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A simple and highly efficient method for the selective reduction

of the CLC bond in allylic alcohols has been developed using

the ruthenium(II) catalyst [{RuCl(m-Cl)(g6-C6Me6)}2].

Ruthenium-catalyzed processes have become one of the most

preferred methodologies in organic synthesis because of their

highly efficient performance and versatile applications.1 Among

their most innovative synthetic approaches, a number of one-pot

processes involving multiple chemical transformations (tandem

catalysis) have recently appeared.2,3

Herein, we report a simple and highly efficient method for the

selective reduction of the CLC bond in allylic alcohols, based on a

novel ruthenium-catalyzed tandem process (Scheme 1). This one-

pot transformation involves the initial isomerization of the allylic

alcohol and subsequent transfer hydrogenation (TH) of the

resulting carbonyl compound. A series of ruthenium complexes

are well known catalysts for performing both individual steps with

high efficiency.4,5 The overall transformation, depicted in Scheme 1,

represents an appealing alternative to classical transition metal-

catalyzed CLC hydrogenations (Ru, Rh and Ir catalysts)6 since (i)

it takes place under relatively mild conditions and (ii) propan-2-ol

is used as both the solvent and hydrogen source, avoiding the use

of H2 gas.

Firstly, as a model reaction, we checked the catalytic activity of

several ruthenium complexes in the reduction of 1-octen-3-ol to

octan-3-ol (Table 1). Ru(II) (Table 1, entries 1–10), Ru(III) (Table 1,

entry 11) and Ru(IV) (Table 1, entries 12–13) derivatives were each

tested as catalyst precursors. Thus, we have found that, under

optimized conditions (1 mol% of Ru, 2 mol% of Cs2CO3,
7 0.1 M

solution of the substrate in propan-2-ol, 82 uC), total consumption

of 1-octen-3-ol (.99% conversion, GC-determined) takes place

within 9 h, independent of the ruthenium source employed. In

particular, the best results were obtained using the hexamethyl-

benzene-Ru(II) dimer [{RuCl(m-Cl)(g6-C6Me6)}2], which lead to

the almost quantitative formation of the desired saturated alcohol

after only 3.5 h (TOF = 28 h21; Table 1, entry 1). For the rest of

the catalysts, variable amounts of the intermediate carbonyl

compound, i.e. octan-3-one, were still detected in the reaction

media after 9 h (Table 1, entries 2–13).

Remarkably, the efficiency shown by [{RuCl(m-Cl)(g6-

C6Me6)}2] in the reduction of 1-octen-3-ol is far higher than that

ofthebis(allyl)-ruthenium(IV)derivatives[RuCl2(g
3:g2:g3-C12H18)]

(C12H18 = dodeca-2,6,10-triene-1,12-diyl) and [{RuCl(m-Cl)-

(g3:g3-C10H16)}2] (C10H16 = 2,7-dimethylocta-2,6-diene-1,8-diyl),

which, when associated with Cs2CO3, are among the most

active ruthenium catalysts reported to date for allylic alcohol

isomerization (Table 1: entry 1 vs. entries 12–13).8 This fact

clearly indicates that the transfer hydrogenation of the

intermediate carbonyl compound is the rate limiting step of

this tandem process. In accord with this, monitoring the

catalytic reduction of 1-octen-3-ol to octan-3-ol, catalyzed by

[{RuCl(m-Cl)(g6-C6Me6)}2], by GC (Fig. 1) shows that the

initial isomerization step takes place readily (ca. 15 min) to
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Scheme 1 Reduction of allylic alcohols through an isomerization/TH

tandem process.

Table 1 Reduction of 1-octen-3-ol catalyzed by Ru in the presence of
Cs2CO3

a

Entry Catalyst Time/h
Conversion
(%)

Yield
(%)b

1 [{RuCl(m-Cl)(g6-C6Me6)}2] 3.5 .99 99
2 [{RuCl(m-Cl)(g6-1,3,5-C6H3Me3)}2] 6 .99 95
3 [{RuCl(m-Cl)(g6-para-cymene)}2] 9 .99 91
4 [{RuCl(m-Cl)(g6-C6H6)}2] 9 .99 75
5 [RuCl2(PPh3)3] 9 .99 92
6 [Ru(g3-2-C3H4Me)2(COD)] 9 .99 35
7 [{RuCl2(COD)}n] 9 .99 26
8 [RuCl2(DMSO)4] 9 .99 16
9 [RuCl(g5-C5H5)(PPh3)2] 9 .99 1

10 [RuCl(g5-C9H7)(PPh3)2] 9 .99 4
11 RuCl3?nH2O 9 .99 3
12 [RuCl2(g3:g2:g3-C12H18)] 9 .99 94
13 [{RuCl(m-Cl)(g3:g3-C10H16)}2] 9 .99 86
a Reactions performed under a N2 atmosphere at 82 uC using 2 mmol
of 1-octen-3-ol (0.1 M in propan-2-ol). [Substrate] : [Ru] : [Cs2CO3]
ratio = 100 : 1 : 2. b Yield of octan-3-ol determined by GC. The
difference between conversion and octan-3-ol yield corresponds to
the intermediate octan-3-one present in the reaction medium.
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afford octan-3-one, which slowly evolves into the final

saturated alcohol (quantitative yield after 3.5 h).

The dimeric Ru(II) complex [{RuCl(m-Cl)(g6-C6Me6)}2] is also

very efficient in the reduction of a large number of allylic alcohols,

proving the scope and synthetic utility of this catalytic transforma-

tion.{ Nevertheless, its activity is strongly dependent on the

substitution of the carbon–carbon double bond of the substrate

employed.9 Thus, as observed for 1-octen-3-ol, other monosub-

stituted allylic alcohols can be also reduced in almost quantitative

yields using low ruthenium loadings (1–2 mol%, see entries 1–11 in

Table 2).{ Only when the coordinating furyl group was present in

the molecule was a higher catalyst charge (5 mol% of Ru) required

(Table 2, entry 12). Remarkably, the reduction of the two CLC

bonds of the bis(allylic alcohol) 1 could be also completely

achieved in 24 h, affording 1,3-bis(1-hydroxypropyl)benzene in

88% isolated yield (Scheme 2).

Di- and tri-substituted allylic alcohols are also reduced to the

corresponding saturated alcohols in .90% yield using higher ruth-

enium loadings (3–5 mol%, see Table 3). Only the disubstituted

species 3-penten-2-ol (Table 3, entry 1) and 2-methyl-2-propen-1-ol

(Table 3, entry 7), both containing the less sterically demanding

methyl group on the CLC bond, could be efficiently reduced using

a ruthenium charge of 1 mol%. It is also interesting to note the

chemoselectivity shown by complex [{RuCl(m-Cl)(g6-C6Me6)}2] in

the reduction of geraniol (Table 3, entry 13). Thus, although this
Fig. 1 Product distribution as a function of time for the reduction of

1-octen-3-ol catalyzed by [{RuCl(m-Cl)(g6-C6Me6)}2].

Table 2 Reduction of monosubstituted allylic alcohols catalyzed by
Ru in the presence of Cs2CO3

a

Entry R
Ru
(mol%) Time/h

Conversion
(%)

Yield
(%)b

1 H 1 5.5 .99 99
2 Me 1 5.5 .99 98
3 Et 1 3 .99 97
4 nPr 1 3.5 .99 99
5 nBu 1 3 .99 97
6 Bn 1 22 .99 98
7 Ph 1 10 .99 97

8c 4-C6H4OMe 1 22 .99 90
9 3-C6H4OMe 2 15 .99 99

10 4-C6H4F 2 24 .99 99
11 4-C6H4Cl 2 24 .99 99
12 2-Furyl 5 5 .99 98
a Reactions performed under a N2 atmosphere at 82 uC using 2 mmol
of the corresponding allylic alcohol (0.1 M in propan-2-ol). [Ru] :
[Cs2CO3] ratio = 1 : 2. b Yield of the saturated alcohol determined
by GC. The difference between conversion and yield corresponds to
the intermediate carbonyl compound present in the reaction medium.
c ca. 8% of 1-methoxy-4-propylbenzene was also formed.

Scheme 2 Reduction of 1 catalyzed by [{RuCl(m-Cl)(g6-C6Me6)}2].

Table 3 Reduction of allylic alcohols containing substituted CLC
bonds catalyzed by Ru in the presence of Cs2CO3

a

Entry Substrate
Ru
(mol%) Time/h

Conversion
(%)

Yield
(%)b

1 1 9 .99 97

2 5 3 .99 99

3 3 7.5 .99 97

4 5 9 .99 90

5 5 22 .99 91

6 3 25 .99 99

7 1 9 .99 92

8 5 9 .99 98

9 5 6 .99 96

10 5 9.5 .99 93

11 5 9 .99 93

12 5 5 .99 90

13 5 24 .99 97

a Reactions performed under a N2 atmosphere at 82 uC using 2 mmol
of the corresponding allylic alcohol (0.1 M in propan-2-ol). [Ru] :
[Cs2CO3] ratio = 1 : 2. b Yield of the saturated alcohol determined
by GC. The difference between conversion and yield corresponds to
the intermediate carbonyl compound present in the reaction medium.
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compound presents two carbon–carbon double bonds, only

isomerization of the CLC in a-position with respect to the alcohol

group takes place, affording 3,7-dimethyl-6-octen-1-ol selectively.

Transition metal-catalyzed organic transformations in aqueous

media have attracted much attention in recent years since, from an

environmental perspective, water is the most benign and

inexpensive solvent known.10 This fact prompted us to explore

the ability of complex [{RuCl(m-Cl)(g6-C6Me6)}2] to perform the

reduction of allylic alcohols in water using sodium formate as the

hydrogen source (Scheme 3).11§ The preliminary results seem to

indicate that, in spite of the insolubility of the catalyst in water, the

reduction of the substrates can also be efficiently performed in

aqueous media.12 Close examination of the reaction mixtures

showed that they were emulsions rather than homogeneous solu-

tions, the catalytic reaction probably taking place at the interface.

In summary, an operationally simple and highly efficient

procedure for selective reduction of the CLC bond of allylic

alcohols has been developed. This one-pot catalytic transforma-

tion, using the readily available ruthenium(II) dimer

[{RuCl(m-Cl)(g6-C6Me6)}2], is based on an unprecedented tandem

process involving the initial isomerization of the allylic alcohol into

the corresponding carbonyl compound and subsequent transfer

hydrogenation of the latter. We are confident that this simple

methodology will be of interest to a wide range of synthetic

organic chemists since: (i) it represents an appealing alternative to

classical CLC hydrogenation using H2(g)
6,12 and (ii) provides an

efficient synthetic approach that allows the use of aqueous reaction

media. Efforts to assess the scope, limitations and mechanism of

this catalytic reaction are now in progress. The intriguing ability of

the water-insoluble precatalyst [{RuCl(m-Cl)(g6-C6Me6)}2] to

efficiently promote the tandem process in aqueous media deserves

a more detailed study.
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Notes and references

{ General procedure for the catalytic reactions: In a Schlenk flask fitted with
a condenser, the corresponding allylic alcohol (2 mmol), the ruthenium
catalyst precursor [{RuCl(m-Cl)(g6-C6Me6)}2] (0.01–0.05 mmol, 1–5 mol%
of Ru) and Cs2CO3 (0.04–0.2 mmol, 2–10 mol%) were dissolved in propan-
2-ol (20 mL) under an inert atmosphere. The reaction mixture was then
stirred at 82 uC for the indicated time, the course of the reaction being
monitored by regular sampling and analysis by GC. The identity of the
resulting saturated alcohols, as well as the carbonyl intermediates, was
assessed by comparison with commercially available, or independently
synthesized (following reported procedures), pure samples and by their GC/
MS fragmentation.

{ We note that these reactions can be performed on a preparative scale.
Representative example: Under a N2 atmosphere, a-vinylbenzyl alcohol
(2.68 g, 20 mmol), [{RuCl(m-Cl)(g6-C6Me6)}2] (0.067 g, 0.1 mmol), Cs2CO3

(0.132 g, 0.4 mmol) and propan-2-ol (200 mL) were introduced into a
Schlenk flask and the reaction mixture stirred at 82 uC for 15 h (almost
quantitative yield by GC). After removal of the solvent under vacuum,
flash chromatography (silica gel) of the residue using a mixture of EtOAc/
hexane (1 : 10) as eluent afforded 2.45 g (17.99 mmol) of analytically pure
1-phenyl-1-propanol (90% yield).
§ General procedure for the catalytic reactions in water: In a sealed tube, the
corresponding allylic alcohol (5 mmol), [{RuCl(m-Cl)(g6-C6Me6)}2] (0.025–
0.125 mmol, 1–5 mol% of Ru) and NaO2CH (5.15 g, 75 mmol) were mixed
in water (10 mL) under an inert atmosphere. The reaction mixture was then
stirred at 100 uC for the indicated time.
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