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Hydration of various alkenes proceeded over a platinum-loaded titanium oxide photocatalyst. It is
notable that, unlike conventional acid-catalysts, the photocatalyst preferentially promoted the hydration
according to the anti-Markovnikov rule. The results of some reaction experiments and semiempirical
molecular orbital calculations suggested the reaction path of this hydration as follows: an electrophilic
surface oxygen radical species formed on the photoexcited titanium oxide attacks a carbon double
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1. Introduction

Hydration of alkenes (water addition to carbon double bond) is
an important industrial process for the direct synthesis of
alcohols, which are widely used as the chemical intermediates
for resins, agricultural chemicals, surfactants, and so on.
Although the selective hydration to produce branched alcohols
is possible by using homogeneous and heterogeneous acid
catalysts, e.g., sulfonic acid,’® heteropolyacid,'? zeolite,* ion-
exchanged resin,'? etc., the acid catalysts are unable to produce
primary alcohols (except for ethylene to ethanol) or less sub-
stituted alcohols because of the strict regioselectivity known as
the Markovnikov rule. According to this rule, as shown in
eqn (1),” the proton (H") is firstly added to the carbon bonding
to less alkyl substituents in the carbon double bond, followed
by the addition of a functional group (X, anion or neutral
molecule) to the carbon with more alkyl substituents. In the
case of the hydration, after the addition of the proton, a water
molecule adds to the carbocation intermediate, followed by the
deprotonation. This selectivity is determined by the stability of
the carbocation intermediate.

On the other hand, various processes to produce anti-
Markovnikov type alcohols from alkenes have been studied
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— R,
R, R, R/z (1)
(Rq, Ry = alkyl)

for a long time. Hydroboration by borane reagents followed by
oxidation,® and hydroformylation by transition metal catalysts*
followed by hydrogenation are the very famous routes to give
the excellent anti-Markovnikov selectivity. However, both are
multistep processes and especially the former consumes the
boranes. Recently, one-pot syntheses of primary alcohols have
been attained, e.g., successive hydroformylation/hydrogenation
with the Rh/xantphos and Shvo’s catalyst,” and Wacker-type
oxidation/hydrolysis/hydrogenation with the PdCl, and Shvo’s
catalyst.® In these syntheses, however, strictly defined reaction
conditions were required for each elementary process. So far,
direct hydration processes have been realised only for the
alkenes having an electron withdrawing group, such as photo-
hydration of nitro-substituted styrenes in the presence/absence
of a photosensitiser,”” photohydration of 1,1-diphenylpropene
in the presence of a photosensitising cyclodextrin host,”” and
hydration of such alkenes with phosphine catalysts.® Thus, the
development of new simple processes that follow the anti-
Markovnikov rule are still required.

Photocatalysis has received much attention because of its
unique potential to enable various organic syntheses in mild
conditions by using photoformed hole (h*) and electron (e”),’
and could directly produce alcohols from alkanes (cyclohexane,
etc.) on titanium oxide,'** V,05/Al,05,'° Cr-Si binary oxide,"*
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CuCl,,"* and so on. However, primary alcohols were obtained
as minor products.'®”? To our knowledge, photocatalytic hydra-
tion of alkenes has not been reported yet.

In our previous study, we succeeded in the selective aro-
matic ring hydroxylation by using water with a platinum-loaded
titanium oxide photocatalyst and clarified that the oxygen
radical species produced from water were electrophilic.'* Thus,
in the present study, we applied this photocatalytic system to
the hydration of alkenes, and found that the photocatalytic
hydration of alkenes proceeded and the regioselectivity prefer-
entially followed the anti-Markovnikov rule.

2. Experimental section
2.1. Reagents

Titanium oxide sample, JRC-TIO-8 (anatase, 338 m> g~ ') and
JRC-TIO-6 (rutile, 100 m> g~ ") were supplied by Catalysis Society
of Japan and the former was used unless stated. Precursors of the
cocatalyst were chloroplatinic acid hexahydrate (H,PtCls-6H,0,
Kishida, 99.9%), palladium chloride (PdCl,, Kishida, 99%), and
gold chloride acid tetrahydrate (HAuCl,-4H,O, Kishida, 99%).
These reagents were used without further purification. Other
reagents were 1-butene (TCI, 98%), 1,3-butadiene (TCI, 95%),
1-hexene (Aldrich, 99%), cyclohexene (Wako, 97%), 1-methyl-
1-cyclohexene (TCI, 98%), 2-methyl-1,3-butadiene (TCI, 99%),
1,5-hexadiene (TCI, 97%), thiophene (Aldrich, 99%), D,O
(Acros Organics, 99.95%), and H,"®0 (Euriso-top, 95.4%). These
reagents were used after purification by distillation, except for
the isotopic-labeled water.

2.2. Preparation of metal-loaded titanium oxide
photocatalysts

Metal-loaded titanium oxide was prepared by a photodeposition
method. The titanium oxide powder (4 g) was dispersed into an
aqueous methanol solution (400 ml, methanol concentration
25%) containing the metal precursor in a 500 ml beaker with
vigorous stirring, followed by irradiation from the top with a
300 W xenon lamp, which emitted both UV and visible light, at
room temperature for 3 h. Then, the suspension was filtered off
with suction, washed with water, and dried at 323 K overnight. In
this article, x wt% of metal (M)-loaded titanium oxide is
described as M(x)/TiO,. Measurements of ICP-AES with an
Optima 3300 DV (Perkin-Elmer Japan) confirmed that the objec-
tive amount of metal was correctly loaded on the titanium oxide.
The average platinum particle size on the Pt/TiO, samples was
estimated by using a CO-pulse method in a flow system after the
reductive pretreatment with hydrogen at 423 K for 20 min.

2.3. Photocatalytic reaction tests

Photocatalytic reaction tests were carried out by using two
kinds of reactors; one was a closed reactor connected with a
vacuum line and the other was a closed reactor connected with
an argon gas flow line. In the former system, the photocatalytic
reactions of gaseous substrates were investigated. The prepared
M(x)/TiO, sample in a quartz cell was irradiated with the 300 W
xenon lamp from beneath in an air atmosphere for 1 h followed
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by evacuation. Then, a gaseous substrate (1-butene or 1,3-
butadiene, 1.8 mmol) and liquid water (mainly 10 ml, corre-
sponding to 560 mmol) were introduced to the cell, where the
substrate should be partly dissolved in the water and the
photocatalyst also existed in the liquid phase, and the cell
was irradiated with the 300 W xenon lamp with magnetic
stirring of the liquid phase at 314 K. After the irradiation, the
gas phase products were collected by a gas tight syringe and
analysed by a GC-TCD (Shimadzu, GC-8A). Then, the products
in the liquid phase were analysed by a GC-MS (Shimadzu,
QP-5050A) and a GC-FID (Shimadzu, GC-14B). In the latter
reactor, liquid substrates were investigated. The prepared
Pt(0.1)/TiO, sample in the quartz cell was irradiated with the
300 W xenon lamp for 1 h in the presence of air. After the air in
the reactor was purged by argon, the substrate (1.0 ml, corre-
sponding to 8.0-10 mmol) except for thiophene (2.0 ml, corre-
sponding to 24 mmol) and water (1.0 ml or 10 ml) were
introduced to the cell, and the cell was irradiated with the
300 W xenon lamp in an argon atmosphere with magnetic
stirring at 314 K for 60 or 180 min. After the irradiation, the
gas phase products were analysed by the GC-TCD (Shimadzu,
GC-8A). Then, methanol was added to the liquid phase and
analysed by the GC-MS (Shimadzu, QP-5050A) and the GC-FID
(Shimadzu, GC-14B). In both systems, when the irradiation
light wavelength was limited, an optical band pass filter per-
mitting the light transmission of 360 + 5 nm in wavelength or a
cut-off filter permitting that of longer than 370 nm in wave-
length was used and the reaction temperature was 305 K. As the
control experiments, reaction tests without the photocatalyst or
the photoirradiation were also carried out in the absence of the
photocatalyst or in the dark. These experiments confirmed that
the detected products in this article were produced by the
photocatalysis on the M(x)/TiO, samples.

3. Results and discussion
3.1. Outline of the photocatalytic reaction

Table 1 shows the result of the photocatalytic reaction of 1,3-
butadiene over the M(0.1)/TiO, samples. We found that some
kinds of metal-loaded TiO, photocatalysts were able to promote
hydration of 1,3-butadiene. When the Pt(0.1)/TiO, sample was
used under irradiation without the limitation of the wavelength
(Table 1, entry 1), the products were 5.6 pmol of primary
alcohols (2-butne-1-ol and 3-butene-1-ol), and 1.4 pmol of
2-butenal, 3.2 pmol of coupling products and an excess amount
(110 pmol) of hydrogen, and thus the alcohol selectivity was low
(42%). On the other hand, when the irradiation wavelength was
limited to 360 £ 5 nm, the coupling products and the excess
amount of hydrogen was suppressed and the higher alcohol
selectivity (76%) was obtained (Table 1, entry 2). This would be
mainly because the direct photoexcitation of 1,3-butadiene
adsorbed on the titanium oxide resulting in the formation of
byproducts was suppressed.'” It is notable that, although the
hydration reaction with various acid catalysts usually follows
the Markovnikov rule," the current photocatalytic hydration of
1,3-butadiene proceeded according to the anti-Markovnikov

This journal is © The Royal Society of Chemistry 2013
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Table 1 Results of the reaction tests for the photocatalytic hydration of 1,3-butadiene over the M(0.1)/TiO, samples

Products/umol

Anti-Markovnikov type

HO._~~ 0
HM
J’_

Markovnikov type

+ OH

P

)K/\ Alcohol Alcohol Anti-Markovnikov
Entry Loading metal H CP* H, yield® (%) selec. (%) selec.? (%)

1° Pt 56 (2.1+3.5) 1.4 (1.4+ndf nd n.d. 3.2 110 031 42 100

2" Pt 5.0 (1.5+3.5) 0.8(0.7+0.1f n.d. n.d. 0.4 5.8 0.28 76 100

3" pd 52(2.0+32) 09(0.8+0.1F 0.1 0.1 2.1 6.1 0.29 50 97

4" Au 1.0 (0.5 + 0.5 0.4 (0.4 +n.df n.d. n.d. 0.8 5.0 0.056 33 100

% Coupling products, mainly Cg hydrocarbons. The yields of other coupling products were very small. ” Alcohol yield (%) = 100 X
Yaiconols/(introduced 1,3-butadiene), where Y stands for the yielded amount of product. ¢ Alcohol selectivity (%) = 100 X (Yprimary alcohols +
YZ*Butanol)/(YPrimary alcohols T Y2-Butanol + YAlchydcs + Yz-Butanone * 2 X YCoupling products)~ ¢ Anti-Markovnikov SEICCtiVit}’ (D/D) =100 x (YPrimary alcohols T
Yaidehydes)/(Yprimary alcohols + Y2-Butanol T Yaldehydes T Y2-Butanone)- © Catalyst, 0.2 g; 1,3-butadiene, 1.8 mmol; water, 10 ml (560 mmol); reaction time,
180 min; reaction temperature, 314 K; irradiated light wavelength was not limited. Irradiated light intensities were 13, 54, and 148 mW cm > when
measured at 254 + 10, 365 + 15, and 405 £ 30 nm, respectively. The detection limits of the organic compounds, hydrogen and carbon dioxide were
0.01, 0.1 and 1.0 pmol, respectively.f The left and right values in the parenthesis correspond to the yield of 3-buten-1-ol and 2-butene-1-ol,

respectively. ¢ The left and right values in the parenthesis correspond to the yield of 2-butenal and butanal, respectively. n.d. = not detected.

" Reaction temperature, 305 K; irradiated light wavelength, 360 + 5 nmj irradiated light intensity was 8.4 mW cm~

365 + 15 nm. The other conditions were the same as the footnote e.

rule very selectively (almost 100%) regardless of the irradiated
light wavelength (Table 1, entries 1 and 2), i.e., only primary
alcohols were produced while no secondary alcohols were
observed. In addition, such high anti-Markovnikov selectivity
was also observed on the samples with the other loading
metals, such as palladium and gold (97 and 100%, Table 1,
entries 3 and 4), although they promoted the reaction with less
alcohol selectivity even under the light of limited wavelength.

Table 2 shows the results of the photocatalytic reaction tests
of various alkenes in the optimised conditions for each sub-
strate. From all of the investigated alkenes, the corresponding
alcohols were produced, indicating that this photocatalytic
system is available for various alkenes in both gas and liquid
states. The alcohols were observed in the liquid phase in
each case. Further, the anti-Markovnikov type products were
preferentially (65-100%) produced from all of the substrates
except for the cyclohexene having a symmetric double bond,
although the anti-Markovnikov selectivity was different
between the listed substrates. This will be discussed later.
In the case of 1-methyl-1-cyclohexene, the alcohol according
to the anti-Markovnikov rule (1.2 pmol) consisted of cis- and
trans-isomers of similar amounts, 0.7 and 0.5 pmol, respectively
(Table 2, entry 5), which will be also discussed later. For the
cyclohexene, the alcohol selectivity was especially low (17%)
because it is difficult to inhibit the coupling reaction in this
condition. For the other substrates, the alcohol selectivity
widely varied (38-83%) because of the yield of the carbonyl
compounds.

Fig. 1 shows the effect of the platinum loading amount on the
photocatalytic reaction of 1,3-butadiene. As shown in Fig. 1a, the
highest amount of alcohol was obtained on the Pt(0.1)/TiO,
sample. In principle, the smaller platinum nanoparticles

This journal is © The Royal Society of Chemistry 2013

2 when measured at

having a larger work function would be effective for the
separation of the photoformed hole-electron pairs, and the
larger amount of such effective small nanoparticles would
provide the best performance.'” The size and number of the
platinum nanoparticles determined by the CO adsorption
method were shown in Fig. 1c. The Pt(0.1)/TiO, sample had
the largest number of platinum nanoparticles with the almost
smallest size among them, which agrees with the above dis-
cussion. On the other hand, the high anti-Markovnikov selec-
tivity did not vary with increasing platinum loading amount
although the average diameter of the platinum also increased
(Fig. 1b and c). Thus, the loading amount, i.e., the diameter and
the number of the platinum nanoparticles, would not be
the controlling factor for the anti-Markovnikov selectivity, as
discussed later.

Fig. S1 and S2, (ESIt) show the influence of the crystal phase
and the specific surface area of titanium oxide on the photo-
catalytic activity for the hydration of 1-hexene (Fig. S1, ESIf) and
thiophene (Fig. S2, ESIT). As for the specific surface area of the
Pt(0.1)/TiO,(anatase) sample, the total yield increased with
increasing the specific surface area while the anti-Markovnikov
selectivity was almost constant for both substrates (Fig. S1b
and S2b, ESIT). This would be because catalytically active sites on
the titanium oxide would increase with increasing the specific
surface area as reported in the literature."" As for the crystal
phase of titanium oxide, the anatase exhibited higher photo-
catalytic activity than the rutile having almost the same specific
surface area (Fig. S1b and S2b, ESI}). Since the potential of the
photoformed hole in the rutile (3.04 V vs. NHE)'** is lower than
that in the anatase (3.12 V vs. NHE),"*” the rutile would less
promote the oxidation of water (e.g., H,O + h* —» *OH + H',
2.8 V vs. NHE)" than the anatase. Thus, anatase titanium

Catal. Sci. Technol,, 2013, 3, 1739-1749 | 1741
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Table 2 Results of the reaction tests for the photocatalytic hydration of various alkenes over the Pt(0.1)/TiO, sample

Alcohol Alcohol Anti-
yield®  selec.? Markovnikov

Entry Substrate Products/pumol CP’ H, (107%%) (%) selec.® (%)
OH o
7.7 35 3.7 17 —
Anti-Markovnikov type Markovnikov type
HO _~_~F
+ o OH
2g,h /\/\/ HM )\/\/
HO _~_~_~
4 (1.3 +0.1) 0.1 0.8 09 23 2.6 38 65
HO. o OH o]
3 i HJ\/\ )\/ )k/
10 3.4 3.5 1.7 ndf 11 75 73 72
(o} OH (0]
e 7 H
0.3 0.1 0.1 0.1’ 6.6 0.50 40 75

1.2" [cis-0.7 trans-0.5] 1.3 0.6 ndf 2.6 2.1 58 81

6" @ Q\OH / S

25.2 0.3 n.d.f n.d.f 0.1° 62 11 83 100
Anti-Markovnikov type

)\AOH HO\)\/
N ' R
)\/\OH HOJ\/

1.3 (1.1 + 0.2 0.9 (0.8 + 0.1)’ 0.1 0.2 7.4 2.2 81 100

OH O

BN

“ Catalyst, 0.2 g; substrate, 1.0 ml (8.0-9.9 mmol); water, 1.0 ml (56 mmol); reaction time, 60 min; reaction temperature, 305 K; irradiated light
wavelength, > 370 nm; irradiated light intensities were 3, 10 and 84 mW c¢m™ > when measured at 254 & 10, 365 & 15 and 405 + 30 nm, respectively.
The detection limit of the organic compounds was 0.01 pmol, that of hydrogen was 0.1 pmol, and that of carbon dioxide was 1 0 umol.

b CP = coupling products. © Alcohol yield (%) = 100 X Yaiconois/(introduced substrate), where Y stands for the yielded amount of product. ¢ Alcohol
SeleCtIVIty (0/0) =100 x YAlcohols/(YAlcohols + YCarbonyl products t2 X YCP)~ ¢ Anti-Markovnikov SeleCtiVity (0/0) =100 x (YAnti-Markovnikov type alcohol +
Yanti-Markovnikov type carbonyl product)/(Yalcohols T YCarbonyl products)- 7 Dimer (Cy») hydrocarbons were produced The detailed structure was not analysed.
¢ Catalyst, 0.2 g; substrate, 1.0 ml (8.4-10 mmol); water, 10 ml (560 mmol) reaction time, 180 min; reactlon temperature, 305 K; irradiated light
wavelength 360 = 5 nmy; 1rrad1ated light intensity was 8.4 mW cm™~> when measured at 365 4 15 nm. ” Also detected was 10 pmol of carbon
dioxide. ‘ The left and rlght values in the parenthesis corresponds to the yield of unsaturated and saturated alcohol in the two structural formulas.
7 1-Butene, 1.8 mmol; water, 10 ml (560 mmol); the other conditions were the same as the footnote g. ¥ n.d. = not detected. ‘ 5-Methyl undecane.
The yields of other coupling products were very small. ™ Cis, trans isomers were produced. The yield of each product is shown in the parenthesis.
" Thiophene, 2.0 ml (24 mmol); water, 8.0 ml (440 mmol); reaction time, 60 min; reaction temperature, 314 K; irradiated light intensities were 23,
80, and 176 mW cm > when measured at 254 + 10, 365 + 15 and 405 + 30 nm, respectively. Also detected was 18 umol of carbon dioxide.
¢ Bithiophenes. # Dimer (C;0) hydrocarbons were produced. The detailed structure was not analysed.
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Fig. 1 The effect of the platinum loading amount on the products yield (a) and
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Selectivity (%)

02 04 06 08

Platinum loading amount (wt%)

-1

15

Number of Pt nanoparticles/ 10 g

selectivity (b) in the photocatalytic hydration of 1,3-butadiene over the Pt(x)/TiO,

samples. The red filled circles, red blank triangles, green filled squares and black filled diamonds in panel a correspond to the total yield of 2-butene-1-ol and 3-butene-
1-ol, that of 2-butenal and butanal, that of the coupling products, and the yield of hydrogen, respectively. The orange filled inverse triangles and orange blank inverse
triangles in panel b correspond to the anti-Markovnikov selectivity and the alcohol selectivity, respectively. The blue blank circles and pink blank squares in panel ¢
correspond to the average diameter and the number of the platinum nanoparticles, respectively. The average diameter of the platinum nanoparticles was determined
by the CO pulse method. As for the reaction conditions, see the footnote a of Table 1.

oxide with a large surface area would be most effective for the
hydration.

The magnitude of the influence by the specific surface area
was different between the substrates, which would be derived
from the properties of the substrates although the details were
not clarified in the present study.

3.2. Active species

Table 3 shows the results of the isotopic experiments in the
photocatalytic hydration of cyclohexene. When the reaction was
carried out by using D,O, the mass number (m/z) of the
molecular ion peak for most of the produced cyclohexanol
(>99%) increased from 100 to 101 (Table 3, entry 1). In the
present analysis method, the D atom of the hydroxyl group in
the produced alcohol can be easily exchanged with the H atom
of methanol that was added for homogenisation of the liquid
phase after the reaction before the analysis. Thus, the increase
of the mass number would originate from the D atom of D,0,
which was directly added to the carbon double bond. This
result suggests that the alcohol was dominantly produced
through photocatalytic hydration (water addition) of the carbon
double bond as shown in eqn (2).

hyv

HO @)
PUTIO, ~TRO A R

AR+ HO

This journal is © The Royal Society of Chemistry 2013

Table 3 Results of the isotopic experiments in the photocatalytic hydration of
cyclohexene over the Pt(0.1)/TiO, sample?

Entry Water  Distribution of produced cyclohexanol (%)

OH OH
D H
1? D,0O >99 n.d.c

80H

160H

24 H,'*0 87 13

¢ Catalyst, 0.2 g; cyclohexene, 1.0 ml (9.9 mmol); water, 1.0 ml
(56 mmol); reaction time, 60 min; reaction temperature, 305 K; irra-
diated light wavelength, >370 nm; irradiated light intensities were 3,
10 and 84 mW cm > when measured at 254 + 10, 365 + 15 and 405 +
30 nm, respectively. The detection limit of the organic compounds was
0.01 pmol. ? In the present analysis method, the D atom of the hydroxyl
group in the produced alcohol can be exchanged easily with H of the
methanol that was introduced for analysis after the reaction. ¢ n.d. = not
detected. ¢ Before the reaction, the photocatalyst was evacuated at 473 K
for 2 h to remove the physisorbed water on the Pt(0.1)/TiO, sample.

When the reaction was carried out by using H,'®0, the
produced cyclohexanol contained 87% of '®0 atom and 13%
of '°0 in the hydroxyl group (Table 3, entry 2). This indicates
that the introduced water dominantly reacts with the alkene,
while the lattice oxygen on the titanium oxide surface also

Catal. Sci. Technol, 2013, 3, 1739-1749 | 1743
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reacts with the alkene. In the literature,'® it was reported that
upon photoirradiation the reaction between water molecules
and the titanium oxide surface could produce an active surface
oxygen species and the mechanism in the aqueous solution of
acidic or neutral pH was proposed as follows: a bridging Ti-O-Ti
site on the surface would trap the photoformed hole, and receive
the nucleophilic attack of water to produce the surface oxygen
radical (eqn (3)). The surface oxygen radical species would have
an electrophilic property and preferably attack the carbon

double bond having high electron density.'*?
"
o O, 0 OH
Ti~O~Ti + H,0 +h* —> Ti—O-i — T
3)

On the other hand, the photoformed electron would reduce
the proton in the solution to produce a hydrogen radical at the
platinum sites (eqn (4)).

H + & ———— *H
Platinum sites )

Considering eqn (3) and (4), and the results of the isotopic
experiments (Table 3), the hydration of the carbon double bond
would proceed through the addition of the electrophilic surface
oxygen radical and the hydrogen radical. This implies that the
reaction would preferably progress on the titanium oxide sur-
face around the deposited platinum nanoparticles.

3.3. Radical intermediates

To discuss the order of the addition of these two radical species
to the carbon double bond, we calculated the final heat of
formation of the possible intermediate species, i.e., the active
oxygen adduct and the hydrogen radical adduct (Table 4), by
using PM7 method"® in MOPAC 2012." In this calculation, the
hydroxyl radical (*OH) was employed instead of the surface
active oxygen species (eqn (3)) in order to simplify the system
because they have similar thermodynamic properties to each
other.™” In the case of the hydroxyl radical adduct, the radical
intermediate in the anti-Markovnikov hydration (Table 4, A)
was more stable than that in the Markovnikov hydration
(Table 4, C) for all the investigated substrates. On the other
hand, in the case of the hydrogen radical adduct, the radical
intermediate in the Markovnikov hydration (Table 4, D) was
more stable than that in the anti-Markovnikov hydration
(Table 4, B). These results clearly indicate that if the hydrogen
radical attacks first to the carbon double bond before the
surface oxygen radical does, the product would not follow the
anti-Markovnikov rule, which was inconsistent with the fact.
Thus, it is suggested that the surface oxygen radical would be
first added to the carbon double bond (eqn (5)), followed by the
addition of the hydrogen radical (eqn (6)). In this way, the order
of the radicals addition to the carbon double bond, ie., the
surface oxygen radical and then hydrogen radical, would lead to the
anti-Markovnikov products. Although one may consider another
possibility instead of eqn (6), that the intermediate species
abstracts a hydrogen atom from water, this could not occur because

1744 | Catal. Sci. Technol,, 2013, 3, 1739-1749

View Article Online

the bond energy of O-H in water (497.10 + 0.29 k] mol ™" at 298 K)
is larger than that of C-H in hydrocarbons (e.g., butane 421.3 and
411.1 + 2.2 kJ mol ™, cyclohexane 416.3 k] mol * at 298 K).*®

R

g A
? ? O
it AR > T or T
(Major) (Minor)

J/R R J/R R
o o)\' 0 o)\
T T T T
Ti or Ti + *H > Ti or Ti
(Major) (Minor) (Major) (Minor)

(6)

The differences of the final heat of formation for the two
possible isomers of the hydroxyl radical adduct were also listed
(Table 4, A-C). It is notable that the value decreased with
increasing anti-Markovnikov selectivity, meaning that a larger
difference between the two possible radical intermediates
resulted in a higher anti-Markovnikov selectivity. Thus, the
difference of the stability between the intermediates (eqn (5))
would determine the regioselectivity of the hydroxyl group for
each substrate.

3.4. Successive reactions

Table 5 shows the results of the photocatalytic reaction tests for
the successive reactions of 1-butene conversion by using the
alcohols and the carbonyl compounds as the reactants. Butanal
and 2-butanone were converted not to alcohols but to hydrogen
and carbon dioxide (Table 5, entries 1 and 2), where only the
complete oxidation with water occurred. On the other hand,
1-butanol and 2-butanol were oxidised into the carbonyl
compounds (Table 5, entries 3 and 4), that is, the successive
oxidation could occur after the hydration. Thus, the alcohol can
be oxidised to carbonyl compounds as shown in eqn (7), and
further oxidised to the final products, i.e., hydrogen and carbon
dioxide.

OH (0]

hv
HO -~ or )\ —_—
R R pyTio,

Fig. 2 shows the time course of the products yield in the
photocatalytic hydration of 1-butene in the closed reactor.
Although the total production rate of the alcohols and the
carbonyl products decreased once after 1 h, it became constant
at least until 24 h (Fig. 2b, purple filled squares). It is notable
that the carbonyl compounds were produced at a constant rate
even in the initial stage of the photocatalytic reaction. If the
carbonyl compounds were produced only through the succes-
sive oxidation of the alcohols (eqn (7)), the production of the
carbonyl compounds should be delayed compared to that of
the alcohols, which is inconsistent with the results. Thus, the
carbonyl compounds are also produced directly and competi-
tively. In the previous study for the aromatic ring hydroxylation,**?
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Table 4 Relationship between anti-Markovnikov selectivity in the photocatalytic hydration and the final heat of formation of the possible radical intermediates”

Final heat of formation/k] mol™*

Anti-Markovnikov type Markovnikov type Difference . .
Anti-Markovnikov
Entry Substrate *OH adduct (A) *H adduct (B) *OH adduct (C) °*H adduct (D) (A-C) (B-D) selec.” (%)
. H OH .
AN HO A~~~ )\/\/ Ho~o~F
1 ; Z . 7 —124 274 65
—89.5 99.0 —-77.1 71.6
H OH .
2 g )\/ )\/ g —19.6 26.8 72
—163.0 25.1 —143.4 —-1.74
H OH
3 : —-20.1  27.2 75
—205.9 —-17.2 —185.8 —44.4
HO H
4 ) ) ) ; —211 122 81
—218.8 —-19.9 —-197.7 —42.1
H OH
5 S OH 1/ g . 4/ g : O\H —240 217 100
S S S S
—38.4 151.9 —14.4 130.2
. H OH .
NS HO_~_~ )\/ P Ho A~
6 : —46.8 56.4 100
—74.5 142.4 —27.7 86.0

—111.2 102.3

H OJ.\/

—113.5 121.8

T

O
g3

* OH

OH

—50.7 513 100

—60.5 51.

—57.1 76.8 100

—56.4 45.

“ Final heat of formation was calculated by PM7 method'® in MOPAC2012."” As for the reaction conditions, see the footnotes in Tables 1 and 2.

b See the foot note e in Table 2.

it was suggested that the hydrogen atom could be abstracted
from the intermediate by a radical species. In a similar way, the
carbonyl compounds would be produced through the abstrac-
tion of hydrogen from the intermediate species as shown in

eqn (8).

I S A

? 7 !
Ti or Ti T
{Maijor) (Minor)

(Major) (Minor)

(8

This journal is © The Royal Society of Chemistry 2013

Considering these reaction routes to produce carbonyl com-
pounds (eqn (7) and (8)), the regioselectivity of the carbonyl
group would be the same as that of the hydroxyl group in the
produced alcohol because of the difference of the stability
between the intermediates as mentioned above.

3.5. Effect of water quantity

Fig. 3 shows the influence of water quantity on the photo-
catalytic hydration of 1-butene as a gaseous reactant, where it
was a three phase reaction system (gas-liquid-solid). With
increasing the quantity of the liquid water to 10 ml in volume,
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Table 5 Results of photocatalytic reaction tests of hydration products over the Pt(0.1)/TiO, sample”

Products/pmol
(0] OH (0]
Entry Substrate HO\/\/ H)I\/\ )]\/ H, CO,
(0]
1 H n.d. 4.8 n.d. n.d. 54 11
o
2 )k/ n.d. n.d. n.d. 6.8 43 8.2
3 13.0 7.6 n.d. n.d. 54 4.9
4 OH n.d. n.d. 14.2 4.7 51 5.6

¢ Catalyst, 0.2 g; substrate, 25 pmol in the aqueous solution (10 ml); reaction time, 180 min; reaction temperature, 314 K; light intensities were 13,
54, and 148 mW cm™> when measured at 254 + 10, 365 + 15, and 405 4 30 nm, respectively. n.d. = not detected.

g 10 _
EN £
5 =
T )
> 6 e
2 4 =
g 1 o
S 2 &
Q <
2 ] S
on 062> \a
S 0 6 12 18 24
Reaction time / h
S
2
=
B
©
n

Reaction time / h

Fig. 2 The time course of the products yield (a), and the total yield and
selectivity (b) in the photocatalytic hydration of 1-butene over the Pt(0.1)/TiO,
sample. The red filled circles, red filled triangles, blue blank circles, blue blank
triangles, black filled diamonds and pink blank diamonds in panel a correspond
to the yields of 1-butanol, butanal, 2-butanol, 2-butanone, hydrogen and carbon
dioxide, respectively. The purple filled squares, orange filled inverse triangles and
orange blank inverse triangles in panel b correspond to the total yield of the
alcohols and the carbonyl products, the anti-Markovnikov selectivity and the
alcohol selectivity, respectively. Catalyst, 0.2 g; 1-butene, 1.8 mmol; water, 10 ml
(560 mmol); reaction temperature, 314 K; irradiated light intensities were 13, 54,
and 148 mW cm~2 when measured at 254 + 10, 365 + 15 and 405 + 30 nm,
respectively.

the yield of the alcohols and carbonyl products increased and
that of excess hydrogen decreased (Fig. 3a). In addition, the
alcohol selectivity and the anti-Markovnikov selectivity also
increased. When the introduced amount of water was very

1746 | Catal. Sci. Technol, 2013, 3, 1739-1749

Hydrogen yield / umol

Organic compounds yield /pumol

S 10 15 20
Volume of water / ml

100
1(b)

A~ o ®
. 2.3

Selectivity (%)

)
T

0""I""I“"l""
5 10 15 20
Volume of water / ml

Fig. 3 The influence of water quantity on the photocatalytic hydration of
1-butene over the Pt(0.1)/TiO, sample. The red filled circles, red filled triangles, blue
blank circles, blue blank triangles and black filled diamonds in panel a correspond to
the yields of 1-butanol, butanal, 2-butanol, 2-butanone and hydrogen, respectively.
The orange filled inverse triangles and orange blank inverse triangles in panel b
correspond to the anti-Markovnikov selectivity and the alcohol selectivity, respec-
tively. Catalyst, 0.2 g; 1-butene, 1.8 mmol; reaction time, 180 min; reaction
temperature, 314 K; light intensities were 13, 54, and 148 mW cm~2 when
measured at 254 + 10, 365 + 15 and 405 + 30 nm, respectively.

small (1.0 ml), the color of the catalyst changed, implying that
undetectable byproducts (e.g., coupling products) would be
produced from the 1-butene and the hydration products. This
means that the presence of water would contribute to not only
the formation of alcohol and carbonyl products (eqn (9) and (10))

This journal is © The Royal Society of Chemistry 2013


http://dx.doi.org/10.1039/c3cy00019b

Published on 04 February 2013. Downloaded by RMIT Uni on 05/08/2013 09:34:35.

but also the desorption of the products from the surface as a
solvent to prohibit the excess adsorption of the products
and side reactions such as successive oxidation and coupling
reactions.

R
j R
g o 9A‘P” o o
T T T ho R 0 g7on | 1Oy
(Major) (Minor) (Major) (Minor)
)
R
J R | ]
¢ o ?&?H OH B
TOT T T Tho |[RTNCT O RToH | f 1O
(Major) (Minor) L (Major) (Minor) |
o) 0
-— R\)J\H or R)K * 10—
H,0
| (Major) (Minor) |
tautomerization
(10)

On the other hand, when the volume of water was larger
than 10 ml, the yield of the hydration products decreased
although the selectivity was not changed. With an increased
volume of water in the closed system, the decreased concen-
tration of 1-butene in the aqueous solution might reduce the
reaction rate.

R ™on
H,0
v)
H,0
=
/; . H
7 7"
Oy =0 O

Anti-Markovnikov type: Major

|
Ti—©O

View Article Online

3.6. Proposed reaction mechanism

From the above investigations and our previous study, the
proposed reaction mechanism of the photocatalytic hydration
of the carbon double bond is summarised in Fig. 4. In the
current three phase reaction systems (gas-water-solid or oil-
water-solid), the catalyst obviously exists in the aqueous phase.
Thus, water molecules are always adsorbed on the titanium
oxide surface (Fig. 4, i). The titanium oxide is photoexcited to
produce an electron and a hole, and then the electron migrates
to the platinum sites and the hole is trapped by the surface
bridge oxygen sites of titanium oxide as usually proposed
(Fig. 4, ii)."® The trapped hole induces the nucleophilic attack
of the adsorbed water to produce a surface oxygen radical and a
surface hydroxyl group. An alkene molecule would interact with
the hydrogen of the adsorbed water or the surface hydroxyl
group (Fig. 4, iii). The electrophilic surface oxygen radical
attacks the double bond to produce a radical intermediate
(Fig. 4, iv or iv’). It should be noted that the position selectivity
of the surface oxygen radical to the two carbon atoms at the
carbon double bond almost follows the anti-Markovnikov rule
according to the stability of the radical intermediates (Fig. 4, iv).
Finally, the electron in the platinum sites reduces a proton to
produce a hydrogen radical, which adds to the intermediate
species to produce a surface alkoxide species, and it desorbs as
an alcohol (Fig. 4, v and v'), which is promoted by water. In this
mechanism, the lattice oxygen atom of the titanium oxide
surface is introduced to the product while the oxygen atom in

H,O

®

Markovnikov type: Minor

(ii)

(iv) (iv?)
H* *
H%/H
o OS%CQ\TVO
(iii)
Z R H*

Fig. 4 The proposed reaction mechanism of the photocatalytic hydration of alkene to produce alcohol.
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?/
O~j
cis-isomer
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. 10
o 9 HaC™ 2

trans-isomer

Fig. 5 The proposed mechanism of the photocatalytic hydration of 1-methyl-1-cyclohexene to produce the cis-trans isomers of 2-methylcyclohexanol. The above

steps correspond to the steps iv and v in Fig. 4.

the water molecule is introduced to the surface in the first cycle,
and then the surface oxygen atoms that originated from the
water molecule are introduced into the product in the succes-
sive cycles. This is supported by the isotopic experiment with
H,'®0 (Table 3, entry 2) and the previous study.'*?

In this hydration reaction, anti-Markovnikov selectivity was
not influenced by the platinum loading amount (the average
size and the number of the platinum nanoparticle, Fig. 1). Since
the key step of determining the anti-Markovnikov selectivity
(the addition of the surface oxygen radical) would take place on
the titanium oxide surface, this step would not be significantly
influenced by the platinum loading amount.

From 1-methyl-1-cyclohexene, cis-trans-isomers of 2-methyl-
cyclohexanol were produced in the present photocatalytic anti-
Markovnikov hydration. The above hydration mechanism and
the almost equal yields of cis—trans isomers suggest that the
intermediate species can freely rotate in the C-O bond and be
attacked by the hydrogen radical from both sides as shown
in Fig. 5.

A part of the produced alcohol is further oxidised to produce
carbonyl compounds probably with the formation of hydrogen
(eqn (7)). On the other hand, the direct production of carbonyl
compounds would competitively occur. The mechanism is
proposed in Fig. S3, (ESIT), in which the steps (iv) and (v) are
different from the above. After the formation of the intermediate
(Fig. S3, iii, ESIT), titanium oxide is further photoexcited to form
a hole and an electron (Fig. S3, iv and iv/, ESIf). The hole
abstracts the hydrogen atom from the intermediate to produce
an adsorbed enoxy species (Fig. S3, v and v/, ESI). Finally, the
enol is desorbed from the surface, and the tautomerisation
occurs to produce a carbonyl compound (Fig. S3, vi and vi/,
ESIT) while the electrons in the platinum sites reduce protons to
form a hydrogen molecule (Fig. S3, vii, ESIT).

4. Conclusion

We investigated the hydration of various alkenes (from C4 to
C7, and thiophene) over the 0.1 wt% platinum-loaded titanium

1748 | Catal. Sci. Technol,, 2013, 3, 1739-1749

oxide photocatalyst. In all of the investigated alkenes, the
hydration products were obtained. Interestingly, the obtained
regioselectivity of the hydroxyl group preferentially followed the
anti-Markovnikov rule, ie., the primary alcohols or the less
substituted alcohols were predominantly produced.

The surface oxygen participates in the present hydration to
be involved in the products. For the anti-Markovnikov hydra-
tion, the order of the radical addition is important, ie., the
electrophilic surface oxygen radical, which is produced through
the reaction between water and the lattice oxygen of the
titanium oxide surface trapping the photoformed hole, should
attack the double bond of the alkene to form the radical
intermediate before the addition of the hydrogen radical, which
is produced from the proton and the photoformed electron on
the platinum sites. At that time, the anti-Markovnikov selecti-
vity would be determined by the stability of the radical inter-
mediate, which depends on the nature of substrate.

The carbonyl compounds as byproducts were formed by
successive oxidation or by direct photocatalytic oxidation, which
also followed the anti-Markovnikov rule, since the reaction
mechanism would be similar to the hydration.

The water would also function as a solvent to assist the
desorption of the products, resulting in the decrease of the
formation of undesired byproducts.
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