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Alkenes can be activated by Au(III) catalysts, and the effective

addition of alcohols to alkenes can be carried out under mild

conditions with Au(III), provided that catalytic amounts of

CuCl2 are added, which significantly stabilize the cationic

Au(III).

A catalytic ‘gold rush’ has been recently seen for homogeneous1 as

well as for heterogeneous catalysis.2 Gold salts and organic

complexes are able to activate C–C multiple bonds,1,3 halogen-

substituted aromatics and hydrogen,4 enabling the synthesis of fine

chemicals. The reactions of gold salts with alkynes and allenes

have been the basis of the present ‘gold rush’ in organic chemistry.1

Although a variety of functional groups are able to add to alkynes

and allenes activated by gold,1 there are very few examples of

nucleophilic addition to alkenes catalyzed by gold.5 Recently, Yao

and Li5a reported that Au(III) catalyzes the addition of b-diketones

to alkenes with Ag(I) as co-catalyst. An interesting Au(I)-mediated

addition of phenols and carboxylic acids to alkenes has also been

described.5c Since, in contrast to additions to alkynes, the use of

alkenes opens up the possibility of stereoselective catalysis,1b the

development of new procedures for the synthesis of fine chemicals

by the activation of alkenes is highly desired. However, despite

the success of the addition of alcohols to alkynes6 and strained

allenes,5b additions of alcohols to alkenes catalyzed by gold have

been claimed to be unsuccessful.1b

We report here that alkenes can be activated by Au(III) catalysts

(e.g., AuCl3, HAuCl4), and the effective addition of various

alcohols to alkenes can be realized by employing these Au(III)

catalysts with the addition of catalytic amounts of CuCl2 under

mild conditions (see Supporting Information{). The role of CuCl2
in these gold(III)–CuCl2 catalysts (e.g., AuCl3–CuCl2) is to stabilize

the cationic Au(III).

The addition of methanol to styrene for the synthesis of

(1-methoxyethyl)benzene (Scheme 1) over AuCl3 at 80 uC gave a

conversion and selectivity of 8.3 and 39.1%, respectively, whereas

when the reaction temperature was increased to 120 uC, the

conversion and selectivity sharply increased to 38.2 and 80.4%,

respectively. The direct addition of methanol to styrene also occurs

with HAuCl4, AuCl, and PdCl2 catalysts at 120 uC (Fig. 1A), giving

styrene conversions of 45.8, 4.5 and 28.6%. A selectivity for

(1-methoxyethyl)benzene of about 70% is found for all cationic Au

catalysts (Fig. 1B). The main by-product is (2,2-dimethoxyethyl)-

benzene, and the total selectivity for (1-methoxyethyl)benzene plus

(2,2-dimethoxyethyl)benzene is up to 96% for all cationic gold and

Pd(II) catalysts. Clearly, the catalytic activity of Au(III) is much

higher than that of Au(I) or PdCl2.

It should be noted that the conversion of styrene increases with

reaction time, reaching a maximum after 1.0, 2.5, 1.0, and 1.5 h for

AuCl3, HAuCl4, AuCl, and PdCl2 catalysts, respectively, and then

remains constant for a longer time (Fig. 1A). This result indicates

that all cationic gold and Pd(II) catalysts deactivate very quickly

during the reaction. This is due to the reduction of cationic gold

and Pd(II), since most of the gold and palladium were in the metal

form when the catalytic activity stopped. It has been reported

that cationic gold and Pd(II) are easily reduced, even at room

temperature, and that alkynes, alkenes, alcohols, CO and

phosphines present in the reaction media are the reducing

agents.1c,7 Although cationic gold has mainly been used to activate

alkynes and allenes in homogeneous catalysis,1 it is surprising that

little attention has been given to catalyst deactivation due to the

reduction of cationic gold during the reaction.

In our case, and in order to avoid (or at least to retard) the

reduction of the cationic gold and Pd(II) species, we thought about

stabilizing the Au(III) and Pd(II) by means of a coupled redox cycle

involving CuCl2. Although in a first approximation (taking into

account the redox potentials8a,9), it would appear that the

oxidation of Au(0) and Pd(0) by CuCl2 would be difficult, it
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Scheme 1 Intermolecular addition of alcohols to alkenes.

Fig. 1 Kinetic plots showing the conversion of styrene (A), and

selectivity to (1-methoxyethyl)benzene (B) against reaction time for the

addition of methanol to styrene over cationic Au and Pd(II) catalysts: (#)

AuCl3, (&) HAuCl4, (r) AuCl, (n) PdCl2, ($) AuCl3–CuCl2, (%)

HAuCl4–CuCl2, (e) AuCl–CuCl2, (m) PdCl2–CuCl2.
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should be considered that cationic Au and Pd(II) species can be

easily stabilized by complex formation in the presence of chloride

ions,1,8a and the initially reduced metallic Au nanoparticles should

have a lower redox potential.10 Indeed, the oxidation of Pd(0) with

Cu2+ ions is well established in the Wacker process.8

The results in Fig. 1 show that the addition of catalytic amounts

of CuCl2 to the above-mentioned Au(III), Au(I) and Pd(II)

catalysts strongly increases their catalytic performance under the

same reaction conditions. For example, addition of 2 equivalents

(i.e. 0.2 mmol) of CuCl2 to AuCl3, HAuCl4 or AuCl increases the

conversions of styrene from 38.2, 45.8, and 4.5% to 82.2, 88.2, and

50.0%, respectively, and more than a two-fold increase in styrene

conversion was found after the addition of 2 equivalents of CuCl2
to PdCl2 (Fig. 1A). The selectivity for (1-methoxyethyl)benzene

also increases with all catalysts upon addition of CuCl2 (Fig. 1B).

It should be noted that the styrene conversion of CuCl2
alone (using the same amount as for catalysis with cationic gold,

i.e. 0.1 mmol) is only 1.0% after 2 h. The shape of the kinetic

curves in Fig. 1A shows a slower catalyst deactivation in the

presence of CuCl2, which would be in agreement with a

stabilization of the cationic gold and Pd(II), with a corresponding

decrease in the rate of formation of the non-active metallic forms.

Meanwhile, a green-tinged white precipitate was observed due to

the reduction of CuCl2 to CuCl when using cationic gold and

Pd(II) catalysts.

The stabilizing effect was proven through the observation that

AuCl3 (0.1 mmol) in 1.0 mL of methanol at 120 uC starts to form

metallic particles after 2 minutes, while in the presence of CuCl2
(0.2 mmol), no metallic particles were observed in one hour. The

same occurs in the case of PdCl2. These result demonstrates that

Table 1 Addition of alcohols to alkene over AuCl3–CuCl2 catalysta

Entry Alkene Alcohol T/h Alkene conv. (%)

Product (%)

Main product Othersb

1 Methanol 3.5 82.2 84.5 15.5

2 Ethanol 4.0 92.5 85.8 14.2

3 1-Propanol 4.0 94.8 83.7 16.3

4 2-Propanol 4.0 67.0 73.9 26.1

5 1-Butanol 4.0 95.0 86.7 13.3

6 2-Butanol 4.0 68.5 84.1 15.9

7 tert-Butyl alcohol 4.0 2.6 — —

8 Glycol 5.7 88.1 80.7 19.3

9 Methanol 2.5 93.1 85.7 14.3

10 Methanol 8.0 74.6 79.3 20.7

11 Methanol 12 60.1 93.4 6.6

12c Methanol 12 52.3 67.8 32.2

a Conducted with 1.5 mL mixtures of alcohols and alkenes (1.21 mmol) at 120 uC, using 8 mol% AuCl3 and 16 mol% CuCl2. b Other products
are given in the Notes and references section. The side-reactions for addition of alcohols to alkenes over Au(III)–CuCl2 are the chlorination of
alkenes, the oxidation of alkenes in alcohols affording aldehyde acetals, and the hydration of alkenes due to a small amount of H2O in the
alcohols and CuCl2. The intermolecular dehydration of alcohols, affording ethers, was also detected. The detailed distributions of the other
products in Table 1 are given below. Entries 1–6: 4.0–15.0% (1,2-dichloroethyl)benzene, about 2.0–5.0% acetals and various other products.
Entry 8: 8.9% 2-(1-phenylethyl)-1,3-dioxolane, and 4.2% (1,2-dichloroethyl)benzene. Entry 9: 5.4% of a mixture of 4-methyl-1-(2,2-
dimethoxyethyl)benzene and 4-methyl-1-(1,2-dimethoxyethyl)benzene, and 6.9% 4-methyl-1-(1,2-dichloroethyl)benzene. Entry 10: 6.3% of a
mixture of 4-chloro-1-(1,2-dimethoxyethyl)benzene and 4-chloro-1-(2,2-dimethoxyethyl)benzene, and 8.9% 4-chloro-1-(1,2-
dichloroethyl)benzene. Entry 11: 1.9% 1-methylcyclohexanol and 1.0% 2-methylcyclohexanone. Entry 12: 6.8% of a mixture of 2-octene and
3-octene. c The reaction temperature was 150 uC.

This journal is � The Royal Society of Chemistry 2007 Chem. Commun., 2007, 3080–3082 | 3081



the rate of reduction of Au(III) and Pd(II) into the corresponding

metals is strongly decreased in the presence of CuCl2.

The AuCl3–CuCl2 catalytic system has been applied to the

addition of various alcohols to alkenes, as summarized in Table 1.

It is shown that the catalyst works very well for primary alcohols

(entries 2, 3, 5), with styrene conversions in the order of y95% and

the selectivity for the ether y85%. Secondary alcohols react more

slowly than primary alcohols, while tertiary alcohols have very low

reactivity (entries 4, 6, 7). Interestingly, addition of ethylene glycol

is also effective, and gives 88.1% styrene conversion and 71.7%

selectivity for 2-(1-phenylethoxy)ethanol (entry 8). The alcohols

can also be added to other alkenes (entries 9–12), following

Markovnikov’s rule.

The nucleophilic additions to alkenes are also interesting

because they provide the possibility of introducing chiral centers

in the corresponding unsymmetrical products.1b In our case, a

mixture of diastereoisomers in a 50 : 50 ratio is observed when

reacting 2-propanol and 2-butanol (the products contain two

chiral centers; entries 4 and 6, Table 1). In the case of primary

alcohols, the ratio of the diastereomeric ethers changes significantly

with reaction time. For instance, for ethanol, a 73 : 27 ratio is

observed after 0.5 h, but epimerization results when the reaction

time is increased further.

In the reaction mechanism for the addition of alcohols to

alkenes over Au(III)–CuCl2 (Scheme 2a), and by analogy with

alkynes,6a Au(III) acts as a Lewis acid that activates the alkene to

form the corresponding gold complex (A), which is then attacked

by the alcohol to form the intermediate complex (B). Both B and

the transition state (C) would be sterically quite crowded,6a and

this could be the reason why secondary alcohols react more slowly

than primary alcohols while tertiary alcohols fail in this reaction. A

rearrangement of C to D affords the final product and regenerates

the Au(III) catalyst. However, there is a parallel process in which

Au(III) is reduced into the less active Au(I) and then into the

non-active Au(0). This makes the reaction stop at low levels of

conversion, unless the reduction process is slowed down by the

redox cycle in the presence of CuCl2 (Scheme 2b).

In summary, we have shown that Au(III) can be an effective

catalyst for the intermolecular addition of alcohols to alkenes

provided that catalytic amounts of CuCl2 are introduced into the

reaction medium. The process is then based on an AuCl3–CuCl2
catalytic system, in which Au(III) acts as a Lewis acid active site

while CuCl2 slows down the deactivation of the former.
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