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ABSTRACT: Catalytic deoxygenation of epoxides into the corre-
sponding alkenes is a very important reaction in organic synthesis.
Early reported systems, however, require noble metals, high reaction
temperatures (>373 K), or toxic reducing agents. Here, we report a
noble-metal-free heterogeneous catalytic system driven with alcohol
as a reducing agent at room temperature. Photoirradiation (4 <420

nm) of semiconductor titanium dioxide (TiO,) with alcohol
promotes efficient and selective deoxygenation of epoxides into alkenes. This noble-metal-free catalytic deoxygenation is

facilitated by the combination of electron transfer from surface Ti**

atoms on TiO, to epoxides, which promotes deoxygenation

of epoxides, and photocatalytic action of TiO,, which regenerates oxidized surface Ti atoms with alcohol as a reducing agent.
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B INTRODUCTION

Deoxygenation of epoxides into the corresponding alkenes is an
essential reaction in biological systems for the reproduction of
vitamin K in the vitamin K cycle."? Deoxygenation is also a
very important reaction in organic synthesis for the
deprotection of the oxirane ring, a protecting group for C=
C bonds.*™® The reaction is usually carried out using a
stoichiometric or excess amount of toxic reducing agents, such
as phosphines, silanes, iodides, and heavy metals, with a
concomitant formation of copious amount of wastes.® Catalytic
deoxygenation driven by easily recyclable heterogeneous
catalyst is therefore an ideal process. Several heterogeneous
systems have been proposed so far for catalytic deoxygenation
of epoxides.”” "> These systems employ gold or silver
nanoparticles loaded on metal oxide supports with molecular
hydrogen (H,), carbon monoxide (CO), or alcohol as a
reducing agent. They successfully promote selective deoxyge-
nation at the reaction temperatures ranging from room
temperature to 353 K, but require noble metals as the catalyst.
An alternative process, which promotes efficient and selective
deoxygenation with a noble-metal-free heterogeneous catalyst, is
necessary for green orgamc synthesis.

Very recently, Li et al.'* reported that UV irradiation of
semiconductor titanium dioxide (TiO,) in alcohol with
epoxides successfully produces the corresponding alkenes.
The reaction proceeds without noble metals at room
temperature; therefore, it is a potential green catalytic system
for deoxygenation. They proposed that the deoxygenation
proceeds via the two-electron reduction of epoxide by the
conduction band electrons (e”) on the photoactivated TiO,.
The reduction potential of epoxide (e.g, styrene oxide) is,
however, —2.4 V (vs NHE, pH 0),"* which is significantly more
negative than the bottom of the TiO, conduction band (~0
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V)."® This means that two-electron reduction of epoxides by
the conduction band e~ is thermodynamically unfavorable.
Detailed study on the deoxygenation mechanism is therefore
necessary.

It is well-known that trivalent titanium atom (Ti**) behaves
as a single-electron- transfer reagent, as often reported for
titanocene complexes.'®'” As shown in Scheme 1, the Ti**

Scheme 1. Catalytic Cycle for Titanocene-Promoted
Deoxygenation of Epoxides
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atom within a titanocene complex'® promotes a homolytic
cleavage of the oxirane ring via the single-electron-transfer to
the oxygen atom (a)."” The radical formed is reduced by the
reaction with the other Ti** atom (b).° f-Elimination of the
intermediate produces the corresponding alkenes with a
formation of oxidized two Ti atoms (c). These reactions
proceed efficiently and selectively even at room temperature,
although the system suffers from the reduction step for oxidized
Ti atoms (d); regeneration of Ti** requlres hazardous reducing
agents, such as silanes and heavy metals.”'

In the present work, we clarified the mechanism for
deoxygenation of epoxides on the photoactivated TiO, by
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means of X-ray photoelectron spectroscopy (XPS) and diffuse-
reflectance infrared Fourier transform (DRIFT) analysis. The
active sites for deoxygenation are the Ti’* atoms located at the
surface defects. As shown in Scheme 2, the TiO, (110) surface

Scheme 2. Catalytic Cycle for Deoxygenation of Epoxides on
the Surface of TiO, (110) under Photoirradiation®
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“The light blue spheres that lie in the (001) azimuth are the O, atoms,
and the parallel red spheres are the Ti atoms, respectively.

is characterized by alternate rows of S-fold-coordinated Ti*"

atoms and bridging O atoms (O,) that run in the (001)
direction.”” Surface defects are the O, vacancies, where two
excess electrons associated with Oy, are transferred to the empty
3d orbitals of neighboring Ti** atoms, producing two exposed
Ti** atoms.”® These Ti’" atoms promote deoxygenation of
epoxides via the single electron transfers, producing alkenes and
oxidized Ti atoms. In contrast, photoexcitation of TiO,
produces electron (e”) and positive hole (h*) pairs.**>” The
e”’s reduce the oxidized Ti atoms, and the h*’s oxidize alcohol.

This photocatalytic cycle successfully regenerates the surface
Ti*" atoms with alcohol as a reducing agent, thus promoting
efficient catalytic deoxygenation.

B RESULTS AND DISCUSSION

Deoxygenation of styrene oxide was carried out with 2-PrOH in
the presence of TiO, particles with different surface areas.
Table 1 summarizes the results obtained by photoirradiation (4
> 300 nm, 6 h) of TiO, (10 mg) in a 2-PrOH/MeCN mixture
(5/5 v/v, § mL) with styrene oxide (20 mM) under N,
atmosphere. All of the TiO, particles (samples 1—9) produce
styrene with very high selectivity (84—95%), although the
styrene yields are different from each other. GC analysis of the
solutions recovered after the reaction detected minor amounts
of 2-phenylethanol as a byproduct. IR analysis of the solution
(Figure S2, Supporting Information) showed a band at ~1110
cm™ assigned to C—O stretching of the ether linkage,
suggesting that polymerized styrene oxide is also 1nvolved as
a byproduct, as observed in related catalytic systems.”® As
shown in Table 1 (sample 10), the dark reaction scarcely
promotes deoxygenation. In addition, photoirradiation without
alcohol (sample 11) also does not promote reaction. These
data indicate that photoirradiation with alcohol is necessary for
deoxygenation.

The active sites for deoxygenation of epoxide are the surface
Ti*" atoms on TiO, (Scheme 2). XPS analysis confirms this. As
shown in Figure la, XPS chart for TiO, (sample 9) shows Ti
2py/, and 2p;) s1gnals, both of whlch consist of bulk Ti*
(blue) and surface Ti** (red) atoms.” In contrast, as shown in
Figure 1b, adsorption of styrene oxide onto TiO, in the gas
phase leads to complete disappearance of the surface Ti** signal
(red), along with a formation of new Ti*" signal at a higher
binding energy (green). This clearly indicates that the surface
Ti** atoms are oxidized to Ti*>® via electron transfer to styrene
oxide.

The electron transfer from the surface Ti** atoms promotes
deoxygenation of epoxide. This is confirmed by DRIFT analysis

Table 1. Deoxygenation of Styrene Oxide on Various TiO, Particles under Photoirradiation®

Q

©/u hv (A >300 nm, 6 h) ©/\
TiO, (10 mg), 2-PrOH/MeCN (5/5 viv, 5 mL)

0.1 mmol N> (1 atm), 303 K
sample catalt crg}slgezslllgle BE’I(' ns‘ll?{r;a_cle) area styrene (g/ox;de conv. styre(xo}oe) Zwld s?{;oc)t. (’umi\{-ﬁg e (’umolffh‘l)f

1 ST-41%8 A 8 10 9 84 29 1.4
2 ST-218 A 11 44 38 86 34.2 6.1
3 Aldrich anatase A 67 43 36 84 12.8 5.7
4 ST-018 A 217 62 54 87 59.4 10.0
5 Ppast A/R (83/17) 59 94 85 88
6 NS-51° R 7 49 41 84 159 7.7
7 Wako rutile R 15 <1 <1 1.9 <1
8 PT-1018 R 25 77 69 920 81.6 11.4
9 JRC—TIO-éh R 100 >99 95 95 168.0 25.7

10’ JRC-TIO-6 <1 <1

11 JRC-TIO-6 <1 <1

“Photoirradiation was carried out using a 2 KW Xe lamp (light intensity at 300—450 nm is 27.3 W m™2). Determlned by X-ray diffraction (XRD)
analysis (Figure SI, Supportlng Information). “Determined by N, adsorption/desorption analysis (ref 37). “Determined by GC analysis. “The
number of surface Ti** atoms per gram TiO,, measured by DRIFT analysis of nitrobenzene adsorbed on TiO, in the gas phase (Flgure S3,
Supporting Information). nitial rate for styrene formation during 3 h photoreaction. $Supplied from Ishihara Sangyo, Ltd. (Japan). ]apan
Reference Catalyst supplied from the Catalyst Society of Japan. ‘Supplied from Toho Titanium Co., Ltd. (Japan). /Reaction was performed in the
dark. *Reaction was performed in MeCN without 2-PrOH.
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Figure 1. XPS chart in the Ti 2p region of (a) TiO, (sample 9), (b)
the sample after adsorption of styrene oxide in the gas phase, and (c)
the sample after photoirradiation (4 > 300 nm) in 2-PrOH for 6 h.

of styrene oxide adsorbed onto TiO, (sample 9) in the gas
phase. Figure 2a shows the time-dependent change in the
spectrum after the injection of styrene oxide. A distinctive
absorption band appears at 1630 cm™", which is assigned to the
C=C stretching vibration (vc—c) of the styrene formed,*"** as
evidenced by the spectrum of styrene (Figure 2b). In this case,
a band assigned to the breathing mode of oxirane ring

Voxirane
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Figure 2. (a) Time-dependent change in the DRIFT spectra of styrene
oxide adsorbed onto TiO, (sample 9) in the gas phase at 303 K.
Attenuated total reflection (ATR) spectra of (b) styrene and (c)
styrene oxide measured at 303 K. The absorption bands indicated by
®, O, and A are assigned to phenyl ring stretching, =CH,
deformation, and phenyl C—H stretching (refs 31 and 32),
respectively.
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(Voxirane),> observed for styrene oxide at ~1250 cm™ (Figure
2c), scarcely appears. The results clearly indicate that styrene
oxide adsorbed onto the TiO, surface is immediately
transformed to styrene via the electron transfer from the
surface Ti** atoms under dark condition. The catalytic
mechanism for deoxygenation of epoxide by surface Ti**
atoms can therefore be summarized as Scheme 3A. One Ti**

Scheme 3. (A) Proposed Mechanism for Epoxide
Deoxygenation on TiO, Surface with Alcohol under
Photoirradiation, and (B) Energy Diagram for Regeneration
of Surface Ti** by Photoexcitation of TiO,
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atom promotes homolytic cleavage of the oxirane ring via the
Ti*—0O bond formation (a). The radical formed is reduced by
another Ti’* and produces a bridged intermediate (b). f-
Elimination of the intermediate affords the corresponding
alkene, along with a formation of oxidized two Ti** atoms (c).

The surface Ti atoms oxidized by deoxygenation of epoxide
(Scheme 3A.c) are reduced by the conduction band e~
produced by photoexcitation of TiO, with alcohol as the
reducing agent (d—£).>* This regenerates the surface Ti** atoms
and completes the catalytic cycle. XPS analysis confirms this. As
shown in Figure 1b, TiO, after adsorption of styrene oxide
exhibits green signals assigned to the oxidized surface Ti atoms.
However, as shown in Figure lc, the TiO, sample, when
photoirradiated in 2-PrOH under N, atmosphere, leads to
disappearance of the green signals, along with a regeneration of
Ti*" signals (red), similar to those observed for pure TiO,
(Figure 1a). This indicates that, as shown in Scheme 3A.d—f,
the oxidized surface Ti atoms are reduced to Ti** by
photoirradiation with alcohol.

Figure 3 shows the time-dependent change in the amounts of
substrate and products during the reaction of styrene oxide in a
2-PrOH solution with TiO, (sample 9) under photoirradiation.
Reaction for 4 h leads to complete conversion of styrene oxide

dx.doi.org/10.1021/cs500065x | ACS Catal. 2014, 4, 1642—1649
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Figure 3. Time-dependent change in the amounts of substrate and
products during photoreaction of styrene oxide with TiO, (sample 9)
in a 2-PrOH solution. Conditions are identical to those in Table 1.

to styrene (100 umol) with a formation of an almost equivalent
amount of acetone (100 gmol). GC analysis also detected the
formation of water. These data suggest that, as shown in
Scheme 3A.d—f, photoirradiation reduces the oxidized surface
Ti atoms with alcohol as the reducing agent, and the H atoms
of alcohol are removed as water.

The oxidized surface Ti atoms are reduced by photo-
excitation of TiO,. Action spectrum analysis confirms this.
Figure 4 shows the apparent quantum vyield for styrene

r10
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Figure 4. (line) Absorption spectra of TiO, (sample 9), styrene oxide,
and styrene. (black circle) Action spectrum for styrene formation
obtained by the photoreaction of styrene oxide on the catalyst. The
apparent quantum yield for styrene formation was determined using
the equation ®,qy (%) = (styrene formed X2)/(photon number
entering into the reaction vessel) X 100 (see the Experimental
Section).

formation (®,qy), obtained by photoreaction of styrene
oxide with TiO, (sample 9) using the monochromatic lights.
The quantum yields are consistent with the absorption
spectrum of TiO,, suggesting that the regeneration of surface
Ti*" is promoted by band gap excitation of TiO,. As shown in
Scheme 3B, the edges of the conduction band (Ecg) and
valence band (Eyg) of TiO, (rutile) are located at 0 and 3.0 V
(vs NHE, pH 0)," respectively. In contrast, the donor levels of
surface Ti>* atoms are located at 0.12—0.3 eV below Ecp.>® As a
result of this, band gap excitation of TiO, and subsequent
trapping of the conduction band e~ by the oxidized Ti atoms*®
regenerate surface Ti*" atoms, while the positive hole (h")
formed on TiO, oxidizes alcohol. This photocatalytic cycle
(Scheme 3B) allows successful regeneration of surface Ti**

1645

atoms with alcohol, thereby promoting efficient deoxygenation
of epoxides.

The surface Ti** atoms on TiO, behave as active sites for
deoxygenation; therefore, the number of surface Ti** atoms
(Np;) critically affects the deoxygenation activity. The N
values can be determined by DRIFT analysis of nitrobenzene
adsorbed onto the TiO, surface in the gas phase;*”*® as shown
in Figure S3 (Supporting Information), the intensity of
symmetric vibrational band (1346 cm™') assigned to the
nitrobenzene adsorbed onto the surface Ti** atoms allows
accurate determination of Ny;. The Ny; (umol g™') values for
the respective TiO,’s are summarized in Table 1, and Figure S

o®
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2 4 &
= 6 L4
® 2
.3 ®
! 7
0= . . .
0 50 100 150
Ny, / pmol g™

Figure 5. Relationship between the number of surface Ti** atoms
(Np;) and the average initial rate for styrene formation (v;) during
photoreaction (3 h) of styrene oxide on the respective TiO,. The
sample numbers correspond to those listed in Table 1.

shows the relationship between Nr; and the average initial rate
for styrene formation (vg/umol h™") on the respective TiO,
determined by 3 h photoreaction. The proportional relation-
ship between N; and v suggests that surface Ti*" atoms indeed
behave as the deoxygenation sites, and the TiO, particles with a
larger number of surface Ti*" is effective for deoxygenation.

The reaction scope of this TiO, system is summarized in
Table 2. Photoirradiation of TiO, (sample 9) in a 2-PrOH
solution promotes deoxygenation of various kinds of epoxides
into alkenes. For example, styrene oxides with several types of
substituents are successfully converted to styrenes (entries 1—
9). In particular, the reducible substituents such as halogen and
cyano groups are retained unchanged during deoxygenation
(entries 5—8). In addition, as shown in entries 2 and 3, the
TiO, catalyst recovered after photoreaction of styrene oxide
(entry 1), when reused for further reaction, exhibits almost the
same yields of styrene. This indicates that the catalyst is
reusable without any loss of activity and selectivity.

In contrast, as shown by entries 10 and 12, aliphatic epoxides
such as 1,2-epoxyoctane and glycidyl phenyl ether show low
yields of alkenes (31 and 41%), although the selectivities are
high (82 and 88%). This is due to the low efficiency for
electron transfer from Ti’* to the oxygen atom of their oxirane
ring, suppressing their ring-opening (Scheme 3a). As shown in
Figure S4 (Supporting Information), ab initio calculation based
on the density functional theory (DFT) revealed that the
electron density of the oxygen atom for LUMO of the aliphatic
epoxides is significantly smaller than that of aromatic
epoxides.® This suggests that it is difficult for the electron to
transfer from Ti’* to the oxygen atoms of aliphatic epoxide.
Figure 6a shows the DRIFT spectra of 1,2-epoxyoctane
adsorbed onto the surface of TiO, (sample 9) in the gas

dx.doi.org/10.1021/cs500065x | ACS Catal. 2014, 4, 1642—1649
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Table 2. Deoxygenation of Various Epoxides on TiO, under Photoirradiation”

Entry Substrate t [h] Temp. [K] Light irradiated [nm] Product Yield [%]° Selectivity [%]
1 95 95
o)
2 @/ﬂ 6 303 >300 Sh 93 93
3¢ 95 95
o]
4 /@A 6 303 >300 /©/\ 94 94
Q
s OA 6 303 >300 o 94 94
al Cl
2 Cl
6 ClOA 6 303 >300 o 94 94
o)
7 @A 6 303 >300 o 95 9
Br Br
o
8 @A 6 303 5300 Q/\ 95 95
NC
NC
o)
9 ©>A 12 303 >300 ©/K 84 84
10 303 >300 31 82
—ce~ T 48 eSS
11 343 >300 55 83
12 o_<9 48 303 >300 SN 41 88
13+ @ 343 >300 @ 71 87
14¢ 303 >300 <1
\/\?)\/\ 48 NN
15¢ 343 >300 13 80
16¢ o 343 >300 O 488 48 (E/Z =1/4)
48 X
17¢ 343 >370 O 85¢ 85(E/Z=12/1)
18+ o O 343 >300 O 718 71(E/Z=1/3)
48 N
19% O 343 >370 O 85¢ 85 (E/Z=11/1)

“Reaction conditions: TiO, (sample 9, 10 mg), substrate (100 gmol), 2-PrOH/MeCN mixture (5/S v/v, S mL), N, (1 atm), Xe lamp. *Determined
by GC. “First reuse. 9Second reuse. “Substrate (20 ymol). 7 Catalyst (100 mg). £1,2-Diphenylethanol is formed as a byproduct. The yields are 42%
(entry 16), 11% (entry 17), 20% (entry 18), and 13% (entry 19), respectively.

phase at 303 K. An absorption band assigned to the C=C
stretching vibration (vc—c) of l-octene observed at ~1630
cm™" (Figure 6¢) does not appear, although a distinctive vc—c
band is observed in the case of styrene oxide (Figure 2a). This
suggests that aliphatic epoxides are, indeed, less active than
aromatic epoxides. In this case, a vibrational band assi§ned toa
Ti—O—C bond, as often observed at ~1260 cm™,*** scarcely
appears in the spectra. This suggests that ring-opened
intermediates (Scheme 3A.b,c) are scarcely produced during
the DRIFT analysis and the electron transfer from Ti** to the
oxygen atom of epoxide (oxirane ring-opening, Scheme 3A.a) is
the rate-determining step for deoxygenation. The above ab
initio calculation and DRIFT analysis indicate that the low
reactivity of aliphatic epoxides is ascribed to the low efficiency
for the electron transfer from Ti*" to the oxygen atoms, which
suppresses ring-opening of the oxyrane ring (Scheme 3A.a).
For these unreactive aliphatic epoxides, the reaction at
elevated temperature is effective. As shown by entries 11 and
13, the reaction at 343 K enhances deoxygenation and affords
the corresponding alkenes with moderate yields (SS and 71%).

1646

As shown in Figure 6b, the DRIFT analysis of 1,2-epoxyoctene
performed at 343 K shows the vc—c band at ~1630 cm™,
although at a weak level. This suggests that the electron transfer
from Ti*" to the oxygen atom of the aliphatic epoxide is,
indeed, enhanced at elevated temperature. In contrast, as
shown by entries 14 and 15, the internal epoxide exhibits very
low reactivity, even at elevated temperature, as also observed in
other catalytic system.'® This is probably due to the steric
hindrance by adjacent alkyl chains, which suppresses the
electron transfer from Ti** to the oxygen atom of epoxide.

In the case of (Z)- and (E)-stilbene oxides (entries 16 and
18), the alkene selectivities are very low (48 and 71%) because
large amounts of 1,2-diphenylethanol are formed as a
byproduct. Several experimental results** suggest that the
byproduct is produced by photoexcitation of a ring-opened
intermediate (Scheme 3A.b) via the absorption of short-
wavelength UV light (~<350 nm) followed by abstraction of
hydrogen atom from 2-PrOH, as is also observed for related
diphenylethane derivatives.**** In these cases, photoexcitation
of TiO, with relatively longer-wavelength light is effective for

dx.doi.org/10.1021/cs500065x | ACS Catal. 2014, 4, 1642—1649
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Figure 6. Time-dependent change in the DRIFT spectra of 1,2-
epoxyoctane adsorbed onto TiO, (sample 9) in the gas phase at (a)
303 and (b) 343 K. ATR spectra of (c) l-octene and (d) 1,2-
epoxyoctane measured at 303 K. The absorption bands indicated by @,
O, and A are assigned to CH, scissoring, CH; symmetric bending, and
CH, wagging, respectively (refs 53 and 54).

selective alkene formation. As shown by entries 17 and 19, the
reaction of (Z)- and (E)-stilbene oxides, when performed by
the irradiation of >370 nm light, exhibits enhanced alkene
selectivity (both 85%).**® These data suggest that reaction
temperature and irradiation wavelengthes are the most
important factors for efficient and selective deoxygenation of
unreactive epoxides.

Bl CONCLUSION

We clarified the mechanism for deoxygenation of epoxides on
the photoactivated TiO, by means of XPS and DRIFT analysis.
This catalytic deoxygenation is facilitated by the combination of
electron transfer from surface Ti** atoms on TiO, to the
oxygen atom of epoxides, promoting deoxygenation of
epoxides, and the photocatalytic action of TiO,, promoting
regeneration of surface Ti** atoms with alcohol as a reducing
agent. This photoprocess has significant advantages over the
early reported processes: (i) noble-metal-free and inexpensive
heterogeneous catalyst (TiO,), (ii) safe and inexpensive
reducing agent (alcohol), (iii) milder reaction conditions
(relatively low temperature (<343 K) and atmospheric
pressure). This process, therefore, has a potential to enable
green deoxygenation of epoxides. The role of surface Ti**
atoms on the photoactivated TiO, clarified here may help open
a new strategy toward the design of more efficient photo-
catalysts and the creation of new methods for photocatalysis-
based organic synthesis.

B EXPERIMENTAL SECTION

Photoreaction. Each respective epoxide was dissolved in a
2-PrOH/MeCN mixture (5/5 v/v, 5 mL). The solution and
catalyst were added to a Pyrex glass tube (¢ 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 N,
gas was bubbled through the solution for S min. The tube was

1647

immersed in a temperature-controlled water bath (error: +0.5
K),*” and photoirradiated with magnetic stirring using a 2 kKW
Xe lamp (USHIO Inc,; 4 > 300 nm).*® The intensity of light at
300—450 nm was determined to be 27.3 W m™2. In some cases,
a grass filter was used to give light wavelength of 4 > 370 nm,
where the intensity of light at 370—450 nm was 12.8 W m™>.
After the photoreaction, the catalyst was separated 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%.

Action Spectrum Analysis. The reaction was carried out
using a 2-PrOH/MeCN (5/5 v/v) mixture (2 mL) containing
styrene oxide (0.04 mmol) and JRC-TIO-6 TiO, (sample 9, 4
mg) within a Pyrex glass tube (¢ 12 mm; capacity, 20 mL).
After ultrasonication and N, bubbling, the solution was
photoirradiated using a 2 kW Xe lamp for 1 h, where the
light was monochromated by band-pass glass filters (Asahi
Techno Glass Co.).* The full-width at half-maximum (fwhm)
of the light was 11—16 nm. Apparent intensity of light entered
into the reaction vessel was determined with a spectroradi-
ometer USR-40 (USHIO Inc.).*® The apparent quantum yields
(CDAQY) for deoxygenation of styrene oxide (two-electron-
reduction reduction process) was calculated using the following
equation.51

[styrene formed (umol)] X 2 X N X hc
HXAXAXt

CDAQY = (1)
where N is the Avogadro’s number (mol™"), H is the apparent
intensity of light entered into the tube (W m™), A is the
absorption cross section of the solution (m?), h is the Planck’s
constant (J s), ¢ is the light speed (m s7'), 4 is the light
wavelength (m), and t is the time for photoirradiation (s),
respectively.

XPS Analysis. The analysis was performed using a JEOL
JPS-9000MX spectrometer with Mg Ka radiation as the energy
Measurements were carried out as follows: TiO,
(sample 9, SO mg) was set in a vacuum line and evacuated
(0.9 Pa) at 423 K for 3 h. The sample was placed on a sample
stage immediately and evacuated at room temperature for 6 h,
and measurement was started (Figure la). After pretreatment
of TiO, (0.9 Pa, 423 K, 3 h), styrene oxide (20 pmol) was
introduced in the gas phase at 303 K, and the cell was left for 30
min. The sample was placed on a sample stage immediately and
evacuated at room temperature for 6 h, and measurement was
started (Figure 1b). After the measurement, the sample (S0
mg) was added to 2-PrOH (10 mL) and photoirradiated for 6 h
under N, atmosphere in a manner similar to that for
photoreaction of epoxide. The resulting powders were
recovered by centrifugation and placed on a sample stage
immediately. The sample was evacuated at room temperature
for 6 h, and measurement was started (Figure 1c).

DRIFT Analysis. The spectra were measured on a FT/IR
610 system equipped with a DR-600B in situ cell (Jasco
Corp.).38 TiO, (sample 9; S0 mg) was placed in a DR cell and
evacuated (0.9 Pa) at 423 K for 3 h. Epoxide (20 umol) was
introduced to the cell at 303 K, and measurement was started.
Absorption bands in Figure 6 were assigned according to the
literature.>>>*

Other Analysis. DR UV—vis spectra were measured on an
UV—vis spectrophotometer (Jasco Corp.; V-550 with Inte-
grated Sphere Apparatus ISV-469) with BaSO, as a reference.
Absorption spectra were measured on an UV—vis photodiode

52
source.

dx.doi.org/10.1021/cs500065x | ACS Catal. 2014, 4, 1642—1649
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array spectrophotometer (Shimadzu; Multispec-1500). XRD
patterns were obtained by Philips X’Pert-MPD spectrometer.

Computational Details. Ab initio calculations were
performed at the DFT level within the Gaussian 03 program,>
using the B3LYP/6-31G(d) basis set. The excited states of
respective epoxides were calculated with the time-dependent
TD-DFT at the same level of optimization. Cartesian
coordinates for the respective epoxides are summarized at the
end of the Supporting Information.

B ASSOCIATED CONTENT

© Supporting Information

XRD patterns of respective TiO, (Figure S1), IR spectrum of
polymerized byproduct (Figure S2), DRIFT spectra of
nitrobenzene adsorbed onto the respective TiO, (Figure S3),
interfacial plots of epoxides (Figure S4), absorption spectra of
stilbenes (Figure SS), and Cartesian coordinates of epoxides.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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