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Abstract The diphenyl diselenide catalyzed oxidative degradation of
benzoin to benzoic acid is reported. As this reaction can convert the
malodorous compound into an odorless and innocuous product under
mild conditions, it might be useful for pollutant disposal. The reaction
does not require a transition-metal catalyst or a chemical oxidant, so
that it can be performed at low cost and without generation of wastes.
This is believed to be the first example of the use of organoselenium ca-
talysis technology in pollutant destruction, thereby expanding its range
of applications.
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Benzoin (2-hydroxy-1,2-diphenylethanone) is a well-
known flavoring agent that has been widely used for many
years. Owing to its unique biological and chemical activi-
ties, this compound is now widely used in many areas, both
in the laboratory and in industry, for example, in organic
synthesis, medicinal chemistry, food chemistry, and mate-
rials science.! Although benzoin has a low toxicity, its
strong smell can cause pollution in large-scale applications.
Currently, benzoin can be eliminated by oxidation methods,
but these reactions usually require transition-metal cata-
lysts and chemical oxidants, which can be expensive and
might lead the production of large quantities of hazardous
solid wastes.? Therefore, the development of a transition-
metal-free and waste-free method for degrading benzoin to
form odorless and innocuous small molecules is of practical
interest, as this issue needs to be resolved from the point of
view of environmental protection.
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First example of pollutant degradation through Se catalysis

Selenium is a ubiquitous element with distinctive prop-
erties. Selenium compounds can serve as building blocks in
organic syntheses, as bioactive components in the develop-
ment of medicines, and as unique active sites in materials
science.? Recently, the catalytic activities of selenium com-
pounds have begun to attract the attention of chemists.*
Organoselenium-catalyzed reactions can be used to con-
struct a series of complex organic skeletons that are diffi-
cult to be built through conventional methods.> Organo-
selenium-catalyzed asymmetric synthesis has been used to
prepare chiral compounds.® Organoselenium compounds
are also widely used in waste-free procedures for green
syntheses,” and such techniques have become useful be-
cause heterogeneous Se catalysts have been developed and
successfully applied in several cases.? Our group aims to de-
velop green catalysis technologies,>'? including organosele-
nium-catalyzed green reactions.!® We recently found that
benzoin can be oxidized by H,0, to produce benzoic acid in
good yield in the presence of diphenyl diselenide as a cata-
lyst. The Se catalyst is sufficiently robust to permit its reuse
at least six times without deactivation. This reaction might
provide a new method for eliminating of benzoin in envi-
ronmental-protection projects. We report our findings below.

As calculated from the chemical equation, the oxidation
of benzoin (1a) to benzoic acid (2a) should consume two
equivalents of H,0, (200 mol% based on 1a). Therefore, on
the basis of our experience in previous investigations, we
stirred 1 mmol of benzoin (1a), 2 mmol of H,0,, and 0.05
mmol of (PhSe), in 2 mL of MeCN at room temperature
(~25 °C) for 24 hours. After purification, the benzoic acid
(2a) was obtained in 68% yield (Table 1, entry 1). Because
thin-layer chromatography (TLC) indicated that the reac-
tion was incomplete, and because the starting material 1a
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was recovered in 23% yield, we considered that H,0, might
partially decompose during the reaction process. Therefore,
an excess of H,0, was required, and we initially tested the
reaction with a 50 mol% excess of H,0,; in this case, the
product yield increased to 72%, but unreacted benzoin (1a)
was still recovered in 11% yield (entry 2). The use of 200
mol% of H,0, increased the product yield to 82%, and ben-
zoin (1a) was completely converted in the reaction (entry
3). However, a further increase in the amount of oxidant de-
creased the yield, and a series of unidentified byproducts
were generated (entries 4 and 5). Therefore, the optimal
dosage of H,0, is 400 mol% versus 1a (i.e.,, a 100 mol% ex-
cess). The effect of the catalyst loading on the reaction was
also investigated. The yield of benzoic acid (2a) decreased
on reducing the amount of catalyst (entries 6 and 7) be-
cause of the lower reaction rate; unreacted starting materi-
al 1a remained, as shown by TLC, and could be isolated to
calculate the conversion ratios of 1a shown in Table 1. The
use of more catalyst resulted in a reduced product yield,
due to the generation of the unidentified byproducts (en-
tries 8 and 9). Therefore, the best catalyst loading for this
reaction is 5 mol%, as we initially used (entry 3).

Table 1 Optimization of the H,0, Dosage and Amount of Catalyst?

o)
) Ph y mol% (PhSe), o
Ph ‘\( + HpOp ————————> )I\ +H,0
OH  xmols MeCN.t24h  Ph”” “OH
1a 2a

Entry H,0,° (mol%) (PhSe)," (mol%) Conversion< (%) Yieldd (%)

1 200 5 77 68
2 300 5 89 72
3 400 5 100 82
4 500 5 100 75
5 600 5 100 71
6 400 1 64 48
7 400 3 70 60
8 400 10 100 65
9 400 20 100 51

3 Reaction conditions: 1a (1 mmol), MeCN (2 mL), r.t., 24 h.
b Molar dosage based on benzoin (1a).

¢ Conversion ratio of 1a.

4 Isolated yield of 2a based on benzoin (1a).

Next, a series of solvents were tested to optimize the re-
action. Water, as the most ecofriendly solvent, was our first
choice but, unfortunately, it gave a lower yield of 2a, and
the starting material 1a was incompletely converted (Table
2, entry 1). Reactions in alcohols or acetone also resulted in
poor product yields (entries 2-4). For ether-type solvents,
the reaction in THF afforded benzoic acid (2a) in 73% yield,
whereas in 1,4-dioxane, the yield fell to 45% (entries 5 and
6). In the highly polar solvents DMF, DMSO, and NMP, the
product yields were rather low (entries 7-9), so MeCN was

finally selected as the best solvent among the candidates
examined (entry 10). The effect of the reaction temperature
was also investigated. When the reaction was performed at
ice-water temperature, although fewer byproducts were
formed, the reaction was markedly retarded and product 2a
was obtained in only 28% yield, and more than 60% of the
starting material was not recovered (entry 11). However, el-
evating the reaction temperature did not improve the reac-
tion and, despite producing higher reaction rates, higher re-
action temperatures resulted in increased generation of by-
products and reduced the product yield (entries 12-14).

Table 2 Optimization of the Reaction temperature and Solvent?

0]

o ) ph+ o, 5 mol% (PhSe), )O]\ o
OH 400moly SOVenh24h — Ph™ “OH
1a 2a
Entry Solvent Temp (°C) Conversion® (%)  Yield® (%)
1 H,0 rt. 64 56
2 EtOH r.t. 68 32
3 MeOH r.t. 70 35
4 acetone r.t. 74 66
5 THF r.t. 94 73
6 1,4-dioxane r.t. 61 45
7 DMF r.t. 35 27
8 DMSO r.t. 52 40
9 NMP r.t. 8 5
10 MeCN r.t. 100 82
11 MeCN 0 39 28
12 MeCN 40 100 70
13 MeCN 60 100 54
14 MeCN 80 100 37

2 Reaction conditions: 1a (1 mmol), H,O (4 mmol), (PhSe), (0.05 mmol),
MeCN (2 mL), r.t., 24 h.

b Conversion ratio of benzoin (1a).

¢Isolated yield of 2a based on benzoin (1a).

Our previous studies had shown that the use of func-
tionalized organoselenium compounds as catalysts might
improve the catalytic reaction,'” so we screened various or-
ganoselenium catalysts. The results shown in Table 3 indi-
cate that electron-rich diselenides had poor catalytic activi-
ties and led to decreased yields of benzoic acid (2a) and re-
sidual unreacted starting material 1a, as observed by TLC
(Table 3, entries 1-3). Unlike many reported cases, the use
of diaryl diselenides with electron-withdrawing substitu-
ents also resulted in poor product yields because of the gen-
eration of unidentified byproducts (entries 4-7). Bulky
benzyl and alkyl diselenides were also tested but failed to
give any improvement in the reaction (entries 8-10). When
PhSeBr, PhSeO,H, EtSePh, or i-PrSePh was employed, the
yield of 2a decreased to 52-60% (entries 11-14), a similar
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result to that obtained by the reaction in the presence of 3
mol% of (PhSe), (entry 7). This is possibly due to the halving
of the amount of the actual catalytic species, PhSeO,H (see
below).

Table 3 Screening of Se Catalysts?

(]
Ph 5 mol% Se cat. Q
" OH Zogfgl%m Ph)J\OH "o
1a 2a
Entry Se catalyst Conversion® (%) Yield® (%)

1 (PhSe), 100 82
2 (4-MeCgH,Se), 83 76
3 (4-MeOCgH,Se), 62 56
4 (4-FCgH,Se), 89 64
5 (3-FCeH,Se), 87 66
6 (2-FCeH,Se), 82 61
7 [3,5-(F5C),CeH5Se], 91 44
8 (1-CyoHgSe) 85 72
9 (BnSe), 87 80
10 (CySe), 84 78
1 PhSeBr 64 56
12 PhSeO,H 67 58
13 EtSePh 72 60
14 i-PrSePh 66 52

2 Reaction conditions: 1a (1 mmol), H,O (4 mmol), Se catalyst (0.05
mmol), MeCN (2 mL), r.t., 24 h.

b Conversion ratio of benzoin (1a).

¢Isolated yield of 2a based on benzoin (1a).

The scalability of the reaction was next examined, and a
100 mmol-scale reaction was tested. We were pleased to
find that in this large-scale preparation, the dosage of H,0,
could be reduced to 120% without a decrease in the product
yield. Product 2a was purified by distillation rather than
preparative TLC, as used in the small-scale reaction, afford-
ing a much higher yield [88% compared with 82% (Table 3,
entry 1)]. Because the reaction system is simple and the or-
ganoselenium species is stable, it was possible to recover
the catalytic Se-contained mixtures after distillation and to
reuse it merely by adding fresh starting material, solvent,
and H,0, for the next run of the reaction. The results in Fig-
ure 1 show that the catalyst could be reused at least six
times without an obvious decrease in the product yield.

A series of benzoin derivatives 1 were employed as sub-
strates for the reaction under the optimized conditions (Ta-
ble 3, entry 1).!! The reactions were efficient and gave the
corresponding carboxylic acids 2 in good yields (Table 4, en-
tries 1-7). Generally, electron-rich substrates gave higher
product yields and higher conversion ratios of the substrate

Product yield (%)
90 - 88 86 85 83

80 73
80
70
60 -
50 -
40
30 A
20
10
. NO
1 2 3 4 5 6 ’
Figure 1 Catalyst recycling and reuse
Table 4 Substrate Extension?
o)
o)
R 5 mol% (PhSe),
R + HOp —————> )J\ +H0
OH 400mol% MeCN.24h  RT “OH
1 2
Entry R Conversion® (%) Product Yield< (%)
1 Ph 100 2a 82
2 4-Tol 100 2b 85
3 4-MeOCH, 100 2c 88
4 4-FCgH, 80 2d 72
5 4-CICH, 83 2e 76
6 4-BrCyH, 85 2f 78
7 Bn 98 29 80

2 Reaction conditions: 1 (1 mmol), H,O (4 mmol), (PhSe), (0.05 mmol),
MeCN (2 mL), r.t., 24 h.

b Conversion ratio of 1.

¢lsolated yield based on benzoin derivative 1.

than electron-deficient ones (Table 4, entries 1-3 and 7 ver-
sus entries 4-6).

To identify a reasonable mechanism for the reaction, we
performed several experiments. First, an experiment using
10 mol% of PhSeO,H as catalyst was performed, and it gave
2a in 78% yield (Scheme 1, Equation 1), which was similar
to that produced by the reaction in the presence of 5 mol%
of (PhSe), (Table 1, entry 3), indicating that PhSeO,H might
be the actual catalytic species.!® Then, to examine whether
the reaction proceeds through a benzil-generation step, the
oxidation of benzil (3) with H,0, was performed under sim-
ilar conditions, giving the same product, 2a, in 73% yield as
expected (Scheme 2, Equation 2).

On the basis of these experimental results and reports
in the literature,'%? we proposed the plausible mechanism
shown in Scheme 2. Oxidation of (PhSe), with H,0, initially
gives the peroxide 4, which we previously characterized by
means of 77Se NMR analysis;!% this subsequently affords
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o
o
Ph 10 mol% PhSeO,H
)‘\( b H0, QmoRPRSOM I

MeCN, rt, 24 h Ph
OH 400 mol%

1a 2a, 78%
o
Ph 5 mol% (PhSe), Q
Ph + Hx0z C—2> )J\ @
MeCN, rt, 24 h
O 400 mol% Ph OH
3 2a, 73%

Scheme 1 Control experiments

the organoselenium species 5 on standing or vigorous stir-
ring. Benzoin (1a) is readily oxidized to benzil (3) by H,0, in
the presence of the organoselenium catalyst (Scheme 1,
Equation 2).!? Nucleophilic addition of 5 to a carbonyl
group of 3 affords the organoselenium intermediate 6, in
which, two possible C-C bond-cleavage reactions are possi-
ble. However, position a is obviously much more active than
b, due to the adjacent carbonyl group, and the reaction at
this position generates benzoic anhydride (7) and benzene-
seleninic acid (8) (Scheme 1, Equation 1). The former is hy-
drated to give benzoic acid (2a), whereas the latter is oxi-
dized by H,0, to regenerate the catalytic species 5. Because
of its reactivity with H,0,, the MeCN solvent might partici-
pate in the reaction, but none of the possible resulting by-
products were detected by GC-MS; this is probably due to
the mild reaction conditions, which also ensured high
yields of the desired major product.

H0
(PhSe); —5 [PhSe(0)0,0

4
standing or
vigorous stirring 1 H0 o o)
H20 PhSe(0)OOH ph)kﬂ/Ph gat. Se Phk(F’h
5 o) H20, OH
3 1a
H202 1l
PhSe(O)OH ((I)’ “Ph
o} (o]
AN
Ph’é ;(ja:
O\ Ph
Ph H
>:O 6
o H,0 Q
—_—
>:O Ph”” “OH
Ph 2a

Scheme 2 Possible mechanism

In conclusion, we have reported an organoselenium-cat-
alyzed degradation of benzoin to benzoic acid for the first
time. The method does not require a transition-metal cata-
lyst and employs H,0, as a green oxidant. The catalyst was
so robust that it could be recycled and reused, without de-
activation. As a first example of the use of organoselenium
catalysis technology for pollutant disposal, this work mark-
edly expands the scope of this field and should attract

broad attention from chemists, not only in synthetic organ-
ic chemistry, but also in related fields, such as the environ-
ment protection.
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