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Abstract Transformation of allylic alcohols to corresponding
saturated carbonyl compounds is one of the important reac-
tions for industrial processes. Lately, Au-supported catalysts
exhibit the catalytic activity for the isomerization of allylic
alcohols to saturated aldehydes. However, the detail catalytic
mechanism of this reaction was not elucidated in detail. Thus,
theoretical calculations were carried out for the isomerization
of 2-hexen-1-ol over isolated Au6 cluster in order to elucidate
the reaction over Au catalysts. From these calculation results,
it was found that the rate determining step of the reaction
process was the hydrogen elimination from OH group of al-
lylic alcohol, and the substrate was converted to 1-hexen-1-ol
on Au6 cluster. Finally, it was also confirmed that 1-hexen-1-
ol was converted to the corresponding aldehyde, and its acti-
vation barrier was much smaller than that of the deprotonation
from OH group of allylic alcohol.
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Introduction

Transformation of allylic alcohols to the corresponding satu-
rated carbonyl compounds is one of the important reactions
for chemical processes [1, 2].While this conventional reaction
contains a two-step sequential oxidation and reduction, isom-
erization of allylic alcohols enables single-step transforma-
tion. Therefore, various catalysts which contain Ru and Rh
have been developed for this purpose [1–11]. Isomerization
of allyl alcohol could also be used for a catalytic irreversible
hydrolysis of allyl esters [3]. Though heterogeneous catalysts
have been reported [12–17], they commonly use H2. Howev-
er, as the presence of excess H2 promotes C=C bond hydro-
genation, saturated alcohols are produced. On the other hand,
since Haruta and coworkers showed that gold-supported cat-
alysts exhibit markedly high catalytic activity for CO oxida-
tion at low temperatures [18–23], Au catalysts for several
reactions have been paid much attention. Lately, Tsukuda
et al. also showed that the Au nanoclusters stabilized by
poly(N-vinyl-2-pyrrolidone) [PVP; (C6H9ON)n], abbreviated
to Au:PVP, can oxidize p-hydroxybenzyl alcohol selectively
into the corresponding aldehyde in water without degradation
[24]. This result suggests that Au cluster can present high
catalytic activities without any metal oxide supports. For this
catalysis by Au, theoretical investigations have been carried
out in order to elucidate the characteristics and reaction mech-
anism of Au cluster catalysts [25–27].

Recently, dehydrogenation of alcohol to aldehyde has been
achieved even in the absence of O2 [28–30]. One-pot reactions
with hydrogen-borrowing strategy over Au catalysts, in which
hydrogen atoms produced by the initial dehydrogenation of
alcohol are used for the next step reduction, have also ap-
peared [31–34]. Lately, Tokunaga have attempted to apply this
strategy for the Au-catalyzed isomerization of trans-2-octen-
1-ol to octanal [35]. However, the catalytic activity
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measurements do not reveal the role of Au cluster in Au-
supported catalysts in detail. Therefore, theoretical investiga-
tion for isomerization of trans-2-hexen-1-ol to hexanal by the
isolated Au cluster was examined as a first step for under-
standing the isomerization of allylic alcohol over Au catalysts.

Computational method

In order to investigate the isomerization of trans-2-octen-1-ol
to octanal catalyzed by Au clusters, Au6 cluster was used as a

model system, because this cluster was the smallest cluster
that has vertex and edge atoms. Trans-2-hexen-1-ol was used
for the model substrate in order to reduce the computational
costs. In all calculations, DFT with B3LYP functional was
used. The scalar relativistic effective core potential (ECP) with
double-zeta basis sets (SDD) for all gold atoms and 6−31+
G(d) basis sets were applied for the hydrogen, carbon, and
oxygen atoms. All the geometries of the model cluster systems
were fully optimized. Vibrational analysis was performed for
the optimized geometries of the transition states and local
minima. To characterize the stationary points, a frequency
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Fig. 1 The optimized geometries of a IM1, b TS1, c IM2, d TS2, e IM3, f TS3, g IM4, h TS4, i IM5, j TS5, k IM6, l TS6,m IM7, n TS7, o IM8, p TS8,
q IM9, r TS9, s IM10, t TS10, u IM11, v TS11, w IM12, x TS12, and y IM13
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analysis was done for all stationary points at this level. To
establish the relevant species, the intrinsic reaction coordinate
(IRC) pathway was also run for all the transition states pre-
sented. The calculations were carried out using the Gaussian
09 software package [36].

Result and discussion

First of all, the interaction between Au6 and trans-2-hexen-1-
ol was investigated. The optimized structure was depicted in
Fig. 1a. As shown in Fig. 1a, the substrate was adsorbed onto
the vertex site of Au6 cluster, and its adsorption energy was
5.78 kcal/mol. The first step of the isomerization of trans-2-
hexen-1-ol is the dehydrogenation from OH group of the sub-
strate. The optimized structures and the obtained energy pro-
file were also depicted in Fig. 1a–c and Fig. 2, respectively.
From the calculation results, it was found that the activation

barrier of this reaction was 52.3 kcal/mol, and the dissociated
H and the residual substrate were adsorbed on the adjacent
bridging sites of the vertex Au atom. In the second, hydrogen
transfer processes proceeded on the model cluster. The calcu-
lation results were summarized in Fig. 1c–e and Fig. 3. The
calculation results indicated that the activation energy of this
process was 43.0 kcal/mol, and the large deformation of Au6
cluster was presented. In the third, adsorption structure trans-
formation of the residual substrate on Au6 cluster and the
second hydrogen elimination process was examined. The re-
sults were shown in Fig. 1e–g and Fig. 4. The results indicated
that the adsorption structure of the substrate was varied from
Au–O–Au bridging type to Au–O and Au–H two site adsorp-
tion types, and the barrier of this process was 12.2 kcal/mol.
Successively, hydrogen of the first position C atom of the
substrate was eliminated with a very small activation barrier
as shown in Fig. 1g–i and Fig. 5. After this process, the de-
formation of Au6 cluster was presented. The optimized struc-
tures and the energy profile of this were shown in Fig. 1i–k

Fig. 2 The energy profile from IM1 to IM2. The energy profile was
depicted by use of the sum of total energy and zero point energy

Fig. 3 The energy profile from IM2 to IM3. The energy profile was
depicted by use of the sum of total energy and zero point energy

Fig. 4 The energy profile from IM3 to IM4. The energy profile was
depicted by use of the sum of total energy and zero point energy

Fig. 5 The energy profile from IM4 to IM5. The energy profile was
depicted by use of the sum of total energy and zero point energy
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and Fig. 6. As shown in Fig. 6, the activation barrier of this
step was small. After this step, the recombination between
hydrogen and the substrate proceeded. In Fig. 1k–o and
Fig. 7, the structures and the energy profile of this process
were depicted. These processes showed that hydrogen was
recombined with the third position C atom of the substrate,
and the activation barrier of this reaction was 15.5 kcal/mol.
The large Au cluster deformation was also presented during
hydrogen transfer in succession. Consequently, a relatively
stable intermediate was obtained. As the final process of the
isomerization, hydrogen transfer steps and second hydrogen
recombination step on the model cluster were calculated. The-
se structures were summarized in Fig. 1o–u. The calculated
energy profile was depicted in Fig. 8. The results suggested
that the activation barrier of the initial step of them was
33.0 kcal/mol, and it was the largest among them though the
activation barrier of the dehydration of OH group of the sub-
strate was the largest. As shown in Fig. 1s, the structure of Au
cluster in this step was transformed from 2D to 3D structure.

The remaining reaction step was the recombination of hydro-
gen atom with the substrate. The results for this step were also
depicted in Fig. 8. This step also had the structure change of
Au6 cluster and the recombination with hydrogen and the
substrate. The activation energy of this step was 18.8 kcal/
mol. In order to proceed the product desorption from Au clus-
ter, the variation of the cluster structure must be needed as the
Au6 cluster structure is largely distorted. They were also
depicted in Fig. 1u–y and Fig. 9. These results indicated that
the largest activation barrier for the structure variation of Au6
cluster was 16.8 kcal/mol. Therefore, it could be concluded
that the last hydrogen recombination step proceeded easily,
and the product obtained on Au6 had enol form. Therefore, it
could be presumed that keto–enol tautomerization would pro-
ceed. The calculation results indicated that the activation bar-
rier of this tautomerization was 16.9 kcal/mol, while six water
molecules were added to the model system as hydration wa-
ters (Fig. 10). Additionally, the calculation results showed that
the keto form of the substrate was stable than the enol form of

Fig. 6 The energy profile from IM5 to IM6. The energy profile was
depicted by use of the sum of total energy and zero point energy

Fig. 7 The energy profile from IM7 to IM8. The energy profile was
depicted by use of the sum of total energy and zero point energy

Fig. 8 The energy profile from IM8 to IM11. The energy profile was
depicted by use of the sum of total energy and zero point energy

Fig. 9 The energy profile from IM11 to IM13. The energy profile was
depicted by use of the sum of total energy and zero point energy
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this. From these calculations, it was found that the isom-
erization from allylic alcohol to the corresponding alde-
hyde over Au cluster catalyst could proceed by using
both dehydrogenation and hydrogenation processes,
while the initial dehydrogenation step was a difficult
step. Finally, it could be concluded that the rate deter-
mining step of the isomerization of trans-2-hexen-1-ol
over Au6 cluster was the initial dehydrogenation from
OH group of trans-2-hexen-1-ol, and the corresponding
enol was produced. In order to reduce the activation bar-
rier of the rate determining step, cationic Au6 cluster was
also investigated. However, the calculation results
showed that the activation barrier of dehydrogenation
from OH group of trans-2-hexen-1-ol over Au6

+ cluster
was 49.4 kcal/mol. While the activation barrier of the
rate determining step of this reaction was reduced slight-
ly, the absolute value of this activation barrier is still
large, and the effect of the charge variation of Au6 for
the reaction is small. In this calculation, Au6 cluster was
only used, while the size effect of Au cluster was one of
the most important factors for the generation of catalysis
by Au. While it would be deduced that the absolute
values of the activation barriers for each elemental reac-
tion step would be varied depending on the size of Au
cluster, the trend of the rate determining step would be
the same. This is because the activation barrier of the
rate determining step in this reaction is largest among
those of the reaction steps, and a certain metal oxide
support is indispensable to the isomerization reaction
over Au catalysts in the experiments. Therefore, it could
be presumed that the calculation results showed the gen-
eral trend of isomerization of allylic alcohols over isolat-
ed Au cluster catalysts. Additionally, all the calculations
for the model clusters were carried out in a vacuum
condition. In the real condition system, Au catalysts
and substrates are surrounded by organic solvent mole-
cules, as the reaction proceeds in a select organic sol-
vent. Therefore, the solvent effect by use of the organic
solvent molecule for the isomerization of allylic alcohols
over Au cluster catalysts has to be considered for the
further investigation of this. Moreover, it is well known
that the basic condition promotes dehydrogenation from
the OH group of glucose and enhanced reaction rate of
the aerobic oxidation of glucose over polymer-stabilized

Au cluster catalysts. However, the isomerization reaction
proceeds in organic solvents. Therefore, it is difficult to
use bases for this catalytic reaction. This means that the
polymer-stabilized Au cluster catalysts would not be suit-
able for this reaction as the electronic states of these
catalysts prepared are almost neutral or anionic, and its
high catalytic activities are presented at basic conditions.
Thus, these results suggested that the additional material,
such as metal oxide supports, other precious metals, etc.,
must be needed as an active site for the initial dehydro-
genation from OH group of trans-2-hexen-1-ol reaction,
as the isolated Au clusters were not suitable for the ini-
tial dehydrogenation from OH group of trans-2-hexen-1-
ol reaction. In order to investigate this isomerization re-
action over Au catalysts, theoretical investigation for the
hetero-junction between Au cluster and the select metal
oxide supports which were suitable for the dehydrogena-
tion from OH group of allylic alcohol must be consid-
ered in the next step.

Conclusions

In this manuscript, a theoretical study on isomerization
of allylic alcohol over Au6 cluster was reported. The
isolated Au6 cluster was used as a model catalyst in
order to investigate the nature of Au cluster itself. The-
oretical calculation results showed that the rate determin-
ing step of the reaction process was the dehydrogenation
from OH group of allylic alcohol, 2-hexen-1-ol, and the
product obtained was corresponding enol (1-hexen-1-ol).
Finally, it was also confirmed that 1-hexen-1-ol was con-
verted to the corresponding aldehyde, and its activation
barrier was much smaller than that of the dehydrogena-
tion from OH group of allylic alcohol. Therefore, it
could be concluded that it was possible to transform
the aldehyde form allylic alcohols on Au6 cluster, though
the initial dehydrogenation from OH group of allylic al-
cohol had relatively large activation barrier. In order to
reduce the activation barrier of the rate determining step
and rationalize the total reaction processes, the introduc-
tion of the select metal oxide supports that are suitable
for this reaction must be needed.
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Fig. 10 The optimized
geometries and the energy
difference for a enol form, bTS of
keto–enol tautomerization, and c
keto form of 3-hexen-1-ol
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