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The selectivity profile for the resolution of mandelic acid by
quinine is dominated by structures comprising (QUIN™)-
(MAND") salts with Z' = 3 which contain (R)-, (R)- and
(S)-mandelate anions.

The resolution of racemic modifications by a chiral resolving
agent is generally achieved either by diastereomer salt formation
or by inclusion with a chiral host compound. The former
method is the most common, and has been reviewed.'

The cinchona alkaloids, of which quinine is the most
abundant, have been used extensively as resolving agents for
acids'? and the pairs quinine/quinidine and cinchonidine/
cinchonine have been described as “quasi-enantiomeric”.?
Larsen™ has described the structures of the salts formed by
cinchonine and cinchonidine with both (R)- and (S)-mandelic
acids. She concluded that cinchoninium (R)-mandelate is the less
soluble salt and its structure displays disorder in the -CH = CH,
moiety. In contrast, cinchonidinium-(S)-mandelate is the less
soluble salt. The thermal and solubility parameters of the four
salts were reconciled with their crystal structures and it was
noted that the packing of the cinchonidinium salts was
significantly different from their corresponding cinchoninium
salts.

We have taken a somewhat different approach to the question
of enantiomeric resolution in order to understand the mechanism
of the molecular recognition that drives the differentiation of the
resolving agent for one particular enantiomer. We have thus set
up a series of competition experiments where the resolving agent,
quinine (QUIN) was exposed to mixtures of mandelic acid, where
the mole fraction of the starting mixture was varied systematically.
The ensuing solutions were allowed to crystallise and the mole
fraction of the entrapped enantiomer was measured by analysing
the crystal structure. This is an extension of the technique
employed to measure the selectivity profile of a given host
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compound (H) towards a pair of guests A and B, whereby H is
dissolved in a series of solutions where the mole fraction X, varies
in steps from 0 to 1. The resulting crystals are analysed, yielding
mole fractions of A as Z4. The selectivity coefficient at each point
is then defined as

Kap = (Kpa)' = Za/Zp x Xp/Xa; (Xa + Xg = 1)

and is a measure of the discrimination of the host for a given
guest. In our case the two guests are replaced by (R)- and
(S)-mandelic acids.

The crystals were grown by slow evaporation from solution
containing 1 mmol of quinine (QUIN) and 1 mmol of
mandelic acid (MAND) in 20 mL of ethanol. The mole
fraction of the (R)-mandelic acid in the starting solution was
varied systematically as X (%) = 15, 30, 70 and 100. The
crystals were analysed by X-ray diffraction and the crystallo-
graphic data are summarised in the ESIf in Table 1S.1
Refinement revealed that all structures are salts of quininium
cations and mandelate anions (Scheme 1). In all cases we
checked that the structure of the single crystals was representative
of the bulk by measuring the X-ray powder patterns.

The (QUIN)(I15R-MAND™) structure (1) crystallises in
P2,2,2; with Z/ = 1 and only the (S)-mandelate ion was
captured, and is essentially the same as that published by
Gijerlov and Larsen® (data at 122 K). However, our data were
collected at 173 K because prior data collections for the other
structures in this study were performed at this temperature.
The metrics of the hydrogen bonds for this and the subsequent
structures are reported in Table 2S.F

The (QUIN")(30R-MAND") structure (2) crystallises in
the space group P2; with Z’ = 3. There are thus three pairs of
jons in the asymmetric unit. The (QUIN ")(MAND™) ion
pairs are labelled A, B and C, and the configurations of the
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mandelate anions are (R), (R) and (S), respectively. The
mole fraction of the (R)-mandelate in this crystal is thus
Zr (%) = 67.

The (QUIN')(50R-MAND™) structure (3) is similar to
structure 2 in that it has comparable unit cell parameters and
Z' = 3. However the ‘C’ mandelate ion is partly disordered, and
careful refinement showed that both (R) and (S) anions are
located on this site, with occupancies of 18% and 82%,
respectively. The overall mole fraction Zy for this structure is
therefore 72.6%. An analogous situation is exhibited by the
(QUIN ")(70R-MAND™) structure (4), yielding Zr = 77.0%.

We had considerable difficulties in growing suitable crystals of
the (QUIN *)(100R-MAND ") salt (5). Using pure ethanol as the
solvent and varying the initial concentrations and cooling
conditions yielded poor quality crystals with large mosaic spreads.
We repeated the crystallisation in a variety of solvents, namely
methanol, acetonitrile, ethylacetate, dichloromethane, acetone,
iso-propanol, benzene, methyl-ethylketone and 1 : 1 (v/v) water
mixtures of these when possible. More than thirty different
crystallisations were attempted. The optimal results were obtained
with an ethanol/water mixture (v/v = 5 : 1). The crystal which we
eventually employed had high mosaic spread and was
subjected to a long intensity data collection. (For details see ESI.T)
The resulting structure is similar to the previous three, in that it
crystallises in P2; with Z' = 3.

The selectivity diagram for the quinine-mandelic acid
system is shown in Fig. 1. Structure 1 contains only the
(S)-enantiomer of the mandelate anion. Structures 2-5 are
similar, in that they all crystallise in the space group P2,
with Z’ = 3, have similar unit cell dimensions and contain
Zgr varying from 0.67-1. Each salt pair stabilised by
(QUIN)N "~H-- - "OOC(MAND) hydrogen bonds with
N---O distances varying from 2.56-2.79 A.

We may regard structure 2 as representative of structures
3 and 4 as they all contain the (R)-, (R)- and (S)-mandelate
anions on the same site. It is therefore instructive to compare
structure 2 with structure 5 which contains only (R)-mandelates.
The packing of these two structures is shown in Fig. 2 and is
characterized by hydrogen bonded chains running along [101].

In order to understand the mechanism of enantiomeric
resolution we analysed the torsion angle changes which
occurred in the host cation and guest anion as the composition
Z changed. We recorded the torsion angles 7,—1, (QUIN ™)
and 1617 (MAND™) (Scheme 1). These are summarised in
Table S3.1 We noted that 7y, 75, 73 and 74 remained essentially
constant for all structures, while 74 takes a value of ~ 180° for
cation A and ~—110° for cations B and C. The only
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Fig. 1 Selectivity curve of the quininium—mandelate system.

Fig. 2 Hydrogen bonds between salt pairs in structures 2 and 5.

significant changes in the anions occurred in s when the
configuration changed from R to S and in 7; which is
controlled by the hydrogen bonding of the hydroxyl moiety.

Fig. 2a displays six salt pairs of structure 2, each labelled A, B
and C. We note a ring system of hydrogen bonds between moieties
A and B which may be described as R3(14).” This is repeated in
structure 5, shown in Fig. 2b. The important difference in the two
structures occurs in moieties C. In structure 2 the (S)-mandelate
displays an intramolecular -OH- - -O bond and there is a chain of
single hydrogen bonds joining (MAND g)---(QUIN (). --
(MAND () - -(QUIN™ ) symbolised as C3(13). In contrast,
in structure 5 anion C does not show an intramolecular
H-bond, but gives rise to a second ring system R3(14) and in
addition is stabilised by the hydroxo-moiety bonding to a
neighbouring (QUIN ) via an —OH- - -N bond.

The selectivity curve displayed in Fig. 1 shows that there
is a large range of stability in the structures formed from
Xr = 22% to 85% (structures 2, 3 and 4). Each of these
crystallises in P2, with Z’ = 3 and, essentially, captures two
(R)- and one (S)-mandelate anions. Thus it is important to
understand the essential differences between these three
structures and that of structure 5 which crystallised with all
three (R)-mandelates.

In order to comprehend the difference in the packing forces
which stabilise the structures, we have carried out an analysis of
the non-bonding interactions in structure 2 (representative of
structures 3 and 4 as well) and compared this to the results of
structures 1 and 5. We thus employed the program Crystal
Explorer® to generate the related fingerprint plots of the salt
pairs instead of the individual molecules in the structures (Fig. 3).
The fingerprint plots reflect the non-bonding interactions
between neighbouring salt pairs and therefore do not show the
(QUIN)-N"—H..."OOC(MAND) hydrogen bond occurring
within each pair. However, they give an overview of the
supramolecular packing of the crystal. Fig. 3a is a representation
of all the interactions in structure 1. Peaks ® and @ arise
from intermolecular (QUIN " )-OH- - -~ OOC(MAND) hydrogen
bonds and peak ® represents the H- - -H contacts. An important
feature is the spread of the latter interactions which occur at
d=d,> 24 A. This is a feature of a loosely packed structure,
which is reflected in this low density of 1.203 g cm > and high
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Fig. 3 Fingerprint plots of ion pairs in structures 1, 2 and 5.

value of the volume/non-hydrogen atom of 18.79 A, In contrast
structures 2 to 5 are packed more efficiently and have densities
varying from 1.316 to 1.340 g cm™> and corresponding vo-
lume/non-H atom varying from 17.17 to 16.87 A*. Fig. 3b and
¢ shows the fingerprint plot for the salt pairs A, B and C of
structures 2 and 5. The plots for the A pairs are similar but we
note significant differences in the plots for the B and C pairs.
In particular peaks @ and @ of the B and C pairs of structure 2
arise from (QUIN *)-OH- - .~ OOC(MAND) hydrogen bonds.
These are strong interactions in which the H- - -O distances are
~1.65 A. The corresponding peaks in structure 5 are different,
in that for salt pair B, peak ® due to a (QUIN")-OH---
“OOC(MAND) interaction is weaker with H---O ~ 1.77 A
and peak @ is weaker, more diffuse and is due to a bifurcated
(QUIN ")>-OH- - -~ OOC(MAND) hydrogen bond. In structure 5,
pair C, we note a diffuse peak ® due to a weak

(QUINT)-OH. .- "OOC(MAND) interaction and a peak @
which arises from two distinct interactions, namely
(QUIN)-OH---"OOC(MAND) and (MAND )-OH.--

N(QUIN™) hydrogen bond, both being weak interactions.
This shows that there are stronger intermolecular forces stabilising
structure 2 in comparison with those of structure 5. We propose
that these are the forces responsible for the greater stability of
structure 2 and this explains the mechanism of resolution, whereby
the structures with [(R), (R), (S)-mandelates] are obtained over a
large range of the selectivity profile.

We conclude that the resolution of mandelic acid by quinine
is driven by intermolecular hydrogen bonds and concomitant
changes in some torsion angles of the (QUINT) and
(MAND") ions. These give rise to stable structures of three
salt pairs in the crystallographic asymmetric unit containing
(R)-, (R)- and (S)-mandelate anions, and dominate a large
range of the selectivity profile.
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