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The mechanism and intermediates of photoinduced hydrogen atom transfer and photoisomerization in 1-(1-hydroxy-
2-naphthyl)-3-(1-naphthyl)-2-propen-1-one (1) and 1-(1-methoxy-2-naphthyl)-3-(1-naphthyl)-2-propen-1-one (2) have
been investigated using nanosecond time-resolved infrared spectroscopy. For compound 1, a bleach signal was observed
at 1575 cm�1 just after the laser excitation and recovered within 2 ms. The transient absorption at 1500 cm�1 decayed with
two components of 1 ms and 2 ms, which are due to the triplet state and the ground state tautomer, respectively. On the
basis of these results, the potential energy surface of hydrogen atom transfer in compound 1 was deciphered. Upon laser
excitation of compound 2, the transient absorption signals at 1528 cm�1 and 1392 cm�1 assigned to the triplet state were
observed in addition to the bleach signals at 1664 cm�1 and 1600 cm�1. The bleach signal at 1600 cm�1 remained as a
permanent bleaching after the fast recovery with the 1.2 ms time constant. This result indicates that compound 2 underwent
trans-to-cis isomerization upon laser excitation. By utilizing the data obtained in stationary and transient IR spectroscopy,
we have directly determined the quantum yield of trans-to-cis isomerization to be 0:23� 0:01 from the difference in the
IR signals.

Hydrogen bonding interactions and tautomerization by way
of intramolecular hydrogen bonding are basic and important
subjects in fundamental chemistry. In particular, photochemi-
cal hydrogen atom transfer has attracted considerable interest
to observe ultrafast hydrogen atom transfer processes in both
forward and reverse directions.1–16 We have been interested
in studying the cooperative effect of photoinduced hydrogen
atom transfer and the photochemical cis–trans isomerization
around the C=C double bond in compounds having both hydro-
gen bonding and the isomerizable C=C double bond.8,9,13–16

In the course of our research, we have been studying the
hydrogen atom transfer and the cis–trans isomerization in 20-
hydroxychalcone and related compounds.8,9,12,17 We found that
20-hydroxychalcone underwent photochemical one-way cis-to-
trans isomerization due to the ultrafast intramolecular hydro-
gen atom transfer both in the excited singlet and the triplet
states to give the excited state tautomer.8,9 The potential energy
surface of the excited state tautomer produced as the triplet
manifold may resemble one-way cis-to-trans isomerization,
since the tautomer has a polyene-like electronic configura-
tion.8,9 However, in this compound it was difficult to observe
any evidence of adiabatic intramolecular hydrogen atom trans-
fer due to the inefficient fluorescence emission of the tautomer.
We have recently found that the naphthyl analogue 1-(1-hy-
droxy-2-naphthyl)-3-(1-naphthyl)-2-propen-1-one (1) also un-
derwent intramolecular hydrogen atom transfer in the excited
state and we easily observed the fluorescence emission from
the tautomer.12 We have also prepared 1-(1-methoxy-2-naph-

thyl)-3-(1-naphthyl)-2-propen-1-one (2) as a model compound
of 1 without intramolecular hydrogen bonding (Scheme 1). On
the basis of the fluorescence spectroscopy and the transient
UV–vis absorption spectroscopy, the potential energy surface
of hydrogen atom transfer of compound 1 has been proposed.12

We wish to report here further studies of hydrogen atom
transfer in compound 1 and the photochemical behavior of
compound 2 by nanosecond time-resolved infrared spectrosco-
py in addition to the photoisomerization behavior of compound
2. Time-resolved infrared spectroscopy has been shown to be
useful in obtaining detailed information on the small structural
differences both in the excited and ground states.18–29

Although benzene was used as the solvent in the previous
report, the transient IR spectra could not be detected in benzene
but was detected in CCl4. We have therefore briefly studied the
absorption, transient absorption, and fluorescence spectra in
CCl4, and these results are also included in this paper.

Experimental

Materials and Solvents. trans-1-(1-Hydroxy-2-naphthyl)-3-
(1-naphthyl)-2-propen-1-one (trans-1) was prepared from 10-hy-
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droxy-20-acetonaphthone and 1-naphthaldehyde by aldol conden-
sation.12 trans-1-(1-Methoxy-2-naphthyl)-3-(1-naphthyl)-2-prop-
en-1-one (trans-2) was prepared from trans-1 by the reaction with
dimethyl sulfate in THF in the presence of aqueous NaOH.12 cis-1-
(1-Methoxy-2-naphthyl)-3-(1-naphthyl)-2-propen-1-one (cis-2)
was obtained from trans-2 by irradiating with sunlight. Each of
the compounds was purified by column chromatography and
recrystallized from ethyl acetate and hexane.

Anhydrous CCl4 (Wako) was used without further purification.
trans-1-(1-Hydroxy-2-naphthyl)-3-(1-naphthyl)-2-propen-1-

one (trans-1): mp 173–174 �C; 1HNMR (400 MHz, CDCl3) �
7.32 (1H, d, J ¼ 8:8 Hz), 7.54–7.58 (3H, m), 7.60–7.67 (2H, m),
7.78 (1H, d, J ¼ 8:0 Hz), 7.84 (1H, d, J ¼ 15:2 Hz), 7.87–7.97
(4H, m), 8.32 (1H, d, J ¼ 8:4 Hz), 8.52 (1H, d, J ¼ 8:4 Hz),
8.84 (1H, d, J ¼ 15:2 Hz), 14.9 (1H, s).

trans-1-(1-Methoxy-2-naphthyl)-3-(1-naphthyl)-2-propen-1-
one (trans-2): mp 77–78 �C; 1HNMR (400 MHz, CDCl3) � 4.00
(3H, s), 7.54–7.58 (3H, m), 7.59–7.62 (2H, m), 7.70 (1H, d, J ¼
8:4 Hz), 7.72 (1H, d, J ¼ 15:6 Hz), 7.79 (1H, d, J ¼ 8:4 Hz),
7.89–7.95 (4H, m), 8.26–8.31 (2H, m), 8.62 (1H, d, J ¼ 15:6 Hz).

cis-1-(1-Methoxy-2-naphthyl)-3-(1-naphthyl)-2-propen-1-
one (cis-2): mp 72–73 �C; 1HNMR (400 MHz, CDCl3) � 4.00
(3H, s), 7.17 (1H, d, J ¼ 10:4 Hz), 7.26–7.28 (1H, m), 7.40–7.54
(7H, m), 7.61–7.66 (2H, m), 7.72–7.76 (2H, m), 8.00 (1H, d, J ¼
8:8 Hz), 8.11 (1H, d, J ¼ 8:8 Hz).

Measurements. UV–vis and IR absorption spectra were meas-
ured on a SHIMADZU UV-1600 spectrometer and JASCO FT/IR-
670plus spectrometer, respectively. Fluorescence spectra were ob-
tained on a Hitachi F-4500 fluorescence spectrometer. Laser flash
photolysis for transient UV–vis spectroscopy was performed by us-
ing an excimer laser (Lambda Physik LPX-100, wavelength 308
nm, 20 ns fwhm). A pulsed xenon arc (Ushio UXL-159) was used
as a monitoring light source. In time-resolved IR spectroscopy,30–32

the third harmonic of a diode-laser pumped Nd:YLF laser (Spectra
Physics TFR, wavelength 349 nm, 10 ns fwhm) was used as an ex-
citation light source. Continuous wave infrared light source
(JASCO, MoSi2) was used as a probe beam. Changes in IR inten-
sity induced by photoexcitation were detected by a photovoltaic
mercury–cadmium–telluride (MCT) detector (Kolmar Technolo-
gies). An AC-coupled low noise preamplifier/amplifier system
was used to amplify the signal which was finally averaged on a
digital oscilloscope. Time resolution of the system was 50 ns.

Results and Discussion

Absorption, Transient Absorption, and Fluorescence
Spectra of Compound 1 and 2. trans-1 and trans-2 exhibited
absorption spectra with maxima at 390 nm and 350 nm, respec-
tively, in CCl4, which were very similar to those observed in
benzene (Fig. 1).12 The red-shift of the absorption spectrum
of trans-1 compared with that of trans-2 indicates that the
hydroxynaphthyl group and carbonyl group in trans-1 take a
planar conformation due to the presence of the intramolecular
hydrogen bonding in the CCl4 solution. Furthermore, trans-1
exhibited a large Stokes shifted fluorescence in CCl4 as well
as in benzene (Fig. 2).12 This indicates that trans-1 undergoes
hydrogen atom transfer in the excited singlet state in CCl4 also.

Upon laser flash photolysis of trans-1, transient absorption
spectra were observed from 450 to 750 nm with the initial ab-
sorption maxima at 660 nm and 480 nm (Fig. 3). The transient
absorption spectrum changed within a 10 ms time scale to give
the absorption maximum only at 480 nm. The decay profile at

660 nm shows a time constant of only 2 ms, while that at 480 nm
shows two components of 2 ms and 100 ms. The shorter lived
transient of 2 ms both at 660 nm and 480 nm was quenched
by oxygen, while the longer-lived transient of 100 ms was not
quenched by oxygen. Therefore, the shorter and longer lived
transients can be assigned to the triplet state tautomer and
ground state tautomer, respectively, as previously proposed,
in benzene solution.12

The transient absorption spectrum of trans-2 is quite differ-
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ent from that of trans-1 and exhibited an absorption maximum
at 540 nm with a lifetime of 3 ms in CCl4 (Fig. 4). The transient
spectrum was quenched by oxygen and was assigned to the trip-
let state, which was similar to the result observed in benzene.12

The considerably long lifetime indicates that the planar trans
triplet and the perpendicular triplet state were equilibrated in
the excited triplet state with an equilibrium very much shifted
to the trans side.12

The quantum yield of intersystem crossing of trans-2 was
estimated from the laser flash photolysis using benzophenone
and trans-2 as sensitizers and �-carotene as an energy acceptor.
Since the quantum yield of intersystem crossing from the sin-
glet excited state to the triplet state of benzophenone is 1, the
relative ratio of the T–T absorption spectra of �-carotene ob-
served upon benzophenone sensitization and trans-2 sensitiza-
tion gave the �isc value of trans-2. Thus, �isc of trans-2 was
determined to be 0:59� 0:06.

Photochemistry of Compound 2. Upon photoirradiation
with 365 nm light in benzene or CCl4, trans-2 underwent
trans–cis isomerization as revealed from the decrease of ab-
sorbance at 350 nm, while trans-1 was stable upon photoirra-
diation (Fig. 5).

Since the photoisomerization behavior in benzene was sim-
ilar to that in CCl4, the detailed photochemical experiments of
trans-2 were performed in benzene. As shown in Fig. 6, the
photostationary state trans-to-cis isomer ratio ([t]/[c])pss upon
365 nm irradiation under an argon atmosphere increased with
increasing concentration of trans-2, while that under air is

almost constant. These results indicate that the isomerization
proceeded mainly in the excited triplet state.

The quantum yield of trans ! cis isomerization was deter-
mined with irradiation at 365 nm. The �t!c value was 0:20�
0:03 and 0:020� 0:001 under argon and air, respectively, and
these values are independent of the concentration of trans-2.
The quantum yield of cis-to-trans isomerization increased with
increasing concentration under argon atmosphere from 0.34 at
the concentration of 1:7� 10�4 M to 0.50 at 5:2� 10�4 M,
while the value is almost constant under air, �c!t ¼ 0:30.
These results also support the theory that the isomerization
proceeds in the triplet state.

IR Spectra in the Ground State. Figure 7 shows the IR
spectra of trans-1, trans-2, and cis-2 in CCl4 in the ground state
at room temperature. Characteristic absorption peaks appeared
at 1630, 1576, and 1201 cm�1 for trans-1. The 1630 cm�1 peak
can be assigned to the C=O stretching vibration, and 1576
cm�1 to the C=C stretching vibration. The low C=O stretching
frequency of 1630 cm�1 indicates the formation of strong intra-
molecular hydrogen bonding for trans-1.

Both cis- and trans-2 exhibited IR absorption at 1660 and
1600 cm�1 due to the C=O and C=C stretching vibration, re-
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spectively. The peak observed at 980 cm�1 for trans-2 can be
assigned to the trans-olefinic CH out-of-plane bending vibra-
tion, since the band was not observed for cis-2.

Transient IR of Compound 1. Figure 8 shows the transient
IR spectra, where we observed several bleaching signals in ad-
dition to the positive transient signals at 1500 and 1176 cm�1.
As mentioned in the previous section, the bleaching signals ob-
served at 1630 cm�1 and 1575 cm�1 were assigned to the C=O
and C=C stretching vibration, respectively. The time profile of
the recovery of the bleach at 1575 cm�1 is shown in Fig. 9. This
bleaching signal recovered with a time constant of 2 ms. A sim-
ilar value was obtained from the bleach signal observed at 1630
cm�1. These results indicate that trans-1 can undergo some
conformational change upon photoirradiation, but the starting
compound was reproduced within a ms time scale. However,
this conformational change is not a permanent one, but rather
is a transient change similar to photoinduced hydrogen atom
transfer to produce the tautomer, which decayed to the ground
state tautomer followed by reverse hydrogen atom transfer to
produce the starting trans-1.

The positive transient signal observed at 1500 cm�1 (Fig. 10)
was composed of two components, one of them decaying with a
time constant of 1 ms under argon atmosphere and the other de-
caying with a time constant of 2 ms. The shorter lived compo-
nent was quenched by oxygen and was assigned to the triplet
state. The longer lived component was not quenched by oxygen
and was assigned to the ground state species. The ground state
transient could be assigned to either the cis-keto tautomer or the
trans-keto tautomer. The temperature effect on the transient

spectra indicates that the cis-keto tautomer undergoes ultrafast
reverse hydrogen atom transfer to give the starting form.12

Since the observed transient ground state has a moderately long
lifetime of 2 ms, it can be assigned to the trans-keto tautomer.
The positive transient signal at 1176 cm�1 was not quenched by
oxygen and was also assigned to the long lived transient species
produced by intramolecular hydrogen atom transfer in the
excited state (trans-keto tautomer).

The above spectroscopic evidence indicates that trans-1 un-
dergoes photoinduced hydrogen atom transfer in the excited
state followed by deactivation to produce the tautomer with a
lifetime in the ms to ms time scale, which also undergoes
reverse hydrogen atom transfer to give the starting trans-1.

The above discussion is well in accordance with our previous
report mainly based on fluorescence and transient absorption
spectroscopy.12 In transient absorption spectroscopy, we have
observed two transient species with a 2 ms lifetime assigned
to the triplet state and more than a 100 ms lifetime assigned
to the ground state tautomer.

When we combine the results of both the UV–vis absorption
and fluorescence spectroscopy with the results of the IR spec-
troscopy, the transient IR observed for trans-1 (shorter lived
component of 2 ms) due to the triplet state can be assigned to
the triplet state tautomer of trans-1 (cis-keto form) and the
longer lived ground state tautomer (2 ms) of trans-1 can be as-
signed to the ground state trans-keto form. Since the OH group
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exists on the phenyl ring in the normal form and in the olefinic
chain in the tautomer, the signal of the CO stretching vibration
of the tautomer should appear at a lower energy than the CO
stretching of the phenolic OH group. In fact, the normal form
and the tautomer form exhibited signals at 1201 cm�1 and
1176 cm�1, which are assignable to the CO stretchings of the
phenolic and olefinic OH groups, respectively. These results al-
so support the above discussion of the photoinduced hydrogen
atom transfer in the excited state followed by deactivation to
the ground state to produce the cis-keto form.

We have determined the lifetime of the ground state tauto-
mer to be 2 ms in those experiments, which could not accurate-
ly be determined in our transient absorption measurements by
laser flash pholysis.12 On the basis of these findings and the pre-
vious results, we can slightly modify the potential energy sur-
face of the photoinduced hydrogen atom transfer in compound
1 (Scheme 2).

The intramolecular hydrogen atom transfer that produces the
cis-keto tautomer takes place in the excited singlet state. The
cis-keto tautomer undergoes non-radiative deactivation to give
the ground state trans-keto form by twisting around the newly
produced quasi-double bond or intersystem crossing to the trip-
let state. In addition, the cis-keto tautomer in the excited singlet
state gives a fluorescence emission at a longer wavelength. In
the ground state, the trans-keto tautomer undergoes isomeriza-
tion around the quasi-double bond followed by reverse hydro-
gen atom transfer to give the starting form, while the cis-keto
tautomer quickly reverts to the normal form.

Transient IR of Compound 2. Figure 11 shows the transi-
ent IR spectra observed upon laser excitation of trans-2 in
CCl4. Bleaching signals similar to trans-1 were observed for
trans-2 at 1600 cm�1 and 1664 cm�1 due to the C=C and
C=O stretching vibration. Very interestingly, positive transient
absorption signals at 1528 cm�1 and 1392 cm�1 were observed
(Fig. 12). The former absorption decayed with the time con-
stants of 390 ns and 1.8 ms and were quenched by oxygen.

The latter absorption have rising (260 ns) and decaying compo-
nents (1.4 ms) and were also quenched by oxygen. Therefore,
these absorption signals were assigned to the triplet excited
states. The bleaching signal at 1664 cm�1 recovered with a time
constant of 1.2 ms, but the signal at 1600 cm�1 did not recover
on this time scale (Fig. 13). Since compound 2 undergoes pho-
tochemical trans–cis isomerization mutually, these differences
in the recovery of the signals may well be due to the trans-to-cis
photoisomerization. trans-2 undergoes trans-to-cis isomeriza-
tion upon photoirradiation either in the excited singlet state
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or in the triplet state and, therefore, the starting isomer would
not be fully recovered and the permanent signals were observed
in the transient IR spectra. The difference in the IR spectra be-
tween trans- and cis-2 almost reproduces the permanent IR
spectra observed by transient IR spectroscopy (Fig. 14).

Since the changes in the signal intensities at 1528 cm�1 and
at 1392 cm�1 were assigned to the triplet state, which exhibited
producing and decaying dynamics, the above two components
both at 1528 cm�1 and 1392 cm�1 indicate the occurrence of
the conformational change in the excited triplet state. Usually,
in the excited state, the double bond and the single bond in the
ground state become a quasi-single bond and a quasi-double
bond. Thus, the single bond connecting the methoxynaphthyl
group and carbonyl group may have some double bond charac-
ter that increases the rotation barrier around this bond. The ro-
tation around this bond may cause a large geometrical change
in compound 2 and may result in a change of the vibrational fre-
quency. Thus, the rising component of 260 ns at 1392 cm�1 and
the fast decaying component of 390 ns at 1528 cm�1 should
be assigned to the rotation around the quasi-double bond from

the initially produced triplet state to the rotational isomer
(Scheme 3).

As shown in the ground state IR spectra, there are some
signals (1304, 1251, and 980 cm�1) that were observed only
for the trans-isomer. By using the transient IR data at 1304
cm�1, one could determine the quantum yield of trans–cis iso-
merization very easily and accurately (Fig. 15). In fact we
have succeeded in determining the quantum yield of trans–
cis isomerization to be 0.23, which is very close to the value ob-
tained by conventional methods using [tris(oxalate)]ferrate(III)
actinometry.

Conclusion

We have observed a bleach signal at 1575 cm�1 and a tran-
sient absoption signal at 1500 cm�1 for trans-1 by nanosecond
time-resolved infrared spectroscopy. From the analyses of these
signals, we have determined the lifetimes of the triplet state and
the ground state tautomer of trans-1 produced by photoirradia-
tion. In trans-2, the triplet state signals were observed at 1528
cm�1 and 1392 cm�1 as transient absorption with the ground
state bleach signals at 1664 cm�1 and 1600 cm�1. Thus, the
triplet state intermediate can be discussed. In addition, we have
succeeded in determining the quantum yield of the trans-to-cis
isomerization of compound 2 for the first time to be 0:23� 0:01
from the permanent signal observed at 1304 cm�1.
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Research on Priority Areas (417) and the 21 Century COE
Program from the Ministry of Education, Culture, Sports,
Science and Technology (MEXT), by University of Tsukuba
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