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1 INTRODUCTION

Many interesting asymmetric oxygen atom
transfer methods are purely organic, such as the
Davis chiral oxaziridine method of epoxidation,
enolate and sulfide oxidation,'” the Wynberg,*
Colonna’ or Julia® asymmetric Weitz—Scheffer
systems for epoxidation of electron-poor alkenes,
and microbial or enzymic methods,”® but the
most useful methods involve organometallic com-
pounds. Some can now be considered as synthetic
tools, such as the Sharpless asymmetric dihydrox-
ylation of isolated alkenes, the Jacobsen asym-
metric epoxidation method, the Kagan oxidation
of sulfides or the well-known Sharpless asymmet-
ric epoxidation of allylic alcohols.
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2 ASYMMETRIC OXYGEN ATOM
TRANSFER ON CARBON ATOMS

2.1 Asymmetric hydroxylation

In 1990, Groves and Viski® described the first
system for catalytic asymmetric hydroxylation of
alkanes to alcohols using a metal complex,
namely an iron or manganese complex of a
vaulted porphyrin with two binaphthyl bridges
(1), and iodosylbenzene as oxygen source. The

results with this system are impressive: an enan-
tiomeric excess of 20-72% for tetrahydronaph-

thalene!
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Similarly, a chiral salen complex of cobalt (2)"
has been found to catalyze the oxidation of styr-
ene with dioxygen to yield optically active
1-phenylethanol (38% ee).

2.2 Asymmetric dihydroxylation (ADH)

Since the first report by Hentges and Sharpless in
1980" of the asymmetric osmylation of isolated
alkenes to yield 1,2-diols, many studies have been
devoted to this area, which has become one of the
most  significant  successes of asymmetric
catalysis.

2.2.1 Alkaloid-based systems

The original Sharpless system for asymmetric
dihydroxylation'! uses stoichiometric amounts of
osmium tetraoxide and a chiral ligand, derivatives
of quinidine (3) or quinine {(4), with R =acetyl
(Ac).

H
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dihydroquinidine derivatives, 3

Dihydroquinine (DHQ) and dihydroquinidine
(DHQD) are actually diastereoisomers, but act as
pseudoenantiomers because they have opposite

dihydroquinine derivatives, 4

chirality at four of the five asymmetric carbons
(the ethyl-bearing carbons remove from the qui-
nuclidine nitrogen having the same chirality). The
quinidine derivatives give the best enantioselecti-
vities (5-94% ee). The quinine derivatives afford
diols of slightly lower enantioselectivities but of
opposite chirality.

By modifying the R group on alkaloid deriva-
tives, Sharpless et al. have been able to vastly
improve the performance of this system. The
modifications have led to several classes of
efficient ligands (Fig. 1): the acyl family
p-chlorobenzoate derivatives” (the CLB class)
and the indolinylcarbamoyl derivatives™ (the IND
class); for the aromatic ether family'® phenanthryl
derivatives'®"” (the PHN class), 4-methylquinolyl
derivatives''” (the MEQ class) and recently
phthalazyl” (the PHAL class) and pyrimidyl®
(the PYR class) derivatives.

The performance of the system using the
PHAL., PYR and IND classes of ligands signifi-
cantly surpasses the performance of those using
the other three. Almost all of the possible dihyd-
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Figure 1 Classification of ligands. Alk*OH = dihydroquinine (DHQ) or dihydroquinidine (DHQD).
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Tablel Ligand preference as a function of alkene substitution pattern

Alkene substitution patterns

P NS

Preferred PYR PHAL
ligand PHAL
ee range (%) 80-97 70-97

IND PHAL PHAL PYR
PHAL
20-80 90-99.8 90-99 20-97

roxylations can be carried out with good to excel-
lent enantioselectivities, except notably those of
some cis-disubstituted alkenes, if the chiral alka-
loid ligand is correctly chosen™ (see Table 1).
Even tetrasubstituted alkenes can be dihydroxy-
lated in good yields, and with interesting levels of
enantioselectivity. %

Recently, Sharpless and co-workers showed
that it is possible to increase the enantio-
selectivities obtained using the PHAL ligands® by
changing the ethyl group of the quinuclidine moi-
ety to a bulkier alkenyl (ee of 1,2-
dihydroxydecane obtained by ADH of 1-decene
increases from 84% to 88%) or ester group (ee up
to 88% ), or by changing the methoxy group of the
quinoline part of the ligand to another, bulkier
alkoxy group (ee up to 92% with isopentyloxy
substituents on quinoline in 1-decene dihydroxy-
lation).

The Sharpless group was able to make these

systems catalytic with 13.4mol % ligand and
0.2mol % OsO, by using N-methylmorpholine
N-oxide as reoxidant." The yields are good (over
80%) but the enantioselectivities are always lower
than for the stoichiometric reactions. Especially
disapponting was the case of non-aromatic
alkenes (ee<20%), but it is possible to reach
enantioselectivities close to those obtained under
stoichiometric conditions by adding tetraethyl-
ammonium acetate (TEAA) and slowly adding
the alkene to the oxidant system.”* Sharpless
and co-workers proposed a mechanism involving
a second catalytic cycle of low enantioselectivi-
ties, which explains the varying experimental
results and especially the role of addition of
TEAA and of slow addition of the alkene® (see
Scheme 1). This mechanism was later given
further support by isolation and characterization
by X-ray analysis of different intermediates.” ?’
Tsuji and co-workers reported the convenient

H,0 R’
2 RN
L*
Rx R O\H -0
0% ?S\ R
O R
OH 0 L
/ﬁf" : O\ﬁs\’o R
=~ '
o | X0 first cycle [0] second cycle O/ o R
L*  (high enantioselectivity ) (low enantioselectivity )
, H,0,L*
R/\/R L*_Os/
O
R R
OH OH

Scheme 1
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and efficient use of potassium ferricyanide as
reoxidant in the osmylation reaction in 1:1 mix-
ture of water and t-butanol with sodium
carbonate.® This new reoxidizing system was
used with great success in the Sharpless asymmet-
ric dihydroxylation reaction:* the enantioselecti-
vities of the stoichiometric reaction can be
reached without slow addition of the alkene but
with high yields (85-95%). The success of this
approach is due to the separation of the osmyla-
tion reaction and the osmium reoxidation in this
biphasic system.” The osmylation occurs in the
organic upper layer. The osmium reoxidation
reaction takes place in the aqueous phase only
after hydrolysis of the osmium(VI) glycolate,
completely suppressing the second catalytic cycle
described above (see Scheme 2).

All the improvements described above make
the Sharpless asymmetric dihydroxylation (ADH)
system of particular interest because:

(1) A large range of alkenes can be successfully
dihydroxylated with high yields and
enantioselectivities

(2) Either diol enantiomer can be made,

depending on the choice of ligand in the
system (DHQ or DHQD derivatives).
Furthermore, for double diastereo-
selectivity of chiral alkenes, the matched
and mismatched reactions can be achieved.

(3) The amount of osmium can be decreased in
most cases to 0.1 mol %, reducing the
amount of ligand to 1 mol % (a commercial
mixture of reoxidant, ligand and osmium
salt in the appropriate proportions can be
purchased from Aldrich as AD-mix-a and
AD-mix-8, according to the alkaloid used).
For alkenes of low reactivity, increasing the
amount of ligand or osmium often allows
the reaction to proceed. >33

(4) Ali the components are commercially avail-
able and are relatively inexpensive, making
this reaction particularly convenient.

The Sharpless ADH reaction was tested on
number of different classes of alkene substrates:
protected a,fB-unsaturated aldehydes*
(ee>90%), dienes®™ (74-99% ee), and in parti-
cular on squalene,®* B,y and y,6-unsaturated
esters which yield the corresponding lactones®

e e

HO™ ﬁs\
0

2 Hy0,2 OH 0
Ho || _oH
OH

2 Fe(CN)", 2 OH'

2 Fe(CN)¢*, 2 H,0

Scheme 2
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(92-99% ee), a-substituted styrene derivatives®
(0-97%), silyl and methyl enol ethers which yield
a-hydroxyketones®? (79-99% ee), enynes® (38—
97% ee), aryl allyl ethers* (28-95% ee), a,B-
unsaturated ketones® (82-98% ee), protected
a,B- and B,y-unsaturated amides™ (93-98% ee),
N-di-butoxycarbonyl allylic and homoallylic
amines® (34-97% ee) vinyl and allylsilanes which
yield secondary allylic alcohols (35-95% ee* % or
6—88% ee’), allylic alcohols (36~93% ee)* and
derivatives (11-91% ee),” trans-1-trimethylsilyl-
3-alken-ynes® (96.5% ee) which yield furfuryl
alcohols after hydromagnesiation, steroids,” ter-
pene acetates®>>® and even recently on buckmin-
sterfullerene, Cq .>* The reaction was also applied
successfully to double diastereoselection of chiral
alkenes.>>%

The diols obtained can be transformed into a
variety of reactive derivatives (notably in the last
five years, cyclic sulfates”™ and sulfites,”
sulfonates,® % cyclic orthoacetates®”* and
carbamates®) leading to aminoalcohols, aziri-
dines, diamines, etc.

The alkaloid-based ADH reaction has already
been used to create the necessary chiral centers in
numerous syntheses of natural products or drugs:
anthelmintic agent hizymicin,® cardiac drug
(+)-diltiazem,* halichondrin B,%” immunodepres-
sant FK-506,% anticancer taxol and taxotere RP
56976 side chains,® ™ brassinolide,” disparlure
and isomers,”” beer aroma constituent 7,7-
dimethyl-6,8-dioxabicyclo[3.2.1]octane,”  (—)-
carnitine and (—)-GABOB,” (+)-coriolic acid,”
tetroses,’ (—)-5-deoxyjuglomycin,”
(+)-exo-brevicomin,” 2,3-oxidosqualene,”
(+)-goniopyrone,* antibiotic diolmycin AL
juvenile hormone III® and its bisepoxide,®
gerardiasterone,® (S)-fenfluramine,®® WCR sex
pheromone and antibiotic (—)-A26771B.,%
amino-acids,” castanospermine,® carbohydrates®
etc.

The reaction has also been applied to kinetic
resolution of racemic isolated alkenes. The first
example, reported by Ward and Procter” had
moderate success (selectivity factor ki/k,=1.7) on

CO,Et

| 1 mol% (DHQD)PHAL

allylic silanes with the PCB class. Lohray” suc-
cessfully tested a new class of alkaloid derivatives
(G,) in the kinetic resolution of allylic acetates
(ki ks=3-25). The C, class is superior to the
PHAL class but not to the PCB class for this
particular use.”

C,-DHQD

Recently Sharpless demonstrated the efficiency
of the PHAL derivatives for the kinetic resolution
of chiral benzylidene (Eqn [1]).” The Sharpless
ADH was applied also to kinetic resolution of
racemic fullerene Cy,* yielding the first sample
of enantiomerically enriched C;4 (97% ee).

It should be noted that some polymer-
supported versions of Sharpless AD systems have
been  realized on  polyacrylonitrile,” "

“polystyrene” or polystyrene/polydivinylbenzene
poty p poly y

copolymer® supports. These systems are interest-

ing because of an easy recovery of the chiral
ligand by simple filtration, wash-up or centrifug-
ing; the osmium-ligand complex appears to be
strong enough to keep almost all the osmium on
the polymer support during this ligand recovery
process.’”® " Provided that the alkaloid is kept far
enough away from the polymer skeleton by a
sufficiently long spacer,”® and the amount of
alkaloid incorporated is kept low”™® (<10%), the
efficiency of this supported polymer can be good
in term of yields and enantioselectivities (ee as
high as 93%,% compared with 99% for t-stilbene
with the homogeneous version).

2.2.2 Other systems

Many other chiral amines have been used by
different researchers as ligands for asymmetric

COEt

0.2-1 mol% KO8O,.2H,0

(1]

3 eq KCO;, 3 eq Fe(CN)g

tBuOH/H,O (1/1, viv)

tBu

recovered olefin
tBu ki/ kg = 32



204 G. G. A. BALAVOINE AND E. MANOURY

Table2 Chiral amines used as ligands in asymmetric dihydroxylation

Chiral amine ee (%) Temperature/Conditions® References

~N(CH2
O\ 34-86 RT/S 100
N(CH3)
Ph,_
L P
\/\N;r

Ph
6

ngN/j (N_—> %0 -100°C/S 105

H
HH
E}L@ 88-100 —78°C/S 106-109

N\ /N
R R R =neohexyl

Ph 83-99 —100°C/S 101-104

Ph  Ph
3
\Q:/N N;(P/ 82-98  —90°C/S 110
6
Ph Ph
h h
Bu—N  N-(CH»), N N—iBu  12-98  —78°C/S 111
-/ __/
Y b
Ph Ph
N
NQ(O\SithtBu 12-41  RT/C 112
O~siPhytBu

N
\CQ 22-73  RT/C 113

{ H
SOZ’N /\O

NH—CH,tBu
O/ 64-99  —90°C/S 114
™ NH~CHtBu

“RT, room temperature; S, stoichiometric in ligand; C, catalytic in ligand.

dihydroxylation. The results, often very interest- very strong complexes with osmium tetraoxide
ing (ee over 90% in many cases) are summarized which are more reactive towards alkenes (yields
in Table 2. Most of them are diamines which form and kinetics are still good down to —100°C in
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most cases) than the analogous complexes with
monoamines, such as alkaloid derivatives. But in
all cases, stoichiometric amounts of ligand
and osmium are necessary. Recently catalytic
systems were described"*!® which use non-
alkaloid monodentate amines such as chiral 1,4-
diazabicyclo[2.2.2]octane (DABCQO) or chiral
isoxazolidines, but the enantiomeric excesses of
the diol product are still relatively low.

An osmium(VI) complex (5) bound on protein
was also used to catalyze the ADH reaction.”

// //
/ N\ll/
// /H\

The enantioselectivities are very different,
depending on the substrate (ee is from 6 to 68%)

Tomioka’s ligand (6) and Corey’s ligand (7)
have been used in the synthesis of anthracyclic
antibiotics'"® and cephalostatin analogs'*® respecti-
vely.

2.2.3 Mechanistic aspects
The mechanism of dihydroxylation of alkenes is
still much debated.!'” The first question is whether
the two carbon-oxygen bonds are formed in a
concerted way ([3+2] mechanism)'*'? or by a
two-step mechanism via a metallaoxetane inter-
mediate ([2+ 2] mechanism)'?'* (Scheme 3).
Although metallaoxetanes containing plati-
num, iridium, zirconium'* or ruthenium'® are
known, no osmium metalaoxetane has ever been
isolated and the NMR detection'” of this four-
membered intermediate is still controversial,'? so
the existence of a metallaoxetane intermediate
remains hypothetical. Theoretical
investigations'?’ showed that the frontier orbitals
of osmium tetraoxide are not directly set up for a
[2+2] cycloaddition with an alkene but that
nevertheless this mechanism could not be
excluded. Furthermore both mechanisms can
explain the strong acceleration by amines, owing

127

but can reach an interesting level, for example for to the distortion provoked by their
a-methylstyrene (Eq. [2]). complexation.'”
oh Ph Ph
1eqTBHP, 0,2 mol% & wL\ \/
1eq >____ - + |
aqueous carbonate buffer, pH = 10,9 OH OH [e] [2]
25°C, 8n turnover/ 5 =40 tumover/ 5 =76
e.e = 68%
O (6] o
A OS/ ' | \05 O
~N ;
7 No o/ o
[3+2] mechanism
O\\ o o
Vi
O (o] o,/,OS/\ \OS O
NoZ | — o O
Os 7 Mo
7N 0

[242] mechanism

Scheme 3
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Figure 2 Hypothetical osmate—diamine complex transition states.

This continuing debate about the precise
mechanism for ADH by OsO, particularly
hinders the development of a useful model for
predicting the transfer of chirality during the AD
reaction catalyzed by diamines as well as by
monoamines such as alkaloid derivatives.

2.2.3.1 Diamines

In 1986, Tokles and Snyder'® concluded that it
was impossible to choose between the two mecha-
nisms for ADH on simple steric grounds. Later,
Tomioka er al. proved that the enantioselectivity
is not thermodynamically controlled by the stabi-
lities of the different osmate—diamine complexes
(ratio close to 1 with Tomioka’s diamine) but is
kinetically controlled by the relative stabilities of
the diastereoisomeric transition states. They have
characterized this osmate—diamine complex by
X-ray crystallography as a hexacoordinated octa-
hedral species 6 (Fig. 2).'” The authors point out
that a model with the symmetrical transition state
of a {3+2] mechanism, resembling the osmate
coordination, would predict based on steric
grounds, the wrong stereoselectivity. They
favored a [2+42] mechanism, which they claim
explains the stereochemical outcome of the reac-
tion.

In 1989, Corey et al. proposed a [3 +2] model
for ADH with OsO, and a diamine.'"® They sug-
gested that a four-membered transition state as
proposed by Tomioka would suffer prohibitive
steric repulsions and that a symmetrical [3+ 2]

model would predict the wrong stereochemistry.
They proposed that a [3 + 2] cycloaddition occurs
with one oxygen axial to the chelate ring and the
other equatorial; the equatorial oxygen should be
electron-rich (electron donation from N to the o*-
orbital of trans-Os—O) relative to axial oxygen.
This model (Fig. 3) was further supported by
frontier orbital calculations.'®'? According to
the authors, this model can predict not only the
stereochemical outcome of the ADH reaction
with Corey’s ligand, but also with those of
Tomioka and Hirama.*"'%

Recently MM2 calculations based on X-ray
structures of OsO,—amine complexes and osmate
esters by Houk and co-workers'™ have suggested
a symmetrical [3 + 2] mechanism.

2.2.3.2 Alkaloid monoamines

In spite of extensive structural and kinetic
studies,”" the mechanism of the Sharpless
ADH reaction is still debated. Corey and Lohray
agree to propose an [3+ 2] mechanism,"* ¥ but
Sharpless and co-workers by studying the temper-

S Dol
A-

Ar o//os\o '
(¢]

Figure3 Corey model.
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ature dependence of the enantioselectivities have
shown that the reaction has at least two enantio-
selective steps differentially weighted according
to temperature.'® The authors think that if this is
consistent with a stepwise [2 + 2] mechanism, it is
incompatible with a concerted [3 + 2] mechanism
with only one enantioselective step.

Corey and Lotto'® have proposed the possibi-
lity of dimerization of OsO,.Q (where Q is an
alkaloid-based ligand) to afford 7, which is sup-
posed to be the reactive species. Only a small part
of 0sO,.Q would need to dimerize if, as the
authors suspected, the hexacoordinated osmium
in the dimer is more reactive. Corey and Lotto
proposed the structure 7.

0

o ol #°

\?/ ~0.7 .
0

Lohray and Bhushan'® have tested ligands of

type 8 in ADH reactions. For X=—CH,—, 8isa
very efficient ligand for ADH. This rules out
structure 7, which is not possible with 8 with such
a rigid linkage. Lohray and Bhushan concluded
that a dimeric O;0s[0,]0sO; is not possible and
proposed that the reaction occurs on an 0sO,.Q
complex. They supposed that the alkene is held
over the zi-cloud of the ligand (CO for acyl deri-
vatives, aromatic ring for aromatic ethers) during
the approach of the OsO, fragment. The differ-
ences between the steric requirements of the two
faces of the alkene supposedly explain the
observed enantioselectivity of the system.

Corey et al. studied the ADH reaction for 9,
which has a 3,6-pyradazine bridge."*' They were
able to crystallize a (9)-(0s0O,), complex. The
X-ray analysis of this complex shows no bridging
oxo-ligand but two OsO, units bound on each of
the quinuclidine nitrogen atoms. The two osmium

atoms are relatively close, leading the authors to
propose a dimerization equilibrium they sup-
posed to be obtained with a modest change of
geometry.

Furthermore, comparison of the reactions of o-
(trifluoromethyl)styrene with 9 and 10 shows that
the enantiomeric ratio of the diol decreases from
65 to 2.3 when 9 is replaced by 10, and that the
rate is approximately 100-fold greater with 10.
Moreover, changing the concentration of reac-
tants from 0.028 M to 0.00056 M causes the enan-
tiomeric excess to drop from 97.4% to 84.4%.
This decrease is not due to competing free
osmium tetraoxide, as determined by a control
experiment. The authors rationalized these obser-
vations by proposing two competing processes,
one of high enantioselectivity involving a bridged
dimer, and the other of a smaller enantio- .
selectivity involving a monomeric complex.

10

Recently, Corey and Noe'* tested a new ligand
(11), a rigid analog of 9 which does not allow
dimerization to occur. Catalytic rates and
enantioselectivities are essentially the same with 9
and 11, so a mechanism requiring the complexa-
tion of both quinuclidine nitrogens, like the one
via a u-oxo-bridged bis-Os(VIII) complex, can be
ruled out. This point has been confirmed by a
kinetic study by Sharpless and co-workers'’
which shows a rate law which is first-order in
OsQ,. This rate law contradicts a mechanism
proceeding via a dimer, which is proved not to be
the major compound in solution.

Finally, Sharpless and co-workers'* carried out
Density Functional Theory calculations on ruthe-
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MeO

nium tetraoxide analogs which give the same
enantioselectivity as the osmium tetraoxide com-
plex with alkaloid ligands. This theoretical
investigation shows that some metalloxetanes are
energetically accessible and can be involved in the
mechanism of ADH. Furthermore, a careful
study of the relationship between the different
structural parameters of the alkaloid ligand and
binding constants on OsQ,, saturation rate con-
stants and enantioselectivities is, according the
authors, consistent with the [2+2] mechanism
and has led them to propose a positive z-
interaction between aromatic substituent on the
alkene and the aromatic substituent on the oxy-
gen of the alkaloid.'

2.3 Asymmetric epoxidation

The tremendous synthetic interest of an efficient
access to chiral epoxides can easily explain the
numerous efforts devoted to the most important
method for producing chiral epoxides, the asym-
metric epoxidation of prochiral alkenes.'*'¥

2.3.1 Allylic alcohols epoxidation

2.3.1.1 First results
Different methods for asymmetric epoxidation of
allylic alcohols have been designed by modifying

the now classical method for achiral epoxidation,
using an alkyl hydroperoxide and a metallic cata-
lyst (Halcon process, etc.). The modifications
involve introducing a chiral ligand in the coordi-
nation sphere of the metal. This approach was
particularly efficient for the asymmetric epoxida-
tion of allylic alcohols because the hydroxyl group
of the allylic alcohol allows coordination of the
allylic substrate on the metal, and the improved
interaction between catalyst and substrate gives a
better transfer of chirality.

The first significant results were obtained with
systems comprising an organic hydroperoxide and
a catalyst with vanadium,'® ¥ molybdenum"* '
or aluminum.'” The enantiomeric excesses are as
high as 80% (V), 38% (Al) and 50% (Mo). The
highest enantioselectivity is observed with a pro-
line derivative as chiral inducer (Eqn [3])."
However, this asymmetric epoxidation system is
not general: the enantioselectivities depend
strongly on the nature of the alkenic substrate.

2.3.1.2 Sharpless’ reagent
In 1980, Sharpless et al. described the first truly
efficient method for an asymmetric epoxidation of
allylic alcohols.”*** Sharpless’ reagent is a mix-
ture of titanium isopropylate (1 e(q.), diethyl tar-
trate (DET, 2eq.) and t-butyl hydroperoxide
(TBHP, 2 eq.). This reagent epoxidizes a number
of allylic alcohols into the corresponding epoxy
alcohols with good yields (70-90%) and with very
good enantiomeric excesses (often over
90%)"** !5 according to Eqn [4].

Sharpless’ reagent, which is made from cheap,
commercially available chemicals, combines
many advantages:

(1) Enantioselectivities are high for a very
large range of allylic alcohols (the ee of the
epoxy alcohol produced is under 75% only
for very sterically hindered allylic
alcohols;™ for example, 3-t-butyl-2,3-
epoxypropanol is produced with 25% ee).

(2) The absolute configuration of the epoxide
produced can be predicted. Furthermore
both enantiomers can be synthesized by

LCH,OH 1% VO(acac), , 2 eq. TBHP Lt 0H
Ph Ph o Ph Ph [3]
O-)\N’OH Rdt =90%
3% SN toluene ; - 20°C; 4 days
80% ec
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Ry Ry
R Ry Ti(OiPr),/ DET / TBHP (1/1/2) o
o OH
oH CH,Cl,, -20°C Ay (4]
Ry
Yield =70-87%
ee > 9%
R,
0 R
"Q" namral D-(+)}DET ——
Ry
R
: Ti(OiPr), / TBHP
/ CH,Cly; -20°C
¢ OH R, R
U 1
"Q" unnarural L-(-) DET - \
Fa oH
Scheme 4

choosing one or the other enantiomer of
DET (Scheme 4).

(3) the system has excellent chemoselectivity:
isolated carbon—carbon double bonds are
unaffected, as illustrated by the example in
Eqn [5].

(4) Less catalyst (5-10%) is required to per-
form the reaction in the presence of 3-4 A
molecular sieves."™ '8 This decrease of the
amount of catalyst is of particular interest
for sensitive substrates like 12 because the
use of smaller amounts of titanium limits
epoxide-opening side reactions.'”

g
R

12

A number of ligands have been tested in the
asymmetric epoxidation reaction with alkyl hyd-
roperoxide catalyzed by titanium complexes, %
but the best enantioselectivities are actually

obtained with the original ligands, the tartrates.
The ester moiety of the tartrate has little
influence on the performance of the system if this
ester part is not too bulky. For example, the use
of (2,4-dimethyl)-3-pentyltartrate results in slow
reactions and very low  selectivities.®
Furthermore, titanium isopropylate can be rep-
laged by titanium t-butylate.”’ For some epoxy
alcohols sensitive to epoxide opening by a nucleo-
phile, the use of sterically hindered Ti(OtBu),
allows the limitation of this side reaction.
Replacing Ti(OiPr), by TiCl,(OiPr), affords the
chlorodiols corresponding to the opening of epox-
ides by chloride ion, with an opposite enantio-
selectivity to those produced in the classical
procedure. '®

The Sharpless asymmetric epoxidation system
has been applied to the epoxidation of homoally-
lic alcohols.'® The enantioselectivity is opposite
to those observed for aliylic alcohols but the
enantiomeric excesses are lower (23-55%).
Replacement of titanium by zirconium much
increases the performance (Eqn [6])."**

Ti(OiPr),/ DET / TBHP

— - O

P OH

o P OH
CH,Cl,, -20°C [5]

Yield =77%
95% ee
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\__/\/O\H TBHP, 2rOPn. - \L&/\/O\H
dicyclohexyitartramide, CHLCI, Yield = 25% [6]
= o
77% ee
stoechiometric ELNF
Sharpless'reagent 4 Ph
Ph, P
N N siMe,0H h\((')\SiMezon Tenen o (7]
3
Yield = 90%
85-95% ee
/\é:\/\/\
Yield = 40%
Ti(OiPr), / DET / TBHP e.e. > 96%
/Y\/\/\ —— 8
& CH,Cl,, 20°C o 18]
PSS
OH

The reagent was also applied recently to alke-
nylsilanols (Eqn [7]).'"

The Sharpless method can be applied success-
fully to kinetic resolution of chiral allylic alcohols.
Secondary allylic alcohols with an asymmetric
carbon bearing the hydroxyl group can be
resolved very efficiently (ee often over 95% with
35-45% yield),""*'%1" a5 illustrated by Eqn [8].
The ratios k;/k, are particularly high for this
reaction (e.g. as high as 300 for 13).

H
* ™\ \Bu

13

It is noteworthy that the kinetic resolution is
particularly efficient for silylated secondary allylic
alcohols and especially for those like 14, which
exhibit a k:/k, of over 1000!'”

R

Me, Siw

O~y
14

Some interesting results are also obtained for
primary allylic alcohols bearing a lateral chain
with an asymmetric carbon,' but this method is
not general, as illustrated by Table 4.

erythro /threo =99 /1

The method was also applied other substrates

related to allylic alcohol, e.g. B-hydroxy-
amines,'" " B-hydroxysulfides,"” allenyl
alcohols,'  a-acetylenic carbinol,'* a-furyl
carbinols,”®'”  g-furfuryl  amides™ and

alkenylsilanol.'®
Recently, the Sharpless asymmetric epoxida-
tion method has been applied to the kinetic reso-
lution of chiral alkyl hydroperoxide.'™ (Eqn [9]).
The enormous synthetic interest of the
Sharpless reagent prompted the development of a
heterogeneous version of the system. In 1983,

Table4 Kinetic resolution of allylic alcohols using the
Sharpless reagent

Alcohol ee” (%)

\;.
2

80
OH

¢

P

* For 60% conversion
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1O0H 50 mol% HOH
Et =
50% L
. 10 mol% Ti(OiPr), o Bt 9]
o E 15 mol% diisopropyltartrate OOH
OOH  3-4 A° molecular sieves, CH,Cl,, -20°C
41.8%

0%

Farall et al. described a system in which the
tartaric esters were immobilized on 1% cross-
linked polystyrene resins via CH,OH (polymer
A) or CH,CH,OH groups (polymer B)'® (Fig. 4).

An enantiomeric excess of 66% can be
obtained in the epoxidation of geraniol using
polymer B. This interesting level of enantio-
selectivity is, however, significantly lower than
those obtained in the homogeneous version
(95% ee)."® Polymer B is a much better ligand for
the reaction than polymer A, probably because
the link between the polymeric moiety and the
active tartrate is longer, so the steric hindrance is
reduced. By further increasing the size of the link
it may be possible to bring the selectivity up to a
useful range.

Another interesting attempt at a heterogeneous
version of Sharpless reagent was described in
1990 by Choudary er al.™® The new source of
titanium in this system is a clay in which the Na*
ion has been replaced by titanium(IV) ions; a
Ti(IV) montmorillonite called Ti-PILC is used
instead of Ti(OiPr),. The new system is catalytic
in titanium (3%) without use of 3-4 A molecular
sieves. Yields and enantiomeric excesses are very
close to those obtained with the -catalytic
Sharpless system. Furthermore, the concentra-
tions can be increased, because Ti-PILC is a poor
catalyst for the side reactions of epoxide-opening
of the epoxy alcohol.

Recently it was shown that an addition of cal-
cium hydride (5-10mol %) and silica gel (10-
15mol %) to Sharpless’ reagent speeds up the

Figure4 Heterogeneous version of Sharpless reagent: rep-
resentation of polymers A (n=1) and B (n=2)

16.4 % ee after 50% consumption

<

nC10H21

classical Sharpless OH
reagent
Cl0H21 Yield = 76-80%
E“ 05% e after 96h
OH modified Sharpless reagent
nC10H21
[
OH
Yield = 76%
98% ee after 10h
Scheme §

reaction without changing the yields and enantio-
selectivities much,'®> % as illustrated by the exam-
ple in Scheme 5.

This system can be especially useful for sub-
strates incompatible with the Sharpless con-
ditions. For example, allylic alcohols bearing an
ester group can be epoxidized directly by the
modified Sharpless’ reagent. With the classical
Sharpless’ reagent, a protection of the ester group
by a diphenyloxazole group is necessary.'®” This is
well illustrated by the case of methylgibberelate!®®
(Scheme 6).

Ty
pr ©
diphenyloxazole

Recently a system was described for asymmet-
ric epoxidation of allylic alcohols using amino-
acid derivative-Ti(OiPr), as catalyst with 1,1-
diphenylethyl hydroperoxide.'®

Synthetic aspects. Although the Sharpless
system for asymmetric epoxidation is essentially
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co | oOH
OH
Sharpless reagent COM8 -0
Yield= 5%
Y after 30 day
%o \OH 95% de
1 8
OH
CQO,Me
2
modified /C.é JOH
Sharpless reagent o
COMe N
Yield = 81% of
80% de ter 30h
Scheme 6

limited to allylic and, to a lesser extent, homoally-
lic alcohols, it has enjoyed widespread use since
the mid-1980s. In fact, the availability of numer-
ous enantiomerically enriched epoxy alcohols
gives access to many molecules in an almost
enantiomerically pure form, as exemplified in
Schemes 7 and 8.

The enormous synthetic utility of epoxy alco-
hols as intermediates has made the Sharpless
reaction one of the most-used methods in asym-
metric synthesis. More than 300 publications in

the last ten years have described the use of this
method for the preparation of many chemicals,
especially sugars, terpenes, leucotrienes, phero-

mones, antibiotics, etc. %1%
s
o} 0
OH OH
15 16

The Sharpless asymmetric epoxidation reaction
is used industrially by ARCO Chemical Company
to produce the glycidols 15 and 16 and by J. T.

\
R1I/4.£o> .““\ \OH R1/I,, - .-“\\\\OX R1/Il. ° .‘\‘\\\\ Nu
R R —T— —_— A
2 3 Ry Ry R, R,
Nu”
X=Ts, Ms,... Nu= H, N3, RS, RR'N,
R, CN, RO,...
Scheme 7
O, N OH OH

Ris,, ~ TOH

RA — P/ Lo — le "

R
2 3 —~———— RS Ry i Ry R,
Payne Nu
rearrangement

Nu”

Ry

2 Nu

OH
RimJ " oH R, OH
R + Rzﬁ’- \ . oH

Nu R,

Scheme 8
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OH

Sharpless reagent

OH

I,'O&I

CrO;(Py),

H’u
of\/\/\/\/\
HQ CHO
1) Ph3P=CHCH2CH2CH(CH3)2

2)H,

(7R, 8S) Disparlure

Scheme 9 Synthesis of (7R,85)-disparlure.

Baker to produce several kilograms of (7R,85)-
disparlure (Scheme 9).'

Mechanistic aspects. In dichloromethane solu-
tion with concentrations similar to those of
the Sharpless system, vapor-phase osmometry
methods indicate a species of average molecular
weight 760+20, corresponding to dimeric
Ti,(OiPr),(tartrate),.'**'* The first structure pro-
posed for this dimer was a ten-membered ring
(17),”* but X-ray analysis of related complexes
like Ti,(OiPr),(tartramide),”®* ' in which two
monomeric units Ti(OiPr),(tartramide) are
bound by bridging tartramide oxygen prompted

OR'

Sharpless and co-workers to propose for this
dimer the structure 18.'* IR, UV, 'H, *C and O
NMR spectra are consistent the hypothesis of the
dimer (18) as the major product in solution,'
but, so far, no X-ray structural determination for
Ti,(OiPr),(tartrate), has been performed.

Recently, based on results of a careful NMR
study of Ti,(OiPr),(tartrate),~amine complexes,
Potvin and Bianchet proposed the structure 17 as
the most probable for this complex.'®

Sharpless and co-workers favor a dimer as the
major catalyst, as suggested by the kinetics of the
epoxidation reaction which are first-order in
dimer, as well as by the fact that IR and '"H NMR
spectra do not change when the catalyst concen-
tration is decreased by a factor of 10."% It is
possible, though improbable, that the active cata-
lyst could be not the dimer but a minor species
which is at such low concentration that it is not
detectable by spectroscopy and which exhibits an
apparent first-order kinetics in catalyst. The fact
that a linked bis-tartrate such as 19 can replace
2 eq. of DET almost without changing the selecti-
vity of the reaction provides further support for
the involvement of the dimer as catalyst.?”!

o} (o] 0

1 i Id a

Er0” I ) O~ o’ | [ \OE[
HO OH HO OH

o}

(9
@]

19

The rate law of the Sharpless asymmetric epox-
idation reaction is given by Eqn [10].
rate =
[TBHP][Ti,(OiPr),(tartrate),}[allylic alcohol]
[iPrOHJ?

(10]

This kinetic law is in full agreement with a mecha-
nism in which the rate-determining step would be
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ligand exchange on dimeric Ti,(OiPr),(tartrate),
to give 20 (Eqn [11]), which quickly collapses to
give the epoxy alcohol:

Ti,(OiPr),(tartrate), + TBHP + allyl alcohol
Ti,(OiPr),(tartrate),(OOtBu)(O-allyl) + 2iPrOH
(20) [11]

Sharpless et al. proposed the structure shown in
Fig. 5(a) 20. The view along Ti—O(I) bond axis is
represented in Fig. 5(b).

The oxygen atom transfer step is supposedly a
nucleophilic substitution Sy2 on O(I) by the
alkene group parallel to the O(I)-O(II) bond
axis. Based on simple steric arguments, the steric
requirements of the intermediate (20) allow the
prediction of which enantiomer of a chiral allylic
alcohol would react more quickly during a kinetic
resolution. However, the enantioselectivity of
this reaction is hard to explain. The enantiofacial
selectivity corresponds to a spiro approach of the

(a) [+) OR'
/o\(u) ROC~

N
o///// \\\\o,//”’ ™~

o S OR
R'ocy %ooR

OR

(b

(ll)

Figure § (a) Structure proposed by Sharples et al. for 20.
(b) View along Ti—O(I) bond axis.

carbon—carbon double bond towards peroxidic
oxygen in intermediate 20.

Other mechanistic proposals that have been
made include the participation of an intermediate
orthoester'™ or, more recently, catalysis involving
an ion pair (21) X2 Frontier orbital calculations
support the Sharpless proposal but cannot rule
out other hypotheses.'? 2% 2%

21

2.3.2. Isolated alkene epoxidation

While 1,2-epoxy alcohols can be obtained easily
in an enantiomerically pure form using Sharpless’
reagent, no such versatile method exists for the
asymmetric epoxidation of unfunctionalized
alkenes. Significant progress has been made in
this area nonetheless.

2.3.2.1. Epoxidation reactions with a stoichio-
metric chiral inducer

In 1979, chiral oxo-peroxo—molybdenum(VI)
complexes were reported to epoxidize isolated
alkenes with moderate enantioselectivities
(15-35% e€).” The chiral ligands used were lac-
tamides. X-ray analysis shows that these com-
plexes have slightly distorted pentagonal-
bipyramidal geometry.”® The best enantioselecti-
vity was found for the synthesis of a tetracyclic
anthracyclinone, 3-demethoxyarznciamycinone’
(Scheme 10).

The enantiomeric excess is roughly constant
during the course of this reaction; this indicates
that the enantiomeric enrichment is due to the
enantioselectivity of the epoxidation reaction and
not to a kinetic resolution in the reaction medium
of the epoxide formed.”®

In the presence of the enantiomerically pure
diols, epoxides can be obtained with excellent
enantiomeric excesses (up to 95%). The stereo-
chemical outcome depends only on the nature of
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OOC M CH2C12

e.e= 53%

o o}
e OICX Yo
3-demethoxyarancyamicinone
OH oK

OH O

Scheme 10

the diol, because the epoxide produced is kineti-
cally resolved by a molybdenum—diol complex.?®

The catalytic activity of some molybdenum
complexes (22) with chiral monodentate ligands
have also been tested; the observed enantioselec-
tivities are low (0.7-8.5% ee).?”

OO
7
O°42"0

L™ H,0
22

2.3.2.2. Epoxidation reactions with a chiral cata-
lyst

The first report of the use application of a chiral
catalyst for epoxidation reactions described the
use of a chiral molybdenum(VI) complex with
diol ligands as catalyst for the asymmetric epoxi-
dation of unfunctionalized alkenes.” The results
are disappointing: yields (25-77%) and enantio-
meric excesses (0.7-14%) are low. Some cobalt-
(II1) complexes have also been used in the epoxi-
dation of styrenes by iodosylbenzene with good

yields but low enantioselectivities (0-17%).2"
Some sterically hindered chiral titanocenes with
t-butyl hydroperoxide as oxidant
(2-22% ee),**? as well as ruthenium(III)-
pyridyloxazolines with sodium periodate as
oxidant,”* have been used.

More interesting is the system described by
Strukul and co-workers using platinum(II) com-
plexes with chiral diphosphines.”’® The cationic
complex [(chiraphos)Pt(CF;)(CH,CL,)],BF, used
in dichloromethane with H,O, catalyzes the epoxi-
dation of molecules as tiny as propene to the
corresponding epoxide with 42% ee!

A biomimetic model of the bleomycin—iron(II)
complex can epoxidize trans-alkenes with a signi-
ficant level of enantioselectivity while the corres-
ponding cis-alkenes give a racemic mixture using
this catalyst”**'7 (Eqn [12]).

Recently the use of a chiral peroxidic boron
complex for asymmetric epoxidation of isolated
olefins was reported”® 2" (Eqn [13]).

The metallic (iron or manganese) complexes of
chiral porphyrins constitute a family of catalysts
for asymmetric epoxidation of unfunctionalized

NH,

NH_A,
/\"/CONHZ
H

\N H
N H
Me,N & N g CO,tBu
Ph " % AN Ph Me
e
\/ &Y </ [12]
NH o
L 57% ee
Fo(CIOy)p.6 H;0/H0,/MeOH /RT [
Ph N
N Me

0% se
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MeOOC.. .0, lene.” The enantioselectivities are especially
/[ JB-OMe o high for aromatic cis-1,2-disubstituted alkenes
Ph 0o
MeOOC (Eqn [14]).
— > [13] However, the enantioselectivities are much
e, TBHP/Cyclohexane Ph lower for trans-disubstituted alkenes (33% ee for
MeONa Yield = 65% t-stilbene) or gem-disubstituted alkenes (30% ee
51%ee for a-methylstyrene). Moreover, a significant

alkenes of particular interest.”® High enantio-
selectivities and good catalytic activity can be
obtained, but the selectivities are strongly depen-
dent on the substrate structure and cannot be
easily predicted. For this reason, and owing to the
difficult synthesis of chiral porphyrins, the
porphyrin-based systems do not appear to be of
great synthetic interest. Since the first reports of
Groves and co-workers,”' numerous porphyrinic
systems for asymmetric epoxidation have been
described by the groups of Mansuy
(12-51% ee),*” Kodadek (20-40% ee),”” Groves
(20-72% ee),”  Naruta  and  Maruyama
(54-96% ee),”** Halterman (41-76% ee),”™
Momenteau (0-33% ee),** Colleman
(21-88% ee),>"* Inoue (42-58% ee),™ Hevesi
(10-16% ee),** Marchon and Scheidt,™ etc.

In 1990, Jacobsen and co-workers described a
very efficient system for asymmetric epoxidation
of isolated alkenes using a chiral salen-
manganese(Il]) complex and iodosylmesity-

proportion of anti epoxidation product is
observed (3-20% for cis-1,2-disubstituted
alkenes in conjugation with an ary! group).”’

Rt R
=N ,N_
R2 dgo / N ge

3 R3
23

By modifying the groups R', R?, R? in complex
23, Jacobsen and co-workers were able to
increase slightly the performance of the system.
They also found that it is possible to use bleach
instead of iodosylmesitylene™ > as oxidant.
H,O, can be used also but the enantioselectivity
drops (from 92% ee to 52% ee for 1,2-dihydro-
naphthalene).”®® The best results are obtained
with complex 24 (Eqn [15]).

The Jacobsen system was applied with particu-

domob
1-8 mol%

iBu

Ph ___/

tBu

_ Ph W/ ”

&

H\“

2 mol% tBu—-d o é?ob-

C
Yield =73%
cis / trans =15
84% ee

[15]

-\

o/

2.5 eq ag. NaOCl , pH=11.3

(@)
Yield = 81%
92% ee
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lar success to chromens,” dienes?” and enynes.**
It was also applied to the taxol side chain
synthesis.?*

A few months after Jacobsen’s first report,
Katsuki described a related system of asymmetric
epoxidation. The main difference is that the R®
group in 23 is not a tertiary alkyl group (typically
tBu) as in the Jacobsen system but a chiral
secondary alkyl group.”” By modifying R', R?, R?
also, the authors produced a new set of interest-
ing chiral salen complexes,***2 but the enantio-
selectivities observed with these complexes are
often lower than with Jacobsen ligands.
Moreover, Katsuki and co-workers found that
donor ligands can improve the enantioselectivities
of the system.”

Some related systems were reported, with R*>=
silyl (18-53% ee),”* with R*=R?’=Cl or Br
(10% ee),” with a ligand bearing an axial donor
group (ee up to 64%),”° with an a-
alkoxycarbonyl-3-ketoiminate ligand instead of
salen (33-84% ee),” and with some salen—
ruthenium catalysts [S0-80% ee but with low con-
versions to epoxide (10-40%)].*® Mukaiyama
and co-workers described the use of dioxygen in
presence of pivalaldehyde as oxidant with
Jacobsen ligands: yields and enantioselectivities
(60-77% ee) were good but significantly lower
than in the original version.”

A mechanistic study with the use of 25 as a
probe showed that the manganese(III)-salen-
mediated expoxidation of unfunctionalized alkyl-
substituted alkenes is a concerted process™
because no products of cyclopropyl ring-opening
were observed (see Scheme 11). In contrary, the
amount of trans-epoxides obtained from conju-
gated cis-alkenes suggest a stepwise mechanism
involving a radical intermediate for this
substrate. "

For 23 with R'=Ph and R’=tBu, variation of
the R? group (from OMe to NO,) shows that

"[MI"IV =0J

Ph\A._
25 '\

"[Mn*=0]" \
stepwise process Ph 2 Mn'V
. \

concerted process

log(ratio of enantiomers) varies linearly with the
Hammett coefficients of the R? groups.’® The
best enantiomeric excesses are obtained with
electron-donating groups and the effect can be
very important: for 26, 22% with R*=NO, but
96% for R =OMe!

0.

=

26

The authors explain the favorable effect of
electron-donating groups not by a change in con-
formation or in metal-oxo bond length but by a
more product-like transition state, resulting in
smaller separation between substrate and catalyst
and so better steric differentiation. The sense and
degree of enantioselectivity can be easily
explained on steric grounds, using the hypothesis
of side-on approach.”® A precise study by ligand
modification supports this hypothesis and sug-
gests an approach along the nitrogen—metal
axis.

3 ASYMMETRIC OXYGEN ATOM
TRANSFER ON HETEROATOMS:
OXIDATION OF SULFIDES

There is a great need for efficient methods to
obtain chiral sulfoxides, which are very valuable
intermediates in organic synthesis.®® The most
popular synthesis of chiral sulfoxides is by the
Andersen reaction of an organometallic reagent
with a chiral menthyl p-tolylsulfinate®® *° (see
Eqn [16]) (the two enantiomers of menthyl p-
tolylsulfinate are commercially available). But the
Andersen method is limited to the synthesis of
sulfoxides of type RS(O)Ar, so other convenient

Ph\A ‘

o

h\/\Mn' R
—_— » = —_—
E o] } PhWOH

not ohserved

Scheme 11
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means of access to chiral sulfoxides are still wel-
come. One solution is asymmetric sulfide oxi-
dation to sulfoxides, which becomes increasingly
attractive as it is improved.®

3.1 Sulfide oxidation reactions with a
stoichiometric chiral inducer

In 1984, Pitchen and Kagan reported that a modi-
fied Sharpless’ reagent obtained by changing the
ratio Ti(OiPr),/tartrate from 1:1 to 1:2 and
adding 1 eq. of water is a stoichiometric epoxidiz-
ing reagent for asymmetric oxidation of
sulfides.” This new system can epoxidize with
good enantioselectivities a large range of aryl
alkyl sulfides (20-98% ee) and dialkyl sulfides
(50-71% ee), 268 vinyl sulfides
(2-95% ee),*2® disulfides to thiosulfinates,?”®%"!
sulfenamides to sulfinamides,* sulfenates to
sulfinates,” and 1,3-dithianes (0-98% ee).””>?"
In every case, both sulfoxide enantiomers can be
synthesized because the two tartrate enantiomers
are commercially available. The use of cumene

Kagan’s system to a large-scale asymmetric syn-
thesis of a biologically active sulfoxide”” (Eqn
(7).

MM2 calculations by Jgrgensen”® suggested a
direct interaction of the sulfide with the peroxy-
gen atom on the peroxotitanate but a pre-
coordination of the sulfide to the titanium atom
cannot be excluded.

Another modified Sharpless’ reagent was des-
cribed by Di Furia, Modena and co-workers with
a Ti(OiPr),/tartrate ratio of 1:4, without adding
water.”*?*® The enantioselectivities are often
lower than with Kagan’s reagent but can be
higher, particularly for 1,3-dithiancs, %%

3.2 Sulfide oxidation reactions with a
chiral catalyst

A number of metallic complexes were used as
catalysts for asymmetric oxidation of suifides to
sulfoxides with various oxidants such as
A-tris-(1,10-phenanthroline)nickel(II) on mont-
morillonite with NalO, (0-78% ee)®” or
A-tris-(2,2’-bipyridyl)ruthenium(II) with O, and
light (15-20% ee),” vanadium and molybdenum
complexes with t-butyl hydroperoxide in chiral
alcohols (0.6-9.8% ee),” salen-vanadium com-
plexes such as 27 (4-40% ee) with cyclohexyl

hydroperoxide instead of t-butyl hydroperoxide, ~ hydroperoxide,”*' a salen-dimeric titanium
in contrast to trityl hydroperoxide, increases the
enantiomeric  excess of the  sulfoxide o—FEt Et—C
produced”?”* (for p-tolyl-SMe, 96% ee with —
cumene hydroperoxide, 16.3% ee for trityl hydro-
peroxide, 89% ee for t-butyl hydroperoxide). O\\\l/ N\ /
Moreover, the use of cumene hydroperoxide "‘N/ \N*
makes it possible to decrease the concentration of
titanium complex to a catalytic amount
(0.25 mol %).2%-2%
The system was recently applied successfully to 27
the kinetic resolution of a chiral thiazolidinone
biologically active as antioxidant.”® Moreover,  complex (28) with trityl hydroperoxide
Rhoéne-Poulenc Rorer Ltd recently applied  (5-43%ee)® or  t-butyl  hydroperoxide
O PhMe,COOH O
N Ti(OiPr)4 / DET / H,0 N O
N S AN -
! N>- “Me CH,Cl,, -20°C | S\
C o
\\©\0Me \\©\OM€:
Yield=71%
DET =diethyltartrate 98-99% ee
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(5-24% ee)*** and vanadium-pillared mont-
morillonite with DET and t-butyl hydroperoxide
(16-25% ee).” The salen—manganese(IIl) cata-
lysts for alkene epoxidation were also tested in
asymmetric oxidation of prochiral sulfides by
Jacobsen (34-68% ee with H,O, as oxidant)®®
and Katsuki (40-90% ee with PhIO as
oxidant).?’

Since the Naruta and Maruyama’s first reports
in 1991,%% % many porphyrin—-iron or manganese
complex-based systems for asymmetric oxidation
of prochiral sulfides were reported by Groves
(14-48% ee),” Halterman (40-68% ee),*® Inoue
(18-71% ee),” and Zhou et al. (5-15% ee).**3%
The best results are obtained with a “twin cor-
onets” porphyrin (29) with iodosylbenzene in the
presence of 1-methylimidazole (23-73%).

29

Using poly(amino-acid)-coated platinum elec-
trodes, it is possible to oxidize sulfides to sulfox-
ides. The performance is quite different according
to the substrate and the type of electrode but
enantiomeric excesses up to 93% were observed
for the oxidation of tert-butylphenylsulfide with a
poly(L-valine)-coated electrode.>***

Recently, however, Uemura and
co-workers®® 3" described the combination of

L (0]
s asymmetric oxidation ISI .
Me”" “Ar Me” > Ar
ca 50% ee

o]
U= kinetic resolution

Me” " “Ar

up to 96% ee

Scheme 12 Asymmetric  oxidation  with  Ti(OiPr0,/

binaphthol.

Ti(OiPr), and binaphthol (ratio=1:2). The hig-
hest enantioselectivities (up to 96% ee) were
obtained with commercial aqueous 70% t-butyl
hydroperoxide in CCl,. Water is necessary to
obtain an effective catalyst but also to maintain its
properties. The enantiomeric excess changes
during the course of the reaction. This fact is an
indication of a further kinetic resolution of the
sulfoxide formed (see Scheme 12), which was
afterwards proved to occur by kinetic resolution
of a partially resolved sulfoxide in the reaction
conditions.

The different methods described in this section,
if they can give good results, are not general, and
rarely reach the range of enantioselectivity of
synthetic usefulness (>90%).

Recently, Choudary et al. reported that
titanium-pillared  montmorillonite  Ti-PILC1
(9 mol %) associated with DET (18 mol %) is a
very efficient catalyst for asymmetric oxidation of
sulfides with t-butyl hydroperoxide in dichloro-
methane (9-92% ee).*® The enantioselectivities
are especially good for sulfides of the alkyl-SMe
type [75-80% ee, i.e. higher than with the Kagan
reagent (54-71% for the same substrates)] and
sulfides of the ArSMe type (81-92% ee).
Moreover, the easier work-up by simple filtration
and the possibility of reusing the catalyst make
this new system especially attractive.
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