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Unusual Disordered Crystal Structure of a
Racemate Exhibiting a Novel Enantiomeric
Resolution: Preferential Enrichment**
Rui Tamura,* Hiroki Takahashi, Ken Hirotsu,*
Yoshitaka Nakajima, Takanori Ushio, and Fumio Toda

Recently we reported the first case of enantiomeric
resolution by simple recrystallization of a series of racemic
compounds ((� )-ST,[1, 2] (� )-SC[3] and (� )-SN[4]), although in
principle this type of enantiomeric resolution was believed to
be impossible for more than a century since the mechanical
resolution of enantiomeric conglomerates by Pasteur[5] and
the discovery of the ªpreferential crystallizationº technique
by Gernetz.[6,7] We refer to this new phenomenon of
enantiomeric resolution as ªpreferential enrichmentº in the
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mother liquor. Preferential enrichment has the following
features: 1) Repeated recrystallization of the racemate and
each crop of deposited crystals results in a remarkable
alternating enrichment of the two enantiomers up to
100 % ee in the mother liquors (enantiomeric enrichment in
the mother liquors). 2) When nonracemic crystals with low ee
values are recrystallized, the resulting deposited crystals
always have the opposite chirality (reversal of chirality in
the deposited crystals)[1±4] (Figure 1). An X-ray crystallo-
graphic analysis of the racemic single crystals (0% ee) of ST
and SC indicated that their stable crystalline forms are
composed of a regular packing of the R and S enantiomers in
the crystal lattice (space group P1Å, Z� 2).[1±3] In addition, it
was shown that several related racemic (disordered) mixed
crystals[8] in which the same sites are occupied by molecules of
the R and S enantiomers in equal amounts do not exhibit
preferential enrichment.[4] Here we report another new case
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Figure 1. Preferential enrichment of NC. The crystals were dissolved in
EtOH by heating. The saturated solution was cooled to 25 8C, stirred until
crystallization began, and then allowed to stand for the stated period of
time. Crystallization conditions: a) EtOH (10 mL), 25 8C, 17 d; b) EtOH
(10 mL), 25 8C, 5 d; c) EtOH (10 mL), 25 8C, 3 d; d) EtOH (8 mL), 25 8C,
3 d; e) removal of the solvent by evaporation. The ee values of the mother
liquors and crystals were determined by HPLC analysis on a chiral
stationary phase (Chiralcel OD-H, 0.46� 25 cm) and a mixture of hexane,
EtOH, CF3COOH, and Et2NH (800/200/5/1) as the mobile phase.

of preferential enrichment in which the stable crystalline form
of the racemate is the (disordered) mixed crystal, which,
however, is composed of a weakly ordered arrangement of the
two enantiomers and contains the centrosymmetric hetero-
chiral cyclic dimer (R,S) as the major component (ca. 54 %) in
the crystal lattice.

Preferential enrichment of the ammonium analogue of
(� )-SC, (� )-{2-[4-(3-ethoxy-2-hydroxypropoxy)phenylcarba-
moyl]ethyl}dimethylammonium p-chlorobenzenesulfonate
[(� )-NC], was effected by recrystallization from a fivefold
supersaturated solution in ethanol or 2-propanol at 25 8C.
Both the alternating enantiomeric enrichment in the mother
liquors (up to 86 % ee) and the reversal of chirality in the
deposited crystals were observed (Figure 1). The X-ray
powder diffraction pattern of the racemate was similar to
but clearly different from that of the pure enantiomer.
Furthermore, the melting point of the racemate (124.4 ±
130.0 8C) determined by differential scanning calorimetry
(DSC) is higher than that of the pure enantiomer (73.5 ±
96.2 8C). From these results, we predicted that the stable
crystalline form of the racemate of NC would be a racemic
compound, as was observed for related compounds.[1±4]

Single crystals of the racemate and the S-enriched non-
racemic material (ca. 40 % ee) were obtained by crystalliza-
tion without stirring from twofold supersaturated racemic and
nonracemic (65 % ee) solutions in 2-propanol at 25 8C, re-
spectively, followed by very slow evaporation of the solvent,
and were subjected to X-ray crystallographic analysis. The
crystal structure of the racemate of NC was solved in the space
group P1Å, because the single crystals obtained were composed
of almost the equal amounts of the two enantiomers with an ee
value of less than 0.4 % (HPLC analysis). The unique
molecular arrangement of R and S enantiomers is shown in
Figures 2 and 3. Contrary to our expectation, the stable
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crystalline form of (� )-NC is not a racemic compound, but
the racemic (disordered) mixed crystal. It is surprising that a
racemate existing as a stable racemic (disordered) mixed
crystal can exhibit preferential enrichment.[4] To gain an
insight into this unexpected result, we investigated the crystal
structure of (� )-NC in detail and compared it with that of the
nonracemic crystal.

The crystal structure of (� )-NC is characterized by hydro-
gen bonds between the hydroxyl group and the oxygen atom
of the ethoxy or amido group of the long-chain cation, and
between the ammonium and amido NH groups of the long-
chain cation and the sulfonate groups of the anion. Interest-
ingly, the hydroxyl group on an asymmetric carbon atom (C4)
is disordered over two positions. Constrained refinement of

these two positions gave occupancy
factors of 0.737 and 0.263 for O2a
and O2b, respectively. Hence, ei-
ther the R or the S enantiomer can
be located at the same site in the
crystal lattice. The occurrence of
the racemic (disordered) mixed
crystal is explained in terms of the
presence of a site in the crystal
lattice that can accomodate O2a
and O2b and allow the interaction
of both O2a and O2b with hydro-
gen-bond acceptors. The R and S
enantiomers in the sites with higher
occupancy factors are designated R
and S (occupancy factor: 0.737
each), and those in sites with lower
occupancy factors r and s (occu-
pancy factor: 0.263 each) in Fig-
ures 2 and 3. The hydroxyl group of
R (HO2a') and S (HO2a) forms
hydrogen bonds with the ethoxy
oxygen atom (O1 or O1') of the
symmetry-related S and R mole-
cules, respectively; this leads to the
formation of a head-to-head cyclic
dimer around a center of symmetry
at 1�2, 1�2, 1�2 (probability: 0.737�
0.737� 0.543); the lengths of the
hydrogen bonds are 2.755(3) � for
O2a' ± O1 and O2a ± O1'. Similarly,
the hydroxyl groups of r (HO2b)
and s (HO2b') form hydrogen
bonds with the carbonyl oxygen
atoms (O4' and O4) of the symme-
try related molecules to give a side-
by-side cyclic dimer around a
center of symmetry at 1, 1�2, 1 and
0, 1�2, 0 (probability: 0.263� 0.263�
0.069); the lengths of the
hydrogen bonds are 2.774(8) � for
O2b ´´´ O4' and O2b' ´ ´ ´ O4. The
major hydrogen-bonding mode be-
tween R and S molecules and the
minor one between r and s mole-

cules were observed in the related compounds (� )-SC[3] and
(� )-ST,[1, 2] respectively. The rest of the crystal consists of
equal amounts of R and S enantiomers that do not form cyclic
dimers. The values of the occupancy factors were reproducible
for the racemic crystals. For a crystal grown from a different
batch, the occupancy factors were 0.747 for O2a and 0.253
for O2b.

Although the initial structure determination showed that
the nonracemic crystal was isomorphous with that of (� )-NC,
and E statistics and the N(z) cumulative probability distribu-
tion[10a] were consistent with the existence of a center of
symmetry, the crystal structure of S-enriched nonracemic NC
was solved and refined in the space group P1, since the ee
value of the crystals was about 40 % by HPLC analysis. The

Figure 2. Crystal structure of (� )-NC viewed down the a axis (stereoview). The b axis is vertical, and the c
axis is horizontal. The carbon, oxygen, and nitrogen atoms are represented by open, full, and hatched circles,
respectively. Hydrogen atoms are omitted for clarity except for those of hydroxyl and amido groups.
Hydrogen bonds are indicated by thin lines. R and r represent the more and less highly occupied sites of the R
enantiomers, and S and s the corresponding sites of the S enantiomer.
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Figure 3. Schematic representation of the various types of intermolecular hydrogen bonds in the crystal of
(� )-NC.
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Hamilton test indicated that the space group of the non-
racemic crystal is P1 at the 99.5 % significance level.[10b] The
crystal structure of the mixed crystal of S-enriched non-
racemic NC was isomorphous with that of (� )-NC (Figure 2).
The hydroxyl groups are disordered around a pseudo-center
of symmetry, but the initial refinement showed that one of the
two independent molecules is essentially ordered and has the
S configuration. At this stage, the occupancy factor of the OH
group (O2a in Figure 2) with S configuration was fixed at 1.0,
and that with R configuration (O2b) was removed from the
atom list. The occupancy factors of the hydroxyl groups
belonging to the other of the two independent molecules were
refined to 0.59 for the R configuration (O2a') and to 0.41 for
the S configuration (O2b'). An ee value of 41 % was calculated
for this nonracemic crystal. The X-ray powder diffraction
pattern of this nonracemate is intermediate between those of
the racemate and the pure enantiomer. Therefore, it can be
assumed that with increasing fraction of S enantiomers in the
crystal, the occupation of the sites HO2a and HO2b' increases
and that of HO2a' and HO2b decreases (Figures 2 and 3), so
that the crystal structure of the pure S enantiomer is
approached. Thus, the stable crystalline form of nonracemic
NC is proved to be the (disordered) mixed crystal composed
of different amounts of the two enantiomers.

The origin of these unique crystal structures of racemic and
nonracemic NC might be accounted for, at least in part, by the
third intermolecular hydrogen-bonding mode in the crystals.
The tails of the long-chain cations interact strongly with the
sulfonate groups of the anions through a hydrogen bond/salt
bridge N2ÿH ´´´ O5ÿS (N2 ´´ ´ O5 2.770(3), O5ÿS 1.452(2) �)
and the hydrogen bond N1ÿH ´´´ O7 (N1 ´´ ´ O7 2.872(3), O7ÿS
1.436(2) �) to give a cyclic dimer (Figures 2 and 3). These
interactions should also play an important role in determining
the arrangement of NC molecules in the crystal.

Although the stable crystalline form of racemic NC is a
(disordered) mixed crystal of the two enantiomers, which was
considered undesirable for the preferential enrichment, due
to the weakly ordered arrangement of the two enantiomers
with the centrosymmetric cyclic dimer structure (R,S) as the
major component in the crystal lattice, preferential enrich-
ment was obtained. This discovery could expand the range of
applications of preferential enrichment.

Experimental Section

(� )-NC: A mixture of the precursor (� )-{2-[4-(3-ethoxy-2-hydroxy-
propoxy)phenylcarbamoyl]ethyl}dimethylamine (1.52 g, 4.90 mmol) and
p-chlorobenzenesulfonic acid (1.20 g, 6.23 mmol) in acetone (20 mL) was
stirred for 15 h at 55 8C, cooled to 25 8C and then 5 8C, and filtered. The
residue was washed with a small amount of diethyl ether to give (� )-NC as
a white solid (1.94 g, 79 % yield, 0% ee). The ee value was determined by
HPLC analysis. (S)-(�)-NC was similarly prepared from (S)-(�)-epichlor-
ohydrin. The specific rotation [a]25

D (2.03, MeOH) was �1.78 (standard
deviation 0.2).
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