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Creation of highly stable monomeric Pd(II) species in an
anion-exchangeable hydroxy double salt interlayer: Application
to aerobic alcohol oxidation under an air atmosphere†
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An active Pd(II) catalyst supported on the Ni–Zn mixed basic salt (NiZn), which is classified by
the anion-exchangeable layered hydroxy double salts, was synthesized by simple intercalation of
the anionic Pd(II) hydroxyl complex. The divalent Pd species in the interlayer of NiZn maintained
their original monomeric structure during the aerobic alcohol oxidation, due to the strong
electrostatic interaction between the NiZn host and anionic Pd(II) species. This catalyst could be
reused without any loss of the catalytic activity and selectivity in the aerobic alcohol oxidation.

Introduction

In order to achieve environmentally benign oxidation reactions,
precise control of the local structure of the catalytically active
species is required. A number of groups have recently reported
relevant examples.1 In the case of aerobic alcohol oxidation using
transition metal-based heterogeneous catalysts,2 supported Pd
nanoparticles often exhibit highly efficient reactions.3 In order
to achieve green organic syntheses of high-value chemicals
including asymmetric molecules,4 the use of functional materials
as catalyst supports abates the need for organic ligands often
required to stabilize monomeric Pd species.5

Hydroxy double salts (HDSs) and layered double hydrox-
ides (LDHs) have received considerable interest as anion-
exchangeable layered compounds due to their potential applica-
tions as catalyst supports.6 The Ni–Zn mixed basic salt (NiZn),
classified as a type of HDS, has a typical chemical composition of
Ni1-xZn2x(OAc)2x(OH)2·nH2O (0.15 < x < 0.25).7 The structure
of NiZn, where at most one quarter of the octahedral Ni sites in
the Ni(OH)2 layer are vacant and where the divalent tetrahedral
Zn cations are coordinated and stabilized just below and above
the empty Ni sites, facilitates the formation of an excess positive
layer charge, as illustrated in Fig. 1.

The choice of NiZn as a catalyst support is motivated
by the following advantages: (i) simple preparation, (ii) high
crystallinity, (iii) strongly isolated anion-exchangeable sites and
neighboring Zn2+ cations, and (iv) strong electrostatic interac-
tions between guest anions and Zn2+ cations. Since good catalysts
are expected to show high selectivity and high stability, inorganic
supports are required to have high dimensional structures which
have a linker site as well as a reaction auxiliary site.

Here, we present a new strategy for the design of a novel
green aerobic alcohol oxidation catalyst based on the unique
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Fig. 1 Schematic structure of Ni–Zn mixed basic salt (NiZn).

characteristics of NiZn. In our catalyst system, the fixed
monomeric divalent Pd species as an active site in a NiZn
interlayer are inhibited from aggregating into unreactive Pd
metal due to strong electrostatic interactions, thereby removing
the need for organic stabilizers. To clarify the special features
of NiZn, hydrotalcite (HT), Mg6Al2(OH)16(CO3)·4H2O, as a
general anion-exchangeable clay was also used as a catalyst
support.

Results and discussions

The strategy of our work is the intercalation of an anionic
[Pd(OH)4]2- species into an interlayer of NiZn. It is reported
that this anionic species was able to prepared by the hydrolysis
of palladium chloride in water: K2PdCl4 was treated with an
aqueous solution of NaOH (0.1 M).8 In the UV-vis spectra,
the Pd–Cl charge transfer band around 234 nm disappeared
after treatment with alkaline water (Fig. 2b). In the Fourier
transforms (FT) of k3-weighted Pd K-edge EXAFS spectra,
the peak around 1.9 Å corresponding to the Pd–Cl bond also
disappeared, and the peak around 1.5 Å originating from the
formation of the Pd–O bond was observed without the peaks
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Fig. 2 UV-vis spectra for (a) aqueous K2PdCl4 solution and (b)
aqueous K2PdCl4 solution treated with NaOH.

detected in the Pd foil or the Pd oxide at 2.5 and 3.0 Å
corresponding to Pd–Pd and Pd–O–Pd bonds (Fig. 3). The peak
around 1.5 Å in Fig. 3b was well fitted by use of the Pd–O
shell parameter and four oxygen atoms at 2.01 Å confirmed by
the curve-fitting analysis (Table 1). This result means that the
[Pd(OH)4]2- species was formed in aqueous solution.

Fig. 3 FT of k3-weighted Pd K-edge EXAFS for (a) K2PdCl4, (b)
aqueous solution of K2PdCl4 with NaOH, (c) Pd oxide and (d) Pd foil.

The NiZn was synthesized by a previously reported
procedure.7a Based on characterization by XRF, and TG-DTA,
the chemical formula and anion-exchange capacity of NiZn were
found to be Ni0.78Zn0.44(OAc)0.44(OH)2·0.86H2O (Ni/Zn = 1.77)
and 2.65 mmol g-1, respectively. Immobilization of the palladium
precursor in the NiZn interlayer was achieved by the anion-
exchange method. Treatment of NiZn with [Pd(OH)4]2- yielded
the NiZn-intercalated Pd(II) hydroxyl complex, Pd/NiZn(0.02)
and Pd/NiZn(1) as a green powder (number in parenthesis
indicates Pd loading amount in a unit of mmol g-1). The

Table 1 Curve-fitting analysis for the preparation solutiona

Sample Shell C.N.b r (Å)c s (Å)d

K2PdCl4 with NaOH aq. Pd–O 4.0 2.01 0.044
K2PdCl4

e Pd–Cl 4 2.32
Pd oxidee Pd–O 4 2.02

Pd–O–Pd (1) 4 3.03
Pd–O–Pd (2) 8 3.42

Pd foile Pd–Pd 12 2.74

a Curve-fitting analysis was performed with the inverse FT of the
0.95 Å < r < 2.03 Å range using PdO as a standard material.
b Coordination number. c Bond distance. d Debye–Waller factor. e Data
from X-ray crystallography.

Pd/HT(0.02) catalyst was prepared in the same manner, using
HT instead of NiZn. XRD profiles revealed that Pd/NiZn(0.02)
and the parent NiZn had the same layered structures, and the
clearance space (C. S.), calculated from the d001 peak, was 8.4 Å
(Fig. 4a and 4b). In contrast, the C. S. of NiZn narrowed to 4.4 Å
after intercalation of a high Pd content (1 mmol g-1, Fig. 4c), due
to the anion exchange of acetate for the hydroxyl anion.9 In the
case of the HT supports, the C. S. of Pd/HT(0.02) maintained
a similar distance of the parent HT (7.9 Å).

Fig. 4 XRD profiles for (a) NiZn, (b) fresh Pd/NiZn(0.02) and
(c) fresh Pd/NiZn(1).

To determine the local structure of the various Pd–clay
nanocomposite catalyst, XAFS analyses were carried out. The
features of the Pd K-edge XANES spectrum (Fig. 5) and
the edge energy of fresh Pd/NiZn(0.02), fresh Pd/HT(0.02),
and fresh Pd/NiZn(1) did not resemble those of Pd foil but
were similar to those of Pd oxide. This similarity suggests
that divalent Pd species are present in all of the clays. The
FT of the k3-weighted EXAFS data are shown in Fig. 6. In
the second coordination sphere of fresh Pd/NiZn(0.02), fresh
Pd/HT(0.02), and Pd/NiZn(1), the peaks observed in the Pd foil
or the Pd oxide corresponding to Pd–Pd and Pd–O–Pd bonds
were not observed. The inverse FT of the peaks in the range of
1–2 Å for the fresh Pd–clay nanocomposite catalysts cor-
responded to oxygen atoms (Table 2). In the case of fresh
Pd/NiZn(0.02), four oxygen atoms at 2.01 Å were observed
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Fig. 5 Pd K-edge XANES spectra for (a) fresh Pd/NiZn(0.02),
(b) recovered Pd/NiZn(0.02), (c) fresh Pd/HT(0.02), (d) recovered
Pd/HT(0.02), (e) fresh Pd/NiZn(1), (f) recovered Pd/NiZn(1), (g) Pd
oxide and (h) Pd foil.

Fig. 6 FT of k3-weighted Pd K-edge EXAFS for (a) fresh
Pd/NiZn(0.02), (b) recovered Pd/NiZn(0.02), (c) fresh Pd/HT(0.02),
(d) recovered Pd/HT(0.02), (e) fresh Pd/NiZn(1), and (f) recovered
Pd/NiZn(1).

to be coordinated to the monomeric Pd2+ center. The distances
from the Pd atoms to the nearest oxygen atoms were essentially
consistent with the values determined by X-ray crystallography
for the Pd–O bond (r = 2.02 Å) in Pd oxide. Based on the above
results, we propose that the local structure of the Pd species in
the NiZn interlayer is a monomeric divalent hydroxyl complex,
as shown in Fig 7.

We explored the potential catalytic abilities of various
clay–Pd nanocomposites for the oxidation of benzyl alcohols

Table 2 Curve-fitting analysis of EXAFS data for clay–Pd nanocom-
posite catalystsa

Sample Shell C.N.b r (Å)c s (Å)d

fresh Pd/NiZn(0.02) Pd–O 4.1 2.01 0.048
recovered Pd/NiZn(0.02) Pd–O 3.8 2.01 0.033
fresh Pd/HT(0.02) Pd–O 4.8 1.99 0.058
recovered Pd/HT(0.02) Pd–Pde 4.5 2.82 0.081
fresh Pd/NiZn(1) Pd–O 4.4 2.02 0.054
recovered Pd/NiZn(1) Pd–O 4.1 2.02 0.013

a Curve-fitting analysis was performed in k-space with the inverse FT
of the 1.16 Å < r < 1.96 Å range using PdO as a standard material.
b Coordination number. c Bond distance. d Debye–Waller factor. e Inverse
FT of the 1.90 Å < r < 2.95 Å range was curve fitted in k-space using
Pd foil as a standard.

Fig. 7 Proposed structure around Pd(II) center of the Pd/NiZn(0.02)
catalyst. The nearest oxygen atoms around the Pd(II) are shown.

under various conditions (Table 3). The Pd/NiZn(0.02) showed
almost the same catalytic activity for benzyl alcohol oxidation
under an air atmosphere as in a pure O2 atmosphere, giving
only benzaldehyde in an almost quantitative yield within 1 h
(entries 1 and 2).10 Under a N2 atmosphere, a small amount
of benzaldehyde was formed, presumably due to the presence
of residual O2 (entry 3). The consumption of O2 gas was
measured, and an ca. 1:2 ratio of the O2 uptake to benzalde-
hyde yield was observed, thereby suggesting that molecular
oxygen was quantitatively used as the oxidant in the oxidative
dehydrogenation. Furthermore, the control reaction of NiZn
without any incorporated Pd species showed no activity toward
alcohol oxidation, indicating that the Pd species was required
for catalysis. In the case of the Pd/NiZn(1) catalyst, the rate
of oxidation decreased due to the mass transfer limitation in

Table 3 Benzyl alcohol oxidation under various conditionsa

Entry Catalyst Convn (%)b Yield (%)b

1 Pd/NiZn(0.02) >99 97
2c Pd/NiZn(0.02) >99 99
3d Pd/NiZn(0.02) 4 2
4 Pd/HT(0.02) >99 >99
5 Pd/NiZn(1) 7 6
6e Pd/NiZn(0.02) 98 94
7f Pd/NiZn(0.02) >99 94
8g NiZn 0 0
9 none 0 0

a Benzyl alcohol (0.5 mmol), Pd catalyst (Pd: 2 mol%), PhCF3 (2.5 mL),
353 K, 1 h, air flow (20 mL/min). b Determined by GC analysis using
an internal standard technique. c Under 1 atm of O2. d Under 1 atm of
N2. e 1st recycle. f 2nd recycle. g NiZn (0.5 g) was used as a catalyst.

2036 | Green Chem., 2009, 11, 2034–2040 This journal is © The Royal Society of Chemistry 2009
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the narrow interlayer space (entry 5). The use of HT as a
catalyst support was tested with Pd/HT(0.02) and also resulted
in excellent yields (entry 4), but the catalyst colour changed
to dark brown (Fig. 8). From the Pd K-edge XANES and FT
of the k3-weighted Pd K-edge EXAFS data for the recovered
Pd/HT(0.02) catalyst, it was observed that Pd metal species
were formed (Fig. 5d and 6d). The spent Pd/NiZn(0.02) catalyst
was easily separated after the oxidation reaction by either
simple centrifugation or filtration. The catalyst was found to
be reusable without any reduction in activity (Table 3, entries 6
and 7). In order to further demonstrate the requirement of the
Pd/NiZn(0.02) catalyst, the catalyst was removed by filtration
when a test reaction reached 50% conversion. After removal of
the catalyst, the reaction was monitored for an additional hour,
and no additional product formation was observed. These
results show that this reaction proceeds on the NiZn interlayer
and any dissolved Pd species are not involved. It should be
noted that no spectral change was observed in the Pd K-edge
XANES, FT of k3-weighted Pd K-edge EXAFS spectra, or
the curve-fitting analysis between fresh Pd/NiZn and recovered
Pd/NiZn even in the case of the high Pd loading content in
Pd/NiZn(1). This stability suggests that the Pd species remained
in the divalent monomeric state throughout the course of the
reaction. It can be said that the active divalent Pd species are
created by strong electrostatic interactions between the anionic
[Pd(OH)4]2- species and the layered NiZn host. To the best of
our knowledge, this is the first demonstration of the formation
of highly stable monomeric Pd species even at high Pd loading.
The positive charge of HT is dispersed all over the brucite-type
sheet, therefore the electrostatic interaction between HT host
and intercalated-anions may become weaker than that of NiZn.

Fig. 8 Photoimages for (a) Pd/NiZn(0.02) and (b) Pd/HT(0.02) after
the aerobic oxidation of benzyl alcohol. Reaction conditions were as
follows: benzyl alcohol (0.5 mmol), Pd catalyst (Pd: 2 mol%), PhCF3

(2.5 mL), 353 K, 1 h, air flow (10 mL/min).

The scope of the present Pd/NiZn(0.02) catalyst system
toward oxidation of various alcohols was examined, and the
results are summarized in Table 4. Primary benzylic alcohols
with electron-donating substituents, such as p-methyl and
p-methoxybenzyl alcohol, were converted to p-tolualdehyde
and p-anisaldehyde in excellent yield, respectively (entries 2
and 3). On the other hand, the reaction rate of p-chlorobenzyl
alcohol oxidation slightly decreased (entry 4). Moreover, the
Pd/NiZn(0.02) catalyst showed a high turnover frequency
(TOF; mol of product per mol of Pd content per hour) of
150 h-1 under an air atmosphere, as highlighted in entry
1. In the case of primary alcohol oxidation, the aldehydes
were selectively obtained, and over-oxidation of the aldehyde

product to the corresponding carboxylic acid was not observed.
The oxidation of secondary benzylic alcohols is also viable
and affords the ketone products at a high yield (entries 5–7).
In order to test for the possibility of a radical mechanism,
the radical clock cyclopropyl phenyl carbinol was used as a
substrate. Exclusive oxidation of the hydroxyl group, leading
to the formation of the ketone product, was observed without
any skeletal isomerization or carbon–carbon bond cleavage
(entry 7). The Pd/NiZn(0.02) catalyst system was applicable
to oxidation of allylic alcohols, nonactivated aliphatic alcohols,
and cyclic aliphatic alcohols (entries 8–12). A primary aliphatic
alcohol, 1-octanol, was successfully oxidized, affording
1-octanal without any formation of the corresponding
carboxylic acid and ester (entry 10). Unfortunately, heterocyclic
alcohols such as 2-pyridinemethanol and 2-thiophenemethanol
were not oxidized to the corresponding carbonyl compounds
with the Pd/NiZn(0.02) catalyst. The addition of radical scav-
engers, such as 2,2¢,6,6¢-tetramethylpiperidine N-oxyl (TEMPO)
or 2,6-di-tert-butyl-p-cresol, had little influence on the oxidation
rate. This result, in combination with the radical clock studies,
suggests that the catalytic system did not contain free radical
intermediates. Notably, the oxidation of primary hydroxyl
groups was selective even in the presence of secondary hydroxyl
groups. For instance, an intramolecular competition experiment
was carried out using 4-(1¢-hydroxyethyl)benzyl alcohol. After
35% substrate consumption, 4-(1¢-hydroxyethyl)benzaldehyde,
4-acetylbenzyl alcohol, and 4-acetylbenzaldehyde were observed
at 29%, 1%, and 5% yields, respectively. This result shows that the
rate of oxidation of primary alcohols is faster than that of sec-
ondary alcohols and suggests the formation of a Pd-alcoholate
as an intermediate.11 Competitive oxidations of para-substituted
benzyl alcohols gave a Hammet r value of -0.148 (R2 = 0.94),
b-hydride elimination to form the carbocation-type intermediate
is involved in the oxidation mechanism. From the above results,
a plausible reaction mechanism for this alcohol oxidation in the
NiZn interlayer was as follows: initially, the catalytic cycle begins
with binding of the alcohol to the Pd(II) hydroxide species to
form a Pd(II)-alkoxide species and H2O. Following a b-hydride
elimination, a Pd(II)-hydride species and the carbonyl product
are formed. Then, the Pd(II)-hydride can reductively eliminate
an equivalent of H2O to form Pd(0), which is then reoxidized
by molecular oxygen to form Pd-peroxide species. According to
the Arrhenius plots of the reaction (323 K to 353 K, Fig. 9), the
obtained activation energy (Ea) was 81.3 kJ mol-1 (lnA = 23.8).
The kinetic isotope effect for the intramolecular competitive
oxidation of a-deuterio-p-methylbenzyl alcohol gave a kH/kD

value of 2.30 at 353 K in toluene-d8, which is consistent with
kinetic isotope effects obtained for similar systems.3f,12 This
implies that the elimination of b-hydride from the Pd-alcoholate
species may be the rate-determining step.

Conclusions

We have synthesized a new NiZn–Pd nanocomposite catalyst
containing highly stable divalent Pd species. The intercalated
anionic Pd hydroxide complex was rigidly fixed by the strong
electrostatic interactions characteristic of NiZn. Pd/NiZn(0.02)
can act as an efficient heterogeneous catalyst for the oxidation
of alcohols under an air atmosphere, without the need for any

This journal is © The Royal Society of Chemistry 2009 Green Chem., 2009, 11, 2034–2040 | 2037
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Table 4 Aerobic alcohol oxidation catalyzed by Pd/NiZn(0.02) under 1 atm of aira

Entry Alcohol Time (h) Product Convn (%)b Yield (%)b

1c R1 = H, R2 = H 2 R1 = H, R2 = H 90 90
2 R1 = Me, R2 = H 0.5 R1 = Me, R2 = H >99 >99
3 R1 = OMe, R2 = H 0.5 R1 = OMe, R2 = H >99 >99
4 R1 = Cl, R2 = H 7 R1 = Cl, R2 = H 16 11
5 R1 = H, R2 = Me 1 R1 = H, R2 = Me >99 >99
6 R1 = H, R2 = Ph 12 R1 = H, R2 = Ph 92 90
7 R1 = H, R2 = cyclopropyl 10 R1 = H, R2 = cyclopropyl 85 81

8 2 >99 72

9 10 63 59

10d 24 >99 >99

11d 24 98 98

12d

13d
12
12

90
98

85
97

14d 24 54 52

15d 12 >99 96

a Reaction conditions: alcohol (0.5 mmol), Pd/NiZn(0.02) (Pd: 2 mol%), PhCF3 (2.5 mL), air flow (1 atm, 20 mL/min), 353 K. b Determined by GC
analysis using an internal standard technique. c Benzyl alcohol (1 mmol), Pd/NiZn(0.02) (Pd: 0.3 mol%). d Reaction was carried out at 373 K.

additives. The features of the present NiZn-based catalysts, such
as their (i) facile preparation and monomeric structure, (ii) easy
recovery, and (iii) simple recycling are particularly desirable for
“green” industrial organic transformations.

Experimental

General

All chemical compounds were purified by standard procedures13

before use. Analytical GLC was performed by a Shimadzu
GC-8A with a flame ionization detector equipped with Silicone
OV-17 and Silicone OV-101 packing. GC-MS was performed
by a Shimadzu GC-17B with a thermal conductivity detector

equipped with an RT-bDEXsm capillary column. 1H and
13C NMR spectra were obtained on JNM-AL400 or spectrom-
eters at 400 MHz in chloroform-d1 with TMS as an internal
standard. Products were confirmed by the comparison of their
GC retention time, mass, 1H and 13C NMR spectra with those
of authentic samples. Pd K-edge X-ray absorption fine structure
spectra were recorded at room temperature in transmission
and fluorescence modes using a Lytle detector with a Si(311)
double crystal monochromator at the beam line NW-10A station
with 6.5 GeV storage ring energy of the Photon Factory,
AR, Tsukuba, Japan. (KEK-PF, proposal No. 2007G662). The
resulting EXAFS spectra were analyzed with REX2000 (Rigaku
Co.). Fourier transforms of k3-weighted EXAFS spectra were
performed in the 3.5 Å-1 < k < 13.0 Å-1 range.

2038 | Green Chem., 2009, 11, 2034–2040 This journal is © The Royal Society of Chemistry 2009

D
ow

nl
oa

de
d 

by
 C

ity
 C

ol
le

ge
 o

f 
N

ew
 Y

or
k 

on
 2

2 
N

ov
em

be
r 

20
10

Pu
bl

is
he

d 
on

 2
3 

O
ct

ob
er

 2
00

9 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/B

91
83

50
G

View Online

http://dx.doi.org/10.1039/B918350G


Fig. 9 (a) Effect of reaction temperature on the oxidation of benzyl
alcohol. Reaction conditions: benzyl alcohol (0.5 mmol), Pd/NiZn(0.02)
catalyst (Pd: 2 mol%), PhCF3 (2.5 mL) and (b) Arrhenius plots for the
oxidation of benzyl alcohol. Line fit: ln(kobs) = 23.811–9.78/T (r2 =
0.996).

Preparation of Ni–Zn mixed basic salt (NiZn)

Ni–Zn mixed basic salt (NiZn) was prepared according
to literature procedures.7a Ni(OAc)2·4H2O (134 mmol) and
Zn(OAc)2·2H2O (66 mmol) were dissolved in deionized water
(200 mL). The solution was hydrolyzed by heating in a TeflonTM-
linked pressure bottle at 423 K for 24 h. The resulting precipitates
were filtered, washed with deionized water, and dried under
vacuum, yielding ca. 5 g of NiZn as a light green powder. From
the XRF and TG-DTA analysis data, the compositional formula
was derived as Ni0.78Zn0.44(OH)2(OAc)0.44·0.86H2O.

Preparation of NiZn-supported Pd(II) catalyst (Pd/NiZn)

Pd/NiZn catalyst was prepared by a simple intercalation
technique. K2PdCl4 (0.02 mmol, 6.50 mg) was dissolved in
deionized water (40 mL), and 0.1 M NaOH (10 mL) was added,
adjusted to pH 12.6. NiZn (1.0 g) was added to the resulting
solution and stirred at room temperature for 3 h. The obtained
slurry was filtered, washed with deionized water, and dried under

vacuum overnight, yielding Pd/NiZn(0.02) (0.99 g) as a light
green powder.

General procedures for the aerobic benzyl alcohol oxidation
using Pd/NiZn catalyst

Into a Schlenk tube with a reflux condenser was placed
benzyl alcohol (0.5 mmol, 0.054 g), n-tetradecane (internal
standard; 0.5 mmol, 0.0691 g), Pd/NiZn(0.02) (Pd: 2 mol%),
and trifluorotoluene (2.5 mL). The resulting mixture was stirred
at 353 K for 1 h under air flow conditions (20 mL/min). Benzyl
alcohol conversion and benzaldehyde yields were periodically
determined by GC analysis using n-tetradecane as an internal
standard.

Procedure for reuse experiment

The first run of the aerobic oxidation of benzyl alcohol catalyzed
by Pd/NiZn(0.02) was performed by the above described
procedure. After catalytic reaction, Pd/NiZn(0.02) catalyst
was separated by centrifugation. Separated Pd/NiZn(0.02) was
washed with acetone (20 mL ¥ 4) and dried under vacuum at
room temperature before recycling for the next run.

Oxygen uptake measurement

The uptake of molecular oxygen was measured by the following
experiment. Pd/NiZn(0.02) catalyst (Pd: 2 mol%) was placed
in a side-armed flask with a reflux condenser attached to a gas
burette. The system was evacuated and filled with molecular
oxygen, followed by the addition of trifluorotoluene (2.5 mL)
and benzyl alcohol (0.5 mmol, 0.054 g), and then reacted for 1 h
at 353 K. The molar ratio of O2 gas uptake to benzaldehyde was
ca. 1:2.

Synthesis of 4-(1¢-hydroxyethyl)benzyl alcohol11b

4-(1¢-Hydroxyethyl)benzyl alcohol was synthesized by the reduc-
tion of 4-acetylbenzoic acid using lithium aluminium hydride
(LiAlH4) according to literature procedures. A solution of 4-
acetylbenzoic acid (5 g, 34.5 mmol) in dry THF (20 mL) was
added slowly to a suspension of LiAlH4 (4 g, 132 mmol) in dry
THF (30 mL) at room temperature, and the resulting mixture
was refluxed overnight under a N2 atmosphere. The mixture
was cooled to room temperature and unreacted LiAlH4 was
destroyed by the addition of water, and an aqueous solution
of NaOH (50 mL, 0.1 M) was added slowly to the mixture.
The resulting solid was removed by filtration and washed with
THF. The combined filtrate was dried and evaporated to give
4-(1¢-hydroxyethyl)benzyl alcohol as a white powder.

Synthesis of a-deuterio-p-methylbenzyl alcohol11d

a-Deuterio-p-methylbenzyl alcohol was synthesized by the
reduction of p-methylbenzaldehyde using lithium aluminium
deuteride (LiAlD4) by a modification of the procedure reported
for the synthesis of deuterium-labeled toluene. A solution of
p-methylbenzaldehyde (3.2 g, 26.7 mmol) in dry THF (20 mL)
was added slowly to a suspension of LiAlD4 (0.33 g, 7.9 mmol)
in dry THF (20 mL) at room temperature, and the resulting
mixture was refluxed under N2 atmosphere for 8 h. The mixture

This journal is © The Royal Society of Chemistry 2009 Green Chem., 2009, 11, 2034–2040 | 2039
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was cooled to room temperature and unreacted LiAlD4 was
destroyed by the addition of water, and an aqueous solution
of NaOH (50 mL, 0.1 M) was added slowly to the mixture.
The resulting solid was removed by filtration and washed with
THF. The combined filtrate was dried and evaporated to give
a-deuterio-p-methylbenzyl alcohol as a white powder.

Intramolecular competitive aerobic oxidation
of 4-(1¢-hydroxyethyl)benzyl alcohol

The intramolecular competitive aerobic oxidation of 4-(1¢-
hydroxyethyl)benzyl alcohol was carried out under standard
conditions. The reaction mixture was analyzed by GC and the
products were identified by GC-MS and were identical to the
literature values.

4-(Hydroxymethyl)acetophenone: m/z 150 (M+, 31), 135
(100), 107 (23), 89 (37), 77 (29).

4-(1¢-Hydroxyethyl)benzaldehyde: m/z 150 (M+, 5), 149 (5),
107 (100), 79 (74), 77 (50), 51 (21).

4-Acetylbenzaldehyde: m/z 148 (M+, 41), 134 (17), 133 (100),
105 (49), 77 (33), 51 (24), 50 (15).

Kinetic isotope effect for the competitive aerobic oxidation of
a-deuterio-p-methyl -benzyl alcohol

a-Deuterio-p-methylbenzyl alcohol (0.5 mmol) and Pd/NiZn
(0.5 g, Pd: 2 mol%) were dissolved in toluene-d8 (2.5 mL) at 353 K
under an air flow. The reaction mixture was stirred for 0.5 h
yielding 20 % p-methylbenzaldehyde. The p-methylbenzaldehyde
yield was determined by GC-MS analysis using biphenyl as an
internal standard. The kinetic isotope effect value (kH/kD) was
determined by 1H-NMR estimating the ratio of a-deuterio-p-
methyl-benzaldehyde to p-methylbenzaldehyde yield.
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