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Selective hydration of aromatic nitriles to their respective
amides has been achieved in the presence of spinel cobalt oxide,
Co3O4 as a heterogeneous catalyst. Higher yields of the products
in shorter duration have been accomplished under hydrothermal
condition compared to thermal refluxing.

Spinel cobalt oxide, Co3O4 is an important functional
material which has been studied for various applications such as
solid sensors, electrode material, and magnetic material.1,2 In the
field of catalysis, the utility of the oxide has been reported for
diverse reactions such as oxidation of CO,3 combustion of CH4,4

photocatalytic degradation of dyes,5 oxidation of hydrocarbons,6

ammonia oxidation,7 oxidation of benzyl alcohols,8 and nitrogen
oxide decomposition.9

Amides are versatile building blocks in synthetic organic
chemistry. Developing an efficient method for the formation of
amide linkage is of great importance because of the high
synthetic utility of amides such as acrylamide, nicotinamide,
etc., with respect to their industrial applications and pharmaco-
logical interest.10 Hydration of nitriles using water is an
environmentally friendly synthetic route to obtain amide
directly. Conventionally hydration of nitrile is achieved in the
presence of strong acids or bases. The method is associated with
disadvantages such as harsh conditions, over hydrolysis to acid,
salt formation, and polymerization.1113 This results in lesser
yield of amides and also the procedure involves tedious
separation of the product. To overcome these problems several
homogeneous and heterogeneous catalysts have been tested.
Catalysts such as hydrogen peroxide, sodium perborate, palla-
dium, and sodium percarbonate14 have been reported. A rapid
method for the transformation of nitriles to amides on treating
the nitriles with basic hydrogen peroxide in dimethyl sulfoxide
has been reported by Katritzky et al.15

Alternatively, due to efficient work up in addition to the
high-performance hydration of nitriles has been carried out
under heterogeneous conditions also. Heterogeneous catalysts
such as KF/Al2O3,16 KF/natural phosphate,17 Na/HAP,14 Na/
FAP,18 and MnO2/SiO2

19 have been reported. However, most of
these catalysts cannot be reused. Mitsudome et al.20 studied Ag-
supported systems such as Ag/HAP, Ag/TiO2, Ag/SiO2, Ag/
MgO, and Ag/C as catalysts for hydration of aliphatic and
aromatic nitriles. Among these Ag/TiO2 showed higher con-
version of benzonitrile but benzoic acid formed as a side
product. Zeolite-based heterogeneous catalyst has been studied
for hydration of aromatic nitriles. But only low yield of the
products is achieved.21 Though the hydrolysis involving metal
centers is an attractive route to amide, only few reports are
available on metal oxides as heterogeneous catalysts. Recently
application of rare earth oxide, CeO2 for the hydration of
specific nitriles in the temperature range 30100 °C is reported.22

In the category of transition-metal oxides, Miura et al. reported

on the selective hydration of acrylonitrile to acrylamide on
oxides of Mn, Fe, Co, Ni, Cu, and Ag.23 Oxides such as MnO2,
CuO, and Co3O4 are found to be active. However, lower yields
are reported. Various metal oxides such as MnO2, ZnO, CuO,
Fe2O3, Co2O3, Ni2O3, etc. have been used as catalysts for
hydration of aromatic nitriles.24 In the presence of CuO the
reaction products interact with the catalyst, while in the presence
of ZnO the hydration is accompanied to a large extent by the
hydrolysis of the benzamide, and CdO forms salt with benzoic
acid. Among lead(II), zirconium, and germanium(IV) oxides,
only lead(II) oxide gives moderate yield of benzamide (59%)
and the other two oxides exhibit weak catalytic activity.
Titanium(IV) and silicon oxides are almost inactive.24 Nickel
oxide, NiO has been used as a catalyst for the hydration of
3-cyanopyridine to nicotinamide.25 The drawbacks are lower
catalytic activity with low yield. From the literature we
understood that generally metal oxides required high temper-
ature in nitrile hydration. But such procedures are associated
with problems such as over hydrolysis and reusability of the
catalyst. For example, in the case of Fe2O3, benzamide has been
obtained in moderate yield at 225 °C and also benzoic acid
formed as by-product. The oxides such as Co2O3 (225 °C),
Ni2O3 (175 °C), and CuO (225 °C) ruled out their reuse.24

Therefore, from an industrial point of view the development
of selective, efficient, reusable, low cost, and eco-friendly
catalyst in addition to simplicity in the process and in handling is
of great importance. There are apparently fewer reports on the
hydration of nitriles to amides at relatively low temperature in a
shorter duration in the presence of metal oxides. Herein we
report on the catalytic activity of the spinel oxide, Co3O4 for the
selective hydration of diverse aromatic nitriles to their respective
amides. The scheme of the reaction is as below (Scheme 1).

The hydration reaction was performed under two exper-
imental conditions: (i) under reflux conditions and (ii) using an
autoclave. The ratio of the reactants to catalyst was maintained
the same in both the cases. Under reflux condition maximum
yield (89%) of benzamide was obtained during 24 h reaction. To
achieve higher yield in a shorter period, the reaction was
switched over to an autoclave. The catalytic test that was
performed as using autoclave is described below.

Cobalt oxide and benzonitrile were obtained from Sd-fine
chemicals, India. Other derivatives used were from Sigma-
Aldrich chemical Co. Benzonitrile (5mmol), Co3O4 (0.2 g), and
water (15mL) were placed in a Teflon vessel with a magnetic stir
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bar. The Teflon vessel was inserted into a stainless steel vessel
(autoclave, 125mL, model 4748 from Parr Instrument company)
and heated at 140 °C (bath temperature) in an oil bath with
stirring. Stirring rate was kept around 550600 rpm. Work up
included the addition of ethanol, and filtration to separate the
catalyst. For comparison, a similar experiment was carried out
under thermal reflux conditions using a round bottom flask. The
solvent was removed by evaporation.

Products were identified by their melting points, 1HNMR,
13CNMR (Bruker AVANCE III 400 and 500MHz (AV 500) and
IR (JASCO FT-IR-4100) spectra. The metal oxide was analyzed
by powder X-ray diffraction (CuK¡, D8 Advance, Bruker)
before and after the reaction.

The optimization of experimental conditions such as
temperature, stirring, and reaction duration in the case of
conversion of benzonitrile to benzamide was carried out and the
details are given in Table 1. The experimental conditions shown
in Entry 10 are followed in the hydration of other derivatives. As
observed in the current work, such a high yield of benzamide is
reported in the presence of sodium nitrate modified hydroxy-
and fluoroapatites such as Na/HAP and Na/FAP14,18 at 100 °C
in a shorter duration. However, such a protocol involves separate
catalyst preparation and the catalysts may not be reusable.
Greater than 99% yield of benzamide was achieved under
similar experimental conditions at 140 °C by Yamaguchi et al.26

using expensive ruthenium hydroxide supported alumina.
Various benzonitrile derivatives such as chloro-, methyl-,

nitro-, and cyanopyridines have been hydrated. Derivatives of
benzonitrile and 3- and 4-cyanopyridines are selectively hy-
drated to corresponding amides with high yields. The results are
compiled in Table 2. Comparison of the substrates with electron-
withdrawing groups and the substrates with electron-donating
groups indicates lesser influence of the substituents on the
reactivity. A similar trend has been shown by other bulk
heterogeneous catalytic systems such as Na/HAP14 and
Ru(OH)x/Al2O3

26 though there is a difference in the rate of
reactions. Among the ortho-reactants, the o-tolunitrile shows
poor conversion due to strong steric effect of the bulkier methyl
group which inhibits the formation of coordination bond
between nitrogen atom of the nitrile group and the metal. In
the case of p-nitrobenzonitrile, compared to Na/HAP, relatively

higher yield in shorter duration is achieved. Among the chloro
derivatives, para-form gets converted faster and results in better
yield compared to the other two forms. In the case of
heteroaromatic nitriles, 3- and 4-cyanopyridines are hydrated
to their corresponding amides in higher yields. It is noted that
the hydration is faster than the substituted benzonitriles.
However, 2-cyanopyridine exhibits different reaction leading
to the formation of red color product. Preliminary analyses by
FT-IR and UVvis spectroscopy indicate a possible formation of
chelate along with the corresponding amide. Similar observation
of formation of chelate is made in the case of NiO and CuO.27

Complete characterization of the chelate is underway and the
results will be published later.

The observations strongly suggest that the spinel cobalt
oxide activates RCN and leads to controlled nucleophilic attack
of OH¹. As reported in the literature20,26 nitrile group coor-
dinates to the metallic center on the surface of cobalt oxide. The
hydroxide ion from the adsorbed water attacks the carbonium
ion and the successive step is H+ attack on the proximal
nitrogen. This is followed by rearrangement and desorption
of the amide from the catalyst surface. In the normal spinel

Table 1. Optimization of experimental conditions for hydration
of benzonitrilea

Entry
Temperature

/°C
Stirring status

Time
/h

Yield
/%

1 100 No stirring 24 84
2 125 No stirring 12 84
3 125 No stirring 16 95
4 125 No stirring 24 99.2
5 140 No stirring 6 70
6 140 No stirring 8 82
7 140 No stirring 10 99.7
8 150 No stirring 8 95
9 160 No stirring 6 99.8
10 140 Stirring 7 99.2

aReactants: nitrile (5mmol), catalyst (0.2 g), and water
(15mL).

Table 2. Hydration of various nitriles catalyzed by Co3O4
a

Entry Product Time/h Yield/%

1
2b

3b

O

NH2

7
7
7

99.1
99
96

4
N

NH2

O

9 99.8

5 N NH2

O
9 99.9

6

O

NH2

O2N

12 99

7 NH2

O

NO2

24 99

8
O

NH2

Cl

17.5 94

9 NH2

O

Cl

24 80

10 NH2

OCl
24 75

11
O

NH2

H3C

24 99

12 NH2

O

CH3

24 94

13 NH2

OCH3

24 38

aReaction conditions: nitrile (5mmol), catalyst (0.2 g), and
water (15mL) were placed in a 200mL stainless steel reactor
at 140 °C. Note: Mp, 1HNMR, 13CNMR, and IR data are
given in Supporting Information.32 bExperiments carried out
with recycled catalyst: 1st reuse (Entry 2), 2nd reuse (Entry 3).
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structure of Co3O4 made up of cubic close-packed arrangement
of O2¹ ions, trivalent cobalt exists in octahedral sites and the
divalent cobalt ion locates itself in tetrahedral sites. The surface
composition of the oxide plays an important role in its catalytic
performance.

Kukushkin and Pombeiro in their review12 have analyzed
theoretical studies on the possible mechanism for the metal-
catalyzed hydration of nitrile carried out by Barbosa and
van Santen.28 The proposed approach stresses the formation of
metalN bond though two routes of nitrile and water molecule
interaction with the surface of metal oxide mentioned. Among
Cotet and Cooct sites which are available in Co3O4 normal spinel,
it is envisaged that the “N” of nitrile group may preferentially
coordinate with Cooct (Co3+) which is a stronger Lewis acid
site.2931

The hydration of benzonitrile is noted to be faster than their
substituted derivatives (electron releasing and electron with-
drawing). It is clear that the speed of the reaction is influenced
by the combination of nature and the position of the substituents
present in the benzene ring. We established a set of experiments
for the hydration of benzonitrile to check the reusability of the
oxide. After the completion of the first reaction, the oxide
catalyst is recovered by filtration, washed with hexane and
calcined at 500 °C for 2 h. Using the activated catalyst, a new
reaction is performed with fresh benzonitrile under similar
reaction conditions. It is noted that the oxide could be reused
without appreciable loss of catalytic performance and the results
obtained are given in Table 2 (Entries 13). After the comple-
tion of catalytic hydration of benzonitrile, the reaction mixture is
filtered to remove Co3O4 and then the filtrate is analyzed by
atomic absortption spectroscopy (AAS) to find out the possible
leachability of cobalt during the reaction. The results confirmed
the absence of cobalt in the filtrate. Powder X-ray diffraction
analysis of the reused oxides shows that the formed amide was
expelled with the regeneration of cobalt oxide (Figure 1).

In summary, this study brings out spinel cobalt oxide as
an efficient, reusable heterogeneous catalyst for the hydrolysis
of benzonitrile and its derivatives. Diverse aromatic nitriles
including heteroaromatic ones have been converted to respective
amides in high yield and excellent selectivity in aqueous
medium.

The authors thank VIT University for providing all required
facilities to carry out the experiments.
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Figure 1. XRD spectrum of Co3O4 before nitrile hydration (a),
after benzonitrile hydration (b), and after 2nd reused for
benzonitrile hydration (c).
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