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A selection of stereoisomeric 2-hydroxy-1-cyclopentanecar-

boxamides, a 4-tert-butyl derivative and three tert-butyl

derivatives of the respective carboxylic acid were subjected

to X-ray crystallography. The optically active molecules (I)±

(VI) form racemic crystals. Each racemic structure is basically

determined by two intermolecular hydrogen bonds of OÐ

H� � �O CÐXH and O CÐXÐH� � �OH types (X = O, NH).

The partially similar patterns of close packing observed re¯ect

®ve basic forms of supramolecular self-assembly. In the

racemic crystals of chiral molecules, there are homo- and

heterochiral chains of molecules formed by the principal (OÐ

H� � �O C) hydrogen bonds. These chains assemble either in a

parallel or antiparallel mode. The parallel homochiral chains

(hop) observed in structure (II), (1R*,2R*)-2-hydroxy-1-

cyclopentanecarboxamide, demand the polar space group

Pca21, while the parallel heterochiral chains (hep) are

organized in antiparallel layers with space group P21/n in

structure (VI), (1R*,2S*,5R*-5-tert-butyl-2-hydroxy-1-cyclo-

pentanecarboxylic acid). Heterochiral chains in an antiparallel

array (hea) are found in (I), (1R*,2S*)-2-hydroxy-1-cyclopen-

tanecarboxamide, and (V) [(1R*,2S*4S*)-4-tert-butyl-2-

hydroxy-1-cyclopentanecarboxylic acid, space group P21/c].

Structures (IV), (1R*,2S*,4R*)-4-tert-butyl-2-hydroxy-1-

cyclopentanecarboxylic acid, and (III), (1R*,2R*,4S*)-4-tert-

butyl-2-hydroxy-1-cyclopentanecarboxamide, reveal that

homochiral chains in an antiparallel array (hoa; cross-linked

by heterochiral dimers held together by the second hydrogen

bonds) can be formed by either translation (space group P�1)

or a screw axis (space group P21/c). These alternatives are

denoted hoa1 and hoa2. Similarly, within each pattern (hea,

hep and hop) two slightly different alternatives can be

expected. The partial similarities in the identi®ed ®ve patterns

of hydrogen bonding are described by graph-set notations.

Structures (I), (IV) and (V) can be characterized by a common

supramolecular synthon, while the highest degree of similarity

is shown by the isostructurality of (I) and (V).
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1. Introduction

In the course of a systematic study of tert-butylcyclopentane-

fused 1,3-oxazines, thiazines and pyrimidin-4(3H)-ones

(BernaÂ th et al., 1994; Szakonyi et al., 1996), six intermediate

cyclopentane derivatives (Fig. 1) were subjected to single-

crystal X-ray diffraction analysis. The endocyclic bond lengths

and angles corresponded with the standard values given in the

Cambridge Structural Database (Allen & Kennard, 1993). The

presence of the tert-butyl moiety in (III)±(VI) slightly

increases the lengths of the bonds involving the substituent-
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bearing C atom (by ca 0.02 AÊ ), while the corresponding

endocyclic bond angle is decreased (by ca 2�). Similarly, the

torsion angles exhibit differences, e.g. between the 1,2-cis and

trans stereoisomers.

The range of structural variety observed at a molecular level

is conceptually extended if these crystal structures are

regarded as supermolecular assemblies governed by inter-

molecular interactions. The simplicity of structures (I)±(VI)

offers an opportunity to study intermolecular hydrogen-bond

interactions generated by two vicinal (cis or trans) functions

(OH versus CONH2 or OH versus COOH) located on a

cyclopentane ring with limited ¯exibility. Each 2-hydroxy-1-

cyclopentanecarboxylic acid forms only two intermolecular

hydrogen bonds, while each 2-hydroxy-1-cyclopentane-

carboxamide forms three. In each of the six structures, there is

one common OÐH� � �O hydrogen bond between the 2-OH

group and the 1-CO O atom of a symmetry-equivalent

molecule. In response to this, both the COOH (IV)±(VI) and

CONH2 moieties (I)±(III) donate a second XÐH� � �O
hydrogen bond to the 2-OH group of another molecule. In (I)±

(III) the CONH2 moiety is bifunctional: one of its NÐH arms

replaces the OH function in the second OÐH� � �O hydrogen

bond of (IV)±(VI), whereas the remaining NÐH arm forms a

third intermolecular hydrogen bond with the carbonyl O atom

from a neighboring molecule. These hydrogen bonds are

independent of the stereoisomerism and/or substitutional

isomerism exhibited by these compounds. Only their

symmetry is dependent on the stereostructure (i.e. the cis/trans

isomerism) of the molecules and the position of the bulky tert-

butyl moiety. Every crystal is racemic and, therefore, each

diastereomer has the same amount (1:1) of its enantiomer in

the unit cell. Each asymmetric unit contains only one molecule

and no intramolecular hydrogen bonds are formed. The

interdependence of the OÐH� � �O( C) and XÐH� � �OH

hydrogen bonds per structure prompted us to analyse the

forms of molecular self-complementarity by the use of graph-

set notations (Etter, 1990; Bernstein et al., 1995) and, when-

ever appropriate, by the assignment of common or similar

supramolecular synthons (Desiraju, 1995, 1997). Overall, the

six structures re¯ect ®ve basic forms of supramolecular self-

assembly organized by parallel or antiparallel arrangement of

hydrogen-bonded homo- and heterochiral chains, and

revealed an unusual isostructurality (KaÂ lmaÂn et al., 1993)

between structures (I) and (V).

2. Experimental

2.1. Synthesis

The synthesis, characterization and several chemical trans-

formations of (I)±(VI) have been reported earlier (BernaÂ th &

Svoboda, 1972; BernaÂ th et al., 1972; FuÈ loÈ p et al., 1994; Riddell

et al., 1995).

2.2. Data collection, structure solution and refinement

Details of the cell data, data collection and re®nement are

provided in Table 1.1 Each data set was collected on a CAD-4

diffractometer equipped with a graphite monochromator.

Lattice parameters were re®ned by a least-squares ®t for 25

re¯ections. Standard re¯ections (three for each data collec-

tion) indicated 2% decay only in the crystals of (I). All

re¯ections were corrected for Lorenz and polarization effects.

The space groups were determined from unit-cell symmetry,

systematic absences and re®nement (II). The crystallographic

phase problem was solved by direct methods, using the

programs SHELXS86 and SHELXS97 (Sheldrick, 1985,

1997a). The atomic positions for each structure were re®ned

with anisotropic displacement parameters in the F2 mode,

using the program SHELXL97 (Sheldrick, 1997b). The posi-

tions of the H atoms bound either to O or to N atoms were

located in difference-Fourier maps, while the others were

generated from assumed geometries and were re®ned isotro-

pically in the riding mode. The absolute structure of (II) in the

polar space group Pca21 was determined by re®ning the Flack

parameter (Flack, 1983).

As part of the cooperation between our laboratories,

structures of the intermediates (III)±(VI) had been solved in

1991 to check their expected stereoisomerism. With re¯ec-

tions/parameters > 10 the re®nements were then regarded as

satisfactory. In the meantime, in an independent work

reported by Riddell et al. (1995) structure (VI) was acciden-

tally redetermined (R = 0.068, wR = 0.064 for 2070 unique

re¯ections). Recently, the con®gurational polymorphism

(Dunitz & Bernstein, 1995) of the diastereomeric molecules

(I) and (II) prompted us to extend the hydrogen-bond studies

on structures (III)±(VI). Despite the observed high R1 values

[in particular for (III)], the relevant hydrogen positions could

be located unambiguously in difference maps. Since the

original structure analysis of (VI) had resulted in R = 0.047,

wR = 0.124 for 2204 unique re¯ections, the present paper is

based on the earlier structure determination.
Figure 1
Chemical structures of the six related molecules showing their
stereoisomerism. The common and relevant atomic numbering is given
on (I).

1 Supplementary data for this paper are available from the IUCr electronic
archives (Reference: DE0011). Services for accessing these data are described
at the back of the journal.



3. Results and discussion

3.1. Survey of the structures at a molecular level

The molecular structures of the six 2-hydroxycyclopentanes

are depicted in Fig. 2. The six compounds can be classi®ed in

terms of cis±trans isomerism, the absence or presence of the

bulky tert-butyl moiety and OH ! NH2 replacement in the

COX group. The tert-butyl function (III)±(VI), the CONH2

group (I)±(III) and the COOH group (IV)±(VI) are always

pseudo-equatorial. The cis or trans isomerism along the C1Ð

C2 bond is shown by the pseudo-axial (I), (IV)±(VI) or

equatorial (II) and (III) orientation of the 2-OH function.

From this, it follows that the C6ÐC1ÐC2ÐO1 torsion angle

(Table 2) is substantially larger (ca 73�) in the 1,2-trans

isomers (II) and (III) than in the cis isomers (43±52�).

Molecules (I) and (II), containing no tert-butyl substituent,

are diastereomers, and according to Dunitz & Bernstein

(1995) their crystals can be regarded as con®gurational poly-

morphs. In (I) puckering of the ¯exible cyclopentane ring, via

pseudorotation (Altona et al., 1968), results in an almost

perfect Cs(2) envelope shape (the corresponding puckering

parameters introduced by Cremer & Pople, 1975, are listed in

Table 2). In (II) the cyclopentane ring with its two 1,2-trans

functions assumes a conformation that is intermediate

between the Cs(2) and C2(4) forms, whereas in (III) the ring

puckering gives a nearly perfect C2(4) half-chair. Molecules

(IV) and (V) are also diastereomers. The cyclopentane ring in

(IV) is a Cs(1) envelope form, while the planar COOH group

is eclipsed with the C1ÐC5 bond (Table 2). In (V) the COOH

group remains eclipsed with the C1ÐC5 bond, but the

cyclopentane ring, similarly as in (I), changes from a Cs(1) into

a Cs(2) envelope with the 2-OH group on the ¯ap. Transfer of

the tert-butyl moiety from C4 to C5 results in (VI). The

juxtaposition of the tert-butyl and the planar COOH groups

induces a rotation of ca 15� of the COOH group about the

C1ÐC6 bond, which is accompanied by a pseudorotation from

the nearly perfect Cs(1) envelope found in (V) to a transitional

state between a Cs(2) envelope and a C2(5) half-chair.

3.2. Hydrogen-bond networks

3.2.1. Packing motifs and patterns. A survey of the inter-

molecular relationships exhibited by the molecules con®rmed

that, besides some conformational differences, similarities can

be observed in the forms of supramolecular self-organization

mediated by two, chemically different hydrogen bonds

(Table 3). The common O1ÐH� � �O2 hydrogen bonds are

formed along glide planes (g) in three structures (I), (V) and

(VI), with translation (t) in (IV), whereas they form helices

(21) in both trans isomers (II) and (III). Glide planes generate

heterochiral meanders (M), while translation and screw axes

form homochiral tapes (T) and helices (H). The second X3Ð

H� � �O1 hydrogen bonds, in addition to a screw axis [for (I)

and (V)] and glide plane [for

(II) and (VI)], form heterochiral

rings (R) around inversion

centers in (III) and (IV). This

means that the O1ÐH� � �O2

hydrogen bonds do not form an

R motif, while the X3ÐH� � �O1

hydrogen bonds do not form a T

motif. Overall, the six structures

demonstrate ®ve independent

racemic patterns of close

packing in which the three chain

motifs of the common O1Ð

H� � �O2 hydrogen bond are

parallel or antiparallel. Since

both homochiral chains (T and

H) may assume an antiparallel

array [(IV) and (III)], the

pattern hoa covers two alter-

natives, hoa1 and hoa2. Simi-

larly, both H and T chains may

also be parallel. These patterns

are termed hop1 and hop2. In

(II) the parallel helices with

opposite chirality (hop1)

generate parallel glide planes in

a polar space group Pca21. In

hop2 motifs H are replaced by

motifs T. Structures (I) and (V)

re¯ect the pattern hea1, in which
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Figure 2
Molecular structures of (I)±(VI), showing their common atomic numbering. Only the H atoms with
distinguished function are numbered. The enantiomers presented are in agreement with the chemical
formulae depicted in Fig. 1.
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Table 1
Experimental details.

(I) (II) (III)

Crystal data
Chemical formula C6H11NO2 C6H11NO2 C10H19NO2

Chemical formula weight 129.16 129.16 185.26
Cell setting, space group Monoclinic, P21=c Orthorhombic, Pca21 Monoclinic, P21=c
a, b, c (AÊ ) 11.693 (2), 7.225 (1), 7.902 (2) 9.879 (2), 8.410 (2), 8.250 (2) 13.246 (5), 6.988 (2), 13.299 (6)
� ��� 103.70 (3) 90 113.78 (8)
V (AÊ 3) 648.6 (2) 685.4 (3) 1126.5 (7)
Z 4 4 4
Dx (Mg mÿ3) 1.323 1.252 1.092
Radiation type Cu K� Cu K� Mo K�
No. of re¯ections for cell para-

meters
25 25 25

� range (�) 26.08±29.89 17.48±24.14 10.0±12.61
� (mmÿ1) 0.819 0.775 0.075
Temperature (K) 293 (2) 293 (2) 293 (2)
Crystal form, color Block, colorless Block, colorless Block, colorless
Crystal size (mm) 0.30 � 0.15 � 0.08 0.15 � 0.12 � 0.05 0.55 � 0.30 � 0.15

Data collection
Diffractometer Enraf±Nonius CAD-4 Enraf±Nonius CAD-4 Enraf±Nonius CAD-4
Data collection method !±2� scans !±2� scans !±2� scans
Absorption correction Psi scan Psi scan Psi scan

Tmin 0.7913 0.944 0.9599
Tmax 0.9374 1.000 0.9888

No. of measured, independent and
observed parameters

1431, 1274, 1149 1569, 1375, 1145 2449, 2350, 844

Criterion for observed re¯ections I > 2�(I) I > 2�(I) I > 2�(I)
Rint 0.0170 0.0089 0.0180
�max (�) 74.91 74.78 26.97
Range of h, k, l ÿ14! h! 14 ÿ12! h! 12 ÿ16! h! 15

ÿ9! k! 0 ÿ10! k! 10 0! k! 8
0! l! 9 ÿ9! l! 10 0! l! 16

No. and frequency of standard
re¯ections

3 every 60 min 3 every 60 min 3 every 60 min

Intensity decay (%) 2 0 0

Re®nement
Re®nement on F2 F2 F2

R�F2>2��F2��, wR�F2�, S 0.0406, 0.1272, 1.138 0.034, 0.1133, 0.86 0.0502, 0.1657, 0.948
No. of re¯ections and parameters

used in re®nement
1274, 84 1375, 83 2350, 123

H-atom treatment Mixed Mixed Mixed
Weighting scheme w = 1/[�2(F2

o) + (0.1000P)2

+ 0.0000P], where
P = (F2

o + 2F2
c )/3

w = 1/[�2(F2
o) + (0.1000P)2

+ 0.0000P], where
P = (F2

o + 2F2
c )/3

w = 1/[�2(F2
o) + (0.0020P)2

+ 6.5000P], where
P = (F2

o + 2F2
c )/3

��=��max 0.000 0.000 0.000
��max, ��min (e AÊ ÿ3) 0.308, ÿ0.172 0.127, ÿ0.134 0.265, ÿ0.251
Extinction method SHELXL97 (Sheldrick, 1997b) None SHELXL97 (Sheldrick, 1997b)
Extinction coef®cient 0.026 (5) ± 0.062 (6)

(IV) (V) (VI)

Crystal data
Chemical formula C10H18O3 C10H18O3 C10H18O3

Chemical formula weight 186.24 186.24 186.24
Cell setting, space group Triclinic, P1 Monoclinic, P21=c Monoclinic, P21=n
a, b, c (AÊ ) 5.931 (1), 6.200 (1), 15.951 (3) 16.862 (2), 6.104 (1), 10.519 (3) 6.170 (2), 21.749 (2), 7.892 (1)
�, �, 
 ��� 84.30 (4), 89.97 (4), 62.28 (4) 90, 107.03 (4), 90 90, 105.57 (4), 90
V (AÊ 3) 515.97 (15) 1035.2 (4) 1020.2 (4)
Z 2 4 4
Dx (Mg mÿ3) 1.199 1.195 1.213
Radiation type Mo K� Cu K� Mo K�
No. of re¯ections for cell para-

meters
25 25 25

� range (�) 11.0±13.2 24.50±28.30 10.28±13.14
� (mmÿ1) 0.087 0.704 0.088
Temperature (K) 293 (2) 293 (2) 293 (2)
Crystal form, color Block, colorless Block, colorless Block, colorless
Crystal size (mm) 0.40 � 0.20 � 0.09 0.35 � 0.20 � 0.12 0.40 � 0.25 � 0.12



the M motifs are cross-linked by H motifs. The latter motifs

can readily be replaced by R motifs and this pattern is denoted

hea2. Finally, in (VI) the M motifs (hep1) are cross-linked by

other M motifs; both are formed by the same glide plane n.

Mutatis mutandis, two parallel glide planes (a and c or n and

c), may also form an independent pattern denoted as hep2.

The six structures are discussed below in terms of these basic

packing modes.

3.2.2. Carboxylic acids (IV), (V) and (VI). The structures

(IV), (V) and (VI) differ only in the position of the bulky tert-

butyl moiety, which results in three packing modes: hoa1, hea1

and hep1. The simplest form of hydrogen bonding is organized

by translation and inversion centers in a triclinic unit cell with

space group P�1. This may be attributed to the unique feature

of molecule (IV), that all COOH, OH and tert-butyl groups

are on the same face of the cyclopentane ring. In the triclinic

unit cell (Table 1), the homochiral row of translation-related

(IV) molecules (T motif) is accompanied by an antiparallel

row of the enantiomers (Fig. 3). These rows are cross-linked

by the second O3ÐH� � �O1 hydrogen bonds donated from the

1-COOH groups to the 2-OH moieties (pattern hoa1). Each

cross-link is an R2
2�12� ring (Etter, 1990) and is formed around

�1 at 0,12,
1
2 and 1,12,

1
2, respectively. Additionally, there is a second

12-membered ring around another inversion center at 1
2,

1
2,

1
2.

This R4
4�12� ring is a tetramer, which is formed between two

COOH and two OH groups. In the monoclinic unit cell of (V)

(Fig. 4), the M motif replaces the T motif; both are built up by

the same O1ÐH� � �O2 hydrogen bonds. Since the homochiral

chains become heterochiral, the center of inversion-related

R2
2�12� rings of (IV) turn into in®nite C(6) (Etter, 1990) helices

(H) around 21 (1
2, y, �1

4) etc. The result is a close packing in the
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Table 1 (continued)

(IV) (V) (VI)

Data collection
Diffractometer Enraf±Nonius CAD-4 Enraf±Nonius CAD-4 Enraf±Nonius CAD-4
Data collection method !±2� scans !±2� scans !±2� scans
Absorption correction Psi scan Psi scan Psi scan

Tmin 0.9661 0.7913 0.9658
Tmax 0.9922 0.9374 0.9896

No. of measured, independent and
observed parameters

3107, 2998, 1971 2137, 2084, 1598 2276, 2204, 1239

Criterion for observed re¯ections I > 2�(I) I > 2�(I) I > 2�(I)
Rint 0.0193 0.0215 0.0160
�max (�) 29.95 74.99 26.96
Range of h, k, l 0! h! 8 0! h! 21 0! h! 7

ÿ7! k! 8 0! k! 7 0! k! 27
ÿ22! l! 22 ÿ13! l! 12 ÿ10! l! 9

No. and frequency of standard
re¯ections

3 every 60 min 3 every 60 min 3 every 60 min

Re®nement
Re®nement on F2 F2 F2

R�F2>2��F2��, wR�F2�, S 0.0477, 0.1776, 1.147 0.0541, 0.1688, 0.951 0.0474, 0.1875, 0.932
No. of re¯ections and parameters

used in re®nement
2998, 124 2084, 125 2204, 124

H-atom treatment Mixed Mixed Mixed
Weighting scheme w = 1/[�2(F2

o) + (0.0626P)2

+ 0.1708P], where
P = (F2

o + 2F2
c )/3

w = 1/[�2(F2
o) + (0.1017P)2

+ 0.4219P], where
P = (F2

o + 2F2
c )/3

w = 1/[�2(F2
o) + (0.0300P)2

+ 0.8000P], where
P = (F2

o + 2F2
c )/3

��=��max 0.000 0.000 0.002
��max, ��min (e AÊ ÿ3) 0.3, ÿ0.268 0.249, ÿ0.241 0.257, ÿ0.24
Extinction method SHELXL97 (Sheldrick, 1997b) SHELXL97 (Sheldrick, 1997b) SHELXL97 (Sheldrick, 1997b)
Extinction coef®cient 0.029 (11) 0.0019 (9) 0.019 (4)

Computer programs used: CAD-4 EXPRESS (Enraf±Nonius, 1992), XCAD4 (Harms, 1996), SHELXS86 (Sheldrick, 1985), SHELXS97 (Sheldrick, 1997a), SHELXL97 (Sheldrick,
1997b), PLUTO in CSD (Allen & Kennard, 1993), PLATON (Spek, 1998).

Figure 3
Perspective view of the crystal structure (IV), showing a translation-
generated row of homochiral molecules opposed by a row of �1 (1, 1

2,
1
2)

center of inversion-related enantiomers. Both R2
2�12� and R4

4�12� [synthon
(1a)] rings can be observed.
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space group P21/c, where the symmetry operators c and 21

separately govern the formation of the O1ÐH� � �O2 and O3Ð

H� � �O1 hydrogen bonds. The crystals of the diastereomeric

pair (IV) and (V) have the same packing coef®cient (Gavez-

zotti, 1983) of 0.68 and there is a visible packing similarity

between them. In both the triclinic and the monoclinic unit

cells, identical R4
4�12� rings can be discerned around appro-

priately chosen inversion centers. This ring can be regarded as

a tetrameric supramolecular synthon [termed (1a); KaÂ lmaÂn et

al., 2000], an enlarged form of the most common synthon (1)

(Fig. 5) listed by Desiraju (1995).

This relationship between (V) and (IV) can be visualized by

the use of graphical symbols (e.g. asymmetric black and white

arrows) for the molecules. In Fig. 6(a), two antiparallel (in the

direction of the chain) T motifs of enantiomers are connected

simultaneously by R2
2�12� dimers and R4

4�12� tetramers. When

a change in chirality at C4 brings the tert-butyl group to the

other side of the ring, a new molecular self-complementarity is

established (Fig. 6b). The lower and upper chains (M) are

cross-linked by H motifs. Between the C(6) helices there are

the R4
4�12� tetramers. If the

upper chain is shifted by ca 1
2 of

its period in either direction, an

alternative pattern can be

established: the tetramers are

replaced by the R2
2�12� dimers.

However, the row of R2
2�12�

dimers and R4
4�12� tetramers

found in (IV) is restored if the

screw axes are replaced by

twofold axes (Fig. 6c), which in

general are less favorable in

close packing than the helical arrays (Zorky, 1993; Brock &

Dunitz, 1994). The new space group is C2/c. This packing

mode (hea2) is not present among the six structures, but is

expected to be found among the isomers and analogues of

molecules (IV) and (V).

Transfer of the tert-butyl group from C4 to C5 converts (V)

into (VI). The juxtaposition of the bulky tert-butyl and the

COOH groups results in a basically different packing array

Table 2
Relevant torsion angles and puckering parameters (Cremer & Pople, 1975) of the cyclopentane rings in (I)±
(VI).

C6ÐC1ÐC2ÐO1 O2ÐC6ÐC1ÐC5 ' (�) Q (AÊ ) Shape

(I) 48.7 (1) ÿ29.5 (1) 35.2 (2) 0.408 (2) Cs(2) Envelope
(II) 73.1 (2) ÿ36.9 (3) 25.0 (5) 0.387 (2) Cs(2) C2(4) Transitional form
(III) 72.7 (3) ÿ73.2 (3) 17.2 (5) 0.416 (4) C2(4) Half-chair
(IV) 48.5 (2) ÿ5.6 (2) 1.3 (4) 0.403 (2) Cs(1) Envelope
(V) ÿ51.5 (2) 3.6 (2) 32.5 (5) 0.399 (2) Cs(1) Envelope
(VI) 43.4 (2) 17.2 (3) 46.6 (5) 0.388 (4) Cs(2) C2(5) Transitional form

Figure 5
Supramolecular synthons (1), (3) and (4), as listed by Desiraju (1995), and
their enlarged forms (1a) and (3a) found in (IV), (V) and (I), respectively,
and analogous rings revealed in (II), (III) and (VI).

Figure 4
Perspective view of the crystal structure of (V), showing a glide plane-
related row of heterochiral molecules. The central pair is homochiral and
related by a 21 screw axis at (1

4, y, 1
2), leading to an in®nite helix of C(6)

type around the b axis. The R4
4�12� ring [synthon (1a)] can also be

recognized.



(VI), with a packing coef®cient of 0.69, similar to those of (IV)

and (V). The molecules are arranged in thin zigzag layers

stretching diagonally in the monoclinic unit cell parallel to the

b axis (Fig. 7). The M motifs built up by O1ÐH� � �O2

hydrogen-bonded molecules (dashed lines in Fig. 8) are

arranged in a parallel mode. These chains are cross-connected

by the O3ÐH� � �O1 hydrogen bonds (dotted lines). Each

white arrow assumes a central position between the transla-

tion-equivalent black arrows on the four corners of an idea-

lized unit cell. From the individual C(6) chains, three glide-

plane-related molecules form a C2
2�6� chain, while four mole-

cules form a large R4
4�18� ring (Fig. 5). The opposite directions

of the four hydrogen bonds generate an antidromic ring,

which, according to Jeffrey & Saenger (1991), has a signi®cant

total dipole moment. Since dipoles must cancel out over the

whole crystal, antiparallel stacking of the layers is compulsory.

The antiparallel stacking of layers depicted in Fig. 8 gives rise

to an elongated b axis via inversion centers with space group

P21/n, from which it follows that in (VI) there are no

hydrogen-bonded connections between the hep1 layers. They

are linked only by weak van der Waals interactions. Otherwise,

the parallel stacking of the layers would correspond with a

rare (0.4%) polar space group, Pc.

So far, we have seen how the different positions of the tert-

butyl group lead to the formation of three types of close

packing. One of them (IV) is triclinic, while two [(V) and (VI)]

are monoclinic. The question of why the O1ÐH� � �O2

hydrogen bonds in (IV) are formed with translation rather

than with glides planes was answered by modeling the close

packing of the all-cis (IV) molecules in structure (V). This

arrangement is hindered by very short H� � �H contacts of

�1.15 AÊ .

3.2.3. Carboxamides (III), (II) and (I). Replacement of the

cis-COOH group by a trans-CONH2 moiety introduces two

novel patterns of hydrogen bonding:

(i) In both structures (III) and (II) the C6ÐC1ÐC2ÐO1

torsion angle is opened by 25� up to ca 73.� As a result, the

principal hydrogen bonds link molecules along screw axes.

These helices (H), with either (1R,2R) or (1S,2S) chirality, can

be parallel or antiparallel. The antiparallel helices in (III) are

related by �1 symmetry, resulting once again in the space group

P21/c. The parallel helices are separated by glide plane(s) in
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Figure 7
Stereoview of the crystal structure (VI), showing compact diagonal zigzag
stripes of the O1ÐH� � �O2 hydrogen-bonded molecules interconnected
via the O3ÐH� � �O1 hydrogen bonds. Both M motifs (perpendicular to
each other) are formed by the same n(x, 1

4, z) glide plane, which generates
two molecules from the reference molecule M(x,y,z) with coordinates xÿ 1

2,ÿy + 1
2, z� 1

2. Their unit (�z = 1) separation provides the spatial condition
to form both OÐH� � �O hydrogen bonds along the same glide plane.

Figure 6
Schematic diagram of patterns hoa1 and hea1 found in (IV) and (V). The
long and short arrowheads represent the 1-COOH and 2-OH functions,
while color distinguishes the enantiomers. Mixed color refers to
stereoisomerism around C4. (a) All-cis diastereomer (IV). The separate
homochiral tapes (T) of the enantiomers are cross-linked across centers
of inversion (hoa1). They alternately form R2

2�12� dimers and R4
4�12�

tetramers. (b) Diastereomer (V). The tert-butyl groups on the opposite
side are shown by a black cross versus a white arrow and vice versa. The
heterochiral meanders (M) are cross-linked via homomolecular pairs
around 21 screw axes (hea1), while the inversion centers generate the
R4

4�12� tetramers as in (IV). (c) A shift of the upper row by 1
2 of the

translation leads to a novel pattern (hea2) if the screw axes are replaced
simultaneously by twofold rotations. Both R4

4�12� tetramers and R2
2�12�

dimers are preserved.
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(II) and together generate an orthorhombic space group Pca21

(No. 29), which is 50 times less frequent than P21/c. These

crystal structures represent the packing modes hoa2 and hop1.

(ii) In both (II) and (III) the complementary second N3Ð

H� � �O1 hydrogen bonds are maintained by the NH2 groups,

while their second arms form the third hydrogen bond with the

CO groups of appropriately located neighboring molecules

(see below).

The difference between the parallel and antiparallel arrays

of the helices formed by the enantiomeric molecules (black

and white) is demonstrated by graphical symbols. To give a

better view of the molecules around the screw axes, the arrows

(Figs. 6 and 8) are replaced by their projections. The sharp

point of a triangle represents the 2-OH group, while the small

circle and small triangle denote the O atom and the NH2

group, respectively. In (III) (Fig. 9) antiparallel helices in pairs

are cross-linked by dimers (R motifs) formed around �1 (0,0,12)

and its translation-equivalent points along the b axis. The

folded R2
2�12� dimers are joined by the N3ÐH3c� � �O1

hydrogen bonds (Fig. 5). The third hydrogen bond, N3Ð

H3d� � �O2, is perfectly embedded in this network. Together

Table 3
Hydrogen bonds and their descriptors.

The symmetry codes given in rows 2, 7 and 12 refer to the acceptor atoms of hydrogen bonds.

(I) (II) (III) (IV) (V) (VI)

O1ÐH1(xyz)� � �O2 x, ÿ1
2 ÿ y, ÿ1

2 + z ÿx, ÿy, 1
2 + z 2 ÿ x, ÿ1

2 + y, 1
2 ÿ z ÿ1 + x, 1 + y, z x, 1

2 ÿ y, ÿ1
2 + z ÿ1

2 + x, 1
2 ÿ y, 1

2 + z
D� � �A (AÊ ) 2.859 (1) 2.751 (2) 2.719 (3) 2.786 (2) 2.855 (2) 2.738 (2)
H� � �A (AÊ ) 2.07 1.93 1.90 1.97 2.04 1.94
DÐH� � �A (�) 162.2 173.3 176.4 170.2 170.8 163.7
Symmetry operator Glide plane Screw axis Screw axis Translation Glide plane Glide plane
N3ÐH3c(xyz)� � �O1 ÿx, 1

2 + y, 1
2 ÿ z 1

2 ÿ x, y, ÿ1
2 + z 2 ÿ x, ÿy, 1 ÿ z

O3ÐH(xyz)� � �O1 2 ÿ x, 1 ÿ y, 1 ÿ z 1 ÿ x, ÿ1
2 + y, 3

2 ÿ z ÿ1
2 + x, 1

2 ÿ y, ÿ1
2 + z

D� � �A (AÊ ) 3.030 (1) 2.964 (2) 2.913 (3) 2.664 (2) 2.686 (2) 2.702 (2)
H� � �A (AÊ ) 2.17 2.11 2.08 1.85 1.88 1.89
DÐH� � �A (�) 172.7 169.7 162.1 169.5 166.3 171.2
Symmetry operator Screw axis Glide plane Inversion center Inversion center Screw axis Glide plane
N3ÐH3d(xyz)� � �O2 x, 1

2 ÿ y, ÿ1
2 + z 1

2 ÿ x, y, 1
2 + z 2 ÿ x, 1

2 + y, 1
2 ÿ z

D� � �A (AÊ ) 3.102 (1) 2.951 (2) 2.964 (3)
H� � �A (AÊ ) 2.28 2.10 2.14
DÐH� � �A (�) 160.3 169.3 160.5
Symmetry operator Glide plane Glide plane Screw axis

Figure 8
Pattern hep1: heterochiral chains (M) in a parallel array. One white arrow
is connected to four black arrows via O1ÐH� � �O2 and O3ÐH� � �O1
hydrogen bonds. Two white and two black arrows complete the
antidromic R4

4�18� ring. The position of the tert-butyl group (black cross)
on the cyclopentane ring is symbolized by a modi®ed (white) arrow.

Figure 9
Pattern hoa2: antiparallel helices in (III) cross-linked around inversion
centers into R2

2�12� dimers. Between two dimers separated by �y = 1, a
six-membered ring is formed by three molecules from each helix. Around
each screw axis, a double helix is formed by O1ÐH� � �O2 and N3Ð
H3� � �O2 hydrogen bonds. Together with the R2

2�12� dimers they form an
inner R4

6�12� ring and an outer R6
6�32� ring. Ignoring the N3ÐH3� � �O2

contacts, an intermediate homodromic R6
6�24� ring can be recognized.



with the principal hydrogen bond, it forms double helices

around the antiparallel screw axes. The graph-set notations

are C(6) and C(4), respectively. Together, the three types of

hydrogen bond form a corrugated two-dimensional chicken-

wire, the units of which are six-membered double rings. Each

screw axis contributes three molecules to such a hexamer,

formed around an inversion center. The six molecules are

surrounded by an inner R4
6�12� ring (Fig. 5) and an outer

R6
6�32� ring. The two rings are built up from the same six

hydrogen bonds in the clockwise and anticlockwise directions.

In (II) the small molecules, free from the bulky tert-butyl

moieties, are arranged in parallel helices. The close packing of

(II) is also characterized by the graphical symbols applied in

Fig. 9. A full turn of the helix generates three molecules

(Fig. 10), which are then joined into a four-membered ring by a

molecule from the adjacent helix with opposite chirality. Thus,

a novel R3
4�12� ring (Fig. 5) is formed, in which half of the

hexameric R4
6�12� ring is embedded. This means that it also

incorporates all three types of hydrogen bond in the crystal.

The carbon-free C2
3�6� chain (formed by the NÐH� � �O

hydrogen bond) is supplemented to a full ring by a six-

membered O C(H)ÐC(H)ÐCÐOH molecular fragment.

The parallel (II) versus antiparallel (III) array of the H motifs

can be attributed to the smaller volume of molecule (II) (by

33.5%), which gives rise to a packing coef®cient (0.68) greater

than that for (III) (0.63).

Finally, apart from the OH ! NH2 replacement, elimina-

tion of the tert-butyl moiety from (IV), (V) and (VI) equally

results in the same molecule (I). Of the three packing forms

assumed by (IV), (V) and (VI), the pattern hea1 found in (V)

shows the highest similarity with structure (I). As indicated by

the dotted lines in the graphical model (Fig. 6b), structure (I)

forms the central part of structure (V) (Fig. 4). From the O3Ð

H� � �O1! N3ÐH� � �O1 replacement, it follows that (1a), the

common tetrameric synthon (Fig. 5) of (IV) and (V), is an

enlarged form of the supramolecular synthon (3) of Desiraju

(1995) in structure (I). It is also a homodromic ring (Jeffrey &

Saenger, 1991), labeled (3a) in Fig. 5.

3.2.4. Similarities in terms of graphs and synthons. Within

the observed ®ve forms of close packing, the 2-OH and 1-

COOH (IV)±(VI) or CONH2 (I)±(III) functions are the

network builders via the same two hydrogen bonds (O1Ð

H� � �O2 and X3ÐH� � �O1), while the cis/trans isomerism and

the bulky tert-butyl group are the pattern modi®ers. It may be

concluded that the exclusive formation of the homodromic

OÐH� � �O CÐR motif with the C(6) graph is common in the

six crystal structures. The cis or trans stereoisomerism, i.e. the

chirality of C1 and C2, excludes the formation of any intra-

molecular hydrogen bond, but it also governs the symmetry of

the principal hydrogen bonds.

The second hydrogen bond, O CÐXÐH� � �OH (X = O or

NH), plays a complementary role in the formation of the

patterns. For example, by forming homodromic R2
2�12� dimers

in (III) and (IV), it connects the antiparallel H and T chains,

respectively. It also takes part in the formation of the new

synthons (1a) or (3a). The role of the third, N3ÐH3d� � �O2

hydrogen bond is less obvious. In (III) it is coupled to the

principal hydrogen bond, forming together homodromic and

homochiral R2
2�10� rings (Fig. 11), while in (II) it is associated

with the second hydrogen bond. However, here the homo-

dromic R2
2�10� rings are heterochiral (Fig. 12). The N3Ð
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Figure 11
A fragment of structure (III) showing the screw-axis-generated helix of
the adjacent R2

2�10� rings. Each pair shares a common bond, C6ÐO2.

Figure 10
Pattern hop1: parallel helices de®ne structure (II). A full turn of either
helix involves three O1ÐH� � �O2 hydrogen-bonded molecules. They
complete an R3

4�12� ring when an adjacent molecule from the parallel
enantiomeric helix donates two NH� � �O hydrogen bonds. Between the
parallel helices, there is a glide plane c which organizes these two NH� � �O
hydrogen bonds into in®nite chains running in opposite directions.
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H3d� � �O2 hydrogen bond also assists in the formation of an

R4
6�12� (III) and a heterodromic R3

4�12� ring (II). The carbon-

free R4
6�12� ring of (III) is an enlarged form of synthon (3a)

(Fig. 5). In this ring, both arms of the NH2 moiety contribute

to the hydrogen-bond network: the ®rst to the dimer and the

second to the helix. Accordingly, the adjoining CONH2 group

is forced into the outer ring. It is therefore replaced by the

carbonyl O atom from a third molecule, provided by a half

turn of the screw axis. Thus, the heterodromic ring (Jeffrey &

Saenger, 1991) remains 12-membered with the same number

of acceptors (four), while the number of donors is increased to

six. In our opinion, the R4
6�12� ring in (III) inherits the struc-

ture-cementing properties of the R4
4�12� tetramers. In addition,

there is a genetic connection between synthons (3) and (3a)

and ring (3b).

In (I), as a real supramolecular synthon (4) (Desiraju, 1995),

the N3ÐH3d� � �O2 hydrogen bond seems to stabilize the

network retained from (V). This can be attributed to the

topologically different glide planes c(x, 1
4, z) and c(x, 3

4, z) in

space group P21/c (Table 3). Similarly, as in (V), the N3Ð

H3c� � �O1 hydrogen bonds form homochiral C(6) chains of

molecules related by the screw axes, while the C(6) chains of

the O1ÐH� � �O2 hydrogen bonds are ordered along the glide

plane c (x, 1
4, z). The N3ÐH3d� � �O2 hydrogen bond, forming

shorter C(4) chains, preserves their glide plane symmetry, but

the plane is c (x, 3
4, z). As shown in Fig. 13, four molecules

related by these independent glide planes form a large anti-

dromic R3
4�18� ring, with two O1ÐH� � �O2 hydrogen bonds on

the right side and two N3ÐH3d� � �O2 hydrogen bonds on the

left side. Thus, these parallel hydrogen-bond chains bound to

the common `bifurcated' acceptor atom O2 have a cooperative

effect on the close packing of (I). By means of these forces (I)

has the highest packing coef®cient (0.72) among the six

structures.

The graph sets discussed above are basically determined by

four intramolecular chains: a seven-membered chain with two

donor atoms and no acceptor atoms, denoted 270, a six- and a

four-membered chain with one donor atom and one acceptor

atom, denoted 161 and 141, respectively, and a ®ve-membered

chain with no donor atom, but with two acceptor atoms,

denoted 052:

270 : HÐXÐC(O)ÐCÐCÐOÐH

161 : OÐÐCÐCÐCÐOÐH

141 : OÐÐCÐXÐH

052 : OÐÐCÐCÐCÐO:

In cooperation with individual OH group(s) or carbonyl O

atom(s), they generate larger chains and rings. Partitioning of

the large rings or chains into molecular fragments by the use of

these subunit notations (Table 4) may help reveal further

similarities. The arrows in the partitioned graph-set notations

facilitate a distinction between the homo-, anti- and hetero-

dromic characters of the hydrogen bonds organized in the

rings discussed above. Interestingly, (I), (IV) and (V) all

involve the homodromic R4
4�12� tetramer. Even among

different heterodromic graph sets, formed with the third

hydrogen bonds, (II) and (III) have homodromic R6
6�24� and

R4
4�18� rings, respectively, which contribute to the stability of

their close packing (Jeffrey & Saenger, 1991). Only in (VI),

which exhibits polymorphism (Riddell et al., 1995), is the

principal R4
4�18� ring antidromic. It is to be hoped that when

further structures become available, they can be utilized for an

Figure 13
An antidromic R3

4�18� ring completed by O1ÐH� � �O2 and N3Ð
H3d� � �O2 chains between four molecules of (I).

Figure 12
Parallel helices in (II), linked by an in®nite row of heterochiral R2

2�10�
rings. Each pair shares a common bond, C6ÐN3.



understanding of deeper connections between these supra-

molecular self-organizations.

3.3. Isostructurality of (I) and (V)

The similar tetrameric supramolecular synthon [(1a) or

(3a)] of (V) and (I), stabilized by the cooperative effect of the

C(4) and C(6) chains in the latter, called our attention

(KaÂ lmaÂn et al., 2000) to a novel case of isostructurality

(KaÂ lmaÂn et al., 1993) between two small molecules substan-

tially differing both in volume (by 33.5%) and in shape. This

suggests to reconsider the early view of Kitaigorodskii (1961)

on the condition and limits of isomorphism. Such a relaxed

form of isostructurality, in which the requirement of molecular

isometricity is not ful®lled, but the packing arrangement is

preserved, is termed homostructurality (KaÂ lmaÂn & PaÂrkaÂnyi,

1997). Homostructurality is shown e.g. by the structures of

Ph4C (Robbins et al., 1975) and Ph4Pb (Busetti et al., 1967)

with similar shape but different volume (by �10±15%) and

diphenyldiacyloxyspirosulfurane (KaÂ lmaÂn et al., 1973) and its

binaphthyl analog (Kapovits et al., 1993) differing both in size

(�26%) and shape. Quantitatively, such pairs are character-

ized by a low volumetric index (ca 50%) of isostructurality

(FaÂbiaÂn & KaÂ lmaÂn, 1999). The R4
4�12� ring, regarded as a

tetrameric supramolecular synthon, is the hallmark of the

observed structural similarities in (I), (IV) and (V). The

vicinal (1,2-cis) position of a pair of donor/acceptor functions

located on a small, but ¯exible spacer seems to account for this

phenomenon. The homostructurality of (I) and (V) under-

scores (Fig. 14) the priority of the antiparallel and heterochiral

chains using both 21/c operators in the most frequent space

group P21/c (35.5%) in the Cambridge Structural Database

(CSD; Allen & Kennard, 1993). It must be emphasized that (I)

and (V) are homostructural, but not isomorphous (cf. the

lattice parameters in Table 1).

4. Conclusions

It has been demonstrated that six structures (I)±(VI) re¯ect

®ve distinct forms of supramolecular self-assembly. They are

formed by parallel or antiparallel hydrogen-bonded molecular

chains. Since each crystal is racemic, the molecular chains are

either homo- or heterochiral. Two additional patterns can be

generated if the H (helix) motif is replaced by the R (ring)

motif in the pattern hea1 and by the T (tape) motif in the

pattern hop1. They are termed hea2 (Fig. 8c) and hop2. A

third pattern (hep2) may also be expected if the n glide-plane-

generated M motifs in pattern hep1 are replaced by two

meanders generated by parallel glide planes, e.g. a and c.

These conclusions are valid (i) only for solvate-free crystals

and (ii) if the roles of the different hydrogen bonds OÐ

H� � �O C and OÐH� � �OÐH are not interchangeable. The

formation of hydrates cannot be excluded and a survey of the

homodromic R4
4�12� tetramers separated by R2

2�12� dimers

(Fig. 3) implies the possibility of such an exchange of func-

tions.

To shed light on these questions, appropriately chosen novel

compounds are to be synthesized and crystallized: (i) with

enlarged, six-, seven- and eight-membered spacer rings, and

(ii) with novel ring substituents (e.g. methyl, ethyl, propyl etc.).

Since the initial submission of this paper (1R*,2S*)-2-hydroxy-

1-cyclohexane- and -1-cycloheptanecarboxylic acids have

already been subjected to X-ray crystallography.2 Both were

found to crystallize in a monoclinic system with space group

C2/c. Thus, the R4
4�12� tetramers are retained around the

twofold axes separated by R2
2�12� dimers in accordance with

the predicted pattern hea2 (Fig. 6c). It is noteworthy that their

close packings again exhibit homostructurality.
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Figure 14
Stereoviews of the structural layouts of (a) (I) and (b) (V) showing
projections ac versus ca projected onto +b (I) and the ÿb (V) axis.
Structure (I) can clearly be recognized in the center of the layout of (V).

Table 4
Graph-set notations, Ra

d�n� of the largest rings (n � 18) partitioned in
terms of the ring components.

Arrows indicate the donor! acceptor directions, which determine the homo,-
hetero- and antidromic character of the rings.

(I): R3
4�18�: 270! 141! 011 161 Antidromic

(II): R4
4�18�:! 161! 121! 161! 141! Homodromic

(III): R6
6�32�: 141 270! 052 141 270! 052 Heterodromic

(III): R6
6�24�:! 161! 141! 121! 161! 141! 121! Homodromic

(I), (V): R4
4�24�: 270! 052 270! 052 Heterodromic

(VI): R4
4�18�: 270! 141! 052 121 Antidromic

2 Details of these structure determinations along with those of other
cyclohexane, cycloheptane and cyclooctane carboxylic acids which have been
synthesized will be published by the authors in this journal in due course.
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Accordingly, the results presented here and the work in

progress may help crystal engineering (even structure

prediction, see pattern hea2) through exploration of the

effects of weak van der Waals forces in the choice of the

sterically and energetically most favorable (or alternative)

packing forms.

The structure analyses were supported by OTKA grant No.

T023212 (and partly T034985) and the synthetic work by

OTKA grant No. T030647. Thanks are due to Mr Csaba

KerteÂsz and Mrs GyoÈ rgyi ToÂ th-CsaÂkvaÂri for their technical

assistance.
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