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ABSTRACT: A mixture of Pd(OAc)2 and TBA4[γ-SiW10O34(H2O)2]
(TBA-SiW10, TBA = [(n-C4H9)4N]

+) showed high catalytic activities
for hydration of various kinds of structurally diverse nitriles including
aromatic, aliphatic, heteroaromatic, and double bond-containing ones.
For hydration of 3-cyanopyridine, the turnover frequency was 860 h−1,
and the turnover number reached up to 670. A dipalladium-substituted
γ-Keggin silicodecatungstate, [γ-H2SiW10O36Pd2(OAc)2]

4− (I), was successfully synthesized by the reaction of [γ-SiW10O34-
(H2O)2]

4− with Pd(OAc)2 in a mixed solvent of acetone and water. The crystal structure of I was a monomeric, dipalladium-
substituted, γ-Keggin silicodecatungstate with bidentate acetate ligands. Compound I showed similar activities and selectivities to
those of a simple mixture of Pd(OAc)2 and TBA-SiW10. The kinetic, mechanistic, and density functional theory calculation
studies show that the dipalladium site plays an important role in the present hydration, and the nucleophilic attack of a hydroxide
or water to the nitrile carbon atom is included in the rate-determining step.

■ INTRODUCTION
Hydration of nitriles to amides is one of the most important
functional group transformations because amides have widely
been utilized as chemical intermediates in organic synthesis as
well as industrially important raw materials for lubricants, deter-
gent additives, drug stabilizers, and functional polymers.1

Classical hydration with H2SO4 and NaOH often produces
undesirable carboxylic acids as byproducts. In addition,
stoichiometric amounts of salts are formed in the workup
(neutralization) step. To overcome these problems, various
catalytic systems under neutral conditions have been
developed.2−4 With regard to enzymatic hydration (including
hydration with related model complexes), the reaction
mechanism that involves cooperative activation of nitrile and
water with two or more metallic centers has been proposed.5−7

While catalytic hydration by di- and multimetallic complexes
(Mo, Ru, Ni, Pd, Rh, Os, and Au) has also been reported, these
systems have disadvantages: (i) turnover frequencies (TOFs =
0.3−295 h−1) are low,8,9 (ii) reaction rates for hydration of
heteroaromatic nitriles are usually lower than those of common
nitriles because of their strong coordination to the metal
centers, and/or (iii) microwave irradiation or additives such as
acids and bases are required to attain high yields of amides
(Table S1).10

Polyoxometalates (POMs) are anionic metal−oxygen
clusters of early transition metals and have a diverse range of
application such as medicine, electrochemistry, material science,
and catalysis because their chemical and physical properties can
be finely tuned.11,12 Interests in catalysis by metal-substituted
POMs have significantly grown because structures of the active
sites can be designed at atomic and molecular levels. Especially,
a lacunary γ-Keggin silicodecatungstate, [γ-SiW10O36]

8−, acts as

an inorganic ligand to construct di- and multimetallic active
sites. We have recently reported that simply mixing metal salts
and lacunary [γ-SiW10O36]

8− under catalytic conditions leads
to in situ formation of active catalysts.13 We apply such
methodology to investigation of active catalysts for hydration of
nitriles. In this contribution, we report efficient hydration of
various kinds of structurally diverse nitriles including aromatic,
aliphatic, heteroaromatic, and double bond-containing ones
catalyzed by simply mixing Pd(OAc)2 and TBA4[γ-SiW10-
O34(H2O)2] (TBA-SiW10, TBA = [(n-C4H9)4N]

+) and the
catalyst isolation. The reaction mechanism is also investigated
on the basis of kinetic, spectroscopic, and computational results.

■ RESULTS AND DISCUSSION
Effects of metal additives to TBA-SiW10 on hydration of
benzonitrile (1a) to benzamide (2a) in N,N-dimethylformamide
(DMF) were investigated (Table 1). Only Pd(OAc)2 dramati-
cally accelerated the hydration without formation of benzoic acid
(Table 1, entry 1, >99% yield of 2a), while the other metal addi-
tives (Ni(OAc)2, Ag(OAc), Co(OAc)2, Cu(OAc)2, Rh(OAc)2,
Zn(OAc)2, Mn(OAc)2, Fe(OAc)2, Pt(OAc)2, [Ru3(μ3-O)-
(OAc)6(H2O)3](OAc), RuCl3, IrCl3, and RhCl3) were less
effective (<1−40% yields) (Table 1, entries 2−14). Each of
Pd(OAc)2 and TBA-SiW10 and combination of Pd(OAc)2 with
monovacant [α-SiW11O39]

8− or fully occupied [α-SiW12O40]
4−

gave lower yields (Table 1, entries 15−18).14
The scope of the present Pd(OAc)2−TBA-SiW10 system

was examined (Table 2). Benzonitriles with electron-donating
as well as -withdrawing substituents at different positions (1b−1e)
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could be converted into the corresponding amides (2b−2e) in
high yields (Table 2, entries 3, 5, 7, and 9). Notably, hydration
of o-methoxybenzonitrile (1d) gave 2d in 88% yield.15 The
present system showed high yields for hydration of easily
coordinating 2-, 3-, and 4-cyanopyridines (1f−1h) (Table 2,
entries 11, 15, and 17). For 15-mmol scale hydration of 1f, 1.6 g
of 2f could be isolated (88% yield, 99% purity by 1H NMR
spectroscopy), showing that the present system is applicable to
the gram-scale reaction (Table 2, entry 12). Nitriles containing
heteroatoms such as oxygen and sulfur or 2-furancarbonitrile
(1i) and 3-thiophenecarbonitrile (1j) were hydrated to the
corresponding amides (2i and 2j) in 90 and 75% yields,
respectively (Table 2, entries 19 and 21). Less reactive aliphatic
nitriles such as n-octanenitrile (1k) and acetonitrile (1l) were
hydrated to afford the corresponding aliphatic amides (2k and
2l) in excellent yields (Table 2, entries 23 and 25). Hydra-
tion of α,β-unsaturated nitrile, trans-cinnamonitrile (1m), pro-
ceeded only at the cyano group to afford the corresponding
α,β-unsaturated amide (2m) in 89% yield (Table 2, entry 27).
Industrially very important hydration of acrylonitrile (1n) also
proceeded to give acrylamide (2n) (Table 2, entry 29). To the
best of our knowledge, ef f icient hydration by Pd-based catalysts
applicable to a wide range of nitriles including nitrogen-containing
heteroaromatic ones is unprecedented.
In order to further confirm the effectiveness of the present

system, 4 mmol-scale hydration of 1f was carried out. The
hydration efficiently proceeded to give 2f in 86% yield. The
TOF was 860 h−1 (determined by the initial rate based on Pd

content) and the turnover number (TON) reached up to 670
(eq 1). The TOF was at least 10 times larger than those (0.02−
80 h−1) reported for the Pd-catalyzed hydration (Table S2). In
addition, the TON was much higher than those reported for
hydration of nitrogen-containing heteroaromatic nitriles
([(IPr)Au(NTf2)] (15, IPr = N,N′-bis(2,6-diisopropylphenyl)-
imidazol-2-ylidene, NTf2

− = bis(trifluoromethanesulfonyl)amide),15b

RhI catalyst (495),15a [(dippe)Ni(μ-H)]2 (355, dippe =
1,2-bis(diisopropylphosphino)ethane),16a RuCl2{κ

1(P)-3-
Ph2PC6H4CH2NH

tBu}(η6-1,3,5-C6H3Me3) (20),
16b [Ru(methallyl)2-

(cod)]/2-diphenylphosphanyl-4-pyridyl(dimethyl)amine (21,

Table 1. Hydration of Benzonitrile (1a) to Benzamide (2a)a

entry catalyst yield (%)

1 TBA-SiW10 + Pd(OAc)2 >99
2 TBA-SiW10 + Ni(OAc)2·4H2O 9
3 TBA-SiW10 + Ag(OAc) 9
4 TBA-SiW10 + Co(OAc)2·4H2O <1
5 TBA-SiW10 + Cu(OAc)2·H2O 2
6 TBA-SiW10 + Rh(OAc)2·H2O 18
7 TBA-SiW10 + Zn(OAc)2·2H2O <1
8 TBA-SiW10 + Mn(OAc)2·4H2O <1
9 TBA-SiW10 + Fe(OAc)2 5
10 TBA-SiW10 + Pt(OAc)2·2AcOH 19
11 TBA-SiW10 + [Ru3(μ3-O)(OAc)6(H2O)3](OAc) 23
12 TBA-SiW10 + RuCl3 31
13 TBA-SiW10 + IrCl3 31
14 TBA-SiW10 + RhCl3 40
15b Pd(OAc)2 4
16c TBA-SiW10 10
17 TBA4[α-SiW12O40] + Pd(OAc)2 5
18 TBA4[α-H4SiW11O39] + Pd(OAc)2 57
19c,d TBA-I 96
20c,e TPeA-I 94
21b,c,f AcOH <1
22b,c without <1

aReaction conditions: POM (12.5 μmol), metal additive (metal:
25 μmol), 1a (0.5 mmol), DMF (1.0 mL), water (10 mmol), 363 K, 9 h.
Yield (%) = 2a (mol)/initial 1a (mol) × 100. Yields were deter-
mined by GC using naphthalene (10 mg) as an internal standard.
bWithout POM. cWithout metal additive. dTBA-I (12.5 μmol).
eTPeA-I (12.5 μmol). fAcOH (25 μmol).

Table 2. Hydration of Various Nitrilesa

aReaction conditions for A: Pd(OAc)2 (25 μmol), TBA-SiW10 (12.5 μmol),
nitrile (0.5 mmol), DMF (1.0 mL), water (10 mmol), 363 K. Reaction
conditions for B: TBA-I (12.5 μmol), nitrile (0.5 mmol), DMF
(1 mL), water (10 mmol), 363 K. Yield (%) = 2 (mol)/initial 1 (mol) ×
100. Yields were determined by GC using naphthalene (10 mg),
chlorobenzene (10 mg), or biphenyl (10 mg) as an internal standard.
The values in the parentheses are the isolated yields. bWater (2 mmol).
cPd(OAc)2 (750 μmol), TBA-SiW10 (375 μmol), nitrile (15 mmol),
DMF (30 mL), water (300 mmol). dA recovered catalyst was used.
The reaction conditions were the same as those of entry 13. eWater
(1 mmol).
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cod = 1,5-cyclooctadiene),16c [Cp′2Mo(μ-OH)2MoCp′2][OTs]2
(31, Cp′ = η5-CH3C5H4, OTs

− = tosylate),16d and {[(PCy3)-
(CO)RuH]4(μ4-O)(μ3-OH)(μ2-OH)} (98, Cy = cyclohexyl)),16e

while the value was lower than those of [PtH(PMe2OH)-
(PMe2O)2H] (2256)

8c and hydroxyapatite-supported silver nano-
particles (11000, AgHAP) (Table S3).4b,17

The reaction of TBA-SiW10 with 2 equiv of Pd(OAc)2 in a
mixed solvent of DMF and water followed by addition of
diethyl ether gave a yellow precipitate. The cold-spray ioniza-
tion mass (CSI-MS) spectrum of the yellow precipitate in
1,2-dichloroethane exhibited the most intense peak (centered
at m/z = 3988) with isotopic distribution that agrees with
the pattern calculated for TBA5[H2SiW10O36Pd2(OAc)2]

+

(Figure S1). These results suggest that TBA-SiW10 reacts
with Pd(OAc)2 in a mixed solvent of DMF and water to form a
novel dipalladium-substituted POM with acetate ligands. The
analytically pure dipalladium-substituted γ-Keggin silicodeca-
tungstate, [γ-H2SiW10O36Pd2(OAc)2]

4− (I), was obtained by
the reaction of TBA-SiW10 with 2 equiv of Pd(OAc)2 in a
mixed solvent of acetone and water. The elemental analysis
data revealed that the molar ratio of TBA/Pd/Si/W was
4:2:1:10, respectively. The IR spectrum of TBA-I showed the
bands at 1590 and 1424 cm−1 assignable to the asymmetric
and symmetric stretching vibrations of carboxylate groups,
respectively. Coordination modes of acetate ligands can be
distinguished by the Δ(νasym(COO−) − νsym(COO

−)) values.18

The present Δ value was 166 cm−1 and in the range of
those (116−173 cm−1) of Pd complexes with bridging
bidentate acetate ligands. The CSI-MS spectrum of TBA-I in
1,2-dichloroethane also exhibited the most intense parent peak
(centered at m/z = 3988) assignable to TBA5[H2SiW10-
O36Pd2(OAc)2]

+ (Figure 1a).19 These results suggest
that I is a dipalladium-substituted silicodecatungstate with
bridging bidentate acetate ligands.20,21 A TPeA salt of I
(TPeA-I, TPeA = [(n-C5H11)4N]+) was also obtained by
the reaction of TPeA4[γ-SiW10O34(H2O)2] with 2 equiv of
Pd(OAc)2.

22

The single crystals of TPeA-I suitable for X-ray crystallo-
graphic analysis were successfully obtained by recrystallization
of TPeA-I in 1,2-dichloroethane. The anion structure of TPeA-I is
shown in Figure 2. The crystallographic data are summarized in
Table 3.23 Two Pd atoms were incorporated into the lacunary
sites of [γ-SiW10O36]

8− and in a square-planar arrangement:
Each Pd atom was coordinated to two oxygen atoms of
[γ-SiW10O36]

8− and bridged with two bidentate acetate
ligands.24 The O−Pd−O angles (86.3(5)−92.2(6)o) were
very close to 90°. The Pd−O bond lengths (1.960(12)−
2.027(15) Å) were close to those (1.96(1)−2.12(2) Å)
reported for Pd-substituted POMs and typical Pd complexes
with square-planar coordination geometry.25,26 Four TPeA
cations per I anion could be crystallographically assigned, in
accord with the result of the elemental analysis. The bond
valence sum (BVS) values of palladium (2.27−2.31), tungsten

(5.92−6.32), and silicon (4.04) indicate that respective valences
are +2, +6, and +4. Therefore, two protons are associated with
I. The BVS values of O3, O20, and O2 were 1.23, 1.48, and
1.54, respectively, and lower than those (1.70−2.10) of the
other oxygen atoms, suggesting that O3 is monoprotonated and
the other proton is disordered over O20 and O2.23 The X-ray
crystallographic, elemental analysis, and thermogravimetric
data show that the formula of TPeA-I is TPeA4[γ-H2SiW10-
O36Pd2(OAc)2]. There are some examples of structurally
characterized Pd-containing POMs, while most Pd atoms are
sandwiched between two lacunary POMs and the four
equatorial coordination sites are bound to POM frameworks.25

To the best of our knowledge, this is the f irst example of
the structurally characterized monomeric dipalladium-substituted

Figure 1. (a) Positive ion CSI-MS spectrum (m/z = 1000−5000)
of TBA-I in 1,2-dichloroethane. Inset: Positive ion CSI-MS
spectrum (m/z = 3940−4040) (top) and calculated patterns of
TBA5[H2SiW10O36Pd2(OAc)2]

+ (bottom). (b) Positive ion CSI-MS
spectrum (m/z = 3800−4100) of TBA-I in acetone with 13500 equiv
of water with respect to TBA-I. Inset: Positive ion CSI-MS spectrum
(m/z = 3850−3950) (top) and calculated patterns of
TBA5[H4SiW10O38Pd2]

+ (bottom).
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γ-Keggin silicodecatungstate. The formation of TBA-I can be
expressed by eq 2.

γ +

→ γ +

TBA [ SiW O (H O) ] 2Pd(OAc)

TBA [ H SiW O Pd (OAc) ] 2AcOH
4 10 34 2 2 2

4 2 10 36 2 2 (2)

Hydration of 1a to 2a mediated by I was carried out under
the reaction conditions in Table 1. The yields of 2a with TBA-I
and TPeA-I were 96 and 94%, respectively, and nearly the same
(Table 1, entries 19 and 20).27,28 In addition, TBA-I showed
similar reactivities to those of a mixture of Pd(OAc)2 and TBA-
SiW10 for various kinds of structurally diverse nitriles including
aromatic, aliphatic, heteroaromatic, and double bond-contain-
ing ones (see the values under the conditions B in Table 2). For
hydration of 1a, the reaction rate (5.5 mM min−1) of a mixture
of Pd(OAc)2 and TBA-SiW10 was almost the same as that
(5.6 mM min−1) of TBA-I.
The color of the reaction solution was yellow during

hydration of 1f with TBA-I, and no formation of palladium
black was observed (Figure S3). After completion of hydra-
tion of 1f, the catalyst could be recovered in an almost
quantitative yield (93%) by addition of an excess amount of

1,2-dimethoxyethane to the reaction solution (precipitation
method, see the Supporting Information). The palladium
content in the filtrate was less than 0.5% of that in fresh I,
indicating that the palladium species hardly leach into the
reaction solution.29 The recovered catalyst could be reused for
hydration of 1f without an appreciable loss of its high catalytic
performance (Table 2, entries 13 and 14).30

Upon addition of water to a DMF-d7 solution of TBA-I at
363 K, the 1H NMR signal at 1.62−1.65 ppm assignable
to methyl protons of acetate ligands in I almost disappeared,
and that at 1.96 ppm assignable to free acetic acid (1.5 ±
0.2 equiv with respect to I) appeared. Similarly, upon addition
of water, the CSI-MS peak at m/z = 3988 assignable to
TBA5[H2SiW10O36Pd2(OAc)2]

+ of TBA-I almost disappeared,
and the intense peak (centered at m/z = 3903) with isotopic
distribution that agrees with the pattern calculated for
TBA5[H4SiW10O38Pd2]

+ appeared (Figure 1b).31 These results
suggest that the acetate ligands are eliminated by the reaction of
I with water to form an acetate-free species (II). The Hammett
plots (log(kX/kH) versus σ) for competitive hydration of 1a
and para-substituted benzonitriles are shown in Figure 3.

The positive ρ value (1.7) suggests formation of a negatively
charged transition state. Similar positive ρ values have been
reported for hydration catalyzed by AgHAP (ρ = 1.69) and a
dinuclear molybdenum complex (ρ = 2.5), for which a
nucleophilic attack of a hydroxide on the carbon atom of a
coordinated nitrile has been proposed.4b,16d The lower reaction
rate of o-methoxybenzonitrile 1d with respect to p-methoxy-
benzonitrile 1b indicates a steric effect, suggesting coordination
of a nitrile to the palladium center followed by nucleophilic
attack of the hydroxide or water on the coordinated nitrile.4,15

On the basis of these results and the kinetics provided below,
we propose a possible reaction mechanism for the I-mediated
hydration of nitriles. First, the acetate ligands are eliminated
by the reaction of I with water to form II (eq 3). A nitrile
reversibly coordinates to a palladium center in II and the
complex with the coordinated nitrile (III) is formed (eq 4).
Then, nucleophilic attack of the hydroxide or water on the
nitrile carbon atom takes place to afford II and the cor-
responding amide (eq 5). The kinetic studies on the hydration
of 1a showed the first-order dependence of the reaction rate on

Table 3. Crystallographic Data for TPeA-I

TPeA-I

formula C168N8O80Pd4Si2W20

fw 7571.54
crystal system monoclinic
space group P2/a (No. 13)
a (Å) 20.2918(2)
b (Å) 45.0388(4)
c (Å) 29.4768(3)
α (deg) 90.0000
β (deg) 89.94(0)
γ (deg) 90.0000
V (Å3) 26939.4(5)
Z 4
gof 1.054
μ (mm−1) 8.831
no. of parameters refined 1822
R1 [I > 2σ(I)] 0.0924 (for 36825 data)
wR2 0.2303 (for all 64820 data)

Figure 2. ORTEP drawing of the anion part of TPeA-I drawn at 50%
probability level.

Figure 3. Hammett plots for competitive hydration of 1a and para-
substituted benzonitriles catalyzed by TBA-I. Reaction conditions:
TBA-I (12.5 μmol), 1a (0.25 mmol), para-substituted benzonitrile
(0.25 mmol), water (10 mmol), DMF (1.0 mL), 363 K. Line fit:
log(kX/kH) = 1.7109σ + 0.0813.
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the concentration of I (5.2−15.6 mM, Figure 4a), and the
saturation kinetics for the dependences of the reaction rates on

the concentrations of 1a (0.22−1.86 M, Figure 4b) and water
(0.9−12.4 M, Figure 4c).

+ → +I II2H O 2AcOH2 (3)

+
−
X YooooII IIInitrile
k

k

1

1

(4)

+ → +III IIH O amide
k

2
2

(5)

As mentioned above, the acetate ligands in I were almost
completely eliminated by the reaction of I with water and were
not observed in the recovered catalyst, showing that the
concentration of I is almost zero. Therefore, the initial
concentration of I ([I]0) is expressed by [II] + [III]. From
the mass balance and steady-state approximation on II, the
overall hydration rate is expressed by eq 6 (see details in
Supporting Information).

= =
+ + −

R
t

k k
k k k

Id[amide]
d

[ ] [H O][nitrile]
[nitrile] [H O]0

1 2 0 2

1 2 2 1 (6)

On the basis of the kinetic data, the k1, k−1, and k2 values
were calculated to be 3.5 ± 0.2 M−1 s−1, 5.6 ± 0.4 s−1, and
(5.4 ± 0.1) × 10−1 M−1 s−1, respectively. The dependences of
the reaction rates on the concentrations of I, 1a, and water
calculated using eq 6 (shown by the solid lines in Figure 4) and
the time course of hydration calculated by the numerical
integration of eq 6 (shown by the solid lines in Figure S4) fairly
well reproduced the experimental data.
The value for the kinetic isotope effect (kH/kD) was 0.9 ± 0.1

for the hydration of 1a with water (H2O/D2O), suggesting that
the O−H bond dissociation is not included in the rate-
determining step. The good linearity of the Arrhenius plots
was observed to afford the following activation parameters:
Ea = 78.3 kJ mol−1, ΔH⧧

298 K = 75.3 kJ mol−1, ΔS⧧298 K = −15.7
J mol−1 K−1, ΔG⧧

298 K = 81.0 kJ mol−1 (Figure 5). The present

activation energy is much lower than that of hydration with
H2SO4 (Ea = 150.7 kJ mol−1).32 The value of the activation
entropy suggests that a bimolecular transition state is included
in the rate-determining step.33 All these results suggest that the
nucleophilic attack of the hydroxide or water to the nitrile
carbon atom is included in the rate-determining step under the
present conditions.
In order to investigate the possible involvement of two

palladium centers in catalyzing the present hydration, the
density functional theory (DFT) calculations were carried out,
taking into account the solvation in DMF using the conductor-
like polarizable continuum model (IEFPCM) with the
parameters of the United Atom Topological Model (UAHF).
The transition-state structure and activation barrier for

Figure 4. Dependence of the reaction rates on the concentration of
(a) TBA-I, (b) 1a, and (c) water. Reaction conditions for (a): TBA-I
(5.2−15.6 mM), 1a (0.42 M), water (8.3 M), DMF (1.0 mL), 363 K.
Reaction conditions for (b): TBA-I (10.4 mM), 1a (0.22−1.86 M),
water (8.3 M), DMF (0.8−1.0 mL), 363 K. Reaction conditions for
(c): TBA-I (10.4 mM), 1a (0.42 M), water (0.9−12.4 M), DMF (0.8−
1.1 mL), 363 K. Solid lines are simulation curves using eq 6.

Figure 5. Arrhenius plots for hydration of 1a catalyzed by TBA-I. The
observed rate constants (kobs) were determined from the initial part of
the reactions. Reaction conditions: TBA-I (12.5 μmol, 10.4 mM), 1a
(0.5 mmol, 0.42 M), water (54 μL, 2.4 M), DMF (1.1 mL), 343−383 K.
Line fit: ln kobs = 28.76 − 9421.4/T.
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hydration were calculated on the assumption that a starting
model reactant was an acetate-free species with acetonitrile and
hydroxide ion coordinated to each palladium center (A)
(Figures 6 and S5). The intramolecular attack of the hydroxide
to the nitrile carbon atom in A takes place to form the
dipalladium iminolate species (B). This is the rate-determining
step for the present hydration, and the activation barrier of the
transition-state (TS) was calculated to be 46 kJ mol−1. Then,
intermediate B was converted into the dipalladium amidate
species (C). Acetamide was eliminated through C followed
by the reaction with acetonitrile and water, accomplishing
the catalytic cycle. The computational results support that
the dipalladium site plays an important role in the present
hydration.

■ CONCLUSION

In summary, a mixture of Pd(OAc)2 and TBA-SiW10 showed
high catalytic activities for hydration of various kinds of
structurally diverse nitriles including aromatic, aliphatic,
heteroaromatic, and double bond-containing ones. For
hydration of 1f, the TOF was 860 h−1 and the TON reached
up to 670. A dipalladium-substituted γ-Keggin silicodecatung-
state, [γ-H2SiW10O36Pd2(OAc)2]

4− (I), was successfully
synthesized. The X-ray crystallographic analysis showed that I

had a monomeric structure, in which two Pd atoms were
incorporated into the lacunary site of SiW10 and bridged with
two bidentate acetate ligands. Compound TBA-I showed
similar catalytic activities and selectivities to those of a simple
mixture of Pd(OAc)2 and TBA-SiW10 for hydration of various
kinds of nitriles. The kinetic, mechanistic, and theoretical
studies show that the dipalladium site plays an important role in
the present hydration and the nucleophilic attack of a hydroxide
or water to the nitrile carbon atom is included in the rate-
determining step. Cooperative activation of nitriles and water
by the dipalladium site formed on a rigid POM framework leads
to remarkable catalytic activity for hydration of nitriles.

■ EXPERIMENTAL SECTION

Materials. Pd(OAc)2 (Aldrich), tetra-n-butylammonium
bromide (TCI), tetra-n-pentylammonium bromide (Acros
Organics), acetone (Kanto Chemical), acetic acid (Kanto
Chemical), diethyl ether (Kanto Chemical), 1,2-dichloroethane
(Kanto Chemical), Na2WO4·2H2O (Nippon Inorganic Color
and Chemical), Na2SiO3·9H2O (Wako Chemical), KCl
(Nacalai Tesque), N,N-dimethylformamide (TCI), N,N-
dimethylacetamide (Kanto Chemical), ethyl acetate (Kanto
Chemical), n-hexane (Kanto Chemical), 1,2-dimethoxyethane
(TCI), naphthalene (Wako Chemical), M(OAc)x (M = Ag, Ni,

Figure 6. Calculated energy diagram of hydration of acetonitrile to acetamide on A (energies and lengths are in kJ mol−1 and Å, respectively).
Orange, red, black, green, and light-blue balls represent palladium, oxygen, carbon, nitrogen, and hydrogen atoms, respectively. Polyoxotungstate
frameworks of [γ-SiW10O32] are omitted for clarity.
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Co, Fe, Zn, Rh, Cu, and Mn) (TCI, Kanto Chemical, or Wako
Chemical), [Ru3(μ3-O)(OAc)6(H2O)3](OAc) (Tanaka Precious
Metals), RuCl3·nH2O (Wako Chemical), IrCl3 (Aldrich), RhCl3
(Aldrich), nitriles (TCI, Aldrich, or Kanto Chemical), and
amides (TCI, Aldrich, or Wako Chemical) were purchased and
used as received. Acrylonitrile (TCI) was purified according
to the reported procedure.34 The following compounds were
synthesized according to literature procedures: Pt(OAc)2·
2AcOH,35 K8[γ-SiW10O36]·12H2O,

36,37 TBA-SiW10,36,37 and
TPeA4[γ-SiW10O34(H2O)2].

36,37

Instruments. IR spectra were measured on a Jasco FT/IR-
460 Spectrometer Plus using KBr disks. NMR spectra were
recorded on a JEOL ECA-500 spectrometer (1H, 495.1 MHz;
13C, 124.50 MHz; 29Si, 98.37 MHz) by using 5 mm tubes.
Chemical shifts (δ) were reported in ppm downfield from
SiMe4 (solvent, CDCl3) for 1H, 13C, and 29Si NMR spectra.
CSI-MS spectra were recorded on a JEOL JMS-T100-CS
spectrometer. Typical measurements were as follows: Orifice
voltage 85 V for positive ions; sample flow 0.1 mL min−1;
solvent 1,2-dichloroethane; concentration 0.1 mM; spray
temperature 263 K; ion source at room temperature. X-ray
diffraction measurements were made on a Rigaku AFC-10
Saturn 724 CCD detector with graphite monochromated Mo
Kα radiation (λ = 0.71069 Å). The data of TPeA-I were col-
lected using CrystalClear38 at 153 K, and indexing, integration,
and absorption correction were performed with HKL200039

software for Linux. Neutral scattering factors were obtained
from the standard source. In the data reduction, corrections for
Lorentz and polarization effects were made. The structural
analysis was performed using CrystalStructure40 and Win-GX
for Windows software.41 The molecular structure of TPeA-I
was solved by combination of SHELXS-97 (direct methods)
and SHELXH-97 (Fourier and least-squares refinement).42

Palladium, tungsten, silicon, and oxygen atoms were refined
anisotropically, and carbon and nitrogen atoms were refined
isotropically. The highly disordered solvent of crystallization
(1,2-dichloroethane) was omitted by use of SQUEEZE pro-
gram.43 Detailed crystallographic data for TPeA-I are
summarized in Table 3. Selected bond lengths and angles for
TPeA-I are shown in Table S4. GC analyses were performed on
Shimadzu GC-2014 with a flame ionization detector equipped
with an InertCap 5 capillary column (internal diameter =
0.25 mm, length = 30 m), a TC-WAX capillary column
(internal diameter = 0.25 mm, length = 30 m), or an RXi 5Sil
MS capillary column (internal diameter = 0.25 mm, length = 60 m).
Synthesis and Characterization of [(n-C4H9)4N]4[γ-

H2SiW10O36Pd2(OAc)2] (TBA-I). Into a mixed solvent of
acetone and water (4.88/0.12 mL), TBA-SiW10 (1.0 g, 293 μmol)
was dissolved. To the solution were quickly added 2 equiv of
Pd(OAc)2 (132 mg, 586 μmol), and the solution was stirred for
5 min at room temperature. Insoluble materials were removed
by filtration, and the filtrate was stirred for 9 h at room
temperature. The resulting yellow precipitates were collected
by filtration and washed with acetone (1 mL) and diethyl ether
(5 mL). After the precipitates were evacuated for 30 min at
room temperature, the analytically pure TBA-I was obtained as
yellow powders (449 mg, 41% yield). IR (KBr): 2961, 2935,
2873, 1590, 1484, 1424, 1383, 1153, 1089, 1015, 997, 954, 923,
876, 829, 779, 736, 561, 387, 363 cm−1; positive ion MS (CSI,
1,2-dichloroethane): m/z: 3988 TBA5[H2SiW10O36Pd2-
(OAc)2]

+; 1H NMR (495.1 MHz, 1.2-dichloroethane-d4,
298 K, SiMe4) δ = 3.99−3.27 (m), 1.77 (s), 1.71−1.65 (m), 1.52−
1.46 (m), 1.00 (t, J = 7.4 Hz) ppm; 13C {H} NMR (124.50 MHz,

1.2-dichloroethane-d4, 298 K, SiMe4) δ = 187.0, 58.7, 24.0,
22.9, 19.9, 13.7 ppm ; 29Si NMR (98.37 MHz, 1.2-dichloro-
ethane-d4 in the presence of four equivalents of AcOH with
respect to TBA-I, 298 K, SiMe4) δ = −83.9 (Δν1/2 = 4.4 Hz);
elemental analysis calcd (%) for C68H152N4O40Pd2SiW10
(TBA4[H2SiW10O36Pd2(OAc)2]): C 21.81, H 4.09, N 1.50, Si
0.75, Pd 5.68, W 49.09; found: C 21.56, H 4.03, N 1.36, Si 0.75,
Pd 5.77, W 49.23.

Synthesis and Characterization of [(n-C5H11)4N]4[γ-
H2SiW10O36Pd2(OAc)2] (TPeA-I). Into a mixed solvent of
acetone and water (1.95/0.05 mL) was dissolvedTPeA4-
[γ-SiW10O34(H2O)2] (426 mg, 117 μmol). To the solution
was quickly added Pd(OAc)2 (53 mg, 234 μmol), and the
solution was stirred for 5 min at room temperature. Insoluble
materials were removed by filtration, and the filtrate was stirred
for 12 h at room temperature. Into the solution was added
water (160 μL). After stirring the solution for 1 h, acetone
(2 mL) was added, followed by addition of diethyl ether
(3.6 mL). The solution was kept for one day at 278 K, and the
yellow crystals of TPeA-I were obtained (273 mg, 59% yield).
The single crystals suitable for X-ray crystallographic analysis
were obtained by recrystallization of TPeA-I from 1,2-dichloro-
ethane with addition of diethyl ether. IR (KBr): 2957, 2932,
2871, 1591, 1483, 1467, 1425, 1382, 1087, 1040, 1013, 996,
953, 922, 876, 827, 779, 735, 560, 443, 386, 363 cm−1; positive
ion MS (CSI, 1,2-dichloroethane): m/z: 2283 TPeA6-
[H2SiW10O36Pd2(OAc)2]

2+, 2946 TPeA11[H2SiW10O36Pd2-
(OAc)2]2

3+, 4267 TPeA5[H2SiW10O36Pd2(OAc)2]
+; elemental

analysis calcd (%) for C84H184N4O40Pd2SiW10 (TPeA4-
[H2SiW10O36Pd2(OAc)2]): C 25.42, H 4.67, N 1.41, Si 0.71,
Pd 5.36, W 46.31; found: C 25.23, H 4.80, N 1.35, Si 0.69,
Pd 5.36, W 45.44.

General Procedure for Hydration of Nitriles. The
catalytic hydration of nitriles was carried out in a 30-mL glass
vessel containing a magnetic stir bar. A typical procedure for
hydration of nitriles was as follows: Into a glass vessel were suc-
cessively placed catalysts (conditions A in Table 2: Pd(OAc)2
(5.6 mg, 25 μmol) and TBA-SiW10 (42.8 mg, 12.5 μmol);
conditions B in Table 2: TBA-I (46.8 mg, 12.5 μmol),
naphthalene (10 mg), water (180 μL, 10 mmol), nitrile
(0.5 mmol), and DMF (1.0 mL)). The reaction mixture was
stirred at 363 K. The yields of the products were determined by
the GC analysis using an internal standard technique. The
isolation of amides was carried out by column chromatography
on a silica gel (Silica Gel 60N, spherical, neutral, 63-210 μm,
Kanto Chemical, cat. no. 37565−79) using n-hexane/ethyl
acetate (5/5 → 0/10 (v/v)) as an eluent.

Kinetic Studies. The reaction was carried out in a 15 mL
glass vessel containing a magnetic stir bar. A typical procedure
for kinetic studies was as follows: Into a glass vessel were suc-
cessively placed naphthalene (10 mg), water (180 μL, 10 mmol),
1a (0.5 mmol, 49.5 μL), and DMF (970 μL) (a total volume of
water, 1a, and DMF was 1.2 mL). Depending on the reaction
conditions, the volume of DMF was changed to keep a total
volume of water, 1a, and DMF constant. After the solution was
stirred for 12 min at 363 K, the reaction was initiated by
addition of TBA-I (46.8 mg, 12.5 μmol). The reaction was
periodically monitored by GC. Reaction rates (R0) for the
kinetic studies were determined from the slopes of reaction
profiles ([2a] versus time) at low conversions (<20%) of 1a
(initial rate method).

Quantum Chemical Calculations. The DFT calculations
were carried out at the B3LYP level theory44 (6-31G(d,p) basis
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sets for H, C, N, O, and Si atoms and the double-ξ quality basis
sets with effective core potentials proposed by Hay and Wadt45

for W and Pd atoms) by using conductor-like polarizable con-
tinuum model (IEFPCM) with the parameters of the United
Atom Topological Model (UAHF). The entire structure of
dipalladium-substituted POMs was used as a model. Acetoni-
trile was used as a model substrate. Transition-state structure
was searched by numerically estimating the matrix of second-
order energy derivatives at every optimization step and by
requiring exactly one eigenvalue of this matrix to be negative.
For the transition state, the frequency analysis was conducted at
the same level at the final geometry. The optimized geometries
were shown in Table S6 and Figure S5 (see the Supporting
Information). The zero-point vibrational energies were not
included. All calculations were performed with the Gaussian09
program package.46
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