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Highly selective photocatalytic epoxidation of olefins proceeds

on Ti-containing silica with tetrahedrally coordinated Ti-oxide

species with molecular oxygen and a simple addition of MeCN.

Epoxidation of an olefin is one of the most important functional

group transformations in organic synthesis.1 Catalytic epoxidation

processes driven by heterogeneous catalysts with molecular oxygen

(O2) have attracted a great deal of attention.2 Photocatalytic

processes have also been studied extensively,3 especially using a

semiconductor TiO2,
4 but the processes lack sufficient epoxide

selectivity. Recently, relatively high selectivity (ca. 60%) of

epoxidation of olefin (propylene) was attained using a Ti-

containing silica with O2 in a gas/solid (G/S) photocatalytic

system.5 The catalytic site critical for selective epoxidation is

tetrahedrally coordinated Ti-oxide (Ti-O4) species, which are

highly dispersed on a silica matrix.5b On the photoactivated Ti-

O4, O3
?2 radical is formed from O2 and adds directly to the CLC

bond of an olefin, affording the corresponding epoxide. This

implies a potential role of O3
?2 as the oxidant for selective

epoxidation. The photoactivated Ti-O4, however, also produces

O2
?2 and olefin radicals, which inevitably promotes undesirable

side reactions (alcohol and ketone formation). Herein, we describe

that a simple addition of acetonitrile (MeCN) to this photocatalytic

system, forming a conventional liquid/solid (L/S) system, remark-

ably improves epoxide selectivity. To the best of our knowledge,

this is a photocatalytic system achieving the highest epoxide

selectivity. We also emphasize a high stereoretentivity (> 99%) of

the present catalytic system for olefin epoxidation.

We used Ti-containing silica with a hexagonal MCM-41

structure, T-S(x) [x (mol%) = Ti/(Ti + Si) 6 100; x = 0.9, 2.2,

5.4],{ which were prepared by a conventional surfactant-templat-

ing method6 (catalyst properties: see Table S1 and Figs. S1 and

S2{). Bulk TiO2(anatase) was used as a reference catalyst. Diffuse

reflectance UV-vis absorption spectra (Fig. S3{) revealed that

T-S(0.9) exhibits a narrow absorption band at l , 300 nm, which

is assigned to LMCT (ligand-to-metal charge transfer) from lattice

oxygen (OL
22) to titanium ion (Ti4+).7 This indicates that T-S(0.9)

consists predominantly of Ti-O4 species. In contrast, T-S(2.2) and

(5.4) show red-shifted absorption, attributable to aggregated Ti-

oxide species,7 as does TiO2. Photoreactions in the presence of

MeCN were carried out by photoirradiation (l > 280 nm, 12 h)8 of

a suspension of catalyst in O2-saturated MeCN within a glass tube

(L/S system).{ For reactions without MeCN, a G/S system was

employed using a conventional flat bottomed cell.{
Reaction of cyclohexene (CHE) in a G/S system using T-S(0.9)

(Table 1, run 1) gives rise to the corresponding epoxide with 11%

selectivity, together with higher quantities of allylic oxidation

products (cyclohexen-2-ol (36%) and cyclohexen-2-one (12%);

Table S2{). With MeCN (run 2, L/S system), the CHE conversion

is similar to that obtained without MeCN, but surprisingly, the

epoxide selectivity is enhanced to 71% (TON: 1.2).9 Use of bulk

TiO2 in both G/S and L/S systems (runs 3–5) shows low epoxide

selectivity (, 26%). T-S(2.2) and (5.4) catalysts, both containing

aggregated Ti-oxide species, in an L/S system (runs 6, 7) also show

lower selectivity than does T-S(0.9). The low epoxide selectivities

on bulk TiO2, T-S(2.2), and (5.4) are because the electron–positive

hole pairs, which are photoformed on the ‘‘semiconducting’’

aggregated Ti-oxide species, produce O2
?2 and cyclohexenyl

(?CHE) radicals, thus promoting the allylic oxidation of

CHE.4,5b Addition of MeCN (1 mmol) to a G/S system with

T-S(0.9) also enhances the epoxide selectivity (run 8). The results

suggest that the enhanced selectivity is triggered by a combination

of the presence of MeCN and the catalyst containing Ti-O4

species.

Photoirradiation of T-S(0.9) (25 mg containing 0.35 mmol Ti-

O4) with MeCN (0.32 mmol) at 77 K shows ESR signals assigned

to Ti3+ and OL
2 (Fig. 1d), as is also observed in vacuo.5b,8 This

indicates that, even in the presence of MeCN, the charge-transfer

excited state species [Ti3+–OL
2]* are formed by photoexcitation of

Ti-O4 and behave as the active site (Scheme 1, II).5b

Photoirradiation of Ti-O4 with O2 (0.32 mmol) without MeCN

at 77 K shows ESR signals assigned to two types of oxygen

radicals, O3
?2 and O2

?2 (Fig. S4{),5b,8 where the ratio of the

relative amount of the radicals (O3
?2/O2

?2) is determined to be

0.32 by double integration of the signals (see Discussion{). Even

with O2 (0.32 mmol) and MeCN (0.32 mmol) together, O3
?2 and

O2
?2 signals still appear (Fig. S5{), and the ratio is determined to

be 0.31 (see Discussion{). This value is similar to that obtained

without MeCN, suggesting that MeCN scarcely affects the ratio of

these active oxygen radicals. The structures of O3
?2 and O2

?2 on

the Ti-O4 in the presence of MeCN can therefore be depicted as

Scheme 1 (III and IV), as is also the case without MeCN.5b,8

Direct addition of the electrophilic O3
?2 to CHE (Scheme 1;

route A) should afford the corresponding epoxide in the present

system, as it does for propylene.5b The OL
2 site on species II and

IV, formed via an electron transfer from OL
22 to Ti4+, is also

electrophilic and hence acts as a positive hole.5b A proton

transfer5b from CHE to OL
2 therefore occurs and produces the
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corresponding ?CHE radical, which reacts with O2
?2 to afford

allylic oxidation products (routes B and C). As shown in Fig. 1a,

photoirradiation of T-S(0.9) with CHE (0.32 mmol), without

MeCN and O2, shows a sine-shaped signal assigned to ?CHE

radical (g = 2.002),10 where the Ti3+ signal still remains but the

OL
2 signal disappears completely. This confirms that OL

2 acts as

the site for ?CHE formation. In this case, the Ti3+ intensity is

higher than that obtained without CHE (Fig. 1d). This is because

CHE consumes the positive hole on OL
2 and hence stabilizes Ti3+

(species V).5b However, photoirradiation of T-S(0.9) with CHE

and MeCN together leads to flattening of the ?CHE signal (Fig. 1,

b and c). This indicates that addition of MeCN leads to a decrease

in the quantity of ?CHE.

A notable feature of the ESR spectra obtained with MeCN

(Fig. 1, b and c) is the appearance of the OL
2 signal, along with the

?CHE signal flattening. As the MeCN quantity increases, the

spectrum becomes similar to that obtained with only MeCN

(Fig. 1d). This implies that MeCN does not deactivate the ?CHE

formed but suppresses the proton transfer from CHE to OL
2,

resulting in suppression of the ?CHE formation. On the OL
2 site,

O3
?2 is formed even in the presence of MeCN (Fig. S5{). These

findings indicate that MeCN allows O3
?2 formation on OL

2, while

suppressing ?CHE formation. The MeCN-assisted selective olefin

epoxidation is therefore attributable to the selective suppression of

the ?CHE formation on the OL
2 site.

The mechanism of the selective ‘‘shield effect’’ by MeCN must

be clarified. As is well known, MeCN acts as a weak Lewis base

(donor number, DN = 14.1 kcal mol21).11 A possible reason for

the shield effect is the electron transfer from MeCN to OL
2, which

blocks off the proton transfer from CHE to OL
2. Photoirradiation

of T-S(0.9) with CHE, together with n-BuCN (DN = 16.6)11 or

THF (DN = 20.0),11 also leads to flattening of the ?CHE signal in

the ESR spectrum, but the OL
2 signal scarcely appears (Fig. S6{).

Photocatalytic CHE oxidation by T-S(0.9) with these solvents

shows much lower conversion (, 1% for n-BuCN and 2% for

THF). The results indicate that electron transfer from these strong

bases leads to complete OL
2 deactivation (poisoning), resulting in

suppression of both O3
?2 and ?CHE formation. In contrast,

electron transfer from MeCN is poor due to its low basicity,

resulting in the OL
2 signal appearance in the ESR spectrum

(Fig. 1d); this rules out electron transfer from MeCN as the strong

Table 1 Results of photocatalytic epoxidation of olefinsa

Run Catalyst Systemb Substrate

Conversion

(%) Product

Selectivity

(%)

1 T-S(0.9) G/S 9 11

2 T-S(0.9) L/S 10 71

3 TiO2 G/Sc 10 21

4 TiO2 L/S 27 21

5 TiO2 L/Sc 9 26

6 T-S(2.2) L/S 10 52

7 T-S(5.4) L/S 14 47

8 T-S(0.9) G/Sd 8 63

9 T-S(0.9) L/S 8 99

10 T-S(0.9) G/S 13 53

11 TiO2 L/S 61 47

12 T-S(0.9) L/S 9 98

13 T-S(0.9) G/S 21 71

14 TiO2 L/S 72 76

15 T-S(0.9) L/S 11 . 99

16 T-S(0.9) G/S 18 31

17 TiO2 L/S 26 25

18 T-S(0.9) L/S 7 98

19 T-S(0.9) G/S 9 38

20 TiO2 L/S 20 26

21 T-S(0.9) L/S 8 . 99

22 T-S(0.9) G/S 11 62(0e)

23 TiO2 L/S 32 33(9e)

24 T-S(0.9) L/S 12 . 99

25 T-S(0.9) G/S 32 67(0f)

26 TiO2 L/S 73 12(36f)

a Detailed product distribution: see Table S2. b L/S system: catalyst, 10 mg;

MeCN, 10 ml; olefin, 0.2 mmol; O2, 1 atm; photoirradiation time, 12 h.

G/S system: catalyst, 10 mg; olefin, 0.2 mmol; O2, 1 atm; photoirradiation

time, 12 h. c Photoirradiation time, 3 h. d With MeCN (1 mmol).
e Selectivity of trans epoxide. f Selectivity of cis epoxide.

Fig. 1 ESR spectra of T-S(0.9) measured at 77 K after photoirradiation

with MeCN and CHE. The ratio of MeCN/CHE (mmol/mmol) is (a) 0/

0.32, (b) 0.05/0.32, (c) 0.32/0.32, and (d) 0.32/0.

Scheme 1 MeCN-assisted selective olefin epoxidation on photoactivated

Ti-O4 species.
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factor triggering the shield effect. Also as is well known,

hydrocarbons acting as a Brønsted acid (proton donor) are

stabilized by solvation of a basic solvent via hydrogen bonding.12

MeCN, of weak basicity, may stabilize CHE and, hence, suppress

the proton transfer from CHE to OL
2 , while keeping OL

2 active.

Use of MeCN-d3 (DN = 14.0), with similar DN to MeCN, shows

a similar ESR spectrum (Fig. S6{). These findings indicate that the

‘‘weak’’ basicity of MeCN may be the strong factor triggering the

shield effect. Neither nonpolar hydrocarbon13 nor protic alcohol14

is suitable; therefore, MeCN is the best solvent for this effect. The

mechanism of the MeCN-assisted selective epoxidation can

therefore be summarized in Scheme 1, where route A is preferred

because routes B and C are suppressed by the shield effect.

Photocatalytic epoxidation of various cyclic and linear olefins

on T-S(0.9) using an L/S system also proceeds with excellent

selectivity (> 98%, Table 1),15 whereas the use of T-S(0.9) in a G/S

system and bulk TiO2 in an L/S system shows much lower

selectivity. The epoxide selectivities presented here are the highest

values among those obtained in the photocatalytic systems

reported to date.3–5

Another notable feature of the present photocatalytic system is

the retention of the configuration around the CLC moiety of

olefins in the resulting epoxide. Reactions of cis- and trans-2-

hexene on T-S(0.9) in an L/S system (runs 21, 24) afford

respectively cis- and trans-2,3-epoxyhexane with > 99% selectivity.

Reactions of these olefins on T-S(0.9) without MeCN (runs 22, 25)

yield ca. 40% byproducts formed via route B or C, but do not yield

isomerized epoxides. This means that O3
?2 is a potential oxidant

for stereoretentive olefin epoxidation, although this interesting fact

has never been reported until now. The results imply that the

MeCN-driven shield effect suppresses the undesirable side

reactions occurring on Ti-O4 and maximizes the inherent

stereoretentivity of the O3
?2 radical for olefin epoxidation.

The photostability of MeCN in the present catalytic system

must be checked. Photoirradiation of T-S(0.9) in O2-saturated

MeCN without olefin, in a similar manner to the photocatalytic

reaction, reveals that the quantity of CO2 formed is , 0.1 mmol

(12 h), which is less than 1% of the olefin converted (Table 1,

run 2). In contrast, use of bulk TiO2 gives 2.4 mmol CO2

formation.16 The results indicate that the MeCN stability on

T-S(0.9) is much higher than that on bulk TiO2.

In conclusion, we found that Ti-containing silica with Ti-O4

species catalyzes highly selective photocatalytic olefin epoxidation

with O2 and a simple addition of MeCN. This is achieved via

MeCN-assisted selective suppression of side reactions, the so-

labeled ‘‘shield effect’’. The process has several problems: i) low

olefin conversion (, 12%: Table 1) and ii) requirement of UV light

(, 300 nm) for catalyst activation. The latter suggests that the

process is inapplicable to aryl olefins, which absorb light with

wavelength longer than 300 nm. However, the process shows the

highest epoxide selectivity of aliphatic olefins among those which

have been proposed so far and promotes stereoretentive olefin

epoxidation, where stable MeCN may be reusable for further

reaction. The basic concept presented here will contribute to the

development of a more efficient photocatalytic system for selective

epoxide synthesis in an economically- and environmentally-

friendly way.
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