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ABSTRACT: On the basis of an insight in surface science that Pd surfaces partially 1 HN 4 Osd — )R: "
covered with oxygen adatoms (O,;) show higher reactivity for water dissociation than o RS ET

clean Pd surfaces, we studied the effect of O,q4 on the activity of carbon-supported Ri e Hi °
: : : . i CN igh TON
palladium metal nanoparticle catalysts (Pd/C) for the selective hydration of nitriles to R, Carbon Reusable

amides in water. A series of Pd/C with the same Pd loading (S wt %) and a similar particle B |n water
size (53—6.5 nm) but with different surface coverage of O,; were prepared and

characterized by various spectroscopic methods. The freshly H,-reduced Pd/C shows no catalytic activity for hydration of
acetonitrile, indicating that clean Pd metal surfaces are inactive. Air exposure of this catalyst under ambient conditions results in
the formation of Pd metal NPs partially covered with O, which act as effective and recyclable heterogeneous catalysts for
selective hydration of various nitriles to the corresponding amides. Theoretical studies based on density functional theory
calculations clarified a cooperative mechanism between metallic Pd and O,y in which O,4 as a Bronsted base site plays an
important role in the dissociation of water via hydrogen bonding, and the mechanism is verified by kinetic results (activation
energy, H,0/D,O kinetic isotope effect, Hammett slope). The mechanistic finding demonstrates a new design strategy of metal
nanoparticle catalysts based on a molecular-level understanding of catalysis on oxygen-adsorbed metal surfaces.
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Bl INTRODUCTION water. Recently, on the basis of the established fact that oxygen-
adsorbed Ag surfaces show higher reactivity for water
dissociation than clean Ag surfaces, we have developed
supported Ag metal NPs with surface oxygen adatoms (O,4)
as highly effective heterogeneous catalysts for hydration of
nitriles.”® Experimental and theoretical studies of water
adsorption on flat Pd surfaces™>° indicate that water
dissociation does not occur on clean Pd surfaces but does
occur on an oxygen adatom-covered Pd surface, leading to the

Hydration of nitriles to the corresponding amides is an
important transformation from both synthetic and industrial
viewpoints." The development of new catalysts for the
hydration of nitriles under neutral conditions has received
considerable attention, and effective homogeneous’ "> and
heterogeneous'*~>* catalysts have been reported. Notably,
several excellent catalysts for this reaction are rationally

designed by a concept of “bifunctional catalysis”, in which the - ’ i i
formation of surface OH species. Recent surface science studies

metal center acts as a Lewis acid, activating the nitrile molecule,
have shown that oxygen atoms on the Au(111) surface act as a

and the ligand acts as a Bronsted base, generating the basi lvst th ) i ) .
nucleophile (OH™ group) from water.2~ %% To date, one of asic cocata ygit at promotes various organic reactions at low

the most active catalysts for the hydration of nitriles is the cis- temperatures. .32 Knovnflg these fact's, we assum.ed that' Pd
Ru(acac),(PPh,Py), complex,4 whose remarkable reactivity can NPS c.overed Wlth. Oad. m.lght be eﬁlec.tlve for organic reactllons
be due to ligand(pyridine nitrogen)-assisted activation of H,O lnYOIan water dissociation as a critical step. On the basis of
via hydrogen bonding, although the catalyst suffers from a this strategy, we ha\.Ie recently foun('l that the Cfirbon-supported
difficulty in catalyst/product separation and need for an organic Pd NPs covered with Oq act as hlghly effectllve and .reusable
solvent. To expand synthetic utility of this class of catalysts, a h_eteroge_neous cat;;lysts for the selectilve hydration of silanes to
highly active bifunctional solid catalyst should be -easily silanols in water. We report here.m that the same type of
prepared from a commercial precatalyst; however, molecular catalxst, prepared from a commercial Pd—carbon, acts as an
design of new heterogeneous catalysts for hydration of nitriles EffeCtl‘fe and recyc}able heter(')geneous catalyst 'for tbe s'electlve
is difficult because of a lack of molecular-level understanding of hydration of nitriles to amides. Spectroscopic, kinetic, and

catalysis on solid surfaces.
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density functional theory (DFT) calculation studies will clarify
the reaction mechanism in which O,4 acts as cooperative ligand
in Pd NPs catalysis.

B EXPERIMENTAL SECTION

General. Commercially available organic compounds (from
Tokyo Chemical Industry or Kishida Chemical) were used
without further purification. The GC (Shimadzu GC-14B) and
GC/MS (Shimadzu GC/MS-QP2010) analyses were carried
out with an Ultra ALLOY capillary column UA*-S (Frontier
Laboratories Ltd.) using nitrogen as the carrier gas. '"H NMR
spectra were recorded in CDCl; with TMS as an internal
standard at ambient temperature on a Varian INOVA-500
operating at 500 MHz or a JEOL JNM-ECX 400 operating at
400 MHz.

Catalyst Preparation. Pd—carbon (Pd = 5 wt %) was
purchased from Kawaken Fine Chemicals. The catalyst named
Pd/C-500H was prepared by reducing a commercial Pd—
carbon under a flow of 100% H, (flow rate = 60 cm® mn™') at
500 °C for 10 min and cooled to room temperature in a flow of
He. The catalyst named Pd/C-500Hox was prepared by
exposing Pd/C-500H to air at 25 °C. The catalysts named
Pd/C-100Hox and Pd/C-300Hox were prepared in a similar
method adopting the temperatures of H, reduction of 100 and
300 °C, respectively. Pt/C (Pt = S wt %) and Ru/C (Ru = 5 wt
%) were purchased from N.E. Chemcat and prepretreated in
the same manner as Pd/C-S00Hox. Pd black and PdO were
purchased from Mitsuwa Chemical.

Characterization. The number of oxygen atoms on the
catalysts was estimated from the number of CO, molecules
formed by the reaction of CO + O,4 = CO, at 150 °C. After the
in situ formation of the catalyst in a fixed-bed flow reactor (i.d.
=4 mm), the catalyst bed was cooled to 150 °C under a flow of
He, then the catalyst was exposed to a flow of 0.4% CO/He at a
flow rate of 100 cm® min™!, and the effluent gas was
continuously analyzed by nondispersive infrared CO/CO,
analyzers (Horiba VIAS10). Note that CO, might be produced
via the water-gas shift reaction (CO + H,0 = CO, + H,). Ina
separate experiment using Pd/C-500Hox, a possible formation
of H, during the above reaction of O,4 with CO at 150 °C was
checked by online mass spectrometry (BEL Mass, BEL Japan,
Inc.). The result showed no formation of H,, which confirmed
that the determination of the number of O,4 with our method
was adequate.

The Pd K-edge X-ray absorption fine structure (XAFS)
measurement was carried out at BLO1B1 of SPring-8 (Hyogo,
Japan). The storage ring energy was operated at 8 GeV with a
typical current of 100 mA. The Fourier transformation of the
k*-weighted extended X-ray absorption fine structure (EXAFS)
oscillation from k space to r space was performed over the
range 38—160 nm™' to obtain a radial distribution function.
The inversely Fourier filtered data were analyzed with a usual
curve fitting method in the k range of 38—160 nm™" using the
empirical phase shift and amplitude functions for Pd—Pd and
Pd—O shells extracted from the data for Pd foil and PdO,
respectively.

X-ray diffraction (XRD) patterns of the powdered catalysts
were recorded with a Rigaku MiniFlex II/AP diffractometer
with Cu Ka radiation. Average metal particle size was calculated
from the half-width of the peak from the XRD pattern using
Scherrer equation.

The X-ray photoelectron spectroscopy (XPS) measurements
were carried out using a JEOL JPS-900MC with an Al Ka
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anode operated at 20 mA and 10 kV. The oxygen 1s core
electron levels in support oxides were recorded. Binding
energies were calibrated with respect to C 1s at 285.0 eV.

Transmission electron microscopy (TEM) measurements
were carried out using a JEOL JEM-2100F TEM operated at
200 kV.

The adsorption experiment of methylacetate was preformed
using a mixture of methylacetate (0.25 mmol) in H,O (0.5 mL)
and the catalyst (2.5 mg). The mixture was stirred by magnetic
stirrer at room temperature in air for 24 h, then the catalyst was
removed from the mixture by centrifugation. The amount of
methylacetate in the solution was determined by GC using n-
hexanol as the internal standard, and the number of
methylacetate molecules adsorbed on the catalyst was
estimated.

Catalytic Reaction. A typical procedure for the catalytic
reaction is as follows. Pd/C-500Hox (2 mol % Pd with respect
to nitrile) was added to a mixture of nitrile (1 mmol) and water
(2 g) in a pyrex pressure tube under air, and the mixture was
stirred at 95—140 °C. For catalyst screening and kinetic studies,
the reaction mixture was analyzed by GC. After the reaction,
methanol (cosolvent) and a small amount of n-hexanol
(internal standard) were added to the reaction mixture, and
conversion of the nitrile and yields of products were
determined by GC. The products were identified by GC/MS
and GC using commercial amides and carboxylic acids as
standard compounds.

For the scope and limitation study of Pd/C-500Hox, isolated
yields of the amides were determined as follows. After the full
conversion of the nitriles, methanol (6 mL) was added to the
reaction mixture, and the catalyst was removed by centrifuga-
tion, then the solution was evacuated to give the crystalline
product, which was identified by '"H NMR. For the catalytic
reaction by the in situ-reduced Pd/C-S00H, the reaction
mixture was injected to the reduced catalyst inside the glass
tube through a rubber stopper. Then, the mixture was stirred at
100 °C under air.

DFT Calculations. All calculations were performed with the
DMol3 program®**® in the Material Studio of Accelrys Inc. The
Perdew—Burke—Ernzerhof (PBE) generalized gradient func-
tional was employed for the exchange-correlation energy. The
wave functions were expanded in terms of numerical basis sets.
We employed the DND basis set (double numerical basis set
with the d-type polarization functions) for geometry
optimization. Single-point energy calculations were performed
with the larger DNP basis set (double numerical basis set with
the d-type polarization functions for heavy atoms and the p-
type polarization functions for hydrogen atoms). Brillouin zone
integrations are performed on a Monkhorst—Pack®® k-point
grid with a k-point spacing of 0.08 A~" unless otherwise noted.
The transition state was determined using the linear and
quadratic synchronous transit (LST/QST) complete search
method.*” The Pd nanoparticle was modeled by a supercell slab
that consists of a § X S surface unit cell with three atomic (111)
surface layers (lattice constants a = b = 13.8 A). The slab was
separated by a vacuum space with a height of 20 A. The top
layer was fully relaxed, whereas the bottom two layers were
fixed at the corresponding bulk positions. To confirm the
reliability of the selected model, we considered water
decomposition with extended models (6 X 6 surface unit cell,
4 surface layers, and k-point spacing of 0.04 A™'). As
summarized in Table S1, the differences in calculated energies
do not exceed 5 kJ mol™". The lattice constant for bulk Pd was
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predicted to be 3.96 A, which is identical to that from previous
DFT calculations®® and in good agreement with the
experimental value of 3.89 A. The lattice constant is insensitive
to the number of k-points (3.97 A for the k-point spacing of
0.04 and 0.02 A™"), and the electronic energy is well converged
for the k-point spacing of <0.05 A™', as summarized in
Supporting Information Table S2.

B RESULTS AND DISCUSSIONS

Catalyst Characterization. The catalyst was prepared from
a commercial Pd—carbon (named PdO/C). XRD of the as-

Table 1. Curve-Fitting Analysis of Pd k-Edge EXAFS

sample shell N* R (A)® o (A)° R; (%)°
PdO/C (e} 4.3 2.00 0.077 4.3
Pd 1.5 3.00 0.010
Pd/C-100Hox (e} 0.9 1.99 0.053 0.7
Pd 6.6 2.73 0.084
Pd/C-300Hox (@] 0.6 1.96 0.051 0.5
Pd 6.9 2.73 0.078
Pd/C-500Hox Pd 6.9 2.74 0.055 0.8

“Coordination numbers. “Bond distance. “Debye—Waller factor.
“Residual factor.

received Pd—carbon (Figure S1 in the Supporting Information)
showed a broad diffraction line due to PdO. The spectral
feature of X-ray absorption near-edge structures (XANES) for
PdO/C is similar to that for PAO (Supporting Information
Figure S2). The EXAFS of PdO/C (Table 1) consists of two
shells: a Pd—O shell at bond distance (R) of 2.00 A with
coordination number (N) of 4.3 and a Pd—O—Pd shell (N =
1.5 at R = 3.00 A). The TEM result in our previous study”
showed that the particle sizes of the PdO nanoparticles (NPs)
were in a range of 2—5 nm. These results show that the PdO/C
catalyst is composed of small PdO NPs.

The catalyst named Pd/C-500H was prepared by H,
reduction of PdO/C at 500 °C, followed by cooling to room
temperature under He without exposing to air. The number of
surface metallic Pd atoms on Pd/C-500H was estimated by CO
adsorption experiment.** On the basis of this value, the average
particle size of metallic Pd NPs in Pd/C-500H was estimated to
be 6.5 nm (Table 2). Then the catalyst named Pd/C-S00Hox

Pd 3p3p Pd 3ds,
Pd/C-500Hox
3 3 Pd/C-500Hox
& &
> 2>
3 . % .
% i g Pd metal
= 01s = PdO —_ (3354 V)
PdO (530.7 eV) /@
PdO
- - L n N L T
540 535 530 525 345 340 335 330

Binding Energy/ eV Binding Energy/ eV

Figure 1. XPS spectra of PdO and Pd/C-500Hox.

Table 3. Hydration of n-Pentanenitrile

Pd (2 mol%) 0
N ——m
0.5mmol 120 (059) s
140°C, 2 h
entry catalyst conv (%) yield” (%)

1 pdo/c? 16 16
2 Pd/C-500Hox 71 68
3 PdO 0 0
4 Pd black 9 2
5 Pd/TiO, 31 2
6 Pd/ALO, 83 28
7 Pd/ZrO, 26 10
8 Pd/CeO, 44 2
9 Pd/SiO, 2 8
10 Pd/MgO 33 17
11 Pt/C 36 24
12 Ru/C 18 18
13 C 0 0

“Determined by GC. "As-received Pd—carbon.

was prepared by exposing Pd/C-S00H to air at room
temperature.

The XRD of Pd/C-500Hox (Supporting Information Figure
S1) showed the diffraction line at 40.0° due to the (111) of the
Pd metal. As shown in our recent study,” the average size
estimated from TEM analysis is 6.1 + 0.6 nm, which is nearly
consistent with that of Pd/C-500H (6.5 nm). The XANES
feature of Pd/C-S00Hox is similar to that for Pd foil
(Supporting Information Figure S2). The EXAFS of Pd/C-

Table 2. List of Catalysts

catalysts Pd (wt %) Ty,*(°C) Db(nm)

Pd/C-100Hox s 100 5.3 + 0.4
Pd/C-300Hox s 300 6.1+ 05
Pd/C-500Hox s 500 6.1+ 0.6
Pd/C-S00HE s 500 6.5
Pd/TiO, 1 500 49
Pd/ALO, 5 500 6.6
Pd/ZrO, 1 500 36"
Pd/CeO, s 500 43
Pd/SiO, 1 500 59

Pd black 100 300 23"

[0ug]° (umol g™") [0.4]/[Pdyuee)? [CH;0Ac,q]*(mmol g™)
95 17
46 0.94
23 045 428
02 0.004
171
52 035 128
8.5 043 120
0.76
28 2.29 1.85

“Temperatures of reduction in H, (10 min). bAverage metal particle size from TEM. “Number of surface oxygen atoms (O,q). 9Ratio of the number
of O,4's to that of surface Pd atoms estimated from the Pd particle size. “Number of methylacetates adsorbed on the catalyst at room temperature in
water. Conditions: catalyst = 2.5 mg, methylacetate = 0.25 mmol, H,O = 0.5 mL, t = 24 h. fAverage particle size (nm) of supported metal estimated
by CO adsorption.”® £The catalyst was not exposed to air after H, reduction at 500 °C.
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Pd/C-100HOx
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[Oad]/[Pdsurf]

Figure 2. TOF based on the number of surface Pd atom vs the ratio of
the number of O,4's to that of surface Pd atom ([O,4]/[Pd,,]) for
various Pd/C catalysts. Reaction conditions: acetonitrile (0.5 mmol),
H,0 (0.5 g), Pd/C (2 mol %), T = 100 °C.

Table 4. Hydration of Nitriles by Pd/C-500Hox

R-CN + H,0 2 mol% Pd o
0.5mmol  05g 24h R™ "NH,
entry nitrile 7/°C yield * /%
1 SN 120 89, 90°
2° o~ 120 88
3 CH,CN 115 94
4 O 13s 96
5 ot oa3s 85
6 T s 94
7 7 1o 94
8 o 13 74
NG -CN
9 ® 135 93
10 T 185 98
N CN
11 > 135 9%
12 (" s 92
13 (p-ov 125 93

“Isolated yield. “Fourth reuse. 3 mol % Pd, t = 36 h.

500Hox (Table 1) consists of a Pd—Pd shell (N = 6.9 at R =
2.74 A), which is characteristic of Pd metal. These results show
that the bulk structure of the Pd species in Pd/C-500Hox is
metallic Pd. The surface structure of this catalyst was
investigated by XPS. In the XPS spectrum of Pd/C-500Hox
(Figure 1), the Pd 3ds,, peak at 335.4 eV due to metallic Pd
and a shoulder peak around 337.3 eV assignable to Pd(II)
species were observed. In the O 1s region, there is a weak
shoulder at 530.7 eV due to oxygen species of PdO, which

2470

p-Cl

log(kx/kn)

0.4

Figure 3. Hammett plot for hydration of p-substituted benzonitriles.
Conditions; p-substituted benzonitrile (0.5 mmol), H,O (0.5 g), air,
Pd/C-500Hox (2 mol % Pd), T = 140 °C.

Ea=73kJ mol”

1 1
2.7 2.8
10°7" /10°K”
Figure 4. Arrhenius plot for the hydration of acetonitrile. Conditions:
acetonitrile (0.5 mmol), H,O (0.5 g), Pd/C-500Hox (2 mol % Pd).

H H
QM Qa CH;
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N\

CH4CN CHs CH ontai
+Hy0 C H  regeneration of Oy (I-J\ H reorientation
CHC(OHNH HNTTTO 15(4as) 0H----N 0 4

(41.4)

Figure 5. Reaction mechanism and computed relative energies (in kJ
mol™") for the hydration of acetonitrile on the Pd(111) surface
covered with the surface oxygen atom.

overlaps with a Pd 3p,;,, peak at 533.2 eV. These results
indicate the presence of surface oxygen atoms (O,4) on the
metallic Pd NPs.

By changing the H, reduction temperature (100 and 300
°C), we prepared the samples named Pd/C-100Hox and Pd/C-
300Hox, whose average particle sizes from TEM analysis (5.3 +
04 and 6.1 + 0.5 nm) were close to that of Pd/C-500Hox
(Table 2). XRD, XANES, and EXAFS characterizations of these
catalysts showed that the bulk structure of these samples was
metallic Pd NPs, and these catalysts did not contain crystalline
PdO.»

The number of O,4's was estimated from the number of CO,
molecules formed by the reaction of CO + O,y = CO, at 150
°C. The number of O,4's decreased with an increase in the H,
reduction temperature (Table 2). Using the Pd particle size and
the number of O,4's, the ratio of the number of O,4's to that of

dx.doi.org/10.1021/cs3006154 | ACS Catal. 2012, 2, 2467—2474
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Figure 6. Optimized geometries and computed energies for the hydration of acetonitrile on the oxygen atom adsorbed Pd(111) surface. Only the
important part is displayed for clarity. Units in A and k] mol™". The C, N, O, Pd, and H atoms are colored in gray, blue, red, marine blue, and white,

respectively.

surface Pd atoms, [O,4]/[Pd,,¢], was estimated. As shown in
Table 2, the [O,4]/[Pd,y] value, that is, the surface coverage of
O.4's, decreases with the H, reduction temperature. Con-
sequently, a series of Pd NP catalysts with similar Pd size but
with different surface coverage of O,y were prepared. The
reason why the Pd NPs reduced at lower temperature have a
higher loading of O,y on their surfaces may be discussed as
follows. Reduction at lower temperature may lead to Pd metal
NPs with lower degrees of crystallinity, or in other words, larger
numbers of surface defects. Becaue the defects are highly
reactive, the low temperature reduction leads to the higher
coverage of O,4.

2471

Structure—Activity Relationship. As a model reaction,
the selective hydration of acetonitrile to acetamide was studied
at 100 °C. Note that oxidation states of Pd surface could
change during the reaction, so we measured the initial rate of
acetamide formation under the conditions that the acetonitrile
conversions were below 15%. The number of surface Pd atoms
on the Pd NPs was estimated from the Pd particle size in Table
2. For a series of Pd/C catalysts, the turnover frequency (TOF)
per surface Pd atom is plotted as a function of the [O,4]/
[Pd,,] ratio (Figure 2). TOF showed a volcano type
dependence on the [O,]/[Pdy, ratio. The Pd/C-SO0H
catalyst, which was used without exposing the prereduced

dx.doi.org/10.1021/cs3006154 | ACS Catal. 2012, 2, 2467—2474
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Table 5. Energies (k] mol™') along the C—O Bond Formation Process on the Clean Pd(111) Surface

d(C-0)
4.025% 2.500 2.000 1.900 1.800 1.700 1.600 1.550 1.500
energy 0.0 14.9 59.7 73.9 89.0 103.7 117.8 123.8 130.6

“In the following optimized structure, the C, N, O, Pd, and H atoms are colored in gray, blue, red, marine blue, and white, respectively:

@
o
o ‘o ¢ ®
® °
@ ® b
/ 1.323 0303
0047 @ g 1209 '1.088
@, 21459 | @ 2432/ @ e
AT o :
© 51359 " ® ¢ L ) '\,2.36% °® *
® ® ® Y
[ ]
Oaqg + CH3CNy transition state CH3(O)CNgq
0.0 kJ mol! 46.5 kJ mol1 —36.3 kJ mol!

Figure 7. Optimized geometries and computed energies for the direct attack of the oxygen atom on the substrate. Only the important part is

displayed for clarity. Units in A and kJ mol ™.

catalyst to air, with a negligible value of the [O,q]/[Pdg,] ratio
showed no activity. After exposing Pd/C-500H to air at room
temperature, the catalyst (Pd/C-500Hox) showed a TOF of 82
h™. The Pd/C-500Hox catalyst with a [O,4]/[Pd,y] ratio of
0.45 showed the highest TOF, and in a higher coverage region,
the TOF decreased with the [O,4]/[Pd,,] ratio.

As described in the previous section, Pd/C-100Hox, Pd/C-
300Hox, and Pd/C-500Hox do not contain crystalline PdO,
but the EXAFS result (Table 1) shows that the number of
residual oxygen atoms adjacent to Pd increases with a decrease
in the prereduction temperature. Taking into account these
structural results, the volcano type dependence of TON on the
[0,4]/[Pd,,] ratio is discussed as follows. A clean Pd metal
surface is nearly inactive for the catalytic hydration of nitriles.
The copresence of O, and vacant Pd’ sites leads to high
catalytic activity. The decrease in the TOF with the O,
coverage in a high coverage region can be caused by a lower
number of Pd° sites available as a catalytic site. The importance
of the cooperation between metallic Pd° site and the O,gq site in
the catalytic cycle will be confirmed by the DFT study.

The activity of various Pd catalysts for the selective hydration
of n-pentanenitrile to pentaniamide is compared in Table 3.
Clearly, Pd/C-500Hox showed higher activity than commercial
Pd compounds (entries 3, 4), metal oxide-supported Pd
catalysts (entries 5—10), and Pt- or Ru-loaded carbon (entries
11, 12). The role of the carbon support in the Pd-catalyzed
hydration of nitriles is discussed as follows. As shown in Table
2, the surface oxygen coverages of Pd/Al,0; (0.35) and Pd/
ZrO, (0.43) are relatively close to that of Pd/C-S00Hox (0.4S),
but the catalytic result in Table 3 shows that the activity of Pd/
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C-500Hox is more than two times higher than those of Pd/
AlL,O; and Pd/ZrO,. To compare the hydrophobic nature of
the support, we carried out an adsorption experiment of
methylacetate in water. The number of methylacetates
adsorbed on the catalyst at room temperature in water after
24 h is listed in Table 2. It is found that Pd/C-500Hox shows a
larger adsorption capacity than Pd/AlL,O; and Pd/ZrO,,
indicating the higher hydrophobicity of Pd/C-500Hox than
the latter catalysts. A comparison of this result with catalytic
data (Table 3) suggests that the hydrophobic nature of the
carbon support leads to a higher catalytic activity for the
hydration of n-pentanenitrile in water, possibly because of a
larger interaction of the carbon surface with n-pentanenitrile
than the oxide surface.

Catalytic Performance. Next, we examined the catalytic
performance of Pd/C-500Hox (2 mol %), as shown in Table 4.
Hydration of n-pentanonitrile was carried out by Pd/C-500Hox
at 120 °C for 24 h (entry 1). After the separation of the catalyst,
followed by evaporation of the filtrate, the corresponding amide
was obtained with high isolated yield (89%). No byproducts
were observed by GC and 'H NMR analyses. The TOF based
on the total Pd atoms is 1.8 h™", which is an order of magnitude
larger than that of Ag/SiO, (0.2 h™" at 160 °C) reported in our
previous study.”® Then the catalyst was retrieved from the
mixture by centrifugation. After washing the removed catalyst
with water, followed by drying at 90 °C for 12 h, the catalyst
showed a lower amide yield (75%) under the same conditions.
Note that the number of O,y's in the spent catalyst (86 umol
g™') was larger than that of the fresh catalyst (23 ymol g*).
Thus, the observed deactivation can be due to a further
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oxidation of the Pd surface during the reaction for 24 h and the
subsequent drying treatment. However, after H, reduction at
500 °C followed by air exposure at 25 °C, the recovered
catalyst was reused at least four times without catalyst
deactivation (entry 1). Other aliphatic nitriles (entries 2,3),
aromatic nitriles (entries 4—7), a,f-unsaturated nitrile (entry
8), and heteroaromatic nitriles (entries 9—13) were also
selectively hydrated to the corresponding amides in good
isolated yields (88—98%). Several effective catalytic systems for
the selective hydration of in water are already known. The
catalytic properties of Pd/C-500Hox for the selective hydration
of n-hexanenitrile and pyradinenitrile in water are compared
with those of previous heterogeneous catalysts in Supporting
Information Tables S3 and S4, respectively. To the best of our
knowledge, this is among rare catalysts”' that are effective for
both a less reactive aliphatic nitrile (n-hexanenitrile) and a
highly coordinative nitrile (pyradinenitrile) at relatively low
temperatures (95—120 °C) and low catalyst loading (2 mol %).

Kinetic Studies. To discuss the reaction mechanism, we
carried out kinetic studies using Pd/C-500Hox. First, the
kinetic isotope effect (KIE) for the acetonitrile hydration was
studied at 100 °C; the initial rate (ry, rp) with H,O and D,0
were measured at the same conversion level (10%). The
secondary KIE (ry/rp) of 1.2 was observed, indicating that
H,O dissociation is kinetically important, but other steps are
kinetically more relevant. Next, we examined the relationship
between the relative rates and the Hammett parameter (o) for
the hydration of p-substituted benzonitriles (Figure 3). There is
a good linearity between log(kx/ky) and o, giving a positive
slope (p = 0.47), indicating that a transition state in the rate-
limiting step of the catalytic reaction has a negative charge at
the a-carbon atom adjacent to the phenyl group. Considering
the KIE of 12, the positive p value suggests that the rate-
limiting step includes a nucleophilic addition of OH’™ species
to the nitrile carbon atom of nitrile species via a negatively
charged transition state. An Arrhenius plot for the acetonitrile
hydration (Figure 4) showed the activation energy of 73 kJ
mol ..

DFT Calculation Studies. On the basis of the above
findings, we explored a possible reaction pathway for the
hydration of acetonitrile on the Pd(111) surface with an O,q
species using periodic DFT calculations. Note that the Pd
particle size of 6.1 nm in Pd/C-500Hox indicates that a
majority of the surface metal atoms are at plane sites. Thus, the
Pd nanoparticle is reasonably modeled by the Pd(111) periodic
slab. The reaction mechanism and energetics are schematically
represented in Figure S. The optimized structures are shown in
Figure 6. The first step (1 — 2) is water dissociation on the
surface, where O, acts as a Breonsted base for the proton
abstraction from H,O, leading to the formation of two OH
groups on the Pd surface. The water molecule and the surface
oxygen atom are on the top and 3-fold sites, respectively, in the
most favorable coadsorption state of 1. A strong hydrogen
bond of 1.923 A is formed between the water molecule and O,4
in 1 because O,4 is negatively charged (—0.65) by the nearest
three Pd atoms (+0.21 on average). The acetonitrile molecule is
coadsorbed on the top of Pd and is weakly bonded to the
oxygen atom of the water molecule; the Pd-N and C--O
distances are 2.157 and 3.994 A, respectively. Then the water
molecule is deprotonated by the O,4 site with an activation
energy of 35.1 k] mol™'. The water dissociation process is
endothermic by 20.5 kJ mol™". These results are consistent with
the previous DFT studies.”>*® In the absence of O, the
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activation barrier for the water decomposition on a Pd(111)
surface is 105 kJ mol™". Thus, the water decomposition is
unlikely to occur on the clean Pd surface due to the much
higher activation barrier.

We considered a direct attack of the water molecule to the
carbon atom of the adsorbed acetonitrile on a clean Pd(111)
surface to rule out the possibility that the hydration reaction
proceeds without the activation of water molecules by the
surface oxygen atom. We scanned the potential-energy surface
along the C—O coordinate using partial optimization (Table 5).
The potential-energy surface ascends steeply with the decrease
in the C—O distance. The relative energy was calculated to be
130.6 k] mol™ (at the C—O distance of 1.500 A), which is
much higher than the experimentally determined activation
energy. These computational results support our proposal that
the surface oxygen atom is required to produce active OH
species on the Pd surface.

The C---O distance between the nitrile carbon atom and the
OH group derived from the water molecule is shortened from
3.994 in 1 to 3.700 A in 2, which indicates that the negatively
charged OH group attracts the nitrile carbon atom of the
coadsorbed acetonitrile molecule. The nucleophilic attack of
the OH species occurs via TS(2 — 3) to form a C—O bond. In
the transition state, the acetonitrile molecule migrates to a
neighboring top site, whereas the OH group remains nearly at
the initial position. The C---O distance was calculated to be
1.902 A in the transition state. The activation barrier of the C—
O bond formation is 61.0 k] mol™ measured from 1. The
calculated activation energy is in good agreement with the
experimental value of 73 k] mol™". It is worth noting that pure
DFT methods tend to underestimate barrier heights for
chemical reaction.*® Thus, the calculated barrier is quite
reasonable. TS(2—3) is energetically highest in the reaction
pathway, and the overall reaction is exothermic. Thus, the C—O
bond formation is the rate-determining step in the reaction,
which is consistent with the observed low KIE value of 1.2. The
atomic charge of the nitrile nitrogen atom decreases from
—0.17 in 2 to —0.37 in 3 upon addition of the negatively
charged OH species to the acetonitrile molecule. The N---Pd
distance varies from 2.138 A to 2.008 in the course of the C—O
bond formation, which implies that the Pd surface promotes
the nucleophilic attack by partially accepting the negative
charge on the nitrogen atom. The reorientation of the
intermediate (3 — 4) readily takes place as a result of the
Coulombic interaction between the remaining OH group and
the negatively charged nitrogen atom, this step being 13.3 kJ
mol ™" exothermic. In the final step (4 — §), the nitrogen atom
accepts a proton from the OH group with the regeneration of
the O,y site. This step is exothermic by 29.3 k] mol™, with an
activation energy of 37.6 k] mol™'. Thus, the O, site is
efficiently regenerated on the Pd surface in the catalytic cycle,
which would be a key mechanistic feature of the catalyst for the
high TON. The produced hydrated nitrile species is released
into the solvent and is easily converted into acetamide with the
aid of a bridging water molecule (Figure S3).

For the purpose of comparison, we investigated the direct
attack of the surface oxygen atom to the coadsorbed acetonitrile
molecule in the absence of water molecules, as shown in Figure
7. The direct attack is an undesired dead-end reaction because
the surface oxygen atoms, which are responsible for the water
activation, are consumed. Our DFT calculations show that the
direct attack is exothermic by 36.3 kJ mol™", with an activation
energy of 46.5 kJ mol™". This barrier is 11.4 kJ mol "' higher
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than that for the water decomposition, indicating that the water
decompostion is more facile than the direct attack.
Furthermore, the coadsorbed water molecule would suppress
the undesired reaction because the strong hydrogen bond
between the water molecule and the surface oxygen atom does
not allow direct contact of acetonitrile with the surface oxygen
atom.

Summarizing the theoretical and experimental (kinetic)
studies on the acetonitrile hydration by the Pd NPs catalyst,
a catalytic cycle was clarified as shown in Figure 5. A key feature
is a bifunctional mechanism between metallic Pd and O,
where O,4 as a Bronsted base site plays an important role in the
dissociation of water via hydrogen bonding. This model is
basically consistent with a well-known concept of “bifunctional
catalysis”, in which the metal center acts as a Lewis acid,
activating the nitrile molecule, and the ligand acts as a Bronsted
base, generating the nucleophile (OH~ group) from
water.”~">"* An important insight from our conclusion is that
the highly active bifunctional heterogeneous catalyst can be
easily prepared from a commercial precatalyst by simply adding
the oxygen atoms on the surface of the Pd metal NPs.

H CONCLUSION

On the basis of the well established fact in surface science that
oxygen-adsorbed Pd surfaces show higher reactivity for water
dissociation than clean Pd surfaces, we have found that the
carbon-supported Pd NPs partially covered with O,4 act as a
highly effective and reusable heterogeneous catalyst for the
selective hydration of nitriles to amides. Fundamental studies
clarified a cooperative mechanism between metallic Pd and O,
where O,q as a Bronsted base site plays an important role in the
dissociation of water via hydrogen bonding. These findings
demonstrate that a surface-science-driven strategy is useful to
design new metal NPs catalyst for green organic reactions
involving water dissociation as a critical step.
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