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1. Introduction

Optically active epoxides are highly useful intermediates
and building blocks for the synthesis of biologically active
compounds. Various effective systems have been developed
over the years for the preparation of chiral epoxides,' and
asymmetric epoxidation of olefins has proven to be one of
the most powerful approaches. Great success has been
achieved in this area, including epoxidation of allylic alcohols
with chiral titanium catalysts,® epoxidation of allylic* and
homoallylic® alcohols using chiral vanadium catalysts, metal-
catalyzed epoxidation of unfunctionalized olefins,™® and the
nucleophilic epoxidation of electron-deficient olefins.” Among
the many powerful methods for the epoxidation of olefins,
three-membered ring compounds containing two heteroatoms
such as dioxiranes,'® oxaziridines,!! and oxaziridinium
salts'% are remarkably versatile oxidation reagents. During
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recent years asymmetric epoxidation catalyzed by chiral
ketones'? and iminium salts'*® has received much attention.
Significant progress has been made toward the epoxidation
of various types of olefins, particularly unfunctionalized
trans- and trisubstituted olefins, which has been a long-
standing challenge. This review describes progress in this
area.

2. Chiral Ketone-Catalyzed Epoxidation

2.1. Introduction

Dioxiranes can be generated in situ'®'? from ketones and
Oxone (2KHSO5+KHSO,+K;S0,) (Scheme 1).14 In principle,
only a catalytic amount of ketone should be needed since
the ketone is regenerated upon epoxidation of the olefin, and
asymmetric epoxidation could also be possible with a chiral
ketone catalyst. However, developing effective chiral ketone
catalysts has proven to be challenging in practice. Balancing
of steric and electronic effects on both the reactivity and
enantioselectivity as well as overcoming various competing
processes'?® are not trivial matters.

2.2. Early Ketones

In 1984, Curci and co-workers reported the asymmetric
epoxidation of 1-methylcyclohexene and trans-3-methylsty-
rene with (+)-isopinocamphone (1) and (S)-(+)-3-phenylbu-
tan-2-one (2) as catalyst in a biphasic mixture of
CH»Cl,—H,0 (pH 7—38) (Figure 1).'5 These ketones provided
good yields, and up to 12.5% ee was obtained (Table 1,
entries 1—3, 6—7). Then in 1995, two ketone catalysts
containing electron-withdrawing trifluoromethyl groups (3
and 4) (Figure 1) were reported by Curci and co-workers.'®
These ketones were much more active than 1 and 2. High
conversions were achieved with 0.8—1.2 equiv of ketone at
2—5 °C within 17—48 h (Table 1), and the ketones could
be recovered from the reaction. Up to 20% ee was obtained
for trans-2-octene (Table 1, entry 8) using this method. Also
in 1995, Marples and co-workers reported the epoxidation
using chiral 1-tetralones and 1-indanones bearing fluorines
at a-positions (Figure 2).'”'® The dioxiranes generated from
these ketones were reactive toward olefins but provided no
enantioselectivity.

2.3. C,-Symmetric Binaphthyl-Based and Related
Ketones

In 1996, Yang and co-workers reported a series of elegant
binaphthylene-derived chiral ketones 8 (Figure 3).'° C,
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symmetry was intended to limit the competing epoxidation
pathways of the dioxirane, and a remote binaphthalene unit
was used as the chiral control element instead of substituents
at the a carbon of the carbonyl, thus eliminating the possible
racemization of chiral centers and steric hindrance at the o
carbon. The unhindered carbonyl plus electron-withdrawing
esters at the o carbon made ketones 8 very active catalysts.
High conversion for epoxidation can be obtained with as low
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Scheme 1. Ketone-Catalyzed Epoxidation of Olefins
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as 10 mol % catalyst in a few hours at pH 7—7.5 in a
homogeneous solvent system (CH;CN—H,0)."*+?° Studies
with ketone 8a showed that the enantioselectivity of the
epoxidation increased as the size of the para substituents
on trans-stilbenes increased from H to Ph (H, 47% ee; p-Me,
50% ee; p-Et, 60% ee; p-i-Pr, 71% ee; p-t-Bu, 76% ee; p-Ph,
87% ee).'”° Ketone 8a can be recovered in >80% yield.

The X-ray structure of ketone 8a showed the hydrogens
on carbons 3 and 3' to be closest to the reacting center among
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Me. Me Me s F3 OCFS,
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Figure 1.

Table 1. Asymmetric Epoxidation with Chiral Ketones 1—4

Entry Substrate Catalyst Yield (%)° ee (%)
18 o 1 60 12.5 (1R, 2R)
2° 1 68 11.2 (1R, 2R)
3 2 85 9.5 (1R, 2R)
4¢ 3 82 13 (IR, 2R)
5° (S)-4 77 18 (IR, 2R)
6 q 1 90 10.4 (1S, 2R)
74 2 92 12 (18, 2R)
8 S nCsHin ()4 80 20 (28, 3S)
9 C/\\A)\ (S)-4 80 16 (7R, 8S)

n-CeHiz

“1.0 equiv of ketone used £0.2 equiv of ketone used. ©0.8—1.2
equiv of ketone used. 0.5 equiv of ketone used. ¢ All yields based on
olefins reacted except entry 1.

Ol OO s

5a R Me
= (-)-menthyl

3 x
o)
(e} 8a, X=H
o 8bX=Cl
8¢, X=Br g
o 8d, X =
0 0
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3

Figure 2.

Figure 3.



3960 Chemical Reviews, 2008, Vol. 108, No. 9

Table 2. Asymmetric Epoxidation with Ketones 8

Wong and Shi

Table 3. Asymmetric Epoxidation with Ketones 11—14

Entry Substrate Catalyst Yield (%) ee (%)
R
A
1* R=H 8b >90 76 (S,S)
2t 8c >90 75(S.S)
3 8d (0°C) >90 84 (8.9)
4 R=Et 8b >90 85(S.S)
5t 8¢ >90 88 (S.S)
6 8d (0°C) >90 91 (S.5)
7 R=¢Bu 8b >90 91 (S.S)
8 8¢ >90 93 (S,S)
9 8d (0°C) >90 95 (S,8)
10°* phji\/"h 8c 82 81 (S)
71(S8.8)

11°* @ Ph 8d 90
12* 8a 85 <5
Ph/g
o

8a 70 18

14° 8a 83 18
cl
Xy -COMe
R
15° R=H 8a 75 74 (2R, 3S)
16° R=Me 8a 95 72 (2R, 38)
17° R=0Me 8a 92 80
18° 8b 74 85
19° R =t-Bu 8a 81 92 (2R, 3S)

“Ketone (0.1 equiv), Oxone (5 equiv), NaHCOs; (15.5 equiv),
MeCN—aq EDTA at rt or 0 °C. ? Ketone (0.05 equiv), Oxone (1.0—2.0
equiv), NaHCO;s (3.1—6.2 equiv), dioxane—H,0. ¢ Ketone (0.05 equiv),
Oxone (1.0 equiv), NaHCO; (3.1 equiv), DME—H,0.
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S
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all the atoms on the binaphthylene unit, and likely to be the
steric sensors for the epoxidation.'™ Various substitutents

Entry Substrate Catalyst  Yield (%) ee (%)
1° Ph " 11 95 29 (8,S)
2° 12 61 20 (8.S)
3° e 11 79 26 (S.,S)
42 12 72 59 (8.S)
5" 13 72 38 (R.R)
6° 14 67 65 (R,R)
7° Ph X" 0H 14 51 80 (R,R)
8° PR X"0TBS 14 80 79 (R,R)
9° Dh\/Ph 14 70 81 (R,R)

Ph
“1 equiv of ketone used. ?2 equiv of ketone used. °0.5 equiv of
ketone used.

Figure 6.

Table 4. Asymmetric Epoxidation with Ketones 15 and 16

Entry Substrate Catalyst Yield (%) ee (%)
1* PR X" 15a 6° nd
2 15b 33¢ 79
3 15¢ 80 88 (R.R)
4 15d 100 85
5 16a 35¢ 46
6° 16b 57¢ 80
7 16¢ 100° 86
8° 16d 100° 83
9° 16¢ 32° 40
10° P Ph 15¢ 46 94 (R,R)
1° pr S OH 15¢ 93 89
120 Me™S"cgn 15¢ 72 68
Ph
13° @ 15¢ 78 59 (R.R)

o
14 ol 15¢ 55 43 (R)
15° 15¢

67
41.0 equiv of ketone used. 0.3 equiv of ketone used. 0.1 equiv of
ketone used. ¢0.5 equiv of ketone used. ¢ Conversion (%).

were subsequently introduced in place of hydrogens at the
3 and 3' positions (selected examples are shown in Figure
3). As the substituents became larger going from H (47%
ee) to Cl (76% ee) to Br (75% ee) to 1 (32% ee), the
enantioselectivity toward trans-stilbene first increased and
then decreased.'®™° It appears that an appropriate size
substituent is required to achieve optimal enantioselectivity.
Among the ketones examined, 8d was found to be the most
reactive. Apparently the electron-withdrawing ketal groups
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provide further activation to the carbonyl. As shown in Table
2, para-substituted trans-stilbenes proved to be very effective
substrates for the epoxidation with ketones 8, and the ee’s
increased as the size of the substituents on the phenyl groups
of the olefins increased (Table 2, entries 1—9). On the other
hand, increasing the size of the meta-substituent of stilbene
had little effect on enantioselectivity.'*® Seki and co-workers
made extensive efforts to improve the synthesis of ketone
8,2! and also extended the epoxidation to cinnamates (Table
2, entries 15—19).?2 Epoxide 9 (Figure 4), a key intermediate
for calcium antagonist diltiazem hydrochloride (10), could
be obtained in up to 85% ee using ketone 8b (Table 2, entry
18).

In 1997, Song and co-workers reported the use of ether-
linked C,-symmetric ketones 11 and 12 (Figure 5.2 Up to
59% ee was obtained for trans-olefins (Table 3, entries 1—4).
These ketones showed both lower reactivity and enantiose-
lectivity when compared to ketones 8, possibly due to the
weaker electron-withdrawing ability of the ether as compared
to the ester. In the same year, Adam and co-workers also
reported the synthesis of two ether-linked C,-symmetric
ketones 13 and 14, which are derived from mannitol and
(+)-tartaric acid, respectively (Figure 5).>* Up to 81% ee
was obtained with these ketones (Table 3, entries 5—9).

In 1999 and 2002, Denmark and co-workers reported
asymmetric epoxidations using 7-membered C,-symmetric
carbocyclic biaryl ketones 15 (Figure 6).'%**> Having chiral
control elements closer to the reacting carbonyl may further
increase the stereodifferentiation for the epoxidation as
compared to 11-membered ketone 8. While nonfluorinated
ketone 15a displayed low reactivity, the epoxidation ef-
ficiency was greatly enhanced by fluorine substitution at the
a-carbon. Difluoroketones 15¢ and 15d were found to be
highly active, and a variety of trans-olefins can be epoxidized
with good to high enantioselectivity (Table 4, entries 3, 4,
10—12). In 2002, Behar and co-workers reported structurally
related fluorinated binaphthyl ketones 16 (Figure 7).*°
Ketones 16¢ and 16d were found to be most reactive and
enantioselective for the epoxidation of zrans-f-methylstyrene
(Table 4, entries 7, 8).

sozn 302R
Lo QX
$0,R S0.R
18a, R = CF, 19a, R = CF,
18b, R = Ph 19b, R = Ph
18¢, R = CeFs

18d, R = 3,5-(CF3),CeH3
Figure 9.
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In 1999, Carnell and co-workers reported that N,N-
dialkylalloxans such as 17a were very robust catalysts for
epoxidation and can be recovered without decomposition
(Figure 8).?” No enantioselectivity was obtained for the
epoxidation of trans-stilbene with chiral ketone 17b. It
appears that the chiral center was not close enough to the
reacting carbonyl.

In 2001, Tomioka and co-workers reported several seven-
membered cycloalkanones bearing 1,2-diphenylethane-1,2-
diamine and cyclohexane-1,2-diamine backbones such as
ketones 18 and 19 (Figure 9). Up to 30% ee was obtained
for the epoxidation of trans-stilbene with ketone 18b.?%*"
Ketones 20 and 21 bearing the 11-membered ether and
sulfonylamide (Figure 9) were also investigated by Tomioka
and co-workers. While almost no enantioselectivity was
observed, relatively high yields were obtained for stilbene
oxide.?®® Subsequently, they reported that higher ee’s were
obtained with tricyclic ketone 22 and bicyclic ketone 23
(Figure 10).%% For example, stoichiometric amount of
ketones 22 and 23 gave trans-stilbene oxide in high yields
with 64% ee and 57% ee respectively. 1-Phenylcyclohexene
oxide was obtained in quantitative yield and 83% ee with a
catalytic amount (20 mol %) of ketone 22.

2.4. Ammonium Ketones

In 1995, Denmark and co-workers reported that 4-oxopi-
peridinium salt 24 (Figure 11) is an effective catalyst for
epoxidation. The electron-withdrawing ammonium ion not
only inductively activates the carbonyl but also acts as phase
transfer mediator, thus allowing efficient partitioning of the
ketone and its dioxirane between the organic and aqueous
phases.'*" The partitioning ability between two phases can
be regulated by the choice of alkyl groups on the nitrogen.
Based on this study, a number of chiral ketones bearing
ammonium ions were investigated (Figure 11),'2%130:1:25.29
Sterically congested ammonium ketones 25 and 26 displayed
low reactivity for the epoxidation. 1-Phenylcyclohexene
oxide and frans-f3-methylstyrene oxide could be obtained in
58% and 34% ee, respectively, using ammonium salt 26 as
the epoxidation catalyst.'* Tropinone-based rigid ammonium
ketone 27 with fluorine as an additional activating group was
found to be highly reactive. The epoxidation of frans-stilbene
with 10 mol % of ketone 27 provided the epoxide in 79%
yield and 58% ee.*>*° Bis(ammonium) ketones 28, 30—32
were also found to be active catalysts. For example, >95%
conversion was obtained with 10 mol % of 31 and 32 for

>:

SO,Ph

>:o

S0,Ph

zZ-

-z
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the epoxidation of trans-f-methylstyrene. Up to 40% ee was
obtained for trans-f-methylstyrene with ketone 30.

2.5. Bicyclo[3.2.1]octan-3-ones and Related
Ketones

In 1998, Armstrong and co-workers reported tropinone-
based ketone 33a, which contains a bridgehead nitrogen at
the (8 position and a fluorine atom at the o position, was a
highly active catalyst for epoxidation (Figure 12).>* A variety
of olefins could be epoxidized in good conversions with a
short reaction time, and up to 83% ee was obtained for
phenylstilbene (Table 5, entry 16). Similar enantioselectivities
were observed with a-fluorotropinone immobilized on silica
compared to the nonsupported catalyst.>’ Further studies
showed that replacing the fluorine of 33a with an acetate
and/or replacing the bridgehead nitrogen with an oxygen
increased the enantioselectivity for epoxidation (Figure
12).30b'32 Up to 98% eemax Was obtained for phenylstilbene
with ketone 34b (Table 5, entry 17).

Recently, Armstrong and co-workers investigated chiral
tetrahydropyran-4-ones 35 for asymmetric epoxidation reac-
tions to test the role of the two-carbon bridge contained in
bicyclic ketones 33 and 34.>* These monocyclic pyranones
were found to be stable under epoxidation conditions as only
10 mol % was needed to obtain satisfactory conversions,
and gave only slightly lowered enantioselectivities for
E-alkenes (Table 5, entries 5—7, 18, 22). These results for
ketones 35 suggested that the o ester group seems to play
an important role in reactivity and selectivity in this reaction.
Armstrong and co-workers also investigated bicyclo[3.2.1]-
octanones 36 and 37 bearing two electronegative substituents
at the o positions.>® Studies showed that these a-disubsti-
tutions in ketones 36 and 37 proved to be nonbeneficial for
enantioselectivity in asymmetric epoxidations (Table 5,
entries 8—11). Epoxidation with 2-substituted-2,4-dimethyl-
8-oxabicyclo[3.2.1]octan-3-ones 38 was also reported by
Klein and co-workers (Figure 12).*> Ketone 38c bearing a
fluorine atom was found to be the most reactive, and up to
68% ee was obtained for stilbene (Table 5, entries 12 and
19).

N wde

N MeTfO

N OTf Me‘ N +

ME - C12H25 Me
24 25
2TfO
+/
(O

, H

Me

29 30

Figure 11.

2TIO = 2TIO
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Table 5. Asymmetric Epoxidation with Ketones 33—38

Entry Substrate Catalyst  Conv. (%) ee (%)
1 ph~XPh 33a 100 76 (R, R)
2 33b 100 86"

3 34a 100 839
4° 34b 85 93¢ (R,R)
5 35a 100 81 (S,S)
6" 35b 52 43 (S.8)
7 35¢ 100 83 (S,8)
8° 36 100 64 (S.9)
g 37a 92 77* (R.R)
10° 37b 84 68° (R,R)
11° 37¢ 80 63 (R.R)
12° 38¢ 67 68
13° PhN 33a 100 29 (R)
14° 34b 100 48 (R)
15° Mi N 33a 100 73 (R,R)
h
16° . Ph\ o 33a 100 83 (R)
17° 34b 71 98¢ (R)
18° 35¢ 60 82 (S)
19° 38¢ 47 66 (R)
20" @Ph 33a 100 69 (R)
21° 34b 89 82Y(R.R)
220 35¢ 100 74 (8.9)

“0.1 equ1V of ketone used. 0.2 equiv of ketone used. °0.3 equiv of
ketone used. Yeema (100 x product ee/ketone ee).

2.6. Carbohydrate-Based and Related Ketones
2.6.1. Catalyst Development

In 1996, a fructose-derived ketone (41) was reported to
be a highly reactive and enantioselective asymmetric epoxi-
dation catalyst for frans- and trisubstituted olefins.>® This
ketone can be readily obtained via a two-step synthesis
(ketalization then oxidation) from D-fructose (Scheme 2)37-39
The enantiomer of this ketone (ent-41) can also be easily

e*‘Me

A swly

Me Me
28

Ph

31 32
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Scheme 2. Synthesis of Ketone 41
OH O 0 o
H O (e} O
SUE S N¢
HO Y TOH  Ht g Y o Q Y o
OH 39 XO a0 X m

D-Fructose

obtained from L-fructose, which can be synthesized from
L-sorbose.*’

Ketone 41 belongs to a class of ketones designed on the
basis of the following general considerations (Figure 13):
(1) the chiral control elements being placed close to the
reacting carbonyl to enhance the stereochemical interaction
between substrate and catalyst; (2) fused ring(s) and/or a
quaternary center o to the carbonyl group being used to
minimize the potential epimerization of the stereogenic
centers; (3) the approach of an olefin to the reacting dioxirane
being directed by sterically blocking one face or by a C»- or
pseudo-C,-symmetric element; (4) the carbonyl being in-
ductively activated by introduction of electron-withdrawing
substituents.>®’

The reaction pH often has a large impact on the epoxi-
dation with dioxiranes generated in sifu.'>*" At high pH,
Oxone autodecomposes rapidly,*' resulting in poor conver-

Y NI R, R,
&2 e el
YIS0 vty '(')'/O Y o v --C-),O
% % X

Figure 13.

Scheme 3. Catalytic Cycle of Ketone 41-Mediated
Epoxidation
o}

R1ﬁ)\ﬂ3

3 0 To-so, o
)<O (e} )< 42 3 C ..,/O
44 - L 0
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SO42 o T OO
X (g-s0;
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Table 6. Asymmetric Epoxidation of trans- and Trisubstituted
Olefin with Ketone 41¢

Entry Substrate Yield (%) ee (%)
1 Ph™"Xx~Ph 85 98 (R.R)
2 ph 94 96 (R,R)
3 R 49 96 (2S,3R)
4 é/\/k 78 96 (R,R)
5 Ao RS 83 95 (R.R)
6 n CSHB/\/”'CSHH 89 95 (R,R)
7 o/_\o 92 92 (R.R)

AN
0 2 (R,R
s PhMOMe o8 72 (RR)
9 Ph/RPh 89 96 (R,R)
10 Ph 54 97 (R
Ph& Ph ®
11 @zph 94 98 (R,R)
12 “Ph 98 95 (1S,2R)
13 Ph 92 97 (R
Ph)\/CmHm ®
14 89 97 (R,R)
Ph)\/
15 CmHz/ﬁ/ 97 87 (R)
16 C10H21/\<\ 94 89 (R)
17 O/Y\/COzE! 89 94 (R,R)
18 o/—\o 41 97 (R,R)
(ent-41)

“ Conditions: Ketone (0.3 equiv), Oxone (1.38 equiv), K,COs (5.8
equiv), MeCN—DMM—0.05 M Na,B,07-10H,0 of aq Na,EDTA (1:
2:2 vIv).

sion for the epoxidation. Therefore, earlier epoxidations using
in situ generated dioxirane were usually carried out at pH
7—8.'3 At this pH, the epoxidation with ketone 41 gave high
enantioselectivities for a variety of trans- and trisubstituted
olefins, but required an excess amount of ketone for good
conversion of olefin substrates.*® Apparently, ketone 41
readily decomposes at this pH, and Baeyer—Villiger oxida-
tion was assumed to be one of the possible decomposition
pathways although the corresponding lactones 45 and 46 had
not been isolated as they might be rapidly hydrolyzed under
the reaction conditions (Scheme 3). The reaction pH was
then raised with the hope that, at higher reaction pH, the
formation of anion 43 and subsequent formation of the
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Table 7. Asymmetric Epoxidation of 2,2-Disubstituted

Vinylsilanes with Ketone 41¢

Entry Substrate Yield (%)  ee (%)
1 Ph)\/TM S 74 94 (R.R)
2 j\/ 82 92 (R,R)

b N TMS
3 Ph” Y T TMS 66 93 (R,R)
/\(;\
4 \/\j\/ 51 90 (R,R)
o -TMS
5 67 84 (R,R)
TBDMSO-_ -~ -TMS
6 Ajv 67 92 (R.R)
TBDPSO S TMS
7° 71 93 (R,R)
HO S TMS

“ Conditions: Ketone (0.65 equiv), Oxone (1.38 equiv), K.CO; (5.8
equiv), MeCN—DMM—0.05 M Na,B407+10H,0 of aq Na,EDTA (1:
2:2 v/v), 0 °C. 0.3 equiv of ketone used.

Table 8. Asymmetric Epoxidation of Hydroxyalkenes with

Ketone 41

Entry Substrate Yield (%) ee (%)
1 Ph/\/\OH 85 94 (R,R)
2 ph” A OH 45 91 (R,R)
3 o~ -OH 68 91 (R,R)
4 eh 87 94 (R)

Ph = OH

5 @A OH 93 94 (R,R)
6 \/YOH 85 92 (R,R)
7 Ph/YOH 75 74 (R,R)
8 X OH 82 90 (R.R)

“ Conditions: Ketone (0.3 equiv), Oxone (1.38 equiv), K,CO; (5.8

equiv), MeCN—DMM—aq K,COs/AcOH (1:2:2 v/v).

Scheme 4. Rearrangement of Enol Ester Epoxide to

a-Acyloxy Ketones

(o] o8 BZO“‘Q
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CH,Cl,
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Scheme 5. Kinetic Resolution of Racemic Enol Ester

Epoxide
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4
Et,0, 0°C
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BzO ¢]
O OBz
+

99% ee

89% ee

Wong and Shi
Table 9. Asymmetric Epoxidation of Conjugated Dienes with
Ketone 41
Entry Epoxide Yield (%)  ee (%)
1 <SP 77 97
2 54 95
3 <3~ o 41 96
o}
4 P 68 96
5 /\)\/\/ o 68 90
Ke)
6 CO,Et 68 95
/\/V/C\
O
7 o O 82 95
WOE‘
8 o @ 61 94
/\/Q/YLOEt
9 5 © 89 94
10 60 92
/\)‘\/\TMS

%
“ Conditions: Ketone (0.2—0.3 equiv), Oxone (1.12—1.38 equiv), K»CO;
(5.0—6.2 equiv), MeCN—DMM—0.05 M Na,B407* 10H,0 of aq Na,EDTA

(1:2:2 viv).
Table 10. Asymmetric Epoxidation of Conjugated Enynes with
Ketone 41¢
Entry Substrate Yield (%)  ee (%)
1 Q// 78 93 (R.R)
2 O/Coza 71 93 (R.R)
3 [> _ 97 77 (R.R)
OTBS
4 - 98 96 (R.R)
o OTBS
TMS
5 " 59 96 (R,R)
Ph
TMS
6 PO 71 89 (R.R)
TMS
7 _~ 84 95 (R,R)
X
8 Il 60 93 (R,R)
N

“ Conditions: Ketone (0.3 equiv), Oxone (1.38 equiv), K,CO; (5.8 equiv),
MeCN—DMM—aq KoCO3/AcOH (1:2:2 v/v).
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Table 11. Asymmetric Epoxidation of Enol Esters with Ketone
414

Entry Substrate Yield (%) ee (%)
1 O/OBZ 82 93 (R,R)
2 OBz 79 80 (R,R)
3 Q/OBZ 87 91 (R.R)
4 O/OBZ 82 95 (R.R)
5 0Bz 92 88 (R.R)
6 OAc 66 91 (2S,3R
o N ( )
Qhc 4 91 (2S8,3R
7 . I e 6 (28,3R)

“ Conditions: Ketone (0.3 equiv), Oxone (1.38 equiv), K,CO; (5.8
equiv), org solv/aq buffer (3:2, v/v), 0 °C

Table 12. Asymmetric Epoxidation with Ketones 41, 47—51¢

Entry Substrate Ketone Conv. (%) ee (%)
1 ph"Xx~Ph 41 75 97 (R,R)
2 47 16 96 (R,R)
3 48 34 90 (R,R)
4 49 2 nd
5 50 10 88 (R,R)
6 51 10 88 (R.R)
7 P 41 93 92 (R,R)
8 47 32 86 (R,R)
9 48 44 61 (R,R)
10 49 8 65 (R,R)
11 50 15 59 (RR)
12 51 61 87 (R,R)

“ Conditions: Ketone (0.3 equiv), Oxone (1.38 equiv), K»COs (5.8
equiv), MeCN/0.05 M Na,B,0;+10H,0 of aqg EDTA (4 x 10~* M)
solution (1.5:1, v/v), 1.5 h. For entries 6 and 12, Oxone (2.07 equiv)
and K»,COs (8.66 equiv) in DMM-MeCN-buffer (0.1 M K,CO3;—AcOH,
pH 9.3) (1.5:1.5:2 v/v) for 8 h.

desired dioxirane 44 could further be favored over the
undesired Baeyer—Villiger oxidation from 42. It was also
hoped that ketone 41 could react with Oxone fast enough
before its autodecomposition at high pH.

)(O
51

Table 13. Asymmetric Epoxidation with Ketone 52¢

Entry Substrate Yield (%) ee (%)
1 o N 100° 88 (R.R)
2 pn—X:-Ph 67 96 (R,R)
3 P "0H 89 87 (R.R)
4 P "NoTBS 73 94 (R.R)
5 ph)\vph 80 93 (R,R)
6 O/OBZ 93 90 (R,.R)
7 @Ph 74 92 (R,.R)
8 80 93 (R.R)

“ Conditions: Ketone (0.01—0.05 equiv), Oxone (1.49—2.13 equiv),
K»,CO; (3.12—4.45 equiv), DMM—MeCN—buffer (2:1:2 v/v), 0 °C
b Conversion (%).

Table 14. Asymmetric Epoxidation with Ketone 53¢

Entry Substrate Yield (%) ee (%)
1° o -COE 73 96 (2S.3R)
2° S CORE 91 97

ST
3¢ S COE 57 90 (2S,3R)
96 (2S,3R)

c
4 Ph/l\VCOZEt o3
5¢ O/COZE' 77 93
6° 96 94
%COgEt

Ph

b
7 S CO,Et 64 82

“ Conditions: Oxone (5.0 equiv), NaHCOs (15.5 equiv), MeCN—aq
Na,EDTA (1.5:1 v/v), 0 °C. ? 0.3 equiv of ketone used. °0.25 equiv of
ketone used. 90.2 equiv of ketone used.

The epoxidation of trans-f-methylstyrene was then carried
out to investigate the effect of reaction pH on the
epoxidation.>”** A higher pH was indeed beneficial to the
catalyst efficiency, with the substrate conversion being
increased from ca. 5% at pH 7—8 to >80% at pH >10. As
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Table 15. Asymmetric Epoxidation with Ketone 41 and H,O, as
Oxidant

Entry Substrate Yield (%)  ee (%)
1 N 93 92
2° phXx-Ph 90 98
3 P "o 71 89
4° G N Cobra 97 92
5 @A’h 90 96
6" 77 92

a TMS
7 O/ 93 95
g OOBZ 75 96

9° \/Y%rCOZE‘ 76 95

“ Conditions: Ketone (0.1—0.3 equiv), H>O, (4.0 equiv) in MeCN—2.0
M aq K,COj; in aqg EDTA. ? Conditions: Ketone (0.3 equiv), H,O, (4.0
equiv), in MeCN—EtOH—CH,Cl, (1:1:2, v/v)—2.0 M aq K»COs in aq
EDTA.

Scheme 7. Kinetic Resolution of 1,6-Disubstituted
Cyclohexene

OTMS OTMS oTMS
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Scheme 8. Desymmetrization and Kinetic Resolution of Substituted 1,4-Cyclohexadiene
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Scheme 9. Synthesis of Bistetrahydrofuran C17—C32 Fragment (59)
O

OTBS

Oxone
80%

/ H © Me H © Me OH —_—

58

a result, a catalytic asymmetric epoxidation process became
feasible for ketone 41. The epoxidation is typically performed
at pH around 10.5 by adding either K,CO; or KOH as the
reaction proceeds. It is crucial to keep the reaction pH steady
throughout the reaction to maximize the reaction efficiency.
Further studies showed that greater conversions were also
obtained for the epoxidation with acetone and trifluoroac-
etone at higher pH.***** For example, 80% conversion was
obtained for frans-f3-methylstyrene at pH 10 with only 5 mol
% of CF;COCHs. It appears that higher pH not only
suppresses the possible Baeyer—Villiger decomposition
pathway but also enhances the nucleophilicity of Oxone
toward ketone catalysts, thus increasing the overall epoxi-
dation efficiency. A better mechanistic understanding awaits
further study.

The substrate scope of asymmetric epoxidation with ketone
41 was explored with a variety of olefins using a catalytic
amount of ketone (Tables 6-11). High enantioselectivities
can be obtained for a wide range of unfunctionalized trans-
and trisubstituted olefins (Table 6).*” The fact that trans-7-
tetradecene can be epoxidized in high yield and ee’s indicated
that this epoxidation is general for simple frans-olefins (Table
6, entry 6). A variety of 2,2-disubstituted vinyl silanes can
be epoxidized in high ee’s (Table 7).** The resulting epoxide
can be desilylated to give enantiomerically enriched 1,1-
disubstituted terminal epoxides. Allylic, homoallylic, and
bishomoallylic alcohols are effective substrates as well (Table
8).%¢ The epoxidation of conjugated dienes*’ and enynes*®
can be accomplished with high ee’s to obtain vinyl epoxides
and propargyl epoxides (Tables 9 and 10). A variety of silyl
enol ethers and esters were also studied.**° The epoxide
of a silyl enol ether rearranges to give an a-hydroxyl ketone
under epoxidation conditions. Some a-hydroxyl ketones are
prone to racemization and might act as catalyst for the
epoxidation during the reaction process, thus lowering the
overall enantioselectivity of the resulting compounds. Gener-
ally, enol esters are more effective substrates and can be

: B 0=
X Spiro (L)

Disfavored

Spiro (K)
Favored
Figure 18.

Ketone 41

HO

TBSO OTBS 32
- > 0. 50

H ~ MeH Me OMOM

59

Me Me

Scheme 10. Synthesis of Aminodiol 62

OBu
0~ O Ketone 41
H3C\/\)\C13H27 H,00
90%
60
OBu
oo OH OH
H,C
HaC. = CoH . CigHzy
',o 13M27 NH2
61 (dr 12:1) 62

epoxidized in high enantioselectivities (Table 11). Optically
active ai-hydroxyl or a-acyloxy ketones can be obtained by
hydrolysis or stereoselective rearrangement of the resulting
chiral enol ester epoxides (Scheme 4). This rearrangement
can operate through two different pathways, resulting in
either retention or inversion of configuration. As a result,
both enantiomers of o-acyloxy ketones can be readily
accessed.*””™ It was also found that racemic enol ester
epoxide can be kinetically resolved using chiral Lewis acids.
Good enantiomeric excess can be obtained for both the
o-acyloxy ketone and the unreacted enol ester epoxide using
5% [(R)-BINOL],-Ti(O'Pr), in ether (Scheme 5).**¢
Further studies with a variety of ketone catalysts illustrated
the structural requirements of the chiral ketone catalyst for
asymmetric epoxidations.’’*> As shown in Figure 14 and
Table 12, the spiro 5-membered ketal group of 41 appears
to be better than both the six-membered ketal and the acyclic
groups (41 vs 48, 49 and 50). Methyl ketals also seem to
give better epoxidation reactivity and enantioselectivity
compared to ethyl ketals (41 vs 47). The epoxidation results
also indicated that the pyranose oxygen is beneficial to
catalysis since ketone 41 gave better epoxidation results
compared to its carbocylic counterpart (51).%2
Baeyer—Villiger oxidation is believed to be one of the
major decomposition pathways for ketone 41 under the
epoxidation conditions (Scheme 3); therefore, a high catalyst
loading is required (typically 20—30 mol %). During the
search for a more robust catalyst, ketone 52 (Figure 15) was
synthesized with the hope that the replacement of the fused
ketal of 41 by a more electron-withdrawing oxazolidinone
would reduce the decomposition of this catalyst wvia
Baeyer— Villiger oxidation (Scheme 3).>* Indeed, only 5 mol
% (1 mol % in some cases) of ketone 52 is needed to get
comparable epoxidation results with 20—30 mol % of ketone
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Scheme 14. Synthesis of (+)-Nigellamine A, (78)
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51% two steps

(+)-Nigellamines A, (78)

41 (Table 13). Besides using oxazolidinone to suppress the
undesired Baeyer— Villiger oxidation of the catalysts, acetate
groups were also tested for this purpose. Ketone 41 epoxi-
dizes electron-deficient a,fS-unsaturated esters sluggishly
since dioxiranes are electrophilic reagents. Ketone 53, readily
available from ketone 41, was found to be an effective
catalyst toward these esters (Figure 15).>*>> High ee’s and
good yields can be obtained for a number of a,3-unsaturated
esters (Table 14). High reactivity and enantioselectivity
should make ketone 53 useful for other olefins as well. The

information obtained with ketones 52 and 53 should be useful
for the design of more effective catalysts in the future.

Oxone (2KHSOs5-KHSO4:K,SO4), a commonly used
source for peroxymonosulfate (KHSO:s), is effective toward
the generation of dioxirane from ketones, presumably
because the sulfate moiety is a good leaving group (Scheme
3).°>" Hydrogen peroxide (H,0,) is an attractive substitute
for Oxone because it has a high active oxygen content and
its reduction product is water.”®>° Studies with ketone 41
showed that a combination of RCN and H>O, can be used
as oxidant (Scheme 6).°*~%% Peroxyimidic acid 54 is likely
to be the active oxidant. CH3;CN and CH;CH,CN were
proven to give the best results among the nitriles tested. This
epoxidation system is milder; the amount of solvent and salts
needed are significantly reduced and the slow addition of
oxidant is unnecessary. The epoxidation results are very
comparable to that of using Oxone (Table 15). A mixed
solvent such as CH;CN—EtOH—CH,Cl, can be used for
olefins with poor solubility.®® In addition to ketone 41, the
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Scheme 15. Synthesis of ent-Abudinol (82) and ent-Nakorone (83)
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RCN—H,0; system can be extended to other ketones, such
as trifluoroacetone.***

Elucidation of the transition states of the epoxidation
would facilitate the rationalization of the stereochemistry of
the formed epoxide and the design of new catalysts. Two
extreme epoxidation modes of dioxiranes (spiro and planar)

Scheme 18. Polyepoxide Cyclization
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ent-Abudinol (82)

OH

Glabrescol (86)

are shown in Figure 16.'0¢:4:18:190.¢.36.37.64-66 Baced on the
observation that the epoxidation of cis-hexene with dim-
ethydioxirane was 7—9 times faster than that of trans-hexene,
Baumstark and co-workers proposed that spiro transition state
is the major operating transition state.** Computational
studies also show that spiro transition state is the favored
transition state for the oxygen transfer from dimethyldiox-
irane to ethylene, possibly due to the stabilizing interaction
between the oxygen nonbonding orbital and the olefin 7%
orbital, which is not feasible geometrically in the planar
transition state

The stereochemical outcome of the epoxidation by chiral
dioxirane provides a new dimension to study the transition
state. Of the two diastereomeric oxygens of the dioxirane
derived from ketone 41, the sterically more accessible
equatorial oxygen is likely to be transferred onto the olefin
being epoxidized. Figure 17 lists a few possible transition
states for the epoxidation with ketone 41. For trisubstituted
olefins, transition states B to G are sterically disfavored and
are unlikely to be major contributors (for trans-disubstituted
olefins where R, = H, B and G are sterically feasible).
Studies show that the epoxidation of trans- and trisubstituted
olefins are consistent with the notion that the epoxidation
proceeds mainly through sterically favored spiro A, giving

Me H H H 1) Sharpless Me, H H H Ketone 41
| | | | Epoxidation ) “0 | | | Oxone
HO H H HMe Me 2) N-Buli MeN" O H H HMe™ Me
%0 MesNC(O)ClI 91

1) BF;-OFt,

HH H
H HMe” Me

2) Ac,0O, pyridine
25% from 92
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Scheme 19. Polyether Synthesis via Cascade Epoxide
Opening
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20% overall yield 96

epoxide I as major enantiomer. However, planar H also
competes with spiro A, giving the opposite enantiomer of
the epoxides*®*’ The competition between A and H thus
will have an impact on the ee’s obtained for epoxides and is
influenced by the electronic and steric nature of the olefin
substitutents. Electronically, the enantioselectivity of ep-
oxides is usually increased by conjugating aromatic rings,
alkenes, or alkynes since these conjugating groups can lower
the sr* orbital of the reacting C—C double bond and enhance
the stabilizing secondary orbital interaction, consequently
further favoring spiro A transition state. Sterically, higher
ee’s are generally obtained with a smaller R, (favoring spiro
A) and/or a larger R; (disfavoring planar H).*%*’

The aforementioned transition state model for the epoxi-
dation with 41 is further validated by subsequent study on
kinetic resolution of racemic cyclohexene derivatives and
desymmetrization of 1,4-cyclohexadiene derivatives. A num-
ber of 1,6- and 1,3-disubstituted cyclohexenes can be
resolved with ketone 41 (Scheme 7).°” Transition states spiro
K and spiro L illustrate the major transition state of the
epoxidation of each enantiomer of racemic 1,6-disubstituted
cyclohexenes (Figure 18). The unfavorable steric interaction
between the substrate and the catalyst in spiro L. makes the
epoxidation of this enantiomer slower. This kinetic resolution
method also provides a convenient way to obtain chiral 1,3-
and 1,6-disubstituted cyclohexenes and its epoxides. More
recent studies have shown that ketone 41 is able to desym-
metrize 1,4-cyclohexadienes and kinetically resolve the
resulting monoepoxides. Depending on the diene system, the
ee of the initially formed monoepoxide can be increased or
decreased as the epoxidation proceeds (Scheme 8).°® The
observed reaction outcome can be effectively rationalized
by the above transition state analysis.

2.6.2. Synthetic Applications of Ketone 41

Fructose-derived ketone 41 is readily available and is
effective for a wide variety of trans- and trisubstituted olefins.
The epoxidation with ketone 41 has been used to synthesize
optically active molecules by other researchers. Some of
these syntheses will be highlighted in this section.

Scheme 20. Water Promoted Cascade Epoxide Cyclization
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Table 16. Asymmetric Epoxidation of cis-Olefins with Ketone
104¢

Entry Substrate Yield (%) ee (%)
1 Phﬁ 87 91 (1IR,2S)
92 (1R,2S)

2 m 76
Me

3 m 74 92 (IR,2S)
F

4 88 83 (1R,2S)

5 NCm 61 91 (3R,4R)
0]

6 N 82 91 (28,3R)
Ph

7 N 77 87 (2S,3R)
CeHiz

8 QZ] 61 97

“Ketone (0.15—0.3 equiv), Oxone (1.78 equiv), K,CO; (4.02 equiv),
DME—DMM (3:1, v/v), buffer, 0 or —10 °C.

In 2006, Marshall and co-workers employed ketone 41 in
the synthesis of the bistetrahydrofuran C17—C32 segment
of antibiotic ionomycin.®” Epoxide 56 was obtained by
Sharpless epoxidation of allylic alcohols, and the internal
trisubstituted olefin was epoxidized with ketone 41 and
Oxone to give epoxide 57 in 80% yield (Scheme 9).

In 2005, McDonald and co-workers reported that the
epoxidation of 60 with ketone 41 gave epoxide 61 in 90%
yield with high diastereoselectivity (dr 12:1) (Scheme 10).7°
Epoxide 61 was subsequently converted into 1-deoxy-5-
hydroxy-sphingolipid analogue 62 by a highly stereo- and
regioselective synthetic route. Hydrogen peroxide (H,O,) was
used as the stoichiometric oxidant for the epoxidation. When
Oxone was used as stoichiometric oxidant, higher diaste-
reoselectivity (dr 19:1) was obtained, but requiring additional
catalyst for complete conversion of the substrate.

In 2005, Taber and co-workers reported that the epoxi-
dation of 63 with 41 followed by regioselective ring opening
of crude epoxide 64 with allylmagnesium chloride gave
alcohol 65 in overall 73% yield and 96% ee. Alcohol 65
was subsequently converted into (—)-mesembrine (66) (a
natural product with anxiolytic properties) in five steps
(Scheme 11).7!

In 2005, Morimoto and co-workers accomplished the first
total synthesis of cytotoxic bromotriterpene polyether (+)-

H H H H

70°C,72h 2 2 S g

, HO™ = B H B
71% © H H © H H ©
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Scheme 21. Biosynthetic Pathway of Brevitoxin B

aurilol (73) via biogenetic-like regioselective ether ring
formation to establish the complete stereochemistry assign-
ment (Scheme 12).”* Epoxidation of 67 with 41 gave epoxide
68 with high diastereoselectivity. Epoxide 68 underwent acid-
catalyzed 5-exo-tet cyclization to produce tetrahydrofuran
with the desired stereochemistry. Subsequently, diene 70 was
selectively epoxidized only at the trisubstituted olefin with

Table 17. Asymmetric Epoxidation of Terminal, trans-, and
Trisubstituted Olefins with Ketone 104“

Entry Substrate Yield (%)  ee (%)
1 Ph X 92 81 (R)
2 ' 61 81 (R)
X
3 Cl\©/\ 74 83 (R)
4 /©/\ 90 85 (R)
cl
5 O/\ 93 71
6 Q—{ 88 30 (S)
7 M 87 58
8 Ph~Xx~Ph 65 94 (R,R)
9 P 91 77 (R,R)

10 P 78 95
11 @A’h 68 42 (S.S)

“Ketone (0.15—0.3 equiv), Oxone (1.78 equiv), K,CO;3 (4.02 equiv),
DME—DMM (3:1, v/v), buffer, 0 or —10 °C.
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ent-41 to give epoxide 71 which underwent an unusal silyl
triflate-promoted 6-endo-tet cyclization to form the corre-
sponding tetrahydropyran with the desired stereochemistry.
Epoxides 68 and 71 play important roles in setting stereo-
centers in the final product.

In 2005, Sinha and co-workers reported syntheses of thirty-
six stereoisomers of bifunctional adjacent bis-THF lactones
using a combination of oxidation methods such as Sharpless
asymmetric dihydroxylation, rthenium(VII) oxide-mediated
oxidative cyclization, and asymmetric epoxidation with
ketone 41 and enr-41.”* The thirty-six stereoisomers can
provide a complete library (64 isomers) of annonaceous bis-
THF acetogenins after some transformations. It is particularly
interesting to note that substrate 74, that contains two trans-
double bonds, can be selectively epoxidized at olefin a using
41, giving mono-THF lactone 76 in 54% overall yield after
cyclization with CSA (Scheme 13).

In 2006, Ready and co-workers reported that compound
77, which contains three double bonds, was selectively
epoxidized at the desired C;—Cg double bond with the desired
stereochemistry. The resulting epoxide was converted into
(+)-nigellamine A, (78) in 51% yield over two steps
(Scheme 14).7*

Ketone 41 was also employed in McDonald and co-
workers’ total synthesis of nakorone, and abudinol B.”
Triene-yne 79 was selectively epoxidized on the two more
electron-rich double bonds, leaving the olefin next to the
electron-withdrawing sulfone group unreacted (Scheme 15).
Bis-epoxide 80 was transformed into both ent-nakorone (83)
and ent-abudinol B (82).

In 2000, in efforts to verify the structure of glabrescol, a
chiral C,-symmetric pentacyclic oxasqualenoid, Corey and
co-workers reported the tetraepoxidation of tetraene 84 to
form epoxide 85, which was transformed into glabrescol (86)
in three steps (Scheme 16).7°

Table 18. Asymmetric Epoxidation of Styrenes with Ketone
105“

Entry Substrate Yield (%) ee (%)
1 oh X 63 90 (R)
2 \Q/\ 62 89
3 Q/\ 76 91 (R)
Cl
4 QA\ 69 93
F30
5 @A\ 56 93 (R)

NC

“Ketone (0.2 equiv), Oxone (3.4 equiv), K,CO; (7.7 equiv),
DME—DMM (5:1, v/v), buffer, —10 °C.
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In 2004, Kishi and co-workers reported that the epoxida-
tion of triene 87 with ketone 41 and subsequent epoxide
opening with LiAlH, gave compound 88 in 52% yield over
two steps. Compound 88 was transformed into (+)-gliso-
prenin A (89) in five steps (Scheme 17).”’

McDonald and co-workers studied a series of biomimetic
syntheses of fused polycyclic ethers.”® For example, acyclic
polyene 91 was epoxidized with ketone 41 to give polyep-
oxide 92 (Scheme 18). Fused polycyclic ether 93 can be
obtained in good yield from 92 via the BF;—Et,O promoted
endo-regioselective tandem oxacyclization.”®?

Recently, Jamison and co-workers reported a ladder fused
polyether synthesis via cascade epoxidation and cyclization.”
For example, vinylsilane 94 was epoxidized with ketone 41
to give triepoxide 95, which was cyclized with Cs,CO3/CsF
in MeOH to give tetracyclic tetrahydropyran 96 in 20%
overall yield after acetylation (Scheme 19).8° The SiMes
group acts as a “disappearing” directing group in the
cyclization.

In more recent studies by Jamison and co-workers, water
was found to be the optimal reaction promoter. The desired
fused tetrahydropyran rings can be obtained selectively with
no need for directing groups when the epoxide-opening
reactions were done in water (Scheme 20).%!

Polyethers such as brevitoxin B (101) are a class of
compounds possessing important biological activities. It has
been proposed that some naturally occurring polyethers are
biosynthetically derived from the cyclization of polyepoxides
which result from the epoxidation of polyene precursors
(Scheme 21).83%%% Such biomimetic cyclization of polyep-
oxides is a potentially powerful and versatile strategy for
the synthesis of polyethers because of the simplicity with

Wong and Shi

Table 19. Asymmetric Epoxidation with Ketones 106—110“

Entry Ketone Substrate Conv. (%) ee (%)
1 106 P 76 96 (R.R)
2 107 91 76 (R,R)
3 108 66 73 (R.R)
4 109 76 83 (R,R)
5 110 100 80 (R.R)
6 106 Ph/ﬁ 87 12 (1IR,2S)
7 107 100 45 (1R,2S)
108 55 61 (1R,2S)
9 109 89 70 (1R,2S)
10 110 100 68 (1R,2S)
11 106 @Ph 100 97 (R,R)
12 107 96 38 (R,R)
13 108 45 18 (8,5)
14 109 89 88 (R,R)
15 110 100 87 (R,R)
16 106 RGN 50 19 (R)
17 107 100 41 (R)
18 108 34 60 (R)
19 109 93 63 (R)
20 110 100 52 (R)

“Ketone (0.30 equiv), Oxone (1.38 equiv), K,COs3 (5.80 equiv),
CH;CN/DMM (1:2, v/v) and buffer (0.1 M K,CO3;—AcOH, pH 9.3) at
0°C, 1.5h.

which the stereochemically complex segments are assembled
from achiral polyolefinic precursors. The epoxidation with
ketone 41 should provide a valuable method to investigate
the hypothesis and application of the polyene—polyepoxide—
polyether biosynthetic pathway. The effectiveness and
simplicity of this epoxidation should make it useful in organic
synthesis.®*

2.6.3. Developing Catalysts for cis-Olefins, Styrenes, and
Other Olefins

Thus far, only trans- and trisubstituted olefins have
effectively been epoxidized with high ee’s. Efforts were made
to develop ketone catalysts for other types of olefins. In 2000,
glucose-derived ketone 104 was reported to be a highly
enantioselective catalyst for the epoxidation of cis-olefins
(Figure 19) (Table 16).83%¢ No isomerization was observed
in the epoxidation of acyclic systems (the epoxidation of cis-
olefin only afforded cis-epoxide). Encouragingly high ee’s
were also obtained for certain terminal olefins with ketone
104 (Table 17). From the absolute configuration of several
epoxides, it was revealed that the substitution with a 7
system, regardless of the size, prefers to be next to the spiro
oxazolidinone of ketone 104 (spiro M, Figure 20). It seems
that there exists some type of attraction between the R, group
of the olefin and the oxazolidinone of the ketone catalyst in
the transition state. A prominent example is illustrated in
Figure 21. When the epoxidation of 1-phenylcyclohexene
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was carried out with ketone 41, the epoxide with absolute
configuration (R,R) was obtained in 98% ee. This result
indicated that spiro O is favored over planar P. However,
when the same epoxidation was carried out with ketone 104,
the epoxide with absolute configuration (S,S) was obtained
instead. The absolute configuration of the epoxide suggested
that planar R is favored over spiro Q, which supports the
proposal of the existence of an attraction between R, of the
oleﬁn8 5and the oxazolidinone of the catalyst in the transition
state.

During studies of electronic and conformational effects
of ketone catalysts on epoxidation, ketone 105, a carbocylic
analogue of ketone 104 (Figure 22), was found to give higher
ee’s (89—93% ee) for styrenes (Table 18) and the opposite
enantiomer (R,R) for the epoxidation of 1-phenylcyclohexene
(Figure 23) as compared to 104.%7

These results suggest that the replacement of the pyranose
oxygen with a carbon has a noticeable effect on the
competition between the spiro and planar transition states.
The X-ray studies show that ketones 104 and 105 have
similar conformations (at least in the solid state), suggesting
that the pyranose oxygen influences the transition states
possibly via an electronic effect rather than a conformational
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effect. It is likely that the replacement of the pyranose oxygen
in ketone 104 with a carbon in ketone 105 increases the
interaction of the nonbonding orbital of the dioxirane with
the st* orbital of the alkene by raising the energy of the
nonbonding orbital of the dioxirane, consequently favoring
the spiro transition state over the planar one. As a result,
spiro S is favored over planar T for the epoxidation of
1-phenylcyclohexene, giving the (R,R) epoxide (Figure 23).
For styrenes, the replacement of an oxygen with a carbon in
ketone 105 further favors desired spiro U and undesired spiro
V over undesired planar W (Figure 24), thus reducing the
amount of the minor enantiomer generated via planar W
pathway and enhancing the enantioselectivity of the reaction
overall. Further increase in the enantioselectivity for styrenes
may require a catalyst that can suppress both undesired spiro
V and undesired planar W to a greater extent.

An electron-withdrawing substituent may increase the
reactivity and/or stability of a ketone catalyst. However, such
a substituent may also lower the energy of the nonbonding
orbital of the dioxirane, thus disfavoring the main spiro
transition state and decreasing the epoxide ee’s. The results
obtained with ketones 104 and 105 indicate that an effective
catalyst should have proper substitutents that can provide a
delicate balance between reactivity and enantioselectivity.

The spiro rings have been shown to be extremely important
for the stereodifferentiation of the epoxidation for ketones
41 and 104. To further probe the effects of different spiro
ring substitution patterns on enantioselectivity of epoxidation,
ketone catalysts with spiro ethers and lactones (106—110)
(Figure 25) were investigated.®® Studies showed that sub-
stituents on the spiro ring of ketone catalysts have large
effects on the enantioselectivity both sterically and electroni-
cally (Table 19). Substituents smaller than methyl groups
on the spiro ring of the catalyst decreased the ee for trans-
olefins, likely due to increased competition from undesired
spiro and/or planar transition states. The results obtained with
lactone-containing ketones suggest that the carbonyl group
of the oxazolidinone of ketone 104 is at least partially
responsible for the observed enantioselectivity for conjugated
cis-olefins. In addition, nonbonding interactions such as van
der Waals forces and/or hydrophobic interactions between
the olefin substituents and the nitrogen substituents of the
oxazolidinone are also significant contributing factors for
stereodifferentiation.

In an effort to further understand the effect of the
N-substituent of the ketone catalyst on epoxidation and to
develop more practical catalysts, a series of N-aryl-substituted
ketones (111) were investigated. A few examples are shown
in Figure 26.%°! Ketones such as 111b—e are readily
available in four steps from glucose and anilines (Scheme
22). Among the different aryl groups tested, phenyl groups
substituted with hydrocarbons consistently gave better results
than aryl groups with ethers or halogens.”® Ketones 111b
and 111c provide high enantioselectivity for a variety of
olefins and can be prepared from inexpensive anilines in large
quantities,”’ which makes them practically useful catalysts.
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Table 20. Asymmetric Epoxidation of cis-f-Methylstyrenes with Table 21. Asymmetric Epoxidation of 2,2-Dimethyl Chromenes
Ketones 111¢ with Ketones 111c¢ and 112¢
Entry Substrate Catalyst Conv. (%) ee (%) Entry Substrate Catalyst Conv. (%) ee (%)
1 2 111a 100 90 ! m 1l 10 MER
2 111b 99 84 0 (RR)
3 MeO X 111c 100 90
3 X 111a 96 92 4 m 112 100 88
4 111b 100 88 ©
Me
5 “ 111a 90 95 2 C'm }gc 15080 gg
6 m 111b 79 92 o
Cl
7 N 111a 98 96 7 “"O\A\ 1lc 83 93 (R.R)
8 m 111b 94 9% 8 o 112 7l 89 (RR)
NC
9 AN 111a 91 97 9 ~ 1ilc 100 82
10 ON 111b 86 98 10 o 112 100 82
2 oM
11 Ve N 111a 100 94 ©
12 111b 98 92 11 A 111c 85 83
Me 12 o 112 76 86
“ Ketone 111a (0.15 equiv) or ketone 111b (0.10 equiv), Oxone (1.6 cl
equiv), K,COs (6.7 equiv), DME:DMM (3:1, v/v), buffer, —10 °C.
13 A 111e 95 88
14 o 112 87 89

CN
“Ketone (0.2 equiv), Oxone (2.7 equiv), K,CO; (10.6 equiv),
DME—DMM (3:1, v/v), buffer, 0 °C.

H P b O P ] 0
o} Et
b T smoan’ ALY
Spiro (Z) Spiro (AA) O N

Favored O h /
Figure 28. = -0 8 % T
The electronic nature of the N-phenyl substitution can also O% o O%
affect the outcome of the epoxidation with electron- Spiro (BB) Spiro (CC)
withdrawing substitution (e.g., SO,Me, as in ketone 111a) Favored
generally giving the best ee’s.®? Figure 29.
The epoxidation with ketones 111 provides high ee’s for
a variety of olefins. As shown in Table 20, cis-f-methyl- To further investigate this substituent effect by restricting
styrenes can be epoxidized with ketone 111a and 111b in reacting approaches for the olefin substrate, cyclic olefins
high conversions and ee’s.”® Interestingly, the ee’s increased such as 6- and 8-substituted 2,2-dimethylchromenes were
across the board from the electron-donating Me group to the examined for the epoxidation using ketone 111¢ and 112
electron-withdrawing NO, group. These results indicate that (Figure 26, Table 21).”* For 8-substituted chromenes, the
substituents on the phenyl group of the olefins further ee’s increase with electron-withdrawing groups such as
enhance the interaction between the phenyl group of the cyano, but decrease with electron-donating groups such as
olefin and the phenyl group of the ketone catalyst, thus methyl. The substituents at the 8-position influence the
further favoring desired spiro transition state X and increasing enantioselectivity likely via an electronic effect. However,
the enantioselectivity (Figure 27). for 6-substituted chromenes, the ee’s increase (5—9%) with
Scheme 22. Synthesis of Ketone 111
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Table 22. Asymmetric Epoxidation of Styrenes with Ketone
111c¢”

Entry Substrate Yield (%) ee (%)
1 SR 72 86 (R)
86 (R)

2 Q/\ 85
Cl

3 J@A\ 73 92
FsC

4 @/\ 86
NC

5 C'\@/\ 72 86
6 OO = 91 87

7 = 86 90

90 (R)

“ Ketone (0.15—0.3 equiv), Oxone (2.7 equiv), K»CO3 (10.6 equiv),
DME, buffer, —10 to —15 °C.

Scheme 24. Rearrangement of Epoxide
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Table 23. Enantioselective Synthesis of 2-Aryl Cyclopentanones
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higher ee’s. Besides the electronic effect, the substituent at
6-position might cause additional beneficial nonbonding
interactions between the substituent at the 6-position of the
substrate and the phenyl group of the catalyst due to their
proximity in spiro transition state Z, further favoring this
transition state (Figure 28). On the other hand, such interac-
tion is not involved for 8-substituted chromenes since the
substituents are not proximal to the phenyl group of the
catalyst in the favored spiro BB transition state (Figure 29).
Since both N-aryl and alkyl substituted ketones give similar
results, van der Waals forces and/or hydrophobic effects
possibly play important roles in the beneficial interaction
between the substituent of the substrate and the N-substitutent
of the catalyst.

Epoxidation of styrenes with a wide variety of N-
substituted oxazolidinone ketones was also investigated.”
Among various ketone catalysts, 111¢ was found to be one
of the most effective catalysts. High ee’s have been obtained
for various styrenes (Table 22).

Trisubstituted benzylidenecyclobutanes (R = H) can be
epoxidized with readily available ketone 111b in high
enantioselectivity via favored transition state spiro DD
(Scheme 23).”** The resulting epoxides can be rearranged
to 2-aryl cyclopentanones with either inversion or retention
of configuration using Et,AICI or Lil (an example shown in
Scheme 24). High ee’s have been obtained for 2-aryl
cyclopentanones in most cases (Table 23). This two-step
process provides a viable entry to optically active 2-aryl
cyclopentanones, which have not been easily obtained
otherwise. The epoxidation can also be extended to tetra-
substituted benzylidenecyclobutanes to give optically active
2-alkyl-2-aryl cyclopentanones (70—90% ee) after epoxide
rearrangement (Table 24), allowing generation of chiral all-
carbon quaternary stereocenters.”*® When benzylidenecy-
clopropanes are subjected to epoxidation conditions, optically
active y-aryl-y-butyrolactones and y-aryl-y-methyl-y-buty-
rolactones can be obtained in reasonable yields and good
enantioselectivities (71—91% ee) via in situ epoxide rear-
rangement and Baeyer—Villiger oxidation (Scheme 25, Table
25).25%¢ Chiral cyclobutanones can also be obtained by
supressing the Baeyer— Villiger oxidation with more ketone
catalyst and less Oxone.

Conjugated cis-dienes”” and cis-enynes”® can also be
epoxidized in high ee’s, and no isomerization was observed

Entry Substrate Epoxide Rearrangement  Cyclopentanone
Yield (%) (ee %)*  Conditions™  Yield (%) (ee %)
1 [:[ Ph 93 (90) EtLAICI 90 (90) (S)
Lil 81 (90) (R)
2 [(\Q\ 95 (91) EtLAICH 98 (82) (S)
OMe Lil 81 (40) (R)
3 N 67 (94) ELAICT 99 (91) (S)
Et Lil 86 (92) (R)
4 ]:(\Q 78 (96) EtAICI 89 (94 (S)
a Lil 87 (84) (R)
5 88 (95) EtAICT 94 (96) (S)
Lil 84 (87) (R)

“ Epoxidation conditions: ketone 111b (0.2 equiv), Oxone (1.6 equiv), K»COj3 (6.7 equiv), DME:DMM (3:1 or 1:1, v/v), buffer, 0 or —10 °C.
b Rearrangement conditions (EAICI): epoxide (1 equiv), ELAICI (1 equiv), in PhCH; at —78 °C. ° Rearrangement conditions (Lil): epoxide (1

equiv), Lil (1.0—3.0 equiv), in CH,Cl; at rt or 0 °C.
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Table 24. Enantioselective Synthesis of 2-Alkyl-2-aryl
Cyclopentanones

Wong and Shi

Table 26. Asymmetric Epoxidation of Conjugated cis-Dienes
with Ketones 111¢

Entry Substrate Epoxide Cyclopentanone
Yield (%) (ee %)*  Yield (%) (ee %)°
1 EH\ 94 (84) 93 (84)
/Ph
2 /\\/ 95 (87) 92 (88)
7
OMe
3 : 86 (88) 78 (88)
7
Me
4 : 77 (89) 98 (90)
7
cl
5 OMe 98 (88) 73 (87)
7
6 cl 79 (88) 99 (89)
7
7 O nd 65 (90)
ud O
8 67 (77) 88 (77)
/ ~Ph
48 (70) 99 (70)

/ Ph

%

“ Epoxidation conditions: ketone 111b (0.2 equiv), Oxone (1.6 equiv),
K,CO; (6.7 equiv), DME:DMM (3:1, v/v), buffer, 0 or —10 °C.
b Rearrangement conditions: epoxide (1 equiv), ELAICI (0.5—1.0 equiv),
in PhCHj3 at —78 °C for 15—60 min.

Table 25. Enantioselective Synthesis of y-Aryl-y-butyrolactones”

Entry Substrate Yield (%) ee (%)
1 OMe 54 80
ae
2 m 68 90 (S)
Me
3 / OO 48 9N
4 50 84 (8)
=
5 64 79 (S)
=
Me
6 45 84
=
cl
54 87 (S)

)

=
v
“ Conditions: ketone 111b (0.2 equiv), Oxone (3.2 equiv), K,CO;
(13.4 equiv), DME:DMM (3:1, v/v), buffer.

Entry Epoxide Catalyst Yield (%) ee (%)
1 Q. 111b 66 85
erh

2 o 111d 47 89
'r\/\CsHﬂ

3 Q. 111e 58 92
r\ﬁ ™S

4 ?MOBn 111e 62 90

5 Q. 111b 64 94
r\ﬂcoza

6 9. 111d 80 89

HO
7 0 111b 74 94
r\/\/\COQEt
8 COEt 111b 67" 91

|
o
“Conditions: ketone (0.1—0.3 equiv), Oxone (0.96—1.6 equiv),

K,>CO; (4.0—10.1 equiv), DME—DMM (3:1, v/v), buffer. ® A mixture
of cis/trisubstituted epoxied (3.3:1).

during the reaction, giving cis-epoxides exclusively from cis-
olefins (Table 26 and Table 27). Alkenes and alkynes appear
to be effective directing groups to favor the desired transition
states spiro EE and spiro GG (Figure 30 and Figure 31).
Nonbonding interactions such as hydrophobic interactions
between the substituents on the diene and enyne and the
oxazolidinone moiety of the ketone catalyst (possibly N-aryl
group) also significantly influence the enantioselectivity.
Further studies show that asymmetric epoxidation with
ketones 111 can also be carried out with H,O, as primary
oxidant (Table 28).”

2.6.4. Other Carbohydrate-Based Catalysts

In 2002, Shing and co-workers reported three glucose-
derived ketones (113—115) (Figure 32), and up to 71% ee
was obtained for trans-stilbene oxide with ketone 113.'%°
In 2003, Shing and co-workers also reported a series of
L-arabinose-derived ketones (116—122); up to 90% ee was
obtained for trans-stilbene with ketone 119 (Figure 33). High
yield was obtained for epoxidation with the ester substituted
ketones 120—122, and up to 68% ee was obtained for
phenylstilbene.'*!

Later, Shing and co-workers also described ketone 123
and demonstrated that the enantioselectivity increased with
the size of the R group (Figure 34). Up to 90% ee was
obtained for phenylstilbene with ketone 123b.'°> However,
when cis-ethyl cinnamate was used as the substrate, the ee’s
had an inverse relationship with the size of the R group.
Epoxide 125 can be obtained in 68% ee using ketone 123a,
and it could be readily converted into a protected side chain
of paclitaxel (Scheme 26).103

In 2003, Zhao and co-workers reported the use of fructose-
derived ketone and aldehydes 127—129 for asymmetric
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Table 27. Asymmetric Epoxidation of Conjugated cis-Enynes
with Ketone 111¢“

Entry Substrate Yield (%)  ee (%)
1 T 78 93
(\Ph
2 N 84 90
AN
r\CeHw
3 7N 46 94
™S
4 7N 68 97
CgH1a
5 o 61 96
CeH1a

6 ﬁﬁg 54 87
7 (\ 76 93

“ Conditions: ketone 111¢ (0.25 equiv), Oxone (1.6 equiv), K,CO3
(6.7 equiv), DME, buffer (1.5:1, v/v). ? The corresponding lactone was
obtained. °Ketone 111b (0.3 equiv) with DME—dioxane as solvent.
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Figure 31.

epoxidation reactions (Figure 35). Up to 94% ee was obtained

for trans-stilbene with aldehyde 129.'**

2.7. Carbocyclic Ketones

Ketones such as 41 and 111 use a fused ring and a
quaternary carbon a to the carbonyl group as chiral control
elements (Figure 36). In 1997, a series of pseudo-C,-
symmetric ketones bearing two fused rings at each side of
the carbonyl group such as 130 was reported.'®> Among the
ketones studied, ketones such as 130a (R = CH,0OAc) and
130b (R = CMe,OH) were found to be very active for the
epoxidation using 5—10 mol % catalyst, and even electron-
deficient olefins could be epoxidized (Table 29). Overall,
ketone 130 is less enantioselective than 41 for the epoxidation
of trans- and trisubstituted olefins.
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Table 28. Asymmetric Epoxidation with Ketone 111¢ and H,0,"
Entry Substrate Yield (%) ee (%)

1 Phﬁ/ 82 92

2 phm\rph 78 88 (R.R)

92 96 (R)

7O
4 m 89 91

90 (28,3R)

5 & 65
K\CGHB
6 Meo/\ 93 83

“Conditions: ketone 111c¢ (0.1—0.3 equiv), MeCN (3.8 equiv),
n-BuOH/aq 0.30 M K»>COs in 4 x 107*M EDTA (1:1 v/v), 30% H,0,
(3.0 equiv), 0 °C.

TBSO o TBSO o TBSO o
o}
- "0
o
113 O 114 o 115 O
Figure 32.
Qoan );O/\\LOBn Qovwe \/©/
Ph 117 118
>< +OBn
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120 121
Figure 33.
0O_..0Bn
OJ//\IJ O oR 123a,R=Me
o, 123b, R = +Bu
RO 123c, R = neopentyl
Figure 34.
Scheme 26. Synthesis of Paclitaxel Side Chain
O Ph COH
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124 125 126

Ketones 131 and 132, having one of the ketals away from
the o position (Figure 37), lowered the enantioselectivity
and reactivity for the epoxidation. It appears that having the
chiral control element close to the reacting carbonyl is
important for an efficient stereodifferentiation.'’® Zhao and

Figure 35.
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Table 29. Asymmetric Epoxidation with Ketones 130b“

Entry Substrate Yield (%) ee (%)
1 Ph~Xx~Ph 91 96 (R,R)
2 ph N 94 80 (R,R)
3 pr X -COOEt 35 89 (25,3R)
4 o 85 96 (2S,3R)
PhM Ph
5 Fh 95 92 (R)
Ph)\/Ph
6 @/Ph 94 85 (R,R)
7 Ph X 79 69 (R)

“ Conditions: ketone (0.05—0.1 equiv), Oxone (1.38 equiv), K,CO;
(5.8 equiv), at —15 to 0 °C.

co-workers also reported their studies on ketones 131 and
133, and 85% ee was obtained for stilbene with 131.'%7
In 1999, Armstrong and co-workers reported two C,-
symmetric 5-membered ketones 134 and 135 (Figure 38).'%®
Ketone 134 was shown to be completely unreactive in the
epoxidation of frans-stilbene and could be recovered from
the reaction mixture. This may be due to the steric hindrance

o
R o>( 04 Y/‘\ R,o)(
! oJ © _og MR X A0
ol O CL" e
Y/@O o o g Y o ¥y o o

\/X )Vé 41 )<O 111 \\/)E( BVO 130

Figure 36.
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Figure 37.
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Figure 38.
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Figure 39.
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Figure 40.
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Table 30. Asymmetric Epoxidation of Stilbene with Ketones
136b*

Entry Substrate ee (%)
Y. O N O v
1 Y =Me 88.9
2 Y=H 85.9
3 Y=F 77.7
4 Y =Cl 74.3
5 Y =0Ac 73.8
z
L
O
6 Z.=t-Bu 87.3
7 7 =Me 87.2
8 Z=F 78.5
9 Z=Br 74.8
10 7= 0Ac 71.5

“Ketone (3.0 equiv) at rt.

of the carbonyl group. Studies showed that ketone 135
underwent rapid Baeyer—Villiger oxidation under reaction
conditions to form the corresponding lactone.

In 1998, Yang and co-workers reported a series of ketones
(136) containing a quarternary carbon at the C, position and
various substituents at the Cg position (Figure 39)."'%° It was
observed that the ee’s for the epoxidation of meta- and para-
substituted trans-stilbenes changed with the substituent on
the phenyl group of the olefin using ketone 136b as catalyst.
The n—u electronic repulsion between the Cl atom of the
catalyst and the phenyl group of the substrate is likely to be
the major reason for the observed ee difference (Table 30).
Moreover, the substitutents at Cg significantly influence
enantioselectivity through an electrostatic effect between the
polarized C—X bond and the phenyl group on the stilbene
(136a, 87.4% ee; 136b, 85.4% ee; 136¢, 80.9% ece; 136d,
73.8% ee; 136e, 42.0% ee).

In 2000, Solladié-Cavallo and co-workers reported flu-
orinated ketones 137 (Figure 40) which are derived from
(+)-dihydrocarvone.''® Higher conversion and ee were
obtained for p-methoxycinnamate with 137a than with 137b
(99% vs 43% conversion, 40% vs 6% ee), suggesting that
axial fluorine (as in 137a) is a more effective activating
substituent than equatorial fluorine (as in 137b) (Figure 40)
(Table 31, entries 1, 2)."''"'3 Related cyclohexanones
138—141 (Figure 41) provide epoxides in high yields and
good to high ee’s (Table 31, entries 3—8)."'*"'!7 These
ketones are not prone to Baeyer—Villiger oxidation under
the reaction conditions as they were quantitatively recovered
after epoxidation. Rigid trans-decalones 142 and 143 (Figure
41), whose dioxiranes do not undergo chair inversion, have
been synthesized to investigate the role of axial and equato-
rial o-fluorine effect.''® Decalone 142, having an axial
o-fluorine, gave complete conversion and 70% ee for the
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Table 31. Asymmetric Epoxidation with Ketones 137—143“

Entry Substrate Catalyst  Conv. (%) ee (%)

1 o 137a 99 40 (2R,38)
Wow
MeO’

2 137b 43 6 (28.3R)
3 138 74 60 (2R,3S)
4 139 90 66 (2R,38)
5" ph X\ Ph 138 90 90 (S.9)
6" 139 95 90 (S.S)
7 140 100 88 (S.8)
8 141 100 86 (S.S)
9 142 100 86 R.R)
10 143 0
1 o S 142 100 70 (R,R)
12 143 88 22 (R.R)

“ Ketone (0.3 equiv) at rt. ® Ketone (0.3 equiv) at 0 °C.

epoxidation of trans-f3-methylstyrene. On the other hand,
equatorial o-fluorine-containing decalone 143 only gave 88%
conversion and 22% ee for the same substrate (Table 31,
entries 11, 12). This result correlates with the results obtained
using ketones 137.

In 2001, Bortolini and co-workers reported asymmetric
epoxidation using a series of keto bile acids as dioxirane
precursors (144, Figure 42).'' p-Methylcinnamic acid can
be epoxidized in good yield and high ee’s with
144b—e(Table 32, entries 2—5). To investigate the effect of
substitution on carbons 7 and 12, a number of 3-keto-bile
acid derivatives (145 and 146) were synthesized and studied
for the epoxidation (Figure 43).'?° Up to 98% ee was
obtained for trans-stilbene (Table 32, entries 6—9). The study
has shown that substitutions on carbons 7 and 12 are
important for the reactivity and enantioselectivity of the
epoxidation. In particular, 3-keto-12-substituted bile acids
generally afforded epoxides with higher enantiomeric excess
compared to their 7-substituted counterparts (Table 32,

entries 8, 9 vs entries 6, 7).121
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2.8. Ketones with an Attached Chiral Moiety

In 1999, Armstrong and co-workers reported the epoxi-
dation of several olefins with chiral oxazolidinone trifluoro-
methyl ketone 147, and up to 34% ee was obtained for
1-phenylcyclohexene (Figure 44).'%" Ketone 147 underwent
Baeyer— Villiger oxidation readily.

In 2003, Wong and co-workers reported a 3-cyclodextrin-
modified ketoester (148) as epoxidation catalyst (Figure
45),'?2 and up to 40% ee was obtained for 4-chlorostyrene.
In 2004, Bols and co-workers reported three cyclodextrins
containing an acetone moiety or bridge (149—151) as
catalysts (Figure 45).'%* In many cases, substantial amounts
of corresponding diols would also be obtained, and up to
12% ee was obtained for styrene with ketone 150.

3. Chiral Iminium Salt-Catalyzed Epoxidation

3.1. Introduction

In 1976 and 1981, Lusinchi and co-workers reported the
formation of steroidal oxaziridinium salt 152 by methylation
of the corresponding oxaziridine with FSOs;Me or by
oxidation of the corresponding iminium salt with peracid
(Figure 46).'** In 1987, Hanquet and co-workers prepared
another example of an oxaziridinium salt (153) by oxidation
of an N-methyl isoquinolinium fluoroborate salt with p-
nitrobenzoyl peroxide or methylation of its corresponding
oxaziridine with trimethyloxonium fluoroborate.'?>"'?° In
1988, Hanquet and co-workers reported that oxaziridinium
salt 153 can efficiently epoxidize various olefins.'?”'?® They
further reported that the epoxidation can be carried out with
in situ generated oxaziridinium salt 153 with catalytic amount
of its corresponding iminium salt using Oxone—NaHCO3 in
CH;CN—H,0"***'* or mCPBA—NaHCOs in CH,Cl,."**"
A reaction pathway for iminium salt-catalyzed epoxidation
is shown in Scheme 27. The iminium salt catalyst is
regenerated upon epoxidation of the olefin. Asymmetric
epoxidation using chiral oxaziridinium salts have also been
extensively investigated.

C%cfzacmn

142 H

~138 P\ 439 140 141
A P Hw/
Figure 41.
COOH
o] “OH 144a

144c
Figure 42.
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Figure 43.
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Table 32. Asymmetric Epoxidation with Ketones 144—146“

Entry Substrate Catalyst Yield (%) ee (%)

1 o 144a 45 26 (2R.3S)
Iona.
Me

2 144b 94 95 (28,3R)
3 144¢ 93 74 (2S,3R)
4 144d 89 87 (2S,3R)
5 144e 94 75 (28,3R)
6 PhX-Ph 145a 90 80 (8,9)
7 145b 80 60 (S,S)
8 146a 90 90 (R,R)
9 146b 50 98 (R,R)

a

' Ketone (1.0 equiv) at 0 °C.

O

« R (2

) :
B

151
Figure 45.

3.2. Chiral Cyclic Iminium Salts
3.2.1. Dihydroisoquinoline-Based Iminium Salts

In 1993, Bohé and co-workers reported their studies on
asymmetric epoxidation of olefins with enantiomerically pure
oxaziridinium salt 161 (Scheme 28).'** Dihydroisoquinoline
158, prepared from benzaldehyde and (1S,2R)-(+)-norephe-
drine 156, was converted into oxaziridinium salt 161 via two
pathways: by methylation with Meerwein’s salt to form
iminium salt 159 and subsequent oxidation with mCPBA,
or by oxidation with mCPBA to form oxaziridine 160

\ 0
N
e
| "Me
152 153 ©

Figure 46.

Scheme 27. Catalytic Cycle for Iminium Salt-Catalyzed
Epoxidation

o]
/H/ \/ _N/ s KHSO;
154"
O /
)\( ?LN\" KHSO,
155

Scheme 28. Synthesis of Oxaziridinium Salt 161

) NaOCl
CHQClz Me MegoBF4
@Cr NaOH ©Cr CH2012 N BF4
MeOH
CH,Cl
1) Mg80,, CH,Cl, mCPBA mCPBA
2) NaBH,, EtOH CHzCl CH:Cl
} NaBH,, 45 G 209G
3) CFaCOZH, HyS0,

Ph Eh
CHO )\rMe Me MeSOBF4
HO *
BF,
©/ b s N N “CHClh N 4
0
160

followed by methylation with Meerwein’s salt. Oxaziridinium
161 was isolated by crystallization and characterized includ-
ing X-ray diffraction.

Several olefins were effectively epoxidized with either
isolated or in situ generated oxaziridinium 161. For example,
epoxidation of frans-stilbene with recrystallized 161 (1.1
equiv) at room temperature gave the (R,R)-stilbene oxide in
63% yield and 42% ee."*”® The epoxidation of trans-stilbene
with in situ generated oxaziridinium salt using a catalytic
amount (5 mol %) of iminium salt 159 and Oxone—NaHCO;
in CH;CN—H,0 gave 80—90% conversion and 35% ee.
Significant solvent effects on the rate of the epoxidation were
observed. The epoxidation rate is the slowest in nonpolar
solvents such as benzene and toluene, presumably due to
the low solubility of oxaziridinium salt 161. When a polar
aprotic solvent, such as nitrobenzene or nitromethane, was
used, the epoxidation rate increased, suggesting that the
transition states of such reactions have strong ionic character.

In 1998, Page and co-workers reported a series of
dihydroisoquinoline related iminium salt catalysts readily
prepared from a chiral primary amine in a typical 30—65%
overall yield (Scheme 29)."31%® The catalyst design can be
versatile using this synthetic route since the chiral primary
amine can be easily replaced. More hindered amines gener-
ally give lower catalyst yields, presumably because they can
act as a base to produce the observed 2-vinylbenzaldehyde
in the last step of the catalyst synthesis. The epoxidations
are usually carried out using 0.3—10 mol % iminium salt,
Oxone, and Na,CO; in MeCN—H,0. For catalyst 162a, the
best result was obtained for trans-stilbene with 78% yield
and 73% ee (Table 33, entry 10).
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Scheme 29. Synthesis of Iminium Salt 162
Br,, CCly
(0] A

BPh4

162a Qlé 162b /@)\C‘/
MeO 162¢

Table 33. Asymmetric Epoxidation with Iminium Salts 162

Entry Substrate  Catalyst  Yield (%) ee (%)

1 @Ph 162a° 68 40 (R.R)

2 162b° 64 30 (R.R)

3 162¢° 55 41 (S.8)

4 162d° 100 39(S.S)

5 “Ph 162a" 73 63
2

6 162b° 61 33

7 162¢’ 64 49 (1S.2R)

8 162d° 100° 47 (1S,2R)

9 162¢° 62° 63 (1R.2S)

10 prXx-Ph 162a° 78 73 (R,R)

11 Ve 162a° 72 15 (R,R)
Ph Xx-Ph

12 162¢° 52 52 (1S.2R)

13 162¢° 55 60 (1R.2S)

14 Ph;P(\/Ph 162¢’ 54 59(S)

15 162d° 1004 50 (S)

16 162¢° 60¢ 71 (R)

“Reactions were carried out at 0 °C. ?0.05 equiv of catalyst used.
0.1 equiv of catalyst used. ¢ Conversion (%).

A number of chiral iminium catalysts containing a second-
ary hydroxyl group were obtained by the same method
(Scheme 29) using 1,2-amino alcohols as the chiral
amine.'?' These catalysts, such as 162b, provided better
enantioselectivities than their primary hydroxyl counterparts,
suggesting that the substituent at this position may play an
important role in the interaction between the olefin and the
catalyst. Acetal-containing iminium salt 162¢ gave higher
enantioselectivity than catalyst 162a for some olefins (Table
33, entry 12 vs 11)."*''3? The results obtained with catalysts
162d (Table 33, entries 4, 8, 15) and 162e (Table 33, entries
9, 13, 16) showed that the epoxidation enantioselectivity can
be influenced by the substituent on the phenyl ring.'

Due to Oxone solubility, most iminium salt-mediated
epoxidations use water as solvent. As a result, the lowest

Chemical Reviews, 2008, Vol. 108, No. 9 3981
R*NH, B
X
mr EtOH N “R*
CH4CN 162
BPh4 BPh;

162¢, X = H
162d, X = SO,Me

Table 34. Asymmetric Epoxidation with Iminium Salt 162d“

Entry Substrate Yield (%) ee (%)
1 PhX-Ph 31 67 (R,R)
2 @ 85 70 (18,2R)
3 ©/Ph 77 48 (1R,2R)
4 89 82 (1S,2R)
Tk
5 X=NO, 52 88 (18S,2S)
6 X=Cl 76 93 (18,28)
7 X=CN 59 97 (18,2S)

“Iminium salt 162d (0.1 equiv), TPPP (2.0 equiv) in CHCl;, at
-40 °C.

Scheme 30. Synthesis of Iminium Salt 166

OoH 1) PhCHO, MeOH CeHaSMe  cho
o U89 (:C“‘\\OH NaBH,
AT e (L
163 : 164
GgHaSMe GeHaSMe
“SOH 1) I, NaOAc S0y
N 2) NaOH, HBF, N~ BF,
165 166

Scheme 31. Synthesis of Iminium Salt 168

G O 1) KMnOy, THF OO + BF,
v i
OO 2) MegOBF,, CHoCl, OO Y

167 168

temperature that the epoxidation can be performed at is about
—8 °C since the solvent system freezes under that temper-
ature. In 2004, Page and co-workers introduced nonaqueous
conditions for iminium salt-mediated asymmetric epoxidation
using organic solvent-soluble stoichiometric oxidant tet-
raphenylphosphonium monoperoxysulfate (TPPP), which is
synthesized by treating Oxone with tetraphenylphosphonium



3982 Chemical Reviews, 2008, Vol. 108, No. 9

R

169a 169b 169¢
Figure 47.
Cl
Cl Cl
TRISPHAT ol cl
'ﬁ:[ |
>< ~N /
TRISPHAT =
_§ cl - l\o
cl Cl
Cl Cl
Cl
Figure 48.
TR!SPHAT TRISPHAT TRISPHAT
+ Me
N%
171a 171b 171c
Figure 49.

Table 35. Asymmetric Epoxidation with Iminium Salts 169“

Entry Substrate Catalyst  Yield (%) ee (%)

Ph 169a 66 95 (1R,2S)

169¢ 68 83 (1R,2S)

3® Ph 169a 64 91 (18.29)
4 @ 169b 54 84 (1S.,25)

5 169¢ 73 82 (18,2S)
6° Ph 169a 57 76 (1S,2S)
7 169¢ 60 65 (1S.2S)

“0.05 equiv of catalyst. °0.01 equiv of catalyst.

chloride.'** When the epoxidation was carried out with
iminium salt 162d using TPPP in CHCl; at —40 °C, high
ee’s were obtained for a variety of cis-olefins, and up to 97%
ee was obtained for 2,2-dimethyl-6-cyanochromene (Table
34, entry 7)."% It was found that the reactions performed in
CHCI; gave higher ee’s than those in CH3CN.

Rozwadowska and co-workers reported the synthesis of
the enantiomer of 159 (ent-159) from an industrial waste
product, (+)-thiomicamine 163, in several steps. This imi-
nium salt ent-159 produced enantioselectivities similar to
those of 159 reported by Bohé and co-workers. A hy-
droxymethyl analogue of ent-159 (166) was also prepared
from 163 and epoxidized trans-stilbene in 70% yield and
45% ee with mCPBA as oxidant (Scheme 30).'%°

3.2.2. Binaphthylazepinium-Based Iminium Salts

In 1996, Aggarwal and co-workers reported binaphthyl-
based iminium salt 168, prepared from binaphthylamine 167
in two steps (Scheme 31)."*” The epoxidation with 168 (5
mol %) and Oxone—NaHCO; in CH;CN—H,0 gave 71%
ee for 1-phenylcyclohexene, 45% for trans-o-methylstilbene,
and 31% for trans-stilbene in 60—80% yield. Iminium salt

Wong and Shi

Table 36. Asymmetric Epoxidation with Iminium Salts 170 and
1714

Entry Substrate Catalyst Conv. (%) ee (%)
1 ©/P“ 170 98 81 (R,R)
2 171a 64 79 (8.,9)
3 171b 67 84 (8,S)
4 171¢ 48 86 (S.9)
ph 170 99 83 (18,2R)
6 171a 34 71 (1R,2S)
7 171b 85 86 (1R,28)
8 171¢ 61 87 (1R,25)

“0.05 equiv of catalyst, 0 °C.

168 was found to epoxidize trisubstituted olefins faster than
disubstituted olefins.

In 2004, Page and co-workers reported a highly active and
selective binaphthyl-based iminium salt catalyst 169a (Figure
47).'3® This catalyst gave good to excellent ee’s for several
substrates (Table 35, entries 1, 3, 6). The reaction time is
short for this epoxidation and the catalyst loading can be as
low as 0.1 mol % with only a slight loss of enantioselectivity
and almost no loss in yield using 1-phenylcyclohexene as a
test substrate. Recently, catalyst 169a was also employed in
nonaqueous epoxidation conditions. 1-Phenylcyclohexene
was found to be one of the best substrates and CH3;CN was
found to be the best solvent. When the epoxidation was
carried out with 5 mol % 169a and TTTP (2.0 equiv) as
oxidant in CH3CN at —40 °C, (S,S)-1-phenylcyclohexene
oxide was obtained in 81% yield and 89% ee.'* In 2007,
Page and co-workers reported another set of binaphthalene-
fused azepinium salts. Among these catalysts, 169b and 169¢
(Flgure 47) gave the best results (Table 35, entries 2, 4, 5,
7).

Recently, Lacour and co-workers reported several catalysts
(170 and 171) structurally similar to iminium salts 169 with
TRISPHAT as the counterion (Figure 48 and Figure 49).'*!
They can be synthesized in three steps in good yields
(Scheme 32) and provide good enantioselectivities for some
trisubstituted olefins (Table 36). Iminium catalyts 170 and
171a, having opposite binaphthyl configuration, gave ep-
oxides of opposite configuration (Table 36, entries 1 vs 2
and 5 vs 6); and catalysts 171b and 171¢, having the same
binaphthyl configuration and opposite configuration on the
N-substituent, gave epoxides with same absolute configura-
tion (Table 36, entries 3 vs 4 and 7 vs 8). This result
suggested that the binaphthyl framework is more effective
in inducing chirality in the epoxidation process. However,
the conversion for the epoxidation is affected by the
“matched”/*“mismatched” configurations of the binaphthyl
framework and the N-substituent.'®:!4!

3.2.3. Biphenylazepinium-Based Iminium Salts

In 2002, Page and co-workers reported a series of
biphenylazepinium salt catalysts (175) that are synthesized
in the same manner as the dihydroisoquinoline-based imi-
nium catalysts (Figure 50, Scheme 29).'**'** In some cases,
the enantioselectivity can be improved by using nonaqueous
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Scheme 32. Synthesis of Iminium Salt 174
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Scheme 33. Intramolecular Epoxidation with Iminium Salt
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Ph

178 dr 4:1

Table 37. Asymmetric Epoxidation with Iminium Salts 175“

2

H Z CHZCN-H,0 y

179 >90% de

35% yield, 93% ee

Entry Substrate Catalyst Conv. (%) ee (%)
1 Ph 175a 95 38 (1S.2R)
2 175b 90 41 (18,2R)
3 @Ph 175a 100 29 (1IR,2R)
4 175b 100 60 (18,28)
5 175¢ 50° 63 (R,R)

6 Ph 175a 100 17 (S)
PhJ\/Ph

7 175b 90 59 (S)

8 175¢ 63° 26 (R)

9 Me 175a 93 14 (R,R)
Phi . -Ph

10 175b 95 37 (S.S)

11 175¢ 61° 50 (R,R)

“ Conditions: 0.05 equiv of catalyst, Oxone (2.0 equiv), Na,CO; (4
equiv), HO/MeCN (1:1), 0 °C. “Isolated yield (%).

epoxidation conditions since the reaction can be carried out
at lower temperature in organic solvent (Table 38).'%%-134

In 2002 and 2005, Lacour and co-workers reported
catalysts 176 which are structurally similar to 175 but with
the counterion being replaced as TRISPHAT (Figure 51).'4314!
The lipophilicity of TRISPHAT keeps the iminium salt in
the organic solvent, which can be beneficial to
enantioselectivities.'*** Up to 80% ee was obtained for the
epoxidation of 4-phenyl-1,2-dihydronaphthalene with 176b
(Table 39, entry 6).

BPh4 BPh4 BPh:;
+ o
(% & P
0
175a 1 75b 175¢

MeO
Figure 50.
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OO TRISPHAT
1) NBS, CHCl, +

R* R
2) [EtoNH,]- Y
[TRISPHAT] O‘
174
PR N

180 >90% de

1) MeOTH
2,6-di-t-butylpyridine
CH,CI,

2) ag. NaHCO;,
o

HJ\/\%\/\ H)K/\<|\/\

182 o]
47% yield, 92% ee

Table 38. Asymmetric Epoxidation with Iminium Salt 175b
under Nonaqueous Conditions®

Entry  Substrate Conv. (%) ec (%)
1 Ej/"h 100 67 (S,S)
2 Fh 78 60 (S)
Ph/\/Ph
3 Me 50 40 (5.9)
P Xx-Ph

“ Catalyst (0.1 equiv), TPPP (2.0 equiv) in CH3CN at —40 °C.

Table 39. Asymmetric Epoxidation with Iminium Salts 176

Entry Substrate Catalyst Conv. (%) ee (%)
1 @/’h 176a 100 69 (S,S)
2 176b 100 65 (S.S)
3 Fh 176a 85 76 (1R,2S)
4 176b 72 70 (IR2S)
5 176a 91 79
6° 176b 100 80 (1R,29)

40.05 equiv of catalyst at 20 °C. 0 °C.

3.3. Chiral Acyclic Iminium Salts

Most iminium salts used in asymmetric epoxidations are
cyclic; however, several acyclic iminium salts have also been
investigated. In 1997 and 1999, Armstrong and co-workers
reported epoxidation of olefins catalyzed by acyclic iminium
salts derived from intermolecular condensation between an
amine and a carbonyl compound.'** It was found that

TRISPHAT TRISPHAT
176a 176b

Figure 51.
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Scheme 34. Asymmetric Epoxidation with ir situ Generated
Iminium Salt
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iminium salts derived from pyrrolidine and aromatic alde-
hydes with para- or ortho-electron-withdrawing substituents
are effective catalysts for the epoxidation. Ketone-derived
iminium salts can also promote the epoxidation. However,
the chiral versions of these iminium salts were generally
difficult to synthesize and purify possibly due to their facile
hydrolysis. Iminium salt 177 (Figure 52) was successfully
prepared and gave 100% conversion and 22% ee for
1-phenylcyclohexene with stoichiometric amount of 177.

In 1999, Armstrong and co-workers also reported a highly
stereoselective intramolecular epoxidation with oxaziridinium
salts generated from unsaturated oxaziridines such as 179
and 180 by methylation with MeOTf (Scheme 33).'4-'4¢
Oxaziridines 179 and 180 were formed by the oxidation of
imine 178 with Oxone. The resulting diastereomeric mixture
(4:1) could be separated and purified to >20:1. The purified
179 and 180 were individually treated with MeOTf to form
the corresponding oxaziridinium salts, which underwent a
stereoselective intramolecular epoxidation to give epoxide
181 and 182 in 93% ee and 92% ee, respectively, upon
hydrolysis of the imine epoxide (Scheme 33).

In 2000, Komatsu and co-workers reported that ketiminium
salts derived from pyrrolidine and cyclohexanone were good
epoxidation catalysts for a variety of olefins.'*’ Treating
cinnamyl alcohol with 10 mol % chiral L-prolinol derived
ketiminium salt 183 (Figure 53) and Oxone—NaHCOj; in
CH;CN—H,0 at 25 °C for 16 h gave the epoxide in 70%
yield and 39% ee.

In 2001, Yang and co-workers developed an epoxidation
system using catalytic iminium salts generated in situ from
chiral amines and aldehydes (Scheme 34).'*® Up to 59% ee
was obtained with amine 184 and aldehyde 186 (Figure 54)
(Table 40, entry 2). When amine 185 (1.0 equiv) and
aldehyde 186 (1.0 equiv) were used, trans-stilbene epoxide
was obtained in 80% conversion and 65% ee.

q&o O> \\L_X(o o)
W N
i HNQ oy L T v S,
184 185 H 186
Figure 54.
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Table 40. Asymmetric Epoxidation of Olefins with Amine 184
and Aldehyde 186“

Entry Substrate Reaction Conv. (%) ee (%)

time (h)
1 Ph™Xx-Ph 5 81 46 (8.S)
2b Me 1.3 100 59 (S.S)
Ph X Ph
3¢ Ph 2.5 81 52 (S)
Ph/\/Ph
4 @Ph 1.5 85 46 (S,S)
5 e 8 97 25(S)
6 8 81 26
7 P> "oH 8 94 17 (S.S)

“ Amine 184 (0.5 equiv), aldehyde 186 (0.5 equiv), Oxone (4.0
equiv), and NaHCO; (10.0 equiv) in CH;CN—H,O at rt. >0 °C. ° Amine
184 (0.2 equiv) and aldehyde 186 (0.2 equiv).

4. Conclusion

Asymmetric epoxidation of olefins catalyzed by chiral
ketones and iminum salts has been intensively studied over
the past two decades. However, discovering highly enanti-
oselective chiral catalysts has proven to be challenging. A
variety of chiral ketones and iminum salts have been
investigated in various laboratories, and significant progress
has been made in the area. Chiral ketones have been shown
to be effective catalysts for asymmetric epoxidation of olefins
with a broad substrate scope. High enantioselectivity has been
obtained for a wide variety of trans-, trisubstituted olefins,
and a number of cis-olefins as well as certain terminal and
tetrasubstituted olefins. The epoxidation transition state model
has been extensively studied, allowing rationalization and
prediction of the stereochemical outcome with a reasonable
level of confidence. The ketone-catalyzed asymmetric ep-
oxidation provides a viable synthetic method and has already
been found to be practical and useful in organic synthesis.
The development of new ketone catalysts and additional
optimization of the reaction conditions will further expand
the substrate scope and improve the reaction process. Chiral
iminum salts have also been shown to be very active catalysts
for the epoxidation of olefins. In some cases, the catalyst
loading can be very low. High enantioselectivity has also
been achieved in a number of cases. The presence of nitrogen
substituents should provide additional diversities for catalyst
design. Further understanding of the reaction transition states
and factors for stereochemical control will certainly facilitate
the development of more effective catalysts.
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