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Styrene successfully hydrogenated (reduced) to
ethylbenzene in alcoholic suspensions of a palladium-loaded
titanium(IV) oxide (TiO;) photocatalyst, although the
reduction potential of styrene is believed to be much higher
than the potential of the conduction band of TiO,.

was

When titanium(IV) oxide (TiO,) is irradiated by UV light, electrons
in an electron-filled valence band (VB) are excited to a vacant
conduction band (CB), leaving a positive hole in the VB. Thus-
formed electrons and positive holes cause reduction and oxidation,
respectively, of compounds adsorbed on the surface of a
photocatalyst. Application of photocatalysis of TiO, particles to
organic synthesis is attractive for the following reasons. Since both
oxidation and reduction occur on the surface of TiO, particles,
photocatalytic reactions can be applied for electrolytic organic
synthesis without the use of an electrolyte and electrical wiring, both
of which are requisites in conventional electrolytic conversion.
Photocatalytic redox reactions by electrons and positive holes leave
no by-product that originated in the reductant and oxidant, whereas
conventional redox reagents such as permanganate or lithium
aluminum hydride leave manganese ion or aluminum hydroxide after
oxidation and reduction, respectively. Since photocatalytic reactions
proceed at room temperature under atmospheric pressure and since
light is indispensable, the reactions can be operated safely and can be
easily controlled by the light intensity. In addition, TiO, has been
used for a long time as a common inorganic material such as a
pigment and UV absorber because it is inexpensive and not toxic for
humans and the environment. Since the above-mentioned
characteristics of photocatalysis satisfy almost all of the 12 proposed
requirements for green chemistry,' organic synthesis of various
compounds using photocatalysis has recently been studied.?
Applications of photocatalytic reduction have been less
frequently reported, although total or partial oxidation of organic
compounds has been extensively studied. Most of the organic
substrates are oxidized or decomposed by positive holes, and the
reduction potential of many organic compounds is more negative
than the reduction potential of the CB. Therefore, target compounds
in photocatalytic reduction (or hydrogenation) are basically limited
to those having a carbonyl group® and a nitro group®, and other
photocatalytic reductions of organic compounds have scarcely been
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reported. Very recently, we reported photocatalytic reduction
(hydrogenation) of a cyano group (benzonitrile) to an amino group
(benzylamine) using palladium-loaded TiO, (Pd-TiO,) even though
the reduction potential of benzonitrile is higher than the potential of
the conduction band of TiO,, indicating that the applicability of
photocatalytic reduction is not limited by the CB position of
semiconductor photocatalysts. Therefore, a new photocatalytic
reduction can be developed if metal co-catalysts are introduced on
photocatalysts.

Hydrogenation is one of important processes in petroleum
chemistry, industrial chemistry, food chemistry and fine chemistry.®
However, these (thermo)catalytic systems require a high temperature
and reducing reagents such as hydrogen (H,) gas. Hydrogenation of
alkenes to alkanes would be more attractive if the reaction occurs
without the use of H, at room temperature. In this study, we explored
a new photocatalytic reduction system other than reduction of
nitrobenzenes, carbonyl compounds and nitriles, and we found that
photocatalytic hydrogenation of a C=C double bond to a C—C bond
occurred in alcoholic suspensions of TiO, with metal co-catalysts at
room temperature without the use of H,. Here we briefly report 1)
the effect of metal co-catalysts on hydrogenation of styrene to
ethylbenzene as a model reaction of hydrogenation of a C=C double
bond to a C-C bond, 2) stoichiometry and characteristics of the
reaction and 3) applicability of the photocatalytic hydrogenation of
alkenes to alkanes.
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Figure 1 Effects of metals (0.1 wt%) loaded on the TiO, surface on
photocatalytic reduction of styrene (45 pmol) to ethylbenzene in
methanolic suspensions (5 cm®) under deaerated conditions for 30-
min photoirradiation at 298 K.

J. Name., 2012, 00, 1-3 | 1



RSC Advances

60
g
5 40
@
c
3 20
£
<
0z
m 15
[
2
S 1
m MB
= 05
L L 0
0 10 20 30

Irradiation time /min

Figure 2 Time courses of (a) amounts of styrene remaining (red
circles), ethylbenzene formed (blue squares), acetone formed (green
open diamonds) and H, (orange triangles) (b) MB (left axis, blue
squares), RB (left axis, red circles) and E/A (right axis, green
triangles) in 2-propanolic suspensions of 0.1 wt% Pd-TiO, (50 mg)
under deaerated condition at 298 K.

Figure 1 shows effects of metal co-catalysts on production
of ethylbenzene in photocatalytic hydrogenation of styrene in
methanol solutions after 30-min photoirradiation. When bare TiO,
was used as the photocatalyst, no reaction of styrene occurred and
the color of TiO, became blue, indicating that Ti** in TiO, was
reduced to Ti** by photogenerated electrons. This result means that
positive holes oxidized methanol, while photogenerated electrons in
the CB of TiO, did not reduce styrene. Almost the same results were
obtained when Au, Ag, Cu and Ru were loaded on TiO, as co-
catalysts. These results (no hydrogenation of styrene) can be
explained by the reduction potential of styrene being more negative
than that of the CB of TiO,. Since the half-wave reduction potential
of the system was reported to be —2.4 V versus SHE.S a high voltage
is required for electrochemical reduction (hydrogenation) of styrene.
In contrast to these metal-loaded TiO, samples, when Pd-, Pt- and
Rh-loaded TiO, photocatalysts (Pd-TiO,, Pt-TiO, and Rh-TiO,)
were used, styrene was hydrogenated and ethylbenzene was obtained
without the use of H,. Pd-TiO, showed a much higher ethylbenzene
yield than those of the other photocatalysts, and styrene was
hydrogenated to ethylbenzene almost stoichiometrically after 30 min.
Since supported Pd nanoparticles are often used for catalytic
hydrogenation of a C=C double bond with H, as a hydrogen source,
it could be considered that ethylbenzene was formed
thermocatalytically. However, two blank reactions at 298 K without
light irradiation and without Pd-TiO, produced no ethylbenzene
(Table S1, ESIf), indicating that ethylbenzene was formed
photocatalytically. As far as we know, this is the first report on
hydrogenation of a C=C double bond by using a TiO, photocatalyst.

Figure 2(a) shows time courses of styrene remaining,
ethylbenzene formed and acetone formed in 2-propanol suspensions
of 0.1 wt% Pd-TiO, without the use of H,. Just after photoirradiation,
styrene monotonously decreased, while ethylbenzene and acetone
were formed as the reduction (hydrogenation) product of styrene and
the oxidation product of 2-propanol, respectively. After 25-min
photoirradiation, styrene was almost completely consumed and
ethylbenzene was obtained in a high yield (98%). It should be noted
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that H, was formed only after consumption of styrene. Formation of
H, means that protons (H") in the reaction system were reduced.
Therefore, reduction (hydrogenation) of styrene occurred selectively
under the present conditions. Material balance (MB) calculated by
using Equation 1 is shown in Figure 2(b).

__ n(styrene)+n(ethylbenzene)
- ny(styrene)

MB (D),

where n(styrene) and n(ethylbenzene) are the amounts of styrene and
ethylbenzene after photoirradiation, respectively, and ng(styrene) is
the initial amount of styrene. The high yield of ethylbenzene and the
value of MB close to unity indicate that only hydrogenation of
styrene to ethylbenzene occurred, i.e., neither polymerization of
styrene, cracking of ethylbenzene nor hydrogenation of the aromatic
ring occurred. To evaluate the redox property and competitive
reduction of styrene and H' by photogenerated electrons, new
indicators, i.e., redox balance (RB) and selectivity for ethylbenzene
production (ethylbenzene/acetone, E/A), were calculated from
Equations 2 and 3, respectively and are shown in Figure 2(b).

__ 2xAmount of ethylbenzene+2xAmount of Hp

RB

Q).

2xAmount of acetone

E/ __ 2xAmount of ethylbenzene
A

= 3).

2xAmount of acetone

The value of RB close to unity was preserved in all of the reaction,
indicating that electrons were used only for reduction of styrene (to
ethylbenzene) and H' (to H,) and that holes were consumed only for
oxidation of 2-propanol (to acetone). Therefore, only a desired main
reaction (Scheme 1) and a side reaction (Scheme 2) occurred in the
present photocatalytic reaction system.

x OH Pd-TiO,, hv o}
* )\ * )k
Scheme 1
OH Pd-TiO,, hv

o
P

Scheme 2

Therefore, we can conclude that photocatalytic hydrogenation of
styrene to ethylbenzene along with 2-propanol oxidation to acetone
occurred over Pd-TiO, without the use of H,. However, the value of
E/A slightly higher than unity suggests that a small amount of
acetone was consumed by a photocatalytic reaction.

Effects of the amounts of Pd loaded on the TiO, surface on
yield of ethylbenzene were examined, and the yield of ethylbenzene
reached maximum at 0.5 wt% (Figure S1, ESI{). In the 0.5 wt%-
sample, fine Pd particles with an average diameter of 4.8 nm were
observed by a transmission electron microscope (Figure S2, ESIY)
To evaluate the durability of the Pd-TiO, photocatalyst in this
reaction system, the reaction was repeated. As shown in Figure S3
(ESIY), Pd-TiO, photocatalysts were reusable at least three times
without loss of activity. Totally, 141 pmol of ethylbenzene was
formed by three-time reuse of Pd-TiO, and, based on Equation 4, the
turnover number (TON) of Pd for styrene hydrogenation was
calculated to be 300, indicating that Pd worked as a co-catalyst.

Amount of ethylbenzene formed

TON =

(4).

Amount of Pd catalyst

The value of apparent quantum efficiency (AQE) at 366 nm was
calculated from the ratio of the amount of ethylbenzene and amount
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of photons provided from a UV LED (A, = 366 nm) using
Equation 5. It should be noted that the value of AQE reached 38%
even under irradiation of intense UV light (10.5 mW cm™),
indicating that this reaction occurred with very high efficiency.

2xAmount of ethylbenzene formed
Number of incident photons

AQE =

).

Applicability of the photocatalytic hydrogenation of
alkenes to alkanes was investigated using various aromatic or
aliphalic alkenes, and Table 1 shows results of the photocatalytic
hydrogenation in methanolic suspensions of Pd-TiO, particles under
deaerated conditions. Hydrogenation reaction proceeded in all cases,
and high yield was obtained.

Table 1 Photocatalytic hydrogenation of various alkenes to alkanes
in methanolic suspensions of 0.1 wt%Pd-TiO, for 30-min
photoirradiation.
Entries  Substances Products Yield
X
o O
X
S SR - O
=
N
A @/\/ @/\/ 90
X
SIS NG I
7 NSNS NSNS 98

*2-Propanol was used as solvent.

In thermocatalytic process, H, is dissociatively adsorbed on Pd
surface and thus formed H species (as H-Pd) are incorporated into a
C=C double bond. Based on the mechanism of thermocatalytic
hydrogenation over Pd catalyst, mechanism of photocatalytic
hydrogenation without the use of H, can be considered as follows: 1)
protons (H") are reduced by photogenerated electrons on Pd surface
to give active H species (probably as H-Pd) and 2) this active H
species on Pd are inserted into a C=C double bond, resulting in
ethylbenzene formation. The active species formed in
thermocatalytic and photocatalytic reactions would be essentially
same because H, was evolved after consumption of styrene (Figure
2(a)). It is apparent that H species photocatalytically formed on Pd
are very active for hydrogenation of alkenes.

Conclusions

As a new application of TiO,-photocatalyzed reduction to organic
synthesis, we examined reduction (hydrogenation) of alkenes to
alkanes without the use of H, and found that Pd showed a
remarkable co-catalyst effect. Photogenerated electrons were used
only for alkene hydrogenation and not for H, evolution. This paper
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provides a new strategy for designing a photocatalytic reduction
system, i.e., utilization of photocatalytically formed H species
having a strong reduction power.
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