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Abstract

Photolyses of 1,2;5,6- and 2,3;6,7-naphthalenetetracarboxylic dianhydrides (1 and 2), which would be precursors of 1,5- and 2,6-
naphthdiynes, respectively, were studied by matrix isolation and wavelength-selective irradiation techniques in order to directly observe
intermediates produced stepwise. The photolyzed products in the matrices were characterized by FT-IR and UV-Vis spectroscopies
with the aid of density functional theory calculations. As a result of decarboxylation and decarbonylation of dianhydride precursors, the
generation of naphthyne intermediates was confirmed in both the cases of 1 and 2. The photolyses of these naphthyne intermediates
resulted in the formation of acetylenic compounds as in the case of benzdiynes. In the photolysis of 1, the final compound was assigned
to deca-5-ene-1,3,7,9-tetrayne, although it was unidentified in the case of 2. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Arynes, benzyne and its congeners have attracted great
interest because of their ability to participate in a wide
variety of organic reactions and their peculiar structures
containing a strained triple bond. Only the simplest member
among them, o-benzyne, has been thoroughly characterized
by its direct observation using matrix isolation spectroscopy
[1-6]. Recently, its peculiar structure has been discussed on
the basis of both experimental and theoretical results. The
length of triple bond in o-benzyne, which was estimated by
B¢ dipolar NMR [7], showed that theoretical calculations,
particularly calculations at the density functional theory
(DFT) level, provided reasonably accurate geometries of
the unstable species [7,8]. Although o-benzyne has been
studied extensively, matrix isolation and characterization of
larger arynes such as naphthyne have seldom been carried
out. These didehydrogenated polyaromatic hydrocarbons
(PAH) are of interest as reactive intermediates for organic
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reactions [9,10], while they have been studied theoretically
as the interstellar compounds responsible for unidentified
infrared (UIR) emission bands [11,12]. Recently, we
reported the direct observation of 1- and 2-naphthynes in
argon matrices, and discussed the changes in geometries and
reactivities induced by the fusion of an additional benzene
nucleus to benzyne [13,14].

On the other hand, benzdiyne and naphthdiyne, in which
two triple bonds are contained within one aromatic system,
are further challenging reactive intermediates. We reported
the direct observation of a benzdiyne structure by the photol-
ysis of 1,4-bis(trifluoromethyl)-2,3;5,6-benzenetetracarboxy-
lic dianhydride in a low-temperature argon matrix in 1997,
which was the first finding that a benzdiyne structure could
be trapped by a matrix isolation method [15]. However,
we could not confirm the generation of unsubstituted ben-
zdiynes by the consecutive photolysis of the corresponding
precursors [16-18]. These compounds should be highly
unstable because of large ring strain. The expansion of the
conjugated system would contribute to the stabilization of
such highly unsaturated species by reducing the ring strain.
Naphthdiynes were proposed as reactive intermediates
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participating in some organic chemical reactions [19,20].
These intermediates should be formed in the photolyses of
naphthalenetetracarboxylic dianhydrides.

Here, we wish to report the consecutive photolyses of
1,2;5,6- and 2,3;6,7-naphthalenetetracarboxylic dianhydri-
des in low-temperature argon matrices. The wavelength-
selective photolyses using several lasers have been executed
in order to identify intermediates formed consecutively.

2. Experimental
2.1. Materials

1,2;5,6-Naphthalenetetracarboxylic dianhydride (1) was
synthesized from 2,6-dimethylnaphthalene in the following
way. 1,5-Dibromo-2,6-dimethylnaphthalene was obtained
from bromine and 2,6-dimethylnaphthalene by the method
of Arnold and Liggett [21]. Then 1,5-dicyano-2,6-dimethy-
naphthalene was obtained from copper cyanide and 1,5-di-
bromo-2,6-dimethylnaphthalene by the method of Friedman
and Shechter [22]. 1,5-Dicyano-2,6-dimethylnaphthalene
was oxidized to 1,2,5,6-naphthalenetetracarboxylic acid
and then converted to the dianhydride by Dozen’s method
[23]. The final product was purified by recrystallization
from acetic anhydride. 2,3,6,7-Naphthalenetetracarboxylic
dianhydride (2) was synthesized according to the literature
procedure [24] and was purified by recrystallization from
acetic anhydride.

2.2. Matrix isolation experiments

Matrix isolation experiments were performed with a
closed-cycle helium cryostat (Air Products Displex CS-202).

Pressure in the sample chamber was kept at 107°~10~7 Torr
during the experiments. For FT-IR measurement, a Csl
plate cooled to 11 K was used as a substrate, on which va-
porized 1 or 2 was co-deposited with argon (99.9999%) at
11 K. KBr plates were used as optical windows for FT-IR
measurements, which were carried out on a Perkin-Elmer
Spectrum-GXI spectrometer with a resolution of 1cm™!.
For the measurement of UV-Vis absorption spectra, a CaF;
and quartz plates were used as the substrate and the optical
windows, respectively. UV—Vis spectra were measured with
a Shimadzu UV-3100 spectrometer.

Wavelength-selective photoirradiation was carried out
with the following light sources: (1) third harmonic pulses
(THG) of a Nd:YAG laser (A = 355 nm: Lotis LS-2125 with
YHG-34), whose repetition rate and laser fluence were
10Hz and ca. 4mJcm™2 pulse™!, respectively; (2) fourth
harmonic pulses (FHG) of a Nd:YAG laser (A = 266 nm),
whose repetition rate and laser fluence were 10Hz and
ca. 3mJem 2 pulse™!, respectively; (3) a XeCl excimer
laser (A = 308 nm: MPB Technologies, PSX-100), whose
repetition rate and laser fluence were 10Hz and ca.
1 mJem~2 pulse™!, respectively; (4) a KrF excimer laser
(A = 248 nm, Lambda-Physik EMG201), whose repetition
rate and laser fluence were 5 Hz and ca. 8 mJ cm ™2 pulse ™!,
respectively.

2.3. Computational methods

All DFT calculations were performed with the Gaussian
98 program package [25]. Geometries of compounds were
optimized using the B3LYP method [26,27] and the 6-31G**
basis set. The nature of the stationary points was assessed
by means of vibrational frequency analysis. All of the cal-
culations were done on the IBM RS/6000-SP system at the
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Fig. 1. The FT-IR spectra observed in the photolysis of 1: (a) before irradiation; (b) after irradiation at 355 nm; (c) after irradiation at 308 nm.
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Fig. 2. The observed and calculated IR spectra of 1 (a), 4 (b), and 5 (c).

Tsukuba Advanced Computing Center (TACC) and on the
IBM 32 node SP system at the National Institute of Material
and Chemical Research (NIMC).

3. Results and discussion

3.1. Naphthyne intermediate from
1,2,5,6-naphthalenetetracarboxylic dianhydride

Crystallines of 1 was vaporized at 145°C and co-deposited
with argon onto a cold substrate. Figs. 1(a) and 2(a) show
IR spectra of matrix-isolated 1. The precursor 1 showed the
lowest transition band at 362 nm, which is 6 nm longer than
that of 1,2-naphthalenedicarboxylic anhydride (3). In the
previous report, 1 in the argon matrix was photolyzed with a
XeCl laser (A = 308 nm) to form directly a naphthyne inter-
mediate (5 in Scheme 1) [28]. Meanwhile, the consecutive
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photolysis was observed for 3: stepwise decarboxylation and
decarbonylation were induced by the wavelength-selective
irradiation [13]. Since the lowest transition band of 1
(362 nm) located close to that of 3 (356 nm), the photolysis
using THG pulses of Nd:YAG laser (A = 355nm) was
examined. Upon the irradiation, new IR peaks ascribable to
photo-generated species appeared, while the peaks of 1 de-
creased, as shown in Fig. 1(b). In contrast to the case of 3,
the appearance of peaks due to CO and CO» indicated that
both decarboxylation and decarbonylation of 1 were induced
upon the irradiation. IR spectrum observed after the photol-
ysis was not in agreement with the calculated spectrum of 4.

The further change in IR spectra was observed upon irra-
diation with a XeCl excimer laser (Fig. 1(c)). The spectrum
observed upon this irradiation was in good agreement with
the calculated spectra of 5§ as shown in Fig. 2(c). Careful
analysis of these spectra revealed that the decarbonylation
did not completely proceed upon irradiation at 355 nm.

- pdod o8-

Scheme 1.



6 T. Sato et al./Journal of Photochemistry and Photobiology A: Chemistry 145 (2001) 3-10

1.0 G

0.8

0.6

Molar ratio

0.4

0.2

0 100 200 300 400
Irradiation time / min

Fig. 3. Changes in molar ratio of 1 (circle), 4 (square), and 5 (triangle)
in an argon matrix during the irradiation at 355nm. Solid lines are the
results of fitting of each molar ratio with Egs. (1)—(3).

As a result, two intermediates (4 and 5) coexisted in the ma-
trix upon irradiation at 355 nm, and the intermediate 4 was
converted to 5 upon irradiation at 308 nm. IR spectrum cor-
responding to pure 4 could be obtained by the removal of
the contribution of 5 from the spectra observed upon pho-
tolysis at 355 nm. Thus obtained IR spectrum was in good
agreement with the calculated spectrum of 4 as shown in
Fig. 2(b). If we assume that the formation of other inter-
mediates can be negligible, we can estimate molar ratio of
1, 4, and 5 in the matrix during the irradiation as shown
in Fig. 3. The ratio of 5 to 4 increased gradually during
the photolysis. However, the dynamic behavior of theses
species could not be described by normal consecutive reac-
tion scheme (Scheme 2(a)). The dynamic behavior of for-
mation of 4 and 5 can be well described using the reaction
scheme in Scheme 2(b). The rate equations describing the
reaction scheme are as follows:

[1] = [1]o exp{— (k1 + k2)1) (1)

4= — PO ok + ko) — exp(—ksn] @)
ks — (ki + k2)

[5] = [1]o — [1] — [4] 3)

The changes of the molar ratio of 1, 4, and 5 were fitted
with Egs. (1), (2), and (3), respectively. The rate constants
k1, k>, and k3 were estimated as 9.0 x 10_3, 1.7 x 10_2, and
1.5 x 10~* min~!, respectively, from the curves in Fig. 3.
Here, the branching ratio of k1/k; is 0.53. In the case of the
isotopically labeled 3, the branching in decarboxlylation was
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Fig. 4. The observed and calculated IR spectra of 6.

indicated as shown in Scheme 3: the ratio of 13C0,/CO;
was estimated as 0.42 [14]. In this case, the decarboxylation
forming '3CO, would become slower due to the heavy-atom
effect, which decreases the ratio of 13C0,/CO,. Therefore, it
would be possible that the branching observed in photolysis
of 1 is originated in the branching of decarboxylation. The
formed S still has small absorbance at 355 nm due to the
aryne moiety. This absorbance should contribute to the slow
decarbonylation of 4, that is, k3.

As in the case of 1-naphthyne [13], prolonged irradiation
at 308 nm caused the formation of ketene species 6 by ad-
dition of CO to 5. The formation of ketene species was en-
hanced by initial irradiation at 266 or 248 nm. IR spectrum
corresponding to pure ketene was extracted from the spectra
as shown in Fig. 4, which showed good agreement with the
calculated one for 6.

Scheme 2.
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Fig. 5. The observed and calculated IR spectra of 2 (a) and 7 (b).

3.2. Naphthyne intermediate from
2,3,6,7-naphthalenetetracarboxylic dianhydride

Crystallines of 2 was vaporized at 175°C and co-deposited
with argon onto a cold substrate. Fig. 5(a) shows the IR spec-
trum of matrix-isolated 2. In contrast to 1, the naphthyne in-
termediate 7 was directly formed from 2 upon irradiation at
355 nm (Scheme 4). The further irradiation at 308 nm caused
no change in the spectra. The formation of the intermediate
containing cyclopropanone moiety could not be observed,
similarly with the case of 2,3-naphthalenedicarboxylic anhy-
dride [14]. The FT-IR spectra observed after this irradiation
showed good agreement with the calculated one as shown
in Fig. 5(b).

3.3. Computational investigations of naphthynes:
geometries and energies

The geometries of naphthyne intermediates optimized at
the B3LYP/6-31G™* level are depicted in Fig. 6 together
with those of naphthynes and naphthdiynes. The triple bond
length of o-benzyne estimated as 1.251 A at the same level
showed good correspondence with the experimental result
[7]. The bond lengths of the corresponding triple bonds in
5 and 7 are estimated as 1.241 and 1.259 A, respectively.
These values are almost the same as those of 1- and 2-naph-
thynes. In naphthynes, the geometries reflect the changes in

(0] 0] (0]
-CO, -CO
SIO0Cp == 00
hv
O , © 7 O

Scheme 4.

their electronic structures induced by the fusion of an addi-
tional benzene nucleus with o-benzyne [14]: in 1-naphthyne,
the triple bond is more highly localized compared to that
in o-benzyne, on the other hand, in 2-naphthyne, the cumu-
lenic character becomes dominant. If the electron density
of in-plane m-bond is reduced by the electron withdrawing
nature of an anhydride group, the length of triple bonds
should be increased. However, such effect was not observed.
The electronic fluctuation induced by anhydride group
should be rather small. The energy differences for the dehy-
drogenation (Scheme 5) estimated at the B3LYP/6-31G**
level are listed in Table 1. Slightly higher destabilization
induced by anhydride group was observed for 7. This desta-
bilization should originate in steric effect: the bond length
(1416 A) between the two adjacent C atoms to which

———*I + H,
0oy — OO - n

Scheme 5.
Table 1

Energy differences for dehydrogenation®

Compounds AE (kcalmol™!)
5 94.26
7 97.25
1-Naphthyne 93.74
2-Naphthyne 96.22

2 These values were estimated from the energies at the B3LYP/6-31G**
level corrected by zero point energies at the same level (without scaling).



T. Sato et al./Journal of Photochemistry and Photobiology A: Chemistry 145 (2001) 3-10

()
1380 1412 1.407 \1_241
1.413 1.404 1.260
1.379
1420 1434 30 C
2v
Cs
(e) ®
1.401 _ 1.243 1.442 1.363
1.401 1.468 1.259
\ 1.425 1.393
C2h D2h

Fig. 6. The geometries of: (a) 5; (b) 7; (c) 1-naphthyne; (d) 2-naphthyne; (e) 1,5-naphthdiyne; (f) 2,6-naphthdiyne optimized at B3LYP/6-31G** level.

Bond lengths are given in A.

anhydride moiety attached is shortened by the existence 3.4. Photolyses of naphthyne intermediates

of 2,3-anhydride moiety compared with the corresponding
bond length in 2-naphthyne (1.409 A), whereas it shows
little change in 1,2-anhydride system: 1.379 and 1.380 A
for 5 and 1-naphthyne, respectively.

Obtained intermediate S could be photolyzed upon irra-
diation at 266 nm (FHG of Nd:YAG laser) or 248 nm (KrF
excimer laser). Fig. 7(a) shows the difference in IR spectrum
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Fig. 7. The difference IR spectra for the photolysis of 5 with FHG of Nd:YAG laser (A = 266nm): (a) difference between before and after initial 24 000
shots; (b) difference between before and after successive 276 000 shots.
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between before and after initial irradiation (initial 24 000
shots) by using FHG of Nd:YAG laser. In the spectrum, the
positive and negative peaks corresponded to 6 and 5, respec-
tively. The positive peaks revealed that the generation of 6
was the dominant process in this stage. Although CO should
be consumed by the reaction with 5 to form 6, the peaks of
CO and CO; are also positive in this stage. Moreover, the
intensity of negative peak due to C=0 asymmetric stretch-
ing mode of 5 is larger than that of positive peak due to
the corresponding mode of 6. These results reveal the exis-
tence of an additional process, that is, decarboxylation and
decarbonylation of 5. This process became dominant upon
the prolonged photo-irradiation as shown in the difference
IR spectrum of successive 276 000 shots (Fig. 7(b)). This
process should result in the formation of CjoH4 species.
However, we could not observe any IR band ascribable to
1,5-naphthdiyne probably because of low concentration and
low IR intensity. With the aid of the UV-Vis spectra and
TD-DFT calculations, we assigned the final compound to
deca-5-ene-1,3,7,9-tetrayne (Scheme 6) [28].

The photolysis of 2-naphthyne intermediate 7 was also
executed. Upon irradiation at 266 or 248 nm, the interme-
diate 7 can be photolyzed. Several new IR bands increased
together with that of CO and CO; upon the irradiation,
while IR bands of 7 decreased. The difference IR spectrum
between before and after irradiation with a KrF excimer
laser is shown in Fig. 8. Although the IR band at 2086 cm™!
was ascribable to ketene species, this ketene did not contain
the anhydride moiety. Moreover, the IR bands appeared
at 2235cm™!, which was not observed in photolysis of 1,
would be ascribed to C30 [18]. However, the formation of
these species should be minor processes because their ab-
sorption coefficients are generally rather large. In this stage,
the increasing band at 3317 cm~! was also observed, which
revealed the formation of acetylenic species as in the case
of 1. However, the IR band of the corresponding bending
mode was not observed around 620 cm™!. In this photolysis,
an acetylenic compound would be formed by the ring cleav-
age of 2,6-naphthdiyne, although we could not assign this
species (Scheme 7). The four peaks observed at 737, 853,
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Fig. 8. The difference IR spectra for the photolysis of 7: difference between before and after irradiation with a KrF excimer laser (A = 248 nm).
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1055, and 1286 cm™! were ascribed to skeletal vibrations of
the photoproduct on the basis of the dynamic behavior in
their intensities during the irradiation. However, we could
not find out an appropriate compound for the intermediate
showing the theoretical IR bands at these positions.

4. Conclusion

The photolyses of 1 and 2 in argon matrices at cryo-
genic temperature were studied by IR and UV-Vis spectro-
scopies. The photolyses were initiated by decarboxylation
and decarbonylation of 1 and 2. In the initial stage of the
photolyses, the intermediates 4 and 5 from 1 and the inter-
mediate 7 from 2 were identified, which was confirmed on
the basis of good agreement between the observed and the
calculated IR spectra. On the other hand, the photolyses of
thus obtained naphthyne intermediates 5 and 7 were done
upon irradiation at shorter wavelength (266 or 248 nm).
In these photolyses, decarboxylation and decarbonylation
were revealed from the increase in the absorption of CO
and CO,. However, we could not detect naphthdiynes
probably because of their low concentrations and low IR
intensities. In the case of 1, the final product was assigned
to novel CjoHy species, deca-5-ene-1,3,7,9-tetrayne, which
should be formed by ring cleavage of 1,5-naphthdiyne. Our
attempts to observe naphthdiynes aroused new interests in
chemistry of CjgHy species. However, further challenging
studies, for instance, using more appropriate precursors and
more sensitive spectroscopic methods, will be required to
confirm the existence of naphthdiynes.
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