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During the development and formulation of any active pharma-
ceutical ingredient (API) that is to be delivered in a solid form, a
wide range of stringent performance parameters (e.g., solubility,
dissolution rate, thermal stability, etc.) needs to be carefully
considered.1 It is thus not surprising that poor biopharmaceutical
properties (as opposed to toxicity or lack of efficacy)2 are the main
reason that less than 1% of active compounds eventually make it
into the marketplace.3 Solubility remains a key issue,4 and a number
of approaches for addressing this problem have been pursued, such
as micronization,5 the use of salt forms,6 and solubilization in
cosolvents7 and micellar solutions.8-10 Although these techniques
can be effective, there is a need for a broader range of solid forms
from which to choose a particular API in order to optimize
physicochemical properties without tampering with the molecule
itself.

Recent advances in crystal engineering11 have enabled the design
of cocrystals in which two or more molecular compounds are
incorporated within the same crystalline lattices in specific sto-
ichiometric amounts.12 Cocrystal synthesis does not involve making/
breaking of covalent bonds, and it may therefore be possible to
fine-tune physical properties by exercising precise control over the
supramolecular assembly, since the crystal structure determines the
resulting physical properties of the compound. For example, the
melting points of even-numbered aliphatic dicarboxylic acids
decrease monotonically with increasing number of methylene
groups in the chain; the structural consistency among the five
compounds shown in Figure 1 translates to a predictable relationship
between molecular structure and physical behavior. The melting
points of odd-numbered diacids also decrease with an increase in
the number of methylene groups, but they have significantly lower
melting points than their even-numbered analogues as a result of
significant differences in crystal structure/packing.13

Against this background, we hypothesized that if we can
incorporate an API within a series of crystalline solids characterized
by considerable structural consistency, we may be able to fine-
tune melting points and aqueous solubility. Changes to the physical
properties could be achieved by varying the cocrystallizing agents
in a systematic fashion without altering the precise nature of the
molecular recognition events that drive the supramolecular assembly.

Herein we present a systematic structure-property study of a
series of cocrystals of hexamethylenebisacetamide A, a compound
that is capable of inhibiting the proliferation of lung cancer cells
and is also being used in the treatment of myelodysplastic syndrome
and resistant acute myelogenous leukemia.14 Our strategy was to
synthesize infinite API · · ·diacid · · ·API · · ·diacid chains using the
well-known COOH · · ·py hydrogen-bond-based synthon,15 and these
chains were subsequently going to be arranged into two-dimensional
(2D)layersasaresultofAPI-basedself-complementaryamide · · ·amide
hydrogen bonds.16 All of the diacids used in this study are generally
regarded as safe by the FDA. The main objectives of this study
were (i) to determine whether we could synthesize a series of

cocrystals with the desired structural consistency; (ii) to establish
how well the melting point of the cocrystal can be correlated with
the nature of the cocrystallizing agent; and (iii) to establish how
well the solubility can be correlated with the nature of the
cocrystallizing agent.

Cocrystallization reactions between A and 1-5 were carried out,
and IR spectroscopy was used to screen all of the resulting solids
for cocrystal formation. We were also able to grow crystals suitable
for single-crystal X-ray diffraction of all products (see the Sup-
porting Information). A summary of the unit cell parameters for
the crystal structures of A1-A5 is given in Table 1. As shown by
the structural parameters, the five cocrystals are isostructural, and
the increase in unit cell volume is a reflection of an increase in the
size of the cocrystallizing agent. Because of the close structural
similarities, only two structures are shown.

In A1 (the 1:1 cocrystal of A and 1), a primary O-H · · ·N
interaction between the pyridyl moiety and the carboxylic acid was
observed [O31 · · ·N11, 2.7094(19) Å], resulting in 1D chains that in
turn are organized into layers via interchain N-H · · ·O hydrogen bonds
[N17 · · ·O17, 2.9902(19) Å] (Figure 2). Similar structures were
obtained with longer-chain acids, as shown by A4, in which an
O-H · · ·N hydrogen bond between the pyridyl moiety and the
carboxylic acid [O31 · · ·N11, 2.6690(11) Å] was observed. The crystal

Figure 1. Target API and dicarboxylic acids.

Table 1. Comparison of Structural Data

A1 A2 A3 A4 A5

a (Å) 5.1754(4) 5.1412(4) 5.1392(5) 5.1506(4) 5.1519(4)
b (Å) 10.9294(8) 5.2394(4) 5.2412(5) 5.2481(4) 5.2778(5)
c (Å) 10.9423(8) 21.396(2) 23.145(2) 24.521(2) 26.148(3)
R (deg) 118.826(4) 95.094(5) 94.050(3) 89.647(4) 86.023(6)
� (deg) 91.381(5) 95.603(4) 95.222(2) 87.252(4) 89.386(6)
γ (deg) 99.872(4) 91.076(5) 91.277(2) 88.505(5) 88.496(6)
V (Å3 530.11(7) 571.10(8) 619.0(1) 661.82(8) 709.0(1)

Figure 2. 2D sheet in the structure of A1 generated through O-H · · ·N
and N-H · · ·O hydrogen bonds.
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structure also contains 2D layers generated via self-complementary
amide · · ·amide N-H · · ·O hydrogen bonds [N17 · · ·O17, 3.0127(14)
Å) (Figure 3).

Having achieved the required structural consistency, we subse-
quently examined whether the thermal behavior of these cocrystals
could be correlated with any molecular feature of the five
cocrystallizing agents (Figure 4). The data clearly show that the
melting points of these five crystalline solids are directly related to
the melting points in the dicarboxylic acids. The highest-melting
cocrystal contains the dicarboxylic acid with the highest melting
point, and the lowest-melting acid produces the lowest melting
cocrystal; this demonstrates that the melting behavior of the five
solid forms of this API can be modulated in a predictable manner
over a considerable range (148-188 °C; the melting point of the
API itself is 181-182 °C).

Although thermal properties are an important issue, solubility is
a key factor, so we also determined the aqueous equilibrium
solubilities of A1-A5 (Figure 5). The results show that the aqueous
solubility of A can in fact be improved by a factor of 2.5 without
altering the molecular structure of the API itself. Although the
solubilities of the five cocrystals of the API did not produce a linear
correlation as did the melting points, the trend in physicochemical
properties of the cocrystals can certainly be rationalized in terms
of the aqueous solubilities of the dicarboxylic acids. The cocrystals
of the longer-chain diacids, which are less polar and more
hydrophobic in nature, show decreased aqueous solubilities relative
to that of the API itself. Even though a decrease in solubility is

normally not desired within the pharmaceutical industry, a decreased
solubility is preferred in some applications of specialty chemicals.

Although it is obvious that not every cocrystal will deliver an
improvement in physicochemical properties relative to that of the
active ingredient, we have shown that systematic changes to the
molecular nature of the cocrystallizing agent combined with control
over the way that the individual building blocks are organized within
the crystalline lattice makes it possible to establish predictable links
between molecular structure and macroscopic physical properties.
In this context, cocrystals may therefore offer unique opportunities
for developing new solid forms in which a variety of desired
physical properties can be tuned in a predictable manner.
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Growth Des. 2003, 3, 159. (c) Aakeröy, C. B.; Desper, J.; Helfrich, B. A.
CrystEngComm 2004, 6, 19. (d) Aakeröy, C. B.; Desper, J.; Urbina, J. F.
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Figure 3. 2D sheet in A4 generated through O-H · · ·N and N-H · · ·O
hydrogen bonds.

Figure 4. Melting points for A1-A5 plotted vs the melting points for the
corresponding diacids 1-5. The equation for the fitted line is y ) 0.72x +
54. The inset shows the melting points of 1-5 as a function of carbon
chain length.

Figure 5. Aqueous equilibrium solubilities of A and A1-A5.
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