L-proline, a resolution agent able to target both enantiomers of
mandelic acid: an exciting case of stoichiometry controlled chiral

resolution.
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We present a thought-provoking development in chiral resolution.
Using a resolving agent of a given handedness, L-proline, we show
that both R- and S-enantiomers of mandelic acid can be resolved
from a racemic mixture simply by varying the stoichiometry. We are
the first to report this specific feature, achieved by the existence of
stoichiometrically diverse cocrystal systems between R- and S-
mandelic acid and L-proline.

Cocrystals have become one of the principal targets in the quest
for materials with novel or improved supramolecular
properties. Research into the design and application of
cocrystals has grown in recent years since they are capable of
tuning the physicochemical properties of materials and hence
allow widening potential applications.1® In addition, cocrystals
have a great advantage over salts since they, in principle, can be
formed for all compounds.

Chiral resolution, the process allowing separation of
enantiomers, is one of the fields where cocrystallization has
shown its potential. Initially, cocrystallization was introduced as
an alternative to “classical” — chiral resolution via
diastereomeric salt formation.® This latter approach uses the
difference in solubility between two diastereomers to
selectively crystallize the less soluble diastereomer. Unlike salt-
forming systems, for which diastereomeric pair formation
appears to be the general rule, cocrystal systems more
frequently behave enantiospecifically, with a chiral resolving
agent only forming a cocrystal with one of the two enantiomers
of the target molecule. An experimental cocrystal screen
combined with an extensive CSD search showed that for about
85% of cocrystal systems an enantiospecific rather than a
diastereomeric character was encountered.® Chiral resolution
via enantiospecific cocrystal formation has been successfully
employed in a number of cases.!1-14 During the last couple of
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years, achiral cocrystallizing agents have also shown their use in
the context of resolution,’>17 with cocrystallization mainly
racemic compound
latter system can then be used for
resolution through preferential crystallization.1819 We, recently,
extended this approach, showing the potential to
simultaneously resolve two racemic compounds through

being used to transform a into a

conglomerate. This

preferential cocrystallization.1®

Here, we further expand the toolbox of cocrystal resolution
processes, by showing how the cocrystal stoichiometry can be
used to specifically target either of the enantiomers of a
racemate using the same resolution agent (so of the same
handedness). Specifically, we show how either of the
enantiomers of RS-mandelic acid can be resolved merely by
adapting the amount of L-proline® (scheme 1). This astonishing
feature is explained by the existence of thermodynamically
stable and stoichiometrically diverse cocrystals with both
enantiomers of mandelic acid - R-MAN-L-PRO (RL) and S-MAN-L-
PRO; (SLz). To the best of our knowledge, this is the first
example of a salt or cocrystal system where a resolving agent of
a given handedness can be used to target either one of the two
enantiomers of a racemate.
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Scheme 1. By adapting the amount of L-proline either the R-, or S-
enantiomer of mandelic acid can be resolved.

The obtained cocrystal reaction outcome between L-proline and
mandelic acid depends both on the handedness of mandelic
acid, as well as the overall proline/mandelic acid ratio as shown
in scheme 2, compiled from grinding experiments (see Fig. ESI-
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1-6). Long grinding periods, and cross seeding during grinding
experiments were performed to assure a thermodynamic
outcome.

R+L == RL (1)
S+L == SL (2)
RS+L ==> RL+SL  (3)
R+2L == RL+L (4)
S+2L == SL, (5)

RS +2L== RL+SL, (6)

Scheme 2. Cocrystallization outcome at the solid state when grinding
racemic mandelic acid or its enantiomers with one or two
equivalents of L-proline.

Using equimolar amounts of L-proline and either of the
mandelic acid enantiomers, a diastereomeric pair of cocrystals
- R-MAN:-L-PRO + S-MAN-L-PRO (RL + SL) is obtained (egs. 1 and
2). Racemic mandelic acid is also dismantled into this pair using
one equivalent of L-proline (eq. 3). As stoichiometrically diverse
cocrystals are often encountered working with amino acids,19-23
we also performed grinding experiments using various amounts
of proline. The use of 2 equivalents of L-proline indeed led to a
stoichiometrically diverse cocrystal system with S-mandelic acid
forming the 1:2 S-MAN-(L-PRO), (SL;) cocrystal (eq.5).
Interestingly, the 1:2 diastereomeric cocrystal involving R-
mandelic acid does not form (eq. 4). This can be explained by
the fact that cocrystal formation reactions are often
characterized by free energies of formation ( AG°) of a couple
of kcal-mol1.2431 Changes in the structure of a coformer (such
as a change in stereochemistry) can therefore have a substantial
impact on the success of cocrystal formation. This would explain
why a stoichiometrically diverse system is obtained working
with S-mandelic acid, while for R-mandelic acid only the 1:1
cocrystal exists. As a consequence, the use of 2 equivalents of
L-proline dismantles the racemate to yield a mixture of RL and
SL, cocrystals (eq.6).

All of the above-mentioned cocrystals were analyzed by single
crystal analysis, with simulated patterns overlapping with the
experimental ones (Figs ESI-4-6). SL (Fig. 1a) crystallizes in the
monoclinic P2; space group with two molecules of S-mandelic
acid and two molecules of L-proline in the asymmetric unit
(2'=2) (for detailed structural information on this and the other
structures see table ESI-1). In turn, its diastereomeric
counterpart, RL (Fig. 1b), crystallizes in the orthorhombic
P212,2; space group with one R-mandelic acid and one L-proline
molecule in the asymmetric unit cell.
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Fig. 1. Hydrogen bonding interactions in crystalline SL (a) and RL (b).
Hcn are omitted for clarity and carbons of mandelic acid are orange.

Fig. 2. Crystal packing of SL. Hcw are omitted for clarity and carbons
of S-mandelic acid are orange.

The stoichiometrically diverse cocrystal S-MAN-(L-PRO), (SL3)
crystallizes in the monoclinic P2; space group with one S-
mandelic acid and two L-proline molecules in the asymmetric
unit (Fig. 2).

To get a clear overview of the thermodynamics behind the
various combinations, the solid-state landscape between both
enantiomers of mandelic acid and L-proline was investigated by
constructing a ternary phase diagram from grinding
experiments. This diagram (Fig. 3) shows all thermodynamically
stable situations when combining various ratios of the starting
components. These diagrams are also of importance for future
resolution development, as they highlight those solid forms (or
combinations thereof) for which stable suspensions can be
identified. In our case, stable suspensions containing a single
solid form can be obtained for RS-, S- and, R-mandelic acid, L-
proline, as well as for the RL, SL and SL; cocrystals. A suspension
of two different solid forms is limited to the combinations
shown in bold green (e.g. RL + L or RL + SL, ... with a suspension
of e.g. L + RS being thermodynamically unstable). Finally,
suspensions of three different solid forms can be obtained for
the combinations shown in red (e.g. an RL + SL + RS suspension
is stable whereas an R + S + L suspension is not). The exact
nature of the solid forms obtained in suspension depends on
the amount and nature of solvent added and requires the
construction of a quaternary phase diagram.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3. Ternary solid-state phase. A single pure solid is noted in
black/ single point; a mixture of 2 phases in green / line; a
mixture of 3 phases in red / zone (triangle).

Based on the fact that a diastereomeric system is obtained for
the 1:1 cocrystal stoichiometry and that the 1:2 cocrystal only
forms with S-mandelic acid, we envisioned resolving both R- and
S-mandelic acid from a racemate, merely varying the amount of
L-proline added. This would be the first resolution process
where a resolving agent of a given handedness (L-proline) is
used to resolve both enantiomers (R- and S-mandelic acid)
starting from a racemic solution, in contrast to classical
diastereomeric resolution, where a change in chirality of
resolving agent is required to target the compound of opposite
chirality.

Our methodology requires the RL diastereomer to be more
stable than the SL diastereomer, and an appropriate solvent to
be identified for which the RL and SL, cocrystals can be obtained
in suspension without the presence of solid forms containing
the opposite enantiomer.

A preliminary solvent screen (see table ESI-3) starting from a
racemic mandelic acid solution, and using various amounts of L-
proline, led to suspensions of RL as sole solid form or in
combination with RS-man and/or SL,. The SL solid form was
never observed indicating the RL diastereomer to be
thermodynamically favored over the SL diastereomer, satisfying
the first of the requirements mentioned above.

Ethanol was then chosen for further development, as the full
transformation of racemic mandelic acid in cocrystal solid forms
was always observed (no signals of RS-mandelic acid in the
resulting XRPD pattern), and a suspension containing only the
RL solid form was obtained during the initial screen using a 2:1
mandelic acid/proline ratio.*

To identify conditions allowing resolution of both mandelic acid
enantiomers using L-proline, we investigated the isoplethal
(fixed R/S ratio for mandelic acid) ternary phase diagram
between RS-mandelic acid, L-proline and ethanol (Fig. 4). This
diagram should be seen as a cut in the complete quaternary
phase diagram between ethanol, L-proline, and R- and S-
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mandelic acid. An initial screen (Fig. 4a) showed RS-mandelic
acid to be much more soluble compared to L-proline, explaining
why less solvent was used when screening the right side of the
diagram.

a)

b)

RS-man

Fig. 4. Isoplethal ternary diagram (mole fraction) between RS-
mandelic acid, L-proline and ethanol. (a) initial screen (Table
ESI-4), (b) zoom on the top left part of the diagram (Table ESI-
5). Solids in suspension are RS-man (orange), RL (dark green), RL
+ SL; (blue), RL+SL,+L-Pro (pink), L-Pro (yellow), and SL; + L-Pro
(bright green).

Using increasing amounts of proline, a large zone is identified
for which the RL cocrystal (dark green dots) is the only stable
form in suspension. This zone corresponds to those conditions
that can be used to effectively resolve R-mandelic acid from a
racemate. Further increasing the amount of L-proline, we
identified a large zone where a mixture of two cocrystals — RL
and SL, was thermodynamically stable in suspension (blue
dots). Analysis of the XRPD patterns of the obtained solids,
showed a clear tendency towards an increased amount of SL,
when using higher quantities of L-proline, whereas the amount
of RL decreased (Fig. ESI-10). This incited us to look in more
detail at the top left part of the diagram to identify conditions
under which SL, can be obtained in suspension without the
presence of the RL form (Fig. 4b and table ESI-5).

Unsurprisingly, this part of the diagram shows the use of high
quantities of L-proline will lead to conditions where this
compound is the only stable form in suspension (yellow dots),

J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins




with low amounts of solvent leading to a suspension (pink dots)
containing both SL; and RL cocrystals (so both enantiomers of
mandelic acid). Interestingly enough, a zone was identified
where the SL; cocrystal is obtained in combination with L-
proline (bright green dots). Under these conditions, the S-
enantiomer of mandelic acid is the only enantiomer found in a
solid form, and hence these conditions can be effectively used
to resolve the S-enantiomer from a racemate, fulfilling the
second requirement mentioned above.

We were, therefore, able to identify conditions allowing
resolution both of R- and S-mandelic acid starting from a
racemate, by merely varying the amount of L-proline. This is, to
the best of our knowledge, the first such reported system and
highlights how cocrystallization can be used to add new tools to
the resolution toolbox.

We scaled up the resolution for both enantiomers (conditions
used are highlighted by the blue arrows in Fig. 4 and described
in the SI), and subsequently separated L-proline from the
obtained cocrystal as explained in the supporting information.
This led to the recovery of R-mandelic acid with an ee>99% (Fig.
SI-9), and of S-mandelic acid with an ee>96% (Fig. ESI-13).

This work is the first to introduce a stoichiometry-controlled
resolution process, using a chiral resolution agent of a given
handedness to resolve both enantiomers of a racemate by
merely varying the stoichiometry of the system. Both R- and S-
mandelic acid can be resolved from solution, using the
appropriate amount of L-proline. This specific feature can be
achieved through the fact that a diastereomeric pair of 1:1
cocrystals exists, whereas the 1:2 cocrystal only occurs for the
S-enantiomer. Scaling up the process, we were able to recover
both R- and S-mandelic acid from a racemate with an ee>99%
and ee>96% respectively.

This unique system highlights the potential
cocrystallization has in chiral resolution and is the first system
for which it is shown that a mere change in stoichiometry allows
targeting either one of the two enantiomers of a racemic
solution.
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Notes and references

For clarity different nomenclature was used for both
compounds, keeping D-/L-prefixes for the amino acid proline and
R-/S-prefixes for mandelic acid.

* This selection was merely based on initial results and does not
imply another solvent cannot lead to even better results.
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