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The generation of 1- and 2-naphthynes by the photolyses of 1,2- and 2,3-naphthalenedicarboxylic anhydrides
(1, 2), respectively, was investigated by means of Fourier transformed infrared (FT-IR) and ultraviolet
visible (UV—Vis) absorption spectroscopies and theoretical calculations. Consecutive decarboxylation and
decarbonylation ol were quantitatively analyzed on the basis of YVis absorption spectra. The quantum
efficiencies of these processes were estimated :asl@* and 0.1, respectively. An isotopomer experiment
showed that a cyclopropanone intermediate formed by the decarboxylation showeeHowst@tching bands

due to anharmonic resonance. Benzocyclopentadienylideneketene was formed from 1-naphthyne and CO,
whereas 2-naphthyne did not react with CO to form the corresponding ketene. This different behavior was
discussed on the basis of the geometries and energies calculated at the B3LYP/6-31G** level. Moreover, it
was shown that the UVVis absorption spectra of reactive intermediates generated in the argon matrix were
described well by computations based on INDO/S and time-dependent density functional theory (TD-DFT)
methods.

1. Introduction SCHEME 1

Arynes,o-benzyne and its congeners, have been extensively hv;
studied as reactive intermediates for a half centusymong | + CO @K
them, 0-benzyne has been thoroughly characterized by means hv; 0]

of matrix isolation spectroscopi@so-Benzyne is normally

generated by the photolysis or pyrolysis of such precursors as i .
phthalic anhydride and benzocyclobutenedione. In these caseesOf arynes. In the study oro benzy_ne and cyclope_ntadl
the simultaneous reaction ofbenzyne with carbon monoxide enylideneketene, not on_Iy th? _Fourler tra_msformed infrared
generated in the matrix yields cyclopentadienylideneketene (FT-IR) bUt also the ultra\_/|oler|S|bI_e (UV_V.'S) spectroscopy
(Scheme 1). This byproduct caused vigorous debate on theof matrix-isolated species contributed significantly to the

assignment of the triple bond stretching vibratiomibenzyne. ;Jhnders}an(tjlrég ct);; the reac’gons 'ndt.hf matrlﬁe@_thou?g,] N i
In early work, the IR band at 2085 crhhad been erroneously € early study, the generation and interconversion of these two

ascribed to this vibratiohbut careful study aided by quantum compounds were discussed on the basis of comparisons between

chemical calculations later showed that this band was actuallythe gctua.l.U\l—Vls spectra and the spectra predicted by the
due to cyclopentadienylideneketene and that the IR band forsemlemplrlcal m(_ethod with ClI expans[émowadays, more-
the triple bond appeared instead at 1846 &Ain the studies reliable computatlopal methods are avallqble. Cas!da et al. have
on o-benzyne, stepwise photolysis by means of wavelength- reported that a t|me-depend§nt densny functional theqry
selective irradiation was an effective method for identifying the (TD'DFT) method can effectively desgrlbe the elgctronlc
intermediates produced in the cryogenic matrikes. absorptlon spectra of many molecules with comparatively low
Althougho-benzyne has been studied extensively as describedcorm)un’ltlonal cost?
above, matrix isolation and characterization of larger arynes such Herein, we wish to report the matrix photolyses of 1,2-
as naphthyne have seldom been carriePdiitese didehydro-  naphthalenedicarboxylic anhydridg) and 2,3-naphthalenedi-
genated polyaromatic hydrocarbons (PAH) are of interest as carboxylic anhydrided). We used FT-IR and UVVis spec-
reactive intermediates for organic reactié@s\d as the interstel- ~ troscopies and theoretical calculations to study the reactive
lar compounds responsible for unidentified infrared (UIR) intermediates. In particular, the UWis spectra observed in
emission bandsRecently, we reported the first direct observa- the photolysis ofl were discussed by comparing the spectra
tion of 1-naphthyne in an argon matrix at 118l4s in the case with the theoretical results. We experimented with the several
of o-benzyne, the formation of the corresponding ketene as aavailable computational methods (INDO/S, CIS, TD-HF, and
byproduct was observed for 1-naphthyne. However, the keteneTD-DFT) for simulating the electronic absorption spectra and
was not formed from 2-naphthyne. The difference in the checked the utility of these methods by using the result of
behavior of the two naphthynes likely reflects the effect of an consecutive photolysis df. Additionally, the difference in the
additional benzene nucleus fused witkbenzyne and is of ~ behavior of the two naphthynes and that of the two ketenes
interest from the viewpoint of the structuresactivity profile from 1 and2 was discussed on the basis of the geometries and
the energies estimated by means of density functional theory
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2. Experimental Section 10 Hz and ca. 3 mJ cm pulse’l, respectively; (3) a XeCl

. ) ) i excimer laser (308 nm: MPB Technologies Inc. PSX-100),
2.1. Materials. 1,2-Naphthalenedicarboxylic anhydridesf where repetition rate and laser fluence were 10 Hz and ca. 1

was synthesized from 1,2-dimethylnaphthalene according to the ., j o y2 pulse’l, respectively; and (4) a high-pressure mercury

literature proceduré: The **C isotopomer ofla (1b) was lamp (Ushio, 500 W) with a 20-cm water filter and a UV-cut
synthesized from 2-methylnaphthalene in the following way. glass filter &350, >330, >310, or>290 nm).

1-Bromo-2-methylnaphthalene was obtained from bromine and
2-methylnaphthalene by the method of Arnold and Ligéftt.
Then 1-cyano-2-methynaphthalene was obtained from isotop
cally labeled copper cyanide (&CN, Cambridge Isotope
Laboratories, 98%) and 1-bromo-2-methylnaphthalene by the
method of Friedman and Shechtéd-Cyano-2-methynaphtha-
lene was oxidized to 1,2-naphthalenedicarboxylic acid and then
converted to the anhydride by Dozen’s methbd.he final
product was purified by recrystallization from benzene/hexane
and sublimatiort® 2,3-Naphthalenedicarboxylic anhydrid®) (
was purchased from Tokyo Kasei Co. and was purified by
recrystallization from acetic acid and sublimation. The purity
of these precursors>@7%) was confirmed on the basis of the
NMR spectra.

2.2. Matrix Isolation Experiments. Matrix isolation experi-
ments were performed with a closed-cycle helium cryostat (Air
Products Displex CS-202). Pressure in the sample chamber was . .
kept at 106—1077 Torr during the experiments. For FT-IR - Results and Discussion
measurement, a Csl plate cooled to 11 K was used as a substrate, 3.1, Confirmation of the Cyclopropanone Intermediate by
on which vaporizedl or 2 was co-deposited with argon  Means of an Isotopomer ExperimentWe previously reported
(99.9999%) at 11 K. KBr plates were used as optical windows the generation of 1-naphthyne during photolysislafon the
for FT-IR measurements, which were carried out on a Perkin- hasis of the observed FT-IR spectra and DFT calculafidhs.
Elmer Spectrum-GXI spectrometer with a resolution of I€ém  was confirmed that decarboxylation and decarbonylation of the
For the measurement of UWis absorption spectra, a sapphire  anhydride proceeded stepwise by wavelength-selective irradia-
and quartz plates were used as the substrate and the opticalion (Scheme 2). However, our assignment of the compound
window, respectively. UV-Vis spectra were measured with @  formed by the decarboxylation dfa was still tentative. This
Shimadzu UV-3100 spectrometer. species showed four-€0 stretching bands, although only one

Wavelength-selective photoirradiation was carried out with  C=0 band was predicted in the theoretical IR spectrum. To
the following light sources: (1) third harmonic pulses (THG) confirm the tentative assignment of this intermediat8awe
of a YAG laser (355 nm: Lotis LS-2125 with YHG-34), where examined the photolysis db, a'3C isotopomer ofila (Scheme
the repetition rate and laser fluence were 10 Hz and ca. 4 mJ3), in an argon matrix. The IR spectrum observed upon
cm~2 pulsel, respectively; (2) fourth harmonic pulses (FHG) photolysis at 355 nm is shown in Figure 1 together with the
of a YAG laser, where the repetition rate and laser fluence were corresponding spectrum &é. In the spectrum of the photolyzed

2.3. Computational Methods.All DFT calculations were

i performed with the Gaussian 98 program packéggeometries

of compounds were optimized using the B3LYP metiahd

the 6-31G** basis set. For the calculation of the IR spectra of
naphthynes, the 6-31+G** basis set was used instead. The
nature of the stationary points was assessed by means of
vibrational frequency analysis. With geometries thus obtained,
calculations of the electronic spectra were computed by means
of semiempirical (INDO/S}8 ab initio (CIS® and TD-HF9),

and TD-DFT® methods (the B3LYP method and the 643%*
basis set). All of the calculations, except INDO/S, were done
on the IBM RS/6000-SP system at the Tsukuba Advanced
Computing Center (TACC) and on the IBM 32 node SP system
at NIMC. INDO/S calculations were done with the WinMOPAC
program package on a personal computer.
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Figure 2. Absorption spectra afa upon irradiation with THG pulses

_ o of a Nd:YAG laser (355 nm, 10 Hz, 4 mJ chpulse’?) for 0, 1, 3, 6,

S 2004 and 10 h. Arrows show the dynamic behavior in intensity of peaks
%’E during irradiation. The band at 254 nm was ascribed to the impurity.
£ ~ 100 " . .

i I | P | b The spectrum of the product obtained from the photolysis of
- 0 1 . = 3 3b was identical to the spectrum of 1-naphthyne generated
2500 2000 1500 1000 500 f
rom la
Wavenumber / cm~1 3.2. Quantitative Analysis of Consecutive Photolysis of

Figure 1. The FT-IR absorption spectra observed upon photolysis of Naphthalenedicarboxylic Anhydrides.We monitored clearly
1b (b) andla (c) at 355 nm and the theoretical IR spectra (B3LYP/ the photolysis ofla by means of UV-Vis spectroscopy, and
6-31G** level) of 3a (d) and3b (a). The contributions of unchanged  the absorption spectra dfa upon irradiation at 355 nm are
laor 1b were eliminated from the observed spectra. shown in Figure 2. The lowest transition band bd was
observed at 357 nm and was accompanied by vibronic structure.
1b, two bands ascribed to GQand 3CO, were observed at  Additionally, the intense peak was observed at 250 nm. As we
2340 and 2278 cmi, respectively, and the intensity ratio of reported previously, photolysis at 355 nm resulted in decar-
13CO,/CO, was estimated as 0.42 on the basis of the peak areasboxylation of1la Upon irradiation ofLa, its UV—Vis absorption
The presence of these two bands revealed the existence of twdands (357, 349, 339, 333, 324, 319, 311, 306, 250, and 211
different decarboxylation pathways, as depicted in Scheme 3:nm) decreased while new bands ascribe@aincreased (316,
either13CO; (Path 1) or CQ (Path 2) was removed frorhb. 309, 303, 296, 290, 278, 268, 231, and 225 nm). The three
The significant difference was observed in the@ stretching isosbestic points (around 220, 240, and 295 nm) seen in Figure
bands during the reactions & andi1b. The intense &0 band 2 suggested that the photoinduced conversioriafto 3a
observed at 1809 cm in photolysis ofLb was not observed in ~ Proceeded quantitatively. A sharp peak at 254 nm was due to
the photolysis ofla. This band was ascribable to th&=0 e;]n L.‘”'de’!“f'g%'mp“fk']ty- Th%re_sult :}hat tt]he allbs_or_pttlj(_)n ba;dhof
stretching mode of the compound formed by Path 2. Moreover,t e impurity did not change during the photolysis indicated that

; : the impurity did not participate in the photoreactionslé? It
the photolysis oflb showed the same four=80 stretching has been reported that the efficiency of photodecomposition of

bands observed in the photolysiski# We ascribed thege four anhydrides decreases as the pressure of a buffer gas increases
bands to the product formed by Path 1 and thus confirmed that;,, e gas phase and that the efficiency approaches zero in a
the compound formed by the removal jéf:Oz_from 1b was condensed mediuf. These results reveal that the population
identical to that formed by the decarboxylationId These  of the vibrationally excited state in its ground state, which is
results also clearly indicate thab was formed by the removal  the initial state of decarboxylation, decreased because of
of CO, from 1b. (The result that there was little change in other vibrational relaxation induced by the increased density of the
IR bands revealed that the skeletal vibrations of the compoundssurrounding medium. The efficiency of photoinduced decar-
formed by the two paths overlapped one another.) Although boxylation of 1a could be discussed on the basis of the
the decarboxylation ofa, like that of1b, should also proceed absorbance change of the absorption band at 357 nm (Figure
via two pathways, the decarboxylation resulted in only one 3). Since the lowest transition of photoprodi8a, was observed
product having four €0 stretching bands. This product was at 316 nm, the change in the absorption band at 357 nm could
identical to the one formed frorhib by the removal of3CQO,. be observed without spectral overlap with other species. If we
Thus, the splitting of the €0 band in3a must be due to ~ assumed that the concentration I in the matrix was low
anharmonic resonanéé.The resonance became ineffective €nough forlato be uniformly photolyzed, i.e., the effect of
because of the isotopic shift of the=® band to lower concentration in the matrix was negligible, we can use the
wavelength (by 45 e in the calculated IR spectrum). Because change in absorbance to estimate the quantum efficiency of the
there are 18 possible combinations for the resonance in theProcess by means of the following equatitn:
wavenumber region between 1801 and 1878 kiffour IR 2303% DI t
bands were observed, at 1809, 1833, 1842, and 1873)cm  A(t) =log|1 + {10 — 1} exp(—h—o)]

. - e . N
the assignment of combinations was difficult. Thus, the isoto- 1)
pomer experiment confirmed our tentative assignment of the
C10Hs—C=0 species generated by the photolysislafas 3a. whereA(t), As, and A, denote the absorbance at tinteand 0,
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Figure 4. Absorption spectra oBa upon irradiation with a high- g0 re 6. Absorption spectra oBa upon irradiation with a high-

2ressure Eg Iamp>(§90 nm) fct))r ﬂ 15, 30, 45, 60, 150f5' ang Z%m_in. pressure Hg lamp>(290 nm) for 10 min, 15min, 1 h, and 8 h. Arrows

/ rrc()j\_/v?_ S O¥Vh eb ynamic be gwor mk lgten_srl]ty o pel? S urln% show the dynamic behavior in intensity of peaks during irradiation.
irradiation. The absorption bands marked with asterisks were the 1o 4psorption bands marked with asterisks were the contribution of
contribution of unchangeda. The band at 254 nm was due to the unchanged.a. The band at 254 nm was due to the impurity

impurity. '

and background level, respectivelyfdm? mol~t cm™1] is the (4), because the dynamic behavior in their intensities was similar
molar extinction coefficient of the molecule at the monitored to that of the IR bands ascribed to 1-naphthyne. The band
wavelength;® is the quantum efficiency of the proceds; observed at 378 nm was ascribed to behyjclopentadi-

[J cnm2 s7Y is the intensity of the irradiated light, where the enylideneketene5], as will be described later. We estimated
time-averaged laser power measured by a power meter was usethe quantum efficiency of decarbonylation from the result of
aslo; andN, h, andv denote Avogadoro’s constant, Planck’'s the photolysis of3a with a XeCl excimer laser. Since the
constant, and the frequency of the light, respectively. The changeabsorption bands of at 306 and 311 nm were very weak, we
in the absorbance at 357 nm shown in Figure 3 was fitted with used the intensity change of the absorption band at 316 nm to

eg 1. A nonlinear least-squares fitting, whégande® were estimate the quantum efficiency of decarbonylation. The change
chosen as variables, gave the curve shown in Figure 3¢®he  in the absorbance at 316 nm with time is shown in Figure 5. In
value was estimated as 0.54. When we used ¢healue this casee¢® was estimated as 1.8 1(? from the fitted curve.

estimated for the-hexane solution (2.6 10%), we estimated ~ We estimated the value at 316 nm as 1.8 10° by assuming

the quantum efficiency of the decarboxylation in the matrix as that all the decarboxylatetla was converted t@a Then, the
roughly 2x 104, Photogenerateglawas photolyzed with light quantum efficiency of the decarbonylation process in the matrix
from a high-pressure mercury lamp 290 nm) or with a XeCl was estimated as roughly 0.1. This relatively high efficiency
excimer laser (308 nm), and the resulting changes in the-UV indicates that this process, unlike the decarboxylation, started
Vis spectra are shown in Figure 4. During this photolysis, the from the photoexcited state. The formatiordadind5 occurred
absorption bands ascribable 3a disappeared quickly, and a under similar conditions. Upon prolonged irradiation, the
new, strong absorption band at 211 nm appeared. In addition,formation of5, which we observed in the FT-IR spectrum, was
the increase of very weak absorption bands was observed afalso clearly observed in the UWis spectrum (see Figure 6).
306 and 311 nm. These bands were ascribed to 1-naphthyneThe absorption band at 378 nm, which increased slowly upon
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SCHEME 4
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prolonged irradiation, was ascribed3olf 1awas photolyzed
at the shorter wavelengtil (< 310 nm) that caused the
decarbonylation 08a, the3athus formed would be immediately
transformed into4. Since the addition of CO to naphthyne
occurrs under the same conditio@sand 5 are unavoidably
formed together. Moreover, the photolysis of the ketene, which
was observed fas-benzyné' did not occur to 1-naphthyne upon
the further shorter wavelength irradiation. Therefore, the
wavelength-selective consecutive photolysis was an effective
method for observing the spectrum of pure 1-naphthyne.

3.3. Theoretical Investigations of the Electronic Spectra
of Reactive Intermediates.We could follow the consecutive
photolysis ofla clearly by means of UV Vis spectroscopy, as
described above. From the spectra in Figures 2, 4, and 6, the
absorption spectra dfa, 3a, 4, and5 were extracted and shown
in Figure 7. These observed spectra were compared with the
spectra predicted by theoretical calculations. Ba the

J. Phys. Chem. A, Vol. 105, No. 33, 2004795
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Figure 8. Absorption spectra o2 upon irradiation with FHG pulses

electronic excitation energies and oscillator strengths were of Nd:YAG laser (266 nm, 10 Hz, 3 mJ cthpulse™) for 0, 30, 90,
calculated by means of CIS, TD-HF, TD-DFT, and INDO/S and 120 min. Arrows show the dynamic behavior in intensity of peaks

methods, as shown in Figure 7a. The CIS and TD-HF methods

gave almost the same results: these methods overestimate the .

transition energies. The results obtained by means of TD-DFT
and INDO/S methods predicted the lowest transition band at
around 350 nm, which was in relatively good agreement with
the observed spectrum. The lowest transition energy was
described better by the INDO/S method than by the TD-DFT
method. However, the absorption bands in the shorter wave-
length region (206250 nm) were reasonably described by TD-
DFT method. This tendency was also observed&i, and5

(see Figure 7bd). These results are also in relatively good
agreement with the observed spectra. Although theoretical
predictions of electronic spectrum result in some discrepancies,
calculations by these methods can be a helpful tool for
identification of the unusual molecules generated in low-
temperature matrixes.

3.4. Photolysis of 2,3-Naphthalenedicarboxylic Anhy-
dride: Formation of 2-Naphthyne. We also examined wave-
length-selective irradiation ¢ in an argon matrix. Compound
2 sublimed at 85 C was co-deposited with argon on the cold
substrate at 11 K. The UWVis absorption spectra @&observed
upon irradiation at 266 nm are shown in Figure 8. The lowest
transition band o was observed at 348 nm, 8 nm below than
that of 1a. The band at 255 nm would be due to the same
impurity as that observed in the photolysisia Unlike 1a, 2
did not undergo selective decarboxylation under any of the
reaction conditions. No reaction occurred upon irradiation with
THG pulses of a Nd:YAG laser (355 nm). However, direct
generation of 2-naphthyn&)(was observed (Scheme 4) upon
irradiation of 2 with a high-pressure Hg lamp through a UV-
cut filter (>310 nm, >330 nm, or>350 nm), with a XeCl
excimer laser (308 nm), and with FHG pulses of a Nd:YAG
laser (266 nm). Although U¥Vis absorption bands ascribable

during irradiation. The band at 254 nm would be due to the impurity.

3

g 60 E
£ (@)

=< 40k i
£

Nl L]

E

% 0 : ||r | NP I"'COI' II
s ) 2
4 | 005 | co
3 ;
g e
< L

(C) COy
0.05 I

3 co

E L RN

<

< W‘\NA‘N

4000 3000 2000 1500 1000 500

Wavenumber / cnii !

Figure 9. (a) Theoretical IR spectrum @& calculated at the B3LYP/
6-31++G** level and (b) FT-IR absorption spectra®bbserved upon
irradiation with FHG pulses of Nd:YAG laser: contribution of
unchanged® was eliminated from the spectrum. (c) Difference IR
spectra between those observed before and after irradiation with a high-
pressure Hg lamp>330 nm) for 24 h.

reporteck® Figure 9b shows the spectrum obtained by elimina-
tion of the contribution of unchanged precursor from the
observed one, which corresponds to that of pure photoproduct.
This IR spectrum was in good agreement with the theoretical

to 2 decreased upon irradiation at 266 nm, we did not clearly IR spectrum (Figure 9a) predicted by the DFT calculations.
observe the bands ascribable to generated species, except fofhus, generation o was confirmed. This species was stable
the band at 224 nm, as seen in Figure 8. However, we did under prolonged irradiation at 266 nm. In addition, as shown
observe the IR bands of the photogenerated species. Then Figure 9, the IR band ascribable to ketene was not observed
difference IR spectrum (Figure 9c) was similar to that previously around 2080 cm' in contrast with4.
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TABLE 1: Calculated (B3LYP/6-31++G** level) and
Observed Wavenumbers ¥/cm~1) and Relative Intensities ()
for 1- and 2-Naphthynes

SCHEME 5

1-naphthyne 2-naphthyne 1.260
Veald® I calec Vobs lobe Veald® lcaic Vobs lobd
403.1 78.5 4532 m 400.0 504 4459 m
415.3 3.2 4559 141
5008 2.6 © e ans
550.1 14.8 558.4 m .
569.6 7.7 591.5 27.6 6175 m 1.407 1.251
685.9 5.4 696.3 wvw 623.1 5.3

709.6 7.1 7175 vw

747.7 321 7493 m 739.7 353 7376 w Figure 10. Geometries of (a#, (b) 6, and (c)o-benzyne optimized at
773.5 25 the B3LYP/6-31G** level.

797.1 63.1 799.4 m 7635 w

8535 4.6 8382 522 8332 m the frequency deviations between the observed IR bands and
861.0 3.1 876.3 102 8944 w the DFT results (B3LYP/6-31G** level) were within 20 cry

10199 6.3 949.0 2.9 except in the case of the band observed at 452%cifhis IR
10812 194 1077.3 ww 10225 3.6 band was ascribed to the ring deformation mode containing

1091.1 8.0 10965 wvw 1077.2 289 10728 w . _ . . .

11587 20 1151.8 23 1103.0 ww bending pf C-C=C m0|e.ty.(See Supportlng Infor'matlon) and
11975 2.6 1189.2 33 11807 ww the relatively large deviation for this band (which the DFT
1216.7 4.8 1226.1 251 12443 w calculations underestimated by 62 chhmay be peculiar to

1319.8 4.8 the triple bond in arynes at the computational level. As seen in

ﬁg;'é g'g 14947 w 11"'41582-61 65-95 11"'4155605 VVV\\:V Table 1, the agreement between calculated and observed IR
15314 80 14372 w : : : bands improved when we switched to Kudo’'s method. The
1609.2 11.6 deviation for the band at 452 crh although still large,
30426 2.2 30386 2.1 improved to 50 cm!. Deviations for other IR bands also
3050.2 9.6 improved to within 10 cm?. In the case of 2-naphthyne, the

30622 19.7 3028  vw 30546 215 3060.2 ww  calculated values also described well the observed wavenumbers.

gggé:g %é gggg:g \m gggg:g Zg:é gg;g:g \‘,’VV\‘I’ 3.6. C?omputa}tional Investigat.ions of Naphthynes and
3066.5 127 3086.0 ww Ketenes: Energies and GeometriesThe geometries of naph-

thynes optimized at the B3LYP/6-31G** level are depicted in

Figure 10. The triple bond length ofbenzyne was estimated

as 1.251 A. This value agrees well with the experimental value

of 1.24+ 0.02 A estimated by means of'23C NMR study?’

3.5. Identification of 1- and 2-Naphthynes on the Basis of  Bond lengths of the corresponding triple bonds in 1- and
DFT Calculations. The observed IR bands of the naphthynes 2-naphthynes were estimated as 1.241 and 1.260 A, respectively.
are listed in Table 1. The DFT method has been widely used In addition, the length of the €C bonds adjacent to the triple
for predicting the IR bands of matrix-isolated species. In bond in the naphthynes differed from thoseibenzyne (1.386
particular, the results obtained at the B3LYP/6-31G* level A): these bonds were longer in 1-naphthyne (1.407 and 1.404
showed good agreement with the experimental results: theA) and shorter in 2-naphthyne (1.364 A). Warmuth et al.
overall root-mean-square (rms) deviation for 1066 vibrational discussed-benzyne on the basis of the acetylenic and cumu-
modes in 122 molecules has been reported as 34%.¢m lenic mesomers depicted in Schemé&They concluded that
Recently, Kudo et al. reported that the computational results at o-benzyne is aromatic with a small amount of bond localization
the B3LYP/6-3H-+G** level with the scaling using linear  induced by the in-planer-bond, which results in a structure
function showed extremely good agreement with experimental that is more acetylenic than cumuleR# Meanwhile, since the
results (the rms value with this method was 13 émwhich resonance in naphthalene can be described by three mesomers,
was smaller than the best results obtained with constant scalingthe corresponding mesomers of naphthynes depicted in Scheme
[21 cnrY).?6 Kudo et al. argued that the origin of the 5 show the different character: while two mesomers show
wavenumber-dependence of the scaling factor was the anhar-acetylenic structure in 1-naphthyne, two cumulenic mesomers
monicity of the molecular vibrations. We compared our are seen in 2-naphthyne. The geometries of the naphthynes
experimental results for naphthynes with the theoretical IR bandsreflect the changes in their electronic structures induced by an
calculated at the computational level with Kudo’'s scaling additional benzene nucleus fused witfbenzyne. When con-
method (Table 1). According to the previous communication, jugation of the additional benzene nucleus occurs in the 3- and

2The predicted IR bands with intensities2 km mof™ are listed.
b Observed relative intensities. “m”, “w”, and “vw” represent medium,

weak, and very weak, respectively
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SCHEME 6 SCHEME 7
O — QO+ Q) + co =0
TABLE 2: Energy Difference (kcal/mol) for shown in the ketene formed from 2-naphthyne. Accordingly,
Dehydrogenetion and Ketene Formatiof the stabilization afforded by the delocalizationsoflectrons
compounds dehydrogenation ketene formation is not effective in this system. The energy differences for the

formation of the ketenes from the arynes and carbon monoxide

1-naphthyne 92.03 :gg'gg (Scheme 7) are shown in Table 2. The difference for the reaction
2-naphthyne 94.51 1513 of 2-naphthyne is much smaller than that for 1-naphthyne.
o-benzyne 97.21 -27.91 Ketene5 was stabilized somewhat by the additional benzene
2 These values were estimated from the energies at the B3LYP/6- nucleus. These results sho_v_v_the thermodymanic stabilities of
31G** level corrected by ZPEs (scaling facter 0.9804). the compounds. The stabilities are not directly relevant to

photochmical reactivities. However, the photochemical reaction
in the matrix often gives the same product as that of pyrolysis.
Thus, we would be able to get some insights into photochemical
reactivity on the basis of the calculated energies. From this
viewpoint, the stabilization shown fé&r could explain why the

ra0s ~L28, : ketene could not be photolyzed to generate 1-naphthyne and
carbon monoxide. In contrast, in the ketene formed from
2-naphthyne was destabilized by the additional benzene nucleus.
This destabilization could explain why the formation of the
ketene was not observed in 2-naphthyne.

®

© @ 4. Conclusion
We followed the photolyses dfa and 2 using FT-IR and
11859_ 140 | 304 1848 e UV.—Vis absorption specFroscopies. Our previogs tentative
. E/Eﬁ»,\m assignment oBa was confirmed by means of an isotopomer
1458 : ’ \ experiment, which revealed that the=O band was split into
o o four bands by anharmonic resonance. In addition, we confirmed

1.358 1.4411-361 1.178

) ) the generation of 1- and 2-naphthynes by comparing their
Figure 11. Geometries of (&% (Isomer 1), (b)5 (Isomer 1), (c) benzo-

[c]cyclopentadienylidenketene and (d) cyclopentadienylidenketene op- FT-IR spectra with the improved theoretlcal_ IR. spectra calcu-
timized at the B3LYP/6-31G** |evel. lated at the B3LYP/6-31+G** level. By quantitatively analyz-

ing the UV—Vis spectra in the photolysis dfa, we showed
4-positions ofo-benzyne (1-naphthyne), the triple bond is more that the consecutive processes, decarboxylation and decarbo-
highly localized compared to that imbenzyne. On the other  nylation, proceeded stepwise with quite different efficiencies,
hand, when conjugation occurs in the 4- and 5-positions of estimated as & 1074 and 0.1, respectively. Moreover, it is
o-benzyne (2-naphthyne), the cumulenic character becomesshown that the UV-Vis absorption bands of reactive intermedi-
more dominant. The calculated vibrational frequencies of the ates in an argon matrix were described well by computations
triple bond stretching mode reflect the difference in the based on the INDO/S and TD-DFT methods. Computational
characters, although the calculated intensities are quite weakresults obtained with these methods should be a helpful tool
The frequencies (and intensities) estimated at the B3LYP/6- for the identification of the unusual molecules generated in low-
31++G** level and scaled with Kudo’s method were 1953 temperature matrixes. The computed geometries of the naph-
(0.36), 1994 (1.33), and 1922 c (0.47 km mot?) for thynes and the ketenes reflect the effect of the additional benzene
o-benzyne, 1-naphthyne, and 2-naphthyne, respectively. Local-nucleus fused witl-benzyne. In naphthynes, the localization
ization of the triple bond stabilizes the singlet state, and this of the triple bond was affected by the position in which the
change was reflected in the singtetiplet gap in this syster# additional benzene nucleus was fused. Moreover, the ketenes
The energy differences for the dehydrogenation (Scheme 6)showed significant structural differences. We explained the
estimated at the B3LYP/6-31G** level are listed in Table 2. djfferent behavior observed in the two naphthalenedicarboxylic

Both naphthynes showed slightly lower energy differences than anhydrides on the basis of the effect of the additional benzene
o-benzyne did. These results revealed that even in 2-naphthynenycleus.

the additional benzene nucleus stabilized the arynes and that

1-naphthyne was more stable than 2-naphthyne because of the Acknowledgment. We are grateful to Dr. Hans P. Re-
localization of the triple bond. The additional benzene nucleus isenauer (Justus-Liebig University of Giessen, Germany) for
had a larger effect on the ketenes than on the arynes. Thehelpful discussions.

geometries of the ketenes optimized at the B3LYP/6-31G**

level are shown in Figure 11. As reported for cyclopentadi-  Supporting Information Available: Discussion on the
enylideneketene, the bent ketene structures were obté#ifide:. deviation between the calculated and observed IR frequencies
keteneb exists as two isomers. However, the difference between in arynes. This information is available free of charge via the
the structures is small, and these two isomers show almostinternet at http://pubs.acs.org.
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