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Advanced crystallisation methods for small
organic molecules

J. P. Metherall, ©2*® R. C. Carroll, ©2° S. J. Coles, ©2° M. J. Hall 2 *@ and

M. R. Probert (2) *@

Molecular materials based on small organic molecules often require advanced structural analysis,
beyond the capability of spectroscopic techniques, to fully characterise them. In such cases, diffraction
methods such as single crystal X-ray diffraction (SCXRD), are one of the most powerful tools available to
researchers, providing molecular and structural elucidation at atomic level resolution, including absolute
stereochemistry. However SCXRD, and related diffraction methods, are heavily dependent on the
availability of suitable, high-quality crystals, thus crystallisation often becomes the major bottleneck in
preparing samples. Following a summary of classical methods for the crystallisation of small organic
molecules, this review will focus on a number of recently developed advanced methods for crystalline
material sample preparation for SCXRD. This review will cover two main areas of modern small organic
molecule crystallisation, namely the inclusion of molecules within host complexes (e.g., “crystalline
sponge” and tetraaryladamantane based inclusion chaperones) and the use of high-throughput
crystallisation, employing “under-oil” approaches (e.g., microbatch under-oil and ENaCt). Representative
examples have been included for each technique, together with a discussion of their relative advantages
and limitations to aid the reader in selecting the most appropriate technique to overcome a specific
analytical challenge.

1. To appreciate the importance of single crystal X-ray diffraction for the structural determination of small organic molecules.

2. To comprehend the fundamentals of molecular crystallisation and the use of classical crystallisation approaches.
3. To understand the key principles of four modern crystallisation methods: “the crystalline sponge method”, “tetraaryladamantane based inclusion

chaperones”, “microbatch under-oil crystallisation” and “encapsulated nanodroplet crystallisation (ENaCt)”.
4. To appreciate the advantages and challenges encountered for different modern crystallisation methods and to understand which is best suited for the

analysis of a particular molecule.

Introduction

molecular structure challenging.” In comparison, diffraction
methods such as SCXRD give access to information that can be

Single crystal X-ray diffraction (SCXRD) analysis is a readily-
available method that can provide access to both the molecular
and extended structure of a crystalline material, at the atomic
level.! Whilst modern nuclear magnetic resonance (NMR) and
mass spectrometry (MS) are very important in the characterisa-
tion of small organic molecules, they provide only indirect
structural information making the determination of complex
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interpreted to provide direct structural information for a mole-
cule. These interpreted experimental results provide unambig-
uous structural determination and, if performed to sufficient
precision and accuracy even absolute stereochemical assign-
ment.>® However, SCXRD has an inherent limitation in that it
requires the material being analysed to be available in a crystal-
line state. In particular, for full structural characterisation by
SCXRD, the samples must first be prepared as highly ordered
single crystals of a particular size (at least 10 pm in each
dimension), before any measurement can be performed. Parti-
cularly in the field of chemistry, crystallisation experiments
have largely revolved around time-consuming manual techni-
ques taking many weeks to complete, typically involving slow
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evaporation, liquid and vapour diffusion methods, requiring
many mg of analyte per experiment.”® Thus, a key experi-
mental bottleneck in molecular and structural analysis by
SCXRD is the growth or preparation of high-quality single
crystals, containing the target compound.

Following an overview of crystallisation theory and classical
crystallisation techniques, this review will focus on the discus-
sion of modern crystallisation methods. We centre this around
small organic molecules aiming to help overcome the crystal-
lisation bottleneck in molecular and structural analysis
by SCXRD. Further discussion of alternative crystallisation
methods including melt crystallisation,'®"® sublimation,"*™°
crystallisation in gels,”'”'® floating drop,'®*® crystallisation
under extreme conditions; high-pressure**** and low tempera-

ture in situ crystallisation®! can be found in alternative review
articles.
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1. Crystallisation of small organic
molecules from solution

In this section we give an overview of the theory of crystal-
lisation of a small molecule from the solution phase as back-
ground for later discussions.”>?* A solubility crystallisation
diagram can aid with understanding the crystallisation process,
particularly in the case of crystallisation by temperature varia-
tion or by evaporation (Fig. 1).>*”

Solubility crystallisation diagrams can be divided into three
main regions in which the molecule is stable, metastable or
labile in solution. In the stable region, the concentration of the
dissolved molecule is below that of the solubility limit, hence
no crystallisation can occur. As the temperature is reduced
(cooling) or the loss of solvent occurs (evaporation), the
solution will move to the saturation limit, the maximum
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thermodynamically stable concentration. Further cooling or
concentration results in a metastable state (metastable zone) in
which the solution is supersaturated but kinetically stable. The
third region of the solubility crystallisation diagram is the labile
region, an area of supersaturation where spontaneous precipitation
(or other phase changes such as “oiling out”) occurs.>*>*?

Using this method, crystals of a molecule are typically grown
from an initially subsaturated solution (Fig. 1, point 1). Cooling or
evaporation can be used to move to the saturation limit (Fig. 1,
point 2) and beyond, into the metastable zone (Fig. 1, point 3). At
this stage, following either spontaneous nucleation or the addition
of nucleation sites (e.g, seed crystals), crystal growth can begin.
Once this has commenced further cooling or evaporation results in
further crystal growth, with the crystalline material and molecules
in solution in an equilibrium at the saturation limit.**>°

The theory behind nucleation and initial steps in crystal
growth remain a complex and active area of research that goes
beyond the scope of this review.

Concentration /
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Fig. 1 Solubility crystallisation diagram for a molecule in solution, showing

the three key regions: stable, metastable, and labile. Crystallisation pathways
by evaporation or cooling are indicated.
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2. Classical crystallisation of small
molecules from solution for SCXRD

In this section we provide an overview of classical crystallisa-
tion techniques suitable for the preparation of crystals of small
organic molecules for SCXRD. Traditional crystallisation meth-
odologies employed to produce samples for SCXRD largely
revolve around slow growth of crystals from solution.>®*” An
overview of the commonly used classical solution phase crystal-
lisation techniques was published by Kroon and co-workers®
and as such, only brief summaries have been included here.
Classical solution phase crystallisation techniques for SCXRD
include:

(i) Evaporation

The molecule of interest is fully dissolved in either a single
solvent or mixture of solvents, typically close to the solubility
limit, often in a small glass vial. The vial is left open to an
atmosphere (e.g., air or N,) under conditions in which the rate
of evaporation is slow. Evaporation can take place over a typical
period of hours to weeks depending on the solvent. The loss of
solvent leads to an increase in the concentration of the
solution, until supersaturation is achieved. Following nuclea-
tion, continued slow evaporation can result in growth of high-
quality crystals (Fig. 2(i)).>**

(i) Thermal control

In a small glass vial a single solvent or mixture of solvents is
added to the molecule of interest to form a saturated solution,
in which solid is still present. The vial is then sealed and
carefully heated until the molecule is fully dissolved, at which
point the solution is cooled slowly in a carefully controlled
manner. Following nucleation, continued slow cooling is
required for high-quality crystal growth (Fig. 2(ii)).>**?°

(iii) Liquid-liquid diffusion

A solution of the molecule of interest close to the solubility
limit, is prepared in a suitable solvent(s), often in a small glass
vial. To which is added an appropriate anti-solvent (or precipi-
tant), typically carefully down the side of the vial, to form a
discrete layer on top of the solution. The anti-solvent should
ideally be less dense to aid the layering process and should also
be miscible with the solvent. The vial is then sealed, and over
time the anti-solvent slow diffuses into the solution. The slow

0) (i (i) @)

Fig. 2 Typical lab-scale experimental set-ups for the crystallisation of
small molecules for analysis by SCXRD: (i) crystallisation by slow evapora-
tion, (ii) crystallisation by thermal control, (iii) crystallisation by liquid—liquid
diffusion, and (iv) crystallisation by vapour diffusion.

Chem. Soc. Rev., 2023, 52,1995-2010 | 1997
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mixing of the anti-solvent with the solvent, creates an environ-
ment in which the molecule is increasingly less soluble until it
reaches the saturation limit. Following nucleation, continued
slow diffusion results in crystal growth (Fig. 2(iii)). Variants on
this technique include the use of ‘H’ tubes where the solution
containing the molecule of interest and the anti-solvent are
contained in two separate zones of the apparatus, separated by
a central diffusion zone in which slow diffusion of the solvent
and anti-solvent occurs.”>*

(iv) Vapour diffusion

The principle of vapour diffusion is very similar as for liquid-
liquid diffusion, whereby an environment is created in which
the solubility of the molecule is reduced through the slow
addition of an anti-solvent. However, in vapour diffusion the
anti-solvent diffuses into the solution via the vapour phase.”®
To carry out a vapour diffusion experiment, a vial containing
the molecule dissolved in suitable solvent near the solubility
limit is placed within a larger vessel containing a volatile anti-
solvent and the system is sealed. Slow mixing of the anti-solvent
into the solvent occurs via the vapour phase until the solubility
of the molecule drops sufficiently for crystallisation to occur
(Fig. 2(iv)).>****

High-throughput automated crystallisation screening sys-
tems have been developed in recent years, particularly within
the pharmaceutical industry, however these systems are not
typically focussed on accessing the high-quality single crystals
needed for SCXRD.?**® Thus the use of classical crystallisation
techniques, to access crystals for SCXRD, are still common in
research laboratories in both academic and industrial settings.
Such classical crystallisation techniques do however suffer
from a number of inherent limitations, namely the large
amount of material consumed during sample preparation
and the time taken to set-up the vast number of experiments
typically required to access a crystal form. In addition, classical
crystallisation techniques cannot give information on samples
that are liquids at room temperature. In order to overcome
some of the limitations of classical techniques, recently
four methods have emerged which allow small molecules to
be investigated by SCXRD.

3. The crystalline sponge method

The “crystalline sponge” method as defined by Fujita and co-
workers, allows for the structural analysis of small molecules by
SCXRD, without the need to crystallise the molecule of interest,
and can even be used for samples that are liquids under
ambient conditions.?” A crystalline sponge is a single crystal
of a metal organic framework (MOF) containing pores which
can encapsulate small molecules and promote their long-range
ordering within the framework.*® Once prepared, such MOFs
containing ordered guest molecules can be analysed by SCXRD
and the molecular structure of the guest determined (Fig. 3).>°

MOFs were first described by Hoskins and Robson®**! as
porous molecular frameworks in which metal ions or metal

1998 | Chem. Soc. Rev., 2023, 52,1995-2010
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a b c

Fig. 3 Single crystal X-ray diffraction analysis of a small molecule using
the crystalline sponge method, involving (a) soaking of guest molecules
into pores, (b) ordering within the pores, and (c) analysis of the guest
molecule within the crystalline sponge by SCXRD.

clusters are coordinated to organic ligands to form three-
dimensional structures.*”™** When synthesised, the pores of a
MOF are typically filled with disordered solvent molecules,
however it has been shown that certain MOFs can remain
stable following the removal of solvent and the resulting voids
can be used to incorporate other molecules, leading to applica-
tions in the storage of gases such as hydrogen*® and carbon
dioxide.*” Their ability to allow molecules to transfer in and out
of their pores have allowed MOFs to be used in electro-
catalysis,"® drug-delivery,*>>°
and even in nuclear waste treatment.>*

water treatment,”">* bioimaging,>

In 2006, Kim and co-workers published an early example of a
small molecule, ferrocene, incorporated into a MOF crystal with
sufficient occupancy and long-range order to allow the struc-
ture of the guest to be determined by SCXRD.’® In 2010, Fujita
and co-workers showed that reactions between two small
molecules can occur within a MOF, and that the reaction
products could even be characterised by SCXRD studies within
the MOF,*® terming these systems ‘“crystalline molecular
flasks”.>®>8

Following this work, Fujita and co-workers®® continued the
development of MOF systems that displayed long-range order-
ing of a variety of different guest molecules allowing for
analysis by SCXRD, labelling these MOF systems ‘crystalline
sponges”. The most successful crystalline sponges are based on
the [(Znl,)s(tris(4-pyridyl)-1,3,5-triazine),] system (Fig. 4). This
system involves zinc (i) ions coordinated to tri-valent tris(4-
pyridyl)-1,3,5-triazine (tpt) ligands, creating a porous lattice-like
structure with infinite channels ~8 x 5 A.>® The ligand system
employed is composed of electron deficient heteroaromatic
rings which allow for strong n-n (face-to-face) or CH-n (edge-
to-face) interactions with guest molecules. This encourages
long-range ordering of the guests within the pores, making
more complete crystallographic analysis possible.””

\ / \_/
ey $ N,
1—zn-N \
el

\

Fig. 4 Repeat unit of the crystalline sponge [(Znl,)s(tris(4-pyridyl)-1,3,5-
triazine)s].

This journal is © The Royal Society of Chemistry 2023
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3.1. Preparation of single crystal crystalline sponges:
synthesis and solvent exchange

The preparation of crystalline sponges suitable for guest
analysis, involves both the synthesis of the crystalline sponge
host as a single crystal of suitable size and solvent exchange
ready for guest incorporation. In order to generate high-
quality single crystals of the crystalline sponge, suitable
for later SCXRD, the synthesis step requires the use of a
templating solvent (often nitrobenzene is selected as it
can form strong n-m interactions with the tpt ligand).®°
To encourage single crystal formation, the synthesis of the
crystal sponge is typically carried out slowly over 7 days,
utilising the slow evaporation method as described in
section 2.%° However, the strongly bound templating solvent
molecules can prevent the incorporation of any guest analyte,
through competitive binding with the crystalline sponge.
Therefore, a solvent exchange step is typically required in
which the templating solvent is exchanged for a weakly bind-
ing solvent (often cyclohexane), by exposing the crystalline
sponge to an excess of the exchange solvent at 50 °C for 7 days.
Single crystals, ideally rod-shaped with a length of 30-300 pm,
are then selected for later experiments (Fig. 5).>%°"

Following the initial publication of the crystalline
sponge method, considerable work has been carried out to
optimise the preparation of the crystalline sponge
crystals.®>%47%% Most notably, Clardy and co-workers were able
to reduce synthesis time for single crystal crystalline sponges
(suitable for guest analysis) from a total of 14 days to 3 days
through use of the more volatile solvent chloroform, instead
of nitrobenzene, in the crystal growth step. By using chloro-
form, the crystals formed did not require the solvent exchange
step and were instead ready for immediate use in guest
soaking.®3697°

Solvent _
exchange
¢

Fig. 5 (a) Crystalline sponge with nitrobenzene filling the pores (packing
view in the crystallographic [100] direction with hydrogen atoms removed
for clarity, CCDC code: 187830). Figure reprinted with permission from
ref. 62. Copyright 2016 American Chemical Society. (b) Crystalline sponge
with cyclohexane filling the pores (packing views in the crystallographic
[010] direction, with hydrogen atoms removed for clarity, CCDC code:
1418972). Figure adapted from ref. 37 with permission from John Wiley and
Sons, copyright 2021. (c) Single crystal crystalline sponges ready for guest
inclusion, with chloroform filling the pores (packing views in the crystal-
lographic [010] direction, with hydrogen atoms removed for clarity, CCDC
code: 1007932). Figure reproduced from ref. 63 with permission from
American Chemical Society, copyright 2015.

This journal is © The Royal Society of Chemistry 2023
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3.2. Preparation of single crystal crystalline sponges: soaking
of guest analyte and analysis of host-guest systems by SCXRD

After the preparation and selection of suitable crystalline
sponge crystals, soaking of the crystalline sponge, in analyte
(either as a neat liquid or in a solution) is then undertaken. The
time required for successful soaking varies, depending on the
guest analyte employed, most often 2 days, but up to 90 days
has been reported.”* The resulting supramolecular complex can
then be analysed by SCXRD. The quality of the results obtained
is heavily dependent on the level of ordering and occupancy
within the pores (Fig. 6).>°

One of the first successful implementations of a crystalline
sponge system for the analysis of a guest molecule was pub-
lished by Fujita and co-workers in 2004, using triphenylene
as the guest (prior the advent of “crystalline sponge”
terminology).®® In the procedure, single crystals of crystalline
sponge containing nitrobenzene were soaked in a saturated
cyclohexane solution of triphenylene at room temperature for
24 hours. Subsequent analysis by SCXRD confirmed the suc-
cessful incorporation and ordering of triphenylene into the
pores of the crystalline sponge. Both triphenylene and the
cyclohexane solvent could be observed within the pores in a
1.5 to 2.5 ratio respectively and displayed a level of disorder
within the structure (Fig. 7).

The incorporation of solvent molecules alongside guests
within a crystal sponge, especially if disordered, tends to
complicate any structure refinement. Improvements in solvent
exchange and soaking processes, as discussed previously, have
subsequently helped to alleviate this problem.®**°

Following the successful work with triphenylene, the
crystalline sponge method has been applied to the structural
determination by SCXRD of over 60 host-guest systems to

N\ guest SCXRD [ 7%
B soaking 5’7 )
b
a

Fig. 6 (a) Guest molecules soaking into pores and (b) analysis of the guest
molecule within the crystalline sponge by SCXRD (exemplar packing
diagram of crystalline sponge with CHCls solvent molecules in the pores,
viewed in the crystallographic [010] direction (CCDC code: 1007932)).

Fig. 7 (a) Molecular structure of triphenylene, (b) displacement ellipsoid
representation of triphenylene (ellipsoids are drawn at 50% probability),
and (c) packing of host—guest complex {[(Znl,)s(tpt),]-1.5(triphenylene)-
2.5(cyclohexane)} (CCDC code: 241417) viewed in the crystallographic
[010] direction (hydrogen atoms removed for clarity).

Chem. Soc. Rev,, 2023, 52,1995-2010 | 1999
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date.’*®”7>"% additionally, crystalline sponges have been used
in combination with chromatographic separation techniques
(HPLC?® and GC®"), characterisation of drug metabolites,*® and
organometallic compounds.®¢

3.3. Crystalline sponges for absolute stereochemistry of guest
molecules

Despite the large number of published crystalline sponge host-
guest systems, the resolution of absolute stereochemistry for
a guest molecule is complex with only a small number of
examples known. The determination of absolute stereo-
chemistry requires the analysis of the anomalous scattering
in the X-ray diffraction pattern, often reported via the Flack
parameter.”” The presence of heavy atoms, such as halides in
the crystalline sponge host, can assist in the absolute stereo-
chemical determination of light-atom chiral guests.

An early example of guest absolute stereochemistry determi-
nation was attempted by Fujita and co-workers, in the analysis
of the sample limited marine natural product miyakosyne
A’%878% Miyakosyne A is a long chain lipophilic acetylene
isolated from marine sponge Petrosia sp., containing 3 chiral
centres (Fig. 8). Following the incorporation of miyakosyne
A (5 pg) into the crystalline sponge [(ZnL,);(tpt)s(CeHiz)xln
SCXRD analysis was undertaken. Due to low guest occupancy
(~50%) and the presence of disordered cyclohexane solvent, an
attempt to improve structural refinement using SQUEEZE®® was
applied. However considerable disorder of the guest was
observed, meaning that stereochemical resolution at the C3,
C14 and C26 positions remained ambiguous.”®

More recent work by Clardy and co-workers has demon-
strated the determination of absolute stereochemistry of (1R)-
menthyl acetate.®®® As (1R)-menthyl acetate is a liquid under
ambient conditions, the use of crystalline sponge method was
chosen to allow for absolute stereochemistry determination by
anomalous dispersion. Clardy and co-workers further modified
the crystalline sponge methodology (Section 3.1) by replacing
the metal salt used in the synthesis (Znl,) with either ZnCl, or
ZnBr,. The replacement of the iodide in the host structure with
chloride or bromide was undertaken in an attempt to increase
the relative contribution of the guest to the X-ray diffraction
pattern.

In this experiment, crystalline sponge crystals were grown
from ZnCl,, ZnBr, and Znl, in CHCl3/MeOH with tpt. Direct
incorporation of (1R)-menthyl acetate, as a neat liquid, was
then performed into all three crystal sponge variants. The
resulting host-guest complexes were analysed by SCXRD show-
ing the incorporation of (1R)-menthyl acetate along with resi-
dual CHCI;. In this case, the high-level ordering of both guest
and solvent molecules removed the need to utilise SQUEEZE, in
line with recent guidelines which recommend avoiding the use

Fig. 8 Structure of miyakosyne A, chiral centres indicated.
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Fig. 9 (a) Molecular structure of (1R)-menthyl acetate, (b) displacement
ellipsoid representation of (1R)-menthyl acetate, showing the absolute
stereochemistry (ellipsoids are drawn at 50% probability), and (c) packing
of host—guest complex {[(ZnBr,)s(tpt),]-1(R)-(menthyl acetate)} (CCDC
code: 1063685) viewed in the crystallographic [010] direction (hydrogen
atoms removed for clarity).

of masking routines when analysing guests within a crystalline
sponge system.®>°" Comparison of the three systems showed
some key differences. Notably, the unit cell volume increases
drastically for the iodide variant (33764 A% compared to
14211 A® and 14 742 A® for the chloride and bromide variants
respectively). Most importantly, the occupancy levels of the
guest molecules change across the series: 95% chloride,
86% bromide and 73% iodide. The high % occupancy for
the chloride and bromide systems aided the guest modelling
during refinement, with minimal soft restraints applied (80 and
95 for chloride and bromide systems respectively, versus 1137
for the iodide system), and the absolute stereochemistry
confirmed by the Flack parameter (Flack = 0.054(19), 0.05(2)
and 0.02(2) respectively) (Fig. 9).*°

3.4. Crystalline sponges for the determination of natural
products: terpenes from hops

Structural determination of sample limited complex natural
products is very challenging, making SCXRD the method of
choice for analysis, especially when absolute stereochemical
determination is required. However, many natural products are
liquids under ambient conditions or do not crystallise readily,
in which cases the use of the crystalline sponge method is
favoured. In recent work by Taniguchi, Fujita and co-workers,
crystalline sponges were used to elucidate the structures of
several complex breakdown products of trans-isohumulone,
a terpeniod isolated from hops (Humulus lupulus). A ZnCl,
based crystalline sponge was selected for this work, in
which the synthesis solvent had been exchanged for n-hexane
[(ZnCl,);(tpt),(n-hexane),],. Following separation of the trans-
isohumulone breakdown products by HPLC, 13 isolated mole-
cules were loaded into the crystalline sponges from a dimethyl
ether solution, and analysed by SCXRD. The structures and
absolute stereochemistries of all 13 trans-iso-a-acids were
solved (with minimal restraints required), 8 of which were
previously unknown molecules, including dicyclohumol A
(Flack = 0.054(8)) (Fig. 10).%>

3.5. Advantages and challenges associated with the crystalline
sponge method

There are two major advantages of using the crystalline sponge
method over classical crystallisation. Firstly, the crystalline

This journal is © The Royal Society of Chemistry 2023
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Fig. 10 (a) Molecular structure of dicylohumol A, (b) displacement ellip-
soid representation of dicyclohumol A (ellipsoids are drawn at 50% prob-
ability), and (c) packing of dicyclohumol A in the pores, viewed in the
crystallographic [010] direction (hydrogen atoms and n-hexane solvent
omitted for clarity, CCDC code: 2081651).

sponge method does not require crystallisation of the analyte
itself and can therefore be used for the structural analysis by
SCXRD of both liquids and non-crystalline solids. Secondly, the
crystalline sponge method has been shown to work with highly
sample limited analytes for which only micrograms are avail-
able, such as metabolites or natural products.

However, crystalline sponge methods also have some inher-
ent limitations. Physical separation of the guest molecules
means that the technique cannot give information about
solid-state packing of the analyte on its own, but rather gives
information on interactions of the guest with the host. Further-
more, there is a maximum analyte size that can be accommo-
dated within the pores of the currently utilised crystalline
sponges, with the largest guest reported to date having a
molecular weight of 428 Da.*”

Other challenges in the application of crystalline sponge
methods include the need for careful preparation of the sui-
table crystalline sponge single crystals for guest soaking, with
improved methods available.”®®® It is also important to select a
suitable crystalline sponge host for the guest analyte, which
maximises occupancy and ordering of the guest within the
pores.”?

Over the course of only 10 years, the crystalline sponge
method has become highly impactful, being successfully applied
to the structural solution of a wide range of small organic
molecules.”” Since their inception, other related MOF systems
have also been evaluated for the structural analysis of guest
molecules, for example Yaghi’s chiral MOF-520 which employs
directional H-bonding to study a series of encapsulated organic
acids with simultaneous assignment of the absolute stereochem-
istry of the guest.”

4. Tetraaryladamantane based
inclusion chaperones

An alternative host-aided crystallisation approach which allows
for structural analysis of small organic molecules by SCXRD,
including liquids, is the use of tetraaryladamantane (TAA)
inclusion chaperones. The TAA chaperones are a family of
organic molecules with tetrahedral-like symmetry, consisting
of four aromatic groups attached to the bridgehead positions of
an adamantane core. TAAs are capable of co-crystallising with a
wide range of guest analytes, in-part due to the four aromatic
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Fig. 11 TAA inclusion chaperone crystallisation. (a) Co-crystallisation of
guest and TAA chaperone, and (b) analysis of a suitable crystal by SCXRD.

groups allowing for n-n (face-to-face) or CH-m (edge-to-face)
interactions between the TAA molecules and guest. Once co-
crystallised with the guest analyte, suitable crystals can be
analysed by SCXRD, and the molecular structure of the guest
analyte can be determined (Fig. 11).

Initial work by Richert and co-workers involved the synthesis
and study of four related tetraaryladamantanes: 1,3,5,7-tetrakis-
(2,4-dimethoxyphenyl)adamantane (TDA), 1,3,5,7-tetrakis(4-
methoxyphenyl)Jadamantane, 1,3,5,7-tetrakis(4-methoxy-2-methyl-
phenyl)adamantane and 1,3,5,7-tetrakis(4-methoxy-2-ethylphenyl-
adamantane). They observed that of these compounds, TDA had a
tendency to form analyte inclusion complexes with 20 different
solvents, whilst the other TAAs studied did not. This promiscuity
towards co-crystallisation with small molecule guest analytes, led
Richert and co-workers to further develop this class of molecules
as inclusion chaperones (Fig. 12).%°

One of the first examples of the use of TAAs as inclusion
chaperones for the structural elucidation of a small molecule
by SCXRD, involved the co-crystallisation of benzoyl chloride
with TDA. TDA was dissolved in hot benzoyl chloride, with
co-crystallisation occurring upon slow cooling. The resulting
TDA-benzoyl chloride co-crystals were washed with cyclohexane,
to remove excess benzoyl chloride, and analysed by SCXRD. The
resulting structure contains two TDA molecules and one benzoyl
chloride molecule in the asymmetric unit. Interestingly the
structure shows -7 interactions between the benzoyl chloride
and the aromatic ring of the TDA framework (centroid-to-
centroid ~ 4.0 A) (Fig. 13).°°

Following successful co-crystallisations with TDA, further
development resulted in a new inclusion chaperone, 1,3,5,7-
tetrakis(2,4-diethoxyphenyl)adamantane (TEO), which was shown

Fig. 12 (a) Molecular structures of the TAA: 1,3,5,7-tetrakis(2,4-di-
methoxyphenylladamantane (R = R’ = OMe), 1,3,5,7-tetrakis(4-methoxy-
phenyl)adamantane (R = OMe and R’ = H), 1,3,5,7-tetrakis(4-methoxy-2-
methylphenylladamantane (R = Me and R’ = OMe), and 1,3,5,7-tetrakis(4-
methoxy-2-ethylphenyladamantane (R = Et and R’ = OMe), (b) displace-
ment ellipsoid representation of 1,3,5,7-tetrakis(2,4-dimethoxyphenyl)-
adamantane (ellipsoids are drawn at 50% probability), and (c) packing of
1,3,5,7-tetrakis(2,4-dimethoxyphenylladamantane without analyte (viewed
in the crystallographic [100] direction, hydrogen atoms omitted for clarity,
CCDC code: 1040350).

Chem. Soc. Rev,, 2023, 52,1995-2010 | 2001


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cs00697a

Open Access Article. Published on 01 March 2023. Downloaded on 6/12/2026 12:05:39 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Tutorial Review

Cl

Fig. 13 (a) Molecular structure of benzoyl chloride, (b) displacement
ellipsoid representation of benzoyl chloride (ellipsoids are drawn at 50%
probability), (c) packing of TDA/benzoyl chloride viewed in the crystal-
lographic [010] direction (hydrogen atoms omitted for clarity, CCDC code:
1483175), and (d) n—m interaction shown, second molecule of TDA and
hydrogen atoms removed for clarity).

to form 7 solvates with molecules including benzene, dioxane
and pyrrolidine.”” The use of both TEO and TDA inclusion
chaperones has resulted in the discovery of 23 TAA-analyte
co-crystals, with different small molecules, over the course of
three years. Examples have included analytes as diverse as [12]-
crown-4, morpholine and even reactive compounds such as
cyclohexyl isocyanide.”>*°

4.1. Absolute stereochemistry determination of (R)-
methylbenzylamine using a TEO Inclusion chaperone

More recently, Richert and co-workers have applied TAA inclu-
sion chaperones to absolute stereochemistry determination,
as exemplified by (R)-methylbenzylamine. In this study, TEO
(2 mg) was dissolved in hot (150 °C) (R)-methylbenzylamine
(29 pL), cooled to room temperature and left overnight
to crystallise. TEO-(R)-methylbenzylamine co-crystals were
obtained, analysed by SCXRD, and the absolute configu-
ration confirmed as (R)- with a statistically significant Flack
parameter of 0.02(13) (Fig. 14)."°°

This method was applied to a total of 21 enantiopure chiral
small molecules, 16 of which formed TEO-analyte co-crystals
suitable for which absolute stereochemical assignment could
be confirmed."*

4.2. Structural determination of a lipophilic guest using TBro
inclusion chaperones: n-decane

Richert and co-workers have also developed the halogenated
chaperone 1,3,5,7-tetrakis(2-bromo-4-phenyl)adamantane (TBro),
for the study of lipophilic analytes.'® Screening of TDA, TEO and
TBro for co-crystallisations with lipophilic molecules, showed
that TBro was the chaperone of choice for this particular
molecular class. For example unlike TDA and TEO, TBro was

Fig. 14 (a) Molecular structure of (R)-methylbenzylamine, (b) displacement
ellipsoid representation of (R)-methylbenzylamine (ellipsoids are drawn at
50% probability), and (c) packing of TEO/(R)-methylbenzylamine viewed in
the crystallographic [100] direction (hydrogen atoms omitted for clarity,
CCDC code: 1970890).
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Fig. 15 (a) Molecular structure of n-decane, (b) displacement ellipsoid

representation of n-decane (ellipsoids are drawn at 50% probability), and
(c) packing of TBro-n-decane viewed in the [100] direction (CCDC code:
1970895). The second TEO molecule, second n-decane molecule and
hydrogen atoms omitted for clarity.

Fig. 16 (a) Molecular structure of top: cis-ethyl-2-(4-phenylbut-1-yn-1-
yllcyclopropane-1-carboxylate and bottom: trans-ethyl-2-(4-phenylbut-
1-yn-1-yl)cyclopropane-1-carboxylate, (b) displacement ellipsoid repre-
sentation of top: cis- and bottom: trans- (ellipsoids are drawn at 50%
probability), and (c) packing of top: TBro/cis- viewed in the crystallo-
graphic [010] direction (hydrogen atoms omitted for clarity, CCDC code:
2032133) and bottom: TBro/trans- viewed in the crystallographic [100]
direction (hydrogen atoms omitted for clarity, CCDC code: 2032113).

successfully co-crystallised with n-decane and subsequentially
analysed by SCXRD (Fig. 15).

TBro can also be used for more complex lipophilic analytes,
such as ethyl 2-(4-phenylbut-1-yn-1-yl)cyclopropane-1-carboxylate.
Racemic mixtures of cis- and ¢rans- were both co-crystallised with
TBro, allowing structural and relative stereochemical assignment
for both molecules (Fig. 16).***

4.3. Structural determination of an organic solid using TDA
and TEO inclusion chaperones: phenol

All of the example TAA inclusion chaperones discussed so far
have been restricted to the analysis of analytes which are
liquids under ambient conditions. One example is known in
which TAAs have been co-crystallised with a solid analyte,
phenol. TEO-phenol co-crystals suitable for SCXRD were suc-
cessfully grown by slow evaporation of a solution of TEO and
phenol in dichloromethane, whilst TDA-phenol co-crystals were
grown by liquid-liquid diffusion from a solution of TDA and
phenol in dichloromethane, using n-decane as an anti-solvent
(Fig. 17)."*>

4.4. Advantages and challenges associated with TAAs
inclusion chaperones

It should be noted that, analogous to the crystalline sponge
method (Section 3), an inherent limitation of using the TAA

This journal is © The Royal Society of Chemistry 2023
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a b c d
Fig. 17 (a) Molecular structure of phenol, (b) displacement ellipsoid

representation of phenol (ellipsoids are drawn at 50% probability),
(c) packing of the TEO/phenol co-crystal viewed in the crystallographic
[100] direction (hydrogen atoms omitted for clarity, CCDC code:
2072012), and (d) packing of the TDA/phenol co-crystal viewed in the
crystallographic [010] direction (hydrogen atoms omitted for clarity, CCDC
code: 2072014).

based inclusion chaperones is the resulting physical separation
of the guest molecules, meaning that this technique cannot
give information about solid-state packing of the analyte on
its own.

However, the TAA inclusion chaperone methodology pro-
vides a number of advantages in comparison to classical
crystallisations, such as the analysis of liquid analytes by
SCXRD, with methods also available for the analysis of solid
samples. The analyte scope for the use of TAA based inclusion
chaperones can also be tailored through matching of an
appropriate TAA to the guest to encourage co-crystal formation,
with analytes of molecular weights from 60 to 242 Da having
been reported. To date > 70 TAA-analyte co-crystals have been
obtained, with a focus on liquid analytes. Since the method has
recently been demonstrated with a solid analyte, phenol, this is
likely an area for future development.

5. Microbatch under-oil crystallisation

The microbatch under-oil crystallisation technique allows for
the crystallisation of water-soluble organic salts, from an aqu-
eous solution under-oil. Overtime slow concentration of the salt
solution takes place, controlled by the oil layer, resulting in a
supersaturated solution. Nucleation and slow crystal growth
can then occur, followed by the analysis of any suitable crystals
obtained by SCXRD. Microbatch under-oil crystallisation is
typically carried out using multi-well plates allowing for parallel
screening of crystal conditions, such as different counterions,
with each well containing a few microliters of analyte solution
(Fig. 18).1%

The discovery of crystalline forms of organic salts is of
interest in the pharmaceutical sector, particularly in the for-
mulation of active pharmaceutical ingredients (APIs). The dis-
covery of a crystalline organic salt requires exposure of the

- =

-
S c

Fig. 18 Microbatch under-oil crystallisation: (a) addition of sample into
the oil, (b) supersaturation achieved via sample concentration, resulting in
nucleation and crystal growth, and (c) analysis of a suitable crystal by
SCXRD.
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organic cation (or anion) of interest, in combination with its
native counterion, to a wide range of alternative counterions.
In each case the least soluble analyte counterion combination
would be expected to crystallise from solution. Thus, successful
screening methods must allow a wide range of counterions to
be investigated and consequently considerable effort has been
applied in the development of high-throughput methods for
pharmaceutical salt crystallisation.'®* Early work by Spingler
and co-workers has examined the crystallisation of organic
cation salts'® through the use of nano-scale vapour diffusion
methods designed and widely utilised in protein crystallisation.
Spingler’s nano-crystallisation methodology was created to
allow high-throughput parallel screening of conditions for
organic salt crystal formation with minimal sample usage
(requiring ~100 nL of analyte solution in each experiment),
yet still providing crystals suitable for SCXRD analysis.

Spingler and co-workers have subsequently further investi-
gated the crystallisation of organic cation salts, through devel-
opment of the microbatch under-oil technique,'®® also based
on a widely utilised technique for the crystallisation of proteins.
In the microbatch under-oil technique, salt screening in aqu-
eous solution is combined with an oil layer, which floats on the
aqueous layer, slowing down any evaporative loss and sample
concentration, with the aim of obtaining high-quality single
crystals for analysis by SCXRD.

5.1. Microbatch under-oil crystallisation for APIs

Microbatch under-oil crystallisation was tested on five organic
salts, all of which were small molecule APIs used in the treat-
ment of: diabetes ((rac)-carnitinenitrile and (R)-carnitinenitrile
chloride), asthma ((1S,2R)-ephedrine hydrochloride), hyper-
tension ((85,14S)-ditiazem hydrochloride), and clinical depres-
sion (trazodone hydrochloride) (Fig. 19).

In the study, 86 counterions were selected for screening,
chosen for their known propensity to form crystalline salts in
combination with their low toxicity (Generally Recognized As
Safe, GRAS)"*>'”” In each case, silicone oil (100 pL) was first
added to each well of a 96-well plate (costar, Corning). This was
followed by the addition of stock solutions (4-5 pL, 90%
saturation in water) of the organic cation to be assessed,
and a stock solution of the counterion (5-10 pL) to form a
single aqueous droplet under the oil. After 30 days, each

+ AS .
SNRY —N_ oH
LI 7\

(1S,2R)-ephedrine hydrochloride  (R)-carnitinenitrile chloride

g Q

N
OH

—N
/N /NH o Y/

trazadone hydrochloride

(rac)-camitinenitrile chloride (28,3S)-diltiazem hydrochloride

Fig. 19 Organic cations (chlorides and hydrochlorides) subjected to
microbatch under-oil screening for new salt discovery.
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Table 1 Comparison of salts obtained using microbatch under-oil
screening, (##): salt crystal was obtained during the screening, previously
unreported salts highlighted in green. Abbreviations: [(1S,2R)-EphH]Cl
((1S,2R)-Ephedrine hydrochloride), [(R)-Car]Cl ((R)-Carnitinenitrile chloride),

[(rac)-Car]Cl ((rac)-Carnitinenitrile chloride), [(25,3S)-DilH]Cl (Ditiazem
hydrochloride) and [TrazH]Cl (trazodone hydrochloride)
Salt providing the [(1S,2R)- [(R)- [(rac)- [(25,3S)-
[TrazH]CI
new anion EphH]CI Car]Cl Car]Cl DilH]CI
Sodium bromide v v v
Sodium iodide v v v v v
Sodi
odium v v
tetrafluoroborate
Pf)tassium v v
thiocyanate
Sodium nitrate v v v
Sodium dihydrogen v
phosphate
Sodium
. v
pyrrolidone
Sodium benzene- v
sulfonate
Disodium oxalate v v
Disodium malonate v
Sodium L-malate v
Potassi di
otassium sodium 7
L-tartrate
No additional salt
o additional sa v v v v

added

crystallisation experiment was examined for successful crystal-
lisations. In all five cases, crystals suitable for SCXRD analysis
were obtained, affording a total 27 salts structures, including 17
previously unknown salts (Table 1).

5.2. Advantages and challenges associated with microbatch
under-oil crystallisation

A major advantage of using microbatch under-oil for the
crystallisation of organic salts, is that a wide range of crystal-
lisation conditions can be screened in parallel with low sample
requirements. Typically, to examine 96 crystallisation condi-
tions only a few hundred milligrams of analyte are needed.
Since microbatch under-oil gives access to crystals which only
contain the molecule of interest and its counterion, informa-
tion about both the molecular structure and solid-state packing
can be obtained via SCXRD analysis, such information is
crucial for API development. The largest organic salt examined
by microbatch under-oil has a molecular weight of 542 Da,
however this technique has the potential for use with much
larger molecules.
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The major current limitation of the microbatch under-oil
technique is that the analytes of interest must be water soluble.
However, due to the propensity of polar organic molecules in
medicinal chemistry, this method would still be applicable
around 50% of known solid APIs.'%”

6. Encapsulated nanodroplet
crystallisation

Encapsulated Nanodroplet Crystallisation (ENaCt) is a high-
throughput automated method which allows for the crystal-
lisation of organic soluble small molecules on a nanolitre scale.
ENacCt involves the injection of a few micrograms of analyte,
dissolved in an organic solvent (~ 50 nL), into a droplet of inert
oil (~200 nL)."*® This encapsulation of the analyte solution
within the oil droplet results in a slow loss of solvent over time,
leading to a gradual increase in concentration, resulting in the
nucleation and growth of crystals for SCXRD analysis. ENaCt is
related to “microbatch under-oil” techniques, but allows the
use of organic solvents, greatly expanding the analyte scope.
In addition, the use of automated experimental set-up allows for
parallel high-throughput screening of many experimental crystal-
lisation conditions with minimal sample requirements (Fig. 20).

A typical ENaCt experiment involves the use of a liquid
handling robot to dispense droplets of oil (~200 nL) into each
well of the 96-well glass plate (Laminex or SWISSSCI LCP,
100 um spacer), with a range of hydrocarbon, fluorinated and
silicon-based oils employed (mineral oil (MO), Fomblin YR
(FY), Fluorinert (FC40), and polydimethyl siloxane (PDMSO)).
A near saturated solution of analyte (~50 nL), in organic
solvent(s), is then injected into the pre-prepared oil droplets
and secondary solvents added if required. Oil encapsulation
helps to regulate the rate of sample concentration, by reducing
the surface area of the organic solvent droplet from which
evaporation can occur. The plates are then sealed with a glass
cover slip and stored for up to 14 days to allow crystallisation to
occur (Fig. 21).

= la)=] S -

Fig. 20 Encapsulated Nanodroplet Crystallisation (ENaCt): (a) addition of
sample into the oil droplet, (b) supersaturation achieved via sample
concentration of the organic solvent through the oil resulting in nucleation
and crystal growth, and (c) analysis of a suitable crystal by SCXRD.
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Fig. 21 Crystallisation of an analyte by ENaCt: (a) droplet of inert oil
(~200 nL), (b) injection of the analyte solution into the oil droplet
(~50 nL), (c) sample concentration due to the gradual loss of solvent,
(d) crystal nucleation, and (e) crystal growth.
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Aripiprazole: 50 nl DMSO (20 mg mL*) in 200 nL FY
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Dithianon: 50 nL DMF and 25 nL 2-methyl-2,4-pentanediol
(12 mg mL*) in 200 nL PDMSO
a b
e
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Cholesterol: 50 nl. DMF (25 mg mL1) in 200 nL FC40, Flack = 0.7(7)

Vitamin 812: 50 nl. DMSO and 50 L 2-methyl-2,d-pentanediol (50mg
mL) in 200 nL MO, Flack = 0.071(12)

Fig. 22 (a) Molecular structures and (b) displacement ellipsoid repre-
sentations (ellipsoids are drawn at 50% probability and hydrogen atoms
omitted for clarity) aripiprazole (CCDC: 1944200), dithianion (CCDC:
1968245), cholesterol (CCDC: 1944206) and vitamin B12 (CCDC:
1944201) obtained via ENaCt.

The first report of ENaCt by Hall, Probert and co-workers
described the crystallisation and SCXRD analysis of 14 structu-
rally diverse small organic molecules.'®® These included APIs
(e.g., aripiprazole), agrochemicals (e.g., dithianion), and natural
products (e.g., cholesterol, vitamin B12), for a number of which
absolute stereochemistry was obtained by anomalous disper-
sion (Fig. 22).

6.1. ENacCt for the discovery of polymorphs: the 13th
polymorph of ROY (R18)

The high-throughput screening capabilities of ENaCt makes it a
highly appropriate technique to search experimental crystal-
lisation space for the discovery new crystalline forms, in
particular, polymorphs. A polymorphic molecule can exist as
two or more crystalline forms, that differ only by the arrange-
ment and/or conformation of the molecules in the crystal
lattice."®>''® In the pharmaceutical industry, the discovery of

This journal is © The Royal Society of Chemistry 2023
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Fig. 23 (a) Molecular structure of ROY, (b) crystal of ROY (R18) grown via
ENaCt (adapted from ref. 108 with permission from Chem, copyright 2020,
and (c) displacement ellipsoid representation for R18 (CCDC code:
1944211). Ellipsoids drawn at 50% probability and the second molecule
in the asymmetric unit omitted for clarity.

polymorphs of an API are particularly important, as poly-
morphs have different physical properties which can impact
on bioavailability.

5-Methyl-2-((2-nitrophenyl)amino)-3-thiophenecarbonitrile is a
highly polymorphic synthetic precursor to the antipsychotic drug
olanzapine, which is commonly known as ROY due to the red,
orange and yellow colouration of its polymorphic forms. In the
early work, ROY was studied by ENaCt in an attempt to search for
new polymorphs. Prior to this work, twelve polymorphs of ROY
were known in the literature, with nine characterised by
SCXRD."""'* Following an extensive screening of crystallisation
conditions by ENaCt, all four of the known ROY polymorphs
accessible via simple solution-phase crystallisation were obtained
(Y, R, ON and ORP). In addition, a new polymorph, R18, was
crystallised and successfully analysed by SCXRD, making it the
thirteenth polymorph to be discovered and the first ROY poly-
morph with more than one molecule in the asymmetric unit
(Z' = 2) (Fig. 23).

6.2. ENaCt for organic salts: bicyclic triazonium salts

ENaCt has also been applied to the crystallisation of organic
salts, soluble in organic solvents. Bicyclic triazolium salts
are widely used as precursors for the in situ formation of
N-heterocyclic carbene organocatalysts (NHC). Smith, O’Dono-
ghue and co-workers have studied the impact of fused ring size
on the rate of proton transfer of bicyclic triazoliums during
NHC-catalysed transformations. As part of this work 20 bicyclic
triazonium salts were studied, including examination of their
crystal structures by SCXRD. The majority of the bicyclic
triazonium salts studied were successfully crystallised by clas-
sical methods, however the crystallisation of three (2-(2,4,6-
triisopropylphenyl)-6,7-dihydro-5H-pyrrolo[2,1-c][1,2,4]triazol-
2-ium chloride hydrate, 2-(perfluorophenyl)-5,6,7,8-tetra-
hydro-[1,2,4]triazolo[4,3-a]pyridine-2-ium  tetrafluoro-borate
and 2-(4-fluorophenyl)-5,6,7,8,9,9a-hexahydro-41"1,2,3]triazolo-
[4,3-a]azepin-2-ium tetrafluoroborate) proved challenging.
Through the application of ENaCt, single crystals were obtained
in all three cases after 7 days, allowing structural determination
by SCXRD (Fig. 24).'"

6.3. ENacCt for structural elucidation of natural products:
hypocrellins

The hypocrellins are a class of perylenequinone fungal natural
products, with unique structural, biological, and photochemical
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50 nL DMSO (50 mg mL?) in 150 nL of FC40

Fig. 24 Molecular structure and displacement ellipsoid representations of
(@) 2-(2,4,6-triisopropylphenyl)-6,7-dihydro-5H-pyrrolo[2,1-cl[1,2,4ltria-
zol-2-ium chloride hydrate (ellipsoids drawn at 50% probability, CCDC:
2124945), (b) 2-(perfluorophenyl)-5,6,7,8-tetrahydro-[1,2,4ltriazolo[4,3-
alpyridine-2-ium tetrafluoroborate (ellipsoids drawn at 50% probability,
CCDC: 2124957), and (c) 2-(4-fluorophenyl)-5,6,7,8,9,9a-hexahydro-4)*-
[1,2,3]triazolo[4,3-alazepin-2-ium tetrafluoroborate (ellipsoids drawn at
50% probability, CCDC: 2124954).

50 nL DMF (76 mg mL?) in 200 nL of FY

Fig. 25 (a) Molecular structure of ent-shiraiachrome A, (b) crystal of ent-
shiraiachrome A grown via ENaCt (reproduced from ref. 116 with permission
from American Chemical Society, copyright 2022), and (c) displacement
ellipsoid representation for ent-shiraiachrome A (CCDC code: 2085795).
Ellipsoids drawn at 50% probability, solvent (DMF) and water molecules in
the asymmetric unit omitted for clarity.

properties, in particular with the ability to act as photosensitizers.
As part of a study into the biosynthetic relationships of members of
hypocrellin and related hypomycin natural products, a series of
these natural products were investigated. Isolated natural products
are typically very sample limited and, in this case, only a few
milligrams were available for analysis. Therefore, ENaCt was used
to examine the crystallisation of both ent-shiraiachrome A and
hypocrellin B.

Samples of ent-shiraiachrome A and hypocrellin B were
dissolved in a range of solvents, to form solutions close to their
saturation limit. Droplets of these solutions (50 nL) were
dispensed into each well of the 96-well glass plate, containing
oil droplets (200 nL), and after 14 days, crystals suitable for
SCXRD for both analytes were observed.

2006 | Chem. Soc. Rev., 2023, 52,1995-2010
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Plate 1, A6 F—250um

50 L DMSO (76 mg mL*) in 200 nL of FY

Fig. 26 (a) Molecular structure of hypocrellin B, (b) crystal of hypocrellin B
grown via ENaCt (reproduced from ref. 116 with permission from American
Chemical Society, copyright 2022), and (c) displacement ellipsoid repre-
sentation for hypocrellin B (CCDC code: 2085796). Ellipsoids drawn at 50%
probability, solvent (DMSO) removed for clarity.

From 288 individual ENaCt experiments, 96 (33%) gave crystals
of ent-shiraiachrome A suitable for SCXRD analysis. ent-Shiraia-
chrome A crystallised as the DMF solvate, monohydrate, and the
resulting crystal structure allowed determination of absolute
configuration by anomalous dispersion (Flack = 0.019(5)) (Fig. 25).*°

In the case of hypocrellin B, only 10 (3%) of the 288
individual ENaCt experiments gave crystals suitable for SCXRD.
Interestingly, hypocrellin B crystallised as a racemic DMSO
solvate containing both the (M)- and (P)-atropisomers (Fig. 26).

6.4. ENaCt for stereochemical determination in medicinal
chemistry: SARS-CoV-2 main protease inhibitor

Since the appearance in 2019 of severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2), the causative agent behind
the COVID-19 pandemic, considerable efforts have been made
in the search for therapeutic agents. Coronavirus main protease
(MP™) is a key enzyme target for molecular inhibitors which
can block viral replication. Work by Marsh, Maple, Hilgenfeld
and co-workers examined a series a-ketoamides inhibitors
of MP"7 To support this work, the ENaCt methodology
was applied to aid in the determination of their relative
and absolute stereochemistry. Single crystals of an example
a-ketoamide inhibitor were grown and the absolute stereo-
chemistry determined to be C10(S), C12(S) and C17(R) by
anomalous dispersion (Flack: —0.06) (Fig. 27).

6.5. Advantages and challenges associated with ENaCt

Encapsulated nanodroplet crystallisation (ENaCt) is a high-
throughput automated crystallisation screening method,

Jg?

M
aY;

50 nL hexafluoro-2-isopropanol in 200 nL of PDMSO

**Qﬁﬁ«@

Fig. 27 (a) Molecular structure of an a-ketoamide inhibitor and (b) dis-
placement ellipsoid representation for the a-ketoamide inhibitor (CCDC
code: 2113703). Ellipsoids drawn at 50% probability and hydrogen atoms
removed for clarity.
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providing the rapid set-up of hundreds of parallel crystallisation
experiments. The method provides control over crystallisation
conditions, maximising the likelihood of finding successful crys-
tallisation conditions. Additionally, ENaCt experiments can be
undertaken even with low sample requirements, as each indivi-
dual crystallisation experiment contains only a few micrograms of
sample, with only a few milligrams needed for several hundred
experiments. Analogous to the microbatch-under oil technique,
the analyte is crystallised on its own, thus information about the
solid-state packing can be obtained. However, ENaCt is limited to
the study of analytes which are solid under ambient conditions.

Conclusions and future outlooks

SCXRD is one of the most powerful tools available to research-
ers in the field of small molecules, providing molecular and
structural information at the atomic level resolution, including
absolute stereochemistry. Despite the availability of classical
methods for the crystallisation of small organic molecules,
obtaining suitable single crystals for SCXRD has remained a
significant practical challenge. The development of new tools
to aid in the growth of single crystals suitable for SCXRD is
therefore important for the molecular science community.

In this review we have provided an in-depth discussion
of four modern crystallisation methods, crystalline sponges,
tetraaryladamantane (TAA) inclusion chaperones, microbatch
under-oil and encapsulated nanodroplet crystallisation
(ENaCt), all of which can enable the study of small molecules
by SCXRD.

Neither “the crystalline sponge method” or the use of
“tetraaryladamantane based inclusion chaperones” provide
direct access to single crystals of the analyte in question, but
instead employ a second molecular component to assist in the
long-range ordering of the analyte in the solid state. The
crystalline sponge utilises single crystals of a preformed MOF,
into which the analyte is soaked. The analyte orders itself
within the pores of the crystalline sponge, allowing SCXRD
analysis. The crystalline sponge method is therefore particu-
larly well suited for the SCXRD analysis of neat liquid analytes,
for which few other methods are available, as well as the
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analysis of larger molecules in solution. The crystal sponge
method is potentially limited by the intrinsic properties of
the MOF utilised, in that analytes must be small enough to
fit within the pores, providing a theoretical upper molecular
weight limit, albeit one that has yet to be reached. The use of
TAA based inclusion chaperones differs in that the analyte is
co-crystallised with the TAA in situ. The TAAs provide a scaffold
within the crystal, in which the analyte molecules can be
accommodated. TAA based inclusion chaperones have been
very successful in the analysis of liquid analytes by SCXRD, and
have more recently also proven valuable in the study of a solid
analyte. Due to the co-crystallising nature of this technique,
and the ability of the TAA chaperones to be matched with the
analyte, they have the potential to be applied in the analysis of
larger molecules.

“Microbatch under-oil crystallisation” and ‘“encapsulated
nanodroplet crystallisation” are both direct crystallisation
methods, which employ small scale high-throughput meth-
odologies to allow rapid screening of experimental crystallisa-
tion space to provide access to single crystals of the analyte in
question. Microbatch under-oil crystallisation, allows for the
rapid screening of counterions in the crystallisation of water-
soluble organic salts from an aqueous solution. The use of a
floating oil layer helps to slow the concentration of the organic
salt solution, assisting in controlled single crystal growth of the
analyte. To date, microbatch under-oil crystallisation has been
solely applied to the crystallisation of a limited number of small
molecule organic salts, but this method has significant potential
for the crystallisation of a wide range of water-soluble analytes.
Similarly, ENaCt also uses oils to aid in the growth of single
crystals of an analyte, but is designed for the study of organic-
soluble small molecules. A wide range of analytes have been
successfully crystallised using ENacCt, including organic-soluble
salts, natural products and high molecular weight analytes
(<1355 Da). Both microbatch under-oil crystallisation and ENaCt
provide single crystals of the analyte, allowing information about
solid-state packing of the analyte to be determined, but limiting
the techniques to the crystallisation of analytes which are solid
under ambient conditions.

All four modern methods described in this review have been
successful in the crystallisation and structural determination of

Table 2 Comparison of crystallisation techniques as matched to the molecular properties of the analyte and information obtained by SCXRD. ()
Successful crystalline sample preparation and associated SCXRD studies using the method reported. (*) Potential application of method with this type of
analysis, but yet to be reported. (—) Method not well suited for this type of analysis

Sample preparation Class of analyte

SCXRD outcomes

Supramolecular Absolute

Organic Water Liquid Organic Lipophilic Sample Natural MW > Structural chemistry of stereochemical
Method soluble soluble analytes salts logP > 5 limited products 500 Da elucidation analyte elucidation
Crystalline Sponge I — I * I I I xa V — P
TAA based Inclusion — 7 * [ v [ * [ — P
Chaperones
Microbatch Under-oil — I — I — e * e P P P
Crystallisation
ENaCt - — — v v 1/ - v v v v

“ Upper molecular weight (MW) likely dependant on MOF pore size.

This journal is © The Royal Society of Chemistry 2023
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sample limited analytes, where milligrams or less of sample are
available, and all provide significant advantages over classical
methods. Each of the methods presented herein are best suited
to particular analyte types and provide different information on
the analyte studied, thus a researcher is encouraged to match
the appropriate method to their research question (Table 2).
All four of the modern crystallisation methods presented
display major advantages, verses classical methods, for the
preparation of crystalline materials which enable the analysis
of small organic molecules by SCXRD. Each method is best
suited for the study of particular molecular classes, but taken
together they provide a near universal method for their crystal-
lographic study. We anticipate that uptake of these methods by
the small molecule science community will allow the current
crystallisation bottleneck to be overcome, through the rapid
access to crystalline materials suitable for SCXRD analysis.
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