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The crystal structure of pemetrexed disodium heptahydrate has been solved and refined using synchro-
tron X-ray powder diffraction data, and optimized using density functional techniques. Pemetrexed
disodium heptahydrate crystallizes in space group P2, (#4) with a=11.732697(27), b=5.244 195
(14), ¢=21.689 00(6) A, B=92.663 90209, V=1333.051(6) A%, and Z=2. Each of the two ionized
carboxylate groups acts as a unidentate ligand to a Na cation. The remaining five positions of the octa-
hedral coordination spheres are occupied by water molecules. The Na octahedra share an edge to form
pairs. These pairs share corners to form chains along the b-axis. All of the water molecule hydrogen
atoms act as hydrogen bond donors. In addition the hydrogen atoms associated with the nitrogen
atoms and amino groups of the pemetrexed anion were also observed to act as hydrogen bond donors.
The powder pattern has been submitted to the International Centre for Diffraction Data (ICDD) for

inclusion in the Powder Diffraction File"".

© 2018 International Centre for Diffraction Data. [doi:10.1017/S0885715618000179]
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I. INTRODUCTION

Pemetrexed (brand name Alimta) is a chemotherapy drug
manufactured and marketed by Eli Lilly and Company. It is
used for the treatment of pleural mesothelioma and non-small
cell lung cancer. In a group of chemotherapy drugs referred to
as folate antimetabolites, Pemetrexed prevents RNA and DNA
formation in cancer, as well as normal, cells. Pemetrexed is
often administered in combination with cisplatin. The system-
atic name (CAS Registry number 357166-29-1) for the
sodium salt heptahydrate of Pemetrexed is (2S)-2-[[4-[2-(2-
amino-4-oxo-1,7-dihydropyrrolo[2,3-d]pyrimidin-5-yl)ethyl]
benzoyl]amino]pentanedioate, disodium salt heptahydrate. A
two-dimensional molecular diagram of the pemetrexed dia-
nion is shown in Figure 1.

This work was carried out as part of a project (Kaduk
et al., 2014) to determine the crystal structures of large-
volume commercial pharmaceuticals, and include high-quality
powder diffraction data for them in the Powder Diffraction
File (ICDD, 2016).

Il. EXPERIMENTAL

Pemetrexed disodium heptahydrate was a commercial
regent, purchased from US Pharmacopeia (Lot #F042EQ),
and was used as-received. The white powder was packed
into a 1.5 mm diameter Kapton capillary, and rotated during
the measurement at ~50 cycles s~'. The powder pattern was
measured at 295 K at beam line 11-BM (Lee ef al., 2008;
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Wang et al., 2008) of the Advanced Photon Source at
Argonne National Laboratory using a wavelength of 0.414
533 A from 0.5-50° 20 with a step size of 0.001° and a counting
time of 0.1 s step”'. The pattern was indexed on a primitive
monoclinic unit cell having a =11.732, b=5.244, ¢ =21.687
A, B=92.7°, V=1332.7A% and Z=2 using Jade (MDI,
2016). Analysis of the systematic absences using EXP02014
(Altomare et al., 2013) suggested the space group P2, which
was confirmed by successful solution and refinement of the
structure. A reduced cell search in the Cambridge Structural
Database (Groom et al., 2016) combined with the chemistry
“C HN Na O only” yielded 2 hits for MOF-706, but no struc-
ture for pemetrexed or related phases.

A pemetrexed molecule was built using Spartan ‘16
(Wavefunction, 2017), and its equilibrium conformation
determined. The minimum energy conformation was more
compact than is observed in the solid state. The resulting
.mol2 file was converted into a Fenske-Hall Z-matrix file
using OpenBabel (O’Boyle et al., 2011). Initial attempts to
solve the structure (with several programs) using the peme-
trexed molecule, 2 Na atoms, and 7 O atoms as fragments
were unsuccessful. Under the assumption that the Na co-
ordination was octahedral, a pemetrexed and two NaOg
octahedra (Na-O =2.46 A) were used as fragments to solve
the structure with FOX (Favre-Nicolin and éemy, 2002).
The maximum sin6/A used in the structure solution was
0.33 A~'. The Dynamical Occupancy Correction option indi-
cated some overlapping oxygen atoms, but several others had
to be removed manually.

Rietveld refinement was carried out using GSAS (Toby,
2001; Larson and Von Dreele, 2004). Only the 1.0-25.0° portion
of the pattern was included in the refinement (d,,,;, = 0.957 A),
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with an excluded region 1.2-1.9° 260 to eliminate a relatively
sharp peak from the Kapton capillary. All non-H bond dis-
tances and angles were subjected to restraints, based on a
Mercury/Mogul Geometry Check (Bruno et al., 2004; Sykes
et al., 2011) of the molecule. The Mogul average and standard
deviation for each quantity were used as the restraint parame-
ters. The N1-N9/C12/C13/N15/C17 and C23-C28 portions of
the molecule were restrained to be planar. The Na-O distances
were not restrained. The restraints contributed 11.2% to the
final xz. The U, of each hydrogen atom was fixed at 1.3 x
that of the heavy atom to which it was attached. The peak pro-
files were described using profile function #4 (Thompson
et al., 1987; Finger et al., 1994), which includes the
Stephens (1999) anisotropic strain broadening model. The
background was modeled using a 3-term shifted Chebyshev
polynomial, with a 12-term diffuse scattering function to
model the Kapton capillary and any amorphous component.
The final refinement of 162 variables using 23 371 observa-
tions (23301 data points and 170 restraints) yielded the
residuals Rwp =0.0783, Rp=0.0635, and y*=1.315. The
largest peak (1.54 A from C2) and hole (1.78 A from C17)
in the difference Fourier map were 0.37 and —0.26 eA ™3,
respectively. The Rietveld plot is included as Figure 2. The
largest errors in the fit are in the shapes of some of the
low-angle peaks.

A density functional geometry optimization (fixed exper-
imental unit cell) was carried out using CRYSTAL14 (Dovesi
et al., 2014). The basis sets for the H, C, N, O, and Na atoms
were those of Peintinger et al. (2013). The calculation was run
on eight 2.1 GHz Xeon cores (each with 6 Gb RAM) of a
304-core Dell Linux cluster at IIT, used 8 k-points and the
B3LYP functional, and took ~24 days.

lll. RESULTS AND DISCUSSION

The observed powder pattern is similar to Figure 1 of US
Patent Application Publication 2003/0216416 (Figure 3,
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Figure 1. The molecular structure of the pemetrexed dianion.

digitized using UN-SCAN-IT 7.0 (Silk Scientific, 2013)) to
conclude that this sample is the same “heptahydrate crystalline
salt” of pemetrexed disodium as that claimed by Eli Lilly
and Company (Chelius et al., 2003). Other crystalline forms
and hydrates have been reported. The refined atom coordinates
of pemetrexed disodium heptahydrate and the coordinates
from the density functional theory (DFT) optimization of
this study are reported in the Crystallographic Information
Framework attached as Supplementary Material. The
root-mean-square deviation of the non-hydrogen atoms in
the pemetrexed anions is 0.152 A (Figure 4). The maximum
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Figure 2. (Colour online) The Rietveld plot for the
refinement of pemetrexed disodium heptahydrate.
The black crosses represent the observed data points,
and the red line is the calculated pattern. The blue
curve is the difference pattern, plotted at the same
vertical scale as the other patterns. The vertical scale
has been multiplied by a factor of 3 for 26>8.0°,
and by a factor of 40 for 26> 16.0°.
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Figure 3. (Colour online) Comparison of the powder pattern of pemetrexed disodium heptahydrate to the pattern of Figure 1 of US Patent Application 2003/
0216416 for the “heptahydrate crystalline salt” of pemetrexed disodium claimed by Eli Lilly and Company.

deviation is 0.295 A, at N9. The good agreement between the
refined and optimized structures is evidence that the experi-
mental structure is correct (van de Streek and Neumann,
2014). This discussion uses the DFT-optimized structure.
The asymmetric unit (with atom numbering) is illustrated in
Figure 5, and the crystal structure is presented in Figure 6.
Almost all of the bond distances, bond angles, and torsion
angles in the pemetrexed anion fall within the normal
ranges indicated by a Mercury Mogul Geometry check
(Macrae et al., 2008). The C12-C4-C3 (optimized = 107.9°,
average = 112.6(12)°, Z-score=3.96), and 049-C48-C37
(optimized =119.7°, average=111.5(27)°, Z-score=3.01)
are flagged as unusual. The torsion angles C25-C23-C20-
C17, C26-C23-C20-C17, and 0O46-C45-C42-C32 are flagged
Figure 4. (Colour online) Comparison of the refined and optimized as unusual. Although these lie away from the peaks in the dis-

structures of pemetrexed disodium heptahydrate. The Rietveld refined e s .
structure is in red, and the DFT-optimized structure is in blue. tributions, the distributions of these torsion angles cover all

Figure 5. (Colour online) The asymmetric unit of
pemetrexed disodium heptahydrate, with the atom
numbering. The atoms are represented by 50% probability
spheroids.
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possible values, and the ones here occur in the lower-
probability regions of the distributions.

Each ionized carboxylate group acts as a unidentate ligand
to a Na cation. The remaining five positions of the octahedral
coordination spheres are occupied by water molecules. The
Na51 and Na52 octahedra share an edge (the water molecules
055 and O56) to form pairs. These pairs share corners (the
water molecule 0O59) to form chains along the b-axis. All of
the water molecules are coordinated to at least one Na. The
bond valence sums of Na51 and Na52 are 1.12 and 1.13,
respectively. The atomic charges and Mulliken overlap popu-
lations indicate that the Na-O bonding is primarily ionic, but
that the bonds have significant covalent character. The overlap
populations range from 0.03 to 0.06 e.

Quantum chemical geometry optimizations (Hartree-
Fock/6-31G*/water) using Spartan ‘16 (Wavefunction,
2017) indicated that the observed conformation of the peme-
trexed dianion in pemetrexed disodium heptahydrate is 16.6
kcal mole™! higher in energy than a local minimum. A

Figure 6. (Colour online) The crystal structure of
pemetrexed disodium heptahydrate, viewed down the
b-axis.

molecular mechanics conformational analyses indicated that
the global minimum energy conformation is more compact
(with parallel rings), and thus intermolecular interactions are
important in determining the solid-state conformation.

Analysis of the contributions to the total crystal energy
using the Forcite module of Materials Studio (Dassault,
2014) suggests that bond angle distortion terms are significant
in the intramolecular deformation energy. The intermolecular
energy is dominated by electrostatic attractions, which in this
force-field-based analysis include hydrogen bonds. The
hydrogen bonds are better analyzed using the results of the
DFT calculation.

As expected, there is an extensive array of hydrogen
bonds (Table I). All of the water molecule hydrogen atoms
(H60-H73) act as hydrogen bond donors. Six of these 14
hydrogen bonds form to other water molecules. The oxygen
atoms of the ionized carboxylate groups (046, 047, 049,
and O50) act as acceptors, as do the carbonyl oxygen O34
and the ring nitrogen N1. The energies of the O-H:--O

TABLE I. Hydrogen bonds in pemetrexed disodium heptahydrate.

H-Bond D-H, A H---A, A D---A, A D-H.--A Overlap, e Energy, kcal mol ™!
059-H73-:-053 0.975 1.972 2.886 155.3 0.041 11.1
059-H72.--047 0.988 1.750 2.730 1714 0.058 13.2
058-H71---050 0.983 1.866 2.834 167.5 0.058 13.2
058-H70---050 0.980 1.912 2.891 177.0 0.048 12.0
057-H69---054 0.982 1.850 2.779 156.9 0.062 13.6
057-H68---N1 0.975 1.996 2.938 161.7 0.038

056-H67---055 0.971 2.126 3.034 154.8 0.033 9.9
056-H66---047 0.978 1.879 2.832 164.0 0.042 11.2
055-H65-:-058 0.989 1.771 2.759 175.9 0.068 14.3
055-H64---050 0.984 1.849 2.828 173.2 0.056 12.9
054-H63---034 0.978 1.840 2.799 166.3 0.046 11.7
054-H62---049 0.984 1.793 2.752 163.8 0.057 13.0
053-H61---N1 0.974 2.288 3.237 164.3 0.036

053-H60---046 0.991 1.705 2.695 176.8 0.064 13.8
N35-H36---034 1.015 2.259 3.264 170.1 0.028

N15-H16---046 1.032 1.694 2.717 170.4 0.080

N9-HI11.--0O57 1.013 2.067 2.934 142.2 0.029

N7-H8---06 1.036 1.678 2.712 174.8 0.077
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Figure 7. (Colour online) The Hirshfeld surface of pemetrexed disodium
heptahydrate. Intermolecular contacts longer than the sums of the van der
Waals radii are colored blue, and contacts shorter than the sums of the radii
are colored red. Contacts equal to the sums of radii are white.

hydrogen bonds were calculated from the Mulliken overlap
populations by the correlation in Rammohan and Kaduk
(2017). In addition, the ring nitrogen atoms N15-H16 and
N7-HS8 act as hydrogen bond donors to carboxylate oxygen
atom O46 and the carbonyl oxygen O6. The graph sets
(Etter, 1990; Bernstein et al., 1995; Shields et al., 2000) for
these hydrogen bonds are C1,1(17) and C1,1(4) respectively.
The secondary amino group H35-H36 acts as a donor to the
carbonyl oxygen O34, with graph-set C1,1(4). The primary
amino group N9-H11 acts as a donor to the water molecule
057, with graph-set C1,1(20). Despite an apparently favorable
geometry, the Mulliken overlap populations indicate that
hydrogen H10 does not participate in a hydrogen bond.

The volume enclosed by the Hirshfeld surface (Figure 7;
Hirshfeld, 1977; McKinnon et al,, 2004; Spackman and
Jayatilaka, 2009; Wolff ef al., 2012) is 653.59 A%, 98.0% of
1/2 the unit cell volume. The molecules are thus not tightly
packed. All of the significant close contacts (red in Figure 7)
involve the hydrogen bonds.

The Bravais-Friedel-Donnay-Harker (Bravais, 1866;
Friedel, 1907; Donnay and Harker, 1937) morphology sug-
gests that we might expect platy morphology for pemetrexed
disodium heptahydrate, with {001} as the principal faces, or
needle morphology with {010} as the long axis. A 4th-order
spherical harmonic preferred orientation model was included
in the refinement; the texture index was only 1.007, indicating
that preferred orientation was not significant in this rotated
capillary specimen. The powder pattern of pemetrexed diso-
dium heptahydrate has been submitted to ICDD for inclusion
in the Powder Diffraction File.

SUPPLEMENTARY MATERIAL

The supplementary material for this article can be found at
https:/doi.org/10.1017/S0885715618000179.
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