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a b s t r a c t

The UV and IR spectra of N-methyl-1,8-naphthalimide in benzene showed a two-step consecutive
complexation (hydrogen bond formation) with trifluoroacetic acid (TFA). The equilibrium constant K1 for
the first complexation in benzene was determined from the UV spectrum to be 48 M�1. The fluorescence
intensities of the imide in benzene were found to be remarkably enhanced by the addition of TFA.
Furthermore, photochemical cyclobutane formation of the imide with styrene in benzene was enhanced
by the addition of TFA. Enhancement of the fluorescence intensity and the photoreaction of the imide by
complexation with TFA was explained by a decrease of the efficiency of the intersystem crossing from
1(pp*) to 3(np*), that results from an increase in the energy of the 3(np*) level due to the complexation.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Naphthalimides are known to be promising anticancer agents,
showing broad-spectrum activity against a variety of human solid
tumor cells.1 Some naphthalimides have reached the phase of
clinical trials.2 Their DNA binding or enzyme inhibitory activity is
believed to be pivotal in exerting antitumor effects. 1,8-Naph-
thalimide derivatives with intramolecular dialkylammonium moi-
eties exhibit much stronger association to oligodeoxynucleotides
than the corresponding neutral molecules due to electrostatic in-
teractions with the phosphate groups.3

Photoinduced processes of naphthalimides are also of particular
interest because of their broad-ranging applications in fundamen-
tal studies and advanced technology as well as in biological and
medical areas. Naphthalimides are capable of initiating the pho-
tocleavage of DNA4 and photochemical crosslinking of proteins.5

Additionally, investigations on the photophysical behavior of
naphthalimides have contributed to the development of new
fluorescent probes6 and optical sensors.7 Dual fluorescence has
been reported for several substituted N-phenylnaphthalimides8

and the relative intensity of the two fluorescence bands has
been shown to be sensitive to solvent polarity, temperature,9

viscosity,10 and pressure.11 Some substituted N-phenyl-1,8-naph-
thalimides have been reported to show remarkable sensitivity and
selectivity for saccharides.12

The photoreactions of naphthalimides have been investigated
for the past decade in our laboratory.13 We have recently shown
x: þ81 852 32 6429; e-mail
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that the fluorescence intensity and photoreactivity of N-methyl-
1,8-naphthalimide (2) are remarkably increased by intermolecular
hydrogen bonding with 2,2,2-trifluoroethanol (TFE), possibly
through a decrease in the efficiency of intersystem crossing from
1(pp*) to 3(np*), because the energy of the 3(np*) level increases as
a result of the hydrogen bonding.14 In this paper, we report the
effect of the addition of trifluoroacetic acid (TFA) on the photo-
physical properties and photoreactions of aromatic imide com-
pounds in expectation of amore pronounced effect than that which
arose from hydrogen bond formation with TFE.
2. Results and discussion

Five aromatic imide compounds, N-methylphthalimide (1),
N-methyl-1,8-, -2,3-, and -1,2-naphthalimides (2e4), and N-
methyl-9,10-phenanthrenedicarboximide (5), were chosen in this
investigation, because of differing energies of their pp* and np*

excited states (Scheme 1). The lowest singlet excited state of
phthalimide 1 has been reported to be an np* state.15 On the other
hand, the lowest singlet excited states of naphthalimides 2e4
and phenanthrenedicarboximide 5 have been reported to be pp*

states, though the energy of the singlet states vary, namely,
80.6 kcal mol�1 for 2, 79.4 kcal mol�1 for 3, 72.7 kcal mol�1 for 4,
and 68.6 kcal mol�1 for 5.15 The second excited singlet states of
naphthalimides 2e4 and phenanthrenedicarboximide 5 may have
np* characters with similar energies, since the np* excitation is
localized mainly on the carbonyl group.

Since hydrogen bond formation has been known to affect the
energy levels of np* states compared to those of pp* states,
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hydrogen bond formation is predicted to have a different effect on
the photophysical properties and photoreactions of aromatic im-
ides 1e5. Thus, we examined the photophysical properties and the
photoreactions of 1e5 in the presence of TFA in expectation of
a more pronounced effect. Indeed, we found that the photophysical
properties and the photoreactions of 2, in which the pp* and np*

levels were close together in energy, were remarkably affected by
hydrogen bond formation with TFA.

2.1. UV spectra

To clarify the effect of the addition of TFA in the ground state, UV
spectra of 2 in the absence and presence of various concentrations of
TFA were measured in benzene (Fig. 1). Fig. 1 shows a two-step
Fig. 1. Absorption spectra of 2 (0.075 mM) with various concentrations of TFA in
benzene.
consecutive complexation (hydrogen bond formation) of 2 and TFA
shown in Eqs. 1 and 2, while there is no evidence for the stepwise
complexation of 2 and alcohols in the UV spectra.14 In the low con-
centration range (0e30 mM) of TFA, an isosbestic point is observed
around 336 nm. On the other hand, in the high concentration range
(30e150mM)ofTFA, there is another isosbesticpoint around339nm.

In the low concentration range of TFA, the presence of the iso-
sbestic point suggests that the first complexation step shown in
Eq. 1 is dominant and the equilibrium constant K1 for the first
complexation in benzene is determined to be 48 M�1 from a linear
BenesieHildebrand plot using the absorbance at 360 nm (Fig. 2 and
Eq. 3).
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Fig. 4. Absorption spectra of 2 (0.075 mM) with various concentrations of TFA in
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½Im�l=Absþ 1=K1eð1=½TFA�Þ þ 1=e (3)

Here, [Im] and [TFA] are the concentrations of imide 2 and TFA,
respectively, l is optical path length, e is molar extinction co-
efficient of the 1:1 complex 6, and K1 is the equilibrium constant
for the first complexation. The value of K1 is considerably larger
compared to that of 1.5 M�1 for the corresponding complexation
of 2 and TFE.14

Similar spectral changes were observed in dichloromethane. In
nonpolar hexane, well-defined spectral changes for the two-step
consecutive complexationwere observed (Fig. 3). A new absorption
maximum appeared around 355 nm in the low concentration range
(0e6 mM) of TFA and a new absorption around 362 nm developed
in the high concentration range (30e150 mM). On the other hand,
no clear evidence for the complexation was observed in polar
acetonitrile (Fig. 4).
Fig. 3. Absorption spectra of2 (0.075mM)with various concentrations of TFA in hexane.

acetonitrile.
2.2. IR spectra

IR spectra of 2 in the absence and presence of various concen-
trations of TFA were measured in benzene (Fig. 5). Fig. 5 shows the
decrease of the intensity of the 1669 cm�1 band attributed to n C]O
of 2 and the simultaneous increase of new 1642 and 1617 cm�1

bands of the complexed species of 2 by the addition of TFA. These
results indicate that the complexation with TFA occurs at the car-
bonyl group of 2.
Fig. 5. IR spectra of the n C]O region of 2 (20 mM) with various concentrations of TFA
in benzene.
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2.3. Fluorescence spectra

To clarify the effect of the addition of TFA in the excited singlet
state, fluorescence spectra of 2 in the absence and presence of
various concentrations of TFA were measured in benzene (Fig. 6).
The fluorescence intensity of 2 was enhanced in the low concen-
tration range (0e30 mM) of TFA, in which the first complexation
shown in Eq. 1 was dominant, and then markedly decreased in the
high concentration range (30e150mM) of TFA, inwhich the second
complexation shown in Eq. 2 was dominant.
Fig. 6. Fluorescence spectra of 2 (0.075 mM) with various concentrations of TFA in
benzene.

Fig. 8. Fluorescence spectra of 2 in the presence of 30 mM of TFA and various con-
centrations of benzene in dichloromethane.
Fig. 7 shows the effect of the addition of TFA on the fluorescence
quantum yield Fflu of 2 in various solvents. In polar acetonitrile, the
fluorescence of 2was little enhanced by the addition of TFA. In less
polar dichloromethane and in nonpolar hexane, the fluorescence of
2 was remarkably enhanced in the low concentration range of TFA,
and then increased more gradually in the high concentration range
Fig. 7. Fluorescence quantum yield Fflu of 2 with various concentration of TFA in
various solvents.
of TFA. In contrast, in benzene, the fluorescence of 2 was enhanced
in the low concentration range (0e30 mM) of TFA and then de-
creased in the high concentration range (30e150mM) of TFA. These
results indicate that the fluorescence intensity of the doubly com-
plexed species 7 (Eq. 2) in benzene is small compared with those in
dichloromethane and hexane.

Furthermore, the effect of the addition of benzene on the fluo-
rescence of 2 in dichloromethane was examined. While the fluo-
rescence of 2 was only slightly affected by the addition of benzene
in the presence of 30 mM of TFA (Fig. 8), in the presence of 150 mM
of TFA, the fluorescence intensity of 2was remarkably decreased by
the addition of benzene and a weak emission appeared around
500 nm (Fig. 9). These results indicate that the fluorescence in-
tensity of the doubly complexed species 7 is markedly decreased by
the addition of a small amount of benzene, possibly through the
formation of an exciplex of 7 and benzene as indicated by the weak
emission.
Fig. 9. Fluorescence spectra of 2 in the presence of 150 mM of TFA and various con-
centrations of benzene in dichloromethane.
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2.4. UV and fluorescence spectra of other aromatic imides

The effect of the addition of TFA on the absorption spectra of
aromatic imides 1, 3, 4, and 5, in benzene are shown in Figs. S1, S3,
S5, and S7, respectively, in the Supplementary data. The equilibrium
constants K1 for the first complexation of 1, 3, 4, and 5 with TFA
were determined to be 21, 43, 15, and 9.6 M�1, respectively.

The effect of the addition of TFAon thefluorescence spectra of1, 3,
4, and 5 in benzene are shown in Figs. S2, S4, S6, and S8, respectively,
in the Supplementary data. These results indicate that the fluores-
cence of 1 is enhanced by the addition of TFA in benzene, while the
fluorescence of 3e5 is little enhanced by the addition of TFA. Fig. 10
shows the effect of addition of TFA on the relative fluorescence in-
tensity of 1e5 in benzene. Moderate and remarkable enhancement
effects were observed for 1 and 2, respectively, inwhich the pp* and
np* levels were close together in energy. The fluorescence of 2 in the
presence of 30 mM of TFA was thus most remarkably enhanced by
a factor of more than 5 compared with that in the absence of TFA.
Fig. 10. Relative fluorescence quantum yield of 1e5 with various concentrations of TFA
in benzene.
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2.5. Effect of complexation on the photoreaction of 2 with
styrene

To clarify the effect of the addition of TFA on the photoreactions of
aromatic imides, photoreactions of 2 and styrene (8) in benzene
were examined in the absence of TFA and in the presence of 30 mM
of TFA, and the results are shown in Table 1. In the photoreactions of
2 and 8, two regioisomers of cyclobutanes 9 and 10 were formed
from the reaction of 12* with 8, 9, and 10 were decomposed to
starting materials 2 and 8 upon prolonged irradiation (Scheme 2).13
Table 1
Yield of adducts 9 and 10 in the photoreactions of 2 and 8 in the absence and the
presence of TFAa

Additive Irradiation
time (min)

Conversion (%) Yieldb (%)

9 10

None 1 7 27 19
2 9 42 35
3 14 35 30
4 16 35 29
5 18 35 31

TFA (CF3CO2H, 30 mM) 1 13 42 12
2 26 30 9
3 34 36 9
4 38 38 10
5 45 35 9

a Irradiation was carried out at room temperature under N2 in benzene. [2]¼
2.0 mM. [8]¼100 mM.

b Yield was based on consumed 2.
Table 1 shows that the addition of TFA accelerates the photoreaction
of 2 and 8 in a similar way as the fluorescence quantum yield. Fig. 11
shows the effect of the concentration of TFA on the relative fluo-
rescence quantum yield and the relative reactivity. These results
show that the complexation with TFA increases both the photo-
reactivity of 2 and the fluorescence quantum yield in a similar way.
2.6. Mechanism to account for the effect of the complexation

Wintgens et al. have reported that the rate of the intersystem
crossing from 12* to 32* is faster than those of other naph-
thalimides 3 and 4, and the intersystem crossing of 2 accounts for
more than 90% of the deactivation processes of 12*.15 This suggests
that the 1(pp*) and 3(np*) levels of 2 are close together in energy.

As mentioned above, the fluorescence quantum yield Fflu and
photoreactivity of 2 toward 8 in benzenewas remarkably enhanced
by the addition of TFA. As the 1(pp*) and 3(np*) levels of 2 are close
together in energy and the complexation (hydrogen bond forma-
tion) is known to increase the energy of np* states compared with
those of pp* states, the complexation with TFA may increase the
energyof the 3(np*) comparedwith that of 1(pp*), and decrease the
rate of the intersystem crossing from the 1(pp*) to the 3(np*), thus
increasing the fluorescence quantumyieldFflu and photoreactivity
of the singlet excited state (Scheme 3).
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3. Conclusion

To our knowledge, there have been few systematic in-
vestigations on the effect of the addition of TFA on the photo-
physical properties of aromatic imides, even though TFA has
frequently been used as a chemical switch of the fluorescence in-
tensity of aromatic imides with an intramolecular amino group,
which can quench the fluorescence of the imides by electron
transfer in the neutral state.16 Our results show that the com-
plexation of 1 and 2with TFA in the ground state decreases the rate
of the intersystem crossing from the 1(pp*) to the 3(np*) levels,
whose energy is selectively increased by the complexation, and
thus increases the fluorescence quantum yield Fflu and photo-
reactivity of the singlet excited state of 2. The effect of the com-
plexation of 2 and TFA on the photophysical properties and
photoreactivity is more remarkable than those with complexation
of TFE.14 It is interesting that the simple addition of a small amount
of acid can markedly control the photophysical properties and
photoreactivity of aromatic imides widely used in numerous
applications.
4. Experimental section

4.1. General

UV spectra were measured by use of a JASCO UVIDEC-650
spectrometer. Fluorescence spectra were obtained on a Hitachi 850
spectrophotometer. NMR spectra were recorded on a JEOL JNM-AL-
400 (400 MHz) instrument.

Fluorescence spectra were measured under aerated conditions.
Fluorescence quantum yields were determined relative to that of
N-methyl-1,8-naphthalimide (2) in MeCN (Ff¼0.027).15 The fluo-
rescence quantum yields in benzene were determined to be
0.00026, 0.014, 0.22, 0.82, and 0.48 for imides 1, 2, 3, 4, and 5,
respectively.

The preparation, purification, and characterization of imides 1,17

2,18 3,19 4,15 and 520 have been described elsewhere. Solvents, TFA,
and styrene (8) were commercially available.

Photoreactions of 2 and 8were carried out under N2 by using an
Eikosha EHB-W-300 high-pressure Hg-lamp through an aq CuSO4
filter (l>320 nm).
Supplementary data

UV and fluorescence spectra of 1, 3, 4, and 5 in the presence of
various concentrations of TFA in benzene. Supplementary data as-
sociated with this article can be found in the online version, at
doi:10.1016/j.tet.2010.09.022. These data include MOL files and
InChIKeys of the most important compounds described in this
article.
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