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Stepwise photocleavage of naphthylmethyl-oxygen (C-O) bonds of mono(substituted-methyl)naphthalenes
[1- and 2-ROCH2Np, R) 4-benzoylphenyl (BP), phenyl (Ph), and methyl (CH3)] and bis(substituted-methyl)-
naphthalenes [1,8-(ROCH2)2Np and 1,4-(ROCH2)2Np, R) BP and Ph] was observed to give the naphthylmethyl
radicals (NpCH2• or ROCH2NpCH2

•) in almost 100% yield with two-step or three-step excitation by the
two-color two-laser or three-color three-laser irradiation, respectively, at room temperature. The C-O bond
cleavage quantum yields of 1-PhOCH2Np, 2-PhOCH2Np, 1,8-(PhOCH2)2Np, and 1,4-(PhOCH2)2Np were higher
than those of 1-BPOCH2Np, 2-BPOCH2Np, 1,8-(BPOCH2)2Np, and 1,4-(BPOCH2)2Np. No C-O bond cleavage
occurred from 1,8-(HOCH2)2Np and 2-CH3OCH2Np in the higher triplet excited state (Tn). The experimental
results show that the C-O bond cleavage was determined not only by the position of the substituents on Np
but also by the type of the substituents. The C-O bond cleavage of 1-ROCH2Np was more efficient than that
of 2-ROCH2Np. In the case of 1,8-(ROCH2)2Np and 1,4-(ROCH2)2Np (R ) BP and Ph), the first C-O bond
cleavage from the Tn states occurred to give ROCH2-substituted naphthylmethyl radicals (1,8- and 1,4-ROCH2-
NpCH2

•) when the T1 states, generated with the 308-nm first laser irradiation, were excited using the 430-nm
second laser. The second C-O bond cleavage occurred when 1,8- and 1,4-ROCH2NpCH2

• in the ground
state [1,8- and 1,4-ROCH2NpCH2

•(D0)] were excited to the excited states [1,8- and 1,4-ROCH2NpCH2
•(Dn)]

using the third 355-nm laser during the three-color three-laser flash photolysis at room temperature. It was
revealed that acenaphthene was produced as the final product during the stepwise C-O bond cleavages of
1,8-(BPOCH2)2Np and 1,8-(PhOCH2)2Np. This is a successful example of stepwise cleavage of two equivalent
C-O bonds in a molecule using the three-color three-laser photolysis method.

Introduction

Photocleavage reactions are very important in photochemistry
with respect to bond cleavage in the excited states and formation
of radicals.1,2 Free radicals generated from photocleavages are
used practically as radical initiators for polymerization.3,4 The
photocleavage depends on the characteristic of the excited state
generated by a one-photon excitation process. For example, a
sigma bond cleavage at the benzylic carbon in ArCH2-LG (LG,
leaving group) in the singlet (S1) and triplet (T1) excited states
depends on the bond dissociation energy.5 The C-N sigma bond
cleavage of benzylic ammonium salts occurs through the S1 and
T1 states,6 while that of 1-naphthylmethylammonium salts
proceeds through the S1 state but not the T1 state.7 These findings
can be explained by the difference between the excitation and
bond dissociation energies. If the excitation energy is lower than
the bond dissociation energy, the bond cleavage does not occur.
In addition to the excitation energy, the barrier between the
excited state potential surface and bond dissociation surface is
another important factor.5 If a high barrier exists, the occurrence

of the bond cleavage is difficult even when the excitation energy
is higher than the bond dissociation energy.

Herein, we report that generation of the naphthylmethyl
radical, produced through the naphthylmethyl-oxygen (C-O)
bond cleavage, can be controlled by two- or three-laser
irradiations through the higher triplet excited states (Tn). The
occurrence of the C-O bond cleavage is regulated by both
excitation energy and crossing between potential surfaces of
the Tn state and C-O bond dissociation. In other words, the
excitation energy dissipation or delocalization in the Tn state
molecule is important for the bond dissociation.3,8

Naphthylmethyl radical (NpCH2•) as a typical organic radical
can be produced through photochemical bond cleavage
reactions.9-11 It is well-known that photolysis of halomethyl-
naphthalenes leads to the efficient formation of NpCH2

• from
both the S1 and T1 states through the methyl-halogen bond
cleavage.10,12 On the other hand, in the case of (4-benzoylphe-
noxylmethyl)naphthalene (BPOCH2Np) or (4-phenoxylmethyl)-
naphthalene (PhOCH2Np), NpCH2

• is produced only from the
S1 state, but not from the T1 state, because of the higher C-O
bond cleavage energy than the excitation energy of the T1

state.13,14 Recently, we have reported that the fast C-O bond
cleavage occurred to give NpCH2

• in 1- and 2-BPOCH2Np in
the Tn states.15 We have also found that the two C-O bond
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cleavages of 1,8-(BPOCH2)2Np occurred in a stepwise manner
to give acenaphthene as a final product through photocleavage
from the Tn and excited state radical [1,8-BPOCH2NpCH2

•-
(Dn)].16

We have conducted two-color two-laser and three-color three-
laser photolyses of various mono- and bis(substituted-methyl)-
naphthalenes such as 1-(4-benzoylphenoxymethyl)naphthalene
(1-BPOCH2Np), 1-phenoxymethylnaphthalene (1-PhOCH2Np),
1-methoxymethylnaphthalene (1-CH3OCH2Np), 2-(4-benzoyl-
phenoxymethyl)naphthalene (2-BPOCH2Np), 2-phenoxymeth-
ylnaphthalene (2-PhOCH2Np), 2-methoxymethylnaphthalene (2-
CH3OCH2Np), 1,8-bis(4-benzoylphenoxymethyl)naphthalene
[1,8-(BPOCH2)2Np], 1,8-bis(phenoxymethyl)naphthalene
[1,8-(PhOCH2)2Np], 1,8-bis(hydroxymethyl)naphthalene [1,8-
(HOCH2)2Np], 1,4-bis(4-benzoylphenoxymethyl)naphthalene
[1,4-(BPOCH2)2Np], and 1,4-bis(phenoxymethyl)naphthalene
[1,4-(PhOCH2)2Np] (Chart 1).

The determined quantum yields of the C-O bond cleavages
have indicated that the position and the type of the substituents
have an influence on the C-O bond cleavage; namely, the C-O
bond cleavage occurs more efficiently for 1-ROCH2Np than for
2-ROCH2Np, and the properties of the Tn state are different
from those of the T1 state.

Experimental Section

Materials. 1-(4-Benzoylphenoxymethyl)naphthalene, 1-phe-
noxymethylnaphthalene, and 1-methoxymethylnaphthalene were
synthesized from 1-(chloromethyl)naphthalene. 2-(4-Benzoylphe-
noxymethyl)naphthalene, 2-phenoxymethylnaphthalene, and
2-methoxymethylnaphthalene were synthesized from 2-(bromo-
methyl)naphthalene. 1,8-Bis(4-benzoylphenoxymethyl)naphtha-
lene, 1,8-bis(phenoxymethyl)naphthalene, 1,4-bis(4-benzoylphe-
noxymethyl)naphthalene, and 1,4-bis(phenoxymethyl)naphthalene
were synthesized from 1,8-bis(bromomethyl)naphthalene and
1,4-bis(bromomethyl)naphthalene.13 1,8-Bis(hydroxymethyl)-
naphthalene was synthesized from 1,8-naphthalic anhydride.13

Benzophenone, acetonitrile, and cyclohexane were purchased
from Nacalai Tesque Inc. Benzophenone was purified from
ethanol before use as the triplet sensitizer. Acetonitrile and
cyclohexane (spectral grade) were used as received. All sample
solutions were freshly prepared and deoxygenated by bubbling
with argon (Ar) gas before irradiation. All experiments were
carried out at room temperature.

Two-Color Two-Laser and Three-Color Three-Laser
Flash Photolyses.The laser flash at 355 nm from a Nd:YAG
laser (Continuum, Surelite II-10; 5-ns fwhm, 10 Hz) and the

laser flash at 430 nm (7 mJ pulse-1) from an OPO laser
(Continuum, Surelite OPO) which was pumped by a Nd:YAG
laser (355 nm, 150 mJ pulse-1) were used for the two-color
two-laser flash photolysis experiments. The laser flashes at 308
(Lambda Physik, COMPex, 5 mJ pulse-1, 20 ns), 355, and 430
nm were used for the three-color three-laser flash photolysis
experiments. Two or three laser flashes that were irradiated to
the sample were synchronized by a pulse generator with a delay
time of 10 ns-10 µs. The probe beam was obtained by passing
the light from a 450-W Xe lamp (Osram XBO-450) through an
iris with a diameter of 0.3 cm. The transient phenomena was
monitored by the probe beam that was guided into the sample
perpendicular to the laser beams at an area very close to the
incident side of the laser beam. The transmitted probe beam
was then focused on a monochromator (Nikon G250). The
output of the monochromator was monitored using a photo-
multiplier tube (PMT; Hamamatsu Photonics R928). The signal
from the PMT was recorded on a transient digitizer (TDS 580D
four-channel digital phosphor oscilloscope, 1 GHz, Tektronix).
A Hamamatsu Photonics multichannel analyzer (C5967) system
was used for the measurement of the transient absorption spectra.
The total system was controlled with a personal computer via
GP-IB interface. To avoid any damage of the sample solution
by the probe light, a suitable cutoff filter was used in front of
the sample.

Results and Discussion

C-O Bond Cleavage of ROCH2Np in the Tn State during
the Two-Color Two-Laser Flash Photolysis.The two-color
two-laser (355- and 430-nm lasers) transient absorption mea-
surements of 1-ROCH2Np and 2-ROCH2Np (R ) BP, Ph, and
CH3) were carried out in Ar-saturated acetonitrile at room
temperature. Because the hydrogen abstraction reaction of BP
in the T1 state from hydrogen-donor solvents such as hexane
and cyclohexane occurs to give the BP ketyl radical during the
laser flash photolysis, the two-color two-laser photolysis experi-
ments of ROCH2Np were done in acetonitrile.

In the cases of 1-ROCH2Np and 2-ROCH2Np (R ) Ph and
CH3), benzophenone (6.0× 10-3 M) was used as the triplet
sensitizer. The transient absorption of the naphthalene moiety
in the T1 state [Np(T1)] was observed during the first 355-nm
laser irradiation, which was generated by the intramolecular (by
the BP substituent) or intermolecular (by the benzophenone
triplet sensitization) energy transfer reactions.15,17

The transient absorption spectra of all ROCH2Np in the T1

states [ROCH2Np(T1)] showed the characteristic absorption of
Np(T1) with two peaks around 425 and 400 nm.18,19Therefore,
BP, Ph, and CH3 substituents have little effect on the electronic
property of Np(T1), indicating that the excitation energy of the
T1 state is localized on the Np moiety. Because of the higher
C-O bond dissociation energy (285 kJ mol-1) than the
excitation energy of Np(T1) (254 kJ mol-1), no C-O bond
cleavage occurred from ROCH2Np(T1).14,19

The transient absorption spectra observed during the two-
color two-laser flash photolysis of 1-PhOCH2Np and 2-PhOCH2-
Np are shown in parts a and b of Figure 1, respectively. The
bleaching of the absorption of ROCH2Np(T1) at 425 nm
(∆∆O.D.425) and growth of the transient absorption in the region
of 330-380 nm increased with an increase in the second 430-
nm laser power. The plots of∆∆O.D.425 versus 430-nm laser
power are shown in Figure 2a and b. The same results have
been observed during the two-color two-laser flash photolysis
of 1-BPOCH2Np and 2-BPOCH2Np, as reported previously.15

On the other hand, according to extinction coefficient (ε) values
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of 1-NpCH2
• at 365 nm (ε365 ≈ 10 000 M-1 cm-1)15 and

2-NpCH2
• at 380 nm (ε380 ) 5000 ( 300 M-1 cm-1),20 the

concentration of ROCH2Np(T1) disappeared ([1-PhOCH2Np-
(T1)] ) (∆∆O.D.425 ) 0.019)/(ε425 ) 9135 M-1 cm-1) ) 2.08
× 10-6 M; [2-PhOCH2Np(T1)] ) (∆∆O.D.425 ) 0.009)/(ε425

) 5769 M-1 cm-1) ) 1.56× 10-6 M, ε425 values are given in
Table 1) was almost equal to those of 1- and 2-NpCH2

• formed
([1-NpCH2

•] ) (∆∆O.D.365 ) 0.017)/(ε365 ) 10,000 M-1 cm-1)
) 1.7 × 10-6 M; [2-NpCH2

•] ) (∆∆O.D.380 ) 0.009)/(ε380 )
5000 ( 300 M-1 cm-1) ) 1.8 ( 0.1 × 10-6 M) within the
second laser duration, where∆∆O.D.425, ∆∆O.D.365, and
∆∆O.D.380 were the decrease and increase of the transient
absorption at 425, 365, and 380 nm, assigned to ROCH2Np-
(T1), 1-NpCH2

•, and 2-NpCH2• radicals, respectively. Therefore,
the growth of the transient absorption in the region of 330-
380 nm was assigned to the formation of NpCH2

•.10,11,13,14The
C-O bond cleavage occurred from the Tn states during the
second 430-nm laser excitation of the T1 states.15 The transient
absorptions of BPO• and PhO• radicals around 395 nm over-
lapped with the T1 state absorption at 400 nm.14,21

The transient absorption spectra observed for 1-CH3OCH2-
Np and the plots of∆∆O.D.425 versus 430-nm laser power are
shown in Supporting Information Figure S1. No∆∆O.D.425 was
observed in the cases of 2-CH3OCH2Np during the two-color
two-laser flash photolysis experiments, as shown in Figure 3a.

From the slopes of the linear plots of∆∆O.D.425 versus the
second 430-nm laser intensity, the quantum yield (Φ) of the
C-O bond cleavage of monosubstituted naphthalenes was
calculated, as shown in Table 1.

C-O Bond Cleavage of (ROCH2)2Np in the Tn State
during the Two-Color Two-Laser Flash Photolysis.Similarly,
the two-color two-laser (355- and 430-nm laser) transient
absorption measurements were carried out for 1,8-(ROCH2)2-
Np (R ) BP, Ph, and H) and 1,4-(ROCH2)2Np (R ) BP and
Ph) in Ar-saturated acetonitrile at room temperature. The
transient absorption of Np(T1) generated by the intramolecular
(by the BP substituent) or intermolecular (by the benzophenone
triplet sensitization) energy transfer reactions was observed
during the first 355-nm laser irradiation.15,17

It was found that the transient absorption spectra of all
(ROCH2)2Np(T1) showed the characteristic Np(T1) absorption
with two peaks around 425 and 400 nm.18,19Therefore, BP, Ph,
and H substituents have little effect on Np(T1) in (ROCH2)2-
Np(T1), indicating that the excitation energy of (ROCH2)2Np-
(T1) is localized on the Np moiety and that no C-O bond
cleavage occurs from (ROCH2)2Np(T1).14,16

∆∆O.D.425 and growth of the new absorption bands in the
region of 330-380 nm due to the absorption of the naphthyl-
methyl radicals (ROCH2NpCH2

•)10,11,13,14were observed from
1,8- and 1,4-(BPOCH2)2Np and (PhOCH2)2Np. The C-O bond
cleavage also occurred from the Tn states during the second

Figure 1. Transient absorption spectra observed during the two-color
two-laser photolysis of 1-PhOCH2Np (a), 2-PhOCH2Np (b), 1,8-
(PhOCH2)2Np (c), and 1,4-(PhOCH2)2Np (d) in Ar-saturated acetonitrile
at room temperature. Benzophenone (6.0× 10-3 M) was used as the
triplet sensitizer. The transient absorption spectra were observed during
the 355-nm laser irradiation (at 500 ns after the laser flash) (dotted
line), successive irradiation with 355- and 430-nm lasers (at 100 ns
after the second 430-nm laser flash; delay time between the two lasers,
400 ns) (solid line). The inset shows the transient absorption spectral
changes (∆∆O.D.) which were obtained by subtraction of the dotted
line from the solid line for parts a-d.

Figure 2. Plots of∆∆O.D.425 vs 430-nm laser power: 1-PhOCH2Np
(circles, a); 2-PhOCH2Np (squares, b); 1,8-(PhOCH2)2Np (diamonds,
c); 1,4-(PhOCH2)2Np (triangles, d).

TABLE 1: Φ Values of Cleavage of One of the C-O Bonds
of ROCH2Np and (ROCH2)2Np

ROCH2Np and (ROCH2)2Np ε425
a (M-1 cm-1) Φb

1,8-(PhOCH2)2Np 16827 0.25( 0.02
1,4-(PhOCH2)2Np 12980 0.15( 0.01
1-PhOCH2Np 9135 0.11( 0.01
2-PhOCH2Np 5769 0.06( 0.02
1,8-(BPOCH2)2Np 9140 0.09( 0.01
1,4-(BPOCH2)2Np 6350 0.07( 0.01
1-BPOCH2Np 12250 0.04( 0.01
2-BPOCH2Np 9052 0.02( 0.01
1-CH3OCH2Np 8173 0.05( 0.02
2-CH3OCH2Np 5300 0
1,8-(HOCH2)2Np 11058 0

a ε425 is the extinction coefficient for ROCH2Np and (ROCH2)2Np
in the T1 states at 425 nm, withε525 ) 6250 M-1 cm-1 of benzophe-
none(T1) as the reference.19 b Φ is the quantum yield of the C-O bond
cleavage which is calculated from the bleaching of the T1 state
(∆∆O.D.425) and the number of the second laser photons absorbed by
the T1 state using an actinometry of T-T absorption of zinc tetraphe-
nylporphyrin at 470 nm in cyclohexane (εTΦT ) 50 000 M-1 cm-1 at
470 nm).22

Figure 3. Transient absorption spectra observed during the two-color
two-laser photolysis of 2-CH3OCH2Np (a) and 1,8-(HOCH2)2Np (b)
in Ar-saturated acetonitrile at room temperature. Benzophenone (6.0
× 10-3 M) was used as the triplet sensitizer. The transient spectra were
observed during the 355-nm laser irradiation (at 500 ns after the laser
flash) (dotted line), successive irradiation with 355- and 430-nm lasers
(at 100 ns after the second 430-nm laser flash; delay time between the
two lasers, 400 ns) (solid line). The dotted and solid lines overlapped
completely.
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430-nm laser excitation of the T1 states generated from the first
355-nm laser excitation.15

Because the second 430-nm laser excitation energy is not
enough for a concomitant cleavage of two C-O bonds, only
one C-O bond cleavage occurred from the Tn states of 1,8-
(BPOCH2)2Np, 1,4-(BPOCH2)2Np, 1,8-(PhOCH2)2Np, and 1,4-
(PhOCH2)2Np.16 It was confirmed by the results that the
concentration of (ROCH2)2Np(T1) disappeared ([1,8-(PhOCH2)2-
Np(T1)] ) (∆∆O.D.425 ) 0.13)/(ε425 ) 16 827 M-1 cm-1) )
7.73 × 10-6 M; [1,4-(PhOCH2)2Np(T1)] ) (∆∆O.D.425 )
0.075)/(ε425 ) 12 980 M-1 cm-1) ) 5.78× 10-6 M, ε425 values
are given in Table 1) was almost equal to those of 1,8- and
1,4-PhOCH2NpCH2

• formed within the second laser duration
([1,8-ROCH2NpCH2

•] ) (∆∆O.D.365 ) 0.072)/(ε365 ) 10 000
M-1 cm-1) ) 7.2× 10-6 M; [1,4-ROCH2NpCH2

•] ) (∆∆O.D.365

) 0.063)/(ε365) 10 000 M-1 cm-1) ) 6.3× 10-6 M, suggesting
that the ε365 values of 1,8-ROCH2NpCH2

• and 1,4-ROCH2-
NpCH2

• are the same as that of 1-NpCH2
• at 365 nm). The

transient absorption spectra observed during the two-color two-
laser flash photolysis of 1,8-(PhOCH2)2Np and 1,4-(PhOCH2)2-
Np are also shown in parts c and d of Figure 1, respectively.
Plots of∆∆O.D.425 versus the 430-nm laser power are shown
in Figure 2c and d. Similar transient absorption was observed
during the two-laser flash photolysis of 1,8- and 1,4-(BPOCH2)2-
Np.16

No ∆∆O.D.425 was observed in the cases of 1,8-(HOCH2)2-
Np during the two-color two-laser flash photolysis experiments,
as shown in Figure 3b.

From the slope of the linear plots of∆∆O.D.425 versus the
second 430-nm laser intensity,Φ of the C-O bond cleavage
of bis-substituted naphthalenes was calculated, Table 1.

These results indicate that the C-O bond cleavage was
affected by both the type and the position of the substituent on
Np. In the case of ROCH2Np, theΦ value for 1-substituted Np
was larger than that for 2-substituted Np, which is similar to
the former results.15 The Φ value dependence on the type of
the substituents indicates the importance of the delocalization
of the excitation energy in the Tn states for the C-O bond
cleavage. The delocalization of theπ-electrons on the phenyl
group and oxygen atom should occur in the cases of 1-BPOCH2-
Np, 2-BPOCH2Np, 1-PhOCH2Np, and 2-PhOCH2Np, so that
similar delocalization of the excitation energy is expected in
the Tn state. On the other hand, such delocalization of the
π-electrons is not possible with a methyl substituent on the
oxygen atom in the case of 1-CH3OCH2Np and 2-CH3OCH2-
Np.

Therefore, theΦ values of 1-BPOCH2Np, 2-BPOCH2Np,
1-PhOCH2Np, and 2-PhOCH2Np were much larger than those
of 1-CH3OCH2Np and 2-CH3OCH2Np. The occurrence of the
C-O bond cleavage can be explained by the excitation energy
of the Tn state and the crossing of the potential surfaces of the
Tn state and C-O bond dissociation of the ROCH2Np, which
are regulated by the structure and position of the substituents
on Np (Scheme 1).

Since a low energy barrier (∆E) exists between the potential
surfaces of the Tn states and the C-O bond dissociation, C-O
bond cleavage of 1-BPOCH2Np, 2-BPOCH2Np, 1-PhOCH2Np,
and 2-PhOCH2Np occurred from the Tn states. On the other
hand, no C-O bond cleavage occurred from 2-CH3OCH2Np
in the Tn states. It is explained by the existence of a large∆E
value between the potential surfaces of the Tn states and the
C-O bond dissociation, although the excitation energy of the
Tn state is larger than the C-O bond dissociation energy. The
largerΦ values for 1-PhOCH2Np and 2-PhOCH2Np than those

for 1-BPOCH2Np and 2-BPOCH2Np can be explained by the
presence of the benzoyl group on the phenyl substituent. The
excitation energy of the Tn states is more efficiently delocalized
in 1-BPOCH2Np and 2-BPOCH2Np due to the benzoyl group.
Thus, the∆E values of 1-BPOCH2Np and 2-BPOCH2Np may
be slightly larger than those of 1-PhOCH2Np and 2-PhOCH2-
Np. Therefore, theΦ values for 1-PhOCH2Np and 2-PhOCH2-
Np should be larger than those for 1-BPOCH2Np and 2-BPOCH2-
Np.

In the case of (ROCH2)2Np, only one C-O bond cleavage
occurred from the Tn states during the two-color two-laser flash
photolysis, because the 430-nm laser photon energy is not
enough for the simultaneous two C-O bond cleavages.16 The
higherΦ values for 1,8-(BPOCH2)2Np, 1,4-(BPOCH2)2Np, 1,8-
(PhOCH2)2Np, and 1,4-(PhOCH2)2Np than those for 1-BPOCH2-
Np, 2-BPOCH2Np, 1-PhOCH2Np, and 2-PhOCH2Np indicate
that the C-O bond cleavage efficiency for (ROCH2)2Np is
higher than that for ROCH2Np. The 2-fold largerΦ values for
1,8-(ROCH2)2Np than those for 1-ROCH2Np indicate that the
excitation energy of the Tn state is dispersed more efficiently
including the C-O bond in 1,8-(ROCH2)2Np(Tn). The dissipa-
tion of the Tn state energy in 1,8-(ROCH2)2Np(Tn) is almost 2
times larger than that of 1-ROCH2Np(Tn). Because the two
ROCH2 groups at the 1- and 8-positions have an equivalent
environment in 1,8-(ROCH2)2Np, two equivalent crossing points
should exist between the two C-O bond dissociation surfaces
and the Tn state potential surface. When 1,8-(ROCH2)2Np(T1)
is excited to 1,8-(ROCH2)2Np(Tn), the excitation energy is
delocalized on the Np and one of the two ROCH2 substituents
leads to one C-O bond cleavage, giving 1,8-ROCH2NpCH2

•

and RO•.
In the case of 1,8-(HOCH2)2Np, theπ-electron delocalization

between Np and-CH2OH is impossible in the Tn state, because
only a hydrogen atom is bonded to the oxygen atom. Therefore,
the C-O bond cleavage was not observed. In other words, a
large ∆E value exists between the potential surfaces of 1,8-
(HOCH2)2Np(Tn) and the C-O bond dissociation.

Two-Step Cleavage of the Two C-O Bonds of (BPOCH2)2-
Np during the Three-Color Three-Laser Flash Photolysis.
The two-step cleavage of the two C-O bonds of (BPOCH2)2-
Np was observed during the three-color three-laser (the first
308-nm, second 430-nm, and third 355-nm laser) photolysis of
1,8-(BPOCH2)2Np and 1,4-(BPOCH2)2Np in Ar-saturated ac-
etonitrile at room temperature.16 In the case of 1,8-(BPOCH2)2-
Np, most of the first 308-nm photons were absorbed by the BP
group to give 1,8-(1BP*OCH2)2Np(S1). The excitation energy
of the S1 state is mainly localized on the BP moiety, from which

SCHEME 1: Energy Diagram of ROCH2Np in the S0,
T1, and Tn States during the Two-Color Two-Laser Flash
Photolysis of ROCH2Np and (ROCH2)2Npa

a hν2, the second 430-nm laser excitation;kdis, rate constant of the
C-O bond cleavage;∆E, energy barrier between the potential surfaces;
D(C-O), C-O bond dissociation energy; C•, NpCH2

• or ROCH2NpCH2
•;

•O, RO•.
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a very fast intersystem crossing (ISC) occurred with high
quantum yield (ΦISC ) 1.0)1,19 to give 1,8-(3BP*OCH2)2Np-
(T1) with the excitation energy mainly localized on the BP
moiety. Subsequently, fast intramolecular energy transfer oc-
curred from the BP(T1) moiety to the Np moiety to give 1,8-
(BPOCH2)2

3Np*(T1) with the excitation energy mainly localized
on the Np moiety.14-16 1,8-BPOCH2NpCH2

• was not observed
from 1,8-(BPOCH2)2

3Np*(T1). The selective excitation of the
Np(T1) moiety of 1,8-(BPOCH2)2

3Np*(T1) by the second 430-
nm laser gave 1,8-(BPOCH2)2Np(Tn) whose excitation energy
delocalized including the C-O bonds, and the ground state 1,8-
BPOCH2NpCH2

•(D0) is generated from the first C-O bond
cleavage. The third 355-nm laser excitation of the NpCH2

•

moiety of 1,8-BPOCH2NpCH2
• gave excited 1,8-BPOCH2-

NpCH2
•(Dn), from which the final product acenaphthene is

produced from a biradical [1,8-(•CH2)2Np] generated by the
second C-O bond cleavage.16

Two-Step Cleavage of the Two C-O Bonds of (PhOCH2)2-
Np during the Three-Color Three-Laser Flash Photolysis.
One C-O bond cleavage of 1,8-(PhOCH2)2Np(Tn) occurred to
give 1,8-PhOCH2NpCH2

• with larger Φ than that from 1,8-
(BPOCH2)2Np(Tn). Similar stepwise photocleavage of two C-O
bonds to that of 1,8-(BPOCH2)2Np was expected for 1,8-
(PhOCH2)2Np during the three-color three-laser photolysis.
Because the solubilities of 1,4-(PhOCH2)2Np and 1,8-(PhOCH2)2-
Np in acetonitrile are low, the three-color three-laser photolysis
experiments were done in cyclohexane. The experimental results
of the three-color three-laser photolysis of 1,8-(PhOCH2)2Np
in Ar-saturated cyclohexane at room temperature are shown in
Figure 4.

In contrast to the results of 1,8-(BPOCH2)2Np, the absorption
of the 1,8-PhOCH2NpCH• radical in the region of 330-380 nm

was observed together with that of 1,8-(PhOCH2)2
3Np*(T1) at

425 and 400 nm during the first 308-nm laser irradiation of
1,8-(PhOCH2)2Np. This is most likely due to the presence of
two competitive paths from 1,8-(PhOCH2)2

1Np*(S1) with the
excitation energy mainly localized on the Np moiety; one path
is a C-O bond cleavage to give 1,8-PhOCH2NpCH2

•(D0), and
the other is an intersystem crossing to 1,8-(PhOCH2)2

3Np*(T1).
This result can be explained by the lowerΦISC value of 1,8-
(PhOCH2)2Np than that of 1,8-(BPOCH2)2Np. Since no C-O
bond cleavage occurred from 1,8-(PhOCH2)2

3Np*(T1), the
increase of the transient absorption in the region of 330-380
nm was not observed during the decay of 1,8-(PhOCH2)2

3Np*-
(T1). When 1,8-(PhOCH2)2

3Np*(T1) was excited to 1,8-
(PhOCH2)2Np(Tn) with the excitation energy delocalized in-
cluding the C-O bonds during the second 430-nm laser
irradiation, cleavage of one C-O bond occurred from 1,8-
(PhOCH2)2Np(Tn). The decrease of the transient absorption at
425 nm (∆∆O.D.425) and the increase of the transient absorption
in the region of 330-380 nm gave strong evidence for the C-O
bond cleavage from 1,8-(PhOCH2)2Np(Tn) to 1,8-PhOCH2-
NpCH2

•(D0). In the case of 1,8-(PhOCH2)2Np, 1,8-PhOCH2-
NpCH2

•(D0) can be selectively excited to 1,8-PhOCH2NpCH2
•-

(Dn) with the third 355-nm laser irradiation, in contrast to 1,8-
(BPOCH2)2Np. Clear bleaching of the transient absorption in
the region of 330-380 nm was observed upon the third laser
irradiation. Ionization of 1,8-PhOCH2NpCH2

•(D0) did not occur
during the 355-nm laser excitation, because transient absorptions
of 1,8-PhOCH2NpCH2

+ which are expected to be similar to that
of 1-NpCH2

+ at 481, 614, 667, and 735 nm were not observed.21

Therefore, the bleaching is due to the occurrence of the second
C-O bond cleavage from 1,8-PhOCH2NpCH2

•(Dn). These
experimental results for 1,8-(PhOCH2)2Np are similar to those
of 1,8-(BPOCH2)2Np.16 Formation of the 1,8-(•CH2)2Np biradi-
cal from 1,8-PhOCH2NpCH2

•(Dn) to give acenaphthene as the
final product is expected. Similar experimental results to those
of 1,4-(BPOCH2)2Np were observed for 1,4-(PhOCH2)2Np
(Supporting Information Figure S2), indicating that the second
C-O bond cleavage occurred from 1,4-PhOCH2NpCH2

•(Dn).16

The transient absorption of 1,8-(•CH2)2Np at 500 nm was not
observed during the three-color three-laser flash photolysis of
1,8-(BPOCH2)2Np and 1,8-(PhOCH2)2Np probably due to the
small absorption coefficient (ε500 ≈ 200 M-1 cm-1)23 and fast
cyclization of 1,8-(•CH2)2Np within the laser duration (5 ns). It
should be noted that the formation mechanism of the 1,8-(•-
CH2)2Np biradical in the present study is different from that
reported by Wirz et al.23 In the case of Wirz’s experiments, the
diazo compound 1-(diazomethyl)-8-methylnaphthalene was used
as the starting compound to give the 1,8-(•CH2)2Np biradical.
Upon the irradiation of 1-(diazomethyl)-8-methylnaphthalene,
the 1,8-(•CH2)2Np biradical with triplet multiplicity is generated
via a carbene intermediate that was formed by the initial N2

elimination. The cyclization of the 1,8-(•CH2)2Np biradical with
a triplet multiplicity to acenaphthene is a spin forbidden process.
Therefore, the lifetime of the 1,8-(•CH2)2Np biradical with triplet
multiplicity is long (102( 5 µs), and transient absorption of
the 1,8-(•CH2)2Np biradical was detected. However, in the
present study, the 1,8-(•CH2)2Np biradical was produced from
1,8-BPOCH2NpCH2

•(Dn) and 1,8-PhOCH2NpCH2
•(Dn) during

the third 355-nm laser irradiation. This 1,8-(•CH2)2Np biradical
should have singlet multiplicity, from which the cyclization of
the 1,8-(•CH2)2Np biradical to acenaphthene(S0) is a spin
allowed process. Therefore, the lifetime of the 1,8-(•CH2)2Np
biradical is short (<5 ns), and transient absorption of the 1,8-
(•CH2)2Np biradical cannot be detected. Another possibility for

Figure 4. Three-color three-laser photolysis of 1,8-(PhOCH2)2Np in
Ar-saturated cyclohexane. The transient spectra observed during the
308-nm laser irradiation (at 500 ns after the laser flash) (blue line),
successive irradiation with 308- and 430-nm lasers (at 300 ns after the
second laser flash; delay time between the two lasers, 200 ns) (red
line), and successive irradiation of 308-, 430-, and 355-nm lasers (at
100 ns after the third laser flash; delay time between the lasers, 200 ns
and 200 ns) (black line). The time profiles of the transient absorption
at 370 nm during irradiation with the one 308-nm laser (blue line),
two 308- and 430-nm lasers (red line), and three 308-, 430-, and 355-
nm lasers (black line) are shown in inset a of Figure 4, in which 1st,
2nd, and 3rd refer to the irradiation time of the 308-, 430-, and 355-nm
lasers, respectively. The transient absorption spectral changes (∆∆O.D.)
are shown in inset b of Figure 4, where the pink line refers to the
changes between the first 308-nm laser and second 430-nm laser
irradiation which were obtained by subtraction of the red line from the
blue line, and the green line refers to the changes between the second
430-nm laser and third 355-nm laser irradiation which were obtained
by subtraction of the black line from the red line.
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not detecting the transient absorption of the 1,8-(•CH2)2Np
biradical may be due to the low concentration of the 1,8-(•CH2)2-
Np biradical in the solution, which could be calculated according
to the concentration of 1,8-ROCH2NpCH2

•(D0) disappeared
during the third laser irradiation ([1,8-ROCH2NpCH2

•(D0)] )
(∆∆O.D.365 ≈ 0.02)/(ε365 ) 10 000 M-1 cm-1) ) 2.0 × 10-6

M). It is very difficult to detect the transient absorption of 1,8-
(•CH2)2Np at such low concentration because of the small value
ε500 ≈ 200 M-1 cm-1. Although the 1,8-(•CH2)2Np biradical
shows an absorption band in the range 300-340 nm (ε337 ≈
20 000 M-1 cm-1),23 which is stronger than the absorption band
at 500 nm, the absorption band in the range 300-340 nm should
overlap with the absorptions of 1,8-(BPOCH2)2Np(T1) or 1,8-
(PhOCH2)2Np(T1). Therefore, absorption of the 1,8-(•CH2)2Np
biradical cannot be separated from the absorption spectra in the
range 300-340 nm.

The mechanism of the three-color three-laser photochemistry
of 1,8-(BPOCH2)2Np is shown in Scheme 2.

The first 308-nm laser selective excitation of the BP moiety
of 1,8-(BPOCH2)2Np causes an intramolecular triplet energy
transfer from BP(T1) to the Np moiety, giving 1,8-(BPOCH2)2

3-
Np*(T1). The second selective excitation of the Np(T1) moiety
of 1,8-(BPOCH2)2

3Np*(T1) causes formation of 1,8-BPOCH2-
NpCH2

• through the first C-O bond cleavage. The third
selective excitation of 1,8-BPOCH2NpCH2

• causes the formation
of the 1,8-(•CH2)2Np biradical through the second C-O bond
cleavage. Because of the lowerΦISC value than that of 1,8-
(BPOCH2)2Np, the low yield of 1,8-PhOCH2NpCH2

•(D0) was
observed during the first 308-nm laser excitation of 1,8-
(PhOCH2)2Np.

Conclusions

Photocleavage of one C-O bond of ROCH2Np and (ROCH2)2-
Np through the Tn states was observed to give NpCH2

• and
ROCH2NpCH2

• radicals in almost 100% yield, respectively,
during the two-color two-laser flash photolysis. TheΦ values
of the C-O bond cleavage of 1-PhOCH2Np, 2-PhOCH2Np, 1,8-
(PhOCH2)2Np, and 1,4-(PhOCH2)2Np were calculated to be
higher than those of 1-BPOCH2Np, 2-BPOCH2Np, 1,8-
(BPOCH2)2Np, and 1,4-(BPOCH2)2Np. No C-O bond cleavage
occurred from 1,8-(HOCH2)2Np(Tn) and 2-CH3OCH2Np(Tn).
The results show that the C-O bond cleavage is regulated by

the position and the type of the substituents on Np. Higher
efficiency in the C-O bond cleavage of 1-ROCH2Np than the
efficiency in that of 2-ROCH2Np was observed. Stepwise
cleavage of the two C-O bonds of 1,8- and 1,4-(ROCH2)2Np
(R ) BP and Ph) was observed during the three-color three-
laser flash photolysis. 1,8- and 1,4-ROCH2NpCH2

• were formed
by the first C-O bond cleavage of 1,8- and 1,4-(ROCH2)2Np
(R ) BP and Ph) in the Tn states, which was generated by the
selective excitation of 1,8- and 1,4-(ROCH2)2

3Np*(T1) using
the 430-nm second laser. The intermediates 1,8- and 1,4-(•CH2)2-
Np were obtained by the second C-O bond cleavage of 1,8-
and 1,4-ROCH2NpCH2

•(Dn), which was generated by the
selective excitation of 1,8- and 1,4-ROCH2NpCH2

•(D0) using
the 355-nm third laser.
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SCHEME 2: Potential Energy Diagram and Reaction
Coordinates of Photoexcitation during the Three-Color
Three-Laser Flash Photolysis of 1,8-(BPOCH2)2Np (1)
Giving the Final Product Acenaphthene (2) through the
T1 and Tn States of 1 and the D0 and Dn Statesa

a hν1, the first 308-nm laser excitation;hν2, the second 430-nm laser
excitation;hν3, the third 355-nm laser excitation.
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