
higher than expected from enantiomeric pu-
rity of the reacting system. This is known as
asymmetric amplification. Until now, most
studies focused on non-linear effects with
the aim to unravel reaction mechanisms
based on Kagan’s model [3]. More recent-
ly, the kinetic behaviour, in addition to
thermodynamic effects, has been taken into
account [4]. Despite the interest in non-lin-
ear effects observed in enantioselective re-
actions, quantitative analyses of the rela-
tionship between optical purities of the
products and the reacting species are almost
inexistent. In a first study this relationship
has been reported for the reduction of ace-
tophenone by β-chlorodiisopinocamphenyl-
borane [5].
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Abstract: The stereoselectivity of the formation of bis-chelates with the 1,9-disubstituted chiral semicorrin
ligands (1S,9S)-dimethyl 5-cyanosemicorrin-1,9-dicarboxylate (1) for Co2+, Ni2+, Cu2+, and Pd2+ and with its
(1S,9S)-diethyl analogue 2 for Co2+ and Cu2+ have been measured by the method of continuous variation
of enantiomers, and with 1 for Zn2+ by NMR. Positive selectivities were found for Co2+, Ni2+, and Zn2+

complexes, whereas very high negative selectivities prevail in the complexes of Cu2+ and Pd2+. These results
are rationalised by X-ray structural determinations of some of the corresponding complexes. The optically
active Cu2+ and Pd2+ complexes show distorted square planar structures with chirality predetermined by
the chirality of the ligand. Ni2+ complexes are five or hexacoordinated and exhibit a distorted tetrahedral
arrangement of the four coordinated nitrogen atoms. In the optically active compound the ester moiety is
coordinated by the oxygen atom of the alkoxy group and the arrangement of the two N-N chelate rings
shows ∆-(S,S) chirality. Interestingly, with the racemic ligand, it is not the more stable heterochiral, but the
racemic complex containing the two homochiral enantiomers which is obtained. The coordination of the ester
groups occurs by the carbonyl oxygen and the chirality is opposite to the optically active compound, e.g
Λ(S,S)/∆-(R,R). The structure of the optically active zinc compound shows very weak interaction with the
alkoxy group of one ester moiety of each ligand molecule and the chirality of the N-N-chelate rings is Λ-(S,S).
Again, the compound obtained with the racemic ligand contains the enantiomers of the homochiral complex,
the chirality of which is Λ-(R,R)/∆-(S,S). The results are discussed with respect to the possibility to perform
asymmetric amplifications of the 1:1 complexes of semicorrin ligands as enantioselective catalysts.

Keywords: Asymmetric reactions · Negative and positive stereoselectivity · Non-linear effects

Introduction

In asymmetric reactions the enantiomeric
excess (%ee) usually depends linearly upon
the enantiomeric purity of the stereoselec-
tive catalyst or reagent. In several cases
however, non-linear effects, first described
in 1986 by Kagan and coworkers have been
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observed [1]. In order to explain these phe-
nomena Kagan suggested mainly two mod-
els: the MLn and the reservoir model [2].
Both models are based on the non-statisti-
cal distribution between the heterochiral
[M(R)(S)] and the homochiral, optically
active [M(R,R)] and [M(S,S)] molecular
forms according to Scheme 1. In the former
the non-linearity can for example occur due
to different stability and/or reactivity of the
homo and the heterochiral forms, whereas
in the latter only the 1:1 species is catalyti-
cally active. A non-statistical distribution in
the 1:2 complexes then yields a [M(R)]/
[M(S)] ratio different from that of the free
ligand. Used as catalyst or as a reagent, the
enantiomeric excess in the product can be
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In that case the reagent is formed in an
non-reversible way using different ratios of
(+)- and (–)-α-pinene. Similar studies in-
volving labile metal complexes as the cat-
alytic system are not known. In the present
communication we report stereoselectivity
measurements of the complex formation
of Co2+, Ni2+, Cu2+, Zn2+, and Pd2+ with
the chiral semicorrines (1S,9S)-dimethyl 5-
cyanosemicorrin-1,9-dicarboxylate (1) and
its (1S,9S)-diethyl analogue 2, a ligand
system developed by Pfaltz [6], frequently
used in asymmetric catalysis. The selectiv-
ity data are compared to structural proper-
ties of some of the corresponding solid com-
pounds.

Stereoselectivity

Stereoselectivity of the 1:2 metal to
ligand complexes of 1,9-disubstituted semi-
corrin ligands 1 and 2 with the bivalent
metal ions Co2+, Ni2+, Cu2+, and Pd2+ were
determined by circular dichroism (CD) mea-
surements using the method of continuous
variation of enantiomers [7][8]. Corre-
sponding values for Zn2+ were obtained
from NMR spectra of 1:2 mixtures of anhy-
drous Zn(CH3COO)2 with either optically
active or the racemic 1 in CD3OD. The re-
sults are given in the Table.
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According to the definition in Scheme
1, the Co2+, Ni2+, and Zn2+ complexes
show moderately positive selectivity, Cu2+

and Pd2+ strongly negative selectivity.
Whereas in the case of positive selectivity
(α >1) the magnitude of the difference of
the measured physicochemical parameter
used for the determination (e.g. pH, CD,
etc.) allows a precise determination of the
Kmeso/(2·Krac) ratio, this is not true in the
case of negative selectivity (α <1), for
which the differences are rather small and
reach a limiting value for α → 0. This prob-

M2+ L = 1 L = 2 % [M((R,R)((S,S)-1)] %[M((S,S)-1)2 ] =
%[M((R,R)-1)2]

Co2+ 2.1 8.1 67.4 16.2
Ni2+ 2.8 – 73.6 13.2
Cu2+ <0.05 0.17 <4.8 >47.6
Zn2+ a 3.7 78.8 10.6
Pd2+ <0.06 – <5.6 >47.2

a from NMR measurements.

Table. α-Values of ML2 complex formation of 1 and 2 with various metal ions (α = Kmeso/(2·Krac))

lem in the determination of negative stereo-
selectivity of homoleptic bis-complexes is
a consequence of the ∆∆G value between
the statistical distribution of homo- and het-
erochiral species and the pure homochirali-
ty, equal to -RT·ln2, e.g. 1.72 kJ mol-1 at
25 °C. In the case of positive stereoselec-
tivity such a limit does not exist (for a de-
tailed discussion, see [7]).

The differences measured for the com-
plexes of Cu2+ and Pd2+ with 1 are very
close to the theoretical maximum, and the
values given in the Table have to be consid-
ered as upper limits. The real stereoselec-
tivity with these two metal ions might there-
fore be higher than indicated, which means
that the heterochiral form of the bis-com-
plex is present at less than 5% in the equi-
librium mixture.

It seems reasonable to admit that the
change from positive to negative stereo-
selectivity is a consequence of a different
arrangement of the ligand molecules in the
coordination sphere of the metal ion. In the
case of tetra-coordination, two basic geo-
metries are possible, square planar and
tetrahedral. The schematic representation
in Scheme 2 makes clear that for chiral C2
symmetric ligands the homochiral species
is favoured for the square planar arrange-
ment, whereas the heterochiral isomer
should be more stable in the tetrahedral
arrangement.

X-ray Structural Determinations

The data given in the Table suggest
square planar structures for Cu2+ and Pd2+

complexes and tetrahedral structures for the
Co2+, Ni2+, and Zn2+ complexes. In order to
examine this hypothesis, we determined the
X-ray molecular structure of some of the
[M(1)2] complexes obtained with both the
optically active and the racemic ligand. 

The crystal structure of the copper com-
plex with the analogous ligand (1S,9S)-1,9-
bis(1-hydroxy-1-methylethyl)semicorrin-5-
carbonitrile has been published [6]. The
structure is described as tetrahedrally dis-
torted with the two ligand planes tilted rel-
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Fig. 2. a) Molecular structure of molecule A of Λ-[Ni((S,S)-1)2]. Bond dis-
tances (Å) Ni(1)-N(1) 2.108(3), Ni(1)-N(2) 1.964(4), Ni(1)-N(4) 2.102(4), Ni(1)-
N(5) 1.978(4), Ni(1)-O(4) 2.413(3), Ni(1)-O(13) 2.448(4); bond angles (°) N(1)-
Ni(1)-N(2) 89.10(17), N(1)-Ni(1)-N(5) 108.73(16), N(4)-Ni(1)-N(5) 89.9(2),
N(2)-Ni(1)-N(4) 109.37(19), N(1)-Ni(1)-N(4) 92.56(16), N(2)-Ni(1)-N(5)
153.42(18). b) Molecular structure of molecule B of Λ-[Ni ((S,S)-1)2]. Bond
distances (Å) Ni(2)-N(31) 1.957(4), Ni(2)-N(32) 1.988(3), Ni(2)-N(34) 1.992(4),
Ni(2)-N(35) 1.987(4), Ni(2)-O(34) 2.392(3), Ni(2)-O(36) 2.640(4); bond angles
(°) N(31)-Ni(2)-N(32) 89.59(17), N(31)-Ni(2)-N(35) 148.91(19), N(34)-Ni(2)-
N(55) 90.86(19), N(32)-Ni(2)-N(34) 92.75(17), N(31)-Ni(2)-N(34) 114.52(18),
N(32)-Ni(2)-N(35) 107.65(16).
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Fig. 1. a). Molecular structure of molecule A of [Pd((S,S)-1)2]. Bond dis-
tances (Å) Pd(1)-N(1) 2.045(5), Pd(1)-N(2) 2.011(6), Pd(1)-N(4) 1.922(5),
Pd(1)-N(5) 2.056(4); bond angles (°) N(2)-Pd(1)-N(1), 89.5(2), N(4)-Pd(1)-
N(1) 93.9(2), N(4)-Pd(1)-N(5) 88.15(19), N(2)-Pd(1)-N(5) 96.7(2), N(2)-Pd(1)-
N(4) 163.07(19), N(1)-Pd(1)-N(5) 151.48(18). b) Molecular structure of
molecule B of [Pd((S,S)-1)2]. Bond distances (Å) Pd(2)-N(21) 2.010(5),
Pd/2)-N(22) 2.054(5), Pd(2)-N(24) 2.045(5), Pd(2)-N(25) 2.014(6); bond
angles (°) N(21)-Pd(2)-N(22) 88.8(2), N(21)-Pd(2)-N(24) 92.9(2), N(24)-Pd(2)-
N(25) 89.1(2), N(22)-Pd(2)-N(25) 96.9(2), N(21)-Pd(2)-N(25) 163.8(19),
N(22)-Pd(2)-N(24) 152.12(18).
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ative to one another by 62°. This structure
is very similar to that obtained for the two
independent molecular forms (molecule A
and molecule B) found in the crystal of the
homochiral [Pd((S,S)-1)2]. The two mole-
cules are represented in Fig. 1. 

As observed for the analogous cop-
per(II) complex [6], the two ligand planes
are inclined to each other by an angle of
64.06(12)° for molecule A and 61.82(12)°
for molecule B. 

The case of the nickel complexes is
more complicated. The crystals obtained
from an ethanolic solution containing two
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equivalents of the optically active ligand
crystallise with two independent molecules
per asymmetric unit. Molecule A is hexaco-
ordinated, each ligand molecule is, in addi-
tion to the two nitrogen atoms, coordinated
by one ester group. The coordination occurs
via the oxygen atom of the methoxy group.
Molecule B, on the other hand shows pen-
tacoordination with only one ligand mole-
cule coordinated by one of its ester groups,
again via the methoxy oxygen. The influ-
ence on the length of the Ni-N bonds by this
additional coordination is rather small. In
both molecules the Ni-N bond of the five-
membered ring carrying the coordinated es-
ter group is slightly shortened by about 2%
with respect to the nitrogen atoms of the
five-membered rings with the non-coordi-
nated ester group. On the other hand, strong
distortion from a regular tetrahedral ar-
rangement of the four nitrogen atoms oc-
curs due to the coordination of one or two
ester groups. The structures of the penta-
and hexacoordinated forms are shown in
Fig. 2.

The case of the Ni2+ complex, obtained
from an alcoholic solution of the racemic
ligand, shows some interesting features.
From selectivity data one would expect the
racemic [Ni((R,R)-L(S,S)-L)] to crystallise
from solution, the equilibrium concentra-
tion of which being about three times as
high as that of the homochiral compounds
(cf. Table). This is obviously not the case,
the solid obtained contains the equimolar
mixture of the two homochiral complexes.
Despite the identical chemical composition
of the respective molecular units of the op-
tically active and the racemic complex,
some striking differences are observed in
their molecular structures. The racemic
complex, which crystallises with one mole-
cule of the solvent, contains only one hexa-
coordinated molecular form of the com-
plex. Interestingly, the ester group is not co-
ordinated with the oxygen of the methoxy
group as in the optically active compound,
but by the carbonyl oxygen. The Ni-N
bonds of the five-membered rings carrying
the ester groups are clearly shortened by
about 4% compared to the other Ni-N
bonds and the distortion of the NiN4
arrangement is increased. Fig. 3 shows the
structure of the enantiomer with ∆-(R,R)
configuration.

As observed with Ni2+, no solid hetero-
chiral complex could be obtained from the
racemic ligand with Zn2+, despite that it is
present by nearly 80% in solution. No dif-
ference between the ligand molecules is
observed by NMR in solution indicating
identical coordination of both ligand mole-
cules. On the other hand, for the solid com-
plexes the question arises whether they are

Ni1
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O11

N12

N1

O1

O2

O13

O14

Fig. 3. Molecular structure of the ∆-(R,R) enantiomer of complex {∆-[Ni((R,R)-
1)2]Λ-[Ni((S,S)-1)2]}. Bond distances (Å) Ni(1)-N(1) 2.053(2), Ni(1)-N(2) 1.972(2),
Ni(1)-N(11) 2.054(2), Ni(1)-N(12) 1.974(1), Ni(1)-O(3) 2.336(1), Ni(1)-O(13)
2.339(1); bond angles (°) N(1)-Ni(1)-N(2) 86.56(7), N(11)-Ni(1)-N(12) 89.88(2),
N(1)-Ni(1)-N(11) 91.09(6), N(1)-Ni(1)-N(12) 104.75(6), N(2)-Ni(1)-N(11)
105.47(6) N(2)-Ni(1)-N(12) 163.28(7).

to be considered as tetra- or hexacoordinat-
ed. The Zn-N bond lengths are almost iden-
tical and the distance between the oxygen
atoms of the ester group and the coordina-
tion center is much longer than in the cor-
responding Ni2+ complexes. Nevertheless,
the non-equivalence of the two substituents
of the C2 symmetric ligands and the result-
ing deviation of the N-Zn-N angles from a
regular tetrahedral arrangement indicates
some bonding interaction between one es-
ter group of each ligand with the metal ion.
The molecular structure of the optically ac-
tive complex is shown in Fig. 4 and that of
the racemic compound in Fig. 5. The pres-
ence of two methoxy oxygens near the Zn2+

centre increases the tetrahedral N(1)-Zn-
N(12) angle to 128.4°, whereas a similar
distortion to 132.8° is observed for the
N(1)-Zn-(N1)’ angle in the racemic com-
pound due to the presence of the carbonyl
oxygen atoms. This distortion allows the at-
tribution of Λ-(S,S) chirality to the optical-
ly active and ∆-(S,S)/Λ-(R,R), chirality to
the racemic complex, opposite to what is
observed for the corresponding Ni2+ com-
plexes with the same coordination pattern.

Discussion

Stereoselectivity data for the equilibri-
um reactions in methanolic solutions indi-
cated a clear change in the basic structure
of the 1:2 complexes of 1,9-disubstituted
semicorrines with the metal ions Cu2+ and

Pd2+ on one side and Co2+, Ni2+, and Zn2+

on the other. According to Scheme 2, square
planar structures are expected for the for-
mer and tetrahedral structures for the latter,
in agreement with the usual coordination
pattern for tetracoordination of these metal
ions. Even if one needs to be careful in
comparing solid state structures  with the
behaviour of labile systems in solution,
some interesting features arise from the
present measurements. Unfortunately, no
heterochiral complex, which clearly exists
in solution, could be obtained in the solid
state for any of the metals studied. This is
easily explained for Pd2+ the equilibrium in
solution being strongly in favour of the
homochiral form. On the other hand, with
Ni2+ and Zn2+, despite the higher stability
of the heterochiral form, only the homochi-
ral complex crystallises from the solution
containing the racemic ligand. 

The structural influence of the sub-
stituents is clearly visible in the complexes
with metal ions favouring tetrahedral and
square planar arrangements as well, but
seems especially high for the latter leading
to angles of 64° resp. 62° between the lig-
and planes in the Pd2+ compound. In
the Zn2+ complex, for which a tetrahedral
arrangement is expected, the observed an-
gle formed by the two ligand planes is 82°,
corresponding to a deviation of only 8°
from a regular arrangement, as it should
exist in the corresponding heterochiral
compound. The different stereochemical
influence of the substituents for metals
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favouring square planar arrangements as
Cu2+ and Pd2+ compared to metal ions of
tetrahedral coordination geometries like
Co2+, Ni2+, and Zn2+, is in agreement with
the observed strong negative stereoselectiv-
ity of the former, and only moderate prefer-
ence of the heterochiral compounds of the
latter. Similar results have recently been
reported for Cu2+ and Ni2+ with the chiral
ligand 1,2-bis(2-benzimidazolyl)-1,2-etha-
nediol [9].

Finally, the results reported in this work
show that the realisation of an asymmetric
amplification according to Scheme 1, using
semicorrin metal complexes as a catalytic
system, strongly depends on the metal ion
involved. With metal ions favouring tetra-
hedral ligand arrangements, like Co2+,
Ni2+, and Zn2+ among others, asymmetric
amplification would be possible. On the
other hand, with metal ions preferring the
square planar coordination geometry, a
negative effect would be observed.

Supplementary Data

Crystallographic data (excluding struc-
ture factors) for the five structures descri-
bed here are deposited with the Cambridge
Crystallographic Data Centre as supple-
mentary publication nos. CCDC 212279
(PdSS1), CCDC 212280 (NiSS1), CCDC
212281 (NiRRSS1), CCDC 212282
(ZnSS1), CCDC 212283 (ZnSSRR1).
Copies of the data can be obtained free of
charge on application to the Cambridge

Crystallographic Data Centre, 12 Union
Road, Cambridge CB2 1EZ, UK [Fax:
(internat.) +44-1223/336-033; E-Mail:
deposit@ccds.cam.ac.uk].
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