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Nickel-nanoparticle-loaded 6-Al,03 (Ni/6-Al,03), prepared by H,-reduction of NiO/6-Al,03, acts as an
effective and reusable heterogeneous catalyst for acceptor-free dehydrogenation of alcohols in a liquid
phase. Among various supports, amphoteric supports (such as 6-Al,05), having both acidic and basic
sites, gave higher activity than acidic or basic supports. Among Ni/0-Al,03 catalysts with different Ni
particle sizes, turnover frequency (TOF) per surface Ni increases with decreasing Ni particle size. These
results suggest that low-coordinated Ni° sites and metal/support interfaces play important roles in the

ifé’(‘)’;‘;rl‘is" catalytic cycle. The reaction mechanism is investigated by in situ IR study combined with kinetic anal-
Alumina ysis (kinetic isotope effect), and the following mechanism is proposed: (1) reaction of an alcohol with

Lewis acid (Al®")-base (Al—0°") pair site of alumina yields an alkoxide on the Al*" site and a proton on
the Al—0°%" site, (2) C—H dissociation of the alkoxide by Ni° site to form Ni—H and a ketone, and (3)
protolysis of Ni—H by a neighboring proton to release H, gas. The proposed mechanism provides fun-
damental reasons for the higher activity of Ni on the acid-base bifunctional support (Al,03) than on
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basic and acidic ones.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Replacement of noble metal catalysts with cheap and abundant
metals is a major goal of sustainable chemistry. Nickel (Ni), as a
cheap element, is an ideal candidate if high activity and selectivity
can be achieved. Despite the fact that Ni-containing solids, such as
sponge Ni (Raney Ni), have been used as promoters or catalysts for
hydrogenation of various compounds, advances in the field of het-
erogeneous non-noble metal-catalyzed organic synthesis are still
in their infancy. Recently, Yus et al. [1] demonstrated that stoichi-
ometric or substoichiometric amounts (20-100 mol%) of Ni nano-
particles (NPs) promote various types of hydrogen-transfer
reactions, which are typically implemented by noble metal-based
catalysts. Our ongoing interest in supported metal NP catalysis
for dehydrogenation/hydrogenation reactions [2,3], combined with
the pioneering studies [1], motivated us to investigate possibilities
of supported Ni NPs as cheaper alternatives to the well-established
noble metal catalysts in hydrogen-transfer-type reactions [4].

Oxidation of alcohols to carbonyl compounds is one of the most
important topics in synthetic catalysis [5-8]. To achieve environ-
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mental and economical acceptability, much effort has been de-
voted to developing heterogeneous catalysts based on noble
metals (Pd [9], Ru [10,11], Pt [12], and Au [13,14]) for aerobic oxi-
dation of alcohols. Non-noble metal-based heterogeneous catalysts
also catalyze the aerobic oxidation of alcohols [5-7,15-20], but
their efficiencies in terms of activity and substrate scope are gener-
ally lower than for the noble metal catalysts. For example, Ni-
based catalysts [15-20] reported so far are effective only for acti-
vated (aromatic) alcohols, but not for aliphatic alcohols, and their
turnover numbers (TONs) are low (TON = 0.2-1.5). From the view-
point of atom efficiency and safety of the reaction, oxidant-free
catalytic dehydrogenation of alcohols to carbonyl compounds
and molecular hydrogen is ideal. This process is also of current
interest as a potential method for hydrogen production from bio-
mass products [21,22]. Several systems for the dehydrogenative
oxidation of alcohols using homogeneous Rh [23], Ru [24-29],
and Ir [30-32] catalysts are reported, but most of them suffer from
the requirement for acid or base additives, difficult catalyst synthe-
sis and manipulation, difficulties in catalyst reuse, and high price.
To overcome these problems, heterogeneous Ru [33-35], Ag
[2,36], and Au [37-39] catalysts have recently been developed,
but these systems require the use of noble metals. There are a
few examples based on non-noble metals (Ni [40-42], Co [43],
and Cu [44,45]), but they suffer from drawbacks such as high cat-
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alyst loading, low yields of carbonyl compounds [40-42], limited
scope [40-42,45], or high reaction temperature (200-350 °C)
[42,43].

As for a catalyst design concept, it is notable that excellent orga-
nometallic catalysts for acceptor-free oxidation of alcohols are
rationally designed by a concept of cooperative catalysis, where
the metal center acts as a C—H activation site while a basic site
in a ligand abstracts proton from a OH group [28-32,34]. For exam-
ple, the Ru catalyst developed by Milstein possesses a cooperative
basic site in the B position to the metal, which facilitates binding of
the alcohol substrate to give an alkoxide intermediate [28]. Know-
ing that amphoteric metal oxides, such as alumina, have acid-base
sites on the surface, we hypothesized that the alumina surface
might show a similar cooperative effect. We report here that Ni-
loaded alumina acts as an effective heterogeneous catalyst for
the acceptor-free alcohol dehydrogenation of aliphatic secondary
alcohols to ketones. Studies on structure-activity relationships will
clarify that Ni® species and acid-base sites on the support are
indispensable for this catalytic system. Spectroscopic and kinetic
studies will suggest a cooperative reaction mechanism of Ni° spe-
cies and the acid-base sites.

2. Experimental
2.1. General

Commercially available organic compounds (from Tokyo Chem-
ical Industry or Kishida Chemical) were used without further puri-
fication. 2-Propanol-O-d, (CH3),CHOD with 98 atom% D, and 2-
propanol-2-d;, (CH3),CDOH with 99.4 atom% D, were purchased
from Aldrich. The GC (Shimadzu GC-14B) and GCMS (Shimadzu
GCMS-QP2010) analyses were carried out using N, and He as the
carrier gases, respectively, with an Ultra ALLOY capillary column
UA*-5 (Frontier Laboratories Ltd.).

2.2. Catalyst preparation

v-Al,03 (with surface area 124 m? g~'), 6-Al,03 (112 m? g~ "),
and o-Al,03 (17 m? g~!) were prepared by calcination of y-AIOOH
(Catapal B Alumina purchased from Sasol) for 3 h at 900, 1000, and
1200 °C, respectively. MgO (JRC-MGO-3, 19 m?g~!), TiO, (JRC-
TIO4, 50 m? g~ '), and CeO, (JRC-CEO3, 81.4 m? g~ ') were supplied
from the Catalysis Society of Japan. Hydroxides of Zr, Sn, Y, and La
were prepared by hydrolysis of zirconium oxynitrate 2-hydrate,
SnCl,4-6H,0, or metal nitrates in distilled water by gradually adding
an aqueous NH4OH solution (1.0 mol dm~3), followed by filtration
of precipitate, washing with distilled water three times, and drying
at 100 °C for 12 h. Ca(OH)2 and Nb,05-nH,0 (supplied by CBMM)
were commercially supplied. CaO, Y,03, La,03, ZrO,, Nb,0s, and
SnO, were prepared by calcination of these hydroxides at 500 °C
for 3 h.

NiO/6-Al,03 (Ni loading = 5 wt.%) was prepared by an impreg-
nation method; a mixture of 0-Al,05 (18 g) and an aqueous solu-
tion of Ni(NO;),-6H,O (0.162 M, 100 cm?) were evaporated at
50 °C, followed by drying at 90 °C for 12 h, and calcination in air
at 300°C for 1h. Before each catalytic experiment, Ni/0-Al,05
was prepared by in situ prereduction in NiO/6-Al,05 in a glass (Pyr-
ex or quartz) tube under a flow of H, (20 cm® min~!) at a reduction
temperature (Ty,) of 500 °C for 0.5 h. Ni/0-Al,05 with different Ni
loadings (5, 10, 20, 50 wt.%) and 5 wt.% Ni loaded on various sup-
ports (a-Al;03, Lay03, Y503, Ce0,, ZrO,, TiO,, Nb,Os, SnO,) were
prepared in the same manner as Ni/0-Al,03. CaO-, and MgO-sup-
ported Ni (5 wt.%) were prepared by the impregnation method, fol-
lowed by drying at 90 °C for 12 h, and by in situ prereduction under
H, at 500°C. 7y-Al,0s3-supported metal catalysts, M/y-Al,03

(M = Ni, Co, Cu, Ry, Pd, Rh, Ag), with metal loading of 5 wt.% were
prepared by an impregnation method in a manner similar to that
for Ni/0-Al,03 using an aqueous solution of metal nitrates (for Ni,
Co, Cu), RuCls, or an aqueous HNO5 solution of Rh(NO3)3, Pd(NO3),,
or Pt(NH;3),(NO3),. Au/y-Al,03 (Au=1 wt.%) was prepared by the
deposition-precipitation method with HAuCl,. Raney Ni (B113W,
Ni > 90%) was supplied by Evonik Industries.

2.3. Characterization

Transmission electron microscopy (TEM) measurements were
carried out using a JEOL JEM-2100F TEM operated at 200 kV. XRD
patterns of the powdered catalysts were recorded with a Rigaku
MiniFlex II/AP diffractometer with Cu Ko radiation. Temperature-
programmed reduction under H, (H, TPR) was carried out with
BELCAT (BELL Japan Inc.). The sample, NiO/6-Al,03; (Ni load-
ing = 5 wt.%, 20 mg), mounted in a quartz tube, was heated with
a temperature ramp-rate of 5°Cmin~! in a flow of 5% H,/Ar
(20 cm® min~!). The effluent gas was passed through a trap con-
taining MS4A to remove water and then through the thermal con-
ductivity detector. The amount of H, consumed during the
experiment was detected by a thermal conductivity detector. Tem-
perature-programmed desorption (TPD) experiments were carried
out using BELCAT. Prior to each experiment, catalyst (0.1 g) was
heated in a flow of He (20 cm® min~!) at 500 °C for 0.5 h, followed
by cooling to 40 °C under He flow. Then, the catalyst was exposed
to a flow of 100% CO, or 5% NHs/He for 10 min. After being purged
in He for 0.5 h, the catalyst was heated linearly at 10 °C min~' to
900 °C in a flow of He, and CO, (m/e = 44) and NH3 (m/e = 16 and
17) in the outlet gas were analyzed by the mass spectrometer (BEL-
MASS). The BET surface area was obtained by measuring N,
adsorption at —196 °C by BELCAT. The results are summarized in
Table 1.

2.4. Typical procedures of catalytic reactions

Typically, Ni/6-Al,03 (Ni loading =5 wt.%) prereduced in H, at
500 °C for 0.5 h was used as a standard catalyst. After the prereduc-
tion, we carried out catalytic tests using a batch-type reactor with-
out exposing the catalyst to air. A mixture of o-xylene (1 g), alcohol
(1 mmol), and n-dodecane (0.5 mmol) was injected into the prere-
duced catalyst inside a reactor (cylindrical glass tube) through a
septum inlet, followed by filling with N,. Then, the resulting mix-
ture was stirred under reflux conditions; the heating temperature
was 155°C, and the reaction temperature was ca. 144 °C.

Table 1

List of metal oxide-supported Ni (5wt%) catalysts.
Catalysts SpeT Acid Base Acid Base

(m?g™") amount® amount¢  density ¢ density ¢
(mmolg™") (mmolg™') (umolm2) (umolm2)

Ni/CaO 8.0 <0.001 0.176 0 22
Ni/MgO 15 0.008 0.180 0.53 12
Ni/La,05 15 0.029 0.182 19 12
Ni/Y,03 12 0.023 0.171 19 14
Ni/CeO, 69 0.207 0.484 3.0 7.0
Ni/6-AlL,O5; 70 0.211 0.348 3.0 5.0
Ni/ZrO, 74 0.287 0.234 3.9 3.2
Ni/TiO, 45 0.083 0.022 1.8 0.49
Ni/Nb,0s5 40 0.150 0.021 3.7 0.53
Ni/SnO, 25 0.029 0.015 1.2 0.60
Ni/o-Al,03 4.2 0.008 0.002 19 0.48
Ni/y-Al,03 122 0.287 0.234 24 1.9

2 Specific surface area of the catalyst determined by N, adsorption at —196 °C.
> Amount of surface acidic site determined by TPD of NH;.

¢ Amount of surface basic site determined by TPD of CO,.

4 Density of surface acidic or basic site (from the surface area and TPD results).
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Conversion and yields of products were determined by GC using n-
dodecane as an internal standard. Progress of the reaction was
monitored by GC analysis of aliquots (ca. 0.05 g). The initial rate
of reaction was measured under the conditions where the conver-
sion was below 40%. The products were identified by GC-MS
equipped with the same column as GC and by comparison with
commercially pure products. GC analysis of the gas-phase product
(Hy) was carried out by the mass spectrometer (BELMASS).

2.5. In situ IR

In situ IR spectra were recorded on a JASCO FT/IR-620 equipped
with a quartz IR cell connected to a conventional flow reaction sys-
tem. The sample was pressed into a 50-mg self-supporting wafer
and mounted into the quartz IR cell with CaF, windows. Spectra
were measured by accumulating 10 scans at a resolution of
4 cm~!. A reference spectrum of the catalyst wafer in He taken at
the measurement temperature was subtracted from each spec-
trum. Prior to each experiment, the catalyst disk was heated in
10% H,/He flow (100 cm® min~!) at 500 °C for 0.5 h, followed by
cooling to 150 °C in H/He 60 °C and to 60 °C in He.

3. Results and discussion
3.1. Catalyst optimization

Table 2 shows the influence of various catalyst parameters on
the catalytic activity for dehydrogenation of cyclododecanol 1a to
cyclododecanone 2a under the same reaction conditions (under
N, in reflux conditions for 1 h). First, we carried out catalytic tests

Table 2
Dehydrogenation of cyclododecanol.?
OH O
cat.(1 mol%)
_— + Hy
S (S
1.0mmol 12 144°C,1h 2a
Entry Catalyst Conv. (%) Yield (%) Vo? (mol moly; h™")
1¢ NiO/6-Al,03 0 0 0
2 Ni/0-Al,03 45 45 64
3 Ni/y-Al,03 43 43 61
4 Ni/a-Al,03 7 7 7
54 0-Al,05 0 0 -
6° Ni powder 43 1.7 033
7¢ Raney Ni 35 32 6.0
8 Ni/CaO 1.1 1.1 1.1
9 Ni/MgO 1.6 1.6 1.6
10 Ni/La,03 2.9 2.9 29
11 Ni/Y,03 15 15 15
12 Ni/CeO, 35 35 35
13 Ni/ZrO, 16 16 16
14 Ni/TiO, 8.0 7.0 7.0
15 Ni/Nb,0s5 1.6 1.6 1.6
18 Ni/SnO, 2.0 1.3 13
17 Co/v-Al,03 30 30 30
18 Cu/y-Aly05 39 34 45
19 Ru/y-Al,04 4.6 4.6 4.6
20 Rh/y-Al,03 3.1 2.8 2.7
21 Pd/y-Al,03 2.5 2.5 2.5
22 Ag/y-Al,05 3.0 3.0 3.0
23¢ Au/y-Al,05 12 8.6 8.6

@ Conversion of 1a and yield of 2a were determined by GC.

b Initial formation rate of cyclododecanone 2a per total Ni atoms (mol of
2amoly h™).

¢ Catalysts were not prereduced.

4 9-Al,05 = 50 mg.

¢ 5 mol% of Ni.

Table 3
Preparation conditions, Ni particle size, and catalytic activity of Ni/0-Al,03 catalysts.
Ni loading Tiz D° Dy* Vol TOF®
(Wt.%) (°C) (nm) (nm) (molmolyyh™")  (h™1)
5 500 6.1 7.6 53 346
10 500 6.5 9.0 35 267
20 500 8.8 9.6 25 203
50 500 12.2 13.5 6 67
50 800 15.6 16.3 5 68

Temperatures of prereduction in Hs.
Mean diameter of Ni particles estimated by TEM.
Volume-area mean diameter of Ni particles estimated by TEM.
Initial formation rate of cyclododecanone 2a per total Ni atoms (mol of 2a
moly; h™).
€ TOF per surface Ni atoms calculated from Vj and D,.

a
b
c
d

for a series of metal oxide (MO,)-supported Ni catalysts with the
same loading (5 wt.%). Alumina with different crystal phases was
tested as a support of Ni (entries 2-4). The alumina with spinel
structure (6-Al;05 and y-Al,03) gave higher yields than that with
corundum structure (a-Al,03), and 0-Al,03 gave the highest yield
(45%). Among various support materials (entries 2, 8-18), Ni/
0-Al,03 showed the highest yield. Use of large amounts (5 mol%)
of conventional Ni catalysts, Raney Ni, and Ni powder (entries 6,
7) resulted in a lower yield of 2a than Ni/6-Al,03. NiO-loaded 6-
Al,03 (NiO/6-Al,03) and 6-Al,03 were inactive (entries 1, 5). To
optimize the metal content in Ni/0-Al,0s3, catalysts with different
Ni content (5, 10, 20, 50 wt.%) were tested under the reflux condi-
tion, and the initial formation rate of 2a was measured under the
condition where the conversion of 1a was below 40% (Table 3). It
was found that the metal content of 5 wt.% gives the highest activ-
ity. The effect of the prereduction temperature (300-600 °C) of 5
wt.% Ni/0-Al,03 was also tested, and the results showed that a
reduction temperature of 500 or 600 °C was optimum (Table S1
in the supporting information). Among various metal (Ni, Co, Cu,
Ru, Rh, Pd, Ag, Au)-loaded y-Al,05 catalysts (Table 1, entries 2,
17-23), Ni/y-Al,03 showed the highest yield of 2a.

3.2. Catalytic performance of Ni/0-Al,03

The catalyst optimization results show that the 5 wt.% Ni/0-
Al,03 catalyst prereduced at 500 °C is the best catalyst. With this
catalyst, we studied reusability and the scope of the present sys-
tem (Table 4). The dehydrogenation of cyclooctanol by Ni/6-Al,03
(1 mol%) for 3 h resulted in a >99% yield of cyclooctanone (entry
1). After 0.5 h of the reaction, the yields of gas-phase H, (27%)
and cyclooctanone (30%) were nearly identical to the alcohol con-
version (30%), indicating that H, was generated quantitatively. The
reaction was completely terminated by removal of the catalyst
from the reaction mixture after 0.5 h; further heating of the filtrate
for 2.5 h under reflux conditions did not increase the yield. ICP
analysis of the filtrate confirmed that the content of Ni in the solu-
tion was below the detection limit. These results confirm that the
reaction is attributable to the heterogeneous catalysis of
Ni/0-Al,03. After the reaction, the catalyst was easily separated
from the reaction mixture by centrifugation. The filtered catalyst
was washed with acetone, followed by drying in air at 90 °C for
1 h, and by reducing in H, at 500 °C for 0.5 h. As shown in Table 4
(entry 1), the recovered catalyst was reused at least four times [46].
In the low-catalyst-loading (Ni = 0.02 mol%) and solvent-free con-
ditions at 180 °C, the catalyst showed 81% yield of the product after
47 h, corresponding to the TON of 4050 and turnover frequency
(TOF) of 86 h~! (Scheme 1). The TON is three orders of magnitude
higher than those of previous Ni-based catalysts (TON = 0.2-1.5)
[15-20] for the liquid-phase aerobic oxidation of alcohols.
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Table 4
Dehydrogenation of various alcohols by Ni/6-Al,0s3.
OH o
)\ cat.(Ni: 0.01 mmol) )J\ +H
o-xylene (1 g), 144 °C
1 mmol

Entry Alcohol t (h) Conv. (%) Yield (%)

1 Cyclooctaol 3 99, 99,7, 94°, 94,5, 954 99, 987, 94°, 94¢, 924
2 Cycloheptanol 24 100 75

3 Cyclohexanol 72 94 74

4 Cyclopentadecanol 24 86 86

5 Cyclododecanol 8 91 91

6 exo-Norborneol 24 96 93

7 4-Octanol 24 96 91

8 2-Octanol 12 86 82

9 5-Nonanol 24 97 97

@ First reuse.

b Second reuse.

€ Third reuse.

4 Fourth reuse.

OH (Ty2 = 300, 400, 500, 600 °C), and the fraction of metallic Ni° in

0] each catalyst (Table S1 in the supporting information) was esti-

cat.(Ni: 0.004 mmol)

g

neat, 180°C, 47 h

20 mmol -
81% yield TON = 4050

81% conv. TOF=86h"

Scheme 1. A gram scale dehydrogenation of cyclooctanol by Ni/6-Al,05 under neat
conditions under N, flow.

The scope of the Ni/0-Al,03-catalyzed dehydrogenation of vari-
ous alcohols is shown in Table 4. In the presence of Ni/6-Al,03
(1 mol%), various aliphatic secondary alcohols were selectively
converted to the corresponding ketones with good to high yield
(74-93%). Because H, escapes from the reaction mixture into the
gas phase, the overall endothermic dehydrogenation reaction is
driven to the product side, leading to a high conversion of alcohols
to ketones. For the reaction of a primary alcohol (1-octanol), yields
of the corresponding aldehydes were low (2%). It should be noted
that the previous examples of Ni-based heterogeneous catalysts
for the aerobic alcohol oxidation were effective for activated (aro-
matic) alcohols but not for less activated aliphatic alcohols [15-
20]. Considering that previous Ni catalysts for the acceptor-free
dehydrogenation of alcohols suffer from high reaction temperature
(200-350 °C) [42], low yields of ketones (<70%) [41,42], and lim-
ited scope [41,42], our result represents the first successful exam-
ple of Ni-catalyzed dehydrogenation of various alcohols. The
catalytic activity of Ni/6-Al,03 for dehydrogenation of alcohols is
higher than that of Ag/Al,Os, reported in our previous study [2].
For the dehydrogenation of cyclododecanol, as an example, Ni/6-
Al,05 shows a TOF of 11 h™', which is five times higher than that
of Ag/Al,05 (TOF=2.0h7") [2].

3.3. Structure-activity relationship

Adopting the dehydrogenation of cyclododecanol 1a to cyclod-
odecanone 2a by Ni/0-Al,03 as a model reaction, we studied the
structure-activity relationship. First, we studied the effect of Ni
oxidation states on the activity. NiO/6-Al,0s3, as an inactive precur-
sor, was reduced in a flow of H, at various reduction temperatures

mated by H, TPR (Fig. S1). Fig. 1 shows the formation rate of cycl-
ododecanone 2a per total moles of Ni as a function of the fraction
of metallic Ni°. It is clear that the activity increases with the frac-
tion of metallic Ni° which indicates that the metallic Ni® is the ac-
tive species.

Next, we discuss the effect of Ni metal particle size. As shown in
Table 2, a series of Ni/0-Al,03 catalysts with different particle sizes
were prepared by changing the Ni loading and reduction tempera-
ture, and the initial rate for the formation rate of 2a was deter-
mined. The XRD patterns of these Ni/0-Al,03 catalysts are shown
in Fig. S2. A sharp line at 51.9° due to Ni metal was observed in
the patterns of the high-Ni-loading (20, 50 wt.%) catalysts. A signif-
icantly broad and weak line due to Ni metal was observed in the
patterns of the 5 and 10 wt.% Ni catalysts. When this is combined
with the H, TPR result, it can be concluded that dominant Ni spe-
cies in these catalysts are Ni metal particles. TEM analysis of Ni/0-
Al,03 catalysts (Ni=5, 10, 20, 50 wt.%) showed spherical or semi-
spherical Ni particles. The particle size distributions and the mean
diameter of Ni particles (D) are shown in Fig. S3 and Table 3,

80

i 500 °C

2]
o
|

600 °C

N
o

| NiO/6-A1L,04

Initial rate / mol moINi'1 h’
S
o
I

300 °C
T I T I T I T I T
0 0.2 0.4 0.6 0.8 1
Ni%(Ni®+NiO)

Fig. 1. Formation rate of cyclododecanone per total mole of Ni versus the fraction of
metallic Ni® (from H, TPR) for 5 wt.% Ni/0-Al,05 catalysts reduced under H, at
various temperatures.
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respectively. It is known that the mean particle diameter estimated
from the number of surface atoms on the assumption of spherical
particles agrees with a volume-area mean diameter (Dy) measured
by TEM [47]. Adopting this model, the number of the surface Ni
atoms was estimated using volume-area mean diameter. Using
the number of surface Ni atoms and the initial rates, the TOF per
surface Ni atom was estimated (Table 3). As shown in Fig. 2, the
TOF per surface Ni atom decreases with the mean diameter of Ni
particles. Considering that the fraction of Ni atoms at coordinative-
ly unsaturated sites and metal/support perimeter sites decreases
with the particle size, the results suggest that the present catalytic
system requires Ni° species located at coordinatively unsaturated
sites and metal/support perimeter sites.

If the metal/support perimeter sites play an important role, the
activity should depend strongly on the type of support material.
Here, we discuss the effect of the support. As listed in Table 1,
we prepared a series of metal oxide-supported Ni catalysts with
the same Ni content (5 wt.%) and the same reduction temperature
(500 °C). Basic (MgO, Ca0), amphoteric (6-Al,03, Y503, La;03, CeO-,
Zr0,), and relatively acidic (TiO,, Nb,Os, SnO,) supports were se-
lected according to well-known classifications of the acid-base
character of metal oxides [48]. The initial rate of the reaction is
plotted in Fig. 3 as a function of the electronegativity of the support
metal oxide, which is generally used as a parameter of acidity of
metal oxides [49]. The rate of dehydrogenation of 2-octanol 1b to
2-octanone 2b by Ni/06-Al,05 (Table S2) was also determined and
shown in Fig. 3. Clearly, volcano-type relationships between the
catalytic activity of the support and the electronegativity of the
support are obtained. Among the supports with basic to ampho-
teric nature (CaO—0-Al,03), the activity increases with the electro-
negativity (acidity) of the support oxide, while acidic support
result in lower activity than amphoteric supports. As listed in
Table 1, densities of surface acidic and basic site on Ni-loaded cat-
alyst were estimated based on the surface area of the catalyst and
the number of desorbed NH5 and CO, during NH; TPD and CO, TPD
experiments. In Fig. 3, the densities of acidic and basic site as
experimental indexes of the acid-base character of the catalyst
are plotted versus the support electronegativity. For the supports
with basic to amphoteric nature (CaO ~ 6-Al;03), the increase in
electronegativity generally results in a decrease in the density of
the basic sites and an increase in the acid site density. The supports
with electronegativity higher than 2.5 (TiO, ~ Sn0O,) show negligi-
ble value of basic site density. Comparison of the trends observed

300 -

200 -

100 —

TOF / mol molgyf i ™!

0||||||||||||||||||
5 10 15 20

Mean diameter of Ni / nm

Fig. 2. Formation rate of cyclododecanone per total mole of Ni as a function of
average Ni particle size in Ni/0-Al,05 (from Table 3).
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in acid-base character with those found in the catalytic activity al-
lows us to conclude that the co-presence of acidic and basic sites
on the surface of support oxides is indispensable for the Ni-
catalyzed dehydrogenation of alcohols.

To verify this hypothesis, we studied the poisoning effects of
acidic or basic additives in the reaction mixture on the activity of
Ni/06-Al,03 for the dehydrogenation of 1a. As shown in Fig. 4, the
presence of catalytic amounts of acidic (acetic acid) and basic (pyr-
idine) additives decreased the reaction rate. It is established that
adsorption of acetic acid on Al,O3 results in the formation of the
acetate ion at the acid-base pair site (AI®*—0° site) [50], while
pyridine adsorbs on the surface Lewis acid site (exposed Al cation)
of Al,03 [51]. Therefore, the result of the poisoning experiment
indicates that the acid-base pair site and the surface Lewis acid
site are necessary for this reaction.

3.4. Reaction mechanism

To study the reaction mechanism, we studied in situ IR experi-
ments at 60 °C (Fig. 5). Fig. 5 shows the spectra of adsorbed species
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Fig. 4. Formation rate of cyclododecanone over Ni/0-Al,O3 per total moles of Ni as a function of the concentration of pyridine and acetic acid.

formed from the adsorption of 2-propanol-O-d, (CH3),CHOD, on 6-
Al,03 preheated in He at 500 °C for 0.5 h. In the initial spectrum
(t=60s), bands due to 2-propoxide groups [2,52] are predomi-
nant: 2970cm™! (methyl asymmetric C—H stretching),
2940 cm ! (methyl asymmetric C—H stretching), 2874 cm~! (cou-
pling of o-C—H stretching and methyl symmetric C—H stretching),
2722 cm ! (o-C—H stretching), 1465 cm™! (methyl asymmetric
deformation), 1376cm™' (methyl symmetric deformation),
1328 cm™! (o-C—H deformation), and 1166 and 1130cm™!
(C—0/C—C coupled stretching). Broad and multiple bands in the
range 2300-2750 cm™~! due to AlI—OD groups are also observed.
The broad feature due to the OD stretching vibration indicates
the acidic (protonic) nature of the Al—OD groups. The band due
to OH deformation of undissociated 2-propanol (1280 cm™!) is
hardly observed. These results indicate the presence of aluminum
alkoxide, (CH3),CH—OAI, and acidic AI—0D groups on the alumina
surface and the absence of non-dissociatively adsorbed 2-propanol.
Intensities of the bands due to (CH3),CH-OAI and Al—OD species
gradually decreased with time in a flow of He, but these bands still
remained after 600 s, which indicates that these species were rel-
atively stable. The following surface reaction,

(CH3),CH — OD + AI’" + Al — 0°~ — (CH3),CH — OAl + Al — OD
(1)

60 s

Absorbance

300s

600 s

2000

3000 2500 1500

Wavenumber / cm””

Fig. 5. IR spectra of adsorbed species on 0-Al,03 as a function of time in a flow of He
at 60 °C. At t=0's, (CH3),CHOD (0.5 mmol g~') was introduced into the sample.

should account for the experimental result: the reaction of 2-
propanol with Al—0°" group (basic site on alumina) results in
the formation of 2-propoxide coordinated to the unsaturated AI®*
site (Lewis acid site) and an Al—0D group.

The same IR experiment was conducted using Ni/0-Al,05 pre-
reduced in H, at 500 °C for 0.5h (Fig. 6A). The bands due to
(CH3),CH—OAI and Al—OD species were also observed for Ni/6-
Al,0s. It is noteworthy that band positions for 0-Al,03; and Ni/
0-Al,03 are exactly the same, indicating that 2-propoxide is
not adsorbed on the Ni site but on the support surface. Fig. 6B
shows the height of the bands due to 2-propoxide, adsorbed ace-
tone, and Al—OD species as a function of time in a flow of He.
After fast formation of 2-propoxide species (t=60s), intensity
of the bands due to the 2-propoxide species gradually decreased,
and a new band at 1700 cm~! due to C=0 stretching of adsorbed
acetone appeared and its intensity increased with time. The
same IR results were observed for the reaction of 2-propanol,
(CH3),CHOH, on Ni/6-Al,03 (Fig. 7A). These results suggest that
2-propoxide undergoes C—H cleavage, resulting in the formation
of acetone:

R,CH — OAI + Ni® — (CH;),C=0 + Ni — H + Al )

Note that 2-propoxide species on Ni-free alumina did not
convert to acetone (Fig. 5). Thus, metallic Ni is necessary in
the C—H dissociation step. The kinetic curve in Fig. 6B clearly
shows that the formation rate of 2-propoxide is higher than its
consumption rate, which indicates that step (1) is faster than
step (2).

The intensity of the band due to Al—OD groups (2300-
2750 cm™!) decreased with time, indicating the consumption of
the acidic AI—OD groups. The following pathway should account
for this result: protolysis of Ni—H®~ species with the protonic D>
species in an adjacent Al—OD group would release dihydrogen
(HD) accompanied by the regeneration of the Ni° site and the basic
Al—0°" site of alumina:

Ni —H + Al — OD — HD + Ni® + Al — 0 3)

Fig. 7B shows IR spectra of adsorbed species formed by the reac-
tion of Ni/0-Al,05 with 2-propanol-2-d, (a-deuterized 2-propanol,
(CH5),CDOH). Bands at 2970 cm~!(methyl asymmetric C—H
stretching), 2940 cm~! (methyl asymmetric C—H stretching),
2870 cm~! (methyl symmetric C—H stretching), 2104 cm™! (o-
C—D stretching), 1465 cm~! (methyl asymmetric deformation),
1376 cm™! (methyl symmetric deformation), and 1190 cm™!
(C—0/C—C coupled stretching) were assigned to o-deuterized 2-
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Fig. 6. (A) IR spectra of adsorbed species on Ni/6-Al,05 and (B) height of the bands due to (O) 2-propoxide on the support (1130 cm™!), (®) adsorbed acetone (1700 cm™1),
and (A) AI-0D group (2570 cm™') as a function of time in a flow of He at 60 °C. At t=0's, (CH3),CHOD (0.5 mmol g~') was introduced into the sample.
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Fig. 9. A possible mechanism for the dehydrogenation of alcohols by Ni/0-Al,0s.
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propoxide groups on alumina, (CH3),CD—OAI [2]. A weak band at
2174 cm~! may be assigned to o-C—D stretching of a different type
of 2-propoxide. The band at 2104 cm~! due to the C—D bond of
(CH3),CD—O0AI species decreased with time, and a new band due
to adsorbed acetone (1700 cm™!) increased. This is direct evidence
of Ni-catalyzed C—D bond dissociation of the (CH3),CD—OAI spe-
cies (Eq. (2)).

Kinetic analysis of the conversion of the 2-propoxide groups
was undertaken using time-resolved IR data (Fig. 7). The relative
amounts of (CH3),CH—OAI and (CH3),CD—OAI species were esti-
mated from the changes in the area of the IR band in the ranges
1080-1210cm™! and 1100-1250 cm™!, respectively, because
these bands had the least overlap with other bands. As shown
in Fig. 8, the first-order plots of the 2-propoxide group during
its conversion to acetone gave fairly good straight lines. The
first-order rate constants of 2-propoxide consumption were esti-
mated to be 3.4 x 1073 and 1.7 x 103s~! for (CH3),CH—OAI
and (CH3),CD—OAI species, respectively. The kinetic isotope effect
(ky/kp) at 60 °C was estimated to be 2.0, corresponding to the dif-
ference in the activation energies of 1.9 k] mol~!. This value is
lower than the zero-point energy difference (3.7 k mol™!) in
o-C—H (2722 cm™!) and o-C—D (2104 cm™!) in the IR spectra.
This indicates that the rate-determining step of 2-propoxide
conversion to acetone is the cleavage of the a-C—H bond, but
other kinetically relevant steps may also exist.

Based on the mechanistic experiments on the dehydrogenation
of alcohols by Ni/0-Al,0s, a reaction mechanism is presented in
Fig. 9. Initially, a basic AI—0°~ group of alumina abstracts a proton
from alcohol to afford an alkoxide group on an adjacent AI®* site
(Lewis acid site) and a proton on the AlI—0° site (AlI—OH®"). An
alkoxide at the interface between the Ni NP and alumina under-
goes hydride abstraction to yield hydride species on Ni (Ni—H)
and acetone as the rate-determining step. Then, the Ni—H species
undergoes protolysis by a neighboring AI—OH?®" site to release H,
gas, accompanied by the regeneration of the Ni° site and the basic
Al—0®" site of alumina. On the basis of the proposed mechanism,
the strong effect of support acid-base nature on the Ni-catalyzed
alcohol dehydrogenation (Fig. 3) can be explained as follows. The
abstraction of protons in alcohol by the metal oxide surface re-
quires basic sites. Thus, on the Ni-loaded acidic oxides (Nb,Os,
Sn0,), dissociative adsorption of 2-propanol is limited by the weak
nucleophilic character of the metal oxide surface. On the other
hand, the protonic (electrophilic) nature of the OH groups on the
basic oxides (CaO, MgO) is weaker than that on the amphoteric
oxide (alumina), and the protolysis of Ni—H>~ species with an adja-
cent OH group is slow.

4. Conclusions

Alumina-supported Ni metal NP was found to act as a heteroge-
neous and reusable catalyst for the acceptor-free oxidation of sec-
ondary alcohols. Among various supports, amphoteric supports
(such as alumina) having both acidic and basic sites gave higher
activity than acidic and basic supports. The TOF per surface Ni in-
creases with decreasing Ni particle size. These results suggest that
low-coordinated Ni® sites and the metal/support interface play
important roles in the catalytic cycle. On the basis of in situ IR
and kinetic experiments, the following mechanism is proposed:
(1) reaction of an alcohol with the Lewis acid (AI**)-base (Al—0°")
pair site of alumina yields an alkoxide on the Al** site and a proton
on the Al—0°" site, (2) C—H dissociation of the alkoxide by Ni® site
to form Ni—H and ketone, (3) protolysis of Ni—H by a neighboring
proton to release H, gas, accompanied by the regenerations of the
Ni° site and the basic Al—0° site of alumina. Fundamental infor-
mation in this study will be useful as a design concept for noble

metal-free and ligand-free catalysts for hydrogen-transfer-type
reactions.
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