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Abstract: The crystal structure of diroximel fumarate has been solved and refined using synchrotron
X-ray powder diffraction data, and optimized using density functional theory techniques. Diroximel
fumarate crystallizes in space group P-1 (#2) with a = 6.12496(15), b = 8.16516(18), ¢ = 12.7375
(6) A, a=85.8174(21), f = 81.1434(12), y = 71.1303(3)°, V = 595.414(23) A3, and Z = 2 at 298 K.
The crystal structure consists of interleaved double layers of hook-shaped molecules parallel to the
ab-plane. The side chains form the inner portion of the layers, and the rings comprise the outer
surfaces. There are no classical hydrogen bonds in the structure, but 9 C—H-:-O hydrogen bonds
contribute to the crystal energy. The powder pattern has been submitted to ICDD for inclusion in the
Powder Diffraction File™ (PDF®).
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I. INTRODUCTION X-ray Diffraction and Scattering Sector of the Canadian Light
Source using a wavelength of 0.819563(2) A (15.1 keV) from
1.6to 75.0° 26 with a step size of 0.0025° and a collection time
of 3 min. The high-resolution powder diffraction data were

Diroximel fumarate, C;;H3NOg, (marketed under the
trade name Vumerity) is used for treating multiple sclerosis,

acting as an anti-inflammatory and immunosuppressant. As a . . . . . .
formulary, Vumerity is administered as a capsule, dissolving collected using eight Dectris Mythen2 X series 1 K linear strip

in the intestine. The systematic name (CAS Registry Number fietectors. NIST S,RM 660b LaBg was.used to calibrate the
1577222-14-0) is 4-O-[2-(2,5-dioxopyrrolidin-1-yl)ethyl] instrument and refine the monochromatic wavelength used in

1-O-methyl (E)-but-2-enedioate. A two-dimensional molec- the experiment. . . e .
ular diagram of diroximel fumarate is shown in Figure 1. The peaks were located by interactive profile flttu}g usmng
Powder patterns for crystalline diroximel fumarate and JADE Pro (MDI, 2024), and the pattern was indexed

amorphous solid dispersions are reported in International Patent Elpierrr}ittini ]131p ltt(') ¢ 32011121)ndexed }in@:) V:i,thl, D ICV,?L lﬁ
Application WO 2021/053476 Al (Chand et al., 2021; Glen- ouer and Boultil, on a primitive triclinic unit ce

mark Life Sciences Ltd.). This work was carried out as part of a (1;/[(20) i6162'5’ F(201) = 2123'0)1’”&] a= 6‘21 21 3(1_5)’ 117 Tf 1357
project (Kaduk et al., 2014) to determine the crystal structures (A7), ¢ = 12.7303(17) A, a = 85.839(20), § = 81.146(20),
of large-volume commercial pharmaceuticals, and include
high-quality powder diffraction data for them in the Powder

Diffraction File (Kabekkodu et al., 2024). 0

Il. EXPERIMENTAL \
Diroximel fumarate was a commercial reagent, purchased

from TargetMol (Batch # 117380), and was used as received.

The white powder was packed into a 0.5 mm diameter Kapton o

capillary and rotated during the measurement at ~2 Hz. The 1

powder pattern was measured at 298(1) K at the Wiggler Low N

Energy Beamline (Leontowich etal., 2021) of the Brockhouse

O
Corresponding author: James A. Kaduk; Email: kaduk @polycrystallogra-
phy.com Figure 1. The two-dimensional structure of diroximel fumarate.
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y=71.136(20)°, V = 594.09 A’, and Z = 2. The space group
was assumed to be P-1, which was confirmed by the success-
ful solution and refinement of the structure. A reduced cell
search of the Cambridge Structural Database (Groom et al.,
2016) yielded no hits.

The diroximel fumarate molecule was downloaded from
PubChem (Kim et al., 2023) as Conformer3D_COMPOUND_
CID_73330464.sdf. It was converted to a *.mol2 file using
Mercury (Macrae et al., 2020). The crystal structure was solved
using Monte Carlo simulated annealing techniques as imple-
mented in EXPO2014 (Altomare et al., 2013). Eight of the
10 trials yielded essentially the same solution.

Rietveld refinement was carried out with GSAS-II (Toby
and Von Dreele, 2013). Only the 3.5-50.0° portion of the
pattern was included in the refinements (d,,;, = 0.969 A). All
non-H bond distances and angles were subjected to restraints,
based on a Mercury/Mogul Geometry Check (Sykes et al.,
2011, Bruno et al., 2004). The Mogul average and standard
deviation for each quantity were used as the restraint param-
eters. The dioxopyrrolidine rings were restrained to be planar.
The restraints contributed 2.7% to the overall 5°. The hydro-
gen atoms were included in calculated positions, which were
recalculated during the refinement using Materials Studio
(Dassault Systemes, 2023). The Ui, of the heavy atoms were
grouped by chemical similarity. The Uj, for the H atoms was
fixed at 1.3x the Ui, of the heavy atoms to which they are
attached. The peak profiles were described using the gener-
alized microstrain model (Stephens, 1999). Preferred orienta-
tion was described using a second-order spherical harmonics
model (Von Dreele, 1997). The background was modeled
using a 6-term shifted Chebyshev polynomial, with a peak
at 10.86° to model the scattering from the Kapton capillary
and any amorphous component.

The final refinement of 94 variables using 18,601 obser-
vations and 42 restrainots yielded the residual Ryp = 0.0424.
The largest peak (1.51 A from C8) and hole (0.90 A from C18)

in the difference Fourier map were 0.55(11) and —0.41
(11) eA ™3, respectively. The final Rietveld plot is shown in
Figure 2. The largest features in the normalized error plot are
in the description of the amorphous scattering and the shapes
and positions of some of the low-angle peaks. These misfits
probably indicate a change in the specimen during the mea-
surement.

The crystal structure of diroximel fumarate was opti-
mized (fixed experimental unit cell) with density functional
theory techniques using VASP (Kresse and Furthmiiller,
1996) through the MedeA graphical interface (Materials
Design, 2024). The calculation was carried out on 32 cores
of a 144-core (768 Gb memory) HPE Superdome Flex
280 Linux server at North Central College. The calculation
used the GGA-PBE functional, a plane wave cutoff energy of
400.0 eV, and a k-point spacing of 0.5 A™' leading to a
3 x 2 x 1 mesh, and took ~23 min. Single-point density
functional theory calculations (fixed experimental cell) and
population analysis were carried out using CRYSTAL23
(Erba et al., 2023) and CRYSTAL17 (Dovesi et al., 2018).
The basis sets for the H, C, N, and O atoms in the calculation
were those of Gatti et al. (1994). The calculations were run on
a 3.5 GHz PC using 8 k-points and the B3LYP functional and
took ~1.0 h.

lll. RESULTS AND DISCUSSION

This synchrotron pattern of diroximel fumarate matches
that of Chand et al. (2021) well enough to conclude that they
represent the same material, and thus that our material is
representative (Figure 3). The root-mean-square Cartesian
displacement of the non-H atoms in the Rietveld-refined
and VASP-optimized molecules is 0.076 A (Figure 4). The
agreement is within the normal range for correct structures
(van de Streek and Neumann, 2014). The major difference is
in the orientation of the hydrogen atoms in the methyl group,
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Figure 2. The Rietveld plot for diroximel fumarate. The blue crosses represent the observed data points, and the green line is the calculated pattern. The cyan

curve is the normalized error plot, and the red line is the background curve. The vertical scale has been multiplied by a factor of 10x for 26> 20.0°, and by a factor
of 40x for 26 > 37.0°.
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Comparison of the synchrotron pattern of diroximel fumarate (black) to that reported by Chand et al. (2021; green). The literature pattern (measured

using Cu K, radiation) was digitized using UN-SCAN-IT (Silk Scientific, 2013) and converted to the synchrotron wavelength of 0.819563(2) A using JADE Pro

(MDI, 2024). Image generated using JADE Pro (MDI, 2024).

Figure 4. Comparison of the Rietveld-refined (red) and VASP-optimized
(blue) structures of diroximel fumarate. The root-mean-square Cartesian dis-
placement is 0.076 A. Image generated using Mercury (Macrae et al., 2020).

but this is to be expected since those positions were calculated
using force field techniques. The asymmetric unit is illustrated
in Figure 5. The remaining discussion will emphasize the
VASP-optimized structure.

All bond distances, bond angles, and torsion angles fall
within the normal ranges indicated by a Mercury Mogul

04

Figure 5.
using Mercury (Macrae et al., 2020).
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Geometry check (Macrae et al., 2020). Quantum chemical geom-
etry optimization of the isolated molecule (DFT/B3LYP/6-31G*/
water) using Spartan ‘24 (Wavefunction, 2023) indicated that the
observed conformation is 1.8 kcal/mol lower in energy than the
local minimum, which has a similar conformation (rms displace-
ment = 0.306 A). The global minimum-energy conformation is
6.6 kcal/mol lower in energy, but has a kinked side chain,
showing that intermolecular interactions are important in deter-
mining the solid-state conformation.

The crystal structure (Figure 6) consists of interleaved
double layers of hook-shaped molecules parallel to the ab-
plane. The side chains form the inner portion of the layers, and
the rings comprise the outer surfaces. The mean plane of the
side chain is approximately 0, 9, -8, and that of the dioxopyr-
rolidine ring is —7, —14, 25.

Analysis of the contributions to the total crystal energy of
the structure using the Forcite module of Materials Studio

H26

H24

H22

H20‘

H21

The asymmetric unit of diroximel fumarate, with the atom numbering. The atoms are represented by 50% probability spheroids. Image generated
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Figure 6. The crystal structure of diroximel fumarate, is viewed down the a-axis. Image generated using Diamond (Crystal Impact, 2023).

(Dassault Systemes, 2023) indicates that angle distortion
terms dominate the intramolecular energy. The intermolecular
energy is dominated by electrostatic repulsions. The hydrogen
bonds are better discussed using the results of the DFT cal-
culation. There are no classical hydrogen bonds in the struc-
ture, but nine C—H---O hydrogen bonds (Table I) contribute to
the crystal energy.

The volume enclosed by the Hirshfeld surface of dirox-
imel fumarate (Figure 7, Hirshfeld, 1977, Spackman et al.,
2021) is 291.68 A3, 97.97% of the unit cell volume. The
packing density is thus fairly typical. The only significant
close contacts (red in Figure 7) involve the hydrogen bonds.

TABLE I. Hydrogen bonds (CRYSTAL23) in diroximel fumarate.

The volume/non-hydrogen atom is smaller than normal, at
16.5 A°.

The Bravais—Friedel-Donnay—Harker (Bravais, 1866,
Friedel, 1907, Donnay and Harker, 1937) algorithm suggests
that we might expect platy morphology for diroximel fuma-
rate, with {001} as the major faces. A second-order spherical
harmonic model was included in the refinement. The texture
index was 1.011(0), indicating that the preferred orientation
was not significant in this rotated capillary specimen. The
relative intensities in the pattern of Chand et al. (2021) are
very different. A refinement using the digitized patent pattern
indicates that the specimen was highly textured, with a texture

H-Bond D—H, A H three raised dots, like in the next two columns A, A D--A, A D—H---A,° Overlap, e
C18—H31---06 1.094 2.457 3.547 174.0 0.017
C16—H28---01 1.091 2.567 3.631 164.7 0.015
C15—H27---05 1.091 2.593 3.655 164.2 0.015
C13—H25---04 1.096 2.455 3.512 161.4 0.017
C10—H24---03 1.099 2.615 3.705 170.9 0.013
C10—H23---03 1.100 2.495 3.345 121.1 0.010
C9—H22---03 1.100 2.425 3.360 141.9 0.016
C9—H21---02 1.100 2.062 3.140 165.9 0.030
C8—-H20---06 1.100 2.402 3473 164.0 0.018
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Figure 7. The Hirshfeld surface of diroximel fumarate. 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. Image generated using CrystalExplorer
(Spackman et al., 2021).

index >5. We might then expect a significantly preferred
orientation in typical flat plate samples of diroximel.

DEPOSITED DATA

The powder pattern of diroximel fumarate from this syn-
chrotron data set has been submitted to ICDD for inclusion in
the Powder Diffraction File. The Crystallographic Informa-
tion Framework (CIF) files containing the results of the
Rietveld refinement (including the raw data) and the DFT
geometry optimization were deposited with the ICDD. The
data can be requested at pdj@icdd.com.
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