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The conditions required for resolving racemates into enantiomers by crystallization involve a deficiency of either the conglomerator
or the achiral solubiliser to promote the solubility of the compound to be resolved; in both cases the resolution can also be
achieved by internal entrainment, adding a single crystal of the resolvable conglomerate.

L. Pasteur was the first (May 1848) to separate1 the enantio-
morphic levorotatory and dextrorotatory crystals of an entirely
racemic conglomerate such as sodium ammonium tartrate 1·4H2O.
The individual crystals taken from this conglomerate were shown
to be optically active2 as were also the first crystals precipitated
from its supersaturated solution.3– 5 The most important conse-
quence of these classical experiments is the possibility to effect
homochiral crystallization and, thereby, spontaneous resolution
at the level of single crystals.

Independently, theoretical investigation of the meanings of
this fundamental phenomena —  the possibility of homochiral
crystal formation — was begun by O. Bravais in France in the
same year 1848 (Bravais crystal lattices) and completed by
E. S. Fedorov in Russia and A. Schönflies in German y (1890–
1891). Sixty five of the 230 Fedorov space groups are chiral,†
and hence all those chemical compounds which crystallise in
these space groups produce crops of homochiral crystals
(conglomerates) and are capable of spontaneous resolution into
enantiomers by crystallization. However, all the methods
developed by Pasteur (manual sorting of conglomerate crystals
by a ‘chiral’ e xperimenter, separation via diastereomers and uti-
lization of enzymes) and his followers (using an optically active
seed by Gernez,6 see also refs. 7–9) implic ate the use of either
chiral chemical reagents or asymmetric physical fields.9–12  In
particular, a modification of the second Pasteurian method in-
cluded the use of a chiral resolving reagent in nonstoichiometric
quantity.7 W. Marckwald (1896) applied a half-mole quantity
of the alkaloid cinchonine to resolve tartaric acid; W. J. Pope
and S. J. Peachey (1899) introduced a neutralization technique
for the second moiety of the compound to be resolved.

In the present work, we propose and realise a simple idea for
the resolution of conglomerates without the involvement of any
chiral reagent (preliminary results13 were obtained at the 150th

anniversary of Pasteur’s discovery). (±)-Tartaric acid itself forms
heterochiral crystals (space group P ) whereas the Pasteur salt
(±)-1·4H2O containing achiral addends (NaOH, NH3, H2O) crys-
tallises as a conglomerate7 (space group P21212). Such addends
are called conglomerators (C).

On the onset of crystallization from a supersaturated solution
of a conglomerate, the first formed ‘left’ (L) or ‘righ t’ (D) crys-
tal initiates the formation of further crystals of the same type.
If the supersaturation is sufficiently great, crystallization of the
opposite enantiomer occurs. Such an alternating process (circu-
latory crystallization14) leads to a racemic precipitate. If the same
procedure is performed with a deficiency of the conglomerator,
after the first enantiomer has crystallised, the second enantiomer
in the form of its adduct with the conglomerator is no longer
supersaturated (Scheme 1). 

† Chiral space groups compatible with a single enantiomer in a crystal:
triclinic P1; monoclinic P2, P21, C2; orthorhombic P222, P2221,
P21212, P212121, C222, C2221, I222, I212121, F222; tetragonal P4, (P41,
P43), P42, I4, I41, P422, P4212, (P4122, P4322), (P41212, P43212),
P4222, P42212, I422, I4122; trigonal P3, (P31, P32), R3, P312, P321,
(P3112, P3212), (P3121, P3221), R32; hexagonal P6, (P61, P65), (P62,
P64), P63, P622, (P6122, P6522), P6322, (P6422, P6222); cubic P23,
P213, I23, I213, F23, P432, (P4132, P4332), P4232, I432, I4132, F432,
F4132 (in brackets, 11 enantiomorphous couples of space groups). 

We found that crystallization of the Pasteur salt from H2O at
18 °C (1 day) leads to crystals of (±)-1·4H2O in 36% yield.
Crystallization under the same conditions, except that a half-
mole quantity of Na2CO3 was added, gives (–) -1 (yield 30%,
optical purity 55%). The experiment with Na2CO3 was then
repeated but with the addition of a random crystal of conglo-
merate (±)-1·4H2O as a seed to the supersaturated solution; this
resulted in the formation of crystalline (+)-1 (yield 35%, optical
purity 65%). Such a procedure is essentially a modification of
the Gernez method. It does not use any external chiral seed and
can be called the internal entrainment procedure. Finally, the
optical purity of (+)-1·4H2O was increased to 80% by its crys-
tallization at 30 ° C (1 day), separation of the precipitated race-
mate (±)-1·4H2O and evaporation of the mother liquor. Thus,
the temperature conditions for conglomerate formation found by
van't Hoff15 can be used for increasing the optical purity by
successive conglomerate–racemat e crystallizations. 

Racemic coordination complexes were originally resolved by
A. Werner (1811) using chiral reagents.16 Many of these com-
plexes were later shown to form conglomerates,17,18 e.g. cis-
[Co(NO2)2(en)2]Cl 2 (space group P21). We have found that its
analogue cis-[Co(NO2)2(en)2]Br 3 is also a conglomerate, as
follows from the optical activity of its individual crystals. This
is confirmed by a single crystal X-ray diffraction study of (±)-3
(space group P21). Like 1, compounds 2 and 3 can be resolved
by crystallization from supersaturated solutions upon adding their
individual conglomerate crystals as seeds. Bromide 3 is less
soluble19 than chloride 2 by a factor of 3.6, and we succeeded
in obtaining optically active bromides (–)- 3 and (+)-3 (yields
15– 30%, optical purity 20– 50%) by crystallization from aqueous
solutions of chloride (±)-2 containing a half-mole quantity of
NaBr as a conglomerator.

Chiral ammonium salt Me(Et)N+(Allyl)PhI– ·CHCl3 4 forms
a conglomerate as shown by the observed hemihedrism20 and
optical activity of its single crystals,21 and confirmed by us by
X-ray study (space group P212121). Obviously, the molecule of
CHCl3 in compound 4 is a conglomerator. After evacuation of
CHCl3 by a vacuum treatment of rubbed salt 4 (under NMR
monitoring), crystallization from EtOH– Et2O with a half-mole
quantity of CHCl3 gave enantiomer (+)-4 (yield 35%, optical
purity 61%). A similar resolution was experimentally observed
earlier with a new conglomerate.22

The high efficiency of the above method of racemate resolu-
tion was illustrated by the salts of a-phenylethylamine, one
of the simplest, most easily available and widely used chiral
amines.23 The sulfate,7 cinnamate24(a)–( d) 5, and succinate24(e)

6 of a-phenylethylamine are known conglomerates. Using this
fact, D. Kozma et al.25 increased the optical purity of the partly
enriched amine, and K. Saigo et al.24(a) described a classical re-
solution of (±)-5 by entrainment. The mixture of cinnamate 5
and hydrochloride (mole ratio ~1:2) containing (+)-5 as a seed
crystallised from H2O–Me OH (2:3) to give first crystals of (+)-5
(yield 22%, optical purity 75%). Next, (±)-5 in a quantity ap-

1

Cryst. (LC)n nL + nD + nC (DC)n cryst.
[C] ® 0 [C] ® 0

Scheme 1
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proximately equivalent to that of the separated crystals and a seed
of (–)- 5 were added to the mother liquor; crystals of (– )-5 were
isolated (yield 35%, optical purity 85%). 

In our work, no optically active salt 5 was added as a seed
which is an essential novelty of our procedure. We repeated
Saigo’s experiment without the seed and obtained three portions
of crystals of alternating sign of optical rotation in total yields
of 35% and optical purity up to 95%. We call such a resolution
as a single conglomerate method. 

Our second approach, called the double conglomerate method,
was applied to the crystallization of an equimolar mixture of 5
and 6. This gave four portions of crystals of (+)-5 (yield 45%,
optical purity 30–5 4%); (– )-6 was isolated from the mother
liquor (yield 35%, optical purity 40%). Salts 5 and 6 differ in
solubility and other properties, and they can be easily identified
by NMR spectra. Thus, we can call them quasi-diastereomers.
Significantly, the single conglomerate method and the double
conglomerate method both provide products of optical purity
up to 95.6% after a single crystallization. These methods can be
applied to the resolution of amino acids as salts with aromatic
sulfonic acids, which are known to be conglomerates.26

The idea of using a deficiency of the conglomerator (Scheme 1)
was extended to crystallization with a deficiency of the achiral
solubiliser promoting the solubility of the compound to be re-
solved. As mentioned above, Werner complexes 2 and 3 highly
differ in solubility, therefore the Cl–  anion can be considered as
a solubiliser, and a spontaneous resolution can be expected when
crystallising with its deficiency. Indeed, a single crystallization
of an equimolar mixture of racemates 2 and 3 leads to the for-
mation of (–)- 3 or (+)-3 in 15– 20% yields with an optical purity
of 50–60% .

Another substrate suitable for a similar resolution was found
in a structural study of N-succinopyridine,25 C5H5N+CH(CO2

– )-
CH2CO2H 7, an adduct of pyridine with maleic acid (space
group P212121), synthesis and the properties of which have not
been published. We found that prompt evaporation of the solu-
tion of an equimolar mixture of pyridine with maleic acid leads
to only pyridinium maleate, whereas the prolonged keeping of
the same solution (1–2 w eeks) results in formation of bright
transparent crystals of adduct 7 (mp 214 °C),  and each crystal
of which shows optical activity. By crystallization of (±)-7 from
H2O with a half-mole quantity of pyridine or CF3CO2H, enantio-
mers (– )-7 and (+)-7 were obtained (yield 12–15 %, optical purity
40-70%). 

We have initiated a systematic search22,28 and design29 of
conglomerates. Proposed methods can be widely used for spon-
taneous optical enrichment of new conglomerates, which could
be found, under scrutinity, among various chemicals in any
laboratory.

Significantly, spontaneous resolution of conglomerates in the
presence of nonstoichiometric quantities of either a conglome-
rator or a solubiliser could be the most natural explanation for
the origin of biohomochirality.
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