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Abstract—The behavior of the 3-alkylidene-1-pyrazoline radical cations generated by photoinduced electron transfer reactions was
examined. The nitrogen-retained radical cations have been detected using laser flash photolysis. The photochemical products indi-
cate that E/Z isomerization, intramolecular cyclization, and solvent addition (acetonitrile) occurred.
� 2004 Elsevier Ltd. All rights reserved.
Radical cations generated from cyclic azoalkanes by
photoinduced electron transfer (PET) have recently been
investigated and rearrangement and solvent addition
reactions are reported,1–5 and in our previous studies
using 1-pyrazolines, the PET reaction was found involv-
ing the radical cation intermediates.4 In the one electron
oxidation of cyclic diazo compound typically gives
nitrogen eliminated products and nitrogen-retained
products have not been obtained. In this paper, we
report the first example of the obtaining of nitrogen-
retained products and the successful detection of the
nitrogen-retained radical cations in the PET reactions
of cyclic azoalkanes, 3-alkylidene-1-pyrazolines (1, 2a,
and 2b).
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In order to investigate the interaction between the sin-
glet excited sensitizers and the pyrazolines, fluorescence
quenching experiments were performed in acetonitrile
(Table 1). The fluorescence quenching rate constants
(kq) of 2,4,6-triphenylpyrylium tetrafluoroborate
(TPP+) and N-methylquinolinium tetrafluoroborate
(NMQ+) as well-known electron accepting sensitizers
by 1, 2a, and 2b estimated from the Stern–Vomer plots
indicate that the single electron transfer from the pyrazo-
lines to the singlet excited TPP+ molecule is diffusion-
controlled. However, the quenching rate constant of
9,10-dicyanoanthracene (DCA) by 2a was 10 times low-
er than those of TPP+ and NMQ+. TPP+ and NMQ+ are
favorable sensitizers in a PET reaction because they lead
to a better charge separation than DCA. The free energy
change (DG) in acetonitrile were estimated using the
Rehm–Weller equation, DG ¼ 23:06ðEox � E�

redÞ�
e2o=ea.

6 The oxidation potentials of the pyrazolines were
determined from the half-peak potentials of cyclic vol-
tammetry as the obtained peaks were irreversible. The
singlet excited reduction potentials of TPP+, NMQ+,
and DCA are 2.53, 2.70, and 1.97V, respectively. DG
values are negative in all cases and it was confirmed that
the processes of the PET efficiently proceed during the
electron transfer from the molecules of the pyrazolines
to the singlet excited sensitizer molecule (Table 1).
TPP+ and DCA, which had absorption bands at
405nm, were used as sensitizers of photoproducts stud-
ies, and NMQ+, which did not have an absorption band
at longer than 350nm, was used as a sensitizer of laser
flash photolysis (LFP) studies.
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Table 1. Redox potentials of 3-alkylidene-1-pyrazolines, their quenching rate constants (kq) by TPP+ and DCA, and their free energy change (DG)
relationship

Pyrazoline Eox/V vs SCE DG/kcalmol�1 kq/Lmol�1 s�1

TPP+ DCA NMQ+ Tpp+ DCA NMQ+

1 +2.15 �9.5 — — 7.4 · 1010 — —

2a +1.85 �16.4 �3.5 �20.3 3.5 · 1010 2.1 · 109 5.4 · 1010

2b +1.99 �13.0 — �17.1 2.3 · 1010 — 3.9 · 1010

262 T. Karatsu et al. / Tetrahedron Letters 46 (2005) 261–265
TPP+ sensitization of 1 by the irradiation of 405nm light
in deaerated acetonitrile for 180h was performed. Sur-
prisingly, in the TPP+-sensitized reaction, a reduction
product 3 and a solvent (acetonitrile) adduct 4, both
of which retained the azo moieties, were obtained. The
product yield was determined by GC analysis (Table
2). For the reaction in deaerated benzene, 3 was
obtained by irradiation for 18h in the presence of
TPP+. Because of the presence of an exocyclic double
bond, the alternative reactions proceed without any
denitrogenation.

Based on the results of these experiments, we proposed
the reaction mechanism for the TPP+-sensitized reaction
of 1 as shown in Scheme 1. A single electron transfer
from 1 to the singlet excited TPP+ affords an initial rad-
ical cation intermediate 1�+ and a 2,4,6-triphenylpyranyl
radical (TPP�). The radical cation 1�+ may produce a
radical cation 5�+ by two hydrogen abstractions from
the solvent, and the resulting radical cation 5�+ gives 3
via a back electron transfer (BET) from TPP�. A com-
petitive route involving the formation of 4 is present.
The radical cation 1�+ is added to acetonitrile by nucleo-
philic addition,5,7–9 to give a radial cation species 6�+.
This radical cation 7�+ is then immediately generated
by a 1,4-hydrogen shift from 6�+, subsequently produc-
ing 4 via a BET.

The radical cation species of the pyrazolines having a
phenyl group on the vinylidene carbon, 2a�+ and 2b�+,
are expected to be more stable in comparison with 1�+

due to the effect of the phenyl group. The TPP+-sensi-
tized photoreactions of these pyrazolines proceeded in
a non-nitrogen-extrusion manner to give not only the
geometric isomers 8 but also the cyclized indene deriva-
tives 9 in acetonitrile and benzene (Table 2). No forma-
tion of the Ritter-type solvent adduct were observed in
Table 2. Product yield of photoinduced electron transfer reaction of 1, 2a, an

>405nm solution filter

Pyrazoline Sensitizer Solvent Irrad. time/h

1 TPP+ CH3CN 180

PhH 18

2a TPP+ CH3CN 1

PhH 1

2b TPP+ CH3CN 1

PhH 1

2a DCA CH3CN 12

PhH 24
the PET of 2, and it is explained by the steric hindrance
of the substituted phenyl moiety and by the delocaliza-
tion of the cationic charge on the phenyl ring. The
DCA-sensitized photoreaction of 2a gave the same
products in acetonitrile, however, in the case of benzene,
9a was not obtained.

These results imply that the TPP+-sensitized photoreac-
tions caused the E/Z isomerization and the intramolecu-
lar cyclization via the nitrogen-retained radical cation
intermediates derived from these pyrazolines. The geo-
metric isomerization predominantly proceeded at the
beginning, and the indene derivative 9b was gradually
produced during the rapid conversion between 2b and
8b (Fig. 1). Furthermore, these PET reactions in aceto-
nitrile apparently occurred much faster than that in
benzene.

Based on these results, we proposed the reaction mech-
anisms of the TPP+ and the DCA-sensitized photoreac-
tion of 2a and 2b as shown in Scheme 2. A single
electron transfer occurred from 2 to the singlet excited
TPP+ or DCA and then radical cation intermediates
10�+ were formed. The BET from the radical cations10

produced 10��, which regenerated pyrazoline 2 and 8.
The processes of the E/Z isomerizations are similar to
that of the radical cation intermediates derived from
the olefin or the styrene derivatives.11 Another reaction
path is present. Intermediate 10�+ undergoes a 1,4-
hydrogen shift to produce the 1,3-radical cation species
11�+. The intramolecular cyclization subsequently oc-
curred via BET that produced intermediates 12, which
afforded 9 by the aromatization via the 1,4-hydrogen
shift. From the results of Figure 3, it is clear that the
E/Z isomerization was reversible and much faster than
the cyclization by the 1,3-hydrogen shift in 10�+. This
mechanism was supported by the reaction of 8, which
d 2b irradiating by a 1kW high pressure mercury lamp equipped with

Conv./% Conversion yield/%

3 4 9 10

62 8 22

71 45 —

68 56 25

64 41 56

73 45 27

57 47 22

21 44 19

36 38 0
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Figure 1. Formation of 8b and 9b for TPP+ sensitization of 2b: (a) in acetonitrile, (b) in benzene.

T. Karatsu et al. / Tetrahedron Letters 46 (2005) 261–265 263
had produced 2 and 9, and the presence of the interme-
diate 10�+ is confirmed that the same transient absorp-
tion spectra were observed by the LFP of 2 and 8
described below. Furthermore, for the DCA-sensitized
photoreaction of 2a in benzene solution, because of
the fast BET process between 10�+ and the DCA radical
anion, the cyclization by the 1,4-hydrogen shift in 10�+

did not occur. This cyclization process is similar to the
one for the direct irradiation of diazene12 and another
of aryl substituted [3]dendralene.13

In order to spectroscopically observe the radical cation
species, nanosecond LFP studies were carried out by
the irradiation at 308nm wavelength (XeCl excimer
laser) for 1, 2a, and 2b. NMQ+ as an electron accepting
sensitizer and toluene as a cosensitizer were used in oxy-
gen-saturated acetonitrile.14–17

For the pyrazoline 1, a strong absorption maximum at
370nm with a broader and weaker band at 530nm were
observed at 0.20 and 1ls after the laser pulses (Fig. 2),
and these absorption bands decayed with the same
first-order kinetics and a lifetime of �1ls indicating that
both bands come from one species. This species is as-
signed to the nitrogen-retained radical cation produced
by the PET reaction of 1 by comparison with the
reported conjugated 1,3-diene radical cations (e.g., 2,5-
dimethyl-2,4-hexadiene has absorptions at 365 and
470nm),18 and by the results of the products distribution
of the sensitized photolysis of 1. The similar results were
also appeared in the LFP of 2a and 2b.

The LFP of 2a and 2b under similar conditions exhibited
characteristic transient absorption bands with absorp-
tion maxima at ca. 400 and 510nm as shown in Figure
3. In these cases, both bands decayed single exponen-
tially with lifetimes of 20 and 13ls for 2a�+ and 2b�+,
respectively. The shapes of these spectra have similarity
with that of the spectra of 1 but their lifetimes are differ-
ent. Styrene type radical cations have been generated by
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Figure 2. Transient absorption spectra in the NMQ+–toluene cosen-

sitization of 1 in acetonitrile under oxygen.
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Figure 3. Transient absorption spectra in the NMQ+–toluene cosensitization
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the two-photon ionization of the parent olefin or PET
sensitization in polar solvents, and their transients have
shown one strong band at wavelengths from 350 to
380nm and another one near 590–670nm.19 In addition
to that described above, the radical cation of the 1,3-
diene showed an absorption in a similar region. Further-
more, from the products of sensitized photolysis of 2a
and 2b these absorption spectra are assigned to the rad-
ical cations of 2a and 2b.

In summary, in the sensitized photolysis the nitrogen-
retained products were obtained and the characteristic
transient absorptions of the radical cations derived from
the 3-alkylidene-1-pyrazolines were observed from the
LFP studies. This is the first example of cyclic diazo
compounds PET reactions, which do not eliminate
nitrogen.
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