of sublimation, the two forms are 
enantiotropic. Monotropism is realized if the lower melting 
form shows the lower enthalpy of fusion. 

3.2.4. Density Ru/ef111 

If a particular modification exhibits a lower density than 
another one at ambient conditions, then it may be assumed 
that, at absolute zero, this form is thermodynamically 
metastable. The energetically most favorable packing of 
molecules in a crystal has the strongest interactions between 
the molecules and hence the greatest density. The best 
possible packing also corresponds to thermodynamic stability. 

Angew. Chem. Int. Ed. 1999, 38, 3440-3461 

This energetically favorable modification requires more 
energy than any other modification to melt. At absolute zero, 
the form with the greatest density is thermodynamically 
stable. This approximation assumes that there is no great 
variation in the density of solids over a wide range of 
temperature. The two modifications are monotropically 
related if the higher melting modification shows the higher 
density. Otherwise they are enantiotropically related. Excep­
tions to this rule ( e.g. resorcino!l1 71 or acetazolamidefrnJ) are 
discussed by Burger and Ramberger.l11l 

3.2.5. Heat-Capacity Rule113f 

If the higher melting modification shows a higher heat 
capacity at a given temperature than another modifica­
tion, these two crystal forms are enantiotropically related. 
Otherwise the two modifications are monotropically 
related. 

3.2.6. Solubility and Dissolution Rates 

In addition to differences in melting points, heats of fusion, 
entropies of fusion, densities, heat capacities, and virtually 
every chemical and physical property, different modifications 
can also exhibit different solubili lies and dissolution rates. 
Since the solubility is directly proportional to the free energy 
of a modification, determination of solubility curves is the 
most reliable method of assessing the relative free energies of 
polymorphs. The difference in solubility of two polymorphs is 
a direct measure of the t-.G between them. Lt is important to 
note that although the absolute solubility (and hence the 
dissolution rate) of a polymorph will be solvent dependent, 
the relative solubility of different forms will not depend on the 
solvent used. 

As discussed in Sections 4 and 5, the situations in which 
polymorphs concomitantly crystallize are determined by the 
experimental conditions in relation to both the free energy­
temperature relationships and the relative kinetic factors. 
These situations may arise either because specific thermody­
namic conditions prevail or because the kinetic processes 
have equivalent rates. In thermodynamic terms we have seen 
that polymorphs can only exist in true equilibrium at the 
thermodynamic transition temperature (where the G curves 
cross). The chance o[ carrying out a crystallization precisely al 
such a temperature must be small, with the inevitable 
conclusion that kinetics play at least some role in the overall 
process. The final consequence of this, of course, is that a 
system of concomitantly crystallizing polymorphs will be 
subject to change in the direction that favors the formation of 
the most stable structure. If the crystals have grown from and 
remain in contact with solution, the most likely route for this 
transformation is via the solution by dissolution and recrys­
tallization.l2, 191 If the crystals have formed from the melt or 
vapor phase or have been isolated from their mother phase, 
solid-state transformation is possible.L20J Either way, keen 
observation is vital to recognize the phenomenon, as dis­
cussed in Section 5. 
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4. Why do Polymorphs Appear Together'?­
Kinctic }actors 

The starting point for a discussion of the kinetic factors is 
the traditional energy-reaction coordinate diagram in Fig­
ure 4. This shows G 0 , the free energy per mole of a solute in a 
supersaturated fluid which transforms by crystallization into 
one of two crystalline products, Tor II, in which TI is the more 
stable (G1 > G 11). Associated with each reaction pathway is a 
transition state and an activation free energy which is 
implicated in the relative rates of formation of the two 
structures. Unlike a chemical reaction, crystallization is 
complicated by the nature of the activated state since it is 
not a simple bi- or trimolecular complex as would be expected 
for a process in which a covalent bond is formed; rather it 
relates to a collection of self-assembled molecules with not 
only a precise packing arrangement but which also exist as a 
new separate solid phase. 

µ--+ 

Figure 4. Schematic representation of the reaction coordinate p for 
crystallization in a dimorphic system to show the activated barriers for 
the formation of polymorphs I and II. 

It is the existence of the phase boundary that complicates 
matters since this is associated with an increase in free energy 
of the system which must be offset by the overall loss of free 
energy. For this reason the magnitudes of the activated 
barriers are dependent on the size (i.e., the surface-to-volume 
ratio of the new phase) of the supramolecular assembly 
( crystal nucleus). This was recognized in 1939 by Volmer in his 
development of the kinetic theory of nucleation from 
homogeneous solutions which remains our best guide to­
day.l21J 

One of the key outcomes of this theory is the concept of 
critical size which an assembly of molecules must have in 
order to be stabilized by further growth. The higher the 
operating level of supersaturation, the smaller this size is 
(typically a few tens of molecules). In Figure 4, the super­
saturation with respect to I is simply 0 0 --- G 1 and is lower than 
G 0 - Gn for structure II. However, it can now be seen that if 
the critical size is lower for I than for II for a particular 
solution composition then the activation free energy for 
nucleation is lower and kinetics will favor form I. Ultimately 
form 1 will have to transform to form 11, a process that we 
discuss later. Overall we can say that the probability that a 
particular form i will appear is given by Equation (2) in which 

I'(i)-f(!'J.G,R) (2) 
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t:,G is the free energy for forming the ith polymorph and R. is 
the rate of some kinetic process associated with the formation 
of a crystal by molecular aggregation. Thus, for example, if we 
follow the above reasoning we could equate the rate process 
with .l, the rate of nucleation of the form. If all polymorphs 
had the same rates of nucleation then their appearance 
probability would be dominated by the relative free energies 
of the possible crystal structures. 

The rates of nucleation as expressed by the classical 
expression of Volmer arc related to various thermodynamic 
and physical properties of the system such as bulk and surface 
free energy (y), temperature (T), degree of supersaturation 
(a), solubility (hidden in the preexponential factor An) which 
will not be the same for each structure but will correctly 
reflect the balance between changes in bulk and surface free 
energies during nucleation. This is seen in Equation (3), which 
relates the rale of nucleation lo the above parameters (vis the 
molecular volume). 

J -- A,, exp( --- 16rcy3v2/3"3 T3o2 ) (3) 

From this analysis it can be seen that the tradeoff between 
kinetics and thermodynamics is not at all obvious. Consider a 
monotropic, dimorphic system (for simplicity) whose solubil­
ity diagram is shown schematically in Figure 5. It is quite clear 
that for the occurrence given by solution compositions and 
temperatures that lie be-
tween the form I and II 
solubility curves, only poly­
morph II can crystallize. 
However, the outcome of an 
isothermal crystallization 
that follows the crystalliza­
tion pathway indicated by the 
vector in Figure 5 is not so 
obvious since the initial sol-
ution is now supersaturated 
with respect to both polymor­
phic structures, with thermo­
dynamics favoring form II 
and kinetics form 1. 

Experimentally, the reality 
of this overall scenario of 

t 
s 

T-+ 

Figure 5. Schematic solubility di­
agram for a dimorphic system 
(polymorphs T and TT) showing a 
hypothetical crystallization path­
way at constant temperature. 

kinetic versus thermodynamic control was known long before 
the development of nucleation theory and is encompassed by 
Ostwald in his Rule of Stages in 1897J22

, 
231 The German 

scientific literature between 1870 and 1914 contains many 
examples from organic and inorganic chemistry in which 
crystallization from melts and solutions yields an initial 
metastable form which is ultimately replaced by a stable 
structure, and Ostwald was led to conclude that "when leaving 
a metastable state, a given chemical system does not seek out 
the most stable state, rather the nearest metastable one that 
can be reached without loss of free energy".[24l Figure 6 shows 
an example of Ostwald's rule for potassium nitrate. It shows a 
group of rhombic (ft form) crystals in contact with their 
mother liquor and their solution-mediated conversion to the 
more stable needle morphology (a form) by means of 
dissolution and recrystallization. 
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d) 

Figure 6. Time-lapse micrographs ( x 50) of the crystallization of potassium 
nitrate from aqueous solution at room temperature. a) After 1 min, 
showing well formed rhombs and a single needle (upper lefl quadrant); 
b) after 5 min-note the rounded edges of the rhombs due to dissolution 
and the enlargement of the needle; c) and d) after 10 and 15 min-note the 
further dissolution of the rhornbs and growth of the needle. 

Of course this conclusion is significanlly flawed; when a 
crystallization experiment yields only a single form there is no 
way of knowing whether it contradicts the rule or whether the 
material is simply not polymorphic. There is no way of 
answering this question. However, a sufficient number of 
cases of successively crystallizing polymorphic forms have 
been observed to warrant consideration of the principles 
behind Ostwald's rule as guidelines for understanding the 
phenomenon. 

By making use of Volmer's equations, some attempts have 
been made by Becker and Doering, Stranski and Totomanov, 
and Davey to explain the rule in kinetic terms.l25l In doing so it 
becomes apparent that the situation is by no means as clear 
cut as Ostwald might have led us to believe. Figure 7 shows 
the three possible simultaneous solutions of the nucleation 
equations which indicate that, by careful control of the 
occurrence domain, there may be conditions in which the 
nucleation rates of the two forms are equal and hence their 
appearance probabilities are nearly equal. Under such con­
ditions we might expect the polymorphs lo crystallize 
concomitantly. 

5. How Can Concomitant Polymorphs be 
Recognized? 

Most cases of concomitant polymorphs have been recog­
nized visually simply by a combination of curiosity, thorough­
ness, and keen observation. In the first years following the 
discovery of polymorphism by Mitscherlich in 1822,(261 the 
principal method of the study of crystals was observation and 

Angew. Chem. Int. Ed. 1999, 38, 3440-3461 

a) 
Au -----------~------

i 
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b) 
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c) 
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.J 

cr--+-

Figure 7. The rates of nucleation as functions of supersaturation for the 
dimorphic system defined in Figure 5. The three diagrams a, b, and c 
represent the three possible solutions for the simultaneous nucleation of 
two polymorphs each of which follows a rate equation of the form of 
Equation (3). Note that solutions a and c both allow for simultaneous 
nucleation of the forms at supersaturation levels corresponding to the 
crossover of the curves. 

measurement on the microscope, particularly the polarizing 
microscope, and the measurement of interfacial angles on an 
appropriate goniometer. Differences in habit arc indicative 
(but not necessarily conclusive) evidence of polymorphism, 
which could be confirmed by physical measurements such as 
index of refraction, melting behavior (including, of course, the 
melting point itself) and others. Groth's landmark compila­
tion of such data contains many examples of polymorphism.[271 
He was apparently also intrigued by lhe instances of 
concomitant crystallization of polyrnorphs, and compiled a 
list of examples in his book on chemical crystallography in 
1904.l28l 

With the emergence of X-ray diffraction and the develop­
ment of more sophisticated methods of analysis, the discovery 
of concomitant polymorphs should have become more 
frequent-provided one is aware of the phenomenon. Even 
a variable melting point may be a sign of concomitant 
polymorphs since mixtures of different polymorphic compo­
si lion can result from the crystallization, but also a peak on a 
DSC scan, or a broadening or doubling of lines in a solid-state 
IR or solid-state NMR spectrum may be signs for the 
existence of concomitant polymorphs. Still, probably the best 
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method for discovering them is careful thermomicroscopic 
examination on the hot-stage polarizing microscope,129, 301 and 
three examples of the facility with which concomitant 
polymorphs may be observed on the hot-stage polarizing 
microscope are given in Figure 8. 

Figure 8. Cocrystallizing polymorphs as observed on the hot-stage micro­
scope. a) T\vo crystal modifications of phenobarbital; b) three crystal 
modifications of nicotinamide; c) growth of the stable (diamond-shaped) 
crystals of sulfethidole from the unstable form. (Reprinted from ref. [30] 
with permission.) 

6. What Are Concomitant Polymorphs Good For'? 

Polyrnorphs are of general interest because they represent 
special situations for the study of structure-property rela­
tions in systems with limited numbers of variables. They are 
also of interest since they provide unique data on the factors 
that govern molecular packing. Finally they are, as pointed 
out earlier, of extreme interest to those involved in the large-
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scale preparation of solid forms of specialty chemical and 
pharmaceutical materials. 

Thus, if concomitant crystallization occurs, it offers the 
crystallographer the chance to maximize the data from a 
single crystallization experiment. It offers the formulation 
chemist the chance to measure physical properties and hence 
to select the structure that best matches the needs of the 
product. Jt gives the process chemist and chemical engineer a 
choice of which morphology might separate more effectively 
and also a warning that the process will have to be robust if a 
single polymorph is to be consistently isolated. For these 
reasons we believe that chemists should be aware of this 
phenomenon and maximize the information it offers. 

Finally, we comment that since concomitant polymorphs 
are very nearly energetically equivalent structures, they 
provide excellent and demanding benchmarks for the vali­
dation of lattice energy programsl31J and so-called "polymorph 
predictor" programs.l32· 331 The programs and the force fields 
employed in those programs must reproduce the near 
equivalency of the crystal energetics, even if the absolute 
lattice energy is not reproduced or even not known.l341 

7. Examples of Concomitant Polymorphs 

Apart from the above-mentioned section in Groth's book 
we are not aware of any other attempt to collect and 
document examples of concomitant polymorphs. It is a 
daunting, perhaps even impossible task to systematically 
exlracl addilional instances from Lhe literature_[35J Most 
examples given here were taken from our own experience, 
from chance encounters of descriptions of crystal growth 
procedures in the experimental sections of papers in the 
literaturel241 or from responses to appeals by the authors at 
scientific meetings for testimonial cases from colleagues. One 
of the objects of this paper is to increase awareness of the 
phenomenon so it can become a keyword for indexing and 
abstracting, to enable future workers to take advantage of the 
useful information to be extracted from situations in which 
polymorphs crystallize concomitantly. 

7.1. The Earliest Reported Concomitant Polymorphs 

The firsl recognized example of a polymorphic organic 
substance was also an example with concomitant polymorphs. 
In 1832 Wohler and Liebig described the dimorphism of 
benzamidc.136l They synthesized the material for the first time 
and initially found a melting point of 115 °C (later called 
modification ll).1371 Reexamination led to a melting point of 
128 °C (modification I). The lower melting modification 
crystallizes in featherlike needles while the higher melting 
modification shows blocks (Figure 9). It is of interest that if a 
hot saturated aqueous solution of benzamide is allowed to 
cool rapidly, one is able to observe by microscopy that the two 
modifications crystallize concomitantly, and in accord with 
Ostwald's rule. With increasing time the blocks of modifica­
tion I grow at the expense of the feathery needles. 
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Figure 9. Photograph of the two forms of benzamidc growing in aqueous 
solution. Form Tare the blocklike crystals which grow at the expense of the 
featherlike needles of the less stable form II. 

7.2. Groth's Collection 

As noted above, Groth was apparently the first to collect a 
number of cases of the phenomenon of concomitant poly­
morphism from the literature until roughly the turn of the 
20th century.f28l He noted that concomitant crystallization can 
occur for an enantiotropic system such as sulfur as well as in a 
monotropic dimorphous material such as ''hexachloro-keto­
dihydrohenzene, C 6CtO" (1). He characterized the phenom­
enon as a ''peculiarity" which is "analogous to the .. .indiffer­
ence towards direct transformation" between polymorphic 
forms. 

c1X 
c1')=( 0 

Cl Cl 

1 

3 

H H 
H H O 0 

HOH2C I I I I CH20H 
0 0 H H 
H H 

2 

4 

Groth presents examples across a wide range of compound 
types, but what appears to be common among these examples 
is that keen observation was combined with considerable time 
and effort to study and characterize the compounds. Among 
the inorganic examples cited by Groth are telluric acid 
(H6TeO6),[3s1 ammonium fluorosilicate (NH4hSiF6 ,139l sodium 
beryllium fluoride (Na2BeF4),140l rubidium dichromate 
(Rb2Cr2O 7),141 l and ammonium paratungstate (NH4)i0W 12O 41 • 

H 2O,l42l while the organic examples include mannitol C6H 14O 6 

(2),143· 441 m-diaminobenzenesulfonic acid (C6H3(NH2hSO3H) 
(3),l45J and di-m-nitro-s-diphenylcarbamide CO(NHC6H 4NO2h 
(4).1461 An organometallic salt exhibiting the phenomenon is 
dimcthylammonium chloroplatinatc l {NHc( CH3) 2bPtCl6j _l47J 

Angew. Chem. Int. Ed. 1999, 38, 3440-3461 

7.3. m-Nitrophcnol: 120 Years of History 

In spite of their generally keen powers of observation, the 
giants of 19th and early 20th century chemical microscopy and 
morphology certainly could have been aided by modern 
technology in the discovery of concomitant polymorphs. m­

Nitrophenol is a case in point. The description of the material 
appears in Groth 's book.1481 The two melting points quoted by 
Groth, 96 °C[49I and 93 °C,l"0J and the description of the crystals 
might have suggested that the phase was not pure but the 
difference was within the acceptable range for different 
determinations. Groth himself had determined the interfacial 
angles in 1875, and Barkerl51 • 521 and Steinmetzl50l obtained 
similar results, with no hint of polymorphism. 

In 1934 Davis and Hartshornel53• 541 determined indices of 
refraction as a technique for the identification of organic 
solids, including m-nitrophenol. They did note "occasional 
individuals ( of crystals) with more or less rhombic outlines" 
amid monoclinic prismatic crystals (m.p. 96 °C) from water 
and benzene. 

In 1972 Shigorin and Shipulol55l reported that the com­
pound exhibited a strong second harmonic generation (SHG ), 
an effect known to require a non-centrosymmetric space 
group,1561 but Groth's morphological description indicated a 
centrosymmetric space group. In an attempt to resolve this 
discrepancy, Pandarese et al. carried out the crystal structure 
determination of the material described by Groth and others 
on crystals grown from the melt and from benzene.157] The 
crystals were indeed eentrosymmctric, in the common space 
group P2 1/n. 

\.Yith the dilemma not resolved, they carefully reexamined 
many individual crystals from the benzene-grown batch, and 
discovered that approximately 20 % belonged to the non­
centrosymmetric orthorhombic space group P212121, thus 
explaining the source of the SHG. A method for purifying 
m-nitrophenol and growing single crystals was developed hy 
Wojack and Marqueton in 1939[531 and the structure of the 
orthorhombic form was published in 1996.1591 

7.4. Similar and Uissimilar Solubilities 

One example from our own collection of concomitant 
polymorphs from solution is the dimorphic drug substance 
disopyramide 5. Crystallization 
from n-hexane al 25"'C led lo 
both modifications simultaneous­
ly. Gunning et al.l60J have de­
scribed the solubility behavior 
and dissolution rates of two mod-
ifications of this material. They 
found no significant differences in 
the solubilities and the dissolution 

,CH(CH3)2 
N 

CH(CH3), 

5 

rates of the crystal forms at 37 °C. No thermodynamic or 
structural studies have been published until now. 

We prepared single crystals of the lwo forms, determined 
their thermodynamic properties, and solved their structures, 
which will be published in a separate contribution. The two 
crystal forms arc enantiotropically related with a t.p. at about 
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40 °C. Modification H (m.p. 86 °C) crystallizes in rough blocks, 
while modification I (m.p. 96 °C) shows a needlelike habit. 
This example shows that similar solubilities and dissolution 
rates favor concomitant crystallization of different modifica­
tions. 

The recent report of work on a neutral copper complex 
reveals some possible additional features of concomitant 

crystallization. Kelly et al.l61 l pre­
pared blue crystals of 6, which 
precipitate from "reasonably con­
centrated (acetonitrile) solutions'' 
with square-planar coordination 
geometry around the copper cen­
ter (Figure 10). When the precip-
itate was filtered off and the 

remaining mother liquor treated with diethyl ether, followed 
by cooling in a freezer, concomitant crystallization of the blue 
crystals with green crystals occurred, in which the molecular 
structure exhibits pscudotctrahedral coordination geometry 
around the copper center. 

Figure 10. Molecular structure of the concomitant polymorpbs of 6. Left: 
the square-planar geometry found in the blue crystals. Right: The 
pseudotetragonal geometry found in the green crystals. (Reprinted from 
ref. [61] with permission.) 

There is ample evidence that this also is a genuine case of 
polymorphism. The blue square-planar form can be dissolved 
to obtain the green tetrahedral one; indeed the authors state 
that the two form intergrowths, which apparently grow 
coincidentally. The green form is obtained only from dilute 
solutions, and once it is obtained the blue form cannot be 
regenerated. The sequence of events and the experimental 
conditions are compatible with Ostwald's Rule of Stages: the 
slight thermodynamic preference for the green form over the 
blue one (at least in dilute solutions-the melting points are 
essentially identical) and the phenomenon of "disappearing 
polymorphs''.[621 Once seeds of the (even slightly) preferred 
green form are present in the immediate environment. the 
blue form cannot be obtained. 

7.5. Trimorphic Concomitant Crystallization 

The ''diphenylcarbamide" 4 is, in fact, a urea derivative, and 
was recently studied by Etter et al. for apparently entirely 
different reasons.l63l As a symmetrically substituted urea 
derivative it was expected to exhibit a tendency to form polar 
chains,l64l while the substituents may be considered derivatives 
of m-nitroanilinc and therefore might exhibit the known 
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tendency of such compounds to avoid a centrosymmetric 
structure.f56, 651 However, it is the concomitant trimorphic 
crystallization behavior of this compound, which was exten­
sively studied almost a century ago, that is of interest 
here. 

The three reported forms are a, yellow prismatic needles; /3, 
white needles; and JI, yellow tablets. Upon crystallization 
from 95 % ethanol in the range 30- 75 °C, the ci and f, forms 
always crystallize concomitantly, even in the presence of seeds 
of one form. The relative amounts can be regulated by vmying 
the temperature; a is preferred at higher temperatures. Upon 
evaporation of the mother liquid at ''the ordinary temperature 
(13 °C)" JI crystallizes out alone; warming the same mother 
liquor leads also to some crystals of f3; at 40 °C JI no longer 
appears, but small amounts of o appear. The authors conclude 
that on the basis of the experiments with 95 °/4, alcoholic 
solutions, JI is the stable form at room temperature (consid­
erably lower than room temperature today), and with 
increasing temperature, fJ and then a arc the stable forms. 
However, this behavior may be modified by solvent. This is 
clearly a rich system with a very delicate balance between the 
relative stabilities of the three forms, as well as the kinetic 
factors that govern their appearance. 

There are other examples of trimorphic concomitant 
crystallizations, generally recognized by differences in color. 
One, also originating in the early literature,l66l but on which a 
great deal of work has subsequently been done is methyl 2,5-
hydroxy-3,6-dichloroterephthalate (7). The white and yellow 
forms were reported by Hantzsch in 1916l66l and studied by 
Byrn et at. in 1972,l67l but it was 
not until a thorough study was 
undertaken in 1989 that a third 
light yellow form was discovered 
by Dunitz and co-workers.l68l As 
the latter authors point out, 
visual observation during heat­
ing often reveals changes that 

Cl OH 

Hac-o,K.v° 
O~O-CH3 

HO Cl 

7 

are not detected by instrumental analytical methods, and it 
was this observation that led to the discovery of the previously 
undetected form. 

Crystallization of the dibromo derivative of 7 from 
concentrated ethanolic solutions yields first polymorphic 
modification I, which transforms over a period of a week to 
a second modification II, upon which small crystals of the first 
form adhere. Crystals of both modifications are recognizable 
and separable by their morphology and color: the first are 
colorless blocks or plates, while the second are colorless on 
some faces and light violet on others.169J 

The term coined by Hantzschl70J for polymorphs that exhibit 
different colors is chromoisomerism, recently discussed in 
historical perspective by Kahr and co-workersJ11J An example 
given by Kahr, which is also one of 
concomitant polymorphs, is that of 
9-phenylacridinium hydrogen sulfate 
(8) which yields equal masses of 
red and green forms from acetoni­
trile/DMSO (10/1). The physical basis 
for the color difference remains an 
enigma. 

Q HS04 

CCX)
+ 

,<IP 

8 
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7.6. Concomitant Crystallization of Multicomponent 
Systems 

Concomitant crystallization is not limited to single compo­
nent systems. For the remarkable cyanine/oxonol system (9/ 
10) at least fourteen different polymorphs or solvates have 
been identified.[72

] Two of these, a gold and a red form (each 
containing a molecule of CHC13 solvent per 1:1 complex, and 

9 

hence true polymorphs) crystallize concomitantly and have 
been structurally characterized.[7'.'J Three of these polymorphs 
are shown in Figure 11. Despite the fact that both of these 
dyes arc known to be individually self-aggrcgating,[731 the two 

Figure 11. Three of the concomitant polymorphs of the cyanine/oxonol 
dyes 9 and 10. The gold (by reflection: otherwise red by transmission) and 
red forms mentioned in the text are easily distinguishable. The third form is 
purple, normally diamond shaped as on the middle right, but many of these 
crystals are undergoing conversion, as indicated by varying degrees of 
mottled surfaces. 

structures exhibit mixed stacks, with very significant differ­
ences in the relative orientation of neighboring molecules 
along the stack (Figure 12): in the case of the gold structure 
the molecular long axes are oriented nearly perpendicular to 
each other, while in the red polymorph the molecular long 
axes are very nearly parallel. Recently Bonafede and Ward 
have shown how edge-directed epitaxy on single crystal 
succinic acid substrates may be used for the selective 
nucleation and growth of the less stable red polymorph.l74l 

The often serendipitous nature of the discovery of con­
comitant polymorphs is illustrated by another recent example 
of a two-component system, pyromellitic acid (11) and 2,4,6-
trimethylpyridine (12).P51 The first polymorph (A) was 

H02CY'ir'C0 2 H 

~ H02 C C0 2 H 

CH 3 n H3 C N CH 3 

11 12 
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a) 

Figure 12. Stereoviews of the unit cells of the gold (a) and red (b) forms of 
the salt of 9 and 10. a) View along [100] of the entire cell. Chloroform 
molecules of salvation (shaded black in the figure) fill (010) planes of the 
structure, providing stabilization by hydrogen-bond interaction with the 
oxonol dye. b) [100] view of the entire cell of the red form. Chloroform 
molecules represented in a similar manner. Both figures are viewed down 
the stack axis and indicate the relative orientation of cation and anion 
which is one feature of the overall packing. (Reprinted from ref. [72] with 
permission.) 

obtained by the reaction of 1l with four equivalents of 12 in a 
methanolic solution. When 12 was used as the solvent, a 
second polymorph (B) crystallized in fifteen minutes. Form A 
was found to have crystallized as well in the same reaction 
vessel after about 24 hours. These two polymorphs are not 
readily distinguishable by their morphology. However, the 
authors point out that the experimental evidence indicates 
that form B is the kinetically controlled one, while form A is 
the thermodynamically preferred one. 

7.7. Concomitant Crystallization by Sublimation 

Concomitant crystallization is by no means limited to 
crystallization from solution, nor to preservation of constant 
molecular conformation. As noted in Section 3.1.2, the classic 
p!T phase diagram for two solid phases (Figure 3) of one 
material exhibits two lines corresponding to the solid/vapor 
equilibrium for each of two polymorphs. At any one temper­
ature one would expect the two polymorphs to have different 
vapor pressures. This, in fact, is the basis for purification of 
solids by sublimation. Nevertheless there are examples where 
the two have nearly equal vapor pressures at a particular 
temperature and cosublime. For instance, the two compounds 
13 and 14 both yield two phases upon vacuum sublirnation.[761 

For 13 slow sublimation at 140°C and 0.1 Torr led to a mixture 
of a "few feathery needles" (m.p. 192-193°C) among the 
main product of "lustrous coppery blocks'' ( m.p. 220-223 °C), 
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which could be separated manually for further character­
ization. Compound 14 was also purified/crystallized by 
vacuum sublimation (120°C, 10-2 Torr) to yield manually 
separable deep red needles ( a phase, m.p. 157 -160 °C) and 
blocks (/3 phase 165-168 °C). The crystal structure determi­
nations of the two phases of 14 indicated significantly 
different molecular geometry (Figure 13), a cofacial dimer 
in the er phase, and a trans antarafacial dimer in lhe /I phase_[77l 

Figure 13. Molecular geometry in the two polymorphs of the dimers of 14 
obtained by sublimation. Top: a phase, cofacial dimer; bottom: (3 phase, 
antarafacial dimer. (Reprinted from ref. [76] with permission.) 

Another example of cosuhlirned phases is lhe compound 15 
for which it appears that the sublimation conditions were 
systematically varied in an attempt to obtain a second 
polymorph.l781 The a form was initially prepared as a single 
phase of golden needles by slow sublimation over several 
weeks at 10-6 Torr during which the sample was heated to 
l80°C and the cold finger was maintained at l00°C. Raising 
the pressure to 10-1 - 10-2 Torr and increasing the sample 
temperature to 220°C, with a cold finger in the range 120-
1400C also led to the same a-phase needles, but they were 
accompanied by blocks of an additional fJ phase. The two can 
be separated manually. Clearly, the authors moved along the 
solid/vapor line of the a phase towards the intersection with 
the solid/vapor line of the (J phase (sec Figure 3). 
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7.8. Concomitant Crystallization by Solvent Diffusion 

Concomitant crystallization has also been reported from 
solvent diffusion crystallization, which means that the con­
comitant forms have very similar solubilities in the same 
mixture of solvents-under the same 
thermodynamic and kinetic conditions. 
Such is the case for 1,5,9,13-tetrathiacy­
clohexadecane (l6).l79 I The material is 
reported to be trimorphic; all three forms 
crystallize in polar space groups [ needles, 
Pbc21 (a); plates, P21 (/3); and twinned, 
apparently Fdd2 (y)]. The a and /3 forms 
are obtained simultaneously at ambient 

16 

temperature by diffusion of hexane into dichloromethane 
solutions of 16. Lowering the temperature lo --- l30°C for Lhe 
same diffusion process leads exclusively to the y form. The 
forms that crystallize concomitantly have unusual, but similar 
molecular conformations. Not surprising for the phenomenon 
observed, in particular for the ex and /3 forms, the three melting 
points (59.5-60.2 (a), 57.8-59.0 (/3), 60.0-60.9T (y)) arc 
very similar, and the authors used the technique of mixed 
melting points to verify the existence of the three polymorphs. 

7.9. Concomitant Crystallization of Conformational 
Polymorphs 

One of the definitions of polymorphism 12, 5- soJ requires that 
all polymorphic structures of a material dissolve, melt, or 
vaporize to give the same species or equilibrium mixture of 
species. If this is accepted as a definition, the time necessary 
for equilibrium to be achieved becomes an issue, as well as the 
temperature of the dissolution, melting, or vaporization 
process. Clearly, years is too long to meet this criterion, but 
are hours or days too long? The question is still open. 
Nevertheless, a number of cases of concomitant polymorphs 
demonstrate the principles. 

Gleason and co-workersl81J recently reported the crystal­
lization of two conformational polymorphsi82l of acetone 
tosylhydrazone (17). A triclinic 
form and a monoclinic form are 
obtained from anhydrous etha­
nol, sometimes together. If the 
crystallizing solution is allowed 
lo evaporate completely, only 
the monoclinic form is obtained, 1 7 
which suggests that it is the 
thermodynamically preferred form at room temperature. This 
is consistent with Ostwald's Rule of Stagesl22J and McCrone's 
test for relative stability of polymorphs :l2l the more stable 
polymorph will grow at the expense of the less stable one. The 
crystal structure determination indicates that the conforma­
tions differ by ~ 15° about the S C exocyclic bond. In this 
case, the solution has an equilibrium mixture of (at least) 
these two molecular conformations. Lattice energy calcula­
tions (Cerius2)[83l are consistent with this observation, and 
indicate that the triclinic polymorph is more stable than the 
monoclinic form by about 1 kcalmol-1. 
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Another issue in the definition of polymorphs is that of 
tautomerism. An example of the crystallizing tautomeric 
structures of 2-amino-3-hydroxy-6-phenylazopyridine (18) 
has been reported by Desiraju,l84l 18a being the "low temper­
ature'' form as lustrous blue needles and red 18b being the 

H0-0-N~N-o' 
H2N -

o=Q=\-Q' 
H2N H -

18a 18b 

"high temperature" form, both with melting points of 181-
182 °C. They were obtained simultaneously from recrystalli­
zation of the crude synthetic product from ethanol, but the 
relative amounts varied from batch to batch in subsequent 
crystallizations when concentration and temperature were 
varied. The high temperature form was always obtained; the 
amount of low temperature form varied with the crystalliza­
tion conditions. The tautomeric separation clearly takes place 
upon crystallization. To complete the picture and to make this, 
arguably, a case of polymorphism, it must be shown that the 
blue and red crystals dissolve to yield the same equilibrium 
mixture. 

A case of concomitant cryslallizalion which involves 
configurational isomerism has been reported by Matthews 
et al.l851 which again called into question the definition of 
polymorphism. The benzophenone anil 19 can exist in two 
configurational isomers, designated E and Z. The material has 
been shown to be trimorphic: a yellow form (triclinic, PI, Z = 
6, m.p. 91 °C) and an orange form (triclinic, Pi, Z = 4, m.p. 
78- 80 °C) often crystallizing from ethanol or benzene/ die thy 1 
ether at O 0 C. The third form (monoclinic P2if c, Z = 4, m.p. 
91 °C) is obtained from ethanol at room temperature. 

H3 C 

I 
~N 

~ 

N02 

# 

(E)-19 

N02 

I 
I 
NY'ri 

0.CH3 

(Z)-19 

In the first polymorph, all molecules exhibit the Z config­
uration. In the second, concomitant polymorph all molecules 
are in the E configuration. The third polymorph also contains 
molecules with E configuration. The conformations of the 
molecules in the second and third polymorphs differ slightly, 
which suggests that they might qualify as conformational 
polymorphs.1 1CJ 

But should the first two structures be considered as 
properly belonging to a polymorphic system'? Again, we can 
revert to l\licCrone's tests.f2l As Matthews et al. point out, 
these configurational isomers can interconvert at rates which 
vary by up to 1014. If they interconvert quickly (i.e., on the 
order of hours) !hen lhey will give the same equilibrium 
mixture and may properly be called polyrnorphs according to 
the McCrone definition. 

McCrone suggests some additional tests.l2J Two crystals of 
the same compound suspected of being polymorphic arc 

Angew, Chem, Int, Ed, 1999, 38, 3440-3461 

placed side by side on a microscope slide in a mutually 
suitable solvent. If they are polymorphs of different thermo­
dynamic stability the more stable one will grow at the expense 
of the less stable one. While it is not clear how soluble the 
polymorphs of 19 are in Nujol, when both the £-containing 
polymorphs were allowed lo stand in Nujol for a few days the 
result was a conversion to the Z-containing polymorph. On 
the basis of the available evidence this does seem to be a case 
of polymorphism, in spite of the original authors' preference 
to avoid the use of the term. 

7.10. Concomitant Crystallization of Racemates and 
Enantiomers 

Another issue in the definition of polymorphs deals with 
racemic mixtures versus enantiomerically pure crystals or 
conglomerates.l2, 5, soJ In principle, enantiomerically pure crys­
tals are different from racemic ones, but if they racemize 
quickly in solution and/or spontaneously resolve upon crys­
tallization, it is still debatable whether these are to be 
considered polymorphic substances. Sironi and co,workersl861 

have recently characterized a concomitantly crystallized 
system that incorporates and illustrates many of these 
features, and in addition, provides an example of a substance 
in which the synthetic approach to the material apparently 
plays a role in determining which polymorph is initially 
obtained. 

The molecule under study was [Pd{(dmpzh(Hdmpz)2h] 
(20). The material is trimorphic. The reaction mixture yields 
mostly (90 % ) the monoclinic ( C2/c, racemic) a phase, the 
remainder being the triclinic (Pi, racemic) 
y phase. The latter can be removed by 
rec1ystallization from 1,2-dichloroethane, 
which suggests that it is the more soluble 
and hence less stable polymorph in that 
solvent. Sironi and co-workers found that 
mixtures of various amounts of Cl and y 
polymorphs could be obtained by varying 

H 

H3C~ 

CH 3 

Hdmpz 

the solvent and precipitation temperature ( - 70 °C to 
50 °C), with a preferred at higher temperatures, consistent 

with the earlier observation of relative stabilities. Pure 
polymorph y may be obtained by a different synthetic route, 
which, with an excess of 3,5-dimethylpyrazole, leads to an 
approximately 50:50 mixture of polymorphs a and y. This 
system thus also represents a case in which the polymorph 
obtained, or the polymorphic mixture obtained, depends on 
the synthetic route to the desired material. It is probably more 
correct to state that as usual, the polymorph or polymorphic 
mixture depends on the crystallization conditions, and these 
will clearly differ in the solvent/reagent/product compositions 
that result from different synthetic conditions and routes.f871 

The tetragonal (1422, chiral) f3 '·polymorph'' is obtained 
quantitatively by a solid-liquid synthesis. The product is a 
conglomerate of enanliomeric crystals, which the authors 
claim does not transform into the a phase because of the 
impossibility of a solid-solid transformation. Dissolution of 
the /3 phase in l,2-dichloroethane and subsequent evaporation 
quantitatively restores a mixture of a and y forms. Despite the 
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y 

Figure 14. Packing of the 
[Pd(dmpzh(Hdmpz)z]z (20) mol­
ecules in the three polymorphs, 
viewed approximately down the 
pseudo-fourfold axis. (Reprinted 
from ref. [86] with permission.) 

different space groups, the 
gross features of the packing 
modes are very similar, the 
molecules being arranged 
about a pseudo (a, 11) or real 
(fJ) fourfold axis (Figure 14). 
Such a view of the crystal 
structure is consistent with 
observations of Gavezzotti 
and Desirajul91l and Braga 
and Grepionil92l on the gener­
al similarities of packing fea­
tures and coordination num­
bers of organic and organo­
metallic compounds. 

7.lL Concomitant 
Crystallization and Crystal 
Engineering 

The growing interest in 
crystal engineering is certain 
to lead to more recognized 
cases of concomitant poly-
morphs. Indeed, if crystal en­
gineering can be considered as 

control over the design and preparation of desired crystal 
structures then the phenomenon of polymorphism-and 
concomitanlly crystallizing polymorphs-is antithetical to 
such an approach_l93l One popular strategy in c1ystal engineer­
ing is to build up structures from systems of two molecular 
components between which the intermolecular interactions 
are well defined, usually by the potential formation of 
hydrogen bonds_l94J 

A recent example from this realm of chemistry, which again 
illustrates the role of the synthetic route in determining the 
generation of polymorphic structures comes from the work of 
Biradha and Zaworotko on ll and 12 (see Section 7.6). 

Another attempt at crystal engineering led to a remarkable 
number of concomitant crystallized materials. Aakeroy et al. 
dissolved 21 and 22 in a 1 :1 ratio in butanol. Upon slow 
evaporation they obtained five crystalline materials, three 
polymorphs of 21 (thick, diamond-shaped plates, white 
needles and colorless blocks)l95l and yellow platelike crystals 
of 22 along with yellow/colorless dichroic blocks of a 
monohydrate of 22. Only keen observation could be respon­
sible for the discovery and characterization of all five 
crystalline materials in this mixture. 

21 22 

One practical mission-driven aspect of crystal engineering 
is the attempt to design and prepare nonlinear optical 
materials. This goal has led to the variation of crystallization 
conditions in the search for crystals of potential SHG 
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materials, and has resulted in the discovery of polymorphic 
systems,196l as well as the development of a number of 
strategies for obtaining structures with the required symmetry 
properties.l97l Recently Pan et al. reported many crystalliza­
tion studies on 23, which is at least trimorphic, the three 
modifications being easily 
recognized by habit and col­
or: form [, red greenish 
plates (P21/n); form II, red 
orange prisms (Pna21 ); form 
Ill, black needles (P2ifn). 
Hence only form II is SHG active. Solvent evaporation or 
controlled lowering of the temperature lead to form I from all 
solvents used, but rapid cooling of highly supersaturated 
solutions of protonic solvents ( e.g. methanol or ethanol) 
sometimes led to concomitant crystallization of forms II and 
III. The c1ystal structures of these three modifications could 
also be distinguished by the nature of the intermolecular 
interactions dominating thcm.l98l 

7.12. Organic Conductors and Magnets 

It is not surprising that quite a few examples of concomitant 
polymorphs are found amongst the compounds and salts of 
potential use as organic conductors and magnetic materials. 
Considerable effort is generally expended in growing crystals 
and fine tuning conditions for obtaining crystals of sufficient 
quality for further structural and physical characterization. 
Thus a wide variety of crystallizing conditions arc often tested 
and many individual crystals from a single crystallization 
might be subjected to structural and physical characteriza­
tion.f99l These are favorable circumstances for the preparation 
and recognition of polymorphism and concomitant poly­
morphs. 

7.12.1. Organic Conductors by Electrocrystallization 

Perhaps most prominent of these materials arc the organic 
conducting and superconducting salts based on so-called 
ethylenedithio ("ET") compounds, in which bis(ethylenedi­
thio)tetrathiafulvalene (BEDT-TTF; 24) is the donor (cation 
in the salt), generally in a 2 :1 ratio with the acceptor ( anion in 
the salt).l100aJ 

One of the most widely studied 
of these salts is (ET)2I3 , for which al 
least 14 different phases have been 
reported, 11001 although the a and /3 
phases tend to dominatc.l101l l\1ost 
of the 2 :1 salts arc obtained by 

s s s s 
CX>=<X) s s s s 

24 

electrochemical crystallization which affords additional de­
grees of freedom of crystallization conditions compared to 
·'conventional" crystallization: voltage, current density, coun­
terion (for the salt anion), supporting electrolyte, electrode 
materials, and so on. So, for (EThI3 for instance, it has been 
shown that the ex phase is the kinetically favored product 
(> 90 % ) under conditions of high current density and a small 
amount of water or oxidant in the crystallization medium. 
Under more nearly equilibrium conditions (i.e., much lower 
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current density) and dry solvent (tetrahydrofuran), pure /3 
phase can be obtained, which suggests that it is the thermo­
dynamically preferred form. Intermediate conditions appa­
rently lead to concomitant crystallization of the two forms.f100l 

When the crystallization is carried out as an oxidation of ET 
in tetrahydrofur:m with a mixture of (n-C4H 9) 4NI 3 and (n­
C4H9)4NAuI2 (16/1 w/w) with an intermediate current to that 
described above, the a form is the main product, concom­
itantly crystallized with small amounts of O and K poly­
morphs.f102J The authors note the difficulty in identifying the 
three forms on the basis of crystal shape alone, and the three 
were characterized by a combination of X-ray diffraction and 
other physical measurements. 

1wo distinct superconducting K phases (labeled KH and KL) 
are obtained simultaneously in the electrocrystallization of 
the salt of ET with lhe anion [Cu(CF3) 4] in l,1,2-trichloro­
ethane.l103l After four days black needles of the KH form 
appeared on the anode, and within a week black plates of the 
KL form appeared amongst the needles (Figure 15). Both salts 

Figure 1.i. Photograph of the two 1< 

phases of (ET)eCu(CF3),. (Reprinted 
from ref. [103] with permission.) 

are, in fact, solvates of 
(ET)Cu(CF3 ) 4 , with KL 

containing one molecule 
per salt formula unit, and 
KH containing slightly less 
than one molecule per 
salt formula unit. The au­
thors note that the growth 
of the plates apparently 
inhibits the growth of the 
needles, which after 14 
days amounted to ap­
proximately 5 % by 
weight of the product. 
These results were repro­
ducible. The addi lion of 
10 % ethanol to the elec-
trolyte solution led to a 
slight increase in crystal 
quality in some experi­

ments, but otherwise did not alter the results. ET also forms 
a concomitant dimorphic salt with Pt(CN)4 , with the stoichi­
ometry (ET)4Pt(CN)4 ; the two forms are designated a and 
[3)104. 105] 

In another example that involves similar materials, the 
dimethyl ethylenedithio donor is DMET 25 and the acceptor 
is AuBr2 to form both rhombs and platelike crystals of 
(DMET)2AuBr2 ;l106 1071 no further information on crystalliza­
tion conditions, color, habit, and so on arc given. The crystal 

HsCxse sXS) 
I >=< I H3C Se S s 

25 

yxX z=( 
y x-

27: X,Y,Z = S,Se 

CsXs>=<s.Xs) 
s s s s 

26 

[
s=(s.J:s~N(~8.(\=s1 S Se Se s 

28 
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structure and temperature-dependent resistivities differ sig-· 
nificantly for the two polymorphs. 

Montgomery et aU108l have shown that, in systems in which 
attempts were made to prepare alloys of /3-(ET)zI3 with /3-
(PThJ3 (PT=26, a propylenethio donor), they apparently 
obtained "single crystals" of (ET)2I3 which were in fact 
mixtures of the a and /3 forms. The phenomenon in this system 
was initially detected and then confirmed by ESR spectro­
scopy, which was subsequently used to develop a quantitative 
procedure for the determination of the polymorphic compo­
sition of such "mixed single crystals". There are other 
scattered reports in the literature of this phenomenon,r1091 

which has been termed "composite crystals" and has been 
discussed in detail by Coppens et aU110J 

Another widely studied series of conducting organic salts is 
based on the ligand 27. T n lhe case where X = Se, Y = Z = S, 
known as dsit, the organometallic monovalent anion 28 can be 
formed with Nim to give a dimorphic salt with composition 
(Bu4NMNi( dsit)2L .[111 J Concomitant crystallization of the a 
and /3 forms was noted upon recrystallization of the crude 
material, the a form being chunky blocks, while the /3 form 
crystallizes as needles. Slow evaporation of a solution 
prepared by dissolution of both forms leads to the a form, 
which suggests that it is the more stable form. 

7.12.2. Organic Conductors by Interd(ffusion 

Interdiffusion of saturated solutions (as opposed to electro­
crystallization) is another method for obtaining crystals of 
potentially conducting salts. In most of the preparations of 
TTF[Pd(dmithh (dmit: 27, X=Y=Z=S) by diffusion of 
Cl"TFMBF4 h and (nBu4N)[Pd(dmithl, mainly black shiny 
needles of the a phase were obtained. However, some 
experiments yielded, in addition, a so-called a' phase ( due 
to its structural similarity to the a phase, but different 
electrical behavior), and occasionally it was possible to 
separate a third o phase of plate-shaped crystals from the 
batch.[112-114] 

7.12.3. Organi,: Magnetic ,M.aterials: 

The significant increase in interest and activity in the 
design, preparation, and study of organic magnetic materials 
has led to the discovery of a number of polymorphic 
systems.l116• 1171 One of the few purely organic materials shown 
lo undergo a well-characterized ferro-
magnetic transition is the azaadamantane 
derivative 29.lmJ The material is dimor­
phic, and both forms appear simultane­
ously by evaporation of a diethyl ether 
solution at room temperature. The au­
thors note that they have not succeeded in 
determining the conditions for selectively 
crystallizing either form. 

29 

The structures of the a and /3 forms are shown in Figure 16. 
It can be seen that there is indeed a subtle difference in the 
environment of the oxygen atom on which the unpaired 
electrons are formally located, and in other intermolecular 
interactions, but the concomitant crystallization suggests that 
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Figure 16. Representation of the packing of the two forms of 29. Oxygen 
atoms are denoted by solid circles. Left: the monoclinic a form; right: the 
orthorhombic f3 form. (Reprinted from ref. r11SJ with permission.) 

the energetic consequences of the sum of these differences are 
very small. 

This lack of control over the polymorph obtained is in 
contrast to the dimorphic system HQNN 30. Sugawara et al. 

30 

reported in a preliminary communi­
cation[119J that the bluish-purple 

blocks of the a phase could be 
obtained above 4 °C and the needle­
shaped fJ phase can be crystallized 
below O 0 C. ] n addition, they add that 
"both crystals can be obtained selec-
tively by using a seed crystal at room 

temperature". In a later publicationr120J it was noted that the a 
phase was obtained in a refrigerator, " ( ~ 4 °C) under a 
nitrogen atmosphere" while the fJ form was obtained from a 
solution "stored in a freezer ( ~ ···· 10 °C)". 

Legros and Valade reported the concomitant (a and y) 
forms of 31 and 32. The crystals are obtained from the slow 
interdiffusion of saturated solutions of (TTF)lBF4h and 

31 32 

(nBu4N)[Pd( dmit) 2] .r112J The a form is the main product as 
shiny black needles, with some platelets of the y phase usually 
present. Occasionally, a so-called a' phase is also obtained in 
this crystallization procedure. The a and y forms have very 
different crystal structures and correspondingly different 
electrical behavior. The former are built up of segregated 
stacks of donor and acceptor molecules and undergoes a 
metal - semiconductor transition. The latter has stacks of 
dimers of 32, and exhibits metallic behavior in the range 120-
300 K. 

A recent study on the system of 1,6-diaminopyrene (33) and 
chloranil (34) is edifying with regard to the connection 
between structure and electrical conductivity. Compound 33 is 
a relatively strong donor that was an early subject of study as a 
component of potential electrically conducting com­
plexes,l121· 122J and quite a few complexes of this donor were 
preparcd.l123 - 1241 The complex of 33 with 34 was investigated in 
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33 

EtS~Et 

f ' g ' 
EtS -\ g- SEt 

35 

34 

36 

detail recentlyr124, 125l with results that indicate both the utility 

and some of the limitations of studies of polymorphic systems. 
The 1:1 complex is polymorphic, with a dark brown a form 
and a green fJ form. Both may be obtained simultaneously 
from benzene solution by both slow cooling and "prolonged" 
slow evaporation.l124l Under cooling or grinding, the resistivity 
of the a form is reduced by eight orders of magnitude, with no 
detectable structural changes by X-ray crystallography. 

Modification of the substituents on the pyrene donor and 
the benzoquinone acceptor leads to the 1:1 complex of 35 with 
36, which was studied by Lee et aLl126l Slow evaporation of an 
equirnolar mixture of the compounds in dichlorornethane led 
to a mixture of black crystals; the a phase were "branchy" 
microcrystals and the /J phase were large platelets. 

7.12.4. Free Radicals by Sublimation 

The recently reported 1,2,3,5-dithiadiazolyl radical 37 is the 
first to retain its paramagnetic behavior in the solid 
state.l127, 128l It also provides another 
example of concomitant crystallization 
by sublimation. Large black blocks of 
the a phase may be obtained pure by 
very rapid vacuum sublimation at 
120 °C and 10 2 Torr. The long, plasti­
cally deformable needles or small red 
blocks of the /J phase are prepared at 

37 

the same pressure and 80-100°C, with the crystals collecting 
just above the level of the oil bath or heating tape of the 
source vessel (i.e., small temperature gradient )J129l The two 
phases appear simullaneously under vacuum in a sublimation 
tube subjected to a temperature gradient. The difference in 
color of the latter two types of fJ crystals is most likely a size 
effect, the larger crystals being opaque and hence reflecting. 

7.13. Concomitant Crystallization of Proteins 

In view of the many experiments carried out on the 
crystallization of proteins and subsequently refinement of the 
conditions to maximize crystal size and quality for X-ray 
structure determination, it is not surprising that examples of 
concomitant crystallization are found among proteins. Wang 
and co-workers reported the simultaneous crystallization of 
three polymorphs of am-class glutathionc S-transfcrasc from 
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rat liverl130l (Figure 17). Day and McPherson reported crys­
tallization of two crystalline forms in stages in accord with 
Ostwald's Rule for cytochrome c from Valida membranaefa­
ciensl131l (Figure 18). In every case of crystallization they 
obtained arrays of thin triclinic plates (Figure 18a), some of 
which grew up to 0.5 mm along the largest physical dimension 
(Figure 18b). In some cases, some of these dissolved (in 
accord with Ostwald's Rule of Stages) to give rectangular 
prisms (Figure 18c), which turned out to be orthorhombic. 

Figure 17. Photograph of cocrystallizing forms of rat liver glutathone 
5-transferase. The three forms are laheled. (Reprinted from ref. [130] with 
permission.) 

Figure 18. l'xample of the stagelike growth in cytochrome c from Valida 
membranaefaciens. a) Treelike arrays of small triclinic crystals. b) Triclinic 
crystals, which are frequently seen to dissolve at the expense of the 
orthorhombic prism (c). (Reprinted from ref. [131] with permission.) 

8. A Structural Approach to Concomitant 
Crystallization 

Up to this point this account of instances of concomitant 
polymorphs has been phenomenological. We have discussed 
the thermodynamic and kinetic crystallization of polymorphs. 
There is still the question o[ whether any insight can he gained 
from the study of the crystal structures of concomitantly 
crystallized polymorphs. A qualitative attempt was made to 
sec if details of the crystal structures may provide clues to the 
reasons for concomitant crystallization. The squarylium dye 
38 crystallizes from dichloromethane in a triclinic violet form 
and a monoclinic green form.l132l The cell constants (Table 1) 
do not suggest any similarity of the structures. However, a 
projection on the molecular plane which includes two 
neighboring molecules (Figure 19) indicates that the stacking 
of the planar molecules is virtually identical in the two 
structures. In both cases the two molecules are related by a 
lattice translation: in the triclinic structure it is along the c axis 
and in the monoclinic structure along the b axis. Although the 
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38 

39 

Tahle L Crystallographic cell constants for the two polymorphic forms of 
38. 

Triclinic Monoclinic 

a [Al 11.911 15.72 
b[A] 7.401 7.283 
C [A.] 6.501 9.591 
a [OJ 92.78 90 

/3 n 111.9 106.11 
y [OJ 98.08 90 
space group Pi P2,lc 

views appear the same to the eye, the vertical separation 
between planes differs (3.40 A vs 3.86 A), which is a 
manifestation of the different axial lengths involved. The 
similarity of these diagrams strongly suggests that the stacking 

a) 

h) 

Figure 19. Stcrcovicws of the overlap of translationally related molecules 
in the two structures of 38. T n both cases the view is on the plane of the 
reference molecule. a) Triclinic structure, c-axis translation; b) monoclinic 
structure, b-axis translation. (Reprinted from ref. [132] with permission.) 
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is the dominant influence in the crystal growth process for 
both-hence the concomitant crystallization. The crystal 
structures differ, of course, in that stacks are related by 
translation in the triclinic structure and by a screw axis in the 
monoclinic one, as shown in Figure 20, but the fact that these 
phases crystallize concomitantly would be consistent with the 
assumption that energetically, at least, these interstack 
interactions contribute in a less significant way than those 
within the stack. 

Figure 20. Stereoviews showing the relationship between the stacks shown 
in Figure 19 for 38. a) Triclinic structure, translational relationship. 
b) Monoclinic structure, screw-axis relationship. (Reprinted from 
ref. [132] with permission.) 

It is of interest to note that another similar squarylium dye 
39 has also been shown to concomitantly crystallize in a green 
monoclinic phase and a purple triclinic phase.lmJ The 
structure has been reported for the former, but crystals of 
the latter were not of sufficient quality to determine the 
crystal structure. The monoclinic phase crystallizes in space 
group P2if c with cell constants a= 9.046, b = 19.615, c = 
9.055 A, f3 = 116.1 °, which precludes any molecular overlap 
of the type seen in Figure 19 for 38. The crystal structures of 
38 and 39 are significantly different so that the similarity in the 
colors of the polymorphs of the two compounds appears to be 
entirely coincidental, albeit unusuaU115l 

9. Summary and Outlook 

Sironi and co-workers have described the current situation 
of the discovery of polymorphs in general and of concom­
itantly crystallizing polymorphs in particular:["61 "Normally, 
after a good-looking single crystal is randomly picked out of a 
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bunch of crystals, or more frequently, from a complex mixture 
containing also (morphologically) amorphous, microcrystal­
line or powdered material, no scattering measurements 
characterizing the nature of the bulk are routinely performed, 
thus overlooking the possibility of finding [the] coexistence of 
different crystalline phases of the same composition in the 
san1e san1ple.'' 

Sironi and co-workers advocate the use of fast (:::;:;3() min) 
diffraction patterns as a "routine control of reaction prod­
ucts". We have no argument with this: any suitable technique 
could and should be used. We still prefer the initial careful 
optical examination with the polarizing, and preferably, hot­
stage microscope. Very little material is required, the method 
is usually non-destructive, and a great deal can be learned 
with a very small investment in time and money. 

\Ve have described a phenomenon that can be useful in lhe 
investigation of solid materials, and in understanding the 
relative crystal energetics of polymorphic materials. In gen­
eral no sophisticated technique or instrumentation is required 
to detect concomitant polymorphs. All that is necessary is the 
willingness to observe crystalline samples carefully, the 
awareness that such samples may contain more than one 
polymorphic modification, and the understanding that such a 
situation can provide a great deal more information than one 
polymorphic modification can yield. We hope that this 
awareness will stimulate those dealing with crystallizations 
and with crystals to look a little closer at the batch of crystals 
before moving on to further study or relegating them to 
storage, and to describe the associated crystallizing proce­
dures, crystal habits, color, and so on in more detail than is the 
common practice today.l1341 

As the awareness of polymorphism has grown, there has 
been increasing effort to understand the phenomenon and to 
gain control over the crystallization process in order to 
selectively obtain a desired polymorph or suppress the growth 
of an undesired one. Historically, this was done by a 
combination of trial and error, intuition, serendipity, varying 
solvents, temperature,l2- rnJ and occasionally additives.l135J The 
availability of detailed structural data, combined with strate­
gic design of substrates and additives, has led to significant 
advances in the control over the polymorphs obtained in a 
particular crystallization.(136--1391 

Although the phenomenon of concomitant crystallization 
has a long history, many of our examples have been taken 
from the very recent literature. This is not totally by accident. 
The relative ease with which crystal structures can be solved 
compared, say, to a generation ago has facilitated the 
structural investigation of crystals per sc. However, a large 
proportion of the papers cited have been authored by what 
might be called practitioners of the organic solid state who, 
through training and experience, tend to benefit from an 
awareness of polymorphism and an interest in polymorphic 
systems. It is hoped that this review will promote that 
awareness throughout the general chemical community. 

We are grateful to m.any enthusiastic colleagues who 
responded to our call for examples of concomitant polymorphs 
and to subsequent follow-ups for details. Many of the examples 
presented here benefited from some extra effort or assistance 
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SOL]D-STATE CHEMISTRY: 

Crystal Gazing: Structure Prediction and Polymorphism 

Crystal engineering, the design of organic solids with specified architectures and 
therefi::ire particular physical or chemical properties, continues to elicit jntense interest tL 
;D. Crystals are built \vith molecules, and ideally one would like to predict the crystal 
structure of an organic substance from nothing more than its molecular structure. Indeed, 
given the molecular basis of organic chernistry, such a goal seems almost intuitive, A 
particular molecular structure can also yield more than one crystal structure, and this 
phenomenon of polymorprrism CD has been in the forefront, most notably in litigation 
surrounding the V,iidely used ulcer medication Zantac (J). 

The n1ajor obstacle in romindy predicting cry.;.;ta! struclures from n1okcular structures is 
that in any kind of molecular recognition, and this includes the recognition between 
identical molecules during crystallization, it is the dissimilar functionalities that come 
into closest contact and nol the sirnilar sm·faces (.~_). Sleric and electronic 
complementarity thus characterize the crystallization event. The functional group 
approach, so central to molecular chemistry, is of limited applicability because the 
supramolecular behavior of a particular functional group depends acutely on the nature 
and even the location of the other functionalities in the molecule. This issue is greatly 
co1nplicated by the fact that hydrocarbon residues, not normaliy considered functional 
groups in molecular chemistry, arc quite respectable supramolecular functionalities. All 
this means that the crystal structures of many "simp!e" organic compounds need not be 
simple at a!L Whal is surprising, hmvever, and this is vvhat provides the vital impetus to 
the subject, is that although the energy differences between the plethora of putative 
crystal structures for a given molecule can be quite smalL many organic compounds are 
not polymorphic. IVIolcculcs seem to knov./ exactly hmv to crystallize, e'ven as chemists 
seem unable to accurately foresee such events. 

Sometimes, it is possible to predict the outcome of crystallization. ln seminal 
papers, Ermer fft) and Hanessian CD and their colleagues showed that predictable 
structures can be obtained in systems containing equal stoichiometries of NH2 and OH 
groups. This predictability arises from the 2: l and l :2 hydrogen bond donor:acceptor 
ratios in these functional groups, leading (i) to tetrahedral configuralions at both 
heteroatoms in the hydrogen bond netv,;ork and consequently (ii) to variants of the arsenic 
and wurtzite structures. 1n particular, 4-amjnophenol is identifiable as an archetype of this 
finnJ!y, Yet, ho<,v predictable are these crystal slnictures? \Ve determined the structures of 
the isomeric 2- and 3-aminophenols Vv'ith single-crystal lovv-temperature neutron 
diffraction, and rather than the expected tetrahedral net\vork, an unusual N-l--L .p 
hydrogen bond ,vas observed rn) (see figure). The reason for this unexpected structure is 
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Odd bonds, An unusual NH· ·n hydrogen bond is found in the crystal structure of 2-
aminophenol. Although conventional OH--·N and NH--·O hydrogen bonds are also seen, 
saturation of the hydrogen bonding capabilities of the NH 2 and OH groups v{ith 
conventional hydrogen bonds, as predicted (.f, .D, is not ob.;.;erved. 

that the packing in all three arninopheno!s is dominated by the herringbone packing of 
arornatic rings rather than by hydrogen b(mdingo ln 4-aminophenoL the aromatic packing 
is able to coexist with the hydrogen-bonded 'vV1.uizite network; in other ·words, the 
interference bet\veen these two sets of interactions is minirnal. In 2- and 3-arninophenols, 
hov1ever, the same packing of aromatic rings is incompatible v1ith the tetrahedral nehvork 
that is replaced by the unconventional hydrogen-bond arrangement. 

1f functional groups do not adequately reflect molecule-to-crystal transforms, hmv then 
does one attempt to understand crystallization events in chemical terms? The descriptor 
"suprnmolecular sy11thon" signifies larger multimolecular units,. ,✓vithin the most robust 
and useful of which is encoded the optimal infom1ation inherent in the mutual 
recognition of molecules to yield solid-stale superrnolecules, that is, crystals (9). Pyrnzine 
carboxamide (see 1 in scheme 1) is a bizaiTe compound that exists in no less than frve 
distinct polymorphic forms, and the supramolecular synthon 2 found in all of them is 
indicative of the importance of CH· ·N hydrogen bonding. The rnuHiple yet distinctive 
occurrences of the heterocyclic N atom and the aromatic =CH group in the molecular 
skeleton of 1 means that synthon 2 can be generated in several ,vays, as shown in 3 
through 5, leading more or less directly to polymorphism. 

Just as a given molecule may adopt differem crystal struclures, a given net',.vork strnclure 
may he accessed by distinct molecules. In this sense, there is some flexibility in crystal 
engineering strategies that are aimed at networks, if a particular netvvork structure can 
lead to a property of interest. Ho'vvever, there are some areas 1-vherein a molecule-based 
approach is still mandated. A good example is the e1ystalbzation of pharmaceuticals. 
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Sche.me L The CH .• N hydrogen-bonded supramolecuiar synthon 2 is optimized. in the 
polyrnorphs of pyrazine carboxamide (l! in allemative arrangernems 3 through 5. 

The complex legal issues raised by the Zantac litigation demonstrate h(nv state-of­
the-ari scientific knowledge can impinge on purely legal issues ·with tremendous 
commercial ramifications CD. ln general, for any given dmg 1nolecuk, one needs lo kno,N 
if it is likely to be polymorphic or pseudopolymorphic, that is, if it crystallizes ,vith 
variations in the nature or amount of solvent Such efforts at crystal structure prediction 
are usually co1nputational in nature ,-villl a greater or lesser reliance on crysu1llogrnpbic 
and close-packing arguments CW-JI). These methods have been moderately successful, 
but there is still much that can be learned. A Monte Carlo sirmdated-annealing process is 
the basis for a wdl-knovm software package (LU- Molecular dynamics-based approaches 
offer new perspectives, and recent studies by Gavezzotti CL'D show how solvent and 
kinetic effects can be simulated. Experimental methods are less common, but the recent 
\Vork of Davey et al. (HD on the stabilization of a metastable form of L-glutamic acid by 
confrmnational mimicry is of considerable relevance because it highlights the irnportance 
of kinetic and thermodynamic tactors in crystallization. 

An appreciation of poly1norphisrn is fondan1ental to an understanding of the 
crystallization process itself It is possible that a molecule with more recognition sites can 
more easily cascade jnto a stable crystal structure, 1.vith alternative crystallization 
possibilities being more efficiently excluded U.]). In this respect, a certain resemblance 
between the crystallization of a small organic molecule and the folding of a protein may 
be noted. Both processes could proceed through intermediate (and perhaps k.jnetically 
stabilized) states, ,vhich could be semicompact random globules for proteins (J_ji) and 
structure-determining clusters that contain robust suprarnolecular synthons for small 
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molecules. These intem1ediatc states could result in a considerable increase 111 

crystallization or folding efficiency, even as the correction of mjstakes is facj te. 

Crystallization and polymorphism are complex phenomena, and a distinct branch 
of crystal engineering has developed that attempts to sidestep the difficult issues involved 
in their understanding. ln the study of coordination polyn1ers, use is made of relatively 
strong bonds between ligands and metal ions vvith unambiguous coordination geometries 
to generate open networks, so1ne of "vhich are stable to the loss of included solvent 0.2). 
But rnicro_porosity is not the only beneficial property in the ,.vorld of solids and the design 
of crystal structures of srnall organic molecules remains an attractive research area 1.vith 
considerable intellectual challenge and potentialities for further applications as materials 
(20). 
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There's Plenty of Room at the Bottom 

An Invitation to Enter a New Field of Physics 

y Richard P. Feynman 

This transcript of the classic talk that Richard Feynman gave on December 
29th 1959 at the annual meeting of the American Physical Societv at the 
California Institute of Technology_(Caltech) was first published in the 
February 1960 issue of Caltech's Engineering and Science, which owns 
the copyright. It has been made available on the web at 
http://wvrw.zyvex.com/nanotech/fcynman.html with their kind permission. 

Information on the Fevnman Prizes 

Links to pai;;es on Fevnman 

For an account of the talk and how people reacted to it, see chapter 4 of 
Nano! by Ed Regis, Little/Brown 1995. An excellent technical 
introduction to nanotechnology is Nanosvstems: molecular machinery. 
manufacturing, and computation by K. Eric Drexler, Wiley 1992. 

I imagine experimental physicists must often look with envy at men like Kamerlingh 
Onnes, who discovered a field like low temperature, which seems to be bottomless and in 
which one can go down and down. Such a man is then a leader and has some temporary 
monopoly in a scientific adventure. Percy Bridgman, in designing a way to obtain higher 
pressures, opened up another new field and was able to move into it and to lead us all 
along. The development of ever higher vacuum was a continuing development of the 
same kind. 

I would like to describe a field, in which little has been done, but in which an enormous 
amount can be done in principle. This field is not quite the same as the others in that it 
will not tell us much of fundamental physics (in the sense of, "What are the strange 
particles?") but it is more like solid-state physics in the sense that it might tell us much of 
great interest about the strange phenomena that occur in complex situations. Furthermore, 
a point that is most important is that it would have an enormous number of technical 
applications. 

What I want to talk about is the problem of manipulating and controlling things on a 
small scale. 
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As soon as I mention this, people tell me about miniaturization, and how far it has 
progressed today. They tell me about electric motors that are the size of the nail on your 
small finger. And there is a device on the market, they tell me, by which you can write 
the Lord's Prayer on the head of a pin. But that's nothing; that's the most primitive, 
halting step in the direction I intend to discuss. It is a staggeringly small world that is 
below. In the year 2000, when they look back at this age, they will wonder why it was not 
until the year 1960 that anybody began seriously to move in this direction. 

Why cannot we write the entire 24 volumes of the Encyclopedia Brittanica on the head of 
a pin? 

Let's see what would be involved. The head of a pin is a sixteenth of an inch across. If 
you magnify it by 25,000 diameters, the area of the head of the pin is then equal to the 
area of all the pages of the Encyclopaedia Brittanica. Therefore, all it is necessary to do is 
to reduce in size all the writing in the Encyclopaedia by 25,000 times. Is that possible? 
The resolving power of the eye is about 1/120 of an inch---that is roughly the diameter of 
one of the little dots on the fine half-tone reproductions in the Encyclopaedia. This, when 
you demagnify it by 25,000 times, is still 80 angstroms in diameter---32 atoms across, in 
an ordinary metal. In other words, one of those dots still would contain in its area 1,000 
atoms. So, each dot can easily be adjusted in size as required by the photoengraving, and 
there is no question that there is enough room on the head of a pin to put all of the 
Encyclopaedia Brittanica. 

Furthermore, it can be read if it is so written. Let's imagine that it is written in raised 
letters of metal; that is, where the black is in the Encyclopedia, we have raised letters of 
metal that are actually 1/25,000 of their ordinary size. How would we read it? 

If we had something written in such a way, we could read it using techniques in common 
use today. (They will undoubtedly find a better way when we do actually have it written, 
but to make my point conservatively I shall just take techniques we know today.) We 
would press the metal into a plastic material and make a mold of it, then peel the plastic 
off very carefully, evaporate silica into the plastic to get a very thin film, then shadow it 
by evaporating gold at an angle against the silica so that all the little letters will appear 
clearly, dissolve the plastic away from the silica film, and then look through it with an 
electron microscope! 

There is no question that if the thing were reduced by 25,000 times in the form of raised 
letters on the pin, it would be easy for us to read it today. Furthermore; there is no 
question that we would find it easy to make copies of the master; we would just need to 
press the same metal plate again into plastic and we would have another copy. 

How do we write small? 

The next question is: How do we write it? We have no standard technique to do this now. 
But let me argue that it is not as difficult as it first appears to be. We can reverse the 
lenses of the electron microscope in order to demagnify as well as magnify. A source of 
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ions, sent through the microscope lenses in reverse, could be focused to a very small spot. 
We could write with that spot like we write in a TV cathode ray oscilloscope, by going 
across in lines, and having an adjustment which determines the amount of material which 
is going to be deposited as we scan in lines. 

This method might be very slow because of space charge limitations. There will be more 
rapid methods. We could first make, perhaps by some photo process, a screen which has 
holes in it in the form of the letters. Then we would strike an arc behind the holes and 
draw metallic ions through the holes; then we could again use our system of lenses and 
make a small image in the form of ions, which would deposit the metal on the pin. 

A simpler way might be this (though I am not sure it would work): We take light and, 
through an optical microscope running backwards, we focus it onto a very small 
photoelectric screen. Then electrons come away from the screen where the light is 
shining. These electrons are focused down in size by the electron microscope lenses to 
impinge directly upon the surface of the metal. Will such a beam etch away the metal if it 
is run long enough? I don't know. If it doesn't work for a metal surface, it must be 
possible to find some surface with which to coat the original pin so that, where the 
electrons bombard, a change is made which we could recognize later. 

There is no intensity problem in these devices---not what you are used to in 
magnification, where you have to take a few electrons and spread them over a bigger and 
bigger screen; it is just the opposite. The light which we get from a page is concentrated 
onto a very small area so it is very intense. The few electrons which come from the 
photoelectric screen are demagnified down to a very tiny area so that, again, they are very 
intense. I don't know why this hasn't been done yet! 

That's the Encyclopaedia Brittanica on the head of a pin, but let's consider all the books in 
the world. The Library of Congress has approximately 9 million volumes; the British 
Museum Library has 5 million volumes; there are also 5 million volumes in the National 
Library in France. Undoubtedly there are duplications, so let us say that there are some 
24 million volumes of interest in the world. 

What would happen if I print all this down at the scale we have been discussing? How 
much space would it take? It would take, of course, the area of about a million pinheads 
because, instead of there being just the 24 volumes of the Encyclopaedia, there are 24 
million volumes. The million pinheads can be put in a square of a thousand pins on a 
side, or an area of about 3 square yards. That is to say, the silica replica with the paper­
thin backing of plastic, with which we have made the copies, with all this information, is 
on an area of approximately the size of 35 pages of the Encyclopaedia. That is about half 
as many pages as there are in this magazine. All of the information which all of mankind 
has every recorded in books can be carried around in a pamphlet in your hand---and not 
written in code, but a simple reproduction of the original pictures, engravings, and 
everything else on a small scale without loss of resolution. 
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What would our librarian at Caltech say, as she runs all over from one building to 
another, if I tell her that, ten years from now, all of the information that she is struggling 
to keep track of--- 120,000 volumes, stacked from the floor to the ceiling, drawers full of 
cards, storage rooms full of the older books---can be kept on just one library card! When 
the University of Brazil, for example, finds that their library is burned, we can send them 
a copy of every book in our library by striking off a copy from the master plate in a few 
hours and mailing it in an envelope no bigger or heavier than any other ordinary air mail 
letter. 

Now, the name of this talk is "There is Plenty of Room at the Bottom"---not just "There 
is Room at the Bottom." What I have demonstrated is that there is room---that you can 
decrease the size of things in a practical way. I now want to show that there is plenty of 
room. I will not now discuss how we are going to do it, but only what is possible in 
principle---in other words, what is possible according to the laws of physics. I am not 
inventing anti-gravity, which is possible someday only if the laws are not what we think. 
I am telling you what could be done if the laws are what we think; we are not doing it 
simply because we haven't yet gotten around to it. 

Information on a small scale 

Suppose that, instead of trying to reproduce the pictures and all the information directly 
in its present form, we write only the information content in a code of dots and dashes, or 
something like that, to represent the various letters. Each letter represents six or seven 
''bits" of information; that is, you need only about six or seven dots or dashes for each 
letter. Now, instead of writing everything, as I did before, on the surface of the head of a 
pin, I am going to use the interior of the material as well. 

Let us represent a dot by a small spot of one metal, the next dash, by an adjacent spot of 
another metal, and so on. Suppose, to be conservative, that a bit of information is going to 
require a little cube of atoms 5 times 5 times 5---that is 125 atoms. Perhaps we need a 
hundred and some odd atoms to make sure that the information is not lost through 
diffusion, or through some other process. 

I have estimated how many letters there are in the Encyclopaedia, and I have assumed 
that each of my 24 million books is as big as an Encyclopaedia volume, and have 
calculated, then, how many bits of information there are (1 QA] 5). For each bit I allow 100 
atoms. And it turns out that all of the information that man has carefully accumulated in 
all the books in the world can be written in this form in a cube of material one two­
hundredth of an inch wide--- which is the barest piece of dust that can be made out by the 
human eye. So there is plenty of room at the bottom! Don't tell me about microfilm! 

This fact---that enormous amounts of information can be carried in an exceedingly small 
space---is, of course, well known to the biologists, and resolves the mystery which 
existed before we understood all this clearly, of how it could be that, in the tiniest cell, all 
of the information for the organization of a complex creature such as ourselves can be 
stored. All this information---whether we have brown eyes, or whether we think at all, or 
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that in the embryo the jawbone should first develop with a little hole in the side so that 
later a nerve can grow through it---all this information is contained in a very tiny fraction 
of the cell in the form of long-chain DNA molecules in which approximately 50 atoms 
are used for one bit of information about the cell. 

Better electron microscopes 

If I have written in a code, with 5 times 5 times 5 atoms to a bit, the question is: How 
could I read it today? The electron microscope is not quite good enough, with the greatest 
care and effort, it can only resolve about 10 angstroms. I would like to try and impress 
upon you while I am talking about all of these things on a small scale, the importance of 
improving the electron microscope by a hundred times. It is not impossible; it is not 
against the laws of diffraction of the electron. The wave length of the electron in such a 
microscope is only 1/20 of an angstrom. So it should be possible to see the individual 
atoms. What good would it be to see individual atoms distinctly? 

We have friends in other fields---in biology, for instance. We physicists often look at 
them and say, ''You know the reason you fellows are making so little progress?" 
(Actually I don't know any field where they are making more rapid progress than they are 
in biology today.) "You should use more mathematics, like we do." They could answer 
us---but they're polite, so I'll answer for them: "What you should do in order for us to 
make more rapid progress is to make the electron microscope 100 times better." 

What are the most central and fundamental problems of biology today? They are 
questions like: What is the sequence of bases in the DNA? What happens when you have 
a mutation? How is the base order in the DNA connected to the order of amino acids in 
the protein? What is the structure of the RNA; is it single-chain or double-chain, and how 
is it related in its order of bases to the DNA? What is the organization of the 
microsomes? How are proteins synthesized? Where does the RNA go? How does it sit? 
Where do the proteins sit? Where do the amino acids go in? In photosynthesis, where is 
the chlorophyll; how is it arranged; where are the carotenoids involved in this thing? 
What is the system of the conversion of light into chemical energy? 

It is very easy to answer many of these fundamental biological questions; you just look at 
the thing! You will see the order of bases in the chain; you will see the structure of the 
microsome. Unfortunately, the present microscope sees at a scale which is just a bit too 
crude. Make the microscope one hundred times more powerful, and many problems of 
biology would be made very much easier. I exaggerate, of course, but the biologists 
would surely be very thankful to you---and they would prefer that to the criticism that 
they should use more mathematics. 

The theory of chemical processes today is based on theoretical physics. In this sense, 
physics supplies the foundation of chemistry. But chemistry also has analysis. If you have 
a strange substance and you want to know what it is, you go through a long and 
complicated process of chemical analysis. You can analyze almost anything today, so I 
am a little late with my idea. But if the physicists wanted to, they could also dig under the 
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chemists in the problem of chemical analysis. It would be very easy to make an analysis 
of any complicated chemical substance; all one would have to do would be to look at it 
and see where the atoms are. The only trouble is that the electron microscope is one 
hundred times too poor. (Later, I would like to ask the question: Can the physicists do 
something about the third problem of chemistry---namely, synthesis? Is there a physical 
way to synthesize any chemical substance? 

The reason the electron microscope is so poor is that the f- value of the lenses is only 1 
part to 1,000; you don't have a big enough numerical aperture. And I know that there are 
theorems which prove that it is impossible, with axially symmetrical stationary field 
lenses, to produce an f-value any bigger than so and so; and therefore the resolving power 
at the present time is at its theoretical maximum. But in every theorem there are 
assumptions. Why must the field be symmetrical? I put this out as a challenge: Is there no 
way to make the electron microscope more powerful? 

The marvelous biological system 

The biological example of writing information on a small scale has inspired me to think 
of something that should be possible. Biology is not simply writing information; it is 
doing something about it. A biological system can be exceedingly small. Many of the 
cells are very tiny, but they are very active; they manufacture various substances; they 
walk around; they wiggle; and they do all kinds of marvelous things---all on a very small 
scale. Also, they store information. Consider the possibility that we too can make a thing 
very small which does what we want---that we can manufacture an object that maneuvers 
at that level! 

There may even be an economic point to this business of making things very small. Let 
me remind you of some of the problems of computing machines. In computers we have to 
store an enormous amount of information. The kind of writing that I was mentioning 
before, in which I had everything down as a distribution of metal, is permanent. Much 
more interesting to a computer is a way of writing, erasing, and writing something else. 
(This is usually because we don't want to waste the material on which we have just 
written. Yet if we could write it in a very small space, it wouldn't make any difference; it 
could just be thrown away after it was read. It doesn't cost very much for the material). 

Miniaturizing the computer 

I don't know how to do this on a small scale in a practical way, but I do know that 
computing machines are very large; they fill rooms. Why can't we make them very small, 
make them of little wires, little elements---and by little, I mean little. For instance, the 
wires should be 10 or 100 atoms in diameter, and the circuits should be a few thousand 
angstroms across. Everybody who has analyzed the logical theory of computers has come 
to the conclusion that the possibilities of computers are very interesting---if they could be 
made to be more complicated by several orders of magnitude. If they had millions of 
times as many elements, they could make judgments. They would have time to calculate 
what is the best way to make the calculation that they are about to make. They could 

UM00014341 

NOVARTIS EXHIBIT 1517 
Novartis v. Regents, IPR2023-01347 

Page 3080 of 4460



select the method of analysis which, from their experience, is better than the one that we 
would give to them. And in many other ways, they would have new qualitative features. 

If I look at your face I immediately recognize that I have seen it before. (Actually, my 
friends will say I have chosen an unfortunate example here for the subject of this 
illustration. At least I recognize that it is a man and not an apple.) Yet there is no machine 
which, with that speed, can take a picture of a face and say even that it is a man; and 
much less that it is the same man that you showed it before---unless it is exactly the same 
picture. If the face is changed; if I am closer to the face; if I am further from the face; if 
the light changes---! recognize it anyway. Now, this little computer I carry in my head is 
easily able to do that. The computers that we build are not able to do that. The number of 
elements in this bone box of mine are enormously greater than the number of elements in 
our ''wonderful" computers. But our mechanical computers are too big; the elements in 
this box are microscopic. I want to make some that are submicroscopic. 

If we wanted to make a computer that had all these marvelous extra qualitative abilities, 
we would have to make it, perhaps, the size of the Pentagon. This has several 
disadvantages. First, it requires too much material; there may not be enough germanium 
in the world for all the transistors which would have to be put into this enormous thing. 
There is also the problem of heat generation and power consumption; TV A would be 
needed to run the computer. But an even more practical difficulty is that the computer 
would be limited to a certain speed. Because of its large size, there is finite time required 
to get the information from one place to another. The information cannot go any faster 
than the speed of light---so, ultimately, when our computers get faster and faster and 
more and more elaborate, we will have to make them smaller and smaller. 

But there is plenty of room to make them smaller. There is nothing that I can see in the 
physical laws that says the computer elements cannot be made enormously smaller than 
they are now. In fact, there may be certain advantages. 

Miniaturization by evaporation 

How can we make such a device? What kind of manufacturing processes would we use? 
One possibility we might consider, since we have talked about writing by putting atoms 
down in a certain arrangement, would be to evaporate the material, then evaporate the 
insulator next to it. Then, for the next layer, evaporate another position of a wire, another 
insulator, and so on. So, you simply evaporate until you have a block of stuff which has 
the elements--- coils and condensers, transistors and so on---of exceedingly fine 
dimensions. 

But I would like to discuss, just for amusement, that there are other possibilities. Why 
can't we manufacture these small computers somewhat like we manufacture the big ones? 
Why can't we drill holes, cut things, solder things, stamp things out, mold different 
shapes all at an infinitesimal level? What are the limitations as to how small a thing has 
to be before you can no longer mold it? How many times when you are working on 
something frustratingly tiny like your wife's wrist watch, have you said to yourself, "If I 
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could only train an ant to do this!" What I would like to suggest is the possibility of 
training an ant to train a mite to do this. What are the possibilities of small but movable 
machines? They may or may not be useful, but they surely would be fun to make. 

Consider any machine---for example, an automobile---and ask about the problems of 
making an infinitesimal machine like it. Suppose, in the particular design of the 
automobile, we need a certain precision of the parts; we need an accuracy, let's suppose, 
of 4/10,000 of an inch. If things are more inaccurate than that in the shape of the cylinder 
and so on, it isn't going to work very well. If I make the thing too small, I have to worry 
about the size of the atoms; I can't make a circle of "balls" so to speak, if the circle is too 
small. So, if I make the error, corresponding to 4/10,000 of an inch, correspond to an 
error of 10 atoms, it turns out that I can reduce the dimensions of an automobile 4,000 
times, approximately---so that it is 1 mm. across. Obviously, if you redesign the car so 
that it would work with a much larger tolerance, which is not at all impossible, then you 
could make a much smaller device. 

It is interesting to consider what the problems are in such small machines. Firstly, with 
parts stressed to the same degree, the forces go as the area you are reducing, so that 
things like weight and inertia are of relatively no importance. The strength of material, in 
other words, is very much greater in proportion. The stresses and expansion of the 
flywheel from centrifugal force, for example, would be the same proportion only if the 
rotational speed is increased in the same proportion as we decrease the size. On the other 
hand, the metals that we use have a grain structure, and this would be very annoying at 
small scale because the material is not homogeneous. Plastics and glass and things of this 
amorphous nature are very much more homogeneous, and so we would have to make our 
machines out of such materials. 

There are problems associated with the electrical part of the system---with the copper 
wires and the magnetic parts. The magnetic properties on a very small scale are not the 
same as on a large scale; there is the "domain" problem involved. A big magnet made of 
millions of domains can only be made on a small scale with one domain. The electrical 
equipment won't simply be scaled down; it has to be redesigned. But I can see no reason 
why it can't be redesigned to work again. 

Problems of lubrication 

Lubrication involves some interesting points. The effective viscosity of oil would be 
higher and higher in proportion as we went down ( and if we increase the speed as much 
as we can). If we don't increase the speed so much, and change from oil to kerosene or 
some other fluid, the problem is not so bad. But actually we may not have to lubricate at 
all! We have a lot of extra force. Let the bearings run dry; they won't run hot because the 
heat escapes away from such a small device very, very rapidly. 

This rapid heat loss would prevent the gasoline from exploding, so an internal 
combustion engine is impossible. Other chemical reactions, liberating energy when cold, 
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can be used. Probably an external supply of electrical power would be most convenient 
for such small machines. 

What would be the utility of such machines? Who knows? Of course, a small automobile 
would only be useful for the mites to drive around in, and I suppose our Christian 
interests don't go that far. However, we did note the possibility of the manufacture of 
small elements for computers in completely automatic factories, containing lathes and 
other machine tools at the very small level. The small lathe would not have to be exactly 
like our big lathe. I leave to your imagination the improvement of the design to take full 
advantage of the properties of things on a small scale, and in such a way that the fully 
automatic aspect would be easiest to manage. 

A friend of mine (Albert R. Hibbs) suggests a very interesting possibility for relatively 
small machines. He says that, although it is a very wild idea, it would be interesting in 
surgery if you could swallow the surgeon. You put the mechanical surgeon inside the 
blood vessel and it goes into the heart and "looks" around. (Of course the information 
has to be fed out.) It finds out which valve is the faulty one and takes a little knife and 
slices it out. Other small machines might be permanently incorporated in the body to 
assist some inadequately-functioning organ. 

Now comes the interesting question: How do we make such a tiny mechanism? I leave 
that to you. However, let me suggest one weird possibility. You know, in the atomic 
energy plants they have materials and machines that they can't handle directly because 
they have become radioactive. To unscrew nuts and put on bolts and so on, they have a 
set of master and slave hands, so that by operating a set of levers here, you control the 
"hands" there, and can tum them this way and that so you can handle things quite nicely. 

Most of these devices are actually made rather simply, in that there is a particular cable, 
like a marionette string, that goes directly from the controls to the "hands." But, of 
course, things also have been made using servo motors, so that the connection between 
the one thing and the other is electrical rather than mechanical. When you tum the levers, 
they tum a servo motor, and it changes the electrical currents in the wires, which 
repositions a motor at the other end. 

Now, I want to build much the same device---a master-slave system which operates 
electrically. But I want the slaves to be made especially carefully by modem large-scale 
machinists so that they are one-fourth the scale of the "hands" that you ordinarily 
maneuver. So you have a scheme by which you can do things at one- quarter scale 
anyway---the little servo motors with little hands play with little nuts and bolts; they drill 
little holes; they are four times smaller. Aha! So I manufacture a quarter-size lathe; I 
manufacture quarter-size tools; and I make, at the one-quarter scale, still another set of 
hands again relatively one-quarter size! This is one-sixteenth size, from my point of view. 
And after I finish doing this I wire directly from my large-scale system, through 
transformers perhaps, to the one-sixteenth-size servo motors. Thus I can now manipulate 
the one-sixteenth size hands. 
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Well, you get the principle from there on. It is rather a difficult program, but it is a 
possibility. You might say that one can go much farther in one step than from one to four. 
Of course, this has all to be designed very carefully and it is not necessary simply to 
make it like hands. If you thought of it very carefully, you could probably arrive at a 
much better system for doing such things. 

If you work through a pantograph, even today, you can get much more than a factor of 
four in even one step. But you can't work directly through a pantograph which makes a 
smaller pantograph which then makes a smaller pantograph---because of the looseness of 
the holes and the irregularities of construction. The end of the pantograph wiggles with a 
relatively greater irregularity than the irregularity with which you move your hands. In 
going down this scale, I would find the end of the pantograph on the end of the 
pantograph on the end of the pantograph shaking so badly that it wasn't doing anything 
sensible at all. 

At each stage, it is necessary to improve the precision of the apparatus. If, for instance, 
having made a small lathe with a pantograph, we find its lead screw irregular---more 
irregular than the large-scale one---we could lap the lead screw against breakable nuts 
that you can reverse in the usual way back and forth until this lead screw is, at its scale, 
as accurate as our original lead screws, at our scale. 

We can make flats by rubbing unflat surfaces in triplicates together---in three pairs---and 
the flats then become flatter than the thing you started with. Thus, it is not impossible to 
improve precision on a small scale by the correct operations. So, when we build this stuff, 
it is necessary at each step to improve the accuracy of the equipment by working for 
awhile dmvn there, making accurate lead screws, Johansen blocks, and all the other 
materials which we use in accurate machine work at the higher level. We have to stop at 
each level and manufacture all the stuff to go to the next level---a very long and very 
difficult program. Perhaps you can figure a better way than that to get down to small 
scale more rapidly. 

Yet, after all this, you have just got one little baby lathe four thousand times smaller than 
usual. But we were thinking of making an enormous computer, which we were going to 
build by drilling holes on this lathe to make little washers for the computer. How many 
washers can you manufacture on this one lathe? 

A hundred tiny hands 

When I make my first set of slave "hands" at one-fourth scale, I am going to make ten 
sets. I make ten sets of "hands," and I wire them to my original levers so they each do 
exactly the same thing at the same time in parallel. Now, when I am making my new 
devices one-quarter again as small, I let each one manufacture ten copies, so that I would 
have a hundred "hands" at the I/16th size. 

Where am I going to put the million lathes that I am going to have? Why, there is nothing 
to it; the volume is much less than that of even one full-scale lathe. For instance, if I 
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made a billion little lathes, each 1/4000 of the scale of a regular lathe, there are plenty of 
materials and space available because in the billion little ones there is less than 2 percent 
of the materials in one big lathe. 

It doesn't cost anything for materials, you see. So I want to build a billion tiny factories, 
models of each other, which are manufacturing simultaneously, drilling holes, stamping 
parts, and so on. 

As we go down in size, there are a number of interesting problems that arise. All things 
do not simply scale down in proportion. There is the problem that materials stick together 
by the molecular (Van der Waals) attractions. It would be like this: After you have made 
a part and you unscrew the nut from a bolt, it isn't going to fall down because the gravity 
isn't appreciable; it would even be hard to get it off the bolt. It would be like those old 
movies of a man with his hands full of molasses, trying to get rid of a glass of water. 
There will be several problems of this nature that we will have to be ready to design for. 

Rearranging the atoms 

But I am not afraid to consider the final question as to whether, ultimately---in the great 
future---we can arrange the atoms the way we want; the very atoms, all the way down! 
What would happen if we could arrange the atoms one by one the way we want them 
(within reason, of course; you can't put them so that they are chemically unstable, for 
example). 

Up to now, we have been content to dig in the ground to find minerals. We heat them and 
we do things on a large scale with them, and we hope to get a pure substance with just so 
much impurity, and so on. But we must always accept some atomic arrangement that 
nature gives us. We haven't got anything, say, with a '' checkerboard" arrangement, with 
the impurity atoms exactly arranged 1,000 angstroms apart, or in some other particular 
pattern. 

What could we do with layered structures with just the right layers? What would the 
properties of materials be if we could really arrange the atoms the way we want them? 
They would be very interesting to investigate theoretically. I can't see exactly what would 
happen, but I can hardly doubt that when we have some control of the arrangement of 
things on a small scale we will get an enormously greater range of possible properties 
that substances can have, and of different things that we can do. 

Consider, for example, a piece of material in which we make little coils and condensers 
(or their solid state analogs) 1,000 or 10,000 angstroms in a circuit, one right next to the 
other, over a large area, with little antennas sticking out at the other end---a whole series 
of circuits. Is it possible, for example, to emit light from a whole set of antennas, like we 
emit radio waves from an organized set of antennas to beam the radio programs to 
Europe? The same thing would be to beam the light out in a definite direction with very 
high intensity. (Perhaps such a beam is not very useful technically or economically.) 
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I have thought about some of the problems of building electric circuits on a small scale, 
and the problem of resistance is serious. If you build a corresponding circuit on a small 
scale, its natural frequency goes up, since the wave length goes down as the scale; but the 
skin depth only decreases with the square root of the scale ratio, and so resistive problems 
are of increasing difficulty. Possibly we can beat resistance through the use of 
superconductivity if the frequency is not too high, or by other tricks. 

Atoms in a small world 

When we get to the very, very small world---say circuits of seven atoms---we have a lot 
of new things that would happen that represent completely new opportunities for design. 
Atoms on a small scale behave like nothing on a large scale, for they satisfy the laws of 
quantum mechanics. So, as we go down and fiddle around with the atoms down there, we 
are working with different laws, and we can expect to do different things. We can 
manufacture in different ways. We can use, not just circuits, but some system involving 
the quantized energy levels, or the interactions of quantized spins, etc. 

Another thing we will notice is that, if we go down far enough, all of our devices can be 
mass produced so that they are absolutely perfect copies of one another. We cannot build 
two large machines so that the dimensions are exactly the same. But if your machine is 
only 100 atoms high, you only have to get it correct to one-half of one percent to make 
sure the other machine is exactly the same size---namely, ] 00 atoms high! 

At the atomic level, we have new kinds of forces and new kinds of possibilities, new 
kinds of effects. The problems of manufacture and reproduction of materials will be quite 
different. I am, as I said, inspired by the biological phenomena in which chemical forces 
are used in repetitious fashion to produce all kinds of weird effects ( one of which is the 
author). 

The principles of physics, as far as I can see, do not speak against the possibility of 
maneuvering things atom by atom. It is not an attempt to violate any laws; it is 
something, in principle, that can be done; but in practice, it has not been done because we 
are too big. 

Ultimately, we can do chemical synthesis. A chemist comes to us and says, "Look, I 
want a molecule that has the atoms arranged thus and so; make me that molecule." The 
chemist does a mysterious thing when he wants to make a molecule. He sees that it has 
got that ring, so he mixes this and that, and he shakes it, and he fiddles around. And, at 
the end of a difficult process, he usually does succeed in synthesizing what he wants. By 
the time I get my devices working, so that we can do it by physics, he will have figured 
out how to synthesize absolutely anything, so that this will really be useless. 

But it is interesting that it would be, in principle, possible (I think) for a physicist to 
synthesize any chemical substance that the chemist writes down. Give the orders and the 
physicist synthesizes it. How? Put the atoms down where the chemist says, and so you 
make the substance. The problems of chemistry and biology can be greatly helped if our 
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ability to see what we are doing, and to do things on an atomic level, is ultimately 
developed---a development which I think cannot be avoided. 

Now, you might say, "Who should do this and why should they do it?" Well, I pointed 
out a few of the economic applications, but I know that the reason that you would do it 
might be just for fun. But have some fun! Let's have a competition between laboratories. 
Let one laboratory make a tiny motor which it sends to another lab which sends it back 
with a thing that fits inside the shaft of the first motor. 

High school competition 

Just for the fun of it, and in order to get kids interested in this field, I would propose that 
someone who has some contact with the high schools think of making some kind of high 
school competition. After all, we haven't even started in this field, and even the kids can 
write smaller than has ever been written before. They could have competition in high 
schools. The Los Angeles high school could send a pin to the Venice high school on 
which it says, "How's this?" They get the pin back, and in the dot of the "i" it says, "Not 
so hot." 

Perhaps this doesn't excite you to do it, and only economics will do so. Then I want to do 
something; but I can't do it at the present moment, because I haven't prepared the ground. 
It is my intention to offer a prize of $1,000 to the first guy who can take the information 
on the page of a book and put it on an area 1/25,000 smaller in linear scale in such 
manner that it can be read by an electron microscope. 

And I want to offer another prize---if I can figure out how to phrase it so that I don't get 
into a mess of arguments about definitions---of another $1,000 to the first guy who makes 
an operating electric motor---a rotating electric motor which can be controlled from the 
outside and, not counting the lead-in wires, is only 1/64 inch cube. 

I do not expect that such prizes will have to wait very long for claimants. 
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Crystal Engineering of Diamondoid Networks 

Michael J. Zaworotko 
Department of Chemistry, Saint Mary's University, Halifax, Nova Scotia, Canada, 83H 3C3 

1 Introduction 
That it might ultimately become feasible routinely to design and 
control solid-state architecture and therefore function, coupled 
with our growing understanding of supramolecular chemistry, 
has afforded the driving force behind the emergence of crystal 
engineering. 1 •2 A fundamental principle of crystal engineering is 
that crystal structures can be regarded as de facto manifestations 
of self-assembly. Whereas this is not always a reasonable 
assertion in the absence of conventional (i.e. X-H .. · Y; 
X,Y O or N) hydrogen or covalent bonds, 3 it is becoming 
increasingly clear that molecules or ions of dramatically variable 
chemical nature can have analogous crystal engineering func­
tions. Therefore, the solid-state structures of moieties as differ­
ent as a carbon atom, a water molecule, and a dihydrogenphos­
phate anion have similarities since they represent moieties that 
have similar geometry (Tdor pseudo Td) and function (ability to 
self-assemble) at the molecule or ionic level. Indeed, ice and 
KH 2 PO4 (KDP) represent simple compounds which have long 
been known4 to be capable of exhibiting diamondoid architec­
ture in the solid state, well before the term crystal engineering 
was introduced by Schmidt. 5 Figure I schematically illustrates 
the similarities and differences between the structures of 
diamond, ice, and KDP by comparing adamantoid portions of 
their networks. Whereas all three structures are adamantoid, 
increased separations between the tetrahedral centres impart 
important physical consequences: diamond is well enough 
packed to be mechanically strong and possess one of the highest 
melting points known; ice is not as efficiently packed and is 
therefore less dense than water; KDP is so open an architecture 
that for an isolated network more than 50% of its volume would 
be vacuum. It is the latter which represents one of several reasons 
why a search for new diamondoid compounds is of more than 
aesthetic relevance: 
(i) The ability ofall 2-D and 3-D frameworks to pack optimally 

is prejudiced by the directionality and rigidity of the cohesive 
forces involved. Therefore, diamond is thermodynamically 
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diamond ice KDP 
Figure I A schematic representation of the adamantoid portton of the 

diamondoid architectures exhibited by diamond, ice, and KDP. Ice I 
is a hexagonal network but two polymorphs of ice are diamondoid. 

less stable than graphite under ambient conditions and the 
much larger amount of open space that is necessarily present 
in a 1-fold diamondoid array of H 2 PO4 anions has to be 
accommodated. In the case of KDP, space is addressed by 
interpenetration ofa second independent network, i.e. KDP is 
a 2-fold diamondoid structure. If interpenetration could be 
reduced, or even avoided, then channels and cavities with very 
specific and predictable dimensions and chemical type would 
be generated. Enclathrated guest molecules that facilitate 
more efficient packing would be expected to promote lower 
levels of interpenetration and such is indeed the case for 
trimesic acid (l ,3,5-benzenetricarboxylic acid), which is a 3-
fold 2-D honeycomb grid when pure.6 In principle, synthesis 
of a new generation of open solids with very selective zeolite­
like inclusion capabilities is therefore achievable via diamond­
oid architecture. 

(ii) Notwithstanding problems associated with packing 
efficiency, diamondoid solids would in general be expected to 
have high mechanical and thermal stability because the 
attractive forces extend isotropically in three dimensions. This 
includes hydrogen-bonded networks, which can be sustained 
by hydrogen bond energies of as high as 200 kJ/mol if ionic 
components are involved. 2 

(iii) Even a moiety with perfect Td symmetry possesses no centre 
of inversion. It should therefore logically follow that 
diamondoid architecture is at the very least not predisposed to 
adapt non-polar space groups. This might seem obvious, or 
even trivial, but it should be remembered that around 75% of 
compounds crystallize in non-polar space groups and strate­
gies for designing polarity into crystals are still in their 
infancy. 7 This is an important consideration since a number 
of important physical properties (e.g. ferroelectricity, piezo­
electricity, pyroelectricity, second-order non-linear optics) 
are dependent upon bulk crystal polarity, which only occurs 
in compounds that adapt polar space groups. Indeed, a low­
temperature polymorph of KDP is a commercial second­
order non-linear optic. 8 

2 The Modular Approach to Crystal 
Engineering of Diamondoid Networks 

The key to successful crystal engineering of new classes of 
diamondoid compound lies with recognition that, regardless of 
their chemical nature, molecules, ions or, importantly, combi-
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(a) (b) 

Figure 2 A schematic representation of the dimeric motifs adapted by 
(a) carboxyllc acids and (b) pyridones. For this and subsequent 
diagrams the colour coding is red for hydrogen bond donors and blue 
for hydrogen bond acceptors. Complementarity therefore occurs 
when blue and red moieties are matched with one another. 

nations thereof, should be capable of fom1ing infinite diamond­
oid arrays if their geometry and functionality are appropriate. 
Whereas the structures of ice and KDP have long been under­
stood, it was not until 1988 that diamondoid frameworks based 
upon organic molecules were first characterized. Otto Ermer's 
elegant studies on the tetragonally elongated diamondoid struc­
tures of adamantane-1,3,5,7-tetracarboxylic acid 9 " (l) and 
methanetetraacetic acid9b (2), detailed not only their crystal 
structures but provided an excellent introduction to the back­
ground and possible future applications of diamondoid solids. It 
should not be surprising that (1) and (2) are extensively inter­
woven (5-fold and 3-fold, respectively) since the separations 
between tetrahedral centres are 10.07 and 8.76A, respectively. 
The observed structures are based upon self-assembly sustained 
by the carboxylic acid dimer motif. Pyridones exhibit a similar 
ability to form dimeric motifs (Figure 2) and Wuest exploited 
this motif with the tetrakispyridone (3) which, remarkably, does 
not interpenetrate in the presence of butyric acid. Rather, (3) 
exists as a I-fold framework with channels large enough to hold 
two molecules of butyric acid. 10 Structures (1)--(3) therefore 
represent molecules that, because of their inherent symmetry 
and functionality, are effectively programmed to self-assemble 
to form superdiamondoid arrays. 

Unfortunately, tetrafunctionalized molecules with Td or close 
to Td symmetry are not that common. Furthermore, chemical 
modification of(l)-(3) could easily destroy their ability to self­
assemble predictably, and generating new molecules is syntheti­
cally challenging. Bearing this in mind, we set out to investigate 
the possibility of generating diamondoid networks using com­
plementary molecules, i.e. a modular or strict self-assembly 11 

approach. In principle, such a strategy has distinct advantages 
over single-component self-assembly since it could permit fine­
tuning of diamondoid structures without resorting to covalent 
modifications and would therefore be both facile and more 
generic (Figure 3). Therefore, although significant advances 
have recently been made with single-component se!f­
assembly9·1 ° and covalent systems such as polychalcogenides, 12 

this review places particular emphasis upon systems which have 
been prepared via the modular approach. Such an approach 
could involve either non-covalent or covalent bonding and the 
remainder of this work is subdivided accordingly. 

3 Non-covalent Diamondoid Networks 
A Td molecule that is either a tetrafunctional hydrogen bond 
donor or a tetrafunctional hydrogen bond acceptor that is NOT 
capable of self-assembling (i.e. it does not contain internal 
complementarity) should in principle strictly self-assemble with 
two equivalents of a complementary difunctional linear mole­
cule to form a diamondoid array (Figure 3). The Td molecule we 
chose to study is [Mn(COh(µ, 3-OH)J4 , (4) an air- and water­
stable cubane-like cluster that can be prepared quantitatively 
from Mn2CO10• 13 Structure (4) is illustrated in Figure 4 and it 
should be clear that it is ideally suited as a prototypal molecule 
for sustaining diamondoid architecture since it holds perfect Td 
symmetry, meaning that all four of its f-< 3-OH groups are 
oriented towards the vertices of a tetrahedron. Furthermore, (4) 

LHbMlLAL SUC1hl Y KhVlhWS, IY!:14 

COOH 

(1) 

CH2COOH 

HOOCCH2 I • 
~CH2COOH 

HOOCCH2 

(2) 

(3) 

is rigid and contains no strong hydrogen bond acceptor moie­
ties. Given Etter's observations concerning hydrogen bonding in 
solids, 14 that ( 4) spontaneously self-assembles with 1,2-diami­
noethane to form a diamondoid array15 should therefore not be 
a surprise. 1,2-diaminoethane can be replaced with other com­
plementary 'spacers' in a remarkably facile and general manner 
since the only criteria that matter are that a 'spacer' has two 
hydrogen bond acceptor moieties and that they can orient their 
vectors 180° apart from each other. Table I lists difunctional 
molecules that fit these criteria and have been successfully 
exploited as linear 'spacers'. The 'spacer' molecules employ 
several classes of hydrogen bond, both conventional 
(O-H· .. N, O-H .. ·O) and weak (O-H .. ·arene), and the 
levels of interpenetration are logical, based upon the length 
[molecules of (4) are separated by between 9.74 and I 5.35 AJ and 
volume of the spacer molecule. Of particular interest is that 
every network except one adapts tetragonal or cubic space 
groups that allow (4) to retain atleast S4 or even Tdsymmetry. In 
other words, the symmetry of (4) clearly manifests itself on the 
crystal architecture and space group symmetry. Several of the 
networks are polar or they contain microchannels that contain 
as many as four molecules of solvent (acetonitrile) per molecule 
of (4). 16 Figure 5 illustrates the 4-fold diamondoid structure of 
(4)·2(4,4'-dipyridyl)·2CH 3 CN viewed down the tetragonal c­
axis. The microchannels enclathrate two molecules of acetoni­
trile per molecule of ( 4). Several of the structures are diamond­
oid because µ, 3-OH moieties form 77-hydrogen bonds with each 
face of a range of arenes, including napthalenes. The 77-hydrogen 
bonds can be assumed to be quite weak from a thermodynamic 
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self-assembly 

* H·bond donor 

s H·bond acceptor 

modular or 
strict self-assembly 

- = linear •spacer• molecule 

Figure 3 A schematic representation of single-component (self-assembly) versus multi-component (strict self-assembly) approaches to construction of 
diamondoid architectures. The modular nature of the latter makes it in principle facile to 'fine-tune' the bulk physical properties of the network by 
substituting components that have the same crystal engineering function of either the spacer or the S4 molecule. 

(4) 

Figure 4 The molecular structure of[Mn(C0h(µ.,-OH)] 4 , (4). Note that 
(4) has four strong hydrogen bond donors (red) but no strong 
hydrogen bond acceptors. 

Table 1 Diamondoid networks based upon [M(COMl-'3-

OH)]4 and A-A spacers 

M A--A lntercube A Crystal System n-fold 

Mn Me2NCH 2CH 2NMe2 11.35 Tetragonal 2 
Mn H2 NCH 2CH2 NH2 11.59 Cubic 3 
Re l ,4-Diaminobenzene 11.79 Tetragonal 2* 
Mn 2-Cl-Pyrazine 11.82 Cubic 3 
Mn Ph 2 P(O)CH 2CH2 P(O)Ph 2 13.53 Tetragonal 2* 
Mn 4,4' -Dipyridyl 15.22 Tetragonal 4* 
Mn 4,4' -Bipiperidine 15.35 Tetragonal 4• 
Mn Toluene 10.10 Tetragonal 2,Bl 
Mn p-Xylene 10.35 Tetragonal 2,Bl 
Mn p-Fluorotoluene 10.13 Tetragonal 2,BI 
Mn Benzene 9.74 Cubic 2,A 
Mn Naphthalene 10.40 Tetragonal 2,B2 
Mn Me-naphthalene 10.26 Hexagonal 2,B2 

• Solvent enclathrated in microchannels. A: symmetric bridge; Bl: 
unsymmetric bridge to same ring; B2: unsymmetric bridge to different rings. 

Figure 5 The 4-fold diamondoid structure of (4)·2(4,4'-dipyridyl) 
viewed down the crystallographic c-axis. The microchannels (green 
circles) are occupied by two molecules of acetonitrile per molecule of 
(4). 

perspect1ve 1 7 but they are directional and hence capable of 
acting as linear 'spacers' to sustain the diamondoid architecture. 
An adamantoid portion of ( 4) · 2p-xylene is illustrated in Figure 
6. This plot is effectively generic for the (4) · 2arene structures 
since all six we have thus far prepared and characterized exhibit 
2-fold interpenetration because of similar intercube spacings. 

It is important to recognize that the solvent used for re­
crystallization can play a critical role in the self-assembly process 
and even determine the topology of the resulting network. The 
compounds in Table l were crystallized from acetonitrile or 
the pure 'spacer' molecule. However, if an alcohol is used it can 
play a crystal engineering function by using its OH group as a 
donor-acceptor moiety. Therefore, although (4) · 2(4,4'. 
dipyridyl) · 2ROH has the same stoichiometry as its acetonitrile 
analogue, it exhibits a radically different structure based upon 
interwoven 2-D square grids. 18 The alcohol molecules serve the 
function of angular 'spacers' that link one end of molecules of 
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Figure 6 An OR TEP view of the adamantoid portion of one of the two 
diamondoid networks present in (4)·2(p-xylene). Methyl and carbo­
nyl groups are omitted for the sake of clarity. 

4,4'-dipyridyl to molecules of(4), thereby preventing propaga­
tion in the third dimension required for diamondoid architec­
ture. (4) • 2(4,4'-dipyridyl) · 2ROH therefore represents strict 
self-assembly of three complementary molecules in a predictable 
manner. Difunctional hydrogen bond acceptor molecules that 
are angular in their own right (l,3-diaminopropane)18 or linear 
di functional acceptors that can form acute hydrogen bonds [ 1,2-
bis( 4-dipyridyl)ethane, 1,4-dicyanobenzene] afford co-crystals 
of the same stoichiometry which exhibit 2-D square grid instead 
of diamondoid topology. Figure 7 illustrates schematically how 
Td molecules can play a modular role in construction of 2-D 
square grid frameworks. 

4 Covalent Diamondoid Networks 
There is virtually no limit to where one could begin in terms of 
designing covalent diamondoid networks since any tetrahedral 
moiety is in principle capable of sustaining diamondoid archi-

+--+--+-- -
I I I I 

I I I I 
+--+--+--+-
I I I I 

I I I I 
+--+--+--+-
I I I I 

A-A + 
Hgure 7 A schematic representation of how three types of molecule with 

the appropriate symmetry and functionality (I x Tddonor, 2 x linear 
difunctional acceptor, 2 x angular donor-acceptor) can strictly self­
assemble to form a square grid network. 

tecture and they are known to exist for most elements. Indeed, 
M4X4 analogues of ( 4) are known for many transition and main 
group elements. However, in terms of synthetic accessibility, 
tetrahedral transition metal cations offer a particularly tempting 
target for the following reasons: their simple coordination 
chemistry is generally well documented; geometry and !ability 
can be readily controlled using redox; it would be conceivable to 
incorporate metal centres that are catalytically active. Tetrahed­
ral metal centres would therefore serve the same crystal engin­
eering function as the Tddonor molecule in Figure 3 and metal­
ligand bonds would replace hydrogen bonds. It is not necessary 
to develop new synthetic methodology, rather one has simply to 
focus upon bridging (i.e. exodentate) rather than chelating (i.e. 
endodentate) ligands. General strategies for modular construc­
tion of infinite coordinate covalent frameworks were delineated 
by Robson and Hoskins in 199019 and in the past five years there 
have been several notable examples of diamondoid frameworks 
based upon Cul, Zn11 , Cd11, and Ag1 that were rationally 
constructed: Zn(CN) 2 and Cd(CN) 2:Zn(CN)2 and Cd(CN)i 
exist as isostructural 2-fold diamondoid networks and have been 
extensively investigated by at least two groups. 19•2° Cd(CN)2 

represents a simple and straightforward example of the modular 
approach described in Figure 3 and shows a rich array of 
chemistry because it can undergo a honeycomb-diamondoid 
topological rearrangement within a single crystal 21 and it can 
act as a host matrix when I-fold or hexagonal. 20 -22 

Cd(SPh) 2 :Cd(SPh) 2 exists in the solid state as a 3-D array of 
phenylsulfide-linked CdiSPh)~ + adamantoid cages23 as illus­
trated in Figure 8. Cd(SPh)2 therefore represents an unusual 
example of a covalently linked Td metal cluster. The authors 
suggested that Cd(SPh) 2 might exist as a higher-order tetraada­
mantoid cluster Cd 10(SPh)z 0 in dimethylformamide, which 
represents yet another candidate for generating diamondoid 
architecture. Indeed, cubane-like and adamantoid clusters are 
known for a variety of metals but are yet to be exploited in a 
crystal engineering context. The possibility of cooperativity 
within and between linked clusters provides added impetus for 
further study in this area. 

Cd 

Figure 8 A schematic representation of the adamantoid units that exist 
in Cd(SPh) 2 • 

[CuL2]+:cu1 commonly adapts a tetrahedral environment 
and as such sustains 5-fold, 4-fold, and I-fold cationic diamond­
oid frameworks with 1,4-dicyanobenzene (BF4 salt),22h 4,4'­
dipyridyl (PF6 salt24) and 2,5-Me2pyrazine (PF6 salt 2 5), res­
pectively. Anions sit in microchannels and do not interact with 
the Cu1 moieties. Remarkably, the structure of the [Cu(4,4'­
dipyridyl)z]PF6 salt closely resembles that of (4)•2(4,4'­
dipyridyl)·2CH3CN. Both compounds utilize 4,4'-dipyridyl as 
a 'spacer' molecule and crystallize as 4-fold diamondoid struc­
tures (Figure 9) that contain microchannels parallel to the 
crystallographic c-axis of tetragonal space groups (P4/n and P4/ 
nnc, respectively). The former compound holds counterions in 
its microchannels whereas the latter contains acetonitrile 
(Figure 5). 

Ag+:[Ag2 (succinate)] dimerizes in the solid state to form 
linked planar tetranuclear {Ag4 (succinate)2] clusters that have 
S4 symmetry because of the disposition of the succinate moieties 
(Figure JO). The clusters are bridged to one another by succinate 
dianions, thereby forming a 3-fold diamondoid solid. 26 This is 
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Figure 9 A schematic representation of how four adamantoid units can 
interweave. 

Figure 10 A schematic representation of the 84 cluster formed by 
[Ag 2(succinate)]. 

another example of a cluster that links to form diamondoid 
networks and illustrates an important concept: overt S4 sym­
metry is not necessary to form diamondoid arrays. 

5 Summary and Future Directions 
The focus of this review has been upon how modular approaches 
can be successfully applied to designing one particular type of 
structure: diamondoid solids. What do these results mean in a 
wider context? The author considers that the results are import­
ant not so much because of what was achieved but how it was 
achieved. The results presented herein demonstrate not only that 
the modular approach to crystal engineering of diamondoid 
networks is viable, but that it can be applied across a diverse 
range of chemical components (from organics to metal clusters) 
and bonds (rr-hydrogen bond to coordinate covalent). There­
fore, given that it is now possible rationally to exploit the 
directionality of both non-covalent and covalent bonds in order 
to crystal-engineer diamondoid solids, it is reasonable to assert 
that the same principles should be equally applicable to other 
structural classes. When such observations are coupled with 
recent advances in cognate fields such as computational, host­
guest chemistry and materials characterization, scientists are 

finally in position to have gathered enough tools to understand 
and control solid-state structure-function relationships well 
enough to aim realistically at equalling or surpassing the func­
tions of naturally occurring materials. The author is optimistic 
enough to believe that crystal engineering will evolve to the point 
where the only limits that the chemist will face in the context of 
designing new functional materials is his or her imagination. 
Minerals might therefore merely serve as prototypes for new 
classes of 'fine-tunable' mineralomimetic solid that can be 
crystal-engineered, for example, to have zeolitic, catalytic, speci­
fic bulk physical properties, or a combination thereof. Indeed, 
this is the ultimate goal of crystal engineering: control of solid­
state structure to the extent that specific function can be 
routinely and rationally incorporated. Such optimism might 
have been very difficult to justify as recently as l 988 when 
Maddox made the following provocative statement 'One of the 
continuing scandals in the physical sciences is that it remains in 
general impossible to predict the structure of even the simplest 
crystalline solids from a knowledge of their chemical compo­
sition'. 27 Whereas Maddox's statement was qualified by the 
remainder of his essay it still holds true for the majority of 
compounds. Indeed, such is the case for (4) when it is pure. 
However, as should be clear from this review, judicious choice of 
modular components can validate ab initio prediction of at least 
the gross features of crystal structures and in some cases 
significantly limit space group choice. Such is the case for several 
of the compounds listed in Table 1. Indeed, in cases where the 
'spacer' moiety and its interaction with (4) is symmetrical 
enough to facilitate full retention of Td symmetry [i.e. (4) sits 
around a crystallographic-43m position] the space group choices 
are limited to just six out of two hundred and thirty: Fd-3m (cf 
diamond), Pn-3m, I-43m, F-43m, Fm-3m, or P-43m. (4)·2 
benzene fits the necessary criteria because benzene holds 3-fold 
symmetry. Measurement of the cell volume of ( 4) · 2benzene 
dictates that Z = 2 and therefore means that Pn-3m is the only 
possible space group. The precise structure, including its 2-foid 
nature, can therefore be determined even before crystallo­
graphic data are collected because the positions of molecules of 
(4) and benzene are fixed by space group symmetry. The lower 
crystallographic site symmetry of the other compounds in Table 
I is a reflection of the point group of the 'spacer' and the 
symmetry of its interaction with ( 4). 

Finally, it should be stressed that the lessons that can be 
gained from crystal engineering would also be expected to be 
applicable to the design and assembly of discrete supramolecules 
and nanostructures, and, of course, vice-versa. The relationship 
between crystal engineering and supramolecular chemistry is 
already documented as are the ideas that, by virtue of their 
molecular symmetry and functionality, mixtures of molecules 
can be programmed for a particular structure and function. 2 s 

Indeed, modular or 'molecular meccano'29 approaches have 
already been successfully applied to synthesis of a wide range of 
discrete supramolecular complexes. We have started to investi­
gate (4) in the context of discrete supramolecules since its Td 
symmetry and functionality should in principle manifest to­
wards discrete supramolecules if it is mixed with appropriate 
components. Compound (4) readily forms discrete 4: I adducts 
with monofunctional hydrogen bond donors such as triphenyl­
phosphineoxide, (5),30 whereas in the presence of a crude 
mixture of dimethyldiazaanthracenes (i.e. angular or linear 
difunctional 'spacers'), the four-component nine-molecule cen­
trosymmetric dimer (6) can be isolated (Figure 11).31 We had 
anticipated that (4) would preferrentially recognize only one 
difunctional 'spacer' of those present in the diazaanthracene 
'soup', but instead it sequestered two so as to generate (6). That 
(4) or any molecule with related symmetry and functionality will 
have a rich chemistry in the context of discrete supramolecules 
appears likely if one considers that structural analogies can be 
drawn between the compounds in Table I, (5) and (6) and 
diamond, methane and ethane, respectively. 

I would like to acknowledge my co-workers, whose names 
appear in the list of references, and the following sources of 
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M = Mn(CO)3 

(5) 

Figure I 1 An ORTEP plot of the nine-molecule supramolecular aggre­
gate formed when ( 4) is crystallized from acetonitrile in the presence of 
a mixture of dimethyldiazaanthracenes. 
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the finger was pointing to CC-CKR-5 
because it specifically binds RANTES, 
MIP-la and MIP-lf3. With the recent 
publication of its sequence 15

, expression 
cloning was possible and it soon became 
apparent that CC-CKR-5 serves as the 
co-receptor to CD4 for fusion and 
entry of those NSI strains of HIV that 
infect peripheral-blood lymphocytes and 
macrophages 1

-
3

• 

Although two long-standing questions 
about HIV infection in vivo and in vitro 
have now been fused to a satisfactory con­
clusion, these novel findings are by no 
means the end of the story. Rather, they 
are opening up a new area of AIDS re­
search. Other co-receptors are likely to 
come to light: for example, HIV-2 and 
simian immunodeficiency virus have dis­
tinct cell tropisms from HIV-1 (refs 16, 
17). The actual mechanism by which the 
HIV envelope (see figure) and its cellular 
receptors trigger membrane fusion 18 re-

mains to be elucidated, and we may look 
forward to a new class of inhibitors that 
block this interaction. 

The effects of HIV envelope glycopro­
teins on the signalling by 7tm receptors for 
chemota:xis, mitogenesis, apoptosis, and 
the secretion of further cytokines may 
prove to be important in unravelling HIV 
pathogenesis in the immune system and 
the brain. A~ Feng et al. 5 point out, there is 
now a possibility of developing transgenic 
animals for HIV infection that express 

1. Deng, H.K. et al. Nature 381, 661-666 11996). 
2. Drag,c, T. et al. Nature 381, 667--67311996). 
3. Alkhatib, G. et al. Science (in the press). 
4. Cocchi, F. et al. Science 270, 1811-1815 11995). 
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both human CD4 and the relevant co-re­
ceptor. Animal models may not be a sim­
ple solution, however; most mouse cells, 
for instance, exert post-penetration restric­
tions on HIV replication 17

• Nonetheless, 
these recent discoveries1

-
5 have set AIDS 

researchers alight with enthusiasm. D 
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rvtATERIALS CHEMISTRY--------------------------------

Scandal of crystal design ... 
porous channels and cavities are made 
up of tetrahedral silicate and aluminate 
units) we can now add a dazzling array of 
microporous vanadate frameworks, where 
the square pyramidal VO5 building block 
is predominant (Bob Haushalter, NEC 
Princeton). 

Philip Ball 

IT'S how you say it that counts. When in 
1988 John Maddox declared in this jour­
nal that the inability to predict a priori the 
structure of any crystalline material was a 
"scandal", he could not have more effec­
tively thrown down the gauntlet. Eight 
years on, the smarting is still felt and 
not least because in large part the scandal 
remains. 

This lack of an infallible predictive tool 
is perhaps why it is so hard to identify any 
crystalline material in wide technological 
use that has been prepared by design. 
Piezoelectrics such as lead zirconate­
titanate (PZT), nonlinear optical crystals 
such as lithium niobate, the copper-oxide 
superconductors - all are products of 
more or less chance discovery. Even zeo­
lites, perhaps the favourite of crystal 
chemists' 'designer' materials, are either 
inorganic natural products or artificial 
variants thereof whose synthetic pre­
dictability is imperfectly developed. 

What, then, are the prospects for using 
rational design to make new, useful crys­
talline materials? If we cannot yet with 
certainty predict the phase diagram of sil­
ica, what hope can there be for a drawing­
board approach to engineering the solid 
state? This was the question faced by par­
ticipants at a meeting last month*, who 
showed that rejoinders to Maddox's chal­
lenge now make an impressive list. While 
a set of universal rules for planning crystal 
structures remains a dream, there is now 
both a tool kit and something approaching 

*NATO Advanced Research Workshop on Self.assembly in 
Synthetic Chemistry. Val Morin, Quebec, 16-21 May 1996. 
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an instruction manual for building solid­
state materials to order. 

At present, the price that must be paid 
is to declare large swathes of the periodic 
table out of bounds. Metals have some 
very appealing uses in crystal design, but 

But the strongest message of the meet­
ing was that, to gain a good idea in ad­
vance of what to expect from a crystal 
structure, you are best off working with 
organic building blocks. Preformed or­

"' ganic units - called tectons by Jim J Wuest (Univ. Montreal) - can make 
·" crystal engineering ( a term now 30 
s years old) more a matter of construe­
~ tion-kit assembly than of ab initio 
tr, number crunching. The idea is simple: 
~ you design your tectons so that there 

are only a very few ways, perhaps even 
a unique way, in which they can join 
together. If the design is good, and if 
the tectons are given 'sticky ends', 
they should self-assemble from (gen­
erally) solution, precipitating as the 
crystal structure of your choice. 

FIG. 1 Supramolecular mushrooms - these aggre• 
gates are formed from linear molecules in which a 
rod-like unit, which packs into an ordered stem, 
is connected to a flexible unit, which forms the 
disordered head. 

Of this strategy, the last step (pre­
cipitating good single crystals) remains 
a black art. But the rest is, in principle, 
a purely rational matter. A favourite 
target is the diamondoid lattice: a 
three-dimensional network of tetra­
hedral vertices, like the carbon frame­
work of diamond. This should result 

by and large inorganic chemistry as such 
is still too daunting: prediction there 
demands a full quantum-mechanical 
treatment, with little guarantee of success 
and still less of qualitative guidelines for 
would-be crystal engineers. That notwith­
standing, the ornate frameworks that can 
be constructed from inorganic building 
blocks alone are astonishing, and to the 
classic example of zeolites (whose micro-

from tectons designed to self-assemble 
in tetrahedral geometry - four-armed 
molecules with each sticky end pointing to 
the corner of a tetrahedron. Wuest has 
made tectons of this sort in which the 
sticky ends form two hydrogen bonds with 
an identical partner. The diamondoid lat­
tices constructed from these units contain 
large channels, up to a nanometre-and-a­
half wide. 

Hydrogen bonds are an attractive 
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a b 

FIG. 2 a, Covalent links between self-assembling molecules can be 
forged by including unsaturated bonds in the 'sticky ends'. Here the ap­
pendages of some central molecular hub (blue rectangle) associate via 
hydrogen bonds in the crystal, and are then crosslinked by irradiation 
to induce cycloaddition of the adjacent carbon-carbon double bonds. 

b, Diacetylenes can be 'pre-organized' for covalent crosslinking by 
attaching to each end of the linear molecules chemical groups (blue 
balls) that form non-covalent links ( dashed lines) with 'organizing 
centres' (red squares) in a co-crystal. Irradiation-induced crosslinking 
then generates one-dimensional polydiacetylene chains. 

glue for this building-block approach to 
molecular crystals, for several reasons. 
They are directional in space, so that 
the disposition and orientation of sticky 
ends directs the topology of the network; 
they are weak enough ( one should per­
haps say reversible or 'labile' enough) to 
allow for annealing and editing during 
the assembly process, yet strong enough 
to generate stable crystals; and they 
are relatively deformable, allowing for 
some bending strain to be accommodated 
between the connected tectons (recalling 
the still greater flexibility of the Si-O-Si 
linkage, which enables zeo!ites to adopt 
such a variety of frameworks). At present, 
it is fair to say that hydrogen bonds are 
the most common glue in designed 
molecular assemblies of all sorts, be they 
crystals or solution-phase supramolecular 
complexes. 

But greater geometric scope, more 
variety in bond strengths, and possibly 
greater potential to design functionality 
( optical, magnetic, electronic, catalytic) 
come from the use of coordination bonds 
to metal ions as the connections between 
tectons. Richard Robson (Univ. Mel­
bourne) described a bewildering range 
of open-framework structures made from 
organic components linked via metal ions 
at their vertices. Square porphyrin-based 
tectons joined at the corners via tetra­
hedrally coordinated copper(I) ions, for 
instance, provide a tetragonal framework 
structure with rectangular channels 15 
by 20 angstroms across (see Nature 369, 
727; 1994). 

Any forces weaker than full covalent 
bonds might in principle be exploited to 
direct crystal self-assembly. Even so weak 
and non-directional an interaction as the 
van der Waals force has its value when 
combined with appropriate tecton geome­
try, as illustrated in the one-dimensional 
stacks reported by Wais Housseni (Univ. 
Louis Pasteur, Strasbourg). Here, back­
to-back cup-shaped calixarenes ('exo­
receptors' by virtue of their divergent 
binding-site orientations) are held to­
gether by linear diyne molecules inserted 
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into opposed cups. And Sam Stupp (Univ. 
Illinois) showed that geometric packing 
effects alone, rather than short-range mol­
ecular interactions, can apparently force a 
molecular crystal into a non-intuitive 
structure that arguably contains an ele­
ment of design. Stupp has made 
'supramolecular mushrooms', finite-sized 
aggregates of surprisingly regular size and 
shape comprised of linear o!igomeric mol­
ecules with a rod-like section, that can 
stack in a crystalline manner, and a flexi­
ble section that forms disordered aggre­
gates. The molecules aggregate into a 
close-packed stem of rods and a mush­
room head of disordered strands, whose 
size is ultimately limited (to 100 or so mol­
ecules) by the point at which the bulging 
of the head prevents further packing in 
the stem (Fig. 1). 

These mushrooms form lamellar 
stacks, visible by transmission electron 
microscopy, in which one might expect a 
bilayer stem-to-stem packing configura­
tion. But instead, efficient packing seems 
to favour a stem-to-head arrangement, 
giving the lamellar films different surface 
energies on each face, which is evident 
from their markedly different contact 
angles against water droplets. 

The problems of a tectonic approach 
remain substantial, however. Predictabil­
ity is often evident but far from guaran­
teed. In general it is made easier by 
restricting the dimensionality: two-dimen­
sional sheets made from flat tectons are 
easier to design than three-dimensional 
networks, and because there is only one 
way that identical sheets can stack, the 
third dimension then takes care of itself. 
But polymorphism is a constant bugbear: 
for many tectons the intended crystal 
structure is not unique, and it is hard to 
know which of several possible connected 
networks will be preferred. 

For crystals that incorporate large 
voids, meanwhile, abhorrence of a vac­
uum (more properly, the enthalpic benefit 
of high packing density) commonly leads 
to interpenetration: rather than a single 
network, one obtains several identical, 

topologically independent copies which 
interpenetrate to fill space. This happens 
for both Wuest's diamondoid nets and 
Robson's tetragonal nets, for example. If 
the aim is to achieve large voids or chan­
nels (so as to mimic the molecular sieving 
propensity of zeolites), this is a nuisance. 
One way of avoiding the problem may be 
to use tectons whose covalent structure 
predetermines the channel spaces -
rigid, channel-forming rings, for instance, 
cannot interpenetrate (see Nature 371, 
591; 1994). 

Another drawback of organic molecu­
lar crystals is their inherent lack of stabil­
ity (thermal, and sometimes mechanical 
and/or chemical). Haushalter reminded 
the meeting that, for all the talk one hears 
of organic zeolites, no one is going to 
make an open-network organic crystal 
that can be boiled for hours in crude oil. 
Indeed, few of these channel-bearing crys­
tals survive removal of the solvent that 
fills the pores. But improved stability 
might be obtained by incorporating into 
the tectons' sticky arms groups that can be 
covalently crosslinked once weaker inter­
actions have directed the self-assembly. 
Ken Feldman (Pennsylvania State Univ.) 
described steps in this direction, whereby 
hydrogen-bonded dimers could be linked 
by cycloaddition between two unsaturated 
bonds in the linkers (Fig. 2a). Joe Lauher 
and Bill Fowler (SUNY at Stony Brook) 
have used the tectonic approach to pre­
arrange diacetylene molecules into two­
dimensional sheets in such a way as to 
facilitate crosslinking (by -y-irradiation) to 
give polydiacetylene chains (Fig. 2h ). 

Although there is still ample scope for 
refining the control of structure, the field 
of crystal engineering already faces a 
growing need to define some practical tar­
gets - in other words, to engineer func­
tion too. Here it seems to me that the 
agenda is set not so much by what might 
be possible as by what the competition is 
already capable of. For instance, micro­
electronic engineers have for years 
practised crystal engineering of a rather 
different kind, in which structural sophis-
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tication is secondary to the more impor­
tant business of engineering electronic 
properties, namely band gaps. This can be 
achieved merely by adjusting the lattice 
spacing of III-V semiconductor alloys 
through control of composition or by 
careful introduction of strain into thin­
layer, non-lattice-matched superlattices. 
Molecular-beam epitaxy has brought this 
technology to the status of a fine art, capa­
ble for instance of generating continuous 
compositional gradients with atomic-layer 
position. It is doubtful that molecular 
crystal engineering will easily make much 
impact here. 

Although many such crystals are cur­
rently designed to have large pores, it is 
not clear (for the reasons stated) that 
there is much future in striving to make 
these selective industrial catalysts to rival 
zeolites. Rather, it is in the gentler arenas 
that inorganic microporous materials have 
entered - molecular sieving and sensor 
technologies, for example - that large­
pore organic crystals might compete. 
Particularly attractive here is the possi­
bility of designing helical pores for chiral 
separation. 

In terms of dense materials one might 
wonder whether self-assembly could be 
used to pre-organize components for sub­
sequent covalent linkage into materials 
that are otherwise hard or impossible to 
make: cubic boron nitride springs to mind, 
or the mythical !3-C3N4 that is predicted 
to have the hardness of diamond. But 
that is ambitious, to say the least. Better, 
perhaps, to focus on functional materials 
such as non-centrosymmetric crystals for 
nonlinear optics, polar crystals for ferro­
electrics and piezoelectrics, or magnetic 
materials in which the magnetic interac­
tions of metal centres might be tuned by 
adjusting their symmetry and separation. 

In getting function from form, nature is 
an old hand. But while those practising 
self-assembly in general draw much inspi­
ration from biology, there are no perfect, 
structurally elegant molecular c1ystals to 
be found there. The materials of nature 
are composites, and long-range order is 
rare. In fact, properties and functions are 
arguably dictated more by defects than by 
regularities - in structural proteins, the 
parts of a peptide chain that break a 
propensity towards crystallization (!3-
sheet formation, say) are essential for 
conveying flexibility and preventing brit­
tleness. Defects may turn out to be as im­
portant for obtaining useful engineered 
crystals as regularity, a point emphasized 
by Sam Stupp. They can, for instance, re­
lieve strain or act as trapping sites for 
electronic excitations (as in photorefrac­
tive crystals). If ever we obtain absolute 
structural control over the solid state, we 
might then need to loosen our grip in 
order to make that facility useful. D 

Philip Ball is an associate editor at Nature. 
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EVOLUTIONARY GENETICS------------------

. . . and scandalous symbionts 
Laurence D. Hurst and Gilean T. Mcvean 

THE persistence over millions of years of 
lineages of organisms that never have sex 
is, in the words of John Maynard Smith1

, 

"an evolutionary scandal". Most theories2 

do indeed have it that in the long term 
asexuality will usually lead to extinction, 
but work by Nancy Moran, published in 
the Proceedings of the National Academy of 
Sciences°, may help to explain why some 
asexual lineages persist. 

Sex should promote evolutionary 
change and survival if selective forces flue-

Ratio of mean non-synonymous ( dN) to mean 
synonymous ( d5) substitutions per nucleotide 
site for five tryptophan biosynthetic enzymes 
in endosymbiotic and free-living bacteria. Red, 
the ratio in the endosymbiotic Buchnera from 
two aphid species. Blue, the ratio in the free­
living enterics Escherichia coli and Salmonella 
typhimurium. 

tuate, as is thought to occur during antago­
nistic parasite-host coevolution, and it 
should also prevent the accumulation of 
deleterious mutations4

•
5

• Models of the 
parasite-host interaction predict that asex­
ual lineages die out rapidly because they 
are unable to keep up with faster evolving 
parasites ( one need only look at the conse­
quences of growing monocultures6 

- take 
the Irish potato famines of the last cen­
tury, for example). Genome decay models, 
on the other hand, emphasize the vulnera­
bility of small asexual populations to the 
accumulation of slightly deleterious muta­
tions, which make a population smaller 
and by a positive feedback process can 
lead to 'mutational meltdown' . 

Moran has studied the endosymbiotic 
bacteria (Buchnera) of aphids. The bac­
teria are passed from mother to progeny 
every generation, and have apparently 
done so for some 100 million years8

• The 
absence of biparental inheritance pre­
cludes genetic recombination between 
different clonal lineages, but a bacterial 
symbiont in an insect host inhabits a cosy 
world protected from both parasites and 
environmental fluctuations. So the asexu­
ality of endosymbiotic bacteria has been 
considered to be consistent with the para­
site theory of sex9• 

These bacteria do, however, pose a 
problem for the view that sex is a means of 

expunging deleterious mutations - popu­
lations of endosymbiotic bacteria go 
through a 'bottleneck' when they pass 
through the eggs of their hosts. This limits 
the population size and makes them 
prone to mutational meltdown. Why then 
have asexual endosymbionts such as Buch­
nera not decayed to extinction? There are 
two possible explanations. First, the 
mutational decay they suffer may happen 
only very slowly; second, they may have 
accelerated rates of accumulation of 
deleterious mutations, but accompanied 
by compensatory responses. 

Moran compared the rate of evolution 
of Buchnera genes with that of the same 
genes in closely related, free-living bac­
teria that live in huge populations, some 
of which have recombination. Differences 
between genes in two lineages may be of 
one of two types: there are those that 
have no effect on the amino-acid com­
position of the protein concerned (syn­
onymous substitutions) and those that 
do (non-synonymous). Moran could then 
ask whether the endosymbionts have rela­
tively accelerated rates of non-synony­
mous substitution, as genome-decay 
models would predict. She found that this 
was indeed the case - see figure. The 
same has been found for one Y-linked 
gene in mammals10

•
I1 (the Y chromosome 

escapes recombination and also has a 
small effective 'population size', and so is 
essentially in the same boat as an endo­
symbiont). Moran also demonstrates that 
16S RNA evolves much faster in five 
independently evolving symbiont lineages 
than in their free-living relatives. 

The high ratio of non-synonymous to 
synonymous mutations is compatible with 
genome-decay models. But it could also 
be due to adaptive change, as could be ar­
gued for the Y chromosome. Moran, how­
ever, contends that adaptation is not the 
reason behind the pattern of change seen 
in endosymbionts, because the percentage 
of adenine (A) and thymine (T) in the en­
dosymbiont genome is very high and many 
of the Alf substitutions occur in non-syn­
onymous positions. The high A and T con­
tent could reflect adaptive genome-wide 
selection favouring As and Ts. But selec­
tion for base composition would be ex­
pected to act primarily on synonymous 
sites. So most non-synonymous substitu­
tions are probably deleterious. 

It seems, then, that the endosymbionts 
have tolerated accelerated rates of delete­
rious mutations while avoiding mutational 
meltdown and extinction. So how have 
they done it? The rate of accumulation of 
mutations could be slowed, in the absence 
of recombination, if the per genome 
mutation rate could be somehow reduced. 
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Abstract: A design strategy for the synthesis of molecular crystals containing two-dimensional layers is formulated 
and demonstrated by the synthesis and structure determination of a series of dicarboxylic acid urea derivatives. The 
design strategy is based upon the selection of complementary hydrogen bond functionalities and an accounting of the 
specific symmetry operators that must correspond to each intermolecular interaction within the molecular crystal. 
Each of the molecules studied contained a disu bstituted urea functionality that was expected to form a one-dimensional 
hydrogen-bonded network, an a-network, via urea hydrogen bonds. The molecules also contained terminal carboxylic 
acid or amide residues that were anticipated to unite the a-networks- into two-dimensional ,$-networks via additional 
hydrogen bonds. In practice, it was found that symmetrical ureas, with C2 point group symmetry, retained the two-fold 
axis within the crystal and reliably formed P•networks. When unsymmetrical ureas were studied, the anticipated 
,$-network often failed to form. This was a particular problem when racemates were used. However, when a single 
enantiomer of an unsymmetrical chiral molecule was studied, the P-network formed in accordance with the design. The 
importance of chirality for the development of strategies for supramolecular synthesis is discussed. 

Introduction 

The properties of a material depend critically upon both the 
chemical nature of the constituent molecules and their relation• 
ships with respect to each other in the condensed phase.2 Thus, 
the preparation of new materials must be concerned with the 
problems of both· molecular and supramolecular3 synthesis. 
Molecular synthesis has historically been a major focus of 
chemistry, and considerable progress has been made in the directed 
synthesis of complex molecules. However, supramolecular 
synthesis, or the control of molecular orientation in the condensed 
phase, is an extremely difficult problem and presents one of the 
greatest obstacles to the preparation of new materials.4 

We have chosen two-dimensional layered materials for the 
development of strategies for supramolecular synthesis. Low­
dimensional solid-state structures, such as one-dimensional rods 
and two-dimensional layers, are solid-state structures that have 
played an important role in materials science. 5 Two-dimensional 
materials, such as the copper oxide superconductors, molybdenum 
sulfide lubricants, or intercalated graphite materials, are generally 
inorganic and have many important applications. The inherent 
anisotropic properties of a two-dimensional solid-state structure 
are a result of very strong interactions, often covalent bonds, in 
two dimensions and weak interactions in the third dimension. 
Although not as extensively studied, molecular two-dimensional 
layers6•7 can be envisioned where the molecules within the layer 
are held together by strong intermolecular interactions and the 
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Soc. 1990, 112, 6627. (b) Lauber, J. W.; Chang, Y.-L.; Fowler, F. W. Mol. 
Cryst. l.Jq. Cryst. 1992, 211, 99. 

(7) Hollingsworth, M. D.; Santansiero, B. D.; Oumar-Mahe.mat, H.; 
Nichol!, C. J. Chem. Mater. 1991, J, 23. 
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adjacent layers are held together by weak van der Waals 
interactions. Among . the strong intermolecular interactions, 
hydrogen bonding8 is of paramount importance for molecular 
organization in the solid state6,7,9,10 and will be extensively 
employed in our design strategies. 

Crystal Design Strategies 

The formation of an intermolecular bond is a chemical process. 
The formation of an intermolecular bond in a crystal is governed 
by the same forces that govern such bonds in solution or in other 
less ordered phases. However, in a crystal all intermolecular 
interactions must conform to the laws of crystallography. These 
laws can be expressed in terms of symmetry relationships and 
group theory. Crystal design strategies that ignore these symmetry 
principles will often be futile. Properly understood, these 
symmetry principles can greatly simplify design strategies. 

To demonstrate how symmetry principles can be used when 
designing molecular crystals, four fundamental supramolecular 

(8) Jeffrey, G. A.; Saenger, W. Hydroge11Bondlngin Biological Structures; 
Springer-Verlag: Berlin, 199 I. 

(9) (a) Frankenbach, 0. M.; Etter, M. C. Chem. Mater. 1992, ~. 272. (b) 
Etter, M. C.; Reutzel, S. M. J. Am. Chem. Soc. 1991, 113, 2586. (c:) Etter, 
M. C.; Adsmond, D. A. J. Chem. Soc., Chem. Commun. 1990, 589. (d) Etter, 
M. C.; Urbailczyk-Llpkowslca, Z.; Zia-Ebrahimi, M.; Panunto, T. V, J, Am. 
Chem. Soc.1990, 112, 8415. (e) Etter, M. C. Acc. Chem. Res.1990, 23, 120. 
(t) Etter, M. C.; Frankenbach, G. M.; Adamond, D. A. Mo/. Cry.rt. Liq, Cryst. 
1990, 187, 25. (g) Etter, M. C.; Franlccnbach, G. M. Chem. Mater. 1989, 
1, 10. (h) Etter, M. C.; Franlcenbacb, G. M.; Bernstein, J. Tetrahedron Lett. 
1989, JO, 3617. 

(I 0) For some recent approache. on the use of hydrogen bonds to assemble 
molecules in the solid state see: (a) Vaida, M.; Shimon, L. J. W.; Van Mil, 
J.; Ernst-Babrera, K.; Addadi, L.; Leiserowitz, L.; La.hav, M. J. Am. Chem. 
Soc. 1989, 111, 1029. (b) Zerowsld, J. A.; Seto, C. T.; Whitesides, 0. M. 
J. Am. Chem. Soc. 199:Z, l 14, 5473. (c) Seto, C. T.; Whitesides, G, M. J. 
Am. Chem. Soc. 1991, 1 JJ, 712. (d) Zerowski, J. A,; Seto, C. T.; Wierda, 
D. A.; Whitesides, G. M. J, Am, Chem. Soc. 1990, 112, 9025. (e) Seto, C. 
T .; Whitesides, G. M. J. Am. Chem. Soc. 1990, 112, 6409. (t) Oaroia-Tcllado, 
F.; Geib, S. J.; Goswami, S.; Hamilton, A. D. J. Am. Chem. Soc. 1991, 113, 
9265. (g) Lehn, J.-M.; Mascal, M.; DeCian, A.; Fischer, J. J. Chem. Soc., 
Perkin Trans. 21992, 461. (h) Lehn, J.-M.; Mascal, M.; DeCian,A.; Fischer, 
J. J. Chem. Soc., Chem. Commun. 1990, 479. (i} Fouquey, C.; Lehn, J.-M.; 
Levelut, A.-M. Adv. Mater. 1990, 2, 25. (j) Simard, M.; Su, D.; Wuest, J. 
D. J, Am. Chem. Soc. 1991, 113, 4696. (k) Ducharme, Y.; Wuest, J. D. J, 
Org. Chem. 1988, 55, 5789. (!) Gallant, M.; Biet, M, T. P.; Wuest, J. D. J, 
Org. Chem. 1991, 56, 2284. 
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Table I, Four Fundamental Supramolecular Structures 

structure type 

discrete e.aaembly 
a-network: 
"•network 
-r•network 

translatlona 

no translations 
translatiom in one direction 
tranalations In two directions 
traialations in three directions 

group symmetry 

point group symmetry 
rod group symmetry 
layer group symmetry 
space group symmetry 

structures, found in molecular crystals, must be defined (Table 
I). It will then be demonstrated how the chemical principles 
governing intermolecular hydrogen bonds can be combined with 
a rigorous symmetry analysis to design and predict specific crystal 
structures. 

A discrete assembly is a supramolecular complex that lacks 
translational symmetry. 11 The assembly must be finite and will 
generally contain only a small number of molecules. A discrete 
assembly may be symmetric or asymmetric;12 it may be composed 
of like mole¢ules or of unlike mole¢ules. Figure 1 shows two 
examples of discrete assemblies. One is the centrosymmetric 
benzoic acid dimer, an exam pie of a symmetric discrete assembly, 
and the other is a molecular complex recently prepared by the 
Hamilton group,10f an example of an asymmetric discrete 
assembly,13 

Often molecules form supramolecular structures that possess 
translational symmetry. These structures are networks and 
contain a theoretically infinite number of molecules. The simplest 
networks are one-dimensional a-networks with one degree of 
translational syrnmetry. 14 Hydrogen-bonded a-networks are 
common structural features. They may be composed of single 
molecules such as an a-network of secondary amides, 15 (Figure 
2a) or they may be composed of translationally related discrete 
assemblies such as an a-network of primary amide dimers16 
(Figure 2b). 

A supramolecular structure with two degrees of translational 
symmetry is a fJ-network. A two-dimensional fJ•network may 
contain, but is not required to contain, substructures that are 
classifiable independently as a-networks or as discrete assem­
blies.17 Figure 3 shows an example of a fJ-network of primary 
diamides. 168 Properly designed, a fJ-network supramolecular 
structure can naturally lead to a layered molecular solid. 

The fourth and final type of supramolecular structure has three 
degrees of translational symmetry and is termed a ')'•network. A 
')'•network will fill three-dimensional space, and in many cases, 
an entire crystal structure is defined by one 'Y•network. 18 A 
'Y•network may contain a-networks and/or fJ•networks as sub­
structures. 19 

The fundamental building block of each of the four structure 
types is an asymmetric assembly of atoms. The asymmetric 
assembly may consist of a single molecule, multiple like or unlike 
molecules, or a portion of a symmetric molecule.2° Consider first 
the simplest and most common situation of a crystal with an 
asymmetric unit consisting of a single molecule. Crystallographic 
symmetry requires that all molecules within the crystal are related 
to any other molecule by some symmetry operation. This means 
that all molecules in the crystal must have either identical or 
enantiomorphic structures. This rule is well-known, but it has 

Flpe I. Examples of discrete assemblies. On the left is an example 
of a carboxylic acid dimer.1.9• Such dimers usually form about inversion 
centers, meaning that the complex ls a symmetric discrete assembly with 
point group symmetry C1• On the right is a host-guest complex. tllf Such 
complexes most often form with no symmetry elements and thus are 
examples of asymmetric discrete assemblies. 

Chang et al. 

a b 
Flpre 2. Examples of a-networks. The drawing on the left shows an 
a-network of a secondary amide. !Sb Such networks are commonly found 
with one of three different rod group symmetries, Pl, n 1, or Pa, depending 
upon the identity of the symmetry element (translation, screw axis, or 
glide plane) relating each molecule to its neighbor. On the right is an 
a-network of primary amides. U• Primary amide a-networks commonly 
contain inversion centers and have Pi rod group symmetry. 

C 

FIFO 3, Common hydrogen bonding pattern for primary diamides.tl• 
An example of a ti-network. 

a corollary rule that is perhaps not so well appreciated: If all 
molecules in a molecular crystal are identical or enantiomorphic, 

(11) A discrete aaaembly can be characterized by its point group symmetry. 
If the discrete assembly is found in a crystal, ita point group must be one of 
the 32 crystallographic point groups. 

(12) The molecules in a symmetric assembly must be related by some 
symmetry operator such as an inveraion center or symmetry axis. The molecules 
in an asymmetric aasembly are not related by symmetry. lf the assembly is 
of unlike molecules, then it must be asymmetric, since no symmetry operator 
can equate unlike molecules. 

(13) The supramolccular structure shown in Figure I b is just one 
combination of the many reported.ff Other paira of compounds formed 
a-network& instead of discrete assemblies. 

(14) An a-network has one degree of translational symmetry. It can be 
characterized by its rod group symmetry, Sec ref 6b for more details. 

(15) (a)Lelserowitz, L.; Schmidt, G. M. J. J. Ch11m. Soc. A. 1969, 2372. 
(b) Leiscwitz, L.!; Tuval, M.ActaCrystallog,.1978 ,B.U, 1230. (c) Weinstein, 
S.; Leiserowitz, L.; Gil-Av, E. J. Am. Chem. Soc. 1980, 102, 276S. 

(16) (a)Lelmowitz, L.; Hagler,A. T, Proc. R. Soc. London 1983, A, 133. 
(b) Weinstein, S.; Leiserowitz, L. Acta Crystallogr. 1980, BS6, 1406. 

(17) A P-network has two degrees of translational symmetry. It can be 
characterized by its layer group symmetry. Sec ref 6b for more details. 

(18) An example of when this is not true is a crystal containing additional 
molecules, solvent molecules perhaps, that are not part of the -y-network. 

( 19) The space group of a -r·networlc is not required to be the same as the 
crystal space group. The crystal could contain additional symmetry operators 
. The space group of the -y-network must be at least a subgroup of the crystal 
space group. 
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then all intermoleculu intersctlons will correspond to a specific 
symmetry operation.21 •22 One normally thinks of intermolecular 
interactions in terms of chemical forces; however, in a crystal, 
one must also consider the symmetry operator that will generate 
the second molecule of any interacting pair. In any given case 
only certain symmetry operators will be chemically possible. This 
will greatly limit the number of possible supramolecu.Jar structures 
and greatly simplify the design process. 

Network Designs. A logical strategy for the synthesis of 
molecular solids can be based upon the synthesis of molecular 
networks held together by hydrogen bonds.9,10 This strategy is 
based upon a combination of chemical and crystallographic 
principles. The most important chemical concept is that of the 
complementary hydrogen bond functionality set, a combination 
of atoms with hydrogen bond donor and acceptors matched in 
terms of number, shape, and interatomic distances. The important 
crystallographic concept is an accounting of the symmetry operator 
that interrelates the two molecules of each intermolecular 
hydrogen bond. For a successful design, the hydrogen-bonding 
patterns must be persistent, maintaining both the chemical 
connectivity and the associated symmetry operator. 

Examples of a-networks are common, Recently, a-networks 
have been the focus of studies directly concerned with the problem 
of supramolecu!ar synthesis.lot,..! An interesting example has been 
provided by Lehn and co-workers, who prepared a molecule 
designed to form an a-network via a total of six highly specific 
complementary hydrogen bonds. In related work reported by 
the Lehn, 10J.h Whitesides, io1>-e and Hamilton groups, tor a-networks 
were formed by hydrogen bonds between pairs of different but 
complementary molecules that cocrystallized to produce solid­
state structures with the desired one degree of translational 
symmetry with the two molecules alternating along the a-net­
work. In the Whitesides work, io1>-e cocrystals of compounds of 
the cyanuric acid-melamine family of compounds were found to 
form three distinct supramolecular structures.23 These strategies 
for the designed synthesis of a-networks are elegant in their 
simplicity, with a high probability of success due to the careful 
design of the hydrogen bond functionalities. 

Our general synthetic strategy for the preparation of a two­
dimensional ,6-network requires two independent complementary 
hydrogen bond functionality sets. One can envision the formation 
of a hydrogen-bonded a-network in the usual manner via a first 
set, but the molecules are chosen such that they have a second 
set available for linking the a-networks into a ,6-network. 

This strategy will have potential problems not encountered in 
a one-dimensional a-network synthesis. One chemical problem 
is maintaining the independence of the two hydrogen bond 
functionality sets. If the complementarity breaks down and a 
donor atom from one set forms a hydrogen bond with an acceptor 
atom of the second set, then numerous alternative structures 
become possible. There are also potential crystallographic 
problems. For any supramolecular structure, molecules must be 
chosen with the proper size and shape for molecular packing; but 
as the dimensionality of the structure increases, the degrees of 
molecular freedom decrease and the problem becomes more 
serious.24 Also, in a two-dimensional ,S•network, there will be 

(20) The asymmetric usembly is often identical to the crystallographic 
asymmetric unit, but this is not neceaaarily true, The asymmetric unit may 
contain additio!llll molecules that are not part of the designated supramolecular 
structure. 

(21) To say that an intermolecular interaction corresponds to a symmetry 
operation means that the two molecules are related by that symmetry operation. 

(22) This rule can be stated without the restriction. In a molecular crystal, 
all intcrmole<:ular interactions between molecules of different asymmetric 
units will correspond to a spe<:ific symmetry operation. 

(23) In the original papera9¥ the two forms of a-networks were termed 
linear ta pea and crinkled tapea. The second form differs due to a reversal in 
the complementarity of one hydrogen bond act. The third form, a discrete 
auembly, requires two such reversals and was termed a r08ette. 

(24) Close packing bas long been recognized as a primary dctcmtlncnt of 
mole<:ular crystal structures. Kltaigorodsldi, A. I. Orgallic Chemical Crys­
tallography; Consultanta Bureau: New York, 196!. 
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P2 Pl 

Fipre 4. N.N'•Disubstituted ureas form a-networks by forming pairs 
of oomplemcniary hydrogen bonds. In our work, we have observed that 
symmetrical ureas usually retain their two-fold axis within the solid state 
e.nd form a-networks of P2 symmetry. If the substituent! differ, then 
there usually is no molecular symmetry and the ureas form a-networks 
with Pl rod group symmetry. 

more possible alternate symmetry operations than in an a-network 
and more ambiguity in the design process. 

Symmetry Analysis. For a succe8Sful design of any molecular 
solid, one must properly account for the specific symmetry 
operators that correspond to each intermolecular interaction. Thus, 
a symmetry analysis of a- and ~-networks is a necessary first 
step. The symmetry group of an a-network can be determined 
by taking the symmetry operators of the point group of the 
asymmetric assembly and combining them with the symmetry 
operator or operators corresponding to the intermolecular hy­
drogen bonds that tie together the a-network. One trivial but 
common case discussed previously has a secondary amide15 

forming an a-network of Pl rod symmetry by simple translation 
( Figure 2a). Alternate symmetries are possible for the generation 
of the intermolecular bond. A screw axis would generate P21 rod 
symmetry; a glide plane would generate Pa rod symmetry. These 
three different a-network symmetries are the only ones commonly 
observed. 

In a slightly more complex case, primary amides16 tend to use 
their .syn-hydrogens to form centrosymmetric dimers of C1 
symmetry, and these discrete assemblies further associate via the 
amide anti-hydrogen atoms to form a-networks of Pi rod 
symmetry via simple translation (Figure 2b). In this case there 
are no commonly found alternate symmetries and the Pi 
a-network symmetry can be predicted with a high reliability. 

In our previous work6 on the design and preparation of 
P-networks, the disubstituted urea functionality has been used to 
form primary a-networks. It has been found that the urea group 
most commonly will form a hydrogen-bonded a-network via simple 
translation. Unsymmetrical disubstituted ureas lack a molecular 
two-fold axis and form a-networks of Pl rod symmetry (Figure 
4). Symmetrical disubstituted ureas usually retain a two-fold 
axis within the crystal, C2 point group symmetry, and thus form 
a-networks of P2 rod symmetry. 

To produce a ~-network of disubstituted ureas, a second 
hydrogen bond functionality set must be introduced into the 
molecule. This second set can then link the urea a-networks into 
a P-network. In our initial work, a series of symmetrical urea 
dicarboxylic acids (1, 2, and 3) that formed a-networks of P2 rod 

symmetry was prepared. In each case the two carboxylic acid 
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Table II. Reaulta of Adding Selected Additional Symmetry Operators to Pl and P2 Rod Groups• 

Pl rod group P2 rod group 

Chiral Groups 
translation, perpendicular to main axis 
two-fold axli, parallel to main axla 
two-fold axis, perpendicular to but not intersecting main axis 
21 acrew axis, parallel to main axis 
21 screw axis, perpendicular to and intersecting main axis 
21 screw axis, perpendicular to but not intersecting main axis 

inversion, off of main axli 
Achiral Groups 

Pl layer grouJ)" 
P2rod group 
Pl 12 rod group 
P21 rod group 
P21 layer group 
P21 layer group 

Pl rod group 

P2 layer group 
P2 layer group 
P2221 layer group 
C2 layer group 
P2221 layer group 
P21212 space group 

glide plane, intersecting main axis, glide in perpendicular direction 
glide plane, parallel to main axis but not intersecting, glide in parallel directfon 
glide plane, parallel to main axis but not intenectlng, glide in perpendicular direction 
glide plane, perpendicular to main axis 

Pl 1 b layer grouJ)" 
Pa rod group 
Pl 1 b layer grouJ)" 
Pb 11 layer group 

P2/c layer group 
P2mb layer group 
nan layer group 
Pba2 space group 
P2/ c layer group 

• In this caae the directi,on Is not required to be perpendicular to the main axis but merely nonparallel to the main axis. 

groups formed cyclic hydrogen bonds about inversion centers, 
linking the urea a-networks into a .B-network. Adding an inversion 
operator to the P2 rod group yielded the observed layer group 
~~ . 

4 X • Y •NHz, n •3 
S X • Y • NH2,, n • 1 
6X ■ OH, Y•NHz, n• l 
7 X •01:(, Y • NH21 n•l 

II X • OH, Y • NHz 
9 X • NHz, Y • OH 
10 X•OH, Y •OH 

II X • OH, Y • OH (raccmlc) 
12 X • OH, Y • NHz (racemic) 
13 X • NH;, Y • OH (racemlc) 
14 X • NHz, Y • OH (chiral (S)) 

In these cases the symmetry of the .B-network was relatively 
easy to predict, since there is a strong association between each 
intermolecular bond and a particular symmetry operator. The 
layer group symmetry P2/ c resulted from a combination of the 
primary two-fold axis of the urea a-network and the Inversion 
centers corresponding to the carboxylic acid intermolecular 
interactions. Other intermolecular interactions would have 
different associated symmetry operators and different predicted 
symmetry groups. In Table II the effect of adding selected 
symmetry operators to the Pl and P2 rod groups is shown.25 As 
can be seen from the table, the resulting symmetry group may 
be another rod group, a layer group, or a space group. In chemical 
terms this means that adding an intermolecular interactiori to an 
a-network can generate a larger a-network, a .B-network, or a 
,•network. In principle, real examples of networks characterized 
by any of the listed symmetry groups could be generated if a 
chemical functionality is identified that gives an intermolecular 
interaction corresponding to the given symmetry operation.26 

The results for the P2 rod group are especially interesting. 
The addition of any of the more commonly encountered symmetry 
operators will give layer groups. The two exceptions generate 
rarely encountered space groups and are unlikely to occur. 27 Thus, 
it can be said with some confidence that an a-network of P2 rod 
symmetry will form a ti-network whenever a second comple­
mentary hydrogen bond functionality set is added to the 
constituent molecule. The symmetry of the resulting .B-network 
will depend upon the identity of the symmetry operator that 
corresponds to the second intermolecular hydrogen bond. 

(25) Table II Hats only a selection of the possible additional symmetry 
operators. High-order axca a.re not included. High-order axes are only found 
in trigonal, tetragonal, or cublc apace groupt. Since over 95% of organic 
structures are found to p011sesa triclinic, monoclinic,ororthorhombicsymmetry, 
we have not included high-order axes in this analysis, Mighell, A. D.; Himes, 
V. L.; Rogua, J, R. Acta Crystallogr, 1983, A.:19, 737. 

(26) It would be difficult to identify favorabl~ intermolecular interactions 
oorrcaponding to some of the listed symmetry operators, For example it is 
unlikely that one could identify a bonding intermole<:ular Interaction 
corresponding to a mirror plane, 

(27) The two exceptio111 generate the apace groups P21212 and P2cn. The 
former is a relatively rare space group; the latter la very unusual. 

Figure 5. /l•Network oftbe diamide 4. There is a two-fold axis passing 
through the urea carbonyl groups and an inversion center at the· center 
of the cyclic amide hydrogen bonds. The €!!-network defined by the urea 
hydrogen bonds has P2 rod symmetry; the layer symmetry of the fl-network 
is P2/c. 

This paper reports a solid-state structural investigation ofurea 
acid and amide derivatives. The purpose of the study was to 
identify fundamental principles for the development of strategies 
for controlling molecular orientation in the solid state. The 
symmetry analysis discussed above is an integral component of 
these strategies. 

Results 

Urea Diamide Derivative&. The urea dicarboxylic acids (1, 2, 
and 3) form, via a urea-based a-network, .B-networks with 
neighboring a-networks linked by the cyclic hydrogen-bonded 
dimers of the dicarboxylic acid functionality.6 Primary amides 
are also known to form hydrogen bond dimers about centers of 
symmetry, 16 and analogous .B-networks can be envisioned for 
symmetrical urea diamide derivatives 4 and 5. Figure 5 shows 
the crystal structure 9f the diamide 4 possessing a propylene 
group linking the amide and urea functionalities. A .B-network 
forms and has layer symmetry P2/ c. It is completely analogous 
to the dicarboxylic acid structures found earlier. The amide 
groups form cyclic hydrogen bonds about inversion centers via 
the amide syn-hydrogen atom. The anti-hydrogen atoms form 
additional hydrogen bonds to amide carbonyl atoms of the 
neighboring fl-networks, uniting the entire structure into a three­
dimensional ,•network. Neighboring layers are related to each 
other via a two-fold screw axis so that the final space group 
symmetry for the ,•network and the crystal is C2/ c.zs 

(28) A single molecule within this structure has a two-fold axis; the urea 
functionalities hydrogen bond to form the primary a-networks via simple 
translation. The primary a-networks are united to form ti-networks via cyclic 
amide dimers about centers of symmetry. The II-networks are held together 
via hydrogen bonds formed between the anti-hydrogen atoms of the amide& 
and amide carbonyls. These hydrogen bonds require an offset between 
succeasive layers that is generated by a two-fold screw axis. Thcac symmetry 
operators, a two-fold axis, a translation, an Inversion center, and a screw axis, 
serve as generating operators for the C2/c space group. 
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Flpre 6. P-Network of the diamide S. The urea carbonyl groups lie on 
a two-fold axis and form an a-network of P2 rod symmetry. The amide 
hydrogen bonds form a helix about a two-fold screw axis. The layer 
symmetry of the P-network is C2. 

The diamide 5 also forms a P2 a-network via urea hydrogen 
bonds, but in this case the primary amide groups form a catemer 
structure via a two-fold screw axis29 (Figure 6). The combination 
of a screw axis with the original two-fold axis generates a P-network 
with C2 layer symmetry. In contrast to the P-network formed 
by compound 4, the individual P•networks formed by compound 
5 are polar with all urea carbonyl groups pointing in the same 
direction. However, successive layers are related by inversion 
centers, yielding a nonpolar C2/ c space group symmetry for the 
crysta!.30 

Urea Acid Amide Derivatives. Our initial studies of urea 
dicarboxylic acids, and their diamide derivatives, all involved 
molecules with molecular two-fold axes. These molecules formed 
primary a-networks with P2 rod symmetry. As a logical extension 
of this work, the monoamide derivatives 6 and 7 of the dicarboxylic 
acids 1 and 3 were also investigated. It was anticipated that the 
monoamide derivatives would form a-networks of Pl rod 
symmetry via urea hydrogen bonds. The terminal acid and amide 
groups could potentially hydrogen bond in two chemically distinct 
ways. They could form segregated like to like hydrogen-bonded 
pairs (acid-acid and amide-amide), or they could form like to 
unlike hydrogen bonded pairs (acid-amide). 

The possible symmetry operators corresponding to each 
alternative are different. With like to like hydrogen bonds, an 
inversion operator is the most likely alternative, yielding a 
P•network with Pl layer symmetry. With like to unlike, amide­
acid hydrogen bonds, a simple translation operator is the most 
likely alternative, yielding a P-network with Pl layer symmetry. 
Work by others31 and model studies32 in our laboratories suggested 
that the acid-amide hydrogen bonds are somewhat more favorable 
in terms of energy. It was anticipated that a P•network with Pl 
layer symmetry was the most likely possibility. 

When the crystal structures of compounds 6 and 7 were 
determined, the results were somewhat surprising (Figure 7). 
The best interpretation of the X-ray data indicates that in both 

(29) The amide 11111/•hydrogens link molecules into a helix about the two­
fold screw axis. This helix is an or-network with P21 rod symmetry. 

(30) Succcasive layers again are held together via hydrogen bonds formed 
by the antl-hydrosensof the primary amide groups. The generating symmetry 
operators are the same u in the crystal of compound 4, but the chemical 
correspondence is different. 

(31) (a)Leiserowitz, L.; Nader, F. Acta Crysta/logr.1977, B33, 2719. (b) 
Leiserow!tz, L. Acta Crysta/logr. 11176, B31, 775. 

(32) It has been found that the glutaramide crystallizes in the space group 
Cc, with two molecules in the asymmetric unit. The molecules form an 
or-network of Pa symmetry via like to unlike amide to acid hydrogen bonds. 
Chang, Y .• L. Ph.D. Thesis, State University of New York, Stony Brook, NY, 
1991. 
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Flaure 7. {i-Nctworkof the monoamide6. The compound has a disordered 
structure. There is a crystallographic two-fold axis passing through the 
urea carbonyl groups and an inversion center at the center of the cyclic 
acid-amide hydrogen bond. This disorder makes it impossible to 
distinguish the true structural relatiol),ships of the acid and amide 
functionalities. This figure shows one possibility. 

~~ 
- \,,~ 

............. ...,.,. ... I_.......... ' -~ 
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H H 'A . H 

Flpre II, P-Network of the monoamide 8. This fi•network has Pl layer 
symmetry, with neighboring molecules related by simple translations 
only. The intermolecular urea to urea hydrogen bonds arc unusual in 
this structure. Instead of the normal symmetrical structure th.ere is only 
one urea hydrogen bond' with a N-H .. ;o distance of 2.11 (3) A. The 
second N-H, .. Q distance Is much longer, 2.91(3) A. 

cases the molecules are completely disordered about a pseudo­
two-fold axis passing through the urea carbonyl group. Indeed, 
the crystal structure of the monoamide 6 is isomorphous with the 
structure of 1. This apparent crystallographic disorder prevents 
us from unambiguously determining the amide and acid hydrogen 
bond patterns. The observed disorder was not.anticipated in either 
case. Its presence illustrates one problem that can interfere with 
any design effort. This pseudosymmetry also illustrates the 
similarity of the amide and acid functionalities in terms of size 
and shape as well as intermolecular bonding capabilities. 

Breaking the Pseudosymmetry. Clearly, to fully investigate 
the acid amide family of molecules, examples without the pseudo­
two-fold axis were needed. The isomeric molecules 8 and 9 were 
prepared, and their crystal structures were determined (Figures 
8 and 9). The crystal structure of 8 exhibits the like to unlike 
amide to acid hydrogen bond pattern and forms the predicted 
/5-network of Pl symmetry. In this ,8-network, the amide group 
turns so that the amide anti-hydrogen atom can form a hydrogen 
bond within the layer. With an amide hydrogen bond within the 
layer, the neighboring urea functionalities cannot form their usual 
symmetric pair of hydrogen bonds. As a result of this situation, 
the urea groups adopt an unusual "slipped" configuration. 

The monoamide 9 shows like .to like, acid-acid and amide-­
amide, hydrogen bonds, but with two molecules in the asymmetric 
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H ~ t>(~ 

H H 

Fipre 9. Ii-Network of the monoamide 9. This structure contains two 
molecules in the asymmetric unit. The carboxyllc acid ends of the two 
independent molecules have different conformations. The urea a-network 
of Pl rod symmetry consists of alternate independent molecules. 
Neighboring a-networks are related to each other via inversion centers, 
yielding a /i•network with layer symmetry. 

~ 10, Crystalstructureoftbediacld 10. In thlsstructurethe expected 
complementary hydrogen-bond patterns have been broken. The molecules 
form a r•network of P212121 space group symmetry. There is no 
/l•network. 

unit. The pairs of unlike molecules form a urea-based a-network. 
of Pl rod symmetry. The acid-acid and amide-amide hydrogen 
bonds form about inversion centers as expected. The resulting 
.8-network has PI symmetry ,33 

A Break In Hydrogen Bond Complementarity Patterns. An 
Uuymmetrical Dlacld, The structure of the diacid 10 was also 
determined. Again, .B-network.s of either Pl or Pl layer symmetry 
were anticipated, depending upon whether the two different 
carboxylic acid functionalities formed hydrogen bonds in a like 
to like or like to unlike pattern, However, Figure 10 shows that 
the hydrogen bond complementarity has been completely broken. 
The urea functionality serves as a double hydrogen bond donor 
forming hydrogen bonds to the carbonyl group of one of the 
carboxylic acid groups at the same time the urea carbonyl accepts 
a hydrogen bond from another carboxylic acid group. There is 
one acid-acid hydrogen bond, but it involves only one hydrogen 
atom and not the normal two. The space group is P212121, and 
there is no iS-network. 

Introduction of a Stereogenk Center. Molecular chirality plays 
a fundamental role in determining solid-state structure. All of 
the urea derivatives discussed above have been achiral. It was 
of interest to determine the response of the solid-state structure 
of this class of compounds to the introduction of a stereogenic 
center. The urea dicarboxylic acids and their derivatives are 
prepared from amino acids, and most of the available amino 

(33) It is interesting to note that the main difference between the two 
independent molecules is the "twist" of the carboxylic acid groups. A similar 
structural feature is found in the structure of the diacid 2, a structure that 
also contains multiple molecules In the asymmetric unit, 

Chang et al. 

Fil!lll"e U, Ii-Network of the acid amide 14. This /l•network has Pllayer 
symmetry, with neighboring molecules related by simple translations 
only. To simplify the figure, the benzyl groups have been omitted and 
are represented by a dummy atom labeled Bn. The distorted urea 
hydrogen-bond distance, N-H, .. Q, is 1.99(2) A. The unusual urea to 
amide carbonyl oxygen distance, N-H"'O, is 2.22(1) A. 

acids are chiral. In our initial studies a relatively simple example 
was chosen: the urea formed from glycine and phenylalanine, a 
molecule possessing a single stereo center. The diacid 11 and the 
two isomeric monoamide derivatives 12 and 13 were prepared in 
racemic form, and their crystal structures were determined. 

As racemates, each of the three compounds can crystallize in 
a centrosymmetric space group. In each case there are two 
enantiomorphic molecules, the R and the S, each with acid or 
amide ends capable of forming complementary hydrogen bonds. 
There are several different iS•networka that could be formed for 
each compound. However, neither the diacid nor either of the 
monoamide derivatives formed a /:3-network, as described above. 

In the diacid U , the carboxylic acid functionality adjacent to 
the benzyl group forms a conventional dimer about an inversion 
center, but the other carboxylic acid group slips around to the 
urea carbonyl oxygen atom, forming a large hydrogen-bonded 
ring about an inversion center. The result is a ,B-network, but not 
one of those anticipated. With the "slipped" acid to urea hydrogen 
bond, the layer structure is not so readily discernible. 

Both monoamide structures contain similar unconventional 
hydrogen bond patterns. Compound llcontainsa large hydrogen• 
bonded ring structure encompassing two urea functionalities as 
well as one carboxylic acid and one amide group. Compound 13 
contains a large ring formed by acid to amide hydrogen bonds 
with the two ends of a pair of molecules forming a centrosymmetric 
dimer. Compound 13 also contains an unusual amide-amide 
hydrogen bond formed about a crystallographic two-fold axis 
instead of the more usual inversion center. 

The chiral compound 14, the urea derivative of the amide of 
glycine and L-phenylalanine, was prepared. The compound 
crystallized forming the 1:3-network shown in Figure I 1. This 
/:3-network has Pl layer symmetry with only translational 
symmetry present. The iS-network is formed by linking together 
the primary urea a-networks by like to unlike amide to acid 
hydrogen bonds. The anti-hydrogen of the amide group also 
forms an interlayer hydrogen bond, meaning that the entire 
structure is somewhat similar to that found for compound 8. The 
benzyl groups are aligned all on one side of the layer (Figure 12). 
The space group is C2 with alternate layers related by 21 and 2 
axes approximately parallel to the urea carbonyl group. The 
individual layers and the overall crystal have polar axes. 

Thus, the designed P-network, that failed to form with all 
racemic derivatives of the ureas derived from phenylalanine, is 
produced with the nonracemic monoamide derivative 14. Al­
though the solid-state structures of the other chiral ureas (11 and 
12) would be of interest, all attempts to obtain suitable crystals 
for X-ray crystallography have been unsuccessful. 

Polymorphism is a common phenomenon for some classes of 
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m0kcu!Jr cryst:ik FN eadi ,lf the c,1m1'li,ur1,h di,cu,,cd abov,: 
that did not form a ,:/·network. n 1, p(is,iblc !here 1~ an :,lts::rn.ite 
po!Ymorph with thh hydrogen-bonding pam:rn Al!huugh :! 

,)stcmatic effort h.n not !x:en m,1dc h! idcntit\ pd~ m,,rph,. they 
h;;ve not b,,cn ob~ern:d r,,r :my of the urc:,kne dic.irbo:.: lie ;1cid 
dcrivatiH:S. 

l)i\CUSS!Oll 

T¥>o-Fold Mohrcular Symmctr\. The first dhltbstnutcd un:.1 
molecuies ,wd1ed'· were ,,. mmetnc:i.l .Hid ft,rn1td cryqa!, om• 
1.unin1u,-net\\orksof P: symmetry. 14 Oflen mnkcuk, th,H h,ne 
a potermal t\\cl-fold rm,!ccukir axi, \\!II t:r\,t;il!i;e in a manna 
,uch that the fl<1lent1;1l l\<'.,,-fo!d ,u.1, ;, lost In !!Cn.:ral. ., 
crystallographic two-fuld axis h mH ,.xm,i<len,,l .; fa,,.,rn bk 
,trm:rnral featun:.=• h w,i, found "llh the ,~mmdnc,11 ,rn.:.1 
mokeule, that the t¼o-fold ax:, pcr,1>t" IJ1 the cn,t.1L Thh m;n 
be due to the fact that the mtcrmolecuLJr lr,dr,Y)!eri hond form,:d 
between ne,ghborrng ure:, mokcu!rs ,, i1s.:!f cnrnp.H,bk w,th .1 

t\H1-fo!d axis. Indeed. the unsyrmnetnca! nhm,i;rnHdc mokeufe, 
4 and 5. lacking a molecular two-fold :ni,. pn.::,,:rve a <.:ry,tal· 
lographic t¼o-fold ;r,.i, bv forming ;i disordered ,1n11.:ture 

.-\ m,lkcular functionality that will vidd an «•ncl'-'1,rk •>I 1'2 
,ymmetr} is an idea! starting porm for the forma:ion ,,( a 
d-nctwork. This ,:an be ,ho" n by ::xammmg Table 11. "here the 
resuits of Jdding c1 symmetr} <){'cm tor ll' the !'2 nxl ¥n>Ul' uc 
shnv,-'n, \\'ith the exc:c:ption ;.>f t\\O r._trdy cn~c,untrrcd ~P-.tl.t' 
grGu-ps, the addiuona! t)pcr;uor (\Hnb1nc~ with the \\pcrattn-·, ut 
the P~ rtxi group to f!Jrrn a l:a~er g.rtatp ln \.'.h<.·rnkat tt:rn'\"-, ttu~ 
mean, that ~in:, tntcnnolccular lntt:rJ...:t,on that l.".orrt:'l-pon~h ttl a 
commonly encountered') mmctry opcrn:nr w dl unit<: ncighb,>rmi: 
1'2 n•neiworks together to form a d-nct"ork wnh the dc·,111na11::d 
layer ,ymmetr~ 

\\'ith nne exception. the urea-based P2 «•ncrnorb :ire rda1cd 
to neighboring n-nct\,orksvia acid--acidoranmk, ,rnudc hvdro,gcn 
bond$ 1' that form ab,)ut inversion center, :\, listed in 1\1bk. I l. 
the combination of an invcr,1,,n ..:crm;r \\ 1th the ,>pcrator, ,,f the 
P:. rod group y1dds the lajcr group 1'2, r. ,b ,,a~ ob:s.:n.;<I in cad, 
<>f thc,e structure,. The drnm1dc 5 wa, the c,cepnon, Ith' .nmde 
group~ fGrn1 a t:'aterncr )\tructure about a tw\,-f;)\d -.;ere\\ a \i•--­
Adding a:; ax1> t<i the P2 nxl group give, the Li,.:r gr,,i.;p ( 2 

So \fole~ular S~mmctrJ. With two different nitwgrn ,ub· 
,tituenb. the 1m:a molecule, <.:am1<l! cr}stalli1c ahem! a rn,J•fold 
axi~. In our studies ,uch urea, tend rn form ,Hlet.,,wb, ,,f Pl 
symmetry. With a Pl t1•netw0rk .i ,ingle addamnal intermo• 
lccul::ir interacti,m i, ln, hk.d~ t,, gi\e a if•nct11nrk. Thi, c::rn be 
seen b1 examining T1bh: IL where the rcwlts ,1!' addmg ,anou, 
additional symmetry operator, lo the Pi rnd grnup arc ,hown 
S,,me opcrawr c,m,binatinns yield new rn<l grnup,, layer grnups, 
and spm:c groups. F,,r cx:irnplc, ,nldmg an inn:r,1<>n ..:entc:r hl 

the Pl rod group yidd, the Pi rnd grnup. To tnrm Pl a l:i)cr 
group, two mdepcndcnt nwcr,ion c.:nters w,1u1d he rcmmcd. 
Comp0t1nd 9 f Figure':f) isq1d1tlll C\nmpk, but with twon1<)iecu!t:, 
per asymm..:tris: unit. it i, not a ,irnpie one. 

lJ4} The C..1mbndgc Strucrnr.11 It,rn H;.i,t ;wd ttur mAn v,·ork sfhPA th.it 
.\bout go,r1; ..:._,f ~ymrm;tn..:-af <li½>ub~hlutect urea rnokt'uk~ (ry~ttilli1~ (on"Zm!!f 
,HI 1i~rvttw,1rk .1km1 .l Ci)'SLlBt.~frar,hK· t\,·,,-f,o>id axi-. 

( )5) {n th~d1\,ord(r{.'d Ji~ld .11mdi: ~~rui:(urc-. -6 and 1. ntitht¼n11w 1t~ni;t1A ~)f).," 
\\tf-e Al)n relat:eJ by rn\·-tr':>1<)1, .:rritr:f\ '· ' , 

J \)( th~ purpn~t:, tt! rnditx.·uLtr d1..>it~J1, ptrh.,q"', 1ht ;n .. :,:,f 
attr:11.i.~{P-.-"t::"JJtnn11,:tr:- or~ra;or t~'!<Hid tnd Pl /f•~1(·l\,,i;~ .,..t)Uld be 
a ~nnpk traa~lau~•n ,,p-c:r~rtnr Thi,. '',4•puid : :'-..~if£ 11 f' J b !'~"'f gr, .• ur•. 
rnc,HHng that the tntiri: la~~r 1At .. H1;d p,;i..)t~::.,, ,)r':iy trarbL1UPru; 
,~rnmt'tr) [n pr.tt.:ti ... ~t thf~ rn1;;uh .: m,;1kruk \\:th h;.dr-,\~t~n 
h4nHi ft,nctlonahl tt" chn"~n \UCh t h~tt th~ "'t•);_) .. H,k. ,f tht: B1dk..:uk"' 
c1.1nirh:ntcnt~ the M·botturn ""-ldt:"" ;.-1a ,:an?k tr-,H;.~bhon :1n(J 

•~icft >ide .. c~\rnpkn1tn.t:-; th~ ~r1~ht ~1t!c"' ,,_ ::~ :.irnr<t: tr;:n'"'l.,;u.-~?i 
l ,)rHf"')Und~ 8 and 14 ( f'. !gu res K ,; n-J t 2 t :,,cit h f Htrn Pi b ! er:-, 'd.i. 

\ti•..:h a n1l!th;;ni,n1 

Breakoo'l'ns in ll~drog,m llo11d (0111plement;1rih. In t',c ,,N 
cun,puond\ ex.~uruncdt. the h:,cdrop;~n b,,md f:,J,H~rn" f.:,rmC'tf ,!'" 

anut:pJtt:d, produnng the d~sit!rlcd ,_t-nt'tv~,,.1rk\ ir CtJrnrih.H',d 
~ tht'.' proper cotnpkrnc-ntar?t) \Vii\. iTt~HntJ.1n,~:,t: btn :ht.· arnah: 
c;.;tcrn-t,r::-.lrUt-lU!~ ·.>.-a-; ;JH une,pc ... ~ted gt'."fln1c-tr:"'<+1nd jn :d1crnstc 
f,!}'°r ~~tnmctr? w,l ... \lkt..:rvcd ffH' the .'i·n,.::~v..or~. ,,,,._ n~•,n.: 
(.'.nrnph'-·atcd urt.J, ¼Crc t'..\~n,unt>tL c\_;unpk~ •J.'t:r~ i~n;.:~Jl.HH(r~:(! 

(10. ti, 12~ and 13} \\hl".r,:: tht:' 11:drt,ig\."n t'v•nd)c !urtn'i,;'d ;n 
une:-:p~cttd p.J:ttern:-- \\/1thnut the ;_,'"\p,.!\.~ted t:~drn1!:.:-n b·drHi 

cornplcn1tntantv. the ;uHtt.:ipJ:ttd .i--n~:v .. ,1r~:> dnJ H~tl :·,•rrn In 

o,o~t ,:a~cs 1hc nurnber uJ h~drog:cn bPntb th.:H fr,nn r:-i ,;J:nd:ir 
tn the nun-1,l)cr uf hydr-.)g-cn l'M.)nth- th:J.t 't\outd ha\1..~ fotn1ctl 1n ~ ht: 
ant1cipotcd pattern~. Th'" cncrg.tc~ of Hhii'ridu~il h~dt1,>gcn bftnd~ 
may differ. but total cncrgic~ of the h~dr,)~l'.n bond-.., v.;;ntlt! ttdt 

tik.ci} differ hy rnnrc than ..! ftw k(;tb/rnnL <:V{;O :n tht.· tcht 

s(tt!~factor: c;1s.cs.f'~ Theie rcsuJt:-. th:nton:"tr:nc the Hnnh;n~<: 

difficult~ a.,sociatt"d ,;.vith the pr,,btcn1 of d~vcioprnr, r,nie:n;d 
:-.tr.!lcgtc:'>' fur suprarnoiccu!ar ~ynth('st~ 

Strategies for Supramolecullll' S~nth(>:-.h, The fJ ',,:twork. 
lmport,tnl ..:on~idcra1100~ for the devdopmtrll ,){ .tr!~ ,1 r.thet,,: 
,1r.rn:g, ,m: 1h;11 it be ,imph: to ,mpkmcnr. h.11.: ,thigh prob,1bdm 
of ~u..:..:.:~ •. and h,m: nc ... ib1lity for !he prcparati11n of rd;Hed 
,tru.:tur,:s For example. predictable h~drogen-bonding pattcrw, 
arc·;; requirtmen1 of ,,ur design cfforh. 'I be.\,.\ '·d1!.ub,rnu1ed 
llH·a, ;\nd tht t,trll<l,ylic acid dcri,att,c~ wen· ;,;h,,scn in Ollt 'stt1dic, 
be(.Hb-e they fi,-;rm pco,ist\!nt c,)tnplcrn¢t1t~.HJ tndro_g-cn-brmdfni 
rintcrns H,J"~Ycr, rn~~a) c,~cpa,!on~ r,, th<' rc4Ufftd hydrc•~en¥ 
lltira.hng p .. itt1..~rn:,. .1rt kll,)\I. n ·\ Uh.1r~ -._:-qn1pk, f urh.:ti,JnJhh, ">licCh 

::; 
11!~~:;:~\:~l:~1:'1~:d~;::1~\'. ::~~ ;,',r:::;::~~·:::~·',',; '.11:'.~'.t\ ;,:~~ t~r .:~~~~: 

lo ~-i~1y in t~rnh nf tbi: .Jiffi~uit~ :l th...: ::1~'<lc:u,ii~1r ,:.,.nth~H:-. .trhi 

a f,_}'.'.,. 4,)f t!H~ flt~,ib1lit] a-,.-,.ociat<:<i ,.,,nlh ":ntr,k fun ... uon~d gr1,,up;,, 
( ·;)fltroHin~! !he 1nuic~uiar p~h:klnv ln t"uHU'diJu:t~ tJa: p,h,'}1bic 

syrnntt:tr) op,tratlH, n. .. ~h1tin~ f'H;ighbonn!! Hhtk..:uk, can fx a 

p~)wcrfu! ~tratc~n The prc~cn'-~c fff ~tn itwnct"4\Jrlc ~ ith P': 
~yrntnctr\, rcadll~ le:td, to a ti• nt"t V..'t)ti.... SiOi_'C ,:r1~ ,)f the ttH1H11t>n 

)-y,nnt-ctr; oJ~rator:-, when added ft\ the P2 rod ~ruup \\ ril gcn~r;ttt.'. 
~t !ayer ¥rnup. Ttu~ rncan'.'!,. that 1..*\~i:n1t,di), ~~,1; addlttonal 
intt,,;rrn11kt:"u!.1, 1ntcral·tion "'';i )idd ~:; .'f,n-Ct\\1;rL Th~ kt:<\ to 
lhL"I ,,tf;t{q_q \'.', the p~r:-.t~tCth:~ \Jf the '--'r~,~t~~Hngraphi1.,; (\\'Owf,,}id 

ax1;.... rh...-: \~ n-unc1rical un:a-., I, 5 ~1r1..; :.:_,-. .. 1 n1ph.~~ of a \lH..:'CC\:•.ful 
aprh..:~ttl,}n 1.)f thi~ tt?n<x:pt Sirnd.u ~trat~t!it~~ t:ouid iiheh be 
d-:vdoped \lo-1th 1Jther ~yr11n1i:trlt:•d rn~Jki.:t.1k;), -,.uch a?» tho~e ~i.·ah 
pt!'r,is!cnt in\crsliJa t:cntcr:-; ,H niitror plane,;,, 

!:' <l!lt con,1<lcn :t col!lp<•irnd <qlh mi mo!ecuLir ~,mmctn. 
then there :1n: rnany 1norc- .:dttrnaH\C -.~n1n1ctr~ ·opcrah,;~ 
JL1ilabie and suc..:ev,fol pn:dis:twr,,; ,;f mok..:ular p;1dcinf '>ill 
btnnm: HhJl'<' d,ffH::uh. In par!!c:,i!u, l he ,iwatioa b,:nimc,, mudi 
more diffku!! "hen raccmatc, an: c·tmsiJercd. In ,1 racematt 
<rn: 1mrn ,mcrniokcuiar bond nm;, form btt¾ ccn like moki.:uk, 
or bt.!t\\ t~t:n t.·na nt HHnt:r~: t ht~ two a Her na U\ c~ rn~t, often : .. c1;1n tH 
b(! vt:r~~ ~inuL.1r in cn-.~rgy. lndt:ed fh)n<; ,:i.t the· raccn1I, urcJ~ 
di~nved fn,1tn phcn;tukinlne fdrn1ed the dc~u-cd N-nc-tw()fk\_ In 
,:adi <:,h<: unanti.:ip,it,,d p;ittcrm, of hydr,1g.:n !>,m(h wen: f,H·mcd 

Chirnlit~. There rcnuin, on;; p"wafol fnrm or ~,mnw1rv 
,:<irmni 111.n ,:,rn he u,td in a design effon. Om: 1.':rn wr·n h• purr 

~ )b'.• ~H11...-,: (ry;,.Ld formatwn 1:,, ,wdoub:cdl:.,. mH.ki ~ 'Ht!i;.: -:\mtrnl. Lu.;for,5,. 
oth('t th.nt tht· rd,-t.1r1.1-~ '>hbi!ay f1f the hn~d ,,,'1'.---"<lid n1,:\ ,d.\,·t pi,~>· a rnh~:, Fi-1r 
l.'1,m1pl.t, 5-i;,:~ the d1s<::m--»hm nf \h:Bride, J. \-1. An_.;n, ( h-w Jut f,J.{ Lnql, 
1989, /,•, 29, ' 

UM00014364 

NOVARTIS EXHIBIT 1517 
Novartis v. Regents, IPR2023-01347 

Page 3103 of 4460



5998 J, Am. Chem . .5 ., Vol. 115, No. 14, 1993 

Scheme I. Probable Self-Assembly Pathways for Chiral 
Molecules 
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enantiomers. The use of enantiomers greatly limits the crys­
tallographic symmetry operators possible and, as a direct 
consequence, also limits the intermolecular interactions possible. 
Indeed, the only two commonly encountered intermolecular 
symmetry operators in a chiral crystal are simple translation and 
a two-fold screw axis. In this more limited universe, with fewer 
alternate structures, predictions become easier. In particular, 
the construction of a /3-network of Pl symmetry with molecules 
related only by translational symmetry becomes an attractive 
structural goal. This concept is illustrated by the structure of 
molecule 14 (Figure 11), One can anticipate that similar ureas 
derived from other chiral amino acids will form similar P-networks. 
Chiral molecules would appear to be ideal candidates for the 
synthesis of layered structures of all types. Since there are only 
two commonly encountered symmetry operators corresponding 
to intramolecular interactions between chiral molecules, simple 
translation and the two-fold screw axis, there are only a few 
probable layer groups. Consider the following mental exercise 
that is also outlined in Scheme I. 

In any molecular crystal structure there must be a net favorable 
intermolecular energy of interaction between neighboring mol­
ecules.37 One particular intramolecular interaction and its 
symmetry related equivalents should be identifiable as the most 
favorable interaction. Some other intramolccular interaction 
should similarly be considered as the second most favorable 
interaction.38 Consider the symmetry operators corresponding 
to these two intermolecular interactions. In a chiral crystal the 
first operator will most likely be either a translation operator or 
a two-fold screw axis operator. The same is true with the second 
operator. The first and second operators combine to give a higher 
order group. There are four possibilities: translation followed 
by translation gives the Pl layer group, translation followed by 
a screw axis or vice versa gives the P21 layer group, while two 
successive screw axes give the space group P212121•39•40 If either 
the strongest or second strongest intramolecular interaction 

(37) It must be noted that a structure containing a. P•network is not 
necessarily a layered solid. The forces within the ti-networks relative to the 
forces between the ti-networks may not correspond to those associated with 
a layered aolid. For example, the diacid 1 is a layered solid because there are 
hydrogen bonds within the layer but no strong intermolecular forces between 
succesive P•networb. However, the corresponding diamlde 5 is not a layered 
solid because the hydrogen bonds formed by the amide anti-hydrogens hold 
together sucoessiveP-networks. Consistant with this, qualitative observations 
indicate that crystals of compound 1 readily cleave between the layers formed 
by the P•networks, but crystals of 5 do not. 

(38) The emphasis on specific symmetry related interactions has been 
addressed recently in theoretical studies. Gavezzotti, A. J, Am. Chem. Soc. 
1991, ll 3, 4622. Perlstein, J, J, Am, Chem. Soc, 1992, 114, 1955. 

(39) We are considering only the case with a nonintersecting second screw 
axis perpendicular to the flrat, The case with the two screw axes parallel is 
equivalent to that of a screw axis followed by translation, If the second screw 
axis intersects the first, then a real two-fold axis will be generated; this is 
generally not a favorable occurrence. 

(40) The space group P212121 is the most common space group for chiral 
molecules. It contains as subgroups all the groups outlined ln Scheme I 
including the Pl and P21 layer groups, 

Chang et al. 

corresponds to a simple translation operator, the formation of a 
layered structure is assured.'11 The chemical and physical 
significance of the layer formation depends upon the relative 
magnitude of interlayer versus intralayer forces, but any su­
pramolecular structure containing the indicated symmetry op­
erators will contain layers. However if both interactions are screw 
axes, then there is no layer formation. With some thought a 
design of a molecular solid could include molecular features that 
would favor at least one translation operator, thus favoring layer 
formation. 

With achiral or racemic compounds these same rules apply, 
but the problem is that there are many more symmetry operators 
available. In particular, the single most favorable intramolecular 
interaction will often be an inversion center that will generate a 
centrosymmetric dimer, The presence of centrosymmetric dimers 
will not prevent layer formation but will often mean that the 
strongest forces between molecules in thesupramolecularstructure 
do not correspond to the translation symmetry operators needed 
for layer production. Compare the structure of the racemate 13 
with that of the pure enantiomer 14. The ,B-network of 14 has 
Pl layer symmetry. The racemate 13 could have contained this 
same supramolecular structure, but did not. Instead it formed 
centrosymmetric dimers that broke the designed hydrogen bond 
complementarity. The fact that chiral crystals may exhibit 
special physical properties is well-known,42 but the principle 
that it may be easter to design a given solid-state structure using 
chiral molecules is perhaps not so well appreciated, 

The organization of molecules into layers43 is not restricted to 
molecular crystals. Molecular layers are important features of 
other structures such as surfaces, Langmuir-Blodgett (LB) films, 
and smectic liquid crystals. In a crystal it is easier to study and 
define such layers, but many of the essential properties and 
characteristics of crystalline layers may equally apply to the less 
ordered systems. For example, the role of chirality may be similar, 
In a film or liquid crystal, intramolecular interactions are also 
of great importance, and although the symmetry principles 
discussed in this pa per do not apply strictly, the pseudosymmetry 
operator corresponding to each intra molecular interaction is still 
important. LB films and most smectic liquid crystals must be 
inherently acentric and polar, because of the forced alignment 
of head groups at one face of the layer. This means that the 
intramolecular interactions between molecules of a layer will 
most likely correspond to a translational symmetry operator, In 
a racemate the strongest intramolecular interaction often leads 
to a centrosymmetric dimer, incompatible with layer formation 
in a film or smectic liquid crystal. On the other hand the most 
favorable interaction between homochiral molecules is much more 
likely to correspond to a translational operator, consistent with 
layer formation. 

In fact, Arnett44 has found chiral recognition in the organization 
of monolayers formed at the air /water interface. Stupp has also 
observed that molecular chirality alters the behavior of liquid 
crystals45 and is believed to be important for the preassembly of 
monomers for the formation of two-dimensional polymers shaped 

( 41) To go from the layer groups to a space group, a third independent 
symmetry opera tor must be added. Adding a third independent ~ans la tion 
operator to the Pl layer group will generate the Pl space group. Adding an 
additional translation operator to the P21 layer group will generate the P21 
space group, Adding a screw axis to the Pl layer group will generate the P21 
space group. Adding a third independent screw axis to the P21 layer sroup 
will generate the P212121 space group, The space groups P212121, P21, and 
Pl are by far the most common chiral space groups. 

( 42) In particular, the use of chiral mo!CC11les to design non-centrooymmetrlc 
crystals for second-order nonlinear optical properties is well-known: Nicoud, 
J. F.; Twieg, R. J. In Nonll11ear Optical Properties of Organic Molecules and 
Crystals; Chemla, D. S,, Zyss, J,, Eds,; Academic Press: Orlando, FL, l 987; 
Vol. 2, p 248, 

(43) For a theoretical treatment oflayers see: Scaringe, R. P. ln Electron 
Crystallography of Organic Molecules; Fryer, J, R., Dorset, D. L., Eds.; 
Kluwer Academic Publishers: Dordrecht, The Netherlands, 1991. 

(44) For a recent review, see: Rose, P. L.; Harvey, N, G.; Arnett, E. M. 
In Advancts /11 Phys/cal Organic Chtmlstry; Academic Preu: San Diego, 
1993; p 45. 
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as molecular sheets. 46 In one dimension, Fuhrhop47 has reported 
that chlrality plays a role for the assembly of molecular rod 
structures. The origins of chiral discrimination have been 
discussed by Andelman and de Gennes. 46 

Summary 

A design strategy for two-dimensional layered molecular 
crystals has been formulated. This strategy is based upon the 
application of complementary hydrogen bonding and the concept 
that, in a crystal, intermolecular bonds must correspond to specific 
crystallographic symmetry operators. The specific goal of forming 
two-dimensional ,8-networks was explored by preparing a series 
of disubstituted acid and/or amide derivatives of ureas. In the 
designed structures, the formation of one-dimensional a-networks 
based upon urea hydrogen bonds, with the a-networks linked in 
tum by hydrogen bonds between acid and/ or amide functionalities 
to form two-dimensional ,B•networks, was anticipated. Our 
experiments showed that the ,8-networks formed as predicted 
whenever symmetrical disubstituted ureas with C2 point group 
symmetry were studied. When less symmetrical disubstituted 
ureas were used, alternate and unpredicted network structures 
were found in several cases. This was a particular problem with 
racemates. However, when a single enantiomer of an unsym­
metrical chiral urea was studied, the anticipated ,8-network was 
again observed, suggesting the importance of using chiral 
molecules for the design and preparation of layered solid-state 
structures. 

Experimental Section 

General Methods. Proton NMR spectra were recorded on a Nicolet 
QE-300 spectrometer, and TMS was used as internal reference. The 
NMR spectra of all urea carboxyllc acid and amide derivatives were 
recorded on samples dissolved in a mixture of DMSO·d6 and CDCJi. 
Infrared spectra were recorded on a Perkin-Elmer 1600 FT-IR as KBr 
solid pellets without internal reference. Melting points were recorded on 
a Fisher-Johns melting point apparatus. Diimidazole, triphosgene, and 
the amino acids were purchased from Aldrich Chemical Company and 
were used without further purification. 

N,N-Bls(3-carbamoylpropyl)urea (4). Using the ammonoylsis pro-­
cedure general method A (described for the preparation of 5) and N,N"­
bis( ( (methyloxy)carbonyl)propyl)urea6 afforded 1.0 g (70%) of compound 
4as colorlesa plates: mp 196-198 °C; 1H NMR (DMSO/CDCh, 5/1) 
6 1.65 (t, J • 7 Hz, 2H), 2.10 (t, J • 7.2 Hz, 2H), 3.04 (m, 2H), 5.78 
(t, J • 1.2 Hz, lH), 6.57 (b, !H), 7.25 (b, IH); IR (KBr) 3377, 3342, 
3189, 1660, 1613, l572,660cm-1• Samples suitable for crystallographic 
analysis were obtained by recrystallization from H1O. 

N,N'-Bls(carbamoylmethyl)urea (5). To 3.03 g of ethyl glycinatc in 
2 mL of water was slowly added 4 mL of triphosgene (trichloromethyl 
carbonate, 0.75 g) solution in toluene. A total of 0.42 g ofNaiCO3 was 
added to the solution mixture to maintain the pH above 10 while adding 
triphosgene. The solution was allowed to stir in the ice bath for 30 min, 
and the bis((ethoxycarbonyl)methyl)urea precipitated, The precipitate 
was removed by filtation, washed with a small amount of ice water, and 
purified by recrystallization (H1O/C2H,OH) to give 1.5 g (26%) of the 
diester: mp 138-140 •c (lit. 146 •q.41 

The ammonolysis of the above ester was adapted from the literature48 

using a procedure referred to as general method A: N,N'-Bis((ethox­
ycarbonyl)methyl)urea ( LO g) was dissolved in 30 mL of anhydrous 
methanol. A stream of NHi gas was introduced while the reaction mixture 
was cooled in an ice/water bath. After 1.5 h, introduction of the ammonia 
was discontinued and the flask was closed with a rubber stopper. The 
reaction mixture was allowed to warm up to room temperature and stand 
for 3 daya. The solvent was removed In vacuo to give urea 5 as colorless 

( 45) Chiral forces apparently play an important role in organizing molecules 
In liquid crystal phases: Moore, J. S.; Stupp, S. I. J. Am. Chem. Soc. 1992, 
114, 3429. 

(46) Stupp, S. I.; Son, S.; Lin, H. C.; Li, L. S. Science 1993, 259, 59. 
(47) (a) Fuhrhop, J.-H.; Spirosld, D.; Boettcher, C. J. Am. Chem. Soc. 

1993, 115, 1600, (b) Fuhrhop, J.-H.;Schnicdcr, P.; R01cnberg, J.; Boekema 
J, Am. Chem. Soc. 1987, 109, 3387. 

(48) Andelman, D.; de Oennes, P. 0. C.R. Acad. Sci. Ser. 21988, 307, 
223. 

J. Am. Chem. Soc., Vol. 115, No. 14, 1993 5999 

plates (0.61 g (82%)): mp 228-230 °C dee (lit.49 228-229 °C dee); 1H 
NMR 300 MHz (DMSO) 8 3.62 (d, J .. 5.4 Hz, 2H), 6.38 (d, J .. 5.4 
Hz, 2H), 6.94 (s, IH), 7.24 (s, lH); IR (KBr) 3377, 3345, 3190, 1660, 
1654, 1625, 1570, 6.50 cm·1• A sample suitable for crystallographic 
analysis was obtained by recrystallization from H2O/MeOH. 

N-(Carboxymethyl)-N'-(carllamoylmelhyl)urea (6), N,N'-Bis((ethoxy­
carbonyl)methyl)urea was prepared using a procedure subsequently 
referred to as general method B: To a solution of 3.00 g (40 mmol) of 
glycine in 13 mL of 3 N NaOH (40mmol) was added 5.16 g (40 mmol) 
of ethyl isocyanatoacetate cooled in an ice/water bath. The mixture was 
allowed to warm to room temperature and stir until TLC (methylene 
chloride/methanol/ethyl acetate (2:1:1)) indicated the amino acid had 
been consumed. The reaction mixture was carefully acidified with 6 N 
HCJ to pH 2. The N,N'•bis((ethoxycarbonyl)methyl)urea precipitated 
and was removed by filtration, washed witli iced water, and recrystallized 
from ethanol to give 4.5 g (55%) of pure product that was used directly 
In the next step. The ammonolysis was performed using general method 
A, de.,crlbed above for the preparation of 5, with the following modification. 
Once the reaction was completed, the solvent was removed in vacuo and 
the dry residue was treated with 6 N HCI to pH 2 to give 3.6 g (30%) 
of compound 6as colorless needles: mp 209-214 • C (lit. 209-21 O °C);lZ 
1H NMR300 MHz(DMSO/CDCb, 5/1) 6 3.65 (d,J• 4 Hz,2H), 3.75 
(d, J"' 4 Hz, 2H), 6.41 (b, 2H), 6.91 (s, 1H), 7.16 (s, lH); IR (K.Br) 
3389, 3342, 3160, 1719, 1660, 162.5, 1584, 910,660 cm-1• Samples 
suitable for crystallographic analysis were obtained by recrystallization 
from ethanol. 

N-(3-Carboxypropyl)-N'•(3-carhamoylpropyl)urea (7). To a solution 
of 10.86 g of methyl 4-aminobutyrate hydrochloride and 10.1 g of 
trlcthylamine in anhydrous dioxane ( 40 mL) at room temperature under 
nitrogen was added 14.27 g of trimethylsilyl 3-isocyanatopropanatc. i, 
The reaction mixture was refluxed for 8 h. The triethylamine hydro­
chloride was removed by filtration and the solvent removed In vacuo. The 
residue was dissolved in CHCh and extracted with H2O (3 x 50 mL). 
The aqueous extracts were concentrated in vacuo and chilled in an ice 
bath until a colorless precipitate formed. The product was collected by 
filtration and recrystallized from H2O / ethanol to give 8 .O g of N-(3· 
carboxypropyl)-N'-( (3-methoxycarbonyl)propyl)urea, mp 95-98 •c. This 
ester, without further purification, was converted to the amide using 
general method A (with the modification described above for the 
preparation of 6) to give tlie monoamide 7 as colorleas long needles: mp 
136-138 °C; 1H NMR (DMSO/CDCl1, 9/1) 61.6 (t,J• 6.3 Hz,4H), 
2.03 (m, 4H), 2.16 (m, 4H), 6.02 (b, 2H), 6.71 (b, IH), 7.36 (b, !H); 
IR (K.Br) 3412, 3318, 3210, 1701, 1649, 1613, 1578, 908, 660cm-1• A 
crystal suitable for crystallographic analysis was obtained by recrystal­
lization from H2O/C2HsOH. 

N-(Carboxymethyl)-N'-(2-carbamoylethyl)urea (8). To II solution of 
0.91 g of 3-aminopropionamide in 18 mL ofisopropanol was slowly added 
1.33 g of ethyl isocyanatoacetate at room temperature. After the reaction 
mixture stirred for 20 min, the solvent was removed /11 vacuo. The residue 
was recrystallized from ethanol to afford 2. 1 g of N-((methoxycarbo• 
nyl)methyl)·N'·(2·carbamoylethyl)urea, mp 110-113 •c. Without 
further purification, hydrolysis of this monoester was accomplished using 
the following procedure. To a solution of 0.460 g of Na OH and S mL 
of methanol in 30 mL of H2O was added 2.5 g of N-((ethoxycarbon­
yl)methyl)•N'-(2-carbamoylethyl)urca. The reaction mixture was heated 
to reflux for S h. Removal of the solvent 111 vacuo produced a residue 
that was redissolved in a minimum amount of H2O and neutralized by 
passing it through an acidic cation-exchange column (Rexyn 101) to 
afford 1.29 g of N•(carboxymethyl)•N'•(2-carbamoylethyl)urea as 
colorless thin plates: mp 174-175 °C; 1HNMR(DMSO/CDCh, 10/1) 
6 2.18 (t, J • 6.6 Hz, 2H), 3.15 (q, J • 6.3 Hz, 2H), 3.65 (d, J • 6 Hz, 
2H), 6.11 (t, J • 6 Hz, lH), 6.20 (t, J • 6 Hz, !H), 6.8 (b, lH), 7.3 
(b, lH); IR (KBr) 339.5, 3336, 3210, 1719, 1650, 1635, 1576, 640 cm·1• 

A sample suitable for crystallographic analysis was obtained by recrys­
tallization from H2O. 

N•(Carbamoylmethyl)-N'-(2-carboxyethyl)urea (9), This compound 
was prepared from ethyl isocyanatoacetate and .II-alanine using general 
method B followed by general method A ( described above for monoamide 
6) to give monoamide 9 as colorless plates: mp 187-188 °C; IH NMR 
(DMSO/CDCl3) o 2.47 (t, J"' 6 Hz, 2H), 3.43 (m, 2H), 3.79 (d, J • 
3 Hz, 2H), 6.14 (b, 2H), 6.22 (b, !H), 6.82 (b, lH). Crystals suitable 
for crystallographic analysis were obtained by recrystallization from H2O. 

(49) Kondo, K.; Murata, K.; Miyoshi, N.; Murai, S.; Sonoda, N. Synthesis 
1979, 735. 

(50) Gordon, M.; Miller, J. O.; Day, A. R. J. Am. Chem. Soc. 1948 70 
1946. ' ' 

(51) Beilste/ns Handbuch Org. Chem. 4, IV, 2424. 
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Table m. Crystal Data 

compound 4 5 6 7 8 

a(A) 23.908(8) 19.297(4) 9.031(4) 9.326(3) 12.159(5) 
b (A.) 4.704(3) 4.616(1) 4.612(2) 4.625(2) 4.951(4) 
c(A.) 9.958(2) 8.705(3) 18.240(7) 26.312(8) 13.79(1) 
a (deg) 
fj (deg) 90.30(3) 91.35(3) 90.38(3) 97.87(3) 95.89(3) 
'Y (deg) 
space group C2/c C2/c C2/c Ci.Jc P2ifc 
z 4 4 4 4 4 
max 28 (deg) - 50.0-Mo 60.0-Mo 60.0-Mo 50.0-Mo 50.0-Mo 

radiation 
observation& 115 939 513 659 941 

(l> 3u) 
variables 78 56 56 74 162 
R 0.054 0.051 0.048 0.089 0.037 
R,. 0.073 0.072 0.064 0.114 0.043 

N-(Cuboxymethyl)-N'-(2-carboxyetbyl)urea (10). N•((E.thoxycar• 
bonyl)mcthyl)•N'•(2-carboxyethyl)urea was prepared from ethyl isocy­
anatoacetatc and ~-alanine using ge11eral method B. Hydrolysis was 
accomplished using a procedure subsequently referred to as general method 
C: To a solution 0.545 g of NaOH in 5 mL of methanol and 30 mL of 
water was added 3.0 g (0.014 mo!) of the ester. The reaction mixture 
was refluxed for 18 h. The solutlon was concentrated to about half of 
its original volume, cooled to 5 °C, and acidified with 6 N HCI to pH 
2. The precipitate was filtered, recrystallized from ethanol, and dried 
to give 1.S g of the diacid 10 as colorless long needles: mp 173-175 °C; 
1HNMR (DMSO/CDCh, S/1) o 2.39 (t,J• 8 Hz, 2H), 3.47 (m, 2H), 
3.84 (d, J • 6 Hz, 2H), 6.22 (b, 2H); IR (KBr) 3408, 331 l, 1728, 1716, 
1650, 1568, 610 cm·1• Samples suitable for crystallographic analysis 
were obtained by recrystallization from H20 with a few drops of 6 N 
HCI. 

(R.S,-N-(Clrboxymethyl)-N'-((carbox:ybemyl)methyl)urea (11), This 
compound was prepared from l>L•phenylalanine and ethyl isocye.natoac­
etate according to general method B, described above for the preparation 
of 6. The monoester was filtered, washed with iced water, and 
recrystallized from ethanol to give colorless needles: mp 196--198 °C; 
IH NMR (CDCh) 1.23 (t, J = 8 Hz), 3.00 (m, 3H), 3.80 (d, J • 6 Hz, 
IH), 4.10 (q, J • 8 Hz, 2H), 4.41 (dd, IH), 6.38 (d,J= 6 Hz, IH), 6.56 
(t, J • 6 Hz, IH), 7 .21 (m, 5H); IR (KBr) 3389, 3330.6, 1746.4, 1726, 
1630.4, 1558.5 cm-1• Without further purification, the abovecster (0.28 
g, 0.9 mmol) was dissolved in 2 mL of 3 N NaOH and the solution was 
refluxed for 3 h. The reaction mixture was acidified with 6 N HCI to 
pH 2 while it was cooled in an ice/water bath. The product was removed 
by filtration, washed with a small amount of iced water, and recrystallized 
from ethanol to give 11 as colorless needles: mp 182-184 °C; IH NMR 
(CDCl3/DMSO, 5/1) 2.99-3.10 (dd, 11 ., 6 Hz, /2 • 6 Hz, 2H), 3.87 
(t, J • S Hz, 2H), 4.62 (td, /1 • 6 Hz, '2 • 8 Hz, lH), 6.30 (d, J • 
8 Hz, lH), 6.41 (t, J • S Hz, lH), 7.26 (m, SH); IR (KBr) 3403, 3388, 
1739, 1704, 1578 cm-1• A sample suitable for crystallographic analysis 
was obtained by recrystallization from ethanol. 

(R,S)•N-(Carboxymethyl)-N'•((carbamoylbenzyl)methyl)11rea (12), 
To a solution of 7 .23 g (0.044 mo!) of (R.S)-2-amino-3-phenylpropi· 
onamide in 100 mL of 2-propanol was added 5.69 g (0.044 mol) of ethyl 
isocyanatoacetate at room temperature. The reaction mixture was 
noticably exothermic and became cloudy. The reaction mixture was 
stirred at room temperature for 30 min. Concentration of the solvent In 
vacuo,.filtration, and recrystallization from H20 / ethanol gave 7 .O g (80%) 
of the ester as colorless crystals, mp 189 °C. The above ester (2.5 g) was 
hydrolyzed using general method C to give 2.2 g of the monoamide 12 
as colorless thin plates: mp 182-185 °C; 1H NMR (CDC!i/DMSO, 
2/1) o 3.01-3.145 (dd, Ji • 6 Hz, 12 • 8 Hz, 2H), 3.86 (d, J., 5 Hz, 
2H), 4.62 (q, J • 6 Hz, IH), 6.30 (d,J., 8 Hz, lH), 6.39 (t, J"' 5 Hz, 
IH); IR (KBr) 3420, 3366, 1740, 1701, 1660, 1556 cm-1• A sample 
suitable for X-ray analysis was obtained by recrystallization from ethanol. 

(R,S)-N-(Carbamoylmetbyl)•N'•((carboxybenzyl)methyl)urea (13), 
Using general method A, ammonolysis of the above ethyl ester (for the 
preparation of 11) afforded compound 13 as colorless needles (50%): mp 
169-170 °C; 1H NMR (DMSO) o 2.82-3.31 (dd, /1 = 8 Hz,/2.., 5 Hz, 
2H), 3.34 (b, !H), 3.52 (d, J • S Hz, 2H), 4.32 (q, J • 5 Hz, lH), 6.28 
(t, J • 5 Hz, lH), 6.43 (d, J • 8 Hz, lH), 6.99 (b, lH), 7.25 (m, SH); 
IR (KBr) 3445, 3430, 3342, 3254, 1709, 1655, 1557 cm·1• A sample 
suitable for X-ray analysis was obtained by recrystallization from ethanol. 

(S,-N-(Carbamoylmetbyl)•N'-( (carboxybemyl)methyl)urea (14). Us• 
ing general method B, (S)-N-(ethoxycarbonyl)•N'•((carboxybenzyl)• 
methyl)urea was prepared from L-phenylalanine and ethyl isocyana-

Chang et al. 

9 10 u 12 13 14 

5.218(3) 4.719(1) 32.334(5) 9.338(4) 23.228(9) 29.010(8) 
8.194(4) 8.075(2) 9.597(2) 7.618(3) 5.202(3) 5.104(2) 
20.323(8) 21.193(2) 8.400(2) 37.360(12) 21.460(8) 8.730(4) 
95.48(2) 
92.28(2) 103.18(3) 101.72(4) 94.39(2) 
96.32(3) 
Pl P212121 C2/c Pca21 C2/c C2 
4 4 8 8 8 4 
50.0-Mo 100.0-Cu 50.0-Mo 100.0-Cu 100.0-Cu 150.0-Cu 

1325 512 623 1025 1117 1182 

235 118 172 342 172 171 
0.048 0.086 0.057 0.061 O.o38 0.081 
0.057 0.092 0.066 0.070 0.050 0.103 

toacetate. The ammonolysis was perfonnedacoording to general method 
A, giving the chiral mono amide 14 (50%) as colorless needles: mp 183-
185 °C; 1H NMR (DMSO/CDCh, 2/1) o 2.86--3.08 (dd,J1 • S Hz, /2 

• 7 Hz, 2H), 3.61 (t, J • 6 Hz, 2H), 4.43 (q, J • S Hz, lH), 6.39 (d, 
J • 6 Hz, 2H), 6.87 (b, lH), 7 .08 (b, l H), 7 .25 (m, SH); IR (KBr) 3449, 
3366, 3312, 3261, 1710, 1660, 1644, 1548 cm-1• A sample suitable for 
X-ray analysis was obtained by recrystallization from H20. 

X-ray Diffraction Studies. Crystals of the eleven compounds 4-14, 
obtained as described above, were selected and mounted on glass fibers 
using epoxy cement. The crystals were optically centered on an Enraf 
Nonius CAD4 diffractometer, and X-ray data were collected using 
graphite-monochromated Cu or Mo radiation. The unit cells were 
determined by a least squares analysis of the setting angles of 25 high­
angle reflections. Data were collected as indicated in the tables, and the 
structures were solved and refined using the TEXAN crystallographic 
program package of the Molecular Structure Corporation. All non­
hydrogen a.toms were refined with aniosotropic temperature factors with 
hydrogen atoms added with fixed isotropic contributions in calculated 
positions, except for structures 8 and 13, for which the hydrogen atoms 
were refined. Figures were drawn using the program CHARON.'4 The 
data obtained for some of the compounds were less than ideal due to 
crystal imperfections. The forces within the crystals, by design, were 
anisotropic, This anisotropy at a molecular level leads to macroscopic 
crystals with anisotropic properties. Most of the crystals grew prefer• 
entially along the axis corresponding to the urea hydrogen bonds forming 
small flat needles, often exhibiting numerous cracks. This made selection 
of a quality crystal difficult. Compounds 7, 9, 10, 12, and 14 had the 
most problems. The final least squares refinements for these three 
compounds gave higher than desired agreement factors, and some of the 
anisotropic thermal parameters were abnormal. The data and refinements 
for the remaining compounds were normal. Compounds 6 and 7 were 
refined in the space group C2/ c. With four molecules in the cell, this 
requires the molecules to be disordered about the crystallographic two­
fold axis. Dropping the symmetry to Cc gave an ordered structure and 
an equally good refinement, but with high correlation coefficients and 
bond distances that deviated from expected values. Thus, the disordered 
C2/ c structures were considered the better models. Table III gives crystal 
data for the eleven compounds. Full crystallographic details and tables 
of coordinates, temperature factors, and bond distances and angles are 
given in the supplementary material. 
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Use of Hydrogen Bonds To Control Molecular Aggregation. 
Behavior of Dipyridones and Pyridone-Pyrimidones Designed To 

Form Cyclic Triplexes 
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The tendency of2-pyridones and related heterocycles to form cyclic hydrogen-bonded dimers allows 
them to be used as sticky sites that induce molecules in which they are incorporated to associate 
in particular ways. Compound 7, which is constructed from pyridone and pyrimidone subunits 
linked to a rigid linear acetylenic spacer, incorporates an array of hydrogen-bonding sites designed 
to favor the formation of a cyclic triplex, Pyridone-pyrimidone 7 was synthesized and the structure 
of its DMSO solvate was determined by X-ray crystallography. Aggregation does not produce a 
cyclic triplex but rather gives chains in which adjacent molecules of compound 7 are linked by 
single hydrogen bonds. 

The tendency of 2-pyridones and related heterocycles 
to form cyclic hydrogen-bonded dimers allows them to 
be used as sticky sites that induce molecules in which 
they are incorporated to associate in particular ways. 3 

For example, linking two pyridones to linear spacers at 
the 3 and 6' positions creates self-complementary mol­
ecules 1 that are able to form strong antiparallel duplexes 
2 joined by four hydrogen bonds (Scheme 1, eq 1).3g In 
contrast, isomeric 6,6'-linked dipyridone 3 and the analo­
gous 3,3'-linked structure are not fully self-complemen­
tary and must therefore form linear oligomers (Scheme 
1, eq 2). These simple examples show that the systematic 
attachment of sticky heterocyclic subunits to well-chosen 
frameworks can be a powerful strategy for constructing 
molecules predisposed to associate in particular ways.3 

A notable advantage of this strategy is that it provides 
access to markedly different patterns of aggregation by 
the simple expedient ofreorienting the sticky heterocyclic 
subunits, rather than by the more complex process of 
synthesizing entirely new types of associating molecules, 

In principle, dipyridones 4 created by linking pyridones 
to rigid linear spacers at the 3 and 5' positions contain 
arrays of hydrogen-bonding sites that are perfectly self­
complementary in cyclic triplexes 5 (Scheme 1, eq 3).3f,4 

The rigidity of dipyridone 4 allows us to estimate that 
Af{0 for the trimerization of eq 3 will be approximately 
-17. 7 kcalimol in CHCls, three times Aff0 for the 
dimerization of 2-pyridone,5•6 and that l:.S0 will be ap­
proximately -21.4 eu, twice 1':,,S0 for the dimerization of 

"Abstract published in Advance ACS Abstracts, December 15, 1994, 
(1) Fellow of the Ministere de !'Education du Quebec (FCAR), 1990-

1992. 
(2) Killam Research Fellow, 1992-1994. 
(3) (a) Wang, X.; Simard, M.; Wuest, J. D. J. Am. Chem, Soc. 1994, 

116, 12119. (b) Wuest, J. D. In Mesomolecules: From Molecules to 
Materials; Mendenhall, D., Greenberg, A., Liebman, J., Eds.; Chapman 
& Hall: New York, in press, (c) Su, D.; Wang, X.; Simard, M.; Wuest, 
J. D. Supramolecular Chemistry, in press. (d) Persico, F.; Wuest, J. D. 
J. Org. Chem. 1993, 58, 95. (e) Simard, M.; Su, D.; Wuest, J. D. J. 
Am. Chem. Soc. 1991, 113, 4696. (f) Gallant, M,; Phan Viet, M. T.; 
Wuest, J. D. J. Org. Chem. 1991, 56, 2284. (g) Ducharme, Y.; Wuest, 
J. D. J. Org. Chem. 1988, 53, 5787. 

(4) For recent related studies of cyclic hydrogen-bonded trimers and 
higher aggregates, see: Yang, J,; Marendaz, J.-L.; Geib, S. J.; Hamil­
ton, A. D. Tetrahedron Lett, 1994, 35, 3665, Mathias, J. P.; Simanek, 
E. E.; Zerkowski, J, A.; Seto, C. T.; Whitesides, G. M. J. Am. Chem. 
Soc. 1994, 116, 4316. Marsh, A.; Nolen, E.G.; Gardinier, K. M.; Lehn, 
J.-M. Tetrahedron Lett. 1994, 35, 397. Raptis, R. G.; Staples, R. J.; 
King, C.; Fackler, J. P., Jr. Acta Crystallogr. 1993, C49, 1716. 
Zimmerman, S. C.; Duerr, B. F. J. Org, Chem, 1992, 57, 2215. 
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2-pyridone.5,8 As a result, ~G0 for the trimerization of 
eq 3 should be about -11 kcal/mo] in CHC13 at 25 -0c, 
making triplex 5 a potentially important species even in 
relatively dilute solutions, In this paper, we describe the 
synthesis and chemical behavior of two compounds, 
acetylenic dipyridone 6 and the closely related pyridone-

~-H 

0 H 0 
1 

pyrimidone 7, that have been designed to form cyclic 
triplexes of this type. 

Acetylenic dipyridone 6 was prepared in the following 
way. An improved procedure was devised for converting 
2-chloro-3-pyridinamine into 3-bromo-2-chloropyridine 
(8),9 which was then used to make 3-ethynyl-2-(phenyl­
methoxy)pyridine (9) by the published method.3g In 

r\-sr 
'N=( 

Cl 

8 

Q-=-0-oR 
OR 

11 (A "'CH2F'h) 

Br-Q-OA 

12 

addition, the known 5-bromo-2-(phenylmethoxy)pyridine 
(10)10 was prepared from 2,5-dibromopyridine by an 
improved method. Deprotonation of ethynylpyridine 9 

(5) Hammes, G. G.; Park, A. C. J, Am. Chem. Soc. 1969, 91, 956. 
(6) Separation of the pyridone subunits by a rigid linear spacer 

ensures that each subunit will make an approximately additive 
contribution to the overall enthalpy of association, Secondary electro­
static interactions in the aggregate will be similar to those in the dimer 
of 2-pyridone itself.7 

(7) Pranata, J.; W!erschke, S. G.; Jorgensen, W. L. J. Am. Chem. 
Soc. 1991, 113, 2810. 

(8) (a) This is a very crude approximation that neglects the loss of 
entropy of rotation around the spacer as well as other factors. (b) For 
a discussion of /:;.S' in the formation of hydrogen-bonded dimers, see: 
Doig, A. J.; Williams, D. H. J, Am. Chem. Soc. 1992, 114,338. Williams, 
D. H. Aldrichim. Acta 1992, 25, 9. 

(9) Den Hertog, H. J.; Boelrijk, N. A. I. M. Reel. Trav. Chim. Pays• 
Bas 1951, 70, 578, 
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Scheme 1 
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(BuLi), followed by the addition ofZnCh, bromopyridine 
10, and a catalytic amount of Pd(PPh3)4, then provided 
the coupled product 11 in 74% yield. 11 Careful depro­
tection (CF3COOH, 25 °0)12 then gave the the cor­
responding 3,5'-dipyridone 6 in quantitative yield. Al­
though compound 6 could be isolated and partially 
characterized, it proved to be unstable in solution and 
was transformed rapidly into furopyridine 12 by in­
tramolecular addition to the triple bond.3d,i3 As a result, 
we were unable to crystallize dipyridone 6, purify it, or 
study its aggregation in solution or in the solid state. 

A similar cyclization cannot occur in isomeric dipyri­
done 13. Unfortunately, however, its synthesis would 
require coupling an acetylene with suitable 4-substituted 
derivatives of2-pyridone, which are not readily available, 

~N-H 

or\ ~ 
13 

fN~ A' 
)=N 

RO 

15 (A• CH3, A'• Sl(CH3)3) 

16 (A "' CHa, A'• H) 

~

N N='\ '>-==---<, ,~ 
-N - ~ 

RO OR 
17 (A• CHs) 

We expected the related dipyrimidone 14 and the pyri­
done-pyrimidone 7 to be more accessible, and we were 
able to synthesize protected derivatives by the following 
procedures. Coupling of (trimethylsilyl)acetylene with 
2-chloro-4-methoxypyrimidine,14 carried out in N(C2H5)a 
containing catalytic amounts of PdC12(PPh3)2 and Cul, 15 

(3) 

N-H ••• 0 

5 

gave an 89% yield of compound 15, which was converted 
by treatment with tetrabutylammonium fluoride into 
ethynylpyrimidine 16 in 70% yield. Compound 16 was 
then converted into the protected derivative 17 of dipy­
rimidone 14 in 69% yield by a similar coupling with 
4-iodo-6-methoxypyrimidine (18), which was prepared in 

N=\ 
X~N 

y 

18 (X • OCH3, Y = I) 

19 (X • Y • I) 

~N"'°\ 
}=N' ~ 

RO OR' 

69% overall yield by using aqueous HI to convert 4,6-
dichloropyrimidine into 4,6-diiodopyrimidine (19),16 fol­
lowed by the addition of an equimolar amount of sodium 
methoxide. Unfortunately, all attempts to deprotect 
compound 17 led only to products of degradation, and 
the desired dipyrimidone 14 could not be isolated. 
Standard coupling15 of 2-ethynyl-6-(phenylmethoxy)• 
pyridine3i1 with 4-iodo-6-methoxypyrimidine ( 18) provided 
an 80% yield of pyridopyrimidine 20, which could be 

(10) Lott, W. A.; Shaw, E. J. Am. Chem. Soc. 1949, 71, 70. 
(11) Negishi, E.-L; Luo, F.-T.; Frisbee, R.; Matsushita, H. Hetero­

cycles 1982, 18, 117. King, A. O.; Negishi, E.-i.; Villani, F. J., ,Jr.; 
Silveira, A., Jr. J, Org. Chem. 1978, 43,358. 

(12) Marsh, J. P., Jr.; Goodman, L. J. Org. Chem. 1965, 30, 2491. 
(13) For similar observations, see: Sakamoto, T.; Kondo, Y.; Wa­

tanabe, R.; Yamanaka, H. Chem. Pharm. Bull. 1986, 34, 2719. Castro, 
C. E.; Gaughan, E, J.; Owsley, D. C. J. Org. Chem. 1966, 31, 4071. 

(14) Katritzky, A. R.; Baykut, G.; Rachwa.l, S,; Szafran, M.; Caster, 
K. C.; Eyler, J. J. Chem. Soc., Perkin Trans. 2 1989, 1499. 

(15) Sakamoto, T.; Shlraiwa, M.; Kondo, Y.; Yamanaka, H. Synthesis 
1988, 312. 

(16) Taft, W. E.; Shepherd, R. G. J. Med. Pharm. Chem. 1002, 5, 
1335. 
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Figure 1. ORTEP drawings of the structure of the 1:1 solvate 
ofpyridone-pyrimidone 7 with DMSO. The upper figure shows 
the atomic numbering, the middle figure shows the hydrogen­
bonded chains present in the structure, and the lower figure 
provides a stereoview of the unit cell along the a axis. 
Hydrogen atoms appear as spheres of arbitrary size, while 
other atoms are represented by ellipsoids corresponding to 40% 
probability. Atoms of nitrogen are distinguished by shading, 
and hydrogen bonds are indicated by narrow lines. Important 
bond lengths include O(1)-C(l) = 1.246(2), O(10)-C(lO) = 
1.223(2), C(2)-C(3) = 1.341(3), C(3)-C(4) = 1.406(3), C(4)­
C(5) = 1.356(3), N(l0)-O(11) = 1.344(3), N(ll)-O(11) = 1.298-
(2), 0(5)-0(6) = 1.433(2), 0(6)-0(7) = 1.192(3), and C(7)­
C(8) = 1.446(2) A. 

converted into the desired pyridone-pyrimidone 7 in 82% 
yield by a two-step deprotection using KOH in dioxane 
followed by CFaCOOH. 

The solubility of pyridone-pyrimidone 7 proved to be 
too low to allow study of its aggregation in solution, so 
we examined its association in the solid state. The 
preparation of crystals suitable for X-ray diffraction was 
difficult but could finally be achieved by adding benzene 
to a solution of compound 7 in DMSO. The structure was 
solved and is shown in Figure 1, along with selected bond 
lengths. The short 0(1)-C(l) and 0(10)-C(lO) distances, 
the observed alternation in the C(2)-C(3), C(3)-C(4), and 
C(4)-C(5) distances, and the short N(ll)-C(ll) distance 
indicate that the pyridone-pyrimidone adopts tautomeric 
structure 7 in the solid state rather than one of the five 
alternatives. Moreover, the pyridone and pyrimidone 
rings are approximately coplanar, and rotation around 
the acetylenic spacer has yielded the particular conformer 

Boucher et al. 

required for formation of a cyclic triplex. Nevertheless, 
the expected association does not occur. Instead, the 
pyridone subunit of each molecule of compound 7 donates 
a hydrogen bond to the oxygen atom of DMSO and 
accepts a hydrogen bond from the pyrimidone subunit 
in a second molecule, creating chains in which adjacent 
molecules of compound 7 are linked by single hydrogen 
bonds (Figure 1 ). The origins of the failure of compound 
7 to produce a cyclic triplex under these conditions are 
undoubtedly complex; however, it is tempting to attribute 
the failure to the presence ofDMSO, which is presumably 
a stronger acceptor of hydrogen bonds than the oxygen 
atom of pyrimidone. 

Experimental Section 

N(C2H5)a was dried by distillation from CaH2, and tetrahy­
drofuran (THF) was dried by distillation from the sodium ketyl 
of benzophenone. Pd(PPhs)417 and PdCb(PPhsl218 were pre­
pared by known methods, ZnCh was dried in an oven before 
use, and Cul was purified by a standard procedure.19 Other 
commercial reagents were used without further purification. 
Flash chromatography was performed in the normal way. 20 

3-Bromo-2-chloropyridine (8),9 A solution prepared by 
dissolving 2-chloro-3-pyridinamine (12.3 g, 95.7 mmol) in 48% 
aqueous HBr (30 mL) was stirred at O °C and treated with a 
cold solution of NaNO2 (7.08 g, 103 mmol) in water (20 mL), 
added at a rate that kept the temperature of the mixture from 
exceeding 10 °0. CuBr (7.08 g, 49.4 mmol) was then added, 
the mixture was heated at reflux, and the organic product was 
removed by steam distillation. The distillate was extracted 
with CH2Cb, and volatiles were removed by evaporation under 
reduced pressure. This left a white solid residue of 3-bromo-
2-chloropyridine (8; 16.7 g, 86.8 mmol, 91 %),9 which could be 
used for the preparation of 3-ethynyl-2-{phenylmethoxy)­
pyridine (9) without further purification. 

5-Bromo-2-(phenyl.methoxy)pyridine (10).10 A mixture 
of2,5-dibromopyridine (1.00 g, 4.22 mmol), dibenzo-18-crown-6 
(0,0814 g, 0.226 mmol), benzyl alcohol (0.598 g, 5.53 mmol), 
and KOH (0.571 g, 10.2 mmol) in toluene (15 mL) was heated 
at reflux for 3 h in an apparatus fitted with a Dean-Stark trap. 
Toluene was then removed by evaporation under reduced 
pressure, water was added to the residue, and the resulting 
mixture was extracted with CHCls. Volatiles were removed 
from the organic extracts by evaporation under reduced 
pressure. Kugelrohr distillation of the residue then provided 
5-bromo-2-(phenylmethoxy)pyridine (10; 1.10 g, 4.16 mmol, 
99%)10 as a colorless liquid: bp 110-120 °C/0.15 Torr (lit. 10 
bp 178-185 °0/14 Torr); 1H NMR (300 MHz, CDCl3) o 5.34 (s, 
2H), 6.73 (d, 3J = 8.8 Hz, lH), 7.30-7,50 (m, 5H), 7.66 (dd, 3J 
= 8.8 Hz, 4J = 2.6 Hz, lH), 8.21 (d, 4J = 2.6 Hz, lH); 130 NMR 
(75.4 MHz, CDCb) o 67.8, 111.7, 112.7, 127.8, 127.8, 128.3, 
136.7, 141.0, 147.2, 162.2; MS (FAB) mle 264; HRMS (EI) 
calcd for C12H10 79BrNO 262.9946, found 262.9952. 

2-(Phenyl.methoxy)-3-[2-[2-(phenyl.methoxy)-5-pyridi­
nyl]ethynyl)pyridine (11), A solution of 3-ethynyl-2-(phen­
ylmethoxy)pyridine (9; 205 mg, 0.980 mmol)3g in THF (1 mL) 
was stirred at O °C under dry N2 and treated dropwise with a 
solution ofBuLi (0.70 mL, 1.48 Min hexane, 1.0 mmol). The 
resulting deep red solution was kept at O °C for 30 min, and 
then a solution of ZnCb (157 mg, 1.15 mmol) in THF (1 mL) 
was added. The mixture was kept at 25 °C for 90 min and 
was then transferred to a stirred solution of 5-bromo-2-
(phenylmethoxy)pyridine (10; 278 mg, 1.05 mmol) and Pd­
(PPha)4 (19.9 mg, 0.0172 mmol) in THF (6 mL). The mixture 
was heated at reflux for 12 h, volatiles were removed by 
evaporation under reduced pressure, the residue was parti­
tioned between water and CHCb, and solvent was removed 
from the organic phase by evaporation under reduced pressure. 

(17) Coulson, D. R. Inorg. Synth. 1972, 13, 121. 
(18) Hartley, F. R. Organomet. Chem, Rev., Sect. A 1970, 6, 119. 
(19) Kauffman, G. B.; Teter, L. A. Inorg. Synth. 1963, 7, 9. 
(20) Still, W. C.; Kahn, M.; Mitra, A. J. Org. Chem. 1978, 43, 2923. 
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Crystallization of the residue from ethanol provided analyti­
cally pure 2-(phenylmethoxy )-3-[2-{2-(phenylmethoxy)-5-py• 
ridinyl]ethynyl]pyridine (11; 281 mg, 0.716 mmol, 73%) as a 
beige solid: mp 108.5-109.5 °C; IR (KBr) 2210 cm-1; 1H NMR 
(300 MHz, CDC13) o 5.41 (s, 2H) 5.51 (s, 2H), 6.79 (d, 3J = 8.6 
Hz, lH), 6.91 (dd, 3J = 7.4 Hz, 3J = 5.1 Hz, lH), 7.31-7.55 
(m, lOH), 7.69 (dd, 3J = 8.6 Hz, 4J = 2.4 Hz, lH), 7.76 (dd, 3J 
= 7 .4 Hz, 4J = 1.9 Hz, lH), 8.13 (dd, 3J = 5.1 Hz, 4J = 1.9 Hz, 
lH), 8.36 (d, 4J = 2.4 Hz, lH); 130 NMR (75.4 MHz, CDCh) o 
67.7, 67.9, 85.6, 91.7, 107.6, 111.0, 113.3, 116.6, 127.2, 127.6, 
127.9, 128.0, 128.3, 128.4, 131.6, 136.9, 137.3, 141.2, 146.2, 
150.0, 162.9, 163.0; MS (FAB) m!e 393, 301; HRMS (FAB) 
calcd for C2sH20N202 + H 393.1603, found 393.1615. Anal. 
Calcd for C26H20N202: C, 79.57; H, 5.14. Found: C, 79.37; H, 
5.36. 

2·(1,2-Dihydro-2-oxo-5-pyridinyl)furo[2,3-bJpyrldine 
(12). A suspension of 2-(phenylmethoxy)-3-[2-[2-(phenyl­
methoxy)-5-pyridinyl]ethynyl]pyridine (11; 605 mg, 1.54 mmol) 
in CF3COOH (6 mL) was heated at reflux for 2 h. Volatiles 
were then removed by evaporation under reduced pressure, 
toluene was added, and volatiles were again removed by 
evaporation under reduced pressure. The residual solid was 
triturated with N(C2H5)s (1 mL) and acetone (3 mL), the 
supernatant liquid was decanted after centrifugation, and the 
solid was washed with additional acetone and dried. Recrys­
tallization from 1-butanol provided analytically pure 2-(1,2-
dihydro-2-oxo-5-pyridinyl)furo[2,3-b]pyridine (12; 182 mg, 0.858 
mmol, 56%) as fine yellow needles: mp 260-262 °0; IR (KBr) 
3200-2300, 1666, 1632 cm-1; 1H NMR (300 MHz, DMSO-ds) 
o 6.49 (d, 3J = 10.4 Hz, lH), 7.17 (s, lH), 7.28 (dd, 3J = 7.6 
Hz, 3J = 4.9 Hz, lH), 7.95 (m, 2H), 8.00 (dd, 3J = 7.6 Hz, 4J = 
1.7 Hz, lH), 8.19 (dd, 3J = 4.9 Hz, 4J = 1.7 Hz, 1H), 12.03 (s, 
lH); 130 NMR (75.4 MHz, DMSO-da) o 98.9, 108.3, 120.1, 
120.7, 121.2, 129.7, 131.3, 137.5, 143.1, 152.4, 161.1, 162.0; 
MS (EI) m/e 212; HRMS (EI) calcd for C12HsN202 212.0586, 
found 212.0594. 

3-[2-(1,2-Dihydro-2-oxo-5-pyridinyl)ethynylJ-2(1H)-py­
ridinone (6), A similar procedure in which 2-(phenylmethoxy)• 
3-[2-[2-(phenylmethoxy)-5-pyridinyl]ethynyl]pyridine (11) was 
stirred in CF3COOH under milder conditions (25 °0, 2 h) 
produced 3-[2-( 1,2-dihydro-2-oxo-5-pyridinyl)ethynyl]-2(1H)­
pyridinone (6) as an unstable yellow solid: 1H NMR (300 MHz, 
DMSO-da) o 6.20 (t, 3J = 6.7 Hz, lH), 6.35 (d, 3J = 9.5 Hz, 
lH), 7.43 (m, lH), 7.46 (m, lH), 7.67 (m, 2H), 11.9 (bs, 2H). 

4-Methoxy-2-[ (trlmethylsilyl)ethynyl]pyrlmidine ( 15). 
A mixture of 2-chloro-4-methoxypyrimidine (1.87 g, 12.9 
mmol),14 PdCl2(PPh3l2 (0.282 g, 0.402 mmol), Cul (0.129 g, 
0.677 mmol), and (trimethylsilyl)ethyne (1.56 g, 15.9 mmol) 
in N(C2H5)s (10 mL) was degassed and sealed under vacuum 
in a glass tube. The tube was heated at 100 °C for 12 h, its 
contents were poured into water, the mixture was extracted 
with CHCla, and volatiles were removed from the combined 
extracts by evaporation under reduced pressure. Kugelrohr 
distillation of the residue provided analytically pure 4-meth• 
oxy-2-[(trimethylsilyl)ethynyl]pyrimidine (15; 2.37 g, 11.5 
mmol, 89%) as a colorless liquid: bp 120 °C/1 Torr; 1H NMR 
(300 MHz, CDCla) o 0.30 (s, 9 H), 4.01 (s, 3H), 6.67 (d, 3J = 
5.8 Hz, lH), 8.38 (d, 3J = 5.8 Hz, lH); 13C NMR (75.4 MHz, 
CDClal o -0.6, 53.9, 93.0, 102.3, 107.8, 151.5, 156.9, 169.0; 
MS (EI) m I e 206; HRMS (EI) calcd for C10H14N20Si 206.0875, 
found 206.0876. 

2-Ethynyl-4-methoxypyrimidine (16). A stirred solution 
of 4-methox.y-2-[(trimethylsilyl)ethynyl]pyrimidine (llS; 3.64 g, 
17.6 mmol) and CHaCOOH (1.05 g, 17.5 mmol) in THF (25 
mL) was treated with a solution of tetrabutylammoniurn 
fluoride (17.7 mL, 1.0 Min THF, 17.7 mmoll. After 5 min, 
10% aqueous K2COa (50 mL) was added, volatiles were 
removed by evaporation under reduced pressure, the residue 
was extracted with CHCla, and volatiles were removed from 
the organic extracts by evaporation under reduced pressure. 
Sublimation (50 °C/0.5 Torr) of the residue provided analyti• 
cally pure 2-ethynyl-4-methoxypyrimidine (16; 1.65 g, 12.3 
mmol, 70%) as a whlte solid: mp 88.0-89.5 °C; IR (melt) 2118 
cm-1; 1H NMR (300 MHz, CDC!s) o 3.09 (s, lH), 4.00 (s, 3H), 
6.71 (d, 3J = 5.8 Hz, lH), 8.38 (d, 3J == 5.8 Hz, lH); 130 NMR 
(75.4 MHz, CDCla) o 54.0, 74.9, 81.8, 108.4, 151.2, 157.0, 169.2; 
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MS (EI) mle 134; HRMS (EI) calcd for C7HeN20 134.0480, 
found 134.0480. Anal. Calcd for C1HaN20: C, 62.68; H, 4.51; 
N, 20.88. Found: C, 62.78; H, 4.71; N, 21.20. 

4,6-Diiodopyrimidine (19). 16 A solution prepared by 
dissolving 4,6-dichloropyrimidine (14.9 g, 100 mmol) in 48% 
aqueous HI (200 mL) was stirred at 25 °0 in the dark for 72 
h. The precipitated solid was then removed by filtration and 
added to a mixture of 10% aqueous ~COa (200 mL) and 10% 
aqueous Na2S20a (10 mL). The mixture was extracted with 
CHCls, and volatiles were removed from the combined extracts 
by evaporation under reduced pressure. Crystallization of the 
residue from hexane provided 4,6-dilodopyrimidine (19; 27.0 
g, 81.4 mmol, 81%)16 as a white solid: mp 107-109 °C (lit. 16 
mp 107.5-108.5 °C); 1H NMR (300 MHz, CDCla) o 8.27 (d, 5J 
= 1.0 Hz, lH), 8.55 (d, 5J = 1.0 Hz, lH); 13C NMR (75.4 MHz, 
CDCls) o 128.5, 142.8, 157.7. 

4-Iodo-6-methoxypyrimidine (18). At O 0 0 under dry N2, 
a solution of NaOCHa (9.3 mL, 4.4 M in CHaOH, 41 mmol) 
was added slowly by syringe pump to a stirred solution of 4,6-
diiodopyrimidine (19; 13.8 g, 41.6 mmol) in CHaOH (250 mL). 
The mixture was kept at 25 •c for 2 h, and volatiles were then 
removed by evaporation under reduced pressure. The residue 
was treated with CHCla, the resulting mixture was filtered, 
and volatiles were removed from the organic phase by evapo­
ration under reduced pressure. Kugelrohr distillation of the 
residue provided analytically pure 4-iodo-6-methoxypyrimidine 
(18; 8.36 g, 35.4 mmol, 85%) as a white solid: mp 68.0-69.5 
0 °C; 1H NMR (300 MHz, CDCla) o 3.95 (s, 3H), 7 .23 (s, lH), 
8.45 (s, lH); 130 NMR (75.4 MHz, CDCla) o 54.2, 119.1, 127.3, 
157.5, 168.6; MS (EI) 236, 109; HRMS (EI) calcd for CsH5lN20 
235.9447, found 235.9443. Anal. Calcd for C5H5IN20: C, 
25.45; H, 2.14; N, 11.87. Found: C, 25.36; H, 2.14; N, 11.78. 

4-Metboxy-2-[2-(6-methoxy-4-pyrimidinyl)etbynyl]py• 
rimidine (17). A stirred mixture of 2-ethynyl-4-methoxypy­
rimidine (16; 136 mg, 1.01 mmol), 4-iodo-6-methoxypyrimidine 
(18; 204 mg, 0.864 mmol), PdCl2(PPhalz (35.0 mg, 0.0499 
mmol), and CuI (18.0 mg, 0.0945 mmol) in N(C2H5)a (6 mL) 
was heated at reflux under N2 for 12 h. Volatiles were 
removed by evaporation under reduced pressure, the residue 
was extracted with CHCla, and volatiles were removed from 
the extracts by evaporation under reduced pressure. The 
residue was purified by flash chromatography (silica, hexane 
(50%)/ethyl acetate (50%)), and recrystallization from acetone 
provided analytically pure 4-methoxy-2-[2-(6-methoxy-4-pyri­
midinyl)ethynyl]pyrimidine (17; 145 mg, 0.599 mmol, 69%) as 
a white solid: mp 184-186 °C; 1H NMR (300 MHz, CDCla) o 
4.02 (s, 6H), 6.74 (d, 3J == 5.9 Hz, lH), 7.03 (d, 5J = 1.1 Hz, 
lH), 8.45 (d, 3J = 5.9 Hz, lH), 8.80 (d, 5J = 1.1 Hz, lH); 13C 
NMR (75.4 MHz, CDCla) o 54.0, 54.1, 82.3, 89.3, 108.5, 111.7, 
149.1, 151.2, 157.0, 158.5, 169.1, 169.4; MS (EI) mle 242; 
HRMS (EI) calcd for C12H10N402 242.0804, found 242.0805. 

4-Methoxy-6-[2-[6-(pbenylmethoxy)-2-pyridinyl]ethy­
nyl]pyrimidine (20). A stirred mixture of 2-ethynyl-6-
(phenylmethoxy)pyridine (3.90 g, 18.6 mmol),3g 4-iodo-6-
methoxypyrimidine {18; 4.27 g, 18.l mmol), PdC]z(PPhah 
(0.307 g, 0.437 mmol), and CuI (0.172 g, 0.903 mmol) in 
N(C2H5)a (200 mL) was heated at reflux under N2 for 12 h. 
The crude product was isolated by the procedure described for 
compound 17 and purified by flash chromatography (silica, 
hexane (60%)/ethyl acetate (40%)) to give 4-methoxy-6-[2-[6-
(phenylmethoxy)-2-pyridinyl]ethynyl]pyrimidine (20; 4.59 g, 
14.5 mmol, 80%) as a yellow solid. Recrystallization from 
cyclohexane provided analytically pure yellow needles: mp 
109.5-110.5 °C; IR (melt) 2225 cm-1; 1H NMR (300 MHz, 
CDCls) o 4.02 (a, 3H), 5.42 (a, 2H), 6.85 (dd, 3J = 8.4 Hz, •J = 
0.8 Hz, lH), 7.00 (d, 6J = 1.1 Hz, lH), 7.25 (dd, 3J = 7.3 Hz, 
4J = 0.8 Hz, lH), 7.27-7.42 (m, 3H), 7.47-7.51 (m, 2H), 7.60 
(dd, 3J == 8.4 Hz, 3J = 7.3 Hz, lH), 8.79 (d, 6J = 1.1 Hz, lH); 
13C NMR (75.4 MHz, CDCla) o 54.0, 67.9, 85.0, 91.1, 111.2, 
112.8, 121.9, 127.9, 128.1, 128.4, 136.9, 138.5, 138.6, 149.9, 
158.5, 163.4, 169.6; MS (EI) 317; HRMS (EI) calcd for 
C10H1~a02 317.1164, found 317.1161. Anal. Calcd for 
CrnH1~s02: C, 71.91; H, 4.76. Found: C, 71.15; H, 4.99. 

6-[2·(1,6-Dihydro•6•oxo-2-pyridinyl)ethynyl]-4(3H)-py­
rimidinone (7), A suspension of 4-methoxy-6-[2-[6-(phenyl­
methoxy)-2-pyridinyl]ethynyl]pyrimidine (20; 3.37 g, 10.6 
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mmol) in a mixture of dioxane (25 mL) and 1 N aqueous KOH 
(35 mL) was heated at reflux for 4 h. When the solid had 
dissolved, volatiles were partially removed by evaporation 
under reduced pressure, and the pH of the residual solution 
was lowered to 7 by the addition of 3 N aqueous HCI. The 
precipitated solid was separated by centrifugation, washed 
with water, and dried. It was then heated for 2 h in boiling 
CF3COOH (100 mL). Volatiles were removed by evaporation 
under reduced pressure, water (50 mL) was added, and the 
pH was raised to 7 by the addition of N(C2H5)a. The precipi• 
tated solid was separated by centrifugation, washed with water 
and acetone, dried, and crystallized from 1-butanol. This 
provided analytically pure 6-[2-(1,6-dihydro-6-oxo-2-pyridinyl)­
ethynyl]-4(3H)-pyrimidinone (7; 1.86 g, 8.72 mmol, 82%) as 
fine yellow needles: mp 250 °C dee; IR (KBr) 3500-2500, 2220, 
1686, 1654 cm~ 1; 1H NMR (300 MHz, DMSO-da) d 6.53 (dd, 3J 
= 9.1 Hz, 4J = 0.8 Hz, lH), 6.63 (d, 5J = 1.0 Hz, lH), 6.73 (dd, 
3J = 6.9 Hz, 4J = 0.8 Hz, lH), 7.50 (dd, 3J = 9.1 Hz, 3J = 6.9 
Hz, lH), 8.20 (d, 5J = 1.0 Hz, lH), 12.3 (bs, 2H); 13C NMR 
(75.4 MHz, DMSO-da) d 86.6, 88.6, 114.2, 119.7, 120.1, 130.0, 
140.3, 146.0, 151.0, 160.3, 162.6. 

X•ray Crystallographic Study of the 1:1 DMSO Solvate 
of 6-[2-(1,6-Dihydro•6•oxo-2-pyridinyl)ethynyl]-4(SH)-py­
rimidinone (7).21 Crystals of solvate 7•DMSO belong to the 
monoclinic space group P21/c with a = 4. 7695(8) A, b = 

Boucher et al. 

16.7966(18)A,c = 17.0526(17) A, /3 = 94.067(12)0
, V= 1362.7-

(3)A3, Dea1ed = 1.420 g cm-3, and Z = 4. Data were collected at 
295 K, and the structure was refined to Rr = 0.040, Rw = 0.044 
for 2259 reflections with I > 1.96a(l). 
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The data can be obtained, on request, from the Director, Cambridge 
Crystallographic Data Centre, 12 Union Road, Cambridge, CB2 lEZ 
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I. Introduction 
Whereas single--crystal X-ray crystallography has 

represented an active area of research since shortly 
after the discovery of X-rays, the sut~jects of crystal 
design and crystal engineering have developed rap­
idly only in recent years. This is presurnably an 
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artifact of a number of factors. For example, the 
development of relatively low-cost and powerful 
computers has not only enhanced crystal structure 
determination, but also crystal structure visualiza. 
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tion, database development and analysis, and rel1ec­
tion analysis and processing. Simply put, X-ray 
crystallographic analysis has become less time con­
suming, relatively inexpensive, and mon~ readily 
available, even for larger and/or difficult structures. 
The growth of crystal engineering has also coincided 
with advances in our understanding of intennolecu­
lar interactions and supramolecular chemistry and 
the realization that several aspects of solid-state 
chemistry are of increasing relevance and can only 
be resolved with a better understanding of structure·· 
function relationships. It is the latter that will be the 
primary focus of this review, which is to present an 
overview of how advances in suprarno!ecular chem· 
istry have impacted the manner in which chemists 
view the existence of single crystals and, perhaps 
even more importantly, the design of new crystalline 
phases. 

A. From Molecules to Crystal Engineering 

"One of the continuing scandals in the physical 
sdences is that il remains in general impossible lo 
predict the structure of even the simplest crystalline 
solids from a !<now ledge of' their chemical composi 
tfon." This provocative comment by Maddox1 il­
luminates an issue that continues to represent a 
challenge of the highest level of scientific and tech­
nological importance. Simply put, to quote Feynman, 
"What would the properties ol'marerfa]s he ilwe could 
really arrange the atoms the way we want them?'2 

Such a dream gern,rally remains to come to fruition, 
at least in terms of molecular self-assembly in the 
crystalline state. However, it bas spawned and 
fuelled a seemingly exponential growth in research 
activity devoted to the sul~jects of crystal design and 
crystal engineering. Furthermore, the implications 
go beyond materials science since structure .. ··function 
relationships in the solid state are of relevance to 
opportunities in the context of areas of interest that 
are as diverse as solvent-free synthesis and drug 
design and development. 'fhe term crystal engineer­
ing was first coined in a contribution by G. M. J. 
Schmidt concerning the subject of organic solid-state 
photochemistry.:! Schmidt's article marked a thought 
evolution in at least two important ways. First, as 
implicit by use of the term crystal engineeri.ng, it 
became clear that, in appropriate circumstances, 
crystals could be thought of as the sum of a series of 
molecular recognition events, self-assembly, rather 
than the result of the need to "avoid a vacuum". It 
has subsequently becon1e clear that crystal engineer .. 
ing, especially in the context of organic solids, is 
intimately linked to concepts that have been devel­
oped in suprarnolecular chemistry, another field that 
has undergone explosive growth in recent years. 
Supramolecular chemistry, defined by Lehn as chem­
istry beyond the rnolccule, 4·5 and "supramolecular 
assemblies" are inherently linked to the concepts of 
crystal engineering. In this context, crystals might 
be regarded as being single chemical entities and as 
such are perhaps the ultimate examples of supra­
molecular assemblies or supermolecules. Dunitz re .. 
ferred to organic crystals as "supermolecule(s) par 
excellence".6.7 As revealed herein, this interpretation 
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is fully consistent with the approaches to crystal 
engineering practiced by ourselves and others who 
are presently active in the field. 

Second, Schmidt's work emphasized that the physi­
cal and chemical properties of crystalline solids are 
as critically dependent upon the distribution of 
rnolecular components within the crystal lattice as 
the properties of its individual molecular components. 
Therefore, crystal engineering has implications that 
extend well beyond materials science and into areas 
as diverse as pharmaceutlcal development and syn· 
thetic chemistry. In the context of the former, there 
are important processes and intellectual property 
implications related to polymorphism.8 -l 2 In the 
context of the latter, solid-phase organic synthesis 
can be solvent free and offer significant yield and 
regiosclectivity advantages over solution-phase reac­
tions. In other words, crystals should not be regarded 
as chemical graveyards. To the contrary, it is becorn­
ing increasingly clear that: binary or inclusion com­
pounds can be used to effect a diverse range of 
thermal and photochemical reactions in the solid 
state, 13--w including some that cannot be effected in 
solution. 17 19 

In this contribution we concentrate upon advances 
that were spawned by a series of papers and mono­
graphs in the 1980s by Desiraju2O · 22 and Ettcr23 - 25 

that concentrated upon using the Cambridge Struc 
tural Databasc20 (CSD) for analysis and interpreta­
tion of noncovalent bonding patterns in organic 
solids. It should be noted that a considerable body of 
work devoted to the subjects of crystal nucleation, 
growth, and morphology was developed concurrently. 
This research, which could be perhaps termed ·'en­
gineering crystals", is not the intended focus of this 
review and is exemplified by the work of research 
groups such as those ofCohen, 27 Green, 28 Addadi,29 -:n 
Mann and fleywood,:3,i,:i,; Thomas, 3n,:n and Davey. 38 ,:m 
The serninal work by Desiraju and Etter in solid-state 
organic chemistry afforded the concept of supramo 
lecular synthon.</-2 and led to hydrogen bonds being 
perhaps the most widely exploited of the noncovalent 
interactions in the context of crystal engineering. 
Their research programs addressed the use of hy­
drogen bonding as a design element in crystal design 
and delineated the nature (strength and direction­
ality) of the interaction. It is now readily accepted 
that these forces include weak hydrogen-bonding 
interactions such as C-l+··X and Cl+··n. Although 
Professor Desirqju continues his valuable eontribu­
tions to the discipline, Professor Etter passed away 
in 19fJ2. 

In this contribution, we attempt to address the 
challenges and opportunities represented by crystal 
engineering with particular emphasis upon how 
supra molecular concepts are important in helping us 
to understand supramolecular isomerism and super .. 
structural diversity in the context of two classes of 
structure: coordination polymers and organic mo .. 
lecular networks. 

B. Crystal Engineering vs Crystal Structure 
Prediction 

It is important to stress the significant conceptual 
difference between crystal engineering and crystal 
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structure prediction. ln short, crystal structure pre­
diction is precise (Le., space group and exact details 
of packing are defined) and deals primarily with 
known molecules or compositions of molecules, Crys­
tal engineering is less precise (e.g., network predic­
tion) and most typically deals with entirely new 
phases, sometimes, but not necessarily, involving 
well·known molecules, Technological advances in 
experimental and computational methodology have 
accelerated the evolution of crystal engineering, In 
particular. the advent of CCD diffractometers facili­
tated the solution of crystal structures within hours 
or minutes rather than weeks or days and computa­
tional advances have made use of databases and 
visualization software inexpensive and straightfor­
ward, 'Therefore, although ab initio crystal structure 
prediction remains at best a significant challenge,'lO 13 

even for small molecules, crystal engineering has 
been able to develop rapidly because its or~jectives 
and modus operancfj are distinctly different from 
crystal structure prediction. The rajson cf'elre and 
st:rategi.es of crystal engineering are somewhat dif­
ferent from those of crystal structure prediction since 
the former is prirnarily concerned with design and, 
although more restrictive in terms of molecular 
compm1ents that might be employed, is becoming 
increasingly synonymous with the concept of su­
pramolecular synthesis of new solid-state structures, 
In other words, crystal engineering represents a 
paradigm for synthesis of new solid phases with 
predictable stoichiometry and architectrn~e, In con­
trast. predicting a crystal structure requires analysis 
of the recognition features ofa molecular component 
in Lhe context of how they will generate crystal .. 
lographic symmetry operations and optimize close 
packing, Le,, it requires space group determination. 

Engineering and design are far less restrictive from 
a conceptual perspective since they focus more broadly 
upon the design of new and existing architectures. 
In effecl, the principles of design are based upon a 
blueprint, in many cases a blueprint that is first 
recognized via a serendipitous discovery, and allow 
the designer to select components in a judicious 
manner, Therefore, a desired network structure or 
blueprint can be limited to chemical moieties, in 
many cases cornrnercially available moieties, that are 
predisposed to a successful outcome, 

C. Supramolecular Isomerism 
Closely related to the well-documented (but not 

necessar:ily well understood) subject of polyrnorphism 
in crystalline solids is the existence of supramolecular 
isorneris11Y14 in polymeric network structures, Su­
pramolecular isomerism in this context is the exist­
ence of more than one type of network superstructure 
for the same molecular building blocks and is there­
fore related to structural isomerism at the molecular 
level. In other words, the relationship between su­
pramolecular isomerism and molecules is similar to 
that between molecules and atoms. In some in­
stances, supramolecular isomerism can be a consc· .. 
quence of the effect of the same molecular compo­
nents generating different supramolecular synthons 
and could be synonymous with polyrnorphism, How-
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ever, in other situations, suprarnolecular isomerism 
is the existence of different architectures (Le., archi­
tectural isomerism4") or superstructures, In this 
context, the presence of guest or solvent molecules 
that do not directly participate in the network itself. 
especially in open framework structures, is important 
to note as it means that polymorphism represents an 
inappropriate term to descrlbe the superstructural 
differences between network structures. Indeed, it is 
reasonable to assert that polymorphism can be 
regarded as being a type of supramolecular isomer­
ism but not necessarily vice versa. Pseudopolyrnor­
phism is a related term that has been coined to 
categorize solvates, 46 ·47 especially in the context of 
pharmaceutical solids, Since solvent molecules are 
often integral parts of the resulting network struc­
tures, a pseudopolymorph is, at least from a su­
pramolecular perspective, a binary phase and an 
entirely different class of compound. 

The sut~ject of suprarnolccular isomerism is impor .. 
tant for a number of reasons, (1) Investigation of the 
relationship between supramolecular isomerism and 
polymorphism represents a fundamental scientific 
challenge. However. when one considers that bulk 
properties of solids are critically dependent upon 
architecture and that crystal structure confirms 
composition of matter from a legal perspective, the 
applied relevance also becomes immediately appar .. 
enL Polymorphism in molecular crystals represents 
a phenomenon that ls particularly important and 
ubiquitous in the context of pharmaceuticals and is 
receiving increasing attention from a scientific 
perspective:18 s:i It should also be noted that McCrone 
was prompted to suggest that the "number of'f'orms 
known f'or a given compound is proportional lo the 
Ume and money spent in research on that com­
pound' .:,4 However, the generality of McCrone's state· 
rnent remains ambiguous despite indications that 
polymorphism is more general than expected from 
the CSD, 55 For example, Desiraju47 demonstrated 
that the frequency of occurrence of polymorphic 
modifications is not necessarily uniform in all cat­
egories of substance, His analysis revealed that the 
phenomenon is probably more common with mol· 
ecules that have conformational flexibility and/or 
multiple groups capable of hydrogen bonding or 
coordination, Coincidentally and importantly, this is 
inherently the situation for many pharmaceuticals 
and conformational polymorphism is a subject in its 
own right:,so.57 Desiraju also suggested that polymor­
phism can be strongly solvent-dependent. In sum­
mary, the relevance of polymorphism is clear but 
remains a suqject that is not fully or widely under­
stood at a fundamental level, 

(2) Control over supramolecular isomers and poly· 
morphs lies at the very heart of the concept of crystal 
engineering (Le,, design of solids), However, there is 
presently very little understanding concerning even 
the existence of suprarnolecular isomers, never mind 
how to control them. 

(3) Supramolecular isomerism also lies at the heart 
of gaining a better understanding of supramolecular 
synthons and, by inference, how they develop and 
occur in other solid phases and even solution. The 
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Scheme 1. Schematic Representation of Some of the Simple Network Architectures Structurally 
Characterized for Metal Organic Polymers: (a) 2D Honeycomb, (b) 1D Ladder, (c) 3D Octahedral, (d) 3D 
Hexagonal Diamondoid, (e) 2D Square Grid, and (f) lD Zigzag Chain 
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Cambridge Structural Database remains a very 
powerful tool in this context, but it must be remem­
bered that even such a large database will not 
necessarily be reflective of tlw full range of com­
pounds that will be isolated and characterized in 
future years. 

The conceptual link between polymorphism and 
supramolecular isomerism in organic and metal­
organic networks is not immediately apparent. How­
ever, since polymorphs can be rationalized on the 
basis of suprarnolecular interactions, polymorphism 
can be regarded as a type of suprarnolccular isomer­
ism. Implicitly. all sets of polymorphs can therefore 
be regankd as being supramolecular isomers of one 
anolher but the reverse is not necessarily the case. 
It should also be noted that solvates are almost 
always different: compounds from a crystal engineer­
ing perspective. 'T'he only exception would be in the 
case of inclusion compounds where the host frame­
work remains intact in the presence of different 
solvent molecules, i.e., the solvent serves the function 
of being a guest molecule. Supramolecular isomerism 
as seen in rnetal-organic and organic networks may 
be classified based upon analogies drawn with isom­
erism at the molecular level. Thus far it is appropri-­
ate to categorize the following classes of supra­
molecular isornerism. 

Structural. The components of the network (i.e .. 
the metal moiety and the ligands the or exofunctional 
organic molecule) remain the same but a different 
superstructure exists.'11 In such a situation, the 
networks are effectively different compounds even 
though their empirical formula and chemical com­
ponents are identical. 

Conformational. Conformational changes in ficx-­
ible ligands such as bis(4-pyridyl)ethane generate a 
different but often related network architecture.'11 

Conformational polymorphism is a closely related 
subject. SG,57 

Catenane. The different manner and degrees in 
which networks interpenetrate or interweave can 
afford significant variations in overall structure and 
properties depending upon the molecular building 
blocks that are utilized.,;s Interpenetrated and non­
interpenetrated structures are effectively different 
compounds because their bulk properties will be so 
different. 

Optical. Networks can be inherently chiral and 
can therefore crystallize in chiral (enantiornorphic) 
space groups. Therefore, an analogy can be drawn 
with bomochiral compounds. This type of supra­
molecular isomerism Hes at the heart of an important 
issue: spontaneous resolution of chiral solids.59 "5 

(d) (e) (f) 

'fhe remainder of this contribution reviews the 
subject of suprarnolccular isomerism and how it leads 
to superstructural diversity in network solids. Em­
phasis is placed upon metal-organic or coordination 
polymers and organic solids, respectively. However, 
it should be noted that the subject matter is divided 
along these lines for convenience only since the basic 
concepts apply equally well to both classes of com­
pound. 

II. Coordination Polymers 

Coordination polymers exemplify how crystal en­
gineering has become a paradigm for the design of 
new supramolecular structures. In this context, the 
work of Wells is exhaustive and seminal and can 
serve as a reference point. Wells was primarily 
concerned with the overall structure of solids. par­
ticularly inorganic compounds. 66-01 He defined crystal 
structures in terms of their topology by reducing 
them to a series of points (nodes) of a certain 
geometry (tetrahedral, trigonal planar, etc.) that arc 
connected to a fixed number of other points. The 
resulting structures, which can also be calculated 
mathematically, can be either discrete (zero-dimen-­
sional) polyhedra or infinite (one-, two-. and three­
clirnensional) periodic nets. 

It is perhaps surprising that it took until the 1990s 
for the approach of Wells to bear fruit in the labora-­
tory. Robson68 75 was primarily responsible for the 
initial studies that facilitated rapid development of 
the field of coordination polymers alongside that of 
crystal engineering of or'ganic solids. Robson extra po ... 
lated Wells work on inorganic network structures 
into the realm of metal-organic compounds and 
coordination polymers. In this context, the resulting 
"node and spacer" approach has been remarkably 
successful at producing predictable network archi­
tectures. Scheme 1 illustrates some or the simplest 
architectures that can be generated by using com­
monly available metal moieties and linking them 
with linear "spacer" ligands. Whereas diamondoid 
networks represent a class of structure that could be 
described as mineralomirnetic because there are 
many naturally occurring analogues, that is not the 
case for any of the other architectures illustrated in 
Scheme 1. 

The nature of these novel structures and their 
organic analogues and the diversity exhibited by their 
supramolecular isomer:,A" represent the primary focus 
for the remainder of this contribution. Such struc­
tures are of interest for both conceptual reasons and 
because of their interesting properties. They are 
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ideallv suited to illustrntc the concepts of crystal 
cngin~'.ering for the following reasons, (1) The divcr­
sitv of structures that can be obtained from the 
sir{1plcst of components is qui le remarkable, not only 
in the context of coordination polymers but also m 
the context of organic solids and even, for that 
matter, discrete architucturcs. (2) Coordination poly­
mers can be relevant in the context of inclusion 
chemistry, As should be clear from Scheme 1, a 
recurring feature of even the simplest network 
s1 ructures is the presence of voids or cavities that 
arc inherently present because of the architecture 
itself and the .dimensions of the spacer ligands. This 
feature is attracting considerable interest, and there 
arc a number of recent reports concerning open 
framework coordination polymers that exhibit hith­
erto unprecedented levels of pornsity and high '.evcls 
of thermal stability, Indeed, there already exists a 
diverse range of coordination polymers with higher 
effective surfocc areas than zpolites and stability to 
loss of gucst,7G 81 (3) From a design perspective, it 
should be clear from Scheme l lhat each of the 
networks illustrated is based upon at least two 
components (Le., the node and the spacer) and, as 
will become clear herein, such components can be 
preselected for their ability to self-assemble, 'fhe 
network structures can therefore be regarded as 
examples of blueprints for the construction of net­
works that, in principle, can be generated from a 
diverse range of chemical components, Le,, they are 
prototypal examples of modular frarn_cworks, It sh:iuld 
be noted that the construction of networks from 
single•component systems also represents an impor-­
tani: area of activity, Self-assembly of a single­
molecular component, or "molecular tectonics'', rep­
resents a different approach to crystal design, and it 
must be remembered that most existing crystal 
structures are based upon a single component, How-­
ever, in order for single•component self.assembly to 
be directly relevant in the context of crystal engi­
neering, all the molecular recognition features that 
lead to supramolccular synthons must be present in 
a single molecule, 1,3,5,7-Adarnantar1etetraacetic 
acid86 ·8ti and metbanetetraacetic acid81 can be re­
garded as being prototypal for self-assembled cUa-
1~noncloid architectures, Both structures are sustained 
by one of lhe most well recognized suprarnolecular 
synthons·--the carboxylic acid dirner,88 Pyridone dimers 
!~ave been used in a fashion similar to build diarnon­
doid networks, in this case from tetrahedral tetrak­
ispyridones.8D A number of well-known inorganic 
structures can also be regarded as examples of self­
assembly (c,g., ice, potassium dihydrngenphosphate), 
and one might even consider covalent bonds as 
conceptually

0

relatcd: diamond, Si, Ge, ZnS, BP, 
GaAs, ZnSe, CdS, CulnSe2, CuFcS2 (chakopyrite), 
However, this contribution will focus primarily upon 
the modular or multicomponent approach to crystal 
design, Coordination polymers and hydrogen-bonded 
structures with multiple complementary components 
can be regarded as being the consequence of modular 
selfassembly,90 

The rcrnainder of this section will be organized 
according to the dimensionality of the observed 
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Scheme 2, 3D Models of the Regular (Platonic) 
and Semiregular (Archimedean) Solids 

• 
' • 

structures, However, it should be strcs.sed that the 
modular self-assembly approach applies equally well 
to all levels of dimensionality since the dimensional 
Hy is often detffrni1wd directly by the node,_ There­
fore, it is appropriate to include discrete OD struc­
tures in the discussion, 

A. OD (Discrete) Architectures 
In addition to research that has focused upon 

infinite structures, the principles of selfassembly 
have also been applied toward the design and isola­
Li.on of discrete molecular structures, Such structures 
are exemplified by molecular squares 1 Ull 108 and, 
more recently, by striking examples of new high 
molecular weight compounds that can be described 
as spheroid architectures, 109 l2'1 The design principles 
behind the isolation and development of these new 
classes of compounds are based upon the concept of 
self-assembly in the context of geometric consider­
ations found in regular (Platonic) and semiregular 
(Archimedean) solids, Such structures are also known 
in zeolitcs (c,g,, Linde A, which ls based upon an 
edge-skeleton generated by fused truncated octa 
lwdra 128) and in biological self assembled systems 
such as mammalian picornaoviruses03 ,D9·129 131 and 
proteins. 132 The 5 Platonic and 13 Archimcdean 
solids 133 arc illustrated in Scheme 2, They can be 
constructed at the molecular level by sharing or the 
edges of molecular moieties that have the shape of 
regular polygons, 118 i.e,, triangles, squares, pcnta­
gor1s, hexagons, and octagons, or by connecting mo­
lecular verr:cxcs with linear bifunctional rodlikc 
ligands, ;oo,112 In the case of the former closed convex 
surfaces are generated, whereas for the latter all the 
faces are open windows, This subject is highly topical, 
and several recent review articles have ap· 
peared, 100,112.114.111.134 \il/e shall therefore provide nu 
further details, The primary purpose of highlighting 
such structures is that tbev have been developed 
using the Sarne principles as'' those used for generat­
ing the infinite structures described herein, Struc­
tures such as molecular squares are in effect su­
prarnolecular isomers of some of the infinite 1.D 
structures described herein, 

B. 1 D Coordination Polymers 

J, Stoichiometry of Metal to Ligand= 7:1 

Structural suprarnolecular isomerism is exempli­
fied by the range of structures that has thus far been 
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Scheme a. Schematic Representation of the Three 
Structural Supramolecular Isomers Observed for 
Angular Nodes Generated by ds-Substituted Metal 
Moieties: (a) OD Square, (b) 1D Zigzag Chain, and 
(c) 1D Helix 

(a) (c) 

observed in coordination polymers, in particular 
network structures that have been observed for some 
of the sirnplcst building blocks and stoichiometries. 
Scheme 3 illustrates the possible structures that can 
result from self-assembly of either a cis-octahedral 
or a cfs-square planar metal and a linear ·'spacer" 
ligand. There arc three obvious architectures that 
might result, and they are dramatically different 
from one another. The "square box" or "molecular 
square" architecture represents a discrete species 
that has been developed extensively in recent years 
by the groups of Fqjita,10G Stang,11,100,102 104,101.112,120 
and I-Iupp. 92-94 9G.!ls,wu 3 ;; The other two architectures 
arc both examples of 1 D coordination polymers, but 
they arc quite different from one another. The zigzag 
polymer136 l•\G has been fairly widely encountered, 
and such structures tend to pack efficiently and 
eschew open frameworks or cavities. The helix 147 168 

remains quite rare in the context of coordination 
polymers, but there is added interest because it is 
inherently chiral regardless of what its components 
might be. The inherent chirality of this architecture 
comes from spatial disposition rather than the pres­
ence of chiral atorns, thereby illustrating an impor­
tant aspect of the solid state: it: is possible for achiral 
molecules to generate chiral crystals. To illustrate the 
potential for generation of chiral architectures from 
simple achiral building blocks, let us consider how 
one might design a homochiral crystal from simple 
molecular components. 

There would appear to be at least four strategies 
for the design of polar crystals that are independent 
of the need for hornochiral molecular components: (l) 
achiral building blocks that crystallize in a chiral 
space group, (2) achiral molecular building blocks to 
build a chiral framework, (3) achiral host framework 
built from achiral molecular co1nponents with chiral 
guest(s), and (4) achiral host framework built from 
achiral molecular components with achiral guest(s). 

Whereas exploitation of homochiral components 
represents the most obvious approach because the 
absence of a crystallographic center of inversion is 
guaranteed. it in no way irnplies or affords any 

Moulton and Zaworotko 
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Figure 1. Illustration of the crystal structure for [Ni(bipy)­
(PhC02 -)z(MeOH)z] · PhN02: (a) portion of a single helical 
chain, (b) space-filling model illustrating the packing of 
adjacent helices and the resulting cavities occupied by 
(nitrobenzene) 2 adducts, (c) overhead view of packing of 
helices, and (d) illustration of the dissyrnmetric nitroben­
zene dimer. 

control over molecular orientation and, therefore, 
bulk polarity. Furthermore, reliance upon the use of 
pure enantiomers raises the substantial problem of 
requiring control over stereochcmistry at the molec­
ular level without yet solving the problem of control­
ling stcrcochcmistry at the supramolecular level. 
Indeed, strategy 1, which basically relies upon ser 
endipity, offers just as much chance of optimal control 
of crystal packing as the use of homochiral cornpo-· 
nent:s. Hm.vever, there are three types of polar 
architectun: that do not need to be sustained by 
homochiral molecular components: helical net­
works.11u,i53.15,1,15n--ili5 lD acentric networks sustained 
by head-to-tail stacking of complementary mole­
cules,167 175 and host-guest networks which are polar 
because of the presence of acentric guest molecules 
or guest aggregates. 65 ·17lUTI 

Although the crystallization process for strategies 
1---4 can inherently afford homochiral single crystals, 
only lhe use of homochiral components guarantees 
that all crystals in a batch will be of the same 
enantiornorph. Batches of crystals will often be 
heternchiral as both enantiomers tend to be formed 
equally during crystallization. Fortunately. it has 
been demonstrated that formation of homochiral bulk 
materials can be afforded by seeding with the desired 
enantiorner. 1 s:, 

[Ni(bipy)(benzoate) 2(MeOH)z] 1" 4 (bipy = 4,4-bipy· 
ridine), 1, illustrates the issues raised above. I self­
assembles as a helical architecture thaL is sustained 
by linking of octahedral metal moieties with linear 
spacer ligands. Furthermore, it persists in the pres­
ence of several guests, even if 4-hydroxybenzoate 
ligands (i.e., ligands that are capable of forming 
strong hydrogen bonds) are employed. The crystai 
structure of the nitrobenzene clathrate is presented 
in Figure 1 and reveals the presence of large chiral 
cavities that induce the guest molecules to form 
chiral dimers. The guest molecules are trapped i.n a 
closed environment since helices from adjacent planes 
close off the 500 A3 cavities. The helical chains 
generated by 1 pack such that they are staggered but 
align in a parallel fashion. 'I'herefore, the bulk crystal 
is polar as every helix in an individual crystal is of 
the same handedness. 
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(a) (bl 

Figure 2. Illustration of the crystal structures two 
molecule ladders: (a) [Co(bipy)15(N03)z]·2CHC13 and (b) 
[Co(bipy-eta),s(N03)2]·3CHC'3. 

1 illustrates the attractiveness of self-assembly and 
crystal engineering for generation of polar ard1itec­
tures. In particular, there is no prerequisite for 
hornochiral molecular components and host··-guest 
compounds have the potential to be modular and fine­
tunable since the guest molecule might be used to 
impart functional properties. It should also be stressed 
that, at least in principle, all existing achiral moieties 
can be incorporated into polar structures. 'fhe prob­
lem that has yet to be solved is how reliably and 
predictably to avoid crystallographic centers of inver­
slcm and how to control alignment of molecular 
dipoles. 

Another example of a coordination polymer that 
self.assembles into a helical architecture is repre­
sented by the result of cornplexation of a 2,2'­
bipyrid ine-based exo-ditopic macrocyclic ligand with 
Ag'· cations. The single--strand helical assembly is one 
of four possible arrangements and contains channels 
that nm through the center of the assembly. These 
channels contain acetonitrilc solvent molecules. The 
helices align antiparallel with respect to each other, 
and therefore, a racemic mixture of the right- and 
left-handed helices is obtained. 155 

2. Stoichiometry of Metal and Spacer Ligand= 7:7.5 

Molecular ladders represent another type of ID 
coordination polymer. ,rn.9 1,1 78 18" They differ in two 
important ways from molecular chains and helices. 
Most obviously, their stoichiometry is different since 
they are the result of self-assembly of 1.5 spacer 
ligands per metal. Therefore, the molecular building 
unit is effectively a "T-shape" moiety. Second, they 
necessarily contain cavities within the individual 
molecular ladders. These cavities are determined by 
the length, shape, and orientation of the spacer 
ligand. Simple examples of molecular ladders are 
represented by the coordination polymers [M(11-L) u;­
(NO:ihl,, (L "" bipy, 18n 2a, or bis(4-pyridyl)ethane), 44 

2b). Examples of these structures are illustrated in 
Figure 2, which reveals how 2a and 2b contain 
cavities that are large enough to sustain individual 
or pairs of molecules. 'The cavities are hydrophobic 
in nature, and their diagonal dimensions are defined 
by M--M separations of ca. 1 G and 19 A, respectively. 
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This means that the effective dimensions of the 
cavities are ca. 13 and 16 A, respectively. 

C. 2D Coordination Polymers 
The strategy of exploiting known coordination 

geometries of metals to propagate 2D structurPs via 
coordination with linear bifunctional spacer ligands 
has yielded many examples of coordination polymers 
with various metal moieties and architectures. The 
ratio of metal and ligand and the nature of the 
coordination of terminal ligands (i.e .. degree of che­
lation) are the primary factors that delennine the 
topology of the network. Scheme 4 illustrates some 
of the 2D network structures that have thus far been 
observed in coordination polymers. 

1. Square Grids 

Square grid networks exemplify a particularly 
simple and commonly reported example of a predict­
able 2D metal ·---organic network. Square grid coor-­
dination polymers are based upon 1 :2 metal:ligand 
complexes with linear bifunctional spacer ligands. 
They were first reported using cyano ligandsl 87 - l'JO 

and have recently been expanded in terms of chemi­
cal type and cavity size to include pyrazines,rn 1 rn:, 
bipy,78·18-1 I 9H and longer analogues of bipy. 197·200 'fhese 
compounds can be regarded as being analogues of 
clays since they would be expected to have the ability 
to intercalate guest molecules. However, they have 
added features that are not likely to be present in 
clays. For example, cavities He within the plane of 
the structure. These cavities are suitable for either 
interpenetration or endathrat.ion of a possibly wide 
range of organic guest molecules. There also exisls 
potential for incorporating catalytically active sites 
into such structures. 7° Furthermore, the cavities are 
tunable as the length and width of the spacer ligand 
controls the size of the cavities that occur within the 
polymeric structure, although interpenetration can 
mitigate against the existence of frameworks with 
very large cavities.58 

Open framework square grid networks generated 
with bipy spacer ligands were first reported by Fqjita 
et ai.7° Fujita's structures are based on Cd(Tf), and 
other examples have subsequently been reported 
based on a number of other transition metals, includ­
ing Co(II), Ni(ll), and Zn(II). Although these 2D 
coordination networks are isostructural within the 
coordination grid (effective dimensions of the diago-­
nals are ca. 13 x 13 A), the crystal structures of 
compounds can differ in the manner in which the 
networks stack with respect to each other (interlayer 
separations range from 6 to 8 A). 

The compounds [M(bipy)z(NC)3)z]·guest (M Co, 
Ni) have been studied extensively201 by us, and we 
have only observed three basic crystal structure types 
(Figure 3). 

Type A compo11nds crystallize with sim.i.Jar cell 
parameters (rnonoclinic C2/ c; a = 21. 5 A, b = 11. 5 A, 
c.::c: 13A;/3'" 102°), have2:1 guest:hoststoichiometry 
and interplanar separations of ca. 6 A. The crystal 
packing appears to be influenced by C--·I+ .. o hydro­
gen-bond interactions between the bipy ligands of one 
square grid and the nitrate anions of a(~jacent square 
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Scheme 4. Schematic Representation of 2D Networks Recently Reported for Metal···Organic Polymers: (a) 
Herringbone or 'Parquet Floor', (b) Brick Wall, (c) Square Grid, and (d) Bilayer 
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grids. The square grids do not align with a unit cell 
face, and adjacent grids are slipped in one direction 
by ca. 20%, i.e., every sixth layer repeats. The crystal 
packing of type B compounds is also controlled by 
weak interactions between adjacent layers. They 
generally crystallize with 2.5 guest molecules per 
1netal cent:r: ~~l(~Ccl:. parameters ~re fai~·ly cor_~sis: 
tent (monocl1mc. l 21/c, a 16 A, b -- 14.7 ,J A, c -- 16 
A; fi = 100°). The interlayer separation is ca. 8 A. 
Type C compounds have interlayer separations that 
are similar to those seen for type B compounds. Four 
examples of type C compounds have 3: 1 stoichiome­
try: three crystallize in space group C2/c (monoclinic; 
a·= 16 A, b·0 , 11.5 A, c ==: 23 A; /I= 100°), and the 
other crystallizes in space group Cc. The latter 
compound exhibits similar cell parameters except 
that them is a tripling of the a-axis and the cell 
volume. Another example of a type C grid crystallizes 
in space group Pn (monoclinic; a = l l .4 A, b 22.8 
A, c ,=: 15.9 A: /J 93.3°). Although these cell 
parameters arc inconsistent with the previous four 
structures, the packing of the grids is appropriate for 
type C grids. The positioning of the grids facilitates 
inclusion of one guest molecule in the center of each 
grid. The other guest molecules lie between the grids 
and engage in stacking interactions between the bipy 
ligands and themselves. 

In all of these compounds the proportion of the 
crystal that is occupied by guest molecule ls ca. 50 
vol %. In such a situation it becomes reasonable to 
question ,vhether interactions between the guest 
molecules determine the cavity shape and crystal 
packing of the square grid polymers rather than vice 
versa. This issue is addressed later. 

(a) 

(bl 

(c) 

Figure 3. Perspective views of the stacking of square grid 
network architectures of formula [M(bipy)z(N03)z]: (a) 
A-type grids, (b) B-type grids, and (c) C- type grids. 

(c) {d) 

Figure 4. Illustration of the square grid architecture [Ni­
(bipy-eta)z(N03)z] ·2Ph(OMe)z. 

Figure 5. Space-filling illustration of[Co(pyca)(bipy)(H20) 2]­

[N03] •(bipy) (H20) 15; an example of a rectangular grid 
resulting from the coordination of a metal to two types of 
spacer ligand. 

As these square grid architectures are inherently 
rnodular, it should be possible to extend their dimen­
sions by simply using longer spacer ligands. An 
example of such a structure, [Ni(l,2-bis(4--pyridyl)­
ethanc)2(N03lz]n·2veratrolc, is illustrated in Figure 
4. 'This structure has grid dimensions ca. 20% larger 
than the smaller grids (diagonal dimensions arc ca. 
16 x 16 A), large enough to enclathrate more than 
one aromatic guest. Larger grids (ca. 20 x 20 A) have 
also been reported using tetra(4-pyridyl)porphyrln. 202 

Grids in which there are two types of spacer ligand 
have also been reported. 199·203 Figure 5 reveals the 
structure of such a compound, which is appropriately 
termed a rectangular grid. 

2. Other 2D Architectures 

Another metal geometry or node that ls of particu­
lar interest because of its potential range of su-
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Scheme 5. Schematic Illustration of Calculated Tiling Patterns Characterized or Might Be Expected To 
Occur: (a) 1D Ladder (finite second dimension), (b) Brick Wall, (c) Herringbone, (d) Long and Short Brick, 
(e) Basket Weave. (d, e) Yet To Be Realized 
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prarnolecular isomers is the T-shaped geometry, i.e., 
a mcF-substituted octahedral metal moiety or a 
trisubst:ituted square planar met.al moiety with a 
1: 1.5 mctal:spaccr ligand ratio. 'T'his node has thus 
far produced examples of lD, 2D, and 3D networks. 
Three distinct 2D supramolecular isomers have 
already been reported: brick wa!l, 78178-180.204 209 

herr-ingbone, 78210- 212 and bilayer.213 ·216 It is interest­
ing to note that if one calculates the possible tiling 
patterns (i.e .. all points lie in the same plane) that 
are possible for T-shaped nodes (Scheme 5), three of 
the five possibilities have already been realized. 

The brick architecture (5b) is observed as the 
product of the reaction between hcptacoordinate 
Cd(JI) and l,4-bis((4-pyridyl)rnethyl) 2,3,5,6tctraf1u. 
orophenylene. 70 The T-shape geometry is the result 
of two terminal nitrate ligands chelating in a biden­
tate manner, thereby occupying four of the seven 
coordination sites. The structure is triply inter­
penetrated and, as such, does not possess channels 
or cavities. In a similar system using the nonfluori­
nated pyridyl-based ligand, a 1 D ladder structure 
(5a) was observed. The brick architecture was also 
seen in rNi(4,4'-azopyridine) 1s(NO:ihL,, which inter­
penetrates with two perpendicular [Ni(4 ,4' -azopyridinc) 2-· 

(NO:ilzL, square grid nctworks. 208 

The herringbone or 'parquet floor' architecture (5c) 
has recently been observed by several groups. 204 -210-211 

In these structures, the coordination sphere is similar 
to that of the brick architectures: heptacoordinate 
Cd(Il) or Co(II) with two terminal bidentate nitrate 
ligands and coordination to one end of three 4,4'­
azopyrldine bridging ligands; an isostructural ex­
ample has also been reported with l ,2 .. bis(4pyridyl) 
ethync as the bridging ligand. 211 

The bilayer architecture has been observed in at 
least three .. compounds. 213- 215 It has been observed as 
the product from the reaction of Co(N03) 2 and bipy, 
which also generates ladder, square grid, and her­
ringbone architectures. The bilayer form of [Co­
(bipy) 15(N03)z] is observed if crystallization occurs in 
the presence of CS 2 or H20. The bilayers pack by 
partial interdigitation, which allows 1 D channels to 
run through the structure. This structure is particu­
larly relevant since it represents one of the first 
reported examples of a compound that might be 
termed a "metal ···organic zeolitc·•, i.e., the structure 
is porous and stable to loss of guest. 2 l 5 The bilayer 
architecture bas also been reported for systems using 
1,2-bis(4,-pyridyl)ethane. 21 7 

The number of supramolecular isomers already 
observed in th_e Co(N03)z/hipy system indicates how 
important selection of ternplate and crystallization 

(d) (e) 

conditions are. It seems reasonable to assert that it 
is only a matter of time and effort before the weave 
(5e) ,1nd long-and-short brick (5d) motifs illustrated 
in Scheme 5 will also be realized. 

In terms of topology, it should be noted that brick 
and hcrrlngbonc motifs arc both examples of (6,3) 
nets and can therefore be regarded as being closely 
related to honeycomb (6,3) nets.ri7 Honeycomb net­
works are quite common in organic structures be­
cause of the availability of trigonal nodes (i.e .. 1,3,5-
trisubstituted benzenes such as trirnesic acid and 
species such as the guanidinlum cation) but they 
seldom occur in the context of metal-organic poly­
mers because trigonal and trigonal bipyramidal 
coordination geometries arc rare, HowPver, [Cu­
(pyrazine) 15iBF/18 is based upon trigonal Cu(l), and 
it should therefore be unsurprising that it crystallizes 
as a honeycomb (6,3) net. That a number of ligands 
with trigonal geometry100.112.114.1 rn.12:i,125,2UJ 22s now 
exist means that: it is likely that a wider range of 
honeycomb structures will be generated soon, 

D. 3D Coordination Polymers 

It might be anticipated that the challenge of 
designing 3D network architectures represents an 
added level of complexity in comparison with 2D 
architectures, and it in many ways represents the 
ultimate challenge to crystal engineers since it leads 
most directly to crystal structure control and predic­
tion. For example, in most situations, a finite number 
of structural isomers can be calculated if all nodes 
must lie in the same plane. However, a larger 
number of possibilities might exist vvhen that limita­
tion is relaxed. It is therefore perhaps ironic that two 
of the simplest examples of pr·edictable networks are 
exemplified by 3D networks generated via self. 
assembly of tetrahedral or octahedral nodes. 

Tetrahedral nodes are predisposed to generate 
diamond-like (diamondoid) architectures, whereas 
octahedral nodes arc expected to afford octahedral 
networks. 'These architectures can be obtained for 
both organic (typically hydrogen bonded) and metal­
organic (i.e., coordination polymer) systems. lntPr­
penetrati.on can occur in these compounds, thereby 
mitigating against enclathration and porosity. I·fow­
cver, interpenetration can also be exploited as a 
potentially important design paradigm for rational 
transformation of some of the 2D networks described 
earlier into 3D frameworks. This principle is dis­
cussed in a later section with respect to interpenetra­
tion of identical networks (homocatenation) and 
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intci--penctration of different networks (hererocatena-­
tion). 

1. Diamondoid Networks 
The diversity of components that arc available for 

crystal engineering of diamondoid networks and the 
means by which they self-assemble spans the full 
range of chemistry. The breadth of chemical moieties 
that might be used for crystal engineering is par­
ticularly well illustrated by the range of diamondoid 
networks that have been reported in recent years. 
Diamoncloid architectures using a tetrahedral metal 
(Zn or Cd) as the node and cyanide ligands (CN") as 
the spacer represent prototypal examples of diamon­
doid coordination polymers. Zn(CN)z and Cd(CNh 
form diamondoid networks with 2--fold interpene-­
tration.nn-751--Jowever, Cd(CNh can also be obtained 
as a single network with CC14 filling the cavity71 This 
result illustrates two principles that have broad 
implications for crystal engineering: (1) Interpen­
etration can be avoided ln the presence of an ap-­
propriate template or guest molecule; (2) Such com­
pounds might be regarded as catenat:ed and non­
catcnatcd supramolecular isomers of each other. 

A diarnondoicl architecture also results when 
Zn(CN)/ is reacted with Cu (I). The resulting anionic 
network might be viewed as consisting of tetrahedral 
zinc nodes that are linked to tetrahedral copper nodes 
by cyanide spacers. However, the nature of coordina­
tion at the copper and zinc ions remains ambiguous. 
Analysis of the structural data indicated that it is 
most appropriate to consider the coordination of the 
copper as lOO'X, organometallic (Cu-C) and the 
coordination of the zinc 100% metal ----organic (Zn-·­
N). The ionic nature of this particular framework 
means that the presence of a counterion in the 
resulting cavities is required. N(CFh)/ fits comfort­
ably inside the adamantoid cavity and precludes 
interpenetration. 

A report226 on the crystal structure and properties 
of [Cu (2,5-dimethylpyrazineh(PF 6)] represents one of 
the first examples of a metal ·---organic diamondoid 
strncture, and the related compound [Cu(4,4'-bipyhl­
(PF,;)I was reported shortly t:hereafter. 218 Both struc­
tures exemplify the modular assembly design strat­
egy and contain anions in the cavities generated by 
the diamondoid structure. In the case of the latter, 
the intermetallic separations are 11.16 A and result 
in cavities that arc sufficiently large to facilitate 
4-fold interpenetration as well as inclusion of the 
counterions. A diamondoid architecture propagated 
by silver(l) and bipy, [Ag(4,4'-bipy)2](CF3SO3), was 
rcportecF27 shortly thereafter, and it also exhibits 
4 fold interpenetration with anions in cavities. The 
Ag-Ag separations are 1 Ul A. The 4-cyanopyridine 
analogue was reported in the same article and exhi­
bits metal-·metal separations of 9.93 A. Despite the 
variations observed in the dimensions of these net­
works, both exhibit 4--fold levels of interpenetration. 

Subsequent studies resulted in a plethora of di.a­
mondoid metal-organic structures and 2-, 3-, 4-, 5-, 
7-, and 9-fold levels of interpenetration. 228 z3, It 
should be noted that although interpenetration re­
duces or eliminates porosity, there are at least two 
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important properties that can be addressed with such 
structures. (1) They are predisposed to form acentric 
networks since there is no inherent center of inver­
sion at a tetrahedral node. An odd level of interpen­
etration and an unsymmetrical ligand will definitely 
generate a structure that exhibits polarity _YG (2) 
These structures could be useful for selective anion 
exchange. 

In the context of the former, a series of neutral 
diamondoid architectures have been nr,c>n,.,,-, .. ,r1 with 
bridging ligands of varying size. These 
compounds arc of general formula ML, (M Tri 
metal; L == bridging anionic ligand), and it follows 
that a neutral network will be generated if a +2 
metal is coordinated to two l anionic ligands. Zn­
(isonicotinatc)2 and Cd(lrans-4-pyridylacrylatc) 2 ex 
hibit 3 .. and 5-fold degrees of interpenetration, re­
spectively, and possess interesting properties in the 
context of polarity. 228 In the former compound, the 
Zn-Zn distance is ca. 8.8 A. This is consistent with 
the previous structures that exhibit 4-fold inter­
penetration. The Cd-Cd distance is ca. 11.5 A, 
sirni.lar to the intermetallic distances observed in the 
4-fold interpenctrated structures that also contain 
coun terions. 

2. Octahedral Networks 

Prototypal examples of octahedral networks are 
exemplified by iron cyano compounds. Such corn-­
pounds are very well documented, and they have 
been used for centuries as pigrnents. An early X.-ray 
study234 of Berlin Green, [FelllFelll(CN)sl. Prussian 
Blue, [KFelIFelll(CN)r,]. and Turnbull's Blue, IK2Fe 1r 
Fell(CN)r;J, demonstrated that the iron cations act as 
the node in octahedral arrays in which they are 
linked by linear cyano ligands. These compounds 
form isostructural networks that vary only in the 
degree of potassium inclusion and the oxidation 
states of the iron atoms. Berlin Green can therefore 
be regarded as being the prototypal example of an 
open framework octahedral network; however, the 
limited length and lack of chemical versatility of the 
cyano ligand means that it has little relevance in the 
context of porosity. 

Synthetic metal -organic octahedral networks were 
first reported in ID95. IAg(pyrazinchl (SbF6)%35 is 
sustained by octahedral Ag(l) cations and relatively 
short pyrazine ligands. The framework is necessarily 
cationic and is illustrated in Figure 6a. A neutral 
analogue is exemplified by [Zn(bipy}z(SlF6)j.rn5 ln this 
structure (Figure 6b), the SiFr,2 counterions cross-­
link the square grids that are formed by Zn and blpy 
to form a rigid octahedral polymer. The structure 
cannot interpenetsate because the walls of the chan­
nels are blocked by bipy ligands. The resulting 
channels have an effective cross-section 8 x 8 A and 
represent ca. 50% of the volume of the crystal. 
Solvent molecules are readily eliminated but the 
framework collapses irreversibly upon Joss of solvent. 
Perhaps the most salient feature of this structure is 
that the structure is entirely predictable in terms of 
both shape and dimensions. 1Zn(bipy)z(SiF6)] crystal 
lizes in space group P4/mmm with Z = 1. In other 
words, the point group at Zn, D.u,, is propagated into 
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Figure 6. Space-filling models of two octahedral coordina­
tion polymers: (a) [Ag(pyrazine)3l(SbF6); (b) [Zn(4,4'-bipyri­
dine)z(SbF 6) l (DMF) x• 

Figure 7. Space-filling illustration of Zn4O(BDCh: an 
octahedral coordination polymer generated from a tetra­
hedral node (SBU). The structure is octahedral because the 
six edges of the tetrahedral SBU are linked by spacer 
ligands. The area outside the shaded surface represents 
the accessible surface area, approximately 60% of the total 
cell volume. 

space group symmetry. Furthermore, the cell param­
eters are determined by the intermetalllc separa­
tions. The Cu analogue of [Zn(bipy)z(SiFG)] is iso­
structural and is of particular relevance since it has 
a higher capacity for rnethane adsorption than any 
previously studied porous material and is stable to 
loss of guest. 7fi Octahedral coordination polymers 
remain much less common than their diamondoid 
counterparts, but a recent report revealed a novel 
metal-organic coordination polymer, Zn1O(BDC)3 
(BDC =0 1,3 benzenedicarboxylate), that suggests an 
exciting future for such compounds. 81 Zn,1O(BDCh is 
a relatively simple and inexpensive material to 
prepare and is remarkably stable after loss or ex­
change of guest, remaining crystalline at tempera­
tures above 300 °C. 'I'he key feature that makes 
Zn 4O(BDC):1 special is that it exhibits a relative 
degree of porosity that is hitherto unprecedented in 
crystalline solids. 

As revealed by Figure 7, the octahedral framework 
exhibits a large amount of surface area that remains 
accessible to · guest molecules because it: contains 
pores and cavities that are large enough to accom­
modate and release organic molecules such as chlo­
robcnzcnc and dimethylforrnamide. Calculations and 
experimental data indicate that ca. 60% of the 
structure is available and accessible. This compares 
to the typical value of ca. 30% seen in zeolites. 128 

3, Other 30 Networks 

In addition to the obvious, i.e., diamondoid and 
octahedral networks, there are numerous examples 
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Figure 8. Illustration of the cross-section of a single 
network of [Co(bipy) 15 (NO3)z] · 1.5benzene; effective dimen­
sions of the cavity are ca. 8 x 40 A. 

Scheme 6. Schematic Representation of the 
3D-Frame Architecture: (a) Single Layer 
Illustrating the Large Cavities and the Relative 
Orientations of Adjacent T-Shaped Nodes and (b) 
Perspective View of the 3D Structure 

(b) 

of novel 3D networks that have been observed in 
recent years. Many can be described as suprn­
molecular isomers of low-diinensional structures. 
Two such structures arc suprarnolecular isomers 
formed by self-assembly of T-·shaped nodes. As dis­
cussed earlier, such self-assembly can afford 3D 
architectures that have not been seen in naturally 
occurring compounds. Scheme 6 reveals one of these 
structures: [Co(bipy) 1r,(N03)2ln· l .Sbenzene. 1n 

The cavities are revealed in Figure 8, and they arc 
e~cept,ionally lc~~ge, ha~i:1;~, a:'. t/f~::i~e.cross sec\ion 
of 8 ,,., 40 A. l hese 1'11 gc Cd\ tt1cs cue capable of 
sustaining both 3-fold interpenetration and inclusion 
of guest molecules in channels (Figure 9). Although 
the networks are inherently centrosymrnetric, the 
crystal is polar because the guest molecules align in 
such a manner that their suprarnolecular structure 
cannot contain a center of inversion. 

[Ag(bipy) (NO:i)] 11 generates another type of supra .. 
molecular isomer for self-assembly of T-shapecl com­
ponents. It self-assembles into linear Ag-bipy chains 
that cross-link via Ag-Ag bonds. This particular 3D 
structure has been described as a "Lincoln Log"-typc 
structure and exhibits a 3-fold level of interpenetra­
tion that is open enough to facilitate ion exchange of 
the loosely bound nitrate anions.236 -237 

4. Hybrid Structures 

An alternate approach to building 3D structures 
that seems to offer considerable potential is manlpu 
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Figure 9. Crystal structure of [Co(bipy) 15(NO3)2] · 1.5-
benzene: (a) view illustrating the interpenetration of three 
networks and (b) illustration of the microchannels running 
parallel to the crystallographic z-axis. Polar 10 aggregates 
of benzene molecules are sustained by the channels. 

Scheme 7. Schematic Illustrating How Porosity 
Can Be Generated by Inclined Interpenetration of 
Square Grid Networks 

lation of existing 2D structures. There arc two 
relatively simple strategies in this context: cross­
linking of 2D structures and interpenetration of 
identical or different 2D networks. 

Cross-linking becomes feasible if one selects an 
appropriate 2D structure that has functionality in the 
axial direction. Such an approach has been widely 
used by clay chemists, and hence, the term "pillaring" 
might be applied to describe such a process. IZn­
(bipy)z(SiF 6)] could be used as a prototype in the 
context of coordination polymers since it can be 
regarded as having been generated from square grid 
coordination polymers that are cross-linked by ,u-SiF6 

anions. In the context of hydrogen--bonded structures, 
guanidinium sulfonates represent a class of com­
pounds that have been cross-linked in a rational 
manner so as to generate infinite 3D struc­
tures. -1:,. 1'/G.2:is ·· 2-10 

Interpenetration is a widely encountered phenom­
enon that mitigates against the existence of frame-­
works with very large cavities. However, Scheme 7 
reveals that there arc situations in which interpen­
etration can occur, generate porosity, and afford 3D 
structures. Square grid polymers that are based upon 
longer spacer ligands such as l ,2-bis(4-pyridyl)ethane 
(bipy-cta) or l ,2-bis(4-pyridyl)cthylene (bipy-ete) can 
i.nterpenet:rate in such a fashion. 58 Hovvever, an even 
more intriguing situation that could have important 
implications for design of new hybrid materials is 
exemplified by the crystal structure of the square grid 
coordination polymer { [Ni(bipy)z(NC):i) 2] ·2pyrene },,. 241 

(bJ 

Figure 10. Space-filling illustrations of the two indepen­
dent networks in [Ni(bipy)2(NOJ2l·2C 10H8: (a) metal­
organic coordination polymer square grid and (b) non­
covalent aromatic (4.4)-net. 

Careful examination of the crystal packing in this 
compound reveals that the pyrene molecules form an 
independent noncovalent network that is comple­
mentary from a topological perspective wlth the 
square grid. The resulting crystal represents a com-­
pound in which two very difTerent: types of 2D net 
interpenetrat:e. 'fhe square grid coordination net­
works (Figure I Oa) possess inner cavities of ca. 8 x 
8 A and stack in such a manner that they lie parallel 
to one another with an interlayer separation of ca. 
7.9 A. The pyrene nets (Figure 10b) are sustained 
by edge-to-face interactions and contain cavities of 
ca. dimensions 6.5 3.5 A. The planes of the 
neighboring molecules intersect at an angle of ca. 60°, 
and there are no face-to face stacking interactions 
between the molecules. The pyrene nets can be 
regarded as distorted (4,4) nets if the node is the 
point in space at which the vectors of the four pyrene 
planes intersect. An alternate interpretation is that 
nodes exist at the point of the edge to--face inter 
actions. 'The pyrene net could then be regarded as a 
distorted brick wall form of a (6,3) net. It ls important 
to note that either a (4.4) m- a (G,3) planar net is 
complcrnentary from a topological sense with the (4,4) 
coordination polymer net and ensures that the coor 
dination polymer nets must pack in a staggered 
manner. Given that cavity size within the pyrene 
nets is complementary with the width and height of 
a single aromatic ring, it should be unsurprising that 
the pyrene nets thread orthogonally with the bipy 
ligands of the coordination polymer via face-to-face 
and edge-to-face .interactions and that the calculated 
volumes of the two nets are similar. This ls to be 
expected based upon the observation that bipy square 
grids are self-complementary as they can inter­
penetrate in a 2-fold fashion. wn 'I'he i.nterpretat:i.on 
of this crystal structure as interpenetrating covalent 
and noncovalent nets is potentially important in the 
context of understanding the structure and stoichi -
ornetry of compounds that are based upon interpen­
ctrated covalent and noncovalcnt nets. 'The structure 
also illustrates how polarity in crystals can be gener­
ated from subtle packing of achiral components, since 
Lhe pyrene molecules form chiral nets. 
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(b) 

Figure 11. Space-filling illustrations of two hexagonal 
(6,3)-networks formed by (a) naphthalene and (b) veratrole 
in the intepentrated structures [Ni(bipy)2(NO3)2J·aromatic. 

Scheme 8. Schematic Illustrating the Three Modes 
of Inclined Interpenetration Observed for Square 
Grid Networks: (a) Diagonal/Diagonal, (b) 
Parallel/Parallel, and (c) Parallel/Diagonal 

(a) (b) (c) 

It should be noted that this type of packing is not 
found uniquely i.n {fNi(l>ipy)2(NO3h]•2pyrene}n, Its 
naphthalene analogue, {[Ni(bipy)z(NO3) 2]·3naph­
thalene}n, can be interpreted as being the result of 
interpenetration of hexagonal and square ncts,242 and 
a study of a series of more than 20 related compounds 
has revealed the presence of noncovalcnt nets in 
every one of these compounds. 243 The noncovalent 
hexagonal nets formed by anisole and veratrole are 
illustrated in Figure 11. 

That interpenetration can vary and be influenced 
by subtle effects are exemplified by this class of 
compound. It has been reported that for coordination 
polymers in which (4,4) networks that are planar and 
identical interpcnetrate, two types of interpenetra­
tion are typically observed, both of which are ex­
amples of jnchned jnterpenctration.58 The most com­
monly encountered forrn might be described as 
diagonal/diagonal inclined interpenetraUon243 aml 
was observed in the prototypal [M(bipy)zX2ln com­
pound, [Zn(blpy)2(H2O)z]SiF6. 196 The other mode of 
interpenetration might be described as parallel/ 
para11el inclined interpenelration. 208•244 'fhese types 
of interpenetration are illustrated in parts a and b 
of Scheme 8, respectively, and differ in how the 
networks orient and cut through each other. Parallel 
refers to the structure in which a "spacer" ligand from 
one network threads through the cavity of the other; 
diagonal refers to the structure in which a "node" 
from one network (e.g., the metal moiety) is within 
the cavity of the other. One would anticipate that the 
structure that is adapted by a particular compound 
would be influenced by several geometric factors: the 
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relative size of the cav.ity, the distance between 
adjacent nodes within a network, the thickness of the 
layers and how this limits the interlayer separation 
of adjacent networks, and the steric bulk of the node. 
In this context, it is important to note that with all 
other things equal, the diagonal/diagonal mode of 
interpenetration facilitates an inlerlayer separation 
that is 41.4% greater than that of the parallel/parallel 
mode. Furthermore. the diagonal/diagonal mode en­
sures a staggered orientation of parallel layers, 
whereas an eclipsed orientation is necessary if the 
parallel/parallel structure is present. Therefore, in 
terms of steric consicleralions, the diagonal/diagonal 
mode would appear most likely to be favored. How­
ever, circumstances where the interlayer separation 
would ideally be shorter or where the metal atorns 
in adjacent layers would be eclipsed (e.g., to maximize 
interlayer interactions) could favor the parallel/ 
parallel mode. 

The structures we have studied that are based 
upon complementary covalent and noncovalent net­
works exhibit a new mode of inclined interpenetra-­
tion that is a hybrid of the modes described above: 
paralle!/dh1g01;a! inclined intcrpenetraUon.m The 
noncovalent (4,4) arene networks exhibit parallel 
inclined interpenetration with respect to the (4,4) 
metal-organic coordination networks, whereas the 
covalent coordination networks demonstrate diagonal 
inclined interpenetration with respect to the arenc 
networks (Scheme 8c). 'T'his salient structural feature 
means that the nitrate groups of aqjacenl parallel 
coordination polymer grids are staggered and that 
the interlayer separation is a consequence of the size 
of Lhe arene network. It should therefore be unsur­
prising that type A grids result when templated by 
the smallest arenes (benzene and derivatives) as they 
exhibit smaller interlayer separations than types B 
and C packing. Grid types B and C occur in the 
presence of larger or more arenes. 

Given that cavity size within the aromatic net­
works is complementary with the width and height 
of a single aromatic ring, the self-assernbly of aro­
matic molecules in the compounds reported herein 
is readily sustained by edge-to-face and face-lo-face 
interactions with the hydrocarbon portion of the bipy 
moieties. 'T'hese interactions are presumably a pri­
rnary driving force for the clathration of the guests 
and a mitigating factor against interpenetration. 
Interpenetration was not encountered in the square 
grid coordination polymer networks described above, 
and stacking interact.ions are seen in all compounds. 
It is also interesting to note that only three packing 
modes are observed in 13 compounds of similar 
composition. However, a question that cannot vet be 
ansvvered with certainty concerns whether th~ non­
covalent networks of aromatic molecules can exist in 
the absence of the coordination polymers. In this 
context, the existence of a 1: 1 binary compound 
between ferrocene and pyrene245 represents an irn-­
portant prototype since pairs of ferrocene molecules 
are stacked inside a pyrene 2D network that is 
sustained by noncovalent C-H .. ·n interactions. 
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Scheme 9. Representative Examples of Supramolecu!ar Sythons 

Ill. Hydrogen-Bonded Networks 
It would be inappropriate to attempt to present an 

exhaustive overview of crystal engineering of organic 
solids in this contribution. Howcvt'r. we feel that it 
is appropriale to highlight the analogies that can be 
drawn between hydrogen-bonded networks and co­
ordination polymers. In particular, for hydrngen­
bondcd networks, the donor (i.e .. a protic hydrogen 
atorn) and the acceptor (i.e., a region of electron 
density) can be compared with metal atoms and 
ligands, respectively. Furthermore, as noted by 
Etter,:!5 in cases where there arc multiple hydrogen­
bonding sites, there is a fair degree of prediclabHity 
concerning which donors and acceptors will engage. 
Therefore, the ··nodc> and spacer" approach can be 
employed equally well with hydrogen bonds as with 
coordinate covalent bonds. Indeed, it is now realized 
that weak hydrogen bonds, 2'16 -z,it stacking internc­
Uons,20·2'i2,z:;:i and halogcn--halogcn intcractions2':;4 z,;n 
can also play a significant and predictable structure­
determining role. However, we shall emphasize struc­
tures thal arc sustained by so-called strong hydrogen 
bonds, including ionic hydrogen bonds. For a more 
rigorous evaluation of the broader perspectives of 
hydrngcn--bondccl networks in the context of crystal 
engineering, om\ may consider looking at one of the 
many recent reviews on the subject. zv3o.zti7 Z(H In the 
conlext of this contribution, synthons that involve 
Nll· .. O and/or OI+··O hydrogen bonds, including 
tlios(" that exploit the carboxylic dimer or ils depro­
tonated form, will be highlighted. They represent 
reliable and ubiquitous supramolecular synthons that 
already have been applied in a broad range of 
systems and have analogues in the context of coor­
dination polyrnei-s. 

It is only natural to analyze existing crystal 
s1ructures by breaking them clown, at least as far as 
is reasonably possible, into discrete aggregates or 1D, 
2D, or 3D networks. At the very least, rationalization 
of crystal structures then becomes greatly simplified 
since even the presence of a reliable 1 D network, for 
example, for a given set of molecular recognition 
features or supramolecular synthons significantly 
restricts the number of possible packing modes. An 
exciting byproduct of this thought process is that 
design of new compositions and crystal structures can 
also be achieved by thinking in terms of network 

-N--- ------ Br-

design. The concrpt of using this supramoiecular 
synthesis approach ro design new generations of 
infinite network structures offers enticing targ('tS for 
both scientific and technological reasons. The great 
est degree of prc,dictability occurs iJ 2D and 3D 
architectures can be generated from first principles. 
In the case of the latter, the only degree of unpre­
dictability would appear to relate to whether subtle 
confonnational effects can affect structure or, in the 
case of open framework structures, as to whether 
interpenetration occurs. This approach to crystal 
engineering offers the intriguing concept of inherent 
control over lhc dimensions and molecular recogni­
tion features that are present in laminated or porous 
structure'.'>. 

Scheme 9 illustrates some of the more cormnon 
supramolccular synthons that have been exploited 
by crystal enginr•crs to design and build organic 
molecular networks. The carboxylic acid moiety 
represents perhaps the most widely observed and 
exploited of these supramolecular synthons. 'I'his 
should be unsurprising since the carboxylic acid 
moiety is ubiquitous in organic chemistry. The car 
boxylic acid rnoiety also represents an ideal illustra 
tion of the problems associatf'd with crystal structure 
prediction and design if one concentrntes upon a 
molecular unit with a limited number of dimensions 
and molecular recognition sites. Monocarboxylic acids 
have been widely studied crystallographically, and 
it: has been demonstratf'd88 that there arc two com­
mon motifs obscTved in the solid stare for carboxvlic 
acids. These supramolecular isomers, which i;ro .. 
roundly influence the crystal packing and bulk prop­
erties, arc illustrated .in Scheme l 0. As might be 
expected, the ca1·boxylic dimer, A, is the most com­
rnonly observed supramolecular isomer nnd, being 
inherently ccnt:rosymmctrlc, tends to afford nonpolar 
crystals. However, since it is effectivdy a discrete OD 
aggregate, there is little information that might be 
used in order to facilitate prediction of the overall 
crystal structure, The other motif, B, affords a 1D 
chain that is polar because it is the result of "head­
to .. taiJ" self-assembly. This simplifies to some extent 
the problem of crystal structure prediction, but it still 
does not address how these ID chains pack. There is 
almost random choice of parallel or antiparallcl 
packing of these chains in observed crystal struc 
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Scheme 10. Schematic Di.agram Illustrating the 
Two Supramolecular Isomers for the Carbox_ylic 
Acid Supramolecular S_ynthon: (a) OD Dimer and 
(b) 1D Head-to-Tail Chain 

R--< H }--R 
O-H············-····O 

(a) 

(b) 

turcs. This is a subtle but important distinction since, 
in the case of parallel packing of chains, there is no 
crystallographic center of inversion within the 2D 
layer anci crystallization in polar space groups there­
fore occurs in approximately 50% of structures that 
have thus far been characterized, i.e., centers of 
inversion between layers appear to occur in a random 
fashion. A similar situation occurs in the case of 
bcnzenedicarboxylic acids such as terephthalic acid. 
That terephthalic acid is inherently predisposed to 
form infinite ID chains is intuitive. However, one 
must still jump from chains to grids to frames in 
order to generate a crystal structure. Indeed, tcre­
phthallc acid exhibits two poly morphs that arc based 
upon identical chains that pack in different orienta­
tlons.265·25r, It is possible to summarize the situation 
in the context of monocarboxylic acids and 1 D struc­
tures as follows. (1) A lot of information can be 
generated by analyzing the crystal packing in mono­
carboxylic acids, including confirmation that the 
presence of a ccntrosyrnrnctric supramolecular syn­
thon (i.e .. the carboxylic acid dimer) strongly tends 
toward ccntrosyrnrnetric crystals. (2) Unfortunately, 
we still have only really learned what not to do if 
one wishes to design polar crystals (i.e., one should 
avoid a centrosymmctric supramolecular isomer) 
rather than what one must aim for i.n order to ensure 
optimized bulk polarity. (3) It appears that multiple 
molecular recognition sites will be necessary in order 
to gain a greater degree of predictability over organic 
crystal structures. Furthermore, the orientation of 
these recognition sites should be suitable for genera­
tion of at least a 2D network. 

For the above reasons, our primary focus in the 
context of hydrogen-·bonded networks will be 2D and 
3D networks, prefaced by a brief discussion of dis­
crete aggregates and 1 D polymers. 
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Figure 12. Space-filling representations of large self­
assembled spherical assemblies: (a) [ C-methylresorcin[4]­
arene)5(H20)al. a snub cube, and (b) [(p-sulfonatocalix[4]­
arene)?], a great rhombicuboctahedron. 

A. OD (Discrete) Aggregates and 1D Networks 
The structures that can result from self-assembly 

of a cisoctahedral or a cis·square planar metal and 
a linear "spacer·· ligand have been previously dis­
cussed in section II in the context of coordination 
polymers. The important geometric constraint intro­
duced by the cis-conformation is the 90° vector 
imposed by the coordination geometry, i.e., it repre­
sents an angular node which can direct self-assembly 
into either a 1D zlgzag, ID helical, or OD discrete 
cyclic motif. A prot.otypal example of an angular 
"node" in the context of hydrogen-bonded networks 
ls isophthalic acid, which subtends a 120° angle 
between its carboxylic acid moieties. Although the 
preferred solid-state structure of isophthalic acid is 
the zigzag motiJ, 261 it has been demonstrated that 
self-assembly of a discrete hexameric aggregate that 
also persists in solution can be invoked by the 
addition of a bulky substituent to the 5-position on 
the benzene core. 268·268 

The exploitation of bulky substituents to direct the 
formation of discrete aggregates over infinite struc­
tures has also been shown to be successful in binary 
hydrogen-bonded systems, as exemplified by a series 
of 1: 1 cornplexes formed from cyanuric acid and 
clisubstituted melamines. 270 275 The relative bulki­
ness of the melamine substituents determines whether 
the structure adopts a linear tape (ID), crinkled tape 
(1 D), or rosette (OD) structure, in order of increasing 
steri.c contribution. 

A different strategy that has recently been em­
ployed for the isolation and development of discrete 
structures is based upon generating molecular poly­
lwdra by using geometric considerations as found in 
Platonic and Archimedean solids. A prototypal ex­
ample of such a structure 121 is the self-assembled 
snub cube7n that occurs when calix-C:::.methylresorcin­
[4]arencs self-assemble with water molecules to form 
[C-methylresorcinf4]arene) 0 (H20)s]. The resulting 
structure forms a spheroid held together by hydrogen 
bonds, and it possesses a very large enclosed cavity. 
1375 A3. A related structure1rn can be generated when 
p-sulfonatocalix[4]arenes self-assemble with pyri­
dine-N-oxide. metal ions, and water. The resulting 
discrete structure is based upon a rhombitruncatcd 
cuboctahcdron. 277 The two Archirnedean structures 
are illustrated in Figure 12. 
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(a) 
Figure 13. Honeycomb (6,3)network observed for BTC (BTC = 1,3.5 benzenetricarboxylic acid): (a) schematic 
reprPsenLat.ion of the hyc!rngen•bonding pattern and (b) space-filling model illustrating the hexagonal channels that are 
formccL 

Many viruses have an outer shell, or capsid, that 
can be described as a hydrogen-bonded polyhedron 
(icosahedrnn).'13 The above synthetic structures may 
provide chemists with insight as to how to design 
nanoscale polyhedra for application in biological 
systems. In this context, it should also be noted that 
E~tter reported a series of discrete binary adducts 
between acyclic irnides and a series of cocrystalliza­
lion aids.278 This work also represents an attempt to 
better understand and ultimately control the type of 
hydrogen-bonding interactions that play such an 
important role in molecular recognition of biological 
systems.279 It seems reasonable to assert that the 
studies of hydrogen-bonding patterns in the systems 
described above might indeed eventually aid in the 
design of structures that will impact biological sys­
tems. 

B. 2D Networks 
Hydrogen-bonded 2D networks arc exemplified by 

organic molecular networks that are constituted from 
organic moieties with multiple complementary ter­
minal functional groups that necessarily assemble 
into 2D arrays because of their geometric disposition. 

7. Derivatives of Trimesic Acid 
The well-known structure of trirnesic acid (1,3,5-

bcnzenc tricarboxylic acid. H:,TMA), a poly functional 
rarboxylic acid that is inexpensive and chemically 
robust, has long intrigued crystal engineers and 
represents a more suitable prototype for crystal 
structure prediction and design than mono- or clicar­
boxylic acids. It possesses trigonal exodent:ate func-

Figure 14. Space-filling illustration of the BTC·isooctane 
clathrate. The isooctane is disordered within the hexagonal 
channels. 

tionality that facilitates self-assembly into two di­
mensions. Figure 13 ill ust:rates how the hydrogen· 
bonding pattern in the 2D networks formed by 
H/fMA generates cavities of predictable size (ap· 
proximately 14 A diameter). In pure H:3TMA280 the 
honeycomb grid is puckered and the cavities are filled 
by self-inclusion, or interpenetration, of other net· 
works. However, subsequent reports revealed that 
there are methods for preparing a nonintcrpcn· 
et:rated or open framework form of H./IMA. 281 ,282 If 
crystallized in the presence of alkanes, H:3TMA forms 
open framework honeycomb layers that align in such 
a manner that actjacent sheets arc almost eclipsed 
with respect to each other (Figure 14). The resulting 
architecture observed in the crystal structure is 
essentially identical to that depicted in Figure 13. 
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(a) (b) 

Figure 15. 

f·hTMA represents an example of a motif that is 
the result of the assembly of a single component that 
is self-complementary. As discussed earlier. this 
means that there are limits in terms of supra­
molecular synthesis when compared to multiple­
cornponent modular systems. The H 3TMA network 
can be extended to generate larger holes and, there­
fore, larger channels and cavities by employing the 
modular self-assembly approach. The structure of 
[H3TMA][bipy] 15 would be expected to exist as an 
expanded form of H 3TMA since the pyridine-car-­
boxylic acid supramolccular synthon appears to be 
more stable than the carboxylic acid dimer itself.28:l--285 

As shown in Figure 15, the anticipated structure 
indeed occurs and the cavities are large (ca. 2G x 35 
A). However, these cavities are filled by the inter-­
penetration of three independent networks (Figure 
15b), thereby affording a close-packed structure with 
no cavities. 'fhis type of interpenetration, which can 
be termed parallel interpenetration, 10 resembles 
weaving and is facilitated by puckering of the 
pseudohcxagons that form the network. The hexa­
gons resemble the chair conformation of cyclohexane. 

Rao et al. recently reported a related st;:ucture that 
is based upon modular self.-assembly: 280 an organic 
network formed by trithiocyanuric acid (TCA) and 
bipy. Adjacent layers are aligned parallel lo each 
other, but there is no interpenetration. The resulting 
open framework structure exhibits channels with an 
effective diameter of IO A. An interesting feature of 
this compound is that the cavities in the layers, and 
therefore the resulting channels, can vary in size 
depending on the solvent of crystallization that is 
used to template the modular self-assembly process. 
(Scheme 11). It should be noted that the two archi­
tect:lJres that have thus been observed are not simply 
distorted or stretched variants of one another, they 
have distinct hydrogen-bonding patterns. Another 
salient feature is that there arc sulfur atoms acces" 
sible in the cavities which could promote selective 
sorption 01" could facilitate desired chemical reactivity 
in the context of green chemistry. 287 

Network structures based upon rnetalloporphyrins 
with multiexodentate functionality (e.g., tetracar­
boxylic acid derivatives) have also yielded 2D net­
works sustained by hydrogen bonding. 288 An inter­
esting feature of these structures is that the presence 
of a metal ion in the porphyrin ring can afford cross­
linking of 2D layers by bidentate spacer ligands, 
thereby affording a 3D architecture. 288 Such an 
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Scheme 11. Schematic of the Two Supramolecular 
Isomers Reported for the Modular Self-assembly of 
TCA and bipy 

0-0 I, 

0-0 I, 

(a) 

0-0 I, 

~-HO-O 
H S 

(b) 

architecture is a hybrid form289 of coordination poly­
mer and organic network. 

3. Hydrogen-Bonded Networks Sustained by Organic Ions 

Salts that are based upon organic ions with comple­
mentary hydrogen-bonding sites represent: an alter­
nate approach to modular self-assembly of organic 
molecular components. 1-bTMA also represents an 
appropriate precursor in this context, via formation 
of ammonium salts of the deprotonated forms of 
H3TMA. 2fJ() 

292 Although it might not at first be 
obvious how the ammonium moiety could extend 
anionic forms of H3TMA into honeycomb networks, 
Scheme 12 illustrates two such niotifs, the supra­
molecular isomers A and 13, both of which facilitate 
linear propagation of carboxylate anions. In the rnse 
of TMA3 and dicyclohexylammonium, suprarnolecu­
lar isomers A and B have both been observed to 
generate laminated structures. The generation of A 
or B appears to be solvent dependent. It has also been 
shown that self-assembly of the larncllar structure 
can occur at surfaces. 293 

An important feature of architectures that are 
sustained by A and B is that some of their compo­
nents and features can be fine-tuned without de­
stroying the basic architecture. For example, the 
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Scheme 12. Schematic IUustration of Two Motifs 
that Can Occur through Self-assembly of 
Dialkylamrnonium and Carboxylate Moieties. Both 
Motifs Effect Linear Propagation 
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ammonium cation substituents can be changed with­
out inf1uencing the basic molecular recognition prop­
erties in the context of motifs A and B. For secondary 
amines, organic substituents would extend above and 
below the network and in appropriate circumstances 
would preclude interpenetration. Depending upon the 
nature of the substitucnts, adjacent layers might 
interdigitatc and/or adopt clay-like intercalates in the 
presence of appropriate guest molecules (Scheme 13). 
Both HTMA2 and TMAl can sustain laminar 
structures that result from crystallization of 1·13 TMA 
in the presence of primary and secondary amines 
(RNl·lz and R2NH). 

Related laminar archit:ectui-es have also been syn­
thesized using other polyfunctional carboxylic acids 
such as trimellitic and pyromellitic acids. 29·1 Stoio­
chiomctry has little influence over whether laminar 
structures arc obtained, but it has a profound influ­
ence over the local hydrogen-bonding patterns and 
the molecular recognition features of the Horganic 
clays" that are formed. 

Stoichiometry 1:2 (H:iTMA:amine). The hydro­
gen-bond network within each sheet is hardly pre­
dictable, but it seems to be reproducible over a wide 
range of ammonium cations. 'fhe structure of the 2D 
network is illustrated in Figure 17, and it is com­
posed entirely of ionic hydrogen bonds. If alkyl 
substituents are present on the ammonium cation, 
then t:he typical result is a laminated material with 
poor ability to adsorb molecules because of interdigi­
tation of the alkyl subst:ituents291 (Figure 17). How­
ever, use of dibcnzylaminc (DBA), [(PhCh2)2NHI, 
mitigates against i11tercligitation and promotes re-

Moulton and Zaworotko 

Figure 16. Illustration of the hydrogen-bonding pattern 
in [(BTC2-)(NH2(CI-·{zPh)/·)z]: benzyl groups are omitted for 
clarity. 

(a) (b) 

(c) (d) 

Figure 17. Illustrations of the packing interactions of the 
hydrogen-bonded 2D networks in [(BTC2-)(NH2 (alkyl)z 1)z], 
alkyl = (a) propyl, (b) hexyl, (c) octyl, and (d) decyl. 

vcrsible i.ncorporation of aromatic guest molecules.2rJD 

The resulting compounds are structurally related to 
clays, but they are inherently hydrophobic and rwve 
affinity for aromatic guests over alcohols or water. 
In this series of compounds, there is sorne variation 
in the geometry of the hydrogen-bond layer and in 
the manner in which guest molecules are incorpo-­
rated. In general, the benzyl groups form a plethora 
of aromatic C-· H ... JT interactions to the surrounding 
guest molecules. The unit cell lengths are typically 
multiples of ca. 12 x 17 x 21 A (stacking axis, short 
axis, and long axis, respectively). The length of the 
stacking axis represents the interlayer separation, 
and a doubling of the length of the stacking axis 
occurs when adjacent layers are not related by 
translation. Multi.pies of short and long axes also 
occur because of differences in the arrangement of 
guest molecules between benzyl groups. In effect, 
guest molecules and/or benzyl groups do not neces­
sarily repeat with the asymmetric unit of the H­
bonded layer. The crystal structures might be clas .. 
sified based upon the stacking axis as being of one 
of two types: (a) identical packing of aqjaccnt layers 
(i.e., related by translation) or (b) adjacent layers 
which arc different from each other. The hydrogen­
bonded sheets can be either fiat or corrugated. J n 
effect, the host matrix is a flexible, generic host 
material for arornatic molecules. A representative 
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Figure 18. Illustrationof the crystal packing of the 
hydrogen-bonded 2D networks in [(BTC2--)(Nl-12(CH2Ph)2+h]. 
The benzyl moieties preclude interdigitation and facilitate 
reversible sorption of aromatic molecules. 

Figure 19. Illustration of the crystal packing in [(BTC 2-)­

(NH3(CH2Ph)+)z], a prototypal example of the network 
structures formed by BTC dianions and primary am­
monium cations. 

structure is illustrated in Figure 18, and as should 
be clear, there is no interdigitation ofbenzyl groups. 
The guest molecules interact with walls of the chan­
nels only, and tht' asymmetric unit is unusual: 3:3: 1 
for host:guest:solvent. In the presence of pr.imary 
ammonium cations, similar structm·es are obtained 
but they are more appropriately termed bilayer 
architectures since there arc alternating hydrophobic 
and hydrophilic regions. A typical structure is ii 
lustratcd in Figure 19. Similar structures arc ob­
tained for both alkyl- and benzylarnmonium cations. 
It might be reasonable to describe such structures 
as being cytomirnetic since there is a resemblance to 
the type of supramolccular synthons that exist. in 
phospholipid nwmbranes and in the solid phases of 
surfactants. The ancillary organic groups orient in 
the same direction and i.nterdigitate with ac\jacent 
layers to generate hydrophobic regions. 'T'he hydro­
philic faces of adjacent bilayers also face one another 
and can incorporate water molecules. 'T'he thickness 
of hydrophilic layers ranges from 3.2 to 3.4 A. while 
the thickness of interdigitated layers increases with 
the size of the organic group. 

Stoichiometry 1:3 (H/l'MA:amine). In principle, 
l :3 stoichiometry offers the opportunity to generate 
honeycomb networks. As revealed by Figure 20a, 
motif A or B should be capable of propagating the 
trimcsate anion into a honeycomb structure. Figure 
20b reveals that the crystal structure of [TMA] • 
[dicylohexylarnmoniumh exists as the anticipated 
hmwycornb array. 2no The cyclolwxyl moieties. which 
are omitted for the sake of clarity, effectively prevent 
interpenetration by capping the .l 3 A cavities that 
are present within the honeycomb structure. lf the 
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(b) 

Figure 20. Modular honeycomb network sustained by 
BTC trianions and secondary alkylammoniurn cations: (a) 
schematic representation of the hydrogen-bonding pattern 
and (b) space-filling illustration of the crystal structure of 
[(BTC2-)(NH3(C0H!2) 1)z]. 

solvent is chm1ged, a honeycomb network based upon 
the other suprnrnolccu lar synt.hon is gcncratl'd. ,,i:, 
and it has been reported that this form of the 
honeycomb network will self-assemble at the air-­
watfl' intc>rfoce. The modular nature of this structun" 
permits replacernent of tlw cyclohcxyl moieties by 
other moieties. In this context, alkyl groups that are 
less sterirnlly demanding (e.g., n-alkyl) have a !so 
been incorporated into the rnotif in Figure 20a. 
Interpenetration occurs in these structures. 

Guanidinium Sulfonates. A series of related 
structures that arc based upon two-dimensional 
layers resulting from hydrogen bonding of the trigo­
nal guanidinium cation, C(NH2)/. and organic sul-· 
fonate ions RSCh has been extensively studied 
the Ward groupm·238 ·210 ·2% 302 (Scheme 14). 

Intcrdigitation of the organic substitucnt of the 
sulfonate ions on adjacent layers and ionic hydrogen­
bonding predictably leads to a broad series of laminar 
architectures. It should be noted that there arc 
several key differences between guanidinium sul­
fonatcs and alkylarnmonium trimesates. (I) There 
exists only one ancillary organic functional group per 
sulfonatc ion compared to up to two ancillary furn: 
tional groups per ammonium calion. (2) The anion 
is functionalized rather than the cation. (3) In one 
sense, the alkylsulfonates are more versatile since 
they can exhibit architectural (i.e., suprarnolecular) 
isomerism so as to generate either bilayer or clay­
like architectures. To generate a clay-like architec 
ture, organic groups must orient above and below 
each layer as illustrated by Scheme 15. The steric 
demands of the organic group appear to determine 
whether they orient in the same direction (i.e., a 
bilayer structure) or alternate above and below the 
layer (i.e., a clay like structure). 

C. 30 Networks 

1. Self-Assembled Hydrogen-Bonded Diamondoid 
Networks 

A report by Firmer86 on the structural characteriza­
tion of adamantane-•1,3,5,7--tetracarboxylic acid and 
its implications represented a watershed for crvstal 
engineering. Ermer's study was followed by a flurry 
of activity into design from first principles of both 
organic diamondoid networks and metal-organic 
diamomloid coordination polyrners. The carboxylic 
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Scheme 15. Schematic Illustrating Two Possible Modes of Interdigitation for Guanidinium Sulfonates: (a) 
Clay-like, Induced by Sterically Demanding Functional Groups and (b) Bilayer Architecture, Typically 
Observed for Smaller Functional Groups 

(a) 

acid groups of adarnantane 1, 3 ,5, 7 -tetracarboxylic 
acid arc tetrahedrally oriented. It is therefore un­
surprising that they self-assemble via the hydrogen-­
bonded carboxylk dimer supramolecular synthon to 
afford an infinite diamondoi.d network. Each network 
possesses cavities that could accommodate a large 

r~ugh!y sr~!iericc:l_ gt~est,_ :Jr ,~uest,a~g::eg~'.~'-of ~·1:u;sh:y 
12 A rn d1c1mctu. l Iowc vu, these c.av1t1cs a1 c filled 
by five independent networks that interpenet:ratc in 
such a way that the crystal stn.1c1ure is densely 
packed, and consequently, guest inclusion is pre­
cluded. As subsequent studies have revealed, inter­
penetration is a widespread phenomenon in diarnon­
doid networks and occurs in many other organic and 
metal-organic structures that would otherwise have 
large cavities or channels. An interpenetratecl dia­
rnondoid architecture is also exhibited by methane 
tet.raacetic acid, for whi.ch the caviti.es ger1erated are 
approximately 10 A in diarneter.87 As would be 
expected, met:hanetet.raacetic acid exhibits a lower 
degree of interpenetration: 3-fold. 2,6 dirnethylidine­
adamantane-1,3 ,5, 7--tctracarboxvlic acid also forms 
a hydrogen-bonded diamondoicl structure, but it 
exhibits a much lower degree of interpenetration 

(b) 

than its unsubslituted precursor. The 2-fold "double 
diamondoid" architecture is not as densely packed, 
and it can therefore act as a host and enclathrate 
guest molccules.8G 

Wuest demonstrated that the pyridone rnoiNy also 
generates a hydrogen-bonded supramolccular syn 
Lhon that is suitable for building extended ar 
rays. muo:J.3o4 Remarkably, methanctctra (G-phcnyl­
ethynyl-2-pyridone) exhibits a diamondoid network. 
7--fold interpenetration, and cavities large enough to 
cnclathrate butyric or valeric acid.mi Wuest intro­
duced the concept of ;,tectons·· to describe rnolecules 
that inherently possess the molecular structure and 
intermolecular recognition features to predictably 
self-assemble into crystalline networks. This study 
was followed by studies that demonstrated that there 
are several oti1er examples of diarnondoid networks 
that can be sustained by the pyridone moicty. 305-306 

2. Modular Self-Assembly of Hydrogen-Bonded 
Diamondoid Networks 

As discussed earlier, modular self.assemblv relies 
upon two rnolcculm· components that arc n~t indi­
vidually capable of self assembly and can be invoked 
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Figure 21. IMn(t.13-0H)(CO)Jk a cubane-like cluster 
possessing perfect Tc1 symmetry that represents a proto-­
typal example of a tetrahedral hydrogen-bond donor. 

Scheme 16. Schematic Illustration of the Two 
Types of Diamondoid Architecture: (a) Cubic and 
(b) Hexagonal 

(a) (h) 

to understand coordination polyrners or multiple­
component hydrogen-bonded networks.no There arc 
significant differences between the types of tetra­
hedral moiety that can sustain networks that have 
been self-assembled from a single component vs 
networks that have been self-assembled from mu] .. 
tipk components. 'fhc rnost fundamental difference 
between the two types of structure is that the 
tetrahedral component that sustains singfe .. compo .. 
ncnt self-assembled architectures would not ordi­
narily be able to sustain modular architectures and 
vice versa. In the case of the former, the tetrahedral 
moieties must be se[f' .. cornplementary and there is 
only one component necessary for self-assembly to 
occur. T'liis means, for example, that both hydrogen· 
bond donors and hydrogen-bond acceptors must be 
present in the same molecule. In the case of the 
latter, the tetrahedral node rnust be either an accep­
tor or a donor of hydrogen bonds and the linker or 
spacer must be complementary. Both components are 
necessary, and there must be a 1 :2 ratio in order for 
the diarnondoid architecture to self-assemble. Scheme 
16 illustrates the difference between the two types 
of di.arnondoid networks. 

An example of a node that is suitable for modular 
self-assembly is 1he cubane cluster [Mn(u.3 .. ()H)­
(COh],i, 307 which possesses perfect 7;,symrnctry and 
has four strong hydrogen-bond donors and no s·trong 
hydrogen-bond acceptors (Figure 21). This tetrahe­
dral hydrogen-bond donor forms diarnondoid cocrys­
tals with a wide range of obvious and, in some cases, 
not so obvious spacer molecules. A "not so obvious" 
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Figure 22. Illustration of the crystal structure and 
diamondoid cavity generated in [Mn(u3-0H)(COhk2benzene. 

structure is that formed when IMn(u:rOH)(CO):il 1 is 
CO(T_ystallized with ber11.ene_:m3 A 2-fold diarnondoid 
structure is sustained by OI-l···n hydrogen bonds, and 
lhe tetrahedral symrnetrv of the node is observed in 
the crystallogra1)hic sense since [Mn(u3-0ll)(COhlr 
2bcnzenc crystallizes in the cubic space group Pn 
3rn with z 2. As revealed Figure 22, which 
i!lustrates an adarnantoid por·tion oft.he structure, ,1 
large cavity ls generated and this facilitates inter­
penetration of a second diamondoid network. 

The use of tnrnsition metals or transition metal 
clusters to act as nodes for the 111odular self.-assernbly 
of diamondoid networks that are sustained by coor'·­
clinate covalent: bonds is also well established. Such 
architectures arc of more than aesthetic appeal, and 
they have resulted in a class of compounds wil.h 
interesting bulk and functional properties. Mctal .. -
organic cliamondoid structures in which the spacer 
moiety has no center of inversion arc predisposed to 
generate polar networks since there would not be an 
inherent center of inversion. Pyridim;-1! .. carboxylic 
acid, isonicotinic acid., is such a ligand, and !Jis 
(isonicotinato)zinc exists as a 3-folcl diamondoid 
structure that is both thermally stable and inhcrcntlv 
polar. 228 It exhibits SHG activity 1hat is three tirm~~ 
higher than the commercially relevant NLO material 
KDP_,09.,10 · 

'There are also supramolecular synthons lhat do not 
rely upon hydrogen bonds. In this context, N···Br 
interactions were exploited to propagate a diamon­
doid network in the cocrystal formed by carbon 
tetrabromide and hexamethylenetctraaamine. This 
structure also represents a different. but equally 
effective fonn of the modular approach: two tetrct· 
hcdral nodes with one P?Ssessing donor functionality 
and the other acceptor functionality only. The struc­
ture of the cocrystal formed by carbon tctrabrornidc 
and hexamethylenetetraaarnine exhibits 2-fold in­
terpenetration and does not enclathrate solvent or 
gucst.311 

3. Other 3D Hydrogen-Bonded Networks 

Although there arc many examples of organic 
crystals that can be defined as 3D networks, few of 
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Scheme 17. Schematic lllustrat:lng Five Supramolecular Synthons Possible for Pyromellitate Di.anions 
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them are predictable or even rational in the same 
sense as diamondoid networks. Trimesic acid, l-b­
TMA, is an interesting exception and was discussed 
earlier in the context of 2D structures. H3TMA 
represents a prototypal molecule in the context of 
hydrogen bonding and generates extended structures 
when pure, partially deprotonated, in coordination 
polymers or in cocrystals. Anionic derivatives of 
H;i'l'MA self-assemble into honeycomb grids via 
0-H···O hydrogen bonds. 280 ·· 282·312·313 Pyromcllitic 
acid, 1,2,4,5-benzenetetrncarboxylic acid, H.1PMA, 
has been less widely explored than H3TMA. It has 
been utilized as a ligand in coordination polymer 
networks,291 and very few organic structures contain­
ing H.1PMA or its derivatives am known. We antici­
pated that doubly deprotonatcd H 4PMA would self­
assemble via dicarboxylate hydrogen bonds to form 
OD (two intra molecular hydrogen bonds), 1 D (one 
intramolecular and one intermolecular hydrogen 
bond), or 2D/3D (two intermolecular hydrogen bonds) 
networks (Scheme 17). H 2PMA2 anions exhibit all 
four of these supramolccular isomers depending upon 
the polymorph or the counterion. 314 The 3D structure 
occurs because H 2PMA2-· moieties orient in such a 
manner that they form hydrogen bonds to the next 
layer. The network can be described as a framework 
bt1ilt from square building blocks that alternate 
parallel and perpendicular with respect to one an­
other. This network can therefore be regarded as an 
organic analogue of NbO.6° 

(b) 

It should be obvious that all 2D networks must, in 
the absence of solvent or intercalated guest, engage 
in noncovaknt interactions vvith the layers above and 
below. The possibility of exploiting a combination of 
molecular recognition modes represents a particu­
larl,y attractive approach to control crystal packing 
since it places no restrictions in terms of the type of 
chemical components that can be rationally incorpo­
rated into crystalline phases. In this context, Fowler 
and Lauher 19•

31
" 320 illustrated how it is possible to 

use hydrogen bonding to control interact.ions between 
1D networks, or a-networks, and to thereby yield 

(c) 

(e) 

predictable 2D networks or ct-networks. If the sheets 
are designed to be self-complementary in the third 
dimension, then a predictable 3D network or y-net­
work can result. Fowler and Lauber demonstrated 
not only that such a strategy is viable, but that it 
can offer a degree of control over stacking of layers 
such that the interlayer components are positioned 
within the limits of the topochcmical principle. They 
were thereby able to effect solid--state reactions upon 
appropriate perturbation. When coupled with other 
advances in this context, including recent reports 17·19 

that demonstrate how discrete aggregates may also 
afford components that are positioned within the 
topochemical boundaries, it should be clear that 
crystal engineering involving multiple types of mo­
lecular recognition offers significant implications for 
solicl--state synthesis and solvent-free, green chem­
istry. 

IV. Supramolecular Isomerism and Polymorphism 

The existence of supramolecular isomerism might 
be seen as a problem from a design perspective since 
it necessarily implies that there will be superstruc­
tural diversity for a given molecular building block. 
However, there is another way to look at this matt.er. 
It is also possible to view supr·amolecular isomerism 
as an opportunity to gain a better fundamental 
understanding of the factors that influence crystal 
nucleation and growth. Such a linkage can be justi­
fied as follows. (1) If one invokes the concept of 
supramolecular isornerism, then it should become 
apparent that it represents a significant limitation 
on the number of possible superstructures (i.e., 
discrete structures or lD, 2D, or 3D networks) that: 
can occur for a given molecular building block. 
Therefore, one can invoke a study on supramolecular 
isomerism or polymorphism with the assumption 
that self-assembly means that: there will only be a 
finite number of architectures that are feasible for a 
given molecular species. This assumption will be 
based upon crystals being the result of directional 
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Scheme 18. Schematic Illustration of the Six 
Supramolecular Isomers Reported for T-Shaped 
Nodes Linked by Linear Bifunctional Exodentate 
Ligands: (a) ID Ladder, (b) 3D Lincoln Logs, (c) 
2D Herringbone, (d) 2D Bilayer, (e) 2D Brick Wall, 
and (f) 3D Frame 
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supramolecular synthons, the fundamental precept 
of crystal engineering. (2) The ability of the crystal 
engineer to design a molecular building block that is 
predisposed toward the formation of supramolccular 
isomers provides an idn1l opportunity for design of 
supramolecular isomers and, perhaps more impor­
tantly, for learning how to control supramolecular 
isonit'.rs. At the very least, it will be possible to 
develop "recipes•· that invoke crystallization condi­
tions, templates, and/or solvents to favor or disfavor 
a particular suprarnolccular isomcr. 32 1.32? (3) The 
concepts of self-assembly, crystal engineering. and 
networking provide clear implications for gaining a 
better fundamental understanding of polymorphism 
since polymorphism can be regarded as a subset of 
supramolecular isomerism. (4) It should be clear that 
to gain a better understanding of supramolecular 
isomerism and polymorphism, it is a requirement 
that full structural characterization of compounds be 
conducted. 'fhis means an in-depth analysis of crystal 
packing and intermolecular contacts as well as 
measun'ment of physical properties. 

To illustrate Lhe linkage between crystal engineer­
ing, supramolccular isomerisrn, and polymorphism, 
we shall consider three types of supramolecular 
isomerism and demonstrate how analogies can be 
readily drawn between coordination polymers and 
organic networks. 

A. Structural Supramolecular Isomerism 

That structural supramolecular isomeri.sn1 can 
have profound irnplications for structure and proper­
ties is exemplified by the range of structures that has 
thus far been observed in coordination polymers that 
are generated by one of the simplest building blocks 
and stoichiometries: 1: 1.5 stoichiometry, mer-metal, 
and linear spacer ligand. These building blocks can 
be regarded as being based upon self.assembly of 
·r-shaped nodes. There already exists a surprisingly 
diverse range of structures that have been observed 
i.n this cont.ext. Scheme 18 illustrates the suprarno-· 
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lecular isorners that have thus far been observed: 
ladder1' 1·178 (A), brick wall2(H (B), 3D frame or "Lincoln 
Logs"2:iri.z37 (C), bilayerm (D), herringbonc210 (E), 78211 •212 

and another version of a 3D framci77 (F). Three of 
lhc isomers A. 17 ' D, 2 u and pn have been observed 
for the same asymmetric unit for metal Co(NO 1)2 
and ligand == tiipy. anc! the other three have been 
seen in similar cornpounds which use bipy or ex­
tended analogues as "spacer ligands'· 

The following points should be noted about such 
structures. ( l) These cornpounds are not true poly­
morphs since, guest or solvent molecules are present 
in the lm.ticc. However, neither are they solvatcs in 
the conventional sense. (2) The diversity of network 
structures and hence bulk properties is ·remarkable. 
(3) None of these architectures occurs naturally in 
minerals. (4) The network structures thcmselvc;s arc 
entirely predictable based upon si rnple structural 
considerations. (5) Some of these structure's can occur 
from the same building blocks under almost identical 
crystallization conditions. 

"rt is possible to draw direct analogies with poly 
morphism in organic crystals. For example, a similar 
approach based upon networks can be used to ana­
lyze the packing in organic compounds. A recent 
paper highlighted this situation in the context of 
2-amino 5-nitropyrirnidinc, a compound i hat exhibits 
three readily available polymorphs, all of which have 
distinct hydrogen--bonded networks.:;:,:, Etter's study 
concerning carboxylic acids88 and how they can self­
assemble to forrn either head-to-tail chains or cen-· 
trosymrnetric dimers also illustrates how one can 
rationalize polymorphism based upon suprarnolecular 
isomers and networks. 

In summary. it seems likely that use of appropriate 
ternplales or guest nmlecules facilitates recipes that 
can be used to reliably gPncrate all suprarnolccular 
isorners that are possible for a given node. Then'fore, 
one might assert that there arc a finite number of 
superstructures possible for a given molecular 1nolety 
and that it will eventually be possible to determine 
the crystallization condi1ions under which each one 
will occur. 

B. Conformational Supramolecular Isomerism 

Flexibility in ligands can lead to subtle or dramatic 
changes in architecture. For example, 1,2-bis(py 
ridyl)ethane, bipy--cta, can readily adapt gauche or 
anti-conformations. In the case of [Co(bipy-et:a)iy 
(NO:,lzln, which contains a Tshapcd node, infinite 
molecular ladders which contain six molecules of 
chloroform per cavity exist as the most commonly 
encountered architecture (Figure 23a) .180 In such a 
situation, all "spacer ligands" are necessarily anli. 
However, under certain crystallization conditions 
(e.g., solvent MeCN or dioxanc), a bilayer architcc 
turc is obtained with two anti and one ,r?auc/wspacer 
ligand per metal atom (Figure 23b). 

The bilayer architecture can contain solvent mol­
ecules such as MeCN or can collapse on itself in the 
absence of solvcnt.H This more subtle form of su­
prarnolecular isomerism occurs if [Co(bipy-eta) 1s 
(NO:\hf n is crystallized in the absence of a suitable 
guest or solvent. 217 Figure 24 reveals how [Co(bipy-
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Figure 23. Illustrations of two structures observed for [Co­
(bipy-eta) 1s(N03)z]: (a) ladder in which all bipy-eta ligands 
adapt an anti-orientation and (b) bilayer in which bipy· 
eta ligands adapt anti- and gauche-orientations in a 2: 1 
ratio. 

(a) 

Figure _24. Illustrations of crystal structures of [Co(bipy­
eta) u(N0:;) 2] cocrystal!ized with (a) MeCN and (b) no 
solvent of crystallization. Note how the cavities collapse 
in the absence of the adsorbed solvent. 

eta) 1ci(NO1)2l" collapses to close the cavity that exists 
when crystallized from MeCN.·14 Note the difference 
in torsion angles between the two compounds. A 
similar situation occurs in compounds based upon a 
longer bis-pyridyl ligand, 1,4 bis((4-pyridyl)rnethyl) 
2,3,5,6-tctrnfluorophenylene, 2. When 2 is complexed 
to Cd to form compounds of formula [Cc!(2)z(NO3)z], 
three very different supramolecular isomers have 
been observed depending upon the nature of guests 
or templates: l D chatns, 2D sheets, and JD diamon­
cloid networks. 3:,,1 

A dramatic illustration of how conformational 
variability can influence crystal packing in organic 
compounds is illustrated by the compound 5-methyl-· 
21 (2-nitrophcnyl) amino·J-3-thiophcnccarbonitilc. Tl1is 
compound exists in at least six polymorphic phases. 
The prinrnry difference between the six phases lies 
with the torsion angle between the thiophene moiety 
and the o-nitroaniline fragment, which varies from 
21.7° to 104.7°.:,,; 

C. Catenane Supramolecular Isomerism 
The existence of independent i.ntcrpenetrating 

networks is surprisingly common if relatively large 

Moulton and Zaworotko 

Figure 25. Illustrations of two crystal structures of the 
square grid coordination polymer [Ni(bipy-etah(N0:;) 2]: (a) 
with included guest molecules and (b) interpenetrated 
networks. 

cavities arc generated within a network. A thorough 
review of this subject in the context of coordination 
polymers was recently published by Batten and 
Robson. '18 'The exis1 cnce of interpenetration has been 
regarded as a factor that mitigates strongly against 
the generation of stable open framework structures. 
However, it is becoming clear that appropriate use 
of templates can afford either open framework or 
intcrpcnetratcd structures for the "amc network. 
This is exemplified by the prototypal diarnondoid and 
square grid networks Cd(CN)z ;me! M(bipy)zX2 . Both 
of these cornpounds have been prepared as inter-· 
penetratf."d rn1d nonint.erpenetratecl forms. Further­
more, some intcrpcnetrated structures can also be 
regarded as open framework since if interpenetration 
will not necessarily afford dose"packing. Interpen­
etrated structures can still contain channels large 
enough to hold, for example, aromatic guests. Such 
is the case for square grid networks based upon 
ligands such as bipy-cta. Figure 25 reveals how either 
open framework square grid or interpenetrated square 
grid structures can be readily generated for the same, 
square grid network. 200 Both compounds contain 
square grids of formula [Ni(bipy-cta)2(NO 1)],,. As 
would be expected, the compound illustrated in 
Figure 25a, [Ni(bipy-cta)z(NO:3)1,,, exhibits rlav-like 
properties and can desorb and a~dsorb guesLs. "crys­
tallinity is lost, but the sqW:irc grid architC'cturc 
retains its integrity below 220 °C. The interpen 
etratcd analogue is illustrated in Figure 25b and ls 
effectively a 3D architecture that is built bv inter­
penetration of square grids. This compounci has a 
more rigid structure than its noninterpenetrated 
form and behaves like a zeolitic solid rather than a 
clay-like solid. Both compounds arc stable to loss of 
guest, but the former loses crystalllnity upon loss of 
guest. 

Organic networks are also capable of exhibiting 
interpenetration, and in this context H3TMA repre­
sents a prototypal example. As discussed earlier, l·l:i­
TMA is predisposed to generate honeycomb sheets 
with large cavities. 'fhree phases of J-l:i'fMA have 
thus far been characterized. In two of these phases, 
one of which ls pure l·hflv!A. 3-fold interpenetration 
of ~r.1c individual hexagonal cavities occurs. 282 In pure 
l-I3 I MA the honeycomb networks are puckered in 
such a manner that small cavities arc gcneratcd. 280 

These cavities can hold small molecules, including 
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(hi 

Figure 26. Illustration of the a-polymorph of BTC that 
illustrates how BTC can sustain the enclathration of 
p-nitroaniline: (a) view of the 10-fold interpenetrated 
puckered honeycomb networks, (b) view of a single BTC 
network with 3-fold interpenetration per cavity and incor­
poration of p-nitroaniline in "pockets", and (c) perspective 
view of two p--nitroanilines situated in a single cavity, 
surrounded by the three interpenetrating networks. 

halognm,312 and p-nitroaniline,:iz,; 'J'he structure oft:hc 
inclusion compound formed between H,TMA and 
p-nit:roaniline is illus1:r8ted in Figure 26. The other 
interpcnetratcd phase of H:iTMA contains flat sheets, 
and it therefore contains infinite 1D channels.281 'T'he 
noninterpcnctratcd phase of H 3TMA, illustrated in 
Figure 14, is formed when long-chain alkanes are 
used during the crystallization process. 

A hone_ycornb network is also generated when fh­
TMA is cocrystallized with bipy. This structure 
exhibits interpenetration in 2D to form a novel 
carpet--Jike architccturc. 28:, However, the noninter­
penetrated form remains to be isolated. 

The results described above all suggest that inter 
penetration can be avoided if appropriate templates 
are used during the crystallization. It is therefore 
reasonable to see interpenetration as another ex­
ample of supramolccular isomerism, one that can be 
controlled by use of guest or template molecules 
during crystallization. 

V. Potential Applications 
A considerable amount of research into understand­

ing the nature and predictability of suprarnolecular 
synthons remains to be conducted. An enhanced 
database concerning supramolccular synthons in the 
broad context would also assist our fundamental 
understanding of solution chemistry and biochemis-­
t:ry. Nevertheless, it is clear that there are a number 
of applications of crystal engineering that could be 
realized in the short term, Several of these are 
summarized below. (1) l•'rorn a supramolccular per­
spective, binary compounds represent an illustration 
of how one might exploit the modular approach to 
design new supermolecules, espccia.lly in the so.ltd 
state. It is reasonable to assert that suprarnolecular 
synthesis of new classes of cocrystal and modular 
solid offers potential to increase the known range of 
crystalline materials by two or three orders of 
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magnitude and to facilitate combinatorial approach{,s 
to materials science. For example. if one were to 
consider cocrystals that are sustained by hydrogen 
bonding, a wide range of compositions exists that 
remain to be explored. It is perhaps sobering to 
realize that, at least in principle, molecules that are 
deficient in hydrogen-bond acccprors me 
prone to form supermolcculcs with molecules that 
contain excess hydrogen-bond acceptors. Even if one 
considered only simple examples such as pyridincs, 
there are many perrnutations for formation of binary 
compounds, ff one were to study. for 20 
pyridines and 20 carboxylic acids, then one would 
expect ,100 new binary compounds with predictable 
composition and structure. Such a strategy could be 
important in the context of supramokcular deriva 
t:iv('s of drugs and functional materials (i.e .. modifica­
tion of bulk properties without changing the mol 
ular structure of the active species) or they could 
serve as precursors to covalent products, including 
polymers. Such an approach has already twen effec 
Live in formulation of polaroid film. 326 'J'here also 
exists the possibility of rationalizing certain type.'> of 
host-guest structures as being based upon topologi 
cally complementary networks. 24 1.2n Such compounds 
arc also based upon self-assembly and might be 
protolypal for large nurnbers or related structures. 
(2) It is already establislwd that solvcnt-f'ree svnthc 
sis, green che~nistry, offers many potential iidvan­
tages, including cost and environmental bcnefits. 13·H 

Cocrystallization of substrates and subsequently 
conducting reactions in the solid state offers the 
opportunity for very careful control over regio- and 
stereochemistry. It is also possible that supra­
molecular arrays could act as precursors to new 
classes of 2D and 3D covalent polyrners. ,n (:5) New 
classes of adsorl)f'nt, "organic and mctal·-organic 
clays and zeolites" represent an area in which 
considerable progress has already been made. Sucl1 
compounds offer clear potential for the following: 
efficient, cost--effectivc alternatives to current meth­
ods of enantiorneric separations, new matt>rials for 
separation of gases, liquids, and solutes, new indus 
trial heterogeneous catalysts, new drug delivery 
matrixes (e.g., matrix for oral delivery of otherwise 
unstable drugs), a new generation of chemical scn-­
sors, and new storage rnat.rixes for gases such as 
methane. Recent results indicate that synthetic 
metal---organic polymers can offer high levels ol' 
thermal stability and can supersede zcolites in terms 
of surface area and capacity for small guest mol­
eculcs70·81 (4) The rational design of polar materials 
for use in materials science also represents an aspect 
of crystal engineering tha1 has already provided 
promising developments, Unfortunately, in most 
organic crystals, antiparallel architectures predomi­
nate, thereby canceling dipoles of highly polarizablc 
molecules and mitigating against oplimizat.ion of 
bulk polarity. Fortunately, there now exists an 
extended range of modular, open framework organic 
and metal-organic solids. Many of these compounds 
contain architectures (e.g., square grid, honeycomb, 
octahedral) that favor incorporation of polar strands 
inlo channels, thereby reducing the driving force for 
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antiparallel alignment. Results obtained by the groups 
of Hollingsworth328 .:,32 and Hulliger et a1.i:n:34o sug­
gest that such compounds, in particular channel-type 
inclusion compounds, hold considerable promise in 
the contcxl of the design of solids that possess fine­
tunable bulk pola1·ity. Diamondoid networks also 
offer considerable potential in this context since 
tetrahedral nodes do not contain a center of inver­
sion_fl11 The recent results of Lin's grnup indirnte that 
diamondoid networks can couple high thermal stabil­
ity with high SHG activity.2282 1.9 (5) Metal-organic 
polymers offer considerable potential in the context 
of molecular magnetism, semiconductors. and con­
ductors3'11 317 Or\cc again, the possibility of design 
and finc·tuning becomes apparent when one develops 
siruct:urcs with precllctabie architectures that are 
based upon paramagnetic metal ions. The pre=,cnce 
of guest molecules can be a desirable feature as it 
would be expected to offer a degree of fine .. tuning that 
is not inherently presPnt in single-component com­
pounds. 

VI. Conclusions and Future Directions 
"The peasant vv/10 wants lo harvest in his lif'etime 

camwl wail lor Llw ab inilio thuorv of' 1,vealher1
', H. 

G. von Schnering ([981) ·· 
The fundamental precept of crystal engineering is 

that all information necessary for design of extended 
ID, 2D, and 3.D structures is alrnady present at the 
molecular level in existing chemical species. Recent 
advances in our understanding of supramolecular 
clwmist1'y and supramolecular synthons have been 
aided by the advent of CCD diffractometers coupled 
with ever more powerful visualization and analysis 
tools. It should therefore be t.msurpl'ising that control 
over supramolccular architectures. also known as 
molecular tccto11ics,348 has advanced rapidly in recent 
years, That these tools arc now routinely available 
means that an even more concerted and systematic 
approach to gaining an understanding of the subtle 
factors that control architectures in the solid state 
is feasible. 'T'he rational design of supramolecular 
structure necessarily relies upon invoking the con­
cepts of self-assembly. in effect supramolccular syn­
thesis, and exploits noncovalcnt forces as varied as 
the follovving: (l) hydrogen bonding, including 
both strong hydrogen bonding (e.g .. O-H- -0) and 
weak hydrogen bonding (e,g,, C· ll- ·· -0 and even 
C-H ·· -:r), (2) coordinate covalent bonds (e.g., metal-­
organic polymers). (3) electrostatic and charge­
transfer attractions, and (4) aromatic n-stacking 
interactions. 

These principles of crystal engineering and su­
prarnolecular synthesis have thus far been used to 
design, isolate, and characterize a number of novel 
network structures that are prototypal because they 
arc based upon modular components. However, these 
networks are typically based upon relatively small 
molecular components and the number and chemical 
type of components is typically restricted. It is in 
these two areas that there appears to be almost 
unlimited potential for supramolecular synthesis. In 
the context of coordination polymer networks, a 
recent review indicates how wide the range of chemi-

Moulton and Zaworotko 

cal c:ornponents and accessible network motifs has 
bccomc."l'i H_owever, the scale of these structures b 
such that cavities and channels are on the order of 
10 A and, to date, each cavity is identical. Careful 
selection of appropriate substrates or components 
and ever more control over crystal packing will offer 
the potential for rational design of an even more 
extensive array of modular (i.e., binarv. tcrnarv, or 
even higher oi·dcr) structures than t}1ose that arc 
currently available. In particular.judicious choice of 
secondary building units,'4 supermolecules, or bio 
molecules as tcrnplatcs and nodes should afford 
composite materials wich nano.scale dimensions and 
cavities. The same is likely to be true concerning the 
rational development of structures that are based 
upon components that are at first glance incompat 
iblc. A number of examples of pure crystalline 
compounds that nrc based upun rneta\.·organic poly­
mers and metal oxide clusters have been reported in 
recent years. 19'1· 280 ·3'19 ·3''0 Such composite materials 
would represent "uncharted territory", but they are 
a natural outgrowth of modular approaches to chem­
istry and now appear to be at hand. In essence, 
suprasupermolecular3'd synthesis in the solid state 
is likely to develop considerably further and, whereas 
prediction of crystal structures remains an elusive 
goal that will continue to be addressed, it docs not 
preclude short term applications of crystal engineer 
ing in a number of important areas. H. G. von 
Schncrlng·s comments therefore seem particularly 
appropriate to summarize the current oppmtunities 
for crystal engineering and design. 352 
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Detailed Action 

Continued Examination Under 37 CFR 1.114 

A request for continued examination under 37 CFR 1.114, including the fee set 

forth in 37 CFR 1.17(e), was filed in this application after final rejection. Since this 

application is eligible for continued examination under 37 CFR 1.114, and the fee set 

forth in 37 CFR 1.17(e) has been timely paid, the finality of the previous Office action 

has been withdrawn pursuant to 37 CFR 1.114. Applicant's submission filed on 

05/15/2007 has been entered. 

Response to Arguments 

Applicant's arguments filed 05/15/2007 have been fully considered but they are 

not persuasive. The applicant's have reiterated their position that the prior art is not 

appropriate for rejection under 102(e). This argument has been addressed in the last 

office action and the response and rejection of the last office action is included below. 

Applicant's have amended claim 25 to include the phrase "is a crystal that". The 

examiner respectfully points out that the insertion of this phrase does not distinguish the 

claims over the prior art. The prior art clearly indicates that the solid includes crystal 

forms, polymorphs, etc ... As such the 102(e) rejection of the last office action is not 

overcome and is maintained. 
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Response to Amendment 

The applicant's have argued that the '293 patent is not prior art under 102(e) as 

the evidence set forth in the rejection is drawn from a provisional application later than 

applicant's. The examiner without agreeing to applicant's assertion, respectfully points 

out the following from pages 14-15 of provisional application No. 60/356764: "A further 

embodiment of the invention encompasses a method for treating or preventing cluster 

headache in a patient which comprises administering to a patient in need of such 

treatment or prevention a therapeutically or prophylactically effective amount of a 

pharmaceutically acceptable salt of topiramate, or a polymorph, solvate, hydrate, 

dehydrate, anhydrous, or amorphous fo'rm thereof. Preferably, the pharmaceutically 

acceptable salt of topiramate is selected from the group consisting of topiramate · 

sodium, topiramate lithium, and topiramate potassium, or a polymorph, solvate, hydrate, 

dehydrate, anhydrous, or amorphous form thereof. 

Topiramate can be made using various methods known to those skilled in the art. 

For example, methods for the chemical synthesis of topiramate are described in U.S. 

Pat. No. 4,513,006, which is incorporated by reference herein in its entirety. Other 

methods well known in the art for preparing topiramate may also be used, including, for 

example, those disclosed in U.S. Pat. Nos. 6,319,903, 5,387,700; 5,258,402, 5,384,327, 

5,242,942, 4,792,569, 2,554,816 and 2,980,679, all of which are incorporated by 

reference in their entirety. 

UM00014409 

NOVARTIS EXHIBIT 1517 
Novartis v. Regents, IPR2023-01347 

Page 3148 of 4460



Application/Control Number: 10/378,956 

Art Unit: 1617 

Page 4 

The present invention involves the unexpected discovery that the sulfamate (­

OSO2NH2) group of topiramate is slightly acidic and thus may be a handle for 

_generation of salts. Salts are often associated with improved chemical stability and 

increased solubility of drugs leading to better delivery of drug to the body, by reducing 

unwanted degradation product' exposure and increasing levels of drug in the body. Salt 

forms of drugs therefore constitute a useful set of options for development of drug 

formulations. 

Pharmaceutically acceptable salts of topiramate can be prepared by treating 

topiramate with appropriate bases, such as organic or inorganic bases. Bases that can 

be used to prepare pharmaceutically acceptable salts of topiramate are those that form 

non-toxic base addition salts, i.e., salts containing pharmacologically acceptable 

cations, including, but not limited to, sodium, potassium, lithium, magnesium, calcium, 

aluminum, zinc, procaine, benzathine, chloroprocaine, choline, diethylamine, 

ethylenediamine, N-methylglucamine, benethamine, clemizole, diethylamine, 

piperazine, tromethamine, triethylamine, ethanolamine, triethanolamine, arginine, lysine, 

histidine, tributylamine, 2-amino-2-pentylpropanol, 2-amino-2-methyl-1,3-propanediol, 

tris(hydroxymethyl)aminomethane, benzylamine, 2-(dimethylamino)ethanol, barium or 

bismuth counter ions. Particularly preferred cations are sodium, lithium, and potassium. 

The most preferred cation is sodium. 

Crystallization of pharmaceutically acceptable salts of topiramate can be 

accomplished by several means, as would be apparent to one skilled in the art. For 

instance, saturation of an aqueous solution of the salt can be increased by cooling, and 
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the cooling curve can be a determinant of the particle properties (e.g,. size, habit) that 

result from a crystallization process. 

Alternatively, addition of an anti-solvent (or non-solvent), such as an alcohol or 

other water. miscible solvent, can be used to increase saturation of the salt form in the 

medium and hence effect nucleation and growth of crystals. Examples of anti-solvents 

include, but are not limited to, iso-propanol, THF, and ethanol. Preferably, ethanol would 

be used, due to its azeotrope with water, anti-solvent quality with many salt forms and 

pharmaceutical acceptance." 

The examiner respectfully points out that even in this provisional it is indicated 

that topiramate can be reacted with an organic or inorganic base to make a salt and that 

such a salt can be made via crystallization of. the topiramate and the base. Included 

bases that can be crystallized with topiramate include compounds such as procaine, 

arginine, lysine, benzathine, etc, .. (all compounds that can generate their own crystal 

forms). Thus the basic requirements of the current claims are met even as their exist a 

active pharmaceutical agent (topiramate), chemical functionalities capable of forming 

supramolecular synthons with itself (topiramate crystals), other functionalities that can 

react with a second synthon via non-covalent bonding (topiramate's weak acidic 

properties and salt formation), and the formation of a multiple-component solid phase 

composition (recrystalized topiramate and the selected salt). The examiner asserts that 

this provisional disclosure provides basis for the 102(e) rejection as written and as this 

provisional has a date that is good for a 102(e) rejection, .this patent constitutes 

appropriate prior art over the claims as presented. 
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Claim Rejections - 35 USC§ 102 

The following is a quotation of the appropriate paragraphs of 35 U.S.C. 102 that 

form the basis for the rejections under this section made in this Office action: 

A person shall be entitled to a patent unless -

(e) the invention was described in (1) an application for patent, published under section 122(b), by 
another filed in the United States before the invention by the applicant for patent or (2) a patent 
granted on an application for patent by another filed in the United States before the invention by the 
applicant for patent, except that an international application filed under the treaty defined in section 
351 (a) shall have the effects for purposes of this subsection of an application filed in the United States 

. only if the international application designated the United States and was published under Article 21 (2) 
of such treaty in the English language. 

Claims 25-28 are rejected under 35 U.S.C. 102(e) as being anticipated by 

Almarsson et al. (US Patent No. 6559293). 

Almarsson et al., in the abstract, teach novel salts of topiramate, along with 

pharmaceutically acceptable polymorphs, solvates, hydrates, dehydrates, and co­

crystals thereof as well as pharmaceutical compositions containing the same. The 

invention further encompasses novel co-crystals or complexes of topiramate and 

pharmaceutical compositions comprising them. 

In col. 1 lines 15-65, Almarsson et al. teach that topiramate is a sulfamate­

substituted monosaccharide which is a white crystalline powder. In col. 6 lines 1-12, 

Almarsson et al. teaches that specific co-crystals are complexes with caffeine. 

Almarsson et al. tea~h in col. 14 line 14 to col. 15 line 20 and example 7, methods of 

making a topiramate-caffeine co-crystal compositions. Almarrson et al. states: 

"The present invention involves the unexpected discovery that the sulfamate (-­

OSO.sub.2 NH.sub.2) group of topiramate is slightly acidic and thus may be a handle 
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for generation of salts, co-crystals, and complexes with basic compounds such as, but 

not limited to, caffeine, N-methyl pyrrolidine, nicotine, nicotinamide, and ethers such as 

PEGs (examples include but are not limited to PEG 200 and PEG 300). Salts are often 

associated with improved chemical stability and increased solubility of drugs leading to 

better delivery of drug to the body, by reducing unwanted degradation product exposure 

and increasing levels of drug in the body. Salt forms of drugs therefore constitute a 

useful set of options for development of drug formulations." 

Additional salts useful in the invention can be prepared by reaction of topiramate with 

organic and inorganic bases such as procaine, benzanthine, chloroprocaine etc ... · 

Further in col. 14 Almarrson et al. state: 

"Co-crystals and complexes of topiramate and other compounds can be prepared 

using conventional crystallization techniques, e.g., from solutions comprising topiramate 

and the other compounds. Without being limited by theory, it is believed that the 

compounds within co-crystals and complexes can interact via hydrogen bonding, ionic, 

or other interactions. Crystallization from melts of topiramate and other compounds may 

also be used to prepare co-crystals or complexes of topiramate. For example, a co­

crystal or complex of topiramate and caffeine can be prepared by melting and 

recrystallizing caffeine, allowing such to cool, then contacting topiramate melt with the 

recrystallized caffeine, and allowing this to cool. In a particular method, caffeine is 

· melted and recrystallized between a glass slide and glass cover slip on a hot-stage 

microscope (such as a Mettler-Toledo FP950tstage mounted on a Zeiss Axioplan II 

polarized light microscope). The hot-stage is allowed to cool to about 30.degree. C. 

/ 
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Topiramate is then placed on a glass slide in contact with the edge of the glass cover 

slip. The solid topiramate is melted and the melt is allowed to come into contact with the 

recrystallized caffeine. The temperature of the hotstage is lowered (e.g., to about 

70.degree. C.) and held there overnight. During that time the melted topiramate 

recrystallizes and a co-crystalline phase crystallizes between the caffeine and 

topiramate regions. The slide can then be heated to determined the melting point of the 

caffeine :topiramate co-crystal." 

Thus Almarsson et al. teach that topiramate has an acidic proton, the acidity can 

be exploited to make salts and/or co-crystals (such as when complexed with caffeine) 

and that such salts and/or co-crystals can be used to alter the structural and 

pharmaceutical properties of the salts and/or co-crystals. In example 7 the synthesis 

arid characterization of the topiramate-caffeine co-crystal is detailed wherein caffeine 

was melted, recrystallized between a glass slide and a cover slip, allowed to cool and 

then topiramate was placed on the glass slide in contact with the cover slip and melted 

wherein the melt came into contact with the recrystallized caffeine. The melted 

topiramate was then recrystalized overnight and the interfacial region of the topiramate 

and caffeine was determined to be crystalline and showed a different morphology than 

the pure caffeine and pure topiramate phases. The absence of multiple melt regions 

(eutectics) between the topiramate and caffeine indicated only_ one pure topiramate­

caffeine co-crystalline phase anticipating the " ... method for identifying complementary 

chemical functionalities in order to form a desired supramolecular synthon, said method 

comprising: (a) evaluating the structure of an active pharmaceutical ingredient; (b) 

UM00014414 

NOVARTIS EXHIBIT 1517 
Novartis v. Regents, IPR2023-01347 

Page 3153 of 4460



Application/Control Number: 10/378,956 

Art Unit: 1617 

Page 9 

determining whether the active pharmaceutical ingredient contains chemical 

functionalities capable of forming supramolecular synthons with itself; (c) identifying 

from a plurality of chemical functionalities that are known to form a supramolecular 

synthon at least one functionality that will form a further supram·olecular synthon to the 

supramolecular synthon formed by the active pharmaceutical ingredient, wherein the 

identified chemical functionality is not capable of disrupting non-covalent bonding within 

the supramolecular synthon formed by the supramolecular synthon formed by the active 

pharmaceutical ingredient, and wherein the selected chemical functionality is capable of 

forming a noncovalent bond to the supramolecular synthon formed by the active 

pharmaceutical ingredient; (d) identifying co-crystal formers having chemical 

functionalities that are complementary with the active pharmaceutical ingredient and (e) 

preparing a multiple-component solid phase composition, wherein the multiple­

component solid phase composition comprises the active pharmaceutical ingredient and 

at least one of the identified co-crystal formers" of claim 25, the " ... method ... wherein the 

at least one co-crystal former is selected from the group consisting of a different active 

pharmaceutical ingredient, a GRAS compound, a food additive, a low toxicity organic, 

and a metal-organic complex" of claim 27, and the " .... method ... wherein the multiple­

component solid phase composition is formed by one or more methods selected from 

the group consisting of crystallization from solution, cooling the melt, sublimation, and 

grinding" of claim 28. 

Conclusion 
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Any inquiry concerning this communication or earlier communications from the 

examiner should be directed to Leonard M. Williams whose telephone number is 571-

272-0685. The examiner can normally be reached on MF 9-5:30. 

If attempts to reach the examiner by telephone are unsuccessful, the examiner's 

supervisor, Sreeni Padmanabhan can be reached on 571-272-0629. The fax phone 

number for the organization where this application or proceeding is assigned is 571-

273-8300. 

Information regarding the status of an application may be obtained from the 

Patent Application Information Retrieval (PAIR) system. Status information for 

published applications may be obtained from either Private PAIR or Public PAIR. 

Status information for unpublished applications is available through Private PAIR only. 

For more information about the PAIR system, see http:1/pair-direct.uspto.gov. Should 

you have questions on access to the Private PAIR system, contact the Electronic 

Business Center (EBC) at 866-217-9197 (toll-free). If you would like assistance from a 

USPTO Customer Service Representative or access to the automated information 

system, call 800-786-9199 (IN USA OR CANADA) or 571-272-1000. 
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6)12:l Claim(s) 25. 27. 28. 37, and 38 is/are rejected. 

7)0 Claim(s) __ is/are objected to. 

8)0 Claim(s) __ are subject to restriction and/or election requirement. 

Application Papers 

9)0 The specification is objected to by the Examiner. 

10)0 The drawing(s) filed on __ is/are: a)O accepted or b)O objected to by the Examiner. 

Applicant may not request that any objection to the drawing(s) be held in abeyance. See 37 CFR 1.85(a). 

Replacement drawing sheet(s) including the correction is required if the drawing(s) is objected to. See 37 CFR 1.121 (d). 

11 )0 The oath or declaration is objected to by the Examiner. Note the attached Office Action or form PT0-152. 

Priority under 35 U.S.C. § 119 

12)0 Acknowledgment is made of a claim for foreign priority under 35 U.S.C. § 119(a)-(d) or (f). 

a)O All b)O Some* c)O None of: 

1.0 Certified copies of the priority documents have been received. 

2.0 Certified copies of the priority documents have been received in Application No. __ . 

3.0 Copies of the certified copies of the priority documents have been received in this National Stage 

application from the International Bureau (PCT Rule 17 .2(a)). 

*Seethe attached detailed Office action for a list of the certified copies not received. 
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1) l2J Notice of References Cited (PTO-892) 

2) 0 Notice of Draftsperson's Patent Drawing Review (PTO-948) 

3) 0 Information Disclosure Statement(s) (PTO/SB/08) 
Paper No(s)/Mail Date __ . 

U.S. Patent and Trademark Office 

4) 0 Interview Summary (PTO-413) 
Paper No(s)/Mail Dale. __ . 

5) 0 Notice of Informal Patent Application 
6) 0 Other: __ . 

PTOL-326 (Rev. 08-06) Office Action Summary Part of Paper No./Mail Date 20080930 
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DETAILED ACTION 

Status of the Application 

This Office Action is in response to applicant's arguments filed on 08/03/2007. 

Claim(s) 25, 27, 28, 37, and 38 are pending and are examined herein. 

Response to Arguments 

In view of Applicant's affidavit, the Almarsson et al. reference (US Patent No. 

6,559,293) is hereby being withdrawn as 102(e) art. The following new rejections are 

being made in the office action below. 

Objection 

Descriptions of figures 1 and 2 in the specification refers to color notations of the 

atoms, however such detail is not apparent from the drawings. Appropriate action is 

required. 

Claim Rejections - 35 USC § 112 

The following is a quotation of the second paragraph of 35 U.S.C. 112: 

The specification shall conclude with one or more claims particularly pointing out and distinctly 
claiming the subject matter which the applicant regards as his invention. 
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Claim 27 is rejected under 35 U.S.C. 112, second paragraph, as being indefinite 

for failing to particularly point out and distinctly claim the subject matter which applicant 

regards as the invention. 

It is not clear what a "GRAS compound" is. 

The rejection can be overcome by spelling out the abbreviation. 

Claim Rejections - 35 USC§ 102 

The following is a quotation of the appropriate paragraphs of 35 U.S.C. 102 that 

form the basis for the rejections under this section made in this Office action: 

A person shall be entitled to a patent unless -

(b) the invention was patented or described in a printed publication in this or a foreign country or 
in public use or on sale in this country, more than one year prior to the date of application for 
patent in the United States. 

Claims 25, 27 and 28 are rejected under 35 U .S.C. 102(b) as being anticipated by 

DuRoss et al. (US Patent No. 5,023,092). 

DuRoss teaches gamma sorbitol co-crystallized therewith mannitol in the gamma 

sorbitol polymorph. In particular, it is a co-crystalline product derived from a 

dehydrated aqueous solution of sorbitol containing mannitol. It is further directed to 

improved confections such as chewing gum, edible tablets and chocolates (column 1, 

lines 1-15). The co-crystallized product may further be characterized as having a 

melting point from 90°-100°C as determined by differential scanning calorimetry. 

DuRoss teaches that the curves generated in the apparatus indicates a single peaked 
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melting range unlike the double peak found for a synthetic blend made by pulverizing 

pure mannitol with pure sorbitol crystals into a uniform mixed powder or by blending a 

molten mixture of the two. This indicates that the product is a single crystal of sorbitol 

with mannitol included and not a mixture of pure crystals of mannitol and sorbitol 

(column 2, lines 35-45). 

DuRoss teaches in carrying out the crystallization, the molten blend containing 

about 5-35 percent and more often, 7-16 percent mannitol (0.05 to less than 1.0% 

moisture) is held in a feed tank in a relatively dry atmosphere to inhibit moisture pickup 

such that the moisture content does not exceed about 0.75 percent by weight. This 

precaution becomes less a factor as the temperature of the molten mixture exceeds 

100°C. In the operation of the mixing equipment the feed rate is adjusted such that as 

the cooling magma passes through the mixer, a molten blend having increasing 

concentrations of crystals is generated as the magma passes through from the feed to 

the discharge orifice. The rotating screws move the molten magma containing crystals 

from the center of the equipment to the outer cooled edge whereupon additional 

crystals are precipitated and remixed with additional molten material to act as a co­

crystallized seed. As the temperature profile drops from molten feed temperature to 

discharge temperature the viscosity of the melt increases due to the formation of 

mannitol/sorbitol co-crystals in concentrations ranging from 35-80 percent by weight. 

The action of the rotating screws pushes the molten magma containing crystalline 

mass in the form of a rope or ribbon paste through the discharge orifice whereupon it is 

extruded as an elongated mass in the shape of a ribbon, circular rod, oval rod, 
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hexagonal rod, or star-shaped rod into the cold zone. It is cut into short lengths 

ranging from 1 to 4 inches and permitted to cool for several days at room temperature. 

If the temperature of the emitted extrudate is too hot the molten mass will not retain its 

shape and is difficult to handle. When such operating conditions take place, the 

product obtained is a mixture of crystals with glass. The problem can be corrected by 

decreasing the throughput time or jacket cooling temperature or a combination of both. 

Under ideal operating conditions, the extrudate crystalline paste develops a solid outer 

shell of crystalline product which is only slighted wetted on the interior side with molten 

magma. This material when permitted to stand will fully crystallize if allowed to cool 

slowly for a period of 6-96 hours for an extrudate having a cross-sectional dimension of 

about 5-20 millimeters. Longer periods may be required for extruded shapes having a 

cross-sectional dimension of greater than 20 millimeters. The manufacture of the co­

crystallized mannitol/sorbitol product may be better understood with reference to the 

following example wherein all proportions expressed therein are by weight unless 

otherwise specified (column 3, line 61-column 4, line 43; also see examples 1 and A­

D), thus meeting the limitations of claims 25, 27 and 28. 

Claim Rejections - 35 USC§ 103 

The following is a quotation of 35 U.S.C. 103(a) which forms the basis for all 

obviousness rejections set forth in this Office action: 

(a) A patent may not be obtained though the invention is not identically disclosed or described as set forth in section 102 of this 
title, if the differences between the subject matter sought lo be patented and the prior art are such that the subject matter as a 
whole would have been obvious at the lime the invention was made lo a person having ordinary skill in the art to which said 
subject matter pertains. Patentability shall not be negatived by the manner in which the invention was made. 

UM00014428 

NOVARTIS EXHIBIT 1517 
Novartis v. Regents, IPR2023-01347 

Page 3167 of 4460



Application/Control Number: 10/378,956 

Art Unit: 1617 

Page 6 

This application currently names joint inventors. In considering patentability of 

the claims under 35 U.S.C. 103(a), the examiner presumes that the subject matter of 

the various claims was commonly owned at the time any inventions covered therein 

were made absent any evidence to the contrary. Applicant is advised of the obligation 

under 37 CFR 1 .56 to point out the inventor and invention dates of each claim that was 

not commonly owned at the time a later invention was made in order for the examiner to 

consider the applicability of 35 U.S.C. 103(c) and potential 35 U.S.C. 102(e), (f) or (g) 

prior art under 35 U.S.C. 103(a). 

Claims 37 and 38 are rejected under 35 U.S.C. 103(a) as being unpatentable 

over DuRoss et al. (US Patent No. 5,023,092) as applied to claims 25, 27, 28 above in 

view of Desiraju (Angew. Int. Ed. Engl., 1995) of record. 

DuRoss is discussed above. 

DuRoss does not discuss the pharmaceutical agents as being aspirin, ibuprofen, 

flurbiprofen, carbamazepine, phenytoin, or acetaminophen. 

Desiraju teaches that hydrogen bonding, the master key for molecular 

recognition, is the most reliable directional interaction in supramolecular construction, 

and its significance in crystal engineering can scarcely be underestimated. 

It would have been obvious to one of ordinary skill in the art at the time of the 

invention to have employed the co-crystallization method as taught by DuRoss and 

used aspirin, ibuprofen, flurbiprofen, carbamazepine, phenytoin, or acetaminophen. The 

motivation, provided by Desiraju, teaches that in fact these pharmaceutical molecules 
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are all capable of hydrogen bonding and would therefore obviously be capable of 

forming these supramolecular synthons. Thus, one in the art would expect, with a 

reasonable degree of certainty, that it would be possible to form co-crystals of the 

instant pharmaceutical agents as they possess all the prerequisites (ie, hydrogen 

bonding) inherently, in the absence of unexpected results. 

Conclusion 

Claims 25, 27, 28, 37, and 38 are not allowed. 

Information regarding the status of an application may be obtained from the 

Patent Application Information Retrieval (PAIR) system. Status information for 

published applications may be obtained from either Private PAIR or Public PAIR. 

Status information for unpublished applications is available through Private PAIR only. 

For more information about the PAIR system, see http://pair-direct.uspto.gov. Should 

you have questions on access to the Private PAIR system, contact the Electronic 

Business Center (EBC) at 866-217-9197 (toll-free). If you would like assistance from a 

USPTO Customer Service Representative or access to the automated information 

system, call 800-786-9199 (IN USA OR CANADA) or 571-272-1000. 

Any inquiry concerning this communication or earlier communications from the 

examiner should be directed to SAHAR JAVANMARD whose telephone number is (571) 

270-3280. The examiner can normally be reached on 8 AM-5 PM MON-FRI (EST). 
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If attempts to reach the examiner by telephone are unsuccessful, the examiner's 

supervisor, Sreeni Padmanabhan can be reached on (571) 272-0629. The fax phone 

number for the organization where this application or proceeding is assigned is 571-

273-8300. 

IS. J./ 

Examiner, Art Unit 1617 

/SREENI PADMANABHAN/ 

Supervisory Patent Examiner, Art Unit 1617 
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Commissioner for Patents 
P.O. Box 1450 
Alexandria, VA 22313-1450 

PETITION UNDER 37 CFR l.84{a)(2) 
{USE OF COLOR PHOTOGRAPHS IN APPLICATION) 

Sir: 

Submitted herewith are three color copies of the formal drawing for Figures 2-12 and 14-23 

(20 pages total). A color photograph is required because the color drawing is the best medium by 

which to disclose the subject matter of the drawing. It is hereby stated that no new matter has been 

incorporated into these figures. 

Applicants petition herewith for permission to include thes6 color figures in the application 

and for publication in the patent upon allowance and payment of the issue fee. A black and white 

photocopy of the color figure is also provided with an Amendment Under 37 C.F.R.§1.111 being 

simultaneously filed. The fee of $130.00, as required for this Petition, should be charged to Deposit 
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required by this paper to the above deposit account. Two copies of this Petition are attached for 
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Frank C. Eisenschenk, Ph.D. 
Patent Attorney 
Registration No. 45,332 
Phone No.: 352-375-8100 
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Address: P.O. Box 142950 
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Attachments: Three color copies of Formal drawings for Figures 2-12 and 14-23 
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Account No. 19-0065. The Commissioner is also authorized to charge any additional fees as 
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required by this paper to the above deposit account. Two copies of this Petition are attached for 

Deposit Account authorization. 

FCE/sl 

Respectfully submitted, 

~le~L 
Frank C. Eisenschenk, Ph.D. 
Patent Attorney 
Registration No. 45,332 
Phone No.: 352-375-8100 
Fax No.: 352-372-5800 
Address: P.O. Box 142950 

Gainesville, FL 32614-2950 

Attachments: Three color copies of Formal drawings for Figures 2-12 and 14-23 

J:\USF\I06XCI\PTO\Petitio1>-photos.doo'DNB/sl 

UM00014447 

NOVARTIS EXHIBIT 1517 
Novartis v. Regents, IPR2023-01347 

Page 3186 of 4460



r~~ 
JAN 2-1 2009 't 

,, 

I hereby certify that this correspondence is being •,.,,,,..,.,.,~ 
deposited with the United States Postal Service as 

AMENDMENT UNDER 37 C.F.R. § 1.111 
Patent Application 

first class mail in an envelope addressed to: 
Commissioner for Patents, P.O. Box 1450 
Alexandria, VA 22313 on 'J ~~ \i:\ >'2-0Q1 

~lC~L 
Frank C. Eisenschenk, Ph.D., Patent Attorney 

Docket No. USF.106XC1 

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 

Sahar Javanmard 

1617 

Michael J. Zaworotko, Brian Moulton, Nair Rodriguez-Homedo 

10/378,956 

March 3, 2003 

4742 

Examiner 

Art Unit 

Applicants 

Serial No. 

Filed 

Conf. No. 

For Multiple-Component Solid Phases Containing at Least One Active 
Pharmaceutical Ingredient 

Mail Stop Amendment 
Commissioner for Patents 
P.O. Box 1450 
Alexandria, VA 22313 

Sir: 

AMENDMENTUNDER37 C.F.R. § 1.111 

In response to the Office Action dated October 14, 2008, please amend the above-identified 

patent application as follows: 
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2 

In the Specification 

Docket No. USF.106XC1 
Serial No. 10/378,956 

Please insert the following paragraph on page 6, following the "Brief Description of the 

Figures" heading and before paragraph [0014]: 

The patent or application file contains at least one drawing executed in color. Copies of this 

patent or patent application publication with color drawings will be provided by the Patent Office 

upon request and payment of the necessary fee. 

Please substitute the paragraph [0014] on page 6 as follows: 

Figure 1 shows the chemical structure of ibuprofen. The external functionalities are an 

isopropyl group ( encircled on the left, in eyan) and a carboxylic acid ( encircled on the right,m 

magenta). 

Please replace original Figures 1-12 and 14-23 with replacement pages attached herewith. 
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3 

In the Claims 

1-24 (canceled). 

Docket No. USF.106XC1 
Serial No. 10/378,956 

25 (previously presented). A method for identifying complementary chemical functionalities 

in order to form a desired supramolecular synthon, said method comprising: 

(a) evaluating the structure of an active pharmaceutical ingredient; 

(b) determining whether the active pharmaceutical ingredient contains chemical 

functionalities capable of forming supramolecular synthons with itself (a first supramolecular 

synthon); 

(c) identifying, from a plurality of chemical functionalities that are known to form a 

supramolecular synthon, at least one functionality that will form a second supramolecular synthon 

with the first supramolecular synthon formed by the active pharmaceutical ingredient, wherein the 

identified chemical functionality is not capable of disrupting non-covalent bonding within the 

supramolecular synthon formed by the active pharmaceutical ingredient, and wherein the selected 

chemical functionality is capable of forming a noncovalent bond to the supramolecular synthon 

formed by the active pharmaceutical ingredient; 

( d) identifying co-crystal formers having at least one functionality identified in step ( c ); and 

( e) preparing a multiple-component solid phase composition, wherein the multiple­

component solid phase composition is a crystal that comprises the active pharmaceutical ingredient 

and at least one of the identified co-crystal formers. 

26 ( canceled). 

27 ( currently amended). The method of claim 25, wherein the at least one co-crystal former 

is selected from the group consisting of a different active pharmaceutical ingredient, a GRA.8 

Generally Regarded as Safe (GRAS) compound, a food additive, a low toxicity organic, and a metal­

organic complex. 
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28 (previously presented). The method of claim 25, wherein the multiple-component solid 

phase composition is formed by one or more methods selected from the group consisting of 

crystallization from solution, cooling the melt, sublimation, and grinding. 

29-36 (canceled). 

37 (previously presented). The method according to claim 25, wherein said active 

pharmaceutical ingredient is selected from aspirin, ibuprofen, flurbiprofen, carbamazepine, 

phenytoin or acetaminophen. 

38 (previously presented). A method for identifying complementary chemical 

functionalities in order to form a desired supramolecular synthon, said method comprising: 

(a) selecting an active pharmaceutical ingredient and evaluating the structure of said active 

pharmaceutical ingredient; 

(b) determining whether the active pharmaceutical ingredient contains chemical 

functionalities capable of forming supramolecular synthons with itself (a first supramolecular 

synthon); 

( c) identifying, from a plurality of chemical functionalities that are known to form a 

supramolecular synthon, at least one functionality that will form a second supramolecular synthon 

with the first supramolecular synthon formed by the active pharmaceutical ingredient, wherein the 

identified chemical functionality is not capable of disrupting non-covalent bonding within the 

supramolecular synthon formed by the active pharmaceutical ingredient, and wherein the selected 

chemical functionality is capable of forming a noncovalent bond to the supramolecular synthon 

formed by the active pharmaceutical ingredient; 

( d) identifying co-crystal formers having at least one functionality identified in step ( c) and 

selecting said identified co-crystal formers for the preparation of a multiple component solid phase 

composfrion; and 
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( e) prepanng a multiple-component solid phase composition, wherein the multiple­

component solid phase composition is a crystal that comprises the active pharmaceutical ingredient 

and at least one of the identified co-crystal formers. 
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6 

Remarks 

Docket No. USF.106XC1 
Serial No. 10/378,956 

Claims 25, 27, 28, 37 and 38 are pending in the subject application. By this Amendment, 

Applicants have amended claim 27. Support for the amendments can be found throughout the 

subject specification and in the claims as originally filed. Entry and consideration of the 

amendments presented herein is respectfully requested. Accordingly, claims 25, 27, 28, 37 and 38 

are currently before the Examiner. Favorable consideration of the pending claims is respectfully 

requested. 

Applicants gratefully acknowledge the Examiner's withdrawal of the rejection 35 U.S.C. § 

102( e) ( over Almarsson et al.). 

The Office Action indicates that the descriptions of Figures 1 and 2 in the specification refer 

to color notations of the atoms, however such detail is not apparent from the drawings. The brief 

description of Figure 1 has been amended to remove the indication of color as it is apparent that the 

isopropyl group is circled on the left and that the carboxylic acid is circled on the right. As indicated 

in the brief description of Figure 2, "The standard chemical color correlation appears in all the 

figures where color is utilized (e.g., red= oxygen; white= oxygen; dark blue= nitrogen; light 

blue= fluorene; yellow= sulfur)." (emphasis added). Accordingly, Figures 1-12 and 14-23 are being 

replaced (to enlarge the figures) and are being submitted in color. The necessary paragraph has been 

inserted into the application. Applicants note that Figures 13A-C and 24 are unchanged and not 

provided herewith. Enclosed with this Amendment is a Petition Under 37 CFR l .84(a)(2) (Use of 

Color Photographs in Application). Accordingly, reconsideration and withdrawal of the objection is 

respectfully requested. 

Claim 27 is rejected under 35 U.S.C. § 112, second paragraph, as indefinite. The Office 

Action indicates that it is not clear what a "GRAS compound" is and that the rejection can be 

overcome by spelling out the abbreviation. By this Amendment, Applicants have replaced the 

acronym "GRAS" with "Generally Regarded as Safe by the Food and Drug Administration (FDA)" 

and then placed the acronym in parenthesis. Applicants respectfully assert that the claims as filed are 

definite and support for this amendment can be found, for example, in the last sentence of paragraph 

51 of the as-filed specification). Accordingly, reconsideration and withdrawal of the rejection under 

35 U.S.C. § 112, second paragraph, is respectfully requested. 
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Claims 25, 27 and 28 are rejected under 35 U.S.C. § 102(b) as anticipated by DuRoss et al. 

(U.S. Patent No. 5,023,092). The Office Action indicates that DuRoss teaches gamma sorbitol co­

crystallized therewith mannitol in the gamma sorbitol polymorph. In particular, it is a co-crystalline 

product derived from a dehydrated aqueous solution of sorbitol containing mannitol and is directed 

to improved confections such as chewing gum, edible tablets and chocolates. Applicants respectfully 

assert that the DuRoss et al. reference does not anticipate the claimed invention. 

As stated by the Federal Circuit in Net Moneyin, Inc. v. Verisign, Inc., No. 2007-1565, 

decided October 20, 2008): 

Section 102 embodies the concept of novelty-if a device or process has been 
previously invented ( and disclosed to the public), then it is not new, and therefore the 
claimed invention is "anticipated" by the prior invention. As we have stated 
numerous times (language on which VeriSign relies), in order to demonstrate 
anticipation, the proponent must show "that the four comers of a single, prior art 
document describe every element of the claimed invention." Xerox, 458 F.3d at 1322 
(quotingAdvancedDisplaySys., Inc. v. Kent State Univ.,212F.3d 1272, 1282(Fed. 
Cir. 2000)). This statement embodies the requirement in section 102 that the 
anticipating invention be "described in a printed publication," and is, of course, 
unimpeachable. But it does not tell the whole story. Because the hallmark of 
anticipation is prior invention, the prior art reference-in order to anticipate under 3 5 
U.S.C. § 102-must not only disclose all elements of the claim within the four 
comers of the document, but must also disclose those elements "arranged as in the 
claim." Connell v. Sears, Roebuck & Co., 722 F.2d 1542, 1548 (Fed. Cir. 1983). 

The meaning of the expression "arranged as in the claim" is readily 
understood in relation to claims drawn to things such as ingredients mixed in some 
claimed order. In such instances, a reference that discloses all of the claimed 
ingredients, but not in the order claimed, would not anticipate, because the reference 
would be missing any disclosure of the limitations of the claimed invention "arranged 
as in the claim." But the "arranged as in the claim" requirement is not limited to such 
a narrow set of"order of limitations" claims. Rather, our precedent informs that the 
"arranged as in the claim" requirement applies to all claims and refers to the need for 
an anticipatory reference to show all of the limitations of the claims arranged or 
combined in the same way as recited in the claims, not merely in a particular order. 
The test is thus more accurately understood to mean "arranged or combined in the 
same way as in the claim." 

In the case of the instantly claimed invention, Applicants respectfully submit that DuRoss fails to 

disclose all the elements of the claim and the reference also fails to teach the claimed elements 
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"arranged or combined in the same way as in the claim." Particularly, Applicants note that DuRoss 

fails to teach: 

(a) evaluating the structure of an active pharmaceutical ingredient; 
(b) determining whether the active pharmaceutical ingredient contains 

chemical functionalities capable of forming supramolecular synthons with itself ( a 
first supramolecular synthon); 

( c) identifying, from a plurality of chemical functionalities that are known to 
form a supramolecular synthon, at least one functionality that will form a second 
supramolecular synthon with the first supramolecular synthon formed by the active 
pharmaceutical ingredient, wherein the identified chemical functionality is not 
capable of disrupting non-covalent bonding within the supramolecular synthon 
formed by the active pharmaceutical ingredient, and wherein the selected chemical 
functionality is capable of forming a noncovalent bond to the supramolecular synthon 
formed by the active pharmaceutical ingredient; 

( d) identifying co-crystal formers having at least one functionality identified 
in step (c); and 

( e) preparing a multiple-component solid phase composition, wherein the 
multiple-component solid phase composition is a crystal that comprises the active 
pharmaceutical ingredient and at least one of the identified co-crystal formers. 

Thus, each of the claimed elements is not taught by the cited reference in the same manner as 

"arranged or combined" in the claim. 

It is also unclear what teaching of DuRoss is relied upon for the teaching of an "active 

pharmaceutical ingredient" as neither sorbitol or mannitol is asserted to be such an active 

pharmaceutical ingredient in the Office Action. In this regard, the Office Action indicates that 

DuRoss is directed to improved confections such as chewing gum, edible tablets and chocolates 

(Office Action at page 3). Applicants also submit that DuRoss indicates that the co-crystallized 

mannitol/sorbitol disclosed in the patent can also be used "as an excipient in combination with a 

medicinal agent such as vitamin C, aspirin or an antacid" (see column 5, lines 29-35); thus, it is clear 

that DuRoss does not contemplate mannitol or sorbitol as an active pharmaceutical ingredient as the 

co-crystallized form of mannitol/sorbitol is to be used as an excipient in the formulation of a 

medicinal agent. Accordingly, reconsideration and withdrawal of the rejections under-35 U.S.C. § 

I 02(b) is respectfully requested. 

Claims 37 and 38 are rejected under 35 U.S.C. § 103(a) as obvious over DuRoss eta!. (U.S. 

Patent No. 5,023,092) as applied to claims 25, 27 and 28 above in view of Desiraju (1995). The 
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Office Action states that Desiraju teaches that hydrogen bonding, the master key for molecular 

recognition, is the most reliable directional interaction in supramolecular construction, and its 

significance in crystal engineering can scarcely be underestimated. The Office Action indicates that 

it, thus, would have been obvious to one of ordinary skill in the art at the time of the invention to 

have employed the co-crystallization method as taught by DuRoss and used aspirin, ibuprofen, 

flurbiprofen, carbamazepine, phenytoin, or acetaminophen. Applicants respectfully assert that the 

claimed invention is not obvious over the cited reference and traverse the rejection of record. 

As the Patent Office is aware, all the claim limitations must be taught or suggested by the 

prior art in order to establish the prima facie obviousness of a claimed invention ( CFMT, Inc. v. 

Yieldup Intern. Corp., 349 F.3d 1333, 1342 (Fed. Cir. 2003) citing In re Royka, 490 F.2d 981, 985 

(C.C.P.A. 1974)). As noted above, DuRoss et al. fail to teach many of the limitations recited in the 

presently pending claims. For example, the reference fails to teach: 

(a) evaluating the structure of an active pharmaceutical ingredient; 
(b) determining whether the active pharmaceutical ingredient contains 

chemical functionalities capable of forming supramolecular synthons with itself (a 
first supramolecular synthon); 

( c) identifying, from a plurality of chemical functionalities that are known to 
form a supramolecular synthon, at least one functionality that will form a second 
supramolecular synthon with the first supramolecular synthon formed by the active 
pharmaceutical ingredient, wherein the identified chemical functionality is not 
capable of disrupting non-covalent bonding within the supramolecular synthon 
formed by the active pharmaceutical ingredient, and wherein the selected chemical 
functionality is capable of forming a noncovalent bond to the supramolecular 
synthon formed by the active pharmaceutical ingredient; 

( d) identifying co-crystal formers having at least one functionality identified 
in step (c); and 

( e) preparing a multiple-component solid phase composition, wherein the 
multiple-component solid phase composition is a crystal that comprises the active 
pharmaceutical ingredient and at least one of the identified co-crystal formers. 

Applicants respectfully submit that the teachings of Desiraju (Angew. Int. Ed. Engl., 1995) fail to 

remedy the defects noted in the teachings of DuRoss and the combination of references fails to 

render the claimed invention prima facie obvious as all of the claim limitations are not taught or 

suggested by the combination of references. Indeed, the cited references fail to teach any of aspirin, 

ibuprofen, flurbiprofen, carbamazepine, phenytoin or acetaminophen as pharmaceutical molecules 
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( active pharmaceutical ingredients) and no discussion or teaching of co-crystal formers that are to be 

used to construct a crystal comprising an active pharmaceutical ingredient and one of the co-crystal 

formers identified in the method steps is identified in the Office Action. Accordingly, 

reconsideration and withdrawal of the rejection under 35 U.S.C. § 103(a) is respectfully requested as 

the Office Action fails to establish that the claimed invention is prima facie obvious. 

It should be understood that the amendments presented herein have been made solely to 

expedite prosecution of the subject application to completion and should not be construed as an 

indication of Applicants' agreement with or acquiescence in the Examiner's position. Applicants 

expressly reserve the right to pursue the invention(s) disclosed in the subject application, including 

any subject matter canceled or not pursued during prosecution of the subject application, in a related 

application. 

In view of the foregoing remarks and amendments to the claims, Applicants believe that the 

currently pending claims are in condition for allowance, and such action is respectfully requested. 

The Commissioner is hereby authorized to charge any fees under 3 7 CFR § § 1.16 or 1.1 7 as 

required by this paper to Deposit Account No. 19-0065. 

Applicants invite the Examiner to call the undersigned if clarification is needed on any of this 

response, or if the Examiner believes a telephonic interview would expedite the prosecution of the 

subject application to completion. 

Respectfully submitted, 

Frank C. Eisenschenk, Ph.D. 
Patent Attorney 
Registration No. 45,332 
Phone No.: 352-375-8100 
Fax No.: 352-372-5800 
Address: P.O. Box 142950 

Gainesville, FL 32614-2950 
FCE/jb/sl 
Attachments: Replacement Figures 1-12 and 14-23 

Petition Under 37 CFR l.84(a)(2) (Use of Color Photographs in Application) 
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Hierarchy of Supramolecular Synthons: Persistent Carboxylic 
Acid··· Pyridine Hydrogen Bonds in Cocrystals That also Contain a 
Hydroxyl Moiety 
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Tanise R. Shattock. Kapildev K. Arora, Peddy Vishweshwar, and Michael J. Zaworotko* 

Departmellt of Chemistry, Uni11ersity of So111h Florida, CHf..'205, 4202 East Fowler Avenue, 
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Receilled May 29, 2008; Revised Manuscript Receilled August 23, 2008 

ABSTRACT: A Camb1idge Structural Database (CSD) analysis was conducted in order to evaluate the hierarchy of supramolecular 
hetcrosynlhons that involve two of the most relevant functional groups in the context of active pharmaceutical ingredients, carboxylic 
acids and alcohols, in competitive environments. The study revealed that 34% of the 5690 molecular carboxylic acid entries and 
26% of the 25 035 molecular alcohol enlries form supramolccular homosynthons, whereas the remaining entries form supramolccular 
heterosynthons with other functional groups, in particular Narom, CONlh, C-O-C, C=O, and chloride anions. Further refinement 
of this raw dala revealed the following: 98% occurrence of the COOH···Na,om supramolecular heterosynthon in the 126 crystal 
stmctures that contain acid and pyridim: moieties in the absence of other hydrogen bond donors ur acceptors; and 78°/,1 uccutTcnce 
of the OH···Narom supramolecular heterosynthon in 228 crystal strucrnres that contain hydroxyl and pyridine moieties (excluding 
intramolecular hydrogen bonding). Such high frequencies indicate that these supramolecular heterosynthons are strongly favored 
over their respective COOH • • • COOH and OH··· OH supramolecular homosynthons. However, the CSD does not contain enough 
information to evaluate the predictability of even common supramolecular heterosynthons in the presence of competing hydrogen 
bonding moieties; for example, there are only 15 entries when -COOH, -OH, and Namm moieties are present exclusively (no other 
hydrogen bond donors and acceptors groups) in a molecule. We have addressed the competition between the COOH .. ·Narum and 
the OH•·· Narom supramolecular heterosynthons by analyzing these 15 entries in CSD and characterizing 15 new compounds (cocrystals 
1-13; salts 14 and 15) that are composed of cocrystal formers which contain a permutation of -COOH, -OH and Narom functional 
groups. Analysis of this group of compounds reveals that suprnmolccular hetcrosynthons are favored over the respective supramolecular 
homosynthons. We also address the methodologies that can be used to prepare 1-15 in the context of solvent evaporation, solvent­
drop grinding, and slun-ying. 

1. Introduction 

Crystal engineering, 1 a term coined by R. Pepinsky 2 in 1955 
and subsequently implemented by G. M. J. Schmidt3 in 1971 
in the context of topochemical reactions has matured into a 
paradigm for the preparation or supramolecular synthesis4 of 
new compounds with tailor-made properties. Crystal engineered 
materials can be exploited for many purposes such as host-guest 
compounds. nonlinear optical materials, organic conductors, or 
coordination polymers.5

-
9 However, given that active pharrna­

ceutical ingredients (APis) represent perhaps the most valuable 
substances known, it is unsurprising that pharmaceutical coc­
rystals are attracting considerable attention from both industtial 
and academic researchers. 10

-
15 

Tn general, a detailed understanding of the supramolecular 
chemistry of functional groups is a prerequisite for the rational 
design (supramolecular synthesis) of novel coerystals and for 
understanding the structure-property relationships in such 
compounds. Cocrystals16

-
21 represent a class of compound that 

could reasonably be described as long known but Jiule studied. 
Indeed, to our knowledge lhe tenn eocryscal was not coined 
until 196722 and it was not popularized in 1he context of small 
molecules uncil Etter used the term extensively in the 1980s. 23 

Furthermore, even today the 1enn cocrystal is poorly defined 
and represent~ ambiguity or even controversy.2'1 For the purposes 
of this manuscript we define a cocrystal as the following: a 
multiple component crystalline solid formed in a stoichiorneuic 
ratio between two compounds that are crystalline solids under 
ambient conditions. Al least one of these compounds is 

* To whom correspondence should be addressed. E-mail: xlal@usf.edu. 

molecular (the cocrystal former) and forms supramolecular 
synthons(s) with the remaining component(s). ff one uses this 
definition then the first cocrysials were reported in the 1800s.2

·~ 

and they have had various terms applied to them: addition 
compounds, organic molecular compounds. complexes and 
heterornolecular crystals.26

-·
33 Cocrystals an: also distinct from 

solvates,"4 salts.35 and inclusion compounds·16 if one employs 
this definition. APis are a natural target for cocrystals since the 
solid slate chemistry of APis represents an area of scienlitic, 
commercial, regulatory and legal interest. 17 Furthem10re, in 
terms of crystal engineering, the inherent nature of APis means 
that they contain exte1ior functional group(s) that can engage 
in molecular recognition events with biological targets. These 
same functional group(s) arc responsible for the well-docu­
mented "promiscuity" of APis in the comext of polymorphs,"8 

solvates/i and cocrystals. to-iz Nevertheless, the term pharma­
ceutical cocrystal, that is. a cocrystal between an API and a 
molecular cocrystal former, was not widely used until recent 
years. Pharmaceutical cocrystals have been known since at least 
the 1930s, yet it is only in recent years that their diversity in 
terms of crystal form and physical properties has been fully 
recognized in the context of preformulation and formulation or 
APis. The number of cocrystals in the Cambridge Structural 
Database (CSDi9 remains remarkably low ( 1951 entries, ca. 
l % of all organic entries) although, as revealed by Figure l, 
the number of entries is growing steadily. 

The key to understanding and designing cocrystals lies with 
suprarnolecular synthons. Supramolccular synthons exist in two 
distinct categoties: supramolecular homosynthons that arc 
composed of identical complementary functional groups, also 

IO. l 021 /cg800565a CCC: $40. 75 © 2008 American Chemical Society 
Published on Web I 0/22/2008 
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.Figure 1. Hydrogen-bonded co-crystals in the CSD from 1990-2007. 

Scheme I. (a, b) Supramolecular Homosynthons and (c, d, 
and e) Supramolecular Heterosynthons 

O···H-0 

-{ }-
O-H···O 
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referred LO as self-association motifs (dimers, chains, etc.). for 
example, carboxylic acid dimers,4° amide dimers41 (Scheme 
la,b). pyrazolcs and oximcs:42 supramolecular heterosynthons 
composed of different but complementai.y functional groups 
such as acid-aromatic nitrogen,4

~ acid-amide,44 hydroxyl­
aromatic nitrogen45 etc. (Scheme Jc-e). It is quite well 
documented that some of these supramolecular heterosynthons 
are reliable for the preparation of cocrystals (i.e., they form 
preferentially over supramolecular homosynthons)46 and there 
are several CSD statistical studies that address hydrogen bonding 
motifs. However, studies related to the occurrence of a particular 
supramolecular heterosynthon in a more competitive environ­
ment are limited in quantity and scope.47 

Infantcs ct al. studied the probabilities of formation of 
intermolecular hydrogen bonds between chemical groups con­
taining at lcasl one strong hydrogen bond donor group. It was 
demonstrated that carboxylic acid supramolecular homosynthons 
can be broken when there are other chemical groups present; 
however, amide supramolecular homosyn1hons are relatively 
robust. The relative strength of supramolecular homosynthons 
is amides > acids > alcohols functional groups. The study of 
supramolecular heterosynthons in competitive environments 
would provide valuable insight for crystal engineering of 
cocrystals of even more complex APis and vice versa since the 
modular nature of cocrystals makes them ideally suited to study 
the competition between different supramolecular heterosyn­
thons and by their very nature they must be composed of two 
or more component.~. This contribution is part of our continuing 
effort to explore pharmaceutical cocrystals and combines a 
systematic CSD study with a synthetic and structural study. 
More specifically, we focus herein upon the ability of carboxylic 
acids and alcohols LO fonn reliable supramolecular heterosyn­
thons that persist in the presence of competing functionalities. 
These functional groups were chosen since carboxylic acids and 
alcohols are overexpressed in APis when compared to organic 
compounds in general. As revealed by Tahle I, alcohols and 
carhoxylic acids represent 21 % and 6% of the organic entries 
in the CSD, respectively, hut they are presem in 33 and 25 of 
the top !00 prescribed drugs, respectively.48 Furthermore, they 

Shattock ct al. 

Table l. Cocrystnl Design: % Occurrence of Functionnl Groups in 
APls" 

CSD only biological 
groups organics activity pharmacological prescription 

ether 29 40 37 41 
alcohol 21 39 36 33 
ester 17 24 18 12 
2° amide 9 18 22 14 
carbonyl 14 22 16 28 
2° amine 5 8 8 17 
3° amine 7 12 l3 43 
C--·--Cl 9 13 16 21 
Narnmatic 7 10 13 16 
carboxylic acid 6 9 11 25 
Cl- 3 8 9 16 
sulfonamide 0.11 0.65 1.4 9 

"CSD Conquest I.JO (January 2008 update) 436 384 total entries. 
Search parameter: organics only 187 025 entries. Biological activity 
11 046 entries. CSD All Text Search: Activity. Agent, Biological, Drug, 
Inhibitor, Pharmacemical, Pharmacological. 

are frequently encountered in pharmaceutical excipients and salt 
formers and are therefore highly relevant as cocrystal formers 
in phannaceutical cocrystals. 49 

We also report herein X-ray crystal structures of 15 com­
pounds (1-13 are cocrystals; 14 and 15 are salts) and discuss 
their relevance in the context of delineation of hydrogen bonding 
hierarchy among -COOH, and -OH functional moieties in the 
presence of Narom functional groups (including entries from 
CSD). The reliability of a particular supramolecular heterosyn­
thon involving carboxylic acids (-COOH) or alcohols (-OH) is 
also evaluated in a competitive environment using CSD 
statistics. Finally. we address synthetic methodologies and their 
potential to afford polymorphism in the starting materials or 
cocrystal products. 

2. Experimental Section 

Cocrystal fonn.:rs that contain pennutations of COOH, OH, and N,rnm 
moieties were used in this study (Chart 1). Cocrysrnl formers were 
selected in order to facilir.atc the study of three groups of cocrystal as 
follows: cocrystal fonners containing N,mm moieties only were crystal­
lized in the presence of cocrystal fonners containing both COOH and 
OH moieties; cocrystal formers containing COOH moieties only were 
crystallized in the presence of eoc1ystal formers containing both N,rom 
and OH moieties: cocrystal formers containing OH moieties only were 
crystallized in the presence of cocrystal formers containing hoth N,rnm 
and COOH moieties. Cocrystals l-13 and salts 14 and 15? 1h·50 were 
obtained as single crystals via slow evaporation. However, slow 
evaporation of 5-hydroxyquinoline, 5HQL, with bcnzoic acid, isoph­
thalic acid, trirnesic acid, glutaric acid and sorbic acid and 3-hydroxy­
pyridine, JI-IP. with ttimesic acid, glutaric acid and sorhic acid produced 
powders rathcr than single crystals. The powders obtained hy solvent­
drop grinding experiments of 5-hydroxyisoquinoline and 3-hydroxy­
pyridine were characterized by powder X-ray diffraction (PXRD). 
differential scanning calorimetry (DSC) and TR spectroscopy. We were 
not able to harvest single crystals from the solution mediated technique, 
however lhe PXRD, DSC and IR on the bulk sample clearly showed 
the formation of new phase rathcr lhan starling materials. The details 
of these techniques are described in the Experimental Section. Nicotinic 
acid (NA) and iso-nicotinic acid (JNA) produced mixtures of starting 
materials rather than new crystal forms. These observations are salient 
and will be discussed later. 

Synthesis. All reagents used in this study were obtained from 
commercial suppliers and used as such without furthcr purification. 
HPLC grade solvents were used for the crystalliz.ation experiments. 
Single crystals of compounds 1-15 were obtained via slow evaporation 
of stoichiometric amounts of starting materials in an appropriate solvent 
and were isolated from solution before complete evaporation of their 
mother liquor in all cases except 15. 

Cocrystalli7.ation via Grinding. Stoichiometric amounts of the 
starting materials listed in Chart I were ground with a mortar and pestle 

UM00014487 

NOVARTIS EXHIBIT 1517 
Novartis v. Regents, IPR2023-01347 

Page 3226 of 4460



Hierarchy of Supramolecular Synthons Crystal Growth & Design, Vol. 8, No. 12, 2008 4535 

Chart 1. Molecular Structures of Cocrystal Formers Used in Crystallization Expeliment'> 

Grouo-1 
~ 
V 0-0 ~00 H,c)(XcH, ~, r-=-.. 

H,C N CH, ~ ~ 

3-Hydroxybenzoic acid 
13HllAl 

Hooc-Q-oH 
4--Hydroxybenzoic acid 

(41113A) 

~COOH 

HO¼V 
6-Hydroxy-2-naphlhoic 

acid(HNAl 

Pyrazine (PYZ) 

Cocrystal - 1 

Cocrystal - 4 

4-pbenylpyridine 
(4PP) 

Cocrystal - 6 

Cocrystal - 3 

l,2-bis(4-
pyridyl)ethane 

(llPF.A) 

Cocrystal - 7 

Cocrystal - 2 

4,4'-bipyridine 
(llP) Quinoxaline 

(QXL) 

Cocrystal - 8 Cocrystal - 9 

Tetramethylpyrazine 1rans-l .2-bis(4-
(TMP) pyridyl)cthane 

Cocrystal - lO 

Cocrystal - S 
acetonltrile 

solvate 

(BPEE) 

Cocrystal - l3 

Cocrystal - 12 

Cocrystal - 11 

Group- 2 

OH HOOC'O'COOH 

"" IA 'a::: ~COOH HOOC~COOH 
.& 

Sorbicacid Glutaric acid E lsopbthalic acid Benzoic acid 
(IPA) HOOC COOH (SA) (GA) 

(RA) Trimesic acid 
fTMAl 

crOH 
.& Salt-14 Salt- IS New phase New phase New phase N 

3-hydroxypyridine 
(31-lPl 

o5 N 
New phase New phase New phase New phase New phase 

5ehydroxyisoquinoline 
(SHOLl 

G rouo- 3 

o:5 HOVOH 
IA 

.& Resorcinol 

1-Naphthol (RESOH) 

INP<lHl 

O" 'a::: 

..& No reaction No reaction 

Isonicolinic acid 
(INA) ()"COCH 

..& No reaction No reaction 
N 

Nicotinic acid 
INAl 

for ca. 4 min, and the resulting powders were analyzed by diffuse 
reflectance JR spectroscopy and X-ray powder diffraction. 

Cocrystnlli7.ation via Solvent-Drop Grinding.51 Stoichiometric 
amounts of the starting materials listed in Chart l were grol!nd with a 
mortar and pcsllc for ca. 4 min following addition of solvent ( l O 1-1L 
of solvent per 50 mg of starting materials). The resulting powders were 
analyzed by diffuse reflectance IR spectroscopy and X-ray powder 
diffraction. 

Coerystallization via Solvent Evaporation. Synthesis of cocrystals 
was carried out by dissolving the reactants in appropriate solvents, either 
at room temperature or by warming on a hot plate and subsequent slow­
evaporation (Sec Table 2). For a typil:al crystallizaliun, in a IO mL 
glass vial, 0.03 lg (0.13 mmol) of 3-hydroxybenzoic acid (3HBA) and 
0.020 g (0.13 mrnol) of 4.4'-bipyridine (BP) were dissolved in melhanol. 
The solution was left undisturbed to evaporate under ambient conditions. 
Yellow needle-like single crystals or 9 (mp = 176-179 °C) were 

h H0-0-0-0H "" 
HO OH 

Phloroglucinol 4.4'-biphcnol (BPOH) 
(PIIOII) 

No reaction No reaction 

No reaction No reaction 

obtained within 12 days and were used for single-crystal X-ray 
crystallography. 

.FT-IR, PXRD and Melting Point Determinations. All samples 
were characterized by IR spectroscopy using a Nicolet Avatar 320 FT­
IR instrumcnL. Th-: bulk samples were analyzed by X-ray powder 
diffraction. To perform PXRD analysis a Rigaku Miniflcx diffractometer 
was used. Expe1imental conditions: Cu Ka radiation (}. = 1.54056 A); 
40 kV and 30 mA. Scanning interval: 3-40° 2 0; time per step: 0.5 s. 
Melting points of 1-15 were determined on a MEL-TEMP apparatus 
and are presented in Table 3. 

DifTerential Scanning Calorimetry (DSC). Thennal analysis was 
can"ied out employing a TA instruments DSC 2920 differential scanning 
calorimeter. Aluminum pans were used for the experiment for all the 
samples. Temperature calibrations were made using indium as the 
standard. An empty pan, scaled in the same way as the sample, was 
used as a reference. The thermograms were run at a scanning of 5 °C/ 
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Table 2. Details about the Reactants and Solvents Used for 
Crystallization and Stoichiometric Ratios of the Molecular 

Complexes (1-15) 

composition 
molecular solvent of (including solvent 
complexes reactants crystallization molecules) 

I 3HHA + PYZ chlorofonn 2:1 
2 4HBA + BPEE methanol 2:1 
3 4HBA + 4PP acetone/ethyl acetate ( 1 : l) 1:1 
4 4HBA + PYZ acetonitrile 2:1 
5 4fffiA + TMP acctonit.rilc 2:J 
6 3HRA + 4PP accwnc/cthyl acetate ( l: l) I :2 
7, 3HBA + BPEA acetone 1:1 
8 3HBA + BP methanol 1:1 
9 3HBA + QXL ethanol 2:2 (1 :1) 
10 3HBA + TMP acetonitrile 2:3 
u HNA + BPEE methanol 1:1 
12 4HRA + BPEE methanol 1:1 
13 3HBA + BPEE ethanol l:1 
14 3HP + BA methanol/ethanol (I: l) 1:1 
15 3HP + IPA dimcthylsulfoxidc 1:1 

Table 3. Melting Point Comparisons between the Starting Materials 
and 1-15 

mdting point melting point 
melting point (°C) cocrystal (

0 C} crn.:rystal 
(°C) compounds former I former 2 

1 178 199-203 52-55 
2 194-198 214-217 !07-110 
3 90-96 214-217 69-73 
4 160-164 214-217 52-55 
5 178--182 214-217 84-86 
6 115-118 199-·203 69-73 
7 180-184 199-203 l07-1 IO 
8 176-179 199-203 111-114 
9 100-104 199-203 W-32 
10 139-142 199-203 84-86 
n 184-187 237-241 150-153 
12 184-186 2]4-217 150-153 
.13 180-184 199-203 150-153 
14 82-85 125-128 121-125 
15 161-163 125-128 341-3.13 

min or l O °C/min from 30 °C to the required temperature on 5-10 mg 
powdered sample. 

Single-Crystal X-ray Data Collection and Stmcture Deter­
minations. Single crystals of 1-15 were examined under a microscope 
and suitable crystals were selected for single crystal X-ray crystal­
lography. Single crystal X-ray diffraction data were collected on a 
Bruker-AXS SMART APEX CCD diffractometer with monochroma­
tized Mo Ku radiation().= 0.71073 A) connected to a KRYO-H,EX 
low temperature device. Data for 1-15 were collected at I 00 K. Lattice 
parameters were determined from least-squares analysis and reflection 
data were integrated using the program SATNT.52 Lorentz and polariza-

Shattock ct al. 

lion corrections were applicd for diffracted reflections. rn addition, the 
data was conected for absorption using SADABS.53 Stmctures were 
solved by direct methods and refined by full matrix least-squares based 
on F 2 using SHELXTL:14 Nern-hydrogen atoms were refined with 
anisotropic displacement parameters. All H-atoms bonded to carbon 
atoms, except methyl groups, were placed geometrically and refined 
with an isotropic displacement parameter fixed at 1.2 times U~ of the 
atoms to which they are attached. N or O bonded protons and H-atoms 
of methyl groups were located from difference Fouiier map inspection 
and refined isotropically with thermal parameters based upon the 
corresponding N, 0 or C atom (U(H) = l .2U-i(N, 0)). Selected hond 
distances arc listed in Table 4 and crystallographic data for 1-15 are 
presented in Table 5. 

CSD Analysis.55 CSD surveys of carboxylic acids and alcohols with 
complementary functional groups, X, that can serve as components of 
supramolecular heterosynthons were conducted (X = ,u-omatic nitrogen 
moieties. Namm, primary amides, carbonyl, esters, ethers. waler, chloride, 
amines, cyano, nitro). The CSD searches afforded information regarding 
the following: ( i) the total number of structures containing both X and 
carboxylic acid/alcohol moieties regardless of their mutual recognition 
and what other functional groups arc present: (ii) the number of 
stmctures that form a supramolecular helerosynlhon between X and a 
carboxylic acid/alcohol moiety; (iii) !he occurrcm:c of supramolecular 
homosynthons for either carboxylic acids/alcohols or X: (iv) the distance 
range and the mean length of the interactions. The parameters used to 
define the searches were as follows: 3D-coordinates present, no ions, 
only organics and R .:S 7.5%. Contact limits for each interaction were 
subsequently determined from distance distribution plots based on visual 
inspection of the resulting histogram and structural analysis of selected 
entries. Histograms for O-H •·•O hydrogen bonds for carboxylic acids 
are presented in Figure 2. All searches were conducted in two 
categories: (1) "raw" and (2) "refined". The raw searches addressed 
the occurrence of a particular functional group or supramolccular 
synthon in the presence of all other functional groups that could pattakc 
in hydrogen bonding. The refined searches addressed the occurrence 
of a particular functional group or supramolccular heterosynthon in 
the absence of competing functional &rroups. The accuracy of the refined 
searches were confinned by manually checking each entry in the search 
list. In the present context, reliability is defined as the consistency of 
occurrence of a particular supramolecular synthon based on CSD 
statistics and pcrsistcncy is defined as continued existence or occurrence 
despite the presence of competing moieties. 

3. Result<;; and Discussion 

3.1. CSD Analysis of Carhoxylic Acid (COO:H) l<'unc­
tional Group. It is well documented that carboxylic acids tend 
to exhibit two primary motifs for self~organization and formation 
of supramolecular homosynthons: dimer I or catemer H (Scheme 
2).56 A CSD analysis of all crystal structures of molecular 
organic compounds containing a carboxylic acid moiety was 
conducted in order 10 interpret the statistics of supramolecular 

Table 4. Hydrogen Dond Distances and Parameters for 1-15 

1 

2 

3 

4 

5 

6 

7 

hydrogen bond 

0-H•··N 
O-H···O 
O-H• .. N 
0-H···O 
0-H····N 
O-H .. ·O 
N-H···O 
O-H·•·O 
O-H···N 
O-H•··N 
O-H···O 
O-H·--N 
O-H••·O 
O-H•••N 
0-H··•N 
O-H···N 
O-H•••N 

d (H•··A) /A 
1.74 
1.82 
1.54 
l.81 
1.72 
l.90 
1.59 
1.59 
1.79 
l.87 
1.76 
1.92 
1.78 
1.64 
1.74 
1.48 
1.66 

D(D···A)/A mo 
2.675(2) 169.0 8 
2.7540(19) 176.5 
2.590(2) 173.5 9 
2.6455(19) 167.8 
2.546(2) 177.6 
2.7411(19) 171.6 
2.546(2) 177.8 10 
2.630(3) 170.4 
2,703(3) 167.0 11 
2.7739(17) 169.9 
2.6282(15) 169.6 12 
2.739(2) 163.7 
2.617(2) 17.'i.4 l3 
2.596(2) 166.6 14 
2.685(2) 169.3 
2.590(4) 172.4 15 
2.663(4) 167.8 

hydrogen bond d (H·•·A) IA D(D··•AJ/A (Jf' 

O-H•••·N l.76 2.6881(19) 168.0 
O-H•···N 1.81 2.7898( 19) 175.0 
O-H•···N 1.85 2.720(2) 170.0 
O-H•···N 1.89 2.782(2) 170.6 
O-H•···N 1.77 2.699(2) 169.5 
O-H ... ·N 1.86 2.762(2) 163.I 
O-H···•N 1.77 2.673(2) 177.2 
O-H .. ··N 1.81 2.755(2) 162.2 
O-H· .. ·N 1.70 2.756(3) 176.7 
O-H• .. •N 1.71 2.640(2) 172.5 
O-H•·••N 1.54 2.617(4) 168.8 
O-H•"·N 1.79 2.756(4) 163.8 
O-H•··•N 1.64 2.6482(16) 168.6 
O-H••••N 1.80 2.7358(16) 174.8 
N-H•··•O 1.43 2559(10) 176.1 
O-H····O 1.74 2.569(9) 169.0 
N-H .. ·•O 2.41 3065( 10) 115.1 
O-H·•··O 1.76 2 662(3) 165.8 

UM00014489 

NOVARTIS EXHIBIT 1517 
Novartis v. Regents, IPR2023-01347 

Page 3228 of 4460



Hierarchy of Suprnmolccular Synthons 

6 u ;;;- a: :§ € :,; __ :!-~C :; ..,., u 0 "' ;:: :;:~ 0 00 l .,.; 
" ~ ..... ... N - "' 0 .,; c,; 0 M 0 "' UN E \..., N ,..: - "' - "' N 

6 u ;;., 
ri :§ --- -

~" 
MM - M "" g ~~"' ;,,;-N "' \0 ('I M 

,£.,._ ~ ,0 V. 0 '° " "' ..... Vl ..,; oO 0 i ,.., ,.; ,..; 
..,, 

N ,0 0 0 0 ;:::; u..,. e ,-.: N - "' - "' 

.,. 
0 "' "' .,., 

~ .,., 
N I ;::: N c, ,,., 

~ ..... ~g ..., ... 8 . 
0C .. N -o 

... ..... ..... ,-; .,., 0 ~"' M 
N I ;;, N ..... 
"" ~ og .,._ "' ,.., 0 . ... ,.; ... -o 

N 
- 00 tri 
- 00 °' -oo 
0......: 0 

\0 .,, "'"' rr1 a- o, 
- o-. 0 
000 

.,. 
"'oc -- i.r, 0 
- C -o....: o 

0 
- r- t:"-1 
- MO'. -oo 
0....: 0 

,..., - "' -('I \0 --o-
0 ~ 0 

N 
N 0 a: N N 

C: 0 
0 0 

"' "" N ,.., 
0 ,,., 

~ C: 
0 0 

Crystal Grow1h & Design, Vol. 8. No. 12, 2008 4537 

Scheme 2. Carboxylic Acid Dimer I and Catemer [I 

II 

synthons fonned by carboxylic acids. The search furnishes lhe 
% occurrence and strnctural parameters of supramolccular 
homosynthons and supramolecular heterosynthons involving 
carboxylic acid moieties. 

The CSD data reveals 5690 entries in which at least one 
carboxylic acid moiety is present. 1787 (31 % ) compounds 
exhibit the dimer motif I (0···0 range 2.50-3.00 A, average 
O···O distance of 2.650 (3) A) and 149 exhibit the catcmcr 
motif II (3%). Al the very least this data indicates that 
supramolecular homosynthons are not dominant in the solid 
state. However. this represents a raw set of data and a more 
refined search was conducted to evaluate the occurrence of the 
supramolecular homosynthon in the absence of competing 
hydrogen bond donors and/or acceptors. There arc 474 crystal 
structures that contain a carboxylic acid moiety in the absence 
of other hydrogen bond donor or acceptor groups. 439 (93c7<1) 
of these structures exhibit dimer motif I and 42 (9%) exhibit 
catemer motif It suggesting I is favored over H in the absence 
of competition. II would therefore be fair to say that supramo­
lecular homosynthons arc indeed dominant in lhe absence of 
competition. Now we shall address the competitive aspect of 
carboxylic acids and its relevance to cocrystals. 

Given that only 34% of carboxylic acids form supramolecular 
homosynthons in crystalline solids the following question arises: 
what other functional groups arc responsible for the supramo­
lecular hetcrosynthons that presumably exist in the remaining 
66% of carboxylic acid crystal structures? The following 
functional groups are all complementary and re.levant in this 
context: basic nitrogen atoms that are part of a delocalized 
or conjugated system, Namm, chloride anions, primary amides, 
carhonyls, and alcohols. The detail analysis of the remaining 
crystal stmctures containing a COOH moiety and a comple­
mentary functional group is listed in Table 6. (Sec Supporting 
Information for detailed description of CSD analysis of COOH 
acid moiety with complementary functional groups.) The 
COOH • · • Narom supramolccular hctcrosynthon (Scheme 3a) 
reveals 98% occurrence when competing hydrogen bond donor 
and/or acceptor groups are absent. The carboxylic acid-chlodde 
ion suprarnolecular heterosynthon (Scheme 3b) is a charge­
assisted hydrogen bond that has already been exploited in the 
context of pharmaceutical cocrystals.12~ Interactions involving 
the COOH • • • CONH2 supramolecular heterosynthon (Scheme 
'.k) have been utilized in the formation of numerous supramo­
lecular structures, including pharmaceutical cocrystals. The 
carbonyl moiety is present in 28 of the top I 00 prescription 
drugs and there arc numerous APis with both carbonyl and 
carboxylic acid functional groups (Scheme 3d).57 Alcohol 
moieties can act as a hydrogen bond donor and/or an acceptor 
and they interact with carboxylic acids IO form either of two 
supramolecular heterosynthons as shown in Scheme 3e-f. 

In summary, both the raw and the refined analyses presented 
herein address the competitiveness of supramolecular heterosyn­
thons vs their competing supramolecular homosynthons. The 
COOR··· Narom supramolecular heterosynthon exhibits the high­
est % occurrence (98%) in the absence of any other hydrogen 
bond donor and acceptor groups. The COOH···N., 0m supramo­
Jecular heterosynthon exhibits the highesl persistence (77%) in 
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A 

l<'igure 2. (A) and (B) Histograms of O-H • • • O hydrogen bond lengths in carboxylic acid dimers retrieved from CSD. 

Table 6. A Summary ol' the CSD Dal.a As It Relates to Carboxylic Acid Moieties and Their Tendency to Form Supramolecular Homosynthons 
vs. Supramolecular Heterosynthons 

raw data functional 
groups 
present 

no. of 
structures homosyn1hons heterosynthons 

110. 0 

structures 

COOH 

COOH 
and N.,,,0 

COOH 
and c1-

coon 
and CONH1 

COOH 
and O=C 
COOH 
and OH 

5690 1787 (31 %) 

607 

267 

177 

597 

1176 

COOH dimer 
149 (3%) COOH 
catenner 

45 (7%) 
COOH···COC)H 

3 (1%) 
COOH···COOH 

52 (29%) 
CONH1•··CONH2 
8 (5%) 
COOH • • • CO()H 

167 (28%) 
COOH··•COOH 

235 (20%) 
COOH••·COOH 
.~14(26%) 
OH···OH 

468 (77%) 
COOH···Nannu 

172 (64%) 
COOH· .. CI-

101 (57%) 
COOH· .. CONH2 

161 (27%) 
COOH···O=C 

540 (46%) 
(OH)C=O .. •OH 
502 (43%) 
COOH .. ·OJI 

• Cation exclusively on hydrocarbon skeleton. 

Scheme 3. (a) COOH···N•rom Supramolecular 
Heterosynthon, (h) COOH ···Cl- Supramolecular He­

terosynthon, ( c) COOH · · · CONH2 Supramolecular 
Heterosynthon, ( d) COOH · · · O=C Supramolecular 

Heterosynthon, (e and f) COOH ···OH Supramolecular 
Heterosynthons 

(d) (e) (I) 

474 

126 

51 

19 

178 

276 

the presence of competing functional groups. The other persis­
tent supramolecular heterosynthon is the COOH ···Cl- charge 
assisted hydrogen bond which shows !00% and 64% occurrence 
in the absence or presence of other hydrogen bonding groups, 
respectively. The analysis of carboxylic acids and amides 

refined data 

homosynt.hons hetcrosynthons range (A) mean a (A) 

439 (93%) 2.50-3.00 2.650(3) 
COOH dimer 
42 (9%) 
COOH 
catemer 

9 (7%) 123 (98%) 2.50-3.00 2.652(2) 
COOH···COOH COOH···N,.,.n 

0(0%) 51 (100%) 2.70-3.25 2.999(4) 
COOH • --COOH COOH ... 

c1-• 
2 (11%) 16 (84%J 2.50-2.80 2.583(3)2.958(9) 

CONH2···CONH1 COOH···CONH, 2.80-3.25 
l (5%) 
COOH• .. COOH 

111 (62%) 85 (48%) 2.40-2.90 2.698(6) 
COOH•••COOH COOH•••O=C 

82 (30%) 191 (69%) 2.40-3.00 2.659(3)2.792(.1) 
COOH .. ·COOH (OHJC=O···OH 2.60-3.00 
107 (39%) 191 (69%) 
OH· .. OH COOH--·OH 

indicates that the COOH···CONH2 suprarnolecular heterosyn­
thon shows 57% reliability of occurrence in the presence of 
other competing groups whereas the percentage increases to 84% 
in the absence of other hydrogen bonding groups, however, the 
total number of entries for the refined data is limited to 19 
entries. The COOH ···OH supramolecular heterosynthons ex­
hibit ca. 46% reliability of occurrence in the presence of 
competing groups whereas it increase to 69°,i, if competing 
functional groups are absent. The OH··· OH supramolecular 
homosynthon is slightly preferred (26% and 39'fo) vs the 
carboxylic acid supramolccular homosynthon (20% and 30%) 
in the presence or absence of other competing functional groups, 
respectively. 

CSD Analysis of Alcohol (OH) Functional Group. Alcohols 
are the second largest functional group in the CSD after ethers 
and third in the list of top I 00 prescription drugs (Table I )_.ix 
A CSD analyses of all molecular organic crystal structures 
containing an alcohol moiety was conducted in order to evaluate 
supramolecular synthons formed by alcohols. Alcohols are 
similar lo carboxylic acids in that they can serve as both a 
hydrogen bond donor and a hydrogen bond acceptor. They arc 
lherefore self-complementary and can also internet with complc-
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Figure 3. Histogram of O-H •··O hydrogen bond lengths in alcohols 
rer.rievcd from CSD. 

mentary functional groups such as Namm, primary amides, 
carbonyl, esters, ethers, water, chloride, amines, cyano, nitro, 
elC. to form supramolecular heterosynthons. 

The CSD data reveals 25 035 enllies containing at least one 
OH moiety and 6584 (26%) exhibit the OH···OH supramo­
lecular homosynthon. The raw data reveals a similar trend to 
that seen in the survey of carboxylic acids, that is, the persistent 
nature of supramolecular heterosynthons. The refined analysis 
reveals that there are 1316 entries containing an OH moiety 
and 1006 (76%) exhibit the OH···OH supramolecular homo­
synthon. However, the remaining 74% of crystal structures in 
the raw data arc dominated by supramolecular heterosynthons 
with complementary functional groups such as basic nitrogen 
atoms that arc part of a delocalized or conjugated system, Narom, 

chloride anions, primary amides, carbonyls, and carboxylic 
acids. A summary of the results of this analysis is presented in 
Table 7 and the histogram for O-H•··O hydrogen bond in 
alcohols is presented in Figure 3. 

In summary, both the raw and the refined analyses presented 
herein for alcohols reveal that supramolecular heterosynthons 
dominate vs their competing supramolecular homosynthons. Tne 
CSD analysis reveals ca. 50% rcliabili1y for supramolccular 
heterosynthon fonnation between alcohols and functional groups 
such as Namm and CONH2 even in the presence of other 
competing functional groups and in the absence of other 
hydrogen hond donor or acceptor groups the percentages for 
OH··· Namm supramolecular heterosynthons increase to 78% and 
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that of primary amides to 90%. The analysis of alcohols with 
amides indicates that the OH···OH supramolecular homosyn­
thon (31 % raw, 76% refined) occurs more commonly than the 
CONH2 .. ·CONH2 supramolecular homosynthon ( 19% raw, 
10% refined). This observation is different from that seen in 
carboxylic acids, for which the amide supramolecular homo­
synthon is favored over the carboxylic acid supramolecular 
homosynthon. The OH • .. er· supramolecular hctcrosynthon 
persists in 73% of structures in which both functional groups 
arc present although there is no refined data since there arc no 
crystal structures in the CSD with chloride anions and counter 
cations exclusively on hydrocarbon skeletons. The % occurrence 
of the OH··· O=C supramolecular hctcrosynthon is found to 
be 43% when other competing functional groups arc present 
whereas it increases lo 65% when both these groups arc 
exclusively present on the hydrocarbon skeleton. 

Competitive Study between Carboxylic Acid (COOH) 
and Alcohol/Hydroxyl (OH) I<'unctional Groups. The CSD 
statistics concerning carboxylic acids and alcohols indicate that, 
in general, both of these functional groups favor supramolecular 
heterosynthons over supramolecular homosymhons. Our i11terest 
herein is 2-[old: the competitive behavior of these two fi.mclional 
groups in the presence of a specific additional moiety is relevant 
in the context of most APls; the infom1ation gathered herein is 
relevant in the general context of crystal engineering protocols 
and especially for crystal structure prediction and cocrystal 
design. The analysis of the competitive hydrogen bonding ability 
of carboxylic acids and alcohols is summarized in Table 8. It 
indicates that there arc only 15 cntrics58 having -COOII, -OH 
and Narom groups present without other hydrogen bond donors 
or acceptors, and all of these crystal structures contain 
COOH···Narom and/or OH···Narom supramolecular heterosyn­
thons rather than COOH • • • COOH or OH••• OH supramolecular 
homosynthons. Similar trends are observed with other functional 
groups such as the chloride ion, which exhibits 90% or 80% 
probability of COOH···CI- and OH···CI- supramolecular 
heterosynthons, respectively, in the absence of' other hydrogen 
bond donors or acceptors. TI1ere is only l CSD entry (ZZZR­
JGOl) having COOH, OH and CONH2 moieties present in the 
absence of' other hydrogen bond donors and acceptors. TI1e 
constraints applied for these searches were identical to those of 
the carboxylic acid and alcohol searches; contact limits for each 
interaction were detem1ined from histograms of contact distances 
well beyond the sum of the van der Waals radii of the acceptor 
and the donor atoms. 

The CSD analysis concerning the competitive nature of 
carboxylic acid and alcohol functional groups reveals limited 
information about the reliability and hierarchy of a particular 

Table 7. A Summary of the CSD Data As It Relates to Alcohol Moieties and Their Tendency to Form Supramolecular Homosynthons vs. 
Supramolecular Heterosynthons 

functional raw data refined data 

groups no. of no. o 
present Sll11CIU1'CS homosynthons hcterosynthoos st111c1urcs homosynthons hetcrosynthons range (Al mean a (A) 

OH 25035 65!14 (26%) 1316 1006 (76%) 2.so-:un 2.780(3) 
OH•··OH OH••·Oll 

OH and 1477 283 (19%) 782 (53%) 228 60 (26%) 178 (78%) 2.50-J 10 2.776(3) 
N1uum OH···OH OH···N,,,,n OH .. ·OH OH···Nan,n 
OH and 804 97 (12%) 590 (73%) O" 2.80-3.50 J.IOl(J) 
c1- OH···OH OH···CI-
011 and 329 63 (19%) 166 (50%) 58 6 (10%) 52 (90%) 2.50-J.00 2.750(5) 
CONH2 CONH2···CONH2 OH··•CONH2 CONH2· .. CONH2 OH···CONH2 2.70-3.20 2.998(6) 

102 (31%) 173 (53%) 44 (76%) 52 (90%) 
OH·••OH OH···NH2CO OH··•OH OH .. •NH:CO 

OH and 5436 948 (17%) 2348 (4:Wo) 11.U 252 (22%) 73.'i (65%) 2.40-~. IO 2.814(2) 
O=C OH••·OH OH···O=C OH···OH OH···O=C 

"Cation exclusively on hydrocarbon skeleton. 
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Table 8. A Summary of the CSD Data As It Relates to Competition between Carboxylic Acid and Alcohol Moieties and Their Tendency to 
Form Su1>ramolecular Synthons 

functional 
groups 
present 

COOH.OH 
and Nwom 

COOH,OH 
and c1-

COOH,OH 
and CONH2 

COOH, OH 
and O=C 

no. of 
structures 

58 

46 

28 

166 

raw data 

homosymhons 

4 (7%) 
COOH••·COOH 
4 (7%) 
OH· .. OH 

2 (4%) 
COOH• .. COOH 
2 (4%) OH .. ·OIi 

0 COOH···COOH 
0 OH .. ·OH 
5 (I 8%) 
CONH2·••CONH" 

26 (16%) 
COOH···COOH 
38 (23%) 
OH .. ·OH 

hctcrosynthons 

35 (60%) 
COOH·••N,mun 
22 (38%) 
OH•••Na,orn 

25 (54%) 
COOH .. ·Cl-
34 (74%,) 
OH· .. Cl-
4 (9%) 
COOH • .. OH 
5 (I 1%) 
(OH)C=O···OH 

14 (50%) 
COOH .. ·CONH2 
9 (32%) 
OH···NH"CO 
5 (18%) 
OH• .. CONH2 

24 (14%) 
COOH···O=C 
41 (25%) 
OH· .. O=C 

supramolecular synthon in the presence of other hydrogen bond 
donors or acceptors as the number of structures found in CSD 
is so low. We have therefore conducted a series of experiments 
to collect additional data and these experimental results are now 
detailed herein. 

3.2. Description of Crystal Structures of Compounds 
l-15. Herein we report the crystal stmctures of 15 multiple 
component crystals that contain COOH, OH and Namm functional 
groups. The selection of cocrystal formers possessing pennuta­
tions of COOH, OH and Narom moieties was based upon several 
criteria: they should contain moieties that are sterically acces­
sible; there should be no intramolecular hydrogen bonding 
imeractions in either solution or the solid state; they should be 
free of competing hydrogen bond donors and acceptors. The 
COOH, OH and Namm moieties were dispersed among pairs of 
cocrystal fo1mers and were cocrystallizcd in three sets: COOH/ 
OH with Nar0111 ; COOHINnrom with OH; OHINarom with COOH 
(Chart l ). The resulting cocrystals were characceiized through 
the following techniques: melting point, differential scanning 
calorimetry, infrared spectrometry, and powder and single­
crystal X-ray diffraction. Various permutations and combinations 
of supramolecular synthons arc possible when all these moieties 
(COOH, OH, and Narom) exist within the same crystal stmcturc 
(Scheme 4). The crystal structures of 1-15 (sec Supporting 
Information) are analyzed to evaluate the hierarchy of their 
supramolecular synthons and are discussed individually. 

Failed Cocrystallization Experiments. Solution and solvent 
drop grinding methodologies were used in attempts to cocrys­
tallize isonicotinic acid and nicotinic acid with a series of 
alcohols (Sec Chart l ). These experiments failed as instead they 
resulted in physical mixtures of starting materials as detcm1ined 
by analysis of X-ray powder diffraction paucms. These observa­
tions can be readily explained if supramolecular heterosynthon 
HI is dominant over competing supramolecular heterosynthons. 
Indeed, the crystal structures of isonicotinic acid5

Y and nicotinic 
acid60 are sustained by supramolecular heterosynthon Ill and 
generate extended tapes as shown in Figure 4. Furthermore, an 
analysis of the CSD yielded no examples of cocrystals contain­
ing isonicotinic acid. However, there arc five examples of 
organic salts involving the isonicotinate ion in the CSD1,1 
(Refcodes: AJECAT, FETXIM, REFFIS, XECDUF and YERX-

refined data 
no. of 

structures hornosynthons hctcrosynthons range (A) mean a (A) 

15 

20 

73 

3 (20%) 
COOH•··COOH 
2 (13%) 
OH• .. OH 

I (5%) 
COOH···COOH 
I (5%) 
Oll•··OH 

25 (34%) 
COOH•·•COOH 
II (15%) 
OH···OH 

11 (73%) 
COOH·•·Narum 
8 (53%) 
OH .. •Narorn 

18 (90%) 
COOH .. ,CJ-
16(80%) 
OH···Cl-

OH· .. CONH2 
OH .. ·COOH 

14 (19%) 
COOH···O=C 
22 (30%) 
OH· .. O=C 

2.50-3.00 
2.50-3.00 
2.50 .. •-3.07 
2.50-3.10 

2.70-3.2:i 
2.80-3.50 

2.50-2.80 
2.80-3.25 
2.50-3.00 
2.70--3.20 

2.40-2.90 
2.40-3.10 

2.650(3) 
2.652(2) 
2.780(3) 
2.776(3) 

2.999(4) 
3.101 (3) 

2.583(3) 
2.958(9) 
2.750(5) 
2.998(6) 

2.698(6) 
2.814(2) 

Scheme 4. Supramolecular Synthons That Are Likely to Be 
Formed When COOH, OH and Narum Functional Groups 

Are Present in the Sarne Crystal Structure 

O····H-0 
-{ ;;-

O-H·--0 

II Ill 

.1 ,c 9 0----H-O 
-'<o r 

0-H····O 
' H C 

IV V VI 

r 
O-H·····O 

r! 'c 
VII VIII IX 

UP). The countcrions in the compounds are derived from 
molecules that are either more basic or acidic than isonicotinic 
acid. A similar observation is made in the case of nicotinic acid. 
Nicotinic acid forms several organic salts62 and cocrystals with 
4-aminobcnzoic acid (SESLTMl3 and 3,5-dinitrobenzoic acid 
(A WUDEB).64 These observations collectively support that 
suprarnolecular heterosynthon Ill observed in the crystal 
structures of isonirntink acid and nicotinic add is stronger than 
the OH··· Narom supramolecular heterosynthon that would be 
expected if a cocrystal were to form. 

The Relevance of pK3 as a Predictor of Cocrystals vs 
Salts. Tn the pharmaceutical industry, it is generally accepted 
that the rcac1ion of an acid and a base will afford a salt if the 
ApKa lPKa (base) - pK. (acid)J is grealt:r than 2 or 3. and this 
criterion is often used to guide selection of counterions during 
salt sclcction.6

~ With respect to neutral COOH ···Namm vs 
charge-assisted N+-H···-0 hydrogt:n bonds, Johnson and 
Rumon''6 have suggested that a l!,,pK. < 3.75 affords neutral 
COOH···N interactions, whereas ArKa > 3.75 results in proton 
transfer. However, more recently it has been reported that, even 
though 1!,,pK. values tend to be reliable indicators of salt 
formation when ApK3 > 3, there is ambiguity in the ApK. range 
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Table 9. pK. and ApK. Values for the Cocrystal .Formers of 
Cocrystals 1-13 and Suits 14-15 

pKa" 

cocrystal/salls no. acid base ApK/ 
1 4.08 ± U.IO 1.00 ± 0.30 -3.Uli 
2 4.57 ± 0.IO 6.13 ± 0.10 1.56 
3 4.57 .± 0.10 5.44±0.10 0.87 
4 4.57 ± 0.10 l.00 ± 0.30 -3.57 
5 4.57 ± 0.10 2.88 ± 0.50 1.56 
6 4.08 ± 0.10 5.44 ± 0.10 1.36 
7 4.08 ± 0.10 6.13± 0.10 2.05 
8 4.08 ± 0.IO 3.27 ± 0.26 0.81 
9 4.08 ± 0.10 0.59 ± 0.28 -3.49 
10 4.08 ± 0.10 2.88 ± 0.50 1.20 
11 4.34 ± 0.30 5.50± 0.26 1.16 
12 4.57±0.10 5.50± 0.26 0.93 
13 4.08 ± 0.10 5.50± 0.26 1.42 
14 8.51 ±0.10 4.2 4JI 

4.86±0.10 4.2 0.66 
15 8.51 ±0.10 3.53 4.98 

4.86 ± 0.10 3.53 1.33 

" The listed pka values for the srarting materials were obtained from 
Scilindcr Scholar. 1

' ApK. = pK. (conjugated acid of the ba,c) - pK. 
(acid). 

of Oto 3. Specifically, cocrystal formation is only expected when 
~pK. < 0 hut a salt-cocrystal continuum can exist between 0 
to 3.67 The 6pK. values for 1-15 arc presented in Table 9 and 
can be summalizcd as follows: 1, 4 and 9 exhibit 6pK. < O 
and fonn cocrystals as expected; 2, 3, 5, 6, 7, 8, 10, 11, 12 and 
l3 exhibit ~pK. values ranging from 0.86 to 2.05 and all form 
cocrystals although 2 is a cocrystal of a salt and 5 is a solvated 
cocrystal; 14 and 15 exhibit ~p Ka values of 4.31 and 4.98, 
respectively, and exist as salts. Thus, ~p Ka values are fully 
consistent with the structural results obtained herein. 

General Observations Concerning the Crystal Struc­
tures of 1-15. The diversity of supramolecular interactions in 
the new crystal structures reported herein is also manifested in 
the polymorphic behavior of 3-hydroxybenzoic acid (3HBA)68 

and 4-hydroxybenzoic acid (4HBA).69 3HBA exhibits two 
polymorphic modifications (BIDLOP and BIDLOP01): form l 
exhibits supramolccular homosynthons I and VII (Figure 5A). 
However. fotm n exhibits supramolccular I-point synthons V 
and VI and generates supramolccular tapes (Figure 5B). 

There arc also two types of supramolccular tape observed in 
the crystal structures for which 3HBA is a cocrystal former: 6, 
7, 8, 9, 10 and 13. 6, 7, 8 and 9 could be described as having 
been generated by inserting an aromatic nitrogen moiety between 
synthon VI in form IT of 3HBA to create tapes with alternating 
arrangements of supramolecular heterosynthons Ill and VlH. 

(8) 
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In a similar manner. one could envision the insertion of aromatic 
nitrogen moieties between supramolecular homosynthons l and 
VU in form l of 3HBA to account for the supramolecular tapes 
observed in 10 and 13 (Figure 6). 

Interestingly, 4HBA is also polymorphic, although only one 
form has been deposited in the CSD. The crystal stmcture or 
form II of 4H.BA was determined by exploiting synchrotron 
X-ray microcrystal diffraction techniques. The crystal structure 
of 4HBA form I exhibits supramolccular homosynlhons I and 
VI (Figure 7A), and, in a manner similar to that seen in form 
I of 3HBA, the hydroxyl groups sustain chains that extend 
through the crystal. The crystal structure of runn II of 4HBA 
also contains l; however. there is no interaction between adjacent 
hydroxyl groups as seen in form I. Rather, the hydroxyl group 
in form IT is involved in the formation of supramolecular 
heterosynthon V, which serves to link adjacent dimers and 
thereby generates a supramolecular sheet as shown in Figure 
7B. 

There are three types of tapes observed in the crystal 
structures for which 4HBA is a cocrystal former (2, 3, 4, 5 and 
12). The structural features of 3, 4, and 5 could be described as 
having been generated by inserting aromatic nitrogen moieties 
between supramolecular homosynthon VII in form I of 4HBA 
to create tapes with alternating arrangement of supramolecular 
synthons I and VIII. Similarly the insertion of aromatic nitrogen 
moieties between supramolccular homosynthon I in fonn I of 
4HBA could account for the arrangement of tapes observed in 
2, whereas the insertion of aromatic nitrogen moieties between 
supramolecular homosynthons 1 and VU in form I of 4HBA 
would facilitate the formation of the supramolecular tapes found 
in 12. 

In summary, the cocrystal structures reported herein and the 
data reuieved from the CSD reveal the following (Table 10): 
12 of 30 related crystal stmctures (6. 7, 8, 9, 10, 11, 12, 13, 
BEQWA V, IDUBUF, VEl◄'VEI and XIFQEJ) exhibit the 
presence of suprarnolecular hcterosynthons III and VIII; 4 
crystal strnctures (GEHRO.B. SOF'HIE, XAPMAC and DEX­
TOQ) exclusively form supramolecular hcterosynthon HJ; 6 
crystal structures (3, 4, 5, HAKVEV, GUTSAP and ODOBIT) 
exhibit supramolccular homosynthon I and supramolecu.lar 
heterosynthon VIII although GUTSAP also forms supramo­
lecular heterosynthon VI; 6 crystal structures (1, 2, MOBZUY, 
VEFVIM, WEPDIF and ODOBIT0l) exhibit supramolecular 
heterosynthons Ill and V although 2 also fom1s IV and IX; 
VEFVIM forms supramolecular heterosynthon VIII. 

Overall, out of 30 structures, 24 (80% with 14 and 15 forming 
a charge assisted ionic version of HI) exhibit supramolecular 

Figure 4. (A) Crystal struclllrc of isonicntinic acid showing the formation of supramnlccular hctcrnsynthon Ill and the resulting linear tapes. (H) 
Crystal structure of nicotinic acid showing the fonnation of supramolecular heterosynthon Ill and the resulting zigzag tapes. 

UM00014494 

NOVARTIS EXHIBIT 1517 
Novartis v. Regents, IPR2023-01347 

Page 3233 of 4460



.. 
4542 Crystal Growth & Design. Vol. 8, No. 12, 2008 Shattock ct al. 

IAJ 

Figure 5. (A) Crystal structure of form I of 3HBA showing the occurrence of supramolccular homosyntlmns I and VII. (B) Oystal strucrurc of 
fonn TT of 3HBA illustrating the occurrence of supramolecular hc:terosynthons V and VI. 

H-0 

H-0 rO-o, 
H-'\ ,-, }-0-o;-·•·••O H 

,r-t_rO,-•·•··O H 
0 H 

Form II (JHBA) 

H-}-o-\ ! 
• .... ~•-···tt-0 
~" }-0-o, 

Tape Type I 
Obser-ed in 7, 8, 9, 10 

0 H. 
... ~ .. ·-··tt-0 
"~ }-0-o, 

0 H 

I\ 0 

H O••••H-'\ ,....., ,6--0--{' 
~ rt_J-Ot 0-H 

H-0~ .~ 0-H ........ O H 
II L.....J o, 
0 H Form I (JHBA) 

H-°}-o-o-••··•f\_,r\ .... tt-O,, ,......., i O=O 
0 'tt ~ q-t__t-O·-·Nr ~ f/ ~N····tt-0 

0 'H - - }-0-o, 
0 H 

Tope Type II 
Obser-ed lo 11 and 14 

Figure 6. Schematic representation showing the formation of type T 
and n tapes generated from form TI and form I of 3HBA. 

heterosynthon HI, whereas 19 (63%) exhibit suprarnolecular 
heterosynthon VIII. Seven (23%) structures exhibit suprarno­
lecular homosynthon I, whereas there are no structures that form 
supramolccular homosynthon Vil The persistent nature of 
supramolecular hetcrosynthon HI in the presence of competing 
supramolecular synthons is apparent from this combined CSD 
and experimental study. 

4. Conclusions 

A goal of our research program is to study supramolccular 
synthons in the context of cocrystals. In this contribution, we 
have demonstrated the ability of carboxylic acid and hydroxyl 
functional groups to exhibit a vaiiety of hydrogen bonding 
motifs, and it is apparent there is some degree of predictability 
conct:ming supramult:cular heterosynthons that involve these 

(A) 

Table 10. Summary of Supramolecular Synthons Present in 1-.15 
and Those Observed in Related Compounds Archived in the CSD 

compound and rntio 

l (2 I) 
2 (2:1) 
3 (I I) 
4 (2:1) 
5 (2 I) 
6 (I :2) 
7 (I :I) 
8 (11) 
9 (2:2) 
10 (2:3) 
11 (I :I) 
12 (I :I) 
13 ( I :1) 
14 (1:1) 
15 ( 1:1) 
GEHROB 
SOl''HIE 
XAl'MAC 
DEXTOQ 
MOBZUY 
HAKVEV 
GUTSAP 
BEQWAV 
IDUBUF 
VEFVEJ 
VEFVIM 
WEPDJF 
XJFQFJ 
ODOBTT 
ODORIT01 

I 
'I/ 

✓ 
✓ 

✓ 
✓ 

✓ 

n UT 

✓ 
✓ 

✓ 
✓ 
✓ 
✓ 
✓ 
✓ 
✓ 
✓ 

✓ 
✓ 
✓ 
✓ 
✓ 

✓ 
✓ 
✓ 
✓ 
✓ 
✓ 

✓ 

IV 

✓ 

✓ 
✓ 

V VJ VU 

✓ 
✓ 

✓ 

✓ 
✓ 

✓ 

✓ 

vm 

✓ 
✓ 
✓ 
✓ 
✓ 
✓ 
J 
✓ 
✓ 
✓ 
✓ 

✓ 
✓ 
✓ 
✓ 
✓ 
✓ 

✓ 
✓ 

JX 

✓ 

✓ 
✓ 

two groups even in the presence of competing hydrogen bond 
donors and acceptors. CSD statistics indicate that supramolecular 
heterosynthons HI and VIII are both strongly favored over the 
corresponding supramolecular hornosynthons I and Vil How­
ever, there is insufficient archival data with respect to the 
hierarchy of these supramolecular homosynthons versus su­
pramo!t:cular hcterosynthons when COOH, OH and Narom 

moieties are present in the same crystal structure. The series of 
model cocrystals presented herein complements the limited 
information within the CSD related 10 the frequency of 

Figure 7. (A) Crystal structure of form I of 4HBA showing the occurrence of supramolccular homnsynthons I and VII. (B) Crystal structure of 
form H of 4HBA showing the occurrence of supramolecular homosynlhons l and supramolecular heternsynthon V. 

UM00014495 

NOVARTIS EXHIBIT 1517 
Novartis v. Regents, IPR2023-01347 

Page 3234 of 4460



Hierarchy of Suprnmolccular Synthons 

occurTence of supramolccular heterosynthon HI in the presence 
of the competing alcohol moieties. That both HI and VIII occur 
when an acid, an alcohol, and an aromatic nitrogen are 
cocrystallized suggests that the COOH ···Narum HI hydrogen 
bond is comparable to the 0-H • • • Na,om hydrogen bond VIII. 
We also note that the cocrystal stmctures obtained herein may 
be rationalized based upon the supramolccular synthons that 
exist in the pure cocrystal formers. The negative results obtained 
involving isonicotinic acid and nicotinic acid with alcohols are 
particularly salient since. when they arc coupled with the po~itivc 
results obtained involving OH/N11, 0111 with COOH, they suggest 
that the formation of suprarnolecular heterosynthon III is 
favored over suprarnolecular heterosynthon VIU. Single c1ystals 
of 3-hydroxypyridinium benzoate, 14 and 3-hydroxypyridinium 
isophthalate, 15, are outliers in that they exhibit proton transfer 
between the carboxylic acid cocrystal formers and aromatic 
nitrogen moieties and they are therefore sustained by charge 
assisted interactions IV and IX. These conclusions arc salient 
in the context of pharmaceutical cocrystals, which frequently 
contain OH and/or COOH moieties. 
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ARTIFACT SHEET 

Enter artifact number below. Artifact number is application number+ 
artifact type code (see list below)+ sequential letter (A, B, C ... ). The first 
artifact folder for an artifact type receives the letter A, the second B, etc .. 
Examples: 59123456PA, 59123456PB, 59123456ZA, 59123456ZB 

10378956CA 
Indicate quantity of a single type of artifact received but not scanned. Create 
individual artifact folder/box and artifact number for each Artifact Type. 

□ 

0 

□ 
□ 
□ 
□ 
□ 

□ 

CD(s) containing: 

□ computer program listing 
Doc Code: Computer Artifact Type Code: P 

□ 
pages of specification 
and/or sequence listing 
and/ or table Artifact Type Code: S 
Doc Code: Artifact 

content unspecified or combined D 
Doc Code: Artifact Artifact Type Code: U 

Stapled Set(s) Color Documents or B/W Photographs 
Doc Code: Artifact Artifact Type Code: C 

Microfilm(s) 
Doc Code: Artifact Artifact Type Code: F 

Video tape(s) 
Doc Code: Artifact Artifact Type Code: V 

Model(s) 
Doc Code: Artifact Artifact Type Code: M 

Bound Document( s) 
Doc Code: Artifact Artifact Type Code: B 

Confidential Information Disclosure Statement or Other Documents 
marked Proprietary, Trade Secrets, Subject to Protective Order, 
Material Submitted under MPEP 724.02, etc. 

Doc Code: Artifact Artifact Type Code X 

Other, description: 
Doc Code: Artifact Artifact Type Code: Z 
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