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Abstract

Chirally modified vanadium complexes have been used as catalysts in enantioselective epoxidations of allylic alcohols and

asymmetric sulfide to sulfoxide oxidations. For both reactions various combinations of chiral ligands and vanadium sources have

been tested. The results of previous work and those of current investigations are discussed and details of the catalysis with respect to

enantioselectivity and catalyst turnover is presented.
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1. Introduction

Asymmetric metal catalysis is in the focus of current

chemical research, and in recent years several major

breakthroughs have been achieved [1]. It was therefore

not surprising that the 2001 Nobel Prize in Chemistry

was awarded to three scientists for their development of

catalytic asymmetric synthesis. The Royal Swedish

Academy of Sciences recognized the contributions by

William S. Knowles and Ryoji Noyori ‘on chirally

catalyzed hydrogenation reactions’, and by K. Barry

Sharpless ‘for his work on chirally catalyzed oxidation

reactions’ [2]. Their fundamental findings expand the

scope of asymmetric synthesis and allow a more targeted

preparation of pharmaceutical products such as anti-

biotics, anti-inflammatory drugs and other medicines.

2. Enantioselective vanadium-catalyzed epoxidations of

allylic alcohols

It was one of the 2001 Nobel Prize laureates,

Sharpless and coworkers, who reported on a highly

promising asymmetric vanadium catalyst as early as

1977 [3]. A combination of VO(acac)2 and chiral

hydroxamic acid 3 afforded optically active epoxides

from the corresponding allylic alcohols such as 1 and

tert -butyl hydroperoxide (TBHP) as oxidant with up to

50% ee (Scheme 1). With a proline-derived hydroxamic

acid as chiral ligand, higher enantioselectivities (up to

80% ee) could be achieved by the same authors a few

years later [4,5].

Although the enantioselectivity in this vanadium-

catalyzed asymmetric epoxidation was not perfect, the

process was considered a major success, because it

allowed a straightforward synthesis of highly valuable

synthetic intermediates (chiral epoxides) [6] from readily

available starting materials (allylic alcohols). Disadvan-

tages were the requirement of a fivefold excess of ligand
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with respect to vanadium and the pronounced ‘ligand-

deceleration’ [7], which reduced the catalytic efficiency.

A few years later, the attention was drawn to another

epoxidation reaction discovered by Sharpless and cow-

orkers [8], which is still considered to be one of the most

reliable methods in asymmetric oxidation catalysis.

With TBHP as oxidant and in the presence of a

combination of titanium tetraisopropoxide and tartrate

ligands, allylic alcohols are converted to epoxides with

very high enantioselectivities. The reaction is ligand-

accelerated [7], can be performed catalytically and is

applicable to a wide range of substrates [9]. After a

period of detailed mechanistic studies and the establish-

ment of its broad applicability, the Ti-catalyzed Sharp-

less epoxidation was regarded as state of the art, and

many further investigations were directed towards the

development of epoxidation protocols of unfunctiona-

lized olefins [6d,6e,6f,6g,6h,6i,6j,6k,6l,6m,6n].

For almost two decades Sharpless’ vanadium-cata-

lyzed epoxidation of allylic alcohols remained undeve-

loped. In 1999, however, Yamamoto and coworkers

reported on an improvement of the existing protocol,

which allowed one to obtain epoxyalcohols with up to

94% ee [10]. From a series of axially-chiral ligands

hydroxamic acid 4 proved to be the most efficient one

(Fig. 1).
Remarkably and in contrast to the previous systems,

only a small excess of ligand (7.5 mol%) with respect to

vanadium [5 mol% of VO(O�/i -Pr)3] was required for

high enantioselectivity. This result was interpreted as

evidence for the formation of a 1:1 complex between

vanadium and the hydroxamic acid. Use of triphenyl-

methyl hydroperoxide (TrOOH) as oxidant gave better

results than application of TBHP or cumene hydroper-

oxide (CHP). By the use of toluene, chlorinated solvents

such as dichloromethane could be avoided. Unfortu-

nately, low temperatures (�/20 8C) and extended reac-

tion times (2�/3 days) were required for high ee and

yield, respectively. Chart 1 lists representative examples

of optically active epoxides which became accessible

from the corresponding allylic alcohols through the

catalysis with this system [10].

To increase the efficiency of this vanadium catalysis

further progress was required in particular with respect

to enantioselectivity, catalyst loading, type of oxidant,

and reaction conditions. Based on his previous studies

Yamamoto introduced a novel amino acid-based hydro-

xamic acid and demonstrated its applicability in the

catalysis under discussion [11]. An iterative positional

optimization approach [12] was used to find the most

efficient ligand structure. In this protocol every compo-

nent of the ligand is individually optimized for selectiv-

ity by varying its structure, while other units are kept

constant. Previously, it had been demonstrated that a

sequential screening of all variables could then lead to

synthetically interesting catalysts [12]. In this particular

case, Hoshino and Yamamoto found that hydroxamic

acid 11 derived from tert -leucine was the most efficient

ligand reaching enantioselectivities of up to 96% ee in

the vanadium-catalyzed epoxidation reaction (Fig. 2).

Besides the high enantioselectivity the most remark-

able aspects of this new catalytic system were the low

catalyst loading (1 mol% of VO(O�/i-Pr)3 and 1.5 mol%

of ligand), the possibility to use TBHP as oxidant, and

the mild reaction conditions (6 h at 0 8C). Chart 2

shows representative examples (epoxides obtained from

the corresponding allylic alcohols under conditions

Scheme 1. Asymmetric epoxidation according to Sharpless [3].

Fig. 1. Yamamoto’s axially-chiral hydroxamic acid used in vanadium

catalysis [10].

Chart 1. Epoxides and ee-values obtained with Yamamoto’s chiral

catalyst.

Fig. 2. Yamamoto’s amino acid-derived hydroxamic acid used in

vanadium catalysis [11].
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which in some cases varied from the standard ones

mentioned above) and reveals that this catalysis is

especially suited for transformations of disubstituted

allylic alcohols [11].
51V-NMR studies were performed with the intention

to reveal more details of the catalyst structure [11]. At

room temperature in benzene-d6 a 1:1 mixture of

VO(O�/i-Pr)3 and 11 gave two signals. These peaks

had a ratio of 95:5 at a metal-to-ligand ratio of 1:1.5

(catalysis conditions). Whereas the first signal (�/537

ppm) was proposed to derive from VO(O�/i-Pr)2(L)

(with L�/the hydroxamate of 11), the second (�/633

ppm) was assigned as due to VO(O�/i-Pr)3. As a

consequence, a species obtained from a 1:1 complexa-

tion of vanadium and ligand was proposed to be

responsible for the good catalytic performance and the

high enantioselectivity. This proposal is in accordance

with the previous data interpretation given by Sharpless

and coworkers refering to their proline-derived system

[3].

At about the same time, two other approaches were

reported which were directed towards an optimization

of the vanadium-catalyzed epoxidation of allylic alco-

hols. One of them involved the synthesis and use of

hydroxamic acids 15 and was described by Park and

coworkers [13]. Starting from enantiopure amine 13 and

through the intermediacy of hydroxylamine 14, chiral

hydroxamic acids 15 were obtained in a short reaction

sequence (Scheme 2).

In contrast to the ligands mentioned in the previous

reports, the new hydroxamic acids 15 have the stero-

genic center a to the amine nitrogen. Four compounds

were described and surprisingly, the steric and electronic

properties of the substituent R had little effect on the

enantioselectivity. Finally, the authors concluded that

the hydroxamic acid bearing the least sterically demand-

ing methyl group (15a) was the ligand of choice for most

substrates. As oxidant, TBHP proved superior to CHP.

Using 5 mol% of VO(acac)2 and 15 mol% of ligand the

ee-values ranged from 1 to 95%. The highest enantios-

electivities (e.g. 95% ee for epoxide 2) were obtained in

reactions run at �/20 8C. Unfortunately, under these

conditions the reaction time was between 5 and 7 days.

Interestingly, in some cases the R group and the

temperature had a strong impact on the stereochemistry,

and both could be used to reverse the absolute config-

uration of the product [13].

All hydroxamic acids introduced by Sharpless, Ya-

mamoto, Park and Hong for the vanadium catalyzed

epoxidation of allylic alcohols had either stereogenic

centers or chiral axes. In 2000, the use of planar-chiral

hydroxamic acids in this catalysis was described by

Bolm and Kühn for the first time [14]. Previously,

planar-chiral ligands had already been applied in other

asymmetric catalyses, and the importance of the chiral

plane on the extent of enantioselectivity had been

demonstrated [15]. In this particular case, two types of

planar-chiral compounds were tested. The first class

belonged to the ferrocene series and involved hydro-

xamic acids 17, 19 and 20 [16]. Those ferrocenes were

readily available through well-established reaction se-

quences, which involved either the intermediacy of

sulfoxide 16 [17] or oxazoline 18 [18] (Scheme 3).

Unfortunately, with these ferrocene-type hydroxamic

acids as ligands, the enantioselectivity in the vanadium-

catalyzed asymmetric epoxidation of 21 remained low,

and 22 was only obtained with a maximum enantiomeric

excess of 33% (Scheme 4, Table 1) [16].

Interestingly, hydroxamic acids with larger substitu-

ents (adamantyl versus benzyl) gave higher enantios-

electivities (Table 1, entries 1/2 and 3/4), and the planar-

chirality determined the absolute configuration of the

product (Table 1, entries 3/5) [16].
The second class of planar-chiral compounds studied

by Bolm and Kühn were hydroxamic acids 24 having a

[2.2]paracyclophane backbone [14]. Recently, asym-

metric catalysis with chiral [2.2]paracyclophanes has

Chart 2. Epoxides and ee-values obtained with a chiral catalyst based

on 11.

Scheme 2. Synthesis of a hydroxamic acid with a stereogenic center a to nitrogen [13].
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attracted significant attention, and a number of com-

pounds have successfully been applied as ligands in

various transformations [19]. In the investigations by

Bolm and Kühn, the hydroxamic acids 24 were accessed

from the enantiopure [2.2]paracyclophane-4-carboxylic

acid 23 [20] by reaction of its acid chloride (not shown)

with the corresponding N -hydroxylamines (Fig. 3).

In a first screening, catalyses with 24 as ligands and

CHP as oxidant gave high yields (�/86%) and enantios-

electivities of up to 52% ee in the transformation of 21 to

22 (Scheme 4) [14]. Surprisingly, bulky aliphatic sub-

stituents at the nitrogen of 24 led to an increase in

enantioselectivity compared to aromatic groups (Table

2). This observation was in contrast to the observations

by Yamamoto and coworkers with their ligand 4 [10].

Optimizing the reaction conditions revealed that

performing the catalysis at �/20 8C in toluene gave

the best results [14]. Furthermore, TBHP proved a

better oxidant than CHP, trityl hydroperoxide (TrOOH)

and 1-methylcyclohexyl hydroperoxide (MCYHP) af-

fording 22 with higher enantiomeric excesses. Thus,

under the optimized conditions and by using a combina-

tion of 5 mol% of V(O)(O�/i-Pr)3 and 7.5 mol% of 24c as

ligand, 22 was obtained with up to 71% ee. Other

substrates reacted too and gave the corresponding

epoxides with ee-values in the range of 38�/55% (Chart

3).

Studies on the effect of the ligand-to-metal ratio

showed that a lower ratio than the commonly used

1.5:1 afforded products with slightly reduced ee (67% ee

with 5.5 mol% of 24c vs. 71% ee with 7.5 mol%).

Interestingly, the catalysis was inhibited when the

ligand-to-metal ratio was 3. This observation was

surprising because in some other systems at least a

threefold ligand excess was required to obtain high

enantioselectivity. It was proposed that in reactions with

Scheme 3. Planar-chiral hydroxamic acids based on ferrocenes [16].

Scheme 4. Asymmetric epoxidation of allylic alcohol 21.

Table 1

Enantioselectivities from catalyses with ferrocene ligands

Entry Ligand Yield of 22

(%)

Ee of 22

(%)

Absolute configuration of

22

1 17a 82 33 (R ,R )

2 17b 77 12 (R ,R )

3 19a 72 21 (S ,S )

4 19b 76 13 (S ,S )

5 20 89 20 (R ,R )

Fig. 3. [2.2]Paracyclophanes used in a vanadium-catalyzed enantiose-

lective oxidation [14].

Table 2

Enantioselectivities from catalyses (210/22) with ligands 24 and

CHP a

Entry Ligand Yield of 22 (%) Ee of 22 (%)

1 24a 90 42

2 24b 86 46

3 24c 88 52

4 24d 87 32

5 24e 86 30

a Conditions as in Scheme 4.
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24 either, achiral VO(O�/i-Pr)3 is more efficiently

converted to an optically active vanadium species such

as VO(O�/i-Pr)2(L) (with L�/the hydroxamate of 24) or

compounds VO(O�/i-Pr)3�x(L)x (x�/1 or 2) do not

show such a significant ligand-deceleration as observed

with the other ligands [14].

An interesting extension of the study on the applica-

tion of [2.2]paracyclophane-based hydroxamic acids in

vanadium-catalyzed oxidations focused on the use of a

chiral oxidant [21]. Various achiral hydroperoxides were

first tested in catalysis using 21 as substrate and 24b as

ligand (5 mol% of vanadium, 7.5 mol of 24b). The

presence of aryl groups in the oxidant had a detrimental

effect on the enantioselectivity of the epoxidation (Table

3, entries 1�/4). Related observations were made in

oxidations giving epoxide 5.

Next, a chiral oxygen source was tested. Enantiopure

(S )-(1-phenyl)ethyl hydroperoxide is available by enzy-

matic kinetic resolution [22] and has been demonstrated

to serve as an efficient chiral oxygen source in various

asymmetric oxidations [23]. When this optically active

hydroperoxide was applied in an epoxidation with a

catalyst derived from (S )-24b, epoxide 22 with 2S ,3S -

configuration and an ee of 33% was obtained (Table 3,

entry 5). With the enantiomeric (R )-24b as ligand (entry

6), the ee of 22 was 63% and the absolute configuration

of the product was opposite (2R ,3R ). The combination

of (S )-24b and racemic(1-phenyl)ethyl hydroperoxide

(entry 7) afforded the product with 49% ee having

2S ,3S -configuration as in the first case. From these

results it follows, that the absolute configuration of the

product is determined by the [2.2]paracyclophane ligand

and not by the chiral oxygen source. The difference in

the enantioselectivity (63 vs. 33% ee) indicates matched

and mismatched combinations between ligand and

oxidant. The intermediate ee-value for the reaction

with the racemic oxidant, which is between the ones of

the experiments with the single enantiomers, demon-

strates that both diastereomeric combinations of the

chiral ligand and the chiral hydroperoxide react at about

the same rate. This general trend was confirmed in

catalyses which utilized geraniol as substrate to give

epoxide 5 as product [21].

A recent report by Wu and Uang involves the use of

camphor based hydroxamic acids 25 and 26 in the

vanadium-catalyzed epoxidation of allylic alcohols [24].

An extensive ligand screening revealed that, surpris-

ingly, in the transformation of 1 to give 2 N -unsub-

stituted ligands (25 with R�/H) gave the highest

enantioselectivities. Use of ligands with steric bulk at

this position (e.g. R�/benzyl, diphenylmethyl, or ada-

mantyl) afforded products with much lower enantio-

meric excesses (Fig. 4).
Finally, the ligand optimization led to hydroxamic

acid 26 having aromatic substituents at the double bond

(R?�/aryl). Table 4 summarizes some results from this

study [24].

With a ligand 26 having a p -tert -butylphenyl sub-

stituent (R?) and with TBHP as oxidant an ee of 75%

was reached in the reaction of 1 to give 2. Remarkably,

the yields were high even after relatively short reactions

times (3 h at 0 8C; entries 3 and 4) being rapid

compared to other systems. Thus, at the present stage

these new catalysts with the camphor-based ligands

Chart 3. Epoxides and ee-values obtained with the [2.2]paracyclo-

phane-based catalyst system.

Table 3

Use of various oxidants in the reaction of 21 to give 22

Entry Oxidant a Absolute configuration of 24b Ee of 22 (%) Absolute configuration of 22

1 a S 72 2S ,3S

2 b S 51 2S ,3S

3 c S 46 2S ,3S

4 d S 42 2S ,3S

5 (S )-e S 33 2S ,3S

6 (S )-e R 63 2R ,3R

7 rac -e S 49 2S ,3S

a a: TBHP; b: MCYHP; c: CHP; d: TrOOH; e: PhCH(OOH)Me.

Fig. 4. Camphor-derived hydroxamic acids for asymmetric oxidations

[24].
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appear highly promising, even though a final evaluation

of their catalytic efficiency will only be possible after an

investigation the scope of the substrate.

3. Asymmetric sulfide oxidations with chiral vanadium

complexes

Chiral sulfoxides are important compounds in asym-

metric synthesis [25,26], and more recently, their use as

ligands in enantioselective catalysis has been demon-
strated [27]. Of particular interest is the application of

sulfoxides in biologically active systems [28]. Several

methods for the synthesis of highly enantiomerically

enriched sufoxides have been developed. Most of them

rely on the use of chiral auxiliaries and metal catalysts

involving stereospecific substitutions and enantioselec-

tive sulfide oxidations, respectively [29]. Enzymatic

systems giving optically active sulfoxides have also
been reported [30] (Scheme 5).

Among the metal catalysts for asymmetric sulfide

oxidation titanium-based systems are the most promi-

nent ones. After the very early work by Kagan [31] and

Modena [32] in 1984, titanium catalysts received sig-

nificant attention and major progress has been achieved

in terms of catalyst activity and enantioselectivity [33].

Sulfoxidations with vanadium complexes have also

been in the focus of many investigations, and the

mechanisms of several catalyses have been studied in

detail [34,35]. In 1986 Nakajima et al. reported on the

application of catalysts bearing chiral salen-type ligands

in enantioselective sulfide oxidations [36]. Using 10

mol% of tetradentate Schiff base-oxovanadium(IV)

complex 29 (5 mol%) as catalyst and CHP as oxidant

they achieved an enantioselectivity of 42% ee in the

oxidation of methylphenyl sulfide (27) to the corre-

sponding sulfoxide 28 (Scheme 6).
Bolm et al. attempted catalytic asymmetric sulfoxida-

tions with vanadium(IV) complexes 30 [37] and 31 [5]

having C2-symmetric bissulfoximines and oxazolinyl-

phenols, respectively, as ligands. Both types of catalysts

showed high activity, but unfortunately, the products

were racemic. Presumably, the oxidative conditions led

to the formation of vanadium(V) intermediates which

were unable to catalyze the sulfoxidation in an enantio-

selective manner.

The structurally well-characterized oxovanadium(V)

complex 32 having an amino acid-derived tridentate �/

O�/N�/O-type Schiff base as ligand was reported by

Fujita and coworkers to give optically active sulfoxide

28 in the asymmetric oxidation of 27 with TBHP as

oxidant. However, even with 10 mol% of catalyst the

highest enantioselectivity was only 14% ee [38] (Fig. 5).

In the light of these early results, the behavior of the

oxidation catalyst formed in-situ from Schiff-bases 33

and vanadyl acetylacetonate introduced by Bolm and

Bienewald in 1995 was remarkable [39]. For example,

with this system 1 mol% of catalyst (or even 0.01 mol%)

was sufficient to give optically active sulfoxides (with up

to 85% ee). Furthermore, the simple reaction conditions

which allow one to perform the catalysis in open vessels

and the use of safe and inexpensive hydrogen peroxide

as oxidant make this catalysis particularly attractive for

large scale applications [40].

Table 4

Results from catalyses (10/2) with ligands 26 a

Entry 26 with R? Yield of 2 (%) Ee of 2 (%)

1 Ph 85 70

2 Tol 89 70

3 p -t -Bu�/Ph 86 75

4 1-Naphthyl 88 73

a VO(O�/i -Pr)3 (5 mol%), ligand (7.5 mol%), TBHP, 0 8C, 3�/6 h.

Scheme 5. General ways for the preparation of enantiopure sulfoxides.

Scheme 6. Chiral vanadium(IV) complexes in sulfide to sulfoxide oxidations.
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Since Schiff-bases 33 were readily available from

salicylaldehydes and amino alcohols a number of

compounds could easily be screened on their perfor-

mance as ligands in the vanadium-catalyzed asymmetric

sulfide oxidation [41]. The best results were obtained

with 33 derived from tert-leucinol (R?�/t -Bu). The

substituent in the 3 position of the aryl group (R) had

to be bulky as well, and the highest enantioselectivities

were achieved with compounds having R�/tert-butyl.

The importance of electronic factors was indicated by

the influence of the remote substituent X on the ee of the

sulfoxidation products. Depending on the substrate, X

had to be a nitro (as in 33a) or a tert -butyl group (as in

33b) for achieving the optimal enantioselectivity in the

catalysis. A selection of the most significant results is

shown in Chart 4.
The highest enantioselectivities were observed in the

oxidation of dithioacetals [42]. These results are parti-

cularly interesting because the synthetic value of the

resulting oxides has been described in numerous reports

[43]. In contrast to the oxidation of simple sulfides, 33b

having a tert -butyl substituent in the 5 position proved

superior over 33a with a nitro group in the same

position. Using a combination of 1 mol% of VO(acac)2

and 1.5 mol% of 33b as in-situ catalyst the results

presented in Chart 5 were obtained.

The best ee (85%) was achieved in the oxidation of the

dithioacetal of benzaldehyde (not shown) affording 38.

Only trans -products were observed in transformations

of dithioacetals. The dithioketal from acetophenone

(not shown) afforded 41 as a cis /trans -mixture with

the former as the major isomer.

Recently, the structurally related solid phase sulfur

oxidation catalysts 44 have been described [44]. How-

ever, in this case, titanium proved to be the metal of

choice (eemax�/72%), and complexes derived from

VO(acac)2 gave significantly lower enantioselectivities

(Fig. 6).

After the initial report by Bolm and Bienewald [39]

several other groups began to investigate this vanadium

catalysis, and various ligand modifications have been

described. For example, Skarzewski et al. introduced

Schiff-base 33c having a phenyl substituent at C3 (R�/

Ph), and an i-Pr and a nitro groups as R? and X,

respectively [45]. With 33c as ligand they achieved the

catalytic synthesis of 38 with 88% ee, and bissulfoxide 46

was obtained from 45 with 95% ee (60% de). As before,

S -configurated sulfoxide 28 was formed using a ligand

derived from the L-amino alcohol, and (R )-28 was

obtained with that of D-valinol (Scheme 7).

Fig. 5. Oxovanadium complex and Schiff-base ligands for asymmetric

sulfoxidations [38,39].

Chart 4. Sulfoxides and ee-values obtained with the in-situ catalyst

prepared from VO(acac)2 and 33a and 33b as ligands [39].

Chart 5. Products and ee-values from the oxidation of dithioacetals

and dithioketals with the in-situ catalyst obtained from VO(acac)2 and

33b as ligand [42].

Fig. 6. Solid phase sulfur oxidation catalysts applied in Ti-catalyzed

asymmetric sulfoxidations [44].
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Vetter and Berkessel applied Schiff-base ligands with

two elements of chirality such as 47�/49 [19f]. The

enantioselectivities in sulfoxidations of methylphenyl

sulfide (27) to give sulfoxide 28 with vanadium catalysts

derived from each diastereomer of 47�/49 revealed

significant matched-mismatched effects (for reactions

at room temperature: 47: 45 and 49% ee; 48: 56 and 71%

ee; 49: 2 and 48% ee). The best enantioselectivity was

achieved in a catalysis performed at 0 8C with 48

(matched) as ligand to give 28 with 78% ee in 92%

yield. Katsuki and coworkers extended this study and

obtained 28 with 88% ee using 50 as ligand (best result

for methyl 2-naphthyl sulfoxide: 93% ee at 0 8C) [46]

(Fig. 7).

Ellman and coworkers used the vanadium catalyst

prepared from VO(acac)2 and 33b in the catalytic

asymmetric synthesis of tert -butyl tert-butanethiosulfi-

nate (52) [47]. With 1 mol% of the vanadium source and

1.1 mol% of 33b as ligand, tert -butyl disulfide (51) was

enantioselectively oxidized with hydrogen peroxide

(30% in water) as oxidant at room temperature to give

52 with 91% ee in 98% yield. Even on a half mole scale

and with a decreased catalyst loading of 0.5 mol% the

loss in conversion and enantioselectivity was reported to

be minor (Scheme 8).

Davis and coworkers demonstrated in numerous

examples that sulfinamides and sulfinimines are extre-

mely valuable chiral auxiliaries for asymmetric synthesis

[48]. For the preparation of tert -butanesulfinamide (53)

Ellman made use of 52 which was obtained by the

vanadium-catalyzed enantioselective oxidation of tert -

butyl disulfide (51) as described above [47]. Thus, when

52 was treated with lithium amide in ammonia, 53 was

formed through a nucleophilic substitution reaction.

The transformation was stereospecific, and enantiopure

53 could be obtained in 75% yield after a single

recrystallization. The synthetic usefulness of tert -buta-

nesulfinamide (53) was then illustrated by its application

in the preparation of amines [49]. Thus, condensation

reactions with aldehydes afforded tert -butanesulfini-

mines 54 which reacted with Grignard reagents to give

primary amines (as HCl salts) after acidic hydrolysis

(Scheme 9).

Also in other asymmetric transformations tert -butyl

tert -butanethiosulfinate (52) proved a useful intermedi-

ate which allowed the efficient preparation of com-

pounds such as a- and b-amino acids [50], a-

trifluoromethylamines [51], and several other syntheti-

cally interesting products [52].

A number of experiments have been performed with

the intention to elucidate mechanistic details of the

vanadium-catalyzed asymmetric sulfoxidation. For ex-

ample, it was shown that the reaction is ligand-

accelerated [7]; and thus, the enantioselectivity is not

or only slightly affected by the presence of achiral

vanadium species [39�/41]. Furthermore, the enantio-

meric excess of the product increases with time and

Scheme 7. Chirally modified vanadium complexes in sulfide to sulfoxide oxidations [19f,45,46].

Fig. 7. Schiff-bases with two elements of chirality used in vanadium-

catalyzed asymmetric sulfoxidations [19f,45,46].

Scheme 8. Vanadium-catalyzed enantioselective oxidation of tert -

butyl disulfide [47].

Scheme 9. Transformations of of tert -butanesulfinamide to give

enantiopure HCl-salts of amines [49].
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sulfide conversion [41]. This unusual behavior can either

be attributed to an in-situ formation of a new catalyti-

cally active species with improved enantioselectivity, or

to a (partial) blocking of less enantioselective catalysts.

Furthermore, the relationship between the ee of the

product and the ee of the ligand was found to be

(approximately) linear [40,41]. This lack of asymmetric

amplification [53] suggests that in the stereochemistry
determining step of the catalysis a species bearing only a

single chiral ligand is active.

NMR studies revealed the presence of various species

under catalytic conditions [39�/42,54,55]. On the basis of

the 51V-NMR data Bolm and Bienewald suggested the

formation of diastereomeric vanadium(V) species 56a

and 56b with oxoperoxo groups [42]. Besides two chiral

peroxo complexes, Karpyshev et al. identified achiral
diperoxo compound 57 [54] (Fig. 8).

Furthermore, the situation is complicated by the

dynamic behavior of some complexes. Thus, the inter-

pretation of the 51V- and 13C{1H}-NMR data led

Bryliakov et al. to conclude that the monoperoxo

vanadium(V) complexes exists in two forms (58a and

58b) [55] (Fig. 9).

Overall, the unravelling of mechanistic details and the
identification of various species by NMR spectroscopy

has resulted in a deeper understanding of the relevant

steps of the vanadium-catalyzed asymmetric sulfoxida-

tion. However, even at this advanced stage it is evident

that further studies are required to allow both an

unambiguous description of the reaction path and a

clear interpretation of its stereochemical consequences.

4. Conclusions

The use of chirally modified vanadium complexes

offers unprecedented opportunities in asymmetric cata-

lysis. In both examples discussed above, the enantiose-

lective epoxidation of allylic alcohols and the

asymmetric oxidation of prochiral sulfides, significant

advances have been achieved in recent years. Even

though the enantioselectivities are not perfect yet, the
results in terms of catalyst turnover and asymmetric

induction are impressive and may serve as guideline for

further investigation. Other ligands [56] and catalysts for

asymmetric epoxidations and sulfoxidations will be

developed, and the knowledge gained by the current

studies will be useful in the discovery of novel enantio-

selective oxidative transformations where chiral vana-

dium complexes play a dominant role [57].
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Ebel, E. Kiss, Contribution I-15 at the Third International

Symposium on Chemistry and Biological Chemistry of Vanadium

at Osaka, Japan, November 26�/29, 2001.

[57] (a) C.-Y. Chu, D.R. Hwang, S.-K. Wang, B.J. Uang, Chem.

Commun. (2001) 980;

(b) S.-W. Hon, C.-H. Li, J.-H. Kuo, N.B. Barhate, Y.-H. Liu, Y.

Wang, C.-T. Chen, Org. Lett. 3 (2001) 869;

(c) P.-N. Chen, W.-Y. Shih, C.-Y. Chu, B.-J. Uang, Poster P-65 at

the Third International Symposium on Chemistry and Biological

Chemistry of Vanadium at Osaka, Japan, November 26�/29,

2001.

C. Bolm / Coordination Chemistry Reviews 237 (2003) 245�/256256


	Vanadium-catalyzed asymmetric oxidations
	Introduction
	Enantioselective vanadium-catalyzed epoxidations of allylic alcohols
	Asymmetric sulfide oxidations with chiral vanadium complexes
	Conclusions
	Acknowledgements
	References


