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Copper- and vanadium-catalyzed asymmetric oxidations

Carsten Bolm *, Gunther Schlingloff, Frank Bienewald
Fachbereich Chemie der Philipps-Universitit Marburg, Hans-Meerwein-Strafie, D-35032 Marburg, Germany

Received 17 May 1996; accepted 13 August 1996

Abstract

Two asymmetric metal-catalyzed oxidations are discussed. Chiral copper complexes catalyze enantiospecific Baeyer—Vil-
liger oxidations giving optically active lactones in up to 95% ee. Vanadium complexes have been used in enantioselective

sulfide oxidations with hydrogen peroxide.

Kevwords: Baeyer—Villiger oxidation; Asymmetric catalysis; Sulfide oxidation

1. Introduction

In 1899 Baeyer and Villiger reported on a
new transformation which allowed the synthesis
of lactones from the corresponding cyclic ke-
tones by regioselective oxygen insertion into a
C-C-bond [1]. Thus, they found that e-lactone
2 was formed as the major product when men-
thone (1) was treated with Caro’s reagent
(KHSO;):

O kHso, 0
KRSOs
0
1 2

In a number of syntheses Baeyer—Villiger
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oxidations have been used as key-steps giving
the desired intermediates with great reliability
(for recent reviews, see [2]). The migratory
aptitude of various groups adjacent to the car-
bonyl has been determined [3] and stereochemi-
cal and isotopic labeling results revealed that
the migration occurs with retention of configu-
ration at the migrating carbon. For example,
Mislow and Brenner obtained ester (S)-4 upon
treatment of ketone (5)-3 with peracid [4]:

o}
peracid o CH
 ScH, 2 d :

HyC H HC H O
(S)-3 (5)-4

Until recently, asymmetric Baeyer—Villiger
oxidations using racemic or prochiral ketones
for the synthesis of optically active lactones or
esters remained a domain of biocatalysis [5]. In
1994, we [6] and others [7] reported on the first
enantiospecific metal-catalyzed Baeyer—Vil-
liger-type oxidations.
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2. Results and discussion

With 1 mol% of copper catalyst (S,5)-7 aero-
bic oxidation (in the presence of pivaldehyde as
coreducing agent) of racemic 2-arylcyclo-
hexanones afforded the corresponding lactones
with enantioselectivities of up to 69% ee
(Scheme 1) [6].

Oxidation of chiral cyclobutanones such as
rac-8 gave optically active butyrolactones [8].
With 1 mol% of (S,5)-7 enantioselectivities of
up to 95% ee have been achieved:

0 0, o 7
Ot e OO
(8,57 (1 mol%)
67% o8 92% ee
rac8 (R.R)}9 (S,A}10

The oxidation proceeded in an enantiodiver-
gent manner and two isomeric lactones were
obtained which differed in three major aspects:
(1) they resulted from oxygen insertion at either
side of the carbonyl group, (2) their enan-
tiomeric excesses were different, and (3) both
lactones resulted from enantiomeric ketones.
This behavior is reminiscent of the results re-
ported earlier for microbiological transforma-
tions [9] (for reviews, see [10]).

In all Baeyer—Villiger-type reactions de-
scribed above racemic ketones were used as
starting materials giving optically active lac-
tones via stereospecific oxidations. The stere-

Q ’ o}
0, @
Ar o Ar
(5.5)7 (1 mol%)
: +
+BuCHO (0.5 eq.) ‘Ar

racs (R)}-6 (S)-5
up to 69% es
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(5,87
Scheme 1.

oselectivity of the copper catalyst was demon-
strated by asymmetric oxidations of prochiral
cyclobutanones. In our first attempt using 11 as
substrate and 1 mol% of (S,S)-7 as catalyst the
asymmetric induction remained low and the
enantiomeric excess of butyrolactone ($)-12 was
only 44% [11]:

0 0, o
)___/( +BUCHO )/\):o
PH (5,8)-7 (1 mol%) PH
11 (S)-12

Assuming that a more defined transition state
and a higher diastereofacial control in the for-
mation of intermediates would improve the per-
formance of the catalyst we investigated the
Baeyer—Villiger oxidation of tricyclic ketone
13. Previously, 13 had elegantly been used by
Kelly et al. in enzymatic Baeyer—Villiger oxida-
tions for mapping of the functional active site of
Baeyer—Villigerases [12]. Supporting our model,
we found that 1 mol% of (S,5)-7 indeed did
catalyze the formation of lactone 14, now af-
fording the product with 91% ee [11]:

fo) Q
O, 0
t-BuCHO
———i
(S.S)7 (1 mol%)
13 14

Currently, we are investigating the use of
other metal catalysts to improve the enantiose-
lectivity in the asymmetric Baeyer—Villiger oxi-
dation of prochiral cycloalkanones with more
general structures.

In the copper catalysis described above,
dioxygen in combination with pivaldehyde as
coreducing agent was used to oxidize the sub-
strate. In a vanadium catalysis hydrogen perox-
ide could be used as the oxidant. A readily
available vanadium complex prepared in-situ
from VO(acac), and Schiff-bases, such as (S)-
17 catalyzes the enantioselective oxidation of
sulfides with H,0, (ee,, = 85%) (Scheme 2)
[13].
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This transformation is remarkable for a num-
ber of reasons: (1) aqueous hydrogen peroxide is
the most efficient oxidizing agent. Other vana-
dium catalysts, which often use tert-butyl-
hydroperoxide as the oxygen source, are inhib-
ited by the presence of water or other donor
ligands. (For an excellent study of a related
achiral vanadium catalyst which uses tert-
butylhydroperoxide as the oxygen source in
epoxidations, see [14].) (2) Compared to other
asymmetric sulfide oxidations (reviews: [15])
this vanadium system is very efficient. Even
with 0.01 mol% of the catalyst, enantioselective
sulfoxide formation is achieved. (3) The reac-
tion condition is unusually simple. The oxida-
tion may be performed in open vessels, since
oxygen and water do not affect the outcome. (4)
The ligands are readily available from salicy-
laldehydes and amino alcohols and a number of
compounds are known. (5) The reaction is lig-
and-accelerated [16]. Thus, the enantioselectiv-
ity is not or only slightly affected by the pres-
ence of achiral vanadium species.

Various sulfides have been oxidized with this
chiral vanadium/H,0, catalyst system and the
influence of the ligand structure on the enantio-
selectivity in the sulfoxide formation has been
studied. The best results were obtained with
ligands derived from fert-leucinol. Furthermore,
the substituents at C-4 and C-6 of the ligand
aryl group have an influence on the asymmetric
induction. Aryl alkyl sulfides give the corre-
sponding sulfoxides in 53—70% ee. The highest

[VO(acac)z]/ (SH17
N . (each < 1 mol%) R R
H20; (30%) (o}
15 RT, CH,Cl, 16

NO,

|
OH N

(S)-17 HO

Scheme 2.
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enantioselectivity (85% ee) was observed in the
case of thioacetal 21. Functionalized sulfides
such as 22 can also be converted into the corre-
sponding optically active sulfoxides (Scheme
3).

>'V-NMR spectroscopic studies of mixtures
containing [VO(acac),], the ligand, and H,0,
showed that several species of vanadium with
higher oxidation states are formed. Currently,
we are investigating which vanadium-containing
intermediate is responsible for the reaction be-
havior and the obtained enantioselectivities.

3. Experimental
3.1. General

Reactions under anhydrous conditions were
performed in flame-dried glassware under Ar.
The solvents were dried and distilled prior to
use. Commercially available reagents were used
as received without any further purification. The
products were isolated by flash chromatogra-
phy: ICN (Silitech, 0.032-0.063 mm). Ee-de-
termination was done by HPLC (Merck-Hitachi;
UV-VIS detector L-4250; pump L-6200A; inte-
grator D-2500) and GC (Hewlett-Packard Series
II 5890; integrator HP 3396), using chiral
columns (for details see [11,13]). Optical rota-
tions were measured with a Perkin-Elmer 141
polarimeter. 'H- and "“C-NMR spectroscopy
was performed with a Bruker AC-300 or Var-
ian-Gemini-300 spectrometer.
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3.2. Asymmetric Baeyer—Villiger oxidation

A solution of the ketone (1 mmol) and the
catalyst (10 wmol) in 2.5 ml of water-saturated
benzene was treated with pivaldehyde (0.5
mmol) followed by the addition of 100 ul of
water. The mixture was stirred under an atmo-
sphere of oxygen for 16—20 h, diluted with 150
ml of diethyl ether, and washed with 50 ml of a
saturated aqueous solution of NaHCO,. After
drying of the organic phase over Na,SO, the
solvent was removed and the crude product was
chromatographed on silica gel. The enan-
tiomeric excesses were determined by HPLC
and GC [6,11]. In the oxidations of the cyclobu-
tanone derivatives the use of water-saturated
benzene resulted in lower chemical yields of
lactones. Thus, in these cases dried benzene was
used as solvent,

3.3. Asymmetric sulfide oxidation

The ligand (0.015 mmol) and VO(acac), (2.6
mg, 0.01 mmol) were dissolved in 2 ml of
dichloromethane. After stirring for 5 min the
sulfide (1 mmol) was added followed by the
dropwise addition of 30% H,O, (1.1 mmol).
The mixture was stirred for 16 h at ambient
temperature. After separation of the aqueous
layer the solvent was removed from the remain-
ing mixture. The crude product was chromato-
graphed on silica gel and — if necessary —
purified by Kugelrohr distillation under high
vacuum. The enantiomeric excesses were deter-
mined by HPLC [13].
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