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ABSTRACT: Aerobic oxidation of amines to nitriles under visible light
irradiation was catalyzed by supported hydrous ruthenium oxide catalyst.
Both LED (blue, green, or red) and the Sun were effective light sources
for the transformation of benzylic and aliphatic amines to the
corresponding nitriles under atmospheric pressure of O2. Water can be
used as a solvent instead of toluene without the loss of activity and
selectivity.
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Utilization of sunlight as an abundant and readily available
source of energy for driving chemical reactions is an

important pathway toward a sustainable future. The develop-
ment of catalytic systems driven by visible light is of particular
interest because UV radiation represents only 5% of sunlight
energy.1,2 Recently, various such systems were employed to
catalyze alcohol oxidation,3−5 reduction of nitroaromatic
compounds,6,7 Suzuki−Miyaura cross-coupling,8 and several
other reactions.8−14

Nitriles are important compounds used as intermediates for
the production of agricultural chemicals, dyes, polymers, and
fine chemicals.15,16 Additionally, compounds containing a cyano
group are used as pharmaceuticals17 and functional materials.18

Traditional methods of the synthesis of nitriles, such as via
Sandmeyer reaction19 or ammoxidation,16 either generate
excessive waste or require high temperatures (up to 550 °C).
Alternative pathways that are currently being developed include
transformations of amides,20 aldoximes,21 alcohols,22 and
amines.23−27 In particular, supported hydrous ruthenium
oxide was shown as an effective catalyst for the aerobic
oxidation of amines into nitriles at temperatures around 100
°C.23−26 On the other hand, both ruthenium oxide and hydrous
ruthenium oxide are also known for their metallic con-
ductivity28 and thus can be combined with semiconductors to
form photocatalytic systems.29,30

Recently, visible light driven conversion of amines to imines
with high selectivity has been performed using TiO2,

31,32

Nb2O5,
33 Ag/AgI supported on titanate nanotubes (Ag/AgI@

“TNT”),34 Au−Pd/ZrO2,
8 and Au/TiO2 photocatalysts.35 In

this work, we show that hydrous ruthenium oxide supported on
P25 TiO2 (RuO2·xH2O/TiO2) efficiently catalyzes aerobic
oxidation of amines to nitriles under visible light irradiation and
ambient conditions (Scheme 1). To the best of our knowledge,
this work demonstrates the first example of selective photo-
catalytic transformation of amines to nitriles.

Deposition of hydrous ruthenium oxide onto P25 TiO2 was
conducted following the procedure previously employed for the
preparation of supported ruthenium oxide catalysts (see
Supporting Information (SI) for details).26,36,37 The ruthenium
content of 0.8 wt % was established using ICP-MS. X-ray
photoelectron spectroscopy analysis showed a Ru 3d5/2 peak at
281.4 eV attributed to hydrous ruthenium oxide (RuO2·
xH2O),

38 whereas a survey spectrum showed no Cl peaks,
indicating complete conversion of RuCl3 to RuO2·xH2O (see
SI). To adequately compare the catalytic performance of RuO2·
xH2O/TiO2 with that of P25 TiO2, the latter was also subjected
to the conditions of the catalyst synthesis (NaOH treatment
and calcination at 150 °C).
Diffuse reflectance UV−vis spectra (DR UV−vis) of RuO2·

xH2O/TiO2 and base-treated TiO2 are shown in Figure 1. In
contrast to base-treated TiO2, which only absorbs in the UV
region, the RuO2·xH2O/TiO2 catalyst showed a continuous
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Scheme 1. Photocatalytic Oxidation of Benzylamine under
Visible Light Irradiation
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absorption across the whole visible range, with a pronounced
band centered at ca. 450 nm. The absorption of light by RuO2
in the visible range is due to the combination of interband
transitions and localized surface plasmon resonance.39−41

The photocatalytic oxidation of amines was performed in
toluene in a Pyrex glass reactor at 30 °C under ∼1 atm of O2
(see SI). The mixture was irradiated using a single 50 W LED.
Three different LEDs were employed in this work: blue
(intensity maximum at 440 nm, Figure 1), green (513 nm), and
red (634 nm). The distances between the reactor and LEDs
were adjusted to obtain the same 1.5 W/cm2

flux of the light
supplied to the reactor. For the control experiments, reactions
were carried out in the absence of light at 30 °C. Samples of the
reaction mixture were collected during the reaction and
analyzed using GC-FID.
Aerobic benzylamine oxidation performed in the absence of

light showed conversion of only 12% in 4 h with a turnover
frequency, calculated from the initial reaction rate, TOFRu of
0.7 h−1 (Table 1). Visible light irradiation drastically increased

the rate of the reaction. The highest rate of amine oxidation was
achieved under irradiation with a blue LED, with the yield of
benzonitrile reaching 92% in 4 h and TOFRu of 21.4 h−1. The
catalyst was less active under irradiation with green or red light,
with the yield of benzonitrile being 64% and 26%, respectively.
The lower activity of RuO2·xH2O/TiO2 under irradiation with
light of longer wavelengths could be due to the lower ability of
the catalyst to absorb light in these regions (Figure 1) and/or
because the electrons of RuO2·xH2O gain less energy under
irradiation with light of longer wavelengths.10 In all cases,
reaction selectivity toward benzonitrile was high and exceeded
93%. The reaction exhibited a pseudo-first-order kinetics with
the rate constant of 0.85 h−1 for the blue LED (SI, Figure S2).
The apparent activation energies for benzylamine oxidation
performed under blue-light irradiation and in the dark were
obtained from Arrhenius plots (SI, Figure S3). The apparent
activation energy for thermally activated process was 21.4 kJ/
mol. Irradiation with blue light reduced the activation energy to
11.3 kJ/mol, giving 47% decrease in the activation energy.
No enhancement of catalytic activity under blue light

irradiation was observed over RuO2·xH2O supported on
insulating materials MgO and Al2O3 (Table 1), whereas
RuO2·xH2O/Al2O3 gave 88% conversion (62% yield of
benzonitrile) in 4 h in thermally activated reaction at 100 °C.
This indicates that semiconducting support (TiO2) is involved
in the photocatalysed benzylamine oxidation over RuO2·xH2O/
TiO2 and that neither direct injection of photoexcited electrons
of RuO2·xH2O into antibonding orbitals42,43 of the adsorbed
amine nor the plasmon-induced rise of the local temperature of
the catalyst is the driving force of catalysis in this case.
Otherwise, activity enhancement under visible light irradiation
would have been observed independently of the support type.
P25 TiO2, which was subjected to the conditions of catalyst

synthesis (i.e., NaOH wash and calcination at 150 °C), was also
active in oxidation of benzylamine under visible light
irradiation. However, N-benzylidenebenzylamine (N-BBA)
was formed instead of benzonitrile (Table 1) which is
consistent with the previous reports.31 TiO2 was only active
under irradiation with blue light, whereas almost no conversion
was observed under either green or red light irradiation.
Photocatalytic oxidation was further extended to various

amines. Table 2 summarizes the results of aerobic amine
oxidation catalyzed by RuO2·xH2O/TiO2 under irradiation with
blue light. Good to excellent yields were obtained for the
oxidation of both benzylic and primary aliphatic amines. Both
para- and ortho-substituted benzylic amines were oxidized to
the corresponding nitriles with selectivities ranging from 83%
to 98%. The rate of amine oxidation was not significantly
affected by either electron-withdrawing or -donating substitu-
ents. This fact is illustrated by the parameter ρ, obtained from
the Hammett plot, being close to zero (SI, Figure S4). The rate
of oxidation of primary aliphatic amines was lower than that of
benzylic amines, with conversion of pentylamine and octyl-
amine reaching 99% in 7 and 10 h, respectively. Interestingly,
photocatalytic oxidation of dibenzylamine showed much lower
selectivity toward N-BBA than the thermal reaction reported by
Yamaguchi and Mizuno (17% vs 84%),36 with higher yields of
benzaldehyde and benzonitrile (Table 2, entry 9). This can be
explained by the fact that under visible light irradiation RuO2·
xH2O/TiO2 can promote oxidation of N-BBA to benzaldehyde
and benzonitrile (Table 2, entry 10).
Analysis of kinetic data indicates that N-BBA is not an

intermediate in benzylamine oxidation to benzonitrile. If N-

Figure 1. Diffuse reflectance spectra of RuO2·xH2O/TiO2 (dark
green) and base-treated P25 TiO2 (brown). Normalized emission
spectra of blue, green, and red LEDs.

Table 1. Photocatalytic Oxidation of Benzylaminea

aReaction conditions: benzylamine (0.1 mmol), O2 (∼1 atm), toluene
(3 mL), catalyst 50 mg (4 mol % Ru), irradiance 1.5 W/cm2, 30 °C, 4
h. bDetermined by GC.
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BBA was an intermediate, the accumulation of N-BBA would
have been observed (with the maximum yield of N-BBA
exceeding 37%) because the rate constant of N-BBA oxidation
is comparable to that of benzylamine oxidation (0.84 and 0.85
h−1; see SI for details). However, the yield of N-BBA did not
exceed 7% throughout the course of reaction (Figure S6).
Kinetic isotope effect was examined by the comparison of

kinetics of oxidation of benzyl-α−α-D2-amine and benzylamine.
A small value of the ratio of rate constants kH/kD = 1.3 ± 0.1
indicates that the cleavage of C−H bond is not involved in the
rate-determining step, similarly to the oxidation of benzylic
amines to imines photocatalysed by TiO2.

31

The catalyst RuO2·xH2O/TiO2 is also capable of promoting
amine oxidation under sunlight irradiation at near-ambient
temperature (30 ± 3 °C). Catalytic setup was placed by the
open window so that the reactor would be directly irradiated by
the Sun for the duration of the experiment of 6 h (see SI for
details). The yield of benzonitrile reached 46% with TOFRu of
5.2 h−1.
Water is a solvent of choice for conducting green chemical

processes.44 However, poor selectivity of photocatalytic
processes utilizing water as a solvent could be expected in
some cases due to the generation of active oxygen species from
the oxidation of H2O.

45 For example, lower selectivity was

reported for the TiO2-catalyzed oxidation of amines in water
compared to that in CH3CN.

32 In order to test the suitability of
water as a solvent in our system, we have conducted aerobic
oxidation of benzylamine and pentylamine in water in the
presence of RuO2·xH2O/TiO2 under irradiation with the blue
LED. Oxidation of both amines gave corresponding nitriles in
good yields: the yield of benzonitrile reached 90% after 4 h,
whereas the yield of valeronitrile was 94% after 7 h. These
results show that water could be efficiently used as a solvent for
the aerobic oxidation of both benzylic and primary aliphatic
amines using RuO2·xH2O/TiO2 catalyst.
The study of RuO2·xH2O/TiO2 recyclability in water showed

that catalyst retained its activity in the second catalytic cycle;
however, the activity of RuO2·xH2O/TiO2 gradually decreased
in the subsequent catalytic cycles (Figure S7). ICP-MS study of
the reaction mixtures (cycles 1−5) showed that in all cases the
concentration of leached Ru species was below 0.5 ppm (Figure
S7).
In order to better understand the mechanism of photo-

catalytic amine oxidation in water, we have performed a series
of experiments with the addition of various radical scavengers
(Figure 2). Oxidation of benzylamine in the presence of
ammonium oxalate (hole scavenger)46−49 gave only 9% of
benzonitrile, indicating the involvement of holes in the

Table 2. Photocatalytic Oxidation of Aminesa

aReaction conditions: amine (0.1 mmol), O2 (∼1 atm), toluene (3 mL), catalyst 50 mg (4 mol % Ru), blue LED, irradiance 1.5 W/cm2, 30 °C.
bDetermined by GC. cCalculated from the initial reaction rates. dOther products: benzaldehyde (yield 42%) and benzonitrile (yield 22%). eN-BBA
(0.05 mmol). fOther product: benzaldehyde (51%).
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photocatalytic process. Addition of •OH radical scavenger tert-
butanol50−52 did not affect benzylamine oxidation, implying
that such species are not involved in the process. Presence of
either TEMPO (•O2

− radical scavenger)53,54 or NaN3
(scavenger of singlet oxygen, 1O2)

55−57 led to the decrease of
benzonitrile yield to 82% and 36%, respectively, indicating the
involvement of both •O2

− and 1O2, with singlet oxygen being
the predominant active species.
On the basis of these results, we can suggest a possible

mechanism for the photocatalysed oxidation of amines over
RuO2·xH2O/TiO2. In this mechanism (Scheme 2), incident

photons are absorbed by hydrous ruthenium oxide through
interband transitions and/or the localized surface plasmon
resonance (1),30,39−41 the photoexcited electrons are trans-
ferred into the TiO2 conduction band (2), with subsequent
formation of superoxide radicals •O2

− (3); the holes remaining
in RuO2·xH2O oxidize •O2

− to form singlet oxygen58−60 (4)
and, finally, RuO2·xH2O catalyzes the oxidation of amines to
nitriles with 1O2 (5). The latter could proceed through the
formation of ruthenium amide species, as was proposed earlier
for thermally activated process.23 In an alternative or parallel
mechanism holes can oxidize amines, in which case superoxide
radical would be directly involved in the oxidation process. In
both cases, amine transformation to nitriles occurs over RuO2·
xH2O centers as opposed to the case of pure TiO2, where
amine oxidation proceeds through the formation of positive

charge at nitrogen atom of TiO2-amine complex with the
subsequent formation of benzaldehyde and its condensation
with amine to give N-BBA.9,31,33 The involvement of such
active species as singlet oxygen and holes could be the reason
for further oxidation of N-BBA in the photocatalysed process,
which did not occur in the reported earlier thermally activated
process (vide supra).
In summary, we have shown that hydrous ruthenium oxide

supported on TiO2 can promote the aerobic oxidation of wide
range of amines to nitriles under visible light irradiation.
Irradiation with blue light was found to be the most efficient;
however, amine oxidation can also be driven by sunlight at
ambient temperature. Importantly, water can be used as a
solvent instead of toluene for the oxidation of both benzylic and
aliphatic amines without significant loss in activity and
selectivity. Preliminary mechanistic investigations indicated
the involvement of singlet oxygen in the photocatalytic amine
oxidation over RuO2·xH2O/TiO2.
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