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1 INTRODUCTION

Free radicals are highly versatile and reactive
intermediates, allowing many synthesis to be carried
out under relatively mild conditions in chemical
and biological systems (1).!> However, the high
reactivity of free radicals usually results in low
selectivity (2) and (3). Thus, it has been difficult to
utilize reactions between free radicals for selective
bond formation'=:

X +Y — X-Y (1)
X +X — X=X 2)
Y +Y — Y-Y A3)

In contrast to neutral free radicals, reactions of
radical ions are well controlled by charges: radical
cations are expected to react selectively with radical
anions (4) as compared with reactions of radical ions
with the same charge (5) and (6):

XT+Y™ — X-Y 4)
Xt + X+t — X-x* (5)
Y 4+YT — Y-Y (6)

Thus, reactions between radical cations and
radical anions have profound fundamental and

synthetic interest for selective bond formation.~!3

Radical cations and radical anions are formed using
electron donor—acceptor-linked molecules, because
the photoexcitation results in the formation of the
radical ion pair, which can oxidize and reduce
substrates to generate the corresponding radical
cations and radical anions, respectively.'*"!” Radial
cations (X') and radical anions (Y*~) thus produced
may couple selectively to produce the coupling
products (X-Y) (4) in competition with back
electron transfer from Y~ to X'.

Extensive studies have so far been devoted
to mimic the function of the photosynthetic
reaction center by developing electron donor—
acceptor-linked molecules, which undergo a cas-
cade of electron-transfer steps leading to long-range
charge separation with prolonged lifetime of the
charge-separated (CS) state.'®*0 In a view of
synthetic feasibility and their applications, it is
important to develop electron donor—acceptor
dyads in which the CS states have long lifetimes
without losing energy by multistep electron-transfer
processes.

This article focuses on reactions of radical
ions produced by electron-transfer reactions of
the CS state of electron donor—acceptor dyads
(D-A) as shown in Scheme 1. First an electron
donor—acceptor dyad capable of efficient photoin-
duced electron transfer to produce a long-lived CS
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Scheme 1 Radical coupling reaction of X'+ and Y~ produced
by electron-transfer reactions of substrates (X and Y) with the
CS state of an electron donor—acceptor dyad (D-A).

state (D'T—A'") is described. Then, the long-lived
CS state is utilized for generation of radical cations
(X'") and radical anions (Y'~), which are coupled
to afford the coupling products (X-Y) (Scheme 1).
Radical cations can also be converted to the corre-
sponding neutral radicals by deprotonation, whereas
radical anions can be converted to the corresponding
neutral radicals by protonation. Thus, combination
of deprotonation of radical cations and protonation
of radical anions leads to facile reactions of neu-
tral radicals. The reactions of radical cations, which
are produced by electron-transfer reactions of the
CS state of an electron donor—acceptor dyad, with
nucleophiles are also described in this article.

2 FORMATION OF LONG-LIVED
CHARGE-SEPARATED STATES

In order to produce radical ions by electron-transfer
reactions with a CS state, the CS lifetime must be
long enough to compete with back electron transfer
to the ground state. The lifetime of the CS state has
been reported to be elongated by decreasing the dis-
tance between the donor and acceptor in the dyads,
which results in a decrease in the solvent reorgani-
zation energy of electron transfer.*! Among many
electron donor—acceptor-linked molecules, an acri-
dinium ion is the best candidate as a chromophore
as well as an electron acceptor, because of the effi-
cient electron self-exchange between the acridinium
ion and the corresponding one-electron reduced
radical”*> and the high triplet excited energy.*?
Thus, an electron donor moiety (mesityl group) is
directly connected at the 9-position of the acri-
dinium ion to yield 9-mesityl-10-methylacridinium
ion (Acrt—Mes, Figure 1),44 in which the solvent
reorganization of electron transfer is minimized,
because the overall charge remains the same in
the charge-shift electron transfer with the short
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Figure 1 Chemical structure

Acrt—Mes.*
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linkage between the donor and acceptor moieties.
Acrt—Mes affords the electron-transfer state on
photoexcitation with not only a much longer life-
time (e.g., 2h at 203 K) and a high quantum yield
close to unity (98%) but also a much higher energy
(2.37eV) than the natural system.44

The rate of intramolecular electron transfer from
the Acr’ moiety to the Mes™™ moiety in the same
Acr'—Mes'" molecule is highly temperature depen-
dent and the lifetime of the electron-transfer state
becomes almost infinite (10%° years extrapolated
from the Arrhenius plot for BET rates) at 77 K
in solid state.** Nuclear tunneling usually becomes
more apparent at lower temperatures, but this seems
not to be the case for Acr—Mes™™. The X-ray crys-
tal structure of Acr™—Mes in Figure 1 exhibits that
the dihedral angle is perpendicular between the Mes
and Acrt moieties of Acrt—Mes.** In such a case,
the orbital interaction between the donor and accep-
tor moieties is minimized. This is the key point
to attain the long lifetime of the electron-transfer
state. The simple molecular dyad (Acrt—Mes) capa-
ble of fast photoinduced electron transfer but rel-
atively slow back electron transfer to the ground
state has clear advantages with regard to synthetic
feasibility and its application as an organic photo-
catalyst.®

The electron-transfer state of Acrt—Mes has
both strong oxidizing and reducing ability that
would never be attained by the excited state
of the electron acceptor moiety.**® However,
there have been some reports on possible forma-
tion of the triplet excited state of the acridinium
ion moiety rather than the electron-transfer state
(Scheme 2).47-3! It was reported that the pho-
toexcitation of 9-(1-naphthyl)-10-methylacridinium
ion (Acr™—1NA) resulted in the formation of the
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Scheme 2 Reaction course of Acr™—Mes on photoexcitation.
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Scheme 3 7-Dimer formation of the electron-transfer state of Acrt—1NA with the ground state of Acr™—1NA.

triplet excited state, because of the absence of the
transient absorption due to the radical cation at
700 nm.>>=>* The reason why the electron-transfer
state of Acr™—1NA was overlooked was later
shown by clear cut evidence of the formation of
the electron-transfer state (NOT the triplet excited
state) of Acr’—1NA, which forms the m-dimer
radical cation complex with the ground state of
Acrt—1NA (Scheme 3).>> The nanosecond laser
excitation of a deaerated acetonitrile (MeCN) solu-
tion of Acrt—1 NA at 355 nm resulted in the appear-
ance of the new absorption band at 1050 nm due to
the naphthalene m-dimer radical cation as shown
in Figure 2a.% The equilibrium between monomer
naphthalene radical cation and dimer naphthalene

radical cation is observed in intermolecular pho-
toinduced electron transfer from naphthalene to the
singlet excited state of 10-methylacridinium ion
("AcrH™*) as shown in Figure 2b.>> When the con-
centration of naphthalene is 10 mM, the transient
absorption due to monomer radical cation of naph-
thalene is clearly seen at 700 nm together with the
near-infrared (NIR) absorption at 1050 nm due to
the dimer naphthalene radical cation (Figure 2b).
When the concentration of naphthalene is increased
to 100mM, the transient absorption at 700nm
due to monomer radical cation of naphthalene
disappears, accompanied by an increase in the
absorbance at 550 and 1050nm due to the naph-
thalene m-dimer radical cation (Figure 2b). The
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Figure 2 Transient absorption spectra of (a) Acr™—1 NA (5.0 x 107> M) and (b) AcrH* (3.0 x 107> M) with 10 mM (e) and 100 mM
(o) of naphthalene in deaerated MeCN at 298 K taken at 2 us after laser excitation at 355 nm.>

broad absorption band in the NIR region due to the
m-dimer radical cation was also clearly observed
in the case of Acrt—Mes.>® This is different from
the band at 960nm due to the T-T absorption
of 9-phenylacridine.*®36-3% The formation of sta-
ble m-dimer radical cations and anions of aromatic
compounds has been well known as a result of
m-bonding of neutral 7-compounds with the radical
cations and radical anions, respectively.>°

The light-havesting capability of Acr™—Mes is
significanlty improved by assembling Acrt—Mes

molecules on Au nanoclusters (Mes—Acrt—
PhS—AuC) as shown in Scheme 4.9
The Mes—Acr™—PhS—AuC nanocluster was

prepared by the coupling between the func-
tional molecules and Au nanoclusters. Carboxyl-
terminated Mes—Acrt—COOH®7% is directly cou-
pled to 4-mercaptophenol-functionalized Au nan-
oclusters (PhS—AuC) in the presence of N,N’-
diisopropylcarbodiimide and  4-(N,N-dimethyl-
amino)pyridinium-4-toluene-sulfonate as the stan-
dard coupling agents (Scheme 4).97 The reference
compound (Mes—Acr™—COOPh) was synthsized by
condensation of Mes—Acr*—COOH and phenol.®’
Femtosecond laser excitation of Mes—Acrt—
PhS—AuC at 420nm results in appearance of
a transient absorption band at 490nm and a
broad transient absorption band in the NIR
region as shown in Figure 3a.%7 Such a broad
NIR band is assigned to the m-dimer radical

cation of the electron-transfer state of Mes—Acr™
(Mest—Acr'~PhS—-AuC) with the neighboring
Mes—Acrt molecule. This is made possbile by
the close proximity of Mes—Acr™ molecules on
AuC via an intramolecular w—m interaction on
photoinduced electron transfer from the Mes moiety
to the singlet excited state of the Acr™ moiety. In
contrast to this, no transient absorption band in
the NIR region was observed in the case of the
reference compound (Mes—Acrt—COOPh), when
only the transient absorption band at 490nm due
to the electron-transfer state of Mes—Acr*—COOPh
(MesT—=Acr'-COOPh) is observed at 10 ps
(Figure 3b).®” The m-dimer radical cation of
MesT—Acr'-COOPh  with  Mes—Acr™—COOPh
was formed by the intermolecular reaction at
10us, in sharp contrast to intramolecular for-
mation of the m-dimer radical cation at 1 ps as
shown in Figure 3a.°’” Thus, the photoexcitation
of gold nanoclusters (AuC) functionalized with
Mes—Acrt resulted in rapid formation of the
electron-transfer state (Mest—Acr’) to produce
the m-dimer radical cation with the neigh-
boring Mes—Acrt molecule on AuC, whereas
such m-dimer radical cation formation occurs
at much slower timescale for the reference
compound (Mes—Acrt—COOPh) by the intermolec-
ular reaction between MesT—Acr'—~COOPh and
Mes—Acrt—COOPh.
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Scheme 4 Preparation of 9-mesitylacridinium ion-monolayer-protected gold nanoclusters (Mes—Acr™—PhS—AuC).%
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Figure 3 Transient absorption spectra observed in femtosecond laser flash photolysis (Aex = 420 nm) of (a) Mes—Acrt—PhS—AuC at
2 and 500 ps and (b) Mes—Acr™—COOPh at 10 and 500 ps in MeCN at 298 K.%7

Immobilization of Acr™—Mes molecules in a
solid porous framework provides a wide range
of potential applications, including as solid-state
photocatalysts and in electrical devices. Peri-
odic mesoporous organosilicas (PMOs) prepared

by surfactant-directed self-assembly of bridged
organosilane precursors ((R’0)3;Si—-R-Si(OR’);, R:
organic bridging group) have been used to immo-
bilize Acrt—Mes (Scheme 5).° PMOs with a
high surface area are promising candidates as
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Scheme 5 Synthetic toute for the preparation of Mes—Acr” organosilane precursor 1 and mesostructured organosilica. (a)
NaH, MOMCI, dimethylformamide (DMF); (b) MesMgBr, tetrahydrofuran; (c) HCl aq; (d) HSi(OEt);, NEt3, n-BusNI,
[Rh(cod)(CH3CN),]BF4, DMF; (¢) MeOTf, CH,Cl, (X = OTf); (f) Brij76, HCI aq, EtOH.%°

solid-state functional materials, because their func-
tion and morphology can be readily controled
by appropriate selection of organic bridges (—-R-)
within the framework.””””7 The mesostructured
materials were successfully obtained from the
newly designed precursor 1 (Scheme 5) with-
out dilution of the scaffold silica sources (e.g.,
tetraethoxysilane).® The Acr—Mes-bridged pre-
cursor 1 was prepared starting from commer-
cially available 2,7-dibromoacridone 2 in 74%
overall yield (five steps) (Scheme 5). Photoin-
duced electron transfer within the Acrt—Mes—silica
hybrid framework was demonstrated to afford
the electron-transfer state over a microsecond
timescale.%

The following sections describe the development
photocatalytic oxidation, cycloaddition, and bromi-
nation via the long-lived electron-transfer state of
Acrt—Mes.

3 PHOTOOXYGENATION VIA ELECTRON
TRANSFER

3.1 Photooxygenation of Anthracene via
Radical lon Coupling

As described above, photoexcitation of Acr™—Mes
results in the formation of the electron-transfer
state (Acr'—Mes'™), which has an extremely long
lifetime (e.g., 2h at 203 K) as well as both highly
oxidizing and reducing ability.**”® In such a case,
Acrt—Mes acts as an efficient electron-transfer
photocatalyst for highly selective oxygenation of
various substrates with O, via selective radical ion
coupling of the donor radical cation and superoxide
anion (O;"7) under visible light irradiation (vide
infra).

Visible light irradiation (A >430nm) of the
absorption band of Acrt—Mes in an O,-saturated
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MeCN solution containing 9,10-dimethylanthracene
(MeyAn) results in the formation of oxygena-
tion product, that is, dimethylepidioxyanthracene
(Me;An-03) via efficient [4 + 2] coupling between
the radical cation of 9,10-dimethylanthracene
(Me;An't) and O,"~, which are produced by
the electron-transfer oxidation of Me;An and
the electron-transfer reduction of O, with the
electron-transfer state of Acr™—Mes, respec-
tively, as shown in Scheme 6.”® Anthracene and
9-methylanthracene also undergo the photocatalytic
oxygenation by O, with Acrt—Mes to afford
the corresponding epidioxyanthracenes (An-O;
and MeAn-O,, respectively) under visible light
irradiation.”® Epidioxyanthracenes are known to be
formed by the reaction of anthracenes with singlet
oxygen ('0,).” However, the rate constant of the
reaction of 'O, with Me;An (2.4 x 10° M~! s71)
is much smaller than the rate constant of the radial
coupling reaction of Me;An™t and O, (1.7 x 10'°
M~! s71) in MeCN at 298 K.”® It was confirmed
that no singlet oxygen emission was observed
during the photocatalytic oxygenation of Me,An
in an O,-saturated CD3CN.”® Thus, Me;An-O,
is formed exclusively by the radical ion coupling
between Me,An'™ and O, rather than the reaction
of Me,An and 'O, as shown in Scheme 6.

0))

Ke | Acr'—Mes™ | ke

M

Me

€
(O
E—

In the case of anthracene, further photoirradi-
ation results in the formation of anthraquinone
as the final six-electron oxidation product via
10-hydroxyanthrone, accompanied by generation
of H,O, as shown in Scheme 7.7® The photo-
catalytic oxygenation of anthracenes is initiated
by photoexcitation of Acr™—Mes, which results
in the formation of the electron-transfer state
(Acr'—Mes'™), followed by electron transfer from
anthracenes to the Mes™ moiety together with
electron transfer from the Acr’ moiety to O,.478
The resulting anthracene radical cation undergoes
radical coupling reactions with Oy~ to produce
the epidioxyanthracene (An-0,).**’® The mecha-
nism of the photocatalytic conversion of An-O,
to 10-hydroxyanthrone is shown in Scheme 7.7%
The electron transfer from An-O, to the Mes™*
moiety of Acr'—Mes™, produced on photoexcita-
tion of Acrt—Mes, results in the O—O bond cleav-
age of An-O,, followed by facile intramolecular
hydrogen transfer to produce 10-hydroxyanthrone
radical cation. Then the back electron trans-
fer from Acr'—~Mes to 10-hydroxyanthrone radi-
cal cation yields 10-hydroxyanthrone to regenerate
Acr™—Mes. 10-Hydroxyanthrone is further oxidized
to anthraquinone with Acr'~Mes™t, accompanied by
reduction of O, to yield HyO, (Scheme 7).

Me

Scheme 6 Photocatalytic oxygenation of Me,An by O, with Acrt—Mes.”®
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Scheme 7 Photocatalytic oxygenation of anthracene by O, with Acrt—Mes.”®

3.2 Photocatalytic Oxygenation of
Tetraphenylethylene to 1,2-Dioxetane

The Acr™—Mes can also act as an efficient organic
photocatalyst for the synthesis of 1,2-dioxetane of
tetraphenylethylene (TPE), which would otherwise
be impossible to synthesize.” 1,2-Dioxetanes
have attracted considerable interest because
of the key roles in chemiluminescence and
bioluminescence,’-%2 which have a broad range of
biological, chemical, and medical applications.®3-8
The most common preparation of 1,2-dioxetanes
is through the formal [2 + 2] cycloaddition of
singlet oxygen ('03) to electron-rich alkenes.?”-83
Diastereoselective formation of dioxetanes has
also been achieved by a chiral-auxiliary induced
[2 4+ 2] cycloaddition of 10, with a chiral allylic
alcohol and enecarbamates.8-°% If alkenes are
too electron-poor to react with 10,, however, no
oxygenated products were obtained. For example,
no products were formed in an oxygen-saturated
MeCN solution of TPE in the presence of 'O,
sensitizers such as Cgy or tetraphenylporphyrin
under photoirradiation.*’ In contrast, the photocat-
alytic oxygenation of TPE by O, occurs efficiently
with Acrt-Mes via the radical ion coupling
between TPE radical cation (TPE™) and O™,
both of which are produced by electron-transfer
reactions of TPE and O, with the photogenerated
electron-transfer state of Acrt—Mes (Acr'—Mes™),

leading to successful isolation of the corresponding
1,2-dioxetane.”

Electron transfer from TPE to the Mes™ moi-
ety in Acr'—Mes'™ is energetically feasible, because
the one-electron reduction potential of Acr'—Mes'™
in MeCN (E,.q = 1.88V vs SCE, saturated calomel
electrode)** is more positive than the one-electron
oxidation potential of TPE (Eox = 1.31V vs SCE in
CHCIL3).” The second-order rate constant of elec-
tron transfer from TPE to Acr'-Mes™ was deter-
mined by laser flash photolysis measurements to
be 2.5 x 10° M~! s~! in CHCls, which is close to
be the diffusion-limited value as expected from the
exergonic electron transfer.”” The second-order rate
constant of the electron-transfer reduction of O, by
the Acr’ moiety was also determined to be 3.8 x 10%
M~! 57! in CHCI3.”” The formation of 0, was
confirmed by electron spin resonance (ESR), which
was measured at 123 K immediately after the pho-
toirradiation of a chloroform solution of TPE (1.0 x
1073M) and Acrt—Mes (1.0 x 107* M) at 233 K.”
The observed g values agree with those reported for
0" (g =2.1050and g, = 2.0032).%49 The tran-
sient absorption band of TPE' decays second-order
kinetics.”® The second-order rate constant was deter-
mined to be 6.0 x 10° M~!s~!, which is close to the
diffusion-limited value in CHCl3.”® The bimolecular
process involves both the radical coupling between
TPE™" and O, to afford the corresponding di-
oxetane and the back electron transfer from O,
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Scheme 8 Photocatalytic oxygenation of TPE by O, with Acrt—Mes.”

to TPE'™ to regenerate the reactant pair as shown in
Scheme 8.

The E,x and E.q values of the dioxetane were
determined by second-harmonic ac voltammetry as
1.56V and —0.95V versus SCE, respectively.”
The Ex value is less positive than the E..q value
(1.88V vs SCE in PhCN)* of the Mes'™ moiety
of Acr'—Mes't, whereas the E,, value of the Acr’
moiety (—0.57V vs SCE) is less negative than the
Eq value of the dioxetane. In such a case, the
dioxetane is further oxidized by Acr'~Mes'™ rather
than by being reduced to produce the dioxetane
radical cation, which undergoes the O-O bond
homolysis to produce benzophenone and the radical
cation as shown in Scheme 8.7 The benzophenone
radical cation is reduced by Acr'—Mes to produce
another benzophenone molecule, accompanied by
regeneration of Acrt—Mes (Scheme 8). The thermal
oxygenation reaction of TPE with oxygen has
previously been proposed to proceed via radical
chain processes as shown in Scheme 9.70°% The
dioxetane is assumed to be produced by direct
oxygenation of the dioxetane radical cation with
0,. However, the saturated dependence of @ on
[TPE] and also on [O] indicates that such an
electron-transfer radical chain process (Scheme 9)
is not operative as the major pathway under the
photocatalytic reaction conditions.”

The formation of the dioxetane radical cation was
confirmed by ESR measurements under photoirra-
diation at low temperature as shown in Figure 4.”

pho L Ph
Sk P

Ph Ph*
) < o
Ph Ph K Ph :
Ph Ph 0—0 -+
= Ph: :Ph
PH Ph Ph Ph

Scheme 9 Radical chain process of photooxygenation of TPE
via the dioxetane.

A deaerated chloroform solution of Acr™—Mes with
TPE dioxetane was irradiated by a high-pressure
Hg lamp at 223 K. The resulting ESR spectrum
observed at 143 K exhibits anisotropic signals at
g = 2.020 and g, = 2.004. The isotropic g value
(giso) 1s determined as 2.009 % 0.001, which agrees
with the reported value of a dioxetane radical cation
(2.0099).”” The formation of TPE dioxetane rad-
ical cation was also confirmed by photoinduced
electron-transfer oxidation of TPE dioxetane with
the singlet excited state of 9,10-dicyanoanthracene
(DCA) (! EY, =1.97V vs SCE) in frozen deaerated
CHCl; at 143 K.” The resulting ESR signal was
virtually the same as that shown in Figure 4a.” The
singly occupied molecular orbital (SOMO) of dioxe-
tane radical cation involves O—O antibonding orbital
(Figure 4b).”° This may be the reason why the facile
cleavage of the O—O bond of the dioxetane radical
cation occurs to yield benzophenone.'?
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Figure 4 (a) ESR spectrum of TPE dioxetane radical cation observed under irradiation of a deaerated CHCl3 solution containing TPE
dioxetane (3.0 x 1073 M) and Acrt—Mes (3.7 x 1072 M) at 223 K measured at 143 K (frozen). (b) The SOMO orbital of TPE dioxetane
radical cation, calculated by DFT method using UB3LYP/6-31G* basis set.””

Photocatalytic oxygenation of olefins such as stil-
bene derivatives also occurs with Acrt—Mes in
MeCN and CHC13.101 In contrast to the case of TPE,
the dioxetane intermediates were not detected under
the same experimental conditions as employed for
TPE.'®! This indicates that the stilbene dioxe-
tanes decompose to the corresponding benzalde-
hydes spontaneously under the photoirradiation.
The yields of benzaldehyde derivatives obtained
from trans-stilbene derivatives increase in order:
R!, R>=H, H < Me, Me < p-MeO, H, as the
one-electron oxidation potential (Ey) values of stil-
bene derivatives decrease.!?! The photooxygenation
mechanism of cis—stilbene catalyzed by Acrt—Mes
is shown in Scheme 10,'" which is similar to that
of TPE (Scheme 8). Electron transfer from stilbene
derivatives to the Mes™ moiety of Acr'—Mes'™" is
energetically feasible, because the E,x values of
stilbene derivatives (0.55—-1.58 V vs SCE) are less
positive than the Eq value of the Mes™ moiety of
Acr'-Mes™" in PhCN (1.88V vs SCE).** Because
stilbene radical cation has low reactivity toward
0,,'92-112 the photocatalytic oxygenation of stilbene
with Acr™—Mes occurs via the radical ion coupling
between stilbene radical cation and O,"~ rather than
via the reaction of stilbene radical cation with O,
accompanied by the isomerization of the stilbene
radical cation.!”! The stilbene radical cation reacts
with O, to produce the dioxetane that decompose
spontaneously to benzaldehyde and benzaldehyde
radical cation by the electron-transfer oxidation with
the Mes™™ moiety of Acr'—Mes™". The back elec-
tron transfer from Acr'—Mes to benzaldehyde radical

cation yields benzaldehyde to regenerate Acr™—Mes
(Scheme 10).

Photocatalytic isomerization of cis—stilbene to
trans-stilbene also occurs with Acr™—Mes in an
O,-saturated MeCN as shown in Scheme 10.'0!
The concentration of cis—stilbene decreases with
a concomitant increase due to trans-stilbene,
when the total concentration of cis- and
trans-stilbene only slightly decreases together
with an accompanied increase in the photooxygena-
tion product, benzaldehyde.!°' The observed yield
of trans-stilbene was 96% after 60-min photoirra-
diation (A >430nm), when the total consumption
of cis- and trans-stilbene is still 4%.'91 It is well
known that cis-trans isomerization occurs rapidly in
the stilbene radical cation.''3-!'® The steady-state
cis-trans ratio of stilbene has been reproted to be
99:1.116 Thus, Acr—Mes acts as a photocatalyst
for the cis-trans isomerization of stilbene via the
radical cation (Scheme 10).

3.3 Photocatalytic Oxygenation of p-Xylene
and Reduction of Oxygen

As described above, photocatalytic oxygenation of
aromatic substrates occurs via radical ion cou-
pling of the substrate radical cation and O, . This
section describes photocatalytic oxygenation via the
electron-transfer state of Acrt—Mes without radical
coupling. Oxygenation of aromatic compounds to
produce aromatic aldehydes is key chemical reac-
tions for production of precursors of a variety of

4:39 P.M. Page 10
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Scheme 10 Photocatalytic isomerization and oxygenation of stilbene by O, with Acr™—Mes.!?!

fine or specialty chemicals such as pharmaceutical
drugs, dyestuffs, pesticides, and perfume composi-
tions. A number of methods using inorganic heavy
metal oxidants have so far been reported for oxy-
genation of aromatic compounds to produce the
corresponding aldehydes.!!”~122 However, their syn-
thetic utility has been limited because of low yield
and poor selectivity. Moreover, the use of stoi-
chiometric amounts of inorganic oxidants should be
avoided because of the environmental problems.'??
For this reason, catalytic oxygenation processes with
molecular oxygen or hydrogen peroxide (H»O»)
have merited increasing attention.'?* H,O, is in
brisk demands for clean and mild oxidant because
the byproduct in oxygenation of substrates is only
H,0.12%125 There have been extensive studies on
photocatalytic formation of H,0,'?%1?” or photo-
catalytic oxygenation of aromatic substrates.!?8-133
If valuable aromatic aldehydes can be produced
together with H,O; in the photocatalytic oxygena-
tion of alkyl aromatic compounds by O,, such a
process would be superior as compared to the con-
ventional methods to produce either or both H,O,
and aromatic aldehydes.

visible light irradiation.'3* Visible light irradiation
of [Acr™Mes|ClOs~ (Amax = 430nm, 0.20 mM)
in oxygen-saturated MeCN containing p-xylene
(4.0mM) with a xenon lamp attached with a color
glass filter (A = 380—500 nm) for 80 min resulted in
formation of an oxygenated product, p-tolualdehyde
(34%), p-methylbenzyl alcohol (10%), and H,O,
(30%). The overall stoichiometry of the photocat-
alytic reaction is given by (7).13* p-Methylbenzyl
alcohol is an intermediate in the photocatalytic oxy-
genation (vide infra):

H3COCH3 + %02
o chOCHO + Hy0,
Acrt—Mes (7)

The photocatalytic reactivity was enhanced
by the presence of H,O (0.9M) and sulfuric
acid (1.0mM) to yield p-tolualdehyde (75%),
p-methylbenzyl alcohol (15%), and H,O, (74%)
with a high quantum yield (0.25)."** The 100%

Such selective photocatalytic oxygenation has yields of p-tolualdehyde and H,O, with a
been made possible using Acrt—-Mes and its higher quantum yield (0.37) were achieved
derivative, which act as efficient photocatalysts using  9-mesityl-2,7,10-trimethylacridinium  ion

for simultaneous production of aromatic aldehy-
des and HO, in the photocatalytic oxygena-
tion of alkyl aromatic compounds by O, under

(MeyAcrt—Mes), where the hydrogens at 2 and 7
positions of the acridinium ring are replaced by the
methyl groups (Table 1).!3*
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Table 1
in O,-saturated MeCN.!34

Products and quantum yields for photocatalytic oxygenation of methyl-substituted benzenes with acridinium ion derivatives

Photocatalyst Substrate Eox vs SCE (V)* Yield (%)? aldehyde/alcohol/H, 0o Quantum yieldb"'
Acrt—Mes p-Xylene 1.93 75/15/74 (34/3/30) 0.25 (0.13)
Mesitylene 1.71 77119175 (47/3/44) 0.30 (0.078)
Durene 1.63 75/15/70 (35/1/33) 0.30 (0.065)
Me,Acrt—Mes p-Xylene 1.93 100/0/100 (54/5/52) 0.37 (0.13)
Mesitylene 1.71 66/2/65 (40/1/39) 0.26 (0.14)
Durene 1.63 64/10/62 (37/2/36) 0.25 (0.15)
Acrt—Ph p-Xylene 1.93 12/18/10 (5/2/4) 0.042 (0.019)

@Taken from Ref. 42.

bValues are determined after photoirradiation for 80 min. Conditions: [photocatalyst] = 0.2 mM, [substrate] = 4.0 mM, [HyO] = 0.9 M, [H,SO4] = 1.0

mM. Values in parentheses are determined without HyO and H,SOy.
€On the basis of formation of the corresponding aldehyde.

No further oxygenated product, p-toluic acid
or p-phthalaldehyde, was produced during the
photocatalytic reaction. When the concentration
of MeyAcrt—Mes (1.0 x 107* M) was decreased,
turnover number (TON) was increased to 200.
A preparative scale photocatalytic reaction with
p-xylene (0.5g, 4.7mmol) and MeyAcrt—Mes
(60mg, 0.14mmol) in MeCN (150ml) under
irradiation with a xenon lamp for 48h afforded
p-tolualdehyde (59%), p-methylbenzyl alcohol
(28%), and H,O, (51%) with 87% conversion of
substrate.'* The catalyst can be recyclable because
no decomposition of photocatalyst occurred under
the present experimental conditions.'** Figure 5
shows the time profiles of the reactant and products
in optimized photocatalytic reaction conditions.
p-Methylbenzyl alcohol was formed as a reaction
intermediate and this was readily oxygenated to
form p-methylbenzaldehyde.!3*

The photocatalytic oxygenation also occurred
in the case of durene and mesitylene.!’* The
one-electron oxidation potentials (E.) of toluene
derivatives in MeCN are listed in Table 1. The
E,x values of toluene derivatives given in Table 1
are lower than the one-electron reduction potential
(Ereq) of the electron-transfer state of Acr™—Mes
(Acr'—=Mes'™: 2.06 V vs SCE in MeCN).!3* Thus,
electron transfer from toluene derivatives such
as p-xylene to the Mes™™ moiety of Acr'—Mes™"
is energetically feasible, whereas electron trans-
fer from toluene (Ey = 2.20 V)*2134 to the Mes'*
moiety is energetically unfavorable when no pho-
tocatalytic oxidation of toluene by O, occurred
with Acr™—Mes under the same experimental con-
ditions.!?*

100

75

50

25

Reactant and products (%)

0 20 40 60 80
Time (min)

Figure 5 Irradiation time profiles of photooxygenation of
p-xylene (4.0 x 1073 M) catalyzed by MeyAcrt—Mes in
oxygen-saturated MeCN (0.6 ml) at 298 K; [Me,Acr*—Mes] =
2.0 x 107 M; [H,0] = 0.9 M; [H,S04] = 1.0 x 1073 M.!3*

The E.x values of the oxygenated products of the
corresponding benzaldehydes are also higher than
the E.q value of Acr—Mest (2.06 V).13* This is
the reason why the oxygenated product of p-xylene
was only p-tolualdehyde and no further oxygenated
product such as p-phthalaldehyde was formed.

The photocatalytic reaction is initiated by
intramolecular photoinduced electron transfer from
the mesitylene moiety to the singlet excited state
of the Acr™ moiety of Acr™—Mes, which affords
the electron-transfer state (Acr'—Mes). 4134
Electron transfer from p-xylene to the Mes™

Page 12
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moiety occurs to produce p-xylene radical
cation, which undergoes deprotonation to
afford the deprotonated radical. This is fol-
lowed by rapid O, addition to afford the peroxyl
radical as shown in Scheme 11.'** The dis-
proportionation of the peroxyl radical affords
p-tolualdehyde, p-methylbenzyl alcohol, and O,.
p-Methylbenzyl alcohol is readily oxygenated to
yield p-tolualdehyde with Acr'—-Mes'*."3* On the
other hand, O, disproportionates with proton
to yield H;O, and O, (Scheme 11). The radi-
cal intermediates involved in Scheme 11 were
detected by ESR (g = 2.101, ¢, = 2.009 for Oy~
and g =2.033,g; =2.006 for p-methylbenzyl
peroxyl radical) in frozen MeCN.'3*

Addition of aqueous sulfuric acid enhanced the
deprotonation of p-xylene radical cation and the dis-
proportionation process of O, ™, respectively, lead-
ing to a remarkable enhancement of photocatalytic
reactivity as mentioned above (Table 1).!3* The
reaction pathway of photocatalytic oxygenation of
p-xylene by O, with Acr™—Mes is not the rad-
ical chain process, because there was no depen-
dence of the product quantum yield on concentration

Chy .
—_—
HsC

RrAcr'—Mes'*

N

1/2 H,0, + 12 (0))

0,

H5C
/©/CHZOO.
Oz' - H3C
l x2
H+

CHO

Ch,OH
+
H;C” i

0,
Acrt—Mes E
H,0,

/©/CHO
HsC

-

_02

jas}
o
N
&E
(@]
-~

Photocatalytic oxygenation of p-xylene by O, with Acr*—Mes.!3

0.15

0.05 —

0 | |
0 2.0 4.0 6.0

[p-Xylene] (mM)

Figure 6 Dependence of quantum yield of formation of
p-tolualdehyde on concentration of p-xylene in the photocat-
alytic oxygenation of p-xylene with Me,Acrt—Mes (0.2 mM) in
0,-saturated MeCN.!3*

of p-xylene (Figure 6) and irradiation light inten-
sity.!3* If the radical chain (autoxidation) process is

Page 13
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involved in the photocatalytic reaction, the quantum
yield would increase linearly with increasing con-
centration of p-xylene, because the rate-determining
step in the radical chain process would be the
hydrogen abstraction from p-xylene by the peroxyl
radical. In addition, there is no induction period
that is typically observed for an autoxidation pro-
cess. Thus, disproportionation of the peroxyl rad-
icals (p-methylbenzyl peroxyl radical and hydro-
gen peroxyl radical as shown in Scheme 11) is the
major pathway in the photocatalytic oxygenation of
p-xylene by O, with Acrt—Mes.

In contrast to the case of Acrt—Mes, the photocat-
alytic oxygenation of p-xylene by O, with Acr™—Ph
that contains no electron donor moiety proceeds
via electron transfer from p-xylene to the singlet
excited state of Acrt—Ph. However, the lifetime
of the singlet excited state of Acrt—Ph (r = 1.5
ns in MeCN)'3 is much shorter than that of the
electron-transfer state of Acr™—Mes. A high con-
centration of substrate is thereby needed to quench
the short-lived singlet excited state of Acr™—Ph.

2-Methylnaphthalene that does not react with
singlet oxygen (i.e., no conversion under irradia-
tion conditions in the presence of tetraphenylpor-
phyrin as a singlet oxygen photosensitizer) is also
efficiently oxygenated by O, with Acr™—Mes act-
ing as a photocatalyst to yield the corresponding
naphthaldehyde.!3>136 DCA also acts as a photocat-
alyst for the oxygenation of 2-methylnaphthalene
by O, as a result of the photoinduced oxidation
of 2-methylnaphthalene, followed by deprotonation
from the methyl group, and O, addition,'?> which
is similar to photocatalytic oxygenation of p-xylene
by O, with Acr*—Mes as shown in Scheme 11.

The reducing ability of the electron-transfer state
of Acrt—Mes is improved by the electron-donating
methyl substitution of the acridinium ring of
Acrt—Mes.!** Cyclic voltammograms of Acrt—Mes
and Me,Acrt—Mes in deaerated MeCN are shown
in Figure 7 to compare the reducing abilities
of the electron-transfer states of Acrt—Mes and
Me,Acrt—Mes.!3* The E,.q value of Me,Acrt—Mes
(—0.67V vs SCE) is 0.1 eV more negative than that
of Acrt—Mes (—0.57 V).13*

The difference in dynamics of the electron-
transfer reduction of O, by the electron-transfer
states of Acrt—-Mes and Me,Acrt—Mes was
determined by nanosecond laser flash photol-
ysis.** As shown in Figure 8a, the rates of
the electron-transfer reduction were determined

-0.57V

0.5 0 -0.5 -1.0 -1.5
Potential vs SCE (V)

Figure 7 Cyclic voltammograms of (a) Acr'—Mes and (b)
MeyAcr™~Mes (10 mM) in deaerated MeCN containing TBAPFg
(0.1 M) at 298 K.13*

from the quenching of the transient absorp-
tion due to the electron-transfer state by O, to be
6.8 x 108 M~ ! s~! for Acr'=Mes™+7® and 2.0 x 10'°
M~! s7! for Me,Acr'-Mes™ (Figure 8b).'** Thus,
the reducing ability of MeyAcr'—Mes™ was indeed
significantly enhanced by the methyl substitution.
This may be the reason why the 100% yield of
tolualdehyde and H,O, with a higher quantum
yield (0.37) was achieved using MeyAcrt—Mes
(Table 1).

As described above, the electron-transfer state of
MesAcrt—Mes, which has both the high oxidiz-
ing and reducing ability, make it possible to pro-
duce both aromatic aldehydes and H,O, selectively
in the photocatalytic oxygenation of alkylaromatic
compounds with oxygen. After aromatic aldehy-
des are formed, no further oxidation takes place
because electron transfer from aromatic aldehydes
to the Mes™ moiety is thermodynamically unfa-
vorable. Thus, the use of charge-separation dyads
as photocatalysts paves a new way for the selec-
tive oxygenation of alkylaromatic compounds with
simultaneous formation of H,O,.

3.4 Photocatalytic Oxygenation of
Triphenylphosphine

The photocatalytic oxygenation of triphenylphos-
phine by O, also occurs with Acr*—Mes.'3’
Visible light irradiation (A >430nm) of the
absorption band of Acrt—Mes in an Os-saturated
chloroform (CHCls) solution containing triph-
enylphosphine (PhzP) for 30 min by xenon lamp
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Figure 8 (a) Absorbance time profiles at 520 nm due to Me;Acr’~Mes™ in aerated and deaerated MeCN containing Me;Acr™~Mes
(1.0 x 10=* M). (b) Plot of the pseudo-first-order rate constant (kobs) for electron transfer from the Acr’ moiety of Acr’—Mes'" and

Me,Acr’—Mes'™™ to O, versus [O,].

results in formation of an oxygenated product, that
is, triphenylphosphine oxide (Ph3;P=0) with 99%
yield!?7:

2PhsP + 0y — 5 2PhyP=0 (8)

Acrt—Mes

When Acrt—Mes is replaced by 10-methyl-
acridinium ion (AcrH™) with has no electron
donor moiety, Ph3P=0 was also produced quan-
titatively after 60-min photoirradiation.'?” No pho-
tooxygenation of Ph3P occurs without Acrt—Mes
or AcrH" under otherwise the same experimen-
tal conditions.'3” The dependence of the quantum
yields (®p) of formation of Ph3P=0O on concentra-
tion of Ph3P is shown in Figure 9 (closed circle).'?’
The limiting value (®,) in air-saturated CHCl; is
constant (0.58) at any PhsP concentrations. Judg-
ing from the constant dependence of ®p on [Ph3P]
in Figure 9 (closed circle), a reactive intermediate
of photooxygenation is assigned as an extremely
long-lived species, which is the electron-transfer
state of Acrt—Mes.** Thus, the rate-determining
step in the photocatalytic reaction is proposed to
be electron transfer from PhsP to Acr'—Mes™+.137

In the case of AcrH™ (closed square in Figure 9),
the ®p values increase on increasing the PhsP to
higher concentrations than in the case of Acrt—Mes.
From the saturated dependence of ®p on [Ph3P]
and the lifetime of 'AcrH** (t = 31 ns),"3'"133 the

0.8
[ [ ] [ ]
06 .
°
& 04
0.2
0 | | |
0 1 2 3 4

102 [PhgP] (M)

Figure 9 Dependence of quantum yield (®,) on concentrations
of PhsP for the photocatalytic oxygenation of PhsP by O, with
Acrt—Mes (8.0 x 107> M, o) and AcrH* (8.0 x 107> M, W) in
air-saturated CHCl3.

rate constant of the reaction of 'AcrH™* with Ph;P
is 6.8 x 10° M~ s~!, which agrees with the value
obtained from the fluorescence quenching of AcrH™
(9.0 x 10° M~'s71).137 Such agreement strongly
indicates that the photooxygenation of Ph3;P with
AcrH™" proceeds via photoinduced electron transfer

Page 15
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from Ph3P to ' AcrH™*. However, AcrH*-catalyzed
photooxygenation requires the high concentrations
of Ph3P and O, because the lifetime of 'AcrHt* is
too short to quench the excited state.'3’

Electron transfer from Ph3P to the Mes™ moiety
in Acr'—Mes™" is energetically feasible, because
the one-electron reduction potential of Acr'—Mes™
(Erea = 2.06V vs SCE)"** is more positive than
the one-electron oxidation potential of Ph3P (Eox =
1.20V vs SCE)."*” The formation of PhsP radical
cation (PhsPt: Amax = 330nm)"37 was confirmed
by the laser flash photolysis.'3” The second-order
rate constant of electron transfer from PhsP to
the Mes'™™ moiety of Acr'~Mes™t was determined
to be 9.2 x 10° M~! s~ 1137 which is close to
the diffusion-limited value as expected from the
exergonic electron transfer. Photoinduced electron
transfer from PhsP to ' AcrH** also occurs to yield
Ph;P'*, which reacts with O,. The rate constant of
the reaction of PhsP'" with O, was determined to
be 1.5 x 10> M~! 1,138

The mechanism of the photocatalytic oxygenation
of Ph;P by O, with Acr™—Mes is shown in
Scheme 12. Triphenylphosphine peroxide (Ph3PO,)
is produced via addition of O, to Ph3P™" to give
PhsP peroxide radical cation (Ph3PO,""), which
undergoes back electron transfer from Acr'—Mes
to Ph3PO,"" (reaction pathway A in Scheme 12)
and via radical coupling between Ph3P"™ and O,
(reaction pathway B in Scheme 12). Ph3PO; reacts
with Ph3sP to produce Ph;P=0O via O-O bond
cleavage.'3%-140

Ph3P
g Acr'—Mes'*
Me
Me Me
X
| 4 Acr'—Mes
Pz
b
Me (Acr*—Mes)
0, 0Oy~

3.5 Photocatalytic Oxidation of Benzylamine

Benzylamine is also oxidized by the photogenerated
electron-transfer state of Acr™—Mes in O,-saturated
MeCN to yield N-benzylidenebenzylamine,
PhCH,N=CHPh."” The reaction mechanism of
the photocatalytic oxidation of benzylamine by O,
with Acrt—Mes is shown in Scheme 13."37 The
photogenerated electron-transfer state of Acr™—Mes
(Acr'—Mes'™) oxidizes benzylamine and reduces
O; by electron transfer to produce the benzylamine
radical cation and O, respectively. The sub-
sequent proton transfer occurs from benzylamine
radical cation to Oy~ to give the «-hydrogen
abstracted radical of benzylamine and hydrogen
peroxyl radical (HO;"). The «-hydrogen abstracted
radical spontaneously reacts with HO;" to form
benzylimine (PhCH=NH) and hydrogen peroxide
(H20,). PhCH=NH reacts with benzylamine to
produce the primary product PhCH,N=CHPh
(Scheme 13).141-143

3.6 Photocatalytic Oxidation and Cleavage of
DNA

Photoinduced DNA cleavage has attracted consider-
able interest because of the biological significance
of DNA damage and repair (see Oxidatively
Generated Nucleobase Modifications in Isolated
and Cellular DNA, Volume 3 and Oxidatively
Formed Sugar Radicals in Nucleic Acids,

+0,
Phj,P.Jr E—— Ph3P02'Jr
(B) ‘
i PhsP + O,
(A) > Ph3P02
+l&
2 PhyP=0

Scheme 12  Photocatalytic oxygenation of Ph3P by O, with Acrt—Mes.'3’

rad038

rad039
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0, 0y~

> [PhCHNH, + HO,'] —> PhCH=NH + H,0,

l PhCH,NH,

PhCH=NCH,Ph + NH;

Scheme 13  Photocatalytic oxidation of benzylamine by O, with Acr*—Mes.'3’

Volume 3).'%4-14 The DNA cleavage resulted
from efficient electron-transfer oxidation by the
electron-transfer state of Acrt—Mes.!3%151 The
reduction potential of Acr'—Mes™ (Eq = 2.06V
vs SCE in MeCN)"** is much more positive
than the one-electron oxidation potential of
guanosine-5’-monophosphate (GMP, E, = 1.07V
vs SCE in an aqueous solution).’> Thus, elec-
tron transfer from GMP to the Mes'™ moiety of
Acr'—~Mes™ is energetically feasible.">° Formation
of GMP radical cation (GMP™*: Aax = 510nm) is
observed by the laser photoirradiation of a buffer
solution of Acrt—Mes at pH 2.0 containing GMP
as shown in Figure 10a (closed rectangles).'>®
At pH 7.0, a transient absorption at the long
wavelength region circa at 650 nm appears because
of the deprotonation of GMP'" (closed circles in
Figure 10a).!9315% The difference spectra given in
Figure 10b, obtained by subtracting the spectra in
the absence of GMP from those in the presence
of GMP at pH 2.0 and 7.0, correspond to those
between GMPt (positive absorption) and the
Mes™™ moiety (negative absorption), because the
spectra in the absence and the presence of GMP
are those of Acr'~Mes™ and those of GMP'* and
Acr’—Mes, respectively.!>® The rate of formation of
GMP'* obeyed pseudo-first-order kinetics and the
pseudo-first-order rate constant increased linearly
with increasing concentration of GMP at pH
2.0.1% The second-order rate constant (ko) of
electron transfer from GMP to the Mes™ moiety
of Acr'—Mes'™ was determined to be 4.3 x 107
M~! s7! in the buffer solution at 298 K.!*° The kg
value of electron transfer from GMP to the Mes™
moiety of Acr'~Mes'™ was also determined to be
2.7 x 108 M~! s71 at pH 7.0, which is much larger

than the value (4.3 x 107 M~! s7!) at pH 2.0, but
still smaller than the diffusion limit.">° The larger
ket value at the higher pH indicates the involvement
of deprotonation associated with electron transfer
(proton-coupled electron transfer).!3>15

The transient absorption spectrum of oxidized
DNA shown in Figure 11 is similar to that of
GMP'* in Figure 10.'° The ke value of the
electron-transfer oxidation of DNA was determined
tobe 4.8 x 10’ M~! s~!, which is larger than the ke
value of GMP.!>° The electron-transfer oxidation of
DNA results in the cleavage of DNA.">" The DNA
cleavage activity with Acrt—Mes in the absence of
O, was much higher than that in the presence of
0O, at pH 5.0 and 7.0."°° This indicates that O,
acts as an apparent inhibitor for the DNA cleavage.
When DNA is oxidized by the Mes™ moiety of
Acr'—=Mes'", O, is reduced by the Acr’ moiety to
produce O,"~. 78150 The retarding effect of O, may
result from more efficient back electron transfer
from O, to DNA radical cation as compared with
that from the Acr’ moiety to DNA radical cation
before oxidizing DNA as shown in Scheme 14.!%°

Although all DNA bases can be oxidized by the
Mes'" moiety of Acr'—Mes™", the largest ke value of
the electron-transfer oxidation of GMP together with
the lowest oxidation potential of GMP among DNA
bases indicate that guanine is eventually oxidized in
electron transfer from DNA to the Mes™™ moiety of
Acr'—~Mes™, leading to efficient DNA cleavage.'’
In the present case, however, no hydroxyl radical
(HO") was formed because the photoexcitation of
Acrt—Mes affords the electron-transfer state, which
oxidizes DNA without involvement of the triplet
excited state.'>® The higher DNA cleavage activity
at pH 5.0 as compared with that at pH 7.0 suggests
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Figure 10 (a) Transient absorption spectra of Acrt—Mes in the presence and absence of GMP (1.0 x 1072M) at pH 2.0 and 7.0;
(b) difference transient absorption spectra of GMP'" (pH 2.0) and (GMP-H)" (pH 7.0), obtained by subtracting the spectra in the

absence of GMP from those in the presence of GMP at pH 2.0 and 7.0, respectively.'>
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Figure 11

800

Transient absorption spectrum of Acr*—Mes (6.0 x 107> M) in the presence of calf thymus DNA (CT DNA) (1.0 x 1073 M)

and the difference spectrum of DNA radical cation at pH 7.0 measured at 250 us after laser excitation at A = 355 nm at 298 K.!>°
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—H*t

Scheme 14 Photocatalytic oxidation and cleavage of DNA by O, with Acrt—Mes.'?

that guanine radical cation has a higher reactivity
for the DNA cleavage than the deprotonated radical
(Scheme 14), judging from the pK, value of guanine
radical cation (pK, = 3.9).1%

4 PHOTOCATALYTIC BROMINATION VIA
CHARGE SEPARATION

Acrt—Mes was found to act as an efficient photo-
catalyst for selective bromination of aromatic hydro-
carbons and thiophenes with aqueous HBr as a Br
source without using a toxic bromine source and O,
as a green oxidant under visible light irradiation.'>®
It should be noted that bromination of thiophenes
is particularly important in the preparation of olig-
othiophenes and polythiophenes,'*-"* which have
many applications as conductive, semiconductive,
nonlinear optical, and liquid crystalline materials.'”

Visible light irradiation of [Acrt—Mes]CIO4~
(Amax = 430nm, 0.20mM) in an oxygen-saturated
MeCN solution containing 1,2,4-trimethoxybenzene
(TMB, 4.0mM), 50% aqueous HBr ([HBr] =20
mM, [H,O] = 100 mM) with a xenon lamp attached
with UV-cut glass filter (A < 320nm) for 20 min
resulted in formation of a brominated product,
2,4,5-tlrimethoxybromobenzene.159 The overall stoi-
chiometry of the photocatalytic reaction is given by

the following equation:

MeO

2 + 2HBr + O,
MeO OMe

Me

Me

A

N

Me

(Acr—Mes)

Me
O |
MeO Br
2 Q + 2H,0
MeO OMe
The yield and selectivity of 2,4,5-tri-
methoxybromo-benzene is nearly 100%, because
no further brominated product, dibromo- or
tribromo-derivative, was produced in these reaction
conditions.! The products and quantum yields
are listed in Table 2.'5° Photocatalytic bromination

reactions of various aromatic compounds also
occurred as shown in Table 2. A preparative scale

)

Page 19
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Table 2 Product and quantum yields for photocatalytic bromination of organic compounds by O, and HBr with Acr™—Mes in MeCN,

and one-electron oxidation potentials of substrates.'>’

Entry  Substrate Product Conversion® (%)  Yield* (%) Time (h) Quantum yield” (%) Eox? (V)
Br
OMe OMe
1 >99 >99 0.3 43 0.96
MeO MeO
OMe OMe
OMe
OMe
2 >99 >99 0.3 4.8 1.43
MeO OMe
MeO OMe Br
OMe OMe
3 >99 >99 0.3 39 1.49
Br
OMe OMe
Br
4 >99 >99 0.5 3.1 1.34
OMe OMe
OMe OMe
MeO OMe
5 Meo\@/‘me :©/ =99 >99 15 11 1.42
Br
6 OO ”\OO OMe ~99 >99 2 0.26 147
OMe Br
OMe OMe
7 >99 >99 16 0.01 1.76
Br
OMe OMe
8 /@i ~99 78° 3 0.10 145
OMe Br OMe
Br
Me Me
9 >99 53 2 0.36 1.33
MeO Me
OMe OMe
Br
Me Me
10 >99 44 2 0.32 1.47
Me Me
OMe OMe

@Conditions: [substrate] = 4.0 mM; [Acr™—Mes] = 0.20 mM; [HBr] = 20 mM; [H,O] = 100 mM.

> Values are determined by cyclic voltammetry and second harmonic ac voltammetry.
¢Minor product is mainly the dibromo compound.
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Figure 12 (a) Transient absorption spectra of the electron-transfer state of Acr™~Mes (0.2mM) in the absence and presence of TMB
(0.3 mM) in deaerated MeCN after nanosecond laser excitation at 430 nm. (b) Plot of ks versus [TMB] or [HBr] for the reaction of
Acr’~Mes™" with TMB or HBr. (c) Plot of kgecay versus [HBr] for the reaction of TMB'" with HBr.!%

photocatalytic reaction of TMB (200 mg, 1.2 mmol)
with 50% aqueous HBr (160ul 1.5mmol) in
the presence of Acrt—Mes (0.044 mmol) in an
oxygen-saturated MeCN under photoirradiation
by a xenon lamp for 24 h affords the brominated
product in 100% selectivity and in 81% yield.'>’
The photodynamics of the photocatalytic bromi-
nation of TMB with HBr in the presence of
Acr™—Mes was revealed by nanosecond laser
flash photolysis.!> A transient absorption spec-
trum due to the electron-transfer state of Acrt—Mes
(Acr'—Mes'™) is observed after the laser pulse exci-
tation at 430 nm of an MeCN solution of Acrt—Mes
as shown in Figure 12 (blue line).">® The broad
absorption band in the NIR region is attributed to
the m-dimer of Acr'—Mes™ with the ground state
of Acrt—Mes as described earlier.’® In the pres-
ence of TMB, a new band at 450 nm appeared at
12 us as shown in Figure 12 (red line), which is
assigned to TMB radical cation (TMB*).15% The
rate constant for electron transfer from TMB to the

Mes'" at the electron-transfer state of Acrt—Mes
was determined from the slope of the linear plot of
kiise versus [TMB] to be kryp = 2.0 x 1010 M~!
s~! (Figure 12b).!%° The rate of disappearance of
TMB'* was accelerated by increasing the concen-
tration of HBr.!> The observed decay rate constant
(kgecay) increases linearly with increasing concen-
trations of HBr as shown in Figure 12¢.'® Thus,
TMB efficiently reacts with Br~ to form the Br
adduct radical [TMB(Br)’]. The rate constant of the
addition of Br~ was determined from the slope of
kdecay versus [HBr] to be kyg, = 1.4 x 108 M~!
s7! (Figure 12¢).1%? The electron-transfer oxida-
tion of Br™ in the photocatalytic reaction was also
revealed by quenching of Acr'—Mes™ by HBr. The
quenching rate constant of Acr'—Mes'™ with HBr is
two orders of magnitude smaller (2.9 x 108 M~!
s7!) than the kpyp value (Figure 12b).159 Thus,
the electron-transfer oxidation of hexamethylben-
zene (HMB) predominated over the oxidation of
Br—.
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The one-electron oxidation potentials (Eqy)
of aromatic compounds in deaerated MeCN
(0.96-1.76 V) listed in Table 2 are lower than
the one-electron reduction potential of the
electron-transfer state of Acr™—Mes (Acr'—Mes™™;
Ereq = 2.06V vs SCE).13%159 Thus, electron trans-
fer from aromatic compounds such as TMB to
Acr'—Mes'™ is energetically favorable, whereas
electron transfer from toluene (Eyx = 2.20V)
and benzene (2.32V) to the Mes™ moiety of
Acr'~Mes'" is energetically unfavorable. In such
a case, no photocatalytic bromination of benzene
or toluene occurs under the same experimental
conditions as TMB. The decreased reactivity of
methoxybenzene (entry 7 in Table 2) is attributed
to the high E,x value (1.76V). On the other
hand, the one-electron reduction of O, by the
electron-transfer state of Acrt—Mes in the presence
of an acid is known to occur efficiently, producing
HO," that disproportionates to yield H,O, and
0,.76 The rate constant of electron-transfer reduc-
tion of Oy (ko,) was reported to be 6.8 x 108 M~!
g1 134

The photocatalytic bromination of TMB by
HBr with Acrt—Mes is initiated by intramolecular
photoinduced electron transfer from the Mes moiety
to the singlet excited state of the Acrt moiety of
Acr™—Mes to generate Acr'—Mes™ as shown in
Scheme 15.44159

The Mes™ moiety of Acr'—Mes™™ can oxidize
TMB to produce TMB'*, whereas the Acr’ moi-
ety can reduce O, to HO,".1%° The TMB'* thus
produced reacts with Br~ to form the Br adduct
radical, which undergoes dehydrogenation with pro-
tonated HO;" to afford the corresponding bromi-
nated product and hydrogen peroxide.'>® Hydrogen
peroxide further reacts with HBr and substrate to

produce another brominated product and H,O.!”’
The quantum yield remained constant on increasing
the concentration of TMB and the light intensity
under the present experimental conditions.">® This
suggests that no radical chain process is involved
in the present photocatalytic aerobic bromination of
substrates with HBr.

5 CARBON-CARBON BOND FORMATION
VIA CHARGE SEPARATION

5.1 Oligomerization of Fullerene

Because the photogenerated electron-transfer state
of Acr™—Mes (Acr'—Mes™) has both the highly
oxidizing and reducing ability, the same substrate
(S) can be oxidized and reduced by Acr'—Mes™™
to produce the radical cation (S'") and the radical
anion (S"7), which can be coupled to yield the
dimer (S—S). Such an example has been reported for
the coupling of fullerene radical cation (Cgp™") and
fullerene radical anion (Cgp™™ ), which are produced
by electron-transfer oxidation and reduction of Cgg
with Acr'-Mes™ as shown in Scheme 16.'7% The
coupling products were fullerene oligomers, Cj»o,
Ciso, and Cago.'”®

Nanosecond laser excitation at 430nm of a
deaerated PhCN solution containing Acr™—Mes and
Ceo results in the appearance of new transient
absorption bands in the NIR region, which are the
superposition of those due to Cgp™t (960 nm) and
Ceo”~ (1080nm) as shown in Figure 13a.!78-180
The transient absorption bands of Cgo™" and Cgp™
disappear, accompanied by appearance of a new
absorption band at 740 nm due to the triplet excited

. H* .
02 07— HO R@\ + H0,
Br
ko,
Acrt—Mes —»hv Acr'—Mes'
R +HBr
m
2 =z Br~
L - —> R R
R X | R \+| kipr H + H0
Br Br

Scheme 15 Photocatalytic bromination of alkylbenzenes by HBr and O, with Acr*—Mes.!>°
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Scheme 16 Photocatalytic oligomerization of fullerene with Acrt—Mes.!”8
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Figure 13 (a) Transient absorption spectra in PhCN observed in photoinduced electron-transfer oxidation of Cgo (1.0 x 107 M) with
Acrt—=MesClO4~ (1.0 x 10~* M) taken 1.0 and 4.0 us after laser excitation at 430 nm at 298 K. (b) Time profiles at 740, 960, and

1080 nm in PhCN.!'78

state of Cgp (*Cgo*) (Figure 13b). The reaction Because the free energy change of electron transfer
mechanism of photoinduced oligomerization of Cg (AGe) from Cey (Eox = 1.73V vs SCE)!8181 o
with Acrt—Mes is summarized in Scheme 16, the Mes™™ moiety of the electron-transfer state of
where only a linear isomer is shown for Cgy.!”® Acrt—Mes in PhCN (E,, = 1.88 V)*78 is negative
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(AGe = —0.15 eV), the electron-transfer oxidation
Ceo is energetically feasible to form Ceo . On the
other hand, the electron-transfer reduction of Cg
(Ereq = —0.43 V)32 with the Acr’ moiety (Erq =
—0.49V)*78 is also thermodynamically feasible
to give Ceo™ (AGg = —0.06 eV). Thus, Cg
acts as both an electron donor and acceptor in
electron-transfer reactions of Acr'—Mes'™ with Cg
to produce Cgo'" and Cgy~ at the same time.
The [2 + 2]cycloaddition occurs efficiently between
Ceo™" and Cgy"~ to afford 3C]zo* rather than Cj,
because the driving force of charge recombination
(2.16eV) is larger than the triplet excited state
energy of Cjy (circa 1.5eV).'”®!183 The radical
coupling between Cgy~ and Cgy™t also affords
the triplet excited state of Cgy (*Cgo*). Further
oligomerization occurs by the same process.

5.2 Photocatalytic Dimerization of
Anthracene

Photodimerization of anthracene is made possbile
using Acrt—Mes as a photocatalyst in CHCl3.!84
When the photochemical reaction of 9,10- dimethy-
lanthracene with Acr*-Mes was carried out
without O, in CHCI;, photocatcalytic carbon—
carbon bond formation occurred efficiently to
give dimethyllepidopterene (5,6,11,12-tetrahydro-
5,12-dimethyl-4b,12[1",2']:  6,10b[1”,2"]-dibenzo-
chrysene).!* The X-ray crystal structure of
dimethyllepidopterene is shown in Figure 14.'% In
the crystal structure, the bond length of the newly
formed C—C bond (C6-C6') is 1.629(2) A, which
is much longer than normal C-C single bonds,
indicating severe distortion of this compound.'8*
The synthesis of another type of anthracene
dimer such as lepidopterene has previously
been carried out by intramolecular Diels—Alder
reaction of 9-anthrylmethyl a, p-dimer,!85-189
dehalogenation of 9-chloromethylanthracene,
oxidation of 9-methylanthracene with copper(Il)/
peroxy-disulfate,'”>  photolysis  of  9-(N,N-
dimethylamino)-anthracene,'®>  9-(phenoxymethyl)
anthracene,'”* and 9-anthrcenylmethylsulfides and
selenides.'®

The one-pot synthesis of the lepidopterene from
the corresponding anthracene has been made poss-
bile using Acr™—Mes as a photocatalyst as shown
in Scheme 17.'8% Photoirradiation of Acrt—Mes

190,191

&
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Figure 14 Crystal structure of dimethyllepidopterene produced
in the Acr*—Mes-catalyzed photochemical reaction of DMA. '8+

affords the electron-transfer state (Acr'—Mes™),
followed by electron transfer from DMA to
Acr'—Mes'" to produce DMA'™ and Acr'—Mes. The
deprotonation from the methyl group of DMA™"
is the key step for the formation of dimethyllepi-
dopterene as shown in Scheme 17. There are
two ways of radical coupling of the deprotnated
radicals to produce the dimers: lepidopterene and
1,2-bis(9-anthracenyl)ethane (Scheme 17). The
Acr’ moiety of Acr'—Mes, produced by electron
transfer from DMA to Acr'—Mes'", is oxidized by
dissociative electron transfer to CHCl; to produce
CHCIl," and Cl~. The CHCI," radicals dimerize to
yield 1,1,2,2-tetrachloroethane (CHCI,CHCl,) as
shown in Scheme 17.!8

The improvement of the dimer product yield can
be achieved by the addition of a base such as tetra-
butylammonium hydroxide (TBAOH), which accel-
erates deprotonation of DMA™*.'% When TBAOH
was introduced to a CHCl; solution contain-
ing DMA and Acrt—Mes, the isolated yield of
dimethyllepidopterene was increased to 21%, as
compared with the yield in the absence of the base
(12%).184

6 SUMMARY

As described above, a variety of photocatalytic reac-
tions are made possible using the electron-transfer
state of Acrt—Mes, which can oxidize and reduce
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Scheme 17 Photocatalytic formation of dimethyllepidopterene with Acr™—Mes.!3*

external electron donors and acceptors to produce
the radical cations and anions, respectively. The
reactions of radical cations with superoxide anion
(O27) can efficiently compete with the back elec-
tron transfer to yield the oxygenated products. Sub-
strates that cannot react with singlet oxygen can
be readily oxygenated by oxygen with Acr™—Mes
under visible light irradiation. The oxygenated prod-
ucts become much more difficult to be oxidized
by the electron-transfer state of Acr™—Mes, when
the selective photocatalytic oxygenation of sub-
strates, which would otherwise be very difficult to
achieve, has been made possible with Acr™—Mes.
The reactions of radical cations produced by elec-
tron transfer from electron donor substrates to the
electron-transfer state of Acrt—Mes with nucle-
ophiles such as Br~ can also afford the adducts
with nucleophiles, when the electron-transfer oxi-
dation of substrates with the electron-transfer state

of Acrt—-Mes is much faster than that of nucle-
ophiles. In addition, the radical coupling of neutral
radicals produced by deprotonation of the produced
radical cations can be utilized for the C—C bond
formation reactions. Thus, photocatalytic reactions
of Acr™—Mes under visible light irradiation pro-
vide new ways to design environmentally benign
synthesis.
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Abstract: This article describes the recent development of photocatalytic reactions using a simple
donor-acceptor-linked dyad, 9-mesityl-10-methylacridinium ion (Acr™—Mes). The electron-transfer state of
Acrt—Mes (Acr'—Mes'"), produced on visible light irradiation, acts as an efficient oxidant and reductant.
The use of Acr™—Mes, which has an extremely long-lived charge-separated state, enables the construction of
highly efficient photocatalytic systems such as oxygenation, bromination, and carbon-carbon bond formation
of aromatic compounds.

Keywords: electron transfer; charge separation; photocatalyst; radical coupling; oxygenation; bromination;
superoxide; donor-acceptor dyad



