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ABSTRACT: Desulfonylation reactions of α-sulfonylketones promoted
by photoinduced electron transfer with 2-hydroxyarylbenzimidazolines
(BIH-ArOH) were investigated. Under aerobic conditions, photoexcited 2-
hydroxynaphthylbenzimidazoline (BIH-NapOH) promotes competitive
reduction (forming alkylketones) and oxidation (producing α-hydrox-
yketones) of sulfonylketones through pathways involving the intermediacy
of α-ketoalkyl radicals. The results of an examination of the effects of
solvents, radical trapping reagents, substituents of sulfonylketones, and a
variety of hydroxyaryl- and aryl-benzimidazolines (BIH-ArOH and BIH-
Ar) suggest that the oxidation products are produced by dissociation of α-ketoalkyl radicals from the initially formed solvent-caged
radical ion pairs followed by reaction with molecular oxygen. In addition, the observations indicate that the reduction products are
generated by proton or hydrogen atom transfer in solvent-caged radical ion pairs derived from benzimidazolines and sulfonylketones.
The results also suggest that arylsulfinate anions arising by carbon-sulfur bond cleavage of sulfonylketone radical anions act as
reductants in the oxidation pathway to convert initially formed α-hydroperoxyketones to α-hydroxyketones. Finally, density
functional theory calculations were performed to explore the structures and properties of radical ions of sulfonylketones as well as
BIH-NapOH.

■ INTRODUCTION

Reduction and oxidation (redox) reactions often occur
through single electron transfer (SET)-promoted pathways.1

Typically, visible or UV light irradiation is utilized to induce
SET-promoted redox reactions, termed photoinduced electron
transfer (PET), by supplying energy to the electron donor or
acceptor to facilitate SET.2 While investigations of PET
reactions of organic molecules have a long history,2 some
noteworthy recent advancements have been made in
developing synthetic applications of these photoredox
processes through the use of transition-metal complexes and
nonmetal containing substances as visible light-absorbing
photocatalysts.3,4 In these reactions, stoichiometric amounts
of appropriate co-operating materials are usually required to
promote the conversion of substrates and regeneration of
photocatalysts. For example, dihydropyridines such as
Hantzsch esters are frequently employed for this purpose in
photocatalyzed reduction reactions of organic substrates.5

Although less explored, organic electron-donating substances,
which absorb visible light, can be employed as photoexcited
reductants operating without using photocatalysts.6,7

2-Aryl-1,3-dimethylbenzimidazolines (BIH-Ar) and 2-hy-
droxyaryl-1,3-dimethylbenzimidazolines (BIH-ArOH), which
are recognized as artificial nicotinamide adenine dinucleotide
analogues and serve as electron as well as hydrogen atom

donors,8 have been utilized in various chemical processes.9−16

In several past investigations of PET reactions of various
organic substances,17 we demonstrated that photoexcited BIH-
Ar and BIH-ArOH can be employed to promote reduction of
organic substrates.18 In addition, we demonstrated that the
oxidized form of BIH-ArOH, BI+-ArO−, acts as unprecedented
visible light-absorbing betaine photocatalysts.19 Recently, we
found that the strong electron-accepting substrate, α-
bromoisobutyrophenone [E1/2

red = −1.15 V vs saturated calomel
electrode (SCE)], reacts with 1,3-dimethyl-2-phenylbenzimi-
dazoline (BIH-Ph) to promote exclusive α-hydroxyketone
forming reaction under the aerobic conditions without the use
of heat, light, and catalysts (Scheme 1).20 In this process, initial
SET from BIH-Ph to the bromoketone induces loss of bromide
ion to generate an α-ketoalkyl radical, which is subsequently
trapped by molecular oxygen followed by hydrogen atom
transfer (HAT) to give α-hydroperoxyisobutyrophenone and
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benzimidazolyl radical (BI•-Ph). Moreover, exergonic SET
from the formed BI•-Ph to the bromoketone followed by
bromide ion loss yields the α-ketoalkyl radical and
benzimidazolium cation (E1/2

red = −1.61 V vs SCE). Finally,
hydroperoxyketone obtained after a work-up operation is
reduced by using Me2S to produce α-hydroxyisobutyrophe-
none.
The earlier observations described above motivated us to

carry out a detailed investigation of processes in which α-

ketoalkyl radicals are generated under aerobic PET conditions
using BIH-Ar or BIH-ArOH. In particular, we were interested
in assessing the relevance of earlier suggestions that PET-
generated carbonyl radical anions and radical cations of amines
possessing α-hydrogens undergo proton transfer (PT) within
contact (solvent-encased) radical ion pairs21 and that radical
ions and radical intermediates are captured by molecular
oxygen only after their dissociation from solvent cages.22

Specifically, we anticipated that BIH-Ar and BIH-ArOH

Scheme 1. SET and HAT Pathways for Debrominative Oxidation of α-Bromoisobutyrophenone Promoted by 1,3-Dimethyl-2-
phenylbenzimidazoline (BIH-Ph) under Air

Figure 1. PET-promoted desulfonylative reduction and oxidation of α-sulfonylarylketones 2 by using photoexcited benzimidazolines 1 under air.
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promoted PET reactions of α-heterosubstituted ketones, which
have appropriately tuned electron-accepting properties,23

would take place via pathways in which ketone radical anions
or α-ketoalkyl radicals undergo proton or hydrogen atom
abstraction (reduction pathway) from BIH-Ar•+ or BIH-
ArOH•+ within contact radical ion pairs (CRIPs). Further-
more, we expected that under aerobic conditions these radical
intermediates would react with molecular oxygen (oxidation
pathway) following their diffusion from CRIPs. In the study
described below, which has provided affirmative information
about these proposals, we examined competitive desulfonyla-
tive reduction and oxidation reactions of α-sulfonylketones 2
promoted by photoexcited benzimidazolines 1 under aerobic
conditions (Figure 1; also see Figures S1 and S2).24

■ RESULTS AND DISCUSSION

In the initial phase of this effort, we explored reactions of α-
phenylsulfonylisobutyrophenone (2a) (E1/2

red = −1.66 V vs SCE,
see Figure S3 and Table S1) promoted by 2-hydroxyaryl-1,3-
dimethylbenzimidazoline (1a) and 1,3-dimethyl-2-phenylben-
zimidazoline (1g) (Figure 2). Reaction of 2a with 1g was first
conducted under the conditions [dimethyl sulfoxide (DMSO),
room temperature, air atmosphere] which would have led to
complete conversion of α-bromoisobutyrophenone to the
corresponding α-hydroperoxyphenone 5a (see Scheme 1).20

However, 1H NMR analysis of the product mixture showed
that this process generates a trace of isobutyrophenone 3a and

only a small quantity of α-hydroxyisobutyrophenone 4a. This
observation clearly suggests that 2a and 1g do not efficiently
participate in a dark SET−HAT reaction, like the one
occurring between α-bromoisobutyrophenone and 1g (see
Scheme 1). Irradiation of these reactants using a 7.3 W white
light emitting diode (LED) increased the conversion of 2a to
some extent but the yield of 4a is still low. In contrast, reaction
of 2a does take place to form 3a as well as 4a (85% mass
balance) when 1a along with visible light irradiation using the
same LED are employed.
These preliminary observations encouraged us to examine

reactions of other α-phenylsulfonylphenones 2 promoted by 1a
and visible light irradiation to determine the effects of α-alkyl
substitution and molecular oxygen concentration on reaction
efficiencies and product distributions (Table 1). We observed
that as the concentration of molecular oxygen increases (N2 <
air < O2) in the atmosphere used for the visible light-induced
reaction of 2a and 1a, the ratio of the oxidation product 4a to
reduction product 3a increases (entries 1 and 2). On the other
hand, 4a is not produced when the reaction is carried out
under a N2 atmosphere (entry 3). It is interesting to note that
the dark reaction of α-bromoisobutyrophenone with 1g is
significantly decelerated when a N2 atmosphere is employed,20

but the rate of the photoreaction of 2a with 1a under N2 is not
significantly decreased (compare entry 3 to entries 1 and 2). A
similar trend is seen in the reaction of α-benzylphenone 2b
(E1/2

red = −1.48 V vs SCE, see Table S1)19a where oxidation
product 4b is not formed when a N2 atmosphere is used

Figure 2. Reactions of α-phenylsulfonylisobutyrophenone 2a and phenylbenzimidazoline 1g with or without LED irradiation or
hydroxynaphthylbenzimidazoline 1a with LED irradiation under air. Conversion of 2a and yields of 3a and 4a were determined by 1H NMR.

Table 1. Photoreactions of α-Sulfonylphenones 2a−c with Hydroxynaphthylbenzimidazoline 1a under Different Atmospheric
Conditionsa

yields (%)b ratio (%)

entry 2 atmosphere irrad time (h) conv of 2 (%)b 3 4 3 4

1 2a O2 4 100 43 39 52 48
2 2a air 4 100 65 [57]c 23 [24]c 74 [70] 26 [30]
3 2a N2 4 100 85 0 100 0
4 2b O2 1 85 65 20 76 24
5 2b air 1 100 78 20 80 20
6 2b N2 1 100 98 0 100 0
7 2c O2 1 100 49 0 100 0
8 2c air 1 100 86 0 100 0
9 2c N2 1 100 89 0 100 0

a2 (0.10 mmol), 1a (1.2 equiv vs 2), DMSO (1.0 mL), 7.3 W white LED. bDetermined by using 1H NMR. cIsolated by using column
chromatography.
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(entries 4, 5, and 6). Moreover, the reaction of acetophenone
(α-non-alkylated phenone) 2c (E1/2

red = −1.26 V vs SCE, see
Figure S3 and Table S1) does not produce oxidation product
4c even when the reaction is carried out under an O2
atmosphere (entries 7, 8, and 9). A final notable finding is
that the more highly alkylated (sterically more crowded) 2a
produces 4a in a higher relative ratio than the less alkylated
(sterically less crowded) 2b that forms 4b (compare entries 1
and 2 to entries 4 and 5, respectively). This is similar to the
trend observed earlier for reactions of the corresponding
bromoketones with 1g.20

In order to explore the effect of light irradiation, the shorter
time (20 min) reaction of 2a with 1a was carried out using
LED or stirring in the dark (Table 2). As mentioned above, the

reaction of 2a and 1a in the dark takes place slowly to form 3a
and 4a in significantly low yields (entries 2 and 4). On the
other hand, 3a and 4a are formed in an ca. 7:3 ratio when a
mixture of 2a and 1a in DMSO is irradiated, and the ratio is
independent of the irradiation time (compare entry 1 with
entry 2 of Table 1). Interestingly, the 3a to 4a ratio (3:7) for
the photoreaction of 2a and 1a in MeCN is reverse of the
process occurring in DMSO (entry 3). This finding
encouraged us to examine the photoreactions of 2a with 1a
in a variety of solvents having different polarities25 and
molecular oxygen solubilities.26 The results given in Table 3
show that the ratios of the reduction to oxidation products (3a
to 4a) are governed by solvent utilization. Specifically, while
hydroxyphenone 4a is produced predominantly when polar
alcohols and MeCN are used (entries 1−4), 3a is the major
product in reactions taking place in less polar DMSO, N,N-
dimethylformamide (DMF), CH2Cl2, tetrahydrofuran (THF),
and PhCH3 (entries 5−9). The 3a to 4a ratios differ
significantly for reactions carried out in MeCN, DMSO and
DMF, even though these solvents have quite similar polarities.
Thus, the observed differences could be a consequence of
oxygen concentration effects because the solubilities of O2 in
these solvents (DMSO < DMF < MeCN) parallel the 3a:4a
ratios (see entries 4, 5 and 6).
Photoreactions of α-arylsulfonylisobutyrophenones contain-

ing different para-substituents on both aryl rings 2d (E1/2
red =

−1.78 V vs SCE), 2e (E1/2
red = −1.64 V vs SCE), 2f (E1/2

red =
−1.68 V vs SCE), and 2g (E1/2

red = −1.74 V vs SCE) were also
examined (Table 4, see Figure S3 and Table S1). Then, the
reversed product ratios of 3 to 4 in the reactions between

DMSO and MeCN were again observed (compare entries 1−5
with entries 6−10). Apparently, the product ratios observed in
both DMSO (entries 1−3) and MeCN (entries 6−8) are not
greatly correlated with the electronic nature of the benzoyl
substituents (X). On the other hand, although not significant,
more electron-donating substituent (Y) of arylsulfonyl
obviously increases the yield of 3 both in DMSO (entries 1,
4 and 5) and in MeCN (entries 6, 9 and 10). For example, the
yield of 3a from 2g is greater than that from 2a (compare
entries 5 and 10 with entries 1 and 6, respectively).
Consequently, the ratio of 3 to 4 increases in the order of
2a, 2f, and 2g.
Since the generation of radical anions of 2 (2•−) is expected

in the reactions described above, density functional theory
(DFT) calculations to gain information of the frontier orbital
of 2a and intermediacy of 2a•− were performed (Figure 3, also
see Figure S4 and Table S2). As seen in Figure 3 (left), an
antibonding interaction between α-carbon and sulfur atoms
can be distinguished in the lowest unoccupied molecular
orbital (LUMO) of 2a. SET to 2a produces 2a•− as a local
energy minimum structure (center) which is derived from
neutral 2a as an initial geometry (see Figure S4 and Table S2).
This initially formed radical anion is transformed to dissociated
radical anion fragments as a global energy minimum structure
shown in Figure 3 (right), which possesses significantly
elongated carbon-sulfur bond from that of 2a. Furthermore,
a negative charge density is mostly populated on the sulfinate
rather than on the α-keto alkyl fragment (Table S2).
Therefore, 2a•− would undergo decomposition with a small
activation energy to generate α-ketoalkyl radical and
benzenesulfinate anion, which must be further assisted by α-
dimethyl substitution (see Table S3, Figures S5 and S6). This
behavior is contrastive to the radical anion of α-bromoisobu-
tyrophenone in which dissociative electron transfer was
previously proposed (also see Figure S5).20 In principle,
stabilization of the anionic leaving group assists α-carbon-
heteroatom bond cleavage of radical anions of α-heterosub-
stituted arylketones.23d,g Thus, in the reactions of α-

Table 2. Reactions of 2a with 1a in DMSO or MeCN under
Air Upon Irradiation or in the Darka

yields (%)b ratio (%)

entry
irradiation
or dark solvent

conv of 2a
(%)b 3a 4a 3 4

1 irradiation DMSO 38 20 7 74 26
2 dark DMSO 15 trace 8
3 irradiation MeCN 38 6 14 30 70
4 dark MeCN 14 trace trace

a2a (0.10 mmol), 1a (1.2 equiv vs 2a), solvent (1.0 mL), irradiated
with 7.3 W white LED or stirred in the dark, 20 min. bDetermined by
using 1H NMR.

Table 3. Photoreaction of 2a with 1a under Air in Different
Solventsa

yields
(%)d ratio (%)

entry solvent ET
b [O2]

c
conv of 2a

(%)d 3a 4a 3a 4a

1 MeOH 55.4 10.25 87 8 46 15 85
2 EtOH 51.9 10.0 87 11 42 21 79
3 iPrOH 48.4 10.24 94 15 57 21 79
4 MeCN 45.6 8.10 90 6 54 10 90
5e DMSO 45.1 2.21 100 65 23 74 26
6 DMF 43.2 5.05 100 40 29 58 42
7 CH2Cl2 40.7 11.08 92 45 34 57 43
8 THF 37.4 10.07 95 53 41 56 44
9 PhCH3 33.9 8.72 86 38 24 61 39

a2a (0.10 mmol), 1a (1.2 equiv vs 2a), solvent (1.0 mL), 7.3 W white
LED, 4 h. bEmpirical parameter of solvent polarity (ET(30), kcal/
mol).25 cO2 solubility (mM) at 25 °C and 1 atm.26b dDetermined by
using 1H NMR. eSame as entry 2 of Table 1.
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arylsulfonylisobutyrophenones 2 (see Table 4), the liberated
arylsulfinate anion (YC6H4SO2

−) is destabilized by an
electron-donating substituent (Y) so that the fragmentation
of radical anion of 2 should be decelerated in the order of 2a,
2f, and 2g, which is also suggested by DFT calculations of
reactivities of their radical anions (see Table S3 and Figure
S6).
Following the suggestion arising from Fessenden’s pioneer-

ing studies on the PET reaction of benzophenone and
diethylaniline,21b a plausible mechanistic pathway to rationalize
the observations described above is outlined in Scheme 2. The
route involves initial production of a CRIP formed by SET
from photoexcited 1a to 2 and comprised of radical cation of

1a (1a•+) and radical anion of 2 (2•−). It is anticipated that the
CRIP would have a longer lifetime in less polar solvents.
Moreover, PT from 1a•+ to 2•− within the CRIP yields
protonated ketyl 6, which upon elimination of the phenyl-
sulfinyl radical produces an enol as the precursor of the
reduction product 3 (path a). Thus, if fragmentation of 2•− is
decelerated, yield of 3 would increase, which was witnessed in
the reactions of 2a, 2f, and 2g (see above discussion for Table
4). Alternatively, loss of arylsulfinate from 2•− occurs in the
CRIP to form a ketoalkyl radical 7, which upon HAT from
1a•+ would directly generate 3 (path b).27 On the other hand,
the CRIP should collapse to form a solvent separated radical
ion pair or dissociated radical ions in more highly polar

Table 4. Photoreactions of 2 with 1a under Aira

yields (%)b ratio (%)

entry 2 X Y solvent conv of 2 (%)b 3 4 3 4

1c 2a H H DMSO 100 65 23 74 26
2 2d Me H DMSO 100 72 18 80 20
3 2e Cl H DMSO 100 69 18 79 21
4 2f H Me DMSO 100 70 15 82 18
5 2g H MeO DMSO 100 72 12 86 14
6d 2a H H MeCN 90 6 54 10 90
7 2d Me H MeCN 85 6 45 12 88
8 2e Cl H MeCN 92 20 55 27 73
9 2f H Me MeCN 78 7 56 11 89
10 2g H MeO MeCN 79 11 50 18 82

a2 (0.10 mmol), 1a (1.2 equiv vs 2), solvent (1.0 mL), 7.3 W white LED, 4 h. bDetermined by using 1H NMR. cSame as entry 2 of Table 1. dSame
as entry 4 of Table 3.

Figure 3. LUMO of 2a (the isosurface value is set to 0.02) (left) and optimized structure of 2a•− (center) and dissociated radical anion fragments
(right) are calculated at the ωB97X-D/6-31+G* level.

Scheme 2. Mechanistic Rationalization for the Solvent Dependence of the 3 to 4 Product Ratios in Photoreaction of 1a and 2
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solvents. In both species, the oppositely charged radical ions
are separated, and as a result, PT from 1a•+ to 2•− and HAT
from 1a•+ to 7 should take place more slowly. This
circumstance would enable 2•− to undergo loss of arylsulfinate
to generate 7, which captures molecular oxygen to form
hydroperoxy radical 8 as the precursor of the corresponding
hydroperoxide 5 and the oxidation product 4 (path c).
Furthermore, the proposed pathway is in accordance with the
observed influence of molecular oxygen concentration on the
product ratios.26

As described above, α-ketoalkyl radical 7 is the likely
intermediate in the pathway for the formation of 3 and 4 in the
photoreaction of 1a with 2. To test this proposal, we designed
experiments in which 7a generated from the reaction of 1a and
2a would be trapped by appropriate reagents such as
thiophenol (PhSH) and 2,2,6,6-tetramethylpiperidine 1-oxyl
(TEMPO) (Table 5). Visible light irradiation of a solution of
1a and 2a in air-saturated DMSO containing PhSH was found
to promote the formation of a larger ratio of 3a to 4a than
when PhSH is absent (compare entry 2 to entry 1). This result
suggests that PhSH acts as a hydrogen atom donor to trap 7a.
Second, irradiation of TEMPO containing DMSO or MeCN
solution of 1a and 2a under an air or N2 atmosphere leads to
production of α-TEMPO adduct 9a, while 3a and 4a are not
generated (entries 3−6). Thus, TEMPO trapping of 7a would
be more efficient than O2 trapping and HAT (from 1a•+) of 7a.
It is also worthy to note that the reaction is significantly
retarded, which could be partly a result of the competitive
consumption of 1a by TEMPO, although this reaction
mechanism is not yet clarified.28 In addition, irradiation of a
solution of 2a (0.10 mmol) and TEMPO (0.10 mmol) in
DMSO (1.0 mL) under N2 with a 500 W Xe-lamp (λ > 390
nm) for 4 h leads to consumption of only a small quantity of
2a (6%) and not to formation of 9a (not shown in Table 5).
This observation clearly suggests that 1a is essential to
promote the reaction of 2a with TEMPO to produce 9a.
A question that remains unanswered is why α-hydroperoxy

ketone 5a, an obvious precursor of α-hydroxyl ketone 4a (see
Scheme 2), is not observed in the mixture of products arising
from reactions of 2a with 1a. To gain insight into this question,
we monitored the progress of the process by using 1H NMR
(Figures S7 and S8). The results show that 5a is indeed formed
during the reaction, but it is subsequently converted to the
corresponding hydroxyketone 4a in situ. In search for a

possible source of the reducing agent responsible for
conversion of 5a to 4a, we became aware of the earlier
observation showing that hydrogen peroxide is reduced during
its reaction with sulfenic acid (RSOH) to form sulfonic acid
(RSO3H) via sulfinic acid (RSO2H).

29 Thus, it is likely that the
phenylsulfinate ion liberated from 2a•− is the agent responsible
for transforming 5a to 4a (Scheme 3). In order to assess this

hypothesis, we first prepared 5a by the reaction of α-
bromisobutyrophenone with 1g20 and then treated it in the
presence or absence of PhSO2Na (Table 6). While 5a remains
mostly unreacted when PhSO2Na is absent (entry 1), most of
the hydroperoxide is converted to 4a when PhSO2Na is
present (entry 2).

Based on previous considerations,18d we propose that in the
processes described above, 1a is ultimately converted to the
oxidized form 10a through a pathway involving sequential
electron, proton, and hydrogen atom transfer (Scheme 4).
Formulation of a detailed stepwise route for this conversion is
informed by the observation that photoexcitation enhances the

Table 5. Photoreactions of 2a with 1a in the Presence of PhSH or TEMPOa

yields (%)b

entry atmosphere additive solvent irrad time (h) conv of 2a (%)b 3a 4a 9a

1c air DMSO 4 100 65 23
2 air PhSH DMSO 6 100 82 10
3 air TEMPO DMSO 6 57 0 0 36
4 N2 TEMPO DMSO 6 57 0 0 44
5 air TEMPO MeCN 6 40 0 0 26
6 N2 TEMPO MeCN 6 37 0 0 34

a2a (0.10 mmol), 1a (1.2 equiv vs 2a), additive: PhSH (3.0 equiv vs 2a), TEMPO (1.0 equiv vs 2a), solvent (1.0 mL), 7.3 W white LED.
bDetermined by using 1H NMR. cSame as entry 2 of Table 1.

Scheme 3. Hypothetical Reaction Pathways for Reduction of
α-Hydroperoxy Ketone 5a by Sulfinate Anion to Produce α-
Hydroxy Ketone 4a

Table 6. Reduction of α-Hydroperoxyisobutyrophenone 5a
by Benzenesulfinatea

yields (%)b

entry PhSO2Na·2H2O conv of bromoketone (%)b 5a 4a

1 not added 100 55 7
2 added 100 7 56

aBromoketone (0.10 mmol), 1g (1.5 equiv vs bromoketone), MeCN
(2.0 mL), 1 h; PhSO2Na·2H2O (1.0 equiv vs bromoketone), 3 h.
bDetermined by using 1H NMR.
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acidity of 2-naphthol toward deprotonation to produce the
excited state of naphthoxide.30 Moreover, the existence of
intramolecular hydrogen-bonding between the hydroxyl of the
naphthol moiety and benzimidazoline nitrogen in 1a was
previously demonstrated by using 1H NMR spectroscopy (also
see Table S4).18d Thus, a suitable conformation enabling
intramolecular PT (intra-PT) to occur between these moieties
should exist in the initially formed excited state of 1a.
Consequently, we suggest that photoexcited 1a ([1a]*)
undergoes intra-PT to form 11a containing a protonated
benzimidazoline group and an excited naphthoxide moiety.
Subsequent SET from 11a to 2 then produces the naphthoxy
radical possessing a protonated imidazolyl 12a (distonic radical
cation) and 2•−. PT takes place to transform 12a to 13a with
simultaneous production of 3 (see path a in Scheme 2), and
HAT from 13a followed by intramolecular SET (intra-SET)
via 14a produces betaine 10a.31 Alternatively, if SET to 2
occurs from the naphthol moiety of [1a]* to form the
naphthol radical cation 15a, exergonic intra-SET from the
benzimidazoline moiety to the naphthol radical cation should
rapidly ensue owing its thermodynamic facility (E1/2

ox of BIH-Ar

and BIH-ArOH = +0.33 to +0.37 V vs SCE,18a,d E1/2
ox of 1-

methyl-2-naphthol = +1.32 V vs SCE18d). This sequence
produces benzimidazoline radical cation 16a,18a which under-
goes PT from the naphthol moiety to yield 17a accompanied
by the formation of 3 (see path a in Scheme 2), and HAT from
the benzimidazoline radical cation moiety to form 10a
occurs.31 However, if 16a is cogenerated along with α-
ketoalkyl radical 7 (see path b in Scheme 2) and hydroperoxy
radical 8 (see path c in Scheme 2), HAT should precede PT
and produce the stable imidazolium cation 18a to afford 3 and
5, respectively, while the former process is a minor one.31

DFT calculations were performed in order to gain
information about the energies and structures of species
involved in photoreactions of 1a with 2 including 1a, [1a]*,
11a, 12a, and 16a. The diagram of the calculated energies and
optimized structures of 1a, [1a]* (the initial excited state
generated from 1a), and the excited naphthoxide 11a formed
via subsequent intramolecular PT is given in Figure 4. The
results suggest that 11a is more stable in polar solvents than in
the gas phase (see Table S5, Figures S11 and S12). Thus, 11a
is a plausible excited species for the solution-state reaction

Scheme 4. Pathways for PET-Promoted Oxidation of 1a

Figure 4. Optimized structures and diagram of the energies for the ground state 1a, initial excited state [1a]*, and excited naphthoxide 11a.
Energies and optimized structures are calculated by TD-ωB97X-D/6-31+G(d) level.
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system described in this study. Because [1a]* as well as 11a
are converted to 16a and 12a, respectively, through SET to 2
(also see Scheme 2), we next explored the reaction pathways
followed by 12a and 16a by using DFT calculations. While the
existence of an equilibrium between 12a and 16a through an
intramolecular HAT (intra-HAT) is possible (Scheme 4), the
DFT calculation results suggest that 12a is much less stable
than 16a (see Tables S6, S7 and Figure S13). Thus, even if it
were to form, 12a would rapidly rearrange to produce 16a.
If a PT process in the CRIP is involved in forming the

reduction product in the photoreaction of α-phenylsulfonyl-
phenone 2, the structure of the promoter BIH-ArOH or BIH-
Ar is expected to influence the ratio of the reduction and
oxidation products 3 to 4 produced. To explore this issue,
photoreactions of 2a using variously substituted benzimidazo-
lines 1 were performed (Table 7). The results show that when
1a is replaced by naphthylbenzimidazoline 1f, the 3a/4a ratio
changes from 74:26 to 23:77 (compare entry 7 with entry 1).
Moreover, addition of AcOH to the mixture of 1f and 2a
causes a change in the 3a/4a ratio to 38:62 (entry 8). These
observations are consistent with the proposal that PT to 2a•−

occurs in the pathway for formation of 3a (see path a in
Scheme 2). Notably, the 3a (14−43%) to 4a (86−57%) ratios
observed for reactions promoted by hydroxylphenylbenzimi-
dazolines 1b−1e in DMSO (entries 2, 4, 5, and 6) are the
reverse of that in the reaction using 1a (entry 1) in the same
solvent. Finally, when the solvent is changed from DMSO to
MeCN for the reaction using o-hydroxylphenylbenzimidazoline
1b, 4a is exclusively produced (compare entry 3 to entry 2).
According to Zhu’s pioneering work, thermodynamic

considerations suggest that radical cations of 2-arylbenzimida-
zolines (BIH-Ar) should more readily undergo hydrogen atom
donation than deprotonation from the C2 position because the
resulting cations are much more stable than the corresponding
radicals.8b However, as we previously discussed, deprotonation
of the benzimidazoline radical cation could occur if the
coproduced substrate radical anion is sufficiently basic.32 In
any event, it is expected that the nonhydroxyaryl-substituted
benzimidazoline 1f would be oxidized during its reaction with
2a by a sequence involving HAT as shown in Scheme 5. In

addition, the radical anion of 2a is expected to undergo
efficient fragmentation to form α-ketoalkyl radical 7a in a route
that does not require an initial PT step. Moreover, HAT from
the radical cation 1f•+ to the relatively bulky α-ketoalkyl radical
7a might be slower than the molecular oxygen trapping of 7a
giving the peroxy radical 8a, which becomes 5a via HAT from
1f•+. If an intra-PT occurs in the photoexcited state of ortho-
hydroxyphenyl substituted benzimidazoline 1b in a manner
similar to 1a (see Table S4 and Scheme 4), it must be less
efficient than that for 1a.33 On the other hand, intra-PT of
other hydroxyphenyl substituted benzimidazolines 1c−1e from
the phenol moieties to the distant benzimidazoline moieties is
unlikely (also see Table S4). Thus, like 1f•+, the radical cations
of 1c−1e should preferably undergo sequential HAT and PT
rather than a pathway involving initial PT followed by HAT
(see similar pathways from 16a to 10a in Scheme 4). Indeed,
the ratios of 3a to 4a generated from 2a in reactions promoted
by 1c−1e are similar and close to that for 1f-induced processes
(see entries 4, 5, 6, and 7 of Table 7). In contrast, 2a reacts
with 1b to form 4a to 3a ratio that is less than those from
reactions promoted by 1c−1e and more than that for 1a (see
entries 1, 2, 4, 5, and 6 of Table 7).

■ CONCLUSIONS
PET is a fundamental process by which geminate radical ion
pairs are formed from neutral electron donors and acceptors.2

In organic solvents, dissociation of these radical ion pairs into
separated radical ions is governed by the polarity of the
medium.2a In the investigation described above, we explored
competitive visible light-induced reduction and oxidation
reactions of α-phenylsulfonylphenones promoted by hydrox-
ynaphthylbenzimidazolines (BIH-NapOH), in which product

Table 7. Photoreactions of 2a with Various Benzimidazolines 1 under Aira

yields (%)b ratio (%)

entry 1 R solvent conv of 2a (%)b 3a 4a 3a 4a

1c 1a 1-(2-HO-naphthyl) DMSO 100 65 23 74 26
2 1b o-HOC6H4 DMSO 91 37 49 43 57
3 1b o-HOC6H4 MeCN 77 trace 75 ∼0 ∼100
4 1c p-HOC6H4 DMSO 68 10 47 18 82
5 1d 3,5-Me-4-HOC6H4 DMSO 80 8 51 14 86
6 1e m-HOC6H4 DMSO 58 7 44 14 86
7 1f 1-naphthyl DMSO 50 11 36 23 77
8d 1f 1-naphthyl DMSO 60 19 31 38 62

a2a (0.10 mmol), 1 (1.2 equiv vs 2a), solvent (1.0 mL), 7.3 W white LED, 4 h. bDetermined by using 1H NMR. cSame as entry 2 of Table 1.
dAcOH (6.0 equiv vs 2a) was added.

Scheme 5. Pathway for PET-Promoted Oxidation of 1f
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ratios are governed by the contact versus solvent separated
nature of radical ion intermediates. We found that photo-
excited BIH-NapOH promotes reactions of sulfonylphenones
under aerobic conditions that occur by competitive reduction
(forming alkylphenones) and oxidation (producing α-hydrox-
yphenones) through pathways involving the intermediacies of
ketone radical anions and α-ketoalkyl radicals. An assessment
was made to determine how the ratios of reduction and
oxidation products are influenced by several factors including
molecular oxygen concentration, solvent polarity, nature of
substituent on sulfonylketones, and structures of benzimidazo-
line donors. The results suggest that oxidation products are
produced by dissociation of α-ketoalkyl radicals from initially
formed, solvent-caged radical ion pairs followed by reaction
with molecular oxygen. In addition, the observations indicate
that reduction products are generated by PT in solvent-caged
benzimidazoline and sulfonylphenone-derived radical ion pairs.
Moreover, we proposed that arylsulfinate anions arising by
carbon-sulfur bond cleavage of sulfonylketone radical anions
act as reductants for oxidative conversion of initially formed α-
hydroperoxyketones to α-hydroxyketones. Finally, DFT
calculations were performed to explore the structures and
properties of radical ions and other intermediates generated
from BIH-NapOH as well as α-sulfonylketones. Although
numerous examples of PET reactions of carbonyl substrates
and amines have been reported, to the best of our knowledge,
the current investigation focusing on competitive reduction
and oxidation reactions taking place via radical intermediates
derived from PET processes under the aerobic conditions is
unique.21 In addition, because of the rising interest taking place
in applications of BIH-Ar and BIH-ArOH,10−16 the observa-
tion of a solvent-dependent nature of their PET reactivities is
important. Our continuing investigations of PET reactions
utilizing BIH-Ar and BIH-ArOH as photoreductants17−19 are
aimed at gaining a deeper understanding of reaction
mechanisms and at developing mechanism-based protocols
to control their PET reaction.

■ EXPERIMENTAL SECTION
General Methods. 1H and 13C{1H} NMR spectra were recorded

on CDCl3, DMSO-d6, and CD3CN with tetramethylsilane (Me4Si) as
an internal standard at 400 MHz for 1H NMR and 100 MHz for 13C
NMR. High-resolution mass spectra (HRMS) were recorded on an
electrospray ionization (ESI) Orbitrap spectrometer. Uncorrected
melting points were reported. Reduction potentials in MeCN were
measured using cyclic voltammetry and a previously described
procedure.34 Conversion of the measured potentials (V vs Ag/
AgNO3) to the reported potentials (V vs SCE) was performed by
using the formal potential of ferrocene/ferrocenium couple (0.439 V
vs SCE) and the difference (0.373 V) of the potentials between Ag/
AgNO3 and SCE. Half-wave reduction potentials (E1/2

red ) reported in
the manuscript were obtained from peak potentials by adding 0.029 V.
The light source for photoreactions was a 7.3 W white LED (Toshiba
bulb-type LED light: LDA7N-G-K). Column chromatography was
performed with silica gel. Anhydrous solvents for reactions were
obtained as follows. THF was distilled over sodium benzophenone
under N2. CH2Cl2 and PhCH3 were purified in the same manner by
the treatment with H2SO4, water, 5% NaOH, water, and CaCl2 and
then distilled over CaH2. MeCN was distilled over P2O5 and
subsequently distilled with K2CO3. Anhydrous DMF, DMSO, MeOH,
EtOH, and iPrOH were purchased and used without distillation.
Other reagents and solvents were used without further purification.
Preparation of Benzimidazolines. 1,3-Dimethylbenzimidazo-

line derivatives 1a,18a 1b,35 1c,35 1d,19b 1e,19b 1f,18a and 1g9a are

known compounds and were prepared using previously reported
procedures.18a,35

Preparation of Substrates. Sulfonylketones 2 were prepared by
arylsulfination of the corresponding bromides. Preparations of 2d, 2e,
and 2g are described below. 2a,36 2b,37 2c,36 and 2f38 are known
compounds.

Synthesis of 2-Phenylsulfonyl-2-methyl-1-(4-methylphenyl)-1-
propanone (2d). A DMF (1.0 mL) solution containing 2-bromo-2-
methyl-1-(4-methylphenyl)-1-propanone (121 mg, 0.50 mmol) and
PhSO2Na·2H2O (201 mg, 1.0 mmol, 2.0 equiv) was purged with N2
and then stirred at room temperature for 17 h. The mixture was
diluted with water (30 mL) and extracted with EtOAc (20 mL × 3).
The combined extracts were washed with water (30 mL × 2), sat. aq
Na2S2O3 (30 mL), and brine (30 mL), dried over anhydrous MgSO4,
and concentrated in vacuo to give a white solid. The solid was washed
with water to give 2d (114 mg, 0.38 mmol, 76%); mp 82.0−84.0 °C;
1H NMR (400 MHz, DMSO-d6): δ 7.82−7.74 (m, 5H), 7.66 (t, J =
7.8 Hz, 2H), 7.30 (d, J = 8.0 Hz, 2H), 2.37 (s, 3H), 1.60 (s, 6H).
13C{1H} NMR (100 MHz, CDCl3) 198.5, 143.2, 135.9, 135.4, 134.9,
134.3, 130.6, 129.5, 129.0, 73.6, 22.8, 21.7; HRMS (ESI) m/z: calcd
for C17H18O3S [M + H]+, 303.1049; found, 303.1044.

Synthesis of 2-Phenylsulfonyl-2-methyl-1-(4-chlorophenyl)-1-
propanone (2e). A DMF (1.0 mL) solution containing 2-bromo-2-
methyl-1-(4-chlorophenyl)-1-propanone (131 mg, 0.50 mmol) and
PhSO2Na·2H2O (201 mg, 1.0 mmol, 2.0 equiv) was purged with N2
and then stirred at room temperature for 15 h. The mixture was
diluted with water (30 mL) and extracted with EtOAc (20 mL × 3).
The combined extracts were washed with water (30 mL × 2), sat. aq
Na2S2O3 (30 mL), and brine (30 mL), dried over anhydrous MgSO4,
and concentrated in vacuo to give a white solid. The solid was washed
with water to give 2e (114 mg, 0.35 mmol, 70%); mp 124.0−126.0
°C; 1H NMR (400 MHz, CDCl3): δ 7.95 (d, J = 8.4 Hz, 2H), 7.77 (t,
J = 7.6 Hz, 2H), 7.68 (t, J = 7.6 Hz, 1H), 7.54 (t, J = 7.2 Hz, 2H),
7.43 (d, J = 8.8 Hz, 2H), 1.69 (s, 6H). 13C{1H} NMR (100 MHz,
CDCl3) 198.0, 138.9, 135.9, 135.1, 134.4, 130.8, 130.5, 128.9, 128.7,
73.5, 22.8; HRMS (ESI) m/z: calcd for C16H15O3SCl [M + H]+,
323.0503; found, 323.0502.

Synthesis of 2-[(4-Methoxyphenyl)sulfonyl]isobutyrophenone
(2g). A mixture of α-bromo isobutyrophenone (114 mg, 0.50
mmol) and sodium 4-methoxybenzenesulfinate (194 mg, 1.0 mmol,
2.0 equiv) in DMF (1.5 mL) was stirred at room temperature for 19
h. The mixture was diluted with water (30 mL) and extracted with
EtOAc/hexane = 1/4 (20 mL × 3). The combined extracts were
washed with sat. Na2S2O3 aq (30 mL × 2) and brine (30 mL), dried
over anhydrous MgSO4, and concentrated in vacuo to give a colorless
oil. The oil was distilled (0.1 mmHg, 170 °C) to yield 2g (56 mg, 0.17
mmol, 34%). 1H NMR (400 MHz, CDCl3): δ 7.95 (d, J = 7.2 Hz,
2H), 7.71 (t, J = 8.8 Hz, 2H), 7.53 (t, J = 7.4 Hz, 1H), 7.44 (t, J = 7.6
Hz, 1H), 6.98 (d, J = 8.8 Hz, 2H), 3.38 (s, 3H), 1.69 (s, 6H).
13C{1H} NMR (100 MHz, CDCl3) 199.8, 164.3, 137.9, 132.7, 132.1,
129.0, 128.32, 126.5, 114.1, 73.4, 55.8, 22.8; HRMS (ESI) m/z: calcd
for C17H18O4S [M + H]+, 319.0999; found, 319.0995.

Photoreaction Procedure. A general procedure for reactions
under air is described below (for Tables 1, 3, 4, and 7). A solution of
1 (0.12 mmol) and 2 (0.10 mmol) in a solvent (1.0 mL) in a Pyrex
test tube (1.4 cm diameter) fitted with a drying tube containing CaCl2
is irradiated with a 7.3 W white LED at room temperature (the
distance between the test tube and the LED lamp is approximately 2.0
cm). In the photoreaction of 2 with 1 under O2 (see entries 1, 4 and 7
in Table 1) or N2 (see entries 3, 6 and 9 in Table 1), the solution is
purged with O2 or N2 for 10 min and then irradiated. The photolysate
is diluted with water (30 mL) and extracted with CH2Cl2 or EtOAc
(20 mL × 3). The combined extract is washed with water (30 mL ×
2) and brine (30 mL), dried over anhydrous MgSO4, and
concentrated in vacuo to give a residue. The conversion of 2 and
the yield of products are determined using 1H NMR analysis of the
residue with triphenylmethane as an internal reference in CDCl3.
Ketones 3b,39 3d,40 and 3e40 and hydroxyketones 4b,41 4d,42 and
4e42 are known compounds, while 3a, 3c, and 4a are commercial
materials. Ketone 3a and hydroxyketone 4a are produced from the
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reactions of 2f and 2g. 1H NMR charts of the reaction mixtures of
selected experiments using 1a and 2 are presented in the Supporting
Information.
Preparative Photoreaction of 2a with 1a. Irradiation of a

solution of 1a (34.8 mg, 0.12 mmol) and 2a (28.8 mg, 0.10 mol) in
DMSO (1.0 mL) was carried out using a 7.3 W white LED under the
same conditions as that used for the analytical reaction (see entry 2 of
Table 1). The reaction mixture obtained after the same work-up
procedure described above was subjected to column chromatography
using CH2Cl2 to give 3a (8.4 mg, 0.0568 mmol, 57%) and 4a (3.9 mg,
0.0238 mmol, 24%). 3a: colorless oil; 1H NMR (400 MHz, CDCl3): δ
7.96 (d, J = 8.4 Hz, 2H), 7.56 (t, J = 7.4 Hz, 1H), 7.47 (t, J = 7.4 Hz,
2H), 3.57 (sep, J = 6.8 Hz, 1H), 1.22 (d, 6H). 4a: colorless oil; 1H
NMR (400 MHz, CDCl3): δ 8.01 (d, J = 8.4 Hz, 2H), 7.58 (t, J = 7.4
Hz, 1H), 7.48 (t, J = 7.6 Hz, 2H), 4.08 (s, 1H), 1.64 (s, 6H). 1H
NMR charts of 3a and 4a obtained as above are shown in the
Supporting Information.
Reactions of 2a with 1a under Air upon Irradiation or in the

Dark. A DMSO or MeCN (1.0 mL) solution containing 1a (34.8 mg,
0.12 mmol) and 2a (28.8 mg, 0.10 mol) was irradiated with a 7.3 W
white LED at room temperature for 20 min (see entries 1 and 3 in
Table 2). Alternatively, the same solution was stirred for 20 min at
room temperature in the dark (see entries 2 and 4 in Table 2). Then,
2′-bromoacetophenone (0.12 mmol) was added to the mixture, and
the resulting mixture was stirred for 10 min. After performing CH2Cl2
extraction, the crude product mixture obtained was subjected to 1H
NMR analysis to determine the yields of recovered 2a, 3a, and 4a.
Photoreaction of 2a with 1a in the Presence of PhSH under

Air. A DMSO (1.0 mL) solution containing 1a (34.8 mg, 0.12 mmol),
2a (28.8 mg, 0.10 mmol), and PhSH (32.0 μl, 0.30 mmol) was
irradiated with a 7.3 W white LED at room temperature for 6 h. After
performing CH2Cl2 extraction, the crude product mixture obtained
was subjected to 1H NMR analysis to determine the yields of
recovered 2a, 3a, and 4a (see entry 2 in Table 5).
Photoreaction of 2a with 1a in the Presence of TEMPO

under Air or N2. An appropriate solvent (1.0 mL) containing 1a
(34.8 mg, 0.12 mmol), 2a (28.8 mg, 0.10 mmol), and TEMPO (15.6
mg, 0.10 mmol) was irradiated with a 7.3 W white LED at room
temperature for 6 h (see entries 3 and 5 in Table 5). In the
photoreaction of 1a and 2a in the presence of TEMPO under N2, the
solution is purged with N2 for 10 min and then irradiated (see entries
4 and 6 in Table 5). After performing CH2Cl2 extraction, the crude
product mixture obtained was analyzed by 1H NMR to determine the
conversion of 2a and the formation of 9a.43 1H NMR chart of the
reaction mixture is presented in the Supporting Information.
Time Course for the Photoreaction of 2a and 1a in CD3CN

under Air Analyzed by 1H NMR. To a mixture of 1a (8.8 mg, 0.030
mmol) and 2a (7.2 mg, 0.025 mmol) in a predried NMR testtube was
added CD3CN (0.40 mL). Then, the 1H NMR spectrum of a resulting
solution was measured (0 h). After the solution was irradiated with a
7.3 W white LED for 0.5, 1.0, and 2.0 h, the reaction at each time
interval was analyzed by 1H NMR. The results are reported in Figure
S7. Also 1H NMR spectra of 4a, 5a, and their mixture are presented in
Figure S8.
Reduction of α-Hydroperoxyketone 5a by Benzenesulfi-

nate. Following the reported procedure,20 MeCN (2.0 mL) solution
containing 1g (33.6 mg, 0.15 mmol) and α-bromoisobutyrophenone
(22.8 mg, 0.10 mmol) was stirred for 1 h at room temperature. Then,
PhSO2Na·2H2O (20.4 mg, 0.10 mmol) was added, and the resulting
mixture was stirred for 3 h (see entry 2 in Table 6). As a control
experiment, the solution was continuously stirred for additional 3 h
without addition of PhSO2Na·2H2O (see entry 1 in Table 6). After
performing CH2Cl2 extraction, the crude product mixture obtained
was subjected to 1H NMR analysis to determine the yields of 5a20,44

and 4a.
DFT Calculations. Calculations were carried out using the

Gaussian 16 program package.45 The structures of closed shell
species 1a and 2a were optimized at the restricted ωB97X-D/6-
31+G(d) level, the functional of which includes long-range
corrections and empirical dispersion,46 while the structures of open

shell species 2a•−, 12a, and 16a were optimized using the unrestricted
theory at the same level. The structures of excited state (S1) of 1a and
11a were optimized using time-dependent DFT theory. Frequency
analysis was performed for each optimized structure to confirm that
no or one imaginary frequency was obtained for the energy-minimum
or the transition-state structures, respectively. These calculations were
performed in gas phase or solution using the polarizable continuum
model. To estimate the charge and spin distributions, natural
population analysis built in the Gaussian was performed.47 The
optimized structure and molecular orbitals were visualized with
GaussView 6.048 and Jmol.49
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