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Xichen Cai," Masanori Sakamoto! Michihiro Hara, T Sachiko Tojo,” Akihiko Ouchi,
Akira Sugimoto,* Kiyohiko Kawai, * Masayuki Endo,* Mamoru Fujitsuka, ¥ and
Tetsuro Majima* *

National Institute of Adanced Industrial Science and Technology (AIST), 1-1-1, Higashi, Tsukuba, Ibaraki
305-8565, Japan, and The Institute of Scientific and Industrial Research (SANKEN), Osaleasliyi
Mihogaoka 8-1, Ibaraki, Osaka 567-0047, Japan

Receied: January 13, 2005; In Final Form: March 17, 2005

Stepwise photocleavage of naphthylmethgkygen (C-0) bonds of mono(substituted-methyl)naphthalenes
[1- and 2-ROCHNp, R= 4-benzoylphenyl (BP), phenyl (Ph), and methyl @Jtand bis(substituted-methyl)-
naphthalenes [1,8-(ROG}Np and 1,4-(ROCH.Np, R= BP and Ph] was observed to give the naphthylmethyl
radicals (NpCH or ROCHNpCH,") in almost 100% vyield with two-step or three-step excitation by the
two-color two-laser or three-color three-laser irradiation, respectively, at room temperature—Thédnhd
cleavage quantum yields of 1-PhOgp, 2-PhOCHNp, 1,8-(PhOCH);Np, and 1,4-(PhOCkHLNp were higher

than those of 1-BPOCHIp, 2-BPOCHNp, 1,8-(BPOCH),Np, and 1,4-(BPOCH.Np. No C-0 bond cleavage
occurred from 1,8-(HOCE:Np and 2-CHOCH;Np in the higher triplet excited state {T The experimental
results show that the-©0 bond cleavage was determined not only by the position of the substituents on Np
but also by the type of the substituents. The@bond cleavage of 1-ROGNp was more efficient than that

of 2-ROCHNp. In the case of 1,8-(ROGHNp and 1,4-(ROCH.Np (R= BP and Ph), the first €O bond
cleavage from the JIstates occurred to give ROGHdubstituted naphthylmethyl radicals (1,8- and 1,4-R@CH
NpCH;") when the T states, generated with the 308-nm first laser irradiation, were excited using the 430-nm
second laser. The second-O bond cleavage occurred when 1,8- and 1,4-ReNGICH," in the ground

state [1,8- and 1,4-ROCNpCH,*(Dg)] were excited to the excited states [1,8- and 1,4-R@GICH,*(Dy)]

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 stepWideo@id cleavages of
1,8-(BPOCH),Np and 1,8-(PhOCHE,Np. This is a successful example of stepwise cleavage of two equivalent
C—0 bonds in a molecule using the three-color three-laser photolysis method.

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

Photocleavage reactions are very important in photochemistr . .
9 ryimp P y Herein, we report that generation of the naphthylmethyl

with respect to bond cleavage in the excited states and formation "
of radicalst2 Free radicals generated from photocleavages are '2dical. produced through the naphthylmethgkygen (C-O)

used practically as radical initiators for polymerizatishThe bond cleavage, can be controlied by two- or three-laser
photocleavage depends on the characteristic of the excited statdT@diations through the higher triplet excited stateg)(The
generated by a one-photon excitation process. For example, gccurrence of the €0 bond cleavage is regulated by both
sigma bond cleavage at the benzylic carbon in AFEEG (LG, excitation energy and crossing bgtvyeen potential surfaces of
leaving group) in the singlet ¢Band triplet (T) excited states  the Tn state and €0 bond dissociation. In other words, the
depends on the bond dissociation enérgiie C-N sigma bond excitation energy dissipation or delo.callzqtlon in thestate
cleavage of benzylic ammonium salts occurs through {ren8 molecule is important for the bond dissociatioh.

T, state$ while that of 1-naphthylmethylammonium salts Naphthylmethyl radical (NpCH) as a typical organic radical
proceeds through the State but not the fTstate’ These findings can be produced through photochemical bond cleavage
can be explained by the difference between the excitation andreaction~11 It is well-known that photolysis of halomethyl-
bond dissociation energies. If the excitation energy is lower than naphthalenes leads to the efficient formation of NpCirbm

the bond dissociation energy, the bond cleavage does not occurboth the $ and T; states through the methyhalogen bond

In addition to the excitation energy, the barrier between the cleavage?120n the other hand, in the case of (4-benzoylphe-
excited state potential surface and bond dissociation surface isnoxylmethyl)naphthalene (BPOGNp) or (4-phenoxylmethyl)-
another important factdrlf a high barrier exists, the occurrence  naphthalene (PhOGMp), NpCH* is produced only from the

S, state, but not from the {Istate, because of the higher-O

* Corresponding author. E-mail: majima@sanken.osaka-u.ac.jp. bond cleavage energy than the excitation energy of the T

Phone: +81-6-6879-8495. Fax:t81-6-6879-8499. state!314 Recently, we have reported that the fast@ bond
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(AIST). cleavage occurred to give NpGHn 1- and 2-BPOCBHNp in
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CHART 1 laser flash at 430 nm (7 mJ puisg¢ from an OPO laser
CH,-OR (Continuum, Surelite OPO) which was pumped by a Nd:YAG
laser (355 nm, 150 mJ pulsy were used for the two-color

CHZ-OR two-laser flash photolysis experiments. The laser flashes at 308
(Lambda Physik, COMPex, 5 mJ put$e20 ns), 355, and 430

R= BP, Ph, CH,4 R=BP, Ph, CH, nm were used for the three-color three-laser flash photolysis
experiments. Two or three laser flashes that were irradiated to
RO-H,C CH,-OR CH,-OR the sample were synchronized by a pulse generator with a delay

time of 10 ns-10us. The probe beam was obtained by passing

OO 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

R= BP, Ph, H CH,-OR monitored by the probe beam that was guided into the sample
R=BP, Ph perpendicular to the laser beams at an area very close to the

incident side of the laser beam. The transmitted probe beam

o)
was then focused on a monochromator (Nikon G250). The
BP: O O 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
cleavages of 1,8-(BPOCHNp occurred in a stepwise manner four-channel digital phosphor oscilloscope, 1 GHz, Tektronix).
to give acenaphthene as a final product through photocleavageA Hamamatsu Photonics multichannel analyzer (C5967) system
from the T, and excited state radical [1,8-BPOENpCH,"- was used for the measurement of the transient absorption spectra.
(Dp)]. 28 The total system was controlled with a personal computer via
We have conducted two-color two-laser and three-color three- GP-IB interface. To avoid any damage of the sample solution
laser photolyses of various mono- and bis(substituted-methyl)- by the probe light, a suitable cutoff filter was used in front of
naphthalenes such as 1-(4-benzoylphenoxymethyl)naphthalenghe sample.
(1-BPOCHNDp), 1-phenoxymethylnaphthalene (1-PhQGIH),
1-methoxymethylnaphthalene (1-@BICH;Np), 2-(4-benzoyl- Results and Discussion
phenoxymethyl)naphthalene (2-BPO&), 2-phenoxymeth- . .
srapnicien (2 PrOGN) 2 metvonmetymapilon (2., .0 ST Ceeiooe T ROGHND B0 Ty St
CH3OCH;Np), 1,8-bis(4-benzoylphenoxymethyl)naphthalene ysIS. .
. two-laser (355- and 430-nm lasers) transient absorption mea-
[1,8-(BPOCH)2Np], 1,8-bis(phenoxymethyl)naphthalene f 1-ROCHN d 2-ROCHNp (R = BP, Ph d
[1,8-(PhOCH),Np], 1,8-bis(hydroxymethyl)naphthalene [1,8- Scuéeme“ts or - q pan A\ dp ( e o an
(HOCHNp] 1@ benzoypherosmethybraphtnaene. CF) Were Caried out i arsaturated acetoirle ot oom
[1,4-(BPOCH).Np], and 1,4-bis(phenoxymethylnaphthalene ;&' T, state from hydrogen-donor solvents such as hexane

[1,4-(PhOCH)2Np] (Chart 1). and cyclohexane occurs to give the BP ketyl radical during the

The determined quantum yields of the-O bond cleavages - . :
o . : laser flash photolysis, the two-color two-laser photolysis experi-
have indicated that the position and the type of the substltuentsments of ROCHNp were done in acetonitrile.

have an influence on the-€0 bond cleavage; namely, the-©
.y i In the cases of 1-ROCHIp and 2-ROCHNp (R = Ph and
bond cleavage occurs more efficiently for 1-RO£Ig than for CH), benzophenone (6.8 10-2 M) was used as the triplet

ﬁo?noﬁgihépéfiﬂi ?steﬁ;opertles of they Btate are different sensitizer. The transient absorption of the naphthalene moiety
' in the T; state [Np(T%)] was observed during the first 355-nm
laser irradiation, which was generated by the intramolecular (by
the BP substituent) or intermolecular (by the benzophenone
Materials. 1-(4-Benzoylphenoxymethyl)naphthalene, 1-phe- triplet sensitization) energy transfer reactiéhd’
noxymethylnaphthalene, and 1-methoxymethylnaphthalene were The transient absorption spectra of all ROSGH in the T,
synthesized from 1-(chloromethyl)naphthalene. 2-(4-Benzoylphe- states [ROCEKNp(T1)] showed the characteristic absorption of
noxymethyl)naphthalene, 2-phenoxymethylnaphthalene, andNp(Ty) with two peaks around 425 and 400 A2 Therefore,
2-methoxymethylnaphthalene were synthesized from 2-(bromo- BP, Ph, and Cklsubstituents have little effect on the electronic
methyl)naphthalene. 1,8-Bis(4-benzoylphenoxymethyl)naphtha- property of Np(T), indicating that the excitation energy of the
lene, 1,8-bis(phenoxymethyl)naphthalene, 1,4-bis(4-benzoylphe-T; state is localized on the Np moiety. Because of the higher
noxymethyl)naphthalene, and 1,4-bis(phenoxymethyl)naphthaleneC—O bond dissociation energy (285 kJ mbl than the
were synthesized from 1,8-bis(bromomethyl)naphthalene andexcitation energy of Np(@ (254 kJ mof?), no C-O bond
1,4-bis(bromomethyl)naphthaleie.1,8-Bis(hydroxymethyl)- cleavage occurred from ROGHNp(T;).1419
naphthalene was synthesized from 1,8-naphthalic anhytftide. ~ The transient absorption spectra observed during the two-
Benzophenone, acetonitrile, and cyclohexane were purchasedolor two-laser flash photolysis of 1-PhO@¥p and 2-PhOChHt
from Nacalai Tesque Inc. Benzophenone was purified from Np are shown in parts a and b of Figure 1, respectively. The
ethanol before use as the triplet sensitizer. Acetonitrile and bleaching of the absorption of ROGNp(T.) at 425 nm
cyclohexane (spectral grade) were used as received. All samplg AAO.D 4,5 and growth of the transient absorption in the region
solutions were freshly prepared and deoxygenated by bubblingof 330-380 nm increased with an increase in the second 430-
with argon (Ar) gas before irradiation. All experiments were nm laser power. The plots dAO.D 425 versus 430-nm laser
carried out at room temperature. power are shown in Figure 2a and b. The same results have
Two-Color Two-Laser and Three-Color Three-Laser been observed during the two-color two-laser flash photolysis
Flash PhotolysesThe laser flash at 355 nm from a Nd:YAG of 1-BPOCHNp and 2-BPOCENp, as reported previoushy.
laser (Continuum, Surelite 11-10; 5-ns fwhm, 10 Hz) and the On the other hand, according to extinction coefficient@alues

Experimental Section
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Figure 1. Transient absorption spectra observed during the two-color
two-laser photolysis of 1-PhOGNp (a), 2-PhOCENp (b), 1,8-
(PhOCH)2Np (c), and 1,4-(PhOCHENp (d) in Ar-saturated acetonitrile

at room temperature. Benzophenone (&.A02 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 laserso

400 ns) (solid line). The inset shows the transient absorption spectral
changes AAO.D.) which were obtained by subtraction of the dotted
line from the solid line for parts-ad.

0.10}

1(mJ/p)

Figure 2. Plots of AAO.D 425 vs 430-nm laser power: 1-PhOGHKp
(circles, a); 2-PhOCHNp (squares, b); 1,8-(PhOGHNp (diamonds,
c); 1,4-(PhOCH).Np (triangles, d).

of 1-NpCH* at 365 nm ées ~ 10000 Mt cm H15 and
2-NpCH,* at 380 nm ¢3g0 = 5000 + 300 M™% cm™1),20 the
concentration of ROCHNp(T;) disappeared ([1-PhOCGNp-
(T1)] = (AAO.Du2s = 0.019)/€425 = 9135 ML cm 1) = 2.08
x 1076 M:; [Z-PhOCFpr(Tl)] = (AAO.D.425 = 0.009)/6425
=5769 M1 cm™1) = 1.56 x 107 M, €425 values are given in
Table 1) was almost equal to those of 1- and 2-NpGétmed
([1-NpCHy*] = (AAO.Dges= 0.017)/€365= 10,000 ML cm™1)
=1.7x 1076 M; [Z-NDCHz'] = (AAO.D.380 = 0.009)/€3go =
50004 300 M1 cml) = 1.8 4+ 0.1 x 1076 M) within the
second laser duration, wher&AO.D4y5 AAO.Dses, and
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TABLE 1: @ Values of Cleavage of One of the €0 Bonds
of ROCH,Np and (ROCH_,),Np

ROCHNp and (ROCH);,Np €228 (M~tcm™)) P
1,8-(PhOCH),Np 16827 0.25t 0.02
1,4-(PhOCH);Np 12980 0.15t 0.01
1-PhOCHNp 9135 0.1+ 0.01
2-PhOCHNp 5769 0.06+ 0.02
1,8-(BPOCH),Np 9140 0.09+ 0.01
1,4-(BPOCH).Np 6350 0.07+ 0.01
1-BPOCHNp 12250 0.04t 0.01
2-BPOCHNp 9052 0.02+ 0.01
1-CH;OCH:Np 8173 0.05+ 0.02
2-CH;OCH:Np 5300 0
1,8-(HOCH).Np 11058 0

3 ¢425 IS the extinction coefficient for ROCHIp and (ROCH):Np
in the T, states at 425 nm, witbs,s = 6250 Mt cm™* of benzophe-
none(T) as the referenc®. ® @ is the quantum yield of the €0 bond
cleavage which is calculated from the bleaching of the sTate
(AAO.Du4ys) and the number of the second laser photons absorbed by
the T, state using an actinometry of-Tl absorption of zinc tetraphe-
nylporphyrin at 470 nm in cyclohexaner(dr = 50 000 M cm™? at
470 nm)%
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Figure 3. Transient absorption spectra observed during the two-color
two-laser photolysis of 2-C¥DCHNp (a) and 1,8-(HOCH).Np (b)
in Ar-saturated acetonitrile at room temperature. Benzophenone (6.0
x 1078 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.

From the slopes of the linear plots &fAO.D 425 versus the
second 430-nm laser intensity, the quantum yielg 6f the
C—0O bond cleavage of monosubstituted naphthalenes was
calculated, as shown in Table 1.

C—0 Bond Cleavage of (ROCH),Np in the T, 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-(R9&£H
Np (R = BP, Ph, and H) and 1,4-(ROGHNp (R = BP and
Ph) in Ar-saturated acetonitrile at room temperature. The
transient absorption of Np{J generated by the intramolecular
(by the BP substituent) or intermolecular (by the benzophenone

AAO.Dggo were the decrease and increase of the transienttriplet sensitization) energy transfer reactions was observed

absorption at 425, 365, and 380 nm, assigned to RENpH
(T1), 1-NpCHy, and 2-NpCH radicals, respectively. Therefore,
the growth of the transient absorption in the region of -330
380 nm was assigned to the formation of Np€14-11.1314The
C—0 bond cleavage occurred from thg 3tates during the
second 430-nm laser excitation of thestatest® The transient
absorptions of BPOand PhO radicals around 395 nm over-
lapped with the T state absorption at 400 nth?!

The transient absorption spectra observed for L@EH,-
Np and the plots oAAO.D 425 versus 430-nm laser power are
shown in Supporting Information Figure S1. MAO.D 425 was
observed in the cases of 2-@BICH;Np during the two-color
two-laser flash photolysis experiments, as shown in Figure 3a.

during the first 355-nm laser irradiatidf1”

It was found that the transient absorption spectra of all
(ROCH,),Np(T1) showed the characteristic NpjTabsorption
with two peaks around 425 and 400 A&i2Therefore, BP, Ph,
and H substituents have little effect on Np(Th (ROCH,).-
Np(T1), indicating that the excitation energy of (ROgkNp-
(T,) is localized on the Np moiety and that no—O bond
cleavage occurs from (ROGHNp(Ty).1416

AAO.D4zs and growth of the new absorption bands in the
region of 330-380 nm due to the absorption of the naphthyl-
methyl radicals (ROCENpCH,®)1011.13.14were observed from
1,8-and 1,4-(BPOCH.Np and (PhOCHK),Np. The C-O bond
cleavage also occurred from the S$tates during the second
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430-nm laser excitation of the; Btates generated from the first
355-nm laser excitatiotf.

Cai et al.

SCHEME 1: Energy Diagram of ROCH2Np in the S,
T,, and T, States during the Two-Color Two-Laser Flash

Because the second 430-nm laser excitation energy is notPhotolysis of ROCHNp and (ROCH;).Np?

enough for a concomitant cleavage of twe-QO bonds, only
one C-O bond cleavage occurred from thg States of 1,8-
(BPOCH)2Np, 1,4-(BPOCH):Np, 1,8-(PhOCH),Np, and 1,4-
(PhOCH),Np.1¢ It was confirmed by the results that the
concentration of (ROCkHLNp(T,) disappeared ([1,8-(PhOG)#+
Np(Tl)] = (AAO.D.425 = 013)/@425 = 16827 M1 Cm_l) =
7.73 x 106 M; [1,4-(PhOCH);Np(T1)] = (AAO.D4zs =
0.075)/6421-',: 12980 M1 cm’l) =5.78x 107 M, 6425V&|U€S
are given in Table 1) was almost equal to those of 1,8- and
1,4-PhOCHNpCH;" formed within the second laser duration
([1,8-ROCHNpCH,] = (AAO.D 3¢5 = 0.072)/€365 = 10 000
M~tem™) =7.2x 10°%M; [1,4-ROCHNpCH,] = (AAO.Dggs

= 0.063)/€365= 10 000 Mt cm™1) = 6.3 x 1075 M, suggesting
that the e3¢5 values of 1,8-ROCENpCH,* and 1,4-ROCH
NpCH,* are the same as that of 1-NpgHat 365 nm). The
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ahw,, the second 430-nm laser excitatidgi, rate constant of the
C—0 bond cleavageAE, energy barrier between the potential surfaces;
D(c-0), C—0O bond dissociation energy; MNpCH," or ROCHNpCH;";
‘O, RO.

transient absorption spectra observed during the two-color two- for 1-BPOCHNp and 2-BPOCENp can be explained by the

laser flash photolysis of 1,8-(PhOG:Np and 1,4-(PhOC}h),-
Np are also shown in parts ¢ and d of Figure 1, respectively.
Plots of AAO.D .25 versus the 430-nm laser power are shown

presence of the benzoyl group on the phenyl substituent. The
excitation energy of theIstates is more efficiently delocalized
in 1-BPOCHNp and 2-BPOCHEKNp due to the benzoyl group.

in Figure 2¢ and d. Similar transient absorption was observed Thus, theAE values of 1-BPOCENp and 2-BPOCHNp may

during the two-laser flash photolysis of 1,8- and 1,4-(BPQH
Np_16

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

From the slope of the linear plots &fAO.D .45 versus the
second 430-nm laser intensit$, of the C-O bond cleavage
of bis-substituted naphthalenes was calculated, Table 1.

These results indicate that the—-O bond cleavage was

be slightly larger than those of 1-PhOg¥tp and 2-PhOCH
Np. Therefore, the values for 1-PhOCENp and 2-PhOCH
Np should be larger than those for 1-BPOSId and 2-BPOCH
Np.

In the case of (ROCH.Np, only one C-O bond cleavage
occurred from the Jstates during the two-color two-laser flash
photolysis, because the 430-nm laser photon energy is not
enough for the simultaneous two-© bond cleavage®. The
higher® values for 1,8-(BPOCH),Np, 1,4-(BPOCH).Np, 1,8-
(PhOCH)2Np, and 1,4-(PhOCkLNp than those for 1-BPOCH

affected by both the type and the position of the substituent on Np, 2-BPOCHNp, 1-PhOCHNp, and 2-PhOCHNp indicate

Np. In the case of ROCH\p, thed value for 1-substituted Np
was larger than that for 2-substituted Np, which is similar to
the former result3®> The ® value dependence on the type of

that the C-O bond cleavage efficiency for (ROG}INp is
higher than that for ROCHNp. The 2-fold largerd values for
1,8-(ROCH).Np than those for 1-ROCHlp indicate that the

the substituents indicates the importance of the delocalization gycitation energy of the Tstate is dispersed more efficiently

of the excitation energy in thenTstates for the €0 bond
cleavage. The delocalization of theelectrons on the phenyl
group and oxygen atom should occur in the cases of 1-BROCH
Np, 2-BPOCHNp, 1-PhOCHNp, and 2-PhOCBENp, so that
similar delocalization of the excitation energy is expected in
the T, state. On the other hand, such delocalization of the
m-electrons is not possible with a methyl substituent on the
oxygen atom in the case of 1-GBICH;Np and 2-CHOCH,-
Np.

Therefore, thed® values of 1-BPOCKNp, 2-BPOCHNpP,
1-PhOCHNp, and 2-PhOCBENp were much larger than those
of 1-CH;OCH;Np and 2-CHOCH;Np. The occurrence of the

including the C-O bond in 1,8-(ROCH.Np(T,). The dissipa-
tion of the T, state energy in 1,8-(ROCGHNp(T,) is almost 2
times larger than that of 1-ROGNp(T,). Because the two
ROCH, groups at the 1- and 8-positions have an equivalent
environment in 1,8-(ROCHLNp, two equivalent crossing points
should exist between the two+«D bond dissociation surfaces
and the T, state potential surface. When 1,8-(ROSNIp(Ty)
is excited to 1,8-(ROCH.Np(T,), the excitation energy is
delocalized on the Np and one of the two ROCHibstituents
leads to one €0 bond cleavage, giving 1,8-ROGNpCH,
and RO.

In the case of 1,8-(HOCHLNp, thesr-electron delocalization

C—0 bond cleavage can be explained by the excitation energy petween Np ang-CH,OH is impossible in the Tstate, because
of the T, state and the crossing of the potential surfaces of the only a hydrogen atom is bonded to the oxygen atom. Therefore,

T, state and €0 bond dissociation of the ROGNp, which

the C-0O bond cleavage was not observed. In other words, a

are regulated by the structure and position of the substituentsjarge AE value exists between the potential surfaces of 1,8-

on Np (Scheme 1).

Since a low energy barrieAE) exists between the potential
surfaces of the Jstates and the €0 bond dissociation, €0
bond cleavage of 1-BPOCNp, 2-BPOCHNp, 1-PhOCHNp,
and 2-PhOCEKNp occurred from the Jstates. On the other
hand, no G-O bond cleavage occurred from 2-gBCH,Np
in the T, states. It is explained by the existence of a lafge
value between the potential surfaces of thesfates and the
C—0 bond dissociation, although the excitation energy of the
T, state is larger than the-60 bond dissociation energy. The
larger® values for 1-PhOCENp and 2-PhOCEKNp than those

(HOCH,)2Np(Ty) and the G-O bond dissociation.

Two-Step Cleavage of the Two €O Bonds of (BPOCH,).-
Np during the Three-Color Three-Laser Flash Photolysis.
The two-step cleavage of the two-© bonds of (BPOCH),-
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-(BPOCH),Np and 1,4-(BPOCH:Np in Ar-saturated ac-
etonitrile at room temperatufén the case of 1,8-(BPOGH}-
Np, most of the first 308-nm photons were absorbed by the BP
group to give 1,84BP*OCH,),Np(S.). The excitation energy
of the S state is mainly localized on the BP moiety, from which
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Figure 4. Three-color three-laser photolysis of 1,8-(PhQ&Np in
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was observed together with that of 1,8-(PhQEENp*(T,) at
425 and 400 nm during the first 308-nm laser irradiation of
1,8-(PhOCH),;Np. This is most likely due to the presence of
two competitive paths from 1,8-(PhOGNp*(S;) with the
excitation energy mainly localized on the Np moiety; one path
is a C-0 bond cleavage to give 1,8-PhOeitpCH,*(Do), and
the other is an intersystem crossing to 1,8-(PhQ&Np*(T1).
This result can be explained by the low@ysc value of 1,8-
(PhOCH)2Np than that of 1,8-(BPOCHLNp. Since no GO
bond cleavage occurred from 1,8-(PhOg#Np*(T,), the
increase of the transient absorption in the region of-3380
nm was not observed during the decay of 1,8-(Ph@&Np*-
(Ty). When 1,8-(PhOCHANp*(T1) was excited to 1,8-
(PhOCH)2Np(T,) with the excitation energy delocalized in-
cluding the G-O bonds during the second 430-nm laser
irradiation, cleavage of one-€0 bond occurred from 1,8-

Ar-saturated cyclohexane. The transient spectra observed during the(phOCH),Np(T,,). The decrease of the transient absorption at

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

425 nm AAO.D42s) and the increase of the transient absorption

in the region of 336-380 nm gave strong evidence for the-O

line), and successive irradiation of 308-, 430-, and 355-nm lasers (atbond cleavage from 1,8-(PhOG}Np(Ty) to 1,8-PhOCH
100 ns after the third laser flash; delay time between the lasers, 200 nsNpCH,*(Dg). In the case of 1,8-(PhOGkNp, 1,8-PhOCH

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 whigh 1
2nd and 3¢ refer to the irradiation time of the 308-, 430-, and 355-nm
lasers, respectively. The transient absorption spectral chahge€3.D.)

are shown in inset b of Figure 4, where the pink line refers to the

NpCH,*(Dg) can be selectively excited to 1,8-PhO{&#CH,*-

(Dn) with the third 355-nm laser irradiation, in contrast to 1,8-
(BPOCH,)2Np. Clear bleaching of the transient absorption in
the region of 336-380 nm was observed upon the third laser
irradiation. lonization of 1,8-PhOCNIpCH,*(Dg) did not occur
during the 355-nm laser excitation, because transient absorptions

changes between the first 308-nm laser and second 430-nm lasefof 1,8-PhOCHNpCH,* which are expected to be similar to that

irradiation which were obtained by subtraction of the red line from the

blue line, and the green line refers to the changes between the secon
430-nm laser and third 355-nm laser irradiation which were obtained
by subtraction of the black line from the red line.

a very fast intersystem crossing (ISC) occurred with high
quantum yield @sc = 1.0}-1° to give 1,8-fBP*OCH,),Np-
(T1) with the excitation energy mainly localized on the BP
moiety. Subsequently, fast intramolecular energy transfer oc-
curred from the BP(1) moiety to the Np moiety to give 1,8-
(BPOCH,)-2Np*(T 1) with the excitation energy mainly localized
on the Np moiety*~16 1,8-BPOCHNpCH,* was not observed
from 1,8-(BPOCH),®Np*(T1). The selective excitation of the
Np(T1) moiety of 1,8-(BPOCH)3Np*(T;) by the second 430-
nm laser gave 1,8-(BPOGHNp(T,) whose excitation energy
delocalized including the €0 bonds, and the ground state 1,8-
BPOCHNpPCH,*(Dg) is generated from the first €0 bond
cleavage. The third 355-nm laser excitation of the NpCH
moiety of 1,8-BPOCEHNpCH,* gave excited 1,8-BPOCH
NpCH:*(Dy), from which the final product acenaphthene is
produced from a biradical [1,8€H,),Np] generated by the
second G-O bond cleavagé®

Two-Step Cleavage of the Two €O Bonds of (PhOCH,)»-
Np during the Three-Color Three-Laser Flash Photolysis.
One C-0 bond cleavage of 1,8-(PhOGHNp(T,) occurred to
give 1,8-PhOCHNpCH,* with larger @ than that from 1,8-
(BPOCH,)-Np(Ty). Similar stepwise photocleavage of twe-O
bonds to that of 1,8-(BPOCHNp was expected for 1,8-
(PhOCH),Np during the three-color three-laser photolysis.
Because the solubilities of 1,4-(PhOg#Np and 1,8-(PhOChH),-
Np in acetonitrile are low, the three-color three-laser photolysis

f 1-NpCH" at 481, 614, 667, and 735 nm were not obsefed.
herefore, the bleaching is due to the occurrence of the second
C—O bond cleavage from 1,8-PhOG@NpCH,(Dn). These
experimental results for 1,8-(PhO@kNp are similar to those
of 1,8-(BPOCH),Np.16 Formation of the 1,8*CH,),Np biradi-
cal from 1,8-PhOCBLNpCH,*(D,) to give acenaphthene as the
final product is expected. Similar experimental results to those
of 1,4-(BPOCH),Np were observed for 1,4-(PhOG)Np
(Supporting Information Figure S2), indicating that the second
C—0 bond cleavage occurred from 1,4-PhOSIHCH,*(Dy).16

The transient absorption of 1,85H,).Np at 500 nm was not
observed during the three-color three-laser flash photolysis of
1,8-(BPOCH),Np and 1,8-(PhOCE),Np probably due to the
small absorption coefficienty ~ 200 M~ cm~1)23 and fast
cyclization of 1,8-{CH,),Np within the laser duration (5 ns). It
should be noted that the formation mechanism of the %,8-(
CHy).Np biradical in the present study is different from that
reported by Wirz et &2 In the case of Wirz's experiments, the
diazo compound 1-(diazomethyl)-8-methylnaphthalene was used
as the starting compound to give the 1°8H).Np biradical.
Upon the irradiation of 1-(diazomethyl)-8-methylnaphthalene,
the 1,8-(CH,).Np biradical with triplet multiplicity is generated
via a carbene intermediate that was formed by the initial N
elimination. The cyclization of the 1,8&H,),Np biradical with
a triplet multiplicity to acenaphthene is a spin forbidden process.
Therefore, the lifetime of the 1,8¢H,),Np biradical with triplet
multiplicity is long (102+ 5 us), and transient absorption of
the 1,8-(CH,).Np biradical was detected. However, in the
present study, the 1,8&H,).Np biradical was produced from
1,8-BPOCHNpCH,*(Dy) and 1,8-PhOCENpCH,*(Dy) during

experiments were done in cyclohexane. The experimental resultsthe third 355-nm laser irradiation. This 1,&H,).Np biradical

of the three-color three-laser photolysis of 1,8-(PhQfgNp

should have singlet multiplicity, from which the cyclization of

in Ar-saturated cyclohexane at room temperature are shown inthe 1,8-(CH,).Np biradical to acenaphthengfSis a spin

Figure 4.
In contrast to the results of 1,8-(BPO@LNp, the absorption
of the 1,8-PhOCEKENpCH radical in the region of 336380 nm

allowed process. Therefore, the lifetime of the T@H;).Np
biradical is short €5 ns), and transient absorption of the 1,8-
(*CHy)2Np biradical cannot be detected. Another possibility for
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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-(BPOCH.Np (1)
Giving the Final Product Acenaphthene (2) through the
T, and T, States of 1 and the @ and D, State$

Energy

Reaction coordinate

a hy,, the first 308-nm laser excitatiohy,, the second 430-nm laser
excitation; hvg, the third 355-nm laser excitation.

not detecting the transient absorption of the 2@).Np
biradical may be due to the low concentration of the 1C846)-

Np biradical in the solution, which could be calculated according
to the concentration of 1,8-ROGNpCH,* (Do) disappeared
during the third laser irradiation ([1,8-ROGNpCH,*(Do)] =
(AAO.Dgg5~ 0.02)/f365 = 10000 Ml cm™) = 2.0 x 10°°

M). It is very difficult to detect the transient absorption of 1,8-
(*CH,)2Np at such low concentration because of the small value
€s00 ~ 200 M1 cm1. Although the 1,8*CH,),Np biradical
shows an absorption band in the range 3890 nm €337 ~

20 000 M1 cm™1),2 which is stronger than the absorption band
at 500 nm, the absorption band in the range-3840 nm should
overlap with the absorptions of 1,8-(BPOgNp(T;) or 1,8-
(PhOCH),Np(T,). Therefore, absorption of the 1,8H,).Np

biradical cannot be separated from the absorption spectra in the

range 306-340 nm.

The mechanism of the three-color three-laser photochemistryJ

of 1,8-(BPOCH),Np is shown in Scheme 2.

The first 308-nm laser selective excitation of the BP moiety
of 1,8-(BPOCH),Np causes an intramolecular triplet energy
transfer from BP(7) to the Np moiety, giving 1,8-(BPOCH}3-
Np*(T1). The second selective excitation of the Ng(imoiety
of 1,8-(BPOCH),®Np*(T1) causes formation of 1,8-BPOGH
NpCH,* through the first GO bond cleavage. The third
selective excitation of 1,8-BPOGNpCH,* causes the formation
of the 1,8-{CH,),Np biradical through the second-©® bond
cleavage. Because of the lowésc value than that of 1,8-
(BPOCH,)2Np, the low yield of 1,8-PhOCHNpCH,*(Do) was
observed during the first 308-nm laser excitation of 1,8-
(PhOCH).Np.

Conclusions

Photocleavage of one-€D bond of ROCHNp and (ROCH),-
Np through the T states was observed to give Npg&nd
ROCHNpCH,* radicals in almost 100% yield, respectively,
during the two-color two-laser flash photolysis. Téevalues
of the C-0O bond cleavage of 1-PhOGNp, 2-PhOCHNp, 1,8-
(PhOCH)2Np, and 1,4-(PhOCE):Np were calculated to be
higher than those of 1-BPOGNp, 2-BPOCHNp, 1,8-
(BPOCH)2Np, and 1,4-(BPOCHNp. No C-0O bond cleavage
occurred from 1,8-(HOCE):Np(T,) and 2-CHOCH;Np(Ty).
The results show that the-@ bond cleavage is regulated by

Cai et al.

the position and the type of the substituents on Np. Higher
efficiency in the C-O bond cleavage of 1-ROGNp than the
efficiency in that of 2-ROCENp was observed. Stepwise
cleavage of the two €0 bonds of 1,8- and 1,4-(ROGHNp

(R = BP and Ph) was observed during the three-color three-
laser flash photolysis. 1,8- and 1,4-RODHCH," were formed

by the first G-O bond cleavage of 1,8- and 1,4-(ROgNp

(R = BP and Ph) in the Jstates, which was generated by the
selective excitation of 1,8- and 1,4-(RO@KNp*(T1) using

the 430-nm second laser. The intermediates 1,8- andQkb)6-

Np were obtained by the second-O bond cleavage of 1,8-
and 1,4-ROCEHNpCHy(Dy), which was generated by the
selective excitation of 1,8- and 1,4-ROeMpCH,*(Do) using

the 355-nm third laser.
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