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Abstract 

By measurements of phosphorescence and transient absorption spectra as well as steady-state photolysis of the title 
compound (NNV), it is concluded as follows: (1) In benzene and ethanol, intersystem crossing from the lowest excited 
singlet (ZNNV*) to triplet (3NNV*) states competes with valence isomerization of ~NNV* yielding ground-state 
naphthoylnaphthalene (NN). (2) In ethanol, the NNV ketyl radical (generated by hydrogen-atom abstraction of 3NNV * from 
the solvent molecule) also undergoes rapid valence isomerization and recombination of two NN ketyl radicals thus formed 
yields l,l,2,2-tetranaphthyl-l,2-ethanediol (naphthopinacol). 

1. Introduct ion 

In the context of  the recent importance of  photo- 
responsiveness of  molecules in the wide range of  
molecular devices, we are studying the photophysics 
and photochemistry of polycyclic aromatic com- 
pounds which undergo photoinduced valence isomer- 
ization yielding the Dewar-type [ I - 4 ]  or valene-type 
[4-6]  isomers. Owing to the large strain energy and 
the peculiar sp 9 hybridization in the bicyclobutane 
moiety [7], the photochemistry of  valene-type com- 
pounds is also of  great interest and Turro et al. [8] 
reported that the lowest excited singlet state of  naph- 
thvalene underwent valence isomerization forming 
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the lowest excited triplet state of  naphthalene; nei- 
ther population of  the lowest excited triplet state of  
the original compound (naphthvalene) nor formation 
of  the lowest excited singlet state of  the photo- 
product (naphthalene) was observed. 

Generally, intersystem crossing from the lowest 
excited singlet to triplet states of  aromatic carbonyl 
compounds is very rapid. And, the result reported by 
Turro et al. [8] has intrigued us with a view of  
finding out which of  the lowest excited singlet and 
triplet states of  valene-type aromatic carbonyl com- 
pounds undergo valence isomerization as well as 
whether the electronically excited products are 
formed or not. In comparison with the results ob- 
tained for naphthoylnaphthalene (NN), therefore, this 
Letter deals with the excited-state dynamics of  naph- 
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thoylnaphthvalene (NNV). For this compound, a 
bridgehead carbon atom of the naphthvalene moiety 
is substituted by the naphthoyl group• 

2. E x p e r i m e n t a l  

By the treatment of  naphthvalene (prepared fol- 
lowing the method of  Katz et al. [9]) with n-butyl- 
lithium in the presence of  N,N,N',N'-tetramethyleth- 
ylenediamine, a lithionaphthvalene (with a lithiated 
bridgehead carbon atom) was obtained at first and 
then its reaction with 2-naphthaldehyde followed by 
CrO3/pyridine oxidation yielded NNV. NN was 
synthesized by the reaction of 2-naphthyllithium with 
2-naphthaldehyde yielding dinaphthylcarbinol fol- 
lowed by successive Jones oxidation. Crude NNV 
and NN thus obtained, and GR-grade benzophenone 
(BP) from Wako were recrystallized from diiso- 
propyl ether, ethanol and ligroin, respectively. The 
solvents used were benzene, ethanol and a mixed 
solvent (EPA) of diethyl e ther / isopentane/ethanol  
(5:5:2 in volume ratio). Although spectral-grade ben- 
zene (Dojin) and Uvasol diethyl ether (Merck) were 
used without further purification, GR-grade isopen- 
tane (Wako) was purified by passing it through an 
alumina column and spectral-grade ethanol (Nacalai) 
was dried using a molecular sieve 3A (Wako). 

The sample solutions were degassed by several 
f r eeze -pump- thaw cycles and nanosecond laser 
photolysis was performed using the third harmonic 
[the 355 nm light pulse with a full width at half-max- 
imum intensity (FWHM) of  5 ns] from a Nd 3+ :YAG 
laser (Continuum Surelight I); the transient absorp- 
tion spectra were recorded using a multichannel ana- 
lyzer [10], and the decay curves of  transient absorp- 
tions as well as the phosphorescence decay curves 
were analyzed by means of  a combination of  a 
photomultiplier (Hamamatsu R329 or R666) with a 
storage oscilloscope (Iwatsu TS-8123). 

Steady-state photolysis was carried out using the 
313 nm monochromatic light selected from a USH- 
500D super-high-pressure mercury lamp, and the 
absorption and phosphorescence spectra were 
recorded using a Hitachi 200-20 spectrophotometer 
and a Hitachi MPF-4 spectrophosphorimeter, respec- 
tively. 

3. Resu l t s  and  d i scuss ion  

Fig. l a shows the phosphorescence spectra ob- 
tained for NNV, NN and BP in EPA at 77 K. 
Clearly, the phosphorescence spectrum (the solid 
line) obtained for NNV is slightly different from that 
(the dashed line) obtained for NN but their phospho- 
rescence decay curves can be analyzed by a single- 
exponential function with a lifetime of  and 7p = 1 s. 
In contrast, the phosphorescence spectrum (the dot- 
ted line) and its lifetime (~-p = 5.6 ms) obtained for 
BP are greatly different from those obtained for 
NNV and NN. Since the lowest excited triplet state 
(3Bp*)  of  BP is well known to be of typical n'rr * 
character, large 'n-conjugation between the naphtha- 
lene moiety and the carbonyl group of NNV (or NN) 
compared with that between the benzene moiety and 
the carbonyl group of  BP may be a cause of lower- 
ing the "rr~* energy level resulting in the lowest 
excited triplet states of NNV (3NNV*)  and NN 
(3NN * ) to be of  ~rw * or mixed n~r *-~r~  * charac- 
ter. In fact, the ~r * ~- w absorption bands of  NNV 
and NN shift greatly to longer wavelengths com- 
pared with that of  BP and no w * ~ n absorption 
bands can be seen for the former compounds. 
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Fig. 1. (a) Phosphorescence spectra and (b) T ' ~  T 1 absorption 
spectra (at 10 ns delay) obtained for NNV, NN and BP in EPA at 
77 K. rp in (a) are the phosphorescence lifetimes and "r T in (b) 
are the lifetimes of T' ,-- T~ absorptions. 
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As shown in Fig. 1 b, nanosecond laser photolysis 
in EPA at 77 K reveals that the transient absorption 
spectrum (the solid line) obtained for NNV is slightly 
different from that (the dashed line) obtained for NN 
but they differ greatly from that (the dotted line) 
obtained for BP. Furthermore, the lifetime of tran- 
sient absorption obtained for NNV is equal to that 
obtained for NN but this lifetime (z T = 1 s) is very 
long compared with that (z T = 5.6 ms) obtained for 
BP. Since these results are consistent with those 
obtained for the phosphorescence spectra and their 
lifetimes shown in Fig. l a, the transient absorption 
spectra shown in Fig. lb can safely be assigned to 
the triplet-triplet (T' ~ T ~ )  absorptions due to 
3NNV *, 3NN * and 3Bp*. 

At room temperature, nanosecond laser photolysis 
of NNV and NN in benzene also reveals the appear- 
ance of T ' ~  T~ absorption spectra due to 3NNV* 
and 3NN* with lifetimes of r T = 12 and 15 I~S, 
respectively (cf. Fig. 2), i.e. the corresponding decay 
rate constants are k~ = 8.3 × 104 and 6.7 × 10 4 S -  I, 
respectively, and no new transient absorption spectra 
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Fig. 3. Transient absorption spectra obtained for (a) NNV and (b) 
NN in ethanol at room temperature; delay times are 10 ns ( - - - - )  
and 500 p.s ( - - - ) .  
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Fig. 2. (a) T' ' -  T~ absorption spectra at 10 ns delay and (b, c) 
decay curves of transient absorptions ( - - - - ,  monitored at 450 
nm) obtained for NNV and NN in benzene at room temperature. 
In (b) and (c), the dashed curves are the best-fit single-exponential 
functions with lifetimes (z T) indicated. 

can be seen during the decrement of T' ~ T t absorp- 
tion spectra with time. In ethanol, however, the 
spectra (the solid lines) obtained at 10 ns delay are 
identical with the T' ~ T t absorption spectra due to 
3NNV * and 3NN * but the spectra (the dashed lines) 
obtained at 500 Ixs delay are clearly different from 
the T' ~ T~ absorption spectra (cf. Fig. 3). In accor- 
dance with this, as shown in Fig. 4, the transient 
absorptions monitored at 450 nm decrease with time 
following the first-order and then second-order decay 
kinetics with rate constants k I and k 2, respectively; 
for k 2, e is the absorption coefficient of a transient 
species different from 3NNV * or 3NN * 

Fig. 5a shows the absorption spectral change 
caused by steady-state photolysis of NNV in ethanol 
at room temperature and the photoproduct with ab- 
sorption bands Pt-P4 is identified to be NN. In 
benzene at room temperature, a similar result is also 
obtained for NNV but no photochemical reaction can 
be seen for NN; as shown in Fig. 5c, however, 
photolysis of NN in ethanol at room temperature 
causes a spectral change different from that shown in 
Fig. 5a. Meanwhile, Turro et al. [8] observed only 
the phosphorescence originating from the lowest ex- 
cited triplet state of naphthalene upon excitation of 
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Fig. 4. Decay curves of transient absorptions ( - - - - ,  monitored at 
450 nm) obtained for (a, b) NNV and (c, d) NN in ethanol at room 
temperature. The dashed curves are the best-fit ones calculated on 
the basis of the first-order and second-order decay kinetics with 
rate constants k I and k 2, respectively; for k 2, e is the absorption 
coefficient of a transient species different from 3NNV * or 3NN *. 

naphthvalene in methylcyclohexane at 77 K. On the 
basis of this fact, as stated previously, they con- 
cluded that the lowest excited singlet state of naphth- 
valene underwent valence isomerization forming the 
lowest excited triplet state of naphthalene. Formation 
of the lowest excited singlet (~NN *) and/or  triplet 
(3NN * ) states of NN from the lowest excited singlet 
state (1NNV * ) of NNV (or conversion of 3 NNV * to 
3NN*) upon excitation of NNV, however, can be 
ruled out on the basis of following facts; (1) by 
excitation of NNV in EPA at 77 K, only the phos- 
phorescence and T ' * - -T  I absorption spectra due to 
NNV can be seen (cf. Fig. 1); (2) steady-state 

photolysis of NNV in EPA at 77 K also yields NN 
and the resulting phosphorescence spectrum can be 
ascribed to the superposition of phosphorescence 
originating from 3NNV * and 3NN * which are pop- 
ulated by independent excitation of the original com- 
pound (NNV) and the photoproduct (NN), respec- 
tively; (3) nanosecond laser photolysis of NNV in 
benzene at room temperature reveals no formation of 
3NN *, i.e. only the T' *--- T r absorption spectrum due 
to 3NNV* can be seen (cf. Fig. 2). We have further 

observed that 3NNV * in aerated benzene at room 
temperature is quenched by dissolved oxygen ( =  1-3 
mM) with a rate constant of = (3.1-1.0) x 10 9 M -  I 
S-~ but steady-state photolysis reveals no effect of 
oxygen on the rate of formation of NN from NNV. 
Since no formation of NN is observed by a thermal 
reaction of NNV, it can be conclude that ~NNV * 
undergoes valence isomerization yielding ground- 
state NN. 

A comparison of the result shown in Fig. 5a with 
that shown in Fig. 5b indicates that the absorption 
bands (P~-P+) of NN produced by photolysis of 
NNV in ethanol disappear by prolonged photolysis 
reflecting the occurrence of a photochemical reaction 
between NN and ethanol. In fact, Fig. 5c indicates 
that photolysis of NN in ethanol at room temperature 
causes the absorption spectral change similar to that 
shown in Fig. 5b and we have confirmed formation 
of 1,1,2,2-tetranaphthyl-l ,2-ethanediol  (naph- 
thopinacol) as the final product. All the results ob- 
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Fig. 5. Absorption spectral changes upon steady-state photolysis 
of (a, b) NNV and (c) NN in ethanol at room temperature. 
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tained by nanosecond laser photolysis as well as 
steady-state photolysis of NN in ethanol at room 
temperature are very similar to those obtained for 
aromatic carbonyl compounds such as benzophenone 
[I 1], flavanones [12-14] and 4-chromanone [12,14]: 
The lowest excited triplet states of these compounds 
abstract a hydrogen atom from the solvent molecules 
generating the corresponding ketyl radicals and sol- 
vent radicals, and recombination of two ketyl radi- 
cals yields the pinacol-type compounds. Naturally, 
formation of naphthopinacol upon steady-state pho- 
tolysis of NN in ethanol can be interpreted in terms 
of recombination of two NN ketyl radicals (NNK "). 
Hence, the dashed spectrum shown in Fig. 3b can be 
ascribed to the absorption of NNK , because the 
corresponding spectral intensity decreases with time 
following the second-order decay kinetics with a rate 
constant of k2 = 3 .4o° )<  105 M - l  s - j  (cf. Fig. 4d). 
Interestingly, the dashed spectrum shown in Fig. 3a 
and the decay curve of transient absorption shown in 
Fig. 4b are confirmed to be identical with those 
shown in Figs. 3b and 4d, respectively. This may 
indicate that the NNV ketyl radical (NNVK ") gener- 
ated by hydrogen-atom abstraction of 3NNV* from 
ethanol also undergoes rapid valence isomerization 
resulting in formation of NNK" (cf. Scheme 1). This 
conjecture is supported by the well-known facts that 
rearrangement of cyclopropylcarbinyl radicals to al- 
lylcarbinyl radicals, i.e. the so-called homoallylic 
rearrangement, is rapid [ 15] and that naphthvalene is 
a typical aromatizable compound with a large strain 
energy ( =  65 kca l /mol  [16]) compared with that (27 
kcal /mol  [17]) of cyclopropane. 
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Picosecond laser photolysis of NNV in benzene 
and ethanol at room temperature reveals the appear- 
ance of T' ~ T ~  absorption spectrum (due to 
3NNV*) within a duration of pulse excitation 
(FWHM = 30 ps). This indicates that the lifetime of 
n NNV * should be less than 30 ps. Since no fluores- 
cence originating from t NNV * can be seen, the 
photophysics and photochemistry of NNV at room 
temperature can be summarized as follows (cf. 
Scheme 2). 

(1) In both benzene and ethanol, JNNV* ~ 
3NNV * intersystem crossing competes with J NNV * 
--* NN valence isomerization, i.e. neither ~NN * nor 
3NN* is formed upon excitation of NNV. (2) Al- 
though no reaction of 3NNV * is observed in ben- 
zene, 3NNV* in ethanol abstracts a hydrogen atom 
from the solvent molecule generating NNVK" and 
l-hydroxy-l-ethyl radical (R').  (3) Interestingly, 
N N V K ' ~  NNK" valence isomerization is also rapid 
and recombination of two N N K '  thus formed yields 
naphthopinacol (NP) in accordance with the results 
obtained for NN in ethanol. 

In spite of the generation of the ketyl radicals at 
room temperature, however, the decay rate constants 
of 3NNV* and 3NN* in ethanol are somewhat 
smaller than those in benzene. We thus suppose that 
the rates of hydrogen-atom abstraction by 3NNV* 
and 3NN* from ethanol are very slow compared 
with the 3NNV* ~ NNV and 3NN* ~ NN transi- 
tion rates. In fact, as shown in Figs. 3 and 4, the 
absorption intensity of NNK" is one order of magni- 
tude smaller than those of 3NNV * and 3NN *, even 
if their absorption coefficients are different from that 
of NNK. Owing to a 7r~r* or mixed nw*-rr~r* 
character of 3NNV* and 3NN*, furthermore, their 
transitions to the ground states in benzene may be 
faster than those in ethanol. 
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