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Photoreduction of nitrobenzene derivatives by 10-methyl-9,10-dihydroacridine (AcrH») occurs efficiently in the
presence of perchloric acid in acetonitrile containing H>O (0.50 mol dm™3) to yield the corresponding six-electron
reduced products (aniline derivatives) and 10-methylacridinium ion efficiently. The initial two-electron reduction of
PhNO; to PhNO by AcrH: in the six-electron reduction of nitrobenzene (PhNO) is started by electron transfer from
AcrH; to the n,* triplet state (PhNO,*), followed by acid-catalyzed thermal reduction of PANO to PANHOH by
AcrH; and the subsequent photoreduction of PANHOH to PhNH; by AcrHa.

Nitrobenzene and the para-substituted nitrobenzenes
with electron-donating groups such as p-CHj are known
to undergo photoreduction in 2-propanol to yield the
four-electron reduced product (phenylhydroxylamine)
and acetone.? On the other hand, the photoreduction
of nitrobenzenes with electron-withdrawing groups such
as p-CN in 2-propanol gives the corresponding six-elec-
tron reduced products (aniline derivatives).? Although
the photoreduction of nitrobenzene by 2-propanol is
rather inefficient, the addition of HCI to the nitro-
benzene-2-propanol system enhances the efficiency signifi-
cantly, when nitrobenzene is converted to chloroani-
lines.>®) As such the photoreduction of nitrobenzene
derivatives is complex and the mechanisms remain to be
solved. In this context we have recently reported that
nitrobenzene derivatives can be reduced thermally by 10-
methyl-9,10-dihydroacridine (AcrH,) in the presence
of perchloric acid (HClQO)) in acetonitrile via acid-
catalyzed electron-transfer radical chain reactions.®) In
this case as well the reduction of nitrobenzene gives
phenylhydroxylamine, while the reduction of the para-
substituted nitrobenzenes gives the corresponding ani-
lines.®

In this study we report that the photoreduction of
nitrobenzene and the para-substituted derivatives with
electron-donating or -withdrawing groups by AcrH: in
the presence of HClO4 in MeCN containing H,O (0.50 mol
dm™3) gives exclusively the corresponding aniline deriv-
atives (six-electron reduced products) irrespective of the
substituent. The mechanism of the six-electron photore-
duction of nitrobenzene derivatives is discussed based on
the comparison of the photoreduction of nitrobenzene,
nitrosobenzene (the two-electron reduced product of
nitrobenzene), and phenylhydroxylamine (the four-
electron reduced product of nitrobenzene).

Experimental

Materials. 10-Methyl-9,10-dihydroacridine (AcrH,) was
prepared from 10-methylacridinium iodide (AcrH*I") by the

reduction with NaBH4 in methanol, and purified by re-
crystallization from ethanol.”? Nitrosobenzene and nitro-
benzene derivatives (nitrobenzene, p-nitrotoluene, p-
ethylnitrobenzene, p-cyanonitrobenzene) and the correspond-
ing aniline derivatives were also obtained commercially and
purified by the standard methods.®) Phenylhydroxylamine

-was prepared by the standard method of reduction of

nitrobenzene with ammonium chloride and zinc dust.® For
safety reason, perchloric acid containing 30% water, obtained
from Wako Pure Chemicals, was used in this study.
Acetonitrile or [2H3]acetonitrile (CD3CN) used as a solvent was
purified by the standard procedure.?®

Reaction Procedure. Typically, AcrH, (36 pmol) was
added to an NMR tube that contained a deaerated acetonitrile
(CD;CN) solution of nitrobenzene derivative (12 pmol), HClO4
(36 pmol), and H,O (300 pmol). After the reactant solution in
the NMR tube had been deaerated again by bubbling through
it with argon gas and sealed, the solution was irradiated with an
Ushio Model UI-501C xenon lamp. The products were
identified by comparing the 'H NMR spectra of the products
with those of authentic samples. The 'H NMR measurements
were carried out using a Japan Electron Optics JNM-GSX-
400 NMR spectrometer (400 MHz). The product yields were
determined by GLC.

Kinetic Measurements. The rates of the photoreduction of
nitrobenzene derivatives (e.g., 1.4 X 10-2 mol dm™3) by AcrH,
(e.g.,2.0 X 1073 mol dm3) were determined from the rise of the
absorbance due to AcrH* (Amax = 358 nm, ¢ = 1.8 X 104 dm3
mol! cm™) under irradiation with a xenon lamp by using a
Union SM-401 spectrophotometer. The initial rates were
determined from the linear increase of the absorbance at low
conversions (<10%) under the conditions that the rates are
independent of the irradiation time. The wavelength depen-
dence of the initial rate was determined by changing the
irradiation wavelength of monochromatized light from an
Ushio Model UXL-157 xenon lamp of a Hitachi 650-10S fluo-
rescence spectrophotometer by taking account of the change in
the light intensity with the wavelength. - The reference light
intensity was taken at 390 and 320 nm for the reduction of
PhNO; and PhNHOH by AcrH,, respectively. A standard
actinometer (potassium trioxalatoferrate (I11))!® was used for
the quantum yield determination for the photoreduction of
PhNO; by AcrH,.
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Results and Discussion

Nitrobenzene can be reduced by AcrH, in the presence
of HCIO4 in MeCN to yield the four-electron reduction
product, phenylhydroxylamine (Eq. 1).# Addition of
H,O to the AcrH-PhNO, system in the presence of

o H

2 m + PhNO, + 2H* —>

Me (AcrHy)

2 ©[>:> + PhNHOH + H,0 (1)
N

|
Me (AcrHY)

HCIO, in MeCN, however, results in a significant
decrease in the reaction rate. Thus, no appreciable
reduction of nitrobenzene by AcrH; occurs thermally in
the presence of HClIO4 (2.0X102 moldm™3) in MeCN
containing 0.50 moldm™ H,O at 298 K. When the
reactant solution is irradiated with a xenon lamp,
however, the reduction of PhNO, by AcrH, takes place
efficiently at 298 K. In contrast with the case of acid-
catalyzed thermal reduction of PhNO; by the AcrH; (Eq.
1), The photoreduction of PhNO, by AcrH, gives
exclusively the six-electron reduced species, aniline.
The product yields are shown in Table 1 where three
AcrH; and H* react with one PhNO; to yield three AcrH*
and one PhNH, (Eq. 2). The photoreduction of

3ActH, + PhNO; + 3H* %> 3AcrH* + PhNH; + 2H:0 (2)

nitrosobenzene (the two-electron reduced product of
nitrobenzene) by AcrH; also takes place to yield the same
product as that obtained from nitrobenzene (Eq. 3). We
have previously reported that PhNO is readily reduced by

2AcrH; + PhNO + 2H* 5> 2AcrB* + PhNH; + H:0 (3)
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AcrH: in the presence of HCIO, and H>O in the dark to
yield AcrH* and PANHOH.® The rate constant for the
thermal reduction of PhNO by AcrH: is
2.4X103 dm3 mol ! s7! at 298 K.9 Thus, the four-electron
photoreduction of PhNO may proceed by the two-
electron photoreduction of PhNHOH following the
thermal reduction of PhANO to PhNHOH. In fact, the
two-electron photoreduction of PhNHOH by AcrH; also
occurs to yield AcrH* and PhNH; (Eq. 4) as shown in
Table 1. Thus, the overall six-electron photoreduction

AcrH, + PhNHOH + H* %> AcrH* + PhNH; + H:0 (4)

of PhNO; by AcrH, may proceed consecutively via the
photoreduction of PhNO; to PhNO, the acid-catalyzed
thermal reduction of PhNO to PhNHOH, and the
photoreduction of PhNHOH to PhNH,. The
photoreduction of the para-substituted nitrobenzenes
with electron-donating groups (p-Me, p-Et) and an
electron-withdrawing group (p-CN) by AcrH; also takes
place to yield the corresponding anilines exclusively
(Table 1). Such efficient six-electron photoreduction of
nitrobenzene derivatives by AcrHx is in contrast with the
photoreduction by 2-propanol in which the four- or six-
electron reduction takes place depending upon the
substituents of nitrobenzene derivatives.?

The singlet excited state of AcrH: (* AcrHz*, * denotes
the excited state) is known to be a strong one-electron
reductant, judging from the largely negative one-electron
oxidation potential (E°%x=—3.1V vs. SCE).!) On the
other hand, the triplet excited state of nitrobenzene
(’PhNO:*) is known to be a strong one-electron oxidant;
the singlet excited states of simple aromatic nitro com-
pounds have not been described presumably owing to the
short lifetimes.! Thus, both !AcrH,* and 3PhNO,* are
possible candidates of the photoreactive species for the
photoreduction of PhNQO; by AcrH,. In order to
determine which is the photoreactive species involved in

Table 1. Photoreduction of Nitrobenzene Derivatives by AcrH; in the Presence
of HCIO, in MeCN Containing H,0 (0.50 mol dm~3) at 298 K
Substrate AcrH, HCIO: Time Product yield
mol dm™3 mol dm™ mol dm™ h (%)
PhNO:; (0.02) 0.06 0.06 28 AcrH* (98)
PhNH: (98)
PhNO (0.022) 0.04 0.04 16 AcrH* (84)
PhNH; (84)
PhNHOH (0.02) 0.05 0.04 24 AcrH* (100)
PhNH (100)
p-MeCsH4NO; (0.04) 0.06 0.06 70 AcrH* (83)
p-MeCsH4NH; (82)
p-EtCsH4NO; (0.0032) 0.01 0.01 3 AcrH* (97)
p-EtCsHsNH, (91)
p-CNCsH4NO; (0.06) 0.06 0.06 28 AcrH* (71)

p-CNCeHNH, (70)
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Fig. 1. Plots of the initial rate (d[AcrH*]/d¢) for the

photoreduction of PhNO, (1.4X102moldm3) by
AcrH; (2.0X1073 mol dm™?) in the presence of HCIO,
(0.10 mol dm™) in MeCN containing H,O (0.50 mol
dm=3) and the fraction of light (1—10*) absorbed by
PhNO; (—) and AcrH; (----) vs. the irradiation
wavelength. The change of light intensity with the
wavelength is taken into account with reference to that
at 390 nm.

the photoreduction, the dependence of the rate on the
irradiation wavelength was examined by measuring the
photochemical rate by changing the irradiation wave-
length. The initial rate (d[AcrH*]/d¢) of formation of
AcrH* in the photoreduction of PANO; by AcrH, in the
presence of HC1O4(0.10 mol dm™) in MeCN containing
H,O (0.50 mol dm™) is plotted against the irradiation
wavelength in Fig. 1, where the change of light intensity
with the wavelength was taken into account (see
Experimental). As seen in Fig. 1, where the fraction of
light absorbed by AcrH; and PhNO; (1- 104, 4 is the
absorbance) is also shown for comparison, the rate starts
to increase from zero as light begins to be absorbed by
PhNO; at the wavelengths shorter than ca.450 nm. This
indicates that the excitation of PhNO; causes the reduc-
tion and that the photoreactive species is not ! AcrH,* but
most likely 3PhNO,*. The apparent quantum efficiency
of the formation of AcrH* in the photoreduction of
PhNO; by AcrH; at 320 nm is 0.10, that is significantly
larger than the value of the photoreduction of PhNO; by
2-propanol (0.011).) In Fig. 2 the d[AcrH*]/d¢ values in
the photoreduction of PANHOH by AcrH; are plotted
against the irradiation wavelength together with the
fraction of light absorbed by AcrH, and PhNHOH.

The rate starts to increase from zero as light begins to be

absorbed by PANHOH at the wavelengths shorter than
450 nm, but it continues to increases in the region where
the fraction of light absorbed by PANHOH reaches zero,
but that by AcrH; starts to increase (Fig. 2). Thus, both
!AcrH,* and PhNHOH* may be involved in the
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Fig. 2. Plots of the initial rate (d[AcrH*]/d?) for the
photoreduction of PANHOH (2.6X1072 mol dm3) by
AcrH; (2.0X1073 mol dm™3) in the presence of HCIO,
(0.10 moldm=) in MeCN containing H>O (0.50 mol
dm) and the fraction of light (1—10-*) absorbed by
PhNHOH (—) and AcrH; (----) vs. the irradiation
wavelength. The change of light intensity with the
wavelength is taken into account with reference to that
at 320 nm.

photoreduction of PANHOH by AcrH; under the irradia-
tion conditions.

Addition of an acid (HCI) to the 2-propanol-PhNO,
system has been reported to cause a significant increase
of the efficiency of nitrobenzene photoreduction.>> The
enhancement of the efficiency was initially attributed to
protonation of n,m* triplet nitrobenzene leading to a
more reactive or longer lived nitrobenzene.? Later elect-
ron transfer from Cl- to 3PhNO;* in the presence of
proton was shown to be responsible for the enhancement
of efficiency of nitrobenzene photoreduction in the
presence of HCL.43 In order to know the effect of HClO4
on our system, we examined the dependence of the rate
for the photoreduction of nitrobenzene derivatives by
AcrH; on [HClIO4]. The results are shown in Fig. 3,
where the rates are rather independent of [HClOs].
Thus, HClIO4 acts only as a reactant to provide the
stoichiometric amount of protons, but not as a catalyst
to accelerate the rate of photoreduction of nitrobenzene
derivatives by AcrH,. The slight decrease in the rate at
the large [HC1O.] value ((HClO4] = ca.1X10"! mol dm™)
observed in Fig. 3 may be attributed to the protonation of
AcrH; (Eq. 5), which is known to result in the decrease of

AcrH, + H* == (AcrH,)H* 5)

the reducing ability of AcrH,.!?
The dependence of the rate of formation of AcrH* for
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by AcrH: (2.0X102 moldm™) in the presence of
HClO4 in MeCN containing H>O (0.50 mol dm™3) at
298 K.
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Fig. 4. Plots of (d[AcrH*]/ds)! vs. [AcrH,]! for the
photoreduction of PhNO: (O, 9.4X10~4mol dm™3),
p-MeCsHiNO: (@, 8.0X10%*moldm=3), and p-
EtCsH4NO: (A, 7.2X10™* mol dm™3) by AcrH; in the
presence of HClO4 (0.10 moldm™3) in MeCN con-
taining H2O (0.50 mol dm™3) at 298 K.

the photoreduction of nitrobenzene derivatives (PhNO,,
p-MeC¢H4NO;, and p-EtCsHsNO,) by AcrH; in the
presence of HC1O4 (0.10 mol dm~3) in MeCN containing
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H>0 (0.50 mol dm™) is shown in Fig. 4, where each plot
of (d[AcrH*]/df)! vs. [AcrH,]! gives a straight line with
an intercept. Thus, the rate is given by Eq. 6, where

(d[AcrH*]/dfy'=(d[AcrH*]/dz)o! (1+ Kobs '[AcrH2]™) (6)

Kobs 1s the quenching constant of the excited state of X-
CsH4sNO; by AcrH; and (d[AcrH*]/d¢)o is the limiting
rate. From the slope and intercept are obtained the Kops
values as 1.2X103, 2.9 X102, and 1.6X103 dm3 mol! for
PhNO;, p-MeCsHsNO,, and p-EtCsHsNO», respectively.
The Kobs values for the photoreduction of nitrobenzene
derivatives by AcrH, are significantly larger than those
reported for the photoreduction of PhANO; by 2-propanol
and tributylstannane (8.3X10# and 0.44 dm3 mol™,
respectively).!® In the latter case, the photoreduction of
PhNO: is believed to proceed via hydrogen abstraction
by the n, n* triplet excited state of PANO,. The small
Kobs values are ascribed to the existence of the activation
barrier for the hydrogen abstraction process and the
rapid deactivation of the n, m* triplet excited state of
PhNO;. The rapid triplet deactivation for PhNO; has
been demonstrated as the small quenching constant
(1.4 dm3 mol™) for the energy transfer to cis-1,3-penta-
diene despite of their comparable triplet energies (56.9
and 60 kcal mol™? for cis-1,3-pentadiene and PhNO,,
respectively).!¥ In addition, dioxygen (1X1073 mol dm™3),
a typical triplet quencher, has been reported to quench
SPhNO:* only partially (ca. 30%).” Such a rapid radi-
ationless decay of *PhNO,* has precluded the observa-
tion of the phosphorescence, making it difficult to
observe its triplet-triplet absorption.!#"16) Thus, the large
Koy values observed in this study (Fig. 4) suggest that the
photoreduction of nitrobenzene derivatives by AcrH»
proceeds via electron transfer which is expected to be
much faster than hydrogen abstraction.!” In fact, the
Gibbs energy change of electron transfer from AcrH to
the triplet excited states of nitrobenzene derivatives are
largely negative, judging from the one-electron oxidation
potential of AcrH: (0.80 V vs. SCE)!'® and the one-elect-
ron reduction potentials of ’PhNO,*[1.50 V, obtained by
adding the triplet energy (2.6 eV)!® to the E%q value of
the ground state (—1.1 V vs. SCE)??].

Based on the above discussion the reaction sequence
for the reduction of PhNO, to PhNHOH by AcrH; is
summarized in Scheme 1. The primary step for the
photoreduction of PhNO; by AcrH: may be started by
electron transfer (ke) from AcrH: to 3PhNO.*, which
arises from an intersystem crossing (ISC) from an n,m*
singlet, in the presence of HClO4 to give AcrH," and
PhNO,H" (Scheme 1). The electron transfer may be
diffusion-limited, since the intrinsic barriers for both the
one-electron oxidation of AcrH; and the one-electron
reduction of PhNO, are known to be small.!®2) The
subsequent hydrogen transfer (k;) to yield the products
(AcrH* and PhINO) after dehydration may compete with
the back electron transfer (k) to regenerate the reactants
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-1

————— PhNO,,
AcrH, + H*

ky,

(AcrHy** PhNOyH®) ——> AcrH, + PhNO, + H*

hydrogen transfer kp \
A

PhNO

/'
.

PhNHOH

fast

+
AcrH™ + H20

AcrHy + H*

AcrH*

Scheme 1.

(Scheme 1). Theinitial photoproduct (PhNO) is known
to be reduced to PhNHOH by the facile thermal
reduction by AcrH; (Scheme 1).9 According to Scheme
1, the initial rate of formation of AcrH* is given by Eq. 7,
where In is the initial rate of formation of 3 PhNO,* and

d[AcrH*])/dr=2In[k,/ (kyt+ks)]ket[ AcrHa]/ (1+ket[ AcrH:])
@)

7 is the lifetime of *PhNO-* (note that two AcrH* is
produced by the primary photochemical reaction and the
subsequent thermal reaction at the initial stage). From
Eq. 7 is derived Eq. 6, where (d[ AcrH*]/d?)o corresponds
to 2In kp /( kp + kv) and Kobs = ket T.

The radical chain processes as reported in the acid-
catalyzed thermal reduction of nitrobenzene derivatives
by AcrH:® may not be involved in the photoreduction,
since the rate derived from such radical chain processes in
which the hydrogen abstraction from AcrHs is the rate-
determining step would increase with an increase in
[AcrH;] without showing saturation as opposed to the
experimental observation in Fig. 4.

With prolonged irradiation time PhNHOH is
accumulated and the next photochemical reduction of
PhNHOH to PhNH; by AcrH; may take place. Sucha
step was examined independently and compared to the
overall reaction. As shown in Fig. 5, the rate of
photoreduction of PAINHOH by AcrHa in the presence
of HCIO4 (0.10 moldm™3) in MeCN containing H,O
(0.50 mol dm™3) at 298 K is about three times faster than
the rate of overall photoreduction of PhNO; by AcrH,
at the identical concentrations of PANHOH and PhNO,.
It should be noted that no thermal reduction of Ph-
NHOH to PhNH; by AcrH; takes place in the dark under

103[PhNHOH] / mol dm™3
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Fig. 5. Plots of d[AcrH*]/d¢ vs. [PhNO,] and

[PhNHOH] for the photoreduction of PhNO; (O) and
PhNHOH (@) by AcrH; in the presence of HClIO.
(0.10moldm=3) in MeCN containing H,O0
(0.50 mol dm=3) at 298 K, respectively.

the present experimental conditions. Although the
detailed mechanism of the photoreduction of PhANHOH
to PhNH; by AcrH; is not clear at present, the enhanced
efficiency for the photoreduction of PhNHOH as
compared to that of PhNOs; is certainly the origin for the
efficient six-electron photoreduction of PhNO, by AcrH.
at prolonged irradiation time (Table 1).
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