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1. INTRODUCTION

Enantioselective desymmetrisation of achiral materials is an attractive and extremely powerful concept in
asymmetric synthesis. A number of strategies are already known which demonstrate its viability and application
in targeted syntheses to provide compounds with high ee (enantiomeric excess).!:2 This report reviews the
methods which have been used to achieve enantioselective desymmetrisation by reaction of an epoxide
functional group in an achiral substrate.3 These methods are mainly asymmetric modifications of already known
synthetically useful transformations of epoxides.# The strain in the three-membered epoxide ring, together with
the polarisation of the C-O bonds (which can be enhanced through O-coordination to an electron-pair acceptor),
impart reactivity to the epoxide functional group towards elimination reactions by bases and towards addition
reactions by nucleophiles.

The importance of any (asymmetric) synthetic method not only relates to the products it provides access
to, but also to the availability of the starting materials. Epoxides are predominantly prepared from alkenes,
usually in one step by oxidation. There is a small class of alkenes which present homotopic faces to an
epoxidising agent and thus lead to achiral epoxides. Epoxides derived from this class of alkenes have been used
frequently in the development of enantioselective desymmetrisation methodology; these epoxides include those
derived from cis disubstituted alkenes, in particular cyclic alkenes such as cyclohexene. Most alkenes present
heterotopic faces (which may be enantio- or diastereotopic) to an epoxidising agent, and the bulk of these
alkenes lead to chiral (racemic or non-racemic) epoxides. However, achiral alkenes which possess
diastereotopic faces (eg 4-substituted cyclopentenes) also lead to achiral epoxides. Such epoxides have been
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mainly used in applications of enantioselective desymmetrisation methods. An important feature in the
preparation of such epoxides is that high and predictable diastereocontrol can often be exerted in the epoxidation
step through steric effects and/or the directing effects of substituents present in the substrate alkene.5 In
addition, the more stereocentres that are present in the achiral epoxide, the greater the number of stereocentres in
the enantioenriched product.

2. DESYMMETRISATION BY ENANTIOSELECTIVE DEPROTONATION
A brief overview of the reactions of epoxides with bases is given first in order to put the enantioselective
transformations in perspective. Base-promoted non-enantioselective isomerisations of epoxides have been
extensively studied.® The nature of the isomerisation depends principally upon the epoxide structure, but is also
related to the base, solvent and temperature used (Scheme 1).
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B-Deprotonation (B-elimination) results in an allylic alcohol (Scheme 1). Syn, rather than anti, B-hydrogen
removal was reported in 1970 by Thummel and Rickborn to generate allylic alcohols in a deuterium labelling
study with cis- and trans-4-tert-butyl cyclohexene oxides using lithium diethylamide in ether.” 8-Hydrogen
removal was also observed in a recent deuterium labelling study by Morgan and Gajewski of the transformation
of cyclohexene oxide to cyclohex-2-enol using LDA in ether.8 Thus, this type of process is expected to be
favoured ‘with an epoxide which readily adopts conformations such as 1 with syn B-hydrogens (eg H)
accessible to the base. The earlier studies led to the acceptance of a 1:1 epoxide-base complex on the reaction
pathway, where the base coordinates to a lone pair of electrons on the epoxide oxygen and thus mandates syn p-

hydrogen removal (eg Figure 1).
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Application of the mechanism shown in Figure | often leads to useful models which aid examination of
(enantio)selectivity in epoxide deprotonations. In reality, the systems will probably be composed of epoxide-
base aggregates of varying complexity, several of which may provide pathways to product; the build-up of
alkoxide as the reaction proceeds also serves to complicate the picture.?

Epoxides can also give products arising from a-deprotonation (Scheme 1). In certain cases the resulting
carbenoid 2 can be trapped with electrophiles,!0 however the more common process is insertion into a nearby
C-H bond. With epoxides derived from medium-sized cycloalkenes this occurs in a transannular manner to give
bicyclic alcohols 3. With epoxides derived from bicycloalkenes, ketones 4 are often produced. In the recent
study by Morgan and Gajewski it was demonstrated that reaction of cyclopentene oxide with LDA in ether or
benzene gave cyclopent-2-enol (along with cyclopentanone) by the o-deprotonation route.8 Thus, an allylic
alcohol could arise from an epoxide by either B- or a-deprotonation, or a mixture of the two pathways.

Deprotonations in achiral substrates which involve discrimination between enantiotopic protons have been
achieved with chiral, non-racemic lithium amides,!! and with organolithiums in the presence of chiral, non-
racemic ligands.!2 Whitesell and Felman reported the first example of enantioselective deprotonation in 1980 in
the reaction of cyclohexene oxide 5§ with various lithium amides!3 to give cyclohex-2-enol 6 in modest optical

purities (ops) (Scheme 2).14

Me l\{l\e o
H OH
Ph” N Ph . 65% y
/ 36% op'?
THEF, reflux 6

OO H
N
5 6 L

\ 76% y
THEF, reflux S 21% op'?
OH

6

2 Base used contained approximately 20% of the meso isomer.
Scheme 2

The enantiotopic proton selection was explained by preferential reaction of the base with one of the rapidly

equilibrating enantiomeric half-chair conformations of cyclohexene oxide 5 (Figure 2).
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Figure 2

Good op levels for base-mediated desymmetrisation of achiral epoxides were first obtained by Asami in
1984 (Scheme 3).16 Asami used proline-derived bases such as 8; the corresponding amines had been previously
used to effect a range of asymmetric transformations.!7 The amine precursor to lithium amide 8 is now

commercially available.'8
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Asami explained the good ops observed by developing further the amide-epoxide complex discussed
earlier; deprotonation was suggested to occur preferentially through a complex where the steric interactions
between the cyclohexane ring and the amide are minimised (Figure 3).
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Asami also reported a useful application of this chemistry in 1985 (Scheme 4).19

1) cat. VO(acac), [;)\/ID
Bu'OOH j
HO TBSO-—O}O L3 1sso s 9%y
2) TBSCI C¢Hg, 4 °C 90% ee

Imidazole 9 OH

[epoxidation selectivity: 'no trans isomer observed by tic']

Scheme 4
The synthetic value of the allylic alcohol 9 was demonstrated by preparing the R and S enantiomers of 4-

hydroxycyclopent-2-enone 10 (Scheme 5), which has been used in the synthesis of prostaglandins and various
cyclopentanoid natural products.
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Proline is readily available only as the S enantiomer, thus the chemistry outlined above only provides
direct access to § configured allylic alcohols. A solution to this problem has been reported by Asami and
involves modification of the substituent R in the non-racemic lithium amide 11 (Scheme 6, cy = cyclohexyl).20

Li
41)\/ NS c
R 11 y OH For R = Et:
0] R 80% y
THF / HMPA, 25 °C 67% op'S

5 6
Scheme 6

With lithium amide 11 (R = Me or Et) predominantly (R)-cyclohex-2-enol 6 was obtained (Scheme 6).
However, increasing the size of R (Me;CHCH; or Me3CCH3) gave predominantly the opposite sense of
asymmetric induction (34% op and 53% op respectively).!5 The dependance of enantioselection on the size of R
was explained by Asami using four epoxide-base complexes (Figure 4).

Side A Side A

Side B complex 1 complex 2 Side B complex 3 complex 4

Figure 4

When R is small (< Me;CHCH») complex 1 is favoured, which has fewer unfavourable steric interactions
between the lithium amide and the cyclohexene ring than complex 2. The epoxide approaches from side B and
(R)-cyclohex-2-enol 6 is obtained. When R is large (> Et) complex 3 is favoured, with the bulky R group away
from the epoxide; less steric hindrance occurs when the epoxide approaches from side A and (S)-cyclohex-2-
enol 6 is obtained.

Various substrate epoxides were studied employing bases 8 and 11 (R = Et) in the presence of DBU as an
additive in THF, including epoxides derived from acyclic alkenes and good ees were observed (Table 1).16b.20
Although outside the scope of this review, base 8 has also been used in combination with DBU for the kinetic
resolution of racemic epoxides.2!
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Epoxide Base Yield/ % ee | B¢ Configuration
Cyclopentene oxide 82 53b 41 N
Cyclopentene oxide 11 (R = Et) 48b 15 R
Cyclooctene oxide 82 84 50 M
Cyclooctene oxide 11 (R = Et)2 61 34 R
(Z)-But-2-ene oxide 8 60b 72 A)
(Z)-But-2-ene oxide 11 (R = Et) 58b 62 R
(Z)-Oct-4-ene oxide 8 66 60 S
(Z)-Oct-4-ene oxide 11 (R = Et) 66 59 R
a Reaction heated at reflux for 1.5-4 h. b Isolated after benzoylation. ¢ Determined by 'H-nmr of the acetate in the presence of
Eu(hfbc)3.
Table 1

Mori and co-workers used base 8 to prepare 4,5-dimethylcyclohex-2-enol 12 for the syntheses of the ant-
derived terpenes lasiol (Scheme 7) and faranal.22 Alcohol 12 was produced in good yield and in 73% ee;
recrystallisation of the corresponding 3,5-dinitrobenzoate ester gave diastereo- and enantiomerically pure ester
(32% from the epoxide) which, following hydrolysis, was used in the target syntheses.

O O @)
THF, —78 °Ct023°C o OH

[epoxndauon selectivity: 12
9:1, trans: all cis]

O then NaBH, CE NalOg | @ MesCoPPhy VO g
\“.' N

Scheme 7

Leonard and co-workers examined the enantioselective desymmetrisation of a diastereomeric mixture of
the spiroepoxides 13 using bases 7, lithium [(R)-1-phenylethyl](isopropyl)amide 7a and 8 (Scheme 8).23

E >CQ: mCPBA [ _ Base m_/
NaHCO3 Solvent

CH,Cl,

Q]{tas}

"

[epox1dat10n selectivity: 3:2, exo.endo]

Scheme 8

None of the reactions went to completion as the endo spiroepoxide 13 is less reactive than the exo isomer
(Table 2).
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Base Solvent Yield/ % Major enantiomer ee | %
8 THF 58 (+)- 21
8 Benzene 35 (-)- 58
8 Et,0 50 (+)- 23
7 THF 50 (+)- 76
7 Benzene 40 (+)- 21
7a THF 55 (-)- 42
Table 2

When a 1:9 exo:endo mixture of spiroepoxide 13 was used, the reactions only ran to approximately 15%
completion, providing support for the unreactive nature of endo-13. This lack of reactivity of the endo form
was thought to be due to the endo epoxide oxygen atom residing on the concave face of the molecule, hindering
chelation of the base. The interesting reversal of enantioselectivity observed with benzene and THF when using
base 8 is thought to be due to disruption/weakening of N-Li-N chelation in the polar solvent.

Singh and co-workers have examined other amino acid-derived bases for enantioselective epoxide
desymmetrisation.?4 As lithium is normally tetracoordinate, one possibility to reduce aggregation and therefore
improve enantioselectivity might be to prepare a base with three potentially ligating heteroatoms, eg base 14
(Scheme 9).242 Unfortunately, base 14 did not lead to high ees.

,—Ph
CON
N j
14 It\/ Ph
Ph 40%y
o THE, 0°Crtort, 16 h N 20% ee (by Mosher's ester)
OH
5 6
Scheme 9

Singh and co-workers also developed bases for the preparation of R configured allylic alcohols, such as
(R)-cyclohex-2-enol 6, starting from readily available non-racemic precursors. The resulting bases 15 (R = Pri
or Ph) derived from (S)-valine and (S)-phenylglycine respectively, gave reasonable levels of ee (eg Scheme
10).24b Recent advances in the syntheses of these bases which reduce or eliminate partial racemisation during
their preparation, together with incorporation of a piperidine (rather than pyrrolidine) ring have led to improved
ees [using an (R)-phenylglycine/piperidine-derived base gave (S)-cyclohex-2-enol 6 in up to 80% ee (60% y) in
THF,; using the same base in benzene gave allylic alcohol 9 (cf Scheme 4) in up to 97% ee (66% y)].24d

R

N o |
.NLi R =Pr' 70% y, 57% ee (by Mosher's ester)
o Me 15 R
R =Ph 70% y, 72% ee (by Mosher's ester)
5 THF,0°Ctort, 16h 6 a. Base 15 (R = Ph) used is of 78% op.

Scheme 10
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Singh and co-workers rationalised the enantioselectivity by invoking a cyclic six-membered transition state
with the assumption that the sterically demanding R substituent of the base 15 would prefer to reside anti to the
N-methyl group, thus reducing steric interactions within the base (Figure 5). Strong non-bonded interactions
between the pyrrolidine ring and an out of plane cyclohexyl CH; are present in the disfavoured transition state.

R

R,
NeLi Me\";‘/j Li

Me"' 4
Favoured - : Disfavoured
| Favoured | H (’0 H (0 /%/

VA - é PAN
..,,,,,’ /

Figure 5

A significant advance in the field of base-mediated epoxide desymmetrisation was reported by Milne and
Murphy in 1993.25 Their work was influenced by the studies of Schlosser and co-workers who had observed
rate accelerations for a variety of base-mediated reactions, including epoxide to allylic alcohol transformations,26
when using LDA in the presence of potassium tert-butoxide. Schlosser and co-workers proposed possible
transition states involving potassium tert-butoxide (Figure 6) and the increased reaction rates were explained by

a push-pull mechanism.

Figure 6

Consideration of these transition states led Milne and Murphy to attempt the rearrangement of epoxide 16
employing dilithiated amino alcohols of the ephedrine and norephedrine family which contain an alkoxide
moiety covalently linked to the lithium amide. The dilithiated salts of norephedrine 17 proved to be the most

successful of the amino alcohols examined to furnish allylic alcohol 18 (Scheme 11).
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OH
17 e 98% y
/w BnO R 80% ee
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C6H6/ THF T14% ee
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Scheme 11
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The significance of Miine and Murphy's work is that it allows straightforward access to either
enantiomeric allylic alcohol in good yields and ees using commercially available amino alcohols. Hodgson and
co-workers applied this methodology towards carbocyclic nucleosides using the epoxy alcohol 19 (Scheme
12).27

Me, Ph
17 Lk HO 65% y
y’ ;@\S 295% ee
HO cat. VO(acac), CgHg/ THF, 0°C to 1t 20 OH
\_@ BUIOOH ;@O
Me,
CH,Cl, #)17 =S
[epoxidation selectivity: 2 97:3] 19 % i >
C6H6/ THF \—QIR 57%y
0°Ctort 295% e
20
Scheme 12

Whilst the corresponding protected alcohols (TBS or benzyl) were inert to the dilithiated amino alcohol (or
to refluxing LDA) the epoxy alcohol 19 smoothly rearranged to give the diol 20 with an excellent ee.
Interestingly, the sense of asymmetric induction found with epoxy alcohol 19 was opposite to that observed by
Milne and Murphy with epoxide 16. Dilithiated (1R,2R)-norpseudoephedrine under the same reaction
conditions with epoxy alcohol 19 gave predominantly the (1R)-diol 20 (63% yield, 86% ee).28 These results
demonstrate that the stereocentre bearing nitrogen in the amino alcohol dominates the enantioselection at least
with epoxy alcohol 19. The synthetic utility of the diol 20 was illustrated in a synthesis of the anti-HIV agent
carbovir (Scheme 13).27b

0O

N
NH
¢ |
P
HO ,OH HO SN N/‘\NHZ
20 (-)-carbovir
Scheme 13

Carbovir was also chosen by Asami as a target to demonstrate the potential of rearrangements employing
non-racemic base 8.29 His first route involved the isomerisation of TBS-protected cis epoxide 21, unfortunately
this gave poor yields of the desired allylic alcohol 22 (Scheme 14). Use of the trans epoxide 23 in the
rearrangement proved more successful, with allylic alcohol 24 obtained in good yield and ee. Trans allylic
alcohol 24 was successfully converted to (-)-carbovir in three steps, however a Mitsunobu coupling with a

purine base gave only low yields.
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Scheme 14

Asami extended the desymmetrisation methodology to examine a tertiary alcohol-containing cyclopentene
oxide 28, to give the allylic alcohol 26 in good chemical yield and ee, in a total synthesis of (-)-untenone A 27

(Scheme 15).30

1) cat. VO(acac)
HO 2 TB
__ BUWOOH SQ Base8 O\CL ggg Y HQ
C,cH, 2) TBSCI CI6H tooluene CieHS oH C16H33 o
Imidazole 0°C,5h
MCOZC
25 26
Scheme 15

The scope of cyclopentene epoxide rearrangements was further examined by Hodgson and Gibbs who
recently investigated the isomerisation of epoxides containing quaternary carbon centres to generate allylic
alcohols in high ees (Scheme 16).3! These results, together with Asmai's work towards untenone, indicate that
the introduction of a trans substituent in cyclopentene epoxides does not significantly alter the level of
enantioselection in these rearrangements. Furthermore they suggest that, at least with the bases examined, these
rearrangements proceed by a syn elimination mechanism. However, in the light of the recent study by Morgan

and Gajewski (vide supra), rearrangement initiated by o-deprotonation cannot be strictly ruled out.

Me, Ph
R =Me 63% y, 99% ee (by HPLC)
HO : . HO
_\<:DO LiHN  OLi Bu 67% y, 96% ee
RY C¢Hg/ THF,0°C RV BnOCH, 76% y, 89% ee

OH
Scheme 16

A significant goal in lithium amide-mediated epoxide rearrangements is the use of the non-racemic base in
catalytic quantities since the bases can be expensive or difficult to prepare (although sometimes recyclable). To
date, only Asami has achieved this by employing a cheap achiral base and a catalytic quantity of non-racemic
amine 28 (Scheme 17).32 This work followed on from earlier observations that base 8 was more reactive
towards epoxides than simple lithium amides such as LDA. The enantioselectivity observed by Asami is
enhanced by the addition of 6 equivalents (equivs.) of DBU, which might reduce lithium salt aggregation to
improve the rate of the proton transfer between amine 28 and LDA. (S)-Cyclohex-2-enol was obtained in 71%
yield and 75% ee using LDA (1 equiv.), base 8 (0.2 equivs.) and DBU (6 equivs.) in THF.

e ——

T —
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Ahlberg and co-workers have reported that the products obtained from the reaction of cyclohexene oxide
5 with lithium amide 8 depend significantly on the solvent used (Scheme 18).33 On changing the solvent from
THEF to ¢is-2,5-dimethyl-THF, the homoallylic alcohol cyclohex-3-enol 29 was obtained in up to 75% yield
(5% ee) along with cyclohex-2-enol 6 (17%, 29% ee). Use of a mixed solvent of THF and cis-2,5-dimethyl-
THF gave the homoallylic alcohol 29 in up to 51% yield (25% ee) and cyclohex-2-enol 6 (42%, 66% ee). It
was established that racemic cyclohex-2-enol 6 could be isomerised to the homoallylic alcohol 29 in 74% yield
when using lithium amide 8 in cis-2,5-dimethyl-THF.

VY,
N s

AL ocuone OH OH
(e] 6

5 29

Scheme 18

Enantioselective rearrangements which proceed specifically via metallation of an epoxide ring have
recently been examined. Hodgson and Lee achieved enantioselective o-deprotonation-rearrangement of medium-
sized (8-, 9- and 10-membered) cycloalkene-derived epoxides using organolithiums in the presence of (-)-
sparteine to give bicyclic alcohols in good yields and ees (Scheme 19).34

86% y
O 0o 84% ee
30
Pr'Li
77% y
<:i>0 C;‘/\j\/po 83% ee
N 2
H
[(-)-Sparteine]
97% y
T7% ee

Et20, -98 °C
S0
32

Scheme 19




14372 D. M. HODGSON et al.

The work by Hodgson and Lee (Scheme 19) was the first study combining an organolithium with a non-
racemic ligand for enantioselective epoxide desymmetrisation. The study followed earlier work by Hoppe and
co-workers and by Boeckman. Hoppe and co-workers had found that highly enantioselective deprotonation a-
to oxygen in carbamates was possible using BuSLi in combination with (-)-sparteine in ether.35 Boeckman
reported that the epoxides 30 and 32 (Scheme 18) rearranged cleanly to the bicyclic alcohols 31 and 33
respectively on treatment with BuL.i in ether-hexane at ~78 °C.36 Importantly, Hodgson and Lee found that the
combination of the diamine with the organolithium did not compromise yield or clean conversion of the
medium-sized epoxides exclusively to the endo cis fused bicyclic alcohols. No cycloalk-2-enols were observed.
It was also found possible to reduce the quantity of (-)-sparteine and still achieve good levels of asymmetric
induction. Although Whitesell and White had observed clean rearrangement of cyclooctene epoxide 30 to
bicyclic alcohol 31 using LDA in ether at reflux,37 examination of lithium (S,5)-bis(1-phenyl)ethylamide 7 led
to a mixture of bicyclic alcohol 31 (in low ee) and cyclooct-2-enol.38

The enantioselective desymmetrisation of exo-norbornene oxide 34 has been examined by Hodgson and
Wisedale (Scheme 20).39

3%y

H 49% ee
Ph N,J\ Ph OH
Ll 35
Et,0,0°Ctort
0 (0]
Li
34 Bu'Li 3%
(—)-Sparteine 3%y
pentane, ~78 °C to rt 52% ee
OH
35
Scheme 20

exo-Norbornene oxide 34 was originally isomerised to nortricyclanol 35 by Crandall using an achiral
lithium amide.40 Since exo-norbornene oxide 34 could not suffer from competing elimination to generate allylic
alcohols, the enantioselective desymmetrisation was first examined using non-racemic lithium amides such as 7,
which gave nortricyclanol 35 in up to 52% ee (Scheme 20). Prior to this study, it was not clear that non-racemic
lithium amides would be capable of enantioselective desymmetrisation by o-deprotonation since, unlike -
deprotonation (or c-deprotonation using organolithiums), this process has been demonstrated to be reversible
using simple lithium amides.6 Reversible o-deprotonations occur when the rate of reprotonation from the
generated amine 1s competitive with the insertion step. From an asymmetric synthesis viewpoint, since
enantioselectivity would be determined by kinetically controlled enantiotopic a-proton selection via
diastereomeric transition states, reversible deprotonation could compromise ee. For example, in the presence of
a non-racemic base, the lithiated epoxide 36 and its enantiomer cou!d undergo C-H insertion (or protonation to
return exo-norbornene oxide 34) at different rates. Evaluation of RLi / (-)-sparteine indicated that it is also a
viable reagent combination for the desymmetrisation of exo-norbornene oxide 34 (Scheme 20). The sense of
asymmetric induction with RLi/ (-)-sparteine parallels that observed in the earlier medium-ring study. Selective
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removal of the pro-R hydrogen on the epoxide ring may be explained by considering a sparteine-RLi-epoxide
complex, where the C-H bond on the epoxide R stereocentre is held closer to the organolithium than the §
stereocentre, minimising non-bonded interactions between sparteine and the epoxide (Figure 7).

Figure 7

In certain cases the transient carbenoid arising from enantioselective a-deprotonation can be trapped with
electrophiles (Scheme 21).4! The absolute configuration of the predominant epoxysilane enantiomer 37 was
tentatively assigned by analogy with other epoxides rearranged using (-)-sparteine.

Ph

Bu’Li, (-)-sparteine Ph SiMe;
0 - — o 84%y
Me3SiCl (in situ) 30% ee (by HPLC)
Ph Et,0, -98 °C Ph H 37
Scheme 21

3. DESYMMETRISATION BY ENANTIOSELECTIVE ADDITION42
3.1 Carbon and hydrogen nucleophiles
Davies and Wollowitz reported the desymmetrisation of an achiral epoxide by the enantioselective
addition of a carbon nucleophile in 1980.43 The reaction of cyclohexene oxide 5 with methylcuprates and
Grignard reagents in the presence of non-racemic ligands such as (-)-ephedrine gives trans-2-methyl

OH
Ligand
O————
MeM /CuLi “,
Me

(M = Li or MgBr)

cyclohexanol (Scheme 22).

Scheme 22

Whilst the ops in these reactions were low (~3%), the principle of enantioselective addition had been
demonstrated. The diastereoselective addition of chiral carbon nucleophiles, such as the lithium enolate derived
from [(3-C5H3)Fe(CO)(PPh3)COCH;Me,44 are not covered in this review.

Snapper, Hoveyda and co-workers recently reported the catalytic enantioselective addition of trimethylsilyl
cyanide to simple achiral epoxides (Scheme 23).45 The study is notable not only for being the first to realise
significant asymmetric induction in C-C bond formation by addition of an external nucleophile to achiral
epoxides, but also for the application of rapid screening processes to evaluate potential ligands for the chiral
catalyst. Oguni and co-workers had originally observed ligand-accelerated catalysis#6 in the reaction between
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trimethylsilyl cyanide and cyclohexene oxide 5 using Ti(OPri)4 in the presence of Schiff bases derived from
aromatic hydroxy aldehydes and 2-aminoethanol.47 Only small amounts of the corresponding isocyanide arising
from the ambident nature of the cyanide nucleophile were observed. The recent enantioselective studies
developed dipeptide Schiff bases such as 38 which gave nitrile 39 in up to 86% ee.

o

H BY
T N N 2
T @
(0]
f HO
HOBY 38 ! WCN
0.2 ivs. ’ 65% y (80% conversion)
OO (0.2 equivs.) O\ R6%
Me3SiCN (1 equiv.) OSiMe;

5 Ti(OPr)4 (0.2 equivs.), toluene, 4 °C, 6-12 h 39
Scheme 23

Tomioka and co-workers have recently reported the enantioselective addition of phenyllithium to
cyclohexene oxide 5 (and to an oxetane) using ligands such as 40 in the presence of a Lewis acid (Scheme
24).48

Ph,’ Ph
MeO 409 OMe OH
: 99%
OO (2.1 equivs.) O’ 4772 Ze
PhLi (2 equivs.), BF30Bu; (1.5 equivs.), " ph
5 Et,0, -78 °C, 30 min
Scheme 24

Chan and Coleman reported the enantioselective hydrogenolysis of sodium epoxysuccinate with rhodium
catalysts containing chiral phosphine ligands (Scheme 25). A deuterium labelling study revealed that the
hydrogenolysis proceeds by direct C-O bond cleavage.4?

NaGO,C H; (80 psi) NaO,C OH
) o chiral Rh catalyst T up to 62% ee

H °C, 14
Na0,C 20,MeOH,25°C. 14 o

Scheme 25

3.2 Sulphur nucleophiles

The enantioselective ring opening of achiral epoxides [cyclohexene oxide 5, cyclopentene oxide 41 and
(Z)-but-2-ene oxide 42] by thiols was reported by Yamashita and Mukaiyama in 1985 using zinc tartrate as a
Lewis acid catalyst (Scheme 26).50 This procedure gives 8-hydroxy thioethers in moderate to good ee (Table 3).

o RSH OH
Zn(Il) (2R,3R)-tartrate (0.1 equivs.) .
"SR

5 CHyClp, 1t, 5d

Scheme 26
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Epoxide R Yield/ % ee/ %
5 p-Tolyl 96 68
S Benzy! 88 77
5 Bu 82 85
41 p-Tolyl 85 45

41 Benzyl 43 50

41 Bu 30 72

42 p-Tolyl 98 60

42 Benzyl 70 75

42 Bu 58 71
Table 3

3.3 Nitrogen nucleophiles

Diastereoselective additions of chiral nitrogen nucleophiles to achiral epoxides, such as the reaction
between cyclopentene oxide and the reagent formed from (R)-a-methylbenzylamine and trimethylaluminum,>!
are outside the scope of this review. The first examples of enantioselective ring opening of achiral epoxides by
nitrogen nucleophiles were reported by Yamashita in 1987 (Scheme 27).52:50b Epoxides were opened with
weakly basic nucleophiles such as aniline or (non-basic) trimethylsilyl azide in the presence of either zinc(II) or
copper(Il) tartrate to give trans N-phenyl B-aminoalcohols or trans O-trimethylsilyl-2-azido alcohols. The azido
products can be converted into trans p-aminoalcohols by a two step procedure.

Me3SiN3 OSiMe,
(6] . 96% y
Zn(II) (2R,3R)-tartrate (0.1 equivs.) wy 42% ee
N

5 benzene, rt, 14 d 3

Scheme 27

Sinou and co-workers reported the reaction of cyclohexene oxide 5 with trimethylsilyl azide using titanium
tetraisopropoxide in the presence of chiral diols or aminoalcohols, to give trans-2-azidocyclohexanol in up to
24% ee.53 Oguni and co-workers reported that titanium complexes of dialkyl tartrates, such as the complex
formed from TiCl,(OPr), and di-tert-butyl tartrate (DTBT), can be used for the enantioselective addition of
trimethylsilyl azide to achiral epoxides (Scheme 28).54

N3
0 Q 65% y
1) Me3SiN3, TiClp(OPr'), 1 NHCI OH 62% ee

(+)-DTBT (0.1 equivs.)

5
N,
CH,Cl,, 0°C, 36-40 h 69% y
0o 50% ee
OH
41

Scheme 28

A significant advance in the enantioselective addition of nitrogen nucleophiles to epoxides was reported by
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Nugent in 1992 using a zirconium catalyst 43 prepared from Zr(OBu’)4 and the tetradentate C3 symmetric
ligand (S,S,S)-triisopropanclamine.3> Reaction of cyclohexene oxide § with trimethylsilyl azide, catalyst 43
(0.1 equivs.) and a trace of trimethylsilyl trifluoroacetate in 1,2-dichlorobutane at 25 °C for 18 h gave the
corresponding O-trimethylsilylazido alcohol in 86% ee. Enantioselectivity could be improved (up to 93% for
cyclohexene oxide) with lower temperatures and the bulkier azide reagent PriMe;SiN3. High ees were observed
with several epoxides (Scheme 29).

o _PrMesSiNg /43 N3 64% y
—_—
MC}SiOzCCFj, X . 83% ee
OSiPrMe,

41
N N N
L. i3 59% y Y3 79% y fr,. Y3 8% y
Similarly 87% ee 89% ee O/ 88% ee
obtained were: . ) ANRE .
OSiPr'Me, 0SiPr'Me, OSiMe;

Scheme 29

Adolfsson and Moberg applied titanium and zirconium complexes of bis-picolinic amides to the ring
opening of cyclohexene oxide § with trimethylsilyl azide.56 The best conditions used a catalyst prepared from
ligand 44, Zr(OBu?)4 and a small amount of secondary amine (Scheme 30).

Me3SiN3, Zr(OBu),
Et;NH (0.01 equivs.)

\\N3
CH2C12 °C,5d 60% y
% ee
g K\E OSiMe3
(0.1 equivs.)
Ph Ph
Scheme 30

The best procedure to date for the enantioselective ring opening of achiral epoxides involves
(salen)Cr(I1I) complexes such as 45 developed by Jacobsen and co-workers (Scheme 31).57 Aside from the
good yields (65-90%) and good to excellent ees (81-98%), the method is noteworthy for its efficiency as a
catalytic process.

=N, N=
Bu' o C' ~0 Bu’
Cl
R Bu' 45 Bu' R._,OSiMe,
) o (0.02 equivs.) j’
MC3SiN3 s
R Et,O,1t, 16-36 h R Ny

Scheme 31
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The methodology developed by Jacobsen et al. was used on the achiral epoxides shown in Table 4.

, , Yield/ %
Epoxide Time /h (after desilylation) ee %
OO 18 80 88

5
O}o 28 80 94

41
o\//\l,o 18 80 98
FmocN\/:DO 36 80 95
F3CCON\/:[:0 16 90 95
Oo 46 72 81

46
>o 30 65 82

42

Table 4

Jacobsen and co-workers have also shown that the catalyst 45 can be recycled quantitatively in a solvent-
free process (Table 5). Following distillation of the product the residual catalyst can be treated with additional

portions of trimethylsilyl azide and an epoxide and the process repeated through several cycles. This is an

excellent example of a catalytic asymmetric process which is also environmentally benign.

Cycle Epoxide Time/h Yield/ % ee! %
1 5 18 86 84
2 5 21 88 87
3 5 20 91 88
4 37 4 81 94
5 46 18 75 83
Table 5
HQ H
=N ,N=
Bu/ O'C'r\ 0 Bu’
N3
Bu' 47 Bu' 0SiMe; OSiMe,
0 :CD o (0.02 Cq.llivs‘) O:G’ Al203 0:<;r 77% y (over 2 steps)
MesSiN3 0 94% ee

E;;0,-10°C, 22 h

N;

Scheme 32
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Jacobsen and Leighton have used a (salen)Cr(III) complex to prepare an important precursor for
prostaglandin synthesis (Scheme 32).58 The (salen)CrN3 complex (S,5)-47 was used in this process rather than
the corresponding chloride 45, since mechanistic studies indicate that 45 is a precatalyst to 47 and 45 leads to
trace chloride addition side products. Excellent kinetic resolution of terminal epoxides is also possible using the
the (salen)CrN3 complex 47.59

3.4 Oxygen nucleophiles6?

Epoxides can be biotransformed to the corresponding vicinal diols by epoxide hydrolase catalysed trans
addition of water.2:6! The microsomal epoxide hydrolase (mEH) exhibits low substrate specificity and has been
examined with a variety of achiral and chiral epoxides. Chiral recognition can be very high with preferential ring
opening usually at the S configured oxirane carbon (eg Scheme 33, V; = rate of hydrolysis under enzyme
saturation conditions). This procedure can be used to converge enantiomers of a racemic epoxide, such as (F)-

3,4-epoxytetrahydropyran, to a single diol enantiomer.

OH
o o mEH o quant. y (Vs =2640.8 nmole min’! mg'l protein)
. 96.5% ee
‘OH

Scheme 3361b

A comparison of mEH with cytostolic epoxide hydrolase (cEH) indicated that the former enzyme is more
active and gives higher ees with several achiral epoxides (Scheme 34, Table 6).62

OH

OH
mEH or cEH n=1-4
37°C,pH 74
Ph Ph OH
B Y
Ph ph”” “OH
Scheme 34
mEH cEH
Epoxide Vs/nmol min! | ee/ % | Config. | Vs/nmol min! | ee/ % | Config.
mg-! protein mg-! protein
cyclopentene oxide 23.0+0.2 90 R.R 04510.1 60 R,R
cyclohexene oxide 145+ 1.0 76 R.R 1.00+ 0.1 20 R.,R
cycloheptene oxide 31.5+05 40 R.R 0.65+0.1 30 R.R
cyclooctene oxide 1.1+0.1 70 R,R no hydrolysis seen | — -
cis-stilbene oxide 17.0 £ 1.0 88 R,R 1.00 = 0.1 70 R.R

Table 6
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3.5 Halogen nucleophiles

In 1988 Yamamoto and co-workers reported that aluminum reagents prepared from (-)-menthol or (R)-
binaphthol could generate the chlorohydrin 48 from cyclohexene oxide 5§ with modest ee.53 The best ee with
menthol (34%) was obtained using the ate complex formed between (-)-menthoxyaluminum dichloride and
BusLi. Addition of BuOLi to binapthol and diethylaluminum chioride gave a reagent which produced the
chlorohydrin 48 in 40% ee (Scheme 35).

Scheme 35

In 1988 Brown and co-workers reported that B-halodiisopinocamphenylboranes (Ipc;BX, X = Cl, Bror
I) could be used to generate halohydrins in good yield and ee.%4 Simple cyclic and acyclic epoxides were both
found to be suitable substrates (Scheme 36).

Ipc,BX, pentane OH  gogy, 22% ee (X = Cly
O -78°C(X=Cl)or-100°C (X =Br,I) 70% y, 84% ee (X = Br)

then PrCHO, then (HOCH,CH,),NH “x 84% y, 91% ee (X =1)

5
- OH 82%y, 44% ee (X =Cl) OH 53, y,38% ee (X =CI)
Similarly
. 7%y, 48% ee (X = Br) 69% y, 61% ee (X = Br)
obtained were: . .
X  63%y,52%ee(X=D) ‘"X  67%y,78% ee (X =1)
Scheme 36640

3.6 Metal nucleophile: enantioselective isomerisation
In 1988 Scheffold and co-workers reported the enantioselective isomerisation of achiral epoxides to allylic

alcohols using reduced vitamin B3 as a catalyst (Scheme 37).65

I . OH
0 vitamin B 5 (0.01 to 0.03 equivs.)
| - t
Zn / NH4Cl, or NaBHy, 7
or electrochemical reduction

MeOH
Scheme 37

Cyclopentene oxide was converted to (R)-cyclopent-2-enol in 50% ee (68% yield) after 7 h at 45 °C using
0.03 equivs. of the catalyst in methanol. Using 0.01 equivs. of catalyst at 22 °C for 168 h gave the alcohol in
65% ee (64% yield). Cyclohexene oxide and (Z)-but-2-ene oxide also gave the corresponding R-allylic alcohols
in up to 42% and 26% ee respectively. Cyclooctene oxide failed to undergo isomerisation.
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Bonhdte and Scheffold conducted a detailed mechanistic study of the isomerisation of cyclopentene oxide
to cyclopentenol.56 This study concluded that the isomerisation proceeded via two steps. Firstly, an irreversible
proton-assisted nucleophilic attack of the chiral Co(I) catalyst at the epoxide gives (diastereomeric) Co(III)
intermediates (Scheme 38, corrin omitted for clarity) which are the dominant species in the steady state. These
intermediates decompose in a rate limiting step to the allylic alcohol and recycled catalyst. A deuterium labelling
study established that the hydrocobalt elimination is non-stereoselective. The process occurs via reversible Co-C
bond homolysis to a free radical from which stereoelectronically controlled H atom abstraction by Co(II) takes
place. The major byproducts in this reaction are cyclopentene (30%) by fragmentation of intermediate 49 under

reducing conditions, and lesser amounts of cyclopentanone.

OH
fast slow

k 49 COUD
Co' +H*

Scheme 38

The power of vitamin B2 in synthesis was elegantly demonstrated in a preparation of the prostaglandin
intermediate 51 using cyclopenteno! prepared by the above procedure (Scheme 39).67 The lactone could be
recrystallised to > 99 ee (45% yield from the lactol 50).

O
g g jJ vnamm _vitamin By, wo}—i _Jones @:
0x1dat|0n
NaBH 50

62% ee
Scheme 39

Cyclopentenol prepared by cobalt catalysis has also been used in a short route to (-)-carbovir (Scheme
40).8 The route involves a [2,3])-sigmatropic Wittig rearrangement, and palladium catalysed coupling of a

purine and an allylic carbonate 52.

OH
g KH, ICHgSnBu; B“L’ ——— (-)-carbovir
Tthen BuLi COﬂ '
56% ee
52 0

Scheme 40

The potential of vitamin B, catalysis has been demonstrated in other enantioselective desymmetrisation
processes: the isomerisation of 1,4-epiperoxides to 4-hydroxycycloalk-2-enones (in 17% ee);69 achiral
aziridines to N-acyl allylic amines (in up to 95% ee),’0 and activated cyclopropanes to alkenes (in up to 86%
ee).7l
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4. CONCLUDING REMARKS

This review has surveyed reactions where achiral epoxides are converted into enantioenriched materials.
The epoxide to allylic alcohol transformation is the most developed of these and has been applied to a number of
important targets. As this process is an isomerisation, the ultimate goal in this area must be to achieve the
transformation cleanly in good ee with a range of epoxides using a chiral catalyst for which both enantiomers are
readily available and with the consumption of no other reagents in the reaction. Conceptually, Scheffold's work
using vitamin B2 comes closest to this goal (see Section 3.6). In practice however, Scheffold's method suffers
from modest ees, substrate limitations, the formation of byproducts, long reaction times and access to only one
enantiomer. At the strategy level, since epoxides are usually prepared from alkenes, the two-step alkene to
allylic alcohol transformation is equivalent to allylic transposition of the unsaturation with allylic hydroxylation
at the carbon atom which was part of the original C=C bond. Methods for direct catalytic enantioselective allylic
oxidation (allylic acyloxylation) are being developed; these methods provide access to allylic alcohols following
hydrolysis or reduction.”2 However, enantioselective desymmetrisation by allylic acyloxylation using achiral
alkenes bearing stereogenic centres has yet to be demonstrated.

Desymmetrisation by catalytic enantioselective addition to an achiral epoxide has been studied most for
azide addition; the most efficient method to date is that of Jacobsen and co-workers (see Section 3.3). The
combination of the epoxidation and enantioselective addition steps are equivalent to asymmetric trans vicinal
addition of oxygen and another heteroatom to an achiral alkene. Efforts to effect similar processes in one step
are being made, a significant recent development being catalytic enantioselective cis aminohydroxylation.”3

It might seem from the preceding discussion that enantioselective transformations on achiral epoxides will
be superseded by asymmetric proceses on the precursor alkenes. However, in functionalised molecules
desymmetrisation can give diastereomers as well as enantiomers. Proceeding intially through a (predictable)
diastereoselective epoxidation step can remove an element of diastereoselective ambiguity in the enantioselective
transformation. Also, as has been pointed out before,*2 with the development of asymmetric epoxidation of
unfunctionalised alkenes,’ methods are required to transform these materials further. Low diastereoselectivity
would be expected in transformations where strong directing elements are absent in the enantioenriched
epoxides. Methods developed for the enantioselective desymmetrisation of achiral epoxides may be of use in

these cases.
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