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A  series  of  silica-supported  silver  catalysts  with  similar  Ag loading  (5 or 7  wt%)  but  with  different  prepa-
ration  methods  (calcination  in  air  and  reduction  by  H2 or NaBH4) were  prepared,  and  their structure  was
characterized  by  microscopy  (STEM),  X-ray  absorption  fine  structure  (XAFS),  and  CO-titration  of  surface
oxygen atom.  Ag  is  present  as  metal  nanoparticle  with  a size  range  of  17–30  nm.  Their  surface  was  partially
covered  with  oxygen  atoms,  and  the  surface  coverage  of  the  oxygen  depends  on  the  preparation  condi-
tion.  For  hydration  of  2-cyanopyridine  as  a  test  reaction,  turnover  frequency  (TOF)  per  surface  Ag  species
itriles
mides
urface oxygen
anoparticles
ilver

is estimated.  TOF  does  not  show  a  good  correlation  with  Ag  particle  size,  but  it  linearly  increases  with
the  coverage  of  the  surface  oxygen  atoms  on  Ag  particles.  The  Ag/SiO2 catalyst  prepared  by H2 reduction
at  700 ◦C  shows  the  highest  TOF  and  it  acts as  effective  and  recyclable  heterogeneous  catalyst  for  selec-
tive  hydration  of  various  nitriles  to  the  corresponding  amides.  Kinetic  and  Raman  spectroscopic  studies
suggest  that  the  surface  oxygen  atom  adjacent  to  Ag0 sites  plays  an  important  role  in the  dissociation  of
H2O.

© 2012 Elsevier B.V. All rights reserved.

. Introduction

Hydration of nitriles to the corresponding amides is an impor-
ant transformation from both organic chemistry and industrial
oints of view. Conventional methods of nitrile hydration with
trong acid or base catalysts have drawbacks such as over-
ydrolysis of amides into carboxylic acids and the formation of
alts after neutralization of the catalysts [1].  Homogeneous catalytic
ystems using complexes [2–7] and colloids [8,9] of transition met-
ls under neutral conditions have been reported. However, they
ave disadvantages such as difficulty in catalyst/product separa-
ion, use of organic solvent, high price of ligands and platinum
roup metals, and low activity for hydration of heteroaromatic
itriles because of their strong coordination to the metal centers.
se of recyclable heterogeneous catalyst in water is an ideal system

rom environmental and practical viewpoints [10–18].  Previously,
ugiyama et al. [11] reported that hydration of acrylonitrile by
iO2-supported Ag catalyst gave 100% selectivity to acrylamide at
5 ◦C, though its activity was much lower than other metal cata-

ysts. Mitsudome et al. [15] developed hydroxyapatite-supported
g nanoparticles (AgHAP) which effectively catalyzed the selective

∗ Corresponding author. Fax: +81 11 706 9163.
E-mail address: kshimizu@cat.hokudai.ac.jp (K.-i. Shimizu).

hydration of aromatic and heteroaromatic nitriles, though the cat-
alyst was not effective for less reactive aliphatic nitriles.

Unsupported or supported large Ag particles are well estab-
lished catalysts for partial oxidation reactions and are the
commercial catalysts for production of ethylene oxide and
formaldehyde [19]. Salts of Ag(I) are effective homogeneous Lewis
acid catalysts in organic synthesis [20]. In the research area of
organic synthesis, however, less attempts have been focused on
catalytic properties of metallic Ag species [15,21,22] (nanoparticles
and nanoclusters) compared with well known catalysts based on
platinum-group-metals, Ni, Cu, and Au. Our group has paid atten-
tion to unique catalytic properties of Ag clusters for a series of
organic reactions involving C H and H H activation as a key step,
such as dehydrogenation of alcohols, one-pot C C and C N bonds
formation reactions using alcohols, and selective hydrogenation.
We have found general tendencies that Ag clusters with size below
a few nanometers give higher TOF than larger Ag nanoparticles,
which indicates that coordinatively unsaturated Ag atom plays an
important role [22]. In contrast, Mitsudome et al. [15,21] reported
that relatively large Ag nanoparticles (7.6 nm)  on HAP showed sig-
nificantly high activity for selective hydration reactions (silanes to
silanols and nitriles to amide). These findings lead us to hypoth-
esize that relatively large Ag metal particles may  have a specific
site for dissociative activation of water. However, experimental
and theoretical studies of water adsorption on Ag surfaces have
established that water dissociation does not occur on clean Ag sur-
faces [23,24] but occurs on the Ag surface precovered with oxygen

926-860X/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
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Fig. 1. A STEM image and particle size distribution of Ag/SiO2-17.

atoms (Oad) to yield surface OH species [25–28].  On the other hand,
some of the homogeneous [2–7] and heterogeneous [12] catalysts
effective for the selective hydration of nitriles employed a design
concept of so-called “bifuctional catalysis”; cationic metal center
acts Lewis acid, activating the nitrile molecule, and the ligand acts
as a Brønsted base, generating the nucleophile (OH− group). Based
on these reports, we assumed that hydration of nitriles by Ag metal
particles catalyst could be promoted by Oad which could act as co-
catalyst for dissociative activation of H2O. We  report herein that
SiO2-supported Ag nanoparticles partially covered with Oad act as
effective and recyclable heterogeneous catalysts for in this reac-
tion. Kinetic studies and the effect of the Oad coverage on TOF are
studied to discuss a catalyst design concept.

2. Experimental

SiO2 (Q-15, 198 m2 g−1) was supplied from Fuji Silysia Chemi-
cal Ltd. The Ag(I)-loaded precursor was prepared by impregnating
SiO2 (10 g) with an aqueous solution of silver nitrate (0.046 M)  fol-
lowed by evaporation to dryness at 80 ◦C, and by drying at 100 ◦C for
20 h. A series of SiO2-supported silver catalysts with different silver
particle size (D/nm, denoted as Ag/SiO2-D, were prepared by calci-
nation of the Ag(I)-loaded precursor in an oven under air, followed
by reduction in a flow of 1% H2/He (flow rate of 100 cm3 min−1) for
10 min, followed by exposing the catalyst to air at room tempera-
ture. The catalyst named Ag/SiO2-17B was prepared by reducing the
Ag(I)-loaded precursor (5 g) with aqueous solution (10 g) of NaBH4
(0.04 g) at 30 ◦C for 0.5 h, followed by centrifugation and by washing
with water until the pH of the solution was below 8. The Ag load-
ing, temperatures of calcination (Tcal) and reduction (TH2) and the
average metal particle size are summarized in Table 1. Ag/SiO2-17
was used as a standard catalyst.

High angle annular dark field scanning TEM (HAADF-STEM)
image was recorded using a HD-2300S (Hitachi) microscope
operated at 200 kV. Transmission electron microscopy (TEM) mea-
surement was carried out using a JEOL JEM-2100F TEM operated at
200 kV.

X-Ray diffraction (XRD) patterns of the powdered catalysts were
recorded with a Rigaku MiniFlex II/AP diffractometer with Cu K�
radiation. Average metal particle size was calculated from the half-
width of the Ag (1 1 1) peak at 38.1◦ in the XRD pattern using
Scherrer equation.

The number of oxygen atoms on the catalysts was estimated
from the number of CO2 molecules formed by the reaction of
CO + Oad = CO2 at 350 ◦C. The catalysts (stored under air at room
temperature) was placed in a fixed-bed flow reactor (inner diam-
eter = 4 mm)  at 350 ◦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 cm3 min−1,
and the effluent gas was continuously analyzed by nondispersive

infrared CO/CO2 analyzers (Horiba VIA510). Note that CO2 might
be produced via the water-gas shift reaction (CO + H2O = CO2 + H2).
In a separate experiment using Ag/SiO2-17, a possible formation of
H2 during the above reaction of Oad with CO at 350 ◦C was checked
by on-line mass spectroscopy (BEL Mass, BEL Japan, Inc.). The result
showed no formation of H2, which confirmed that the determina-
tion of the number of Oad with our method was  adequate.

Raman spectra, with a resolution of 3 cm−1, were collected at
room temperature with a NRS-1000 Raman spectrometer equipped
with a microscope and a 532.3 nm laser as an excitation source. Two
scans were accumulated, and each scan required 7 min. Powders of
a freshly prepared Ag/SiO2-17 (ca 10 mg)  was  immediately placed
on a glass plate under ambient condition, and a Raman spectrum
was  measured ex situ. Then, H2O (ca 50 mg)  was dropped to the
sample, and Raman spectrum was  measured under ambient condi-
tion. After 45 min, the spectrum of the dry Ag/SiO2-17 sample was
measured.

Commercially available organic compounds (from Tokyo Chem-
ical Industry or Kishida Chemical) were used without further
purification. The GC (Shimadzu GC-14B) and GCMS (Shimadzu
GCMS-QP2010) analyses were carried out with Ultra ALLOY cap-
illary column (Frontier Laboratories Ltd.) using nitrogen or He as
the carrier gas.

For catalytic tests, Ag/SiO2-17 (45 mg,  3 mol% Ag with respect
to nitrile), nitrile (1 mmol) and water (2 g) were added to a pyrex
reaction vessel equipped with a condenser. After being sealed with
a rubber cap, the vessel was  heated at 140 ◦C under air. The reac-
tion mixture was  refluxed and was stirred at 500 rpm. Note that
2-cyanopyridine was  not completely dissolved in water at room
temperature, but it was dissolved in water at 140 ◦C. After the
reaction, the reaction mixture was  analyzed by GC. Products were
identified with GCMS and GC using commercial amides and car-
boxylic acids as standard compounds. After the reaction, methanol
(co-solvent) and small amount of n-hexanol (internal standard)
were added to the reaction mixture, and conversion of a nitrile
and yields of products were determined by GC. In separate cat-
alytic experiments, after complete conversion of nitriles, methanol
(6 mL)  was  added to the reaction mixture, and then Ag/SiO2-17 was
removed by centrifugation. The solution was  evacuated at 50 ◦C to
give the crystalline product, which was identified by 1H-NMR (see
the Supporting Information).

3. Results and discussions

3.1. Characterization of SiO2-supported Ag species

A representative STEM micrograph and Ag particle size distribu-
tion of a representative catalyst (Ag/SiO2-17) are shown in Fig. 1.
The particle size analysis, conducted on 151 particles, shows an
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Table  1
List of catalysts.

Catalysts-Da Ag loading (wt%) Tcal
b/◦C TH2

c/◦C Da/nm Oad coveraged (%)

Ag/SiO2-30 5 900 – 30.3 5
Ag/SiO2-25 5 500 900 25.4 4
Ag/SiO2-17 7 500 700 17.5 (17.4)e 22
Ag/SiO2-17B 7 500 (NaBH4)f 16.9 7

a Average particle size (nm) of supported metal estimated by XRD using the Scherrer formula.
b Temperatures of calcination.
c Temperatures of reduction in 1% H2/He(5 min).
d Coverage of surface oxygen atom (Oad) on Ag metal particle. The number of surface Ag atom was  estimated from the particle size, and the number of Oad was  estimated

by  its reaction with CO to CO2 at 350 ◦C.
e Average Ag particle size was estimated from STEM analysis.
f Ag(I) species in the catalyst was reduced by aqueous solution of NaBH4.

average size of 17.4 ± 8.2 nm.  The extended X-ray absorption fine
structure (EXAFS) showed the formation of metallic Ag (Figs. S1 and
S2, Table S1).  The XRD result of Ag/SiO2-17 (not shown) showed a
diffraction line at 38.1◦ due to Ag metal. The average size of Ag
crystallites estimated using Scherrer equation is 17.5 nm,  which is
nearly consistent with the size from STEM analysis.

It is reasonable to assume that the surface of the SiO2 support
is not reduced by CO at 350 ◦C. Thus, the number of oxygen atoms
on the Ag metal surface, [Oad], can be estimated from the num-
ber of CO2 molecules formed by the reaction of CO + Oad = CO2 at
350 ◦C. Although the catalyst was prepared by H2 reduction of a
pre-calcined catalyst at 700 ◦C, Oad could be formed on Ag after
exposing the reduced catalyst to ambient condition. The number
of surface Ag atoms, [AgS], was estimated from the average Ag
particle size (from XRD analysis). Using the numbers of surface
Ag atoms and Oad, the surface coverage of Oad (�O) defined as
�O = [Oad]/[AgS] × 100 was  estimated (Table 1). Note that Ag/SiO2-
17B, prepared by liquid phase reduction by NaBH4, has nearly the
same Ag size with Ag/SiO2-17 but has lower Oad coverage.

By changing the temperatures of calcination and H2 reduction,
Ag/SiO2–25 and Ag/SiO2–30 were prepared. XRD patterns of these
samples and Ag/SiO2-17B showed diffraction lines due to Ag metal.
It is shown that Ag species in the catalysts shown in Table 1 are
metallic Ag, which implies that bulk structure of Ag does not depend
on the preparation condition. The average size of Ag metal crystal-
lites estimated by Scherrer equation and the surface coverage of
Oad are listed in Table 1.

3.2. Structure–activity relationship

We  carried out hydration of 2-cyanopyridine in water at 140 ◦C
as a model reaction. Considering the previous result by Sugiyama
et al. that Ag/SiO2-catalyzed hydration of a nitrile to amide at low
temperature (75 ◦C) resulted in low yield of amide (1.5%) [11], we
adopted a relatively high reaction temperature (140 ◦C). The cat-
alytic results for various Ag catalysts are compared in Table 2.
2-Picolinamide as a desired product was selectively produced by
these catalysts. The initial rate of the amide formation was  mea-
sured under the condition where the conversion was  below 30%.
Among various Ag/SiO2 catalysts, Ag/SiO2-17 showed the highest
rate of amide formation. Ag powder showed lower reaction rate
than Ag/SiO2-17. Consequently, Ag/SiO2-17 was found to be the
most active catalyst.

Using the initial rate in Table 2 and the number of surface Ag
atoms, TOF per surface Ag species was calculated. For a series of
Ag/SiO2 catalyst, the TOF is plotted as a function of the diameter
of Ag nanoparticles in Fig. 2. There is no clear relation between
TOF and the particle size. In contrast, as shown in Fig. 3, the TOF
depended strongly on the coverage of Oad. TOF increases with
increase in the surface coverage of Oad, and the Ag/SiO2-17 catalyst
shows the highest TOF.

Table 2
Catalytic hydration of 2-cyanopyridine in water.a

Catalysts Conv. (%) Yield. (%) Rateb/mmol g-Ag
−1 h−1 TOFc/h−1

Ag/SiO2-30 8 6 83 208
Ag/SiO2-25 14 4 41 81
Ag/SiO2-17B 25 25 222 285
Ag/SiO2-17d 41 37 513 667
Ag  powdere 9 8 13 24
SiO2

f 3 2 – –

a Conditions: 2-cyanopyridine (1.0 mmol), H2O (3 g), catalyst (0.01 mmol Ag),
t  = 1 h, T = 140 ◦C. Conversion and yield of 2-picolinamide were determined by GC.

b Initial rate of the formation of 2-cyanopyridine per gram of Ag in the catalyst
measured under the condition in which conversions were below 50%.

c TOF calculated using the number of surface Ag atom and the initial rate.
d
 t = 0.4 h.
e catalyst (0.06 mmol Ag).
f SiO2 = 0.02 g.

3.3. Catalytic performance of SiO2-supported Ag

Next, the scope of nitriles for the reaction catalyzed by Ag/SiO2-
17 was examined. As shown in Table 3, the present hydration
method showed substrate generality with respect to aliphatic, aro-
matic, heteroaromatic, and �,�-unsaturated nitriles. Hydration of
2-cyanopyridine at 140 ◦C for 3 h gave 2-picolinamide with 98%
yield (entry 1). After the hydration of 2-cyanopyridine (entry 1),
the catalyst was retrieved from the reaction mixture by centrifu-
gation. After washing the removed catalyst with water followed
by drying in air at for 12 h, the catalyst showed a lower amide
yield (83%) under the same condition. TEM measurement of the

Ag/SiO2-17 catalyst after the first cycle showed an average Ag size
of 20.8 ± 14.3 nm (Figs. S3 and S4). The size and distribution were
increased by the reaction. This will be one of the main reasons of
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Fig. 2. TOF based on the number of surface Ag atom vs particle size of Ag in Ag/SiO2.
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Table 3
Hydration of various nitriles under various conditions by Ag/SiO2-17.a

Entry Nitrile t/h T/ ◦C Yield (%)

1 N CN 3 140 98
2b 91
3c 92

4

N
CN

9 160 91

5 N

CN

12 160 96

6

S
CN

3 160 94
7

N

N CN 0.5 140 92d

8e 48 85d

9

CN

 48 160 57

10

CN

 48 160 55

11

CN

MeO 48 160 69

12

CN

F 48 160 94

13

CN

O2N 12 160 95

14

CN

Cl
 40 160 95

15

CN

 15 160 92

16g CN 48 160 71(7f)

17g CN 24 160 86

18g CN 48 160 90

a Conditions: nitrile (1 mmol), catalyst (0.03 mmol  Ag), water (2 g). Conversion and yield of amides were determined by GC.
b Reuse 1.
c Reuse 2.
d Isolated yield of the amide.
e Conditions: nitrile (5 mmol), catalyst (0.0025 mmol  Ag), water (2 g).
f Yields of the corresponding carboxylic acid.
g catalyst (0.09 mmol Ag).
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Fig. 3. TOF based on the number of surface Ag atom vs coverage of the surface
oxygen on Ag metal particle.

a decrease in the catalytic activity. However, after calcination of
the recovered catalyst at 500 ◦C for 0.5 h, followed by reduction in
1% H2/He at 700 ◦C for 10 min, the recovered catalyst was reused at
least two  times without marked loss of its catalytic activity (entries
2, 3).

Other heteroaromatic nitriles such as 3-cyanopyridine, 4-
cyanopyridine, 2-thiophencarbonitrile and prazinecarbonitrile
(entries 4–7) and aromatic nitriles (entries 9–14) were also selec-
tively hydrated to the corresponding amides in moderate to high
yield (55–99%). The �,�-unsaturated nitrile, cinnamnitrile, was
selectively hydrated to afford the corresponding �,�-unsaturated
amide (entry 15). Notably, the less reactive aliphatic nitriles were
also hydrated to the corresponding aliphatic amides in good to
high yield (entries 16–18). A larger scale reaction (entry 8) of
prazinecarbonitrile (6 mmol) with small amount of Ag/SiO2-17
(Ag = 0.3 mmol, 0.05 mol%) for 48 h gave 85% isolated yield of the
corresponding amide (turnover number of 1750), after the sepa-
ration of the catalyst, followed by evaporation of the filtrate. No
by-products were observed by GC and 1H NMR  analyses.
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0.01 mmol Ag), H2O (3 g), 140 ◦C.

.4. Kinetic and mechanistic studies

To discuss the mechanism, we carried out kinetic studies for
he hydration of 2-cyanopyridine by Ag/SiO2-17. First, we exam-
ned the dependence of the reaction rate on the 2-cyanopyridine
oncentration (Fig. 4A). Initially, the rate of amide formation lin-
arly increases with an increase in the concentration of the nitrile
0–0.6 M)  and then levels off at higher concentration. A good linear
orrelation is observed in a Lineweaver–Burk plot (Fig. 4B), indi-
ating that the reaction follows Michaelis–Menten-type kinetics:
0

−1 = a + b·S0
−1 (a = 1.5 h M−1, b = 1.9 h), where S0 is the initial con-

entration of 2-cyanopyridine and V0 is the initial rate of amide
ormation. This suggests that the free nitrile and an adsorption
ite on the silver catalyst are in equilibrium with the nitrile-Ag
dsorption complex as a reaction intermediate, which is then irre-
ersibly converted to give the product and the latter step is the
ate-limiting step. Note that a plot of S0/V0 vs S0 (Fig. S5)  does not
ive a linear correlation, indicating that the mechanism does not fit
o Langmuir–Hinshelwood type of equation. Kinetic isotope effect,
efined as the ratio of the rate with 2-cyanopyridine/H2O and 2-
yanopyridine/D2O mixtures (rH/rD), was studied at 140 ◦C. Note
hat the initial rate with H2O and D2O (rH and rD) were measured
nder the same conversion level (41%). The result showed a sec-
ndary kinetic isotopic effect (rH/rD = 1.3). This indicates that H2O
issociation on the catalyst is kinetically important, but some ele-
entary steps other than O H dissociation are kinetically more

elevant. Arrhenius plots for the hydration of 2-cyanopyridine
in a temperature range of 25–140 ◦C) and pyrazinecarbonitrile
25–120 ◦C) in water by Ag/SiO2-17 are shown in Fig. S6.  Appar-
nt activation energies for the reaction of 2-cyanopyridine and
yrazinecarbonitrile were 48 and 44 kJ mol−1.

Next, we examined the relationship between the relative rates
nd the Hammett parameter (�) for the hydration of benzonitriles

Fig. 5). To study the substituent effect, hydration of benzonitrile
erivatives were tested under the condition shown in Fig. 5 where
ll derivatives were dissolved. It was found that substituents bear-
ng electron-withdrawing groups were more reactive than those
Fig. 5. Hammett plot for hydration of p-substituted benzonitriles. Conditions: nitrile
(0.1 mmol), Ag/SiO2-17 (0.1 mmol  Ag), H2O (3.0 g), 140 ◦C.

bearing electron-donating groups. There is a fairly good linearity
between log(kX/kH) and � giving a positive slope (� = 3.6), indicat-
ing that a transition state in the rate-limiting step of the catalytic
reaction have a negative charge at the �-carbon atom adjacent
to the phenyl group. Taking the Michaelis–Menten-type kinetics
(Fig. 4B) and the relatively low kinetic isotope effect (rH/rD = 1.3)
into account, the positive � value suggests that nucleophilic addi-
tion of OH�− species to the nitrile carbon atom of adsorbed nitrile
species via a negatively charged transition state is the rate-limiting
step.

Previous density functional theory (DFT) calculations estab-
lished that water dissociation on clean Ag surfaces around
140–160 ◦C is unfavorable from both kinetic and thermodynamic
viewpoints [23,24]. Zhang and Whitten reported that the H2O
adsorption energies for the atop, bridge and hollow sites on the
surface of Ag31 cluster is 0.14, 0.19, and 0.24 eV [23]. These val-
ues are comparable to the hydrogen bond energy between H2O
molecules (0.22 eV) [29], indicating that H2O weakly adsorbs on
the clean Ag surfaces. Gomes et al. recently reported systematic
DFT studies on water dissociation on the surfaces of various metals
(Co, Ni, Cu, Ru, Rh, Pd, Ag, Ir, Pt, Au) and showed that Ag was the least
reactive metal from both kinetic and thermodynamic viewpoints.
Gibbs free energy for the water dissociation at 190 ◦C on Ag(1 1 0) is
calculated to be +121.4 kJ mol−1 [24]. However, a DFT  study by Mon-
toya and Haynes [25] showed that H2O dissociates more readily on
an oxygen-dosed Ag(1 1 1) surface as opposed to a clean Ag(1 1 1)
surface because pre-existing oxide provides a low-barrier route to
surface products. Heat of reaction for water dissociation on the
oxygen-dosed Ag(1 1 1) surface was  calculated to be −86.5 kJ mol−1

[25]. The DFT study by Wang et al. [26] demonstrated that oxy-
gen atom-preadsorbed Ag surface had higher activity in O H bond
cleavage of water than clean Ag surface. According to linear free
energy (Brønsted-Evans-Polanyi) relationships widely observed in
heterogeneous catalysis [24,26,30],  it is expected that the reaction
barrier for the water dissociation on the oxygen atom-adsorbed
Ag surface is significantly lower than that on the clean Ag surface.
Experimentally, water dissociation on clean and oxygen precovered
Ag surfaces has been one of the popular system in the research area
of surface science [27,28].  Oxygen atom (Oad) covered Ag metal sur-
faces have proved to be highly reactive for water dissociation; the
formation of OH has been observed above 200 K, following the reac-
tion path of H2O + Oad → 2OHad [27]. Hydrogen bond between Oad
and a H atom in H O plays an important role in this reaction [28].
2

To give a direct evidence on the OH formation over Ag/SiO2-17,
ex situ Raman spectroscopy was  employed. Fig. 6 shows changes
in the Raman spectra of Ag/SiO2-17 during successive treatments.
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surfaces has been confirmed in several systems using surface sci-
ence techniques [38,39]. Gong and Mullins [38] and Friend and
co-workers [39] independently reported that an oxygen atom on
Au(1 1 1) acted as basic co-catalyst that promotes various organic
reactions at low temperatures. These examples, coupled with find-
ings in the present study, suggest that cooperation of metal surface
and the surface oxygen as a basic co-catalyst may  open new pos-
sibilities for the tailoring of supported metal catalysts for green
organic reactions.

4. Conclusion

Based on the well established fact that oxygen-adsorbed Ag sur-
faces show higher reactivity for water dissociation than clean Ag
surfaces, we have developed the SiO2-supported Ag particles with
the surface oxygen atoms (Oad) as a highly effective heterogeneous
catalyst for hydration of nitriles. A linear correlation between TOF
and the coverage of Oad is shown, which indicates that Oad is indis-
pensable for this catalytic system. The Ag/SiO2 catalyst with Ag size
of 17 nm and oxygen coverage of 22% shows the highest TOF.

The catalyst has a high synthetic utility, because it is reusable
and shows high activity for selective hydration of aliphatic,
aromatic, heteroaromatic, and �,�-unsaturated nitriles to the cor-
responding amides. Fundamental studies suggest a cooperative
mechanism between metallic Ag and Oad (oxygen atoms adjacent
to the active Ag sites), and Oad as a Brønsted base site should play an
important role in the dissociation of water. These findings demon-
strate that a surface science driven strategy is useful to design a new
Ag catalyst for green organic reactions involving water dissociation
as a critical step.
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