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ABSTRACT: TiO2 loaded with Pd particles (Pd/TiO2), when
photoirradiated at λ > 300 nm in alcohol containing primary
amine, efficiently promotes N-monoalkylation of amine with
alcohol, producing the corresponding secondary amine with
almost quantitative yields. This occurs via tandem photo-
catalytic and catalytic reactions: (i) Pd-assisted alcohol
oxidation on the photoactivated TiO2, (ii) condensation of
the formed aldehyde with amine on the TiO2 surface, and (iii)
hydrogenation of the formed imine by the surface H atoms on
the Pd particles. The rate-determining step is the imine
hydrogenation, and the reaction depends strongly on the size of the Pd particles. The catalyst with 0.3 wt % Pd, containing 2−2.5
nm Pd particles, shows the highest activity for imine hydrogenation, and smaller or larger Pd particles are inefficient. Calculations
of the number of surface Pd atoms based on the cuboctahedron particle model revealed that the Pd atoms on the triangle site of
Pd particles are the active site for hydrogenation. Larger Pd particles contain a larger number of these Pd atoms and are effective
for imine hydrogenation. Alcohols, however, are strongly adsorbed onto the larger triangle site and suppress imine
hydrogenation. As a result of this, the catalyst with 2−2.5 nm Pd particles, which contains a relatively larger number of Pd atoms
on the triangle site and does not promote strong alcohol adsorption, shows the highest activity for imine hydrogenation and
promotes efficient N-monoalkylation of amine with alcohol under photoirradiation.
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■ INTRODUCTION

Tandem catalysis that enables multistep reactions in one pot
has attracted a great deal of attention because it avoids the
isolation of unstable intermediates and reduces the production
of wastes.1−3 A variety of one-pot synthetic procedures have
been proposed, but many of these employ homogeneous
catalysts, which generally suffer from product contamination
and limited recyclability.4−6 Development of heterogeneous
catalytic systems that promote efficient one-pot synthetic
reactions is currently the focus of attention.7−11

Secondary amines are one of the most important classes of
chemicals that are widely used for synthesis of pharmaceuticals
and agricultural chemicals.12 Traditionally, these compounds
are synthesized by N-monoalkylation of primary amines with
alkyl halides.12−14 This method, however, requires stoichio-
metric or excess amounts of inorganic bases, with a
concomitant formation of large amounts of inorganic salts as
waste.
An alternative environmentally friendly way for secondary

amine synthesis is the N-alkylation of primary amines with
alcohols as the alkylating reagents in the presence of transition
metal catalysts, the so-called “borrowing hydrogen (H)
strategy”.15−18 The reaction proceeds via three consecutive

catalytic steps in one pot: (i) dehydrogenation of an alcohol
initially proceeds, producing aldehyde and H atoms on the
metal; (ii) catalytic condensation of the formed aldehyde with
primary amine produces imine; and (iii) the imine is
hydrogenated by the H atoms, giving the secondary amine.
Although many homogeneous catalysts, such as Pt, Ru, and Ir
complexes, have been proposed so far,19−24 these methods have
shortcomings in the recovery and reuse of expensive catalysts,
the indispensable use of cocatalysts such as bases and stabilizing
ligands, or both. The design of easily recyclable heterogeneous
catalytic systems is therefore desirable.
Several heterogeneous systems have also been proposed for

one-pot secondary amine synthesis, such as Pd oxides
supported on Fe2O3,

25 Pd particles supported on boehmite
nanofibers,26 Ag clusters supported on Al2O3 (in the presence
of FeCl3·6H2O as a homogeneous Lewis acid),27 Ru or Cu
hydroxide supported on Al2O3,

28−31 Au particles supported on
TiO2,

32 and Pd particles supported on MgO.33 All of these
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systems produce secondary amines selectively, but they require
relatively high reaction temperatures (>363 K).
The purpose of the present work is to design heterogeneous

catalytic systems that promote N-monoalkylation of primary
amines with alcohols at room temperature. It is well-known that
photoexcitation of semiconductor TiO2 loaded with noble
metal particles, such as Pt,34 Ag,35 Au,36 and Pd,37 under inert
gas atmosphere successfully promotes dehydrogenation of
alcohols and produces aldehydes at room temperature. The
removed H+ are reduced by the photoformed electrons on the
metal particles and are transformed to H atoms (H−metal
species), which are finally removed from the metal surface by
the formation of H2.

38 This indicates that TiO2 loaded with
metal particles, when photoactivated in alcohol, produces
aldehyde and H atoms at room temperature. The formed
aldehyde may react with primary amine on the Lewis acid site
on the TiO2 surface and produce imine.34,39 The imine may
then be hydrogenated by the H atoms formed on the metal
surface40 and converted to secondary amine.
On the basis of the above scenario, we studied the N-

alkylation of primary amines with alcohols in the presence of
metal-loaded TiO2 under photoirradiation (λ > 300 nm). Here,
we report that TiO2 loaded with Pd particles (Pd/TiO2)
successfully promotes N-monoalkylation of primary amines at
room temperature via three consecutive steps involving (i)
dehydrogenation of alcohols on the photoactivated TiO2
surface, (ii) catalytic condensation of the formed aldehyde
and amine, and (iii) hydrogenation of the formed imine on the
Pd surface. We found that the reaction efficiency strongly
depends on the size of Pd particles. The catalyst loaded with 0.3
wt % Pd, containing 2−2.5 nm Pd particles, shows the highest
activity.

■ RESULTS AND DISCUSSION
Catalytic Activity of Metal-Loaded TiO2. The catalytic

activity of metal-loaded TiO2, Mx/TiO2 [x (wt %) = M/(M +
TiO2) × 100], was studied for N-alkylation of primary amine
with alcohol. The catalysts loaded with 0.3 wt % metal particles
such as Au, Pt, Ag, and Pd were prepared with JRC-TIO-4 TiO2
particles supplied from the Catalyst Society of Japan
(equivalent to Degussa P25; anatase/rutile = ∼80/20; average
particle size, 24 nm; BET surface area, 59 m2 g−1). Metal

loadings were carried out by the deposition−precipitation
method for Au41 and by the impregnation−reduction method34

for Pt, Ag, and Pd. These catalysts were used for N-alkylation of
aniline with benzyl alcohol. The reactions were carried out by
photoirradiation (λ > 300 nm, 6 h) of a benzyl alcohol solution
(5 mL) containing aniline (50 μmol) with the respective
catalyst (10 mg) at room temperature under N2 atmosphere (1
atm). The conversion of aniline and the yields of N-
benzylidenaniline (1) and N-benzylphenylamine (2) (=
[product formed]/[initial amount of aniline] × 100) are
summarized in Table 1. With bare TiO2 (entry 1), the aniline
conversion is only 11%, and the imine (1) is formed as the
main product, and the secondary amine (2) is scarcely
produced. As shown in entries 2 and 3, Au0.3/TiO2 and
Ag0.3/TiO2 catalysts are also ineffective; their aniline con-
versions are <10%. In these cases, the amount of benzaldehyde
formed is significantly low (<20 μmol). This implies that
photocatalytic oxidation of alcohol does not occur efficiently on
these catalysts and does not provide a large enough amount of
aldehyde for condensation with aniline. As shown in entry 4,
Pt0.3/TiO2 shows a relatively high aniline conversion (56%).
The yield of 2, however, is only 3%, and imine (1) is mainly
produced. This indicates that hydrogenation of imine does not
occur efficiently on the Pt0.3/TiO2 catalyst. In contrast, Pd0.3/
TiO2 (entry 6) produces 2 with almost quantitative yield
(92%). The results clearly indicate that Pd/TiO2 catalyst is
highly active for N-monoalkylation.

Catalytic Activity of Pd/TiO2. Pdx/TiO2 catalysts with
different Pd loadings (x = 0.1, 0.3, 0.5, and 1.0 wt %) were
prepared to clarify their activity. Figure 1 shows the typical
transmission electron microscopy (TEM) images of catalysts.
Highly dispersed Pd nanoparticles were observed for all Pdx/
TiO2 catalysts. As shown in Figure 1, the size of the Pd particles
(dPd) determined by the TEM observations increases with an
increase in the Pd loadings; the average diameters for x = 0.1,
0.3, 0.5, and 1.0 catalysts are 1.6, 2.3, 2.6, and 4.1 nm,
respectively. In addition, high-resolution TEM image of
catalysts (Figure 2) revealed that the Pd particles can be
indexed as fcc in structure, as well as bulk Pd metal (JCPDS 46-
1043). Figure 3 shows the diffuse reflectance UV−vis spectra of
the respective catalysts. The catalysts with higher Pd loadings

Table 1. Catalyst Properties and the Results for N-Alkylation of Aniline with Benzyl Alcohol on Various Catalysts under
Photoirradiation

yields (%)b,c amt product formed (μmol)b

entry catalyst dpd (nm)
a aniline conv (%)b 1 2 benzaldehyde toluene H2

1 TiO2 11 10 0 <1 0 <1
2 Au0.3/TiO2 4 4 0 16 0 15
3 Ag0.3/TiO2 9 6 2 4 0 3
4 Pt0.3/TiO2 56 53 3 84 0 98
5 Pd0.1/TiO2 1.6 65 8 49 96 0.9 93
6 Pd0.3/TiO2 2.3 >99 6 92 90 14 79
7 Pd0.5/TiO2 2.6 91 9 81 62 25 18
8 Pd1.0/TiO2 4.1 89 19 64 56 42 6
9d Pd0.3/TiO2 >99 7 92

aAverage diameter of Pd particles determined by TEM observations (Figure 1). bDetermined by GC. cYield = [product formed]/[initial amount of
aniline] × 100. dThe result obtained by the reuse of catalyst (entry 6) after simple washing with ethanol.
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show increased absorbance at λ > 300 nm due to the light
scattering by the Pd particles.
Table 1 (entries 5−8) summarizes the results for N-

alkylation of aniline with benzyl alcohol in the presence of
Pdx/TiO2 catalysts. Among the catalysts, Pd0.3/TiO2 (entry 6)
shows the highest aniline conversion (>99%) and the highest 2
yield (92%). The catalysts with lower or higher Pd loadings
show decreased activity. These data suggest that Pd0.3/TiO2
shows the best catalytic activity, and the activity strongly
depends on the amount of Pd loaded. It is noted that the Pd0.3/
TiO2 catalyst is reusable for further reaction. As shown in Table
1 (entry 9), Pd0.3/TiO2, when reused for reaction after simple
washing with ethanol, shows aniline conversions and a yield of
2 that are similar to that obtained with the virgin catalyst (entry
6). This indicates that the catalyst is reusable without the loss of
activity and selectivity. In addition, Pd0.3/TiO2 is applicable for
synthesis of several kinds of secondary amines. As shown in
Table 2, photoirradiation of Pd0.3/TiO2 in alkyl or benzyl

alcohols containing several kinds of primary amines produces
the corresponding secondary amines with very high yields
(>82%).

Mechanism for N-Alkylation. The Pd/TiO2 catalysts
promote N-alkylation of amine with alcohol via tandem
photocatalytic and catalytic reactions. The reactions are

Figure 1. Typical TEM image of Pdx/TiO2 catalysts and the size
distributions of Pd particles on the respective catalysts.

Figure 2. High-resolution TEM images of Pdx/TiO2 catalysts.

Figure 3. Diffuse reflectance UV−vis spectra of Pdx/TiO2 catalysts.
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initiated by photoexcitation of TiO2, producing the electron
(e−) and positive hole (h+) pairs.

ν+ → ++ −hTiO h e2 (1)

The h+ oxidizes alcohol and produces aldehyde and H+.

− + → − ++ +R CH OH 2h R CHO 2H1 2 1 (2)

H+ is reduced on the surface of Pd particles by the e−

transferred from the TiO2 conduction band, and transformed
to the surface H atom (H−Pd species).

+ + → −+ −H e Pd H Pd (3)

Parts of the H atoms are removed from the surface of Pd
particles as H2 gas by coalescence.

− + − → ↑+H Pd H Pd H 2Pd2 (4)

Condensation of the formed aldehyde with primary amine by
the Lewis acid site on the TiO2 surface produces the imine. The
reaction occurs reversibly as follows:34,39

− + − ⇄ − − +R CHO R NH R CH N R H O1 2 2 1 2 2 (5)

The imine is hydrogenated by the H−Pd species and is
transformed to secondary amine.40

− − + − → − − − +R CH N R 2H Pd R CH NH R 2Pd1 2 1 2 2
(6)

Figure 4 shows the time-dependent change in the amounts of
substrate and products during the photocatalytic reaction of
aniline with benzyl alcohol in the presence of Pd0.1/TiO2, Pd0.3/
TiO2, and Pd1.0/TiO2 catalysts, respectively. As shown in Figure
4b, photoirradiation of Pd0.3/TiO2 produces benzaldehyde and
H2 at the initial stage, then the amount of aniline decreases, and
the imine 1 and secondary amine 2 appear. The amount of 1
stays very low, and the amount of 2 increases with time; 6 h of
photoirradiation leads to almost quantitative transformation of

Table 2. N-Alkylation of Various Amines with Alcohols on the Pd0.3/TiO2 Catalyst under Photoirradiation
a

aReaction conditions: alcohol, 5 mL; amine, 50 μmol; catalyst, 10 mg; temperature, 298 K; N2, 1 atm; λ > 300 nm; bDetermined by GC.

Figure 4. Time-dependent change in the amounts of substrate and products during photoreaction of benzyl alcohol and aniline with (a) Pd0.1/TiO2,
(b) Pd0.3/TiO2, and (c) Pd1.0/TiO2 catalysts. Reaction conditions are identical to those in Table 1.
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aniline to 2. These substrate and product profiles suggest that
the above reaction sequence (eqs 1−6) proceeds efficiently on
the Pd0.3/TiO2 catalyst. In contrast, with Pd0.1/TiO2 and Pd1.0/
TiO2 (Figure 4a and c), the formation of 2 is much slower than
that obtained with Pd0.3/TiO2; quantitative formation of 2
requires more than 10 h. These data suggest that Pd0.3/TiO2
shows the highest activity for N-alkylation, and the amount of
Pd loaded strongly affects the catalytic activity.
Effects of Pd Amount on the Reaction Steps. The

effects of the Pd amount on the respective reaction steps (eqs
2−6) for N-alkylation were studied to clarify the reason for the
high activity of Pd0.3/TiO2. The oxidation of alcohol by the
photoformed h+ (eq 2) as the first step for reaction was studied
by photoirradiation of the respective catalysts (10 mg) in
benzyl alcohol (5 mL) without aniline. Figure 5 (white) shows

the amount of benzaldehyde formed by 6 h of photoirradiation.
Pd0.1/TiO2 produces the highest amount of aldehyde, and the
amount decreases with the Pd loadings. This suggests that
lower Pd loading catalysts are active for photocatalytic
oxidation of alcohol. It is well-known that a metal/semi-
conductor heterojunction creates a Schottky barrier.42 Photo-
formed conduction band e− of a semiconductor overcomes this
barrier and is trapped by the metal particles, resulting in an
enhanced charge separation between h+ and e−. The charge
separation efficiency therefore strongly depends on the height
of the Schottky barrier. The increased metal loadings onto the
semiconductor lead to an increase in the height of the Schottky
barrier as a result of the electron transfer from the
semiconductor to the metal.43 The increased barrier height
by larger Pd loadings probably suppresses the migration of the
conduction band e− to the Pd particles. This may decrease the
charge separation efficiency and result in decreased photo-
catalytic aldehyde formation (Figure 5). However, as shown in
Table 1 (entries 5−8), all of the Pdx/TiO2 catalysts produce
benzaldehyde with amounts larger than that of aniline (50
μmol). This suggests that an amount of aldehyde that is
sufficient for condensation with aniline is produced on all of the
catalysts, and the photocatalytic alcohol oxidation is not the
rate-determining step for N-alkylation.
Condensation of amine with aldehyde (eq 5) is the next step

for N-alkylation. The reaction is catalyzed by the Lewis acid site
on the TiO2 surface

34,39 and is not affected by the amount of
Pd loaded. Table 3 summarizes the results for condensation
between aniline and 2 equiv of benzaldehyde in the presence of

the respective catalysts for 3 h at 298 K in the dark. The
absence of catalyst (entry 1) produces 1 with only 29% yield. In
contrast, addition of bare TiO2 (entry 2) produces 1 with >90%
yield. The yield of 1 scarcely changes when using the catalysts
with different Pd loadings (entries 3−6). These data clearly
suggest that the imine formation (eq 5) is also not the rate-
determining step for N-alkylation.
As a result of the above, the rate-determining step for N-

alkylation is the hydrogenation of imine by the H atom formed
on the surface of Pd particles (eq 6) as the final step for
reaction sequence. The imine hydrogenation is strongly affected
by the size of the Pd particles loaded. This is confirmed by
hydrogenation of imine 1 with molecular hydrogen (H2) as a
hydrogen source. The reaction was performed in MeCN
containing 1 with H2 (1 atm) in the presence of respective Pdx/
TiO2 catalysts at a constant Pd amount (0.28 μmol) for 2 h in
the dark. Figure 6 (black) shows the relationship between the
diameter of Pd particles (dPd) and the yield of secondary amine
(2) formed. Smaller Pd particles have a larger surface area and
possess a larger number of surface Pd atoms. The 2 yields,
however, increase with an increase in the size of the Pd

Figure 5. Amount of products formed during photoreaction of benzyl
alcohol with respective catalysts in the absence of amine.

Table 3. Condensation of Benzaldehyde with Aniline on the
Respective Catalysts in the Dark.a

entry catalyst 1 yield (%)a

1 none 29
2 TiO2 90
3 Pd0.1/TiO2 92
4 Pd0.3/TiO2 94
5 Pd0.5/TiO2 92
6 Pd1.0/TiO2 95

aDetermined by GC.

Figure 6. The yields of secondary amine 2 obtained during
hydrogenation of imine 1 in MeCN or benzylalcohol with respective
Pdx/TiO2 catalysts (Pd: 0.28 μmol) under H2 in the dark. The
amounts of catalysts used are 30 (Pd0.1), 10 (Pd0.3), 6 (Pd0.5), and 3
mg (Pd1), respectively.
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particles. This indicates that not all of the surface Pd atoms are
the active site, and the Pd atoms on the specific surface site
behave as the active site for imine hydrogenation.
Active Site for Imine Hydrogenation. The specific active

site for imine hydrogenation on the Pd particles must be
identified. Morphology and size of metal particles strongly
affect the catalytic activity because of the electronic and
geometric effects.44−47 Metal particles contain different types of
surface atoms located at the vertex, edge, square, and triangle
sites. The number of these atoms changes substantially with the
size of the particles. As shown in Figure 2, high-resolution TEM
images of catalysts revealed that the shape of the Pd particle is
part of cuboctahedron, which is surrounded by [111] and [100]
surfaces. The Pd particles on the TiO2 surface can therefore
simply be modeled as a fcc cuboctahedron, as shown in Figure
7a, which is often used for related nanoparticle systems.48−50

This allows rough determination of the number of Pd atoms on
the respective surface sites. Considering the full shell close
packing cuboctahedron for the Pd particle where one Pd atom
is surrounded by 12 others, the number of total Pd atoms per
particle (Ntotal*) and the number of surface Pd atoms per
particle (Nsurface* ) can be expressed by the following equations
using the shell number (m).

* = − − +N m m m
1
3

(2 1)(5 5 3)total
2

(7)

* = − +

= * + * + * + *
N m m

N N N N

10 20 12surface
2

vertex edge square triangle (8)

The numbers of Pd atoms on the specific surface sites
(Nspecific*) such as vertex, edge, square, and triangle sites per Pd
particles are therefore expressed by the following equations.51

* =N 12vertex (9)

* = −N m24( 2)edge (10)

* = −N m6( 2)square
2

(11)

* = − −N m m4( 3)( 2)triangle (12)

As shown in Figure 7b, the number of Pd atoms on the
diagonal line of the largest cross-sectional (111) facet of Pd

particle is expressed as 2m−1. The lattice constant of Pd is
0.389 nm (Figure 7c),52 and the atomic diameter of Pd is 0.274
nm.53 The diameter of the Pd particle (dPd) is therefore
expressed as follows:

= − − +d m(nm)
0.389

2
{(2 1) 1} 0.274Pd (13)

The number of Pd particles per unit weight of Pd (nparticle),
and the number of Pd atoms on the specific surface site (vertex,
edge, square, triangle) per unit weight of Pd (Nspecific) can
therefore be expressed using the molecular weight of Pd [Mw
(= 106.42 g mol−1)], as follows:

=
× *

−n
M N

(mol g )
1

particle
1

W total (14)

= * ×−N N n(mol g )specific
1

specific particle (15)

As shown in Figure 1, the average diameters of Pd particles
(dPd) for catalysts were determined by TEM observations to be
1.6 (Pd0.1/TiO2), 2.3 (Pd0.3/TiO2), 2.6 (Pd0.5/TiO2), and 4.1
nm (Pd1.0/TiO2), respectively. The shell numbers (m) for Pd
particles on the respective catalysts can therefore be calculated
using eq 13. The numbers of Pd atoms on the specific surface
site per unit weight of Pd (Nspecific) can then be determined
using eqs 9−12, 14, and 15. Figure 8 shows the relationship

between the diameter of Pd particles and their respective
Nspecific values. The Nvertex and Nedge values decrease with an
increase in the size of Pd particle, and the Nsquare values scarcely
change with the Pd particle size. These profiles are completely
different from the catalytic activity of Pd particles for imine
hydrogenation (Figure 6, black). In contrast, the Ntiangle value
increases with an increase in the Pd particle size, and the profile
is very similar to the imine hydrogenation profile. This
calculation result implies that Pd atoms on the triangle site
are active for imine hydrogenation.
This is further confirmed by the turnover number for imine

hydrogenation per number of Pd atoms on the specific surface
site (TONspecific). The amount of secondary amine 2 (mol)
formed during hydrogenation of imine 1 by H2 with respective
Pdx/TiO2 catalysts in the dark (Figure 6) was divided by the Pd
amount (0.28 μmol) and the respective Nspecific values, using the
following equation:

=
× × −N

TON
[amount of product formed]

(0.28 10 )specific
specific

6
(16)

Figure 7. (a) The fcc cuboctahedron model for Pd particles. (b) The
largest cross-sectional (111) hexagonal facet of the Pd particle. (c) The
unit lattice of Pd particle.

Figure 8. Relationship between the diameter of Pd particles on the
respective Pdx/TiO2 catalyst and the number of Pd atoms on the
specific surface site of the Pd particle per unit weight of Pd.
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Figure 9 shows the relationship between the size of Pd
particle on the catalysts and respective TONspecific values. The

TONvertex, TONedge, and TONsquare values change with the Pd
particle size. In contrast, the TONtriangle values for the respective
catalysts are similar and are independent of the Pd particle size.
This result clearly indicates that the Pd atoms on the triangle
site are the active site for imine hydrogenation.
The H atoms formed on the Pd particles diffuse around the

particle surface,54 meaning that the H atoms exist randomly on
all parts of the Pd particle surface. The strong dependence of
the imine hydrogenation activity on the number of Pd atoms on
the triangle site is probably due to the adsorption of imine onto
the triangle site. The Pd atoms on the triangle site have a higher
coordination number (9) than those on the other surface sites,
such as vertex (5), edge (7), and square (8), and are charged
more positively. The imine is therefore preferentially adsorbed
onto the positively charged triangle site via π electronic
interaction with the aromatic ring and CN bond. This
adsorption may promote efficient hydrogenation by the H−Pd
species and result in a clear relationship between the imine
hydrogenation activity and the number of Pd atoms on the
triangle site. In the hydrogenation of an alkyne and a diene,
such as 2-methyl-3-butyn-2-ol44 and 1,3-butadiene,55 on Pd
particle catalysts with H2, the catalytic activity also depends on
the number of Pd atoms on the triangle site, and the
dependence is also considered to be due to the adsorption of
these olefins onto the positively charged triangle site. These
reports support the above mechanism for imine hydrogenation.
Effect of Alcohol on the Imine Hydrogenation. The

above results suggest that the triangle site of Pd particles is the
active site for imine hydrogenation. The number of these Pd
atoms increases with an increase in the Pd particle size, and the
Pdx/TiO2 catalyst with higher Pd loadings, which contain larger
Pd particles, efficiently promotes imine hydrogenation.
However, as shown in Figure 4b and c, photocatalytic reaction
of benzyl alcohol and aniline with Pd1.0/TiO2 shows much
lower activity for imine hydrogenation than Pd0.3/TiO2. This is
inconsistent with the results for imine hydrogenation with H2
(Figure 6, black).
The lower imine hydrogenation activity of larger Pd particles

is because alcohols are adsorbed onto the larger triangle site
more strongly than imines and undergo hydrogenation. Figure
6 (white) shows the results for imine hydrogenation with H2
when carried out in benzyl alcohol. The hydrogenation activity

of smaller Pd particles is similar to that obtained in MeCN
(black), but the activity of larger Pd particles is decreased
significantly. These data clearly indicate that the imine
hydrogenation on larger Pd particles is suppressed by alcohol.
In these cases, GC analysis detected the formation of toluene.
This indicates that, as reported,56 Pd particles promote
hydrogenation of alcohol by the H−Pd species, leading to
hydrogenolysis.
Figure 10a shows the amount of toluene formed during

hydrogenation of benzyl alcohol with H2 in the dark with the

respective Pdx/TiO2 catalysts at the identical Pd amount (0.28
μmol). The hydrogenation activity increases with the Pd
particle size, and the profile is very similar to the imine
hydrogenation profile (Figure 6, black). Figure 10b shows the
turnover number for toluene formation per number of specific
surface sites (TONspecific) calculated using eq 16. The
TONtriangle values for all of the catalysts are similar, as is the
case for imine hydrogenation (Figure 9). These findings
indicate that the hydrogenation of alcohol is also promoted on
the triangle site of Pd particles, and this suppresses the imine
hydrogenation.
The strongly suppressed imine hydrogenation on larger Pd

particles is probably due to the stronger adsorption of alcohol
than imine onto larger triangle site by their different adsorption
modes. As shown in Figure 11, benzyl alcohol has a planar
structure and is adsorbed very strongly onto the Pd surface via
π interaction of the aromatic ring and the lone pair electron of

Figure 9. Relationship between the Pd particle size and the turnover
number for hydrogenation of imine 1 per number of Pd atoms on the
specific surface site (TONspecific). The TONspecific value was calculated
with the results for imine hydrogenation (Figure 6, black) using eq 16.

Figure 10. (a) Amount of toluene formed during reaction of benzyl
alcohol with respective Pdx/TiO2 catalysts (Pd: 0.28 μmol) under H2
in the dark. The amounts of catalysts used are 30 (Pd0.1), 10 (Pd0.3), 6
(Pd0.5), and 3 mg (Pd1), respectively. (b) Relationship between the Pd
particle size and the turnover number for toluene formation per
number of Pd atoms on the specific surface site (TONspecific). The
TONspecific values were calculated using eq 16.
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the oxygen atom.57 In contrast, the imine has a twisted
structure58 and may be adsorbed more weakly onto the Pd
surface. The interaction between alcohol and the Pd surface is
probably strengthened by an increase in the area of the triangle
site. This probably leads to enhanced alcohol adsorption onto
the larger Pd particles and suppresses imine hydrogenation
more strongly. As shown in Figures 4 and 5, a larger amount of
toluene is produced during the photocatalytic reaction of
alcohol in the presence of catalysts with a larger Pd particle.
This indicates that the decreased imine hydrogenation activity
of larger Pd particles is due to the strong adsorption of alcohols.
These results suggest that the Pd0.3/TiO2 catalyst with 2−2.5
nm Pd particles, which contains a relatively larger number of
triangle site Pd atoms but does not allow strong adsorption of
alcohols, shows the highest activity for imine hydrogenation
and promotes efficient N-monoalkylation of primary amine
with alcohol under photoirradiation.

■ CONCLUSION
We found that Pd/TiO2 catalyst promotes N-monoalkylation of
primary amine with alcohol under photoirradiation at room
temperature. Several kinds of secondary amines are successfully
produced with high yields. Tandem photocatalytic and catalytic
reactions promote three consecutive reactions, consisting of Pd-
assisted alcohol oxidation on the photoactivated TiO2, catalytic
condensation of the formed aldehydes with amines on the TiO2
surface, and hydrogenation of formed imine with H atoms on
the Pd particles. The rate-determining reaction is the imine
hydrogenation as the final step. The reaction is promoted on
the Pd atoms on the triangle site of the Pd particle via an
adsorption of imine. The imine adsorption onto the larger
triangle site is strongly suppressed by competitive adsorption of
alcohol. As a result of this, the catalyst with 2−2.5 nm Pd
particles, which contain a relatively larger number of triangular
Pd atoms and do not promote strong alcohol adsorption, shows
the highest activity for imine hydrogenation and promotes
efficient N-alkylation of amine with alcohol under photo-
irradiation. This tandem catalytic system offers significant
advantages: (i) no harmful byproduct forms, (ii) the reaction
proceeds at room temperature, and (iii) several secondary
amines are successfully produced. The tandem reactions
promoted by photocatalytic and catalytic actions, therefore,
have a potential to be a powerful method for one-pot synthesis
of organic compounds in an environmentally friendly way.

■ EXPERIMENTAL SECTION
Materials. All reagents were purchased from Wako, Tokyo

Kasei, and Sigma-Aldrich and were used without further

purification. Japan Reference Catalyst JRC-TIO-4 TiO2
particles were kindly supplied by the Catalysis Society of Japan.
Pdx/TiO2 [x (wt %) = 0.1, 0.3, 0.5, and 1.0] were prepared as

follows: TiO2 (1.0 g) and Pd(NO3)2 (2.2, 6.5, 10.9, or 21.9 mg)
were added to water (40 mL) and evaporated under vigorous
stirring at 353 K for 12 h. The obtained powders were calcined
at 673 K under air flow (0.5 L min−1) and then reduced at 673
K under H2 flow (0.2 L min−1). The heating rate and holding
time at 673 K for these treatments were 2 K min−1 and 2 h,
respectively. Ag0.3/TiO2 and Pt0.3/TiO2 were prepared in a
manner similar to those for Pdx/TiO2, using AgNO3 (4.7 mg),
or H2PtCl6·6H2O (8.0 mg) as precursor.
Au0.3/TiO2 was prepared by a deposition-precipitation

method as follows: HAuCl4·4H2O (6.3 mg) was added to
water (50 mL). The pH of the solution was adjusted to 7 by an
addition of 1 M NaOH. TiO2 (1.0 g) was added, and the
solution was stirred vigorously at 353 K for 3 h. The solids were
recovered by centrifugation and washed with water. The
obtained solids were dried at 353 K and calcined at 673 K for 2
h under air flow (0.5 L min−1).

Photoreaction. Each of the respective catalysts (10 mg)
was suspended in alcohol (5 mL) containing a required amount
of amine within a Pyrex glass tube (ϕ, 10 mm; capacity, 20
mL). The tube was sealed with a rubber septum cap. The
catalyst was dispersed by ultrasonication for 5 min, and N2 was
bubbled through the solution for 5 min. The tube was
photoirradiated with magnetic stirring at 298 K by a 2 kW Xe
lamp (λ > 300 nm; Ushio Inc.). The light intensity at 300−400
nm is 18.2 W m−2. After photoirradiation, the gas-phase
product was analyzed by GC/TCD (Shimadzu; GC-8A). The
resulting solution was recovered by centrifugation and analyzed
by GC/FID (Shimadzu; GC-1700), and the substrate and
product concentrations were determined with authentic
samples. Identification of the products was performed by a
Shimadzu GC/MS system (GCMS-QP5050A).

Hydrogenation by H2. Each of the respective catalysts was
suspended in a solution (5 mL) containing substrate within a
Schlenk tube. The catalyst was dispersed by ultrasonication for
5 min, and H2 was bubbled through the solution for 5 min. The
H2 pressure was maintained at 1 atm using a balloon. The tube
was placed on the digitally controlled water bath with magnetic
stirring at 298 K.

Analysis. Total Pd amounts of the catalysts were
determined by an X-ray fluorescence spectrometer (Seiko
Instruments, Inc.; SEA2110). Diffuse reflectance UV−vis
spectra were measured on an UV−vis spectrophotometer
(Jasco Corp.; V-550 with Integrated Sphere Apparatus ISV-
469) with BaSO4 as a reference.59,60 TEM observations were
carried out using an FEI Tecnai G2 20ST analytical electron
microscope operated at 200 kV.61 The cuboctahedron Pd
particles were created on the Crystal Studio Ver. 9.0 software
(CrystalSolf. Inc.) and used for calculation of the number of Pd
atoms.50 Ab initio calculations were carried out with the
Gaussian 03 program, and the geometry optimization was
performed with the density functional theory (DFT) using the
B3LYP function with the 6-31G* basis set.62,63
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(16) Guillena, G.; Ramoń, D. J.; Yus, M. Chem. Rev. 2010, 110,
1611−1641.
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