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One of the most intriguing challenges of stereochemistry is
deracemization and the preparation of homochiral com-
pounds.[1] Despite the great progress in asymmetric organic
synthesis, there are only several instances of genuine “abso-
lute” asymmetric preparation of inorganic compounds,[2]

these include spontaneous resolution processes too.[3] Thus,
a partial photoresolution either in circularly polarized
light[4a,b] or a parallel magnetic field[4c] has been observed
for the [Cr(ox)3]3� ion and its derivatives. Gillard and his
associates have described the synthesis of the chiral poly-
sulphide (NH4)2[Pt(S5)(S6)2]·2H2O.[5] The complex crystallizes
spontaneously with one enantiomer in excess. It was obtained
from a well-stirred water reaction mixture of K2PtCl6 and an
excess of (NH4)2Sn, maintained at pH 9.4. Kondepudi and co-
workers have shown that, whereas the crystallization of
NaClO3 from unstirred solutions yields a racemic conglom-
erate of (þ)- and (�)-NaClO3 (cubic space group P213),
vigorous stirring triggers spontaneous symmetry breaking and
produces almost exclusively crystals of single handedness.[6]

Asakura et al. have demonstrated the generation of optically
active cis-[CoBr(NH3)(en)2]Br2 (en= 1,2-ethanediamine)
from optically inactive substrates in a stirred suspension by
a chiral autocatalysis mechanism.[7] More recently, it has been
reported that the crystallization of NaClO3 from a solution
irradiated by antiparallel-spin electrons results in dextro-
rotatory crystals in excess, whereas irradiation by parallel-
spin positrons yields crystals with the opposite handedness.[8]

Keszthelyi and Szab:-Nagy have described a small enantio-
meric excess found in polycrystalline material upon crystal-
lization from racemic solutions of (þ)- and (�)-tartrate(2�)
with either (þ)- and (�)-[Co(en)3]3+ or [Ir(en)3]3+ ions.[9] The
authors of the latter two works have claimed that the
observed partial deracemization is because of electroweak
forces. Clearly, these preparations could only be successful
under nonequilibrium conditions involving physical fields
and/or autocatalytic chirality-amplification mechanisms. Nev-
ertheless, in the preparation of transition-metal complexes,
the generation of chiral asymmetry with substantial optical
yields still remains rather rare.

In the course of our research on the coordination
capability of the spirophosphorane HP(OCMe2CMe2O)2,[10]

we synthesized a chiral complex cis-[ReOCl2{OCMe2CMe2OP-
(OCMe2CMe2O)}py] (cis-1, py= pyridine) as a racemate.[10a]

In addition to monodentate ligands, the six-coordinate
complex also contains a chelating phosphite diolato(1�)
ligand, a deprotonated tautomeric form of the spirophos-
phorane (OCMe2CMe2O)POCMe2CMe2OH. The complex
appeared to be rigid on the NMR time scale.

Subsequently, we discovered that, depending on the
reaction conditions, some built-in right or left handedness
could be obtained, particularly if the synthesis was carried out
under vigorous stirring conditions. Thus, the toluene suspen-
sion of trans-[ReOCl2(OEt)py2][11] and a twofold excess of
HP(OCMe2CMe2O)2,[10a, 12] boiled and vigorously stirred,
affords the polycrystalline title compound in yields of
approximately 70% with a large excess of one optical
isomer. Figure 1 shows the circular dichroism (CD) spectra
of the representative samples of the compound prepared with
and without stirring and boiling.

While the absence of absorption indicates formation of a
racemate, certain differences in De intensity at 535 nm and
310 nm, observed for the two congeners, suggest a disparate
distribution of enantiomers in these samples.

Figure 2 shows the optical yields (ee evaluation, see
below) of the product obtained for a number of syntheses
under different reaction conditions. The syntheses conducted
with stirring and boiling (Figure 2a) afford products with
randomly distributed optical yields. But the residual optical
activity or lack of such activity in the CD spectra observed for
the samples with no boiling, no stirring (Figure 2b) implies

Figure 1. CD spectra for samples of cis-1 in MeCN solution
(c=1�10�3

m, 20 8C, 1 cm cell): a) sample made with excess levorota-
tory (�)535 enantiomer (red), b) sample made with excess dextrorota-
tory (þ)535 enantiomer, obtained with stirring (blue), and c) racemic
sample obtained without stirring (green).
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racemate formation and equilibrium reaction conditions.
Furthermore, when the preparations were performed with
seeding with a small amount (2 mol%) of the dextrorotatory
(þ)535 or levorotatory (�)535 solid sample (from exp. No. 8 and
14, Figure 2a) with sustained stirring and boiling, products
related to the ee value of the seeds (exp. No. 21, Figure 2c
exp. No. 26, Figure 2d) were obtained. Repeated seeding with
samples of either handedness from previous preparations
(exp. Nos. 22–25, Figure 2c, and exp. Nos. 27–30, Figure 2d)
resulted in products of similar, fairly high optical purity (ee).

Fortunately, X-ray diffraction studies along with CD
studies of different single crystals made it possible to assign
the absolute configuration and pertinent CD spectra. The
complex cis-1 crystallizes at ambient temperature from
acetonitrile solution in an enantiomorphic space group as a
conglomerate of either A or C enantiomers.[13,14] CD studies
of the single crystals[15] allowed us to assign CD spectra
inherent to the enantiomer C (De535= 5.45(� 0.07) and
De310=�12.1 (� 0.2 std error) and consequently to evaluate
the enantiomeric excess values for all the described prepara-
tions (Figure 2). In seeded syntheses the ee values appeared to
be particularly high, up to 99% (� 3% max. absolute error).

Thus, depending on the reaction conditions, the chiral-
symmetry-breaking synthesis of cis-1 produces a disparate
distribution of C (þ)535 and A (�)535 enantiomers and the
system clearly exhibits chirally autocatalytic behavior
(random ee distribution, strong chiral seeding effect). This
synthesis may involve two processes currently under inves-
tigation, both exhibiting autocatalytic phenomena. The first is
a spontaneous resolution of conglomerates in stirred crystal-
lization owing to a secondary nucleation mechanism.[16] The
second is asymmetric autocatalytic reaction[17] driven by
kinetic nonlinear effects[18] and/or agglomerate formation.[19]

Our preliminary studies on racemization allowed us to
elucidate some mechanistic aspects of this synthesis. Starting
either with a highly enriched dextrorotatory sample (ee
+ 99%) or a racemate and similar conditions to those applied
for the synthesis, the readily soluble (1.6 g per 100 cm3 at RT
and approximately 8 g per 100 cm3 at 100 8C in toluene)
achiral trans complex can be obtained in low yield.[20] . The
only species left is the starting, hardly soluble, cis complex

(cis–rac 0.0018 g per 100 cm3 at 110 8C in toluene) with its
optical (ee) purity retained.

Furthermore, the trans-1 complex reacts under similar
conditions affording cis-1, either the rac complex in 73%
yield (it the reaction was not seeded) or the C complex with
ee + 48% in 81% yield if seeded with 2% of the C complex
(Supporting Information). These findings strongly suggest
that in solution, the soluble trans complex participates as an
intermediate in the equilibrium (Figure 3) between the two
hardly soluble enantiomers.

Owing to this cis–trans isomerization reaction, the equi-
librium between the two enantiomers is readily shifted by
growth of the available crystals (either formed or added) and
the spontaneous resolution is achieved by an autocatalytic
secondary nucleation process.

Thus, it appears that the chirally autocatalytic synthesis
presented is an example of a highly efficient, spontaneous
resolution of the conglomerate during a stirred crystallization
while the complex forms, a process rarely observed for
coordination compounds.

Experimental Section
Typical procedure for syntheses with stirring : trans-[ReO-
Cl2(OEt)py2] (0.150 g, 0.315 mmol) was added to a toluene (25 cm3)
solution of HP(OCMe2CMe2O)2 (0.167 g, 0.633 mmol) in a 50-cm3

Schlenk flask under nitrogen. The flask, equipped with a teflon stir-
bar (16 G 7 mm), condenser, and oil bubbler, was placed in an oil bath
heated to 120 8C. The reaction mixture was boiled and vigorously
stirred (ca. 1100 rpm) for 5 h to afford the pink-violet precipitate.
After cooling to room temperature, the product was collected by
filtration, washed with methanol and ethyl ether and dried under
vacuum; yield 0.146 g (0.237 mmol, 75%). The seeded experiments
were conducted under the same reaction conditions save for the
addition of the seeds (finely ground, 2% (mol Re/mol Re)) from
previously obtained samples before the start of the synthesis. For
unstirred experiments, similar reaction conditions were applied
except for the glassware. A thick-walled round-bottom flask
(50 cm3) equipped with a teflon pressure-release valve was charged
with the reagents and toluene, sealed, and immersed entirely in
preheated (120 8C) oil bath. After one minute the overpressure was
partially reduced, yet reaction-mixture boiling was avoided.

The experiments for mechanistic studies were performed under
similar conditions (reactant amounts, stirring, boiling toluene) to
those used for syntheses except that previously obtained products
were used as substrates (Supporting Information).

CD measurements of the single-crystal samples in solution (six
solutions and five crystals in each), together with concentration
determination (by means of the UV spectra calibration curve), gave
six values of De535= 5.64, 5.54, 5.54, 5.46, 5.36, 5.16 (� 0.10); and
De310=�13.0,�12.2,�12.1,�11.9,�11.7,�11.7(� 0.16 max. absolute
error), respectively. Hence, the mean values: De535= 5.45(� 0.07) and
De310=�12.1(� 0.2 std error) for the pure enantiomer C-(þ)535. The

Figure 2. Chiral-symmetry-breaking syntheses of cis-1. The optical
yields ee (� max. absolute error) for samples obtained from: a) stirred
and boiled reaction mixture, b) neither stirred nor boiled reaction
mixture (but at the same reaction temperature as in (a)), c) stirred
and boiled reaction mixture seeded with 2 mol% of dextrorotatory
(þ)535 solid sample, d) stirred and boiled reaction mixture seeded with
2 mol% of levorotatory (�)535 solid sample.

Figure 3. The role of the soluble trans complex as an intermediate
between the two enantiomers.
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CD spectra of the products were recorded for acetonitrile solutions in
a 1 cm cell at 20 8C with a Jasco J 715 instrument.
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