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Pulsed laser excitation of contact charge transfer pairs of hexamethylbenzene (HMB) and oxygen in
methanol-acetonitrile gave no evidence for intermediacy of reactive species such as HMB radical cations and
pentamethylbenzyl cations (ArCHY ), though stationary irradiation of the pair in hydroxylic solvents afforded
distinct products arising from the cationic species. The mechanism of reactions was discussed in comparison
with 9,10-dicyanoanthracene-sensitized oxygenation of HMB.

Many organic compounds have been known to inter-
act with molecular oxygen in the ground state, lead-
ing to the reversible formation of contact charge trans-
fer (CCT) pairs.) We have been interested in char-
acteristic photochemical reactions resulting from selec-
tive excitation of CCT pairs in solution,? and revealed
that the excitation of CCT pairs of hexamethylbenzene
(HMB) and oxygen in benzene—methanol or acetoni-
trile-methanol with 313-nm light gave methoxymethyl-
pentamethylbenzene (CgMesCH2OMe, 1a) as a main
product. We attributed the formation of la to in-
tervention of pentamethylbenzyl cations (C¢MesCHY)
produced from the HMB radical cations (HMB™").22>)
This reaction is contrasted to those observed on direct
excitation of HMB under oxygen with 254-nm light2®
and on dye-sensitized irradiation of HMB under oxygen
with visible light,3* since the former leads to autoxida-
tion of the methyl groups to afford 3,4,5,6-tetramethyl-
phthalide (2) and the latter to production of singlet oxy-
gen to yield a hydroperoxy-endoperoxide. 9,10-Dicya-
noanthracene (DCA)-sensitized irradiation of HMB un-
der aerated conditions also exerted a different feature.
Various polymethylbenzenes form CCT pairs with oxy-
gen as shown by their absorptions; however, only HMB
gives the methoxylated product on irradiation in a mix-
ture of methanol and acetonitrile or benzene.?® Under
similar conditions, 1,2,4,5-tetramethylbenzene (durene),
1,3,5-trimethylbenzene (mesitylene), 1,4-dimethylben-
zene (p-xylene), and toluene do not give any meth-
oxylated products but afford oxidation products of the
methyl groups such as aldehydes.?®

The above results on the HMB~-O5 CCT pairs led us
to undertake further investigation on their photochemi-

cal features, particularly intervention of C¢gMesCHY as
well as HMB*" as the key intermediates, in comparison
with photoinduced electron transfer between DCA and
HMB.

Experimental

Materials. Hexamethylbenzene (HMB, Tokyo
Kasei) was crystallized twice from ethanol. In preparation of
methoxymethylpentamethylbenzene (C¢MesCH;OMe, 1a),
HMB was photochemically brominated with N-bromosuccin-
imide® in CCly to give C¢MesCH2Br, which was treated
with NaOMe in MeOH. 9,10-Dicyanoanthracene (DCA,
Tokyo Kasei) was crystallized twice from ethanol.

Absorption and Fluorescene Spectra. Absorp-
tion and fluorescence spectra were recorded with a JASCO
Ubest-55 spectrophotometer and a Hitachi UV-4000 spec-
trofluorimeter, respectively. Fluorescence lifetimes were de-
termined with a Horiba NAES-1100 single photon counting
instrument.

Transient Absorptions. Transient absorptions were
measured with 308- (Lambda Physik LPX-100 XeCl excimer
laser), 355- (Spectra Physics GCR-3 Nd3*—YAG laser), 360-,
and 425-nm laser pulses (Lambda Physik F1-3002 dye laser
pumped by the Lambda Physik LPX-100 XeCl excimer
laser, DMQ and stilbene-3 dyes, respectively). The details
of the apparatus for laser flash photolysis were described
elsewhere.”

Transient Electric Conduction.  Transient electric
conduction was measured for a solution in a quartz rectan-
gular cell (10 mm x 10 mm) containing two square platinum
electrodes (8 mm X 8 mm) with laser beam of the appro-
priate wavelengths used for the measurements of transient
absorptions. The measurements were carried out essentially
in the same way as reported.”

Stationary Light Irradiation. A solution of HMB
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(2.5 g, 1.5x1072 mol) in a mixture (400 cm®) of acetoni-
trile and methanol (1:1 by volume) was irradiated under
oxygen atmosphere for 15 h with 313-nm light from a 400-
W high-pressure mercury lamp (conversion 100%). After
evaporation of the solvent, the residue was chromatographed
over silica gel (CH2Clz) to afford 1a (350 mg, 12%) and
3,4,5,6-tetramethylphthalide (2, 400 mg, 14%).

la: Mp 61—64 °C; 'HNMR (CDCls) §=2.20 (s, 9H),
2.30 (s, 6H), 3.40 (s, 3H), 4.48 (s, 2H); Mass m/z 192 (M),
161 (M —OCHS3;), 160, 145.

2: IR (KBr) 1730 cm™?, vo=0; '"HNMR (CDCl3) §=2.18
(s, 3H), 2.28 (s, 6H), 2.62 (s, 3H), 5.10 (s, 2H); Mass m/z
190 (M™), 161, 133.

Similar irradiation (16 h, conversion 69%) of HMB (2.5 g)
in acetonitrile~ethanol (1:1 by volume, 400 cm®) gave eth-
oxymethylpentamethylbenzene (CsMesCH2OEt, 1b, 610
mg, 28%) and 2 (70 mg, 3%).

1b: 'HNMR (CDCl;) §=1.20 (t, 3H), 2.18 (s, 9H), 2.28
(s, 6H), 3.52 (q, 2H), 4.48 (s, 2H); Mass m/z 206 (M*), 161
(M*—~0OCH,CH3), 160, 145.

A solution of HMB (1.2 g, 7.4x1072 mol) in a mixture
(230 cm®) of acetic acid and acetonitrile (1:6 by volume)
was irradiated with 313-nm light for 8 h (conversion 98%).
Silica-gel column chromatography (CHCIl3) of the reaction
mixture after evaporation afforded pentamethylbenzyl ac-
etate (C¢MesCH2OCOCHs3, 1e, 230 mg, 14%), 2 (140 mg,
10%), and pentamethylbenzyl alcohol (CeMesCHoOH, 3,
230 mg, 18%).

1lc: IR (KBI‘) 1720 cm_l, Vo=0; 'HNMR (CDCls)
6=2.02 (s, 3H), 2.12 (s, 9H), 2.18 (s, 6H), 5.20 (s, 2H); Mass
m/z 220 (M), 161 (Mt —OCOCH;3), 160, 145.

3: 'HNMR (CDCl3) 6=1.20 (m, 1H), 2.24 (s, 9H), 2.36
(s, 6H), 4.78 (d, 2H); Mass m/z 178 (M™), 161, 160, 145.

A solution (300 cm?®) of DCA (2x107% M, M=moldm™~3)
and HMB (1.5 g, 3x10"2 M) in CH;CN-CH30H (1:1
by volume) was irradiated for 4 h under air with 436-
nm light obtained through a bandpass filter from a 400-
W high-pressure mercury lamp. The reaction mixture was
treated similarly to afford 3 (5% based on HMB consumed)
and pentamethylbenzaldehyde (CsMesCHO, 4, 39%). The
products were identified by comparing their spectral data
with those of authentic samples and quantitatively deter-
mined by GLPC (Shimadzu GC14A, GL Science TC-1 col-
umn) in comparison with an internal reference.

Results and Discussion

Absorption Spectra. A difference spectrum was
obtained by subtraction of an absorption spectrum of
HMB under nitrogen from that under oxygen in ace-
tonitrile as shown in Fig. 1. The absorption observed
at 300—400 nm disappeared reversibly on introduction
of nitrogen to exclude oxygen. This absorption is at-
tributable to transition of the CCT pairs of HMB-0,.?®

Reaction Products. Irradiation of the CCT
pairs of HMB (ca. 0.04 M) with oxygen in acetonitrile-
methanol (1:1 by volume) and benzene—methanol (1:1
by volume) with 313-nm light afforded C¢Mes CH2OMe
(1a, 0.12 mol based on HMB consumed) in addition to 2
(0.14 mol). Likewise, the irradiation of the CCT pairs of
HMB in acetonitrile-ethanol gave C¢Me; CH2OEt (1b,

Reactive Species in Excitation of CCT Pairs
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Fig. 1. A difference spectrum of HMB under oxygen
(1 atm) and under nitrogen in acetonitrile.

0.28 mol) together with 2 (0.03 mol). The irradiation
in acetonitrile—acetic acid yielded CgMes CH;OCOCH;3
(1e, 0.14 mol), 2 (0.10 mol), and Ce¢MesCH,OH (3,
0.18 mol) (Chart 1).

However, irradiation of DCA in the presence of HMB
(3x1072 M) in aerated acetonitrile-methanol did not
give la at all but resulted in oxidation of the methyl
group to afford 3 (0.05 mol) and C¢Me;CHO (4, 0.39
mol).

Transient Absorption. DCA (7x107°
M) fluorescence was effectively quenched by HMB
(3x10™%—1.2x10~2 M) with a quenching rate constant
of 1.6x10™ M~1 5! (8.7x10° M~! s71 in cyclohex-
ane)® as obtained from the observed quenching con-
stant of 225 M~ and the fluorescence lifetime of DCA,
14 ns, in acetonitrile.

Pulsed laser excitation of DCA (1x107* M) at 425
nm in the presence of HMB (0.1 M) in acetonitrile under
argon or oxygen gave transient absorption spectra as de-
picted in Fig. 2. This figure shows absorptions around
500 and 700 nm assignable to HMB™*" (Ap2x=498 nm)%
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Fig. 2. Transient absorption spectra observed on exci-

tation of DCA (1x10™* M) with 425-nm laser pulses
in the presence of HMB (0.1 M) in acetonitrile under
argon (@) and under oxygen (O).
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1ic: R=COMe
Chart 1.

and DCA~" (Amax=704 nm),'® respectively. These ab-
sorptions decayed by second-order kinetics under argon
with a half-life of 2 us. The transient absorption sim-
ply decayed without showing any further change corre-
sponding to subsequent deprotonation of HMB*" into
ArCHF (Ar=CgMes) irrespective of its high acidity,
pK.=—4.12'2 On the other hand, direct excitation of
HMB (ca. 0.1 M) under oxygen in acetonitrile with 308-
nm laser did not exhibit any detectable transient ab-
sorption probably due to quick deactivation of the ex-
cited species before charge separation.

Photoinduced Transient Electric Conduction.
Pulsed laser excitation of DCA (1x10~% M) at 425 nm
in the presence of HMB (0.1 M) in acetonitrile under ar-
gon afforded a transient electric current, which decayed
by second-order kinetics with a half-life of 10 us as il-
lustrated in Fig. 3. The observed electric conduction is
attributable to the formation of DCA~" and HMB™*".

However, an attempt to detect any observable elec-
tric conduction on excitation of the HMB-O, CCT pairs
with 308-nm laser pulses was unsuccessful for an ace-
tonitrile solution of HMB (2x10~2 M) under oxygen.
Also, the pulsed laser excitation of concentrated solu-
tions of N,N-dimethylaniline (DMA) or N,N4-trimeth-
ylaniline (TMA) in acetonitrile (amine : solvent=1:9 by
volume) carried out for comparison under oxygen with
360-nm laser exciting the CCT pairs failed in affording
observable transient electric currents. Irradiation with
308-nm laser to excite directly the amines gave tran-
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Fig. 3. A decay profile of the transient electric con-
duction measured on excitation of DCA (1x10~* M)
with 425-nm laser pulses in the presence of HMB (0.1
M) in acetonitrile. The solid line is fitted with a de-
cay rate constant of 3.6x107 M™! s7 1.

sient electric currents decaying with half-lives of 5 and
1 ps for DMA and TMA, respectively.'® The direct
excitation of the amines also afforded weak transient
absorptions with poor resolution.

The above failure in observing transient absorptions
and transient electric conduction on excitation of the
CCT pairs of oxygen with HMB as well as with N, N-di-
methylanilines is probably due to very low absorbances
of their CCT pairs under 1 atm (=101325 Pa) of oxygen
and quick deactivation of the excited CCT pairs to the
ground state in preference to charge separation.

Mechanism for Reactions of the CCT Pairs.
The production of 1a, 1b, and 1c on excitation of the
HMB-02 CCT pair in a mixture of acetonitrile and the
hydroxylic solvents indicates the intervention of ArCHZ
as the reactive intermediate. However, the quantum ef-
ficiencies for net chemical reactions are extremely low as
reflected in the failure of direct observations of HMB**
and ArCHJ by transient absorption and electric con-
duction. The actual reactions proceed during the pro-
longed irradiation, and the quantum yields are too low
to be exactly determined (probably lower than 1074).
The results of CCT pair excitation are remarkably con-
trasted not only to the formation of 3 and 4 on excita-
tion of DCA in the presence of HMB in aerated aceto-
nitrile-methanol but also to the formation of 2 and.its
derivative on direct excitation of HMB under oxygen in
acetonitrile-methanol.?®

Figure 4 shows the energies of (HMB---O2)* and pairs
of HMB** /05", ArCHy-/HOs-, and ArCHJ /HO; with
reference to the ground state of HMB---05.2” In the
ground state of HMB---O, 3(HMB---Oz)ccT, the com-
ponents interact very weakly with each other, i.e., to
a very low extent of charge transfer. In the excited
state, however, the extent of the charge transfer might
increase to facilitate charge separation, particularly in
polar solvents, into a radical ion pair.

The energy of 3(HMB---O3)pc™ of the Franck-Condon
type is estimated to be roughly 3.2 eV based on the ab-
sorption tail around 400 nm. The relaxed excited state
3(HMB---O3)cT™ of considerable charge-transfer char-
acter is to be lower in energy than the Franck—Condon
state. The radical ion pair HMB* 4+ 05" is located at
2.56 eV as estimated from E, (HMB*' /HMB)=1.69
V and E, (03/05")=-0.87 V vs. SCE.'® The contact
radical ion pair HMB™"..-O5 " is slightly more stabilized
than HMB* '+ 03" due to the Coulombic interaction.
HMB™** is highly acidic with pK,=-4,"'? and 05"
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Fig. 4. Energies of reaction intermediates to be produced on excitation of CCT pairs of HMB and oxygen.

is as basic as pK,24,'%'® and therefore, the pair of
ArCH,-+HO;- is estimated to be 0.48—0.72 eV more
stable than HMB*"+O3 " as previously argued.!” Thus,
the conversion of *(HMB-:--02)* to HMB*"+0; " and
ArCH,-+HO;- is energetically favorable but proceeds
with a very low efficiency, since 3(HMB-:--O5)* mostly
deactivates to the ground state.

The deactivation of 3(HMB---O5)* seems not to
give efficiently the HMB triplet (*HMB*, Er=78.1
kcalmol='=3.40 eV)!® because of endothermicity of
this process in contrast to the cases of the excited 1-
methylnaphthalene-05'% and 1,2,3,4-tetramethylnaph-
thalene—-O5 CCT pairs.?® If SHMB* were produced, it
would undergo energy transfer to oxygen to give singlet
oxygen which would act on HMB to give the hydro-
peroxy-endoperoxide as observed on dye-sensitization of
HMB in the presence of oxygen.®) However, the peroxide
was not produced from the excitation of the HMB-0,
CCT pairs.

Since the oxidation potential of ArCHj- could be
around 0.5 V vs. SCE?® and HO,- is reported to have
a considerably large electron affinity of 1.16'” or 1.85
eV,2% the electron transfer from ArCHs- to HO,: can
feasibly take place in competition with their recombi-
nation. The failure in direct observation of HMB*
or ArCHJ on pulsed laser excitation of the HMB-O,
CCT pairs in spite of the formation of products aris-
ing from ArCHJ is reasonably attributed to a very low
absorbance of the HMB-Os CCT pairs and very facile
deactivation of their excited state.

The excitation of DCA in the presence of HMB gave
HMB*" and DCA~', as observed by their transient
absorption, but did not produce the products due to
ArCHJ. It is only the oxidation of the methyl group
that was observed. Radical anion DCA~" undergoes
electron transfer to oxygen to yield O; .2V Therefore,
in the DCA-HMB-0, system, the formed HMB*"
may react with O3 " or molecular oxygen through dif-
fusional encounter. On the contrary, on excitation of
the HMB-O2 CCT pair, HMB*" and O; " may inter-
act in a very close proximity to afford ArCHJ. The
results of the DCA-HMB system suggest that the re-
sulting HMB™' reacts more efficiently with oxygen than

with O3 " or the diffusional encounter between HMB*"
and O3 leads to reverse electron transfer from O3 to
HMBT™" in a different way from their geminate pairs.
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