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ABSTRACT: Photoirradiation (λ > 300 nm) of Degussa
(Evonik) P25 TiO2, a mixture of anatase and rutile particles, in
alcohols containing nitroaromatics at room temperature
produces the corresponding imines with very high yields (80−
96%). Other commercially available anatase or rutile TiO2
particles, however, exhibit very low yields (<30%). The imine
formation involves two step reactions on the TiO2 surface: (i)
photocatalytic oxidation of alcohols (aldehyde formation) and
reduction of nitrobenzene (aniline formation) and (ii) condensation of the formed aldehyde and aniline on the Lewis acid sites
(imine formation). The respective anatase and rutile particles were isolated from P25 TiO2 by the H2O2/NH3 and HF treatments
to clarify the activity of these two step reactions. Photocatalysis experiments revealed that the active sites for photocatalytic
reactions on P25 TiO2 are the rutile particles, promoting efficient reduction of nitrobenzene on the surface defects. In contrast,
catalysis experiments showed that the anatase particles isolated from P25 TiO2 exhibit very high activity for condensation of
aldehyde and aniline, because the number of Lewis acid sites on the particles (73 μmol g−1) is much higher than that of other
commercially available anatase or rutile particles (<15 μmol g−1). The P25 TiO2 particles therefore successfully promote tandem
photocatalytic and catalytic reactions on the respective rutile and anatase particles, thus producing imines with very high yields.

KEYWORDS: photocatalysis, catalysis, titanium dioxide, Degussa (Evonik) P25, imines

■ INTRODUCTION

Aromatic imines are versatile intermediates for the synthesis of
agricultural chemicals and pharmaceuticals.1,2 These imines are
also very important electrophilic reagents for various reactions
such as addition, cycloaddition, and condensation.3,4 They are
usually synthesized by dehydrogenation of secondary amines;5,6

however, these methods require stoichiometric or excess
amounts of strong oxidants such as o-iodoxybenzoic acid and
MnO2 and produce copious amount of wastes. Catalytic
methods for dehydrogenation of secondary amines with
molecular oxygen (O2) as an oxidant have also been
proposed;7−9 however, all of these methods require noble
metal catalysts such as Ru, Pd, Pt, and Ir metals. Condensation
of aldehydes and anilines is another method for imine synthesis,
which proceeds at room temperature with Lewis acid
catalysts.10−12 This method, however, suffers from low stability
of substrates; both aldehydes and anilines are oxidized very
easily by autoxidation by O2.

7 Alternative methods for imine
synthesis with stable substrates such as alcohols and nitro-
aromatics are therefore necessary for green organic synthesis.

Some catalytic systems for imine synthesis with alcohols and
nitroaromatics have been proposed.13−18 These systems
promote three consecutive catalytic steps in one pot: (i)
oxidation of alcohols into aldehydes, (ii) reduction of
nitroaromatics to anilines, and (iii) condensation of the formed
aldehydes and anilines (formation of imines). All of these
systems, however, require high reaction temperatures (>373 K)
and noble metal catalysts such as Ru complex,13 Ru
hydroxide,14 Pd15 or Au nanoparticles,16 Ir−Pd,17 or Ir−Au
dimetallic complexes.18 An one-pot catalytic system promoting
efficient and selective imine synthesis without noble metals
under milder reaction condition is highly desirable.
The purpose of the present work is to design a catalytic

system that promotes one-pot imine synthesis f rom alcohols and
nitroaromatics without noble metals at room temperature. We used
a semiconductor titanium dioxide (TiO2) as a catalyst under

Received: December 12, 2014
Accepted: January 26, 2015
Published: January 26, 2015

Research Article

www.acsami.org

© 2015 American Chemical Society 3797 DOI: 10.1021/am508769x
ACS Appl. Mater. Interfaces 2015, 7, 3797−3806

www.acsami.org
http://dx.doi.org/10.1021/am508769x


photoirradiation (λ > 300 nm). Our hypothesis is as follows: (i)
photoactivated TiO2 promotes oxidation of alcohols (aldehydes
formation) and reduction of nitroaromatics (anilines forma-
tion) by photocatalysis; (ii) Lewis acid sites on the TiO2

surface19,20 promote catalytic condensation of the formed
aldehydes with anilines (imine formation). The photocatalytic
and catalytic actions occurring on TiO2 successfully promote
one-pot imine synthesis without noble metals at room
temperature.
TiO2 has two common polymorphic forms: anatase and

rutile, and a mixture of anatase and rutile particles (ca. 80/20
w/w) has widely been used for photocatalysis, available as
AEROXIDE P25 TiO2 by Degussa (Evonik).

21 Here we report
that photoirradiation (λ > 300 nm) of P25 TiO2 in alcohol
containing nitrobenzene at room temperature successfully
promotes one-pot synthesis of imines with very high yields
(90%). Other commercially available anatase or rutile TiO2

particles, however, exhibit very low yields (<30%). To clarify
the high activity of P25 TiO2, anatase and rutile particles were
isolated from P25 TiO2 by chemical treatments. Photocatalysis
experiments revealed that the active sites for photocatalytic
oxidation of alcohols and reduction of nitroaromatics on P25
TiO2 are the rutile particles. In contrast, catalysis experiments
revealed that the anatase particles isolated from P25 TiO2

exhibit very high activity for catalytic condensation of the
formed aldehyde and aniline due to the large number of Lewis
acid sites. The P25 TiO2 particles therefore successfully
promote the tandem photocatalytic and catalytic reactions on

the respective rutile and anatase particles, thus producing
imines with very high yields.

■ RESULTS AND DISCUSSION

Catalytic Activity. Synthesis of N-benzylidenaniline (1)
from benzyl alcohol and nitrobenzene was carried out using
various kinds of TiO2 particles with different crystalline phases,
particle sizes, and Brunauer−Emmett−Teller (BET) surface
areas. Table 1 summarizes the results of photoirradiation (λ >
300 nm) of TiO2 (5 mg) in benzyl alcohol (5 mL) with
nitrobenzene (50 μmol) under N2 atmosphere (1 atm) for 10
h. With anatase TiO2 (samples 1−3), the imine yields are very
low (<28%), and the nitrobenzene conversions are also
insufficient (<63%). This indicates that anatase TiO2 are not
active for nitrobenzene reduction and result in low imine yields.
In contrast, rutile TiO2 (samples 4−6) consumes almost all of
nitrobenzene (>99%), but their imine yields are very low
(<24%). This means that, on rutile TiO2, condensation of
aldehyde with aniline does not occur efficiently. However, as
shown by the sample 7, P25 TiO2 promotes complete
disappearance of nitrobenzene (>99%) and produces imine
with very high yield (90%), suggesting that P25 TiO2
specifically promotes efficient and selective imine formation.
In addition, the P25 TiO2 catalyst recovered after the reaction,
when reused for further reaction, exhibits almost the same
imine yields as the fresh catalyst. This indicates that the catalyst
is stable even under UV irradiation and reusable without loss of
activity and selectivity.

Table 1. One-Pot Synthesis of N-Benzylidenaniline (1) from Benzyl Alcohol and Nitrobenzene on Various TiO2 under
Photoirradiationa

sample catalyst
crystalline
phaseb SBET/m

2 g−1c dp/nm
d

nitrobenzene
conv/%e

aniline
yield/%e

benzaldehyde
formed/μmole

imine 1
yield/%e NLA/μmol g−1f

1 JRC-TIO-1g A 73 16 34 <1 35 18 14.2
2 JRC-TIO-2g A 18 413 53 5 52 28 6.4
3 ST-41h A 11 160 63 46 72 16 2.0
4 CR-ELh R 7 245 >99 72 125 24 <1
5 PT-101h R 25 71 >99 82 127 3 <1
6 JRC-TIO-6g R 100 21 >99 86 125 5 i
7 P25g,j A/R (83/17) 57 27,340 >99 <1 106 90 48.0

first reuse >99 <1 108 92
second reuse >99 <1 107 89

8 P25_anatase A 67 27 71 3 74 56 73.3
9 P25_rutile R 32 71 >99 63 123 16 3.4
10 A/R (80/20) >99 <1 111 93

11 P25_anatase/
P25_rutilek

A/R (90/10) 84 <1 78 72

12 A/R (70/30) >99 26 113 68
13 JRC-TIO-1/JRC-

TIO-6l
A/R (80/20) >99 <1 107 89

aPhotoirradiation was carried out with a 2 kW Xe lamp (light intensity at 300−450 nm is 27.3 W m−2). bDetermined by XRD analysis, where the
ratio of anatase (A) and rutile (R) was determined with the equation; A (%) = IA(101)/(IA(101) + 1.4IR(110)) × 100.24 cBET surface area determined by
N2 adsorption/desorption analysis.

dParticle diameter determined by DLS analysis. eDetermined by GC analysis. fThe number of Lewis acid sites per
gram TiO2, measured by pyridine adsorption analysis. gJapan Reference Catalyst supplied from the Catalyst Society of Japan. hSupplied from
Ishihara Sangyo, Ltd. (Japan). iCannot be determined because a strong absorption band, assigned to the pyridine adsorbed onto the Ti3+ atoms on a
large number of surface defects, appears at 1441 cm−1 and interferes the quantification (see Figure S8, Supporting Information). jJRC-TIO-4
equivalent to P25. kA mixture of P25_anatase and P25_rutile particles with the different ratios (5 mg; A/R = 80/20, 90/10, and 70/30 w/w) was
added to the solution. lA mixture of JRC-TIO-1 (4 mg) and JRC-TIO-6 particles (1 mg) was added to the solution.
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Mechanism for Imine Formation. The imine formation is
promoted by tandem photocatalytic and catalytic actions of
TiO2, as follows. The reaction is initiated by photoexcitation of
TiO2, producing positive hole (h+) and conduction band
electron (e−) pairs.

+ → ++ −hvTiO h e2 (1)

The h+ oxidize alcohols and produce aldehydes and protons.

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

The e− reduce nitroaromatics and produce anilines.

− + + → − +− +Ar NO 6e 6H Ar NH 2H O2 2 2 2 2 (3)

Condensation of the formed aldehydes and anilines catalyzed
by the Lewis acid sites on the TiO2 surface19,20 produces
imines.

− + − ⇄ − − +Ar CHO Ar NH Ar CH N Ar H O1 2 2 1 2 2
(4)

As a result of this, the entire reaction can be written as eq 5; the
reaction of nitroaromatics with three equivalents of alcohols
gives rise to imine with two equivalents of aldehydes and three
equivalents of water.

− + −

→ − − + − +

3Ar CH OH Ar NO

Ar CH N Ar 2Ar CHO 3H O
1 2 2 2

1 2 1 2 (5)

Figure 1 summarizes the time-dependent change in the
amounts of substrate and products during the reaction of

benzyl alcohol and nitrobenzene with P25 TiO2 (sample 7)
under photoirradiation. At the early stage of reaction,
benzaldehyde and aniline are produced, along with a decrease
in the amount of nitrobenzene. The amount of aniline
decreases with time, along with imine formation. After 10 h
of irradiation, almost all of the substrate nitrobenzene is
transformed to imine (90%), with the formation of almost 2
equiv of benzaldehyde. This is fully consistent with eq 5. The
results clearly suggest that the above reaction sequence (eqs
1−4) consisting of photocatalytic and catalytic reactions indeed
proceeds on the P25 TiO2 catalyst. Figure S1 (Supporting

Information) shows the time-dependent changes in the
amounts of substrate and products on other commercially
available anatase (JRC-TIO-1; sample 1) and rutile TiO2 (JRC-
TIO-6; sample 6). The anatase TiO2 shows very low activity for
nitrobenzene reduction. The rutile TiO2 is successful for
nitrobenzene reduction but unsuccessful for condensation of
aldehyde and aniline. These data suggest that P25 TiO2
specifically promotes the above reaction sequence (eqs 1−4)
very efficientrly.

Isolation of Anatase and Rutile Particles from P25
TiO2. As shown in Table 1, anatase or rutile particles alone are
ineffective for imine formation, whereas P25 TiO2, a mixture of
anatase and rutile particles, produces imine with very high yield.
The reason for high activity of P25 TiO2 must therefore be
clarified. We isolated respective anatase and rutile particles from
P25 TiO2 by chemical treatments and studied their photo-
catalytic and catalytic properties. As reported,22 rutile particles
are dissolved into a mixture of H2O2 and NH3 more easily than
anatase; therefore, anatase particles can be isolated from P25
TiO2 by simple washing treatment. P25 TiO2 (6 g) was added
to a H2O2 solution (30 wt %, 200 mL) mixed with an NH3
solution (25 wt %, 6 mL), and stirred for 15 h at 298 K. The
resultant was thoroughly washed with water, freeze-dried, and
calcined in air at 473 K for 2.5 h, affording white powders of
anatase particles (P25_anatase). In contrast, as reported,23 a
hydrofluoric acid (HF) solution dissolves anatase particles
more easily than rutile; therefore, rutile particles can be isolated
from P25 TiO2. P25 particles (1 g) were stirred in an HF
solution (10 wt %, 50 mL) for 24 h at 298 K. The resultant was
thoroughly washed with water until the pH of solution becomes
ca. 7 and dried in vacuo for 12 h, affording white powders of
rutile particles (P25_rutile).
Figure 2 shows the X-ray diffraction (XRD) patterns of

respective particles. P25 TiO2 exhibits diffractions for both
anatase and rutile crystallites. As shown in Table 1 (sample 7),
the ratio of respective crystallites was determined based on the

Figure 1. Time-dependent change in the amounts of substrate and
products during the reaction of benzyl alcohol and nitrobenzene with
P25 TiO2 (sample 7) under photoirradiation. The reaction conditions
are identical to those in Table 1.

Figure 2. XRD patterns of respective TiO2 particles and standard
patterns for anatase (JCPDS 21-1272) and rutile (JCPDS 21-1276).
The texts in the parentheses denote the sample numbers listed in
Table 1. The patterns for other TiO2 are summarized in Figure S2
(Supporting Information).
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ratio of their intensities to be 83:17.24 In contrast, the isolated
P25_anatase or P25_rutile particles respectively show anatase
or rutile diffractions. Figure 3 shows the diffuse reflectance

UV−vis spectra of the particles. The absorption edge of P25
TiO2 is ca. 410 nm. P25_anatase and P25_rutile particles,
however, show blue-shifted and red-shifted band, respectively,
which are similar to those of other anatase and rutile particles
(Figure S3, Supporting Information).25 These data suggest that
anatase and rutile particles are successfully isolated from P25
TiO2 by the H2O2/NH3 and HF treatments.
Figure 4 shows the typical transmission electron microscopy

(TEM) images of respective particles. As shown in Figure 4a,
P25 TiO2 is a mixture of small particles (20−40 nm diameters)
and large particles (60−100 nm diameters), which are assigned
to anatase and rutile particles, respectively.23 As shown in
Figure 4b and c, P25_anatase particles consist of small particles
with 20−40 nm diameters, and P25_rutile particles consist of
large particles with >50 nm diameters. Figure 5 shows the size
distribution of the respective particles determined by dynamic
laser scattering (DLS) analysis. As shown by the black line, P25
TiO2 exhibits bimodal particle size distribution with average
diameters 27 and 340 nm, respectively.26 The smaller particles
are assigned to the dispersed anatase particles,27 and the larger
ones are assigned to the interwoven aggregates of anatase and
rutile particles.28 As shown by the red line, P25_anatase
particles show monodispersed distribution with average
diameter 27 nm. In contrast, P25_rutile particles (blue line)
show monodispersed distribution with average diameter 71 nm.
These distributions are fully consistent with the TEM
observations (Figure 4). The above XRD, UV−vis, TEM, and
DLS analyses clearly suggest that the H2O2/NH3 and HF
treatments of P25 TiO2 particles successfully isolate the anatase
and rutile particles.
The H2O2/NH3 and HF treatments of P25 TiO2 scarcely

affect the surface morphology of the isolated anatase and rutile
particles. XPS, IR, and Zeta potential analysis confirm this. As
shown in Figure S5 (Supporting Information), XPS charts of
isolated P25_anatase and P25_rutile particles do not show N
1s29 and F 1s30 peaks at around 400 and 690 eV, respectively
(detection limit: ca. 0.1 atom %).31 This suggests that these
isolated particles scarcely contain N and F atoms even after

H2O2/NH3 and HF treatments. Figure S6 (Supporting
Information) shows the IR spectra of respective particles
measured on KBr disks. Both P25_anatase and P25_rutile
particles exhibit a distinctive absorption at ca. 3400 cm−1,
assigned to O−H stretching vibration,32 similar to that of P25.
In addition, a mixture of these anatase and rutile particles (4/1
wt/wt) shows almost the same spectrum as P25 consisting of
83% anatase and 17% rutile particles. These data suggest that
the numbers of surface −OH groups on the particles are
scarcely changed even by chemical treatments. Almost no
change in the surface properties by the treatments is further
supported by zeta potential analysis. As shown in Figure S7
(Supporting Information), potentials of zero charge (PZC) of
P25_anatase and P25_rutile particles are 5.8 and 6.0,
respectively and are similar to that of P25 (6.0).33 The above
findings clearly suggest that the H2O2/NH3 and HF treatments

Figure 3. Diffuse reflectance UV−vis spectra of respective TiO2. The
spectra for other catalysts are summarized in Figure S3 (Supporting
Information).

Figure 4. Typical (left) TEM and (right) high-resolution TEM images
of (a) P25, (b) P25_anatase, and (c) P25_rutile particles, respectively.

Figure 5. Size distribution of TiO2 particles determined by DLS
analysis. The distributions of other TiO2 particles are summarized in
Figure S4 (Supporting Information).
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of P25 TiO2 successfully isolate the anatase and rutile particles
without change in the surface properties.
The isolated P25_anatase and P25_rutile particles were then

used for one-pot imine synthesis from benzyl alcohol and
nitrobenzene under photoirradiation. As shown in Table 1
(samples 8 and 9), the imine yields obtained by the respective
particles (<56%) are much lower than those of P25 TiO2
(sample 7). In contrast, as shown by the sample 10, a mixture
of P25_anatase (4 mg) and P25_rutile (1 mg), when used for
the reaction, exhibits very high activity similar to that obtained
with P25 TiO2 consisting of 83% anatase and 17% rutile
particles (5 mg, sample 7). These findings clearly suggest that
neither anatase nor rutile particles in P25 TiO2 are active for
one-pot imine synthesis by themselves; combination of these
particles promotes tandem photocatalytic and catalytic
reactions, facilitating efficient imine production.
Photocatalysis Experiment. To clarify the role of anatase

and rutile particles in the efficient imine formation on P25
TiO2, photocatalytic and catalytic behaviors of the respective
particles were studied. Photocatalytic activity was studied first
based on the photocatalytic reduction of nitrobenzene to
aniline. In that, 2-PrOH, a secondary alcohol, was used in place
of benzyl alcohol because the formed acetone does not undergo
condensation with the formed aniline.34 Figure 6 summarizes

the yields of aniline obtained by photoirradiation of respective
TiO2 particles in 2-PrOH containing nitrobenzene for 4 h. The
data for commercially available TiO2 clearly reveal that anatase
TiO2 (samples 1−3) exhibit very low aniline yields (<15%), but
rutile TiO2 (samples 4−6) show much higher yields (>93%).
The higher activity of rutile particles is because, as reported by
our previous work,26 they contain a larger number of surface
defects, active sites for photocatalytic reduction of nitro-
aromatics. As shown in Scheme 1a (bottom), the rutile (110)
surface is characterized by alternate rows of 5-fold coordinated
Ti4+ atoms (black) and bridging O2− atoms (light green) that
run in the [001] direction.35 Surface defects are the O2−

vacancies, where two excess electrons associated with O2− are
transferred to the empty 3d orbitals of neighboring Ti4+ atoms,
producing two exposed Ti3+ atoms.36 As shown in Scheme 1a
(top), these Ti3+ atoms act as adsorption sites for nitro-
aromatics34 and trapping sites for conduction band e−.37 This

thus results in efficient photocatalytic reduction of nitro-
aromatics to anilines on the rutile particles.
As shown in Figure 6, P25_rutile particles (sample 9) exhibit

very high activity for photocatalytic reduction of nitrobenzene,
as is the case for other rutile particles (samples 4−6), and the
activity is much higher than P25_anatase (sample 8). As
summarized in Table 1, P25 TiO2 consists of 83% anatase and
17% rutile particles. The P25_rutile particles (sample 9, 1 mg),
when used for photocatalytic reduction of nitrobenzene (Figure
6), produce aniline with 57% yield. This is similar to that
obtained with P25 TiO2 (sample 7, 5 mg)38−41 and is much
higher than that obtained with 4 mg P25_anatase (sample 8,
15%). These results clearly suggest that, as shown in Scheme
1a, photocatalytic reduction of nitrobenzene (aniline forma-
tion) and oxidation of alcohol (aldehyde formation) on P25
TiO2 occur predominantly on the rutile particles.

Catalysis Experiment. Catalytic activity for condensation
of the formed benzaldehyde and aniline was then studied with
respective TiO2 particles in the dark condition. Benzaldehyde
(75 μmol) and aniline (50 μmol) were stirred in benzyl alcohol
(5 mL) with respective particles (5 mg) at 298 K in the dark for
3 h under N2. Figure 7 summarizes the yields of imine 1. P25
TiO2 (sample 7) exhibits significantly higher activity for
condensation compared to other commercially available TiO2
particles (samples 1−6). P25_rutile particles (sample 9) show
much lower activity, but the activity of P25_anatase (sample 8)
is comparable to that of P25 TiO2. This clearly indicates that
anatase particles contained in P25 TiO2 promote efficient
condensation of aldehydes and anilines.
It is well-known that Lewis acid sites behave as active sites for

dehydration coupling.42,43 The number of Lewis acid sites on
the respective TiO2 particles was therefore determined by the
pyridine adsorption experiments based on the diffuse-
reflectance infrared Fourier transform (DRIFT) analysis.44,45

Respective TiO2 particles (5 mg) were mixed with KBr (45
mg) and placed in a DR cell. The cell was evacuated (0.9 Pa) at
423 K for 3 h. After cooling the cell to 303 K, an excess amount
of pyridine (21 μmol) was introduced to the cell at 303 K and
left for 1 h. The cell was then evacuated (0.9 Pa) for 1 h to
remove the physically adsorbed pyridine. Figure 8 shows the
DRIFT spectra obtained on the respective TiO2 particles. A
distinctive absorption appears at 1445 cm−1, which is assigned
to the C−N−C stretching vibration (νpyridine) of the pyridine
adsorbed onto the Lewis acid sites.46 P25 TiO2 particles
(sample 7) show a band stronger than other commercially
available TiO2 (samples 1−5). P25_rutile particles (sample 9)
show very weak band, but P25_anatase particles (sample 8)
exhibit very strong band. This suggests that P25_anatase
particles contain very large amount of Lewis acid sites.
The number of Lewis acid sites per gram TiO2 particles

(NLA/μmol g
−1) can be determined by the amount of the

pyridine adsorbed.45 The NLA values for respective particles are
summarized in Table 1. Figure 9 plots the imine 1 yields
obtained by the condensation of benzaldehyde and aniline in
the dark condition (Figure 7) with the NLA values for respective
TiO2 particles. A clear relationship is observed although the
morphologies (crystalline phase and surface area) of the
catalysts are different. This indicates that Lewis acid sites
indeed behave as the active sites for catalytic condensation. The
NLA value for P25 TiO2 (48 μmol g−1; sample 7) is much
higher than that of other anatase or rutile particles (<15 μmol
g−1; samples 1−6). The NLA value for P25_rutile (sample 9) is
very low (3 μmol g−1), but that for P25_anatase (sample 8) is

Figure 6. Aniline yields on respective TiO2 particles during
photocatalytic reduction of nitrobenzene in 2-PrOH.
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significantly higher (73 μmol g−1).47−51 This suggests that
almost all of the Lewis acid sites on P25 TiO2 exist on the
anatase particles, and the high catalytic activity of P25 TiO2 for
condensation is ascribed specifically to the large number of
Lewis acid sites on the anatase particles.
During the one-pot imine synthesis in the present system,

photocatalytic and catalytic reactions occur simultaneously. The
photocatalytic reaction, however, scarcely affects the activity of
Lewis acid sites. To clarify this, condensation of benzaldehyde
and aniline with P25 TiO2 (sample 7) was performed under
UV irradiation (λ > 300 nm). As shown in Figure 7 (black bar),
the activity is very similar to that obtained in the dark
condition. This clearly suggests that photocatalysis occurring on
P25 TiO2 scarcely affects the Lewis acid activity.

Some literature works44,52 report that, as shown in Scheme
1b, Lewis acid sites on anatase particles are the 4-fold
coordinated Ti4+ atoms located at the (110) surface.53,54 These
Ti4+ atoms accept the electrons of aldehyde oxygen, and
subsequent attacking of aniline to the aldehyde produces
imine.55 Large number of Lewis acid sites on P25_anatase
particles (sample 8, Figure 8) therefore implies that they may
contain a large amount of anatase (110) surface. However, as
reported,56 anatase (110) surface cannot be detected by
diffraction analysis because of the extinction rule. Recently,
some literature works57,58 have reported that DRIFT analysis
(100 K) of carbon monoxide (CO) adsorbed onto the surface
of TiO2 detected a peak at 2183 cm−1, assigned to the CO
adsorbed onto the 4-fold coordinated Ti4+ atoms. In that, P25
TiO2 showed the peak much stronger than other commercially

Scheme 1. Catalytic Cycles for (a) Hydrogenation of Nitroaromatics on the Photoactivated Rutile (110) Surface and (b)
Condensation of Aldehyde and Aniline on the Lewis Acid Sites of Anatase (110) Surface and (c) Proposed Pathways for the
Imine Formation on P25 TiO2

a

aThe green, black, and light green spheres represent O, Ti, and 2-fold coordinated O2− atoms, respectively.

Figure 7. Imine (1) yields obtained during the condensation of
benzaldehyde with aniline in the presence of respective TiO2. The
black bar shows the data obtained under UV irradiation (λ > 300 nm).

Figure 8. DRIFT spectra of pyridine adsorbed onto the respective
TiO2 particles in the gas phase at 303 K.
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available TiO2,
57 although quantitative determination of the

Ti4+ atoms was not made. These data suggest that P25_anatase
particles contain very large amount of (110) surface possessing
4-fold coordinated Ti4+ atoms. They behave as Lewis acid sites
and result in very high activity for condensation of aldehyde
and aniline.
The significantly large amount of (110) surface on the

P25_anatase particles probably originates from the synthesis
method of P25 TiO2. It is well-known that P25 TiO2 is
synthesized by a “dry process” (flame pyrolysis of gaseous
TiCl4).

59 In contrast, many other commercially available TiO2
are synthesized by a “wet process” (hydrolysis of Ti precursors
followed by calcination).60 The dry process may create a large
amount of anatase (110) phases on P25 TiO2, although it is
unclear yet how the (110) phases are specifically created by this
process. Nevertheless, the large amount of anatase (110) phase

created on P25 TiO2 facilitates high activity for catalytic
condensation of aldehyde and aniline.

One-Pot Imine Formation on Photoactivated P25
TiO2. The above findings suggest that the catalytic mechanism
for efficient one-pot imine formation on P25 TiO2 under UV
irradiation can be explained as Scheme 1c. The rutile particles
of P25 TiO2 efficiently promote photocatalytic oxidation of
alcohols and reduction of nitroaromatics (formation of
aldehyde and aniline) on the surface defects (5-fold
coordinated Ti3+ atoms). In contrast, the anatase particles of
P25 TiO2 catalyze the condensation of the formed aldehyde
and aniline (imine formation) because they contain a large
amount of 4-fold coordinated Ti4+ atoms behaving as active
sites for condensation. Combination of these actions on the
respective rutile and anatase particles therefore specifically
promotes efficient one-pot formation of imines on P25 TiO2.
Composition of anatase (83%) and rutile (17%) particles in

P25 TiO2 is very important for efficient one-pot imine
synthesis. The respective P25_anatase and P25_rutile particles
were mixed with different ratios and used for photocatalytic
reaction of benzyl alcohol and nitrobenzene. As shown by the
sample 10 in Table 1, the 80/20 w/w mixture, which has a
similar composition to P25 (83/17), shows the almost the same
activity as that of P25 (sample 7). In contrast, as shown by the
samples 11 and 12, the 90/10 and 70/30 w/w mixtures show
decreased imine yields. The lower yield on the 90/10 mixture is
due to the lower activity for nitrobenzene reduction on small
amount of rutile particles. In contrast, the lower yield on the
70/30 mixture is due to the lower activity for condensation on
small amount of anatase particles. These data suggest that P25
TiO2 has the best anatase and rutile composition (83/17 w/w)
for efficient one-pot imine formation.
It must also be noted that a mixture of other commercially

available anatase and rutile particles also promotes one-pot
imine synthesis efficiently. As shown in Table 1 (sample 13),

Figure 9. Relationship between the number of Lewis acid sites per
gram TiO2 particles (NLA) and the yield of imine 1 during the
condensation of benzaldehyde and aniline on respective TiO2 in the
dark condition (Figure 7).

Table 2. One-Pot Synthesis of Imines from Alcohols and Nitroaromatics on P25 TiO2 (Sample 7) under Photoirradiationa

aReaction conditions: catalyst (5 mg), alcohol (5 mL), nitroarene (50 μmol), temperature (298 K), N2 (1 atm), Xe lamp (λ > 300 nm).
bDetermined by GC analysis. cCH2Cl2 solution (5 mL) containing an alcohol (10 wt %) was used as solvent to fully dissolve the products. dCatalyst
(20 mg). eCatalyst (50 mg).
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the reaction with a 80/20 w/w mixture of anatase (JRC-TIO-1,
sample 1) and rutile (JRC-TIO-6, sample 6) produces the
corresponding imine with high yield (89%), although the use of
sample 1 or 6 alone produces the imine with only 18 or 5%
yield. The high imine yield (89%) indicates that a mixture of
other commercially available anatase and rutile particles also
behaves as the catalyst for efficient one-pot imine synthesis as
well as P25 TiO2.
The P25 TiO2 catalyst is applicable to the synthesis of several

kinds of substituted aromatic imines. As summarized in Table 2,
photoirradiation of P25 TiO2 with substituted benzyl alcohols
and/or nitroaromatics successfully produces the corresponding
imines with very high yields (>80%). In particular, reducible
substituents such as halogen and vinyl groups on the alcohols
and nitroarenes are retained unchanged during photoreaction
(entries 4−7). These data suggest that P25 TiO2 promotes
chemoselective reduction of nitroaromatics and successfully
produces substituted imines.

■ CONCLUSION
We found that P25 TiO2, a mixture of anatase and rutile
particles (ca. 80/20 w/w), successfully promotes one-pot imine
synthesis from alcohol and nitroaromatics under UV
irradiation. The rutile particles of P25 TiO2 behave as
photocatalytic active site for oxidation of alcohols (aldehyde
formation) and reduction of nitroaromatics (aniline formation).
In contrast, the anatase particles in P25 TiO2 act as catalytic site
for condensation of the formed aldehydes and anilines (imines
formation). The photocatalytic and catalytic actions on the
respective particles therefore facilitate tandem reactions,
producing imines with very high yields. The P25 TiO2 system
has several advantages over early reported systems for imine
synthesis: (i) stable substrates (alcohols and nitroaromatics);
(ii) noble-metal-free catalyst (TiO2); and (iii) mild reaction
conditions (room temperature). The system therefore shows
potential for green imine synthesis. The results presented here
based on the tandem photocatalytic and catalytic actions on
P25 TiO2 may contribute to the design of more efficient
catalytic systems for imine synthesis and may help open a new
strategy toward green organic synthesis based on photo-
catalysis.

■ EXPERIMENTAL SECTION
Materials. All of the regents were purchased from Wako, Tokyo

Kasei, and Sigma-Aldrich and used without further purification. Water
was purified by the Milli Q system. P25_anatase particles were isolated
by stirring P25 particles (6 g) in an H2O2 solution (30 wt %, 200 mL)
with an NH3 solution (25 wt %, 6 mL) at 298 K for 15 h. After
centrifugation, the collected powders were washed with water, freeze-
dried, and calcined in air at 473 K for 2.5 h. Care must be taken to
avoid explosive reaction (see the Supporting Information). P25_rutile
particles were isolated as follows: P25 particles (1 g) were stirred in an
HF solution (10 wt %, 50 mL) for 24 h at 298 K. The resultant was
washed thoroughly with water until the pH of the solution becomes
about 7 and dried in vacuo for 12 h.
Photoreaction Procedure. Each nitroarene was dissolved in an

alcohol solution (5 mL). The solution and catalyst were added to a
Pyrex glass tube (φ 12 mm; capacity, 20 mL), and the tube was sealed
with a rubber septum cap. The catalyst was dispersed well by
ultrasonication for 5 min, and N2 was bubbled through the solution for
5 min. The tube was immersed in a water bath controlled at 298 K
(error: ±0.5 K)61 and photoirradiated with magnetic stirring using a 2
kW Xe lamp (USHIO Inc.; λ > 300 nm).62 After the reaction, the
catalyst was recovered by centrifugation, and the resulting solution was
analyzed by GC-FID. The substrate and product concentrations were

calibrated with authentic samples. Analysis was performed at least
three times, and the errors were ±0.2%.

Analysis. XRD patterns were measured on a Philips X’Pert-MPD
spectrometer.26 TEM observations were carried out using a FEI
Tecnai G2 20ST analytical electron microscope operated at 200 kV.63

DLS analysis was performed on a Horiba LB-500 dynamic light-
scattering particle size analyzer.64 DRIFT analysis was carried out on a
FTIR 610 system equipped with a DR-600B in situ cell (JASCO
Corp.).65 DR UV−vis spectra were measured on an UV−vis
spectrophotometer (JASCO Corp.; V-550 equipped with Integrated
Sphere Apparatus ISV-469) with BaSO4 as a reference.

66 XPS analysis
was performed using a JEOL JPS-9000MX spectrometer with Mg Kα
radiation as the energy source.67 Zeta potentials were measured on an
ELSZ-1000 analyzer (Otsuka Electronics Co., Ltd.).
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(7) Samec, J. S. M.; Éll, A. H.; Bac̈kvall, J.-E. Efficient Ruthenium-
Catalyzed Aerobic Oxidation of Amines by Using a Biomimetic
Coupled Catalytic System. Chem.Eur. J. 2005, 11, 2327−2334.
(8) Wang, J.-R.; Fu, Y.; Zhang, B.-B.; Cui, X.; Liu, L.; Guo, Q.-X.
Palladium-Catalyzed Aerobic Oxidation of Amines. Tetrahedron Lett.
2006, 47, 8293−8297.
(9) Yuan, H.; Yoo, W.-J.; Miyamura, H.; Kobayashi, S. Discovery of a
Metalloenzyme-like Cooperative Catalytic System of Metal Nano-
clusters and Catechol Derivatives for the Aerobic Oxidation of Amines.
J. Am. Chem. Soc. 2012, 134, 13970−13973.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/am508769x
ACS Appl. Mater. Interfaces 2015, 7, 3797−3806

3804

http://pubs.acs.org
mailto:shiraish@cheng.es.osaka-u.ac.jp
http://dx.doi.org/10.1021/am508769x


(10) Billman, J. H.; Tai, K. M. Reduction of Schiff Bases. II.
Benzhydrylamines and Structurally Related Compounds. J. Org. Chem.
1958, 23, 535−539.
(11) Varma, R. S.; Dahiya, R.; Kumar, S. Clay Catalyzed Synthesis of
Imines and Enamines under Solvent-Free Condition Using Microwave
Irradiation. Tetrahedron Lett. 1997, 38, 2039−2042.
(12) Liu, G.; Cogan, D. A.; Owens, T. D.; Tang, T. P.; Ellman, J. A.
Synthesis of Enantiomerically Pure N-tert-Butanesulfinyl Imines (tert-
Butanesulfinimines) by the Direct Condensation of tert-Butanesulfi-
namide with Aldehydes and Ketones. J. Org. Chem. 1999, 64, 1278−
1284.
(13) Liu, Y.; Chen, W.; Feng, C.; Deng, G. Ruthenium-Catalyzed
One-Pot Aromatic Secondary Amine Formation from Nitroarenes and
Alcohols. Chem. Asian. J. 2011, 6, 1142−1146.
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