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Abstract—Oxovanadium(V)(salen) complex 4 was found to catalyze Meerwein–Ponndorf–Verley cyanation of aliphatic aldehydes
with good to high enantioselectivity. This cyanation showed a positive nonlinear effect.
� 2004 Elsevier Ltd. All rights reserved.
Asymmetric cyanation of carbonyl compounds is a cur-
rent topic in organic synthesis, because cyanohydrins are
versatile building blocks. Thus, many catalysts including
peptide derivatives and metal complexes have been
developed and good to excellent levels of enantioselec-
tivity have been achieved.1,2 Of these catalysts, some
serve as a Lewis acid3 but most of the catalysts giving
satisfactory results possess a function for dual activation
of carbonyl and cyanide compounds.1b For example,
Shibasaki�s catalysts carry Lewis acid/Lewis base parts.2

On the other hand, chiral salen ligands have been pro-
ven to be excellent chiral auxiliaries for various asym-
metric reactions.4 In 1996, two groups independently
reported asymmetric cyanation using a Ti(salen) com-
plex as catalyst.5 Later, Bu et al. also reported asymmet-
ric cyanation using a slightly modified Ti(salen) complex
as the catalyst.6,7 Although high enantioselectivity has
been achieved in these reactions, temperature as low as
�78 �C is required. However, introduction of a di-l-
oxo-Ti(salen) complex 1 brought about a breakthrough
in metallosalen-catalyzed asymmetric cyanation: high
enantioselectivity was achieved in the reaction at room
temperature.8 This reaction has been proposed to pro-
ceed through a cis-b-l-oxo Ti complex 2, in which both
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the aldehyde and the cyanide are, respectively, coordi-
nated to the titanium ion and react in an intramolecular
fashion with enantioselectivity higher than 80% ee (Fig.
1). Furthermore, an oxovanadium(IV)(salen) complex
was found to be a better catalyst especially for asymmet-
ric cyanation of aromatic aldehyde.9 This reaction has
also been proposed to proceed through the same reac-
tion pathway as the reaction using 1 as the catalyst.
These reactions, however, need toxic hydrogen cyanide
or relatively expensive trimethylsilyl cyanide as a cya-
nide source. On the other hand, Maruoka et al. recently
reported Zr-catalyzed asymmetric Meerwein–Ponndorf–
Verley (MPV) cyanation using more manageable ace-
tone cyanohydrin as a cyanide source, in which the cy-
anohydrin and aldehyde were coordinated to the metal
ion and reacted intramolecularly, showing high enantio-
selectivity.10 This reaction needs low temperature to
obtain high enantioselectivity. Since 1993, we have
demonstrated that salen ligands including a binaphthyl
unit are excellent chiral auxiliaries and their metal com-
plexes catalyze various types of reactions with excellent
enantioselectivities.4 In the course of our study, we have
also found that Ti(salen) complex 3 bearing this type of
salen ligand can be converted to the corresponding cis-
b-di-l-oxo-Ti(salen) complex under the reported condi-
tions8 and the complex is an excellent catalyst for asym-
metric sulfoxidation using hydrogen peroxide, in which
the complex is converted into a monomeric peroxoTi
species bearing a cis-b salen ligand and oxidizes sul-
fides.11 This result suggests that a metallosalen complex
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Figure 1.
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bearing our ligand can take a cis-b structure under
appropriate conditions and allow coordination of two
substrates cis to each other.12 Thus, we expected that a
monomeric cis-b Ti(salen) species would catalyze MPV
cyanation with high enantioselectivity. Indeed, complex
3 catalyzed the cyanation but, contrary to our expecta-
tion, enantioselectivity of the reaction was poor (<5%
ee).

Different from oxovanadium(IV) complexes with salen
ligands that usually adopt five-coordinate square-
pyramidal geometry even in the donor solvent, oxovana-
dium(V) complexes exhibit a tendency to retain octahe-
dral six-coordination, in which the donor solvent or
counter ion coordinates in an apical position.13 There-
fore, we expected that oxovanadium(V) complexes
would adopt a monomeric cis-b structure more easily
than oxovanadium(IV) complexes14 and be a suitable
catalyst for asymmetric cyanation using acetone cyano-
hydrin. Here, we report asymmetric MPV cyanation
using oxovanadium(V)(salen) complexes 4 and 5 as the
catalyst.
Table 1. MPV cyanation of 3-phenylpropanal using oxovanadium(V) comp

Entry Catalyst Base Temp

1 4 None rt

2 4 Et3N rt

3 4 Pyridine rt

4 4 2,4,6-Collidine rt

5 4 2,6-Dichloropyridine rt

6 4 2,4,6-Collidine 10

7d 4 2,4,6-Collidine 10

8d 4 2,4,6-Collidine 0

9 5 2,4,6-Collidine rt

a Yield was determined by 1H NMR (400MHz) analysis.
b ee was determined by HPLC analysis (Daicel Chiralpak AS-H, hexane–2-p
c Absolute configuration was determined by comparison of the optical rotat
d Reaction time was 48 h.
MPV cyanation of 3-phenylpropanal with acetone cyano-
hydrin (4equiv) was carried out at room temperature in
CH2Cl2 in the presence of complex 4 (5mol%) (Table 1,
entry 1). As expected, good enantioselectivity of 84% ee
was observed but the reaction was slow. Addition of tri-
ethylamine accelerated the reaction but reduced enantio-
selectivity to a considerable extent (entry 2). Addition of
the amine might also promote reversed hydrocyanation
of acetone cyanohydrin generating a cyanide anion that
undergoes direct cyanation and diminish the enantiose-
lectivity. Thus, we next examined the additive effect of
less basic pyridine derivatives. Addition of pyridine did
not affect enantioselectivity, but the rate of enhancement
was small (ca. 2.6 times), probably because the presence
of pyridine hindered the coordination of the aldehyde
(entry 3). Therefore, we examined the additive effect of
2,4,6-collidine and 2,6-dichloropyridine. Addition of
2,4,6-collidine accelerated the reaction remarkably, al-
beit with slightly diminished enantioselectivity (entry
4). In contrast, addition of 2,6-dichloropyridine deceler-
ated the reaction (entry 5). Lowering the reaction tem-
perature to 10 �C in the presence of 2,4,6-collidine
lex 4 or 5 as catalyst

(�C) Yield (%)a ee (%)b (config)c

13 84 (R)

>99 65 (R)

34 85 (R)

99 70 (R)

4 72 (R)

57 86 (R)

87 82 (R)

25 90 (R)

99 48 (S)

ropanol=98:2).

ion of the cyanohydrin with the literature value (Ref. 10).
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improved enantioselectivity to 86% ee, though the chem-
ical yield was reduced (entry 6). The reaction at 0 �C fur-
ther improved enantioselectivity to 90% ee, but the
reaction was very slow (entry 8). Prolonged reaction
time increased the yield of the product but its enantio-
purity somewhat decreased, suggesting the product
was racemized slowly through equilibrium between the
reactant and the product under the conditions (entry
7). The reaction using 5, the diastereomer of 4, showed
only moderate selectivity (entry 9).

Under the optimized conditions, reactions of several
other aldehydes were examined (Table 2). Nonbranched
aliphatic aldehydes gave the corresponding cyanohydrin
in moderate to good yields with high enantioselectivity
(entries 1 and 2).15,16 Cyanation of cyclohaxanecaboxal-
dehyde also showed good enantioselectivity (entry 3).
However, the reaction of 2,2-dimethylpropanal was
slow, albeit with good enantioselectivity. On the other
hand, the yield of benzaldehyde cyanohydrin was very
low and enantioselectivity was modest (entry 5). How-
ever, as described above, the present cyanation seemed
reversible and the retro-cyanation of the cyanohydrin
of this reaction was considered to be rapid. Thus, we ex-
posed racemic benzaldehyde cyanohydrin that was pre-
pared by Maruoka�s method10 to the present reaction
conditions in the presence of acetone and found that
the reversed reaction occurred and the enantiomer cor-
responding to the major enantiomer of the above cyana-
tion product was decomposed in preference to the
enantiomer corresponding to the minor one: the chiral-
ity of the recovered cyanohydrin (50% ee, ca. 50% con-
Table 2. MPV cyanation of various aldehydes with oxovanadium(V) compl

Entry R=

1 n-C7H15

2 PhO(CH2)5
3 c-Hex

4 (CH3)3C

5 Ph

a Yield of cyanohydrin was determined by 1H NMR analysis. The number i
b Absolute configuration was determined by comparison of the optical rotat
c ee was determined by GLC analysis using Shimadzu GC-1700 [HP Chiral
d ee was determined by HPLC analysis (Daicel Chiralpak AS-H, hexane–2-p
e ee was determined by HPLC analysis (Daicel Chiralcel OJ-H, hexane–2-pr
f Not determined.
g Isolated yield of the corresponding benzoate.
h The reaction time was 12h.

Scheme 1.
version, 12h) was opposite to that of the product of the
above cyanation. This explains why the ee of benzalde-
hyde cyanohydrin that underwent the reversed reaction
at a considerable rate was only modest and also
the observation that the ee of the cyanation product
decreased as the reaction time was prolonged (vide
supra).

Although the mechanism of asymmetric induction in
this reaction is unclear at present, we have assumed that
the present reaction proceeds in an intramolecular man-
ner with the participation of the cis-b vanadium(V)(sa-
len) species (vide supra), as Maruoka proposed.10,17 It
has been reported that a simple vanadium(V)(salen)
complex can take a non-oxo cis-b structure.18 Asymmet-
ric sulfoxidation with di-l-oxo-Ti(salen) complex shows
strong positive nonlinear effect, indicating that a pair of
enantiomeric Ti(salen) complexes make the correspond-
ing di-l-oxo-Ti complex much easier than a pair of the
same complexes.10b Thus, we expected that a pair of
enantiomeric vanadium(V) species could also produce
a dimmer 7 if they can adopt a cis-b structure, and the
reaction with 4 as catalyst would show a nonlinear effect
(Scheme 1). Indeed, a positive nonlinear effect was ob-
served as shown in Figure 2. We also observed that,
when a solution of enantiomeric (aS,R)-4 in dichloro-
methane was added to a solution of (aR,S)-4, a fern-
green solid was precipitated.

CD measurement of a solution of the solid in di-
chloromethane demonstrated that it was a 1:1 mixture
of (aS,R)-4 and (aR,S)-4. These results support that
ex 4 as catalyst

Yield (%)a ee (%) (config)b

75 (65) 84c

61 (59) 79d

79 (55) 76c (R)

—f (29g) 67e (R)

13h 45e (R)

n parentheses is the isolated yield as the corresponding acetate.

ion of the cyanohydrin with the literature value (Ref. 10).

(20% permethylated b-cyclodextrin)].
ropanol=90:10).

opanol=90:10).



Figure 2. Positive nonlinear effect observed in MPV cyanation of 3-

phenylpropanal with oxovanadium(V) complex 4 at room tempera-

ture.
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complex 4 can be converted into the desired cis-b vana-
dium(V)(salen) complex.19 On the other hand, cyanation
of 3-phenylpropanal with acetone cyanohydrin in the
presence of the Belokon�s vanadium(IV) complex was
sluggish (65% ee, 7%, 7h at rt), while the corresponding
vanadium(V) complex catalyzed the cyanantion
smoothly with modest enantioselectivity (45% ee, 99%,
12h at rt). These results agree with the above assump-
tion that a vanadium(V) complex is a suitable catalyst
and demonstrate that use of oxovanadium(V) complex
bearing the salen ligand including a binaphthyl unit is
essential for achieving high enantioselectivity in the pre-
sent MPV cyanation, though we could not completely
rule out the possibility that the reaction proceeds
through a l-oxo vanadium species as proposed for
asymmetric cyanation using trimethylsilyl cyanide.

In conclusion, we were able to demonstrate that oxova-
nadium(V)(salen) complex 4 serves as a catalyst for
asymmetric MPV cyanation. Further study on the
mechanism of the present reaction is under way.
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