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Introduction

Polymorphs[1] and cocrystals[2] are solid-state forms of com-
pounds used in pharmaceutical formulation, drug-life-cycle
management, and patenting.[3] The design and synthesis of
cocrystals[4] by supramolecular-synthon strategies[5] is an im-
portant activity in crystal engineering. Temozolomide (8-car-
bamoyl-3-methylimidazo ACHTUNGTRENNUNG[5,1-d]-1,2,3,5-tetrazin-4(3H)-one,
TMZ) is an antitumor prodrug against malignant melanoma
that acts by water-assisted tetrazinone ring opening and
DNA alkylation of the incipient cytotoxic form. Only one
crystal structure of TMZ has been reported;[6] it belongs in
the space group P21/c with unit-cell parameters a=

17.332(3), b=7.351(2), c=13.247(1) 2, b=109.56(1)8. Nine
unsolvated TMZ polymorphs were disclosed in a recent US
patent.[7] However, the structural origins of polymorphism in
TMZ are not known because the various polymorphic forms

were characterized and differentiated by powder X-ray dif-
fraction (PXRD) and IR spectroscopy. Accurate informa-
tion about hydrogen bonding and molecular packing in crys-
tal structures is only available by single-crystal X-ray diffrac-
tion.

Temozolomide has a more complex molecular structure
than pyrazinamide and isonicotinamide (Scheme 1). The
presence of carboxamide and N-heterocycle functional
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Scheme 1. Comparison of the molecular structure of temozolomide with
those of pyrazinamide and isonicotinamide. There are more heterocycle
N acceptor atoms for the amide group in TMZ. CBZ and BPNO are the
cocrystal formers used in this study.

1122 F 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Asian J. 2008, 3, 1122 – 1133

FULL PAPERS

www.interscience.wiley.com


groups in the same molecule is believed to be a favorable
structural feature for polymorphism and cocrystal formation
because of the possibility for N�H···N hydrogen bonding as
well as the usual N�H···O hydrogen bonds of the amide
group. For example, dimorphs of isonicotinamide and tetra-
morphs of pyrazinamide display differences in N�H···O and
N�H···N hydrogen-bond synthons.[8] The Cambridge Struc-
tural Database (CSD)[9] refcode identifiers of these com-
pounds are given in Scheme 1. Cocrystals of both pyrazina-
mide and isonicotinamide have been prepared with suitable
cocrystal formers (CCFs).[10] The presence of tetrazine, imi-
dazole, and amide groups in temozolomide suggests that
crystallization experiments should yield polymorphs and
cocrystals of this important drug mediated through N�H···O
and several potential N�H···N hydrogen bonds. Herein, X-
ray crystal structures of two new polymorphs of temozolo-
mide and polymorphic cocrystals with 4,4’-bipyridine-N,N’-
dioxide (BPNO) are analyzed as hydrogen-bonded or syn-
thon polymorphs.

Results and Discussion

TMZ Polymorphs

Crystallization of TMZ from common solvents such as
EtOH, iPrOH, acetone, and CH3CN by slow evaporation
gave single crystals that matched with the unit cell of form 1
reported at room temperature (CSD refcode DIPGIS10).[6]

Reflections were collected at 100 K for better comparison
with structural data in this study. TMZ polymorphs 2 and 3
were obtained during attempted cocrystallization with car-
bamazepine (CBZ) and pyridine-N-oxide partners (see Ex-
perimental Section).

Form 1

This form crystallizes in the space group P21/c (Table 1) with
two symmetry-independent molecules (Z’=2). Both mole-
cules adopt conformation A, which has an intramolecular
Namide�H···Nimidazole bond to form a five-membered ring
(Scheme 2). The crystallographic definition of Z’ is the
number of formula units in the unit cell (Z) divided by the
number of independent general positions for that space
group.[11] Chemically speaking, Z’ is the number of crystallo-
graphically unique molecules or conformers that tessellate
in space to build the crystal structure. TMZ molecules un-
dergo hydrogen bonding in the crystal structure through the
amide dimer synthon (N1�H1A···O3: 2.03 and 3.024(2) 2,
167.78 ; N7�H7A···O1: 1.84 and 2.855(2) 2, 177.38 ; D�H···A
measurements are given as H···A and D···A distances (2)
and D�H···A hydrogen-bond angle (8)) and extend as heli-
ces down the [010] direction through N7�H7B···O4 (2.02
and 2.997(2) 2, 160.78) and C6�H6B···O1 (2.28 and
3.279(2) 2, 151.58) H bonds (Figure 1). Weak C�H···O, N�
H···N, and C�H···N interactions (Table 2) complete the crys-
tal packing.

Form 2

Cocrystallization of TMZ with CBZ or 3-hydroxypyridine-
N-oxide, with the intent of obtaining a 1:1 cocrystal, gave a
second polymorph of TMZ of the space group P21/n with
conformation A (Z’=1). The amide dimer between inver-
sion-related TMZ molecules (N1�H1A···O1: 1.84 and
2.848(1) 2, 170.18) extends via C4�H4···O2 (2.14 and
3.208(1) 2, 165.08) dimers as a one-dimensional tape paral-
lel to the [120] direction (Figure 2). There are helices of
C6�H6A···O1 (2.42 and 3.442(1) 2, 155.38) and C6�
H6B···N2 (2.61 and 3.276(1) 2, 118.88) interactions. Surpris-
ingly, the amide anti N�H moiety is not involved in conven-
tional intermolecular hydrogen bonds in this crystal struc-
ture.

Form 3

Cocrystallization of TMZ and CBZ gave blocklike crystals
that matched with the above two monoclinic crystal struc-
tures (same unit-cell parameters) and a few crystals with ir-
regular morphology. This latter crystal was found to be a
third polymorph of TMZ. There are now two conformers, A
and B (Z’=2; Scheme 2), in the space group P�1. The amide
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group flips over to make an intramolecular Namide�
H···Ntetrazine bond in conformer B (six-membered ring). Al-
though Z’=2 in both crystal forms 1 and 3, the two crystal-
lographically unique molecules have the same conformation
in the former case (t=�0.5, �3.58) but different conforma-
tions in this latter crystal structure (t=5.1, 178.38). The
presence of different conformers of the same molecule in
crystal structures, or conformational isomorphism due to
Z’>1, is an interesting chemical occurrence that is as such
not so common among polymorphic sets.[12] The amide
dimer between conformers A and B (N1�H1A···O3: 2.11
and 3.114(4) 2, 169.38 ; N7�H7A···O1: 1.86 and 2.863(5) 2,
171.78) extends as 1D tapes through the C6�H6A···O4 inter-
action (2.44 and 2.989(5) 2, 109.48), as shown in Figure 3.
Such parallel tapes are connected by the N1�H1B···N8 (1.98
and 2.986(5) 2, 174.08) and C4�H4···O2 dimers (2.27 and
3.327(5) 2, 164.68) to form a 2D layer. Hydrogen-bonding
differences in the polymorphs will be discussed later. Mono-

clinic forms 1 and 2 are helical structures whereas, triclinic
form 3 is layered. The serendipitous discovery of new poly-
morphs during attempted cocrystallization is not totally sur-
prising.[13] We did not isolate any cocrystals in the above-
mentioned experiments.

Powder X-ray Diffraction

The known form 1 (P21/c)
[6] was found to be identical with a

patented form III.[7] PXRD of form 2 (P21/n) compares well
with form IX of the same patent. That study provided an X-
ray crystal structure of TMZ form IX for which only PXRD
lines were reported.[7] Form 3, however (P�1), was not report-
ed in that study (see Supporting Information, Figures S1 and
S2 for PXRD plots). We refer to these polymorphs as
forms 1–3.

Energy Relationships

It is difficult to measure the melting points of forms 1 and 2
(as an indicator of solid-form stability) because these com-
pounds decompose upon heating. The crystal density (1calcd)
follows the order form 1> form 2> form 3 (1.669, 1.626,
1.573 gcm�3). The original form 1 is the most stable poly-
morph according to the density rule.[14] Lattice-energy calcu-
lations (Cerius2, COMPASS) are consistent with form 1 as
the stable polymorph (�33.19 kcalmol�1), followed by
form 2 (�32.04 kcalmol�1). The metastable nature of form 2
is ascribed to hydrogen-bonding differences in the two crys-
tal structures. The amide syn NH moiety forms N�H···O hy-
drogen bonds in both structures. The anti NH moiety forms
N�H···N hydrogen bonds in form 1, whereas the donor is
not intermolecularly H-bonded in form 2 (Table 2 and Fig-
ures 1 and 2). Form 3 crystals of TMZ obtained in an earlier
experiment could not be reproduced in subsequent batches.

Table 1. X-ray crystal-structure data of TMZ polymorphs and cocrystals.

TMZ
form 1

TMZ
form 2

TMZ
form 3

TMZ·BPNO cocrystal I
(1:0.5)

TMZ·BPNO cocrystal II
(2:1)

TMZ·BPNO cocrystal III
(1:1)

Empirical formu-
la

C6H6N6O2 C6H6N6O2 C6H6N6O2 ACHTUNGTRENNUNG(C6H6N6O6)·0.5 (C10H8N2O2) 2 ACHTUNGTRENNUNG(C6H6N6O6)·1 (C10H8N2O2) ACHTUNGTRENNUNG(C6H6N6O6)·(C10H8N2O2)

Mr 194.17 194.17 194.17 576.52 576.52 382.35
Crystal system monoclinic monoclinic triclinic triclinic monoclinic orthorhombic
Space group P21/c P21/n P�1 P�1 P21/c P212121
T [K] 100(2) 100(2) 293(2) 100(2) 100(2) 100(2)
a [2] 17.2127(11) 6.8218(5) 8.500(2) 7.7599(8) 6.6957(5) 6.6838(15)
b [2] 7.2061(5) 7.4881(6) 10.004(3) 8.7874(9) 9.6801(7) 10.035(2)
c [2] 13.1651(8) 15.6303(12) 11.309(3) 9.8737(11) 37.654(3) 24.051(6)
a [8] 90 90 99.270(4) 68.754(2) 90 90
b [8] 108.868(1) 96.5340(10) 108.857(5) 74.454(2) 95.510(2) 90
g [8] 90 90 109.192(5) 89.719(2) 90 90
Z 8 4 4 1 4 4
V [23] 1545.21(17) 793.25(11) 820.1(4) 601.37(11) 2429.3(3) 1613.1(6)
1calcd [g cm

�3] 1.669 1.626 1.573 1.592 1.576 1.574
m [mm�1] 0.132 0.129 0.125 0.122 0.121 0.119
Reflns. collected 15132 4173 8304 4532 24686 16058
Unique reflns. 2977 1560 3129 2115 4799 1816
Observed reflns. 2451 1428 1530 1892 4172 1542
R1 (I>2s(I)) 0.0407 0.0366 0.0617 0.0435 0.0399 0.0719
wR2 (all) 0.0916 0.0903 0.0948 0.1129 0.1012 0.1329
GOF 1.020 1.050 0.948 1.042 1.043 1.126

Scheme 2. Conformers A, B, and C of TMZ. Conformer A (N�
H···Nimidazole bond in a five-membered ring) was taken from the X-ray
structure of form 1, and conformer B (N�H···Ntetrazine bond in a six-mem-
bered ring) was extracted from form 3. The putative conformer C (per-
pendicular amide group) was generated computationally. Conformer en-
ergies are listed in Table 3.
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Figure 1. a) The carboxamide dimer of crystallographically unique mole-
cules (shaded differently) in TMZ form 1. The anti NH moieties are in-
volved in the N7�H7B···O4 and N1�H1B···N11 bonds. b) Helices mediat-
ed by N�H···O and C�H···O hydrogen bonds along the b axis are con-
nected by the amide dimer of symmetry-independent molecules.

Table 2. Hydrogen-bond distances and angle parameters with neutron-
normalized N–H, O–H, and C–H distances.

Crystal
structure

Interaction H···A
[2]

D···A
[2]

D�
H···A
[8]

Symmetry
code

TMZ form 1 syn N1�H1A···O3
(amide C=O)

2.03 3.024(2) 167.7 �1+x, y,
�1+z

anti N1�H1B···N2
(imidazole N)[a]

2.44 2.804(2) 100.2 –

anti N1�
H1B···N11 (tetra-
zine N)

2.47 3.393(2) 150.7 1�x, �1/
2+y, 3/2�z

syn N7�H7A···O1
(amide C=O)

1.84 2.855(2) 177.3 -1+x, y,
�1+z

anti N7-H7B···N8
(imidazole N)[a]

2.35 2.746(2) 101.6 –

anti N7�-H7B···O4
(tetrazine C=O)

2.02 2.997(2) 160.7 2�x, �1/
2+y, 3/2�z

C4�H4···N5 2.46 3.519(2) 163.4 x, 1/2�y, 1/
2+z

C4�H4···N6 2.32 3.327(2) 152.6 x, 1/2�y, 1/
2+z

C6�H6A···N2 2.78 3.523(3) 125.9 1�x,1�y,1�z
C6�H6B···O1 2.28 3.279(2) 151.5 1�x, �1/

2+y, 1/2�z
C6�H6C···O4 2.70 3.402(2) 122.1 x, �1+y, z
C10�H10···O3 2.48 3.104(2) 115.2 x, 3/2�y, �1/

2+z
C10�H10···N12 2.45 3.487(2) 159.0 x, 3/2�y, �1/

2+z
C12�H12B···N2 2.46 3.288(2) 131.8 1�x, 1/2+y,

3/2�z
TMZ form 2 syn N1�H1A···O1

(amide C=O)
1.84 2.848(1) 170.1 �x, 2�y, �z

anti N1�H1B···N2
(imidazole N)[a]

2.25 2.804(1) 107.1 –

C4�H4···O2 2.14 3.208(1) 165.0 2�x, 1�y,
�z

C6�H6A···O1 2.42 3.442(1) 155.3 3/2�x, �1/
2+y, 1/2+y

C6�H6A···N6 2.76 3.524(2) 126.8 1+x, y, z
C6�H6B···O2 2.69 3.302(1) 115.3 5/2�x, 1/

2+y, 1/2�z
C6�H6B···N2 2.61 3.276(1) 118.8 1/2+x, 1/

2�y, 1/2+z
C6�H6C···O1 2.65 3.375(1) 124.1 1+x, y, z

TMZ form 3 syn N1�H1A···O3
(amide C=O)

2.11 3.114(4) 169.3 �x, 1�y, �z

anti N1-H1B···N2
(imidazole N)[a]

2.71 2.861(5) 87.9 –

anti N1�H1B···N8
(imidazole N)

1.98 2.986(5) 174.0 x, y, �1+z

syn N7�H7A···O1
(amide C=O)

1.86 2.863(5) 171.7 �x, 1�y, �z

anti N7�
H7B···N12 (tetra-
zine N)[a]

2.29 3.036(5) 129.2 –

anti N7�
H7B···N11 (tetra-
zine N)

2.58 3.398(4) 137.0 -x, 1�y, �z

C4�H4···O2 2.27 3.327(5) 164.6 1�x, �y, �z
C6�H6A···O4 2.44 2.989(5) 109.4 1�x, �y,

1�z
C6�H6C···O3 2.49 3.476(5) 151.4 1+x, y, z
C12�H12B···O1 2.44 3.136(4) 120.6 x, �1+y, z
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The disappearing nature[15] of crystal form 3 is due to desta-
bilization from strained conformer B, which is 1.44 kcal

mol�1 higher in energy than conformer A, as calculated with
Gaussian 03 (DFT, B3LYP/6-31G ACHTUNGTRENNUNG(d,p); Table 3). Conformer
energies were calculated by fixing the main torsion angles to
the experimental values while allowing bond distances to
relax at the nearest local minima. The difference in the
energy of the A and B conformers is due to electrostatics.
The electron densities at the imidazole and tetrazine N
atoms (N2 and N6) flanking the amide group are quite dif-
ferent. Electrostatic surface potential (ESP) charges at the
electronegative N atoms were computed in the putative per-
pendicular amide conformation C (Scheme 2) because intra-
molecular H bonding lowers the negative potential at the ac-
ceptor N atoms by about 20 kcalmol�1 (compare the ESP
charge at the same N atom in conformers A and B vs. C;
Table 3). The electrostatic potential at the imidazole N2
atom is greater than the tetrazine N6 atom in conformer C

Table 2. (Continued)

Crystal
structure

Interaction H···A
[2]

D···A
[2]

D�
H···A
[8]

Symmetry
code

TMZ·BPNO
cocrystal I
(1:0.5)

syn N1�H1A···O2
(tetrazine C=O)

2.10 3.085(2) 164.4 x, y, 1+z

anti N1�-H1B···N2
(imidazole N)[a]

2.44 2.812(2) 100.8 –

anti N1�H1B···N2
(imidazole N)

2.10 2.996(2) 145.8 1�x, �y, �z

C4�H4···O2 2.33 3.398(2) 166.4 1�x, �y,
1�z

C6�H6B···O3 2.31 3.077(2) 126.2 x, y, z
C6�H6C···O2 2.80 3.710(2) 140.7 1�x, 1�y,

1�z
C7�H7···O3 2.03 3.092(2) 165.6 �x, 2�y,

1�z
C8�H8···N5 2.74 3.830(2) 178.5 x, y, �1+z
C10�H10···N5 2.53 3.591(2) 166.2 x, y, �1+z
C10�H10···N6 2.47 3.344(2) 136.9 x, y, �1+z
C11�H11···O1 2.18 3.230(2) 160.4 x, y, �1+z

TMZ·BPNO
cocrystal II
(2:1)

syn N1�H1A···O6
(pyridine-N-oxide)

1.81 2.826(1) 177.0 1�x, �1/
2+y, 3/2�z

anti N1�-H1B···N2
(imidazole N)[a]

2.42 2.790(2) 100.5 –

syn N7�H7A···O5
(pyridine-N-oxide)

1.84 2.851(2) 171.9 2�x, �y,
2�z

anti N7-H7B···N8
(imidazole N)[a]

2.38 2.789(2) 102.9 –

anti N1�H1B···O6
(pyridine-N-oxide)

2.47 3.375(1) 147.7 �1+x, y, z

C4�H4···O4 2.18 3.199(1) 155.4 x, y, z
C6�H6C···O5 2.49 3.468(2) 148.4 2�x, 1�y,

2�z
C10�H10···O2 2.14 3.156(1) 154.0 x, y, z
C13�H13···N6 2.50 3.458(2) 146.0 1+x, �1+y,

z
C14�H14···O1 2.06 3.129(1) 168.5 1+x, �1+y,

z
C16�H16···O3 2.02 3.126(1) 166.5 x, 1+y, z
C17�H17···O5 2.29 3.275(2) 149.7 2�x, 1�y,

2�z
C19�H19···O1 2.31 3.396(1) 173.8 1+x, �1+y,

z
C21�H21···O3 2.33 3.387(1) 164.7 x, 1+y, z
C22�H22···N11 2.49 3.543(2) 162.4 x, 1+y, z
C22�H22···N12 2.49 3.345(2) 134.5 x, 1+y, z

TMZ·BPNO
cocrystal III
(1:1)

syn N1�H1A···O3
(pyridine-N-oxide)

1.86 2.857(6) 167.2 1/2+x, �1/
2�y, �z

anti N1�H1B···N2
(imidazole N)[a]

2.35 2.764(7) 103.1 –

C4�H4···O4 2.00 3.086(6) 173.6 1�x, �1/
2+y, 1/2�z

C6�H6A···O3 2.42 3.500(7) 170.5 1+x, 1+y, z
C7�H7···O4 2.11 3.195(7) 173.5 x, �1+y, z
C8�H8···O2 2.21 3.256(6) 161.4 1�x, 1/2+y,

1/2�z
C11�H11···N5 2.42 3.362(7) 144.0 �1/2+x, 1/

2�y, �z
C12�H12···O3 2.17 3.240(7) 167.8 x, �1+y, z
C13�H13···O1 2.12 3.116(6) 150.5 �1/2+x, 1/

2�y, �z

[a] Intramolecular hydrogen bond.

Figure 2. a) N�H···O and C�H···O dimers assemble in a tape motif in
form 2. The anti NH moiety of CONH2 makes only intramolecular hydro-
gen bonds in this crystal structure. b) Helical arrangement of TMZ
through C6�H6A···O1 interaction along the b axis.
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(�40.41 vs. �32.46 kcalmol�1; see Supporting Information,
Figure S3 for ESP maps). Hence, the intramolecular N�
H···Nimidazole interaction (in a five-membered ring) of confor-
mer A should be stronger than the N�H···Ntetrazine interaction
(in a six-membered ring) of conformer B. Secondly, Oamide–
Nimidazole repulsion in conformer B (N8···O3: 2.82 2) would
be marginally more severe than Oamide–Ntetrazine repulsion in
conformer A (N6···O1: 2.96 2). The marginally greater re-
pulsion in conformer B could also be due to better overlap
of the lone-pair orbitals of the heterocycle N and amide O
atoms. Although the crystal lattice energy of form 3 is lower
than that of forms 1 and 2 (Table 4), the strained confor-
mer B destabilizes the total crystal energy of form 3. This
situation, namely, a strained conformer stabilized in a lower-
energy crystal environment, was found to be a general phe-
nomenon in sets of conformational polymorphs analyzed re-
cently.[16]

As there are occasional exceptions to the density rule in
polymorphs,[17] we verified the stability of polymorphs 1, 2,
and 3 through energy computations as well as packing frac-
tions (form 1: 74.9%; form 2: 72.7%; form 3: 70.5%).

Temozolomide·4,4’-Bipyridine-N,N’-dioxide Cocrystals

Carboxylic acid and carboxamide dimer homosynthons are
well-studied in crystal engineering.[5] Acid–pyridine and
acid–amide heterosynthons (Scheme 3) have been profitably

exploited for the preparation of pharmaceutical cocrystals.[18]

We showed that cocrystallization of amide-type drugs with
pyridine-N-oxide partners (CCFs) gave crystal structures
sustained by the amide–pyridine-N-oxide heterosynthon
and/or amide dimer homosynthon.[19] The scope of this
chemistry is extended through polymorphic TMZ·BPNO
cocrystals of 1:0.5 and 2:1 composition (cocrystals I and II)
and a 1:1 TMZ·BPNO cocrystal III.

TMZ·BPNO Cocrystal I

Cocrystallization of a 2:1 molar ratio of TMZ and BPNO
from CH3CN/EtOH afforded a 1:0.5 TMZ·BPNO crystalline
adduct (cocrystal I, space group P�1). TMZ has conforma-
ACHTUNGTRENNUNGtion A, and BPNO resides on the inversion center. The
amide syn N–H moiety interacts with the carbonyl acceptor
of tetrazine through N1�H1A···O2 (2.10 and 3.085(2) 2,
164.48), and the anti N–H moiety is bonded to the imidazole

Figure 3. a) Amide N�H···O dimer of conformers A and B (capped-stick
and ball-and-stick models). b) N�H···O and C�H···O dimers extend the
1D tapes into 2D sheets in form 3.

Table 3. Conformer energies and ESP charges.[a]

Conformer Econf N2�C2�
C1�N1

ESP charge

[kcalmol�1] (t) [8] N2 (imidazole)
[kcalmol�1]

N6 (tetrazine)
[kcalmol�1]

A 0.00 3.3 �22.83 –[b]

B 1.44 �178.3 –[b] �10.01
C 7.38 �90.8 �40.41 �32.46

[a] Conformer energies were computed with Gaussian 03 (DFT, B3LYP/
6-31G ACHTUNGTRENNUNG(d,p)). ESP charges at the imidazole N2 and tetrazine N6 atoms
were calculated with Spartan 04 (RHF/6-31G**). [b] Overlap with the
electron density of the amide O atom that lies adjacent to the ring N
atom gave an unrealistically high value of �65.16 (N2) and �59.14 kcal
mol�1 (N6).

Table 4. Crystal-lattice energies[a] (Ulatt) of TMZ polymorphs and cocrys-
tals computed with Cerius2 (COMPASS force field).

Crystal structure T [K] Conformer Ulatt [kcalmol�1]

Form 2 100 A �32.04
Form 1 100 A �33.19
Form 1 298 A �33.84
Form 3[b] 298 A+B �34.17

Cocrystal I (1:0.5) 100 A �33.27
Cocrystal II (2:1) 100 A �30.32

[a] Per molecule. [b] The crystal structure of metastable form 3 could not
be redetermined at 100 K because it is a disappearing polymorph.

Scheme 3. Some common homo- and heterosynthons in crystal engineer-
ing.
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N acceptor (N1�H1B···N2: 2.10 and 2.996(2) 2, 145.88).
With assistance from C4�H4···O2 interactions (2.33 and
3.398(2) 2, 166.48), a 1D tape of TMZ dimers runs along
the [001] direction. These TMZ tapes are sandwiched be-
tween ribbons of BPNO molecules to make a 2D sheet in
the (210) plane (Figure 4). Surprisingly, neither the amide

N�H···O homodimer nor the amide–pyridine-N-oxide heter-
osynthon (Scheme 3) is present in this crystal structure. The
absence of these commonly observed synthons[19] suggests
that there should be another polymorph.

TMZ·BPNO Cocrystal II

Cocrystallization in dimethyl sulfoxide (DMSO) by slow
evaporation gave a 2:1 TMZ·BPNO cocrystal II in the space
group P21/c. The chemical composition is the same as for
cocrystal I except that the structure now contains two mole-
cules of TMZ (conformer A) and one molecule of BPNO in-
stead of one and half a molecule, respectively. Cocrystals I
and II have the same molecular composition but different
crystal-packing arrangements, that is, they are polymorphs
of cocrystals.[20] There are 33 cocrystal-polymorph sets up to
the January 2008 release of the CSD[9] (see Supporting In-
formation, Table S1 for the refcodes), of which 24 structure
sets have strongly hydrogen-bonding functional groups, and
the remaining nine sets are sustained by weak C�H···O in-
teractions or p–p stacking. In cocrystal II, the amide syn
NH donors of crystallographically different TMZ molecules
(shown as capped-stick and ball-and-stick models in
Figure 5) undergo hydrogen bonding to the pyridine-N-
oxide O acceptors of BPNO through N�H···O bonds (N1�
H1A···O6: 1.81 and 2.826(1) 2, 1778 ; N7�H7A···O5: 1.84
and 2.851(2) 2, 1728). However, the anti NH moiety of one
TMZ molecule makes no intermolecular contact, whereas
the contact is long for the second molecule (N1�H1B···O6:
2.47 and 3.375(1) 2, 147.78). Other weak interactions (C14�

H14···O1: 2.06 and 3.129(1) 2, 168.58 ; C19�H19···O1: 2.31
and 3.396(1) 2, 173.88) are listed in Table 2.

TMZ·BPNO Cocrystal III

Besides polymorphic cocrystal structures I and II, a 1:1
TMZ·BPNO cocrystal III was obtained from N,N-dimethyl-
formamide (DMF) in the chiral space group P212121. BPNO
forms a linear 1D ribbon of C�H···O dimers (C12�
H12···O3: 2.17 and 3.240(7) 2, 167.88 ; C7�H7···O4: 2.11 and
3.195(7) 2, 173.58). A TMZ molecule is bonded to one of
the N-oxides from the amide syn NH bond (N1�H1A···O3:
1.86 and 2.857(6) 2, 167.28). The crystal structure has alter-
nating tapes of TMZ and BPNO molecules in a 2D sheet
(Figure 6). Here, too, the amide anti NH moiety has no in-
termolecular contact. Cocrystal III is a layered structure
(similar to cocrystal I) and contains alternate tapes of TMZ
and BPNO linked by the amide–pyridine-N-oxide H bond.

Figure 4. N�H···O and N�H···N hydrogen bonds between TMZ mole-
cules and C�H···O interaction with BPNO in cocrystal I (1:0.5).

Figure 5. a) Amide–pyridine-N-oxide H bonds in cocrystal II (2:1). Sym-
metry-independent TMZ molecules are shown as capped-stick and ball-
and-stick models. b) Packing in cocrystal II. One anti N�H···O bond is
long (2.47 2), whereas the other anti NH donor has intramolecular N�
H···N interaction only.

Figure 6. Amide–pyridine-N-oxide H bonds in cocrystal III (1:1). There
are alternate tapes of TMZ and BPNO molecules in the 2D sheet struc-
ture. The anti NH donor makes an intramolecular N�H···N interaction.
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In comparison, cocrystal I has linear tapes of TMZ dimers
sandwiched between ribbons of BPNOs in a 2D sheet. The
amide anti NH moiety was often found not to make inter-
molecular contacts because it is a weaker hydrogen-bond
donor than the syn NH moiety of primary amides.[21]

A likely reason for cocrystallization in multiple composi-
tions of 1:0.5, 2:1, and 1:1 is the presence of different N/O
acceptor groups in temozolomide. The amide syn NH
moiety bonds to the temozolomide C=O group or the pyri-
dine-N-oxide O atom, and there are differences in anti NH
bonding (Figures 4–6). An issue that remains to be ad-
dressed in cocrystals I–III is that they are not classified as
pharmaceutical cocrystals[2f, 4a] because of the BPNO compo-
nent. Cocrystallization of TMZ with GRAS (generally re-
garded as safe) molecules and excipients that contain car-
boxylic acid or carboxamide functional groups is a potential
pharmaceutical solution.[22]

Grinding Experiments

There has been renewed interest in mechanochemistry.[23]

When cocrystal II was ground in a ball mill for 1 h, it was
completely converted into cocrystal I, according to compari-
son of the PXRD data. Further grinding of cocrystal I did
not indicate any phase change, which suggests that cocrys-
ACHTUNGTRENNUNGtal I is more stable than II (Figures 7 and 8). The metastable
nature of cocrystal II may be traced to the unused NH
donor in intermolecular hydrogen bonding.

The density of cocrystal I is higher than that of II (1.592,
1.576 gcm�3, respectively; packing fraction: 74.1, 73.2%, re-
spectively). Lattice-energy (Table 4) calculations place co-
ACHTUNGTRENNUNGcrystal I (�33.27 kcalmol�1) as substantially more stable
than II (�30.32 kcalmol�1), given that energy differences be-
tween polymorphs are generally small. It is difficult to infer
cocrystal stability from melting points because of compound
decomposition. Attempts to determine the stability of the
cocrystal forms as a function of temperature were frustrated
by the decomposition of the BPNO component. Solution-
mediated transformations and a study into the effect of ul-
trasound on phase transitions are under way.

Synthon Polymorphism

Supramolecular-synthon-based polymorphism, or synthon
polymorphism, has been reported in the literature.[24,8a,20a] A
few common examples of synthon polymorphs are sulfathia-
zole,[25] isonicotinamide,[8b] and tetrolic acid.[26] Differences
arise due to different hydrogen-bond synthons.[27] Poly-
morphic crystal structures of hydrogen-bonding functional
groups may be analyzed at two levels: the primary level of
the cyclic synthon or strong H bonds and the secondary
level of single H bonds or weak interactions. Crystal struc-
tures I–III have different primary synthons. Cocrystal I has
tapes of amide N�H···O bonds and N�H···N dimers, where-
as cocrystal II has amide–pyridine-N-oxide synthons. The
anti NH moiety engages in N�H···N bonds in I, whereas it
makes long N�H···O contacts and no intermolecular H bond
in the two symmetry-independent molecules of cocrystal II.

The weaker TMZ C�H···O dimer and BPNO C�H···O
dimer are present in both crystal structures; they are similar
at the secondary-synthon level. Cocrystal III (1:1) is exclud-

Figure 7. Powder X-ray diffraction patterns. a) Freshly prepared cocrystal
II (100% purity). b) Pure cocrystal II ground in a mechanical ball mill
for 1 h, showing a quantitative transformation into cocrystal I. c) Further
grinding for 1 h showed no change (cocrystal I recovered). These phase
transitions indicate that cocrystal I is the thermodynamic phase and coc-
rystal II is a metastable polymorph. The black trace is the experimental
PXRD, and the gray lines were simulated from the X-ray crystal struc-
ture. The observed and calculated peaks match well. The small shift in 2q

values between the observed and calculated lines is because the powder
diffraction was recorded at 300 K but the X-ray crystal structures were
determined at 100 K.
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ed as it is not polymorphic to I and II. Polymorphs 1, 2, and
3 have the same amide dimer of the R2

2(8) graph set,[28] but
the anti NH moieties make different intermolecular interac-
tions: N�H···O and N�H···N in form 1, no short contact in
form 2, and N�H···N in form 3. To summarize, the primary
N�H···O dimer synthon is the same in TMZ polymorphs,
but the secondary N�H···N/N�H···O hydrogen bonds are
different. In contrast, the primary synthon is different in the
cocrystals, but the secondary C�H···O synthons are the
same. Synthon comparisons for Figures 1–5 are summarized
in Scheme 4 (see also Supporting Information, Figure S4).

The identification of unused hydrogen-bond donors/ac-
ceptors in crystal structures has attracted special mention.[29]

Etter[30] proposed hydrogen-bonding rules in molecular crys-
tals. The first rule states that “all good proton donors and
acceptors are used in hydrogen bonding.” Thus, molecules
with strong donors, such as O–H, N–H, and C=O acceptor
are expected to form conventional hydrogen bonds. Alloxan
is the archetypal amide with strong NH donors and C=O ac-
ceptors, but these groups hardly engage in conventional hy-
drogen bonds.[29b,c,e] When such strong hydrogen bonds are
absent, the acceptor may seek out C–H donors to form
weak hydrogen bonds.[29d] Carbamazepine polymorphs are
sustained by the persistent amide dimer, but the anti NH
donor is not involved in intermolecular H bonding owing to
the geometric constraint of the dibenzapine ring[31] and the
absence of other heteroatom acceptors in the molecule.

The analysis of crystal structures as synthon polymorphs
is helpful in explaining polymorph stabilities. The facile

phase transition of TMZ·BPNO cocrystal II to I upon grind-
ing may be understood by stabilization owing to the greater
number of hydrogen bonds in the product. Although the
amide–pyridine-N-oxide N�H···O bond in structure II (1.81

Figure 8. Hydrogen-bond reorganization in TMZ·BPNO cocrystal II (2:1; a) to cocrystal I (1:0.5; b). Cocrystal II has a strong amide–pyridine-N-oxide
N�H···O bond. The unused amide anti N–H donors in cocrystal II (a); see thin double arrows) move close to the imidazole N acceptors in cocrystal I (b)
by 458 rotation and a translation of about half a molecular length. One strong N�H···O bond is broken and replaced by N�H···O and N�H···N bonds.
Molecular rotation and translation in a) are indicated by thick arrows.

Scheme 4. Synthon polymorphism in temozolomide polymorphs 1–3 and
cocrystals I and II. Molecular fragments are truncated. See Supporting
Information, Figure S4 for secondary synthons in TMZ forms 1–3.
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and 1.84 2) is quite strong (more stable than amide N�
H···O by �3 kcalmol�1),[19] the unutilized anti NH donor
and heterocycle N acceptor make the crystal structure kinet-
ically metastable. The single strong N�H···O bond in struc-
ture II is replaced by two H bonds in I: N�H···O with the
tetrazine C=O group and N�H···N with the imidazole N
atom (Figure 8). Similarly, the unused anti NH donor in
metastable TMZ form 2 participates in an intermolecular
N�H···O bond in form 1 after molecular reorganization
(Figure 9). The helical architecture persists before and after
reorganization (see Supporting Information, Figure S5).
Form 1 is more stable than 2 by 1.15 kcalmol�1, and cocrys-
tal I is lower in energy than II by 2.95 kcalmol�1 (Table 4).

Dimorphs of the pigment 2,9-dichloro-5,12-dihydroquino-
ACHTUNGTRENNUNG(2,3-b)acridine-7,14-dione[32] typify a similar situation. Two
unused NH donors and C=O acceptors in the black poly-
morph (�50.26 kcalmol�1, Cerius2) make N�H···O bonds in
the red form (�59.93 kcalmol�1). All these cases character-
ize unused/partially used donors/acceptors in the metastable
structure and maximal intermolecular hydrogen bonding in
the stable modification. The potential of synthon classifica-
tion for polymorphs goes beyond structural analysis to the
understanding and control of crystallization. The dimer and
catemer synthons of tetrolic acid in the solid state are relat-
ed to the corresponding structural motifs in solution.[26b]

Crystallization of metastable form I sulfathiazole is promot-
ed in the presence of N-acetylsulfathiazole because the addi-
tive inhibits the growth of forms II–IV (synthon mimi-
cry).[25b]

Conclusions

X-ray crystal structures of three polymorphs and three coc-
rystals of temozolomide are reported. Only one crystal
structure of TMZ and no cocrystals were known prior to
this study. A new strained conformer B of temozolomide is
isolated as form 3, but the crystallization could not be repro-
duced because it is a disappearing polymorph. Crystal-struc-
ture analysis as synthon polymorphs at the primary and sec-
ondary level highlights similarities and differences in their
hydrogen bonding. The crystal-form stability determined in
experiments and computations is consistent with hydrogen-
bond-reorganization pathways that utilize unused donors/ac-
ceptors in the metastable form to make intermolecular hy-
drogen bonds in the stable polymorph. Our results show
that structural relationships in the growing subset of poly-
morphic cocrystals[33] are of similar origin to those of the
well-studied molecular polymorphs.

Experimental Section

Preparation of Polymorphs and Cocrystals

Temozolomide was supplied by Dabur Research Foundation, India. Crys-
tallization of TMZ from common solvents such as EtOH, iPrOH, ace-
tone, and CH3CN by slow evaporation resulted in single crystals of the
known monoclinic form 1.[6] Attempted cocrystallization with CBZ in a
1:1 molar ratio (TMZ: 25 mg, 0.127 mmol; CBZ: 30 mg, 0.127 mmol) by
dissolving the components in EtOH (5 mL) followed by slow evaporation
of the solvent gave single crystals. The needle-shaped crystals had a mon-
oclinic unit cell, and a few irregularly shaped crystals were triclinic. The
observed cell parameters are different from the known crystal structure,
and we designated these polymorphs as forms 2 and 3 (Table 1). At-
tempts to reproduce form 3 (disappearing polymorph)[15] gave a concomi-
tant mixture of form 1 (plate or block morphology, dominant) and form 2
(needle-shaped, minor) but no form 3. Form 2 was also obtained by coc-
rystallization of TMZ and 3-hydroxypyridine-N-oxide in MeOH. No coc-
rystals were obtained in these experiments.

Cocrystals were prepared with the BPNO partner molecule.[19] The stoi-
chiometry was determined by the functional-group ratio of the binary
system. Cocrystallization of a 2:1 molar mixture of TMZ (50 mg,
0.257 mmol) and BPNO dihydrate (27 mg, 0.128 mmol) in CH3CN/EtOH
(3:1) gave cocrystal I of TMZ·BPNO (1:0.5). A novel hydrate form of
TMZ appeared concomitantly (see Supporting Information, Figure S6).[34]

When the crystallization solvent was changed to DMSO, cocrystal II re-
sulted (2:1), with a different space group (Table 1). Larger batches of
cocrystal II were prepared by ultrasonication[35] of a 2:1 molar mixture of
TMZ and BPNO in MeOH (5 mL) for 5 min. A third cocrystal (III) of
1:1 stoichiometry was obtained by cocrystallization of TMZ (50 mg,
0.24 mmol) and BPNO dihydrate (52 mg, 0.24 mmol) from DMF (5 mL).

X-ray Crystal Structures

Reflections on single crystals of TMZ polymorphs and cocrystals were
collected on a Bruker SMART-APEX CCD X-ray diffractometer (MoKa

radiation, l =0.71073 2). SMART was used for collecting frames, index-
ing reflections, and determining lattice parameters. The integration of re-
flection intensity and scaling was carried out with SAINT. Absorption
correction was done with SADABS,[36] and SHELX-TL[37] was used for
space-group determination, structure solution, and least-squares refine-
ment on F2 to give a satisfactory R factor (Table 1). Structures were
solved by direct methods. Amide hydrogen atoms were located in differ-
ence electron density Fourier maps and refined isotropically. Non-hydro-
gen atoms were refined anisotropically. CH hydrogen atoms were gener-
ated geometrically and allowed to ride on the bound heavy atom. X-

Figure 9. Hydrogen-bond reorganization of form 2 (a) to form 1 of TMZ
(b). The unused amide anti N–H moiety in form 2 (a); thin arrows) un-
dergoes a translation of half a molecular length to make an intermolecu-
lar N�H···O bond in form 1 (b). This pathway accounts for the major and
minor composition of forms 1 and 2 in concomitant crystallization. See
also Supporting Information, Figure S5.
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Seed[38] was used to prepare the figures and packing diagrams. CCDC-
665056 (TMZ monohydrate), -665057 (TMZ BPNO cocrystal I), -665058
(TMZ BPNO cocrystal II), -665059 (TMZ BPNO cocrystal III), -665060
(TMZ form 1), -665061 (TMZ form 2), and -665062 (TMZ form 3) con-
tain the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallographic
Data Centre at www.ccdc.cam.ac.uk/data_request/cif.

Powder X-ray Diffraction

PXRD was performed on a PANalytical 1830 (Philips Analytical) diffrac-
tometer with CuKa X-radiation (l =1.54056 2) at 35 kV power and
25 mA current over the 2q range 5–508 at a scan rate of 18min�1. The
Powder Cell 2.3 program[39] was used for the least-squares refinement and
to generate calculated diffraction patterns from the X-ray crystal struc-
tures.

Solid-State Grinding

Cocrystal II (75 mg) was ground in a ball mill for 60 min. The sample was
shaken in a Wig-L-Bug-type mixer mill equipped with a 5-mL stainless-
steel grinding jar and balls 4 mm in diameter. Grinding was performed at
an oscillation rate of 20 Hz. PXRD showed that cocrystal II was com-
pletely converted into cocrystal I. When cocrystal I was ground in a ball
mill for 60 min, there was no visible change in the diffraction pattern.

Computations

Conformer energies were calculated with Gaussian 03 (DFT, B3LYP/6-
31G ACHTUNGTRENNUNG(d,p)).[40] As the observed conformation in the crystal structure is
usually different from the gas-phase-minimized conformer and often
higher in energy, constrained optimization of the crystal conformer was
carried out by keeping the main torsion angles fixed but allowing the
bond lengths/distances and angles to relax at the nearest local minima
(Econf).

[16] Lattice energies were computed in Cerius2 with the COMPASS
force field.[41] Crystal structures were minimized (Ulatt) by allowing small
variations in cell parameters but not gross differences between the calcu-
lated and experimental crystal lattice. The electrostatic potential map of
the conformers A and B as well as the perpendicular amide conforma-
tion C were computed with Spartan 04[42] (RHF/6-31G**; see Supporting
Information, Figure S3).

Cambridge Structural Database

The CSD[9] (version 5.29, November 2007, ConQuest 1.10, January 2008
update) was searched for cocrystal polymorphs. The parameters “all poly-
morphic structures with 3D coordinates determined”, “no errors”, “no
polymeric”, and “no ions” were searched to give 5167 hits. The crystal
structures were visualized with Mercury 2.0, and 33 sets of cocrystal poly-
morphs were manually retrieved (3D coordinates reported for all poly-
morph sets). Crystal structures with a high degree of disorder were ex-
cluded. Of the 33 sets, 24 have strongly hydrogen-bonding groups, where-
as nine do not contain such groups but instead have weak intermolecular
interactions and/or p stacking. Details of polymorphic cocrystal sets are
listed in the Supporting Information, Table S1.
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