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A mechanochemically prepared solvated salt of the archetypal
blockbuster drug cimetidine exhibits significantly different bench
stability to an analogous material made in solution. Samples
obtained from solution are stable for weeks at room temperature
and 45 °C, but mechanochemically made ones readily desolvate
and convert to a new polymorph of non-solvated salt. While
mechanochemistry becomes increasingly popular in synthesising
drug solid forms, this work illustrates that it can have a profound
effect on material stability.

The discovery and preparation of new solid forms of active
pharmaceutical ingredients (APIs)' is an important challenge
of modern pharmaceutical materials science, with
implications for improving the physicochemical properties of
drugs (e.g. solubility,”> bioavailability,’ compressibility,*
dissolution rate,® taste,” and colour’) and establishing new
intellectual properties.®

Mechanochemical® techniques, e.g. liquid-assisted grind-
ing (LAG) or polymer-assisted grinding (POLAG), have be-
come of high interest in the API solid form discovery and, re-
cently, API synthesis."®"* This interest rests on their short
reaction times and ability to circumvent limitations of solu-
bility, solvolysis or thermal degradation."*"” Particularly no-
table is LAG, which uses a catalytic amount of a liquid to ac-
celerate mechanochemical reactions and direct formation of
polymorphs or stoichiometric variations of cocrystals or
salts.”'®*?* While LAG reactions of molecular crystals are
rapid, often enabling complete conversion in minutes,** they
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are also scalable to gram amounts in the laboratory.>® In the
context of scale-up and manufacturing, twin screw extrusion
now permits continuous mechanosynthesis of pharmaceuti-
cal cocrystals and organic molecules.”® As mechanochemistry
becomes increasingly significant in pharmaceutical materials
science, most reports have focused on its efficiency in solid
form synthesis and discovery. In contrast, little or no atten-
tion has been paid to validation of mechanochemical prod-
ucts, by identifying potential differences in their physico-
chemical properties compared to those of nominally identical
materials obtained by solution techniques.

We now highlight the need for such critical validation of
mechanochemically made materials by describing stark
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Fig. 1 (a) Structures of cim and Hpfum. PXRD patterns of: (b)
commercial cim and (c) Hxfum; (d) the product of neat grinding of cim
and H,fum; (e) 1, the product of LAG with MeCN (3 = 0.30 uL mg™);2°
and (f) 2, the product of LAG with water (; = 0.30 pL mg?).%°
Simulated PXRD patterns for (g) the crystal structure of 1 and (h) the
crystal structure of 2.
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differences in the bench stability of a mechanochemically
prepared solvate of a salt of the API cimetidine®” (cim) and
fumaric acid (H,fum) (Fig. 1a), compared to that of an analo-
gous material made from solution.

Cimetidine (cim) is a well-known histamine H,-receptor
antagonist. Marketed as Tagamet, solid cim is of outstanding
importance in pharmaceutical materials science being the
first drug to reach $1 billion in annual sales.””*® It remains
widely used in heartburn and peptic ulcer treatment, with re-
cent work also indicating anti-cancer activity.>” In contrast to
its status as the pioneering beta-blocker and the archetypal
blockbuster drug, there have been no reports on crystal engi-
neering of solid forms of cim, with existing structural studies
dealing with polymorphs, the hydrochloride salt and metal
complexes.*’

Neat milling of cim and H,fum in a 1:1 stoichiometric ra-
tio led to amorphization, as shown by a featureless powder
X-ray diffraction (PXRD) pattern (Fig. 1). However, 20 minutes
of LAG with water or acetonitrile (MeCN) led to the disap-
pearance of reactant X-ray reflections and the formation of
new crystalline products. The use of MeCN gave 1, character-
ized by Bragg reflections distinct from those of any known
forms of cim and H,fum (Fig. 1).>>*" In contrast, the use of
water gave a material (2) with a PXRD pattern different from
that of 1 or any reported forms of cim and H,fum (Fig. 1).

The crystal structure of 1 was determined by X-ray dif-
fraction on crystals obtained by re-crystallisation of the
mechanochemical product from MeCN (Fig. 2). Compound
1 is a solvated salt in which the asymmetric unit consists of
singly protonated cimH" cations, Hfum™ anions, and MeCN
molecules disordered on a crystallographic inversion centre.
Structural analysis and 'H nuclear magnetic resonance
(NMR) spectroscopy in DMSO-ds revealed that 1 contains
cim, Hyfum and MeCN in a 1:1:0.5 respective ratio, consis-
tent with the formula (cimH")(Hfum )-0.5MeCN. The struc-
ture is composed of cyclic hydrogen-bonded dimers of
cimH", held together by two N-H---N hydrogen bonds. The
cationic dimers associate by N-H---O hydrogen bonds to
chains of hydrogen-bonded Hfum anions that propagate
along the crystallographic b-direction, forming a three-
dimensional hydrogen-bonded structure. The ionic nature of
1 is confirmed by the carbon-oxygen bond (C-O bond)
lengths in Hfum™ anions. One of the carboxylate moieties
on each anion exhibited very similar C-O bond distances of
1.246(4) A and 1.274(3) A, consistent with a deprotonated
carboxylate group, while the other one exhibited signifi-
cantly shorter 1.212(4) A and one longer 1.308(4) A C-O
bond, consistent with a neutral acid group. The acetonitrile
molecule in the structure of 1 does not appear to be in-
volved in any significant intermolecular interactions, except
a potential C-H--'N hydrogen bonding interaction (C--'N
separation 3.659(5) A)*?> between the nitrogen atom of the
MeCN molecule and the methylene moiety in the 4-position
of the imidazole ring of cimetidine (see the ESI}).

Attempts to obtain diffraction-quality crystals of 2 were
unsuccessful, requiring structure characterisation from PXRD
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Fig. 2 Crystal structures of 1 and 2: (a) a single hydrogen-bonded di-
mer of cimH" in 1, associated with surrounding Hfum™ anions by N-
H---O hydrogen bonds; (b) structure of 1 viewed along the crystallo-
graphic b-axis, with disordered acetonitrile guests shown in a space-
filling model, and one of the hydrogen-bonded cimH" dimers
highlighted in black; (c) view of a single cimH™ cation bridging neigh-
boring Hfum™ anions via N-H---O bonds and (d) a single hydrogen-
bonded layer in the structure of 2 viewed along the crystallographic
c-axis, with a chain of hydrogen-bonded cimH* highlighted in black.

data (see the ESIt). Indexing of the PXRD pattern of 2, after
conversion to the conventional reduced cell, revealed a tri-
clinic structure with a = 7.8985 A, b = 8.3479 A, ¢ = 14.2018 A,
a = 87.575°, f§ = 75.273°, y = 76.159° and a volume of 879.2
A®. The structure solution revealed that 2 is a non-solvated
salt with composition (cimH")(Hfum ), with the ionic nature
of 1 and 2 being confirmed by the natural abundance '°N CP-
MAS solid-state NMR spectra, which resemble those of cim
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hydrochloride, but are different from those of neutral cim
(see the ESIt). The absence of solvent in 2 was also con-
firmed by thermogravimetric analysis (TGA, see the ESI}).
The structure of 2 consists of layers in the crystallographic
(001) plane, in which eimH" cations bridge parallel chains of
hydrogen-bonded Hfum™ anions via N-H---O hydrogen
bonds. The cimH" cations in each layer form chains held by
N-H---N hydrogen bonds, propagating in the crystallographic
[110]-direction (Fig. 2¢ and d).

While samples of 1 prepared mechanochemically and
from solution are nominally identical, they exhibit very differ-
ent bench stabilities. Exposure of mechanochemically made
1 to 45 °C over two days led to the disappearance of the
prominent (10-1) X-ray reflection at 26 = 7.0° (Fig. 3). Identi-
cal behavior was observed regardless of the amount of aceto-
nitrile used in the LAG synthesis of 1, as demonstrated by
samples prepared at liquid-to-solid #*° ratios of 0.15, 0.30,
0.45 and 0.60 uL mg " (see the ESIY).

The remainder of the PXRD pattern changed less signifi-
cantly, suggesting that the product (1') is structurally similar
to 1. The "H-NMR analysis of a solution of 1' in DMSO-dj
revealed the absence of MeCN and the composition
(cimH")(Hfum"), identical to 2. Scanning electron microscopy
(SEM) showed that mechanochemically made 1 consisted of
elongated cuboid particles with a length of 228 + 85 nm
(Fig. 3g). After thermal desolvation, little change in particle
size or morphology was observed, consistent with retention
of crystallinity (Fig. 3g and h).

Indexing of PXRD data for 1’ revealed a monoclinic unit
cell strongly resembling that of 1, with a = 13.770(1) A, b =
8.0432(5) A, ¢ = 18.949(1) A, f = 107.419(4)° and V =
2002.48(21) A®. The simulated annealing structure solution
and Rietveld refinement in the space group P2,/n confirmed
that 1’ is indeed a polymorph of the non-solvated salt 2, iso-
structural to 1 (Fig. 4a, also see the ESI}). The absence of sol-
vent in 1’ was also verified by TGA (see the ESI). The crystal
structure analysis readily explains the significant reduction
in the intensity of the (10-1)-reflection upon desolvation of 1
into 1': the (10-1)-planes of 1 are populated with guest MeCN
molecules, and their removal leads to formation of voids il-
lustrated in Fig. 4b and a reduction in electron density con-
tributing to X-ray scattering from those crystal planes.

In contrast, solution-made 1 was significantly more resis-
tant to thermal treatment. The crystal structure analysis of a
single crystal of 1, after being kept at 45 °C for two days, re-
vealed no evidence of acetonitrile loss. This was corroborated
by solution 'H-NMR analysis of thermally treated crystals,
which revealed a loss of less than 10% of the initial amount
of MeCN. Similarly, no significant difference was observed in
the crystallographic unit cell parameters or the overall appear-
ance of X-ray diffraction spots of 1 upon exposure to 45 °C
over a period of 5 and 10 days (see the ESIt) (Table 1).

The  striking  difference in  the  stability of
mechanochemically- and solution-made 1 is even more evi-
dent from '"H-NMR monitoring of the MeCN content in sam-
ples exposed to air at room temperature (Fig. 5a and b).
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Fig. 3 Analysis of 1 before and after two days at 45 °C in air. PXRD
patterns of: (a) the mechanochemically made sample and (b) the
mechanochemically made sample after exposure to 45 °C. Simulated
PXRD patterns of (c) 1 and (d) 1'. Section of the H-NMR spectrum
recorded in DMSO-dg for (e) solution-made 1 before (top) and after
thermal treatment (bottom) and (f) mechanochemically made 1 before
(top) and after exposure to 45 °C (bottom). SEM images of
mechanochemically made 1 (g) before and (h) after exposure to 45 °C.
Scale bar corresponds to 1 um.

Mechanochemically made 1 lost almost all MeCN within 40
h, while solution-grown crystals remained solvated even after
15 days. Indeed, complete removal of MeCN from solution-
grown 1 was difficult even upon harsher treatment: after ex-
posure to 80 °C and reduced pressure of 0.2 bar for 10 days,
"H-NMR analysis still revealed the presence of 0.15 molecules
of MeCN per (cimH')(Hfum) unit. The most likely explana-
tion for the observed stability differences is the particle size.
As revealed by SEM, solution-grown crystals of 1 are much
larger than mechanochemically made ones, appearing as
needles with a length on the order of 1 mm (Fig. 6). To

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 a) Final Rietveld fit for the structure of 1’ determined from the
PXRD data and b) the crystal structure of 1’ viewed parallel to the
crystallographic b-axis and displaying the voids (yellow, detected using
a spherical probe of 1.2 A in radius) previously occupied by MeCN
guests.

Table 1 Crystallographic parameters for a single crystal of 1 after expo-
sure to 45 °C for 0, 5 and 10 days

t/days a/A b/A c/A pl°

0 13.804(1) 8.0191(7) 18.715(2) 107.580(3)
5 13.799(1) 8.0172(7) 18.723(2) 107.657(3)
10 13.792(1) 8.0148(7) 18.726(2) 107.555(3)

qualitatively evaluate the effect of the crystal size, we studied
the effect of mechanical treatment on solution-grown 1, by ei-
ther gentle or vigorous grinding using a mortar and pestle.

SEM analysis revealed that gentle grinding fragmented the
crystals into smaller particles with an average size of around
230 um in length, while harsher grinding led to an average
size of ca. 19 um (see the ESIt). After 2 days at 45 °C in open
air, the gently ground sample underwent more significant
MeCN loss (50% of the original content) compared to
unperturbed crystals (2%). The sample produced by harsher
grinding lost ca. 78% of the original MeCN content, resulting
in a material with composition (cimH")(Hfum )-0.11 MeCN.
These results, summarized in Table S1 in the ESL} support
the view that the stability differences between
mechanochemically and solution-grown 1 are likely due to
their different particle sizes and defects (Fig. 6).>*>*
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Fig. 5 Difference in rates of acetonitrile (MeCN) loss in open air, at
room temperature, for samples of 1 that were: a) mechanochemically
prepared and b) solution grown.

In summary, we described a significant difference in the sta-
bility between nominally identical solid forms of cimetidine,
prepared by mechanochemistry or solution growth. So far, stud-
ies of mechanochemical synthesis of API solid forms have

Fig. 6 SEM images of: (a) solution grown crystals of 1 (scale bar = 400
pum) and solution grown crystals of 1 after (b) gentle grinding (scale bar
= 400 pm) and (c) harsher grinding using a mortar and pestle (scale
bar = 40 um).
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focused on screening and quantitative synthesis. However, this
work highlights a not yet explored effect**** of mechano-
chemistry on the solid-state properties of solid API forms. While
this effect herein led to the discovery of a new polymorph of a
not previously described salt solid form of cimetidine, in a
wider context it can be regarded as a potential problem when
mechanochemical techniques are employed. Consequently, this
work highlights a growing need to investigate and validate the
properties of mechanochemically made materials with respect
to analogous ones made by different methods.
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