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Abstract—Chiral, coordinatively-saturated cobaltate(III) complexes of Schiff bases obtained from salicylaldehyde and the optically active
amino acids, (S)-Val, (S)-Thr, and (S)-Trp, are formed as C2-symmetrical, octahedral, anionic K(S,S)-, and D(S,S)-diastereoisomeric com-
plexes, which are easily separable by chromatography. The complexes are stereochemically inert and, thus, are not transformed into each
other under normal conditions. The counter-cations of the complexes can be easily interchanged and the sodium, potassium, and silver
salts of some of the complexes were prepared. The structures of diastereoisomeric K-[(Sal-(S)-Val)2Co(III)]�Ag+ and D-[(Sal-(S)-Val)2-
Co(III)]�Ag+ were established by single crystal X-ray analysis. All of the sodium and potassium complexes effectively catalyzed the reac-
tion between benzaldehyde and Me3SiCN, but only the K-[(Sal-(S)-Trp)2Co(III)]�K+ complex gave rise to enantiomerically-enriched
mandelonitrile with up to 77% ee. The silver salts catalyzed a Mukaiyama reaction with low enantioselectivity (ee in the range 6–27%).
� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Positively charged complexes formed by chiral ligands
strongly coordinated to metal ions, which serve as single
center Lewis acid catalysts, are routine tools in asymmetric
catalysis and are still intensively developed.1 However, the
chemistry of polynuclear catalysts, which are salts of chiral
metal-complex anions with achiral cations, has only
recently started being developed actively.2–4 For instance,
a family of bimetallic rare earth-alkali metal-tris(1,10-bi-2-
naphthoxide) catalysts with an element of asymmetry in
the anion has recently been developed by Shibasaki
et al.2 Such catalysts have been used efficiently, particularly
in asymmetric Michael additions and aldol condensations.2

Lacour et al. have elaborated upon a series of chiral octa-
hedral phosphate anions for many purposes, including the
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enantiomeric purity determination of chiral cationic com-
plexes and epimerization of ion pairs.3 Asymmetric induc-
tion by a chiral anion in the Stevens4a and Carroll4b

rearrangements is a sound indication of the viability of
the chiral anion concept in asymmetric catalysis. A new
class of chiral borate anions, namely, derivatives of opti-
cally active amino5a or hydroxy5b acids have been created.
In the presence of copper salts, these compounds catalyze
the enantioselective cyclopropanation of styrene5a or can
be used as stereodifferentiating chiral ionic liquid media5b

in an aza-Baylis–Hilman reaction. Chiral counteranions
derived from BINOL-phosphates are also used as inducing
agents in several reaction types.6 These reactions include
biomimetic reduction and epoxidation of enals,6a,b Pd-
catalyzed allylation6c of aldehydes,6c silver catalyzed
alkyne addition to imines,6d and gold ion catalyzed
hydroalkoxylation.6e

An advantage of the achiral cation/chiral weakly coordi-
nated anion ion-pair system is the ability to retain a greater
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Lewis acidity in the cation, when compared to the tradi-
tional metal complexes where the charge on the metal is
compensated by the strong first-sphere ligand metal coordi-
nation. Thus, chiral metal cations such as Na+ or K+,
which are not usually considered as likely candidates for
Lewis acids in catalytic cycles, can become efficient asym-
metric catalysts in combination with chiral weakly coordi-
nated anions.

Herein, we report a proof of principle study of chiral
anionic complexes of potassium and silver K- or D-bis-
[N-salicylidene-(S)-aminoacidato]-cobaltates7 as Lewis
acid catalysts in asymmetric reactions involving C–C bond
formation. Bis(N-salicylideneaminoacidato)cobaltates are
coordinatively-saturated anionic cobalt complexes with
two perpendicular tridentate ligands, which are the Schiff
bases of salicylaldehyde and (S)-amino acids. These com-
plexes have previously been used (by some of us) as chiral
substrates for asymmetric ligand alkylation in syntheses of
enantiomerically-enriched amino acids.8 The chiral cobal-
tate anion is stereochemically inert and retained its chiral
integrity during the amino acid synthesis.8 The complexes
were synthesized by a modified literature procedure9 as
shown in Scheme 1.
2. Results and discussion

The complexes exist as meridinal D- and K-stereoisomers,
which are not interconverted under normal conditions
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(i.e., they are stereochemically inert) but can be separated
chromatographically on Al2O3. The K(S,S)-complexes were
always observed to have higher Rf values than the D(S,S)-
diastereomers.7 Thus, diastereoisomeric D(S,S)- and
K(S,S)-Co(III) complexes of the Schiff bases of salicylalde-
hyde and the following amino acids: (S)-valine, [D-1]K and
[K-1]K, (S)-threonine, [D-2]K, and (S)-tryptophan, [D-3]K
and [K-3]K were prepared. The general stereoselectivity
trend was that an excess of the D(S,S)-isomer always
formed during the synthesis.7 In the case of (S)-threonine,
only the D(S,S)-isomer was obtained in significant amounts.

The corresponding sodium and silver salts [D-1]Na, [K-
1]Na; [D-2]Na; [D-3]Na, [K-3]Na, and ([D-1]Ag, [K-1]Ag;
[D-2]Ag) were prepared from the respective potassium salts
by ion-exchange on a cation exchange resin. It was not pos-
sible to prepare and purify the silver salts of either [D-3] or
[K-3]. The single crystal X-ray structure of [D-2]K has pre-
viously been reported.8

The X-ray analysis of two silver salts with the chiral an-
ion—bis-[N-salicyliden-(S)-valinato]-cobaltate ([D-1]Ag,
Fig. 1 and [K-1]Ag, Fig. 2)—has been carried out. Both
salts contain solvate molecules: water ([D-1]Ag) and meth-
anol ([K-1]Ag). In the crystal of [K-1]Ag the independent
part of the unit cell contains two independent anions
situated on the C2-axis and one silver cation in the general
position. In the crystal of ([D-1]Ag), the unit cell is more
complex. The asymmetric unit cell contains ten cobaltate
complexes. Four of these are situated on the C2-axis,
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Figure 1. The different types of cation� � �anion interactions in [D-1]Ag: (A) bidentate/bidentate coordination of carboxyl groups; (B) bidentate/
monodentate coordination of carboxyl groups; (C) monodentate/monodentate coordination of carboxyl groups.
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similar to the structure of [K-1]Ag and the rest are in
general positions. For all the independent cations, the
formation of close ionic pairs is observed. On the basis
of the X-ray diffraction data, an analysis of the interactions
of the silver cations with the chiral anions was performed.
The coordination polyhedron of the cations was formed by
both oxygen atoms of the ligand and aromatic systems.
Comparison of [D-1]Ag and [K-1]Ag revealed that a
change of the complex configuration leads to significant
modification of the close ion pairs and considerable weak-
ening of the Ag� � �p interactions in the case of [K-1]Ag. It
should be noted that the number of oxygen atoms in the
coordination sphere of the cations was almost identical.
However, in the case of [D-1]Ag, a set of carboxyl group
oxygen atoms formed the coordination sphere, whilst in
the case of [K-1]Ag there were also phenolic oxygen atoms
present. This difference can be traced to a greater steric
shielding of the carboxyl groups of the neighboring ligand
by the amino acid side chain moiety of another ligand in
[K-1]Ag, leaving the phenolic oxygen atoms exposed to
possible coordination with the silver cation. The opposite
situation occurred in [D-1]Ag where the side chain of one
ligand shielded the phenolic oxygen atoms of another
ligand, leaving the carboxyl groups available for
coordination.

The complexes were tested as catalysts for the asymmetric
addition of trimethylsilyl cyanide to benzaldehyde (Scheme
2). The reaction was carried out in methylene chloride un-
der argon at 20 �C. No reaction was observed under the
experimental conditions without a catalyst. The silver com-
plexes did not catalyze the reaction.



Table 1. Synthesis of mandelonitrile trimethylsilyl ether catalyzed by the
sodium and potassium complexes 1–3a

Entry Catalyst t1/2
b (min) ee (%) (configuration)c

1 [Ph4B]K 112 0
2 [D-1]Na 5 0
3 [K-1]Na 0
4 [D-1]K ([D-1]Li) 6 (1.3) 0
5 [K-1]K 0
6 [D-2]Na 0
7 [D-2]K 23(S)
8 [D-3]Na 0
9 [K-3]Na 10 4(S)

10 [D-3]K 70 0
11 [K-3]K 2.5 60–65(S)
12d [K-3]K 77(S)

a PhCHO 1 mmol, TMSCN 1.1 mmol, catalyst 0.02 mmol, CH2Cl2 1 mL,
rt, under Ar within 1–3 h, the chemical yields were in the range of 80–
95%.

b Half-reaction time, the value in the parentheses is that of a Li salt.
c Results of enantiomeric GLC analysis.
d 5 equiv of Ph3P relative to the catalyst was added.

Figure 2. Cation� � �anion interactions in [K-1]Ag, assembling anions into chains.

PhCHO +Me3SiCN
OSiMe3

Ph CN

H
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CH2Cl2, Ar, 1h, r.t.

Scheme 2.
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As can be seen from the data presented in Table 1 (entries
2–12), all of the sodium and potassium complexes exhibited
high catalytic activity: the yields of the product were 80–
95% after 1–3 h. The order of cation efficiency was the ex-
pected one Li > Na or K, as the data in entries 1, 2, and 4
indicated. Clearly, the chiral anions were adding to the cat-
alytic efficiency. For example, the potassium tetraphenyl-
borate was an order of magnitude less efficient relative to
K[D-1]. In addition, the configuration of the anion was
important, as the data in entries 10 and 11 showed that
[K-3]K was more than 20 times more efficient than [D-
3]K, the latter was more efficient than [K-3]Na (entries 9
and 11).

All (S)-valine based complexes ([D-1]Na, [K-1]Na, [D-1]K,
[K-1]K, Table 1, entries 2–5) gave racemic mandelonitrile
trimethylsilyl ether. Similarly, complexes of other amino
acids, with a sodium cation as counterion, exhibited little
to no stereoselectivity (Table 1, entries 6, 8, and 9). It
was only when the (S)-threonine derived complex [D-2]K
was used that an enantiomerically-enriched product (ee
23%, Table 1, entry 7) was obtained. Notably, (S)-trypto-
phan complex [D-3]K generated no asymmetric induction
in this reaction whereas its [K-3]K diastereoisomer pro-
duced mandelonitrile trimethylsilyl ether with an enantio-
meric excess of 60–65% (Table 1, entries 10 and 11).
Thus, the results of the catalysis depended on the nature
of the counter-cation, the presence of functional groups
in the side chain of the amino acid moiety and the absolute
configuration of the Co(III) complex.

There were no detectable changes in the 1H NMR spectrum
of complexes 1–3 after one to three hours in the presence of
10 equiv of trimethylsilyl cyanide. Thus, it appeared that
the octahedral structure of the complex anion remained in-
tact during the course of the reaction. Since the coordin-
atively-saturated and stable anionic Co(III) complexes
possess no Lewis acidity, it is reasonable to assume that
the potassium cation with some Lewis acidity catalyzed
the reaction and the metal-complex anion created different
chiral environments, providing asymmetric induction in
some cases. This hypothesis was supported by a control
experiment in the presence of achiral potassium tetraphenyl
borate, which gave racemic cyanohydrin in high yield (Ta-
ble 1, entry 1). Therefore, it can be concluded that the alka-
li cations are quite capable of serving as Lewis acids,
catalyzing the reaction with the participation of the basic



Figure 3. 2D-DOSY spectrum of [D-1]Na in CDCl3/CD3OD mixture
(2:1).
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anions, possibly serving as additional basic catalysts.
Different types of cation coordination in [D-1]Ag and
[K-1]Ag (see Figs. 1 and 2) provide sufficient grounds for
ascribing the differences in asymmetric induction to alter-
native asymmetric surroundings of the potassium-ion in
the complexes of different configuration.

We expected that the introduction of additional achiral
ligands capable of interacting with the potassium cation
(thus changing its Lewis acidity) and creating additional
steric hindrance for the interaction of the substrate with
the catalyst, could affect the stereoselectivity of the reac-
tion. It turned out that additives to the catalyst [K-3]K,
which decompose the tight ion pairs (water, alcohols, and
crown ethers), sharply decreased the stereodifferentiating
ability of the catalyst. In contrast, triphenylphosphine
exerted a positive effect on the efficiency of catalysis, and
in this case, the enantiomeric excess of the product of
trimethylsilylcyanation of benzaldehyde was 77% (Table
1, entry 12).

Table 2 summarizes the influence of the dilution of the
reaction on the catalyst efficiency. Most likely, the com-
plexes are catalytically active in both monomeric and asso-
ciated forms, as the data summarized in Table 2 indicated.
Thus, a 20-fold dilution of the reaction mixture (Table 2
entries 1 and 4) should be expected to result in an increase
of the proportion of monomeric catalytic species, accompa-
nied by a slowing of the reaction rate and a significant de-
crease in the chemical yield of the reaction within a 1 h
period because of the reagent dilution. Unexpectedly, the
dilution only slightly decreased the chemical yield of the
reaction, probably indicating a compensating effect of a
greater catalytic efficiency of the monomer, compared to
the activity of the oligomeric species, predominant at high-
er concentrations. However, the dilution did have a dra-
matic effect on the enantioselectivity of the reaction
(Table 2 entries 1–4). Thus, a 20-fold dilution of the reac-
tion mixture (Table 2 entries 1 and 4) resulted in a complete
loss of asymmetric induction. This observation might indi-
cate that the catalytic species responsible for the asymmet-
ric induction was an oligonuclear complex resembling the
ones depicted in Figures 1 and 2.

To confirm the possible association of the complexes in the
reaction conditions, the pseudo-2D diffusion 2D-DOSY
method was used. For [D-1]Na, spectra in a mixture of
CDCl3 and CD3OD (2:1) (Fig. 3) and DMSO-d6 (Fig. 3)
were recorded. The cross peaks (Fig. 3), corresponding to
Table 2. The influence of dilution on the performance of the [K-3]K
catalyst in the addition of trimethylsilyl cyanide to benzaldehydea

Entry CH2Cl2
volume (mL)

Concentration (M) of Yield
(%)

ee
(%)[K-3]K PhCHO Me3SiCN

1 0.5 0.04 2 2.20 95 76
2 1 0.02 1 1.10 91 77
3 4 0.005 0.25 0.28 80 5
4 10 0.002 0.10 0.11 70 0

a The experimental conditions are the same as in entry 12 (Table 1) with
the exception of varying volumes of CH2Cl2.
the complex, are sufficiently broad in the F1 log scale of
diffusion coefficient D, to indicate that some association
occurs in the solution (presumably containing three mole-
cules, according to the number of maxima in the cross
peaks) with different lability, easily interconverting with
each other. On the other hand, in the spectrum in
DMSO-d6 solution (Fig. 4) the cross peaks (indicated by
the red line) are narrower, supporting the theory that no
association occurs in this solution.

The experiments conducted with other aldehydes under the
optimal experimental conditions (Table 1, entry 12) were
summarized in Table 3.
Figure 4. 2D-DOSY spectrum of [D-1]Na in DMSO-d6.



Table 3. The addition of TMSCN to a series of aldehydes catalyzed by the
[K-3]K catalysta

Entry Aldehyde Yield (%) ee (%)

1 4-F–C6H4–CHO >90 6
2 4-MeO–C6H4–CHO >90 45
3 Ph-CH@CH–CHO >90 0
4 (CH3)2CH–CHO >90 0

a The experimental conditions are the same as in entry 12 (Table 1) with
the exception of varying aldehyde structures.
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Scheme 3.

Table 4. Acetophenone enol Mukaiyama reaction with benzaldehyde
(Scheme 3)a

Entry Catalyst Yieldb (%) eeb (%) (S)

1 [K-1]Ag 33 6
2 [D-1]Ag 31 19
3 [D-2]Ag 8 27

a Benzaldehyde (1 mmol), acetophenone enol (1 mmol), the catalyst
(0.05 mmol), CH2Cl2 (1 mL), stirring under Ar, at room temperature,
72 h.

b Enantiomeric excess and chemical yield were established by chiral
HPLC.
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As can be seen from the data, the introduction of electro-
negative substituents into the benzaldehyde molecule re-
sulted in a significant loss of the enantioselectivity of the
reaction (compare Table 1, entry 12 with Table 3, entries
1 and 2). The addition of TMSCN to isobutanal and cinna-
maldehyde resulted in racemic products (Table 3, entries 3
and 4).

Any sodium or potassium complexes prepared in this work
did not catalyze the Mukaiyama reaction (Scheme 3).
However, the silver complexes ([D-1]Ag, [K-1]Ag; [D-
2]Ag) did catalyze the reaction, although with low chemical
yield and enantioselectivity (Table 4, entries 1–3). The low
chemical yields of the reaction might be, in part at least, a
consequence of Ag-ion reduction by benzaldehyde, effec-
tively eliminating the catalytic species.
3. Conclusion

A novel family of simple chiral Lewis acid catalysts has
been developed. Their ease of preparation and assembly,
the possibility of an almost infinite variation of their struc-
tures, and the introduction of different functional groups
into their side chains make them interesting prospective
systems for future exploration as catalysts in a host of Le-
wis acid catalyzed reactions. An apparent way of increasing
both the catalytic efficiency and asymmetry inducing power
of the catalysts seems to be the introduction of functional
groups into the side chain of the amino acid moieties
and/or salicylaldehyde. The groups could serve both as a
general base catalyst in a host of C–C bond forming reac-
tions and/or serve to improve the coordination of the achi-
ral cations to the chiral anions. Another way of
modification might be the substitution of amino alcohols
for the amino acids and so forth.
4. Experimental

X-ray diffraction experiments were carried out with a Bru-
ker SMART APEX II CCD area detector, using graphite
monochromated Mo-Ka radiation (k = 0.71073 Å) at
100 K. Reflection intensities were integrated using SAINTSAINT

software and absorption correction was applied semi-
empirically using a SADABSSADABS program.

The structures were solved by direct methods and refined
by full-matrix least-squares against F2 in anisotropic
approximation for non-hydrogen atoms. The analysis of
Fourier density synthesis revealed that in complex [D-
1]Ag the i-propyl groups in the three independent anions,
the cobalt atom in one independent anion and one of silver
cations are all disordered. The refinement of self occupancy
factors (sof) for disordered fragments was carried out with
constraints on thermal parameters and led in all cases ex-
cept the cobalt atom to equal sof values for disordered
fragments. In the case of Co(9) and Co(10), the sof for
the two positions were 0.75 and 0.25, respectively. The
C–C bond lengths for some disordered fragments were re-
fined to be equal using the free variable. In addition to the
above fragments, the solvate water molecules are also dis-
ordered and their refinement was performed in the same
manner. For some positions, partial occupancy by water
was observed.

The positions of the hydrogen atoms of methanol mole-
cules in the [K-1]Ag structure were located from Fourier
density synthesis while for all other hydrogen atoms in an-
ions, in both structures positions were calculated geometri-
cally. For water molecules in [D-1]Ag, the hydrogen atoms
were not located. Crystal data and structure refinement
parameters for both complexes are given in Table 5. All
calculations were performed using the SHELXTLSHELXTL software.10

1H NMR spectra were recorded on Bruker Avance 300
(300 MHz), and Bruker Avance-400 (400 MHz) spectro-
meters. Chemical shifts are reported on the d scale relative
to the signal of residual protons of the deuterated solvent.
2D-DOSY experiment parameters: Bruker Avance
600 MHz spectrometer (600.22 MHz 1H), D = 200 ms,
d = 1 ms. All spectra were obtained under thermostatically
controlled conditions at 298 K.

Optical rotations were measured on a Perkin–Elmer 241
polarimeter in a thermostated cell (5 cm) at 25 �C. The sol-
vent and concentration in grams per 100 mL of the solvent
are given for all compounds. Circular dichroism curves
were recorded on a Jasper J 700 dichrograph. Melting
points were determined in open capillary tubes and are
uncorrected. Elemental analyses were carried out by the
laboratory of Microanalysis of INEOS RAS.



Table 5. Crystal data and structure refinement parameters for [D-1]Ag and [K-1]Ag complexes

Compound [D-1]Ag [K-1]Ag

Empirical formula C24H29AgCoN2O7.50 C27H38AgCoN2O9

Formula weight 632.29 701.39
Crystal color, habit Dark-brown Dark-brown
Temperature (K) 100(2) 100(2)
Crystal system Monoclinic Monoclinic
Space group C2 C2
a (Å) 36.058(7) 19.8020(8)
b (Å) 22.758(5) 13.5109(7)
c (Å) 25.826(5) 14.1523(10)
b (�) 108.47(3) 130.969(5)
V (Å3) 20101(8) 2858.9(4)
Z(Z0) 32 (8) 4(1)
F(000) 10272 1440
Dcalc (g cm�1) 1.671 1.630
Linear absorption, l (cm�1) 14.88 13.20
Tmin/Tmax 0.664/0.755 0.685/0.768
Scan type x x
h Range (�) 1.57–28.34 1.57–29.00
Completeness of dataset (%) 99.7 99.0
Reflections measured 195,104 8127
Independent reflections 50,036 (Rint = 0.0663) 6542 (Rint = 0.0132)
Observed reflections [I > 2r(I)] 38055 6397
Parameters 2577 368
Final R(Fhkl): R1 0.0555 0.0183
wR2 0.1407 0.0428
GOF 0.974 1.015
Dqmax, Dqmin (e Å�3) 1.919/�1.605 0.461/�0.508
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Silica Gel Kieselgel 60 (Merck), Al2O3 (Chemapol), and
Sephadex LH-20 were used. Solvents were purified by stan-
dard procedures. Freshly distilled aldehydes and trimethyl-
silyl cyanide were used.

Enantiomeric analysis of the synthesized trimethylsilyl
ethers of cyanohydrins was carried out on a gas chromato-
graph (model 3700-00) equipped with a flame-ionization
detector on a DP-TFA-c-cD chiral stationary phase
(32 m � 0.20 mm). The standard for each compound was
its racemic form.
4.1. Kinetic measurements

To a round bottom flask were added a catalyst
(0.06 mmol), followed by CH2Cl2 (3 mL), benzaldehyde
(0.3 mL, 1 mmol), and TMSCN (0.45 mL, 3.72 mmol) un-
der Ar with stirring at 25 �C. After certain time intervals,
aliquots (10 lL) of the solution was withdrawn and were
immediately added to hexane (1 mL), then 50 lL of this
solution were withdrawn and added to hexane (3.8 mL),
thus effectively stopping the reaction. The optical density
of the solution was recorded at 241 nm (benzaldehyde
absorption maximum) to allow the progress of the reaction
to be monitored.
4.2. Synthesis of K3[Co(CO3)3] (modified method11)

A solution of Co(NO3)2�6H2O (7.27 g, 0.025 mol) in H2O
(12.5 mL) and 30% H2O2 (5 mL) was added dropwise with
cooling to 0 �C to a suspension of K2CO3 (17.4 g,
0.126 mol) in H2O (12.5 mL). The reaction mixture was
stirred for 20 h at �20 �C. The dark-green precipitate that
formed was filtered off and washed with water and EtOH
to give the title compound (8.9 g) as a dark green solid.
Mp >300 �C.

4.3. Synthesis of potassium D- and K-bis-(N-salicylidene-
aminoacidato)cobaltates (general procedure)

Salicylaldehyde (10 mmol) was added with stirring to a
mixture of K3[Co(CO3)3] (5 mmol) and an aminoacid
(10 mmol) in EtOH. The reaction mixture was refluxed
for 3 h, then filtered. The filtrate was concentrated in va-
cuo, and the residue was washed with diethyl ether, and
dissolved in EtOH. The isomers were separated and puri-
fied by column chromatography on Al2O3 (EtOH as elu-
ent). An additional purification was carried out by gel
chromatography on Sephadex LH-20 using an EtOH–
benzene (1:3) mixture as eluent.

4.4. Exchange of counterions (general procedure)

A complex (100 mg) was dissolved in a mixture of H2O and
EtOH (5 mL each) and slowly passed through a DOWEX-
50 � 8 ion-exchange resin filled column, containing ions of
the required metal as counterions. The resulting solution
was concentrated, and the target product was purified by
gel chromatography on Sephadex LH-20 using an EtOH–
benzene (1:3) mixture as eluent.

4.5. Potassium K-bis-[N-salicylidene-(S)-valinato]-cobaltate
[K-1]K

86% yield. Mp >300 �C, ½a�25
D ¼ �5965 (c 0.031, MeOH).

1H NMR (300 MHz, D2O): d 1.07–1.12 (m, 12H, CH3-
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Val); 2.57–2.62 (m, 2H, b-CH-Val); 4.20 (d, J 8.1 Hz, 2H,
a-CH-Val); 6.60 (t, J 7.8 Hz, 2H, CHAr); 6.77 (d, J
13.2 Hz, 2H, CHAr); 7.09 (d, J 8.1 Hz, 2H, CHAr); 7.43
(d, J 11.7 Hz, 2H, CHAr); 8.40 (s, 2H, CH@N). Anal. Calcd
for C24H26CoKN2O6�2H2O: C, 50.35; H, 5.28; N, 4.89.
Found: C, 50.65; H, 4.80; N, 5.11.

4.6. Potassium D-bis-[N-salicylidene-(S)-valinato]-cobaltate
[D-1]K

86% yield. Mp >300 �C, ½a�25
D ¼ �3630 (c 0.030, MeOH).

1H NMR (300 MHz, D2O): d 1.26–1.31 (m, 12H, CH3-
Val); 2.60–2.66 (m, 2H, b-CH-Val); 4.53 (d, J 8.0 Hz, 2H,
a-CH-Val); 6.53–6.61 (m, 4H, CHAr); 6.97 (t, J 10.2 Hz,
2H, CHAr); 7.47 (d, J 7.1 Hz, 2H, CHAr); 8.48 (s, 2H,
CH@N). Anal. Calcd for C24H26CoKN2O6�0.16C6H6: C,
54.64; H, 4.95; N, 5.10. Found: C, 54.61; H, 5.15; N, 5.09.

4.7. Sodium K-bis-[N-salicylidene-(S)-valinato]-cobaltate
[K-1]Na

87% yield. Mp >300 �C. ½a�25
D ¼ �6185 (c 0.031, MeOH);

1H NMR (300 MHz, CD3OD): d 1.21–1.31 (m, 12H,
CH3-Val); 2.57–2.67 (m, 2H, b-CH-Val); 4.31 (d, J
8.1 Hz, 2H, a-CH-Val); 6.60 (t, J 7.8 Hz, 2H, CHAr); 6.81
(d, J 13.2 Hz, 2H, CHAr); 7.09 (d, J 8.1 Hz, 2H, CHAr);
7.43 (d, J 11.7 Hz, 2H, CHAr); 8.39 (s, 2H, CH@N). Anal.
Calcd for C24H26N2O6CoNa�0.75EtOH�0.5H2O: C, 54.31;
H, 5.63; N, 4.97. Found: C, 54.34; H, 5.14; N, 4.64.

4.8. Sodium D-bis-[N-salicylidene-(S)-valinato]-cobaltate
([D-1]Na)

84% yield. Mp >300 �C. ½a�25
D ¼ �3660 (c 0.034, MeOH).

1H NMR (300 MHz, CD3OD): d 1.26–1.31 (m, 12H,
CH3-Val); 2.60–2.66 (m, 2H, b-CH-Val); 4.53 (d, J
8.0 Hz, 2H, a-CH-Val); 6.53–6.61 (m, 4H, CHAr); 6.97 (t,
J 10.2 Hz, 2H, CHAr); 7.47 (d, J 7.1 Hz, 2H, CHAr); 8.48
(s, 2H, CH@N). Anal. Calcd for C24H26N2O6CoNa�
0.5H2O: C, 54.45; H, 5.14; N, 5.29. Found: C, 54.42; H,
5.46; N, 5.46.

4.9. Silver K-bis-[N-salicylidene-(S)-valinato]-cobaltate
[K-1]Ag

83% yield. Mp >300 �C. ½a�25
D ¼ �5600 (c 0.029 MeOH). 1H

NMR (300 MHz, CD3OD): d 1.19–1.29 (m, 12H, CH3-
Val); 2.50–2.68 (m, 2H, b-CH-Val); 4.30 (d, J 8.1 Hz, 2H,
a-CH-Val); 6.57 (t, J 7.8 Hz, 2H, CHAr); 6.77 (d, J
13.2 Hz, 2H, CHAr); 7.08 (t, J 7.65 Hz, 2H, CHAr); 7.46
(d, J 7.8 Hz, 2H, CHAr); 8.39 (s, 2H, CH@N). Anal. Calcd
for C24H26N2O6CoAg: C, 47.62; H, 4.33; N, 4.63. Found:
C, 47.43; H, 4.41; N, 4.30.

4.10. Silver D-bis-[N-salicylidene-(S)-valinato]-cobaltate
[D-1]Ag

81% yield. Mp >300 �C. ½a�25
D ¼ �2770 (c 0.026 MeOH). 1H

NMR (300 MHz, CD3OD): d 1.26–1.31 (m, 12H, CH3-
Val), 2.61–2.66 (m, 2H, b-CH-Val); 4.53 (d, J 8.0 Hz, 2H,
a-CH-Val); 6.61 (t, J 7.2 Hz, 2H, CHAr); 6.82 (d, J
8.4 Hz, 2H, CHAr); 6.97 (t, J 10.2 Hz, 2H, CHAr); 7.47
(d, J 7.1 Hz, 2H, CHAr); 8.48 (s, 2H, CH@N). Anal. Calcd
for C24H26N2O6CoAg�0.5H2O: C, 46.93; H, 4.43; N, 4.56.
Found: C, 46.90; H, 4.26; N, 4.33.

4.11. Potassium D-bis-[N-salicylidene-(S)-threoninato]-
cobaltate [D-2]K

70% yield. Mp >300 �C, ½a�25
D ¼ �5995 (c 0.0022, MeOH).

1H NMR (300 MHz, D2O): d 1.30 (d, J 8.7 Hz, 6H, CH3-
Thr); 4.19–4.21 (m, 2H, b-CH-Thr); 4.51 (d, J 8.1 Hz,
2H, a-CH-Thr); 6.58–6.60 (m, 4H, CHAr); 7.20 (t, J
9.6 Hz, 2H, CHAr); 7.50 (d, J 9.9 Hz, 2H, CHAr); 8.60 (s,
2H, CH@N). Anal. Calcd for C22H22CoKN2O8�2EtOH:
C, 50.91; H, 5.80; N, 4.24. Found: C, 50.80; H, 5.67; N,
4.59.

4.12. Sodium D-bis-[N-salicylidene-(S)-threoninato]-cobal-
tate ([D-2]Na)

75% yield. Mp >300 �C. ½a�25
D ¼ �6405 (c 0.025, MeOH).

1H NMR (300 MHz, D2O): d 1.30 (d, J 8.7 Hz, 6H, CH3-
Thr), 4.21 (t, J 9.0 Hz, b-CH-Thr), 4.49 (d, J 8.2 Hz, 2H,
a-CH-Thr), 6.58–6.62 (m, 4H, CHAr), 7.18 (t, J 9.6 Hz,
2H, CHAr), 7.53 (d, J 9.9 Hz, 2H, CHAr), 8.62 (s, 2H,
CH@N). Anal. Calcd for C22H22N2O8CoNa�H2O�1/3
C6H6: C, 50.71; H, 4.61; N, 4.93. Found: C, 50.80; H,
4.67; N, 4.59.

4.13. Silver D-bis-[N-salicylidene-(S)-threoninato]-cobaltate
[D-2]Ag

83% yield. Mp >300 �C. ½a�25
D ¼ �5978 (c 0.031 MeOH). 1H

NMR (300 MHz, D2O): d 1.53 (d, J 5.4 Hz, 6H, CH3-Thr);
4.34–4.47 (m, 2H, b-CH-Thr); 4.53–4.78 (m, 2H, a-CH-
Thr); 6.69 (t, J 7.35 Hz, 2H, CHAr); 6.84 (d, J 8.4 Hz,
2H, CHAr); 7.18 (t, J 7.8 Hz, 2H, CHAr); 7.54 (d, J
7.5 Hz, 2H, CHAr); 8.49 (s, 2H, CH@N). Anal. Calcd for
C22H22AgCoN2O8: C, 43.48; H, 3.74; N, 4.69. Found: C,
43.37; H, 3.64; N, 4.60.

4.14. Potassium K-bis-[N-salicylidene-(S)-tryptophanato]-
cobaltate [K-3]K

86% yield. Mp >300 �C, ½a�25
D ¼ �4060, ½a�25

578 ¼ �3740,
½a�25

546 ¼ �738 (c 0.032, MeOH). 1H NMR (300 MHz,
D2O + CD3COCD3 (1:1)): d 3.14, 3.41 (AB part of ABX
system, JAB 14.0 Hz, JAX 8.4 Hz, JBX 11.4 Hz, 4H, CH2-
Trp); 4.81–4.84 (m, X part of ABX system, 2H, a-H-
Trp); 6.03 (d, J 8.0 Hz, 2H, CHAr); 6.15 (s, 2H, CHAr);
6.50 (d, J 9.0 Hz, 2H, CHAr); 6.68 (s, 2H, CHAr); 6.90 (s,
2H, CHAr); 6.97 (s, 4H, CHAr); 7.26 (d, J 7.4 Hz, 2H,
CHAr); 7.43 (d, J 7.2 Hz, 2H, CHAr); 7.83 (s, 2H, CH@N).
Anal. Calcd for C36H28CoKN4O6�Et2O: C, 61.22; H, 4.88;
N, 7.14. Found: C, 61.53; H, 4.74; N, 7.57.

4.15. Potassium D-bis-[N-salicylidene-(S)-tryptophanato]-
cobaltate [D-3]K

80% yield. Mp >300 �C, ½a�25
D ¼ �5280, ½a�25

578 ¼ �5510,
½a�25

546 ¼ �4890 (c 0.032, MeOH). 1H NMR (400 MHz,
D2O + CD3COCD3 (1:1)): d 3.14, 3.40 (AB part of
ABX system, JAB 13.2 Hz, JAX 9.2 Hz, JBX 12.8 Hz, 4H,
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CH2-Trp); 4.78–4.82 (m, X part of ABX system, 2H,
a-H-Trp); 6.00 (d, J 8.4 Hz, 2H, CHAr); 6.17 (s, 2H,
CHAr); 6.63 (d, J 9.2 Hz, 2H, CHAr); 6.70 (s, 2H, CHAr);
6.92 (s, 2H, CHAr); 7.00 (s, 4H, CHAr); 7.25 (d, J 7.2 Hz,
2H, CHAr); 7.40 (d, J 7.2 Hz, 2H, CHAr); 7.90 (s, 2H,
CH@N). Anal. Calcd for C36H28CoKN4O6�EtOH:
C, 60.31; H, 4.53; N, 7.40. Found: C, 60.37; H, 4.81; N,
7.21.

4.16. Sodium K-bis-[N-salicylidene-(S)-tryptophanato]-
cobaltate [K-3]Na

84% yield. Mp >300 �C, ½a�25
D ¼ �4860, (c 0.029, MeOH).

1H NMR (400 MHz, D2O + CD3COCD3 (1:1)): d 3.00,
3.42 (AB part of ABX system, JAB 13.2 Hz, JAX 9.2 Hz,
JBX 12.7 Hz, 4H, CH2-Trp); 5.98–6.02 (m, X part of
ABX system, 2H, -H-Trp); 6.11 (s, 2H, CHAr); 6.62 (d, J
9.2 Hz, 2H, CHAr,); 6.71 (s, 2H, CHAr); 6.90 (s, 2H, CHAr);
7.04 (s, 4H, CHAr); 7.27 (d, J 7.2 Hz, 2H, CHAr); 7.43 (d, J
7.2 Hz, 2H, CHAr); 7.75 (s, 2H, CH@N). Anal. Calcd for
C36H28CoNaN4O6�2EtOH�H2O: C, 59.70; H, 5.26; N,
6.96. Found: C, 59.62; H, 5.21; N, 6.90.

4.17. Sodium D-bis-[N-salicylidene-(S)-tryptophanato]-
cobaltate [D-3]Na

79% yield. Mp >300 �C, ½a�25
D ¼ �5590 (c 0.032, MeOH).

1H NMR (400 MHz, D2O + CD3COCD3 (1:1)): d 3.15,
3.42 (AB part of ABX system, JAB 13.2 Hz, JAX 9.2 Hz,
JBX 12.7 Hz, 4H, CH2-Trp); 4.84–4.86 (m, X part of
ABX system, 2H, a-H-Trp); 6.00 (d, J 8.4 Hz, 2H, CHAr);
6.11 (s, 2H, CHAr); 6.62 (d, J 9.2 Hz, 2H, CHAr); 6.71 (s,
2H, CHAr), 6,9 (s, 2H, CHAr); 7.04 (s, 4H, CHAr); 7.27
(d, J 7.2 Hz, 2H, CHAr), 7.40 (d, J 7.2 Hz, 2H, CHAr);
7.75 (s, 2H, CH@N). Anal. Calcd for C36H28CoNaN4O6:
C, 62.25; H, 4.06; N, 8.07. Found: C, 62.29; H, 4.36; N,
7.97.

4.18. Trimethylsilylcyanation of aldehydes (general
procedure)

A Schlenk flask was evacuated and filled with argon whilst
being heated with a heatgun. Then the flask was cooled un-
der a flow of argon, and a catalyst (0.02 mmol), an additive
(see Table 3) (0.1 mmol), CH2Cl2 (1 mL), aldehyde
(1 mmol), and trimethylsilyl cyanide (0.15 mL, 0.111 g,
1.24 mmol) were introduced into the flask. The reaction
mixture was stirred for 1 h at �20 �C under argon and then
passed through a thin Al2O3 layer, eluting the reaction
product with CH2Cl2. The enantiomeric composition of
the product was determined by gas chromatography. No
additive was used in several experiments.

4.19. Asymmetric Mukaiyama reaction (general procedure)

A Schlenk flask was evacuated and filled with argon, whilst
being heated with a heatgun. The flask was then cooled to
room temperature under a flow of argon. A catalyst
(0.05 mmol) was added to the flask and benzaldehyde
(0.1 mL, 1 mmol) solution in CH2Cl2 (1 mL) was added.
Then the solution was stirred for 2 min and a-(trimethylsi-
lyloxy)styrene (0.2 mL, 0.188 g, 0.98 mmol) was added.
The reaction mixture was stirred for 72 h under an argon
atmosphere. The catalyst was removed from the reaction
mixture by column chromatography on silica gel (column
60 � 5 mm), using CH2Cl2 as an eluent. The enantiomeric
purity of the product was determined by chiral HPLC.
4.20. Crystallographic data

The crystallographic data have been deposited with the
Cambridge Crystallographic Data Center, CCDC 671992
for [D-1]Ag and CCDC 671991 for [K-1]Ag. Copies of this
information may be obtained free of charge from The
Director, CCDC, 12 Union Road, Cambridge, CB2 1EZ,
UK (Fax: +44-1223-336033; e-mail: deposit@ccdc.cam.
ac.uk or http://www.ccdc.cam.ac.uk).
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