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Abstract

Through the different oxidations of olefins mediated by palladium compounds, the epoxidation has met a limited success. This review summarizes
the different stoichiometric and catalytic palladium procedures that led to the production of epoxides from alkenes. The proposed mechanisms are

also described with, in some cases, personal comments.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The oxidation of monoolefins in the presence of palladium
salts or complexes has led to a plethora of studies. Through the
different reactions, the most well known is the Wacker oxida-
tion, a catalytic process that has been intensively used for the
synthesis of methyl ketones from terminal olefins [1-4]. Allylic
oxidation of olefins is also a common Pd-catalyzed reaction [5]
that has been mainly developed for the synthesis of allylic esters
[6]. In contrast, the Pd-catalyzed epoxidation of the C=C bonds
is so uncommon that in 2000, it was advanced [7] that the cor-
responding literature contained only two reports, although five
studies with Pd catalysis were cited in the 1989 review entitled
“Transition-metal-catalyzed epoxidations” [8]. As other studies
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were published and new procedures appeared over the recent
years, it seems of interest to review this topic.

A range of reports, mainly patents, claims the use of mixtures
of palladium and titanium or vanadium compounds for the cat-
alytic epoxidation of light alkenes under a H/O, atmosphere
[9-11]. The role of palladium in these systems is mainly the
formation of H,O, from Hy/O; mixtures; this is indeed a syn-
thetic method of H,O5 [12,13]. The peroxide is then used by the
titanium or vanadium compound to perform the epoxidation,
a well established catalyzed reaction of these transition met-
als [14,15]. The presence of palladium can nevertheless modify
the efficiency of the epoxidation step as studied with propy-
lene [16] and allyl chloride [17] as substrates. Other bimetallic
systems containing palladium have been disclosed [18,19], but
these methods, as those above, are out of the scope of this review
which is limited to epoxidations mediated by only palladium
compounds with, however, an extension to heteropolyoxomet-
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Scheme 1.

alates having a Pd heteroatom. After the presentation of alkene
epoxidations involving stoichiometric amounts of palladium
complexes, the catalytic procedures will be summarized with,
firstly, an arrangement dependent on the nature of the oxygen
source and, secondly, a chronological account of the reports.

2. Stoichiometric reactions

In 1975, Sheldon and van Doorn reported the cycloaddition
of (Ph3P),PdO; to 2-(propan-2-ylidene)malononitrile, and the
acidic cleavage of the resulting cyclic peroxy-adduct into a 1:2
mixture of olefin and epoxide (Scheme 1) [20].

Ten years later, Matsuura et al. disclosed the formation of
E-stilbene oxide via the reaction, in acetonitrile and at room
temperature, of E- or Z-stilbene with a Pd!! salt and the ozonide
obtained from 9-7-butyl-10-methylanthracene (Eq. (1)) [21].
Given the lack of stereospecificity of the process, the decrease
of yields in the presence of a radical scavenger, and the simi-
lar reaction obtained under thermal conditions [22], the authors
proposed a radical mechanism. The Pd! salt would cleave an
O—O bond of the ozonide to afford the corresponding peroxy
radical intermediate that would react with the C=C bond of the
substrate. The scope of this Pd-mediated epoxidation method
is very limited since styrene led only to acetophenone under
similar conditions.

Me
MeCN oL, Ph
Ph——=—Ph + + PdX, ——
rt,71-72 h PH
(5 equiv.)
-Bu E-stilbene, Pd(OAc), (2 equiv.): 14%

E-stilbene, PA(OCOCF3), (1 equiv.): 32%
Z-stilbene, Pd(OAc), (2 equiv.): 5%
Z-stilbene, PA(OCOCF3); (1 equiv.): 25%

ey

Simultaneously to the above report, Talsi et al. described the
oxidation of linear alkenes by a palladium superoxo complex
(Scheme 2) obtained from Pd(OAc); and hydrogen peroxide,
and identified from its EPR parameters [23]. Subsequently,
palladium superoxo complexes possessing similar oxidation
properties have been prepared using KO, instead of H,O», and

also from Pd(OPr); [24].

CIPANO,(MeCN),

a_cetone
nearly Instantaneous

Pd(OAC)2
30% H,0,
CHCl,
AcOPdOT O
AR — >

R

excess R = H (100%), Me (33%)

Scheme 2.

The reactivity of Talsi’s palladium superoxo complexes con-
trasts with that of alkylperoxopalladium complexes which do not
epoxide the linear alkenes [25-27]. In contrast, a cycloalkene
such as norbornene underwent oxidation with Mimoun’s com-
plex, (-BuOOPdOCOCFj3)4 [25], into exo-epoxynorbornene
(Eq. (2)) [28]. Given the intermediate proposed by Mimoun
for the ketonisation of terminal alkenes with this complex
[25,29,30], we suspect the mechanistic depicted in Scheme 3.
The epoxidation of cycloalkenes with (-~-BuOOPdOCOCFj3)4
seems to be limited to strained substrates since, under similar
conditions, cycloheptene afforded cycloheptenol (11%), cyclo-
heptenone (33%) and cycloheptanone (1%) [28].

b [~BuOOPdOCOCF;], Lbo

50% 2)

Andrews and Chen have obtained epoxides from the reaction
between cycloalkenes, in particular cycloheptene, and stoichio-
metric amounts of CIPANO;(MeCN), (Eq. (3)) [28,31,32].

FiC0CQ
-BuOOPdOCOCF; Pd_
> Y/, 00r-Bu
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Scheme 3.
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With norbornene as the substrate, these authors isolated a
heteropalladocyclopentane which, upon standing in toluene,
slowly evolved to exo-epoxynorbornene (Scheme 4) [28]. This
epoxide has also been efficiently obtained without isolation
of the intermediate [31]. Unlike cycloalkenes, the stoichio-
metric oxidation of linear alkenes with CIPANO,(MeCN),
afforded, on the best, traces of the corresponding epoxides
[31].

CIPdNO,(MeCN), (0.1 equiv.)

CICH,CH,Cl, air

60°C,3-4h

CIPANO,(MeCN); (1 c:quiv.)0
+
b CICH,CH,CL, N, o

20-60 °C, 2-24 h

n=0,20°C,6h: 4% 3% 27% 1%

n=1,60°C,2h: 0% 3% 34% 5%

n=2,20°C,20h: 21% 4% 2% 32%

n=2,60°C 2h: 34-55% 2-9% 9-12%  17-26%

n=3,60°C,3h: 12% 6% 7% 0%
3

3. Catalytic reactions
3.1. Molecular oxygen as oxygen source

In 1978, Paraskewas and Konstandinidis disclosed the
formation of a mixture of 2-cyclohexen-1-ol and 2,3-
epoxycyclohexene from the PdCly-catalyzed oxidation of
1,3-cyclohexadiene with an oxygenated acidified aqueous solu-
tion of CuCl, (Eq. (4)). Unfortunately, the yields were not
indicated [33].

PdCl, (0.1 equiv.)

CuCl, (1.5 equiv.)
HCI1(5 equlv )
02 (stream)

H,0,50°C, 1 h 4)

Four years later, Andrews and Cheng reported catalytic
conditions for the efficient epoxidation of norbornene using
CIPANO,(MeCN), under air atmosphere (Eq. (5)) [28,31,34].
The oxidation of cyclopentene and cycloheptene was much less
selective (Eq. (6)). Subsequently, Waegell et al have extended
the catalytic epoxidation with the CIPANO,(MeCN),/air sys-
tem to a range of norbornene derivatives using benzene as the
solvent (turnover number up to 10) [35,36]. Under similar con-
ditions, terminal olefins such as 1-decene and styrene, led to
the corresponding methyl ketones as the main products without
formation of epoxides [31,35-37]. The formation of the het-
eropalladocyclopentane shown in Scheme 4 has been considered
as the intermediate leading to exo-epoxynorbornene under cat-
alytic conditions. The study of the reactivity of this complex in

the presence of CuCl, [35,36] suggests that for oxidations with
CIPANO,(MeCN),, copper salts cannot be used to regenerate
active epoxidation species.

CIPANO,(MeCN),
(0 1 equiv.) o
EtOAc

air, 60°C, 120 69% 5)

o@bbb

7-14% 3-4% 5-8 % 7-11% (6)

Wong et al. have observed that the course of the nor-
bornene reaction mediated by the CIPANO,(MeCN),/air system
depended greatly on the substrate concentration, a high con-
centration leading to a tetrahydrofuran derivative (Eq. (7)). The
authors have shown that this compound results from the reaction
of the heteropalladocyclopentane depicted in Scheme 4 with the
substrate [38].

Ab CIPANO,(MeCN), (cat.bo .
#
air,24 h

E T (0)

PhMe, [substrate] = 0.04 M, 25 °C: turnover number = 0.55, E/T = 94:6
PhMe, [substrate] =1 M, 25 °C: turnover number = 5.3, E/T = 11:89
PhMe, [substrate] =2 M, 25 °C: turnover number = 4.9, E/T = 6:94
PhMe, [substrate] =4 M, 25 °C: turnover number =4 .4, E/T =3:97
EtOAc, [substrate] = 0.04 M, 60 °C: turnover number = 7.3, E/T = 98:2
EtOAc, [substrate] =4 M, 60 °C: turnover number = 4.2, E/T = 2:98

)

Palladium supported on alumina did not induce the epoxida-
tion of ethylene by oxygen [18], while palladium supported on
an inert copper—magnesium—aluminium hydrotalcite catalyzed
epoxidation of limonene but with both low conversion and low
selectivity [39]. Dyer obtained low amounts of propylene oxide
from the passing of a mixture of propylene, and oxygen through a
solution of PACI, [P(C¢Fs)]» in t-butanol or 1,2-dichlorobenzene
[40]. Cabrera et al. obtained less than 1% of oxidation products
with, at best, traces of epoxide from the reaction of cyclohex-
ene using oxygen and catalytic amounts of Pd(acac); in refluxing
benzene or toluene [41]. In contrast, epoxidation of cyclohexene
was the main reaction pathway occurring with oxygen generated
on the palladium anode during electrolysis of water [42].

A few papers report Pd-catalyzed epoxidations using an agent
which in situ interacts with molecular oxygen. To our knowl-
edge, the first report concerns the association Oy/azibenzil that,
in the presence of catalytic amounts of Pd(OAc),, led to the
epoxidation of various olefins (Eq. (8)) [43]. According to Ryang
and Foote, a carbene—palladium complex obtained from the
Pd-catalyzed decomposition of azibenzil reacts with oxygen to
afford the epoxidation species. The oxygen-transfer to the olefin
remains undetermined but the lack of stereospecificity indicates
a stepwise mechanism with an intermediate which can rotate.
Although this method has allowed the epoxidation of various
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types of olefins, the large excess of the substrate compared to
the amount of azibenzil limits its usefulness.

R, R* Ph Ph pd(OAc), (0.05 equiv.) Ry QA &
) ( + ) g oxygen (bubbling) > <

1%30 R* O 0 CHCl,, 1t R3 R*

(20 equiv.) Yields based on azibenzil
R!'=R2= Me, R3-R* = (CH,),: 71%; R' = Me, R? =H, R3-R* = (CH,)4: 59%
R'=R?=H, R3-R*=(CH,),: 24%; R' =R?>=R> =R* = Me: 87%
R!'=R2=Et, R =R*=H: 3% (+ 10% E-isomer); R' =R*=Et,RZ=R>*=H: 11%
R'=Me, R®=Ph, R? =R*=H: 43%; R' =R*=H, R = Ph, R? = Me: 40%
R! =R?=H, R? =Ph, R* = Me: 3% (+ 43% E-isomer)

®)

With isobutyraldehyde as the additive, Bregeault et al. have
epoxidized E-2-octene in high yields using various Pd-catalysts
at both ambient temperature and oxygen pressure (Eq. (9)) [44].
The authors suggest the in situ generation of isobutyric peracid
which would afford an oxopalladium complex. Both peracid
and oxo complex would mediate the epoxidation step. Interest-
ingly, the supported catalyst, namely Pd/zeolithe HZ, has been
recycled without loss of its activity. Under similar experimental
conditions, the Pd(acac);-catalyzed reaction of a-pinene with
isobutyraldehyde/O, did not afford the corresponding epoxide
[45].

catalyst (0.01 equiv.)

isobutyraldehyde (2.9 equiv.) o 0
- CsHin - > CsHyy +
- 0, (1 atm) ~L

CICH,CH,CI, 20 °C Celly

PdCl,, 5 h: 91% 9%

Pd(OAc),, 5 h: 89% 11%

Pd/zeolithe HZ: 89% 11%
)

Seven years later, Gao and Angelici who, apparently, were not
aware of above Bregeault’s study, have reported the oxidation
of various olefins using supported Pd catalysts and the isobu-
tyraldehyde or benzaldehyde/O, association. Conversion and
selectivity were quite depending on the substrate, aldehyde and
support (Egs. (10) and (11)) [46]. These authors have observed
epoxidation even in the absence of the metal but with much
lower efficiency (Egs. (10) and (11)), and have identified isobu-
tyric acid as by-product of isobutyraldehyde. The formation of
this acid, as the metal-free epoxidation, agrees with the in situ
formation of peracids.

catalyst
aldehyde

0, (1 atm)
CICH,CH,CI, rt

Pd/SiO,, i-BuCHO, 6.5 h: 98% conversion, 100% selectivity

Pd/C, i-BuCHO, 6 h: 74% conversion, 99% selectivity

Pd/SiO,, PhCHO, 12 h: 11% conversion, 100% selectivity

without Pd, i-BuCHO, 6 h: 32% conversion, 100% selectivity (10)

catalyst
aldehyde o
—_—
R 0, (1 atm) R/<'

R = CgHj; CICH,CH,CI, rt
Pd/SiO,, i-BuCHO, 22 h: 52% conversion, 84% selectivity
Pd/C, i-BuCHO, 20 h: 47% conversion, 100% selectivity
Pd/SiO,, PACHO, 22 h: 95% conversion, 100% selectivity
Pd/C, PhCHO, 22 h: 90% conversion, 100% selectivity
without Pd, i-BuCHO, 25 h: 25% conversion, 100% selectivity
without Pd, PhCHO, 26 h: 27% conversion, 100% selectivity
R =Ph
Pd/SiO,, i-BuCHO, 22 h: 80% conversion, 41% selectivity
Pd/C, i-BuCHO, 5 h: 84% conversion, 100% selectivity (1D

A Japonese patent discloses the use of an aliphatic or aromatic
nitrile as additive for the epoxidation with oxygen of propylene
and butenes catalyzed by Pd black or PdClI5: low conversions and
selectivities were obtained [47]. We suspect that autoxoxidation
of the nitrile [48] is involved in this epoxidation process.

Liu et al. have intensively studied the catalytic oxida-
tion of propylene at 100 °C in MeOH. Pd(OAc), as catalyst
led to low amounts of propylene oxide (Eq. (12)) [49-51].
While 1,10-phenanthroline as ligand increased the conver-
sion but suppressed the formation of the epoxide [49],
the addition of peroxo-heteropoly compounds, in particu-
lar [(CeH|3)4N3{PO4[W(0)(02)]2]4}, led to high selectivities
towards propylene oxide and good conversions [50,51]. These
observations led the authors to prepare efficient recyclable sup-
ported catalysts [52,53]. Given the marked activity decrease of
these catalytic systems when MeCN was used as solvent instead
of MeOH [49,51], the formation of HOCH,OOH or H,O, from
Pd-catalyzed reaction between MeOH and oxygen has been pro-
posed [51,53,54]. When a peroxo-heteropoly compound is used
as additive, this one will be the real epoxidation species, its
regeneration being assumed with the peroxide synthesized via
the Pd catalyst [51,53]. Recently, Liu’s team has prepared a new
peroxo-polyoxometallate that is an effective reusable epoxida-
tion catalyst of propylene (Eq. (13)), and has demonstrated the
determining role of the palladium on the reactivity [55].

Pd(OAc), (cat.) 0

‘ MeOH, 100 °C, 2-6 h A~

0.1-12.6% conversion, 5.3-8.3% selectivity
/\ + Oz + Ar
(0.8 Mpa) (0.4 Mpa) (0.8 Mpa) (12)

Ao.oszno 65219 30(OH)21(PW4024)0.042( W20 11)0.085-0.6H,0 o
(cat.) o /<|

MeOH, 80 °C,2-6 h

10 h: 47.5% conversion, 91.5% selectivity
16 h: 60% conversion, >85% selectivity

(13)
3.2. Peroxides as oxygen sources

To our knowledge, the first Pd-catalyzed epoxidation of
olefins by a peroxide has been discovered by Saito et al. using
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a-silyloxyalkyl peroxybenzoates (Eq. (14)) [56]. Given the lack
of stereospecificity, the authors suggested a stepwise mechanism
with an intermediate which can rotate. Based on '8O-labelling
studies and the structures of rearranged products, epoxidation
mediated by a Pd"Y -oxo species as oulined in Scheme 5 was pro-
posed. Although the reaction pathway leading to (AcO),Pd™Y O
is not obvious, this proposal agrees with the formation of
pinacolone from 2,3-dimethyl-2-butene (Eq. (14)), as well as
1-cyclopropylethanone and t-butyldimethylsilyl benzoate which
have also been isolated in high yields (95 and 76%, respectively)
as side products from the oxidation of E-stilbene. The alternative
oxidative species suggested in the original report [56] is the Pd!-
peroxybenzoate, AcOPdOOCOPh, which presents similarities
with (Ph3P),CIPtOOCOPh, an epoxidation complex of olefins
[57]. Subsequently, Nagata and Saito have envisaged the forma-
tion of (AcO)(PhCO,)Pd!Y O from AcOPdOOCOPh (Scheme 6)
and the reaction of the oxopalladium complexes with Pd(OAc),
(Scheme 7) [58]. Note however that, the same team has used
Cu(OCOCF3); as the catalyst, with improved results from ter-
minal or single internal olefins, and, as previously, the formation
of 1-cyclopropylethanone and #-butyldimethylsilyl benzoate
[59].

0
! 2 1 2
R Bumesio. o M Pd0A0, 01 equiv) Ry Q R
— ~
=+ 0 X
. CliyCly, 1t )
R3 R* (1 equiv.) R’ R*

R' = R?=R3=R* = Me: 45% (+ 50% -BuCOMe)
R! = H, R? = Ph, R? = R* = Me: 88%
R'=R*=H, R2=R3 =Ph: 65%
R' =R?=H, R*=R* = Ph: 48% (+ 10% E-isomer)
R!=R?*=H, R?= Ph, R* = CO,Me: 59%
R! =HR?=Me, R*-R*= COCHZC(Me)gcuz: 17%
R' =(CH,)sMe, R =R*=R*=H: 7%
R! = (CHy)4Me, R? = R? = H, R* = Me: 36%
R! = (CH,)4Me, R = Me, R?=R* = H: 14% (+ 4% E-isomer)

(14)

In the above section, the in situ production of hydrogen
peroxide was suspected under Liu’s conditions. In 1980, Rous-
sel and Mimoun reported that terminal olefins were oxidized
into the corresponding methyl ketones using HyO» and various
Pd! catalysts at 80 °C in AcOH or +-BuOH, while internal and
cycloolefins such as cyclohexene were unreactive [60]. Nev-
ertheless, the use of the in situ produced H,O, was reported
by Dyer in a German patent for the Pd-catalyzed epoxidation
of propylene: the epoxide was isolated from the passing of
a mixture of propylene, hydrogen and oxygen in an aqueous

AcO,
~0A
I-BuMelek—/Pd © c

52Cé. AR ‘
Jkph 5 i: A JLPh_P"‘l;CO;

Pd(OAc), -BuMe,SiO

M\@ ’

- BuMmSﬁJ (_0

OPd(DAc), 0 ~OAc

¥ “pd”
: :B\o Pd(om)z\_/<<RK

|
Scheme 5.

rearrangment

OAc

r-BuMezslo Ph

solution of a Pd!! catalyst (Eq. (15)) [40]. This author noted
the strong decrease of the process efficiency in the absence
of hydrogen, and, subsequently, he patented the synthesis of
H>O; under similar conditions, except the presence of the olefin
[12].

PACL,[P(CsF cat) O
N+ Hy + 0, _l(55)3]2(=) l>\
H,0/1.2-CL,CgH, (1:1)
43.1:54.4:2.5

67°C,158atm.  TOF:5.1/h (15)

The use of commercial HyO; for Pd-catalyzed epoxidations
has been subsequently reported. Neumann and Khenkin used a
polyoxometallate substituted with Pd, K1, {[WZnPd,(H,0),]
(ZnWgO34)2} [61,62] Methathetical exchange by addition of
methyltricaprylammonium chloride has led to a catalyst effec-
tive for the epoxidation of cyclooctene while, for cyclohexene,
allylic oxidation was a competing reaction (Eq. (16)). Catal-
ysis with a monosubstituted Keggin compound improved the
results, particularly those from cyclohexene (Eq. (16)). Under
similar conditions, 1-octene afforded a low yield (4.5-5.6%)
of the corresponding epoxide while catalysis by (R4N)>PdCly
led only to 2-octanone. The oxide products are typical of
tungsten—hydrogen peroxide oxidations [63], but kinetic studies
and comparison of reactivities with a non-noble metal substi-
tuted compound, {(WZn3)(ZnWyOs4),}'?~, have indicated a
special effect of a neighboring palladium atom to a tungsten
center for the disubstituted {[WZnPd,(Hy0)21(ZnWoO34), } 12~

+ AcOSiMe,/-Bu

Scheme 6.
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catalyst [61].
catalyst (0.0003 equiv.)

30% H,0; (2.9 equiv.) o
In CICH,CH,Cl n
25°C,24h

[Pd>Zn3 W, 9O0gs]'>, n =1 (38%), 2 (76%)
[PAW 039>, n = 1 (78%), 2 (81%) (16)

A Japanese patent claimed the epoxidation of vinylpyridines
in 26% yield with H,O» and catalytic amounts of Na;PdCly in
the presence of hydrochloric acid (Eq. (17)) [64]. In contrast, no
more than 5% of styrene oxide was obtained from styrene using
H,0; and various chelated Pd° and Pd"" complexes [65], while
with PdCl,, the formation of this epoxide was not mentioned
[66].

N N NapPdCly (cat) 0
A .H,0 A
| aq. Hy 2 |
P~ HCI1 2 26%
60 °C, 3 h 17

With 30% aqueous H>O; as the oxygen source, Jacobsen
and Francis have only detected minute amounts of epoxide
from the oxidation, catalyzed by Pd(OAc), coordinated to
supported imine ligands, of E-B-methylstyrene in a CHyCly/t-
BuOH mixture [67], while Burgess et al. obtained 15-16%
of epoxide from the Pd(OAc),-catalyzed oxidation of 4-
vinylbenzoic acid (Eq. (18)) [68]. The epoxide was a minor
constituent (no more than 12% yield) of the reaction, catalyzed
by various Pd salts (PdCl,, PdBry, Pd(OAc),, Pd(acac),),
of a-pinene with H>,O, or Hy0,/0; at 70°C in MeCN
[69].

Pd(OAc), (0.01 equiv.) 0

N 30% aq. Hy0,
0.2M NaHCOj; buffer pH 8
HO,C +-BuOH, rt, 1 h HO,C

15-16%

(18)

ACO\ Pd(OAc), ACO\ /OAC
Pd=0 —= Pd—O—Pd
RO -Pd(OAc), g ‘one
R = Ac or PhCO
Scheme 7.

and the two possible routes depicted in Scheme 8, one of them
involving the transient epoxidation of the C=C bond, have been
suggested.

OAc
OH
Pd(OAc), (0.02 equiv.)
—_—
30% aq. H,O, (2 equiv.)
AcOH
40 °C, 100 min: conversion: 50%, selectivity: 95%
60 °C, 30 min: conversion: 50%, selectivity: 57%
80 °C, 45 min: conversion: 60%, selectivity: 50%
+ benzoquinone (0.2 equiv.), 55 min:
conversion: 70%, selectivity: 90% (19)

In 2005, we disclosed that the oxidation of 2-(E-prop-
1-enyl)phenol with H>O; in water/methanol, catalyzed by
Pd(OCOCFs3); associated to the hydrosoluble ligand [(HOCH,»
CH,NHCOCH;);NCH]», afforded a mixture of 2-(1,2-dihy-
droxypropyl)phenol and  2-(2-hydroxy-1-methoxypropyl)
phenol (Eq. (20)). The reaction occurred also in the absence of
palladium but was less effective (Eq. (20)) [71]. Mechanistic
experiments and ESI-MS studies have supported the formation
of 2-(3-methyloxiran-2-yl)phenol as intermediate (Scheme 9)
[72]. The phenol-mediated epoxidation of alkenes by H,O; dis-
closed by Jacobs et al. [73] rationalize the epoxidation without
metal, while the known instability of 2-(3-methyloxiran-2-
yl)phenol [74] explains our inability to isolate this particular
epoxide.

OH OMe
S Pd(OCOCF5),/Ly (0 or 0.05 equiv)
35 % aq. HyO, (4 equiv.) .
H,O/MeOH (1:1), 50 °C on OH
OH OH OH

L” = [(HOCH2CH2NHCOCH2)2NCH2]2

with Pd(I)/Ly;, 24 h; conversion: 100%, yield: 33% 55%
without Pd(IT)/Ly, 60 h; conversion: 55%, yield: 7% 20% (20)
Under experimental conditions similar to those of Che et al. investigated the enantioselective epoxidation of

Mimoun [60] but with a particular substrate, namely cam-
phene, Gusevskaya et al. obtained (2-hydroxy-3,3-dimethyl-
bicyclo[2.2.1]heptan-2-yl)methyl acetate with a selectivity
increased in the presence of benzoquinone (Eq. (19)) [70].
According to the authors, the reaction was not due to the pos-
sible in situ generation of peroxyacetic acid since this glycol
monoacetate was not formed in the absence of the palladium
acetate. A reaction mediated by hydroperoxypalladium species,

styrenes with ~-BuOOH and chiral binaphthyl Schiff base
complexes of palladium. Efficiencies, selectivities and enan-
tioselectivities depended markedly on the substitution of the
aryl group (Eq. (21)). The epoxidation of (3-methylstyrenes
resulted in no more than 5% enantioselectivity and was
non-stereospecific from the Z-isomer. According to ESI-
MS analysis, a palladium complex bearing the chiral ligand
and either +-BuOOH or #-BuOO moiety would be in situ
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formed [7].

\/
Pd
Cl o O

A

(0.2 equiv.)

R@”

R =H, conversion: not indicated
selectivity:  37%
ee: 17%

R =F, conversion: 27%
selectivity:  51%
ee: 71%

R =Me, conversion: <2%

t- BuOOH (4 equiv.)
—_—
MS4 A

PhMe, 0 °C, 6 h
50%

32%

21

Subsequently, Corey and Yu obtained high yields of epoxides
from a range of olefins using ~-BuOOH and catalytic amounts of
Pd(OAc);, K»COs3 and, in some cases, BINAP (Egs. (22)—(25)).
The course of the reaction was very sensitive to the nature of the

(
CHyCl,

R

substrate, base and ligands as shown in Egs. (26)—(29); allylic #-
butylperoxidation or allylic ketonisation can be the main reactive
pathways (Egs. (25), (27)—(29)) [75].

Pd(OAc), (0.05-0.1 equiv.)

> BINAP (0 or 0.05 equiv.)

1 1 2
R R K,CO; (0.25-0.5 equiv.) AR
— —_— A
RS R4 t-BuOOH (5 equiv.) 3 R4

CH,Cl,, 0 or 23 °C, 48 h

R'-R3 = (CH,)s, R?= R* = H, 23 °C: 80%
R' =R2=H, R3-R* = (CH,),CH=CH, 0 °C: 90%

A7

(22)
Pd(OAc), (0.05-0.1 equiv.)
BINAP (0 or 0.05 equiv.)
K,CO5 (0.25-0.5 equiv.) Lbo
—_—
t+-BuOOH (5 equiv.)

CH,Cl,, 0°C,48h  82% (23)

t-BuOOH (5 equiv.)
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Pd(OAc), (0.05-0.1 equiv.)
BINAP (0 or 0.05 equiv.)

K»,COj5 (0.25-0.5 equiv.) £O> /R
—>
t-BuOOH (5 equiv.) ot
CH,Cl,, 0 or 23 °C, 48 h

R =Ph, E-isomer, 23 °C: 70%
R =Ph, Z-isomer, 23 °C: 76%

Ph

R = Me, E-isomer, 0 °C: 65% 24)
Pd(OAc), (0.05-0.1 equiv.)
R BINAP (0 or 0.05 equiv.) R
K,COj; (0.25-0.5 equiv.) R 00r-Bu
B
) -BuOOH (5 equiv.) 7 ></ 00r-Bu
Ph CH,Cl,, 0 0r 23 °C,48 h Ph
R =H: 5% 85%
R=Me: 5% 65% (25)
n=1,R=Ph
: (26)
Pd(OAc), (0.05 equiv.) 75%
K,C03(0.25 equiv.), 0°C ~ Ph™ 4
n=1lor2,R=H
n=2,R =Phor#+Bu
Pd(OAC),-K,CO; (cat.) QOOt-Bu @
C)o- cal
e 62-68%
/Q 0O0r-Bu
n=1,R=Ph \ 0% o 12% %)
PA(OCOCF3), (0.1 equiv. )
NaH,PO, (02 equiv.), 0°C B0 >E> . BuooQ
Ph
40% 9%
n=1lor2,R=H
n=2,R=Phor+Bu

Pd/C-K,COj (cat.)
0or23°C

@:o (29)
R 71-85%

According to mass spectral and 'H NMR analyses, the addi-
tion of ~-BuOOH to the Pd(OAc),/K>,CO3 mixture leads to
the exchange of both carboxylate ligands to afford Pd(OOz-
Bu);, species [75]. Given the absence of stereospecificity of
the oxidation of Z-stilbene (Eq. (24)), Corey and Yu excluded
an epoxidation occurring via the insertion of the C=C bond
into a Pd-OO#-Bu bond; they proposed the free radical chain
process shown in Scheme 10 which involves a two step epox-
idation mediated by the addition of ~BuOQ?®, initially issued
from the decomposition of Pd(OOz-Bu), species, to the C=C
bond. This proposal is in agreement with the reaction pathways
of Z-stilbene [76] (lack of the epoxidation stereospecificity),
styrene [77] and a-methylstyrene [78] (formation of a mixture
of epoxide and #-butylperoxy adducts) induced by #-butylperoxyl
radicals but seems to disagree with the observed high conver-
sions. We suspect a more complicated mechanism with more
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PdOOH

AcOH

lpd(o;xc)2 HPdOOH
1,0, OAc
Pd- = hydroxypalladanon
X=H, Ac
% i ACOH

PdOX

OOH
peroxypalladation

HOPdOX
Scheme 8.
OR
x
sadivigioe:
OH OH OH
Scheme 9.

involvement of the role of palladium [79]. The low conver-
sion of styrene induced by ~-BuOOH at 25°C in CH,Cl, in
the absence of catalyst (10% after 48h) [80], and the low
rates of the decomposition of ~-BuOOH in olefins with the
low to moderate epoxidation yields under metal-free condi-

pd (0.1 equiv. )

2-BuOOH 2 AcOH

L,Pd(OAc), —>—Ap [ ,Pd(O0:-Bu), ﬁ L,PdOO#-Bu

-BuOH
-BuOC Ph Ph
\=/
1-BuOOH
t- BuO
‘>_/ 00r-Bu
Scheme 10.

Bu species [75]. Consequently, it appears that the pH of the
reactive medium has a determining role on the structure of
the complexes formed from ~-BuOOH and Pd(OCOR),. Note
that the formation of #-butylperoxy ethers obtained from 1-
phenylcyclopentene using the PA(OCOCF3),/NaH,;PO4 system
has been explained by peroxypalladation of the olefinic linkage
[83] followed by HPAOCOCFj3 elimination [75], a mechanism
we have previously assumed for the PA(OCOCF3);-catalyzed
t-butylperoxidation of 1-(p-toluenesulfonyl)-2-propene by t-
BuOOH [84].

More recently, Karim et al. reported the Pd-catalyzed
reaction of a-pinene with +-BuOOH/O; at 70°C in MeCN:
epoxidation was a minor reactive pathway (Eq. (30)) [69].

0O0#-Bu
t-BuOOH (6 equnv )
0, (bubblmg)
MeCN, 70 °C 00£-Bu

Pd(OAc),, 26 h,

conversion %: 92, selectivity %: 7
Pd(acac),, 22 h,

conversion %: 94, selectivity %: 10

tions [14,81,82] also indicate that Scheme 10 is oversimplified,
and that participation of palladium should be included in
the mechanistic cycle. The base and the ligands have also
a role. Indeed, the Pd(OCOCF3);-catalyzed oxidation of 1-
phenylcyclopentene (Eq. (28)) with a decreased amount of
NaH,PO4 (0.025 equiv. instead of 0.2 equiv.) suppressed the
formation of the epoxide and led only to #-butylperoxy ethers
[75]. Furthermore, the exchange of Pd(OCOCF;3),/NaH;PO4
(0.1 and 0.2 equiv., respectively) to Pd(OAc)2/K>CO3 (0.05
and 0.25 equiv., respectively) increased the epoxide yield from
10% (Eq. (28)) to 75% (Eq. (26)). Corey’s observation of
Pd(OO#-Bu);, species from -BuOOH and Pd(OAc),, differs
strongly from those of Mimoun et al. who, under either neu-
tral or acidic conditions, only obtained exchange of one ligand
from various PA(OCOR), (R=Me, CCl3, CsH;;, CF3) and
have fully characterized the complex (Cl3CCO,PdOO#-Bu)y
[25]. Nevertheless, when Corey’s reactions were carried out
with Pd(OCOCF3),/NaH,POy4 instead of Pd(OAc),/K,COs,
'H NMR studies revealed the formation of CF3CO,PdOO-

26 16 14 2 6
30 4 5 3 1 (30)

Before to close this section, it is important to point out the
relative instability of peroxides in the presence of palladium.
Their decomposition providing oxygen, substrates prone to rad-
ical allylic peroxidation such as cyclohexene, can afford allylic
hydroperoxides. Moreover, palladium could participate in the
formation of both allylic radicals [39] and allylic hydroperox-
ides [85]. Like +-BuOOH and HOOH, these hydroperoxides
can epoxide the substrate, reaction that could occur even
under metal-free conditions, nevertheless with a low efficiency
[14,81,86,87]. Of course, the above reaction pathways possibly
apply also to epoxidations summarized in Section 3.1, particu-
larly those in low yields.

3.3. Other oxygen sources

With Che’s chiral catalysts (Eq. (21)), unreactivity was
observed with 2,6-dichloropyridine N-oxide as the stoichiomet-
ric oxidant while the use of PhIO led to degradation of the
catalyst and very low yields of epoxides from styrenes [7]. A
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Pd cluster was also inefficient for the epoxidation of styrene
with PhIO [88].

Recently, Park et al. have used Pd!' complexes having tetraza-
cycloannulenes as ligands to catalyze the oxidation of styrenes
with sodium hypochlorite, given mostly the corresponding epox-
ides. Nevertheless, the efficiency and the selectivity of the
process depended on both the size of the ligand and the electronic
properties of the aryl substitutent (Eq. (31)) [89].

A

r D)
1 1
i -

L

)\)\(01 equiv.)
XX NaOClI (2.5 equiv.)
—_—
] CH,Cl,, 25 °C, 48 h
R R!

(conversion %, epoxide selectivity %)
H (33, 55), F (25, 43), Cl (14, 48), Me (43, 70), OMe (53, 75)
H (25, 53), F (22, 44), C1 (11, 38), Me (37, 70), OMe (46, 70)

n=1:R'=
n=2:R'=

3D

4. Concluding remarks

Actually, there is no general method for the epoxidation of
olefins under palladium catalysis, most of them lead to low yields
and/or are restricted to particular substrates. Even the method
disclosed by Corey and Yu, which, at the present time, seems
to be the most powerful, has a limited success: only seven out
of sixteen studied substrates have been epoxidized in fair to
high yields. The epoxidation efficiency depends not only on the
substrate but also on the ligands. These latter can modify the
electrophilicity of the metal and, consequently, its reactivity.
Thus, the course of the oxidation will depend on the electronic
properties of both olefin and palladium compound. Moreover,
the mechanism of most epoxidations carried out in the presence
of catalytic amounts of palladium remains undetermined [90];
even the role of the metal is uncertain since, in some cases, some
epoxidation occurs under palladium-free experimental condi-
tions.
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