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bstract

Ruthenium complexes of various chiral ligands viz. porphyrins, Schiff-base, polypyridyl, pyridinebisoxazolines and pyridinebisimidazoline are
nown to perform asymmetric epoxidation of unfunctionalized alkenes with moderate to high enantioselectivity. The advancement of asymmetric
poxidation catalyzed by ruthenium chiral complexes has not been systematically reviewed till date. Hence, the subject of this review comprises
he use of chiral complexes as catalysts for performing enantioselective epoxidation of olefins using various precursor oxidants. The catalytic

bility and intriguing aspects of the ruthenium based catalyst complexes in asymmetric epoxidation under homogeneous reaction along with the
echanistic details are systematically reviewed in this article. This review highlights most recent investigations on the catalytic systems with chiral

uthenium complexes for olefin epoxidation.
2007 Elsevier B.V. All rights reserved.

l ligan

m

eywords: Ruthenium complex; Alkene epoxidation; Enantioselectivity; Chira

. Introduction
The synthetic value of enantiopure epoxides is well estab-
ished and a very substantial amount of research on the synthetic

Abbreviations: bipy, 2,2′-bipyridine; 2,6-DCPNO, 2,6-dichloropyri-
ine N-oxide; edta, ethylenediminetetraacetate; hedtra, N-hydroxyethylethy-
enediminetriacetate; Me3tacn, 1,4,7-trimethyl,1,4,7-triazacyclononane; pac,
olyaminocarboxylate; pybim, pyridinebisimidazoline; pybox, pyridinebisoxa-
oline; pz, pyrazine; tacn, 1,4,7-triazacyclononane; TMP, tetramethylporphyrin;
PEPP, meso-tetrakis(pentafluorophenyl)porphyrin
∗ Tel.: +91 343 6510263; fax: +91 343 2546745.
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ethods for their production has been carried out. In this regard
ransition metal complexes catalyzed asymmetric epoxidation
1–4] of unfunctionalized olefins is of increasing significance
n synthetic chemistry as it offers an effective and elegant
ossibility for synthesis of enantiomerically pure compounds.
uthenium complexes by virtue of their wider range of sta-
le, but chemically accessible oxidation states have been the
ubject of much research in the area of hydrocarbon oxidation
4]. Moreover, chiral ruthenium complexes are known to per-

orm enantioselective epoxidation of unfunctionalized alkenes.
owever, advancement of this intriguing area has not been

ystematically reviewed till date. Hence, the catalytic abil-
ty and the intriguing aspects of the ruthenium based catalyst

mailto:dchat57@hotmail.com
dx.doi.org/10.1016/j.ccr.2007.05.007
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omplexes in asymmetric epoxidation under homogeneous reac-
ion along with the mechanistic details are systematically
eviewed in this article. The chiral ruthenium catalysts used in
his widely encountered enantioselective transformation are pre-
ented in this review in a logical manner, according to the ligand
ype and structure; moreover, they are directed to specific unsat-
rated substrates. The review also considers the effectiveness
f the chiral ruthenium complexes towards achieving enantios-
lective epoxidation of olefins in relation to the nature of the
recursor oxidants.

. Ruthenium complexes as oxo-transfer catalysts

The importance of ruthenium complexes for promoting stud-
es towards development of oxo-transfer catalysts has been well
stablished in the literature [4]. Ruthenium complexes contain-
ng a variety of ligands including macrocyclic, polypyridyl,
olyaminopolycarboxylate donors, Schiff-base and porphyrins
re reported to activate precursor oxidants like O2, H2O2,
lO−, pyridine-N-oxide, iodosylbenzene, oxone and t-BuOOH

or carrying out hydrocarbon oxidation. A brief overview on
he oxo-functionalisation of organic substrates using differ-
nt groups of ruthenium complexes as catalysts is presented
elow.

A macrocyclic tertiary amine ligand was reportedly [5] the
rst ligand that afforded stability to high-valent ruthenyl (Ru O)
omplexes in the oxidation states IV, V and VI. This sterically
ncumbered [RuIV(tacn)(bipy)(O)]2+ complex was a selective
xidant for alkene epoxidation.

Polypyridyl complexes [6–9] of ruthenium are of special
nterest in regard to their applications as oxo-transfer catalyst
ecause they are coordinatively well defined and chemically
table under catalytic conditions of hydrocarbon oxidation. A
umber of mechanistic pathways have been proposed, but mech-
nistic uncertainty remains. However, like cytochrome P450,
hese complexes reportedly act as oxidants to epoxidize olefins
ia oxygen atom transfer reactions and hydroxylate alkanes via
adical reactions.

Polyaminocarboxylate (pac) ligands are somewhat simi-
ar in their donor character to many metalloenzymes, which
tilize carboxylate and amine to bind to the metal center.
he catalytic ability of Ru-pac complexes towards performing
xidation of a variety of organic compounds using vari-
us precursor oxidants has been well documented in the
iterature [10]. RuIII-(pac)/t-BuOOH system catalytic system
poxidized stilbenes effectively, but not in stereoretentive man-
er as reported in the stilbene oxidation by RuV(edta)(O)
omplex with the loss of stereochemistry for cis-stilbene.

large amount of trans-epoxide versus cis-epoxide (5.5:1)
as reportedly observed to form from cis-stilbene, whereas

rans-stilbene was converted to trans-epoxide only [10b].
his indicates a predominantly radical character of the
uIII(hedtra)/t-BuOOH epoxidation process. The loss of stere-

chemistry via the radical addition pathway had been explained
n terms of competition between rotation with the radical
ntermediate with that of ring-closure to form the epoxide prod-
ct.

c
o
a
[
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Reports on the application of ruthenium complexes contain-
ng Schiff bases ligands in the catalysis of hydrocarbon oxidation
re also available in the literature [11–15]. These complexes
eportedly catalyze the epoxidation of olefins with PhIO, but are
neffective in hydroxylating saturated hydrocarbons. For arenes,
xidative cleavage of the C C double bond was the major reac-
ion pathway.

Metalloporphyrins act as excellent catalysts for the transfer of
xygen from different oxidants, in resemblance of cytochrome
450. An in-depth overview of the chemistry of metallo-
orphyrins as oxidation catalysts in chemical and biological
ystems underlying mechanistic features and the practical tech-
iques for the synthesis of metalloporphyrins is available in
book edited by Montanari and Casella [14]. However, cat-

lytic schemes containing ruthenium porphyrin complexes are
ery few [15,16]. The RuVI-(TMP)(O)2 complex reportedly
atalyzes the aerobic epoxidation of olefins at room temper-
ture and normal pressure [15a], whereas, alkane oxidation
as reportedly achieved by [Ru(TPEPP)(CO)]/2,6–DCPNO

ystem [15b]. Perhalogenated ruthenium porphyrins were
fficient catalysts for the oxygenation of hydrocarbons
ncluding secondary alkanes [16a] and benzene [16b]. A
echanism is proposed whereby the oxidation of the RuIII

recursor to a reactive oxo species is the rate-determining
tep.

. Choice of chiral ligands

In general, the choice and synthesis of a suitable chiral
ontroller ligand is the crucial step in the development of a
ew catalyst for enantioselective reactions. Many chiral ligands
with variety of donor atoms) viz. porphyrins, pyridinebisox-
zolines, pyridinebisimidazoline, Schiff-base, polypyridyl,
hiral phosphine, tartrate derivatives and phosphinooxazolines
re known today and used comprehensively for asymmet-
ic catalytic reactions. The efficacy of ruthenium catalyst
omplexes of various chiral ligands toward asymmetric
lefin epoxidation is discussed sequentially in the following
ections.

. Asymmetric epoxidation catalyzed by chiral
uthenium-porphyrin complexes

Chiral metalloporphyrins have constituted an important class
f catalysts for asymmetric epoxidation of alkenes. A rigid
acrocyclic core and modifiable periphery make them attractive

ut-out for building chiral catalysts. Several different strate-
ies have been adopted in which optically active groups are
ppended to the macrocyclic ring of metalloporphyrins [17].
hiral groups attached to porphyrins in various geometries
ould yield high enantioselectivities. However, studies on met-
omplexes of iron and manganese. In 1996, the first example
f a homochiral ruthenium porphyrin complex (1) employed in
symmetric epoxidation of styrene, was reported by Gross et al.
18].
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It had been reported that the enantioselectivity of epoxide
ormation was highly solvent dependent, however, an effect of
erminal oxidant [19] on the enantioselectivity was also noticed
Table 1). A Hammett plot of enantiomeric excess (ee) in the 1
atalyzed epoxidation of substituted styrenes was linear when
,6-dichloropyridine-N-oxide was used as oxidant, but in the
ase of iodosylbenzene the corresponding plot was curved.
lthough no attempt was made [19] to fit the relative reactiv-

ty data, krel (kY/kH = log(Yf/Yi)/log(Hf/Hi), where Yf and Yi are
he final and initial quantities of substituted styrenes; Hf and Hi

re the final and initial quantities of styrene) to Hammett sub-
tituent constants (σ+), the chemical yields [19] reported for the
catalyzed epoxidation of styrene and various para-substituted

tyrenes with 2,6-dichloropyridine-N-oxide [19] indicate that
he Hammett plot (log krel versus σ+) would be non-linear. The
toichiometric oxidation of styrenes by dioxoruthenium(VI)
orphyrins exhibits [32,33] a non-linear (log krel versus σ+)
ammett relationship. Therefore, observance of non-linearity

n a Hammett plot favors the intermediacy of high-valent diox-

ruthenium(VI) species in the case of the 1/DCPNO epoxidation
ystem [19]. An oxoruthenium(V) intermediate had also been
mplicated as the active species in alkane oxidation using the
Ru(TPEPP)(CO)]/2,6-DCPNO system [15b]. Nonetheless, the

t
c

able 1
ffect of oxidant and solvent on 1a-RuVI(O)2-catalyzed asymmetric epoxidation of s

olvent Oxidant

% ee % Yield % ee % Yield %

enzene 42 47 29 6 50
ichloromethane 4 11
-Xyleneb 5

aken from Ref. [19].
a 1 = 1 �mol, oxidant = 330 �mol, styrene = 330 �mol, time 2 h, temp. = 25 ◦C.
b 5 h.
ry Reviews 252 (2008) 176–198

nvolvement of intermediate(s) other than 1 cannot be elimi-
ated when pyridine-N-oxides were used as primary oxidants.

Ru-PhIO intermediate species (in place of high-valent Ru-
xo species) could be involved in the epoxidation step when
odosyl benzene (PhIO) was used as oxidant. The intermediacy
f such a species in iodosyl benzene O-atom transfer cat-
lyzed by Ru-complex had been reported earlier [7a]. Moreover,
hange in the solution structure of metalloporphyrin involving
specific association with aromatic solvent molecule was pro-
osed to be the reason for observing superior enantioselectivity
n benzene (Table 1). The observance of non-linearity in the
ammett plot of enantiomeric excess (ee) in the 1 catalyzed

poxidation of substituted styrenes in the case of iodosylben-
ene [19] is suggestive of the fact that the olefin approach
nd its orientation to the Ru-PhIO intermediate species is not
overned by the electronic effect exerted by the substituents
n the para position of the aromatic ring of the approaching
tyrenes.

Recently, Le Maux et al. reported [20] two new ruthenium
omplexes (1b) containing C2-symmetric chiral porphyrins
earing cyclohexyl substituents at the ortho-position of the
eso-phenyl groups and, their use in the catalytic asymmetric

poxidation of styrene derivatives with 2,6-dichloropyridine-N-
xide. The results shown in Table 2 suggest that the presence
f various cyclohexane rings as chiral entities on metallo-
orphyrins not only improved the efficacy of the catalytic
ystem, but also govern both the reactivity and the enantios-
lectivity. The low yield and poor enantioselectivity observed
or R = short armed (n = 1) chiral cyclohexyl group probably
ndicates the upper limit of the level of steric encumbrance
hat can be tolerated in a reactive homochiral porphyrin
omplex. Shortening the size of the ring viz. cyclopentane,
yclobutane, and cyclopropane rings, could be a good option
o deal with above problem as reported previously in the
ase of asymmetric hydrogenation with the chiral phosphines
A series of D2-symmetric chiral trans-dioxo porphyrina-
oruthenium(VI) complexes (2a–c) was reported by Che and
o-workers [24].

tyrenea

ee % Yield % ee % Yield % ee % Yield

20 54 0.4 49 3

4 29
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At room temperature in the presence of pyrazole, 2a sto-
chiometrically oxidized aromatic olefins to the corresponding
poxide with moderately high enantioselectivity (Table 3). How-
ver, in the absence of pyrazole a lesser enantioselectivity (40%)
as observed (Table 3). Decrease in enantioselectivity was

eportedly explained in terms of formation of Ru(II)-species
Scheme 1) in the reacting system that racemized the chiral epox-
de by an epoxide ring-opening pathway previously suggested
y Grove et al. [25].

Solvent dependence studies on the rate of epoxidation of
rans-�-methylstyrene by 2a provided a value of the second-
rder rate constant in benzene (9.04 × 10−4 M−1 s−1) almost
wice that obtained in dichloromethane (4.15 × 10−4 M−1 s−1)
t 25 ◦C. The observed stereoselectivity in the case of epox-
dation of cis- and trans-�-methyl styrenes is suggestive that
he rate limiting step is involved with the association of C C
ond with Ru O which governs the product enantioselectivity.
ore members of D2-symmetric ruthenium porphyrins com-

lexes (2d–f) were reported by Gross and Ini [26], which
xhibited high enantioselective induction in the 2d catalyzed
poxidation of terminal and trans-disubstituted olefins using
,6-dichloropyridine-N-oxide, but significantly poorer chiral
nduction for cis-olefins. The epoxidation of styrene and its
- and p-chloro-substituted derivatives proceeded with 79–83%
e (Table 4).
Berkessel et al. in 1997 reported [27] the synthesis and

eactivity of an enantiomerically pure D4-ruthenium carbonyl
orphyrin complex 3.

(
[
d
u

ry Reviews 252 (2008) 176–198 179

The complex could not be prepared in good yield by fol-
owing the standard procedure of refluxing ruthenium carbonyl
[Ru3(CO)12]) with the porphyrin ligand in an inert solvent.
omplex 3a was prepared [27] with very high yield by refluxing
u3(CO)12 with the corresponding porphyrin ligand in phe-
ol. The asymmetric epoxidation of olefins catalyzed by 3a
sing 2,6-dichloropyridine N-oxide (2,6-DCPNO) as oxidant
as carried out at room temperature in benzene under argon.
he product yield and enantioselectivity were encouraging

Table 5), however, decrease in product yield and enantiose-
ectivity was also observed when iodosylbenzene was used as a
erminal oxidant. Other oxidant like hydrogen peroxide, sodium
ypochloride and ‘oxone’ (KHSO5) showed no reaction under
he specified reaction conditions. The same group has recently
eported [28] that improved results could be achieved by putting
ubstituents on the remote position of the porphyrin ligand.
ntroduction of a CF3 substituent in the remote position (3b)
esulted in high turnover numbers (up to 14,200) with an ee
alue of 80% in alkene epoxidation with 2,6-dichloropyridine
-oxide in benzene at room temperature.

Che and coworkers reported [29] for the first time that a
hiral trans-dioxo(D4-porphyrinato)ruthenium(VI) complex (4)
ould effect enantioselective epoxidation of a prochiral alkene
Table 6) using dioxygen as oxidant. This complex exhibited
atalytic activity toward aerobic enantioselective epoxidation
f prochiral alkenes with an enantioselectivity up to 72%
e (Table 6) under an oxygen pressure of 8 atm. Using
odosylbenzene as terminal oxidant catalytic ability of both
RuII(por*)(CO)(EtOH] and [RuVI(por*)(O)2] were examined
30] for the asymmetric epoxidation of alkenes, and the results
Table 7) of the studies revealed that for same substrate a sim-
lar product distribution and ee values were obtained for both
he catalytic and stoichiometric reactions. No solvent depen-
ence on enantioselectivity was observed while changing the
olvent from dichloromethane to benzene (Table 7). Similar
ee’ values and ‘absolute configuration’ of epoxide products
ere obtained both from stoichiometric (Table 6) and catalytic
Table 7) epoxidations of aromatic olefins. This suggests that the
RuVI(por*)(O)2] complex is the predominantly active interme-
iate species which transfers an oxo-atom to the C C bond of
n-functionalized olefins in the catalytic process [30].
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Table 2
Results of asymmetric epoxidation of alkenes catalyzed by 1ba

Catalyst Alkene Yield (%) Turnover % ee (absolute configuration)

Ru(O)2 (n = 1) 62 204 7.5 (R)

2.5 8 8 (R)

0 – –

Ru(O)2 (n = 2) 84.5 276 23 (R)

32.6 107 17(R)

15 50 30 (R)

84 276 18 (R)

74 244 32 (R)

30 97 24 (R)

43 144 27 (R)

40 132 21 (R)

22 72 35 (1S,2R)

0 – –

T
0 �m

f

s
d
c
n
r
t
i
e
a
o
f
s
r

a
r
r
j
t
a
a
3
i

aken from Ref. [20].
a A mixture containing alkene (330 �mol), 2,6-dichloro pyridene N-oxide (33

or 2.5 h.

The kinetics of stoichiometric epoxidation of para-
ubstituted styrenes by [RuVI(por*)(O)2] exhibited linear
ependence of the observed rate constant values with the alkene
oncentration, and the second-order rate constants fall in the
arrow range (2.1 × 10−3 – 9.7 × 10−3 M−1 s−1 at 25 ◦ C). The
ate-determining step of oxygen atom transfer was proposed
o be involved with the formation of a loosely bound radical
ntermediate [30]. This radical type intermediate could plausibly
xplain the formation of trans-epoxide from cis-methylstyrene
s bond rotation of this carbon center radical resulted in loss

f stereoselectivity. The linearity of Hammett plots observed
or the epoxidation of of para-substituted styrenes by of para-
ubstituted styrenes further supports the formation of the above
adicaloid intermediate in the oxo-transfer process [30].

s

b
s

ol), and catalyst (1 �mol) in degassed benzene was stirred at room temperature

Recently, Che and co-workers [31] reported highly efficient
symmetric epoxidation of alkenes catalyzed by a D4-symmetric
uthenium(IV) porphyrin complex (3c) prepared from 3a in
efluxing CCl4. Styrene, substituted styrenes and some con-
ugated cis-disubstituted alkenes are efficiently converted to
heir corresponding epoxide in the presence of 3c as catalyst
nd 2,6-dichloropyridine-N-oxide as precursor oxidant (Table 8)
t room temperature. Gradual decrease in catalytic activity
c with successive uses had been reportedly explained [31]
n terms of formation of less reactive ruthenium(II)-carbonyl

pecies.

A comparison of the results of styrene epoxidation catalyzed
y Ru-porphyrin complexes for which data are available is
hown in Table 9. The observed net effect of changing the struc-
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Table 3
Stoichiometric epoxidation of aromatic alkenes by 2aa

Alkene Solvent % epoxide yield % ee (absolute configuration)

C6H6 64 62 (R)
C6H6 62 40 (R)
CH2Cl2 39 41 (R)
CH3CN 13 33 (R)

C6H6 75 60 (R)

C6H6 90 (>99% trans) 67 (1S,2R)
C6H6(0 ◦C) 90 (>99% trans) 70 (1S,2R)
CH2Cl2 58 (>99% trans) 32 (1S,2R)
EtOAc 82 (>99% trans) 38 (1S,2R)

C6H6 70 76 (1S,2R)

C6H6 75 (>99% cis) 40 (1S,2R)
CH2Cl2 68 (95% cis, 5% trans) 18 (1S,2R)

C6H6 88 20 (1S,2R)

T
solu

t
d
i
(
e
w
g
i
p
i

w
v
t
d
l
n

aken from Ref. [24].
a 2a = 0.015 – 0.03 mmol; pyrazole = 0.3 mmol; alkene = 1 mmol. The reacting

ure by introducing electron-withdrawing moieties or non-planar
istortion of the porphyrin ligand on the reactivity of O-donor
ntermediate in Ru-porphyrin catalyzed styrene epoxidation
Table 9) is evident in regard to epoxide yield, turnovers and
nantioselectivity. The results for a range of alkenes (Table 10)
ith the same oxidant 2,6-dichloropyridine-N-oxide further sug-

est that the D2-symmetric ruthenium(IV)-porphyrin complex
s much less active than the D4-symmetric ruthenium(IV)-
orphyrin complex. Although complex 3c appears to be the best
n all respect, no definitive assignment of the active intermediate

n
r
b
t

Scheme 1
tion (in degassed benzene) was stirred at room temperature for 12 h.

as available [31]. Intermediacy of a species other than high-
alent oxo-ruthenium(VI) complex had been proposed [31] for
he 3c catalyzed epoxidaton of alkenes with 2,6-dichloropyri-
ine-N-oxide as precursor oxidant. The reportedly observed
inearity of Hammett correlation plot [31] in contrast to a nonli-
ear Hammett relationship proposed for stoichiometric oxo-tra-

sfer from dioxoruthenium(VI) to styrene and substituted sty-
enes [32,33], further supports the above argument. A loosely
ound O-bonded [P*Ru· · ·O–N–Cl2Py] species (milder oxidant
han the corresponding dioxoruthenium(VI) species) affording

.
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Table 4
Epoxidation of aromatic alkenes catalyzed by 2f in toluene at −10 ◦Ca

Substrate % ee TON

79a 551

81 226

83 191

57 244

69 487

38 242

T

O
T

a
a
e
i

T
R
i

A

T

t

o
c

5
r

l
f
s
b
b
d
s
A
c
m
w
c
e
a
i
t

aken from Ref. [26].
a 2f = 0.165 �mol, 2,6-dichloropyridine-N-oxide 165 �mol.
lefin = 165 �mol.
ime = 48 h.
product like transition state during transfer of oxygen atom to
lkenes might be operative in the catalytic process. A far better
nantioselectivity is observed in the case of 3c catalyzed epox-
dation of styrene (Table 9) than that observed in stoichiometric

able 5
esults of epoxidation of prochiral olefins 3a catalyzed by using 2,6-DCPNO

n benzenea

lkene % conversion % epoxide yield ee

90 85 71
80b 65 72
35c 25 71

9d 4 71
10e 7 69
80f 65 64
80g 52 62

100 79 70

65 55 54

6 5 28

6 5 0

aken from Ref. [27].
a 3 = 315 nmol, substrate = 315 �mol, oxidant = 315 �mol, time = 2 days, reac-

ion temperature = 25 ◦C.
b In toluene.
c Oxidant = 2,6-dibromopyridine N-oxide.
d Oxidant = N-methylmorpholine N-oxide.
e In methanol-ethyl acetate (2:1 v/v).
f In CH2Cl2.
g Ethyl acetate.
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xo-transfer from the corresponding dioxoruthenium(VI)
omplex.

. Asymmetric epoxidation catalyzed by chiral
uthenium-Schiff-base complexes

The chemistry of metal complexes containing Schiff-base
igands is of enduring significance, since they have common
eatures with metalloporphyrins with respect to their electronic
tructure and catalytic activities that mimic enzymatic hydrocar-
on oxidation. Further, preparation of chiral Schiff-base ligands
y condensation of readily available chiral amines with aldehy-
es/ketones is much easier when compared to the very lengthy
teps involved in the synthesis of chiral porphyrin ligands.
mong several catalytic systems, the manganese Schiff-base

atalysts, have emerged as powerful species for the asym-
etric oxidation of unfunctionalized olefins [34,35]. Studies
ith ruthenium complexes containing Schiff-base ligands in the

atalysis of asymmetric epoxidation are noticeably few in the lit-
rature. Katsuki and co-workers [36] first reported the synthesis
nd catalytic application of ruthenium(II)-complex (5) contain-
ng chiral tetradentate (N2O2) ‘salen’ type Schiff-base ligand in
he asymmetric epoxidation of conjugated olefins in the presence
f various terminal oxidants.

Complex 5 was found to be an efficient catalyst (Table 10)
or the epoxidation of conjugated olefins under irradiation of
isible light, and 2,6-Cl2pyNO appeared to be the most use-
ul oxidant amongst the various terminal oxidants viz. PhIO,
aIO4. KHSO5, NaOCl and tetramethylpyrazine N,N′-dioxide
sed in the epoxidation studies [36b]. The results of catalytic
poxidation (Table 11) revealed that complex 5 in the pres-
nce of 2,4-dichloropyridine N-oxide is capable of effecting
igh asymmetric induction irrespective of substitution patterns
f olefins in ethereal solvents. As seen in Table 10 the solvent of
hoice was dependent on the substrate used, however, in most
ases reactions advanced smoothly in diethyl ether and benzene
nd, high enantioselectivity was observed, whereas, use of polar
olvent like acetone, ethyl acetate and acetonitrile epoxidation
etarded epoxidation [36b]. Upon irradiation nitrosyl ligand of
dissociates to produce a five-coordinated active species which

eacts with terminal oxidant to form 5-oxo species with an open

symmetric coordination sphere around the oxen atom, which
s perhaps responsible for the observed high asymmetric induc-
ion [36b] in the epoxidation of conjugated olefins irrespective
f their substitution pattern.
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Table 6
Enantioselective epoxidation of alkenes by 4-RuVI(O)2

a

Substrate Product Stoichiometrica Catalytic aerobicb

% yield % ee TON % ee (configuration)

61 65 10 70 (R)

64 72 20 69 (1R,2S)
21 73 (1R,2S)

5 – 2 –
3 –

66c 20c – –

71 45 11 52 (R)

61 71 14 56

Taken from Ref. [29].
a Stochiometric reactions were conducted in CH2Cl2 at room temperature for 12 h, 3-RuVI(O)2 = 4 mg, substrate 200 mg, pyrazole 50 mg.
b Catalytic reaction were performed in CH2Cl2 at room temperature under oxygen pressure (ca. 8 atm) for 22–24 h, catalyst = 4 mg, substrate = 40 mg.
c In benzene.

Table 7
Catalytic epoxidation of alkenes by PhIO with 3a-RuII(CO)(EtOH) (A) and 4-RuVI(O)2 (B) as catalystsa

Substrate Catalyst Solvent Epoxide

% Yield % ee (configuration)

A CH2Cl2 71 55 (R)
A C6H6 57 63 (R)
B CH2Cl2 52 51(R)
A CH2Cl2 51 40
A C6H6 35 40
B CH2Cl2 41 38
A CH2Cl2 51 41(R)
A C6H6 66 51(R)
B CH2Cl2

A CH2Cl2 53 54
A C6H6 40 52

B CH2Cl2 59 (cis:trans = 9.9) 58 cis (1R,2S)
A C6H6 52 (cis:trans = 6.3) 52 cis (1R,2S)
B CH2Cl2 53 (cis:trans = 11) 55 cis (1R,2S)
A CH2Cl2 62 30
A C6H6 46 62

A CH2Cl2 45 16 trans
A C6H6 41 17 trans
B CH2Cl2 31 13 trans
A CH2Cl2 55 8
B CH2Cl2 61 7

Taken from Ref. [30].
a A mixture of substrate (100 mg), PhIO (50 mg) and catalyst (2 mg) was stirred in CH2Cl2 with restriction of air [30].
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Table 8
Asymmetric epoxidation of alkenes catalyzed by 3c-RuIV in the presence of 2,6-DCPNOa

Substrate Product Time (h) % conversion % epoxide yield (TON) % ee (absolute configuration)

1.5 100 84 (875) 69 (R)

1.5 100 92 (980) 71 (R)

4 100 88 (930) 65 (R)

4 90 96 (940) 72 (R)

4 80 97 (836) 52 (R)

4 100 96 (968) 50 (R)

3 68 96 (803) 72 (R)

5 60 80 (790) 24 (n.d)

3 100 98 (990) 68 (1R,2S)

2 90 86 (700) 70 (n.d)

3 100 78 (890) 80 (1R,2S)b

1 100 91 (900) 65 (n.d)

2 90 85 (860) 67 (n.d.)

12 36 94 (440) 35 (2R,3S)
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Table 8 (Continued )

Substrate Product Time (h) % conversion % epoxide yield (TON) % ee (absolute configuration)

16 21 98 (270) 30(1R,2R)

16c 72 88 (620) 14 (n.d)

16 18 95 (220) 16 (n.d)

16 48 96 (635) 14 (n.d)

16 30 95 (360) 28 (n.d)

Taken from Ref. [31].
a A mixture containing alkene (0.5 mmol),2,6-DCPNP (0.55 mmol) and 3c (0.5 �mol) in degassed benzene was stirred at room temperature.
b With [RuII(D4-Por*)(CO)] as co-catalyst, the chiral epoxide was obtained in 81% yield and 71% ee after 48h reaction in C6H6.
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c Temperature = 40 ◦C. n.d = not determined.

A new family of ruthenium(II)-complexes containing tetra-
oordinating chiral Schiff-base ligands (6a–c) with N2P2 donors
as reported by Mezzetti et al. [37]. Their work [37] was

he first example of the asymmetric epoxidation over ruthe-
ium complexes employing hydrogen peroxide as terminal
xidant.

Results of asymmetric epoxidation of alkenes with hydrogen
eroxide catalyzed by five-coordinated ruthenium complexes
ontaining the chiral ligands above are summarized in Table 12.
he results in Table 12 indicate that [RuII(6a)Cl]+ is a better
atalyst than [RuII(6a)(H2O)Cl]+ complex. Chloride abstrac-
ion appears to be necessary to initiate catalytic activity as the
ichloro [Ru(PNNP)Cl2] species was reportedly found inac-
ive under the specified turn-over conditions. This is further
uggestive of the fact that activation of H2O2 is governed by
he oxo-philicity of the five-coordinated [RuII(6a)Cl]+ com-
lex. Either reduced oxo-philicity (of [RuII(6b)Cl]+) or reduced
tability (of [RuII(6c)Cl]+) decreased the efficiency of the cat-

lytic system [37b]. The observed stereospecificity suggests
hat the reported epoxidation reaction [37b] predominantly pro-
eeded through a non-radical pathway. No reaction was found
o occur with NaOCl, whereas, use of NaIO4, t-BuOOH and
NBu4]HSO5 resulted in oxidation products other than the epox-
de.

Very recently the same group has reported [37c] the use
f the five-coordinate 16-electron [RuCl(PNNP)]+ species and
heir octahedral analogues [RuCl(L)(PNNP)]+ in the enantios-
lective atom transfer reactions, in which oxene or carbene are
ransferred from ruthenium to the non-coordinated substrate.
he [RuCl(PNNP)]+ catalysts perform cyclopropanation of 1-
ctene in the presence of ethyl diazoacetate with excellent
is- and enantioselectivity. A different mode of enantiose-
ective atom transfer has been reported in the hydroxylation
nd electrophilic fluorination of 1,3-dicarbonyl compounds, in
hich the oxene or F+-transfer agent attacks a ruthenium-bound

ubstrate.
A series of new tetradentate Schiff-base ligands derived

y interacting dehydroacetic acid (3-acetyl-6-methylpyran-2,4-
ione) with various diamines, and the catalytic ability of their
orresponding ruthenium(III) complexes (7a–c) to effect the
symmetric epoxidation of styrene and substituted styrenes has
een reported by Kureshy et al. [38].
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Table 9
Comparison of results of styrene epoxidation catalyzed by 1b, 2f, 3a and 3c in the presence of 2,6-DCPNO

Ru complex Reaction conditions % epoxide yield TONa % ee Remarks

Cat:Ox:Substrate = 1 �mol:
330 �mol:330 �mol.
Reaction was run for 2.5 h at
room temperature in degassed
benzene

62 204 7.5 Ref. [20]. The reactivity and
enantioselectivity are strongly
dependent on the arms of the chiral
cyclohexyl entity. The short arm
(n = 1) gives small chiral cavity and
weak reactivity. Epoxide yield is of
significance, but poor
enantioselectivity

Cat:Ox:Substrate = 1 �mol:
330 �mol:330 �mol.
Reaction was run for 2.5 h at
room temperature in degassed
benzene

84 276 23

Cat:Ox:Substrate = 0.165 �mol:
165 �mol:165 �mol.
Reaction was run for 48 h
reaction at −10 ◦C in toluene
under argon

55 551 79 Ref. [26]. Higher enantioselectivity
achieved at non-ambient reaction
condition. Comparatively lower
epoxide yield noticed at much higher
reaction time.

Cat:Ox:Substrate = 0.315 �mol:
315 �mol:315 �mol.
Reaction was run for 48 h
reaction at 25 ◦C in benzene
under argon

79 790 70 Ref. [27]. Better catalyst in regard to
epoxide yield, enantioselectivity and
TON, but very high reaction time

3c (x = H, y = z = Cl). Prepared
from 3a in refluxing CCl4

Cat:Ox:Substrate = 0.5 �mol:
0.55 mmol:0.5 mmol.
Reaction was run for 1.5 h
reaction at 25 ◦C in benzene
under argon

84 875 69 Ref. [31]. Best catalyst.
Non-intermediacy of
dioxoruthenium(VI) species

a Moles of product per mole of catalyst.

e
b
(

The ruthenium(III)-complexes (7a–c) efficiently catalyze the
poxidation of styrene and substituted styrenes by the com-
ined use of dioxygen and sacrificial reductant isobutyraldehyde
Table 13) [38]. Although there is some minor improvement in

c
a
i
t

onversion yield and ‘ee’ values in the presence of both dioxygen
nd pyridine N-oxide, the role of this oxidant was not obvious
n the proposed catalytic cycle [38]. However, it is coordinated
o the ruthenium center during the catalytic process.
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Table 10
[RuIV(D2-Por*)Cl2] and [RuIV(D4-Por*)Cl2] catalyzed asymmetric epoxidationsa

Alkene Product [RuIV(D2-Por*)Cl2] [RuIV(D4-Por*)Cl2]

t (h) % Conv. % Yield
epoxide

% ee (absolute
configuration)

t (h) % Conversion % yield
epoxide

% ee (absolute
configuration)

24 50 82 32 (R) 1.5 100 84 69 (R)

24 48 94 52 (R) 4 80 97 52 (R)

24 50 92 41 (R) 4 100 96 50 (R)

24 15 80 10 (1R,2S) 3 100 98 68 (1R,2S)
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aken from Ref. [31].
a Reaction conditions are same as in Table 8.

The same group had reported [39] a number of ruthenium(II)
omplexes (8–11) containing tridentate chiral Schiff-base ligand
erived from l-amino acids with salicylaldehyde and phenyl
ing-substituted salicylaldehydes.

Complexes 8–11 were reported [39a,39b] to be the active
atalysts towards the enantioselective epoxidation of styrene
nd aromatic ring substituted styrenes in the presence of iodosyl
enzene as terminal oxidant (Table 14). The results in Table 14
uggest that 8 is the most efficient catalyst in the case of styrene
poxidation with iodosylbenzene as a precursor oxidant. Better
esults both in terms of conversion yield and enantioselectivity
ere achieved by modifying the chiral ligands in 8–11 using

ubstituents on the phenyl ring of the salicylaldehyde moiety
39a,b]. Other oxidants like H2O2, NaOCl, O2 and m-CPBA

Very recently, Cha
ily of ruthenium(III)
13) using a tridentate
from condensing chira

salicylaldehyde. The T
whereas, �-acidic bip
catalyst.
ere either inactive or produced predominantly non-epoxide
roducts [39b]. Surprisingly, above catalytic system were quite
ess efficient towards epoxidation of 1,2-dihydronapthalene
39c]. u
tterjee et al. reported [40] a novel fam-
epoxidation catalyst complexes (12 and
chiral Schiff-base ligand (TDL*) derived
l d-glucose amine with 3,5-ditertiarybutyl

DL* controls the enantiomeric induction,
y or PPh3 influences the reactivity of the
This new family of chiral ruthenium catalytic system runs
nder mild conditions. The results (Table 15) of the epoxida-
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Table 11
Asymmetric epoxidation of conjugated olefins with 5 as a catalysta

Entry Substrate t (h) % Yield (epoxide) % ee Absolute configuration

1b 2 51 87 (1S,2R)

2b 6 70 81 (1S,2R)

3e 2 48 80 (1S,2R)

4a 2 26 86 (1S,2S)

5a 32 64 75 (1S,2S)

6c 7 60 81 (1S,2S)

7b 6 28 82 (1S,2S)

8b 20 75 80 (1S,2S)

9c 28 32 82 –

10c 16 54 97 3S

11c 17 83 86 (1R,2R)

12c 22 62 79 (1R,2S)

13c 22 74 88 –

14a 5 54 98 (3S,4S)

15b 16 59 97 (3S,4S)

16b 30 60 89 (1S,2R)

17b 72 52 87 (1R,2R)

18c 40 64 85 (1R,2R)
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Table 11 (Continued )

Entry Substrate t (h) % Yield (epoxide) % ee Absolute configuration

19c 7 30 83 (S)

20c 14 63 71 (S)

21b 12 34 79 (S)

Taken from Ref. [36b].
a Reaction was carried out in ether at room temperature under irradiation of visible light. 5 = 2.0 �mol; 2,6-DNPNO = 100 �mol; substrate = 100 �mol.
b The reaction was carried out in benzene with 2,6-DNPNO as a terminal oxidant.
c The reaction was carried out in dioxane with tetramethylpyrazine N,N′-dioxide as a terminal oxidant.

Table 12
Asymmetric epoxidation of olefins catalyzed by [RuII(6a)Cl] and RuII(6a)(H2O)Cl] complexes

Alkene [RuII(6a)Cl]a [RuII(6a)(H2O)Cl]a

t (h) % conversion % yield epoxide % ee (absolute
configuration)

t (h) % Conversion % yield epoxide % ee (absolute
configuration)

6 35 81 37 (S) 6 39 68 30 (S)

6 34b 50b 40 (S) – – – –

2 48 94 52 (R) 4 18 53 12

2 100 55 41 (1S,2R) 2 84 50 25(1S,2R)

6 22 72 4 6 6 70 22

4 26 62 25 (1R,2R) 3 14 52 10 (1R,2R)

Taken from Ref. [37a,b].
a Reaction was carried out in CH2Cl2 at room temperature under argon atmosphere. Catalyst = 9.6 �mol; H2O2 = 6.86 mmol; substrate = 0.96 mmol.
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b The reaction was carried out in dichlorobenzene.

ion studies clearly revealed the catalytic ability of 12 and 13
o perform the epoxidation of unfunctionalized alkenes with
igh enantioselectivity using t-BuOOH as terminal oxidant.
he efficacy of the 12 [40a] in terms of product yield is bet-

er when compared with that of 13, however, notably high
symmetric induction by 13 (up to 94% of ee observed for
-chlorostyreneoxide) to the epoxidation of styrenes with t-
uOOH was observed [40b]. Since, carbohydrates are naturally

ccurring enantiomeric pure compounds, and such chiral ligands
H2TDL*) could be prepared in one step from commercially
vailable starting materials, the results above are of significance
n the design and development of more sugar-based ligands and

t
p
a
o

heir corresponding metal complexes for catalytic application in
arious asymmetric synthesis.

. Asymmetric epoxidation by chiral monooxo
uthenium(IV)-polypyridyl complexes

Polypyridyl complexes of ruthenium are of great significance
s they are coordinatively stable both in higher and lower oxida-

ion states, and a variety of ruthenium-oxo complexes containing
olypyridyl ligands are known to be effective stoichiometric
gents for alkene epoxidation [9]. In this context ruthenium(IV)-
xo complexes containing chiral ligands 14 and 15 that afford
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Table 13
Asymmetric epoxidation of styrenes catalyzed by 7a-c

Alkene 7a 7b 7c

t (h) % conversion % ee (absolute
configuration)

% conversion % ee (absolute
configuration)

% conversion % ee (absolute
configuration)

24a 90 18 (R) 85 24 (R) 95 20 (S)
24b 75 12 (R) 72 20 (R) 83 20 (S)

24a 92 19 (R) 70 26 (R) 90 22 (S)
24b 69 14 (R) 65 22 (R) 78 30 (S)

24a 55 23 (R) 55 30 (R) 62 24(S)
24b 48 19 (R) 50 25 (R) 55 24(S)

24a 75 16 (R) 70 22 (R) 80 20 (S)
24b 70 11 (R) 65 17 (R) 70 15 (S)

Taken from Ref. [38].
a Reaction was carried out in in CH2Cl2 at room temperature. catalyst = 6 �mol; pyridine N-oxide = 240 �mol; substrate = 2 mmol. 1 atm of O2, isobutyralde-

hyde = 2 mmol.
b The reaction was carried out without pyridine N-oxide.

Table 14
Asymmetric epoxidation of styrenes catalyzed by 8–10

Alkene 8a 9b 10b

% conversion % ee (absolute
configuration)

% conversion % ee (absolute
configuration)

% conversion % ee (absolute
configuration)

30 53 (S) 38 33 (S) 32 28 (S)

25 60 (S) 45 36 (S) 40 32 (S)

32 50 (S) 53 38 (S) 48 35 (S)

45 75 (S) 59 45 (S) 52 38 (S)

32 54 (S) – – – –

T
t] = 0.
mmol

e
fi [

e
l
r
r

aken from Ref. [39a,b].
a Reaction was carried out in degassed CH2Cl2 at room temperature; [catalys
b Reaction was carried out in degassed fluorobenzene at 0 ◦C; catalyst = 0.02

nantioselective epoxidation of unfunctionalized olefins were
rst reported by Che and co-workers [41].
a
(
o
a

01 M; [iodosylbenzene] = 0.25 M [substrate] = 0.5 M; reaction time = 30 min.
, iodosylbenzene = 1 mmol; substrate = 1 mmol, reaction time = 120 min.

The results of stoichiometric oxidation of styrene by
RuIV(14)(Me3tacn))O] resulted in only 9% ee [41b]. This low
nantiomeric excess (ee) was attributed to the chirality of the
igand (14) which is too remote from the Ru O moiety. The
eaction of [RuIV(15)(bipy))O] with aryl alkenes in acetonitrile
esulted in epoxide as the major product together with minor

mount of aldehydes, and induced moderate enantioselectivity
Table 16). Detailed kinetic studies revealed that the reaction
f [RuIV(15)(bipy))O] with alkenes is second-order in nature,
nd the values of second-order rate constant (k) lie in the range
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Table 15
Asymmetric epoxidation of alkenes catalyzed by 12 and 13

Alkene 12 13

% conversiona % selectivity of epoxide % ee % conversionb % selectivity of epoxide % ee

74 84 42 51 84 84

75 87 39 59 76 94

73 83 45 57 68 87

72 79 37 56 73 90

(32) 90 45 33 85 65

(59) 92 47 44 89 67

Taken from Ref. [40a,b].
a Reaction was carried out in CH2Cl2 at room temperature; [catalyst] = 0.01 mmol; t-BuOOH = 1 mmol; substrate = 1 mmol; reaction time = 18 h.
b Reaction time = 12 h.

Table 16
Asymmetric epoxidation of alkenes by [RuIV(15)(bipy))O]a

Alkene % Cy. % epoxide % ee Alkene % Cy. % epoxide % ee

78 58 37 72 63 37

77 62 38 79 72 35

78 60 36 81 33 (cis-epoxide)
17 (trans-epoxide)

30

80 39 39 78 33 (trans-epoxide) 12

Taken from Ref. [41c].
a Reaction was carried out in CH3CN under nitrogen atmosphere at 25 ◦C; [RuIV(15)(bipy))O] = 0.05 mmol; substrate = 1–2 mmol; reaction time = 12 h.

Table 17
Asymmetric epoxidation of trans-stilbene catalyzed by 16a

Run Oxidant Catalyst:Oxidant:Substrate /mmol Solvent T ◦C t (h) % yield (epoxide) ee

1 PhIO 0.025:1.5:0.5 Toluene 25 96 67 24
2 PhI(OAc)2 0.025:1.5:0.5 Toluene 25 96 80 63
3 PhI(OAc)2 0.025:1.5:0.5 Toluene 0 96 63 74
4 PhI(OAc)2 0.025:1.5:0.5 Benzene 25 96 43 52
5 PhI(OAc)2 0.025:1.5:0.5 CH2Cl2 25 96 40 36
6 NaIO4 0.025:2.5:0.5 Toluene 5 96 Trace –
7 O2/t-BuCHO 0.025:2.5:0.5 Toluene 25 96 67 5
8 t-BuOOH 0.025:2.0:0.5 CH2Cl2 25 72 38 16

Taken from Ref. [43].
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Table 18
Asymmetric epoxidation of trans-stilbene catalyzed by 16aa

Run Ratio of substrate:oxidant:H2O Solvent t (h) % conversion % yield (epoxide) ee

1 1:3:0 Toluene 96 97 80 63
2 1:6:0 Toluene <63 100 80 53
3 1:6:0 Anhyd.toluene 67 12 11 –
4 1:6:6 Anhyd.toluene 3.5 100 80 46
5 1:6:3 Anhyd.toluene 3 100 80 43
6 1:3:3 Anhyd.toluene 26 100 83 49
7 1:3:6 Anhyd.toluene 5.5 82 63 29
8 1:1:1 Anhyd.toluene 25 55 53 71
9 1:6:6 THH/Anhyd.toluene (4: 6) 25 99 25 –

10 1:6:6 Dioxan/Anhyd.toluene (4: 6) 2 100 60 59
11 1:6:6 t-BuOH/Anhyd.toluene (4: 6) 1 100 84 57

Taken from Ref. [45].
a Catalyst = 0.025 mmol, oxidant = PhI(OAc)2; substrate = trans-stilbene = 0.5 mmol, reaction was performed at room temperature.

Table 19
Results of asymmetric epoxidation of olefins catalyzed by 16aa

Run Substrate t (h) % Conversion % yield (epoxide) ee

1 1 100 84 57

2 5 100 86 27

3 45 100 48 5

4 23 100 73 11

5 1 100 81 7

T
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aken from Ref. [45].
a Reaction was performed in a solvent mixture containing anhydrous t
hI(OAc)2 = 1.5 mmol, substrate = 0.5 mmol, H2O = 1.5 mmol.

.046–0.42 M−1 s−1 at 25 ◦C [41c]. Activation parameters, in
articular large negative values of activation entropy (�S �=) are
onsistent with the associative nature of activation for the reac-
ion of [RuIV(15)(bipy))O] with alkenes. The small variations

−1 −1
f the reported rate constant values (k = 0.19 M s for p-
hlorostyrene and 0.22 M−1 s−1 for p-methyl styrene at 25 ◦C)
41c] disfavors the participation of either an alkene-derived
ation radical or carbocation intermediate. However, the authors

t
o
i
b

Scheme 2
e (6 ml) and t-BuOH (4 ml) at room temperature. Catalyst = 0.025 mmol,

y invoking total substituent effect (TE) radical parameters [42]
nto their kinetic results, proposed the rate limiting formation of a
enzylic radical intermediate [41c]. A facial selectivity through
ide-on approach that brings about the observed enantioselec-

ivity was proposed [41c] by considering that the Ru O axis is
rthogonal to the molecular plane of 15 but collinear to ‘bipy’
n [RuIV(15)(bipy))O]; the oxo-moiety is thus sterically encum-
ered and only one face of the Ru O site is exposed for the

.
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Table 20
aAsymmetric epoxidation of alkenes with H2O2 catalyzed by 23 and 16b

Alkene 23 16b

% conversion % selectivity of epoxide % ee % conversion % selectivity of epoxide % ee

100 77 26 100 70 31

100 100 71 100 100 67

100 100 56 100 82 58

100 100 58 100 99 68

100 79 62 100 91 72

100 69 2 100 52 13
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aken from Refs. [47,51].
a Reaction was carried out in tert-amyl alcohol at room temperature; [catalys

lefinic approach. Because of the non-concerted nature of reac-
ion, the product enantioselectivity (% ee) is not established at
he first irreversible C–O bond formation. The reduction of prod-
ct enantioselectivity also likely takes place by the formation of
he opposite enantiomeric epoxide via rotation/collapse path-
ay (Scheme 2), and hence, the stereoselectivity of the epoxide

ing-closure is also important in controlling the overall product
nantioselectivity [41c].

. Asymmetric epoxidations catalyzed by chiral
u-oxazoline complexes

In 1997, Nishiyama et al. reported [43] a new catalyst design
y introducing dual closed meridional stereotopes around the
etal center using bis(oxazolinyl)pyridine (pybox) and pyridi-

e-2,6-dicarboxylate (pydic). Because of the �-acceptor prop-
rty of dicarboxylic group and oxazoline rings, these ligands are
uitable for the preparation of stable metal complexes. The [Ru-
pybox)(pydic)] (16) complex was found to effect catalytic epox-
dation of olefins accompanied by asymmetric induction [43].
w
l
t
f

025 mmol; H2O2 = 1.5 mmol; substrate = 0.5 mmol; reaction time = 12 h.

Considering trans-stilbene as a test substrate, the catalytic
bility of 16 in achieving alkene epoxidation was examined using
arious precursor oxidants and the results (Table 17) suggest
hat bis(acetoxy)iodobenzene was the best oxidant amongst the
erminal oxidants used.

Application of chiral oxalamides ligands (17) prepared
rom 2-(2-aminophenyl)oxazolines in asymmetric epoxidation
f olefins using RuCl3 and NaIO4 was reported by End and
faltz [44].

Amongst the oxalamides examined, 17b was the most active
igand. The results showed that in the asymmetric epoxidation
f trans-stilbene the ee value of the epoxide was very low in the
eginning but increased significantly with prolonged reaction
ime. However, by subjecting the catalytic species to interact
ith the oxidant for a period before addition of the substrate, a

ignificant improvement of the catalytic performance with 74%
ield and 69% ee was achieved [44].

Unfortunately, both the catalytic systems above [43,44]
evealed very low reactivity (70–96 h were needed for full
onversion) and limited applicability (successful epoxidation

as only achieved with trans-stilbene as substrate). Nonethe-

ess, further investigation of 16 was continued because of
he easy accessibility of pyridinebisoxazoline (pybox) ligands
rom natural occurring amino acids [43]. In 2003, Beller et al.
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Table 21
Comparison of results of styrene epoxidation catalyzed by various chiral complexes of ruthenium

Ru complex Reaction conditions % epoxide yield TONa % ee Remarks

Cat:Ox:Substrate = 0.5 �mol:0.55 mmol:
0.5 mmol. Reaction was run for 1.5 h at
25 ◦C in benzene under argon.
Ox = 2,4-DCPNO

84 875 69 Ref. [31]. Best catalyst.
Non-intermediacy of
dioxoruthenium(VI) species. Multi-step
tedious synthesis of chiral porphyrin
ligands

Cat:Ox:Substrate = 2.0 �mol:0.1 mmol:
0.1 mmol. Reaction was run for 12 h at
room temperature in benzene under
argon. Ox = 2,4-DCPNO

34 17 75 Ref. [36]. Poor yield and turnover,
reasonably high enantioselectivity.
Synthesis of chiral ligand involved more
than one step

Cat:Ox:Substrate = 9.6 �mol:6.86 mmol:
0.96 mmol. Reaction was run for 6 h at
room temperature in CH2Cl2 under
argon. Ox = H2O2

81 81 37 Ref. [37a]. Poor yield and turnover,
reasonably high enantioselectivity.
Catalytic system comprises of green
precursor oxidant. Synthesis of chiral
ligand is not involved more than one step

Cat:Ox:Substrate = 6.0 �mol:240 �mol:
2.0 mmol. Reaction was run for 24 h at
room temperature in CH2Cl2 under
argon. Ox = pyridine N-oxide

95 317 20 Ref. [38]. High epoxide yield and
reasonably good turnover. Poor
enantioselectivity. Synthesis of chiral
ligand involved condensation of
enantiomerically pure diaamine with
dehydroacetic acid

Cat:Ox:Substrate = 20.0 �mol:1.0 mmol:
1.00 mmol. Reaction was run for 2 h at
0 ◦C in degassed fluorobenzene.
Ox = iodosylbenzene

38 19 33 Ref. [39]. Low turnover and
enantioselectivity. Reaction condition is
not ambient. One step synthesis of chiral
ligand using enantiomerically pure
amino acid

Cat:Ox:Substrate = 10.0 �mol:1.0 mmol:
1.0 mmol. Reaction was run for 12 h at
room temperature in CH2Cl2.
Ox = t-BuOOH

47 47 84 Ref. [40b]. Moderate yield and low
turnover, but high enantioselectivity. One
step synthesis of chiral ligand using
naturally occurring sugar based
compound

Cat:Ox:Substrate = 0.025 mmol:1.5 mmol:
0.5 mmol. Reaction was run for 12 h at
room temperature in CH2Cl2.
Ox = H2O2

70 71 31 Ref. [47]. High epoxide yield, but low
turnover and enantioselectivity. Catalytic
system comprises of green precursor
oxidant. Synthesis of chiral ligand is not
complicated
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Table 21

Ru complex Reaction conditions % epoxide yield TONa % ee Remarks

Cat:Ox:Substrate = 25.0 �mol:
1.5 mmol:0.5 mmol. Reaction was
run for 12 h at room temperature in
tert-amyl alcohol. Ox = H2O2

77 15 26 Ref. [51]. High epoxide yield, but low
turnover and enantioselectivity. Catalytic
system comprises of green precursor
oxidant. Synthesis of chiral ligand is not
complicated

[
c
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A
s
T
p

P

a Moles of product per mole of catalyst.

45] reported an improved protocol for the ruthenium(pybox)-
atalyzed asymmetric alkene epoxidation. The addition of a
toichiometric amount of water increased the ee value to 71%
n the case of epoxidation of trans-stilbene at a low concen-
ration of PhI(OAc)2, however, increasing the concentration of
xidizing agent (PhI(OAc)2) resulted in an elevated yield but a

educed enantioselectivity (Table 18). The results in Table 18
uggest that water played a crucial role in the reaction, pre-
umably due to the enabling of the oxidation of 18-electron
Ru(S,S-iPr2-pybox)(pydic)] 16a via a ligand dissociation [46].

a
h
9
[

Scheme 3
pplicability of catalyst 16a in the epoxidation of olefinic sub-
trates other than trans-stilbene, had also been explored [45].
able 19 reveals that except for trans-stilbene the reaction gave
oor enantioselectivity for other olefins.

The use of t-BuOOH as terminal oxidant instead of
hI(OAc)2 in the asymmetric epoxidation of alkenes cat-

lyzed by 16 and its modified versions (18 and 19) showed
ighly encouraging results achieving epoxide yield up to
7% with a feasible ee value of 65% at room temperature
47].

.
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The same group later reported the use of H2O2 in
he catalytic systems above [48]. Very recently, they have
hown [48b] that using [Ru(pybox)(pydic)] (16, 18, 19) and
Ru(pyboxazine)(pydic)] (20) as catalysts, the asymmetric
poxidation of mono-, 1,1-di, cis- and trans-1,2-di, tri- and tetra-
ubstituted aromatic olefins with versatile functional groups
an be achieved in good to excellent yield (up to 100%) with
oderate to good enantioselectivities (50–80% ee). Usage of

wo different meridional ligands significantly simplified the
tructural variations electronically and sterically around the
etal center. The presence of weak organic acid and electron-
ithdrawing groups on the catalyst enhanced the catalytic
erformance [48b]. On the basis of mechanistic studies and
ensity functional theory calculations, the intermediacy of a
ovel N-oxide type intermediate was proposed [48b]. Mechanis-
ic implications concerning the intermediacy of mono-N-oxide
pecies along with the putative oxoruthenyl [L1L2Ru O]
pecies, have been further consolidated [49]. While perform-
ng catalysis of olefin epoxidation with 30% aqueous H2O2
49] using various [Ru(L1)(L2)] complexes where L1 = 21a–c
nd L2 = 22a–c, they observed that the catalyst complexes that
ontain ‘pyridyl’ ligand showed extraordinarily high reactivity.

Further, considering the stereoselective pe
chiral ruthenium complexes containing non-
bipyridines including 6-[(4S)-4-phenyl-4,5-dihy
yl]-[2,2′]bipyridine (21b), the following reac
(Scheme 3) for ruthenium catalyzed enantiosele
tion was proposed [49].

Further to the success of the pybox typ
Beller et al. introduced another novel class of N,
pyridinebisimidazoline ligands (abbreviated as ‘
ruthenium catalyzed asymmetric epoxidation of o
The introduction of nitrogen in place of oxygen
ligand would provide a more flexible ligand sc
might be easily varied by N-derivatization to tun
as well stereoselectivity in the catalytic asymmetr

The newly developed pybim complexes of r
exhibited comparable reactivity (Table 20) and e
ity to those obtained by using corresponding ‘pybo
The facile synthesis of the pybim ligands together
to-tune facility makes them a suitable toolbox for
a number of other catalytic asymmetric reactions

8. Summary and outlook

The work described in this review firstly confi
vation that chiral ruthenium complexes are pa
adapted as asymmetric devices for asymmetric epo
review has systematically summarized the perfo

r
i
s
d

rformance of
racemic 2,2′-
dro-oxazol-2-
tion pathway
ctive epoxida-

e of ligands,
N,N-tridentate
pybim’) in the
lefins [50,51].
in the ‘pybox’
affold, which

e the reactivity
ic epoxidation.

uthenium (23)
nantioselectiv-
x’ complexes.
with the easy-
application to
.

rms the obser-
rticularly well
xidation. This

rmance of chi-

al ruthenium complexes that effect asymmetric epoxidations
n homogeneous conditions. Considering styrene as a test sub-
trate, best performing Ru-catalytic systems from each group
iscussed in the preceding sections, are compared in Table 21.
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ince, product yield and enantioselectivity are dependent on
o many factors like, nature of oxidant, variability of solvent,
eaction time and most importantly the nature of the active
ntermediate formed in the catalytic process, it is difficult to

ake any significant comparison of one system with another.
owever, some important observations are briefly outlined in

he last column of the Table 21. Under ambient conditions
c appears to be most effective with regard to epoxide yield,
nantioselectivity, turnover and reaction time among the other
u-catalysts shown in Table 21. This catalytic system is also
ersatile in the epoxidation of various alkenes [31]. However,
he tedious preparation and high cost of porphyrin ligands are

ajor bottlenecks for its application in organic synthesis. In this
egard the heterogenization of homogeneous chiral catalysts is
n attractive solution as it affords the repetitive use of catalyst
nd facilitates product-catalyst separation [52]. Encapsulation
f Ru-porphyrin complex in ordered molecular sieves (MCM-
1 and MCM-45) showed enhanced reactivity in the asymmetric
poxidation of olefins [31,53]. In this regard there is a very
ecent review article [54] on the progress made in asymmetric
atalysis in the nanopores of mesoporous materials and periodic
esoporous organosilicas (PMOs) highlighting factors like con-
nement effect, linkage and micro-environment in nanopores

hat influence the activity and enantioselectivity of asymmetric
atalysis. This would also be of significance in developing het-
rogenized Ru-based asymmetric epoxidation catalytic systems.

Developing catalytic routes for the asymmetric epoxidation
sing environmentally cleaner reagents such as air or hydro-
en peroxide is another opportunity for future research in this
emanding area. Although significant results have been obtained
ery recently using H2O2 as a green oxidant [37,48,51], there is
till a need for a new and improved ligand, which can be conve-
iently prepared from inexpensive and commercially available
tarting materials and most importantly would form ruthenium
atalysts that are highly efficient, productive and versatile for a
ide range of alkenes.
There remain substantial unresolved mechanistic issues in the

u-catalyzed asymmetric epoxidations. Although oxo-transfer
rom Ru O species to the alkenes is generally suggested, this
s not the only active species. There is now firm evidence
upporting multiple competing oxygen transfer species. A con-
ensus on the relative selectivity of this species and Ru O has
ot yet been established. More importantly, for such poten-
ial oxo-transfer species the substrate approach trajectory has
ardly been explored. The mechanism of oxygen atom transfer
rom catalytic active intermediate (usually high-valent metal-
xo complex) to the organic substrate is still an open question.
everal mechanisms have been proposed depending on several
actors like oxidant, coordinating ligand, substrate, solvent. The
esults obtained with a specific system cannot be extended to
ther systems. Thus a unified mechanism is an interesting, yet
o be achieved, objective. There is great scope for an increased
nderstanding of the mechanistic possibilities concerning the

ature of the active oxidant involved in the epoxidation step,
he effect of ligand structure and primary oxidant, which should
ead to further improvements in catalyst design and/or reaction
onditions.
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