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Abstract: A symmetry analysis based upon the structure of simple molecules and their anticipated intermolecular
interactions can lead to successful predictions of molecular packing and crystal symmetry. As a demonstration of
these ideas an in-depth study of the oxalamide functionality as a persistent hydrogen bonding unit is presented. The
synthesis and structural characterization of a series oxalamide dicarboxylic acids is presented and the structures
compared with the analogous urea compounds. Both the urea and oxalamide dicarboxylic acids form designed
two-dimensional hydrogen-bond¢dnetworks with a significant degree of reliability. The urea designs are quite
reliable when there is a molecular 2-fold axis, but competing hydrogen bond patterns are found when less symmetrical
molecules are studied. The oxalamide design based on inversion centers is also quite reliable, with the designed
layer structure found in most cases.

Introduction In our own work we have identified two-dimensional layered

) ) . solids as significant targets for supramolecular synthesis. Our
The physical and chemical properfiesf a molecular solid — znhr0ach to a two-dimensionl layered solid has been to design

depend upon the nature of the constituent molecules as well as;” 1o dimensional network of mutually hydrogen bonded

the relative orientations and spacing of the molecules within ,q1ecules. This approach has required the identification of

the solid. The preparation of a new solid, with specific e gistent and complementary hydrogen bond intereactions, but,
properties, is an example of supramolecular syntresias in in addition, we have focused upon the problem of including
the case of molecular synthesis, a successful supramoleculagithin our designs the necessary translational symmetry opera-
synthesis requires first a good design. tors needed for a two-dimensional network.

A successful design of a molecular crystal depends uponthe  a series of urea dicarboxylic acid derivatives have been
identification and synthesis of molecular functionalities that will designed, prepared, and structurally charactefizdthe urea
predictably and persistently lead to specific favorable intermo- ¢ tionality was found to be a reasonably reliable and persistent
lecular interactions. By combining such chemical insight with it that will self-assemble into a one-dimensionahetwork

symm_etry considerations, one may desig_n and prepare mole_cule%em together via hydrogen bonds. With two side chains that
that will self-assemble into crystalline solids that contain desired orminate in carboxylic acid or amide functionalities, urea

structural features. However, this process of supramolecular yjca hoxyiic acid derivatives form additional hydrogen bonds
synthesis is extremely difficult due to a multitude of inherent in a second dimension, linking the one-dimensianaletworks
problems. _ ) _ ~ into two-dimensional3-networks? Simple symmetrical urea

Intermolecular interactions are weak and relatively nondi- dicarboxylic acid derivatives were found to form structures
rectional as compared to intramolecular bonds. This makes theconsistent with this design, but various unsymmetrical racemates
identification of predictable and perSiStent interactions d|ﬁ|CU|t, formed structures that lacked the necessary translational sym-
since alternate unanticipated structures may be more stable Olmetry and failed to form the anticipatganetwork. However,
kinetically favored. Many designs that appear reasonable in ywhen a single enantiomer of an unsymmetrical chiral ureylene
theory are never realized fact, because of an inadequatéyas studied, thes-network formed in accordance with the
accounting of the packing and symmetry requirements of a design® A discussion of the importance of chirality as a means
crystalline solid. Despite these problems, much progress hastg control the translational symmetry needed for layer structures
been made and many groups have completed successfulyas an important part of an earlier publication.

supramolecular syntheses. An examination of the racemate structures suggests that a
® Abstract published irAdvance ACS Abstractecember 15, 1996. factor for the failure of the molecules to form the deS|gned
(1) There are many examples of physical properties that depend upon B-networks was the tendency of these molecules to form discrete

molecular orientation and spacing as well as crystallographic symmetry. centrosymmetric dimer structures in a manner inconsistent with

Optical properties depend critically upon the relative orientation of molecular the layer design (Figure 1a). Centrosymmetric dimer formation
dipoles in a crystal. Electronic properties depend upon molecular contacts )

and spacing. Topochemical reactions depend upon molecular spacing and?Y @symmetric molecules does not generate the translational
relative orientations.
(2) Many groups are working on this problem. For a recent review see:  (4) Supramolecular assemblies can be divided into four groups dependent

Lehn, J.-M.Supramolecular Chemistry. Concepts and PerspestivCH upon the degree of translation symmeltyDiscrete assemblies lack
Verlagsgesellschaft: Weinheim, 1995. translation symmetry and are characterized by their point group symmetry.
(3) (@) Zhao, X.; Chang, Y.-L.; Fowler, F. W.; Lauher, J. \W.Am. An a-network has one degree of translational symmetry and is characterized

Chem. Socl199Q 112, 6627-6634. (b) Chang, Y.-L.; West, M. A.; Fowler, by its rod group symmetry. &-network has two degrees of translational
F. W.; Lauher, J. WJ. Am. Chem. S04993 115 5991-6000. (c) Toledo, symmetry and is characterized by its layer group symmetry:-mfetwork

L. M.; Lauher, J. W.; Fowler, F. WChem. Mater1994 6, 1222-1226. has three degrees of translational symmetry and is characterized by its space
(d) Kane, J. J.; Liao, R. F.; Lauher, J. W.; Fowler , F. WAm. Chem. group symmetry. Lauher, J. W.; Chang, Y.-L.; Fowler, F. Mbl. Cryst.
So0c.1995 117, 12003-12004 Lig. Cryst.1992 211, 99-109.
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Figure 1. (a) If an external center of symmetry is added to a chiral Nj\N o
molecule, then a centrosymmetric dimer w@hpoint group symmetry OTHF, ,'H#g
is produced. (b) If an external center of symmetry is added to a we A H
centrosymmetric molecule, then the combination of the two centers '
produces a translational symmetry operator and the resulting assembly j Inversion through COH groups
is an infinite one dimensional-network withP1 rod group symmetry.

sy {1 0
P | | .
symmetry operations needed for layer production. The tendency o iR H,OiH’N \lgN‘H:iU'

of racemates to form discrete centrosymmetric dimer structures \ s o
is well discussed in the crystallographic literatBr&he strategy ,QYH,Wj\ ‘j\ﬁ'ﬂ *.‘NHI
of using a single enantiomer is one approach to solving this 0 . K,o N\g S0~ P2/c Layer Group

problem.

Another approach to the problem of discrete centrosymmetric H}\Hﬁ‘ \'*.LHIH
dimer production is to avoid the question of chirality all together . WA H,,o “\gf o

by choosing achiral molecules that will reliably maintain their Pat

symmetry element and their achirality in a crystalline lattice. J Translate Layers

The best approach is to choose molecules that possess and

maintain in the crystal a center of symmetry. If a molecule, Crystal C2/c Space Group

which is itself centric, forms a centrosymmetric dimer with Figure 2. This diagram shows the self-assembly of a symmetric
another molecule then the combination of two different centers gicarboxylic acid substituted urea molecule. As each intermolecular
of symmetry, one internal to the molecule and the second interaction is considered, the corresponding symmetry operators can
external to the molecule, will necessarily generate a translationalbe combined to yield the corresponding symmetry group. Single
symmetry operator (Figure 1b). Chemically this will correspond molecules hav€2 point group symmetry. Simple translation yields a
to the supramolecular assembly of a one-dimensienattwork. linear o-network of P2 rod symmetry via urea hydrogen bonds.

In contrast to the urea functionality which is inherently ~Neighboringa-networks self assemble into @&network with P2/c
acentric and polar, the oxalamide functionality is inherently Symmetry by forming cyclic carboxylic acid dimers about centers of
centric. In crystals, symmetrical substituted ureas tend to SYMmMetry. Finally neighboring layers pack in an offset matter using a

. centering translation to give a crystal will2/c space group symmetry.
posses<; molecular point group symmetry and form polar
o-networks withP, rod symmetry, Figure 2. We anticipated
that centric oxalamide derivatives would maint@irsymmetry
in a crystal and would forna-networks ofP1 rod symmetry.
The necessary external center of symmetry would correspond
to the self-complementary oxalamide hydrogen bonds between
neighboring molecules in the-networks, Figure 3.

In this paper we present an in-depth study of the oxalamide
functionality as a persistent hydrogen bonding unit. Oxalamides
have a chemical similarity to ureas and a similar propensity to
form hydrogen bonds. We report the synthesis and structural

from aqueous solutions. In previously reported work, we
prepared and structurally characterized the lower members of
the urea series, compountis—3u, the glycylglycine compound,

6u, as well a representative unsymmetrical uréa,*@ The
syntheses and structure determinations of the urea compounds
4u and5u as well as oxalamide compountisand3o—70have

now been completed. The crystal strucutrure2ofhas been
determined previously.

characterization of oxalamide dicarboxylic acids and compare % o

them with the analogous urea compounds. For purpose of com- GO M A 1u, n=1; 2u, n=2; 3u, n=3; 4u, n=4; Su, n=5
parison, the synthesis and structural analysis of additional urea b

dicarboxylic acid derivatives are also reported. Comparisons QT&NJL(&H,(O 1o, n=1; 20, n=2: 30, n=3: o, n=4; S0, n=5
will also be made with other known oxalamides, particularly WO H "

the work of Karle and Ranganath&mho have studied a series "

of retro-bispeptides based upon the oxalamide functionality. oj\/ﬁ‘ u P X J\gu o

g ° Y Y

Results H
0

Symmetrical ureasl{(i—6u) and oxalamideslo—60) were o o

6
o H
prepared and crystals suitable for X-ray diffraction were grown WO\g/\NJ\N/\)'\O/“ ”O\gﬁﬁ’)\f\/\go\”
H
70

(5) Brock, C. P.; Schweizer, W. B.; Dunitz, J. D. Am. Chem. Soc
1991, 113,9811-9820. 7u

(6) 6(a) Karle, I. L.; Ranganathan, D.; Sha, K.; Vaish, NIri. J. Peptide
Protein Res1994 43, 160-165. (b) Karle, I. L.; Ranganathan, nt. J.
Peptide Protein Resl995 46, 18—-23. (c) Karle, I. L.; Ranganathan, D. (7) Shkol'nikova L. M.; Gasparyan A. V.; Poznyak A. L.; Bel'skii V.
Biopolymers1995 36, 323—-331. K.; Dyatlova N. M. Koord. Khim.199Q 16, 50-54.
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lies on a crystallographic 2-fold axis. The carboxylic acid functionalities
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dicarboxylic acid substituted oxalamide molecule. As each intermo-

lecular interaqtion is cqnsidered, the corres_ponding symmetry operators oﬁ R 3\3‘ ;g ’ﬁb %&i Q 3» %’5\\&1 P

Translate Layers

can be combined to yield the corresponding symmetry group. Single
molecules haveC; point group symmetry. Simple translation yields a
linear a-network of P1 rod symmetry via oxalamide hydrogen bonds.
Neighboring o-networks self-assemble into &network with P1
symmetry by forming cyclic carboxylic acid dimers about centers of
symmetry. Finally neighboring layers pack via simple translation to
give a crystal withP1 space group symmetry.

Symmetrical Urea Dicarboxylic Acids. Symmetrical di-
substituted ureas usually crystallize with retention of the
molecular 2-fold axis, thus in the crystal, they possgspoint
group symmetry. This is illustrated by the structures of ureas
4u and5u shown in Figure 4. Each of these molecules forms
a layer structure in accordance with the scheme outlined in
Figure 2. The presence of the urea functionality leads to a
characteristic spacing along the 2-fold axis of each layer (4.69
A'in 4u, 4.65 A in5u). The nearly planar layers of the two
structures are quite similar to the layer structure found earlier
for compound3u.32 CompoundLu crystallizes in the sam@2/c higher members form a isostructural series. Since there is no
space group and has the same intermolecular interactions anabvious problem with the molecular packing in these structures,
the same supramolecular structure, but because of a differenit is reasonable to predict that symmetrical ureylene dicarboxy-
molecular conformation, it forms distinctly pleated layers. The lates with even longer side chains would have similar structures.
pleating of the layers iflu is likely due to steric interactions Symmetrical Oxalamide Dicarboxylic Acids. The struc-
between the amide and carboxylic acid functional groups that tures of the five compoundso—50 also form an isostructural
force the molecular structure into a gauche conformation series with one exception, compoud. The symmetrical
incompatible with a more planar layer structure. The nearly oxalamides are centrosymmetric molecules. In an isostructural
planar layer structure found for the higher members of the series,series they crystallize in the space grdep and retain their
3u—5u, would maximize the van der Waals interactions between center of symmetry as they crystallize forming layers in
the layers. The remaining member of the ser2ess unusual. accordance with the scheme illustrated in Figure 3. The nearly
Although it has a similar supramolecular structure and also planar layer structures of the two higher members of the series
crystallizes in the space groR/c, it has three independent 4oand5oare shown in Figure 5. The first member of the series,
molecules in the unit cell. Thus, the first two members of the compoundlo, forms a similar layer, but like the first member
1u—>5u series have somewhat unusual structures, while the threeof the urea series, compourdd discussed above, compound

Figure 5. The -network structures formed by compountts(at the
top) and5o0 (at the bottom). The oxalamide functionality of each
molecule lies on a inversion center. The carboxylic acid functionalities
dimerize about inversion centers.
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Figure 8. The -network structure formed by compouid which
has glycylglycine derived side chains. The structure is similar to those

Figure 6. The S-network formed by compoundo, polymorphA. shown in Figures 5 and 6, but an extra set of amide hydrogen bonds

Compare thigi-network to the designefi-network shown in Figure  orms petween the layers. These extra hydrogen bonds are not shown

3. in the figure but the protruding amide hydrogen and oxygen atoms
can be seen.
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Figure 7. Compound3odoes not form the designganetwork. Instead 0l r.‘—’ Wa: i _i: L ‘ G .Ql;_’)
of the expected like to like, acid to acid, amide to amide hydrogen i‘% B : ﬁ -
bonds there is a like to unlike pattern that results in a large 20-member =
ring held together by amide hydrogen to acid carbonyl hydrogen bonds.

lo forms a pleated layer structure due to its molecular o] 2 9 r_ *ﬂgﬁﬁ e, ’%ﬂg
conformation, Figure 6. Qﬁ"*i -'-’\':;:'u:ibﬂa 3 30
Compound3o is an exception. Instead of forming the e O -

designed layer §tructu_re as outlined_in Fig“fe 3, it f_o_rms a Figure 9. The two independenp-networks formed by the two
complex three-dimensional structure in which the anticipated jngependent molecules of compouPa The main differences between
like to like, acid to acid, amide to amide hydrogen bonds are the two layers are the dihedral angles within the propionic acid side
replaced by like to unlike, acid to amide, and amide to acid chains. These two layer alternate in the crystal.
hydrogen bonds. The molecules are centrosymmetric, but their
characteristic hydrogen bond motif now includes a large 20- inversion centers per molecule. There are actually two inde-
membered ring held together by amide hydrogen to acid pendent molecules in the asymmetric unit of the crystal, with
carbonyl hydrogen bonds, Figure 7. These large rings are linkedeach of the two molecules forming an independgmetwork
together via acid hydrogen to amide carbonyl hydrogen bonds. of P1 layer symmetry. The only significant difference between
The Oxalamide of Glycylglycine. The urea of glycylglycine, the two molecules is the orientation of the propionic acid side
6u, was found to form a two-dimensionanetwork in complete chain, Figure 9. It should be noted that unsymmetrical urea,
accordance with the scheme outlined in Figuf@ Z'he amide 7u, did not form a layere@-network, it formed a complex three-
functionality of each side arm turned sideways and formed dimensionaly-network with the expected complementarity of
additional amide-amide hydrogen bonds between neighboring the hydrogen bond network completely broken.
B-networks and united the entire structure into a complex The Unexpected Polymorph. One fascinating aspect of
y-network. The oxalamide of glycylglycingo, forms an molecular crystallography is the unexpected appearance of a
analogous arrangement, Figure 8, consistent with the schemesecond polymorph of a well-studied compound. Chronologi-
outlined in Figure 3. Again the amide groups turns sideways cally the first compound studied among those reported here was
and form additional amideamide hydrogen bonds to translation the simplest member of the oxalamide series, compdimd
related amide groups in the next layers of the structure. The molecule was chosen for study to test the design scheme
An Unsymmetrical Oxalamide. Oxalamides,10—60, all shown in Figure 3. The fact that the observed structure was in
have symmetrical substituents and crystallize with a molecular accordance with the design led us to prepare and determine
inversion center. Oxalamid&,o, is unsymmetrical with one  structures of the remaining members of the oxalamide series.
acetic acid substitutent and one propionic acid substituent, andSubsequently in connection with another project, a second
thus cannot have an inversion center. However, the moleculepolymorph of 10 was observed. It was found that while
still forms a layered3-network structure, Figure 9, one with  crystallization from acidic aqueous solution gives the original
less symmetry than the layer shown in Figure 3. The oxalamide polymorph, A, crystallization from neutral or basic solutions
a—nerork l.aCkS an inversion center and ha.s d?ilysymmgtry. . (8) In 7u the hydrogen of the carboxylic acid forms a hydrogen bond to
The inversion center at the carboxylic acid functionality still - the oxygen atom of the urea carbonyl, while the hydrogen atoms of the
exists giving an overall layer symmetry BfL, but with fewer urea form hydrogen bonds to the acid carbonyl. See ref 3b.

Q ¢




90 J. Am. Chem. Soc., Vol. 119, No. 1, 1997 Coe et al.

G ) Gy ) designed interaction should be greater than alternate arrange-
o o I ) il ) iteri i i -
| P - ‘}-“* : ments. The second criterion is a crystallographic one. Mol
¥ & %‘! ) -;!f-‘-' PE ecules pack in a crystal only as allowed by the rules of
. '_i’i'am o S, fole crystallographic symmetry.
‘:’i.(al% ;ﬁ!%ii An individual molecule in a crystal will have many different
e f,p‘!f.' - W by J i By intermolecular contacts. Commonly, there will be about twelve
"o-i\; . ‘; ? #* . oty nearest neighbors corresponding to a close-packed environment
5!’-1'— i . e of spheres. Each pair of adjacent molecules will be related to
B - o : h other b lly about half of th
o, go a, P each ot er| Yy a symmetry opgrator. Usually al qut alf of these
'@_Q . O E{Yiiil-"f‘/ nearest-neighbor contacts will correspond to unique symmetry
} ',‘? ®o fg ) o operations. In most cases only about three of these distinct
0 o3 symmetry operators are needed to generate the symmetry of
Figure 10. The B-network of polymorphB of compoundilo. This the crystal. The remaining symmetry operators can be derived
layer structure is formed by acid to amide hydrogen bonds. from these generating operators.

Various hydrogen bonding functionalities will be compatible
with certain symmetry operators and incompatible with others.
Indeed some functional groups strongly favor certain operators.
Consider the two secondary amides shown below, one a cyclic
molecule with asyn hydrogen and the second an acyclic
molecule with aanti hydrogen. With asyn hydrogen cen-
trosymmetric dimer formation about an inversion center will
be favored. But with armanti hydrogen an inversion center is
an incompatible operator and a one-dimensionaktwork will
be favored using a translational symmetry operator. The urea
and oxalamide functionalities are each unique amide forms that
have their own symmetry characteristics as we will discuss

below.
/\/K"“/
H
i

R

isostructural to that of polymorpB of compoundlo, Figure 10. This
figure was generated from the original literature coordinéges.

Figure 11. The p-network of compound. This layer structure is C( :):) /\/ﬂ\
N,
H--..

e

gives instead a second polymorpB, PolymorphB has a /\j\w’

completely unanticipated structure, Figure 10. The hydrogen H

bond pattern irB consists of like to unlike, acid to amide, and

amide to acid hydrogen bonds instead of the like to like pattern ~ TO design a supramolecular structure one must predict the
of polymorphA. The molecules oB have assembled into a intermolecular interactions that will take place between the
B-network, but it is quite different that th&network ofA. The molecules. If the symmetry operators corresponding to these
layer symmetry of B i$2;/a with neighboring centrosymmetric  interactions can be anticipated as well, then these operators can
molecules related by a screw axis and a glide plane. Interest-0e combined following the rules of group theory to generate
ingly, the p-network of B does not contain independent the symmetry group of the anticipated supramolecular structure.
a-networks. Thes-network of A contained two independent ~ Knowing the most probable symmetry groups of the supramo-
a-networks, one based upon the oxalamide hydrogen bonds,lecular structure can lead to a correct prediction of the space
the second roughly perpendicular to the first based upon thegroup of the crystal.

carboxylic acid hydrogen bonds. Ureas. The urea functionality has two hydrogen donor
nitrogen atoms and only one carbonyl acceptor, but the one
Discussion carbonyl commonly accepts both hydrogen bonds, one at each

lone pair position. Symmetrical ureas have a 2-fold axis through
the carbonyl and importantly can retain this 2-fold when they
form a one-dimensional hydrogen bondedetwork via simple
crystallographic translation, Figure 2. Using group theory one
would say that when a translation axis is added toGheoint
group (the urea monomer), thB2 rod group (the urea
o-network) is generated. The carboxylic acid residues on the
ends of the side chains characteristically dimerize about crystal-

A successful design of a molecular solid depends upon the
identification and synthesis of molecular functionalities that will
predictably and persistently lead to specific favorable intermo-
lecular interaction8. Hydrogen bonds are ideal since they are
generally the strongest available intermolecular interactions in
an organic crystal and, with good design, they can be as highly
specific as WatsonCrick hydrogen bonds. With this principle

:‘Engt]ilgr?al\iltﬁs htﬁ\éf V\t/)iﬁegllosvsegrl:(]eg tgodgsﬁvﬁloa?ndas“:)];ﬁ(raysizog lographic inversion centers giving a two-dimensigfiaetwork,
- . . gn a y Adding an external inversion center to tiR2 rod group
supramolecular assemblies with desired properties and structure,

. NN . ; . generates thB2/c layer group. The-network layers stack on
. 'I_'he first criterion in choosing a hydrogen bonding funct|c_)r_1al- top of each other to form the crystal; with no further hydrogen
ity is a chemical one. The number of hydrogen donor positions

bonds available presumably the layers are held together by
should match the number of acceptors and the strength of themainly van der Waals interactions. One could imagine two

(9) Etter, M. C.Acc. Chem. Re€99Q 23, 120-126. simple ways for this stacking to occur. If the layers were
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directly on top of each other using a simple translation operator, hydrogen, the one on the carboxylic acid, and the most basic
then the space group of the final molecular assembly and thecarbonyl, the one on the amide. Obviously this cannot be an
crystal would beP2/c. However, it seems more likely that the absolute rule since all compounds that follow the design in
layers would be offset such that the molecules of one layer fall Figure 3 violate the rule, but it does point out the nature of one
over the groves between the molecules of the layer below. Thiscompeting force.
would generate a centering operation and the final space group The one example of an unsymmetrical oxalamitte,forms
would beC2/c. a p-network with simple translation along the oxalamide
Five of the six ureadu—6u do indeed crystallize in the space  a-network and inversion centers along the carboxylic acid
group C2/c in exact agreement with the above analysis. The o-network. In this case the oxalamide design is more successful
urea functionalities lie on a 2-fold axis of ti&2/c space group, than the urea design, since the uirdid not form a layered
and the carboxylic acid groups dimerize about inversion centers. structure.
The exception2u, has three independent molecules in the unit  The Second Polymorph. A crystal of a second polymorph
cell, but the molecular packing is very similar and still in the B of 10 was prepared and its structure determined. Like

C2/c space group. compoundBo, polymorphB contains a network of acid to amide,
Compound7u has differing side arms and lacks the 2-fold  |ike to unlike hydrogen bonds, Figure 10. The oxalamide
axis of moleculeslu—6u. It thus cannot follow theC2/c functionality retains its inversion center and forms two planar
scheme, but could instead form @network with lower nine-member hydrogen-bonded rings. The molecules form a
symmetry. Computer modeling suggestef-aetwork of P1 two-dimensionalS-network of P2)/a layer symmetry. The

layer symmetry formed only by the simple translation operator. structure is generated by the addition of an externacew
However, the actual structure showed a complete breakdownaxis to single molecules ofi point group symmetry* The

of the design and a complex three-dimensiopaletwork of  structure appears to be compact and has a higher calculated
hydrogen bond8. Several other ureas lacking the 2-fold axis density than the original structure.

were also studied in our earlier wotk. These molecules were These two polymorphs can be prepared selectively and
chiral, but racemic, and they uniformly failed to form a layer oproducibly. Polymorpt, the original structure with like to
structure. Instead they tended to form centrosymmetric dimers jie hydrogen bonds, Figure 6, precipitates from acidic solutions.
about crystallographic inversion centers via unpredicted hydro- Polymorph B, the second polymorph with like to unlike

gen bond patterns. However, when a single enantiomer wasyyqrogen bonds, precipitates from pure water or basic solutions.
used, the inversion center was symmetry forbidden and a simple The existence of thelo polymorphs illustrates both a

tra_:]rs] Iatlon_ tl?]aseﬂ-network was f(l)r:jne(tihats tﬂes'zgpelg' . difficulty and the power of crystal engineering. We are dealing
. us, with ureas we can concluge that thé 2-lold axiS 1S an ;) simple functional groups. They can in general be expected
Important part of the Iayer designall the symmetrlcal Urea 45 form certain hydrogen bond patterns. However, there will
m%eg}ulej W.'th aU2-fo|d qms(;‘gm@nq?orﬁs n a(icolr(Qan(Eﬁ always be competing structures that are only slightly different
\év'f id € ef"g':jt r?as Wllt ' te“}?gds' € Cba'nj' a& Ing be tin energy. Since crystallization is governed by kinetics as well
- ot aX|sf,_ endto ormla erfnat:a_dg rogen on E[)a erms about ,¢ thermodynamics, predictions of crystal structures will always
Centers ot inversion uniess forbidden by symmetry. . be difficult. The existence of polymorphism both compounds
Oxalgm|des. With the o_xalam|de functlongllty the INVETSION  and illustrates the problem. The preparation of the second
center is part of the design. The oxalamide functionality is polymorph of compoundlo was not anticipated. It has a
centrosymmgtric and with symmetrical side arms the mplecular structure that differs from the design of Figure 3. On the other
symmetry will be Ci.  Most importantly the _oxala_mlde hand when we look at compourda, the lone exception in the
oxal_am|de hydroger_l bond_also forms about an inversion center. . alamide series, we can conjecture that one might also be able
Adding an external inversion center to a molecule that already to prepare a secc;nd polymorph of that compound, a polymorph
has one generates a transllatlon axis, Figure 3, and mlw.ork. that would have a layered structure in accordance with the design
Adding a_secqnd _exte_rnal_|nver5|on center corresponding to theof Figure 3. Unfortunately, there is no universal scheme for
carboxylic acid dimerization producesfanetwork. The two preparing polymorph& '
independenti-networks haveéPl rod group symmetry, the layer Other Oxalamide Structures. An examination of the

hasP1 layer group symmetry, and the crystal Résspace group . .

symmetry. Since the inversion center seemed to be so favorablecamb”dg.e Strugt_ural Data Bdleand the recent I!terature
in the urea compounds, even to the extent of destroying the reveals nine addltllorjal examples of WeII-characterllzed,.metal
expected hydrogen bond complementary, one might expect thatfree’ acyclic oxalimides. The three examples with simple

. : : ymmetrical substituentd|,N'-dimethyloxalamidé? N,N' -bis-
wgu(l)é( igngligﬁlgy&?gg&g? nds based upon the inversion Cente'?pentaﬂuorophenyl)oxalamidé,andN,N'-bis(3-nitratopropyl)-

I . L
Of the six symmetrical oxalamides studiddr—6o0, five of oxalamide'® all crystallize to form the characteristic primary

them formP1 structures in accordance with the design in Figure P1 o-network discussed above and shown in Figure 3. This
3. The exception3o, has a breakdown in the hydr(_)ge_n bon_d (11) It is interesting to note that in polymorph of 1o the S-network
complementary and forms a large centrosymmetric ring with can be considered to be an assembly of independemetworks, the
hydrogen bonds occurring between the oxalamide and the o-networks in turn being assemblies of discrete molecules. However, in
carboxylic acid functionalities. The occurrence of this like to polymorph B of 1o the f-network is assembled directly from discrete

. Yy . > ! h molecules, and there are no symmetry independemétworks.
unlike hydrogen bond is not in accordance with the design, but  (12) we have tried the obvious experiment of growing crystal8mf
perhaps not totally surprising either. Othérsave examined from solutions with various pH values, but we have seen no evidence of
the question of like to like versus like to unlike hydrogen bonds pOIéng;jgﬁrgﬁm'F H.: Taylor, R.: Kennard, Ohcc. Chem. Re<.983 16
in acid—amide molecules. They have concluded that the 146-153. = T T ' ’

strongest hydrogen bond should occur between the most acidic  (14) Klaska, K. H.; Jarchow, O.; Scham, W.; Widjaja, H.; Voss, J.;
Schmalle, H. WJ. Chem. Resl98Q 104, 1643-1700.

(10) Berkovitch-Yellin, Z.; Leiserowitz, LJ. Am. Chem. So&983 105 (15) Yamaguchi, K.; Matsumura, G.; Haga, N.; Shudo,Atta Crys-
765-767. Leiserowitz, L.; Nader, FActa Crystallogr., Sect. B977, 33, tallogr., Sec. C1992 48, 558-559.
2719-2723. Leiserowitz, LActa Crystallogr., Sect. B976 32, 775— (16) Bhattacharjee, S. K.; Ammon, H. Acta Crystallogr., Sec. B982

802. 38, 2503-2505.
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Table 1. Crystallographic Parameters
lo(form A) 1lo(form B) 30 40 50 60 70 4u 5u

emperical formula  €HgN2Os CgHgN2Os CioH16N20s  CioH20N20s CiaH24N20s CioH1aN4Os C7H10N20s C1aH20N20s  CigH14N2Os
formula wt 204.1 204.1 260.2 288.3 316.4 318.2 218.2 260.3 278.3
a(h) 4.446(2) 5.037(2) 5.877(5) 5.1205(4) 5.183(2) 4.761(2) 5.069(3) 26.903(24) 13.206(2)
b (A) 5.020(2) 7.911(3) 9.864(4) 5.3932(3) 6,701(3) 5.004(2) 8.026(3)  4.6919(6) 4.648(3)
c(A) 10.853(6) 10.192(5) 10.556(6) 12.692(7) 12.354(3) 16.445(7) 24.194(9) 10.144(13) 25.084(2)
o 94.19(4) 97.567(8) 102.79(1) 96.69(3) 83.63(3)
p 91.19(3)  100.28(3) 104.13(11) 92.090(10) 98.72(1) 90.94(3) 84.74 (3) 99.90(4) 103.73(1)
y 115.72(3) 94.249(8) 102.43(1) 118.02(2) 83.88(3)
volume (&%) 218.2(4)  399.6(3) 593.4(3) 346.2(1) 399.6(3) _ 342.4(5) _ 969.1(3) 1261.3(5) 1496(1)
space group P1(No.2) P2j/c(No. 14) P2j/c (No.14) P1(No.2) P1(No.2) P1(No.2) P1(No.2) C2/c(No.15) C2/c(No. 15)
z 1 2 2 1 1 1 4 4 4
deac (g/cn¥) 1.553 1.696 1.456 1.383 1.315 1.543 1.495 1371 1.236
hydrogens refined refined refined refined fixed calc  refined fixed calc fixed calc fixed calc
observations 915 1306 1242 1368 1735 1337 1612

collected (total)
observations 813 891 1018 921 1139 984 808 634 665

(I'> 30)
variables 81 81 115 132 100 129 271 83 92
R 0.051 .065 0.034 0.055 0.064 0.054 0.066 0.045 0.071
Ry 0.074 .081 0.056 0.067 0.093 0.065 0.069 0.055 0.087

gives further support to the primary oxalamidenetwork as a

Characteristic Spacing. An approach to supramolecular

reliable design element. However, due to a variety of problems synthesis based upon a combination of chemical insight and

none of the remaining examples of oxalamides from the
literature were found to form this simpte-network. The first
of these exceptions is the sterically hindemgd\'-bis(2,2,2-
trinitratoethyl)oxalamid¥ which forms only intramolecular

symmetry considerations has a high probability of success. The
urea functionality has a characteristic repeat spacing of about
4.65 A along the urea-network, Table 1. This means that
the molecules in #-network will be spaced at regular intervals

hydrogen bonds. The next is an unsymmetrical oxalamide with equal to this approximate distance. For example, in Figure 4

a large benzodiazepin substituéht.It forms an alternate
hydrogen bonded network involving the substituent.

The remaining four literature oxalamides were reported in a
series of papers by Karle and RanganathaFhey report the

the molecules4u and 5u are spaced at 4.69 and 4.65 A,
respectively. The oxalamide functionality also has a charac-
teristic spacing, about 5.1 A, longer than the value found in the
ureas. The longer distance is due to the fact that th&©€-H

structures of three dimethyl esters of oxalamido retropeptides, bond angle is nearly linear in the oxalamide case, but is bent in
MeO-Aib-COCO-Aib-OMe, MeO-Leu-COCO-Leu-OMe, and the urea case. These two different characteristic spacings are
MeO-Ser-Leu-COCO-Leu-Ser-OMe. Each of these three struc- quite reliable and can serve as the basis for controlling
tures form alternate networks that involve hydrogen bonds topochemical reactions such as diacetylene polymerizatfons.
between an oxalamide unit and the hetero atoms of side arm Conclusions. A symmetry analysis based upon the structure
substituents. The latter two compounds are of course chiral of simple molecules and their anticipated intermolecular interac-

and are prevented by symmetry from formingho-network.
The fourth compound from Karle and Ranganaffias the

tions can lead to successful predictions of molecular packing
and crystal symmetry. Both the urea and oxalamide dicarboxy-

one most closely related to the present work. This is compoundlic acids form designeg@-networks with a significant degree

8, the oxalamide derived from the amino acid dimethylglycine.

Compound 8 is a direct analogue of compountio, the
oxalamide of glycine. Most interestingly the crystal structure
of 8 is isostructural with that of polymorpt of lo. It
crystallizes in the sam@2;/c space group with somewhat similar
cell constantd? The compound forms A-network based upon

acid to amide hydrogen bonds completely analogous to the one

found in polymorphB of 10. ThepS-network of8 is analogous
to theS-network of polymorpiB of 1oand not to the designed
B-network found in polymorpl. It is possible that the steric
hindrance of the four methyl groups ®fvould perhaps preclude
a 3-network structure analogous to the one in polymao#ph

(17) Chen, R.; Rheingold, A. L.; Brill, T. BJ. Crystallogr. Spectrosc
1991 21, 173-177.

(18) Fryer, R. |.; Earley, J. V.; Blout, J. B. Org. Chem 1977, 42,
2212-2219.

(19) Compound 8 was found (ref 6c) to crystallize in the space group
P21/c with Z = 2 and cell constants af = 6.342(2) A,b = 9.910(2) A,
¢=10.020(2) A, ang8 = 91.65(2}. These values are somewhat similar to
those found for 10 (polymorph B) as shown in Table 1.

of reliability. The urea designs are quite reliable when there is
a molecular 2-fold axis, but competing hydrogen bond patterns
are found when less symmetrical molecules are studied. The
oxalamide design based on inversion centers is also quite
reliable, with the designed layer structure found in most cases.
In the exceptions the designed like to like patterns of acid
acid and amideamide hydrogen bonds are replaced by like to
unlike acid-amide and amideacid hydrogen bonds. The urea
and oxalamide functionalities are thus both good entries in our
library of functionalities useful for designed supramolecular
syntheses. They have different symmetry properties and give
different characteristic spacings, 4.6 A for the urea and 5.1 A
for the oxalamide functionality.

Experimental Section

X-ray Diffraction Studies. Crystals were obtained as described
below, selected, and mounted on glass fibers using epoxy cement. The
crystals were optically centered on an Enraf Nonius CAD4 diffracto-
meter and X-ray data were collected using graphite-monochromated
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 Table 2, and the structures were solved and refined
using the TEXSAN crystallographic program package of the Molecular
Structure Corporation. The quality of the structures varied due to the
quality of the available single crystals. In the best cases, hydrogen
atoms were located in difference maps and refined. In the cases with
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poorer data sets, the hydrogen atoms were placed in calculated positions 4,4-(Oxalyldiimino)dibutyric Acid (30). Using general method
and added as fixed contributions. B with 4-aminobutyric acid gave 44oxalyldiimino)dibutyric acid as
General Method A. The following procedure, adapted from the  colorless needles in 20% yield: mp 23217 °C (lit.2* mp 216-215
literature?® was used to prepare the ureylene dicarboxylic acids °C).
described in this paper. To a solution of 20 mmol of the amino acid  5,5-(Oxalyldiimino)dipentanoic Acid (40). Using general method
in 4 mL of water was added 0.40 mL of 6.25 N NaOH. This solution B with 5-aminopentanoic acid gave 5(®xalyldiimino)dipentanoic acid
was placed in an ice bath and 0.88 g (3.3 mmol) of triphosgene in 5 in 29% vyield as colorless needles: mp 21 °C dec;H NMR
mL of toluene was added. The reaction mixture was stirred in an ice (DMSO-dg) 6 12.01 (bs, 1H), 8.74 (t) = 6.0 Hz, 1H), 3.12 (dJ =
bath for 30 min and at room temperature for 2 h. The reaction mixture 5.7 Hz, 2H), 2.20 (2H), 1.45 (4H); IR (KBr) 3298 (\H), 1699 (C=0),
was cooled in an ice bath, 5 mL of water was added, and the pH was 1648 (G=0) cnr™.
adjusted to approximately 2 wit6 N HCI. The urea precipitate was 6,6-(Oxalyldiimino)dihexanoic Acid (50). Using general method
collected by filtration and washed with a small amount of cold water. B with 6-aminohexanoic acid gave 4¢@xalyldiimino)dihexanoic acid
5,5-Ureylenedipentanoic Acid (4u). Using general method Awith ~ as colorless needles in 30% yield: mp 780 °C dec;*H NMR
5-aminopentanoic acid, 3;8reylenedivaleric acid was prepared in 20% (DMSO-dg) 6 11.9 (bs, 1H), 8.71 (t, 1H), 3.09 (qi,= 5.0 Hz, 2H),
yield: mp 188-189°C (lit.22 mp 189°C). Recrystallization from hot ~ 2.18 (q,J = 7.2 Hz, 2H), 1.48 (m, 4H), 1.25 (t§ = 8.0 Hz, 2H); IR
water gave needles of good quality for X-ray crystallography. (KBr) 3300 (N-H), 1703 (G=0), 1647 (CG=0) cm %,
6,6-Ureylenedihexanoic Acid (5u). Using general method A with N, N'-Oxalyldiglycylglycine (60). Using general method B with
6-aminohexanoic acid, 6;8reylenedihexanoic acid was prepared in  glycylglycine gaveN,N'-oxalyldiglycylglycine colorless needles in 32%
56% yield: mp 162-163°C (lit.22mp 162-163°C). Recrystallization yield: mp 262-267 °C dec;*H NMR (DMSO-ds) 6 8.82 (t,J = 6.0
from hot water gave needles of adequate quality for X-ray crystal- Hz, 1H), 8.28 (tJ = 5.5 Hz, 1H), 3.81 (dJ = 6.0 Hz, 2H), 3.76 (d,
lography. J=5.6 Hz, 2 H); IR (KBr) 3289 (N-H), 1708 (G=0), 1649 (G=0)
General Method B. The following procedure, adapted from the cm™
literature23 was used to prepare the symmetrical oxalamides described ~ Oxalyl-N-glycyl-N'-g-alanine (70). To 80 mL of THF was added
in this paper. To a stirred solution of 3.73 mL (27.5 mmol) of ethyl €thyl oxalylchloride (5.60 mL, 50 mmol) and glycine ethyl ester
oxalate in 50 mL of water at 46C was added 55 mmol of the amino  hydrochloride (6.98 g, 50 mmol). The solution was stirred and allowed
acid. The reaction mixture was stirred for 2 h, allowed to cool to room to reflux for 90 min. The solvent was removédzacuoto give the
temperature, and acidified to p& 2 with concentrated HCIl. The intermediate diester as an oil. A basic solution was prepared from 10
precipitated product was collected by filtration and air dried. Crystals ML of water and 3.2 mL of 6.25 N NaOH. To this solution was added
suitable for crystallographic analysis were obtained by recrystallization 4.06 g (20 mmol) of the above diester and 1.78 g (20 mmol) of
from water, unless otherwise specified. p-alanine. The reaction mixture was stirred for 1.3 h. The intermediate
N’N'_Oxa|y|dig|ycine (10’ p0|ymorphs A and B) Using genera| monoester was directly hydrolyzed by addition of 2 mL of 6.25 N
method B with glycine gaveN,N'-oxalyldiglycine in 17% vyield as NaOH. The solution was acidified with an ion exchange resin in its
colorless plates from the original reaction mixture: mp (with decom- acid form (Rexyn 101H, Fisher Scientific) until pH 4.  Filtration of
position, turning red) 250255 °C (lit.23 mp 250-255 °C). These the resin followed by removal of the solvent gave 3.15 g (32%) of a
needles were subjected to single crystal X-ray analysis and are givencolorless precipitate which was purified by recrystallization from
the designation polymorph. Recrystallization of polymorph (plates) methanol: mp 228229 °C; *H NMR (DMSO-ds) 6 8.92 (t,J = 6.0
from water gave crystals with a block-like habit. Single-crystal X-ray Hz, 1H), 8.78 (tJ = 6.0 Hz, 1 H), 3.80 (dJ = 7.0 Hz, 2 H), 3.35 (g,
diffraction of these crystals showed that they were a second polymorph,J = 7.0 Hz, 2 H), 2.48 (tJ = 7.0 Hz, 2 H); IR (KBr) 3300 (N-H),
polymorphB: mp (with decomposition) 245250 °C. Subsequent 1711 (C=0), 1650 (G=0) cn™.

experiments showed that samples of either formrlofecrystallized Acknowledgment. This work is supported by the National

from solutions of pH 7 or higher (0.3 M NaOH or aqueous INH . .
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