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Cannabidiol (CBD) is a naturally occurring phytocannabinoid, approved for use in the US and other
countries for the treatment of seizures associated with Dravet syndrome, Lennox-Gastaut syndrome and
tuberous sclerosis complex, and is commonly isolated and used in its well-known stable crystalline form
(form 1). We present a study of the crystal structures of an homologous series of CBD analogues,
containing variations in the alkyl sidechain at C-5', which shows that CBD form 1 is an unusual structural
outlier. CBD C-5" homologues display homologous isomorphism, existing as isomorphic variants in the
solid state, whereas CBD form 1 shows notably different crystal packing, suggesting the potential existence
of a previously uncharacterized isomorphic CBD polymorph. This predicted isomorphic CBD polymorph
(form 2) was subsequently discovered through the use of high throughput crystallisation techniques
(ENaCt) in combination with CBD homologue seeding, with single crystal X-ray diffraction analysis
demonstrating its fit within the larger isomorphic series. This work represents the first example of directed
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1. Introduction

Cannabidiol (CBD) is one of at least eighty-five naturally
occurring phytocannabinoids found in cannabis plants and
accounts for around 40-50% of the crude plant extract
alongside other significant phytocannabinoids including
cannabidivarin  (CBDV), cannabigerol (CBG) and A’-
tetrahydrocannabinol (THC)."™ CBD naturally exists in the
plant as cannabidiolic acid (CBDA), which is converted to
CBD through thermal decarboxylation upon isolation.* CBD
was discovered and first isolated in 1940 by the groups of
both Adams and Todd,”® with relative and absolute
stereochemistry determined by subsequent work from
Mechoulam and Sikemeier.”™®
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polymorph discovery using high throughput ENaCt techniques.

Following botanical extraction and decarboxylation, high
purity CBD may be isolated commercially by
crystallisation.’®"" CBD is not euphoric and has become
increasingly important as an active pharmaceutical
ingredient (API). The medicinal product Sativex™, which is
used for symptom improvement in patients with moderate to
severe spasticity due to multiple sclerosis (MS), contains CBD
and THC as the most abundant phytocannabinoids while
Epidiolex™, which is used for the treatment of seizures
associated with Dravet syndrome, Lennox-Gastaut syndrome
and tuberous sclerosis complex, contains highly purified
CBD.lZ,lB

The crystal structure of CBD was first reported in 1977 by
the two groups of Kennard'* and Rosenqvist'> (CANDOMOT1,
CANDOM10), with Bodensteiner et al. later confirming the
absolute stereochemistry via accurate measurement of the
anomalous dispersion effects on the Friedel pairs of
reflections (CANDOM11)."® CBD crystallises in the
monoclinic space group P2,, with two independent molecules
in the unit cell (Z' = 2). These molecules are connected
through a single hydrogen bond, linking two of the phenolic
OH groups. A network of weaker C-H---O-H interactions
complete the molecular network within the crystal structure.
The major difference between the two molecules in the
asymmetric unit arises from differences in the torsion angles
within the n-pentyl chain, attached at the C-5' position. In
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one of the molecules the n-pentyl chain adopts a more linear
arrangement, whilst in the other molecule the n-pentyl chain
is folded back towards the body of molecule (Fig. 1).

CBD is one of a series of naturally occurring homologous
phytocannabinoids which differ only in the length of the
alkyl chain at the C-5' position. Due to the potential
bioactivity of molecules in this series, and the variations in
activity that this alkyl chain may impose,
investigated the solid forms of a subset of CBD homologues.
This subset is formed of the naturally occurring n-propyl
substituted cannabidivarin (CBD-3 or CBDV), n-butyl
substituted CBD-4, and n-pentyl substituted parent
cannabidiol (CBD-5 or CBD) and the synthetic n-hexyl
substituted CBD-6 (Fig. 2).

Following  relatively  straightforward  crystallisation
processes, our analysis of the crystal structures of CBD-3
(CBDV), CBD-4 and CBD-6 revealed a particularly interesting
feature. All three of the molecular forms, irrespective of the
alkyl side chain, crystallised in the orthorhombic space group
P2,2,2,, with only one molecule in the asymmetric unit.
Furthermore, the structures demonstrated an isomorphic
packing arrangement, providing a near unique set of
structures where the inclusion of successively longer alkyl
chains only increases the molecular separation but does not
disrupt the packing motif.

Crystallographic studies on molecular series differing only
by alkyl chain length have previously shown odd-even
alternation effects, in which odd homologues or even
homologues have similar crystal forms, but differ from odd
to even.'””'® However only a small number of examples are
known in which molecular homologues show isomorphic
packing, described by Kitaigorodskii as “homologous
isomorphism™."

This rare case of “homologous isomorphism” within the
CBD homologues, prompted our interest, particularly with
the knowledge that these structures did not correlate to the
parent molecule CBD, having an entirely different solid-state
structure. We therefore hypothesized that there may be a
hitherto unknown crystalline form of CBD, an isomorphic
polymorph to the studied series. Herein, we have validated
our prediction with the discovery of a new polymorph of CBD
(form 2), through the use of template seeding in combination
with  high  throughput encapsulated nanodroplet

we have

Fig. 1 Structure of CBD form 1. Left, a pair of CBD molecules in the
unit cell, H-bonds highlighted. Right, overlay of the crystallographically
inequivalent CBD molecules in the unit cell showing conformational
differences. Anisotropic displacement parameters shown at 50%
probability, all carbon bound hydrogen atoms removed for clarity.
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Fig. 2 Molecular structures of investigated cannabinoids, (1) CBD-3
(cannabidivarin;, CBDV; n = 2), (2) CBD-4 (n = 3), (3) CBD-5
(cannabidiol; CBD; n = 4) and (4) CBD-6 (n = 5).

crystallisation (ENaCt).*® ENaCt involves the use of high-
throughput robotics to generate crystallisation experiments
in 96 well format sealed glass plates, in which a nanolitre
scale droplet of analyte is encapsulated within an inert oil.
The oil encapsulation aids in controlling subsequent
crystallisation of the analyte, typically over the course of a
few days. ENaCt has found previous application in the
crystallisation of a range of small organic molecules,
including the discovery of new polymorphs, albeit without
the use of seeding.>'>* ENaCt was chosen for this study, over
other modern crystallisation methods, as it allowed for the
rapid exploration of experimental crystallisation space in
organic solvents that would be required to discover new CBD
polymorphs.>*

2. Experimental
2.1 Material

All materials were provided by GW Pharma, a Jazz
Pharmaceuticals company, with cannabidiol (CBD-5) and
cannabidivarin (CBD-3) isolated from botanical materials
using proprietary methods and CBD-4 and CBD-6 prepared

synthetically following literature methods.>’

2.2 Classical crystallisation of CBD-3, CBD-4, CBD (form 1)
and CBD-6

Single crystals suitable for analysis via single crystal X-ray
diffraction (SCXRD) were prepared as follows. CBD-3 was
crystallised from an n-heptane/toluene solution, CBD-4 was
crystallised from an n-heptane solution and CBD-6
crystallised from a neat oil upon prolonged storage at —20
°C. CBD form 1 crystals were grown via slow evaporation
of solutions of CBD in n-pentane, n-hexane, n-heptane and
dichloromethane (see ESI; page S4).

2.3 CBD form 1 by ENaCt

ENaCt crystallisation of CBD was carried out in 96 well glass
plates, using nine hydrocarbon and halogenated solvents in
which CBD was highly soluble (pentane, hexane, heptane,
chloroform, 1,2-dichloroethane (1,2-DCE), toluene,
chlorobenzene, fluorobenzene and hexafluorobenzene
(CeFe)), at three different concentrations and in the presence
of four oils (FC 40, Fomblin YR, PDMSO, or mineral oil),
resulting in a total of 864 individual ENaCt experiments.

This journal is © The Royal Society of Chemistry 2023
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After 14 days, crystallisation experiments were assessed
visually by cross-polarised optical microscopy and outcomes
were ranked as: (F) failed; (1) remaining in solution; (2) oil or
amorphous solid; (3) microcrystalline material; (4) crystals
suitable for SCXRD. 18 of the 864 ENaCt experiments (2.1%)
gave single crystals suitable for SCXRD (3 from chloroform, 4
from 1,2-DCE, 6 from toluene, and 5 from fluorobenzene).
The majority of single crystals grew from mineral oil at the
higher concentration and displayed needle-like
morphologies. A representative selection of crystals was
examined by SCXRD and gave unit cell parameters that
matched the known CBD form 1. A full SCXRD data set was
also obtained from a crystal grown from toluene/mineral oil,
and the refined structure also matched the known CBD form
1 (see ESL} pages S5-57).

2.4 CBD form 2 by ENaCt including template seeding

ENaCt crystallisation of CBD was undertaken seeded with
CBD-3 and CBD-4, with control experiments involving non-
seeded and seeding with CBD (form 1), using five solvents
(chloroform (CHCl3), 1,2-dichloroethane (DCE), 1,1,2,2-
tetrachloroethane (TeCE), toluene and 4-fluorotoluene) and
four oils (FC 40, Fomblin YR, PDMSO, or mineral oil).

Seed crystals were prepared starting from classically
recrystallized material or commercially supplied crystalline
material and were crushed using a spatula to provide a stock
of seed crystals. Seeding of ENaCt plates was completed via
use of a Hampton micro-tool. This was used to pick up a
small quantity of crushed seed crystals which were then
manually placed in each well.

CBD gave crystals across a wide range of experimental
conditions, providing needle-like crystal morphologies, with
and without seeding with CBD (form 1). Crystals grown of
CBD, with CBD-3 and CBD-4 seeding, gave block-like crystal
morphologies indicative of a new polymorph (form 2) from
all tested solvents.

Unit cell data were collected for a series of crystals
including CBD form 1 (seeded w. CBD, DCE, mineral oil) and
CBD form 2 (seeded w. CBD-3, DCE, mineral oil), and full
SCXRD data sets were also obtained of CBD form 1 grown
with CBD seeding (seeded w. CBD, DCE, mineral oil) and
CBD form 2 grown with both CBD-3 (DCE, mineral oil) and
CBD-4 seeding (4-fluorotoluene, mineral oil) (CCDC 2234293-
2234299) (see ESI;i pages S8-5S10).

2.5 Melting point experiments for CBD form 2 by ENaCt

CBD form 2 crystals were grown from four 96-well
plates, consisting of a total of 384 experiments (DCE,
mineral oil, seeded with CBD-3). 361 wells (94%)
showed block-like morphologies, indicative of CBD form
2 crystals, from which crystals were manually selected
and packed into melting point tubes for measurements
(see ESLi pages S8-510).

This journal is © The Royal Society of Chemistry 2023
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2.6 Crystallographic data

All data are deposited with the CSD and can be accessed
through ref codes (2234293-2234299). Where compounds
have been previously studied and published data are
available, studies were repeated to provide comparable
experimental data to allow for more meaningful direct
structural comparisons. In these cases, no significant
differences were noted from the published structures.

3. Results and discussion

Crystals of suitable quality for SCXRD studies were obtained
for all compounds including CBD-3, CBD-4, CBD (form 1)
and CBD-6 (Fig. 3).

CBD-3, CBD-4 and CBD-6 all crystallise within the P2,2,2
space group with the same packing, and the structures can
be described as isomorphous, an example of homologous
isomorphism. The molecules pack into a layered structure,
with each layer bound by multiple weak C-H---O-H
intermolecular interactions. The oxygen atom of the hydroxyl
groups, involved in the intra-layer interactions, forms
connections with several locally oriented H-C groups (both
intermolecular and intramolecular, reducing molecular
conformational freedom). These layers then pack together
through classically stronger O-H---O-H interactions. The
differences between the structures across the isomorphous
series are imposed by the longer alkyl chain which increases
the spacing of the molecules within the layers, resulting in
an increase in the corresponding unit cell g-axis lengths.
Thus, across the CBD-3, CBD-4 and CBD-6 series the length
of the unit cell a-axis increases from 9.5113(4) to 9.7147(5)
and finally to 11.1727(13) A, with alkyl chains aligned closely
with the g-axis in the structures. This observed homologous
isomorphism across the series of molecules CBD-3, CBD-4

Fig. 3 Packing diagrams of the structures of CBD homologues, CBD-
3, CBD-4, CBD (form 1) and CBD-C6 (from top left to bottom right) as
viewed down the crystallographic c-axis. Hydrogen atoms have been
removed for clarity.

CrystEngComm, 2023, 25, 2479-2484 | 2481
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Table 1 Unit cell dimensions for crystals of CBD-3, CBD-4, CBD-5 (form 1), CBD-5 (form 2, seeded with CBD-4) and CBD-6
Compound CBD-3 CBD-4 CBD-5 (form 1) CBD-5 (form 2) CBD-6
Chemical formula C1oH560, CyoHy50, C,1H300, Cy1H300, C,,H3,0,
MW 286.41 300.44 314.47 314.47 328.50
Temperature (K) 150 150 150 150 150
Crystal system Orthorhombic Orthorhombic Monoclinic Orthorhombic Orthorhombic
Space group P2,2.24 P2,2.24 P2, P2,2.24 P2,2.24
a(A) 9.5113(4) 9.7147(5) 10.43482(16) 10.2114(2) 11.1727(13)
b (4) 12.2963(5) 13.1197(7) 10.88547(17) 13.0916(3) 12.5417(14)
c () 14.3259(5) 13.9392(8) 16.7749(3) 13.6676(3) 13.6848(16)
a(©) 90 90 90 a =90 90
Q) 90 90 95.4518(15) £ =90 90
7 (%) 90 90 90 y=90 90
Vv (A% 1675.47(11) 1776.61(17) 1896.81(5) 1827.13(7) 1917.6(4)
Peale (& cm™) 1.135 1.123 1.101 1.143 1.138
zZ 4 4 4 4 4
z' 1 1 2 1 1
Reflections collected 11921 10363 26 857 15895 14 661
Independent reflections 2963 3103 6671 3223 3394
[Rine = 0.0166, [Rine = 0.0189, [Rine = 0.0440, [Rine = 0.0184, [Rint = 0.0406,
Rsigma = 0.0136] Reigma = 0.0157] Rsigma = 0.0339] Reigma = 0.0125] Rsigma = 0.0332]
Final R indexes [all data] R; =0.0259, R, =0.0287, R, = 0.0425, R; =0.0244, R, =0.0297,
WR, = 0.0676 WR, = 0.0768 WR, = 0.0856 WR, = 0.0625 WR, = 0.0776
Flack 0.07(3) -0.03(4) -0.07(9) 0.00(2) -0.03(6)
CCDC number 2234293 2234294 2234295 2234299 2234296

and CBD-6 is highly unusual for systems varying only in alkyl
chain length. It should be noted that the unit cell b-axis
non-linearly across the series, the c-axis cell
dimensions show a marginal decrease, and the densities
remain similar (Table 1).

CBD (form 1) is a significant outlier in the series, having
an entirely different packing motif within the P2, space
group, with Z' = 2, and with the crystallographically
independent molecules having significantly different
conformations (as previously shown in Fig. 1).

Based on the observed homologous isomorphism of CBD-
3, CBD-4 and CBD-6 and the structural outlier that was CBD
form 1, we hypothesised that CBD should have a ‘missing
polymorph’ which would be isomorphous to the structural
series. However, both classical and high throughput ENaCt
crystallisation of CBD only resulted in the observation of the
needle-like CBD form 1.

Since our hypothesised polymorph of CBD would be
isomorphous with the rest of the series, we initiated a further
experimental study based around a seeding approach, in
which we would attempt to template the growth of a novel
CBD polymorph with seeds of the isomorphic crystals of its
homologues. ENaCt experiments were therefore undertaken
in which we attempted to grow crystals of CBD seeded with
CBD-3 or CBD-4, with control experiments including the
crystallisation of CBD alone and CBD seeded with CBD, using
an experimental space composed of 5 solvent/4 oil
combinations. CBD-6 was not used for seeding due to its low
melting point making seeding experimentally challenging.

CBD typically crystallised with a needle-like morphology
from all solvent/oil combinations, on its own and when
seeded with CBD form 1, the morphology matching that
typically observed for CBD form 1. Interestingly in the cases

varies
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when CBD was seeded with CBD-3, a new block-like
morphology was consistently observed from all solvent/oil
combinations, with 89 crystals from 160 experiments (56%)
suitable for SCXRD. Similar results were obtained for seeding
with CBD-4, with 85 from 160 experiments (53%) showing
block-like crystals suitable for SCXRD. Unit cell
measurements were taken for both needle-like crystals (CBD
seeded with CBD) and block-like morphologies (CBD seeded
with CBD-3 and CBD seeded with CBD-4) showing the
presence of two different polymorphs, form 1 and form 2.
Interestingly, the newly observed form 2 crystallised in the
same P2,2,2, space group as native CBD-3, CBD-4 and CBD-6
(Fig. 4, Table 1).

Full structural analysis by SCXRD of CBD crystals with the
block-like morphology confirmed the presence of a new CBD
polymorph (for CBD seeded with CBD-3, see ESL} page S15).
This new polymorphic form of CBD, form 2, was found to
match the idealised prediction from the homologous series
of CBD variants. Form 2 was found to crystallise in the
P2,2,2, space group with Z’' = 1. The structure indeed being
found to be isomorphous with respect to the observed crystal

—1250um

—1250m

Fig. 4 Examples of CBD crystals grown via ENaCt, for which full
structures were obtained by SCXRD: A) needle-like crystals of CBD
form 1 (seeded w. CBD, DCE, mineral oil); B) block-like crystals of CBD
form 2 (seeded w. CBD-3, DCE, mineral oil); C) block-like crystals of
CBD form 2 (seeded w. CBD-4, 4-fluorotoluene, mineral oil) grown via
ENaCt.

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 CBD-5 form 2, viewed down the crystallographic c-axis.
Hydrogen atoms have been removed for clarity.

structures of the series of CBD homologues CDB-3, CBD-4
and CBD-6 (Fig. 5). Additionally, the a-axis length of this new
form was found to fit with the trend of the previously
observed structures giving refined values of 10.1971(6) and
10.2114(2) A respectively for the CBD-3 and CBD-4 seeding
experiments, bisecting the values of 9.7147(5) and 11.1727(13)
A from the CBD-4 and CBD-6 variants respectively.

Finally, to better understand how CBD form 2 fits within
the polymorph landscape of CBD, a series of melting point
experiments were undertaken. Firstly, a single crystal of CBD
was confirmed as form 2, via unit cell analysis, and was then
slowly warmed within the nitrogen gas flow of an Oxford
Cryosystems Cryostream 800 in situ on a Bruker D8 Venture
diffractometer. Loss of crystallinity, as observed both visually
and through a disappearance of a discrete diffraction pattern,
occurred at approximately 45 °C.

Secondly, to allow for a bulk melting point analysis, four 96-
well plates were prepared containing CBD seeded with CBD-3,
in DCE and mineral oil. After 5 days, large numbers of CBD
form 2 crystals were identified by morphology, the
crystallisation plates were opened, and crystals removed from
multiple wells. These were collected on a glass slide, placed in
capillary tubes and melting point experiments were carried out.
CBD form 2 crystals melted at around 43-46 °C, lower than the
corresponding CBD form 1 (66 °C). Since CBD form 2 has a
lower melting point to form 1 by approximately 20 °C, we
suggest that form 2 is a kinetically formed ‘via templating’
metastable polymorph, with form 1 as the more
thermodynamically stable polymorph. The presence of multiple
polymorphs for small organic molecule is not unusual,**’ for
example glycine®® or the much studied ROY,*® however this is
the first example of such polymorphism in the cannabidiols.

Conclusions

Based on our observation of homologous isomorphism
within a series of CBD C-5' homologues, we investigated the
anomalous parent CBD molecule for the presence of a
predicted new polymorphic form. Through the use of
template seeding in combination with
crystallisation space exploration, by high throughput ENaCt
techniques, we have discovered a new polymorph (form 2) of
CBD, which we believe to be a metastable form based on

extensive

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

melting point analysis. With the discovery of CBD form 2, we
now report a rare case of four small molecules CBD-3, CBD-4,
CBD-5 and CBD-6 differing only by a single methylene unit,
which display homologous isomorphism in the solid state
across the series. Furthermore, this is the first report of seed
directed polymorph discovery by ENaCt techniques, which
further expands on the impact of this high throughput
nanoscale crystallisation method.
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