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The most populated space groups for a selection of solvates of chiral and achiral molecules with
common solvents are presented to assist crystal structure prediction calculations on these complex

systems.

Introduction

Many programs for the computer generation of crystal
structures (e.g. UPACK,! Accelrys Polymorph Predictor)?
take advantage of space group symmetry to reduce the number
of variables in searches of the complex potential energy surface
of crystal structures. The generation of crystal structures is,
therefore, carried out independently in each space group. As
the total number of space groups is considerable (230), a
common approach is to generate structures in only the 10 to 15
most frequently observed space groups.> Such an approach
assumes that the likelihood of finding a low energy crystal
structure in a particular space group is related to the propor-
tion of structures in the Cambridge Structural Database
(CSD)°® that are observed in that space group. Fortunately, a
very substantial proportion of structures (91%)’ found in the
CSD belong to only 15 of the 230 available space groups.

If the system of interest has one crystallographically
independent molecule in the asymmetric unit (Z” = 1),f a
complete crystal structure prediction (CSP) study in the
common space groups can be completed in as little as a few
days for a small molecule on a modest single processor
machine.® For Z” = 2, however, calculations within the same
number of space groups may take more than two to three
months of computational time’§ as the searchable space
becomes a function of six additional variables (i.e. position
and orientation of the second molecule in the asymmetric
unit).'® In the case of Z” = 3, complete CSP calculations in
1015 space groups become substantially more demanding: we
are only aware of two studies addressing such complex and
computationally expensive systems.''"'> Multicomponent crys-
tals (ie. cocrystals, hydrates, solvates or salts) will have a
minimum of Z” = 2. As CSP calculations are now used to
predict the structures of these multicomponent systems and
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their likelihood of formation,” an approach to restrict the
computational expense of such studies might involve a further
reduction in the number of space groups considered.!* ! For
that purpose, however, we believe that a more specific space
group population analysis—beyond the general statistics for
all organic crystal structures in the CSD—would be useful,
since differences in populations might be significant between
different families of crystal structures. Given the chemical
nature of the components of a crystal, space groups should be
prioritised based on the most relevant statistics.

SolvatesY constitute a family of crystal structures which has
attracted growing interest in materials science. In earlier
statistical studies on solvates, Gorbitz and Hersleth'® and
Nangia and Desiraju'’ reported the occurrences of common
solvent molecules in crystal structures deposited in the CSD.
Furthermore, in the study by Nangia and Desiraju, solvate
occurrences were corrected to reflect the different propensities
of the various solvent molecules to be incorporated in the
crystal lattices during crystal growth. Whilst these studies
were mainly focused on the frequency of solvate occurrence,
the aim of our present study is to carefully analyse space
group distributions in solvates taking into account molecular
chirality.

Firstly, we highlight the importance of molecular chirality in
the provision of appropiate space group statistics. Occurrences
of solvates are then analysed together with chirality: the
distributions of chiral (“M) and achiral (*M) main compo-
nents of the solvate are given for the different solvate families.
Finally, space group distributions with consideration of
chirality (“M/*M) and solvent (S) are presented and analysed
and their implications for CSP calculations discussed.

Methodology

Structures of interest were retrieved from vs. 5.26 of the CSD
(including Nov 04, and Feb 05 updates) using ConQuest.'® In
order to obtain a dataset of structures compatible with the
common atom types parameterised in force fields, only neutral
organic crystal structures containing subsets of the atoms H,
D, C, N, O, S and halogens were allowed. The restriction to
only two different chemical residues in the asymmetric unit
(RES = 2), excluded heterosolvates (MS;S,) and solvates of
cocrystals (M;M,S), and resulted in an initial data set of

9 In this case the term solvate is used for molecular crystals containing
an organic solvent.
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12 579 crystal structures, including two-component cocrystals,
solvates and hydrates. The RES = 2 restriction does not
exclude different stoichiometries of binary crystals. Only
structures which contained the following solvents were
further analysed: H,O, MeOH, EtOH, AcOH, EtOEt,
AcOEt, acetone, DMSO, DMF, MeCN, CH,Cl,, CHCls,
CCly, dioxane, THF, benzene, toluene, para-xylene and hexane
(7712 Refcodes). Hydrate structures, of which there were 3792,
were excluded from our general analysis as they constitute a
very important proportion of the subset (close to 50%).
However, hydrate statistics are reported for comparison.
Datasets were then processed by an algorithm written to
detect the presence of a chiral centre in organic molecules.'” A
flow chart of the methodology is given in Fig. 1.

Space group distributions with chirality

In Table 1, we show space group occurrences for various sets
of crystal structures: all structures in the database (CCDC
statistics);® structures with two distinct chemical residues per
asymmetric unit (RES = 2); and the further subsets of RES = 2
structures for common solvents with an achiral main
component (*M) and chiral main component (“M). There
are clear differences in space group populations between the
four sets of structures, especially when chirality is considered
(significance levels are higher than 0.001—detailed statistical
analysis is presented in the supplementary information).t
For all the structures in the CSD, the five most common
space groups are P2,/¢c > P1 > P2,2,2, > Q2lc > P2,,
accounting for ~79% of the structures. Although P2,/c and P1
remain the two most popular space groups for the RES = 2

CcsD
Vs 5.26 +
Nov04 and Feb 05 updates

Restrictions:

* Common atom types

(H, D, C, N, O, S and halogens)
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* Not ionic

» Coordinates
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N=7712
Hydrates +
Solvates of common solvents
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‘ /\
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Fig. 1 Flow chart of the methodology followed. N is the number of
crystal structures, “M and M are main components of the solvate
without a chiral centre or with at least one chiral centre, respectively.

Table 1 Space group distributions (%) of various sets of crystal
structures. RES is the number of different chemical entities and N the
number of structures. Space groups 1-4 are common centrosymmetric
space groups whereas 5-8 are common chiral space groups

RES = 2/
RES=2 “M M

Space groups  All“

Centrosymmetric ~ P24/c (%) 352 24.8 356 144
P1 (%) 22.0 22.9 372 14.1
C2/e (%) 7.9 7.4 8.3 34
Pbca (%) 3.6 1.8 1.9 0.8

Sohnke P2,2:2; (%) 8.2 13.0 2.8 26.4
P2, (%) 5.6 11.5 2.5 25.1
P1 (%) 1.0 22 0.7 5.3
C2 (%) 0.9 2.6 0.3 4.6
Rest (%) 15.6 13.8 10.7 59
N 363217 12579 2361 1559

“ From ref. 7. ® This study and for crystal structures containing
common organic solvents (excluding hydrates). See text for the list
of solvents selected.

subset, P2,/c was found to be significantly less dominant and
important changes are observed in the ordering of the
remaining space groups. On the other hand, consideration of
chirality makes the space group population differences more
striking, as chiral molecules, when crystallised from enantio-
merically pure solutions, must crystallise in a Sohnke|| space
group. Therefore, for solvates with M, enantiopure structures
most frequently crystallise in P2,2,2; > P2; > P1 > C2 (we
note that for the first time, structures crystallising in C2
contribute noticeably) whereas racemic solvates crystallise in
P2,/¢, P1 and C2/c. 81% of the solvates with AM crystallise in
the three most popular space groups (PI1, P2,/c and C2/c)
compared to 65% in the general statistics.

Chirality and popularity of solvents

The general occurrences (O) of different solvent molecules
amongst the total 3920 solvate crystal structures presented
here are similar to those reported by Nangia and Desiraju,'’
and Gorbitz and Hersleth!'® (Table 2). Our extra contribution
is to examine in detail the space group distributions in these
families of solvates (see section below), accounting also for the
chirality of the main component.

For S = methanol, ethanol and AcOEt, cocrystallisation
with “M is more frequent than with “M: chiral molecules
represent approximately 60% of these subsets. The remaining
solvents: acetone, DMSO, DMF, MeCN, CH-,Cl,, CHCI;,
dioxane, benzene and toluene, are observed more frequently
with “M. The solvent subsets of DMSO, DMF, dioxane,
MeCN and CHCI;, for example, are composed of approxi-
mately 70% achiral molecules. In the majority of the cases
for M, crystal structures crystallising in Sohnke space groups
are more prevalent than crystal structures crystallising in
centrosymmetric space groups. Exceptions are observed
for the solvent molecules benzene and dioxane, both of
which show a greater proportion of racemic structures
than enantiopure structures. Interestingly, of all the solvent

Il Sohnke space groups are those without mirror or inversion
symmetry.
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Table 2 Occurrences (O) and percentages of solvates with and
without chiral centres. N is the number of crystal structures and M
is the main component of the solvate (*M for achiral and M for
chiral). Only sets with N > 100 structures are shown

M M

AM ‘M Sohnke  Non
S N O (%) (%) (%) (%) Sohnke (%)
Water 3792 — 42.1 579 426 8.6
Methanol 650 16.4 383  61.7 485 11.5
Ethanol 257 6.5 428 572 362 15.9
AcOEt 134 3.4 38.1 619 46.3 14.9
Acetone 310 7.8 529 471 284 15.8
DMSO 238 6.0 744 256 164 8.4
DMF 185 4.7 79.5 205 103 9.2
MeCN 231 5.8 69.7 303 178 11.3
CH,Cl, 455 11.5 66.8 332 182 12.3
CHCl3 434 11.0 69.8 302 152 14.1
Dioxane 131 33 80.2 19.8 6.1 13.0
Benzene 354 9.0 63.0 37.0 14.1 18.7
Toluene 127 3.2 75.6 244 15.0 7.1

““M Sohnke is calculated by adding up the percentages of “M
structures of that particular solvate crystallising in P2,2,2,, P2;, P1,
and C2. “M non-Sohnke is calculated by adding up the percentages
of M structures of that particular solvate crystallising in P2,/c, P1,
C2/¢ and Pbca.

molecules studied here, only benzene and dioxane possess a
centre of symmetry.

While we observed the above differences in solvent
popularity for chiral/achiral M, we cannot draw any physical
conclusions about the solvents’ preferences in solvate forma-
tion; any causal interpretation of the observed differences in
space group distributions would require more information
than is present in the CSD and is therefore out of the scope of
the present work.

Space group distributions with chirality and solvent
nature

Differences in the distribution of structures over space groups
are also important when solvates are divided according to
solvent nature. Table 3 compares the distribution of structures
over space groups for methanol and DMSO solvates with *M
and M.

For “M, DMSO solvates tend to crystallise noticibly more
often in P1 than in P2,/c (by ~11%). P1 and P2,/c are also the

Table 3 Distribution of MeOH and DMSO solvates with chiral and
achiral M over 8 of the most common space groups. RES is the
number of different chemical residues and N the number of structures
per subset

RES = 2 M RES =2 M

Space groups S = MeOH S = DMSO S = MeOH S = DMSO

P2,/c (%) 39.0 31.6 9.0 15
PT (%) 35.3 424 7.0 15
C2lc (%) 5.6 10.7 15 3

Phea (%) 4.4 1.1 1.2 —
P2.2:2, (%) 1.6 4.0 34.7 26
P2, (%) 3.6 23 32.7 23
P1 (%) 0.4 — 5.5 3

2 (%) . 1.1 5.7 12
Rest (%) 10.1 6.8 27 3

N 249 177 401 61

most popular space groups for “M MeOH solvates.
Contributions from C2/c are very important in DMSO
solvates, but less so for MeOH solvates. In the latter case,
the populations of C2/c¢, Pbca and P2, are very close. For ‘M
in enantiopure crystals, P2,2,2; and P2, are the most highly
populated, while C2 also seems to contribute importantly in
the particular case of DMSO solvates. Interestingly, in more
than 50% of these DMSO solvates in C2, the DMSO molecule
sits on a two-fold axis and shows positional disorder.

We summarise the space group distributions of the most
common solvates with *M and “M in Fig. 2 and 3, respec-
tively. The distributions of the total set of solvates and
hydrates are given in the first two columns, followed by the
specific subsets. Numerical data is available in the ESL.}

In many of the solvate families where the main component is
achiral (*M), between 70-80% of the crystal structures can be
found in the space groups P2,/c and P1 (Fig. 2). Such cases
include solvates of methanol, ethanol, AcOH, AcOEt, DMSO,
DMEF, MeCN, CHCls, dioxane, THF, benzene and toluene.
Although in most M solvate subsets C2/c is the third most
populated space group, variations in its relative importance
within the different subsets are evident: while 15% of *M
acetone solvates crystallise in C2/c, only 5.5% do for *M
ethanol solvates. The fourth most populated space group
differs between the families.

©M solvates in enantiopure form (Fig. 3) are found, with
a high probability, in the most common Sohnke space
groups P2, and P2,2,2,. In the cases of EtOH and AcOEt,
approximately 70% of all “M structures are found in P2, and
P2,2,2,. A non-negligible number of solvate structures are
also found in other Sohnke space groups such as Pl (toluene
[12.9%], acetone [9.6%] and DMF [7.9%]) or C2 (DMSO
[11.5%]). On the other hand, for racemic “M solvates, the
centrosymmetric space groups P2;/c and P1 are most popular.
The overall greatest popularity of P2,/c and P1 for solvates of
dioxane (65.4%) and benzene (42.8%) is due to the greater
proportion of racemic structures found (Table 2). Intriguingly,
these observations may indicate that the inversion symmetry of
dioxane and benzene drives systems to crystallise in space
groups with inversion centres. Approximately 50% of benzene
and dioxane molecules sit on special positions of the crystal
structures. This observation is not only important in terms
of space group (those with inversion are preferred) but also
of the stoichiometry, as 50% of these solvates are 1:1
whereas the remaining 50% are 2 : 1 (M : S). Pbca, the sixth
most popular space group in the entire CSD, is populated
by chiral-molecule containing solvates with a probability of
less than 1%.

Implications for crystal structure prediction

From the data presented here, we find that the general space
group statistics from the CSD as a whole are not suitable for
the particular case of solvates (Table 1): the space group
populations in our set of structures with two distinct chemical
residues per asymmetric unit (RES = 2) are considerably
different from the overall statistics. Furthermore, taking into
account (i) the nature of the solvent molecule, S, and (ii) the
chirality of the main component, M, may help us make a better
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judgement of the relative importance of space groups in these
crystal systems. In terms of M, three possibilities must be
considered: (i) where M is an achiral molecule (*M); (ii) where
M is chiral (“M) and one enantiomer is present in the crystal
and (iii) where M is chiral (“M) and both enantiomers are
present in the crystal. The latter two must be considered as
different possible outcomes when crystallising from a racemic
solution.'’

If the main component of the solvate is achiral (*M), the
situation is almost ideal for limiting the search space in crystal
structure prediction calculations, as fewer space groups are

needed, compared to general statistics, to cover the same
percentage of observed structures. For example, for CSP
calculations of a DMSO solvate of an achiral molecule, the
specific *M/DMSO statistics give almost an 85% confidence
that the observed structure will be found in one of only three
space groups (PI1, P2,/c and C2/c); eight space groups are
needed to cover the same percentage in the overall CSD
statistics. By contrast with DMSO, the three most common
space groups cover less than 70% of the possibilities for
hydrate structures. Space group selection is not as effective at
reducing the search space for hydrates.

This journal is © The Royal Society of Chemistry 2007
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For “M crystallised from an enantiopure solution, P2,2,2,
and P2, are the most populated space groups for most families
of solvates, as in the general database. However, here the
observed trend is less helpful than for “M: observed space
group statistics are slightly less concentrated on the most
populated space groups. Whereas in the general CSD statistics
88% of the structures crystallising in the four most popular
Sohnke space groups do so in P2; and P2,2,2;, a slightly
smaller percentage (84%) of “M solvates is found in these two
space groups, and an even lower proportion for certain specific
solvates (e.g. only 77% for “M DMSO solvates). This suggests
that the third and fourth choices of space groups are more
important for particular solvate families and the relative
importance of the next most popular space groups (P1 and C2)
is dependent on the nature of the solvent (S).

Exploring the possibilities for “M crystallising from racemic
solutions is computationally the most expensive situation. If
we do not know whether enantiomeric resolution will occur
(which depends on the relative stability of the enantiopure and
racemic crystals),”® one may want to perform calculations in
both the most popular Sohnke and centrosymmetric space
groups. In most cases, at least the two most populated Sohnke
(P2, and P2,2,2,) and centrosymmetric (P2,/c and PI) space
groups are needed to cover a reasonable proportion of the
likely outcomes.

Finally, we are aware of the small datasets available for
some of these subsets of solvates. Therefore, where the
number of structures in a particular subset is low, the general
solvate distributions (with consideration of chirality) are more
reliable, while the space group distributions for “M/*M with a
particular solvent molecule may be used when the number of
structures is large. As the CSD grows and more solvate crystal
structures are reported, the statistical significance of the
observed trends for the least populated subsets will improve.

Conclusions

The statistics presented above may serve as a starting point
for making an initial selection of the most important space
groups for structure generation in crystal structure prediction
calculations of solvates. The chirality of the main component
and the relevant statistics for the solvent of interest provide
appropriate short lists of the most likely space groups.
Although the best approach for crystal structure prediction
is to consider as many space groups as possible, thus covering
as much of phase space as possible, calculations are often
limited by the available computing resources. The CSD
statistics presented here should help prioritise the most likely
space groups in which observed crystal structures will be
found. We find that the space group populations for solvate
crystal structures differ significantly from the overall CSD
statistics. Most importantly, the proportion of crystal struc-
tures found in the few most populated space groups is even

higher for solvates than in the CSD as a whole. Therefore, in
some cases, a small loss in sampling space is accompanied
by an enormous reduction of computational effort required.
Thus, in particular cases, careful use of knowledge encap-
sulated in the CSD can help make a problem, as demanding as
structure prediction of solvates, tractable.
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