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Abstract: The full details of the asym-
metric epoxidation of o,fB-unsaturated
esters catalyzed by yttrium complexes
with biaryldiol ligands are described.
An yttrium-biphenyldiol catalyst, gen-
erated from Y(OiPr);-biphenyldiol
ligand-triphenylarsine oxide (1:1:1), is
suitable for the epoxidation of various
o.p-unsaturated esters. With this cata-

yields (<99% ee). The reactivity of
this catalyst is good, and the catalyst
loading could be decreased to as little
as 0.5-2mol% (the turnover number
was up to 116), while high enantiomer-
ic excesses were maintained. For f3-
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alkyl o,p-unsaturated esters, an yttri-
um-binol catalyst, generated from Y-
(OiPr);-binol ligand-triphenylphos-
phine oxide (1:1:2), gave the best enan-
tioselectivities (<97% ee). The utility
of the epoxidation reaction was dem-
onstrated in an efficient synthesis of
(—)-ragaglitazar, a potential antidiabe-
tes agent.

lyst, B-aryl a,p-unsaturated esters gave
high enantioselectivities and good

Introduction

Chiral epoxides are synthetically versatile building blocks,
and, therefore, asymmetric epoxidations are interesting to
synthetic organic chemists.! Among asymmetric epoxida-
tions, catalytic asymmetric epoxidation of electron-deficient
olefins is one of the most important classes of reactions.”!
Since the early reports by Wynberg and co-workers,* Julia
etal., and others? catalytic asymmetric epoxidation of
o,p-unsaturated ketones has been intensively studied by
many groups,”¥ including ours.”) High enantioselectivity
and broad substrate generality are realized with a,f3-unsatu-
rated ketones. There are only a few reports, however, in
which a,f-unsaturated esters have been used as substrates,
and this is probably because the reactivity of a,p-unsaturat-
ed esters is much lower than that of o,fB-unsaturated ke-
tones. A salen-manganese complex!® (salen = N,N'-ethylene-
bis(salicylideneiminato) and chiral ketones!”! have been uti-
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rare-earth metals - yttrium

lized for catalytic asymmetric epoxidation of a,f-unsaturat-
ed esters. These catalysts, however, are not applicable to
substrates that have functional groups such as carbon—
carbon double bonds and ketones, owing to chemoselectivity
issues. Thus, there remains room for improvement, particu-
larly in terms of substrate generality.

As part of our continuing research program on the asym-
metric epoxidation of electron-deficient olefins,”) we have
investigated a series of rare-earth metal-binol complexes for
epoxidations  of  a,p-unsaturated  N-acylimidazoles,®
amides,” and N-acylpyrroles''” as carboxylic acid deriva-
tives. Our strategy relies on Wietz—Scheffer-type epoxida-
tion,' for which 1,4-addition of a rare-earth metal peroxide
generated in situ from a rare-earth metal-binol complex and
tert-butyl hydroperoxide (TBHP) or cumene hydroperoxide
(CMHP) is used. Thus, chemoselective epoxidation of an
electron-deficient carbon—carbon double bond in the pres-
ence of other functional groups can be realized. We previ-
ously communicated a catalytic asymmetric epoxidation of
o,B-unsaturated esters, for which a new yttrium-biphenyl-
diol complex 1a (Figure 1) was used.'? Although 1a gave
excellent enantiomeric excesses for B-aryl o,f-unsaturated
esters (mostly >95% ee), the enantioselectivity of (3-alkyl
o,B-unsaturated esters was less satisfactory (mostly <95%
ee). In this article, we report the full details of the asymmet-
ric epoxidation of a,B-unsaturated esters catalyzed by the yt-
trium-biaryldiol ligand complex. Trials to improve the enan-
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Figure 1. Structures of (S)-biaryldiol ligands 1a-h.

tioselectivity for f-alkyl a,p-unsaturated esters as well as
synthetic applications are also described.

Results and Discussion
In rare-earth-metal-catalyzed epoxidation reactions, the
rare-earth metal (RE) has two functions.™® As shown in the

proposed catalytic cycle in Scheme 1,'¥) an RE alkoxide
moiety functions as a Brgnsted base to generate an RE per-
ROOH

/O 7
RO-RE_ ) %ROO—RE\ *

rare-earth metal complex ROH

0
/\)J\ _ biaryldiol AN
=0 RTN"x
OH ligand

\\((\ RE ) 1,4-addition le

Scheme 1. Postulated catalytic cycle of asymmetric epoxidation promoted
by a chiral RE-biaryldiol complex.

Abstract in Japanese:
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oxide in situ, while at the same time functioning as a Lewis
acid to activate an electrophile. 1,4-Addition of the RE per-
oxide to an o,pB-unsaturated compound affords an enolate
intermediate; this is followed by epoxide formation to re-
generate the RE alkoxide. For this reaction to be promoted
efficiently, it is important that the Lewis acidity of the RE
and the nucleophilicity of the RE peroxide are in balance.
A suitable RE-ligand complex should be selected on the
basis of the properties of the substrate. Guided by our relat-
ed previous epoxidations,® ' we examined the RE effects
with 10 mol % (S)-binol 1b as ligand, 10 mol % triphenylar-
sine oxide as an additive (Table 1, entries 1-5), and methyl

Table 1. RE effects in catalytic asymmetric epoxidation of 2a with
RE(OiPr);, (S)-binol 1b, and Ph;As(O).
RE(O/Pr); (10 mol %)
(S)-binol 1b (10 mol %)
0 Ph;As(O) (10 mol %) 0
TBHP (1.2 equiv)

Ph/vJ\OMe . Ph

4-AM.S OR
2 THF (0.1 M), RT, 72 h 3a: R =OMe
4a: R = OiPr
5a: R = OtBu
Entry RE Yield of Yield of ee of
3al [%] 4a+5a" [%)] 3a [%]
1 La 7 - 75
2 Pr 24 - 88
3 Sm 8 - 94
4 Gd 13 - 94
5 Dy 33 3 9
6 Y 36 5 95
7 Sc 0 - -

[a] Yield of isolated analytically pure compound. [b] Isolated as a mixture
of 4a and 5a. [c] Determined by chiral HPLC. M.S.=molecular sieves.

(E)-cinnamate (2a) as substrate. In our previous studies of
a,B-unsaturated ketones,” N-acylimidazoles,® amides,”! and
N-acylpyrroles,'” either La(OiPr); or Sm(OiPr); gave the
best enantioselectivities and reactivities; however, neither
La(OiPr); (Table 1, entry 1, 7% yield, 75% ee) nor Sm-
(OiPr); (Table 1, entry 3, 8% yield, 94 % ee) gave satisfacto-
ry results. Among the REs and first-column transition
metals examined (Table 1, entries 1-7), Y(OiPr); afforded
the desired product 3a in 95% ee and 36 % yield (Table 1,
entry 6), together with 5% of the epoxy isopropyl and tert-
butyl esters 4a and Sa. In a control experiment in which the
sterically hindered isopropyl (E)-cinnamate was used under
the same reaction conditions, no reaction took place. There-
fore, trans esterification occurred only from o,B-epoxy
methyl ester 3a. Isopropyl alcohol and tert-butyl alcohol
were derived from Y(OiPr); and TBHP.

In our previous studies on asymmetric epoxidation of a,f3-
unsaturated N-acylpyrroles,'” the dihedral angle as well as
the electronic properties of the biaryl ligands affected reac-
tivity and enantioselectivity. Therefore, we investigated
ligand effects using Hg-binol 1¢!* and 2,2"-biphenyldiol li-
gands 1d-h (Figure 1 and Table 2). The ligand Hg-binol 1¢
with a large dihedral angle gave trace amounts of product
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Table 2. Ligand effects in catalytic asymmetric epoxidation of 2a with
Y (OiPr)s, (S)-biaryldiol ligands 1a—i, and Ph;As(O).
Y(OiPr); (10 mol %)
S ligand 1a-i (10 mol %)

o PhsAs(O) (10 mol %) 50
TBHP (1.2 equiv o
Ph/vj\OMe ™ A( s ) Ph/\:)J\OR
2a THF (0.1 M), RT 3a: R=0Me
4a: R=0iPr
5a: R =0tBu
Entry Ligand Dihedral ¢ Yield of  Yield of ee of
angle!® [h] 3a"[%] 4a+5al[%] 3al¥[%]
1 1b 89.0 72 36 5 95
2 1c 101.9 72 trace - -
3 1d 62.7 144 4 14 92
4 le 73.1 120 45 26 98
5 1f 73.5 120 49 33 99
6 1g 78.1 110 64 14 99
7 1h 76.5 110 28 30 98
8 la 75.1 48 61 28 99

[a] Calculated by using the B3LYP method with 6-31G* as basis sets. For
detailed calculation conditions, see Supporting Information. [b] Yield of
isolated analytically pure compound. [c] Isolated as a mixture of 4a and
5a. [d] Determined by chiral HPLC.

(Table 2, entry2). Therefore, less-hindered 2,2'-biphenyl-
diols were examined in detail. To investigate the effects of
the dihedral angle, we synthesized 2,2'-biphenyldiols 1d-h
with various linker lengths (Figure 1).%!7! Ligand 1d with a
four-carbon linker (calculated dihedral angle: 62.7°) gave
poor results (Table 2, entry 4), whereas ligands 1e-g with
five- to seven-carbon linkers (73.1°-78.1°) resulted in good
conversion of ester 2a (Table 2, entries 4-6, 71-82 % total
yield of epoxides 3a, 4a, and 5a), although there was a sig-
nificant amount of trans esterification. Ligand 1h with an
eight-carbon linker also afforded better results than binol
1b (Table 2, entry 7, 58 % total yield), although the yield
was slightly worse than with ligands 1e—g. Good conversion
was achieved with ligands 1e-g (Table 2, entries 4-6), but
the long reaction time (5 days) was problematic.

The effect of a heteroatom in the linker on the reaction
rate was then examined, because heteroatoms in ligands
often change the coordination nature of RE catalysts and
drastically change reactivity and/or enantioselectivity.!'™
When ligand 1a linked by diethylene ether was used
(Table 2, entry 8), the reaction rate increased and the epox-
ides were obtained in 89 % yield (61% 3a and 28 % 4a and
5a) after 48 h. The linker length as well as the dihedral
angle of 1a (75.1°) was similar to those of 1e with its five-
carbon linker. Although the precise reason for the positive
effects of the diethylene ether linker is unknown, we specu-
late that an oxygen atom in the linker would increase the
polarity of the ligand, thereby promoting the generation of
a reactive monomeric yttrium species.

The procedure used to prepare ligand 1a is summarized
in Scheme 2. For the protection of tetraol 7 with (§)-pro-
pane-1,2-diol bismesylate, a reported procedure was follow-
ed.l® Linkage with a diethylene ether followed by selective
cleavage of the chiral auxiliary afforded 1a in 98 % ee. Parti-
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Scheme 2. Synthesis of (S)-biphenyldiol ligand 1a. Reagents and condi-
tions: a) i) BuLi, TMEDA, THF, —78 to 0°C, 4 h; ii) FeCl;, 0°C to room
temperature, 2 h, 69%; b) BBr;, CH,Cl, —78°C to room temperature,
87%; c) (S)-1,2-propanediol bismesylate, Cs,CO;, DMF, 80°C, 16 h,
68 %; d) (BrCH,CH,),0, K,CO;, DMF, 80°C, 9 h, 70%; e) lithium 4,4'-
di-rBu-biphenyl, THF, 0°C, 1 h, 74%, 98 % ee; f) enantio-enrichment as
quinine salt. DMF = N,N-dimethylformamide, TMEDA = N,N,N',N'-tetra-
methyleneethylenediamine.

al racemization occurred during deprotection. Ligand 1la
was obtained in enantiomerically pure form (>99% ee)
after enantio-enrichment as a 1a—quinine salt.

The attempts to decrease catalyst loading are summarized
in Table 3. As shown in Table 3, entries 1-4, catalyst loading
was successfully lowered to 5, 3, and 2 mol% without any
problems. The concentration of catalyst was kept constant
to obtain good reactivity and selectivity."”! Therefore, when
the catalyst loading was decreased, the substrate concentra-
tion was increased accordingly. In Table 3, entry 5, the reac-
tion was performed in 1.0M of 2a. The volumetric productiv-
ity of the present system is noteworthy. On the other hand,
it was difficult to suppress trans esterification with methyl
ester 2a. Therefore, we changed the substrate from methyl
cinnamate (2a) to ethyl cinnamate (2b) to simplify the anal-
ysis by suppressing trans esterification. The epoxidation of
2b was smoothly promoted by 2 mol% of Y(OiPr),, (S)-bi-
phenyldiol 1a, and Ph;As(O) (1:1:1), giving 3b in 89 % yield
and 99% ee (Table 3, entry 6). With ethyl ester 2b, only
trace trans esterification was observed. With 1 mol % cata-
lyst, the reaction stopped at 62 % conversion under standard
reaction procedures, in which 1.2 equivalents of TBHP was
added in one portion (Table 3, entry 7). We speculate that
TBHP in great excess in the reaction mixture would decom-
pose the yttrium catalyst. Therefore, a part of the TBHP
was added slowly over 12 h, and this resulted in a better
yield of 3b (Table 3, entry 8, 86 % yield, turnover number
(TON)=86, 99% ee). With 0.5 mol % catalyst, the reaction
stopped at 58 % conversion, even though TBHP was added
slowly over 24 h (Table 3, entry 9, TON =116).

With a suitable ligand 1a in hand, we re-examined the
effect of the RE to confirm the superiority of Y(OiPr); over
other metals (Table 4). The reactivities matched the report-
ed values of the Lewis acidities of the REs well.?”! The rela-
tionship between the yield and ee of epoxide 3b and the
Lewis acidity of the REs is summarized in Figure 2. The
yield was lowest with the less Lewis acidic metals lanthanum
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Table 3. Trials to reduce catalyst loading.!*)
Y(OPr), (x mol %)
Sligand 1a (x mol %)

M. Shibasaki et al.

reaction proceeded smoothly
with 2-5mol% catalyst. For
ester 2b, 4 mol % of triphenyl-

0 Ph3As(O) (x mol %) 0 . R
/\)I\ TBHP (1.2 equiv) /\O/U\ phosphine oxide worked as well
Ph OMe Ph N OR : : :
23 R = OM 4-AM.S. 33 R = OM as triphenylarsine oxide, al-
2: R " OEte THF (y m), RT 4:'. R - OIPT though the enantioselectivity
' 5a: R = OfBu was slightly decreased (Table 5,
3b: R = OFt entry 2, 97% ee).”” The reac-
= tivity of ester 2d with a sterical-
Entry Ester X y t Yield of Yield of TON ee of Iv hi
ndered 1-naphthyl grou
[mol%]  [m] m]  39[%] 4a+5al" [%] % Y M phthyl group
was lower than that of ester 2¢
1 2a 10 0.1 48 61 28 8.9 99 with a 2-naphthvl rou
2 2a 5 02 865 21 172 9 aphthyl — group
3 2a 3 0.33 48 79 11 30 99 (Table 5, entries 3 and 4);
4 2a 2 0.5 48 77 12 445 99 therefore, Smol% of catalyst
5 2a 2 1.0 60 81 8 44.5 99 was required for 2d. The reac-
6 2b 2 1.0 36 89 trace 44.5 99 tions of esters with electron-
7 2b 1 2.0 48 62 trace 62 99 . .
gl 2b 1 2.0 48 86 trace 86 99 withdrawing groups 2e-g pro-
ole] 2b 0.5 4.0 b 58 trace 116 98 ceeded smoothly with 2 mol %

[a] TBHP (1.2 equiv) was added in one portion unless otherwise noted. [b] Concentration of substrates.
[c] Yield of isolated analytically pure compound. [d] Isolated as a mixture of 4a and 5a. [e] Determined by
chiral HPLC. [f] TBHP (0.6 equiv) was added in one portion, and then additional TBHP (0.6 equiv) was
slowly added over 12 h. [g] TBHP (1.05 equiv) was used: TBHP (0.2 equiv) was added in one portion, and

then additional TBHP (0.85 equiv) was slowly added over 24 h.

Table 4. RE effect in catalytic asymmetric epoxidation of methyl (E)-cin-

namate (2b) with RE(OiPr);, (S)-biphenyldiol 1a, and Ph;As(O).

RE(OiPr); (2 mol %)
(S)-1a (2 mol %)

o] o]
Ph3As(O) (10 mol %) .0
X X =
Ph/\)J\OEt TBHP (1.2 equiv) Ph/\')J\OEt
4-AMS.
2b THF (1.0 M), RT, 36 h 3b
Entry RE Yield® [%] ee” [%]
1 La 2 75
2 Pr 7 91
3 Sm 22 94
4 Gd 39 98
5 Dy 63 98
6 Y 89 99
7 Sc 0 -
[a] Yield of isolated analytically pure compound. [b] Determined by

chiral HPLC.

and praseodymium (Table 4, entries 1-2), and gradually in-
creased with more Lewis acidic metals. Yttrium gave the
best yield and ee (Table 4, entry 6). The results suggest that
Lewis acidity is important for the activation of a,f-unsatu-
rated esters, which are much less electrophilic than a,B-un-
saturated ketones. Although scandium has the highest Lewis
acidity, epoxide 3b was not obtained (Table4, entry7),
probably because the nucleophilicity of scandium peroxide
is poor. We assume that the balance between the Lewis
acidity of the RE and the nucleophilicity of the RE peroxide
is important.

The epoxidation of various (-aryl o,f-unsaturated esters
were carried out with Y(OiPr), and 1a (Table 5).2%? The
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catalyst (Table 5, entries 5-7),
whereas 5mol% catalyst was
required for esters with elec-
tron-donating groups 2h and 2i
(Table 5, entries 8 and 9). The

100 6 © o 1.4
I g ® o N
ag 80 | o 0.9
< =
g 60 o ES
o 04 G
40 @
o . :
@ -0.1
S 20 E| |:| =
0 Al . . " N N Ly -0.6
La Pr Sm Gd Dy Y Sc

Figure 2. Relationship between yield and ee of 3b and Lewis acidity of
REs.”! @ =Relative Lewis acidity, (1= Yield, O =ee.

acetyl functionality remained intact under these reaction
conditions, although the enantioselectivity was lower com-
pared with other substrates (Table 5, entry 7, 89 % ee). Het-
eroaromatic rings are often incompatible with oxidative con-
ditions. Notably, the reactions of -heteroaryl substrates pro-
ceeded chemoselectively at the electron-deficient carbon-
carbon double bond, giving epoxides 3j-I in good yield and
ee (Table 5, entries 10-12, 78-97 % yield, 92-98% ee). To
the best of our knowledge, there are no previous reports of
catalytic asymmetric epoxidation of f-heteroaryl o,f-unsatu-
rated esters.

The Y(OiPr);—1a catalyst could also be applied to p-alkyl
o,pB-unsaturated esters 2m—p (Table 6, entries 1-4). Notably,
substrate 2n with an additional carbon—carbon double bond
and 20 with a ketone moiety, which are not compatible with
other asymmetric catalysts,*” underwent epoxidation with
this catalyst. However, as shown in Table 6, 10 mol% Y-
(OiPr);-1a was required for good conversion, and products
were obtained with 91-96 % ee. The enantioselectivities ob-
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Table 5. Catalytic asymmetric epoxidation of f-aryl and fB-heteroaryl o,f-unsaturated esters using Y(OiPr)s,

(S)-1a, and Ph;As(O).
Y(OiPr); (x mol %)
(S)-1a (x mol %)
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AN ASIAN JOURNAL

ents, and that the best chiral
ligand and/or metal source for
B-alkyl substrates should be dif-

o PhsAs(O) (x mol %) o ferent from that for p-aryl sub-

Ar/\)J\OEt TBHP (1.2 equiv) Ar/UJ\OEt strates. Therefore, we used

4-AMS. methyl ester 2r to re-examine

2b-1 THF ). RT 3b-1 ligand and metal effects

Entry Ar 2 ¥ Yl { 3 Yield®! el (Table 7). RE effects were ex-

[mol %] [M] [h] [%] [%] amined with binol 1b (Table 7,

1 Ph 2b 2 1.0 36 3b 89 99 entries 1-6). In contrast to the

oM Ph 2b 2 1.0 45 3b 94 97  vyields obtained with [-aryl

3 2-naphthyl 2¢ 2 1.0 24 3¢ 89 99 esters (compare Table 1), the

4 L-naphthyl 2d X 04 40 3d 62 7 reactions shown in Table 7 pro-
5 m-CIC{H, 2e 2 1.0 20 3e 92 99

6 p-ClC(,H4 2f 2 1.0 24 3f 90 99 ceeded in similar ylelds with all

7 p-AcCeH, 2g 2 1.0 24 3g 89 89 REs, but the enantioselectivity

8 p-MeCgH, 2h 5 04 24 3h 84 98  differed depending on the

? P 'M%OC"H“ 2 > 04 4 3 " 2 metal. Y (OiPr); with triphenyl-

10 U 2 5 04 27 3 78 9”0 arsine oxide gave the best enan-

o tioselectivity (Table 7, entry 6,

Nt 99% ee), albeit in modest yield

1 @ 2k 3 0.67 24 3k 23 8 (50%). When triphenylphos-

LLL/L phine oxide was used as an ad-

12 ﬂ 21 3 0.67 24 31 97 93  ditive, the yield increased and

s

the high ee was maintained

[a] Concentration of substrates. [b] Yield of isolated analytically pure compound. [c] Determined by chiral
HPLC. [d] 4 mol% of Ph;P(O) as an additive was used instead of Ph;As(O).

Table 6. Catalytic asymmetric epoxidation of f-alkyl a,p-unsaturated
esters using Y(OiPr)s, (S)-1a, and Ph;As(O).
Y(OiPr); (x mol %)
(S)-1a (x mol %)

0 Ph3As(O) (x mol %) o [e]
TBHP (1.2 equiv) oY
N :
alkyl/\)J\OEt alkyl/\)J\OEt
THF (0.5 M)
2m-q 4-AMS., RT 3m-q
Entry  Alkyl 2 x t Yield®  eel
[mol%]  [h]  [%] [%]
1 ph 2m 10 47 86 91
2 Phae 2 2n 10 71 8l 93
o]
3 o~y 20 10 2 78 92
4 PMBO™ 2p 10 66 81 96

M
5 2q 10 40 20 76

[a] Yield of isolated analytically pure compound. [b] Determined by
chiral HPLC.

tained with (-alkyl esters 2m-p (Table 6, entries 1-4) was
slightly lower than those obtained with (-aryl substrates
(compare Table 5). Substrate 2q with a branched f-alkyl
substituent resulted in a much less satisfactory result
(Table 6, entry 5, 20% yield, 76% ee). Therefore, further
improvement of conditions was required for (3-alkyl a,p-un-
saturated esters.

We hypothesized that the difference in enantioselectivity
was due to the steric and electronic factors of the § substitu-
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(Table 7, entries 7-9). For the
optimum conditions in terms of

Table 7. Optimization of reaction conditions for f-alkyl a,p-unsaturated
ester 2r.
RE(OiPr); (10 mol %)
S ligand (10 mol %)
0 additive (x mol %) 0
TBHP (1.2 equiv)

/\/\)J\
Ph OMe —— > Ph

:

4AMS OR
2r THF (0.1 M), RT 3r.R =0Me
4r: R = OjPr
5r: R = OfBu
Entry RE Ligand Additive  x t Yield®  eel®
[mol%] [h]  [%] [%]
1 La 1b Ph;As(O) 10 24 41 89
2 Pr 1b Ph;As(O) 10 24 58 88
3 Sm 1b Ph;As(O) 10 24 47 81
4 Gd 1b Ph;As(O) 10 24 66 78
5 Dy 1b Ph;As(O) 10 24 69 85
6 Y 1b Ph;As(O) 10 42 50 99
7 Y 1b Ph,P(O) 10 24 53 98
8 Y 1b Ph,P(O) 20 24 87 97
9 Y 1b Ph,P(O) 30 24 88 96
10! Y 1a Ph;As(O) 10 2459 90
110 Y 1a Ph;P(0) 20 24 60 89

[a] Yield of isolated analytically pure compound. [b] Determined by
chiral HPLC. [c] Reaction was performed at 0.5M. At 0.1M, the product
was obtained in much less satisfactory yield.

yield and ee (Table7, entry8, 87% yield, 97% ee),
20 mol % of triphenylphosphine oxide was used. With ligand
1a, less-satisfactory enantioselectivities were obtained with
both triphenylarsine oxide (Table 7, entry 10, 90% ee) and
triphenylphosphine oxide (entry 11, 89 % ee).
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The substrate scope of the Y(OiPr);-binol 1b-triphenyl-
phosphine oxide (1:1:2) system is summarized in Table 8.
Epoxides were obtained with up to 96-97 % ee (Table 8, en-
tries 1-5). The enantioselectivity was higher than that shown
in Table 6, in which Y(OiPr);-1a was used as catalyst. The
amount of frans esterification strongly depended on the sub-
strate. With esters 2r, 2u, and 2v, frans esterification was
negligible, whereas isopropyl and tert-butyl epoxy esters
were obtained in 22 % and 16 % yield with esters 2 s and 2t
(Table 8, entries 2 and 3). Notably, Y(OiPr);-binol 1b cata-
lyst is applicable to 2 v with branched substituents, giving ep-
oxide 3v in 72% yield and with 93 % ee (Table 8, entry 5).
Both a control experiment in which Y(OiPr);-1a was used
as catalyst (Table 8, entry 6, 26 % total yield, 84 % ee) and
the result in Table 6, entry 5 indicate that only binol 1b is
suitable for sterically crowded [-branched-alkyl esters. On
the other hand, the substrate scope of the Y(OiPr);-binol
1b catalyst is limited to f-alkyl methyl esters (Table 8, en-
tries 1-5). With B-alkyl ethyl ester 2m, epoxide 3m was ob-
tained with only 71% ee, albeit in good yield (Table 8,
entry 7, 89 %). B-Aryl ester 2a had poor reactivity (Table 8,

Table 8. Catalytic asymmetric epoxidation of B-alkyl a,B-unsaturated esters with Y(OiPr);, (S)-binol 1b, and

M. Shibasaki et al.

crw@“’

= Ar

o)
OH
N\/\o OEt

d |:14. X=H (-)-ragaglitazar 16
15: X = Et

Scheme 3. Catalytic asymmetric synthesis of (—)-ragaglitazar. Reagents
and conditions: a) 10 (1 equiv), 11 (1 equiv), K,CO; (2 equiv), xylene,
130°C, 23 h, 83%; b) Y(OiPr); (5mol%), (R)-1a (5 mol%), Ph;As(O)
(5mol%), TBHP (1.2 equiv), THF, room temperature, 48 h; c)Pd/C
(10 mol %), H,, EtOAc, room temperature, 24 h, 64 %, 98% ee (2 steps
from 12); d) Et;O*-BF,", proton sponge, CH,Cl,, 0°C, 82%; €) 3™ agq.
NaOH, MeOH, room temperature, 4 h, 98 %.

1a, and triphenylarsine oxide,

Ph;AS(0). RE(O#Pr, (10 mol %) epoxide 13 was obtained with
er mo
(S)-binol 13b (10 mol (')JA’) 98% eel?! Because the ob-
o) Ph3P(0) (20 mol %) o tained epoxide was relatively
R*N\)I\ORZ _ TBHP (1.2 equiv) RK{E/U\ORZ unstable and partially decom-
4-AM.S. osed during purification on
2 THF (0.1 ), RT 3 RQ‘ Me or Et bo 8 purti
4. R*=jPr silica gel, crude epoxide 13 was
5. R’ = (Bu subjected to the next hydroge-
Entry R R 2 N Yield®™ of Yield™ of w9 of hation step without purifica-
[mol %] [h] 3[%] 4+5[%) 3[%] tion. Ring opening proceeded
1 PN Me 2 10 o g7 1 97 regioselectively with Pd/C-H,,
2 PR Me 25 10 40 66 22 9 and c-hydroxy ester 14 was ob-
Pho e tained in 64 % yield (two steps
3 o Me 2t 10 w7 16 % from 12). Ethylation (82%) af-
4 o~y Me  2u 15 8 0 trace 9% forded known compound 15,
» and hydrolysis under reported
5 O Me 2v 15 40 72 trace 93 conditions afforded 16 (98 %).
61 2v 15 40 23 3 84
7 Ph N Et 2m 10 4 89 trace 71 .
Conclusions
8 Ph Me 2a 10 72 36 5 95

[a] Yield of isolated analytically pure compound. [b] Isolated as a mixture of 4 and 5. [c] Determined by chiral
HPLC. [d] Control experiment with 15 mol % Y(OiPr);-1a-Ph;As(O) (1:1:1).

entry 8, 41% total yield) with binol 1b, as previously dis-
cussed (compare Table 2).

To demonstrate the utility of the present method, we ap-
plied the Y(OiPr);—1a catalyst to the synthesis of (—)-raga-
glitazar (16),**! which is an antidiabetes agent (Scheme 3).
o,B-Unsaturated ester 12 with a phenoxazine group was syn-
thesized from 10 and 11, and used for the epoxidation reac-
tion. Notably, the epoxidation proceeded without problems
with the phenoxazine group. With 5 mol % of Y(OiPr)s, (R)-
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In summary, we have devel-
oped a method for the catalytic
asymmetric epoxidation of a,f3-
unsaturated esters by using Y-
(OiPr)s-biaryldiol complexes. Selection of both a suitable
rare-earth metal and a chiral ligand was crucial for good re-
activity and enantioselectivity to be obtained. An yttrium—
biphenyldiol 1a catalyst, generated from Y(OiPr);—biphenyl-
diol 1a-Ph;As(O) (1:1:1), was suitable for various a,f-unsa-
turated esters. High enantioselectivities (89-99% ee) and
good yields were realized for B-aryl and f-heteroaryl a,B-un-
saturated esters when 0.5-5 mol % catalyst was used (TON
up to 116). For p-alkyl a,pf-unsaturated esters, an yttrium-—
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binol 1b catalyst, generated from Y(OiPr);-binol 1b-
Ph;P(O) (1:1:2), gave better enantioselectivities (93-97 %
ee) than 1a.

Experimental Section
General

Spectral data and *C NMR spectra of all new compounds, detailed pro-
cedures for the epoxidations and the synthesis of 1a, 2, and 16, conditions
for the calculation of the dihedral angles, and determination of the abso-
lute configurations are available in the Supporting Information. RE-
(OiPr); complexes were purchased from Kojundo Chemical Laboratory
Co., LTD., 5-1-28, Chiyoda, Sakado-shi, Saitama 350-0214, Japan (fax:
(+81)492-84-1351, e-mail: sales@kojundo.co.jp). Same-grade Y(OiPr); is
commercially available from Aldrich. 4-A molecular sieves (MS) were
purchased from Fluka (Molecular Sieve UOP 4 A, powder).

Syntheses

Representative procedure for catalytic asymmetric epoxidation: 4-A mo-
lecular sieves were dried for 3h at 180°C under reduced pressure
(0.7 kPa) (activation of the molecular sieves is important if good reactivi-
ty is to be achieved). A solution (0.2Mm) of Y(OiPr); in THF (0.125 mL,
0.025 mmol) was added to a mixture of the 4-A molecular sieves
(250 mg), 1a (7.2 mg, 0.025 mmol), and triphenylarsine oxide (8.1 mg,
0.025 mmol) in THF (1.125 mL) at room temperature. After the mixture
was stirred for 45 min at room temperature, a solution (4.0m) of TBHP
in toluene (0.375 mL, 1.5 mmol) was added. After the mixture was stirred
for 10 min, 2b (220.3 mg, 1.25 mmol) was added, and the mixture was
stirred at room temperature. After complete consumption of the starting
material (36 h), the reaction mixture was diluted with ethyl acetate
(10 mL) and quenched with citric acid (2%, 2.5 mL). The aqueous layer
was extracted with ethyl acetate (2x10 mL), and the combined organic
layers were washed with brine (5 mL) and dried over Na,SO,. After the
solvent was removed under reduced pressure, the residue was purified by
flash chromatography (silica gel, hexane/ethyl acetate 100:1-50:1); this
gave 3b (212.7 mg, 89 %) as a clear oil. The enantiomeric excess of 3b
was determined by chiral stationary-phase HPLC analysis (DAICEL
CHIRALPAK AD-H, iPrOH/hexane=2:98, flow rate=0.4 mLmin ',
fr=31.5min (2S,3R) and 38.0 min (2R,3S), detection at 254 nm, [a]} =
—158.8 (¢=1.06, CHCl;). Absolute configuration of 3b was determined
to be (2R,3S) by comparison of the sign of optical rotation with reported
data.™ [a]3 =+160.1 (c=1.15, CHCl,, (25,3R)).
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