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Simple model designed to generate new crystal
structures derived from a mother phase; application

to molecular compounds

The basic principles of a model predicting new lattices from a
known crystal structure are described. The first of the two-step
procedure consists of extracting one- or two-dimensional
periodic fragments (PF) from the mother structure. In the
second step, symmetry operators are added to the PFs in order
to generate one or several new three-dimensional lattices
consistent with the 230 space groups. Most of the examples are
related to polymorphism, but relationships between racemic
compounds and enantiomers, twinning and lamellar epitaxy
phenomena are also exemplified.

1. Introduction

The study of crystalline solids is of considerable interest in
both theoretical and practical approaches because different
crystal structures of a given compound have different physical
and thermodynamical properties (e.g. in terms of solubility,
dissolution rate, crystal morphology, compressibility or ther-
modynamic stability). The understanding of polymorphism
(ie. why a given molecule adopts a particular packing
arrangement) and of the relationships between enantiomer
and racemic compound structures could develop knowledge in
various fields such as nucleation, crystal growth, molecular
and supramolecular recognition, or stereoselective crystal-
lization of chiral compounds. From a practical point of view,
crystal packing studies are essential in the pharmaceutical
industry (Brittain, 1999), particularly for bioavailability and
process problems (Rustichelli et al., 2000; Kobayashi et al.,
2000; Wostheinrich & Schmidt, 2001), but also play an
important role in other fields such as pigments (Erk, 2001) or
explosives (Dzyabchenko ef al., 1996; Molchanova et al., 1999).
Threlfall (1995) and Vippagunta et al. (2001) review poly-
morphism precisely and describe many methods for the
examination of crystalline solids.

The search for new crystal structures commonly uses one of
the following three routes:

(i) Ab initio prediction (Karfunkel & Leusen, 1992; Leusen,
1996; Hofmann & Lengauer, 1997; Gdanitz, 1997; Chin et al.,
1999). This method is based on the modelling of molecular
recognition mechanisms and consists of determining (by
computation) the preferential crystal packings for a given
molecule with a particular conformation.

(ii) Prediction of crystal structures via crystal engineering.
The analysis of experimental data allows the construction of
supramolecular synthons, which, regenerated in the three
dimensions, lead to new crystal packings (Desiraju, 1997).

(iii) Experimental screening (Threlfall, 1995). Different
conditions of nucleation and crystal growth or desolvation are
tested in order to initiate the appearance of new forms.
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Ab initio prediction of possible molecular crystal structures
is constantly in progress. For instance, there exists now a
commercial product called ‘Polymorph Predictor’ imple-
mented in the Cerius® (Molecular Simulations Inc., 1999)
molecular modelling environment (for a review see Gdanitz,
1997). A Monte Carlo method for predicting crystal structures
of semiflexible molecules, called KAP (Kitaigorodskii’s
Aufbau Principle), has been developed by Perlstein (1994).
One-dimensional translation aggregates (Perlstein, 1992) and
two-dimensional monolayer aggregates composed of semi-
flexible molecules (Perlstein, 1994) have been successfully
generated. In the same way, Gavezzotti (1991, 1993: program
PROMET) predicted crystal structures of rigid molecules
starting from clusters composed of 2-4 molecules related by
symmetries.

Despite these developments, ab initio predicting models
based on molecular modelling still suffer from some limita-
tions, especially for structures containing highly flexible
molecules and/or with large solute. The main limitation lies in
the nature of the force fields, which do not take into account
the polarization effects of molecules. Consequently, ab initio
prediction is definitely less efficient for highly polarized
structures (i.e. zwitterions and salts). Moreover, approxi-
mately 10% of the known structures have Z' > 1 and one third
(Threlfall, 1995) consist of solvates or even mixed solvates
(Gorbitz & Hersleth, 2000), which adds complexity to the
problem. Despite continuous progress, some people are
doubtful about the ab initio predictability of new crystal
structures (Gavezzotti, 1994).

Different calculated and/or experimental crystal structures
for a given compound have frequently similar lattice energies
or heats of sublimation. Therefore, preference for particular
crystal packing might be mainly driven by external factors
such as supersaturation, temperature, solvent and/or impu-
rities in solution. For instance, the arrangement of molecules
in solution (ie. pre-aggregation such as the formation of
dimers of alcohols) and the resulting growth units may differ
with the solvent. As shown for the four polymorphs of sulfa-
thiazole (Blagden et al., 1998), the presence of an impurity
may inhibit the nucleation of the stable polymorphic form,
allowing the crystallization of a metastable one. For all these
reasons, even if ab initio methods can determine several
polymorphs for a given compound, predicting which of these
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Figure 1

First step of the procedure: the mother phase is decomposed into one- or
two-dimensional periodic fragments (PFs) preferentially with a low
energy.

crystal structures will appear experimentally seems to be a
difficult if not an impossible task.

A more practical approach to predict crystal structures is
called crystal engineering (Desiraju, 1995). Supramolecular
synthons, composed of molecules linked together by specific
interactions (e.g. hydrogen bonds, ionic bonds, 7—m interac-
tions), are extracted from known structures and are exploited
to generate crystal structures with different properties.
Contrary to ab initio prediction for which the aim is to
generate a precise packing for a given component, this
approach is less precise and deals more with network
prediction, ie. generation of architectures for a family of
compounds exhibiting the same features (Moulton & Zawor-
otko, 2001).

In the present paper a simple model of prediction of crystal
structures derived from an experimentally known structure is
proposed. After a description of this ‘Derived Crystal Pack-
ings’ (DCP) model, its analogies with the two predicting
methods described above are discussed and some examples
are given. The DCP model is thoroughly applied to a family of
5-alkyl-5-aryl-hydantoins, allowing the prediction of a new
crystal structure for one of the derivatives. Several other
examples deal with the applicability of the DCP model to
conformational polymorphism, relationships between enan-
tiomers and racemic compounds, twinning or lamellar epitaxy.
Finally, various consequences of the structural relationships
between two phases related by the DCP model are discussed.

2. Description of the DCP model: theoretical examples
2.1. The basic principles of the model

The DCP model can be divided into two main steps:

(i) By means of a procedure inspired by a standard Periodic
Bond Chain (PBC) analysis (Hartman & Perdok, 1955a4,b), a
known crystal structure (hereafter called mother phase) is
energetically and structurally analysed in order to extract one-
or two-dimensional periodic fragments called PFs (Fig. 1).

Daughter phase 2
(enantiomorphous structure)

Daughter phase 3

(non-chiral structure)

Daughter phase 5

15 [Z7]Constitutive unit composed
Daughter phase 4 of the counter-enantiomer
Figure 2

Second step of the procedure: for a given PF, some symmetry operators
are added to generate new three-dimensional crystal packings (daughter
phases).
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(ii) In the second step, symmetry operators are added to the
PFs, generating new three-dimensional crystal lattices called
daughter phases (Fig. 2). If the PF is a ribbon (i.e. one-
dimensional), two independent symmetry operators (asso-
ciated with translations not parallel to that contained in the
PF) are successively added to generate three-dimensional
periodic structures. If the PF is a slice (i.e. two-dimensional),
the addition of one symmetry operator (with a translation not
parallel to those of the PF) is sufficient. The procedure is
reversible and the mother phase can be reconstructed from
the various daughter phases derived from it.

During construction particular attention is paid to two main
criteria, which are: generation of a structure coherent with one
of the 230 space groups and close packing (i.e. cohesion
between the PFs). If necessary, the daughter phases are
minimized using the Open Force Field module of the Cerius”
software [force field: Dreiding2.21; Mayo et al., 1990; Ewald
summation for both van der Waals and coulombic interactions,
ESP charges derived from Gaussian94 (Frisch et al., 1995),
basis set B3LYP, method 6-31G**]. The stability of the
daughter phases is checked by computing their lattice energy,
which should not differ by more than a few kJ mol ™" from that
of the mother structure. When possible, experimental X-ray
powder diffraction (XRPD) patterns, obtained under various
conditions of nucleation and crystal growth, are compared
with the calculated XRPD patterns of the new forms.

In the first step the same philosophy as that developed in
crystal engineering is employed, since experimental features
(such as the hydrogen-bond network, ionic bonds between
salts or even hydrophobic layers) are extracted from the
mother phase and used to generate new structures. However,
the supramolecular synthons employed in crystal engineering
are not necessarily periodic and may not contain symmetry
operators or translations. In the second step, the successive
addition of translational repeat distances to generate daughter
phases is similar to that of the ab initio procedure developed
by Perlstein (1992, 1994). Nevertheless, while the ab initio
model consists of predicting crystal structures starting from a
molecule or a finite collection of molecules, the DCP model
has a more practical approach and allows the study of various
phenomena as will be seen in the several examples treated
further.

2.2. Choice of the PF

A periodic fragment can be described as a subunit
composed of a part or the totality of the unit cell, which is
periodically repeated according to one or two translations of
the mother structure. For instance, for a structure in space
group P2,/c with two molecules A and B in the asymmetric
unit (i.e. Z' = 2), a possible subunit can be composed of the
four equivalents of the molecule A. As shown in Fig. 1 the
addition of one or two translations to the subunit gives a one-
dimensional PF (ribbon) and a two-dimensional PF (slice),
respectively.

The number of possibilities of PFs is quite large and
increases with respect to the number of equivalent positions

and to the number of molecules in the asymmetric unit of the
mother phase (Z'). However, from more than 25 examples
treated so far, the probability of obtaining relatively stable
daughter phases is higher if the starting PF has a low energy.
Therefore, PFs with interactions such as ionic bonds, hydrogen
bonding or m—m interactions between two phenyl groups are
chosen in this order of preference. Up to now, PFs are selected
in a qualitative way (energies of the PFs are not calculated),
but a PBC analysis (Hartman & Perdok, 1955a.,b) should be
employed in order to classify the PFs and extract those with
the lowest energies. Indeed, one- and two-dimensional PFs can
be regarded as possessing at least one and two major PBCs of
the mother structure, respectively.

2.3. Theoretical examples

Hereafter, a right-handed molecule will be denoted by an
arrow in an unbroken line and a left-handed molecule by an
arrow in a dotted line. The nomenclature used to describe the
location of the added symmetry operators is based on the
crystallographic parameters of the mother phase. For instance,
the addition of a twofold screw axis normal to PFaty = 0
refers to the cell parameter y of the mother phase.

2.3.1. Influence of the location of the added symmetry
operator(s). A given PF can lead to different daughter phases,
depending on the symmetry operators applied. A theoretical
example is given in Fig. 3. Starting from a mother phase with
space group P2,/c, a PF containing the twofold screw axis, the
glide plane ¢, inversion centres and two translations of the
mother phase (7, and T,) is extracted and two daughter
phases with space groups Pnma and Pbca are generated. In
both constructions the same symmetry operator is applied (i.e.
twofold screw axis), but at different locations. The construc-
tion of these two daughter phases can also be obtained for
example from a ribbon containing only the translation 7. In
that case, two twofold screw axes at different locations have to
be added to the PF (a general example of construction of a
daughter phase from a one-dimensional PF is detailed in the
supplementary materials). Therefore, a daughter phase
constructed from a two-dimensional PF can always be gener-
ated starting from a one-dimensional ribbon contained in this
slice. However, preference is given to the largest part of the
mother structure, i.e. the two-dimensional PF.

2.3.2. Theoretical considerations on the number of
molecules in the asymmetric unit (Z’). Some symmetries
contained in the PF may disappear in the generated daughter
phase, if they are not consistent with the added symmetry
operator(s). Consider a mother phase with space group P2,/c
and Z,, = 1 (see the supplementary materials for construc-
tion"). The PF is composed of the four equivalents of the unit
cell and the two translations 7, and T,. The addition of a
twofold screw axis normal to the yz slice and located in a
general position (i.e. at z # 0, 3, 3 or 3) suppresses the first
twofold screw axis and the inversion centres of the PFE

! Supplementary data for this paper are available from the IUCr electronic
archives (Reference: BK0114). Services for accessing these data are described
at the back of the journal.
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compounds (space group Pbca), the
majority of the derivatives belong to the
space groups P2, and P2,2,2,
(approximately 25% and 40-50%,
respectively, of chiral molecules crys-
tallize in these two space groups).

The structures are analysed by a
standard PBC analysis. It appears that,
in each structure, the entire hydrogen-
bond network is contained in a homo-
chiral ribbon characterized by a twofold
screw axis running along b. Depending

1 4
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] ww ) \\/{7 : ; i S ile — close to 623 A (£0.02 A). The imida-
‘ zole groups of the molecules included in
Daughter Phase 1 Daughter Phase 2 PFa are coplanar and all their heteroa-

Space group Pbca

Figure 3

Construction of two structures with different space groups from a single two-dimensional PF
extracted from a P2,/c structure, by means of the addition of a twofold screw axis at different
locations. The same procedure can be applied to a one-dimensional PF. In that case, two added

symmetries are necessary to generate the two daughter phases.

Moreover, it generates a glide plane n, leading to a daughter
phase with space group P2,cn (standard setting: Pna2;) with
Z!, = 2. The two molecules in the asymmetric unit are related
by non-crystallographic symmetry, unless minimization
destroys it. Therefore, the DCP model allows one to construct
a daughter phase possessing supplementary degrees of
freedom compared with the mother phase (i.e. Z), > Z,,).

Conversely, starting from a mother phase having more than
one molecule in the asymmetric unit (Z,, > 1), periodic
fragments containing only a part of the constituents of the
asymmetric unit can be extracted, leading to several daughter
phases with Z, < Z, (examples are treated in the supple-
mentary materials). In that case, if a PBC analysis is
performed to choose the PFs, sub-slices containing the
different molecules of the asymmetric unit have to be defined
(Petit et al., 1994).

3. Structural description of the 5-alkyl-5-aryl-
hydantoins and prediction of a new crystal structure of
the 5-(4’-chlorophenyl)-5-methylhydantoin

In this section the DCP model is applied as a tool to analyse a
family of 5-alkyl-5-aryl-hydantoin structures (with alkyl =
methyl or ethyl and aryl = para-substituted phenyl, Fig. 4).
These compounds have an unusual high propensity to crys-
tallize as conglomerates (Coquerel et al, 1993). With two
exceptions for 72H and pF61H, which crystallize as racemic

Space group Pmcn
(standard setting Pnma)

toms participate in the hydrogen-bond
network (Fig. 5, left).

(i) In the crystal structures of pF61H
and 72H (space group Pbca), a different
type of periodic fragment (PFb) is
observed. The translation 7, associated
with the twofold screw axis varies with
the compound (7.20 A for pF61H and 7.57 A for 72H). The
imidazole groups are not strictly coplanar to each other and
one of the two O atoms is not involved in the hydrogen-bond
network (Fig. 5, right). PFb is also encountered in 5-ethyl-5-
methyl-hydantoin which crystallizes as a stable conglomerate,
but with frequent lamellar epitaxy (Beilles et al., 2001).

The construction of several daughter phases has been
investigated  for  5-(4-methylphenyl)-5-methylhydantoin
(71H). This compound crystallizes as a stable conglomerate
(P2,242;) and a metastable form of this conglomerate (P2,).
Monotropic behaviour in the range 77 = (293 K — melting
point) is observed.

Let us consider, first, the construction of several poly-
morphic forms of the P2; structure, chosen as the mother
phase. For this purpose, three slices with the lowest energy

) Type of
Name R; R: ibbon
61H CH; H PFa
71H CH, CH, PFa
pF61H CH; F PFb
pCl61H CH;s Cl PFa
pBr61H CH, Br PFa
pMeO61H CH;j OCH; PFa
81H CH;s CH:CH; PFa
62H CH,CH; H PFa
72H CH,CH; CH, PFb

Figure 4

Series of the 5-alkyl-5-aryl-hydantoins. (*) The two-digit number
corresponds to the number of C atoms in the two substituents of the
asymmetric carbon (except for pMeO61H).
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have been selected from the monoclinic form (Fig. 6). These
are slices (100), (101) and (001). As PFa provides the main
part of the energy of the mother phase, the three slices contain
this common feature to which a supplementary translation
from the mother structure is associated. In each case, a
twofold screw axis normal to PFa and located at y = 0 is added
in order to generate structures with space group P2,2,2,. A
structural analysis of the three orthorhombic daughter phases
shows that:

&%rﬁﬁ?’:‘

e

=

4’@ i

_/

‘H-.
\F\
Ribhon PFa
(Ty=6.23 +(.02A)

‘fji:i_/

Ribbon PFb
(Ty=7.20A or 7.57A)

Figure 5
Description of the two hydrogen-bond ribbons encountered in the crystal
structures of the 5-alkyl-5-aryl-hydantoins.
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o B
B 2

Figure 6
Construction of three orthorhombic structures from three slices of the
monoclinic structure (case of 71H).

Table 1
Classification of the experimental crystal structures of the 5-alkyl-5-aryl-
hydantoins.

For the general developed structure, see Fig. 4.

Type of structure Name a (A) b (A) c (A) B angle (°)

Mono (P2;) 61H 10.81 6.21 7.36 108.07
71H 11.72 6.25 7.35 103.79

Orthol (P2,2,2;) 71H 22.75 6.25 7.34 90
pCl61H 2273 6.22 7.21 90
pBr61H 22.95 6.22 7.35 90
pMeO61H  23.59 6.22 7.18 90
81H 24.63 6.25 7.31 90

Ortho2 (P222;) 62H 10.70 6.23 1555 90

Ortho3 (P2,2,2) No experimental structure observed

Ortho Rac (Pbca)  pF61H 2578 713 11.48 90
72H 25.42 7.57 11.63 90

(i) Orthol is similar to the experimental orthorhombic form
of 71H, and isostructural to the experimental structures of
compounds 81H, pCI61H, pBr61H and pMeO61H.

(ii) Ortho2 corresponds to the crystal packing of compound
62H.

(iii) Ortho3 has not been encountered so far.

The daughter phases are optimized and their lattice ener-
gies are computed (Fig. 6). The resulting energy values
confirm lower lattice energies for the two experimental forms
(i.e. Orthol and Mono).

In the following construction, a racemic compound with
space group Pbca has been constructed starting from the
ribbon PFa of the experimental orthorhombic structure of 71H
(see supplementary materials for construction). A first glide
plane ais addediny = %to generate a two-dimensional slice
composed of alternating homochiral ribbons of opposite
handedness. Then, a second glide plane b parallel to the slice is
added to generate a structure belonging to the space group
Pcab (standard setting: Pbca). The daughter phase is opti-
mized with the same procedure as that described above.
Although the generated daughter phase is not competitive
with the experimental structures in term of energy (i.e. +9.1
and +9.4 kJ per molecule with respect to Orthol and Mono
structures, respectively), its crystal packing is closely similar to
that encountered in the experimental racemic compound of
pF61H and 72H, and contains the periodic fragment PFb. The
transformation of the hydrogen-bond ribbon PFa to a ribbon
of type PFb during minimization can be explained by the
interactions between the phenyl groups of two adjacent PFs.
In the chiral crystal packings (i.e. P2,2,2; and P2;), the phenyl
groups of two adjacent PFa are related by a twofold screw axis,
leading to sm-stacking interactions (Fig. 7a). In the racemic
compound constructed from PFa, the two adjacent PFs are
related by a glide plane, which creates sterical hindrances
(Fig. 7b). During minimization, a rotation of the molecules in
the PF is observed. In the minimized structure, although one
heteroatom is no more involved in the hydrogen-bond
network of the new periodic fragment (PFb), all the sterical
bumps have disappeared (Fig. 7¢).

Therefore, all the experimental crystal packings of the
5-alkyl-5-aryl hydantoins are connected to each other by
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Table 2

Energy difference after minimization between the five types of crystal packings related by the DCP model (in kJ mol™").

The structure possessing the lowest lattice energy is taken as the reference. The experimental structures are in bold. The competitive crystal structures which could

appear experimentally under suitable conditions are underlined.

61H 71H pF61H pCl61H
Mono +0.38 0 +0.2 +0.05
Orthol 0 +0.3 0 0
Ortho2 +5.1 +6.2 +6.1 +9.3
Ortho3 +16.8 +35.6 +24.1 +26.1
Ortho Rac +19.5 +9.4 +8.8 +14.3

pBr61H pMeO61H 81H 62H T2H
+0.1 +11.4 +6.9 +9.0 +9.2
0 0 0 +11.2 +6.7
+12.7 +17.1 +14.6 0 +0.04
+22.8 +29.8 +27.1 +7.6 +20.8
+20.4 +50.0 +20.7 +8.3 0

means of the DCP model (Table 1). To confirm these struc-
tural relationships, the five types of crystal packings are
constructed for each hydantoin. Starting from the experi-
mental structure (mother phase), the daughter phases are
constructed by using the same procedures as those described
for 71H. The monoclinic form is realised by adding a simple
translation to PF1 (see Fig. 6). The angle between 7, (trans-
lation associated with the twofold screw axis) and the added
translation defines the monoclinic angle. For 72H, it is worth
noting that the construction of the crystal packings has been

b

=

b

=

S R

b c

g ﬁ il ﬁ ﬁ ﬁ ﬁ :
JRUUUSUULE

Figure 7

Comparison of the different stackings of PFa and PFb for pF61H (left: stereoviews along the ¢
axis; right: projection along the a axis of the stacking of the phenyl groups). (a) type Orthol. (b)
Racemic compound constructed from PFa. (¢) Experimental racemic compound (PFDb).

S i 3

realised before determination of the experimental structure by
means of single-crystal X-ray diffraction. Therefore, the
mother phase employed for the generation of the daughter
phases has been derived from the monoclinic form of
71H (molecules of 71H have been replaced by molecules
of 72H).

The daughter phases and the mother phase are then opti-
mized. The resulting energies are summarized in Table 2. For
pF61H, problems of parameterization for the F atom did not
allow any conclusion on the relative stability between all the
structures and therefore on the possible
experimental appearance of a metastable
conglomerate.

Although the structure with the lowest
energy is not necessarily the experimental
one (Lommerse et al, 2000), energy
ranking gives a list of possible candidates
for experimentally observable phases. For
61H, pCl61H and pBr61H, competitive
polymorphs in terms of energy with the
experimental one are predicted. For 72H,
the appearance of a metastable conglom-
erate or the crystallization of the pure

S enantiomer into the Ortho2 crystal
k- packing is expected. For 61H, 71H, 62H,
i pCl61H and pBr61H, the melting
/,;I; peaks observed in differential scanning
/.d—v calorimetry (DSC) exhibit a shoulder.

N

This phenomenon indicates  poly-

4 Glide plane morphism or the existence of a metastable

: racemic compound. Nevertheless, up to
now, only the XRPD patterns of 71H and
pCl61H exhibit extra identifiable peaks
when considering the mother phase.
Various attempts to find experimentally
the predicted monoclinic form of pCl61H
have been performed. In
1-methyl-2-pyrrolidinone ~ (NMP), a
mixture of the orthorhombic form (type
Orthol) and of a new form has been
obtained. After checking the chemical
purity and by comparing the XRPD
patterns of the mixture with the simulated
patterns of the mother phase (Orthol)
and the monoclinic daughter phase, it

e

—

G anant
M - -

~,
.

Glide planc

- A

Acta Cryst. (2002). B58, 662-672

667

Gervais and Coquerel - Model to generate new structures



research papers

Table 3

Developed formulae of the molecules retrieved from the CSD (upper part) and details on the

construction procedure (lower part).

The first refcode is the mother phase (space group sgl), the second one is the daughter phase generated by

the addition of the symmetry operator(s) (space group sg2).
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performed, since the configurations of
the asymmetric centres (i.e. +, —, R, S,
p and L symbols) are not differ-
entiated. Up to now we have focused
on the following space groups, which
are among the most populated (see
Brock & Dunitz, 1994; Belsky et al,
™ 1995): P2,, C2, P2,2,2y, P2y/c, C2lc,
g; Pca2,, Pna2, and Pbca. The crystal

structures are then compared in view

7
MBZYANOL . .
to determine if one or more common

MBZYANO3

) PF exists. Details concerning the
zoj';o experimental structures retained and

the constructions of the derived
phases starting from their parents are
summarized in Table 3 [compounds
(1)-(19)]. Only a few examples are

Ji:% - . o L e ‘ CO‘ detailed, the remainder being
jﬁﬁ ? b¢ oo \¢f o DO described in the supplementary
4 e » " Nt o materials.
NIYRES ‘WIKJEF, PEAMANOL, SECNIX 2ZZMUC06 LALNINO3 HEXHEL
NIYRTW PEAMAN, YOWWOW SECNET ZZZMUCO1 DLALNI
4.1. Case of conformational poly-
No. sgl sg2 PF Additional symmetry operator(s) morphism
a P, - Slice Translation Dibenzoylmethane [compound (4),
2) P2y/c Pbca Slice 2, axis normal to PFaty = 1 Table 3] crystallizes in three poly-
(3), (13) P2y/c Pbca Ribbon (i) 2, axis normal to PFaty = 1 morphic forms, ie. a P2,/c form, a
@ (if) 2, axis parallel to PFaty = 0 Pbca form and a metastable Pbca
4 P2y/c Pbca Slice Glide plane a at y = .
(5), (6), (7), 8), (9) P2, P2.le Slice  Glide plane ¢ normal to PFat y = ! form (Etter et al., 1987). Starting from
10 C2 C2c Slice Glide plane ¢ normal to PFaty = 1 the P2,/c structure, it is possible to
3 p
(11) P2, Pna2, Slice Glide plane ¢ normal to PFatx = 1 generate a daughter phase corre-
(12) P2,2,2, P2,/c Ribbon (i) Glide plane a normal to PFatz = 0 . .
(ii) Translation sponding to the experimental meta-
(14) P22, P2/c Slice Glide plane ¢ normal to PFat x = 0 stable Pbca (see supplementary
(15) P2, 720 =2 P2,2 =1 Slice Translation materials for construction). Never-
P2, 7Z =1 P22:2 Slice 2, axis normal to PFaty = 1 hel h |
P2,2:2, Pca2, Slice Glide plane a normal to PFaty = }‘ theless, the generated crystal struc-
(16) P2, P2,/c Slice Glide plane ¢ normal to PF at x undefined ture has to be minimized, particularly
(17) P2,/b Pca2, Slice 2, axis normal to PFatz = } at the interface between the PFs. The
(18) P2,2:2, Pna2, Slice Glide plane b normal to PFatx = 0 . f d d h
(19) P2,2,2; Slice Glide plane a normal to PFaty = } minimization (per ormed under the

seems that this new crystal variety can be identified as the
predicted monoclinic crystal structure (Fig. 8).

4. lllustration of the applicability of the DCP model to
various fields

In order to assess the prediction capability of the DCP model
and its practical utility in the study of various phenomena,
couples of known structures are retrieved from the Cambridge
Structural Database (CSD; http://www.ccdc.cam.ac.uk/). For
this purpose a specially written program is used. It resides on
an alphanumeric comparison of compound names in two files,
both containing a particular space group. Although this
method is not exhaustive (the same compound can be differ-
ently named in the CSD), comparison between enantiomers
and racemic compounds or between two diastereomers can be

same conditions as those used for the

A

“.Daughter phase (£2;)

H

™ Experimental mixture

|
K i U\ N 9.9 ..
JWLJ dw Jﬁiﬂh«

J
) n_,)\_H_A_JJ” \ ’\LLJ\/\J@ \_arUU

Nm««mjl'm)twlrm’vw s
JL’]\Mothel phase (P212121)

1c 15 20 25 30

Figure 8

Comparison between simulated XRPD patterns of the mother phase of
pCl61H, of the daughter phase and the experimental pattern obtained in
NMP. Arrows indicate the non-identifiable peaks of the experimental
XRPD pattern, corresponding to the daughter phase.
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hydantoins) results in a change of the conformation of the
molecules and more precisely in a modification of the torsion
angle involving the phenyl groups situated in the outer region
of the PFs.

Therefore, the minimization procedure can allow the
disappearance of sterical bumps between two adjacent PFs
(and/or the formation of interactions between molecules of
two adjacent PFs, such as hydrogen bonding or m-stacking),
leading to daughter phases with slightly different PFs from
that of the mother phase. For instance, in the minimized
racemic compound of 71H, the whole PF differs from that of
the mother phase by a rotation of the molecules in the PF and
a modification of the hydrogen-bond network, but the
conformation of the molecules is conserved (see PFa and PFb,
Fig. 5). In dibenzoylmethane the shape of the PF is globally
conserved, but the conformation of the molecules has been
sensitively modified. Therefore, the model is not restricted to
the analysis and to the prediction of structures having the
same fixed, rigid common periodic fragment and may deal (to
some extent) with conformational polymorphism. Never-
theless, the minimization procedure has some limitations. For
instance, the calculated XRPD patterns of the minimized
daughter phase and of the minimized experimental Pbca of
dibenzoylmethane are similar. However, there exists a non-
negligible difference with the calculated XRPD pattern of the
non-minimized experimental structure (Fig. 9), which high-
lights the fact that a small change in the lattice or especially in
the asymmetric unit can lead to important changes in the
XRPD pattern (a shift of the peaks or a modification of the
intensities of the peaks, respectively).

4.2. Relationships between enantiomers and racemic
compound structures: a case study: a-methylbenzylamine
mandelate

«-Methylbenzylamine and mandelic acids are well known
compounds, frequently employed as resolving agents in clas-
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Figure 9

Comparison between the simulated XRPD patterns of (a) the experi-
mental metastable Pbca; (b) the minimized experimental metastable
Pbca; (c) the minimized predicted form of dibenzoylmethane [compound

(O]

sical resolution. The diastereomeric salts of «-methylbenzy-
lamine mandelate (15) crystallize in various forms (Table 3).
Hereafter, m and 7’ represent (R,R)-(15) and (S,S)-(15),
respectively; v and V' represent (R,S)-(15) and (S,R)-(15),
respectively. The structural analysis of the diastereomeric salts
shows that:

(i) Except the v salt, which crystallizes with space group P1
(Z' = 4), the four other structures exhibit a packing composed
of alternate hydrophilic and hydrophobic slices.

(i) The two polymorphs of the 7 salt [Cambridge Structural
Database (Allen, 2002) refcodes PEAMAN (Brianso et al.,
1979) and PEAMANO1 (Larsen & de Diego, 1993)] and the
racemic compound YOWWOW (de Diego, 1995) possess the
same hydrophilic slice PF1 (Fig. 10, left).

(iii) The mixed crystal (WIKJEF; de Diego, 1994) and the
monoclinic form of the 7 salt (PEAMANO1) possess the same
hydrophobic slice PF2 (Fig. 10, right).

All these structural observations can be highlighted by
applying the DCP model to these crystalline structures. It
appears that, except the P1 structure of the v salt, all the
crystal structures are related to each other (Fig. 11). The
periodic fragments are PF1 and PF2, respectively, the hydro-
philic and hydrophobic slices described above. Starting from
the mixed salt WIKJEF (P2,, Z' = 2), PF2 is extracted. A
simple translation regenerates a P2, structure containing only
the (S,S) pair (i.e. Z' = 1) and corresponds to PEAMANOI1.
From PEAMANOL1 the crystal packing of PEAMAN (P2,2,2;)
is generated, by extracting PF1 and adding a twofold screw
axis normal to it, at x = % Finally, the racemic compound
YOWWOW (Pca2,) is constructed by the addition of a glide
plane a to PF1, which can be extracted either from PEAMAN
or from PEAMANO1 (constructions are detailed in the
supplementary materials).

In order to understand why the pure v salt does not crys-
tallize with alternate slices, we attempted to realise a P2,
structure for the v salt, starting from the hydrophobic slice of
WIKIJEF, composed of (R,S)-(15) only. It appears that the
hydroxyl group of the mandelate is not able to participate in
the hydrogen-bond network, leading to hydrogen-bond
ribbons rather than slices. Therefore, it seems that the v salt
cannot crystallize in the same packing as that of the m salt and
adopts a less favourable one, which could explain the large
difference in solubility and melting point between the two salts
and therefore the frequent use of a-methybenzylamine to
resolve mandelic acid (Ebbers ef al., 1997). On the contrary,
the resolution of a-methylbenzylamine by mandelic acid might
be difficult, considering the existence of the mixed crystal.

Therefore, the DCP model has been successfully applied to
the construction of a daughter phase with Z, # Z, and
allowed the analysis of the structural relationships between
enantiomer and racemic compound structures and more
generally between enantiomorphous and non-enantiomor-
phous structures [for other examples, see compounds (5)-(12),
in supplementary materials].

Therefore, the DCP model may be helpful in preferential
crystallization (PC). In the case of stable conglomerates, the
DCP model can compute possible unstable racemic

Acta Cryst. (2002). B58, 662-672
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compounds, which may impair the performances of PC
(Houllemare-Druot & Coquerel, 1998; Dufour et al., 2001).
The closer their stability to their corresponding eutectic
mixture, the more detrimental the impact on PC. Common
faces between enantiomer and racemic compound crystals
lead to similar heterochiral and homochiral interaction ener-
gies at the crystal face — mother liquor interface. Therefore,
the desorption of the counter-enantiomer docked on these
faces is slowed down. It results in a weak entrainment effect
(i.e. the yield of the PC is limited), with at extreme cases its
inhibition.

In the same way, it can also be applied to two diastereomers.
For instance, the diastereomer RRS of the (5-methyl-3-

AEPIE DR i e Y
FE B AR LH

Hydrophilic slice (PF1) Hydrophobic shice (PF2)

Figure 10
Periodic fragments encountered in the crystal structures of o-methyl-
benzylamine mandelate [compound (15)]. Left: hydrophilic slice (PF1)
common to PEAMAN, PEAMANO] and YOWWOW structures. Right:
hydrophobic slice (PF2) common to PEAMANO1 and WIKJEF
structures.
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Application of the DCP model to the diastereomeric salts of «-
methylbenzylamine mandelate [compound (15)].

phenyltetrahydrofuran-2-yl)acetic acid (16) crystallizes with
space group P2,. By applying the DCP model, it is possible to
generate a daughter phase P2,/c, closely similar to the crys-
talline structure of the diastereomers RRR and SSS (details of
the construction are in the supplementary materials). This
relation can be explained by the presence in both structures of
the same type of ribbons containing the entire hydrogen-bond
network. The asymmetric centre that differs in the two
diastereomers does not participate in the hydrogen-bond
network, but plays a role in the packing of the periodic frag-
ment.

4.3. Expression of the structural similarities by forming twins
and epitaxies

Twinning can be the underlying expression of a derived
polymorphic form. For instance, the hydantoin 71H crystal-
lizes frequently in the monoclinic form with twins on the {100}
faces, which correspond to the common PF between the
monoclinic form and Orthol (see Fig. 6). At the twin interface,
a two-dimensional orthorhombic-like packing is observed.
The same type of relationship exists between the two poly-
morphic forms Pbca and P2;/c of trinitrotoluene [compound
(17), see supplementary materials for construction]. The
monoclinic form shows extensive twinning along the {100}
planes (Gallagher & Sherwood, 1996; Gallagher et al., 1997),
which correspond to the common PF. It appears that, in
suitable experimental conditions, the two forms crystallize
simultaneously, i.e. as concomitant polymorphs (Bernstein et
al,, 1999). For these two examples, twinning is a direct
consequence of the similarities between the two structures and
it is not surprising that the DCP model demonstrates the
structural relationships between them.

In the case of epitaxy, different molecules crystallize with
their lattices connected by a specific and reproducible orien-
tation. Epitaxy between the racemic compound and the
enantiomer of alanine (18) occurs on {001} faces (Weissbuch et
al., 1994), which correspond to the periodic fragment common
to the two structures (see supplementary materials for
construction and discussion).

Hexahelicene crystallizes in the chiral space group P2,2,2,
(19). Surprisingly, crystals grown from a racemic mixture
reveal almost no enantiomeric excess. Green & Knossow
(1981) explained the formation of these particles by the
epitaxial association of macroscopic homochiral lamellar
fragments parallel to the {100} faces. Starting from the P2,2,2,
structure, we tried to find a daughter phase that could describe
the interface zone between two adjacent lamellae. For this
purpose, a periodic fragment corresponding to the slice (100)
of the P2,2,2, structure was extracted and a glide plane a
normal to this PF was added to generate a daughter phase with
space group Pna2; (Fig. 12). The generated daughter phase
could describe exactly the epitaxy zone occurring along the
[100] direction. As the relative lattice energies of both struc-
tures are closely similar (ie. a difference of ~3.3 kJ per
molecule), this type of epitaxy phenomenon could occur

670 Gervais and Coquerel - Model to generate new structures

Acta Cryst. (2002). B58, 662—-672



research papers

frequently without providing a high excess of energy (Gervais
et al., 2002).

4.4. Concomitant polymorphism

Therefore, the DCP model constructs daughter phases with
structural features existing in the mother phase so that they
are likely to have relative stabilities close to that of the mother
phase (similar lattice energies). As shown above, these two
factors can lead, for instance, to the presence of a metastable
racemic compound, or to the formation of twinning or lamellar
epitaxy, but it can also result in concomitant polymorphism
(Bernstein et al., 1999). Indeed, as the mother phase and the
daughter phase(s) possess similar lattice energies and related
structures, it is likely that under definite conditions of
nucleation and crystal growth a mixture of phases occurs. For
instance, fullerene C60 (Herbstein, 1996) can crystallize as a
mixture of two structures having both an orientational
disorder, i.e. a predominant cubic close-packed structure (with
repetition of three layers ABC) and a hexagonal close-packed
structure (with repetition of only two layers AB).

4.5. Mechanism of heterogeneous nucleation

The DCP model can be useful in the understanding of
mechanisms occurring during polymorphic transitions or even
during racemate/conglomerate transitions, although for the
latter (involving the change from one phase (R,S) to two
phases (R) and (S)) the predominant role played by diffusion
can lead to more complex mechanisms. Consider the transition

Mother phase
HEXHEL (P2,2,2))
1

Step II: addition of a glide plane a normal to PFat y =4

B

.
]
Ji}fr \l_r\
| NS
A
P
“"‘xm
L/L: i \g
RSN
N
\

Daughter phase
(Pna2,)

Figure 12

Construction of a Pna2, structure of hexahelicene [compound (19)]. The
daughter phase corresponds to the interface of the ‘twinned’ crystal (in
fact epitaxy) described by Green & Knossow (1981).

by means of a destructive/reconstructive process between two
crystalline structures related by the DCP model, i.e. possessing
a common PF. During the transition, provided that form I has
not totally disappeared, its structural features can help in the
heterogeneous nucleation of form II. In the case of a two-
dimensional PF, the structures have a crystallographic plane in
common where the heterogeneous nucleation of one form on
another one is easily initiated. With a one-dimensional PF in
common, the heterogeneous nucleation may also occur via a
ledge-directed mechanism already pointed out (Bonafede &
Ward, 1995; Ward, 2001). Nevertheless, the structural resem-
blance between two forms leads to similar lattice energies, so
that the transition is conducted by a weak driving force (AG).
The slow rate of the polymorphic transition between the
metastable form (P2,) and the stable one (P2,2,2;, Orthol) of
71H in ethanol and acetone (more than 1 month for a total
transformation if no seeding is carried out) exemplifies this
effect.

5. Conclusions

A two-step model predicting new crystal structures called
DCP (derived crystal packings) is proposed. It consists of
extracting a one- or two-dimensional periodic fragment from a
mother structure and in adding new symmetry operators,
which generate new three-dimensional crystal packings. For a
given mother phase, several derived structures can thus be
generated either by using different periodic fragments and/or
by applying different sets of symmetry operators to the same
periodic fragment.

It has been successfully applied to:

(i) Polymorphism: One of the predicted crystal structures of
5(4-chlorophenyl)-5-methylhydantoin has been found
experimentally. The current status of the model can withstand
slight modifications of the constitutive unit (i.e. a small
variation of the geometry of the molecules).

(ii) Enantiomorphous/non-enantiomorphous space groups
(which can also include polymorphism). The interest of the
method relies on the possibility of improving the under-
standing of the relationships between enantiomer structures
and racemic compound structures. Moreover, systematic
construction of enantiomorphous and non-enantiomorphous
structures for a given chiral compound could predict a meta-
stable (or unstable) racemic compound or conglomerate.

(iii) It could also explain and predict the occurrence of
particular phenomena, such as lamellar epitaxy on crystals
grown from a racemic solution and/or twinning.

As the DCP model is easy to apply, it could be used as a
routine method after every resolution of crystal structure in
order to detect possible polymorphs, metastable racemic
compounds or conglomerates and to explain the possible
occurrence of twinning or lamellar epitaxy.

In some cases, the single crystal used to solve the structure
may not be representative of the bulk (Aakerdy & Seddon,
1993). This can be detected by comparison between the XRPD
pattern of the bulk (measured with a spinning capillary set-up
in order to avoid preferential orientation effects) and the
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diffraction pattern simulated from the single-crystal data
(unfortunately, it is often overlooked!).

The extended version of this model could focus on struc-
tures:

with Z' > 1 for which the possibility of generating new
packings increases rapidly with the value of Z'. For this
purpose, space groups having a high percentage of structures
with Z' > 1 will be first contemplated (Brock & Dunitz, 1994);

of solvates and their possible derived sub-solvated or
asolvated phases;

of different conformers of the molecule in mother and
daughter phases.

In the same way, the model could be applied to the study of
structural relationships between incommensurate and
commensurate structures. Moreover, it could focus on the
automation of the DCP model, particularly by the character-
ization of the PBCs in the mother phase for the extraction of
the PFs.

The authors would like to thank Morgan Pauchet for
elaboration of the program of comparison of space groups in
the Cambridge Structural Database, and CRIHAN (Région
Haute-Normandie) for providing molecular modelling tools.
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