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Abstract—A novel iridium-catalyzed oxidative esterification reaction of aliphatic aldehydes and olefinic alcohols in toluene was
found under mild conditions of [IrCl(cod)]2 (5 mol %) in combination with K2CO3 (10 mol %) at rt.
� 2005 Elsevier Ltd. All rights reserved.
Iridium complexes are known to be effective for isomer-
ization of allylic alcohols to aldehydes and ketones.1,2

The transition metal-catalyzed isomerization of allylic
alcohols is considered to proceed via the process invol-
ving a metal enolate, as depicted in Scheme 1, from
the standpoint of the observation of tandem allylic alco-
hol isomerization aldol reaction.3,4 On the basis of the
mechanism, the possibility and the utilization of atom-
economical generation of transition metal enolates can
be strongly expected during the isomerization. We
started the study of iridium-catalyzed isomerization
reaction of allylic alcohols for the purpose of trapping
such enolates. At the preliminary stage, we incidentally
found the formation of esters in the iridium-catalyzed
isomerization reaction of cinnamyl alcohol. We disclose
herein a novel iridium-catalyzed oxidative esterification
of aliphatic aldehydes with olefinic alcohols.
0040-4039/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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Scheme 1.
A dramatic rate enhancement by the presence of a cata-
lytic amount of base (K2CO3) was observed in ruthe-
nium-catalyzed isomerization of allylic alcohols to
saturated ketones.5 A similar effect of K2CO3 was also
observed in iridium-catalyzed Oppenauer-type oxida-
tions.6 While nucleophilic transition metal complexes,
like IrCl(trialkylphosphine)3, are known to undergo oxi-
dative addition of alcohols as to give hydrido-alkoxo
complexes,7 the addition was difficult without bases in
the case of [IrCl(cod)]2. Thus, we chose mild conditions
([IrCl(cod)]2 (5 mol %), rt, 12 h, THF) in combination
with K2CO3 (10 mol %) for our iridium-catalyzed allylic
isomerization. As expected, secondary allylic alcohols
smoothly underwent the isomerization reaction to give
the corresponding ketones in good yields (Scheme 2).
Primary allylic alcohols, however, exhibited different
behaviors. Reaction of cinnamyl alcohol under the same
conditions surprisingly gave two types of esters along
with a small amount of hydrocinnamaldehyde (Scheme
3). Formation of the esters is formally corresponding
to esterification of hydrocinnamic acid with hydrocinn-
amyl and cinnamyl alcohols. Consequently, the whole
process of ester formation must be accounted for by
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C–O bond formation and subsequent oxidation, accom-
panied by isomerization. Ruthenium-catalyzed oxidative
transformation of aldehydes with alcohols to esters was
observed at a severely elevated temperature (180 �C).8
Recently, esters could be formed by insertion of alde-
hyde into a rhodium alkoxo complex and subsequent
b-hydrogen elimination from the resulting alkoxo com-
plex.9 But, to our knowledge, direct observations of such
a condensation between an aldehyde and an alcohol
have not been reported yet. A plausible mechanism is
shown in Scheme 4. The reaction might initiate with
the iridium alkoxo complex formed from [IrCl(cod)]2
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Scheme 4. A plausible mechanism via insertion of an aldehyde into an

alkoxo complex.

Table 1. Iridium-catalyzed oxidative esterification of hydrocinnamaldehyde

Ph
CHO

Ph OH

Ph O

O

5 mol%[IrC

sol
+

Entry Aldehyde/alcohol

1 1:1

2 1:2

3 1:2

4 1:2

a The isolated yields were determined, based on the starting aldehyde, alt

isomerization of cinnamyl alcohol during the reaction.
and cinnamyl alcohol with assistance of K2CO3. The
subsequent insertion of the aldehyde, which was in
advance produced via isomerization, took place to afford
an iridium acetal intermediate, followed by oxidative
hydrogen transfer (b-hydrogen elimination)6,10 to the
unsaturated aldehyde in delivering a hydride iridium
complex. At the final step the alkoxo complex is recycled
to form dihydride species, which can serve some reduc-
tion of unsaturated bonds of the product ester and/or
the starting alcohol. It is still uncertain whether the
cod ligand remains unchanged as it is.11

The condensation was continuously investigated to real-
ize the general iridium-catalyzed oxidative esterification
starting from a primary allylic alcohol and an aldehyde.
Reaction of hydrocinnamaldehyde with cinnamyl alco-
hol resulted in a more good yield, compared with the
case of only cinnamyl alcohol (Scheme 3), to give the
same ester pair with hydrocinnamyl alcohol (Table 1).
The best result in toluene was obtained with a 1:2 molar
ratio of the starting aldehyde to alcohol (entry 3).
Acetonitrile was inadequate for the reaction, probably
owing to its high coordination ability (entry 4). An
important limitation was simultaneously found that
the reaction with alcohols, not having an olefinic moiety,
did not work at all. The precoordination of the olefinic
moiety might be essential for this condensation. Iridium-
catalyzed allylic isomerization is dispensable for this oxi-
dative esterification. Cross condensation, starting with
an allylic alcohol and an aldehyde of different structure,
can be considered. In practice, the cross condensation
occurred very smoothly (Table 2):12 Hydrocinnam-
aldehyde and 2-methylbutyraldehyde were used as typi-
cal primary and secondary aliphatic aldehydes. Despite
the structural difference of the aldehydes, primary and
secondary allylic alcohols underwent the iridium-cata-
lyzed oxidative esterification reaction to afford the corre-
sponding esters (entries 1–5 and 9–11). When secondary
alcohols were used, the obtained products were only
unsaturated esters (entries 4, 5, and 11). Control experi-
ments clarified an interesting feature of this reaction
(entries 6–8) in which olefinic alcohols, having a double
bond far from the hydroxy function, exactly worked.
Even 5-hexen-1-ol could give the corresponding esters
in a satisfactory yield (entry 8). Presumably, the remote
double bond also works for the precoordination of
with cinnamyl alcohol

Ph O Ph

O

l(cod)]2, 10 mol%K2CO3 

vent,rt, 12h

+
Ph

Solvent % Yield of esters

(unsaturated/saturated)

THF 46 (3:1)

THF 60 (2:1)a

Toluene 97 (3:2)a

CH3CN No reaction

hough the amount of the aldehyde might be partially increased by



Table 2. Iridium-catalyzed oxidative esterification reaction with a variety of olefinic alcoholsa

Entry Aldehydes Alcohols % Yield of esters

1 Ph
CHO OH 65

Ph O Ph O

( 5 : 1 )

2 Ph
CHO OH 71 Ph O

O
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O

( 5 : 1 )
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bThe esters are containing isomeric inner olefins.
a The reaction conditions of entry 3 in Table 1 were used.
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iridium to form the resulting alkoxo complex and the
outer-sphere attack of the pendant alkoxo moiety onto
the coordinated aldehyde results in the subsequent
C–O bond formation.

In addition, aromatic aldehyde showed a little bit differ-
ent behavior in the reaction. The reaction of benzalde-
hyde with crotyl alcohol gave a small amount of the
PhCHO OH

Ph

O

H

Ir
O

+

+

32% (

Scheme 5.
expected ester. The electron-attractive character of the
aromatic moiety, compared to that of aliphatic one,
might be suitable to undergo a tandem isomerization
aldol reaction.3 The major products in the reaction were
composed of aldol products and their derivatives
(Scheme 5). The derivatives are considered to result
from the extended oxidative esterification of the aldol
products and the following cyclization.
H
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syn/anti = 3 : 1) 15% (syn/anti = 2 : 1 
on α,β-isomers)

4%

αβ
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