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Abstract

We report the formation and structural properties of co-crystals containing gemfibrozil and hydroxy derivatives of z-butylamine
H,NC(CH3);_,(CH,0OH),,, with n = 0, 1, 2 and 3. In each case, a 1:1 co-crystal is formed, with transfer of a proton from the carboxylic
acid group of gemfibrozil to the amino group of the #-butylamine derivative. All of the co-crystal materials prepared are polycrystalline
powders, and do not contain single crystals of suitable size and/or quality for single crystal X-ray diffraction studies. Structure
determination of these materials has been carried out directly from powder X-ray diffraction data, using the direct-space Genetic
Algorithm technique for structure solution followed by Rietveld refinement. The structural chemistry of this series of co-crystal materials
reveals well-defined structural trends within the first three members of the family (n = 0, 1, 2), but significantly contrasting structural

properties for the member with n = 3.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Gemfibrozil [2,2-dimethyl-5-(2,5-xylyloxy)valeric acid;
denoted 1; Fig. 1] has received considerable attention
within pharmaceutical sciences, particularly with regard to
its properties as a cholesterol-lowering drug [1]. We explore
here the formation of co-crystals containing gemfibrozil
and members of a family of hydroxy derivatives of ¢-
butylamine H,NC(CH3);_,(CH,OH),, withn =0, 1, 2 and
3 (denoted A-D respectively; Fig. 1) under the expectation
that these materials will exhibit interesting structural
chemistry. In particular, systematic variation of the
number of hydroxyl groups within the z-butylamine
derivative provides the opportunity to explore structural
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trends in the hydrogen bonding arrangements within the
family of co-crystal materials.

As reported below, co-crystal materials are found to be
formed between 1 and each of the molecules A-D in a 1:1
stoichiometric ratio. These co-crystals are denoted 1A-1D
respectively. In each case, the co-crystal contains deproto-
nated 1 as the anion and protonated A-D as the cation,
resulting from transfer of a proton from the carboxylic acid
group of 1 to the amino group of A-D. All of the co-crystal
materials 1A—1D obtained were polycrystalline powders,
and did not contain single crystals of suitable size and/or
quality for single crystal X-ray diffraction studies. In such
cases, structure determination must instead be carried out
using powder X-ray diffraction data. Fortunately, new
opportunities have arisen within the last decade or so for
carrying out complete structure determination of organic
molecular solids directly from powder X-ray diffraction
data [2], particularly by employing the direct-space strategy
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Fig. 1. Molecular structures of gemfibrozil (1) and molecules of the type H3NC(CHj3);_,(CH,OH),, with n = 0,

for structure solution [3]. In the present work, this
approach has been employed to determine the crystal
structure of each of the co-crystal materials 1A—1D from
powder X-ray diffraction data, using the direct-space
Genetic Algorithm technique for structure solution [4]
followed by Rietveld refinement [5]. While the present work
has been motivated by the interesting structural chemistry
exhibited by systematic variation of the hydrogen-bonding
opportunities within the series of co-crystals 1A-1D, we
note that, in general terms, there is increasing interest in the
formation of co-crystalline phases of drug substances [6]
(including co-crystal salts of the type discussed in this
paper) as a potential route towards optimization of
properties of relevance to their pharmaceutical applica-
tions.

2. Structure determination of organic solids from powder
X-ray diffraction data

Crystal structure determination from powder X-ray
diffraction data involves four stages: (i) unit cell determi-
nation, (i) pattern-decomposition/profile-fitting (com-
monly carried out using the techniques of Pawley [7] or
Le Bail [8]), (iii) structure solution, and (iv) structure
refinement. The aim of structure solution is to derive a
good approximation to the structure, using knowledge of
the unit cell and space group determined in stages (i) and
(ii), but starting with no knowledge of the actual
arrangement of atoms or molecules within the unit cell. If
the structure solution is sufficiently close to the true
structure, a good quality structure can then be obtained by
structure refinement, which is generally carried out using
the Rietveld profile refinement technique.

Among recent developments in techniques for carrying
out structure solution from powder X-ray diffraction data,
the direct-space strategy is particularly suitable in the case
of organic molecular materials. In the direct-space strategy,
trial crystal structures are generated in direct space, and the
quality of each trial structure is assessed by direct

Lo

1, 2, 3 (A-D respectively).

comparison between the powder X-ray diffraction pattern
calculated for the trial structure and the experimental
powder X-ray diffraction pattern. In our work, this
comparison is carried out using the weighted powder
profile R-factor Ry, which takes peak overlap implicitly
into consideration. In the present paper, our Genetic
Algorithm (GA) technique [4], implemented in the program
EAGER [9], was used to search for the structure
representing the global minimum in Ry, in the direct-
space structure solution calculation.

In the GA technique, a population of trial structures
is allowed to evolve subject to the types of evolutionary
operations (mating, mutation and natural selection)
that govern evolution in biological systems. Each structure
in the population is specified by its ‘“‘genetic code”,
which represents, for each molecule in the asymmetric
unit, the position {x, y, z} and orientation {6, ¢, ¥} of
the molecule in the unit cell, and the molecular confor-
mation, defined by n variable torsion angles {t;, 7»,...,7,,}
(we note that hydrogen atoms are generally not inclu-
ded in structure solution calculations using powder
X-ray diffraction data). Thus, in general, each mole-
cular fragment is represented by 6 +n structural variables,
where n is the number of variable torsion angles re-
quired to define the molecular conformation. The
quality (“fitness”) of each structure in the population is
assessed from its value of Ry, (in practice, fitness is de-
fined as an appropriate decreasing function of R,,;,). New
structures are generated by the mating and mutation
operations. In the natural selection procedure, only the
structures of highest fitness (i.e. lowest R,,,) are allowed
to pass from one generation to the next generation. After
the population has evolved for a sufficient number of
generations, the best structure in the population (i.e. the
structure with lowest Ry,;,) should be close to the correct
crystal structure, and is used as the starting structural
model for Rietveld refinement. In the present work,
Rietveld refinement was carried out using the GSAS
program package [10].
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3. Experimental

Gemfibrozil was supplied by DiPharma (Italy) and was
of USP-BP grade. The ¢-butylamine derivatives A—D were
obtained from Sigma-Aldrich. To prepare the co-crystals
1A and 1B, separate solutions were prepared containing 1
(0.01 moles) in acetonitrile (40 ml) and A or B (0.01 moles)
in acetonitrile (40ml). The solutions were then mixed,
leading to the formation of a polycrystalline material,
which was recovered by filtration under vacuum (if
crystallization did not occur immediately, the solution
was stored at —4°C for ca. 12h, which then led to the
formation of a polycrystalline material). The recovered
materials were dried at 40 °C for ca. 12 h under vacuum. To
prepare the co-crystals 1C and 1D, a warm solution of C or
D (0.01 moles) in methanol (40 ml) was prepared, and then
mixed with a solution of 1 (0.01 moles) in acetonitrile
(40 ml); the polycrystalline material that formed was
collected and dried as described above. The samples of
all co-crystal materials were stored in sealed containers at
ambient temperature.

Powder X-ray diffraction data were recorded at ambient
temperature in transmission mode on a Bruker DS
diffractometer for 1A and 1B (capillary sample holder;
Ge-monochromated CuKo,; radiation; VANTEC detector
covering 12° in 20; 20 range 5-70° for 1A and 5-65° for 1B;
step size 0.01672°; total data collection time 12h) and on a
Siemens D5000 diffractometer for 1C and 1D (foil sample
holder; Ge-monochromated CuKuo; radiation; Braun PSD
detector covering 8° in 260; 20 range 5-70°; step size
0.02029°; total data collection time 10.5h). Details of the
structure determination calculations using these powder
X-ray diffraction data are discussed below.

Fourier-transform infrared (FTIR) spectra were re-
corded for samples of 1A—1D dispersed in KBr disks,
using a Unicam Mattson 3000 FTIR spectrometer. The IR
spectra exhibit characteristic vibration frequencies for
—CO, and -NH5 groups, confirming that the co-crystals
1A-1D are salts comprising deprotonated 1 as the anion
and protonated A-D as the cation [11].

4. Structure determination

The powder X-ray diffraction pattern of 1A was indexed
using the program KOHL [12], giving the following unit

cell (M>y=26.4, F>y = 65.1) with orthorhombic metric
symmetry: a=6.44A, b=9.67A, ¢=33.10A (V=
2064 1&3). From systematic absences, the space group
was assigned as P2,2,2;. Le Bail fitting of the powder
X-ray diffraction pattern using this unit cell and space
group gave acceptable agreement between calculated and
experimental data (R, = 0.0237, R, = 0.0141). Structure
solution was carried out using a single-population GA
implemented in the program EAGER [9], with two
structural fragments in the asymmetric unit representing
the molecules 1 and A. The structural fragment represent-
ing 1 was defined by 12 structural variables, including six
variable torsion angles (Fig. 2). The structural fragment
representing A was defined by six structural variables, with
no variable torsion angles. Thus, the total number of
structural variables in the GA calculation was 18. The best
trial structure (Ry, = 0.0397) obtained after 70 genera-
tions was used as the initial structural model for Rietveld
refinement. In the Rietveld refinement, standard re-
straints on bond lengths and bond angles were used, and
hydrogen atoms were placed in calculated positions
towards the final stages of the refinement. The final
refinement (Fig. 3a) gave R,,=0.0258, R,=0.0177,
Rp> =0.252 and =397 [P2:212); a= 6.44807(31) A,
b =9.6811(4) A, c = 33.0974(14) A].

The powder X-ray diffraction pattern of 1B was indexed
using the program ITO [13], giving the following unit cell
(M>y = 10.7, F5y = 87.0) with monoclinic metric symmetry:
a=20687A, b=637TA, ¢c=2390A, p=917" (V=
4090 A%). From systematic absences, the space group was
assigned as C2/c. Le Bail fitting using this unit cell gave an
acceptable fit to the experimental powder X-ray diffraction
pattern (Ryp, = 0.0197, R, =0.0134). Structure solution
was carried out using a parallel GA implemented in the
program EAGER, with two structural fragments in the
asymmetric unit representing the molecules 1 and B. The
structural fragment representing 1 was defined by 12
variables, including six variable torsion angles, and the
structural fragment representing B was defined by seven
variables, including one variable torsion angle (Fig. 2).
Thus, the total number of structural variables in the GA
calculation was 19. The best trial structure (R,,, = 0.0488)
after 41 generations was used as the initial structural
model for Rietveld refinement, which was carried out
as described above for 1A. The final refinement (Fig. 3b)

Fig. 2. Molecular fragments of (from left to right) 1, B, C and D used in the direct-space structure solution calculations, with the variable torsion angles
indicated by arrows. Note that hydrogen atoms are not included in the structure solution calculations.
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Fig. 3. Powder X-ray diffraction profiles for the final Rietveld refinements of (a) 1A, (b) 1B, (c) 1C, and (d) 1D. In each case, the experimental (+ marks),
calculated (solid line) and difference (lower line) powder X-ray diffraction patterns are shown.

gave Ry, =0.0270, R, =0.0194, Ry =0.288 and =
3.67 [C2/c; a=26. 8776(11)A b= 63694831 A, ¢=
23.9178(12) A, B = 91.7344(29)°].

The powder X-ray diffraction pattern of 1C was indexed
using the program ITO [13], giving the following unit cell
(M>y = 9.6, F»y = 26.3) with monoclinic metric symmetry:
a=2705A, b=631A, ¢=2286A, =923 (V=
3898 A3). From systematic absences, the space group was
assigned as C2/c. Le Bail fitting using this unit cell gave an
acceptable fit to the experimental powder X-ray diffraction
pattern (R, = 0.0482, R, = 0.0372). Structure solution
was carried out using a single-population GA implemented
in the program EAGER, with two structural fragments in
the asymmetric unit. The structural fragment representing
1 was defined by 12 structural variables (see above), and
the structural fragment representing C was defined by eight
structural variables, including two variable torsion angles
(Fig. 2). Thus, the total number of structural variables in
the GA calculation was 20. The best trial structure
(Rwp = 0.117), obtained after 81 generations, was used as
the initial structural model for Rietveld refinement. In the

Rietveld refinement, standard restraints on bond lengths
and bond angles were used, and both positional parameters
and atomic displacement parameters were refined. Hydro-
gen atoms were placed in calculated positions towards the
final stages of the refinement. The final refinement (Fig 3c)
gave Ry, =0.0484, R, =0.0358, Ry =0.132 and P
4.09 [C2/c; a=2T7. 0843(10)A b= 6.32418(24)A, ¢ =
22.8922(8) A, B = 92.2766(22)°].

The powder X-ray diffraction pattern of 1D was indexed
using the program DICVOL [14], giving the following unit
cell (Myy=41.4, F>y=129.0) with monoclinic metric
symmetry: a = 18.457 A, b =10.012A, ¢ = 10.964A, p =
97.4° (V = 2009 A3). From systematic absences, the space
group was assigned as P2;/c. Le Bail fitting using this unit
cell gave a good fit to the experimental powder X-ray
diffraction pattern (R, = 0.0329, R, = 0.0212). Structure
solution was carried out using a parallel GA implemented
in the program EAGER, with two structural fragments in
the asymmetric unit. The structural fragment representing
1 was defined by 12 structural variables (see above), and
the structural fragment representing D was defined by nine
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structural variables, including three variable torsion angles
(Fig. 2). Thus, the total number of structural variables in

the GA calculation was 21. The best trial structure
(Rwp = 0.123), obtained after 75 generations, was used as
the initial structural model for Rietveld refinement, which
was carried out as described above for 1D. The final
refinement (Fig. 3d) gave R,,=0.0425, R, =0.0299,
Ry =0.116 and ¥ =3.79 [P2i/c; a=18.4999(5) A,
b =10.03765(19) A, ¢ = 10.99568(21) A, = 97.3784(13)°].

5. Results and discussion

Given the functional groups present in the molecules 1
and A-D, it is anticipated that hydrogen bonding should
represent a significant feature of the crystal structures of
the co-crystals 1A—1D. Thus, in each structure, the cation
[i.e. the protonated molecule (HOCH,),(CH;);_,CNH5 ]
has three N-H bonds, each of which is a potential
hydrogen bond donor, and » O—H bonds, each of which
is both a potential hydrogen bond donor and a potential
hydrogen bond acceptor. The anion (i.e. deprotonated 1),

E.Y. Cheung et al. | Journal of Solid State Chemistry 180 (2007) 1068-1075

on the other hand, has three plausible hydrogen bond
acceptors—the two oxygen atoms of the carboxylate group
(each of which is capable of accepting more than one
hydrogen bond) and the oxygen atom of the ether linkage.
In practice, it is found that the oxygen atom of the ether
linkage does not act as a hydrogen bond acceptor in any of
the structures investigated.

Comparison of the unit cell dimensions of 1A-1D reveals
that the shortest unit cell axis is very similar (ca. 6.3-6.5 A)
in three of the co-crystals studied (1A, 1B and 1C),
suggesting that these co-crystals may share a common
crystal packing motif. As discussed below, this common
short axis arises from the formation of chains of alternating
gemfibrozil anions and #-butylammonium cations linked by
N-H:--O hydrogen bonds. Co-crystal 1D, on the other
hand, has a substantially different hydrogen bonding
scheme.

In the crystal structure of 1A (Fig. 4), the cation
(CH3);CNH3 (i.e. protonated A) has the three N-H bonds
of the -NHj3 group as hydrogen bond donors, and the
anion (i.e. deprotonated 1) has the two oxygen atoms of the
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Fig. 4. (a) Crystal structure of 1A viewed along the b-axis. Hydrogen bonds are indicated by dotted lines, and hydrogen atoms are omitted for clarity.
Hydrogen bonded chains of alternating molecules of 1 and A run along the a-axis (vertical), and each pair of adjacent chains is cross-linked by further
hydrogen bonding. (b) Crystal structure of 1A viewed along the a-axis (the direction of propagation of the hydrogen-bonded chains). (c¢) Schematic

diagram showing the hydrogen-bonding scheme in 1A.
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carboxylate group as hydrogen bond acceptors. The
structure comprises chains of alternating molecules of 1
and A along the a-axis (periodic repeat distance 6.45 1&),
with each pair of adjacent molecules in this chain linked by
an N-H---O hydrogen bond. Each carboxylate oxygen
atom of 1 is the acceptor in an N-H---O hydrogen bond
within such a chain, and the -NH5 group of A contributes
two N—H bonds to the chain. The remaining N-H bond of
the -NH5 group forms an N-H---O(1) hydrogen bond to
a carboxylate oxygen atom of a molecule of 1 in an
adjacent chain, thus effectively providing a cross-link
between adjacent chains. Each molecule of 1 receives one
cross-linking N-H---O hydrogen bond from an adjacent
chain in this manner. Pairs of adjacent chains are
exclusively cross-linked to each other, and do not form
cross-links to any other chain (as clearly seen from the view
of the structure along the b-axis; Fig. 4a). As shown in Fig.
4c, the cross-linked pairs of hydrogen-bonded chains
resemble a ladder-like arrangement, with the chains
representing the frame of a ladder and the cross-links
representing the rungs of the ladder. The two chains of the
ladder and an adjacent pair of rungs give rise to a
hydrogen-bonded ring, which is designated Ri(lO) in graph
set notation [15]. Sets of cross-linked chains interact with
each other through van der Waals interactions (Fig. 4b).

In the crystal structure of 1B (Fig. 5), the OH group of
the cation (HOCH,)(CH;),CNH; (i.e. protonated B)
provides additional potential for hydrogen bonding (both
as donor and acceptor) in comparison with the correspond-
ing cation in 1A. The structure contains chains of
alternating molecules of 1 and B along the shortest unit
cell axis (b-axis; periodic repeat distance 6.37 A), with each
pair of adjacent molecules in the chain linked by an
N-H---O hydrogen bond (Fig. 5b). As in the structure of
1A, pairs of chains are cross-linked to each other to form a
ladder type structure, but the cross-linking is different from
that in 1A. Thus, instead of the single N-H---O(1)
hydrogen bond that forms the rungs of the ladder in 1A,
the rungs of the ladder in 1B involve a hydrogen bonding
arrangement of the type N-H---O-H---O(1) in which the
O-H group is from a molecule of B. For a given
carboxylate group of 1, only one oxygen atom is involved
in a cross-linking interaction of this type. A given molecule
of B acts as a hydrogen bond donor in N-H---O and
O-H---O interactions that are formed to the same
carboxylate group of 1 (but to different oxygen atoms of
this carboxylate group), with the N-H---O(1) hydrogen
bond forming part of the chain along the b-axis and the
O-H:.--O(1) hydrogen bond forming part of the cross-
linking rung of the ladder. A hydrogen bonded ring is
formed by the two chains of the ladder and an adjacent
pair of rungs, and is designated as Rg(16) in graph set
notation. As in the structure of 1A, pairs of neighboring
chains are exclusively cross-linked to each other (see
Fig. 5a), and do not form cross-links to any other chain.
Sets of cross-linked chains interact with each other through
van der Waals interactions.
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Fig. 5. (a) Crystal structure of 1B viewed along the b-axis (the direction of
propagation of the hydrogen-bonded chains). Hydrogen bonds are
indicated by dotted lines, and hydrogen atoms are omitted for clarity.
(b) Schematic diagram showing the hydrogen-bonding scheme in 1B.

In the crystal structure of 1C (Fig. 6), the cation
(HOCH,)>(CH3)CNH3 now has two OH groups, creating
further opportunities for hydrogen bonding in comparison
with 1A and 1B. Indeed, each of the five potential hydrogen
bond donors in C (i.e. three N-H bonds and two O-H
bonds) is involved in an N-H---O or O-H---O hydrogen
bond. As in 1A and 1B, hydrogen bonded chains are
formed along the shortest unit cell axis (b-axis; periodic
repeat distance 6.32 A), involving alternating molecules of
1 and C. Within the chain, each pair of adjacent molecules
is linked by an N-H---O hydrogen bond. Each carboxylate
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Fig. 6. Crystal structure of 1C viewed along the b-axis (the direction of
propagation of the hydrogen bonded chains). Hydrogen bonds are
indicated by dotted lines, and hydrogen atoms are omitted for clarity.

oxygen atom of 1 is involved in one N-H:--O hydrogen
bond within the chain, and two N-H bonds of each -NH5
group are involved in the N—H ---O hydrogen bonds within
the chain. A ladder-type structure is again formed by cross-
linking of neighboring chains, but each cross-link now
involves a hydrogen bonding arrangement of the type
N-H---O-H---O-H---O(1). For a given carboxylate group
of 1, only one oxygen atom is involved in a cross-linking
interaction of this type, and for each -NH; group, one
N-H bond is involved in such cross links. For a given
cross-link, the two O-H groups are from different
molecules of C. The two chains of the ladder and an
adjacent pair of rungs give rise to a hydrogen bonded ring,
designated R§(20) in graph set notation. The rungs are not
straight, but form a twisted path. As in the crystal
structures of 1A and 1B, pairs of neighboring chains are
exclusively cross-linked to each other, and not to any other
chain (see Fig. 6). Adjacent sets of cross-linked chains are
in van der Waals contact with each other.

In the crystal structure of 1D (Fig. 7), the cation
(HOCH,);CNH; has three OH groups, in addition to
the three N-H hydrogen bond donors, representing a total
of six potential hydrogen bond donors. It might be
expected that the crystal structure should have three
N-H---O(1) hydrogen bonds, in accordance with the
general rule that the strongest hydrogen bond donor
interacts with the strongest hydrogen bond acceptor [16],
as observed in the crystal structures of 1A, 1B and 1C.
However, the crystal structure has only one N-H---O(1)
hydrogen bond. Thus, one carboxylate oxygen atom of 1 is
not involved in an N-H---O hydrogen bond, but is instead
involved as the acceptor in an O—H---O(1) hydrogen bond,

a

Hydrogen Bonded
Layer

Hydrogen Bonded
Layer

Fig. 7. (a) A single hydrogen bonded layer within the crystal structure of
1D viewed along the a-axis (perpendicular to the plane of the layer). (b)
Crystal structure of 1D viewed along the c-axis, showing the layered
nature of the structure. Hydrogen bonds are indicated by dotted lines, and
hydrogen atoms are omitted for clarity. Hydrogen bonded layers
containing the molecules of D and the carboxylate groups of molecules
of 1 are indicated. The remainder of each molecule of 1 projects into the
region of space between adjacent layers.

with a hydroxyl group of D as the donor. Each of the other
two N-H donors of D forms an N-H:--O(D) hydrogen
bond (with a hydroxyl group of D as the acceptor), and
there are also two O-H---O(D) hydrogen bonds. In total,
there are six independent types of hydrogen bond in the
structure, with one carboxylate oxygen atom of 1 acting as
an acceptor for two hydrogen bonds. The numerous
hydrogen bonding interactions give rise to extensively
hydrogen-bonded sheets parallel to the bc-plane (see
Fig. 7a), involving the cations of D and the carboxylate
groups of 1. The other (non-carboxylate) parts of the
gemfibrozil molecules extend outwards from both faces of
the sheet, and the region between adjacent sheets is
dominated by van der Waals interactions between the
gemfibrozil molecules. The arrangement of molecules in the
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crystal structure of 1D clearly differs substantially from
those in 1A, 1B and 1C, which share several structural
similarities as discussed above. Thus, instead of forming
infinite hydrogen bonded chains, with cross-linking be-
tween pairs of adjacent chains, the structure of 1D
comprises a two-dimensional sheet-like network of hydro-
gen bonding interactions.

6. Concluding remarks

The complexities of the crystal structures unravelled in the
present work from powder X-ray diffraction data recorded
on a standard laboratory powder X-ray diffractometer are
indicative of the growing power and scope of current
methodology for carrying out complete structure determina-
tion of organic molecular materials directly from powder
X-ray diffraction data. Analysis of the intermolecular
interactions that govern the structural properties of organic
molecular crystals, coupled with careful studies of mechanical
and physical properties of these materials, is a pre-requisite
for establishing correlations between structural characteristics
and physical properties. We emphasize that obtaining a
fundamental understanding of such structure-property rela-
tionships can be crucially important in the development and
optimization of materials for industrial applications, includ-
ing those of relevance to pharmaceuticals industries.
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