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Abstract: The crystal structure of flumethasone has been solved and refined using synchrotron X-ray
powder diffraction data, and optimized using density functional theory techniques. Flumethasone
crystallizes in space group P2; (#4) with a = 6.46741(5), b = 24.91607(20), ¢ = 12.23875(11) A,
£ =90.9512(6)°, V=1971.91(4) A3 and Z = 4 at 298 K. The crystal structure consists of O—H::-O
hydrogen-bonded double layers of flumethasone molecules parallel to the ac-plane. The powder
pattern has been submitted to ICDD for inclusion in the Powder Diffraction File™ (PDF®).
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I. INTRODUCTION

Flumethasone (also known as flumetasone) is a fluori-
nated corticosteroid, that has anti-inflammatory, antipruri-
tic, and vasoconstructive properties. It is administered
topically resulting in a reduction in inflammation, exuda-
tion, and itching. Flumethasone is approved for human and
animal use. The systematic name (CAS Registry Number
2135-17-3) is (6S,85,9R,10S5,118,135,14S,16R,17R)-6,9-
difluoro-11,17-dihydroxy-17-(2-hydroxyacetyl)-10,13,16-
trimethyl-6,7,8,11,12,14,15,16-octahydrocyclopenta[a]phe
nanthren-3-one. A two-dimensional molecular diagram of
flumethasone is shown in Figure 1. Although diffraction
data for other stereoisomers and related compounds of flu-
methasone have been published, we are unaware of any
X-ray diffraction data on flumethasone itself.

This study was carried out as part of a project (Kaduk
etal., 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
(Kabekkodu et al., 2024).

Il. EXPERIMENTAL

Flumethasone was a commercial reagent, purchased from
TargetMol (Batch #T1124), and was used as received. The
white powder was packed into a 0.5 mm diameter Kapton
capillary and rotated during the measurement at ~2 Hz. The
powder pattern was measured at 298(1) K at the Wiggler Low
Energy Beamline (Leontowich etal., 2021) of the Brockhouse
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X-ray Diffraction and Scattering Sector of the Canadian Light
Source using a wavelength of 0.819826(2) A (15.1 keV) from
1.6 to 75.0° 20 with a step size of 0.0025° and a collection time
of 3 min. The high-resolution powder diffraction data were
collected using eight Dectris Mythen2 X series 1 K linear strip
detectors. NIST SRM 660b LaBg was used to calibrate the
instrument and refine the monochromatic wavelength used in
the experiment.

The pattern was indexed using JADE Pro (MDI, 2024) on
a primitive monoclinic unit cell with a = 6.46144, b =
2471548, ¢ = 12.15613 A, £ =90.67°, V= 1941.17 A3, and
Z = 4. The suggested space group was P2;, which was
confirmed by the successful solution and refinement of the
structure. A reduced cell search of the Cambridge Structural
Database (Groom et al., 2016) with the chemistry C, H, F, and
O only yielded no hits.

A structural model of the flumethasone molecule was down-
loaded from PubChem (Kim et al., 2023) as Conformer3D_
COMPOUND_CID_16490.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 implemented in EXPO2014 (Altomare et al., 2013), using two
molecules as fragments and a bump penalty.

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 i, = 0.970 A). The
y-coordinate of F1 was fixed to define the origin. 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 devia-
tion for each quantity were used as the restraint parameters.
The restraints contributed 4.8% to the overall y*. The hydro-
gen atoms were included in calculated positions, which were
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Figure 1.

The two-dimensional structure of flumethasone, C,,H>gF>0s.

recalculated during the refinement using Materials Studio
(Dassault Systemes, 2023). The Ui, of the heavy atoms were
grouped by chemical similarity. The Ui, for the H atoms was
fixed at 1.3x the Uy, of the heavy atoms to which they are
attached. The peak profiles were described using the gener-
alized microstrain model (Stephens, 1999). A 2nd-order
spherical harmonic model for preferred orientation was
included in the refinement. The background was modeled
using a 6-term shifted Chebyshev polynomial, with peaks at
10.37 and 40.08° to model the scattering from the Kapton
capillary and any amorphous component of the sample.

The final refinement of 207 variables using 18,601 obser-
vations and 174 restraints yielded the residual R,,, = 0.05403.
The largest peak (1.69 A from C85) and hole (1.16 A from
C22) in the difference Fourier map were 0.24(6) and —0.24
(6) eA3, respectively. The final Rietveld plot is shown in
Figure 2. The largest features in the normalized error plot are
in the shapes of some of the strong low-angle peaks. These

x1

x20

misfits probably indicate subtle changes in the specimen
during the measurement.

The crystal structure of flumethasone was optimized
(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 2 x 1 x 2 mesh, and took
~21 h. Single-point density functional calculations (fixed exper-
imental cell) and population analysis were carried out using
CRYSTAL23 (Erba et al., 2023). The basis sets for the H, C,
and O atoms in the calculation were those of Gatti et al. (1994),
and for F was that of Peintinger et al. (2013). The calculations
were run on a 3.5 GHz PC using 8 k-points and the B3LYP
functional and took ~7.5 h.

lll. RESULTS AND DISCUSSION

There are two molecules in the asymmetric unit of flu-
methasone. The root-mean-square difference of the non-H
atoms in the Rietveld-refined and VASP-optimized struc-
tures, calculated using the Mercury CSD-Materials/Search/
Crystal Packing Similarity tool, is 0.100 A. The root-mean-
square Cartesian displacement of the non-H atoms in the
Rietveld-refined and VASP-optimized structures of mole-
cules 1 and 2, calculated using the Mercury Calculate/Mole-
cule Overlay tool, are 0.064 and 0.083 A (Figures 3 and 4).
The agreements are within the normal range for correct struc-
tures (van de Streek and Neumann, 2014). The two molecules
have similar conformations (Figure 5); the rms displacement
isonly 0.091 A. The asymmetric unit is illustrated in Figure 6.
The remaining discussion will emphasize the VASP-optimized
structure.
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Figure 2. The Rietveld plot for flumethasone. 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 20x for 26 > 25.0°.
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Figure 3. Comparison of the Rietveld-refined (red) and VASP-optimized
(blue) structures of molecule 1 of flumethasone. The root-mean-square
Cartesian displacement is 0.064 A. Image generated using Mercury (Macrae
et al., 2020).

Figure 4. Comparison of the Rietveld-refined (red) and VASP-optimized
(blue) structures of molecule 2 of flumethasone. The root-mean-square
Cartesian displacement is 0.083 A Image generated using Mercury
(Macrae et al., 2020).

All bond distances, bond angles, and torsion angles fall
within the normal ranges indicated by a Mercury Mogul
Geometry check (Macrae et al., 2020). Quantum chemical
geometry optimizations of isolated flumethasone molecules
(DFT/B3LYP/6-31G*/water) using Spartan ‘24 (Wavefunc-
tion, 2023) indicated that the two molecules converge to the
same local minimum (rms difference = 0.012 A) and are
identical in energy. The global minimum-energy conformation
(MMFF force field) has the opposite conformation of the side
chain but is only 1.7 kcal/mol lower in energy. Intermolecular
interactions thus determine the solid-state conformation.

The crystal structure (Figure 7) consists of hydrogen-
bonded double layers of flumethasone molecules parallel to
the ac-plane. The mean planes of the steroid molecules are
approximately —5,14,1 and 5,13,1. Analysis of the contribu-
tions to the total crystal energy of the structure using the
Forcite module of Materials Studio (Dassault Systemes,
2023) indicates that the intramolecular energy is dominated
by angle distortion terms (as might be expected for a fused
ring system), but that bond and torsion distortion terms are
also significant. The intermolecular energy is dominated by
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Figure 5. Comparison of molecule 1 (green) and molecule 2 (orange) of
flumethasone. The root-mean-square Cartesian displacement is 0.091 A.
Image generated using Mercury (Macrae et al., 2020).

electrostatic repulsions, which in this force field-based anal-
ysis also include hydrogen bonds. The hydrogen bonds are
better discussed using the results of the DFT calculation.

The hydroxyl groups O6 and O63 in the side chains form
O-H:--O hydrogen bonds to the carbonyl groups O7 and 064
of adjacent molecules (Table I). In addition, they form intra-
molecular hydrogen bonds to the carbonyl groups O5 and
062. The O63-H114 hydrogen bond forms a pattern with the
graph set (Etter, 1990; Bernstein et al., 1995; Motherwell
et al.,, 2000) C1,1(14), while the O6-H57 hydrogen bond
forms a more complicated pattern with graph set R3,4(34).
The hydroxyl groups O4 and O61 act as donors in discrete
hydrogen bonds to hydroxyl groups 063 and O6, both with
graph set D1,1(2). The hydroxyl groups O3 and O60 form
intramolecular hydrogen bonds to the carbonyl groups O7 and
064, both with graph set CI,1(12). The result of these O—
H---O hydrogen bonds is a 2-dimensional network parallel to
the ac-plane. The energies of the O-H---O hydrogen bonds
were calculated using the correlation of Rammohan and
Kaduk (2018). There are perhaps a surprising number of inter-
and intra-molecular C-H---O hydrogen bonds. Molecule 2 acts
as a donor in a larger number of these.

The volume enclosed by the Hirshfeld surface of flu-
methasone (Figure 8; Hirshfeld, 1977; Spackman et al.,
2021) is 974.73 A%, 98.86% of 1/2 of the unit cell volume.
The packing density is thus typical. The only significant close
contacts (red in Figure 8) involve the hydrogen bonds. The
volume/non-hydrogen atom is smaller than normal (Kempster
and Lipson, 1972), at 17.0 A>.

The Bravais—Friedel-Donnay—Harker (Bravais, 1866; Frie-
del, 1907; Donnay and Harker, 1937) algorithm suggests that we
might expect needle morphology for flumethasone, with [100]
as the long axis. A 2nd-order spherical harmonic model was
included in the refinement. The texture index was 1.021(0),
indicating that the preferred orientation was slight in this rotated
capillary specimen.

IV. DEPOSITED DATA

The powder pattern of flumethasone from this synchro-
tron data set has been submitted to ICDD for inclusion in the
Powder Diffraction File. The Crystallographic Information
Framework (CIF) files containing the results of the Rietveld
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Figure 6. The asymmetric unit of flumethasone, with the atom numbering. The atoms are represented by 50% probability spheroids. Image generated using
Mercury (Macrae et al., 2020).

F
H

Figure 7. The crystal structure of flumethasone is viewed down the a-axis. Image generated using Diamond (Crystal Impact, 2023).
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TABLE I. Hydrogen bonds (CRYSTAL23) in flumethasone.

H-Bond D-H (A) H--A (A) DA (A) D-H---A(°) Mulliken overlap (e) E (kcal/mol)
03-H114---064 0.990 2.102 2.943 141.7 0.027 9.0
03-H114---062 0.990 2.119% 2.673 1135 0.031 9.6
06-H57---07 0.990 1.959 2788 139.7 0.034 10.1
06-H57---05 0.990 2.179% 2.681 109.8 0.029 9.3
061-H109---06 0.986 1.840 2.813 168.3 0.048 12.0
04-H52.--063 0.989 1.802 2.778 168.2 0.050 12.2
060-H107---064 0.985 2.007 2.953 160.2 0.032 9.8
03-H50---07 0.987 1.869 2.837 166.1 0.039 10.8
C85-H113---03 1.089 2.675 3.496 131.7 0.011
C84-H111---064 1.104 2.410 3.372 1447 0.019
C27-H55---07 1.101 2.681 3.501 130.7 0.011
C82-H108---06 1.093 2.561 3.649 173.5 0.023
C25-H51---04 1.093 2.454% 3.070 1143 0.019
C81-H106---061 1.093 2.274% 2.969 119.6 0.019
C24-H49---04 1.094 2.250% 2.943 119.2 0.013
C80-H101---062 1.100 2.659 3.731 164.6 0.010
C73-H9%4.--07 1.103 2.560 3.613 159.3 0.018
C72-H93---062 1.100 2.443% 2.905 103.6 0.010
C71-H91---060 1.098 2.428% 2.876 102.7 0.012
C19-H40.--04 1.095 2.324% 3.012 119.0 0.012
*intramolecular

FUNDING STATEMENT

Figure 8. The Hirshfeld surface of flumethasone. 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).

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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