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Characterising the role of water in sildenafil
citrate by NMR crystallography+

Anuji Abraham,$? David C. Apperley,? Stephen J. Byard,® Andrew J. llott,§®

Andrew J. Robbins g Vadim Zorin,||* Robin K. Harris® and Paul Hodgkinson*?

A combination of solid-state NMR techniques, including **C/*H correlation, ?H magic-angle spinning NMR

and first principles calculation are employed to characterise the role of water in different hydration states

of sildenafil citrate. The *C spectrum is fully assigned for the first time and direct correlations made with

respect to the crystal structure. ?H magic-angle spinning NMR is demonstrated to be a powerful tool for

the study of dynamic and exchange processes in complex hydrate systems, allowing the behaviour at mul-

tiple solvate sites to be characterised without the need for expensive and selective labelling. Use of the 2H
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double-quantum frequency allows resolution of the different sites and, consequently, data fitting to deter-
mine rates of spin-diffusion between the different sites. The water is shown to be highly dynamic, under-
going C, rotation, with chemical exchange between different water molecules and also with the host

structure. The methods adopted are applicable to the investigation of an extensive range of hydration types

www.rsc.org/crystengcomm

Introduction

Understanding the solid-state characteristics of drug sub-
stances is vital within the pharmaceutical industry. In particu-
lar, ingress of water into a drug substance or a formulated
product can have significant consequences for handling, stor-
age or product performance in vivo. Understanding the role of
water in pharmaceutical hydrates is of central importance to
formulation development." Amongst the most powerful of
methods for characterising structure and dynamics in solid
materials is NMR, which is particularly useful in conjunction
with both computation of chemical shifts and diffraction
studies, thus giving rise to the term “NMR crystallography”.>”?

Sildenafil citrate (the active component of Viagra™) is a
monobasic salt and, based on solution-state pK, properties,
the citrate anion is expected to be deprotonated at C34. Its
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found in pharmaceutical drug substances.

structure is shown in Scheme 1, together with the numbering
scheme of the atoms used here. Only one polymorphic form
has been reported. As discussed below, the crystal structure
of this form takes up water reversibly, with no significant hys-
teresis or change of form on exposure to high humidity.
Qualitative insights into the interaction of water with solid
sildenafil citrate have previously been derived from '*C and
N cross-polarisation magic-angle spinning (CPMAS) NMR.*
Here, variable-temperature **C and *H spectra, together with
3C/"H HETCOR experiments and first-principles computa-
tion, are used to develop a comprehensive picture of the
interaction of water with the drug material, and to resolve
discrepancies in spectral assignment with other solid-state
NMR studies.”
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Scheme 1 Molecular schematic of sildenafil citrate, indicating the
numbering of carbon and nitrogen atoms used in ref. 4 and this work.
Note that both molecules are shown, as conventionally represented, in
their neutral forms, while XRD and NMR are consistent with a transfer
of H* from the C34 carboxylic acid group to N26 in the solid state.
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Experimental
Materials and methods

“Hydrated” samples of sildenafil citrate (Chemos GmbH)
were prepared by storage in an enclosed container saturated
with H,O or D,O for at least two weeks. Single-crystal X-ray
diffraction, Dynamic Vapour Sorption (DVS) and
Thermogravimetric Analysis (TGA) studies were performed on
these samples. These are described in the ESL

3C CPMAS spectra were acquired as a function of temper-
ature on a Varian Unity Inova spectrometer operating at
299.82 MHz for 'H (75.40 MHz for "*C), with a sample of hy-
drated sildenafil citrate packed into a 5 mm o.d. zirconia ro-
tor. Holes in the end-cap of the rotors avoided any risk of pres-
sure build-up on dehydration. CPMAS spectra (at 5 kHz MAS
rate) were acquired with 204 repetitions, a recycle delay of 5 s
and CP contact time of 1 ms, allowing at least 20 minutes at
each temperature before acquisition to allow for thermal equil-
ibration. The order of acquisition is indicated in Fig. 1. Note
that temperatures are quoted as set and do not attempt to cor-
rect for sample heating due to MAS; these corrections are esti-
mated to range from +5 °C for 5 kHz spinning in a 5 mm rotor
to a maximum of +25 K for 10 kHz spinning in a 5 mm rotor.

3C/"H HETCOR experiments were carried out at ambient
probe temperature on a Varian VNMRS spectrometer operat-
ing at 399.88 MHz for 'H (100.56 MHz for '*C), with samples
packed into 4 mm o.d. zirconia rotors. The magic-angle spin-
ning rate was 8 kHz. FSLG 'H decoupling was used in the in-
direct dimension at a power equivalent to 96.2 kHz, and the
same power was applied for TPPM decoupling in the direct di-
mension. Lee-Goldburg cross-polarisation was used with both
0.1 and 1 ms contact times. 200 acquisitions were acquired
with a 5 s recycle delay for each of 32 increments in ¢, using a
spectral width of 14.7 kHz. The 'H chemical shift axis was
rescaled following a reference spectrum of glycine acquired
under the same conditions (using 3.0 ppm and 8.4 ppm as the
reference shifts of the CH; and NH;" signals respectively).

*H MAS spectra were recorded on a Varian InfinityPlus
spectrometer using samples packed into 5 mm o.d. MAS ro-
tors and at a Larmor frequency of 76.71 MHz, using a MAS
rate of 8.5 kHz. 256 transients were acquired at each temper-
ature using a recycle delay of 8 s. Most spectra were obtained
via direct excitation using a *H 90° pulse of 7.7 ps, referenced
to external CDCl; at 7.2 ppm, and using 'H TPPM
decoupling. Where required, the magic angle was adjusted
using either [dg]a-oxalic acid® or [d,]-alanine to limit broad-
ening due to magic-angle mis-set.

*H DQ/SQ EXSY spectra were acquired using the DQ/SQ
correlation experiment of ref. 7, but extending the z-filter to
provide the exchange period of an EXSY experiment, and
using cross-polarisation for excitation. 32 transients were av-
eraged for each of 32 t; increments with A¢; = 4/v,o = 400 ps,
and 4 s recycle delay, using a MAS rate of 10 kHz. 'H
decoupling was used by default in the acquisition dimension,
although this was not observed to have a significant impact
on spectral resolution. Spectra were generally acquired with
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Fig. 1 13C CPMAS spectra of initially hydrated sildenafil citrate as a
function of temperature. Bold numbers indicate acquisition order,
starting at 10 °C. Acquisition points 2 (20 °C), 7 (50 °C), 8 (60 °C), 10
(80 °C) and 12 (110 °C) are omitted for clarity. Shaded areas highlight
spectral regions exhibiting the largest temperature dependence.

“synchronised acquisition” so that spinning sidebands were
folded on to centrebands in both dimensions to improve
signal-to-noise ratio and quantification. A series of spectra
was recorded with mixing times ranging from 1 ms to 2 s at
two set temperatures, -50 and —-30 °C. Note that the mixing
time was actively synchronised with the rotor phase at all but
the shortest mixing times.* Processing of the 2D spectra in-
volved modest Gaussian line-broadenings of 100 Hz and 50
Hz in the direct and indirect dimensions respectively prior to
Fourier transformation. Further analysis was performed in
Matlab,'® as described in the ESL{

Calculations

Computations were carried out using CASTEP'' version 5.0,
via Materials Studio™ version 4.4. CASTEP implements the
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5ce02234g

Open Access Article. Published on 21 January 2016. Downloaded on 12/3/2025 2:13:45 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

GIPAW method'*"? using density functional theory'>'® and a
plane-wave basis set to simulate the electronic wave func-
tions, together with pseudopotentials to represent the core
electrons."” Although there is only one unit of sildenafil cit-
rate in the asymmetric unit cell, Z = 8 (space group is Pbca),
and so the full crystallographic unit cell is large. The volume
of the unit cell (6425 A®) means that a single k-point at the
gamma point is sufficient to sample the Brillouin zone. A
trial calculation of the NMR parameters sampling the k-space
at 0.25, 0.25, 0.25 in fractional coordinates of the reciprocal
lattice resulted in minor variations of the calculated '*C
shieldings (generally less than 0.3 ppm) that were not signifi-
cant for assignment. The exchange-correlation functional was
approximated at the generalised-gradient level, specifically
that of Perdew, Burke and Ernzerhof (PBE).'® Ultrasoft
pseudopotentials’® consistent with the PBE approximation
were generated by CASTEP on-the-fly. The planewave cut-off
energies were 300 and 610 eV for geometry optimisation and
NMR calculations respectively. Atomic positions were
optimised using a BFGS variant®® such that the computed
atomic forces were less than 0.05 eV A™. Lattice parameters
were fixed at those given by the X-ray diffraction experiments.
NMR shielding tensors were computed using the fully peri-
odic GIPAW method.

Results
X-ray diffraction, DVS and TGA

The structure derived from the single-crystal XRD study (see
the ESIT) was in agreement with the previously published re-
sult*®® (FEDTEO in the Cambridge Structural Database), ex-
cept that the previously reported structure is presented as a
simple monohydrate, without discussion of non-stoichiome-
try. Refining our new data with the water occupancy as a free
parameter gave an occupancy of 0.494(12). To reduce the
number of fitting parameters, and given that such occupancy
parameters are typically strongly correlated with ADP parame-
ters, the occupancy was fixed at 0.5 for the final refinement,
corresponding to sildenafil citrate hemihydrate. Note that in-
dependent refitting of the original crystallographic data for
the FEDTEO structure with a variable occupancy is reported
to result in a similar occupancy factor (within one esd) and
lower R factors than reported in ref. 21 (see Acknowledge-
ments). The Dynamic Vapour Sorption (DVS) and Thermo-
Gravimetric Analysis (TGA) results also support partial occu-
pancy of the water sites. The DVS results, Fig. S1,f show a
monotonic gain in sample mass of 2.16% as a function of rel-
ative humidity from 0 to 95%, which corresponds to 0.82
equivalents of H,O per sildenafil citrate at 95% RH (assum-
ing the material is fully dehydrated at 0% RH). Previous DVS
results® gave a value of 0.78 equivalents at 90% RH, i.e. it
does not appear to be feasible to achieve a true monohydrate.
The mass gain of 1.78% at a typical environmental humidity
of 60% would correspond to a stoichiometry of 0.67 equiva-
lents of H,O. This is in excellent agreement with TGA mea-
surements, which show a continuous loss of mass of 1.6%
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over the temperature range 40-100 °C (at a heating rate of 10
°C min '), corresponding to loss of about 0.7 mol of H,O per
mole of sildenafil citrate; no further changes occur until the
onset of decomposition above 190 °C. The *H NMR results
discussed below confirm that these results are not signifi-
cantly distorted by adventitious water.

The DVS and TGA results show that the XRD studies are
compatible, with the different reported levels of hydration
reflecting differences in sample environment and differences
in modelling of the disordered water. It is, therefore, a rea-
sonable starting point for calculations to use the XRD struc-
ture with the water sites fully occupied and the same struc-
ture, but with the water atoms removed, as models for the
fully hydrated and dehydrated materials respectively. The iso-
structural nature of the hydrated and dehydrated forms is
confirmed by the calculation results below.

13C VT NMR

3C NMR has been widely used to follow the hydration behav-
iour of non-stoichiometric pharmaceutical solvates.”® Fig. 1
shows the results of acquiring the *C CPMAS spectra of sil-
denafil citrate as a function of temperature, starting with a
hydrated sample at 10 °C. Changes in the spectrum are ob-
served in three regions: 16-28 ppm, corresponding to the
C11-C13 (propyl) and C21 (ethoxy) fragments of sildenafil,
around 170 ppm, corresponding to the C33 and C35 reso-
nances of citrate, and, more subtly, around 125 ppm corre-
sponding to C9/C16 (sildenafil). Previous studies of the
ambient-temperature *C spectra of samples stored at differ-
ent relative humidities had demonstrated the sensitivity of
the first two of these regions to hydration state.? This is rea-
sonable in terms of the crystal structure, where the water
molecule is hydrogen bonded to the C33 citrate and the
sulphonamide group (nearest carbon C16), and is adjacent to
the propyl fragment. The changes with temperature were fully
reversible provided that the sample was maintained below
40 °C, as shown by the continuity of the spectral changes be-
tween 30 and 40 °C, despite the temperature having been pre-
viously cycled down to —80 °C. This implies that the ambient
temperature spectrum is affected by dynamic averaging, as
confirmed by the >H NMR results below. Since the water sites
are not fully occupied, and changing the water occupancy re-
sults in measurable changes to the ">*C NMR spectrum, line-
broadening associated with “static disorder” would be ob-
served in the absence of exchange of water molecules be-
tween sites. In quantitative terms, the water molecules must
be exchanging between occupancy sites at rates of at least 10
s of Hz at -80 °C (a 1 ppm shift difference corresponds to 75
Hz at the "*C NMR frequency used).

Warming the sample to higher temperatures than 40 °C
leads to further changes in the same regions of the spectrum.
In contrast, however, these changes are irreversible; the final
spectrum obtained at ambient temperature is identical to
that of “dry” sildenafil citrate obtained by storage at 0% RH.*
The spectrum of the dehydrated material is not significantly
temperature dependent, with the exception of the C11/C12

This journal is © The Royal Society of Chemistry 2016
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propyl resonances (compare the final spectra obtained at
120 °C and 25 °C). This suggests that the dynamics of the
propyl region depend on the occupancy of the water site.
Similar observations have been made via **C Ty (spin-lattice)
relaxation times in the hydrated and dehydrated forms of thi-
amine hydrochloride monohydrate.**

’H NMR

Although less widely used than >C NMR, *H NMR has previ-
ously been exploited to examine water dynamics in non-
stoichiometric pharmaceutical solvates, and seen to provide
direct insight into local mobility. In the case of carvedilol
phosphate hemihydrate, for example, a very broad pattern,
was observed, consistent with the water molecules being
tightly bound in the narrow channels,>* while a very narrow
’H spectrum was observed in the case of topotecan hydro-
chloride, consistent with very loosely constrained water mole-
cules.” In these cases, however, the >’H NMR spectrum signal
was dominated by the water signal and static “wideline”
NMR spectra were sufficient. In our case, multiple sites were
observed to be deuterated, and so magic-angle spinning was
used to resolve the different *H resonances.

Fig. 2 shows the ?’H magic-angle spinning spectra obtained
as a function of temperature. The sample was held for an
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Fig. 2 Centreband region of the direct-excitation 2H MAS spectra of
deuterated sildenafil citrate acquired as a function of temperature,
starting at -58 °C, heating to 100 °C before cooling to the starting tem-
perature. Several intermediate spectra (particularly on the cooling
phase) are omitted as no significant changes were observed. Dotted
lines mark characteristic signals as guides to the eye. The dashed line
shows the spectrum of a new “wet” sample that shows additional inten-
sity ~5 ppm (marked with *) assigned to adventitious water (see text).
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extended period at 55 °C to measure *H T, values, which are
summarised in Table S1.f It is clear from spectra acquired
before and afterwards that the bulk of the dehydration oc-
curred during this period. The low temperature spectra show
three regions of intensity (in addition to any free water sig-
nal). The very broad and quickly relaxing peak at 3.7 ppm is
assigned to water in sildenafil citrate tunnels. This can be
readily distinguished from adventitious water, which appears
as a signal around 5-6 ppm, marked with an asterisk in the
dashed spectrum of Fig. 2. In contrast to the other signals,
this peak is not associated with a noticeable spinning side-
band manifold, and so represents a small fraction of the total
water signal. This usefully illustrates that adventitious and
channel water can be clearly distinguished using *H MAS
NMR, in contrast to bulk techniques such as DVS and TGA.
The broadness of the peak for channel water and its ex-
tremely short relaxation time are consistent with rapid flips
of the water molecules about their C, axis. The signal around
17 ppm is readily assigned to the C33 acid H site (O33H) on
the basis of the CASTEP-predicted shifts. As discussed below
in the context of the two-dimensional *H experiments, and
confirmed by the HETCOR experiments, the feature around
11 ppm contains the other exchangeable H signals: the
remaining citric acid protons, O35H and O31H, and the pro-
tonated nitrogen sites N5H and N26H.

As the temperature is raised, the resolved citrate signal
clearly broadens and coalesces with the water signal, which
becomes too broad to be observed. Only a single signal peak
at 10 ppm is seen at 10 °C, although is it difficult to judge
whether a subset of, or all, the *H sites are in exchange. The
rate of exchange must be on a frequency of kHz, correspond-
ing to collapsing a 15 ppm shift range at 76.8 MHz NMR fre-
quency. As the temperature rises, and the sample dehydrates,
the spectrum becomes less symmetric and a peak around 16
ppm appears. This corresponds to the O33H citrate signal,
no longer broadened by exchange, consistent with the
CASTEP calculations that show a shift of -0.5 ppm between
“wet” and “dry” structures for this site. As also observed in
the '*C experiments, no significant changes are observed on
lowering the temperature back to the starting point, which is
consistent with a lack of H-exchange/water dynamics in the
dehydrated material.

As detailed in the ESI;f quadrupolar parameters were
obtained for the resolved sites by fitting the *H spectra from
“wet” and dehydrated samples at —-58 °C. The most informa-
tive parameters are those for the peak assigned to seques-
tered water. The Cq of 97 kHz and asymmetry parameter of 1
are characteristic for water molecules undergoing a rapid C,
flip, but not other significant re-orientational dynamics.>®

*H DQ/SQ EXSY experiments were used to try to provide
more quantitative insight into the exchange processes. Fig. 3
shows an example DQ/SQ *H EXSY spectrum obtained at
-50 °C on a “wet” sample, using cross-polarisation for excita-
tion. As expected, using the double-quantum frequency in
the indirect dimension dramatically improves resolution since
this is unaffected (to first order) by the quadrupolar coupling

CrysttngComm, 2016, 18, 1054-1063 | 1057
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Fig. 3 Example ?H DQ-SQ EXSY spectrum of sildenafil citrate hydrated
with D,O acquired at -50 °C, 1 s mixing period, using cross-polarisation
from *H for excitation and synchronised acquisition in both dimensions.

and so is less sensitive to magic-angle mis-set and motional
broadening.” The broad peak at 10-12 ppm is clearly resolved
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into a smaller peak about 11.5 ppm and a large peak about
10 ppm. The HETCOR-derived and computed hydrogen shifts
of N5H, N26H, O31H and O35H are too overlapped to confi-
dently assign the peaks. The peak at 11.5 ppm is tentatively
ascribed to the other citrate carboxylic acid proton, O35H, on
the basis of its similar intensity to the O33H peak and its cal-
culated proton chemical shift. The use of cross-polarisation
allowed short recycle delays, but resulted in spectra without
an observable signal from D,0. Use of direct-excitation,
rather than cross-polarisation, to observe EXSY spectra
containing a water signal was unsuccessful, however; it was
difficult to excite a water double-quantum signal in the DQ/
SQ experiment, and at short mixing times (e.g. 7.1 ms)
strongly distorted 2D spectra were obtained in the simple SQ/
SQ version of the experiment. This presumably relates to the
rapid C, flips of the water, violating the EXSY requirement
that the NMR frequency is stable during the ¢ and ¢, mea-
surement periods. At long mixing times (e.g 71.4 ms),
undistorted spectra were observed, but without a water reso-
nance, as the troublesome water signal has been lost through
relaxation (a Ty of 37 ms was measured at -35 °C).

Exploiting the additional site resolution provided by the
DQ/SQ experiment, the build-up of the EXSY cross-peaks was
used to estimate rates of magnetisation exchange between

mixing time / s

mixing time / s

Fig. 4 Intensities of cross-peaks in 2H DQ/SQ EXSY spectrum and corresponding fits obtained on hydrated sildenafil citrate at ~50 °C. Columns corre-
spond to frequencies in the direct (single-quantum) dimension, and rows to indirect dimension (double-quantum) frequencies. Error bars indicate one-
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standard deviation uncertainties on the intensity values. The corresponding figure for data acquired at -30 °C can be found as Fig. S3 of the ESI}
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the sites, following the methodology described in the ESL{ As
illustrated in Fig. 4, very satisfactory fits were obtained. The
rates of exchange were found, however, to be identical within
experimental uncertainty for the two measurement tempera-
tures, as summarised in Table S4.F This implies that
magnetisation transfer in these experiments was dominated
by *H spin-diffusion rather than chemical exchange. It has
previously been observed that magic-angle spinning tends to
enhance rates of magnetisation exchange via dipolar cou-
plings between H sites.’® As noted in the discussion of the
data in Table S4,f measurement of >H spin-diffusion rates
might provide useful information on spatial proximity, in the
same way that 'H spin-diffusion has been used to provide
constraints for structure solution.?”*® In this case, however,
the overall structure is known and so the spin-diffusion re-
sults provide little additional insight.

First principles calculations

The two starting points for calculation were a “wet” structure,
based on the initial XRD-derived structure with fully occupied
water sites, and a “dry” structure with the water atoms re-
moved. A number of different geometry optimisations were
performed prior to calculation of the NMR parameters using
lattice parameters fixed at their XRD-derived values: optimisa-
tion of H positions only (“wet” and “dry” structures), optimi-
sation of all atomic positions (“wet” structure only) and

Table 1 Root-mean-square deviations between experimental and scaled
computed *C chemical shifts (in ppm) for all atoms or resolved citrate
signals (C31, C33-C35) for different geometry optimisations

Geometry Wet” Dry”
optimisation All Citrate All Citrate
H-only 1.6 2.9 1.6 2.8
H + citrate 2.0 0.8
All atoms 1.8 1.4

3-

ci1
24
ci3
11 C15
C1 C4 C6 C8 C9C10 ci2 C14

shift “dry” - shift “wet” / ppm
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optimisation of just the citrate ion atoms (“dry” structure
only). All-atom optimisation was not attempted on the artifi-
cial and potentially unstable structure obtained by removing
the water molecules.

Experimental *C shifts were obtained from the spectra of
dehydrated and hydrated samples at ambient probe tempera-
ture and -80 °C respectively (results tabulated in the ESI}). In
cases where resonances overlapped (e.g. C25 and C27), the
same experimental shift was assumed for the different sites.
The detailed assignment of the experimental chemical shifts is
discussed below in the context of the HETCOR experiments.

In all cases, excellent correlations are obtained between
calculated and experimental *C chemical shifts, ¢f Fig. S4.f
As typically observed, the slope of the fitted linear gradient is
not exactly 1. Such deviations in slope may be due to the ef-
fects of nuclear delocalisation® and/or systematic errors in
the DFT methodology®® and cannot be readily calculated. We
have taken the usual pragmatic approach of rescaling the cal-
culated shifts to match the slope and mean of the experimen-
tal shifts.>" This has been done independently for each com-
puted result prior to -calculating the root-mean-square
deviation between experimental and calculated shifts. As
summarised in Table 1, there is little difference in the overall
RMSD between experimental and calculated shifts for the dif-
ferent geometry-optimised shifts. Note that the citrate shifts
are not particularly well-fitted by H-only optimisation, and
the RMSD for these signals is significantly reduced when the
position of the citrate atoms is allowed to “relax”. The aniso-
tropic displacement parameters for several of the non-
hydrogen citrate atoms are significantly elongated, suggesting
the presence of (dynamic) disorder which may slightly distort
the average citrate geometry in the starting crystal structure.
Similar behaviour was observed for disordered acetic acid
molecules in the diacetic acid solvate of diterbutaline
sulfate.*?

Fig. 5 compares the differences in >C shift between the
hydrated and dehydrated sildenafil citrate resonances

m Calculated
m Experimental
u u Sites affected by dynamics

C24/C28 35
C18C19C20 21 C22  (C25/C27 (31(C33C34

(30/C32

Fig. 5 Calculated (blue) vs. experimentally observed (red) differences in **C chemical shift between dehydrated and hydrated sildenafil citrate. The
shifts of overlapped peaks, where the assignment is ambiguous, have been averaged as indicated. Sites affected by dynamics are marked by paler
colours and italic labels. Dotted lines indicated expected one-standard deviation variance expected if individual “errors” are uncorrelated.
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Fig. 6 Superimposed *C/*H HETCOR spectra of hydrated (blue) and dehydrated (red) samples at 1 ms mixing time. One-dimensional *C spectra are
skyline projections. Red and blue dotted lines mark shifts derived from calculated isotropic shielding values (H-only optimisation) using approximate
references to align experimental and calculated shifts (170 ppm for **C, 31 ppm for *H). Separate red and blue labels are combined to a single black la-
bel where computed shifts are very similar. Circles show predicted correlation peaks, with the circle size reflecting the C, H distance: large circles less
than 1.5 A, small circles between 1.5 and 2.5 A. Peaks that also appear in the spectrum with 100 us mixing time are marked in bold italics.
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observed both experimentally and in computation. Experi-
mental shifts were obtained from dehydrated and hydrated
samples at ambient probe temperature and -80 °C respec-
tively, while calculated shift differences are based on the
(rescaled) shifts of the two H-only optimised structures. The
sign of the changes is generally well predicted, although the
calculations tend to overestimate their magnitude, which is
likely to reflect the partial occupancy of the water sites in the
hydrated sample. The possible effects of fractional water oc-
cupancy on “*C chemical shifts have previously been noted
for the hemihydrate of a guanosine derivative.*®> The agree-
ment for sites that show significant temperature dependence
and are likely to be affected by dynamics, e.g. C11 and C21, is
noticeably poorer. This is expected given that the calculations
are based on a single 0 K optimised structure. The agreement
is far better than would be expected if the “errors” between
calculated and experimental shifts were uncorrelated; the

dotted lines in Fig. 5 are placed at V2 x1.6 ppm, where 1.6

ppm corresponds to the typical RMSD observed in Table 1.
These results indicate that first-principles calculations can be
used to understand relatively subtle differences for sites in
otherwise equivalent environments. Significantly poorer corre-
lations between wet vs. dry chemical shifts are obtained if ei-
ther of the more fully optimised structures was used, i.e. the
effect of the presence of water on the chemical shifts is better
predicted when the non-H atoms are fixed in consistent
positions.

13C/*H HETCOR

Fig. 6 shows the superimposed HETCOR spectra obtained at
long mixing times for the wet and dry samples. Extracted 'H
chemical shifts are tabulated in Table S5.f These were deter-
mined from the cross-peaks at short-contact time, where
present, or otherwise from clear and distinctive long-range
correlation peaks, noting that small differences can be
observed in apparent 'H shifts from short vs. long-range
correlation peaks.>**® Deuterated samples prepared by
recrystallisation from D,O or exchange in a D,O-saturated at-
mosphere had identical **C NMR spectra. HETCOR spectra
of either deuterated sample showed no correlation peaks
above 'H shifts of 10 ppm, indicating that all exchangeable
hydrogens on the citrate and N5/N26 of the sildenafil are in-
deed exchanged.

Also shown in Fig. 6 are the corresponding computed
chemical shifts based on the H-only geometry-optimised
structures, with circles marking cross-peaks expected on the
basis of distances between each carbon site and the nearest
hydrogens, obtained using the crystal-viewing software gdis.**
Larger circles mark distances below 1.5 A, corresponding to
directly bonded CH pairs. In all cases, corresponding cross-
peaks (marked in bold italics) were observed in the short-
contact-time HETCOR experiment. A few longer-range con-
tacts, corresponding to distances less than 2.0 A, were also
observed at these short mixing times. These cross-peaks were
helpful in a number of cases. For example, the pair of lines
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at 130 and 131 ppm can be assigned to C15 and C17 using
the predicted chemical shifts of the attached H sites, which
differ by ~2 ppm. This assignment disagrees with the order-
ing predicted from the computed "C shifts alone, but is
within the approximately 1.6 ppm “margin of uncertainty”
suggested by the overall RMSD between computed and ob-
served '3C shifts. In other areas, such as C30 and C32, the
13C and 'H shifts are both too strongly overlapped to allow
the assignment to be improved.

The additional cross-peaks appearing at longer mixing
time help to resolve most of the remaining ambiguities.
Smaller circles in Fig. 6 mark potential cross-peaks corre-
sponding to distances up to 2.5 A. For example, long-range
correlations to O33H and O35H hydrogen sites allow C33 vs.
C35 to be assigned. The assignments are confirmed by the
changes in the shifts of these peaks with hydration state. A
small number of cross-peaks seem to correspond to even lon-
ger distances (up to 2.8 A), but this may be associated with
spin-diffusion of magnetisation between H sites and should
be interpreted cautiously. For example, the apparent cross-
peak between C31 and O33H is more likely to be a “relay”
transfer than a direct correlation. Taken together, however,
the computed '*C shifts, short-contact cross-peaks identifying
H peaks, longer range correlations, and the peak movements
between wet and dry samples allow all the resolved **C peaks
to be assigned with some confidence. The “evidence” used to
assign each ">C peak is summarised in Table $5.f Overall, the
availability of powerful computational tools, together with ex-
perimental HETCOR results, has allowed the sildenafil citrate
assignment to be considerably refined compared to earlier
work.®® First-principles calculations and HETCOR experi-
ments have recently been used in a similar fashion to resolve
conflicting spectral assighments for the API naproxen,’” and
aid structure solution from PXRD data for an indomethacin/
nicotinamide co-crystal.*® Note that Wawer et al.”> have differ-
ent assignments for the solution-state NMR resonances in the
135-155 ppm region compared to ref. 4, inverting the assign-
ments for the pairs C4/C6 and C1/C8 in the numbering used
here. The current solid-state study also reverses the order of
C4/C6 compared to our previous work, but not for C1/C8. The
difference in shift between C4 and C6 (<4 ppm) is sulffi-
ciently small, however, to be ascribed to differences in shift
between solid and solution states.

Conclusions

The use of first-principles calculation to connect diffraction-
derived crystal structures with solid-state NMR observables
has allowed a full assignment of the resolved **C resonances
of a complex pharmaceutical solid. The differences in chemi-
cal shift upon hydration are relatively small; for comparison,
changes up of to 2 ppm and 5 ppm were observed in 'H and
BC chemical shifts in a study of ciprofloxacin.>® Although
they are smaller than the overall RMSD between calculated
and experimental '*C shifts, a clear correlation was observed
between the calculated and experimental shifts on hydration,
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confirming their significance and utility in assignment. The
fuller assignment allows the effects of hydration on the **C
chemical shifts of the citrate ion to be quantified, where the
assignment was previously unknown. Computed 'H shifts
were also significant in assignment, particularly in the less
crowded regions above 6 ppm. Subtle differences in the
propyl region of the **C spectrum could be explained by dif-
ferences in dynamics depending on occupancy of the water
sites.

The most direct insight into hydration was provided by *H
MAS NMR, which allows multiple exchangeable sites to be
studied simultaneously, without the need for bespoke isoto-
pic labelling. The water molecules are found to be undergo-
ing C, flips and exchanging between water sites (information
obtained from the "*C spectrum), even at the lowest tempera-
tures studied (-58 °C). This is in good agreement with the
XRD crystal structure, in which the water hydrogen atoms
were located, but in which water sites were partially occupied.
In addition, exchange of hydrogen between water and other
exchangeable hydrogen sites, most evidently on the citrate
ion, was observed as the temperature was raised. This is con-
sistent with the easy deuteration of exchangeable sites from
storing sildenafil citrate in a D,O-saturated atmosphere. The
sensitivity of the >H NMR signal to dynamics complicated,
however, the use of magnetisation transfer experiments to
measure the rate of this hydrogen exchange. It was, neverthe-
less, possible to derive rates of *H spin-diffusion from dou-
ble-quantum/single-quantum EXSY experiments, which may
be useful in cases where the ’H MAS spectrum is sufficiently
resolved.

Aided by computation, solid-state NMR has provided a de-
tailed picture of the interaction of water molecules with the
host sildenafil citrate structure in this non-stoichiometric hy-
drate. Although molecular dynamics simulations have
allowed relatively slow molecular processes, on the order of
microseconds, to be linked to NMR observations,*" reproduc-
ing the behaviour observed here in simulation will be ex-
tremely challenging, due to the size of the system (696 atoms
in the unit cell) and the electronic re-arrangement involved
in hydrogen exchange.
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