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Abstract

Crystallisations on both the academic and industrial scale often use large volumes of solvent. In order decrease the environmental

impact of such processes, new techniques must be discovered that increase the efficiency of the solvents used. Introduced here

is a process that combines repurposed industry standard hardware and aspects of mechanochemistry to produce a technique we

call “Vapour Assisted Tumbling” (VAT). Pharmaceutical and well-known cocrystals and salts were formed by tumbling the

coformers in an atmosphere of vaporised solvent, in this study, methanol (MeOH). This was done inside a custom built analogue

of an industrial rotary cone dryer (RCD). It was found that a desired solid form could be obtained as monitored by powder X-ray

diffraction and differential scanning calorimetry. By repurposing industrial RCDs, it is feasible that solid forms can be crystallised

with both minimal and reusable/recyclable solvent — drastically lowering the environmental impact of such transformations.

Introduction

Manufacturing pharmaceutical solid forms, especially on an
industrial scale, requires both efficiency and a high-purity
product. To achieve this, there have been many crystallisation
methods tailored for pharmaceutical solid forms. Current
methods for generation of solid forms include evaporation,
slurry conversion, melt extrusion, mechanochemical grinding,
spray-drying, spray-congealing, solvent-antisolvent,
supercritical CO,, freeze-drying, jet dispensing, high shear wet
granulation, sublimation and acoustic methods.1”7 Even with
the numerous existing approaches to solid form generation, a
significant challenge remains to produce industrial quantities of
pharmaceutical solids, predominantly cocrystals, reliably and
economically while adhering to all regulatory guidelines within
good manufacturing practices (GMP).8? Currently, solvent-
based methods are still preferred by major pharmaceutical

industry, despite the fact that reliance on solvent methods

Fig. 1 a) The outside of a Hastelloy 250 L RCD with a 163 L working capacity. b) A
view of the inside of a 51 L RCD with a 28 L working capacity. The “arm” can control

the inside environment of the RCD. Not pictured — the “sock” filter that would
usually surround the mesh of the arm. c) The VAT Mk.1 apparatus. A simple rotary
evaporator solvent trap acts as a reservoir. The solids are added to the round
bottomed flask and slowly rotated. d) The VAT Mk.10b. To the right of the picture,
a flow of N, carrier gas is bubbled though a solvent reservoir that passes through
the sample tumbler. To the left of the picture, an overhead stirrer is geared down
using a worm gear to provide a steady rate of rotation to the stainless-steel tumbler.

increases costs and the environmental impact.1° Such solvent methods can also create high levels of residual solvent,

requiring further time-consuming processing. If we are to create a sustainable chemical industry, further innovations

are required in the large-scale manufacture of solid form pharmaceuticals.
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Fig 2. A simplified cartoon of the VAT process involving 4 main steps. Loading the conformer reactants, tumbling in solvent vapour, drying under vacuum, and unloading the
cocrystal.

One potential avenue for development in this regard is utilising solid-solid or solid-gas reactivity. Such a
phenomenon is already well-known in the pharmaceutical field as evidenced by the requirement to test and control

against the interconversion of solid forms, such as
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currently under-utilized in industry, as the development of processes using such transformations is usually hindered by
scalability issues and concerns.

This report presents a new approach, termed Vapour-Assisted Tumbling (VAT), a simplified process as shown in Fig.
2. VAT is an attempt to create a reliable method of producing such vapour-induced transformations for future use in
the pharmaceutical industry. It would potentially make use of the common industrial rotary cone dryer to bring solid
components into close contact in an environment of vapourised solvents with constant agitation, i.e. “tumbling”. In this
report both cocrystals and salts were formed in the solid state using minimal solvent volumes.

Rotary cone dryers (RCDs), also known as rotary tumble dryers, rotary double cone dryers or “rotocones” (shown in
Fig 1, schematic shown in Fig 3) are in widespread use throughout industrial chemistry and are commonly used to dry
solids, for instance pharmaceutical solids. These dryers are capable of efficiently drying solid compounds through
controllable heating and constant agitation i.e. tumbling.2> It is this constant agitation that provides good surface-to-
surface interaction between particles that can allow for solid-state phase transformations and cocrystallisations, and
the tumbling speed can be controlled to provide different levels of agitation. Additional motorised “choppers” can be
attached to the inside of the cone to break up large clumps, ensure flowability of the powders and prevent “balling”
during the drying process. Since the tumbling chamber is sealed and commonly lined either with steel, glass or other
inert materials, a wide range of reactants and solvents may be used safely.

Many RCDs are also “jacketed” allowing for fine control of the internal temperature of the dryer. Additionally, some
models of industrial rotary cone dryers can spray a fine mist of vapourised solvent upon the solids. This “misting” mode
may be considered akin to the common process of liquid-assisted grinding (LAG) in mechanochemistry in which very
low catalytic amounts of solvent are used.

RCDs can also be made gas tight and pressurised allowing for a wide variety of gaseous environments, even highly
corrosive ones. One such example is the commercial preparation of amorphous ziprasidone hydrochloride. Ziprasidone
freebase can be safely tumbled under an HClg) atmosphere inside an RCD, causing a solid-gas phase proton transfer
creating the hydrochloride salt in commercial quantitative yields and meeting all purity specications.26.27 Typically these
transformations were done on 200 Kg scale in 1500 L RCD. With capacity volumes commonly ranging between 5 —10,000
L, RCDs are already scaled to the demands of pharmaceutical and chemical industries; thus when transitioning to larger
scales, VAT potentially would offer an industrially applicable process involving accelerated aging in combination with
low-energy agitation.

To assess the scope of the VAT technique, smaller analogues that mimic the basic functions of a common industrial
rotary cone dryer (RCD) were built, schematics of which can be seen in Fig. 3 (further designs are detailed in the SI).
These analogues were built with a focus on the tumbling motion and the controlled environment of solvent vapour that
can be maintained in an RCD. For an accessible laboratory experiment, VAT can be conducted using a repurposed rotary
evaporator (VAT Mk.1, Fig 3.). The solid forms targeted included cocrystals and salts with scales ranging from 100 mg

to 15 g of total materials.

Experimental

Chemicals used in this work were either purchased from commercial sources or obtained from company resources and

in-house synthetic processes. PXRD data of all samples were acquired using a Bruker AXS D8 Discover (Bruker-AXS,
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Fig 5. Characterisation of the Acl:Ura (1:1.5) cocrystal. a) PXRD comparisons of the Acl:Ura cocrystal. upon dry mixing for 1 hr, after the VAT process. The single crystal structure
of the Ari:Ura cocrystal has not been previously published, so a comparison with its reported solvent crystallisation and digitised patent PXRD is shown instead. b) FT-IR spectral
comparison between the components and the cocrystal. c) DSC thermogram of the cocrystal. d) A *H NMR (DMSO-d;) of the final material from the VAT process.
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Karlsruhe, Germany) equipped with a PILATUS3 R 100K-A 83.8 x 33.5 mm? area detector and an Incoatec Microfocus
Source (IuS) Cu-anode (A = 1.54060 A) X-ray source. X-rays were generated at 50 kV and 1000 pA and focused with a
micro mask 0.1 mm plug-in pinhole microslit. Each sample was placed on a zero background Si holder and mounted on
the UMC 150 sample stage. Each sample was oscillated on the x and y axis with a 1 x 1 mm amplitude. Either one frame
of data was collected using either still scans or multiple frames taken and then merged. Raw diffraction frames were
merged and integrated using Bruker DIFFRAC.EVA V5.2 (Bruker-AXS, Karlsruhe, Germany). Differential Scanning
Calorimetry (DSC) was performed with a Mettler-Toledo DSC821e or a TA Q2000. Samples were loaded into Al 40 uL
crucibles and sealed with perforated Al lids. Experiments were conducted between 25-320 °C at 10 °C min! with
synchronisation enabled. The data was processed using the STARe 9.3 software. IR spectroscopy was performed using
a PerkinElmer Spectrum Two FT-IR using the UATR accessory. NMRs were taken using a Bruker 400 MHz.

As much as possible the examples were compared to previously reported structures obtained from the CCDC and
using Mercury to predict the associated PXRD patterns.?8 For data only available in patent literature, the PXRD was
overlaid with the experimentally obtained pattern using WebPlotDigitizer due to the lack of published data and other

characterisation methods.2%%

Rotary Cone Dryer — Analogues

Over the course of the process development, several different approaches to VAT were made. The two major “modes”

of the VAT used were either “back-fill” or “flow-through” modes. The
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back-fill mode involved placing the solids under
vacuum, closing the system, and then back-filling
with the solvent vapour from a reservoir. The flow-
through mode involved bubbling an inert carrier gas
(such as N3) through the solvent and passing the gas

over the tumbling solids. To enhance the carrier gas
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Fig 8. PXRD comparisons of the Inic:Res and Nic:Fum cocrystals upon dry mixing

“Mark” (Mk) designation. In terms of simplicity, the

for 1 hr, after the VAT process and alongside their predicted PXRDs from reported

CCDC structures.

Mk.1 makes use of the ubiquitous laboratory rotary

evaporator and solvent trap and can be replicated in most laboratories. The most successful design and closest in

function to an RCD was the custom made “Mk.10b” (Fig. 1d & 3). The Mk.10b was custom designed to mimic the basic

features of a standard RCD, that being; a stainless-steel construction, a cylindrical or conical sample tumbler, and the

ability to do both back-fill and flow-through batch modes. Schematics and other VAT apparatus designs can be found in

the supporting information. Fine temperature control on the Mk.10b was met with some difficulty, so was eventually

deemed outside of the scope of study. On a full-sized RCD however, fine temperature control is usually standard.

For VAT in the Mk.10b each of the sample powders in their stated stoichiometries were tumbled in the sample
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Fig 6. PXRD comparisons of the Ari:Cat and Ari:Res cocrystals upon dry mixing for 1
hr, after the VAT process and alongside their predicted PXRDs from reported CCDC
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tumbler at a constant 9 rpm, consistent with RCD
standard operating procedures that range between
3-9 rpm depending on the mass and bulk density of
the load.These experiments were done at ambient
temperature with a flow of Ny bubbled through the
solvent reservoir. This N,/MeOH flow was passed
through the sample tumbler containing the mixed
powders. The powders were periodically evaluated

by PXRD for cocrystal/salt formation.

Cocrystals
Acalabrutinib : Urea (1:1.5) Cocrystal

Acl (5.00 g, 10.74 mmol) was milled by hand in a
mortar and pestle for 2 min and added to the sample
tumbler of the VAT Mk.10b. Ball-milled urea (0.97 g,

16.11 mmol) was also added to the sample tumbler.



The solids were tumbled for 1 h in atmospheric conditions. A flow of N, through MeOH was introduced into the sample
tumbler (~420 mL min1). After 24 h of tumbling in N2/MeOH the solids were removed from the sample tumbler.
Recovered mass: 5.42 g. A DSC showed an endothermic peak at 174.25 °C followed by another small endotherm at

181.07 °C.

Aripiprazole : Catechol (1:1) Cocrystal

Milled aripiprazole (5.00 g, 11.15 mmol) and Cat (1.23 g, 11.15 mmol) were added to the sample tumbler of the VAT
Mk.10b and tumbled for 1 h in atmospheric conditions. The tumbling was resumed with a flow of N, bubbled through
the MeOH reservoir (~¥77 mL min-1). After 1 h of tumbling in N2/MeOH the solid had become very sticky and had balled
clumps. The balls of sticky solid were broken up as much as possible before tumbling in N,/MeOH resumed. After a
further hour (2 h in total), the solid was observed to be no longer sticky, with many small balls. The solid was gently
broken up in a mortar and pestle before returning to the sample tumbler. The solid was then left enclosed inside the
sample tumbler without tumbling, but with a low flow of N/MeOH (~45 mL min) overnight (~18 h). The solids were
then removed from the sample tumbler. Recovered mass: 5.79 g. A DSC showed a small endotherm at 94.01 °C followed
by the main endothermic melting peak onset at 119.18 °C (Reported Ari:Cat M.P. = 121.2 °C) without any noticeable
peak from Ari (reported M.P. = 139.0 °C).

Aripiprazole : Resorcinol (1:1) Cocrystal

Milled aripiprazole (3.00 g, 6.96 mmol) and resorcinol (0.74 g, 6.69 mmol) were added to the sample tumbler of the VAT
Mk.10b and tumbled under ambient conditions. After 1 h, a flow of N2/MeOH (~77 mL min) was introduced to the
tumbler. After a further 1 h, the sample had balled clumps. The balls of powder were crushed with a spatula and the
sample tumbled for a further 3 h. After a total of 4 h being tumbled in N,/MeOH, the experiment was stopped, and the

solids removed. Recovered mass: 3.70 g. A DSC of the final material showed three small endotherms at 107.82 °C, 134.81

o °C and 138.62 °C. The major endotherm was seen at
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structures.
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component were tumbled in the VAT apparatus under ambient conditions for 1 h.
The PXRD of the final obtained material after the VAT process is shown. Detailed
comparisons with time sampled PXRDs including DSC analysis can be found in the
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sample tumbler of the VAT Mk.10b and tumbled dry.
After 1 h, a flow of N/MeOH (~¥77 mL min') was
introduced to the tumbler. After a further 20 h of
tumbling in N2/MeOH vapour an additional portion
of Nic (0.26 g, 2.12 mmol) was added. After a further
4 h of tumbling, no more peaks of either Cbz or Nic
could be seen in the PXRD. Recovered mass: 7.28 g.
A DSC of the final material showed two very small
peaks at 123.72 °C and 126.68 °C, with the major

sharp endotherm being seen at 158.70 °C.

Isonicotinamide : Resorcinol (1:1) Cocrystal

Milled resorcinol (2.50 g, 22.71 mmol) and
isonicotinic acid (5.55 g, 45.41 mmol) were added to
the sample tumbler of the VAT Mk.10a and tumbled
dry. After 1 h, a flow of N;/MeOH (~420 mL min)
was introduced to the tumbler. After a further

tumbling for 18 h no peaks from either the Res or Inic

remained. Recovered mass: 7.70 g. A DSC showed two very small endotherms at 69.13 °C and 141.49 °C, with the major

sharp endotherm being seen at 152.24 °C.

Nicotinamide : Fumaric Acid (1:1) Cocrystals

Milled nicotinamide (5.00 g, 40.94 mmol) and fumaric acid (4.75 g, 40.94 mmol) were added to the sample tumbler of
the VAT Mk.10b and tumbled under a flow of dry N3 (~45 mL min-1). The flow of N, was bubbled through the reservoir of
MeOH and passed through the sample. After 4.5 h, MeOH (1 mL) was added after 1 h, 2.5 h and 4.5 h. An aliquot (0.10 g) was
then removed and set aside. The remaining powders were tumbled in No/MeOH for a further 2 days. The solvent reservoir was
the removed and dry N, passed through the tumbler for 2 h. Recovered mass: 9.29 g. A DSC of the final material showed one

sharp endotherm at 176.85 °C.

Salts

Carvedilol : Oxalic Acid (2:1) Salt

Carvedilol freebase (4.30 g, 10.58 mmol) and milled oxalic acid dihydrate (0.68 g, 5.29 mmol) were added to the sample
tumbler of the VAT Mk.10b and tumbled under a flow of dry N, (420 mL min-1). After 1 h, a PXRD was taken of the free
flowing powder showing no conversion to the reported Cav:OxA (2:1) salt (CCDC: YOKSUP).30 A flow of N, bubbled
through MeOH was added to the tumbler and tumbling resumed. Within 1 h, peaks of the reported salt were seen along
with broad peaks from an unknown form. After continuing the process overnight, MeOH (1 mL) was added directly to

the solids in the sample tumbler. After a total of 46 h in N,/MeOH, only peaks from the salt were observed by PXRD.



The powders were then removed from the sample tumbler. Recovered mass: 4.476 g. A DSC was taken showing a small

endotherm at 112.73 °C followed by the major, broad, endotherm onset at 195.39 °C.

Olanzapine : Nicotinic Acid (1:1) Salt

Milled olanzapine free base (1.00 g, 3.20 mmol) and nicotinic acid (0.34 g, 3.20 mmol) were added to a 100 mL round
bottomed flask along with a 1.5 cm stir bar. The rotovap trap was filled with MeOH and attached to the VAT Mk.1
apparatus. The system was placed under vacuum before being closed off

and allowed to equilibrate with an atmosphere of MeOH. Gentle rotation was started and left overnight (~18 h). The
solids were then removed from the flask. Recovered mass: 1.27 g. A DSC of the final material showed a single endotherm

onset at 222.11 °C.

Olanzapine : Oxalic Acid (1:1) Salt

Milled olanzapine free base (5.00 g, 16.00 mmol) and milled oxalic acid dihydrate (2.02 g, 16.00 mmol) were added to
the sample tumbler of the VAT Mk.10b and tumbled in atmospheric conditions. After 1 h, a flow of N, bubbled through
MeOH was introduced into the sample tumbler (¥420 mL min1). After 1 h of tumbling in No/MeOH the solid had become
bright orange. After 2.5 h of tumbling in N,/MeOH the tumbling was stopped, and the powders allowed to age for 3
days in a low flow of N/MeOH (~21 mL min-1). Recovered mass: 6.33 g. A DSC showed a broad endotherm with an onset

at 230.86 °C with a peak of 236.48 °C.

Results and discussion

Sample Preparation and Experiments

To help with a fast conversion, the individual components were ground separately to reduce their particle size* before
the addition to the VAT apparatus. The mixing of the two powders was always done using the VAT apparatus itself as it
would be done in a full-size RCD.

In the experiments reported here (see Table 1), MeOH was used due to its low cost, volatility and relatively low
toxicity®. Nevertheless, the final product of each experiment was tested for residual solvent by H NMR. Incorporation
of solvent into the co-crystal occurred at varying levels, (Table 1) and shows no obvious correlation to the structure of
the coformers. It is entirely possible that a switch to other common solvents could result in lower levels of residual
solvents, accelerate the formation of the desired solid form, or even produce a new one. However, since some solvent
does get incorporated during VAT processes, the toxicity of the solvents used should always be carefully considered. At
the same time, it is important to remember that the primary function of an RCD is for drying and removing residual
solvents. This creates a highly efficient process where the final solid form can be created using a solvent vapour and
then summarily dried without removal from the RCD — saving valuable processing time.

The Acl:Ura (1.1.5) cocrystal is usually crystallised from 10 volumes of EtOH per gram of Acl at a temperature of 55
°C.31 With VAT, it was found that either EtOH, MeOH or acetone could be used leading to a good conversion within 10
h without the need for elevated temperatures.

Both the Ari:Cat (1:1) (CCDC: KAJFIN32) and Ari:Res (1:1) (CCDC: KAJFEJ32) cocrystals were first reported as being
crystallised by evaporation from CHCl3/EtOH (4:1) at 70 °C before drying in a vacuum oven for 24 h.33 Subsequent

attempts at cocrystallising via mechanochemistry by use of neat and liquid-assisted grinding in a mortar and pestle did

8



Table 1. Table of experiments

Coformer 1 Coformer 2 Mass Mass Time Residual
Expt (eq) (eq) Recovery Recz)\;ery / hr MeOH Ref
/g % /ppm
1 Acalabrutinib (2) Urea (3) 5.42 91 24 600 S0
2 Aripiprazole (1) Catechol (1) 5.79 93 3+18 h age 3200 31
3 Aripiprazole (1) Resorcinol (1) 3.70 99 4 3400 A
4 Caffeine (1) Citric Acid (1) 9.45 95 42 1100 34
5 Carbamazepine (1) Nicotinamide (1) 7.28 93 28 ND 39
6 Isonicotinamide (1) Resorcinol (1) 7.70 96 18 ND 40
7 Nicotinamide (1) Fumaric Acid (1) 9.29 95 72 ND =
8 Carvedilol (2) Oxalic Acid (1) 4.76 90 46 ND 28
9 Olanzapine (1) Nicotinic Acid (1) 6.80 96 18 500 48
10 Olanzapine (1) Oxalic Acid (1) 6.33 90 2.5+72h age 16000 44

not produce either the Ari:Cat or Ari:Res cocrystals. Using the VAT process, both the Ari:Cat and Ari:Res cocrystals were
successfully crystallised in N»/MeOH vapour at room temperature in approximately 4 hours. This both drastically
increases the feasible scale of cocrystallisation compared to evaporation and decreases the energy input required for
maintaining high temperature.

The Caf:CitA (1:1) cocrystal is a common and well-known cocrystal with several reported polymorphs obtained via
mechanochemistry, with Form-I described as “disappearing”.3437 By tumbling the Caf and CitA in MeOH, it was found
that Form-Il (CCDC: KIGKERO1) was formed after ~18 h.

Cbz:Nic (1:1) cocrystal has been previously reported to form spontaneously upon mixing,
and that this can be accelerated in the presence of solvent vapours.123839 Tumbling powders of Cbz and Nic in the VAT
apparatus with MeOH vapour produced PXRD peaks of the reported cocrystal (CCDC: UNEZES) within 1 h of the
experiment.*° After 20 h of tumbling in MeOH vapour, the peaks corresponding to both Cbz and Nic were hardly visible.
After a slight excess of Nic was added, a complete conversion was seen by PXRD. A DSC of the final material showed
very minor endotherms of Cbz and Nic, with the major endotherm corresponding to the Cbz:Nic (1:1) cocrystal.

The Inic:Res (2:1) cocrystal was previously obtained from hot EtOH following evaporation over a few days
(CCDC: VAKTUX).%! By tumbling Inic and Res in the VAT apparatus with an atmosphere of MeOH vapour, the cocrystal
was formed in just 1 h, and nearing completion after just 2 h.

For Nic:Fum cocrystals, both the Nic:Fum (1:1) and Nic:Fum (2:1) have been reported (CCDC: NUKYAUO1 and
EDAPOQ respectively).#2 The vapour-induced reaction of Nic and Fum was previously explored by using in-situ PXRD. It
was found that in a 1:1 stoichiometric ratio of the two powders, that in the presence of either MeOH or EtOH, the
Nic:Fum (2:1) was made first, before a slow (over 6 h) conversion to the final Nic:Fum (1:1) cocrystal. When the same
1:1 ratio was investigated in VAT conditions, the peaks of 1:1 cocrystal were seen first. Upon addition of MeOH (1 mL)
directly to the powders, the 2:1 cocrystal was seen after 1 h, but had mostly disappeared after a further 4.5 h.

Three previously reported salts were also made using the VAT technique. The Cav:OxA (2:1) salt (CCDC:
YOKSUP) was previously made by mixing the components in EtOH/H,0 (1:1, v/v) at 70 °C for 20 min before being filtered
and dried.30 Starting from a Cav freebase (CCDC: GIVJUQO0143), after 1 h of tumbling in MeOH vapour, the reported
Cav:OxA (2:1) salt quickly formed concomitantly with the freebase along with very broad peaks of an unknown phase.
After 22 h and the addition of MeOH (1 mL) directly to the solids, the peaks of the unknown phase were no longer visible
by PXRD.



The Ola:NicA (1:1) salt (CCDC: TAQNUV) was originally produced by slow evaporation of aqueous MeOH
(90%).44 Using the VAT technique, the salt was produced in MeOH vapour within 18 h.

An Ola:OxA (1:1) salt (CCDC: PEWPUF) was previously synthesised via liquid-assisted grinding (LAG) in a mortar and
pestle with MeCN for 45 min and then heated at 80 °C for 15-20 min.*> After tumbling in MeOH vapour for 18 h and
aging for 3 days, the same Ola:OxA salt was produced without the need for elevated temperatures.

Overall, the VAT technique was successful in performing solid-solid conversions without any significant optimization
—mainly for cocrystals. Several of the cocrystals underwent a full conversion (as evidenced by PXRD and DSC) in a matter
of hours. Even for those systems exhibiting slow or modest conversion, it is reasonable to expect that the large number
of variables such as temperature, solvent vapour, flow rate, rate of rotation/tumbling, time, and particle size facilitated
by using an RCD could be screened to successfully obtain and optimise difficult solid-solid form conversions and ensure
phase purity. It is important to note that by the very nature of the technique (i.e. solid to solid conversion), the phase
purity of VAT is completely dependent on the correct stoichiometry of the solid form components being loaded into the
RCD. In our examples, phase purity was determined by PXRD and DSC. It is possible that the limit of detection (LOD)
provided by our instrumentation was not sufficient to detect the presence of other phases. Further determination of
the LOD would be beneficial to quality control; however, a full LOD study for each sample was determined to be out of
scope at the present time.

As the technique may make use of standard RCDs with little modification, we feel the uptake in industry could be
quite rapid since it may provide benefits in terms of ease of production, yield, efficiency and environmental impact in
terms of solvent usage and potential to be used at room temperature.

The VAT technique proved versatile across many different cocrystal systems. As previously stated by the Mehta
group, “the catalytic effect of organic solvent vapours may be more widespread”.13 This appears to be true, with the
VAT technique proving successful in several transformations not reported here. It is conceivable that many more

polymorphic transformations can occur with mechanical agitation while in environments of solvent vapour.

Conclusions

The VAT technique has been applied to produce several pharmaceutically active solid forms in quantitative yields with
very low solvent usage. Since the use of RCDs are widespread in the pharmaceutical industry, the barrier to investment
is lowered when adopting VAT processes. In addition, VAT can be further tested quite easily in an academic environment
by using a standard rotary evaporator with a trap containing a volatile solvent, allowing for additional low-cost
experimentation and modification before reaching industrial scales. The surprising number of positive experimental
outcomes demonstrate the generality of this technique and that the use of vapour in solid form conversions may have
widespread potential. Further to this, final solid form processing time could be massively lowered as the cocrystal can
be both formed and dried inside the same RCD.

Given that the vapourised solvent is not actively consumed during the crystallisation, solvent waste is significantly
diminished. RCDs are already designed to trap the solvents being removed from the drying solids. It is therefore feasible
that the solvent used in the process would be both recoverable and recyclable in a closed-cycle system.2> Depending on
impurity profile, the solvent could also be reused with minimal reprocessing. This could drastically lower the industrial

use of solvents and provide a step forward towards greener crystallisation processes.*6:47
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The VAT technique can save both time and money and we hope that VAT will be considered an improved and readily
scalable approach to the industrial production of cocrystals and salts of active pharmaceutical ingredients with good

potential in other areas of industrial chemical processing.
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Notes and references

¥ Solid forms reported by patents vary in the extent to which they are characterised. We have elected to take the patents cited
here at face value. If the patent reports the form as a cocrystal, it is described as such in this work. Some of these forms with
further characterisation may reveal themselves to be salts or may fall on a salt-cocrystal continuum or otherwise. The full
characterisation of reported forms of others was deemed to be outside the scope of this work.

* It may be found that particle size is of importance to the VAT technique. Work to understand and address this is ongoing.

9 International Council for Harmonisation of Technical Requirements for Pharmaceuticals for Human Use (ICH) guidelines state
that MeOH is a Class 2 solvent - permitted daily exposure (PDE) limit of 30.0 mg day! and a concentration limit of 3000 ppm.*8
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