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bstract

Shvo’s diruthenium complex is an active catalyst in a considerable number of homogeneous reactions. Its catalytic activity is m
o the fact that it dissociates into two monomeric ruthenium species in solution under thermal conditions. We review the applicat

hree major headings i.e., oxidation, reduction and dynamic kinetic resolution.
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1. Introduction

Ruthenium complexes play a central role in many or-
ganic transformations as versatile catalyst due to its re-
versible and accessible oxidation states[1–3]. Recently, sev-
eral groups including ours have been engaged in devel-

010-8545/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.ccr.2004.09.025
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Scheme 1.

oping efficient ruthenium catalysts for different types of
organic reactions[4–19]. Besides, researchers have been
looking for a multipurpose catalyst, i.e., a single complex
that catalyzes various industrially important reactions. It
has been found that [RuCl2(PPh3)3], prepared by Stephen-
son and Wilkinson[20], is an excellent catalyst in a large
number of reactions such as oxidation[2], reduction[21],
oxidative cleavage of vic-diols[22], isomerization of al-
lylic alcohols [23], reductive cyclization of nitroarenes
with trialkylamines [24], racemization of alcohols[25],
etc.

Shvo et al. have synthesized a robust diruthenium com-
plex 1, which finds enormous utility in organic synthesis as
a versatile catalyst[26]. It is now called the Shvo complex.
It is much superior to [RuCl2(PPh3)3] in terms of yields of
products and compatibility under given reaction conditions
[25]. Most notably, the Shvo complex does not require a base
for isomerization of allylic alcohols[27] and Oppenauer-
type oxidation of 3�-hydroxy steroids[28] in contrast to
[RuCl2(PPh3)3]. The main reason for its efficient catalytic
activity is that it dissociates into2 and 3 in the reaction
mixture under thermal conditions (Scheme 1). These 16-
electron species2 and 18-electron complex3 play a vital
role in catalytic cycle[29,30]. Recently, a modified procedure
for the synthesis of the Shvo complex has been reported by
Bäckvall and co-workers[25]. In this review, we portray the
r ganic
r

2
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Scheme 2.

Increasing the electron density on the metal and the ligand
was found to accelerate the reaction. Kinetic studies reveal
that the rate =k[catalyst]1/2[aldehyde].

2.2. Isomerization of allylic alcohols to saturated
ketones

The Shvo catalyst is found to effect the isomerization of
allylic alcohols to ketones without any base[27] (Scheme 3).
In the case of [RuCl2(PPh3)3] and [RuCl2(p-cymene)2] as
catalysts, K2CO3 is essential to increase the rate of reaction.
It was believed that the bimetallic complex (Shvo catalyst)
is in equilibrium with two monometallic species (Scheme 1)
and one of these has negatively charged oxygen. This
alkoxide can act as a base, thus promoting the formation of
ruthenium alkoxide.

2.3. Aerobic oxidation of alcohols

Combination of the Shvo catalyst, 2,6-dimethoxy quinone
and Co-macrocycle affords an efficient catalytic system for
the aerobic oxidation of various secondary alcohols[29, 32]
(Scheme 4).

The principle for this aerobic oxidation is reminiscent of
biological oxidation of alcohols via the respiratory chain
a hvo
c s ab-
s The
h ith
t -
a low

heme
ecent developments on the Shvo complex catalyzed or
eactions.

. Oxidation reactions

.1. Disproportionation of aldehydes to esters

The Shvo complex catalyze the homogeneous bimole
isproportionation reaction of aldehydes to give esters i
resence of small amounts of formic acid[31] (Scheme 2).

Sc
nd involves selective electron/proton transfer. The S
omplex dehydrogenates the alcohol and the hydrogen
tracted are transferred to an electron rich quinone.
ydroquinone thus formed is reoxidised by the air w

he aid of Co–salen complex (Scheme 5). This triple cat
lytic system works at an oxygen concentration that is

3.



R. Karvembu et al. / Coordination Chemistry Reviews 249 (2005) 911–918 913

Scheme 4.

enough to allow the reaction to be performed cheaply and
safely.

2.4. Oppenauer-type oxidation of 3�-hydroxy steroids

The Shvo complex catalyze the oxidation of 5-unsaturated
3�-hydroxy steroids to the corresponding 4-en-3-one deriva-
tives in acetone at reflux[28] (Scheme 6). The reaction pro-
ceeds via a ruthenium catalyzed dehydrogenation and subse-
quent hydrogen transfer to acetone with concomitant double
bond migration.

2.5. Oxidation of alcohols with chloroform

The Shvo complex has been found to be a quite effective
catalyst for oxidation of secondary alcohols and primary diols

to give ketones[33] and lactones in chloroform with sodium
carbonate. In this reaction, sodium carbonate acts as hydrogen
chloride acceptor (Scheme 7).

2.6. Dehydrogenation of aromatic amines to imines

Dehydrogenation of aromatic amines to imines catalyzed
by 1 in presence of 2,6-dimethoxybenzoquinone or 2,6-
dimethoxybenzoquinone/MnO2 as oxidant has been reported
by Bäckvall and co-workers[34] (Scheme 8). Detailed mech-
anistic studies of hydrogen transfer reactions have also been
reported[35–37].

3. Reduction reactions

3.1. Hydrogenation of alkynes

The Shvo complex serves as a catalyst precursor for the
hydrogenation of alkynes[38] (Scheme 9). A catalytic cycle
has been proposed on the basis of experimental observations
( e-
v ation
c lace
d
a

heme
Sc
Scheme
Scheme 10). The sequence 2→ 4→ 5 represents an irr
ersible side reaction path that quenches the hydrogen
ycle. Substantial hydrogenation of alkynes still takes p
ue to the competitive transformation of2 to 3 by oxidative
ddition of H2.

5.
6.
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Scheme 7.

Scheme 8.

Scheme 9.

3.2. Reduction of ketones with formic acid

Catalytic activities of the Shvo complex were examined
in the metal-catalyzed reduction of aldehydes and ketones
to alcohols using formic acid as hydrogen source[39]. Use
of excess formic acid results in the acceleration of reaction
rate and the corresponding formate esters were isolated as
sole products. Though alkenes are not reactive, double bonds
conjugated to a carbonyl group are selectively reduced under
the reaction conditions.

Recently, several catalytic systems have been developed
for transfer hydrogenation of ketones[40–44]. The yields and
TON are comparable with the Shvo complex. However, these
catalysts are effective only in the presence of base or additives
whereas the Shvo complex does not require any additives
[28]. This makes the Shvo complex a valuable catalyst.

4. Racemization reaction coupled with dynamic
kinetic resolution (DKR)

The use of metal-based racemization catalysts with en-
zymes as the resolution catalysts for the DKR of alcohols,
amines and esters is one of the hot research topics in the area
of asymmetric synthesis[45–49]. An excellent observation
in this field is that the Shvo complex acts as efficient cata-
lyst for the racemization of secondary alcohols and amines.
Besides, the Shvo complex is compatible under DKR con-
ditions, whereas complexes like [RuCl2(PPh3)3] gave poor
results when combined with enzyme and acyl donor[50].

Park and co-workers have recently found that aminocy-
clopentadienyl ruthenium chloride catalyzes the racemiza-
tion of alcohols at room temperature and is also compatible
under DKR conditions[51]. The yields and % ee of chiral
products have been found to be higher than those obtained
with the Shvo complex as catalyst. But all other racemiza-
tion catalysts[45–49]reported so far are less effective when
compared to the Shvo complex.

4.1. DKR of secondary alcohols

The Shvo complex is able to catalyze the complete
recemization of (+)-(R)-1-phenylethanol without any base
( as
t ation
u

4-
c the
r 1-
p hvo
c ol-
Scheme 11). The ruthenium-catalyzed racemization w
hen combined with an enzyme-catalyzed transesterific
sing Novozym 435[25].

Among the various acyl donors screened,
hlorophenylacetate was found to be effective in
uthenium- and enzyme-catalyzed DKR of racemic
henylethanol using enzyme Novozym 435 and the S
atalyst (Scheme 12). Studies of the reaction in different s
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Scheme 10.

vents showed that non-polar solvents gave the better results.
With this process, a variety of racemic secondary alcohols
were transformed to the corresponding enantiomerically
pure acetates. In most cases, the reaction proceeds with
>99% ee and in good yields.

4.2. Conversion of ketones or enol acetates to chiral
acetates

Park and co-workers developed a highly efficient one-pot
process for asymmetric transformations of ketones or enolac-
etates to chiral acetates. A lipase and the Shvo complex cat-
alyze the asymmetric transformations proceeding through at

Scheme 11.

least four different reactions concerted in one reaction vessel.
2,6-Dimethylheptan-4-ol was chosen as a suitable hydrogen
donor and 4-chlorophenylacetate was used as an acyl donor
for the conversion of ketones[52] (Scheme 13).

The practical applications of the processes were hindered
by separation problems caused by 2,6-dimethylheptan-4-one
and unreacted 4-chlorophenylacetate in the product mixtures.

Scheme 13.

Scheme 14.
Scheme 12.
 Scheme 15.
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Scheme 16.

Scheme 17.

Scheme 18.

Scheme 19.

Hence, the same group solved the separation problems by us-
ing molecular hydrogen or formic acid as a hydrogen donor
and ethylacetate as an acyl donor[53]. Ketones were trans-
formed to chiral acetates using a lipase and the Shvo com-
plex under 1 atm of hydrogen gas in ethylacetate. Molecular
hydrogen was also effective for the transformation of enol
acetates to chiral acetates without any acyl donors with the
same catalytic system (Scheme 14).

4.3. DKR of�-hydroxy acid esters

The Shvo complex has been selected as a suitable cata-
lyst for the racemization of (S)-methylmandelate after sur-
veying various ruthenium catalysts[54]. The use of cyclo-
hexane as the solvent and employing 20 mol% of methyl-2-
oxo-2-phenylacetate as ketone led to substantial racemization
(Scheme 15).

heme 2

Scheme 21.

Scheme 22.

In some cases, the effect of ketone was insignificant and
therefore, it was omitted. The racemization was then com-
bined with enzymatic transformation (Scheme 16).

4.4. DKR of hydroxy acids, diols and hydroxy aldehydes
protected with a bulky group

The DKRs of the protected�-hydroxybutyrates in which
the carboxy functionality can be protected with four different
bulky groups including benzyl, (p-methoxyphenyl)methyl,
biphenylmethyl and tert-butyl have been carried out
(Scheme 17) [55]. The enantiomeric excess was the highest
in the case oftert-butyl protecting group. Hence,tert-butyl
group is the best protecting group as steric auxillary for the
efficient DKR of�-hydroxybutyrate.

Monoprotected 1,2-diols, in which the primary alcohols
were protected with the trityl group, were subjected to DKR
[55] (Scheme 18). The alcohol additive (2,6-dimethyl-4-
heptanol) acts as a reductant to reduce the formation of ke-
tone. The yield and ee were good in all the cases.

The DKR of protected hydroxy aldehyde in which 1,2-
benzenedimethanol was employed as protecting group, was
Sc
 0.
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Scheme 23.

performed using1and PCL[55]. The reaction carried out for
3 days provided 95% yield and 98% ee (Scheme 19).

4.5. Enantioselective synthesis of�-hydroxy acid
derivatives

The DKR and aldol reaction have been combined to get
enantiomerically enriched (99% ee)�-hydroxy ester deriva-
tives in a one-pot procedure[56] (Scheme 20).

4.6. Racemization of amines

The amines were racemized using the Shvo complex
as catalyst and 2,4-dimethyl-3-pentanol as hydrogen donor
(Scheme 21) [57]. The amine racemization has also been
combined with an enzymatic kinetic resolution as depicted
in Scheme 22.

4.7. Asymmetric transformations of acyloxyphenol
ketones

A lipase/Shvo complex catalyzed multipathway pro-
cess proposed for the asymmetric conversion of 3’-

acetoxyacetophenone (6) to (R)-1-(3-hydroxyphenyl) ethy-
lacetate (7) is described inScheme 23. The scope of the cata-
lyst is extended to various similar substrates. The chiral prod-
ucts obtained are useful as intermediates for the synthesis of
chiral drugs such as rivastigmine and its analogues for the
treatment of Alzheimer’s disease[58].

5. Conclusions

For the past few years, an investigation on the role of
organometallic compounds in organic synthesis is gaining
momentum due to its direct application in various industries.
In this connection, the Shvo complex is found to be very ef-
fective for oxidation, reduction and racemization reactions.
The Shvo complex and Novozym 435 catalyzed dynamic
kinetic resolution will be of considerable use in preparing
enantiomerically enriched secondary alcohols. Besides, this
compound does not require base in transfer hydrogenation
reactions and isomerization of allylic alcohols. The rapidity
with which publications in this system appear is an indica-
tion that this diruthenium organometallic compound will def-
initely contribute to large number of catalysis investigations
in the future.



918 R. Karvembu et al. / Coordination Chemistry Reviews 249 (2005) 911–918

References

[1] R. Noyori, S. Hashiguchi, Acc. Chem. Res. 30 (1997) 97.
[2] S.-I. Murahashi, H. Takaya, Acc. Chem. Res. 33 (2000) 225.
[3] A. Dijksman, A. Marino-Gonzalez, A.M.I. Payeras, I.W.C.E. Arends,

R.A. Sheldon, J. Am. Chem. Soc. 123 (2001) 6826.
[4] R. Karvembu, K. Natarajan, Polyhedron 21 (2002) 219.
[5] R. Karvembu, K. Natarajan, Polyhedron 21 (2002) 1721.
[6] R. Karvembu, S. Hemalatha, R. Prabhakaran, K. Natarajan, Inorg.

Chem. Commun. 6 (2003) 486.
[7] R. Karvembu, C. Jayabalakrishnan, K. Natarajan, Transit. Met.

Chem. 27 (2002) 574.
[8] R. Karvembu, C. Jayabalakrishnan, N. Dharmaraj, S.V. Renukadevi,

K. Natarajan, Transit. Met. Chem. 27 (2002) 631.
[9] E. Choi, C. Lee, Y. Na, S. Chang, Org. Lett. 4 (2002) 2369.

[10] K.-J. Haack, S. Hashiguchi, A. Fujii, T. Ikariya, R. Noyori, Angew.
Chem. Int. Ed. 36 (1997) 285.

[11] H. Doucet, T. Ohkuma, K. Murata, T. Yokozawa, M. Kozawa, R.
Noyori, Angew. Chem. Int. Ed. 37 (1998) 1703.

[12] S. Dutta, P.K. Bhattacharya, J. Mol. Cat. A: Chem. 188 (2002) 45.
[13] K. Joju Davis, D. Sinou, J. Mol. Cat. A: Chem. 177 (2002) 173.
[14] R.A. Sheldon, I.W.C.E. Arends, A. Dijksman, Catal. Today 57 (2000)

157.
[15] A. Dijksman, J.M. Elzinga, Y.X. Li, I.W.C.E. Arends, R.A. Sheldon,

Tetrahedron: Asymmetry 13 (2002) 879.
[16] N.E. Leadbeater, J. Org. Chem. 66 (2001) 2168.
[17] W.H. Fung, W.-Y. Yu, C.-M. Che, J. Org. Chem. 63 (1998) 2873.
[18] D. Chatterjee, A. Mitra, S. Mukherjee, J. Mol. Cat. A: Chem. 165

(2001) 295.
[19] M.-J. Kim, Y.I. Chung, Y.K. Choi, H.K. Lee, D. Kim, J. Park, J.

[ 66)

[ rg.

[
[ .

[ et.

[ .

[ 986)

[ 9.
[ 1

[ .

[30] C.P. Casey, S.W. Singer, D.R. Powell, R.K. Hayashi, M. Kavana, J.
Am. Chem. Soc. 123 (2001) 1090.

[31] N. Menashe, Y. Shvo, Organometallics 10 (1991) 3885.
[32] G.-Z. Wang, U. Andreasson, J.-E. Bäckvall, Chem. Commun. (1994)
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