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Crystal structure of danofloxacin mesylate (C19H21FN3O03)(CH305S)

Tawnee M. Ens,! James A. Kaduk ©,"2® Anja Dosen ©,% and Thomas N. Blanton ©?3

"North Central College, 131 S. Loomis St., Naperville, IL 60540, USA
2Illinois Institute of Technology, 3101 S. Dearborn St., Chicago, IL 60616, USA
3ICDD, 12 Campus Blvd., Newtown Square, PA 19073-3273, USA

(Received 5 March 2023; accepted 7 July 2023)

The crystal structure of danofloxacin mesylate has been solved and refined using synchrotron X-ray
powder diffraction data and optimized using density functional theory techniques. Danofloxacin
mesylate crystallizes in space group PI (#1) with a = 6.77474(8), b=12.4973(4), c = 12.82826(28) A,
a=84.8709(29), f=87.7501(10), y=74.9916(4)°, V=1044.723(11) A®, and Z=2. The protonation
of the danofloxacin cations was established by the analysis of potential intermolecular interactions and
differs from that expected from isolated-cation calculations. The crystal structure consists of alternating
layers of cations and anions parallel to the ac-plane. There is parallel stacking of the oxoquinoline rings
along the a-axis. The expected N-H::-O hydrogen bonds between the cations and anions are not present.
Each cation makes an N-H:--O hydrogen bond with the other cation, resulting in zig-zag chains along the
a-axis. Both cations have strong intramolecular O-H::-O hydrogen bonds. There are several C-H::-O
hydrogen bonds between the danofloxacin cations and mesylate anions. The powder pattern has been
submitted to ICDD® for inclusion in the Powder Diffraction File™ (PDF®).
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I. INTRODUCTION

Danofloxacin mesylate (sold under the brand name
Advocin) is an antibiotic, used to treat respiratory disease in
cattle (Halleran et al., 2021), that belongs to the fluoroquino-
lone class of veterinary antibiotics approved for use in the US
by the FDA (2023). Danofloxacin in humans can cause minor
eye, skin, and gastrointestinal irritation, as well as gastrointes-
tinal irritation in animals, and is not approved for human use
by the FDA (2022). Danofloxacin mesylate is rapidly dis-
tributed and found in high levels in the mammary glands,
and respiratory and intestinal tracts following subcutaneous,
intramuscular, or intravenous injection in livestock animals
(Schrickx and Fink-Gremmels, 2007). The metabolites
found after administration included N-desmethyl- and unme-
tabolized danofloxacin, and NO. The European Medicines
Agency (EMA) found very high doses, around 100-200 mg/kg
body weight/day, also caused toxic fetal and maternal effects
in rats and mice (1997).

The systematic name (CAS Registry Number 119478-55-6)
is 1-cyclopropyl-6-fluoro-7-[(18S,4S)-5-methyl-2,5-diazabicyclo
[2.2.1]heptan-2-yl]-4-oxoquinoline-3-carboxylic acid methane-
sulfonate. A two-dimensional molecular diagram is shown in
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Figure 1. We are unaware of any published X-ray powder
diffraction data on danofloxacin mesylate.

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
(Gates-Rector and Blanton, 2019).
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Figure 1. The 2D molecular structure of danofloxacin mesylate.
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Il. EXPERIMENTAL

Danofloxacin mesylate was a commercial reagent, pur-
chased from TargetMol (Batch #115470), 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 Hz. The powder pattern was measured at 295 K at
beamline 11-BM (Antao et al., 2008; Lee et al., 2008; Wang
et al., 2008) of the Advanced Photon Source at Argonne
National Laboratory using a wavelength of 0.458208(2) A
from 0.5 to 50° 20 with a step size of 0.001° and a counting
time of 0.1 s/step. The high-resolution powder diffraction
data were collected using 12 silicon crystal analyzers that
allow for high angular resolution, high precision, and accurate
peak positions. A mixture of silicon (NIST SRM 640c) and
alumina (NIST SRM 676a) standards (ratio Al,O5:Si=2:1
by weight) was used to calibrate the instrument and refine
the monochromatic wavelength used in the experiment.

The pattern was indexed using N-TREOR (Altomare
et al,, 2013) on a primitive triclinic unit cell with a=
6.77464, b=12.49476, c=12.83040 A, a=84.879, B=
87.734, y=75.046°, V=1044.9 A3, and Z=2. A reduced
cell search in the Cambridge Structural Database (Groom
et al., 2016) yielded no hits. Since danofloxacin is a chiral
molecule, we assumed the space group for danofloxacin mesy-
late to be PI, resulting in two cations and two anions in the
asymmetric unit. Structure solutions in space group P-I
yielded significantly higher residuals.

The danofloxacin molecule was downloaded from
PubChem (Kim et al., 2023) as Conformer3D_CID_71335.sdf,
and converted to a *.mol2 file using Mercury (Macrae et al.,
2020). The mesylate anion was built using Spartan ‘I8
(Wavefunction, 2020), and saved as a *.mol?2 file. The crystal
structure was solved using Monte Carlo simulated annealing
techniques as implemented in DASH (David et al., 2006),
including Mogul Distribution Bias.

Many solutions were examined visually, and the 11 best
solutions were refined. Among the solutions, there were vari-
ations in the orientation of the cyclopropane rings and the
methyl group on the diazabicycloheptane cage. In the two
best solutions, the orientations of these groups were the
same. Among the solutions, there were also variations in the
orientations of the mesylate anions. This might not be surpris-
ing, as the mesylate consists of a tetrahedral S atom sur-
rounded by three O atoms and a methyl group. It may be
difficult to distinguish 8 (O) from 9 (CHj3) electrons using
X-ray powder data. In the two best solutions the orientation
of one of the mesylates was the same, while the other differed;
the methyl group and one of the O atoms were interchanged.
We attempted a refinement of a disordered model, but it was
unstable and yielded chemically unreasonable results. Since
we need an ordered model to perform DFT calculations, we
concentrated on ordered models, though there may be some
disorder of both the mesylate anions and the danofloxacin
cations.

An additional feature of the structure solution is identify-
ing which of the three N atoms of each cation is protonated.
Normally, this is straightforward, as a short N-H:--O hydro-
gen bond between the cation and anion can be identified.
This was not the case in this structure.

Two different protonated states of danofloxacin have been
identified (McCullagh et al., 2018). Danofloxacin protomer I
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is protonated on the keto group of the oxoquinoline ring sys-
tem. Protomer II is protonated at either what was designated as
N6 or N5 (slightly less favorable). Each N atom is prochiral;
protonating on the “up” or “down” sides yields another chiral
center, so we had to consider protonating on either side of each
N atom. Spartan calculations of isolated cations (DFT/
B3LYP/6-31G*/water) suggested that protonation at N6 was
most favorable. Cations protonated at N5 were 19 kcal/mol
higher in energy (as suggested by McCullagh et al.), and
those protonated at N7 were 53 kcal/mol higher in energy.

In the solid state, there are no particularly close N---O dis-
tances, so the normal/expected hydrogen bonds are not appar-
ent. For N6 (and N52), the shortest N---O distance is >4.00 A.
For N7 (and N53), the shortest distances are 3.34 and 3.45 A.
For N5 (and N51), the shortest distances are 2.79/3.17 and
291 A - both to 050/049 and O3 of the carboxylic acid
groups. Among these O atoms, the hydroxyl group is the
most negative (from the isolated cation calculations), so it is
not an unreasonable place for a long N-H---O hydrogen
bond and seems to be the most likely acceptor for the proton.
The next shortest N---O distances are to the carbonyl groups of
the carboxylic acids, in the “other” directions. The expected
N-H:--O hydrogen bonds between the cations and mesylate
anions are not present. Positions of H109 and H110 were
derived by placing them on the shortest N---O vectors.

Rietveld refinement was carried out using GSAS-II (Toby
and Von Dreele, 2013). Only the 2.0-25.0° portion of the pat-
tern was included in the refinement (dy,;,=1.058 A). All
non-H bond distances and angles were subjected to restraints,
based on a Mercury/Mogul Geometry check (Bruno et al.,
2004; Sykes et al., 2011). The Mogul average and standard
deviation for each quantity were used as the restraint parame-
ters. The restraints contributed 12.0% to the final y*. The
hydrogen atoms were included in calculated positions,
which were recalculated during the refinement using
Materials Studio (Dassault Systemes, 2021). The U, of the
heavy atoms were grouped by chemical similarity. The U,
for the H atoms were fixed at 1.3x the Uy, of the heavy
atoms to which they are attached. No preferred orientation
model was included in the refinement. The peak profiles
were described using the generalized microstrain model
(Stephens, 1999). The background was modeled using a
3-term shifted Chebyshev polynomial, and a peak at 7.31°
260 to model the scattering from the Kapton capillary and
any amorphous component.

The final refinement (begun from the DFT-optimized struc-
ture) of 216 variables using 23,037 observations and 180
restraints yielded the residuals R,,,=0.1089 and GOF =2.27.
The largest peak (0.91 A from O50) and hole (1.76 A from
C55) in the difference Fourier map were 0.55(12) and
—0.50(12) eA™, respectively. The largest errors in the differ-
ence plot (Figure 2) are in the intensities of some of the peaks
and may reflect the simplified model used here.

The structure of danofloxacin mesylate was optimized
(fixed experimental unit cell) with density functional tech-
niques using VASP (Kresse and Furthmiiller, 1996) through
the MedeA graphical interface (Materials Design, 2016).
The calculation was carried out on 16 2.4 GHz processors
(each with 4 Gb RAM) of a 64-processor HP Proliant
DL580 Generation 7 Linux cluster 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
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Figure 2.  The Rietveld plot for the refinement of danofloxacin mesylate. 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 > 10.0°.

0.5A7! leading to a 2x2x1 mesh, and took ~13h.
Single-point density functional theory calculations (fixed
experimental cell) and population analysis were carried out
using CRYSTAL23 (Erba et al., 2023). The basis sets for
the H, C, N, and O atoms in the calculation were those of
Gatti et al. (1994), and those for F and S were those 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 ~6.4 h.

lll. RESULTS AND DISCUSSION

The strong N-H:--O hydrogen bonds which might have
been expected between the cations and the anions are not
present. Although calculations of isolated cations suggest
that the protonation of N6 yields the lowest-energy structure,
the solid-state interactions indicate that N5 is protonated in
both cations.

Figure 3. Comparison of the Rietveld-refined (red) and VASP-optimized
(blue) structures of danofloxacin cation 1. The rms Cartesian displacement
is 0.353 A. Image generated using Mercury (Macrae et al., 2020).
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The root-mean-square Cartesian displacement between
the Rietveld-refined and DFT-optimized structures of cation
1 (the lower atom numbers) is 0.353 A (Figure 3). The similar
quantity for the cation 2 is 0.266 A (Figure 4). The agreements
are within the normal range for correct structures (van de
Streek and Neumann, 2014), and provide evidence that the
refined structure is correct. The greatest differences are in
the methyl groups on the diazabicycloheptane cages, and
may indicate that protonation at N5 is not completely uniform;
protonation on the “up” or “down” side of N5 results in a sig-
nificant difference in the cage conformation. This discussion
concentrates on the VASP-optimized structure. The rms dif-
ference between cation 1 and cation 2 is 1.209 A (Figure 5).
The major differences are in the orientations of the diazabicy-
cloheptane cages; they differ in orientation by approximately
180°. The asymmetric unit (with atom numbering) is illus-
trated in Figure 6.

The crystal structure consists of alternating layers of cat-
ions and anions parallel to the ac-plane (Figure 7). There is
parallel stacking of the oxoquinoline rings along the a-axis.

Figure 4. Comparison of the Rietveld-refined (red) and VASP-optimized
(blue) structures of danofloxacin cation 2. The rms Cartesian displacement
is 0.266 A. Image generated using Mercury (Macrae et al., 2020).
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Figure 5. Comparison of the structure of danofloxacin
cation 1 (green) and cation 2 (purple). The rms Cartesian
displacement is 1.209 A Image generated using Mercury
(Macrae et al., 2020).

Figure 6. The asymmetric unit of danofloxacin mesylate, with the atom numbering. The atoms are represented by 50% probability spheroids. Image generated

using Mercury (Macrae et al., 2020).

The mean planes of the oxoquinoline rings are (11,6,2) for cat-
ion 1 and (12,6,—1) for cation 2. The Mercury Aromatics
Analyser indicates one moderate interaction of 5.34 A
between the two cations. N-H---O hydrogen bonds link the
cations into zig-zag chains along the a-axis.

All of the bond distances and bond angles fall within the
normal ranges indicated by a Mercury Mogul Geometry check
(Macrae et al., 2020). Torsion angles involving rotation about
the C13-N7 (and C59-N53) bonds lie on the tails of bimodal
distributions and are flagged as unusual. Torsion angles
involving rotation about the C14-N5 (and C60-N51) bonds
yielded either few or no hits. These reflect the orientation of
the cage and oxoquinoline fragments at the protonated nitro-
gens and indicate that these danofloxacin cations are truly
unusual.

Quantum chemical geometry optimization of the isolated
cations (DFT/B3LYP/6-31G*/water) using Spartan ‘18
(Wavefunction, 2020) indicated that cation 2 is lower in
energy than cation 1 by 2.5 kcal/mol. The global minimum-
energy conformation (MMFF force field) is 5.4 kcal/mol
lower in energy and has a very different conformation. The
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molecule curls up on itself to bring N6 and the carboxylic
acid group close together. Thus intermolecular interactions
are important to determining the solid-state conformation.

Analysis of the contributions to the total crystal energy of
the structure using the Forcite module of Materials Studio
(Dassault Systemes, 2021) suggests that angle distortion
terms dominate the intramolecular deformation energy. The
intermolecular energy is dominated by electrostatic attrac-
tions, which in this force field analysis also include hydrogen
bonds. The hydrogen bonds are better analyzed using the
results of the DFT calculation.

The expected N-H---O hydrogen bonds between the
cations and anions are not present (Table I). Each cation
does make an N-H:--O hydrogen bond to the other cation.
The acceptors O50 and O3 in the carboxylic acid groups are
more negative than the O atoms in the mesylate anions, so
are reasonable acceptors in hydrogen bonds. The charges of
these O atoms differ by the most between the two cations.
The N-H:--O hydrogen bonds link the cations in zig-zag
chains along the a-axis, with a graph set (Etter, 1990;
Bernstein et al., 1995; Shields et al., 2000) of C2,2(20). The

Crystal structure of danofloxacin mesylate, (C19H21FN3O3)(CH303S) 197


https://doi.org/10.1017/S0885715623000271

O
Figure 7. The crystal structure of danofloxacin mesylate, viewed down the c-axis. Image generated using Diamond (Crystal Impact, 2022).
TABLE I. Hydrogen bonds (CRYSTAL23) in danofloxacin mesylate.
H-Bond D-H, A H---A, A D---A, A D-H---A,° Overlap, e E, kcal/mol
N5-H109-:-050 1.061 1.789 2.789 155.4 0.073 6.2
N51-H110---0O3 1.046 1.977 2.910 147.0 0.039 4.6
03-H46---02 1.086 1.403* 2.445 158.1 0.116 18.6
049-H92---048 1.051 1.511% 2.491 152.6 0.088 16.2
C8-H27---098 1.098 2.334 3.376 157.8 0.033
C9-H28---04 1.092 2.401 3.166 125.7 0.015
C57-H77---0107 1.099 2.143 3.085 142.2 0.041
C12-H33-:-:049 1.100 2.597 3.634 156.8 0.010
C58-H80---050 1.102 2.676 3.495 137.1 0.012
C13-H35---:048 1.092 2.425 3.181 125.1 0.009
C59-H81---02 1.093 2.482 3.369 137.5 0.013
C15-H37---0108 1.092 2.620 3.644 155.8 0.019
C61-H83-:-:099 1.092 2.590 3.672 170.6 0.018
C16-H38---098 1.086 2.403 3.048 116.6 0.010
C62-H84---0107 1.088 2.597 3.376 127.9 0.011
C16-H39---048 1.089 2.622 3514 138.6 0.008
C16-H39---0108 1.089 2.640 3.277 116.7 0.008
C62-H85---02 1.090 2.493 3.495 152.4 0.012
C17-H41---0107 1.111 2.741 3.773 154.3 0.012
C63-H88:--0100 1.098 2.374 3.444 164.2 0.030
C17-H42---0106 1.099 2.724 3.524 129.3 0.011
C19-H43---C13 1.090 2.469" 2.829 97.7 0.010
C65-H89---C59 1.088 2.442% 2.829 99.3 0.014
C22-H44---04 1.089 2.586" 2.873 93.8 0.011
C68-H90---050 1.090 2.558* 2.848 93.9 0.010
C23-H45---:02 1.094 2.545% 2.832 93.5 0.008
C69-HO91---048 1.096 2.568" 0.009
C69-H91---0106 1.096 2.737 3.695 110.0 0.018
C94-H95---N52 1.097 2.706 3.767 162.6 0.016
Top, molecule 1; bottom, molecule 2.
“Intramolecular.
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Figure 8. The Hirshfeld surface of danofloxacin mesylate. 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).

energies of the N-H:--O hydrogen bonds were calculated
using the correlation of Wheatley and Kaduk (2019).

Both cations have strong intramolecular O—H---O hydro-
gen bonds, as expected from the relative orientation of the car-
bonyl and carboxylic acid groups. The energies of the O-
H---O hydrogen bonds were calculated using the correlation
of Rammohan and Kaduk (2018). Each diazabicycloheptane
cage makes a strong (judged by the Mulliken overlap popula-
tion) C—H---O hydrogen bond to a mesylate anion. In one cat-
ion the donor is a methyne group and in the other, it is a
methylene group. This is one of a number of subtle differences
in the interactions of the two cations. There are a variety of
other C-H---O hydrogen bonds, both to mesylates and O
atoms of the cations. There is a C94-H95---N52 hydrogen
bond from a mesylate anion to an N atom in a cation cage.
Both cyclopropyl bridgehead carbon atoms C13 and C59 act
as an acceptor in an intramolecular C—H:--C hydrogen bond.

The volume enclosed by the Hirshfeld surface of the
danofloxacin mesylate asymmetric unit (Figure 8, Hirshfeld,
1977; Spackman et al., 2021) is 1034.25 A%, 99.00% of the
unit cell volume. The packing density is thus fairly typical.
The only significant close contacts (red in Figure 8) involve
the hydrogen bonds. The volume per non-hydrogen atom is
smaller than normal, at 16.8 A3,

The Bravais—Friedel-Donnay—Harker (Bravais, 1866;
Friedel, 1907; Donnay and Harker, 1937) morphology sug-
gests that we might expect elongated morphology for dano-
floxacin mesylate, with <100> as the long axis. No preferred
orientation model was necessary, indicating that preferred ori-
entation was not present in this rotated capillary specimen.

IV. DEPOSITED DATA

The powder pattern of danofloxacin mesylate from this
synchrotron 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 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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