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Conformational, Concomitant Polymorphs of 4,4-Diphenyl-2,5-
cyclohexadienone: Conformation and Lattice Energy Compensation in the

Kinetic and Thermodynamic Forms

Saikat Roy,"”! Rahul Banerjee,'”! Ashwini Nangia,** and Gert J. Kruger+™

Abstract: 4,4-Diphenyl-2,5-cyclohexa-
dienone (1) crystallized as four confor-

formation. The strength of the C—H---O
interaction in a particular structure cor-

B=1.49 kcalmol™}, and form D=
1.98 kcalmol™!.  Disappeared  poly-

mational polymorphs and a record
number of 19 crystallographically inde-
pendent molecules have been charac-
terized by low-temperature X-ray dif-
fraction: form A (P2,, Z'=1), form B
(P1, Z'=4), form C (P1, Z'=12), and
form D (Pbca, Z'=2). We have now
confirmed by variable-temperature
powder X-ray diffraction that form A
is the thermodynamic polymorph and
B is the kinetic form of the enantio-
tropic system A-D. Differences in the
packing of the molecules in these poly-
morphs result from different acidic C—
H donors approaching the C=0O accept-

relates with the number of symmetry-
independent conformations (Z’) in that
polymorph, that is, a short C—H---O in-
teraction leads to a high Z' value. Mo-
lecular conformation (E,) and lattice
energy (U,,) contributions compensate
each other in crystal structures A, B,
and D resulting in very similar total en-
ergies: E., of the stable form A=
1.22 kcalmol™!, the metastable form

Keywords: conformation analysis -
crystal structure prediction -
polymorphism . supramolecular
chemistry - symmetry-independent

morph C is postulated as a high-Z,
high-energy precursor of kinetic form
B. Thermodynamic form A matches
with the third lowest energy frame
based on the value of U, determined
in the crystal structure prediction
(Cerius?*, COMPASS) by full-body min-
imization. Re-ranking the calculated
frames on consideration of both E_
(Spartan 04) and U, energies gives a
perfect match of frame #1 with stable
structure A. Diphenylquinone 1 is an
experimental benchmark used to vali-
date accurate crystal structure energies
of the kinetic and thermodynamic poly-

or in C—H:-O chains and in synthons
I-III, depending on the molecular con-

Introduction

McCrone’sl!l definition of a polymorph as “a solid crystal-
line phase of a given compound resulting from the possibili-
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morphs separated by <0.3 kcalmol™
(~1.3kJmol™).

ty of at least two different arrangements of the molecules of
that compound in the solid state” is widely accepted today.”
The existence of polymorphism implies that free-energy dif-
ferences between various forms are small (<3 kcalmol™)
and that kinetic factors are important during crystal nuclea-
tion and growth. Molecular conformations, hydrogen bond-
ing, packing arrangements, and lattice energies of the same
molecule in different supramolecular environments may be
compared in polymorphic structures.”! Polymorphs are ideal
systems to study molecular structure—crystal structure—crys-
tal energy relationships with a minimum number of varia-
bles because differences arise due to different intermolecu-
lar interactions (supramolecular synthons)® and crystal
packing effects and not because they are different chemical
species. There is increasing interest in understanding poly-
morphism, growing new crystal forms, controlling the selec-
tive growth of one form, transformations between poly-
morphs, and the high-throughput crystallization of drugs.®
Polymorphism is more widespread in pharmaceutical
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solids!® than the estimates of 4-5% polymorphic crystals!”!
in the Cambridge Structural Database (CSD) suggest.!
Among organic crystal structures, there is one example of a
compound with seven polymorphs (5-methyl-2-[(2-nitrophe-
nyl)amino]-3-thiophenecarbonitrile, common name ROY),"!
sulfathiazole has five forms, there are 14 clusters of tetra-
morphs, and over a 100 trimorphic systems.’™!%! Polymor-
phism is of great current interest because different solid-
state forms can have different physical, chemical, and func-
tional properties, for example, melting point, stability, color,
bioavailability, pharmacological activity, and a nonlinear op-
tical response.

Concomitant polymorphs™! crystallize simultaneously
from the same solvent and crystallization flask under identi-
cal crystal growth conditions. Bernstein!” carried out early
studies on conformational polymorphs (different conforma-
tions of the same molecule in different crystal structures)
and conformational isomorphs (different conformers of the
same molecule in the same crystal structure). Herein we de-
scribe a tetramorphic cluster of conformational polymorphs
in which molecular- and lattice-energy compensation results
in very small differences in the total energy of the concomi-
tant polymorphs A-D of 4,4-diphenyl-2,5-cyclohexadienone
(1). Experimental conditions are described for the prepara-
tion of thermodynamic form A and kinetic form B in a rea-
sonably pure state. The implication of a molecular and crys-
tal-packing balance is to rank crystal structure prediction
frames derived from metastable rotamers by consideration
of both conformation- and lattice-energy contributions,
which gives an excellent match of the global minimum struc-
ture with stable form A.

Results and Discussion

Crystal packing and multiple Z' in polymorphs: Crystallo-
graphic data for the polymorphs A-D of diphenylbenzoqui-
none 1 are listed in Table 1. The molecule has several
acidic, activated donor hydrogen atoms of sp> and phenyl
C—H-type whereas there is a single carbonyl acceptor. De-
pending on the molecular conformation one or more of the
several possible C—H--O interactions™* are optimized in the
crystal structure (Figure 1). For example, form A has zigzag
chains of C—H-O interactions between screw-axis-related
A, molecules of graph-set notation!"” C(8). Form B has C—
H--O quinone dimer synthon I
and p-phenyl C—H:-O synthon
II [graph set R,%(8) and R,*(20)]
between B;, B; and By;, B;, mol-
ecules, respectively. Form C has
the same synthons and overall
packing as B but has 12 mole-
cules (C—C,;) in the asymmetric
unit. Form D has C(10) chains
H that connect to form the cyclic
Ph R2(32) pattern and o-phenyl
c C—H--O synthon I with a
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Table 1. Crystallographic data for polymorphs A-D of diphenylquinone
1.0

Form A Form B Form C Form D
CSD refcode HEYHUO HEYHUOO0O1 HEYHUO02 HEYHUOO03
space group P2, Pl P1 Pbca
Z,Z 1,2 4,8 12,24 2,16
a[A] 7.9170(6)  10.0939(2) 18.3788(4) 10.7921(6)
b [A] 8.4455(6)  16.2592(3) 19.9701(4) 17.4749(12)
c[A] 10.3086(9) 16.2921(4)  24.4423(5)  27.9344(19)
al?] 90 88.2570(10)  95.008(1) 90
AN 105.758(2) 85.3380(10)  111.688(1) 90
y [°] 90 83.6450(10)  105.218(1) 90
vV [AY] 663.36(9)  2648.00(10)  7871.8(3) 5268.2(6)
R factor 0.050 0.068 0.112 0.059

[a] See ref. [8].

R,2(16) ring through D; and D; molecules. The parameters
of the C-H:--O geometries are listed in the legend to
Figure 1. We have not found polymorphs of bis(biphenylyl)
ketone 2% or its substituted phenyl derivatives 3 (4-Cl/Br/
Me)['% 5o far.

The number of symmetry-independent or crystallographi-
cally unique molecules/ions in a crystal lattice is Z'. Alterna-
tively, Z' may be defined as the number of formula units (Z)
divided by the number of independent general positions for
that space group. Z' is typically 1 or 0.5 in crystal structures
(87%). A high Z' of 12 for form C is a record for poly-
morph clusters!® (Table 2) and as such rare in the CSDl
(only five hits).

Structures with high Z’ values continue to interest crystal-
lographers but it is still not properly understood why some
categories of structures exhibit a higher frequency of Z'> 1.
Steed!"” has critically reviewed the reasons for high-Z’ crys-
tal structures. 1) The molecule has a packing problem be-
cause of its awkward shape, which is reconciled by having
two or more molecules in different conformations.'® 2) The
molecules organize in stable clusters prior to reaching the
highest symmetry arrangement in strong O—H---O hydrogen-
bonded structures because of the enthalpic advantage de-
rived from o-cooperative chains,' for example, as in alco-
hols, phenols, steroids, nucleotides, and nucleosides. 3) Sev-
eral low-lying molecular conformations interconvert in solu-
tion and more than one molecule may crystallize simultane-
ously for kinetic reasons. The last of these situations occurs
in the conformational polymorphs of 1, which provides a
unique opportunity to study polymorphic structures with
multiple values of Z'.

Cholesterol (Z'=16) is a prototype example of strong O—
H--O hydrogen bonds being associated with unusually high
Z' values. An exceptional case in the weak hydrogen bond
category is the crystal structure [ReCL(NCMe)(NO)-
(PMe;),] (CSD refcode WODCOH, Z'=11),”" which has a
dense network of C—H--O and C—H--Cl interactions. We
observed an interesting trend in the polymorphs of 1,
namely that the number of conformations in a particular
structure (Z') correlates with C—H--O bond strength/dis-
tance. Figure 2 is a distance—angle scatter plot of C—H--O
interactions in polymorphic forms A-D. C—H--O contacts in
form C are, in general, shorter than those in forms B and D
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Figure 1. a) Helices of C—H-+O hydrogen bonds (2.55 A, 163.6°; 2.60 A, 129.9°) between 2, related molecules in form A [conformer A;, graph set C(8)].
b) Centrosymmetric C—H--O synthon I between B, B; molecules of R,%(8) pattern (2.33 A, 169.2°; 2.49 A, 123.5°) and synthon II between By;, B;, mole-
cules of R,%(20) pattern (2.64 A, 138.0°; 2.74 A, 121.6°) in form B. The crystal structure of form C is similar to B. Twelve symmetry independent mole-
cules (C~C,;) engage in similar synthons instead of four molecules in B. ¢) C—H--O interactions of graph set R,>(32) between translation and screw-axis-
related D; molecules (2.36 A, 137.9°; 2.54 A, 166.9°) in form D. d) Centrosymmetric C—H--O synthon III between D; molecules [R,*(16) pattern] and C—
H--O interaction (2.57 A, 144.5°; 2.47 A, 165.1°). Neutron-normalized distances are quoted. Note that different C—H donors participate in C—H--O inter-
actions in different crystal forms. Cyclic C-H--O synthons I-III are labeled.

Table 2. Data for polymorphs (>3 forms)® in organic crystal structures
with multiple molecules in the asymmetric unit.

180 - 2304

Entry CSD refcode! No. of polymorphs Highest Z’ 2334 2474 2554
conformational polymorphs (>4 forms)! 170 “'f*:‘ ./ :,/ .

1 QAXMEH 7 1 160 - Y™
2 SUTHAZ 5 2 | Ao N
3 BEWKUJ 4 2 150 . . .
4 BIXGIY 4 1 £ 110 4 C s, "
5 HEYHUOQOU 4 12 d bomta
6 KAXHAS 4 1 130 4 P .t g,
7 MABZNA 4 4 A om b ig a4
8 RUWYIR 4 2 120 La wem oy ‘

multiple molecules in asymmetric unit (Z' > 4)%
9 PUBMUUY 3 16 110 ‘ ' ‘ j ' ‘ T
10 IFULUQ 4 3 225 235 245 255 265 275 285 295
11 DUVZOJ 3 6 Distance
12 ZZZVTY 3 3 Figure 2. H--O distance (2.2-3.0 A) versus C—H--O angle (120-180°)
13 THIOUR 3 45 scatter plot of interactions in tetramorphs A-D. A=e (Z'=1), B=n
[a] Cut-offs were made to limit the number of structures analyzed. (Z'=4), C=a (Z'=12), D=e (Z'=2). The shortest H--O distance
[b] See ref. [8]. [c] Compound has a high number of polymorphs and a (marked with an arrow in the linear band) is inversely related to Z' (the
high Z’ value. number of symmetry-independent conformations).
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and longer in form A. Interestingly, the shortest linear inter-
action (0 =160-175°) in a particular form is inversely related
to the Z' value of that structure: for example, form C has
the shortest H--O distance of 2.30 A and the highest Z'
value of 12, form B has H-0=2.33 A, Z’'=4, and forms D
and A have even longer H--O distances of 2.47 and 2.55 A
and smaller Z’ values of 2 and 1, respectively. Our finding
that the strength of C—H---O interactions can promote Z'>1
among flexible molecules means that the well-known exam-
ples of structures with values of Z’'>1, that is, alcohols and
phenols, can be expanded to new categories of crystal struc-
tures stabilized by weak hydrogen bonds. We show that the
relative strengths of directional C—H:--O interactions are im-
portant in promoting high Z’ structures®! particularly as
their energies are comparable to favorable close-packing
forces. The inverse relationship between Z' and H--O dis-
tance is observable in polymorphic cluster 1 because de-
tailed supramolecular effects can be clearly discerned
against a background of a constant molecular structure.

The occurrence of high-Z' polymorphs and the relation-
ship between Z' and C—H--O strength alludes to the impor-
tance of kinetic factors during crystallization. We therefore
wanted to identify which of the concomitant polymorphs A—
D is the kinetic form and which is the thermodynamic one
and determine the nature of the phase transitions between
these forms.

Variable-temperature powder X-ray diffraction: We ob-
tained single crystals of all four forms in preliminary batch-
es!™! but subsequent experiments gave mostly forms A and
B, as determined by unit-cell checking of several crystals.
However, powder X-ray diffraction shows all four forms in
the concomitant mixture at room temperature (Figure 3). A
typical solid upon crystallization from EtOAc/n-hexane con-
tains form A (~40%), forms B4+C (~50%), and form D

S570T_ Form A 37.5%
- Form B 52.0%
-Form D 10.5%
— Experimental
2785
[ TR et
O NI L L N Ly o e ey T e R Ty )

15 20 25 30

Figure 3. Powder X-ray diffraction of solid 1 at room temperature:
black =experimentally observed powder pattern; red, blue, and green=
calculated powder pattern of form A (37.5%), B+C (52.0%), and D
(10.5%), respectively. Rietveld refinement in Powder Cell 2.3: R,=14.82,
R,,=19.32. Percentages of polymorphic forms in different batches vary
within 5%.
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(~10%). The ratios were determined by the Rietveld refine-
ment® of observed powder XRD plots with simulated
peaks for each crystal structure (Powder Cell 2.3). Triclinic
forms B and C are taken together because it is not possible
to distinguish between these closely related forms from their
overlapping diffraction patterns (Figure S1, Supporting in-
formation). The mixture of forms at room temperature was
heated to study phase transformations. The peak profile is
relatively stable between 30-60°C, however, we noticed
changes as the sample was heated to 70°C (Figure 4): Cer-
tain peaks disappeared and the overall pattern became sig-
nificantly sharper with fewer but more intense lines. The
PXRD profile is relatively unchanged between 70-100°C,
after which the material became mostly amorphous and
then gradually turned to a semi-solid/melt mass at 105-
115°C. There are no reflections from the sample at 7>
105°C except for the peak from the sample holder at 25.2°.
VT-PXRD shows that heating polymorphs A-D to a pre-
melt temperature of 70°C transforms the mixture to form A
(Figure 5) with good polymorph purity (>95%), based on a
match with simulated peaks of the crystal structure. Mono-
clinic polymorph A therefore is a thermodynamic modifica-
tion of the enantiotropic system of polymorphs 1 between
30-80°C.

Chiral form A was prepared in high purity and shown to
have a nonlinear optical signal equal to that of urea when ir-
radiated with a Nd**-YAG laser (1.06 um). However, the
mixture of polymorphs obtained from a typical solution
crystallization does not emit light at 532 nm. The prepara-
tion of form A by the above heating method is preferred
over controlled crystallization at —5°C because of contami-
nation from other polymorphs over a period of time, pre-
sumably due to accidental seeding of laboratory space,” a
term used to describe difficulties in isolating an early poly-
morph after the appearance of other forms of the same
compound. Polymorphs of 1 do not follow Ostwald’s rule of
stages,*! with stable form A appearing first from solution
crystallization followed by metastable forms B and C.

Kinetic form B was prepared by heating the polymorphic
mixture to a melt phase in the powder X-ray diffractometer
pan at ~115°C. Cooling the sample to room temperature af-
forded reasonably pure polymorph B (Figure 6). This was
confirmed by unit-cell checking of a few randomly picked
crystals. Although polymorphs A-D have quite different ar-
rangements of molecules and unit cells, they melt at the
same temperature (7,,=120.45°C) and there is no apparent
phase transition other than the melting endotherm in differ-
ential scanning calorimetry (Figure S2, Supporting informa-

tion).
There are alternative explanations for the occurrence of
concomitant polymorphs:"! Simultaneous nucleation of

more than one form from solution, interconversion between
polymorphs, their appearance in order of stability, and het-
erogeneous cross nucleation.’*! The simultaneous crystalliza-
tion of all four forms A-D from the homogeneous medium
is the most likely reason for the concomitant cluster 1. Inter-
conversion in solution is minimal at room temperature be-

Chem. Eur. J. 2006, 12, 3777-3788
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Figure 4. a) Powder X-ray diffraction patterns of 1 recorded at different temperatures. The sample is a mixture
of forms A-D at room temperature, it transforms to forms A at around 70°C, and becomes amorphous upon
further heating to 105°C. The wide peak at 25.2° is from the sample holder. b) Powder XRD of 1 at 28 (top)
and 69°C (bottom). Peaks that disappear upon heating are marked with an arrow. Note the increase in intensi-
ty of the peaks and the overall simplification of the profile at a higher temperature.

cause the percentages of various forms in different batches
are within the experimental limit of 5%. As mentioned, the
system does not obey Ostwald’s law of stages. Heterogene-
ous cross nucleation in the heated/melt phase is ruled out
because if this were happening then cooling the sample
from 70 and 115°C would not only give form A and B, re-
spectively, but also other polymorphs from seeded nuclea-
tion and growth.
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25 30 ture and energy-minimized

(HF/6-31G**) keeping the con-
formation fixed (heavy carbon
and oxygen atoms invariant)
while the hydrogen atoms were
allowed to relax to reasonable
geometries following the
method of Yu et al.” The tor-
sion angles 7; and 7, that define
the rotation about the Cgyinone™
Cphenyt single bonds lie in the
range of 822 and 12-38° re-
spectively, along the scatter plot
diagonal (Figure 7). In general,
in the 19 rotamers 7, #7, save
conformer A; and C; (see Fig-
ure S3, Supporting information,
for the overlay diagram). Mole-
cule B; has the most stable con-
formation  (E.,=—479813.50
kcalmol™, a value that is arbi-
trarily fixed to 0); the energies
of the conformers of forms A,
B, and D (E.,) are within
1.3 kcalmol™! of B; (Table 3).
Conformers C-C,; are higher
in  energy  (E.n=2-9 kcal
mol™!) but this could be due to
an error in the experimental X-ray geometry as the R factor
of form C is high (11.1 %). Therefore we focus on structures
A, B, and D in this discussion. The conformers of forms A,
B, and D readily interconvert in solution through geared
(correlated) rotation of the phenyl rings™ about 7, and 7,
because the energy barrier should be accessible through the
thermal motion of atoms (RT~0.5 kcalmol™' at 298 K) in
the crystallization regime between —5 and 100°C.
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Figure 5. Experimental powder XRD of 1 at 69°C (black line) matches
with the calculated powder pattern of polymorph A (dotted line). Riet-
veld refinement in powder cell 2.3: R,=14.39, R,,_18.81. The starting
solid was the mixture of forms A-D shown in Figure 3.

539

-« Form B
— Experimental

269

O m_m L LU O U WL U o T AR Tt ST ey N T R WL T MY
— T
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Figure 6. Experimental powder XRD of 1 from melt crystallization at
115°C (black line) shows good agreement with the calculated powder
pattern of polymorph B (dotted line). Rietveld refinement in powder cell
2.3: R,=11.78, R,,=15.86. The starting solid was the mixture of forms
A-D shown in Figure 3.

The crystal lattice energies, U, of polymorphs A-D
were computed using the COMPASS and DREIDING 2.21
force fields (Table4, Cerius®).”” We discuss COMPASS
numbers because this force field is better parametrized and
gives more accurate energies of organic molecules?” that
are typically stabilized by hydrogen bonds, intermolecular
interactions, and van der Waals forces. COMPASSP® is
better suited for molecule 1 because electrostatic stabiliza-
tion by C—H--O hydrogen bonds and edge-to-face aromatic
interactions is included in the coulombic term. Form A has
the most stable crystal structure (U,,=—32.69 kcalmol™)
and forms B, C, and D are less stable by 1.03, 1.06, and
0.82 kcalmol™!, respectively. However, all these crystal struc-
tures are a compromise between intra- and intermolecular

3782 —— www.chemeurj.org
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stability. Either the molecular conformer or the lattice
energy is at the minimum, but both intra- and intermolecu-
lar energies are not the lowest in any structure. For example,
form A has the lowest U, value (—32.69 kcalmol '), but
conformer A; is higher in energy (E p=1.22 kcalmol™).
Molecular conformations B;-B;, are lower in energy (E.;=
0.00, 0.06, 0.66, 1.12 kcalmol ™) but crystal lattice B is meta-
stable (U, = —31.66 kcalmol ). Both intra- and intermolec-
ular energy contributions are included in the total energy
term (Table 5). In increasing order of E,, (COMPASS):
form A (thermodynamic, most stable)<B (kinetic, inter-
mediate stable) <D (least stable). This energy order is con-
sistent with the thermodynamic stability of form A deter-
mined in the VI-PXRD experiments and the crystallization
of the kinetic form B from the melt of the polymorphic mix-
ture. On the other hand, the U,, (COMPASS) stability
order of A<D <B and the energies calculated by using the
DREIDING 2.21 force field (D <A <B) do not agree with
experiment. We believe that calculations using the COM-
PASS force field give an indication of the relative stability
of the polymorphs with an energy difference of 0.3-
1.0 kcalmol ™! for small organic molecules.

The molecular conformations and crystal lattice energies
suggest the following picture of polymorphism in 1. Depend-
ing on the geometry of a particular conformation, a different
C—H--O interaction and aromatic packing motif lead to a
metastable crystal structure. The reason for conformational
polymorphism in 1 is that C—H--O motifs in its crystal struc-
tures (Figure 1) involve one of the phenyl C—H donors,
except for those in dimer I which are between the quinone
groups. Therefore a change in molecular conformation will
alter the strength of weak C—H--O and van der Waals inter-
actions and in turn the preferred crystal-packing motif. The
energy penalty in the molecular conformation is compensat-
ed by lattice-energy gain from intermolecular interactions
and close packing, and vice versa, because their magnitudes
are comparable, AE,~AU,,=0-2kcalmol™!. Facile ro-
tamer interconversion in solution and very similar crystal
energies mean that more than one molecular conformation
may crystallize out simultaneously to give concomitant con-
formational polymorphs of 1.

Price and co-workers® recently examined intra- and in-
termolecular energy compensation in the conformational
polymorphs of some drugs, for example, aspirin, barbituric
acid, and piracetam. Surprisingly, the quintessential poly-
morphic compound, ROY, appears to be an exception to the
above-mentioned energy balance situation: the stable per-
pendicular conformation is present in the thermodynamic
yellow crystal form.”” This prompts the question: Will meta-
stable crystal forms of ROY give way to the stable poly-
morph because the system may gradually transform to the
bottom of the molecular and lattice energy well?

Having discussed forms A, B, and D we will briefly men-
tion the unusually high Z’ value (=12) of polymorph C. We
previously postulated™ that form C represents a snap-shot
picture of an evolving crystal nucleus on the way to form B
(Z'=4) wherein the molecules have aggregated to form the

Chem. Eur. J. 2006, 12, 3777-3788
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Table 3. Energies and dipole moments of 19 conformers of 1 calculated using Spartan 04.
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terpretation is consistent with

Crystal polymorph Molecular conformation!®! Ph torsion angles

7 [°] 7 [°]

form A A 12.5 12.6
form B B; 12.3 16.0
B, 14.9 236
B, 19.1 31.8
B, 11.5 17.7
form C Ci 12.8 16.0
C; 11.9 16.7
Gy 18.4 323
Cy 12.1 27
C, 15.2 22.0
C, 102 21.0
Cyi 115 17.4
Cai 183 282
C, 209 30.8
C, 14.0 16.7
C, 14.9 151
Cyi 201 315
form D D; 18.5 36.8
D, 8.4 16.5
energy-minimized! 22.3 223

HF/6-31G** the following observations. 1)
Een” [kecalmol™']  u[D]  The higher-energy conformers
1.22 515 in form C participate in stron-
0.00 522 ger C-H--O interactions and
822 §§2 this alludes to the greater role
112 54 of kinetic factors in the nuclea-
2.81 520  tion of this polymorph. 2) The
3.94 540  close relationship between
4.16 306 forms C and B is evident from
;‘:Zg 24318 their crystal structures: They
5.51 524  have the same space group and
7.99 550  overall packing that is sustained
8.14 508 through C-H--O synthons I
S;i gﬁ and II and overlapping powder
354 523 XRD peaks. In short, high Z'
8.90 539  structures are not just a crystal-
1.08 521  lographic oddity but they open
1.25 173 window to “see” crystal nu-
—2.78 4.87

cleation and growth.

[a] Molecules are numbered in order of increasing energy. [b] Conformer B; has the most stable conformation
(—479813.50 kcalmol ™) and is arbitrarily fixed to 0.00 for comparison of conformation energies. [c] The mo-

lecular skeleton was minimized to the stable gas-phase rotamer.

a) o

T % 2
1

b) 241
®
-
20 -
- .A *
3]
16
[deg] . .
. 'y
24 ®a aw -
8 ~ v v v r v S
12 16 20 24 28 32 36 40
7, [deg]

Figure 7. a) Conformations of diphenylquinone 1 defined by torsion
angles 7, and 7, about the CgynoneCpnenyl Single bonds. b) Nineteen crys-
tallographically independent conformations of 1 lie along the diagonal.
All 19 conformers converge to the gas-phase rotamer (t;=1,=22.3°)
after energy minimization. A=e, B=m, C=4, D=4, and gas phase=®.

crystal lattice but the periodicity is yet to reach the highest
possible crystal symmetry. The 12 high-energy conformers of
crystal structure C may be viewed as metastable relics of the
relatively stable four conformers of form B. Attempts to
study the transformation of form C to B in the laboratory
were thwarted by our inability to grow crystals of form C
after the initial X-ray diffraction experiment. The above in-
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Does molecular conformation
determine crystal packing or
are favorable crystal packing ef-
fects able to trap metastable
molecular conformations? This
question is difficult to quantify in the present case because
E...; and U, differences are of the same order of magni-
tude. We can nonetheless say that a particular conformation
is associated with a specific C-H--O synthon even though
that rotamer is present in different polymorphs. For exam-
ple, B;, and C,; rotamers have similar conformations and
they engage in synthon II in the crystal structures of poly-
morphs B and C. Such a reality, namely that a less stable
conformation can lead to a more stable crystal lattice in con-
formational polymorphs, is a major challenge in the crystal
structure prediction of flexible molecules.

Computational prediction of form A: The ab initio predic-
tion of crystal structures of organic molecules from their
molecular diagram is a global research activity,®!! which
should give us a better understanding of the crystallization
process and even protein folding. In crystal structure predic-
tion (CSP), the input for flexible molecules is progressing
from the first phase of using stable gas-phase conformations
to metastable conformations.”” The main difficulties in pre-
dicting the structures of conformationally flexible molecules
are the following. 1) The stable conformation may not result
in the thermodynamic crystal structure. 2) Which metastable
conformation out of several low-energy rotamers should be
selected for simulations? 3) Both conformation- and lattice-
energy contributions to crystal structure stabilization must
be taken into account. These issues are pertinent to mole-
cule 1 and we now present a possible solution for predicting
and ranking structure frames of a conformationally flexible
molecule. Thermodynamic polymorph A is the target in
crystal structure prediction because at the present time CSP
computations are only able to predict the lowest energy
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Table 4. Lattice energies [U,,,, kcalmol™] of forms A-D computed in Cerius?, corrected to per molecule of 1.

Form A Form B Form C Form D
Ul COMPASS DREIDING 221 COMPASS DREIDING 221 COMPASS DREIDING 221 COMPASS DREIDING 2.21
total —32.69 —42.12 —31.66 —39.66 —31.63 -39.71 —31.87 —42.42
van der Waals —28.01 —27.78 —28.19 —-27.22 —28.18 —27.23 —27.80 —27.19
coulombic —4.68 —12.50 —3.47 -10.43 —3.45 —10.49 —4.07 —12.49
hydrogen bond"! —1.84 - —2.01 - —-1.99 - —2.74

[a] The hydrogen bond energy is partitioned in the DREIDING 2.21 force field but it is part of the coulombic component in the COMPASS force field.

Table 5. Relative energies® [per molecule, kcalmol '] of crystal forms A, B, and D.["!

answer, our reproduction of a

Polymorph Uy E. . E o= Uit + Econt Graph set symbol of C-H--O  large and flexible molecule
interaction (compound 1) is quite good in
COMPASS 2D;:{lElDING ;‘11}2;?; COMPASS ?;EIDING relation to ongoing CSP efforts
- - by other groups.®!!
A 0.00 030 122 122 1.52 c®) How important is the startin,
B 1.03 2.76 0.46 1.49 322 R(8), R2(20) porta arting
D 0.82 0.00 1.16 1.98 1.16 RX(16), R(32) conformation in generating a

[a] Values taken from Tables 3 and 4. The values of Uy, and E,, are relative energies. [b] Form C is excluded
because the errors are too large. [c] The average E.,, value is estimated for multiple conformers as (XE.q)/Z'.

structure and those with Z'=1. The objective of our simula-
tions was to reproduce the known stable polymorph A and
to identify structures of similar energies as a guide for
future crystallization experiments. We have used Polymorph
Predictor (Cerius®)?® (PP) computations to generate several
putative crystal structures of 1 from the stable molecular
conformation derived from Gaussian 03.7

In structure prediction, the conformation should be al-
lowed to vary during the energy minimization of frames (de-
fined as full-body minimization) to cover the complete
range of possible crystal structures in flexible molecules.
Rigid-body minimization (the molecular conformation is
held fixed) is about five times faster but it generates struc-
tures that correspond to local minima for a particular con-
formation, not necessarily the global minimum. Crystal
structure frames were generated in six common space
groups, P2,/c, P1, C2/c, Pbca, P2, and P2,2,2,. Ten unique
low-energy frames within 4 kcalmol™' of the global mini-
mum are plotted for each space group in Figure 8 (total of
60 structures, see Table S1, Supporting Information, for
values). The experimental structure A is the third rank
frame based on values of U, Cell parameters, torsion
angles, and the lattice energy of
CSP frame #3 match remarka-

particular crystal structure of 1?
Given that the molecular con-
formation, C-H:--O synthon
and crystal packing are inti-

-89.0 7 o
] . .
-89.5 .
4 ®
*
_ =90.0 -
% ] * - X6y *
£ 9051 . X Txox *'
§ _ _A AA , X 1
= —91.0 1 -+ o FormA
S 1 1 .+ -+ + ' e M
@ -91.5 - !
i ] 7 + P2jc
8 9204 w s’ - Ce
£ ] @ * | Pbca
= 9254 ¥ P2,2,2,
] A P
9304 4

T T T T T ¥ T T T T T T T 1
315 320 325 330 335 340 345 350
Net Volume [A3)]
Figure 8. Lattice energy versus net volume (V/Z) for structures of mole-
cule 1 generated in six common space groups by full-body minimization
using the Polymorph Predictor software package. Experimental crystal

structure A matches with the third rank predicted structure based on
values of U,,,. See Table 6 for details.

Table 6. Comparison of predicted® and experimental®™ structure parameters.

bly well the experimental struc-

. . F b A °l viZ ] Uy [keal
ture A having a deviation of 4 oo clAl BT i3 wrll 'a“,[l Ca
i [A] [A] [A7] mol ]
within 3% (Table 6). The crys- —

| Ki . h imulated full-body minimization
tal packing 1 the simulated g, 43 7712 8286 10415 10432 32245  14.6,159 —92.201
structure is identical to the ob-  form A 7713 8286 10.415 10432 32246  14.6,159 —92.196
served form and their powder rigid-body minimization
XRD profiles are in good frame #1 7.699 8.133 10.165 10496 307.51  12.6,12.7 —32.697

. . form A 7.701 8.139 10.160 105.00 307.54 12.6,12.7 —32.695
agreement (Figure 9 and Fig- .
i crystallographic parameters from

ure S4, Supporting Informa- e 1l
tion). Although the fact that form A 7917 8.445 10.308 105.75 331.68 12.5,12.6 -

frame #3 matches the observed
structure is short of the correct
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[a] Structure predicted by Cerius® (COMPASS). [b] Experimental form A minimized in Cerius®. [c] The devia-
tion in cell parameters from those of the full-body minimized structure #3 is <3 %.
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© 3™ Rank Frame of Predicted structures
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Figure 9. Comparison of experimental stable polymorph A with simulated
structure #3 derived from full-body minimization. a) Unit-cell packing in
predicted frame #3. b) Unit-cell packing in form A. c) Simulated powder
XRD of predicted and experimental crystal structures. See Figure S4,
Supporting Information, for Rietveld refinement of PXRD.

mately related in the polymorphs of 1, we were encouraged
to find that rigid-body minimization starting from rotamer
A; gave the lowest energy structure #1 as polymorph A
(Table 6). To further attest the significance of metastable
conformations in generating structures of 1, the gas-phase
conformation, which is not observed in any known poly-
morph so far, was used in CSP. Predicted structures from
the stable Gaussian 03 rotamer (1;=1,=23.8°) are less
stable (Up=-28 to —30 kcalmol™', Table S2, Supporting
Information) than the observed crystal structures (U=
—31 to —33 kcalmol ™', Table 4) with metastable conforma-
tions.

The discussions so far imply that the contribution of mo-
lecular conformation energy to crystal structure stabilization
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is significant and so one should accurately compute both in-
tramolecular and intermolecular energy terms. Structures
predicted by full-body minimization adopt the best molecu-
lar conformation for a stable crystal structure in that space
group because the conformation is allowed to adjust during
the simulation. The lattice energy quantifies the intermolec-
ular component arising from hydrogen bonds, electrostatic
interactions, and van der Waals forces. The gain/penalty
from the molecular conformation must be added/subtracted
to accurately calculate the total crystal energy. To imple-
ment this method, the U, component was calculated by
rigid-body minimization® and E,, was calculated using
Spartan 04. The starting rotamer was extracted from the
full-body minimization frame and structures were generated
by the rigid-body method. The minimum energy structure in
the rigid-body simulation matches with the full-body refer-
ence frame in all respects: Cell parameters, crystal packing,
and simulated PXRD (Table S3, Supporting Information).
Frame numbers 1-10 of the flexible-body method (Table S1)
were re-ranked based on the total energy, E = Econt+ Ularts
of rigid-body minimized frames (Table 7). There is signifi-
cant reorganization in the rankings of predicted structures
when accurately calculated crystal lattice and molecular con-
formation energies are considered together to prioritize the
simulated frames using increasing E, as the criterion in-
stead of only U, Frame #3 of the flexible-body minimiza-
tion is now the global minimum frame #1 and it perfectly
matches stable form A. We take advantage of both the flexi-
ble-body and rigid-body minimization methods in Cerius?
Polymorph Predictor to simulate the crystal structures of a
molecule with several low-energy conformations. The best
metastable conformation for generating stable crystal pack-
ing is determined by allowing torsion angles to vary. Then
U, and E,; are accurately calculated for this ideal confor-
mation and their sum is taken to finalize the lowest energy
structure. The above iterative method for deriving the cor-
rect metastable conformation and then re-ranking predicted
crystal structure frames is not reported in the CSP literature
to our knowledge. It is suitable for structure prediction of
flexible drug molecules in which conformation- and lattice-
energy contributions must be properly quantified.

Among the 60 predicted structures (Table S1, Supporting
Information), the molecular conformation in global mini-
mum frame #1 in the P1 space group (r;, 7,=28.4, 28.6°,
Eoni=2.55 kcalmol ") is not too high in energy relative to
the stable rotamer B; and may be accessible if a much more
stable U, is able to compensate for the E., penalty
through stronger intermolecular interactions and better
close packing. We are searching for new polymorphs of 1
through exhaustive crystallization screens.[*

Conclusion
Our experimental and computational results on tetramor-

phic cluster A-D of diphenylquinone 1 can be summarized
as follows. 1) Variable-temperature powder XRD shows that
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Table 7. U, of the lowest energy frame determined by the rigid-body method starting from the molecular
conformation in full-body minimized frames #1-10. E, is calculated in Spartan 04. The simulated structures
of 1 are re-ranked based on the sum of the intra- and intermolecular energies, E,q [kcalmol™].

trans-Stilbene oxide (1.20 g, 6.0 mmol)
was stirred with BF3Et,0 (0.5 mL,
225mg, 3.0mmol) in dry CH,Cl,

(60 mL) for 30 min at 0°C. The reac-

Frame # in full- Space Uy in igid-body E ond® Ea= U+ Eone  Re-ranked frame

body method!®! group®  method [kecalmol™] [kcalmol™] [kcalmol™] based on Eyy tion mixture was washed with water
(2x50 mL) and the solvent evaporated

3 P%‘ “ —30.93 1.38 —29.55 1 to give diphenyl acetaldehyde

1 P1 —30.83 2.03 —28.80 2 (960 mg, 80% )

6 P222, 3091 225 —28.66 3 ’ ’

10 Qe 3042 1.82 —28.60 4 Ethanolic KOH (3n, 0.5mL) was

7 Pi —30.88 2.59 2829 35 added dropwise over a period of 5 min

8 C2le —30.06 1.82 _28.24 6 to a mixture of diphenyl acetaldehyde

5 P2/c —30.85 2.79 —28.06 7 (700 mg, 3.6 mmol) and methyl vinyl

4 P222, -30.01 2.14 —27.87 8 ketone (MVK, 0.3 mL, 3.7 mmol) in

2 P2, —31.03 327 -27.76 9 dry THF (30 mL) at 0°C. The mixture

9 Pl —29.88 2.37 —27.51 10 was stirred for 2 h at 0°C and then for

[a] Taken from Table S1. [b] See Table S3 for matching cell parameters. [c] Relative to the stable gas-phase ro-
tamer, Eo,;=—479812.98 kcalmol ™. [d] Unit cell in full-body/rigid-body minimized structure: 7.712/7.713 A,

8.286/8.289 A, 10.415/10.412 A, 75.68/76.65°, 322.45/322.44 A’

form A is the thermodynamic polymorph and form B is the
kinetic phase. The enantiotropic relationship means that
lattice-energy ~ differences as small as 0.3 kcalmol™
(~1.3kJmol™") computed using the COMPASS force field
(Cerius?) are experimentally verified. This value serves as a
benchmark for future work on crystal structures that lie in a
shallow potential energy well such as concomitant and/or
conformational polymorphs. 2) We have shown that weak
but directional C—H---O interactions promote multiple mole-
cules in the asymmetric unit and moreover that a short
H---O distance in a particular polymorph relates to a high Z’
value of that crystal structure. Z’ is 4 in kinetic polymorph B
and 1 in thermodynamic polymorph A. 3) The reason for
conformational polymorphism in 1 is the presence of several
low-energy, interconverting conformations in solution. The
crystal structures of 1 are a compromise between the mini-
mization of intramolecular (rotamer) and intermolecular
(interaction) energies. Crystal packing stabilizes the meta-
stable molecular conformation of 1 in the solid state. 4)
Thermodynamic polymorph A is reproduced as frame #3 in
full-body minimized structure prediction based on U, Re-
ranking of frames by including the E_, contribution to the
crystal energy gives global minimum structure #1 which
matches form A. This exercise gives a posteriori validity to
Cerius? Polymorph Predictor for a conformationally flexible
medium-sized organic molecule. Our results on prototype
system 1 are currently being examined and evaluated in
other polymorphic clusters.

Experimental Section

Synthesis: Compound 1 was prepared in four steps as shown in
Scheme 1.5

trans-Stilbene (1.1 g, 6.0 mmol) in CH,Cl, (60 mL) was added dropwise
to a stirred solution of m-CPBA (1.14g, 6.6 mmol) in dry CH,Cl,
(15mL) at 0°C. The reaction was continued for 30 h. The mixture was
washed with a NaHCO; solution and water. The resulting epoxide was
extracted with CH,Cl, and evaporated in vacuo to give pure trans-stil-
bene oxide (1.2 g, 95%).
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2h at room temperature. Neutraliza-
tion with 20% HCI, extraction with
EtOAc, and work up gave the crude

Ph  m-CPBA Ph BF;-Et,0 H CHO
—_— /W _—
/T CH,CI CH,CI
Ph 2v12 Ph 0O 2012 Ph  Ph
(¢]
-
P_-TSOH EtOH/KOH
dioxane
Ph Ph Ph Ph
1

Scheme 1. Synthesis of diphenylquinone 1 from trans-stilbene.

product. Purification by column chromatography yielded pure 4,4-di-
phenyl-2-cyclohexenone (440 mg, 50 % ).

DDQ (908 mg, 4.0 mmol) and a catalytic amount of p-TsOH (15 mg,
0.1 mmol) was added to a solution of the above cyclohexenone (248 mg,
1.0 mmol) in 1,4-dioxane (40 mL) and the solution was refluxed for 72 h.
After cooling, the reaction mixture was filtered through Celite and the
filtrate was diluted with CH,Cl, and washed with 10% NaOH solution
(3x30 mL). Workup gave the crude product which was purified on a
silica gel column to give pure 4.,4-diphenyl-2,5-cyclohexadienone 1
(100 mg, 40%). M.p. 120°C. '"H NMR (400 MHz, CDCl;, 25°C, TMS):
0=6.38 (d, /=10 Hz, 2H, a-enone Hs), 7.25-8.15 (m, 12H, Ph+ f-enone
Hs) ppm; IR (KBr): #=3028, 1655 (C=0), 1620, 1487, 1446, 1400, 1267,
1226 cm™.

Polymorphs A—D: The pure solid 1 after column chromatography was
analyzed by powder XRD. The bulk material (100 mg of the solid) shows
all four forms A-D in the concomitant crystallization batch (Figure 3):
monoclinic form A 37.5%, triclinic forms B+C 52.0%; orthorhombic
form D 10.5%.

Polymorphic forms A, B, and C were crystallized by slow evaporation of
a solution of 1 in 5% EtOAc/n-hexane at ambient temperature. Three
types of morphologies were observed: needle, block, and plate. Needle-
type crystals correspond to form A and block/plate crystals correspond to
form B as confirmed by random cell-checking of different crystals. Crys-
tallization by slow evaporation at —5°C in a domestic refrigerator yielded
form A whereas crystal growth from a saturated solution by fast evapora-
tion at ambient temperature yielded predominantly form B. Crystals of
form D were obtained from a CH,Cl,/EtOAc/n-hexane solvent mixture.
In recent batches over the last 2-3 years we have not found a single crys-
tal corresponding to form C in several random cell-checking experiments.
Pure form A: The polymorphic mixture 1 (100 mg) was heated in a test
tube at ~70°C in an oil bath for 30 min and then slowly cooled to room
temperature. The mixture converted to form A in >95% purity as con-
firmed by powder XRD (Figure 5).

Chem. Eur. J. 2006, 12, 3777-3788


www.chemeurj.org

Polymorphs of 4,4-Diphenyl-2,5-cyclohexadienone

Pure form B: The polymorphic mixture 1 (100 mg) was heated in the alu-
minium pan of a powder X-ray diffractometer until the compound
melted (~120°C). The cooled solid is form B (powder XRD in Figure 6),
as confirmed by unit-cell matching of a few randomly picked crystals.

Differential scanning calorimetry: DSC was performed with a Mettler
Toledo 822e module. Samples (4-6 mg) were placed in crimped but
vented aluminium pans and heated at 10°C min~' from 30-200°C. The

instrument was purged with a stream of dry nitrogen at 150 mLmin".

Spartan 04, Gaussian 03, and Cerius’ computations: Cerius’ simulations
and crystal energy:* All simulations were carried out using version 4.8
of the Cerius® molecular modeling software package on a Silicon Graph-
ics workstation. Geometry optimization was carried out using density
functional theory (DFT) at the B3LYP/6-31G (d,p) level of theory with
Gaussian 03.%? The global minimized rotamer of 1 from Gaussian 03 was
entered as the input for the Polymorph Predictor. Crystal structure pre-
diction was carried out in six common space groups (P2, P2,/c, C2/c,
Pbca, P2,2.2,, and P1). The cell parameters of predicted frames of the
C2/c space group were compared with reduced cell parameters to con-
firm that they represent different structures. Reduced cell parameters are
used throughout the paper. Atom point charges were assigned using the
COMPASS force field. It was not felt necessary to calculate multipole
charges because molecule 1 does not contain strong hydrogen-bonding
groups. Multipole charges are known to give superior results but the ad-
vantage is more evident in strongly hydrogen-bonded structures and that
too at the expense of an approximate 10-fold increase in computer
time.’® Default options were used throughout with the fine search
option in Monte Carlo simulations and for the clustering of frames to
obtain unique structures. Lattice-energy minimization of predicted struc-
tures was carried out without any modifications except for the use of the
Ewald summation of van der Waals interactions at a cut off of 6.0 A. All
calculations were carried out either by relaxing the molecular conforma-
tion during the minimization, referred to as the full-body method, or by
keeping the conformation fixed during minimization, the so-called rigid-
body method. Full-body lattice energy minimizations were carried out
even though these calculations take approximately five times more com-
puter time because this method gives more accurate results for flexible
molecules such as 1. The lattice energies of the experimental polymorphs
of 1 were computed using the Cerius’ program by energy minimization of
crystal structures using DREIDING 2.21 and COMPASS force fields.
Force-field charges were assigned with COMPASS and the charge equili-
brium method was used with DREIDING 2.21. COMPASS is better par-
ametrized for structure prediction and the energy of organic molecules.
Crystal lattice energies were calibrated to account for the number of mol-
ecules in the unit cell (per molecule).

Spartan 04 computations: The energies of all 19 conformers were calcu-
lated using Spartan 04 with crystallographic coordinates as the input;
the positions of the hydrogen atoms were reoptimized at the HF/6-31G**
level of theory while keeping the heavy atoms fixed. The gas-phase con-
formation of 1 was obtained by global energy minimization. The gas-
phase rotamer of 1 calculated using Spartan 04 (r,=1,=22.3°) is very
similar to the minimized conformation derived using Gaussian 03 (7,=
7,=23.8°).

Variable-temperature powder X-ray diffraction: Powder X-ray data were
collected with a PANIlytical X'Pert PRO powder X-ray diffractometer
using a parallel beam of monochromated Cu-K,, radiation (1=1.54056 A)
and an X'celerator detector at 40 kV and 40 mA. Diffraction patterns
were collected over the 26 range of 5-50°. Samples were ground to a par-
ticle size of >20 um and loaded in an 18 mm alumina holder for varia-
ble-temperature powder X-ray diffraction data collection and in an alu-
minium sample holder with a 10 mm diameter sample cavity for the col-
lection of data at room temperature. Vigorous grinding was avoided to
minimize potential phase transitions. The program X'Pert High Score
was used for the processing and comparison of powder patterns. Powder
Cell 2.3 was used for calculating the PXRD patterns and for the profile
fitting and Rietveld refinement of unit-cell parameters, a displacement
parameter, a background polynomial function, peak shape asymmetry
terms, and an overall temperature factor using the known single-crystal
structures of polymorphs A, B, and D as the model. Variable-tempera-
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ture powder X-ray diffraction data at a heating rate of 1°Cmin~' were

collected at 7=28, 39, 49, 59, 69, 79, 89, 94, 98, 102, and 105°C. The
sample was cooled to room temperature (31°C) and data were recollect-
ed. Powder XRD profiles are plotted in the range of 26=10-35° for all
samples. There are no significant peaks below 10° and only minor peaks
between 35 and 50°. Wide peaks resulting from the sample holder appear
at 25.2 and 34.8°.
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