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ABSTRACT. The data on asymmetric epoxidation that have been
obtained in recent years are correlated. Particular attention is given
to the epoxidation of allylic alcohols with Sharpless reagent, which is
a chemical complex of a titanjum alkoxide with dialkyl tartrate. The
structure of the catalyst, a model of the transition state, and the
reaction mechanism are examined.
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I. Introduction

In recent years the epoxidation of olefins—an important and
frequently used reaction in organic synthesis—has acquired
increasing significance as a method for the synthesis of chiral
compounds. Enantioselective epoxidation, which results in the
formation of two chiral sites in a single stage, yields optically active
oxiranes, which are synthons for the preparation of natural
compounds and their analogues. Of particular importance is the use
of oxiranes in an optically pure form in the production of drugs,
pheromones, etc.'?

Chiral oxiranes play a significant role in the active processes of
plants and animals. They are intermediates in biological synthesis.
For example, the important function of 2,3-epoxysqualene in the
biosynthesis of terpenes and steroids is well-known. By studying
asymmetric epoxidation (AE) it is possible to establish the
mechanism of many biological processes. Epoxidation is one of the
fundamental stages during the exchange of substances in plant cells
and animal organisms.> In many cases oxiranes participate in the
catabolism of pesticides, drugs, and other xenomorphic comounds.>*
Hydroxylation, which is a key stage in the metabolism of aromatic
amino acids, drugs, and vitamins in living organisms, occurs via an
epoxidation reaction.’ Intermediates containing an oxirane ring that
are formed during the oxidation of aromatic hydrocarbons function
as carcinogenic, mutagenic, and cytogenic agents.’ Some natural
epoxy compounds have juvenile hormonal activity.5®

The physiological activity of many natural compounds containing
an epoxide ring and the important role of oxiranes in the synthesis
of natural compounds have determined the need for research into
effective methods and a study of the mechanism of enantioselective
epoxidation. A survey of the methods of AE is the aim of the

present review, in which epoxidation using Sharpless reagent, which
has been studied the most comprehensively in direct relation to the
mechanism of this reaction, occupies a central position.

II. Methods of asymmetric epoxidation

AE was first reported to have been carried out by Henbest in
1965.>1° By epoxidising olefins with an isolated double bond with
(+)-peroxycamphoric acid it was possible to obtain oxiranes with an
enantiomeric excess (EE) of less than 5%. Despite the low optical
purity of the compounds obtained, this reaction played an important
role since for the first time the possibility of synthesising chiral
oxiranes from achiral precursors was demonstrated. The attempts
made subsequently to carry out AE using other peroxides were not
successful in increasing the optical purity of oxiranes above
10%.11718 In 1977 Pirkle again studied this method and found that
the peroxycamphoric acid which had been used in previous
experiments was insufficiently pure.”® As a result of purifying the
oxidising agent it was possible to increase the enantioselectivity of
the reaction by a factor of more than 2. By using the purified
peroxyacid in the epoxidation of imines it was possible to obtain
oxaziridines with an EE of >60%. In the majority of the cases
mentioned above the low asymmetric induction at the stage
involving oxygen transfer is probably due to the considerable
distance of the electrophilic atom of the peroxide oxygen from the
asymmetric centre and hence to the weak interaction between this
centre and the double bond in the transition state (Fig. 1a).%°
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Figure 1. Transition state in the epoxidation of olefins with chiral
peroxyacids (a), a-substituted hydroperoxyketals (b), oxaziridines
(c).

The epoxidation of olefins with different chiral a-substituted
hydroperoxyketals occurs with low asymmetric induction
(EE <5%).21 This value, in the opinion of Finn and Sharpless,?
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could be increased since in this case the chiral centre is closer to the
reaction site than for chiral peroxyacids (Fig. 15).

Considerable success was achieved in the epoxidation of olefins
with oxaziridines. In the transition state (Fig. 1c) the interaction
between the chiral centre and the double bond is greater than when
peroxyacids are used.>>?* The maximum EE of these reactions was
65% 2425

Use of the dioxiranes obtained by reaction of potassmm
peroxomonosulphate with chiral ketones for asymmetric induction in
the epoxidation of olefins results in the formation of epoxy
compounds with a low-enantioselectivity (EE 4—13%).2

Epoxidation with hydrogen peroxide, t-butyl hydroperoxide
(TBHP), or with hypochlorite of «,B-unsaturated acids, aldehydes,
ketones, and other olefins whose double bond is conjugated with
strongly electronegative substituents gives chiral epoxy compounds
when a two-phase system and an optically active phase-transfer
catalyst are used. In this case the enantioselectivity of the reaction
varies from 1.2—5.4% EE (quaternary salts of quinone added to a
polystyrene matrix comprise the phase-transfer catalyst),>’ 11% EE
in the presence of cyclodextrins,?®° up to values of 55—78% EE
when phase-transfer catalysts based on cinchona alkaloids®! and
quinine derivatives’>>7 are used. Much more effective phase-
transfer catalysts are the so-called synthetic enzymes—polyamino
acids—which can be used to epoxidise prochiral olefins with a high
enantiomeric purity (EE up to 100%).3** Epoxidation in this
case takes place in a three-phase system—a-amino acid/aqueous
phase/organic phase.

AE with hydrogen peroxide in an aqueous solution of sodium
hydroxide under phase-transfer conditions using optically active
solvents as the organic phase has been reported.*’ Chiral crown
ethers have been used for asymmetric induction under phase-transfer
conditions.** Epoxidation of olefins with aromatic substituents by
hydrogen peroxide in the presence of (+)- or (—)-cyanoheptoheli-
cene gives chiral oxiranes with an optical purity of 97 —100%.%

Oxiranes with an EE of about 10% have been obtained by
Darzens condensation in the presence of chiral compounds such as
quinine salts.*”** Quinine salts have also been used for asymmetric
induction in the epoxidation of prochiral olefins with molecular
oxygen.*

During the last twenty years there has been increased interest in
transition metal complexes as catalysts for AE.***! One of the
advantages of processes catalysed by transition metals is the
possibility of varying the structure of the ligands for modifying
catalytic processes. In the case of chiral ligands, the substituents will
in all probability be arranged asymmetrically about the chiral centre.
On the basis of this assumption, Yamada®? and Sharpless et al.>
used chiral complexes of molybdenum (I) and vanadium (II) for the
first time in order to carry out the asymmetric epoxidation of allylic
alcohols with organic hydroperoxides.
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A number of reports were later published on the epoxidation of
prochiral olefins with various chiral molybdenum oxodiperoxo
complexes used in stoichiometric amounts®>° [this reaction was

carried out for the first time using complex (III)] and on the
asymmetric epoxidation of olefins with organic hydroperoxides when
a catalytic quantity of chiral dioxomolybdenum complexes [similar to
complex (I)] were used.®*%> On treatment of molybdenum
oxodiperoxo complexes in the presence of chiral diols it was possible
to obtain an oxirane with an EE of 95.4% in the epoxidation of
olefins with an isolated double bond.”® Lower asymmetric induction
occurred in the epoxidation of olefins with an isolated double bond
by hydrogen peroxide in the presence of chiral platinum complexes
modified with diphosphines (EE 41%)®* and also chiral complexes of
iron porphyrin (EE about 51%).5° In the latter case oxo compounds
obtained by oxidation of iron porphyrin with iodosylbenzene
constitute the epoxidising agent. Chiral complex iron compounds
have also been used for AE of styrene derivatives (EE about
50% ).66—68

The use of aluminium alkoxides and chiral hydroxamate ligands
for carrying out the AE of allylic alcohols with TBHP has been
reported (EE 30—40%).9°

The AE of substituted allylic alcohols catalysed by vanadium
complexes involving more than 20 chiral hydroxamate ligands has
been studied.””’? The maximum enantioselectivity was achieved in
the epoxidation of (F)-a-phenylcinnamic alcohol (1) [EE of
epoxyalcohol (2) was 80%]:
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Figure 2. Asymmetric epoxidation of prochiral allylic alcohols.

In addition to chemical methods, other ways of obtaining chiral
oxiranes are also known. One of these is the microbiological
epoxidation of olefins.”>®2 The enantioselectivity of the reactions
catalysed by the enzymes secreted by microorganisms depends on
metabolic by-products of the microorganisms, which can cause
inhibition of the reaction. Enzymatic epoxidation has been used to
obtain oxiranes with a high EE.®*®7 For example, a high degree of
enantioselectivity can be achieved when globular proteins such as
bovine serum albumin (BSA) are used as catalysts.®®®' In
particular, AE of 2-substituted naphthoquinones with hydrogen
peroxide and TBHP in a buffer solution containing an organic



Russian Chemical Reviews 60 (2) 1991

125

‘0 D—(—)-diethyl tartrate

() j[{””
"SR )
jH o 2 OH
(VI é R R
H
:0:

L —(+)-diethyl tartrate

TTIP, TBHP
-
CH,Cl,, -20°C

(IX)

Figure 3. Kinetic resolution of racemic secondary allylic alcohols.

solvent and BSA results in the formation of chiral oxiranes with an
EE of up to 100%. Asymmetric induction in this case is due to BSA
occurring in the form of a-helices with hydrophobic groups capable
of bonding with water-insoluble substrates situated between the
helices. It should be noted that AE catalysed by enzymes is only
suitable for a narrow range of substrates and its effectiveness is
determined to a considerable extent by the reaction conditions.

III. Asymmetric epoxidation in the presence of a
chiral titanium — tartrate complex

Directed research on chiral ligands was carried out in order to
obtain an effective AE catalyst based on titanium and vanadium
compounds.”"™? This culminated in 1980 with the publication of the
first report on an unusually effective method of enantioselective
epoxidation that gave chiral oxiranes, the absolute configuration of
which depended only on the configuration of the tartrate used and
not on the structure of the substrate.’*®> Soon afterwards Sharpless
et al found that this unique combination of titanium alkoxide,
optically active tartrate ester, and TBHP was sensitive to chirality
existing in the substrate and could be used for the kinetic resolution
of racemic allylic alcohols.’*

AE has been used quite frequently and at the present time it is the
most successful means of obtaining optically active oxiranes with
high enantiomeric purity. Since the publication of the first report on
AE using Sharpless reagent, a large number of studies and several
reviews devoted to the use of this reaction and an investigation of its
mechanism have been published,22%%6-1%

1. Reactivity of substrates and enantioselectivity of asymmetric
epoxidation

A scheme for AE of allylic alcohols with Sharpless reagent is
shown in Fig. 2. As a result of coordination of the titanium atom of
a chiral complex consisting of titanium tetraisopropoxide (TTIP),
dialkyl tartrate, and TBHP with the hydroxyl group of the
compound undergoing epoxidation, the faces of the plane of the
double bond become nonequivalent. For this reason attack by the
oxygen atom of the peroxide occurs preferentially from one of these
faces depending on the absolute configuration of the tartrate used,
resulting in the preferred formation of one of the two possible

enantiomers of the epoxy alcohol. By studying the stereochemical
structure of a large number of a-hydroxyepoxides obtained by AE of
allylic alcohols, it was possible for Sharpless et al?? to develop a rule
for the enantioselectivity of this reaction. If the allylic alcohol is
drawn in a plane as shown in Fig. 3, attack by the oxygen atom on
the double bond when L-(+)-tartrate is used occurs from below,
while when D-(-)-tartrate is used attack occurs from above. This
rule has no known exceptions amongst prochiral substrates at the
present time. It can be used to predict easily and accurately the
absolute configuration of the resulting epoxyalcohol, which is one of
the significant merits of this reaction.

By comparing the results of epoxidation of allylic alcohols with
different structures it is possible to establish the mechanism of AE.

1. The rate of the reaction, as when epoxidation is carried out by
other methods, increases with an increase in electron density on the
double bond of the olefin.?*'”” For example, a comparison of the
rates of epoxidation of unsubstituted (4) and substituted cinnamic
alcohols (Table 1) shows that the introduction of an electron-
withdrawing nitro group reduces the rate of epoxidation [compound
(3)] while an electron-donating methoxy or chloro group increases
the rate of reaction [compounds (5) and (6)].

2. The rate of epoxidation of (Z)-allylic alcohols [compounds
(7)—(24), Tables 2 and 3] with a substituent on the C(3)t carbon
atom (Tables 2 and 3) is lower than for (E)-allylic alcohols
[compounds (1), (4), (25)—(42), Tables 4 and 5].'%

At the same time the enantioselectivity of the reaction is also
somewhat less. For example, (E)-allylic alcohol (30) with a t-butyl
substituent on the C(3) carbon atom is epoxidised with high optical
purity, whereas the enantioselectivity of AE of (Z)-allylic alcohol
(12) is low.

3. The optical purity of the o-hydroxyepoxides obtained
from (Z)-allylic alcohols with a substituent on the C(3) carbon atom
depends on the steric structure of the substituent (Table 2).!® In
compounds (7)—(9), (11), (15)—(20), containing an unbranched
substituent, the enantioselectivity is high (EE 80—95%). In the case
of compounds with a secondary [e.g. (10)] or tertiary [e.g. (12)) C(4)

t Here and subsequently, if the name of the compound according
to the IUPAC nomenclature is not given, the carbon atom bearing
the hydroxy group is designated C(1).
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carbon atom, the optical purity of the a-hydroxyepoxide obtained is
reduced. The same pattern is observed in the epoxidation of 2,3-,
3,3- and 2,3,3-substituted allylic alcohols [compounds (22)—(24),
(43)—(49), Tables 3 and 6].

Table 1. Relative rates of asymmetric epoxidation of substituted
cinnamic alcohols.'®’
Rate Relative
Substrate constant, 5! rate
Vo WanY
O™ AN 0579 0.42
@)
Bo T N/ 1.38 100
\_/
(%)
TN 165 1.20
HO W Cl
()
TN T 6.06 439
HO —{ —0CH;
(6)

Table 2. Asymmetic epoxidation of (Z)-allylic alcohols with a
substituent on the C(3) atom

(~Hastrate @f‘/@
Con H

As in the case of (Z)-allylic alcohols with a substituent on the
C(3) carbon atom, steric factors have the effect of slightly reducing
the EE in the epoxidation of alcohols with a branched substituent on
the C(2) carbon atom [Table 7, compounds (55) and (56)] in
comparison with the results of epoxidation of alcohols [compounds
(50)—(54), (58—(60)] with an unbranched substituent.!”® For the
same reason the EE of stilbene a-hydroxyepoxide decreases by 20%
when a chlorine atom is introduced into the ortho-position of the
aromatic group on the C(2) carbon atom.'*

Table 3. Asymmetric epoxidation of (Z)-allylic alcohols with a
substituent on the C(2) and C(3) carbon atoms

2

(= Hartrate /é“/o
0
R H

R2
/E/OH 2
e, fo
—_— L0
R OH

(+parcate (8
{_-OH
Catalyst

H . Tiar- §€ Tapzs. | - Lae|
tartrate | trate, i ) =yl €
g mol% g >~ tg ~
(7) | CH, 1+ )DIPT 5/6 - - 68 |92] [109]
(8) | CaHs (+)}DET - - -20 60 |80] {110}
(9) | o-CiHy (~}DIPT | stoichio- | 72 -20 56 | 80f {114,
metric 112]
(10) | iso-CsH; (+DET - - -23 54 |66 [113]
(11) | iso-CiHy (+}-DET - - - 80 |9 ﬁé]
(12) | vCHs (+}DET | 120/150 | 192 - 77 |25 116]
(13) | CsHy -}DET | stoickio- | — -0 |78 |—|113]

metric
(14) | CeHys (+)DET - - - 64.3 80| [417)
(15) | n-CHy (-yDET | 1001100 | - - 80 |91][92]
(16) | n-CHyg (+)DET 104 | 201 10 |74 |86][109]
(17) | oGy (+}DIPT 574 | 42 -12 63 180} [109]
(18) | CH,CH=CHGHy, | (+}oMr | HO/110 | ~ - 70 %] [118]
(19) | (CH,)sCOOCH, (+}DET - — {-50--20157 |9 1;(1)3;
(20) | CH,0Bz (-yDET | 100/100 | - - 84 |92] (121
(20) | CH,0Bz 1316 | 4| -2 ~ 195| f109]
() | Ph (+yDET | 100/120 | 120 -3 |81 |78 [122]

DIPT = diisopropyl tartrate; DET = diethyl tartrate; DMT =

dimethyl tartrate.

Compound R R ‘ Yield, % EE, % Refs.
(22) G(CHy)s CH, 43 60 [115, 116]
(23) CH, n-CgHy 80 89 [92]
(24) CH, CH,Ph 90 91 [123]

Table 4. Asymmetric epoxidation of (E)-allylic alcohols with a
substituent on the C(3) atom

(—)-tartrate R
R
W on
(+-tartrate R
E Catalyst
o | a =
2 R Tiftartrate, |- gs".. < | | Rebs
§ tartrate mol% §§ g5 S
(25) | CH; (-)-DIPT 100/100 | 16 | -20 |48-50 95} [125-127]
(25) | CHy (+)DIPT 56 | 2 |-l | %2 (09
(26) | GHs (~}DIPT | stoichiometric| - - |8 |>9 128
@) | nCslty (+¥DET | 100/104 | t4 | -20 |64 | 93] [129
27) | n-CHy (+)-DET 5/6 25120 | 8 94 109
(28) | soCsHy | (+}DET | too/t0s | - | = |66 | o8| [129
(28) | soCH, | (-}DET |stoichiometric] - | - |59 | - 130
(29) | n-CH, (+)-DET > _ s |- 131
(30) | +CHy (+}DET | 120150 |96 | ~ |52 | >05| (115 1]
31) | n-CHy (+}DET - T
(4) | CeHis (+)-DET - - - 1473 9 17
(32) { nCHpy (+)DET 5/6 15 -10 {78 94 109
(33) | oColly | (+¥DET | 10000 |72 | 75|70 | >05| [92]
(34) | PhoSi (+)-DIPT - . - ~ 90 [138})
(34) | PhySi (-)DIPT - - - - 90 [138]
(35) | {CHy)sSi (-)-DIPT - - - - 95 [139]
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f 0 0
, - +
l OH 0l OH Q OH

61) (62) (63)
(+)-DET  15h,85% 20 : 1
(-)}DET 15h,78% ' = 20

.

)T 0
| —_— 07 + c{ﬁ\ﬂ
H OH OH

(64) (65) (66)
(+)-DET 336 h, 55% 30 : 1
(—)-DET 264 h 3 : 2
H 1 i
Bz0 BzO Bz0.
A U e
_-OH OH OH
(67) (68) (69)
(+)-DET 9% i 5
(—)DET 5 : 95
0Bz 0Bz OB
| — 0l + g
OH OH OH
(70) ) (72)
(+)-DET 5 : 1
(—)'DET 1 : 1
0]
Bzo/ﬁ/ Bz 0O 0
OH H
(73) (74)
0
BzO
+
0 H
(75)
(+)-DIPT 36 h, 70% 20
(-)-DIPT 36 h, 70% 1
A
i
l Bz S
OH
(76)
(+)-DET
(—=)-DET

4. The results of epoxidation of optically active (Z)- and
(E)-allylic alcohols with a chiral substituent on the C(3) carbon
atom differ. While for (E)-isomers (61), (67), and (73)!121-16016! (}e
presence of a chiral centre has virtually no effect on the results of
AE (EE is high whatever the absolute configuration of the tartrate
used), in the epoxidation of a (Z)-isomer (64) and (70)'%6! a5 a
result of the interaction between the chiral substituent and the
catalyst the stereoselectivity of the reaction depends on the absolute
configuration of the catalyst—for one enantiomer of tartrate the

diastereoselectivity is high while for the other it is virtually absent
because of steric hindrance. (Z)-Allylic alcohol (76) is hardly
epoxidised at all when either (+)- or (-)-DIPT is used,'?! since in
this case the presence of a bulky substituent on the C(3) carbon
atom has a substantial effect on the results of AE. It is clear from
the examples given that AE of optically active (Z)-allylic alcohols
can only be successfully achieved when the selected tartrate directs
oxygen to the face of the plane of the double bond that is opposite
to that in which the bond with the chiral substituent is situated.

Table 5. Asymmetric epoxidation of (E)-allylic alcohols with a
substituent on the C(2) and C(3) atoms

(—)tartrate R
R\jQO/OH

3 g | ao] w
k= | =
R R Tartrate - o | = Refs.
5 8588 7| o
(36) | CHy | CH; (+)-DET - T % [140]
(37) | CH, | CH, (+)-DMT -0 7| 9% [125]
(38) | CH; | CH,0B:z (~)}DIPT — =15 ] 8] %0 [141]
(39) | CH, | Ph (+)}DIPT 2035 79| 98 [109]
(1) | Ph Ph (+)}DET = ) 96 | (92, 109]
{40) | CH; | CH,CH=C(CHy), | (+}DET 12 1-231 64 | 96 [144]
(40) | CH, | CH,CH=C(CH;), | (~}DET 12 | -23| 50 | ot [144]
(41 —(CHa)4- (+)-DET - | -] 38| 9% [145]
(42) ~(CHy) - (+)-DET -l - T e [109]

Like optically active (Z)-allylic alcohols with a substituent on the
C(3) carbon atom, the diastereoselectivity of AE of an allylic alcohol
with a chiral substituent on the C(2) carbon atom depends on the
absolute configuration of the tartrate used, which follows from
an analysis of the results of AE of (3R)-3,7-dimethyl-2-methylene-
6-octan-1-ol (77):'62

0 0
OH 7 OH ,
H — ! + j

N (78) (79)
(+)-DIPT 9% |
(-)-DIPT 1 : 3

5. With an increase in reactivity of the allylic alcohols, the
sensitivity of the resulting a-hydroxyepoxides towards opening of the
oxirane ring increases, which in the presence of different nucleophiles
(TBHP, isopropyl alcohol, titanium alkoxides) results in a decrease
in effectiveness of the catalytic complex (the resulting diol is a
catalyst inhibitor) and a reduction in yield of «-hydroxy-
epoxide.!%1%7  For example, even with complete conversion of the
substrate it is not possible to isolate an a-hydroxyepoxide in the AE
of 4-methoxycinnamic alcohol (6), whereas 4-nitro- and 4-chloro-
cinnamic alcohols (4) and (5) are epoxidised in good yield. Glycidol
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Table 6. Asymmetric epoxidation of (E)- and (Z)-allylic alcohols with substituents on the C(3) carbon atom

[l

(—)Hartrate B~ R
% \-@OH

RYR

?

SOH (+Hartrate  R'~_-R"
T o
Catalyst
Compound R Re it Tifanre, Tmpgcmm Yield, % | EE % | Refs.
mol%
(43) CH; CH; (~)}-DBT 100/100 -20 25 90 1147}
(44) CH,CH=C(CH;), CH, (+}DET 200/200 - 67 95 [148]
(49) {CH,).CH=C(CHj), CH; (+)-DET 100/100 77 95 [92]
(CHy):.CH=C(CH): CH;, (+)-DET 5/74 - 9% 91 (109}
(46) S emo (CH,),CH=C(CHs), (+}DET 100/100 -23 79 9% [92]
3
(47) (+)»-DET 10/15 - 97 9 [151]
OH N
: OCH,4
=
it
(48) H OH (+)-DET 100/110 - - 84 [152)
(49) HO l H (+)»DET 100/110 - - 88 [152]
Table 7. Asymmetric epoxidation of allylic alcohols with a substituent on the C(2) carbon atom
(—)-tartrate
R’/E)/O“'
|
R? /l\/on' (+)-tartrate .
Rl/ko/o“'
Catalyst
~ompound R R? Tijtartrate, m ™ m Yield, % | EE, % Refs.
Tartrate mol%
(50) H CH, (+)DET 100/100° 72 -20 78 85 [153
(50) H CH, {~}DET /21 40 -30 32 9% [154
(50) H CH, (-}-DET 7/6/10° 2 | -45+-20 [ 47 95 [155
(51) pnitrobenzene CH, (+)-DIPT 5/6 - - 78 (f;%)b [109
(52) tonyl CHs (+)-DIPT 5/6 - - 69 % (109
(53) 2-naphthalenesulphonyl CH, (+)}DIPT 5/6 - - 60 ©2) (109
(54) H -Gl {+}DET 47159 1 -2 88 95 (109
(55) H iso-CyHy (+)}-DET 65/120 68 -30 56 86 {156
(56) H t+CHy (+)}-DET 120/150° 15 42 86 (115, 116)
(57) H CHy (+}-DET 100/100 7 -2 81 95 [92)
(58) H #-GHys (+}-DET 100/110 - -40 53 9 [457
(59) H +CHas (+)-DET 100/110° - -20 51 9% (158
(59) H 2-CiHs (+)}DET 10/43 1 -12 9 96 [109
(60) H CH;0Bz (-}DET 7.6/10* 12 | -45+-20| T4 95 {155

*Reaction carried out in the presence of Ti(O —t-C4Ho)s;

bvalues of EE after recrystallisation are given in brackets.
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and a-hydroxyepoxides with a substituent on the C(2) carbon atom
[compounds (50), (55), (56), (58), (59), Table 7] are particularly
sensitive towards opening of the epoxide ring.>!®

An interesting sequence of AE occurs for symmetric diallylic
alcohol molecules. These results were first reported for the AE
of (2Z,6E, 10Z)-dodeca-2,6,10-triene-1,12-diol (80).*'%*  In the
epoxidation of alcohol (80), a-hydroxyepoxide (81) is formed with
high enantioselectivity together with a small quantity of
epoxyalcohol (82). Epoxidation of the second double bond of
enantiomers (81) and (82) occurs with the same enantioselectivity as
takes place in the first epoxidation reaction. The three epoxides
(83)—(85) are obtained as a result of double AE. Since the meso-
compound (84) can be separated from the mixture and compound
(85) is formed in insignificant quantity, the enantiomeric purity of
the main product (83) is very high.

' OH [ (8111
l (+)-DIPT, TTIP
—_—_—
TBHP
l OH (9]
OH
(80) (81) (82)

_-OH

(83) (84)

1,1-Substituted allylic alcohols are not effectively epoxidised by a
titanium-tartrate complex. For example, AE of 2-methylbut-3-en-
2-ol takes place very slowly and it was not possible to isolate the
epoxyalcohol.!® Epoxidation of 2-methyloct-3-en-2-ol results in the
formation of the corresponding a-hydroxyepoxide in 67% yield and
with an EE of 4%.!'7 By replacing the C(1) carbon atom with a
silicon atom it is possible to increase the optical purity of the
resulting oxirane (87) because of the longer Si=C bond compared to
the C=C bond.'®® The lower EE of compound (87b) compared to
(87a) is probably due to the steric effect of the phenyl groups.

(+)-DIPT
Ph O s ph
\\
OH 0 oH
N %
Si Si
/N VRN
R R R R
(86) 87)

‘When R = CHj, the yield of (87) is 50% and EE is 95%; when
R = Ph, the yield of (87) is 70% and the EE is 20%.
The AE of homoallylic alcohols has several characteristic features
when compared with the epoxidation of allylic alcohols (Table 8).'%
1. The reactivity of homoallylic alcohols (88) —(94) is lower.

2. The absolute configurations of the hydroxyepoxides obtained
by AE of allylic and homoallylic alcohols when the same tartrate
ester enantiomer is used are of opposite sign.

Table 8. Asymmetic epoxidation of homoallylic alcohols.'®

Substrate C:p‘f‘xﬁyﬁggl of Yield, % EE, %
OH
|| (R) 14-25 [55]
\/
(83)
(' OH (3T, 45) 30-50 [36-50]
|
/
(89)
“ 0|H (3R, 4R) 34-50 (41)
V4
(90)
oH
\,.,/ | GR) “ (27]
A4
9
OH
| ) - 0 (23]
(92)
\ OH
I ; -
AN - (23]
(93)
/ OH
/}/' - 62 48]
(%)

3. The enantioselectivity of AE of homoallylic alcohols is lower
than the enantioselectivity of AE of the corresponding allylic
alcobols (EE 20—55%). Since the reduction in enantioselectivity of
AE of homoallylic alcohols is due to the lengthening of the carbon
chain by one methylene unit, in order to study the possibility of
increasing the EE of an «-hydroxyepoxide chiral complexes based
on zrconium, hafnium, and tantalum, which have a longer
metal —oxygen bond than in a titanium complex, were used.?® It
was shown that AE of homoallylic alcohols in the presence of a
zirconium tetraisopropoxide complex and (+ )-dicylohexyl tartramide
occurs with the same enantioselectivity as for epoxidation using the
titanium —tartrate catalyst and epoxidation of a (Z)-homoallylic
alcohol takes place with an even greater EE (up to 77%).2°
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4. B-Hydroxyepoxides are more prone to isomerisation than
a-hydroxyepoxides:

Ly — )

2. Kinetic resolution of racemic allylic alcohols by asymmetric
epoxidation

In studying AE of racemic compounds with a secondary hydroxyl
group, it is necessary to consider at the same time the enantio-
selectivity and diastereoselectivity of the reaction. As a result of
coordination of the titanium atom of the chiral complex with the
hydroxyl group of the compound undergoing epoxidation, two
diastereomers of the intermediate complex are formed, AE of which
occurs at a different rate, resulting in kinetic resolution of the
racemate (Fig. 3).

As in the AE of prochiral allylic alcohols, the direction of attack
by the oxygen atom on the double bond of the racemic allylic
alcohol is determined by the absolute configuration of the tartrate
selected, resulting in the preferential formation of one of the two
possible erythro-(V) and (IX) or threo-(VI) and (X) diastereomers of
a-hydroxyepoxide from each enantiomer of the racemate of alcohol
(IV) and (VIII). However, as a result of the different orientation of
the chiral substituent relative to the direction of attack by the
oxygen atom the rates of epoxidation of the enantiomers differ; that
enantiomer whose chiral substituent does not cause steric hindrance
for attack by oxygen reacts rapidly, and hence its epoxidation leads
to the formation of the erythro-epoxyalcohol (V) or (IX). For
example, in the epoxidation of the allylic alcohol (95) in the presence
of L-(+)-dialkyl tartrate attack on the double bond form below
predominates in accordance with the proposed scheme (Fig. 3).5%%°
In this case the (S)-isomer of the allylic alcohol (95), whose chiral
substituent does not hinder attack by the oxygen atom, reacts
rapidly to form erythro-epoxyalcohol (96). For the (R)-isomer,
because of the interaction between the substituent on the C(1)
carbon atom and the catalyst, attack from below is inhibited so the
reaction occurs slowly and with low selectivity, the threo-
diastereomer (99) being predominant. The use of D-(-)-dialkyl
tartrate gives the opposite result—the (R)-isomer of the allylic
alcohol (95) is the rapidly reacting one and its epoxidation lead to
the formation of erythro-epoxyalcohol (98).

erythro threo
+)-DIPT
| S‘I—‘* Yot +
rapid
1 OH H OH H OH
5-(95) (96) (97)
98 : 2
l (+)-DIPT QEXO + o
slow
OH H OH H OH
R-(95) (98) (99)
38 : 62

Thus, for the reaction of AE with kinetic resolution of racemic
allylic alcohols, a high erythro selectivity occurs since the isomer that
gives an erythro-epoxyalcohol is the rapidly reacting one, while the
isomer which forms a threo-diastereomer is epoxidised slowly and

with a correct choice of reaction conditions remains in the mixture
as unreacted (VII) and (XI) (Fig. 3). For example, the use of
(—)-DIPT in the epoxidation of allylic alcohol (100) results in
the formation of epoxyalcohol (101) with an EE of 95%.!67-1¢
The (S)-enantiomer of allylic alcohol (100) remains unreacted and
can be epoxidised again in the presence of (+)-DET to form erythro-
epoxyalcohol (102) with a high yield and EE.

\k(ly (~)-DIPT J/
I —
EE 95% .
OH H OH
(100) o). 27%
= (+)-DET =
| e SN
EE 95%
i OH & OH
S-(100) (102), 75%
M
100 6 -
- by
S r J /2 1
—5“ |
=
Q
g L
=
g I0 +
9
< =
(]
g L
=
Gt
o -
m
m L
1 ! 11 | I | | T
0 50 100

conversion, %

Figure 4. Graph of dependence of EE on conversion for different
values of K0 1,2; 2,5; 3,10; 4,25; 5,200; 6, co.

The considerable difference in the rates of epoxidation of the two
enantiomers of a racemic allylic alcohol [compounds (103)—(137)]
makes it possible to obtain both the a-hydroxyepoxide (Table 9) and
the unreacted alcohol (Table 10) with high optical purity. The
efficiency of resolution is determined by the relative rate of
epoxidation of the allylic alcohols (Kp), which constitutes the ratio
of rates of epoxidation of the rapidly reacting to slow reacting
enantiomers (Ky; = K;/K;) and varies over a wide range (Table 11).2
When K, = 100 the reaction is almost as effective as when K =
. Even when K, = 15—25 good results can be obtained.!°> The
dependence of the EE of the allylic alcohol remaining in the reaction
mixture on the conversion of substrate for different values of K is
shown in Fig. 4.%* Analysis of the graph shows that when Ky =
25, in order to reach 100% EE of unreacted alcohol, conversion
should be less than 60%, which is achieved by reducing the quantity
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Table 9. Asymmetric epoxidation of secondary allylic alcohols.

Configuration
Compound R R R Rt Yield, | EE, % Refs.
DIPT epoxyalcohol %
(103) CoH; H H H (2R, 35) - - [170]
(104) -CH), H H H - (28, 3R) 47 91 [171]
(105) (CH.) COOCH, H H H + 35) 36 95 [172]
(106) CH,C =CSi(iso-C3Hy); H H H - (25, 3R) 40 90 [173]
(107) oHs CH; H H T 2R, 35) 82 92 [474]
(108) CH{0Bz) CH=CHCH, H CH; H + (18, 28, 38) 35 95 [175}
(109) CH, H CH,CH=CH, H - (1R, 2R, 3R) 40 90 [168]
(110) CH; H CoH, (OCH3) 2 H + (1R, 25, 38) 74 98 [176]
(411) CH; H C,H;(0CHs) H - (1S, 2R, 3R) 78 97 [176]
(112) CH; H H C,H,(OCH,) + (IR, 28, 35) 34 97 [176]
(113) CH;, H H CoHs (OCH;), - (15, 2R, 3R) 34 96 {176}
(114) C,H;(OCHy)» H H CH; - (15, 28, 3R) 55 93 [176]
(115) C.H;(0CH;) H H CH; - (IR, 28, 35) 60 95 [176]

of oxidising agent. If the required reaction product is the optically
active epoxyalcohol, a high EE can be achieved at 45%
conversion.!® For example, when AE with kinetic resolution of
allylic alcohol (116) is carried out with a conversion of 52%, the
erythro-epoxyalcohol (138) is formed with an EE of 96%, and with
100% conversion threo-epoxyalcohol (139) is isolated with an EE of

9299493
(+)-DIPT _ or
conversion 52%, EE 96% b

WO

OH H OH
(116) (138), 49%
(+)-DIPT o
conversion 100%, EE 92% \]\&
H OH
(139), 20%

For some substrates [compounds (126), (134), (135), and (137),
Table 11] the rate of epoxidation of the rapidly reacting enantiomer
is low, and the reaction takes quite a long time.'® In the majority
of cases the difference in the rates of epoxidation of the two
enantiomers in the resolution of (Z)-allylic alcohols is less than for
(E)-allylic alcohols and the efficiency of kinetic resolution is lower
(Table 11)949%197176 5 this case the optical purity of the
preferentially formed (Z )-erythro-epoxyalcohol may be high, whereas
(Z)-threo-epoxyalcohols are similar to racemates.!’ If the
substituent on the C(3) carbon atom of the (Z)-allylic alcohol is
branched, resolution of the enantiomers becomes virtually
impossible, which is consistent with the general tendency towards a
reduction in rate and enantioselectivity of AE for the analogous
prochiral allylic alcohols. For example, asymmetric epoxidation with
kinetic resolution of (E)-allylic alcohol (140) is complete after 15 h
and results in the formation of a-hydroxyepoxide (141) and allylic

alcohol (R)-(140) with a high EE (>96%), the (Z)-isomer (142) is
ineffectively resolved (EE 10%):%4%%

(+)-DIPT
—_—

OH H OH

H OH
(140 (141) (R)-(140)
(+)-DIPT
————
I I
OH H OH
u42) (5)-(142)

An interesting case of diastereoselectivity and enantioselectivity in
AE with kinetic resolution of the racemic diene (143) using a
titanium —tartrate system has been described by Sharpless: %>

Y Ay Y

OH H OH H/ ‘(‘)H
(143) (5)-(143)

(—)-DIPT

conversion 40%

(144), 35%, EE 95%

/ +)-DIPT
4.0

H OH
(145), 60-%, EE > 95%

In this case it is possible to obtain eight monoepoxides.
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mechanism of AE of secondary allylic alcohols causes the
preferential formation of a single monoepoxide. Firstly, from the
dependence of the rate of epoxidation of allylic alcohols on the
electron density of the double bond, it is to be expected that the
reactivity of the disubstituted double bond is higher than that of the
monosubstituted double bond. Secondly, the choice of tartrate
enantiomer dictates the direction of attack on the double bond by
the oxygen atom of the peroxide. And finally, the erythro-selectivity
in AE with kinetic resolution of secondary allylic alcohols gives rise
to the formation of a single monoepoxide. Thus, when (—)-DIPT is
used, as a result of AE with kinetic resolution of the racemic diene
(143), the (R)-erythro-epoxycarbinol (144) is mainly formed. A
second asymmetric epoxidation of (144) using (+)-DIPT leads to the
formation of the diepoxide (145).

Secondary allylic alcohols that have two identical substituents,
such as divinylcarbinol (146), do not contain a chiral centre, but
when they react with a chiral titanium complex the two double bonds
become stereochemically nonequivalent (diastereotopic). 05189193 [n
this case AE occurs selectively on one double bond, the choice of
which is dictated by the same factors as in the process of AE with
kinetic resolution. The same factors that determine the selectivity of
AE of chiral allylic alcohols cause the preferential formation of the
pro-(S)-conformation. Hence, epoxidation of divinylcarbinol (146)
gives (2R,3S)-epoxyalcohol (147).

Ti
f D —
o) OH
H-~ H~ 0
X H‘\\ /

/ pro-(S) (147)

X Ti
T ">/<|) > B/OH
B H"
~ ~
pro-(R) (148)

It should be noted that as a result of AE of the divinylcarbinol a
small amount of epoxyalcohol (148), which is enantiomeric to the
main epoxyalcohol (147), is also formed, resulting in a reduction in
optical purity of the final compound. However, the configuration of
the unreacted group of the allylic alcohol in this isomer is favourable
for a second epoxidation to take place, and this isomer is converted
to the diepoxide at a high rate, so the optical purity of a-hydroxy-
epoxide (147) increases as a result.’®>'%* For divinylcarbinols a
mathematical equation relating the optical purity of the product with
the rate of epoxidation was obtained. A similar analysis can also be
used in the AE of prochiral compounds such as (149).1%%

<0 OoH

HO

(149)

The efficiency of kinetic resolution increases when iodo-, chloro-,
stannyl-, or silicon-containing substituents are present on the C(3)
carbon atom of secondary (E)-allylic alcohols [compounds
(150)—(167), Table 12],'8+ 188196197 AE of these substrates was used
for the first time to obtain compounds such as (25,35)-3-

trimethylsilylglycidol from (E)-3-trimethylsilylaliylic alcohols and .

2-trimethylsilylglycidols from 2-trimethylsilylallylic alcohols (124)
and (125) (Table 10),'®® and in the latter case it was shown that it

occurs with a satisfactory difference in rates of epoxidation of the
two enantiomers, although it is less than in the case of kinetic
resolution of (E)-3-trimethylsilylallylic alcohols.

Table 10. Kinetic resolution of secondary allylic alcohols

R®  R*
N
f OH
WY
Rl
Recovered
. allylic
md R R? R R+ {_alcohol. % Refs.
yied | EE

(109) | CH, H CH,CH=CH, | H | 39 | % [177]
(116) | cyclo-CHy | H H H |32 ]% [178]
(107) | CH, CH, H H - |98 [179]
(117) | nCHy H H H | 43 |8 [180]
(148) | C,Hs H Ph H - |9 [123]
(119) | CH.CH.Ph | H H H - |9 [123]
(120) | p-CyHas H CH;, H | %4 |9 [182]
(121) | CH, C(CHy)s | H H - |30 | ({115, 116]
(122) | C(CHy)s H CH; H | - | 5 |[[115 116}
(123) | C(CHs)s H H H - 110 | [115, 116]
(124) | nCeHy (CHy)sSi | H H - | 8741 [183)
(125) | CH, (CHy)sSi | n-CHy H | - [9%4] (183

A study of the effect of steric and electronic properties of the silyl
group on the rate of epoxidation showed that the decrease in the
overall rate of the process on replacing a carbon substituent by a
silyl group was due to differences in the composition of the electron
shells of carbon and silicon atoms while the increase in K is due to
the steric effect of the bulky trimethylsilyl group.’® The same
increase in K occurs when a t-butyl group is introduced into the
C(3)-position.’® By studying the AE with kinetic resolution of the
racemates of fluoroalkyl-(E)-vinylcarbinols (163)—(166) (Table 12),
Hanzawa et al'®® were able to conclude that the electronegativity of
the fluorine atom plays an important part in this process.

Kinetic resolution during the AE of secondary allylic alcohols
with the hydroxyl group in a ring?#108:123:200-203 500urs with lower
optical purity than for acyclic allylic alcohols.

Although asymmetric epoxidation with kinetic resolution has been
used most frequently for the resolution of allylic alcohols with a
substituent on the C(1) atom, this reaction can be used to resolve the
racemate of allylic alcohols (168)—(175) with chiral substituents on
other carbon atoms (Table 13). AE of allylic alcohols with a chiral
centre that is remote from the hydroxyl group can lead to results
that do not conform to the general rules that apply in the
epoxidation of secondary allylic alcohols. For example, the
efficiency of kinetic resolution of the (E)-allylic alcohol (168) is low
(although the enantioselectivity of epoxidation is high) while
resolution of the (Z)-isomer (170) is effective (EE of unreacted
alcohol is 95%).
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Table 11. Relative rates (K,g) of kinetic resolution of secondary

allylic alcohols.

Table 11 (continued).

Substrate

Reaction
time, b

Krc)y

-2°C,

DIPT

EE,

%

K, 0°C

DIPT

DET

DMT

Refs.

cyclo-CeHyy
(128)

AVAVAN
'

Y

CH,
(129)

OH

| OH

(13)
(CHgySi

I OH

Y
GsHy

(132)

(iw'caﬂﬂaSi\

288

15

24

144

48

83

104

160

300

330

700

300

96

96

96

98

91

82

60

96

74

52

28

[22, 94])

[22, 94]

(22, 94]

[184]

[184)

[184)

[184-188]

[184]

[22, 94]

[22, 94]

Krcl» K OOC
Substrate Reacion | _°C, E, - Refs.
me 4 DIPT DIPT | DET | DMT
7\
] J OH
0
CHy 15 8 | 96 | 60 | 38 | - | [22 94
(136)
| OH
\l/ - AT/ I R I Y
Ph

Table 12. Kinetic resolution during asymmetric epoxidation of silyl-,
halo-, and stannyl-substituted allylic alcohols

RZ
N
f‘ OH
NS
R
| Yield, % EE, %

Com-

1 2 Refs.
pound . : allylc allyl

ylic | epoxy.| allylic |epoxy-
alcohol alzhf;l alcohol |alcohol

(150) n-CsHy, (CHa) 581 42 42 99 99 { [185, 186]
(151) iso-CsH, (CHs) 581 40 41 99 99 186
(152) Ph (CHs) 81 44 42 9 97 186
(153) CH,0Ph (CHs)5Si 47 46 99 99 186
(154) CH,0CH,Ph (CHa) 551 43 48 99 99 186
(155) n-CeHyy I 49 49 99 99 196
(156) CoHs 1 40 - 98 - 196
(157) cyclo-CsHy [ 44 - 99 - 1 [196
(158) CeHs I 43 - 98 - 196
(159) n-CsHy Cl 43 - 99 - 196
(160) 0-CsHyy Sn(CiHe)s 40 - 99 84 197
(161} cycio-CgHy, Sn(CiHy) s 41 - 99 - 197
(162) CH,OPh Sn(CyHe)s 40 - 99 - 197
(163) CF, n-CeHys 46 50 60 - 198
(164) CF.H 0-CsHyy 39 52 98 - 198
(165) CFH, 0-CsHy 49 56 98 - 198
(166) CFy n-CsHy, 45 32 14 - 198

3. Mechanism of asymmetric epoxidation

The mechanism of AE and the structural features of the catalyst
that govern the high degree of enantioselectivity of reaction for
allylic alcohols with different structures have been examined in
several studies, 107,108,206

a) Advantage of complex titanium compounds as catalysts for the
asymmetric epoxidation of allylic alcohols

Asymmetric epoxidation of allylic alcohols with Sharpless reagent
takes place in a similar manner to epoxidation reactions catalysed by
other transition metal complexes (Fig. 5),22-53.70:107.207-216
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The ML,(OR),, catalyst [L = oxo ligand, (OR) = alkoxide
ligand, n = 0—2, m = 2—4 depending on the meta]l M]'°5:213.214
bonds covalently with the alkyl hydroperoxide and allylic alcohol,
thus activating the peroxide. Epoxidation of the substrate occurs via
the intermediate complex (XIV).225370207-216  Ajthough titanium
alkoxides are not the most effective of the known epoxidation
catalysts, these compounds have a high catalytic activity in the
Sharpless method of AE. The success of AE using titanium
alkoxides is determined by several properties of these systems. '’

Table 13. Kinetic resolution of primary allylic alcohols.

smm Recovered allylic alcobol Rets
(configuration) configuration EE, % .
CH, CHy
| OH | OH
AN NN 6 [123]
Pll Ph
(168)
CI.H;; CHy
i
AN 80
Pho | UH Ph An/\OH -
(169)
CH;
| CH,
o /\=/\0H Ph&/\on % 1]
(170)
18 e
(171), (+)-cnantiomer
/ N\ 4
K I . 48 {123]
/N $ g
(172)
\
( "[j\/\ 70 [123]
AN,
(173)
(I)S] FHa)z(;(CHg)g ().SI(CH3)2C(CH3)3
AVAVAN AVAVAN " .
HO | HO 1
CH:; CHg CH3 (aHs
(174)
{€H), Gk
, | >95 (205]
. OH
(175), (+ J-enantiomer

1. Exchange of monodentate alkoxide ligands in solution takes
place rapidly, which is also typical for other epoxidation catalysts
such as complex compounds of vanadium, molybdenum, and
tungsten.

2. In contrast to other highly active catalysts acting as complexing
agents, titanium has the four covalent bonds needed for carrying out
AE (two for bonding of divalent chiral tartrate, one for TBHP, and
one for the allylic alcohol). Formation of a Ti=0 bond is difficult,
whereas the vanadium complex (XVII) is stable with one and
complexes of molybdenum or tungsten (XVIII) are stable with two
oxo ligands, which reduces the number of potential sites for bonding

chiral ligands.”>"2
R
0 == —
It~ 0 ! i |

N x L _+0OR
V=< oR’> Nj-tor | ST
, L/ T\OR ' I I ~OR 1
RO <COR - 08 Lo_1

N L' OR
(XVID (XVv1I (X1X)
M =Mo, W

Thus, these compounds can covalently bond three (for vanadium)
and two (for molybdenum and tungsten) alkoxide ligands and hence
cannot be coordinated simultaneously with allylic alcohol, TBHP,
and a bidentate chiral ligand, thus accounting for the low degree of
enantioselectivity when AE is carried out in the presence of
complexes of these metals.’2"°

3. Titanium alkoxides are weak Lewis acids and hence to a certain
extent they activate the coordinated alkylperoxo ligand for
nucleophilic attack on the olefin.2!®

4. The coordination number of the titanium atom can vary.
This property is also typical for other transition metals, but when
they are used as complexing agents for the preparation of chiral
catalysts with dialkyl tartrates, AE of allylic alcohols using TBHP
takes place slowly and with a low symmetric induction. The
absolute configuration of the a-hydroxyepoxides thus obtained is
usually the opposite of that which occurs when titanium is used
(Table 14).527%1%  Evidently the formation of an effective chiral
catalyst is determined by titanium’s unique set of properties.

213-215

b) Reaction kinetics
On mixing equimolar solutions of titanium alkoxide and dialkyl

tartrate, an equilibrium is established, as given by equation (1):'*

Ti(OR)4 +tartrate = Ti(tartrate)(OR),+2ROH. m

In the majority of cases this system rapidly reaches equilibrium.
However, when bulky alkoxides or tartrates are used to form a
complex considerable time may be needed. For example, not less
than 20 min is needed from a mixture of Ti(O—C4Hs-t)y and
(+)-DIPT, otherwise the EE of the epoxyalcohol obtained is
significantly reduced.?? The equilibrium in Eqn. (1) is considerably
shifted to the right, since the binding constant of the diol with the
titanium atom is much higher than that with monodentate alcohols.
NMR spectroscopic and gas chromatographic data suggest that two
moles of aliphatic alcohol occur in solution.?21°™1%  The rapid
exchange of ligands continues when peroxide and allylic alcohol are
introduced into the reaction medium. In this case the concentration
of aliphatic alcohol increases, resulting in a shift of the equilibrium
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in solution to the left [Eqn. (1)]. In the majority of cases this shift is
insignificant and is suppressed by the addition of excess tartrate. On
introducing the substrate and oxidising agent equilibrium is rapidly
established, being represented by constants K; and K, which are
equal to ~1 for TBHP and the majority of allylic alcohols.

Ti(OR)(tartrate) " ® Ti(OR)TBHP)(tartrate)
ROH

X,
ROH allylic ROH allylic
alcohol alochol
K X

Ti(OR)(allylic alcohol)(tartrate) & Ti(TBHP)(llylic alcohol)tartrate)
ROH

ki K l epoxidation

K. K2=KiK3 Ti(O — C4Ho-t)(epoxyalcohol)(tartrate)
When TBHP and allyl alcohol replace the two remaining alkoxide
ligands of the same titanium atom [as for example in compound
(XX)),2'° the oxygen is transferred and t-butanol and a chiral
epoxyalcohol are formed, which are again replaced by available
allylic alcohol and TBHP. The catalytic cycle is complete when
complex (XX) is regenerated.'” A study of the kinetics of AE
showed that the rate of reaction is first order with respect to the
concentration of catalyst, peroxide, and allylic alcohol:'”?

K{Ti(tartrate)(OR,)][TBHP][allylic alcohol]
[OR}

Vreacrion -

Transfer of oxygen is the rate-limiting stage.'®’

Table 14. Asymmetric epoxidation with TBHP in the presence of
transition metal alkoxides

Ph Ph
\| OH — 0>l ol

o Ph> N

MOR), Configuration BE, %
tartrate C)
Al(O-CHy-t) (+)-DET (R 5
MoOacach (+}DIPT ® 15
B | R |f
—CaH -is0 .

5 L
Ta(O—C;H: -igw)s (+)-DIPT R 39
Ta(0-C;Hs)s (+)-DET ) 4
St(0—C3Hyis0), (+)-DET does not react | —
Ti(0—CaH-is0)e (+-DET ©) 9

¢) Structure of the catalytic complex

Studies on the kinetics of AE made it possible to reach general
conclusions about the reaction mechanism. However, these results
do not explain the high enantioselectivity of the process, since there

is no information on the structure and characteristics of the
titanium —tartrate complex that cause the high enantioselectivity of
the reaction for a large number of substrates. A determination of
the structure of the complex is, in addition to purely theoretical
interest, of practical significance since it can serve as the basis for the
development of novel chiral catalysts.?'” For these reasons much
attention has been given to studying the structure of the
titanium — tartrate complex,?%107-108.218-225

:" _~C4Ho-t é /C4H9-t
L, L TBHP L. / ? Loo = A3
M —— “M—O: R /M\O'-
ROY TOR allylic R L ‘ \
alcohol 0\-/>/ [e] ‘
XID
( {(XIIT) (X1v)
- 0O
t-C,H,OH + Ho\/k}r S
allylic
alcohol
O —C Hg-t
L O—C4Hyt L.
\M{ 4Hy /M\ ’
L’ o - L g)\jf
0
(Xvh XV

Figure 5. Epoxidation catalysed by transition metal complexes.

The complexity of the problem lies in the fact that because of the
rapid exchange of ligands it is not possible to determine the
structure of the titanium —tartrate complex participating in the
catalytic cycle. Moreover, attempts to isolate the catalyst in
crystalline form have proved unsuccessful. Some information
about the structure of the complex in solution was obtained by
physicochemical methods—mass spectrometry, osomometry, light
dispersion, NMR and IR spectroscopy, and isopiestic
methods.?*!971%  In particular, it was shown that in solution a
chiral catalyst with a 1:1 ratio of titanium alkoxide to dialkyl
tartrate is mainly in the form of the dimer Tij(tartrate),(OR)4. The
formation of a dimeric chiral complex is supported by the nonlinear
dependence of the EE of a-hydroxyepoxide on the EE of dialkyl
tartrate.  Since the enantiomeric purity of the epoxyalcohol is
substantially higher than that expected from a linear dependence of
the EE of the reaction product on the EE of the chiral ligand, it may
be assumed that the high efficiency of the chiral catalyst is due to
the inclusion of more than one tartrate ligand in the catalytic
complex.?'® A dimeric structure for the catalyst was supported by
the results obtained in a study of catalytic complexes
containing novel tartrate, tartrate-like, and other ligands.22%2%
From the results of X-ray diffraction analysis of one of these
complexes —Ti(dibenzyltartramide),(OR)s—and assuming the simi-
larity of this compound with the titanium—tartrate complex



136

Russian Chemical Reviews 60 (2) 1991

[Tis(tartrate)s(OR)4], the latter was suggested as having the
equilibrium structure of a bisymmetric tricyclic dimer consisting of
two residues of dialkyl tartrate, each of which is covalently bonded
via the oxygen atom of a hydroxyl group with the two titanium
atoms (Fig. 6)*** (in contrast to the previously proposed ten-
membered ring).!”” This structure has a C, axis of symmetry with
the two titanjum atoms in the same stereochemical environment.
Each titanium atom (coordination number six) is bonded to six
oxygen atoms: O(1) and O(2) are the oxygen atoms of the two
alkoxy groups, O(3) and O(4) are the oxygen atoms of the hydroxyl
groups, O(5) is from the ester group of the first tartrate ligand, and
O(6) is the oxygen atom of a hydroxyl group of the second tartrate
ligand. Thus, a bridging bond occurs between the two titanium
atoms via the two oxygen atoms of hydroxyl groups of the two
tartrate molecules, resulting in the formation of a dimeric pseudo-
octahedral complex. At room temperature the signals from all of the
tartrate groups in the NMR spectrum are identical. When the
temperature is lowered the signals undergo a resolution that is
typical of a system with asymmetrically bonded tartrate groups of a
single type. From the results Finn and Sharpless® assumed that an
equilibrium is established in solution between the two structures of
the complex as depicted in Fig. 6. It should be noted that the
geometric configuration of the ligands about each titanium atom in
Fig. 6 is depicted for a complex with L-(+)-tartrate.?? It is clear
that when the D-(—)-enantiomer is used, the configuration of the
ester groups of the tartrate will be a mirror image of the structure
shown in Fig. 6. Sharpless et al.?>!% have proposed that only one
of the two titanium atoms is involved in the catalytic cycle of AE,
but the possibility of both titanium atoms participting is not
excluded.

ROOC 1 _0
OR
oR .
OR-. LA L0
srilooist [, ==

I I

RO

Figure 6. Ethbrmm structure of a titanium —tartrate complex in
solution.

d) Model of the transition state

The structure of catalyst proposed by Sharpless et al.?>!% was the
basis for a model of the transition state formed by the introduction
of peroxide and substrate (Fig. 7). The frontier orbitals on the

equatorial oxygen atom of the peroxide make it possible for the
allylic alcohol to have four different orientations (Fig. 8).%*'° The
preferred orientation is determined by both stereochemical and
stereoelectronic requirements.?? The structures of (XXIII) and
(XXIV) are sterically hindered because of the interaction between the
ester group of the tartrate and the C(1) atom of the allylic alcohol.
For the remaining structures (XXI) and (XXII) attack by the oxygen
atom occurs from opposite sides of the plane of the double bond
and hence the exclusion of conformations (XXIII) and (XXIV) does
not account for the enantioselectivity of AE. However, the preferred
formation of structures (XXI) and (XXII) governs the high
stereoselectivity of kinetic resolution of secondary allylic alcohols.
The conformation of the intermediate complex in which R! = H,
R? = alkyl substituent is preferred to the conformation in which

= Alk and R? = H because of greater steric hindrance in the
latter case. For the same reason AE of tertiary allylic alcohols is
ineffective, 198117
COOR
OR
RO~ _ l 0L,

t-C4Hy

Model of intermediate complex; O(1) and O(2) are

Figure 7.
oxygen atoms of bidentate peroxide (by analogy with the
coordination of TBHP with vanadium)®>??® and O(3) is the oxygen
atom of the allylic alcohol.

The preferred formation of one out of the two possible
conformations of the intermediate complex (XXI) and (XXII), which
gives rise to the high enantioselectivity of AE, is determined by
stereoelectronic factors rather than by steric interactions.? An
analysis of these factors shows that the spiro-orientation (XXI) of
olefin and alkoxide with a small O—C/C=C dihedral angle (~30°)
is the most probable one, rather than the planar orientation (XXII).
The model of the transition state of complex (XXI) is confirmed by
calculations using the frontier orbital method.?' The enantio-
selectivity rule of AE is satisfactorily accounted for by the proposed
structure of the transition state.

By choosing structure (XXI) as the preferred model of the
transition state it is possible to account for the other rules of
AE.2 For example, the reduction in enantioselectivity that occurs
for (Z)-allylic alcohols with a substituent on the C(3) atom is due to
steric interactions between the substituent and the C—O bond of the
allylic alcohol in conformation (XXI) (dehedral angle O—C/C=C is
~30°). This interaction is small when the substituent is hydrogen
and increases as R becomes larger. When R = CHj; or CH;R, the
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steric interactions result in a decrease in reaction rate while
asymmetric induction remains high.

With a bulkier substituent (for example, R = cyclohexyl or phenyl)
the rate decreases even more and there is a considerable reduction in
EE.22 The considerable efficiency of kinetic resolution of (Z)-allylic
alcohols with a chiral substituent on the C(3) carbon atom
(in contrast to a secondary (Z)-allylic alcohol) can be accounted for
in the same way. For example, in the AE of allylic alcohol (170)
(see Table 13), depending on the absolute configuration of the
tartrate used the position of the phenyl and methyl groups is
determined by the steric interactions when the oxygen atom of the
hydroxyl group converges with the hydrogen atom on the C(4)
carbon atom in the preferred conformation of the allylic alcohol in
the transition complex. Thus, it is to be expected that the
enantiomer remaining behind after kinetic resolution in the presence
of (+)-DIPT will be the S-configuration. In the experiment this
enantiomer was obtained with an EE of 95%.!%* The data given are
consistent with the results on the dependence of enantioselectivity of
AE of optically active (Z)-allylic alcohols (64) and (70) on the
correspondence between the absolute configurations of the chiral
substituent on the C(3) carbon atom and the tartrate used.

R
/
Con) g~ cl/ \R
Al =
0 i) 0\ )_
/o /o
t-C4H,o t-C4Hy
(XX1) (XXII)
Rl

SYiw
o—-ko
e

t-C4H9
(XXT1il)

t-C4H9

(XX1V)

1
Figure 8. Possible orientations of ligands about the titanium atom
in the transition state.

By using the model of the transition state (XXI) it is possible to
account for other results of kinetic resolution of primary allylic
alcohols with chiral substituents that are remote from the C(1)

carbon atom. Thus, 2-(1'-phenylethyl)-2-propen-1-ol (169) (Table 13)
in the intermediate complex exists in a conformation in which the
hydrogen atom of the chiral site is directed towards the
titanium — tartrate catalyst (Fig. 9).22 By taking into account the
steric interactions between the phenyl group (greater) or methyl
group (smaller) with the substituent on the C(3) carbon atom of the
(E)-allylic alcohol, a preferential formation of structure (XXV) is to
be expected (Fig. 9). In fact, it was found that during AE with
kinetic resolution of the racemate of (169), the (S)-isomer remains in
the reaction mixture with 80% EE.!?

Ti-tartrate
complex

Figure 9. Kinetic resolution of 2-(1’-phenylethyl) -2-propen-1-ol.

Having created a model for the transition state similar to that
given in Fig. 8, the low efficiency of kinetic resolution with high
enantioselectivity of AE of the (F)-allylic alcohol of the
a-phenylethyl group on the C(3) carbon atom (168) (Table 13) can
be attributed to the spatial remoteness of this substituent from the
chiral catalyst. This conclusion is consistent with the data obtained
during AE of optically active alcohols when the chiral substituent on
the C(3) carbon atom of (E)-allylic alcohols (61), (67) and (73) does
not affect the results of epoxidation.

4. Reaction conditions

The unique feature of epoxidation with Sharpless reagent is the
combination of high enantioselectivity of the reaction with the
simplicity in carrying it out, the availability of all of the reagents, the
uniformity of the reaction conditions, its preparative and
technological significance, and the constancy of the results obtained.
Nevertheless, in order to achieve the optimum results in each specific
case it is necessary to control some process parameters. A detailed
description of the conditions used in conducting AE has been given
in several studies %>106:123:227-230

a) Oxidising agent

TBHP is almost always used in AE as the oxidising agent; in
certain cases cumyl hydroperoxide has been used.'” Secondary
hydro-peroxides such as phenyl and cyclohexyl hydroperoxides can
serve as effective oxidising agents. For enantioselective
epoxidation of prochiral allylic alcohols and the kinetic resolution of
secondary allylic alcohols, hydroperoxides with bulky tertiary groups
such as trityl and tris(p-nitrophenyl)methyl have been successfully
used.2>!% The use of primary hydroperoxides is ineffective for AE.%
For example, n-butylhydroperoxide gives rise to a substantially lower
EE than does TBHP.
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In order to achieve a high rate of AE of prochiral allylic alcohols,
it is usual to employ 1.5—2.0 equivalents of oxidising agent. So as
to ensure a large difference in the rates of epoxidation of the
enantiomers of a racemic allylic alcohol during AE with kinetic
resolution a smaller quantity of peroxide is used (~0.6 equivalents).
Through careful control of the degree of conversion of alcohol to
epoxide, it is possible to use >0.6 equivalents of peroxide, thus
reducing the time of reaction.!1%8

Normally AE using TBHP is carried out in a nonaqueous solution
of methylene dichloride.!®® The absence of even trace amounts of
water is an important factor, since water inhibits the rate of reaction
and reduces the enantioselectivity of epoxidation,?%3:70:208-212.227
This is because water in the presence of TBHP reacts rapidly with
titanium alkoxide to form titanium peroxides and bridging
compounds of the type Ti—O—Ti.2!* This results in a decrease in
the number of coordination sites of the titanium atom participating
in the formation of the intermediate complex and poisoning of the
catalyst occurs. A study of the effect of adding water on the AE of
(E)-a-phenylcinnamic alcohol showed that in the absence of water
the EE is 99% and it decreases to 48% when one equivalent of
water is added.!®® A detailed description of the methods of
preparation, storage, and use of a nonaqueous solution of TBHP
appears in three studies.!0%10%232

An interesting case has been reported in which the source of
oxygen for epoxidation is provided by the allyl hydroperoxide
which is obtained from 2-t-butylpropene by photooxidation. The
hydroperoxide is subsequently converted in the presence of the
titanium —tartrate catalyst to 2-t-butoxy-2,3-epoxypropanol with an
EE of 72% and yield of 79%.!1¢

b) Catalyst

TTIP is used most frequently as a catalyst for AE, but other
titanium compounds are used for special purposes. For example, in
order to prevent the opening of an epoxide ring formed by AE
which is unstable to nucleophilic attack, titanium tetraisobutoxide is
used (see Table 7). Thus it was found that replacement of
isopropoxide by the less nucleophilic t-butoxide makes it possible to
increase the yield of hydroxyepoxide significantly (from 15—51%) in
the AE of allylic alcohol (59).'*3

In certain cases Ti(O—iso-C3H7),Cl, is used instead of TTIP to
obtain epoxyalcohols that are unstable under the reaction
conditions.’® In this case opening of the oxirane ring of the
intermediate epoxyalcohol results in the formation of 3-chloro-
1,2-diols in 60—80% yield and good regioselectivity. Treatment of
the chlorodiols with a base gives epoxyalcohols with low enantio-
selectivity (20—70%). The absolute configuration of the
intermediate epoxyalcohol is the opposite of that which occurs
during traditional AE. Finn and Sharpless? relate the inversion of
configuration of the enantiomer obtained to a strengthening of the
titanium —carbonyl group interaction. The same pattern occurs
when added quantities of electron-withdrawing monodentate ligands
are introduced into the traditional catalyst (Table 15.%2

The preparation and storage of a catalyst for AE has been
described in three studies. 08213214

Dialkyl tartrates and tartramides are used as ligands of the AE
catalyst. Most frequent use is made of DMT, DET, and DIPT,
which in the majority of cases are equally effective for carrying out
AE.'% [t should be noted, however, that by using a tartrate with a
bulkier ester group it is possible to increase the yield and rate of
reaction when the epoxyalcohols formed are unstable under the
reaction conditions. This is probably related to the fact that a

bulkier ligand protects the epoxide ring from opening and formation
of a diol.!% For example, epoxidation of cinnamic alcohol when
using DIPT occurs more rapidly and with a higher yield than
when DET is used.!® On the other hand, on changing from DIPT
to DET there is a small increase in enantioselectivity (from 93 to
95%) in the epoxidation of (E)-substituted allylic alcohols such as
(E)-2-hexen-1-ol.

Table 15. Asymmetric epoxidation of E-a-phenylcinnamic alcohol.2

- Added .
T | Tarate component| Configuration | EE Yield
Added component of epoxyaicohol
mol% %
- 2 2 0 (25,38) 98 90
- 2 { 0 (25,39) 80 90
OaN——<_—/\,-—OH 2 { 2 (2R, 3R) 80-85 | 50-70

(F3C).CH-OH 2 1 2 (2R, 3R) 85 90
F;C;~OH 2 { 2 (2R, 3R) %0 93
PhOH 2 { 2 (2R, 3R) 6 90

In contrast to the AE of prochiral primary allylic alcohols, the
choice of dialkyl tartrate has a substantial effect on the efficiency of
AE with kinetic resolution. In this case DIPT provides a better
resolution in comparison with DET and DMT, which is of particular
importance for substrates with only a small difference in rates of
epoxidation of the enantiomers.”> When dicyclohexyl and dicyclo-
dodecyl tartrates are used in the kinetic resolution of a number of
allylic alcohols the EE of the products obtained is higher than when
DIPT is used, but the yield is slightly lower.!%

When diadamantyl and di-t-butyl tartrates are used as ligands in
AE, the reaction takes place slowly and with a low EE of the
resulting products.?>!% Other dialkyl tartrates substantially reduced
the efficiency of the catalytic system.!%

Hawkins and Sharpless?®® carried out the AE of (E)-a-phenyl-
cinnamic alcohol (1) in the presence of TTIP and the chiral reagent
(R,R)-(XXVII).

S| JQ\HA sl
Hg OH

SN
|
T

i—O
iso-H,Cy— 0/ \‘O —C3Hy-iso
(XX VI

(R,R)—(XXVII)

The use of TBHP resulted in the formation of the corresponding
epoxyalcohol in high yield and with an EE of the predominant
Ph
3TBHP

(2S)-enantiomer of ~40%.
Ph
jl\/OH R.R 1), TTIP }/OH
Ph (R.R)-GCXVID, Ph
The use of trityl hydroperoxide resulted in the preferential formation
of the (2R )-enantiomer with an EE of 64%:

Ph Ph

jl\/ 3Ph;COCH j{)/
P A —
Ph OH (R,R)-(XXVID), TTIP Ph OH
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In these cases the epoxidation catalyst is the optically active
complex (XXVIII), which exists in solution as a monomer.??
Asymmetric induction during epoxidation in the presence of complex
(XXVIII) depends on the size of the alkyl group of the peroxide, in
contrast to reactions in the presence of the titanium - tartrate
complex, in which TBHP and trityl hydroperoxide have no effect on
the absolute configuration of the resulting epoxyalcohol.

Catalysts based on the novel esters of tartaric acid (XXIX) (n =
3—5) which incorporate two equivalents of titanium tetraisobutoxide
provide a high enantioselectivity of AE but are ineffective for kinetic
resolution.

0 oH OH o
I :
B70 T U\(cnz),,/u\“/\l/\om
OH © 0 on
(XXIX)

More recently the three tartrate-like ligands (XXX)—(XXXII)
have been synthesised.??* It was shown that (3R,4R)-diisopropyl
3,4-dihydroxyadipate (XXX) and (25,4.)-diisopropyl 2,4-dihydroxy-
glutarate (XXXI) mainly form dimeric titanium —ligand complexes
in the same way as the titanium—tartrate complex, while (25,55)-
diisopropyl 2,5-dihydroxyadipate (XXXII) gives seven complexes.

oH HO OH OH
RO,C /k/\ CO,R

(XXX) (XX X1) (XXXIT)

Thus epoxidation in the presence of a titanium—diol (XXX)
complex takes place very slowly and inactively; the titanium —diol
(XXXI) complex is as effective as the titanium —tartrate complex in
the epoxidation of primary allylic alcohols (EE > 93%, but is
ineffective as a catalyst of kinetic resolution; and epoxidation in the
presence of a titanijum—diol (XXXII) complex, which probably
consists of several active catalysts, occurs with low selectivity.??

In order to establish the possibility of the repeated use of a chiral
tartrate, the tartrate ester (XXXIII) was synthesised, being bonded
via the ester with a hydroxymethyl (n = 1) or hydroxyethyl (n = 2)
group of a polymer.?*

@—(CHe)n-—-O(”]CH(OH)CH(OH),C,OCH3

(XXX111)

The epoxidation of geraniol using TBHP in the presence of
compound (XXXIII) and TTIP results in the formation of an
epoxyalcohol with an EE of 49% (n = 1) and 65% (n = 2). The
tartrate bonded to the polymer can be returned to the catalytic cycle
and used again, although with reduced efficiency. Although the
enantioselectivity of AE wusing (XXXIII) is less than for a
homogeneous catalyst, this reaction has played an important role as
it was the first attempt to use a heterogeneous catalyst that made
possible the use of a chiral tartrate ester for the second time.

An important factor that determines the successful realisation of
AE is the ratio of TTIP: tartrate in the complex catalyst. In contrast
to the previously suggested ratio of 1:1,°** in order to obtain the
maximum possible EE Sharpless recommends the use of the tartrate
in at least 10% excess relative to the titanium alkoxide.*® This is
because in the presence of a lesser quantity of tartrate in the system
unsubstituted titanium alkoxide remains, which, like the complex
Ti(tartrate)(OR),, is an active epoxidation catalyst and because of its

achirality even a small percentage of it in the reaction mixture results
in a reduction of enantioselectivity of AE. Of particular importance
is the use of excess tartrate in AE reactions of substrates with low
reactivity. For example, AE with kinetic resolution of compounds
(142) and (176) does not occur when a ratio of titanium: tartrate
equal to 1:1 is used; with a ratio of 1:1.5 the EE of compounds
(5)-(142) and (R)-(176) is 10 and 30% respectively.>**°

) o Q
—_—

EE 90%

b

OH OH
(176) R-(176)

Thus, for reducing the content of titanium alkoxide to a minimum it
is necessary to use more than one molecule of tartrate per titanium
atom. However, when the excess of tartrate is increased by more
than 10—-20% the rate of reaction decreases, which is due to the
formation of a [Ti(tartrate),], structure, which is catalytically
inactive because of the impossibility of displacing the bidentate
tartrate with monodentate allylic alcohol and TBHP.!® Hence in
selecting the ratio of titanium:tartrate for carrying out AE, it is
necessary to bear in mind that an increase in the tartrate content will
lead simultaneously to an increase in enantioselectivity and a
reduction in the rate of reaction.

As has already been mentioned, a titanjum — tartramide complex
is an effective catalyst of AE. When this complex is used
asymmetric induction is determined by the ratio of the components
in the catalytic complex.?> For example, AE of allylic alcohols using
a TTIP —dibenzyltartramide system in the ratio 1:1 as the catalyst
takes place with the same enantioselectivity as occurred when a
titanium —tartrate complex was used.!*® It should be emphasised
that on changing the ratio of titanium :dibenzyltartramide to 2:1
inversion of the absolute configuration of the o-hydroxyepoxide
occurs:

1(R.R)di-Bz-tartramide Fh “
PO
. EE 96%
Vo
Ph OH TBHP
Vi(RR)-di-Bz-tartramide p b%
Ph H
EE 82%

¢) Ratio of substrate to catalyst. Heterogeneous catalysis

Until 1986 a stoichiometric quantity of the catalytic system was
used in the majority of cases to carry out AE, and only for a small
number of allylic alcohols did AE give good results in the presence
of a catalytic amount (5—10%) of titanium —tartrate complex.'%
Thus, the yield of AE of cinnamic alcohol under stoichiometric
conditions was 65% and under catalytic conditions it was 80%. For
epoxidation of 4-chloro- and 4-nitro-cinnamic alcohol omly 5%
catalyst is required. The epoxidation of less reactive substrates was
also successfully carried out under catalytic conditions. For example,
the epoxidation of (Z)-2-hexen-1-ol with <10% catalyst takes place
with high enantioselectivity, although at the same time the rate of
reaction is slower than with a stoichiometric quantity of catalyst and
it is difficult to achieve 100% conversion of the initial compound.??®
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Catalytic quantities of titanium —tartrate complex can also be
used to carry out AE with kinetic resolution of allylic alcohols.”*%*
For example, allylic alcohol (127) is effectively resolved when 0.25
equivalents of the TTIP—(+)-DIPT complex is used. It should be
noted that the enantioselectivity of kinetic resolution decreases
slightly in the presence of the titanium —tartrate complex in catalytic
amount as compared to a stoichiometric reaction. To obtain the
best results with a catalytic quantity of complex, dicyclohexyl
tartrate and dicyclododecy] tartrate are used instead of DIPT.!%

/”\s/\/\ 1 ¢
_— N + N
OH HO H H OH
(127)

A substantial improvement in AE was achieved by introducing
molecular sieves into the reaction medium, making it possible to
carry out virtually all of the reactions with catalytic quantities of
titanium —tartrate complex.!”?2  For example, epoxidation of
many simple allylic alcohols (such as 2-hexanol, cinnamic alcohol,
2,4-pentadien-1-ol) using a 5 mol.% titanium —tartrate complex in
the absence of molecular sieves occurs with partial conversion
(5—50%), while in their presence (3 or 4 A sieves) reaction moves
rapidly to complete consumption of the initial alcohols. When
molecular sieves are used the EE decreases slightly (to 85—95%) but
it can be increased by subsequent purification. For example, 4-
nitrocinnamic alcohol is epoxidised in the presence of 2 mol.%
TTIP—DIPT and molecular sieves with an EE of 90%. The
resulting a-hydroxy-epoxide is crystallised to give an EE equal to
100%.%2

It should be noted that it is possible to reduce the concentration
of catalyst to a given limit, after which a decrease in the optical
purity of the resulting epoxyalcohol occurs, which is probably due to
replacement of tartrate in the catalytic complex, without which
asymmetric induction is impossible, by allylic alcohol or hydroxy-
peroxide residues.!® Thus, a study of the epoxidation of cinnamic
alcohol showed that there was a substantial decrease in EE on
reducing the catalyst content below 5 mol.% (Table 16).% At the
present time it is recommended to use 5—10% mol.% TTIP and
6—12% mol.% tartrate to carry out AE in the presence of molecular
sieves.1®?

In all probability the role of the molecular sieves is to protect the
catalyst from water that could penetrate the reaction medium or
could be formed in small quantities in side reactions during
epoxidation.'® A detailed description of the principles that should
be followed when molecular sieves are used during AE is given in
several studies,2%106:108.109

Asymmetric epoxidation in the presence of catalytic quantities of
titanium — tartrate complex has the following advantages:'??

1. The quantity of reagent used is reduced while the rate of
reaction is kept at the same level.

2. The reaction is carried out under milder conditions.

3. The yield of the reaction increases (Tables 4, 6, and 7).

4. In contrast to stoichiometric conditions substrates with a low
molecular weight are effectively epoxidised.

5. Isolation of the reaction product is simplified.

6. The possibility of obtaining epoxyalcohol derivatives arises.

7. The concentration of substrate can be increased (as in contrast
to AE with a stoichiometric amount of catalyst an increase in
concentration of the allylic alcohol when there is a catalytic amount
of chiral complex does not result in the increased probability of side
reactions occurring).

In a number of cases the use of AE is limited by the long reaction
time, which can amount to several weeks. It is possible to reduce
the reaction time substantially by introducing a catalytic quantity of
calcium hydride and silica gel into the reaction mixture.”**?*’ For
example, the time of epoxidation of (Z)-2-tridecen-1-ol (177) in the
presence of 5—10 mol.% calcium hydride and 10—15 mol.% silica
gel can be reduced from 96 to 8 h, whereas the yield and EE of the
epoxyalcohol (178) remains unchanged.?**

H.

\

D-(~)-DET, TTIP
—
' OH TBHP 0 H

,

H-
(m (178)

The time of kinetic resolution of 1-tridecen-3-ol (179) in the presence
of 5—10 mol.% calcium hydride and 10—15% mol.% silica gel
decreased from 360 to 25 h.2* AE of methyl giberellate (181) using
traditional methods is ineffective. The use of calcium hydride and
silica gel results in the formation of the corresponding epoxyalcohol
(182) in 70—80% yield and with an EE of 75—80%.%*

O,
W/\/\ D\(\/\/\/\/\
——
OH OH
(180), 81—84%, EE 91%

Table 16. Effect of catalyst concentration on enantioselectivity of
asymmetric epoxidation of cinnamic alcohol.!%

TTIP, mol% (+)-DIPT, mol% EE, %
5.0 6.0 92
40 5.2 87
20 25 69

When the reaction is carried out in the presence of calcium
hydride alone (or sodium or potassium hydride), the reaction time is
reduced but at the same time the optical purity of the product is also
reduced. The use of silica gel alone does not reduce the enantio-
selectivity but shortens the time of epoxidation.23%23¢

d) Preparation of epoxyalcohol derivatives in situ

Because of the sensitivity of a number of epoxyalcohols to the
action of nucleophiles and their solubility in water, isolation of the
reaction product can be difficult. Of particular importance in this
case is the preparation of epoxyalcohol derivatives in situ, which can
be used to carry out AE with a catalyst content of 5—10 mol.%.
For example, low molecular-weight alcohols such as glycidol (183) are



Russian Chemical Reviews 60 (2) 1991

141

readily isolated from the reaction mixture as their ester derivatives,
such as p-nitrobenzoate or 3-nitrobenzenesulphonate (184).1%%238

C1502\©/N0)
—— 3
Q"/ou Q)/OSOZ\ i _o,

(183) (184)

The increase in yield of 2,3-epoxypropanol in the preparation of
derivatives in situ can be seen from the data of Table 7. With
a stoichiometric quantity of titanium—tartrate complex the
2-methylallylic alcohol is epoxidised with an EE of 90% but in low
yield. By carrying out the reaction under catalytic conditions and
preparing derivatives in situ it is possible to isolate the p-nitro-
benzoate in 70% yield and an EE of 98% and the 3-nitrobenzene-
sulphonate (184) in 55% yield and an EE of 93%.1%%

It is possible to obtain derivatives in situ by nucleophilic opening
of the epoxide ring using the TTIP which is already contained in the
reaction medium and is an effective reagent that accelerates
regioselective attack by nucleophiles on 2,3-epoxyalcohols.?? In this
case the required compounds can be obtained with a given
configuration of the functional groups relative to the double bond of
the allylic alcohols. In particular, compound (187) is formed as a
result of AE of allylic alcohol (185) followed by intramolecular
cyclisation.!®

(+)-DIPT, TTIP
—_——
TBHP

187)

(185) (186)

In the same way, in the epoxidation of alcohol (188) cyclisation of
the intermediate epoxyalcohol (189) occurs during reaction and
results in the formation of the cyclic urethane (190).24

l’\JHBO(‘ II\JHBnc
ROOC~Y. (+)-DIPT, TTIP |ROOC~ oH
TBHP —> ROOC”
| oH 20 an
HO-~
(188) (189) (190)

Epoxyﬁlcohol (192), obtained from allylic alcohol (191), gives the
ether (193) as a result of intramolecular cyclisation.!”*

BZQ CH;

(191) (192) (193)

The preparation of derivatives in situ not only assists the isolation
of the reaction product, but it can also be used to obtain chiral
compounds in a suitable form for further synthesis. For example,
in situ opening of the epoxide ring of glycidol using nucleophiles
such as thiols, secondary amines, and phenols results in the

formation of intermediates in the synthesis of adrenalin blockers,

antidepressants, etc, 62241242
OH
PhSH
ne 1
TP OH
88%, EE 90%
on
P(OCH,);
A BnNH(m»c.m) OR
\ 8%, EE 90%
NaOAr ” OH
LM

54%, EE 90%

Thus, methallylic alcohol gives a diol that is used in the synthesis of
important organic compounds:

HO
’
/k/ (+)- or (=)-DIPT, TTIP P(OCH,;);, PhSH Phs\>’\/m{
TTIP

cumene hydroperoxide
100%, EE 92%

Sulphonation, silylation, and esterification in situ result in the
formation of derivatives that are intermediates in the synthesis of
natural derivatives.

- - -00o0- - -

This literature survey on AE has shown that the most effective
method of obtaining optically active oxiranes is the Sharpless
reaction, which has the following main advantages.

1. Simplicity, availability, and economical price of all components.

2. Reliability (AE of the majority of prochiral and optically active
allylic alcohols, and also the AE with kinetic resolution of the
racemate of allylic alcohols occur successfully).

3. High enantioselectivity (EE of 90—95% or more in many cases).

4. Preparation of oxiranes with a given absolute configuration.

The possibility of regioselective opening of the epoxide ring could
be used for Sharpless epoxidation in a number of multistage
syntheses of optically active compounds, amongst which natural
compounds such as sugars, pheromones, and products used as drugs
are of the greatest importance. The number of studies devoted to a
directed synthesis of natural compounds using the Sharpless
asymmetric epoxidation as the key stage continues to grow.
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