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Direct observation and kinetic characterization of
o-quinodimethane and its radical cation variant generated in a
photoinduced electron-transfer reaction of 1,2-bis(a-styryl)benzene
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Abstract—Nanosecond time-resolved absorption spectroscopy on the laser flash photolysis of 1,2-bis(a-styryl)benzene (1) under
N-methylquinolinium tetrafluoroborate–toluene-sensitized conditions in acetonitrile confirmed that an o-quinodimethane radical
cation (2�+, kmax = 569 nm) decayed and the corresponding neutral prototype (2, kmax = 444 nm) rose with rate constants of 5.6
and 5.9 · 105 s�1, respectively, showing the first agreement in kinetics between a reactive radical cation intermediate intervening
in chemical reaction and the corresponding neutral species formed by back electron transfer.
� 2005 Elsevier Ltd. All rights reserved.
Previously, we reported on preliminary results of an
electrocyclization reaction of 1,2-bis(a-styryl)benzene
(1, Scheme 1, anodic peak potential = +1.51 V vs SCE
in acetonitrile) to o-quinodimethane (2), triggered by
photoinduced electron transfer (PET) using 9,10-di-
cyanoanthracene (DCA) or 1,4-dicyanonaphthalene
(DCN) as a sensitizer.1 Although the reaction is sup-
posed to proceed via two radical cations, 1�+ and 2�+, di-
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Scheme 1. PET reactions of 1 under various conditions.
rect observation of them by laser flash photolysis (LFP)
was not achieved. If 2 is stable under the LFP conditions
used, it becomes easy to analyze kinetic data and allows
us to study the kinetics for each process, especially the
back electron-transfer (BET) process, converting 2�+ to
2. Such a study will be of value, because the kinetics
for the BET process involving reactive radical cation
intermediates intervening in chemical reactions and the
n transfer; Kinetics.
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Figure 1. Time-dependent changes of the relative yields of products in

the DCA-sensitized PET reaction of 1 in degassed dichloromethane-d2.

[1] = 50 mM.

Figure 2. (a) Time-resolved absorption spectra observed in the LFP of

1 under NMQþBF�
4 –toluene-sensitized conditions in aerated acetoni-

trile. [1] = 10 mM, ½NMQþBF�
4 � ¼ 1 mM, [toluene] = 2 M. (b) UV–vis

absorption spectra observed during a DCN-sensitized PET reaction of

1 in degassed acetonitrile. [1] = 10 mM, [DCN] = 0.02 mM. Inset: a

photograph of the sample solution after irradiation for 30 s. (c)

Absorption spectra observed during the annealing (77 to �130 K) of
an n-butyl chloride glassy matrix of 1 irradiated with c-rays at 77 K.
[1] = 5 mM.
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corresponding neutral compounds is unprecedented in
spite of its great importance.2 For this purpose, we
studied nanosecond time-resolved absorption spectros-
copy on LFP and kinetics for the intermediates gener-
ated in the PET reactions of 1. Herein, we report on a
direct observation of 2�+ and the first agreement of the
decay and rise rate constants of 2�+ and 2, respectively.

Upon irradiating (80 W Rayonet lamp, 350 nm) DCA
for 15 min in degassed dichloromethane-d2 at 20 �C, 1
produced 2 as the sole product in 27% yield (Fig. 1).
Similar irradiation for 2 h gave a dark-yellow mixture
of 1, 2, and 1,2-dihydro-1,4-diphenylnaphthalene (3),3

in 43%, 26%, and 31% yields, respectively. The reaction
mixture containing 2 was stable in the dark for a full
day, but readily converted to 3 in 87% yield after pro-
longed irradiation for 5 h. These findings indicate that
3 is formed secondarily and slowly by PET reaction of
2. A similar reaction also proceeded in degassed benzene
and acetonitrile. Interestingly, 2 was unstable in an aer-
ated solution in the dark, resulting in decomposition to
give a complex mixture.

Nanosecond time-resolved absorption spectroscopy
upon LFP4 was performed with N-methylquinolinium
tetrafluoroborate ðNMQþBF�

4 Þ and toluene as a sensi-
tizer and a co-sensitizer, respectively.5 As shown in Fig-
ure 2a, laser excitation (355 nm) of NMQþBF�

4 with 1 in
aerated acetonitrile gave two transient absorption bands
with kmax at 444 and 569 nm. The differential optical
density (DOD) of the 444 nm band increased with
decreasing DOD of the 569 nm band. Similar absorption
spectra were observed under NMQþBF�

4 –toluene-sensi-
tized conditions in degassed dichloromethane and aceto-
nitrile, or under DCA–biphenyl (BP, co-sensitizer)-
sensitized conditions in degassed acetonitrile. The
444 nm band is assigned to 2 because this band corre-
sponds to the band with kmax at 442 nm of 2 observed
for a yellow solution (Fig. 2b and inset) of the DCN-sen-
sitized PET reactions (80 W Rayonet lamp, 300 nm) of 1
in acetonitrile.6 Conversely, the 569 nm band is attrib-
uted to 2�+, but not to 1�+, because the radical cation
of 1,1-diphenylethylene, a subunit of 1, did not have
any intense absorption bands at this region in an n-butyl
chloride glassy matrix irradiated with c-rays at 77 K.7

Interestingly, an absorption band with kmax at 578 nm
appeared in a similar matrix of 1 at 77 K, and disap-
peared with an appearance of 2 observed at �440–
450 nm upon annealing (77 to �133 K) (Fig. 2c). No
absorption band due to the precursor radical cation
1�+ was observed upon LFP or c-ray irradiation. This
may be due to the fixed cisoid form of two styrene units
in 1, which allows 1 to cyclize rapidly upon oxidation.
The assignments are in accord with the decay and rise
behaviors of the observed species (viz. 2�+ and 2) with
an isosbestic point at k = 494 nm (Fig. 2a).

A kinetic analysis for 2�+ and 2 was achieved under
NMQþBF�

4 (2 mM) and toluene (0.4 M) conditions in
degassed acetonitrile containing 1 (0.3 mM) at 25 �C
(Fig. 3).4 The decay rate constant for 2�+ observed at
570 nm, kdecay(2

�+) = 5.6 · 105 s�1, agrees with the rise
rate constant for 2 observed at 461 nm,
krise(2) = 5.9 · 105 s�1, within the experimental error
(�5%), confirming that 2�+ is quantitatively converted
to 2 by single-electron reduction, probably BET from
NMQ�. To the best of our knowledge, this is the first
agreement of the decay and rise rate constants of a reac-
tive radical cation intervening in chemical reaction and
the corresponding species, respectively. Note that
kdecay(2

�+) and krise(2) are not the net values of the rate
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constant, kbet, of BET from NMQ
� to 2�+ in a radical ion

pair [2�+//NMQ�]rip, which was theoretically calculated
to be 5.2 · 1010 s�1,8 by the latest electron-transfer
theory.9 Given the steady state approximation for
[2�+//NMQ�]rip generated in the BET sequence shown
in Scheme 2, kdecay(2

�+) and krise(2) are represented by
Eq. 1, where kass and kdis are the rate constants
for the association and dissociation for [2�+//NMQ�]rip,
and are estimated to be 1.9 · 1010 M�1 s�1,12 and
2.4 · 109 s�1,13 respectively. A numerical constant k0 is
�1.6 · 105 s�1.14 These assumptions conclude that the
concentration of NMQ�, [NMQ�], is �4 · 10�2 mM,
which is reasonable, because the initial concentration
of NMQþBF�

4 is 2 mM. Consequently, the findings de-
scribed here indicate that the kinetic analysis used in this
work is quite appropriate in light of the latest electron-
transfer theory.9
Sch
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kdecayð2þÞ and kriseð2Þ ¼
kasskbet

kdis þ kbet
½NMQ�� þ k0 ð1Þ
We also investigated the reactivity of 2�+ and 2 toward
molecular oxygen (3O2) and fumaronitrile (FN) by
absorption spectroscopy in connection with the DCA-
sensitized PET oxygenation of 1, giving 5,1 and the PET
cycloaddition reaction of 1 with FN (Scheme 1).1 We
found that under DCA–BP-sensitized conditions in ace-
tonitrile, DOD of 2�+ was not changed very drastically,
depending upon the concentration of 3O2 on the timescale
of LFP,15 whereas the change in DOD of 2was not exam-
ined because the absorption bands of BP�+ and 2 overlap
each other. However, 5 was formed in 55% yield at 81%
conversion in the tris(4-bromophenyl)aminium hexa-
chloroantimonate ½ð4�BrC6H4Þ3N

�þSbCl�6 � (0.4 mM)-
catalyzed oxygenation of 1 (2 mM) under oxygen in
dichloromethane (50 mL) in the dark, clearly indicating
that 3O2 added to radical cation,

16 2�+. These findings sug-
gest that not only the mechanism involving 2 and singlet
2•+ + NMQ• [2•+//NMQ•]rip 2 + NMQ+

kdis

kass kbet

eme 2. A sequence of BET from NMQ� to 2�+.
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re 3. Time-profiles of DOD of 2�+ and 2 monitored at 570 and

nm, respectively, in the LFP of 1 under NMQþBF�
4 –toluene

ditions in degassed acetonitrile. [1] = 0.3 mM, ½NMQþBF�
4 � ¼

M, [toluene] = 0.4 M. Data from 0.76 to 7.8 ls were used for
tic analyses. See notes 4 and 5.
oxygen (1O2)
1 but also the mechanism involving 2�+ and

3O2 contributed to the DCA-sensitized PET oxygenation
giving 5. Probably, 2�+ reacts slowly with 3O2 to give 5.
This may be due to the nondistonic nature of 2�+; the spin
and charge are delocalized to the long p-conjugated sys-
tem of 2�+. Needless to say, the spin densities at C-1 and
C-4 are not very high compared with those of distonic
radical cations that afford oxygenation products
efficiently.17

On the other hand, the cycloaddition reaction of 2 with
FN, giving 4, proceeded with the rate constant,
kFN = 1.9 · 10�2 M�1 s�1, at 25 �C in degassed benz-
ene.18,19 Interestingly, 1,4-diphenylcyclohexa-1,3-diene
(6, Chart 1) did not react with FN in benzene at
80 �C. Moreover, the decay rate constant for 8��, which
is formed from a structurally related furan derivative
7, with FN, is 1.2 · 107 M�1 s�1 at 25 �C in dichloro-
methane under nitrogen.20 The high reactivity of 2 com-
pared with 6 is reasonably ascribed to the recovery of
aromaticity in 4. Conversely, the slow reactivity of 2
compared with 8�� is ascribed to the nonradical nature
of 2.

In conclusion, we directly observed an o-quinodime-
thane radical cation 2�+, which intervenes in the PET
electrocyclization of 1 to 2. Kinetic analyses for 2�+

and 2 confirmed for the first time that the decay rate
constant of a reactive radical cation intervening in
chemical reaction agrees with the rise rate constant of
the corresponding reduced species formed by BET. A ki-
netic study of 2�+ toward 3O2 and of 2 toward FN also
revealed the kinetic characteristics of 2 and 2�+. Further
studies are now in progress, and will be published
elsewhere.
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