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Abstract: In the chemistry toward generating benzdiyne from five benzenetetracarboxylic dianhydride
derivatives, ketene formation was exclusively observed in the photolysis of difluorobenzenetetracarboxylic
dianhydride in a nitrogen matrix at 13 K. Two ketenes were formed concomitantly with difluorobenzdiyne.
These ketenes were identified on the basis of good agreement between the observed and calculated (B3LYP/
6-31G* level) IR spectra. Neither ketene contained the five-membered-ring moiety as cyclopentadi-
enylideneketene, which is formed by Wolff rearrangement in the benzyne chemistry. The first generated
ketene was assigned to a ketene with a cyclopropene moiety, and the second, to a ketene with a butadiyne
moiety. The first generated ketene was a major product in the photolysis and was formed by cleavage of
the bond connecting the ketene group and the C—F carbon and not the bond connecting the ketene group
and the carbene moiety. Thus the structures of these ketenes indicated that a unprecedented ring cleavage,
rather than Wolff rearrangement, is the dominant process in the benzdiyne chemistry.

Introduction have recently directly observed two benzdiyne derivatives, 3,6-
difluoro-1,4-benzdiyne 1@ and 3,6-bis(trifluoromethyl)-1,4-
benzdiyne {b), by means of the matrix isolation techniglfe.
Benzdiyne was generated by decarboxylation and decarbony-
lation of benzenetetracarboxylic dianhydride. Specifically, in
the photolysis of difluorobenzenetetracarboxylic dianhydride,
concomitant formation of ketenes was observed (Scheme 1).
The characterization of these generated ketenes remains an issue
in the chemistry of benzdiynes.

In the case ofo-benzyne, cyclopentadienylideneketene is
generally thought to be formed by Wolff rearrangement of a
singlet ketocarbene-like intermediate (Schemé*2).

Ketene formation has also been observed in other sys-
mg5-17 and has often shown an intriguing structure depen-
dence. For instance, ketene formation could be suppressed by
benzoannelation at a specific locatlidrand the existence of
the heteroatom adjacent to carbene moiety resulted in ring
e e e e o er Cleavage® Given this structure dependence, ketene formation
showed that this band was actually due to cyclopentadienylideneketene andin benzdiyne chemistry is a stimulating issue. Ketenes with
g1neg[ :ggalsngggghfg:eﬁw)e t(ggfe?eﬁ?odn?)grl)(eezﬁg w;;eggn?}:nﬁggee%nmentallyumque structures could be formed because of the extraordi-

(Simon, J. G. G.; Mozel, N.; Schweig, AChem. Phys. Lett199Q 170, nary large ring strain of benzdiynes. In this article, we discuss
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the basis of geometries, energies, and calculated IR spectra

Arynes often react with carbon monoxide to form ketene
species in low-temperature matrixes. For instammebenzyne
and carbon monoxide react in low-temperature matrixes to form
cyclopentadienylideneketene, which shows characteristic IR
bands around 2090 cth This IR band caused vigorous debate
on the assignment of the triple-bond stretching vibration in
o-benzyné Benzdiynes (tetradehydrobenzenes) are arynes;
having two triple bonds in a benzene ring. Because of their
extraordinary lability owing to the high ring strain that arises
from the two triple bonds, experimental study of benzdiynes is
challenging and, hence, limitéd® although their existence has
been suggested by the final products obtained from various
organic reactions® and by early theoretical studié¢%:12 We te
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Scheme 1. Generation of Difluorobenzdiyne and Ketenes

Scheme 2. Generation of Cyclopentadienylideneketene by Wolff
Rearrangement of a Ketocarbene-Like Intermediate
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Experimental Section

Details of the matrix experiment and computational method are
described in a previous repdftin the photolysis, an EXL-300 ArF
excimer laser{ = 193 nm, repetition rate 5 Hz, laser fluence8mJ
cm~2 pulset; Japan Storage Battery Co., Ltd.) was used in addition to
a XeCl excimer laser and the fourth-harmonic-generated (FHG) pulses
of a Nd:YAG laser. The fluence of the irradiation was kept constant in
each series of the experiments. All DFT calculations were performed
with the Gaussian 98 program packd@elhe geometries of the
compounds were optimized by using the B3LYP me#iét in
combination with the 6-31G* basis set. The computations on the
benzdiynes were executed by using the spin-unrestricted DFT method
because of their multireference natétélhe nature of the stationary
points was assessed by means of vibrational frequency analysis: all
optimized structures have no imaginary frequencies. Theoretical IR
spectra were obtained by vibrational frequency analyses. Vibrational
frequencies predicted at the B3LYP/6-31G* level were scaled by 0.9614
on the basis of the literatuf@ All calculations were done on the TACC
Quantum Chemistry Grid/Gaussian Portal system at the Tsukuba
Advanced Computing Center (TACC).

Results and Discussion

In the course of the generation of the benzdiynes, benzynedi-
carboxylic anhydride2 were formed upon 308 nm irradiation
(Scheme 3). These reactions are similar to the reaction generat
ing benzyné* However, the corresponding ketenes were not
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observed at the photostationary state upon 308 nm irradiation;
that is, the characteristic IR bands around 2090 twere not
observed.

In the photolyses of 1,2-naphthalenedicarboxylic anhydride
and 1,2:5,6-naphthalenetetracarboxylic dianhydride, ketene for-
mation was observed, whereas the corresponding ketenes were
not formed in the cases of their 2,3- and 2,3:6,7-isomers,
respectivelyt>16 These results suggested that ketene formation
was suppressed by the condensation of a benzo group at 4,5-
positions in the 1,2-dehydrobenzene moiety. In the casg of
the anhydride moiety condensed at 4,5-positions suppressed the
formation of ketenes.

In contrast, ketene bands were observed in the 266 nm
photolyses oRaand2b, for which the generation of benzdiynes
was confirmed. In the case @b, the IR band around 2090
cm~! was weak (Figure 1a,b). As generally recognized, the
ketene band has a large extinction coeffic#rtherefore, the
generation of ketene species should be a minor process in the
case of2b. This supposition was corroborated since the reaction
could be analyzed by assuming a successive reaction sequence
including benzyne, benzdiyne, and hexatriyne (Schenié 4).

In the case oRa (Figure 1c,d), the IR bands of the ketenes
were more intense than in the case2i, implying a major
contribution of the ketenes. We could not analyze the reaction
dynamics of2a by assuming a successive reaction involving
only three chemical species (benzyne, benzdiyne, and hexatriyne).
This result revealed that other chemical species were involved
in the photolysis.

Moreover, Figure 1d shows that two kinds of ketene species
were generated during the 266 nm photolysis: the IR band at
2109 cmt observed in the beginning was replaced by an IR
band at 2129 cm. Both bands can be ascribed to ketene
species. The dynamics of the two ketenes were analyzed by
separating the complex IR band of the two ketenes and CO:
the details of this analysis are described in the Supporting
Information. The separated peaks of the two ketenes and their
dynamic behaviors indicated that both benzdiyireand the
first generated keten&+A) were the primary products in the
photolysis of2a, whereas the other keterleB) and hexatriyne
(3a) were secondary products (Figure 2).

The major contribution of ketenes in the photolysis2at
was also indicated by the analysis of the peak dynamics of CO
and CQ and the decomposition ratio dfa. As discussed
previously!? if simultaneous decarboxylation and decarbony-
lation of 2a were induced by photoirradiation, the dynamics of
the CO peak and the G@eak must correspond with each other.
However, the dynamic behaviors of the peaks are different

(25) Scott, A. P.; Radom, LChem. Phys. Lett1992 200, 15—20.
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Scheme 3. Generation of Benzynedicarboxylic Anhydride
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Figure 1. (a) IR spectra observed upon 266 nm photolysi2bfin a

nitrogen matrix at 13 K: (top) 396 000 pulses, (bottom) 108 000 pulses,
where 85% o2b and 51% of2b were photolyzed. (b) IR bands of CO and
ketene. (c) IR spectra observed upon 266 nm photolys2a af a nitrogen
matrix at 13 K: (top) 27 000 pulses, (bottom) 4800 pulses, where 98% of
2a and 69% of2a were photolyzed. (d) IR bands of CO and ketene.

Scheme 4. Successive Reaction Assumed for the Analysis of
Reaction Dynamics
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Figure 2. (a) Separation of the complex keteeCO band observed upon
irradiation with 18 000 FHG pulses of a Nd:YAG laser into two ketene
peaks and one CO peak. (b) Dynamic behaviors of IR intensities of the
two ketenes (top:O, k-A; O, k-B); the corresponding dynamic behaviors
of 1a (+) and3a (a) are shown for comparison (bottom).

absorption bands in the UWis region!>17 Absorption bands
ascribable tok-A were observed at 326 and 308 nm (see
Supporting Information for UW-vis absorption spectra). Upon
308 nm irradiation,k-A could be selectively photolyzed.
Therefore, repeated cycles of irradiation with 266 nm irradiation
followed by 308 nm irradiation resulted in the cyclical genera-
tion—decomposition ok-A. From the dynamics of the peaks
observed during the 266 and 308 nm irradiations, six IR bands
ascribable tk-A could be identified (Figure 3). Among these
bands, the band at 1697 cfroverlapped with other IR bands,
which was confirmed from the temporal increase and decrease
of the line width of this IR band during the irradiation cycle.
The main product of the 308 nm photolysisiefA was3a

the peaks was large at the beginning of the photolysis and The reactions presumed for generating various ketenes are
decreased upon irradiation. Interestingly, the dynamics of the depicted in Scheme 5. Considering the case of benzyne, the
difference between the two peaks showed a good correspon-nost probable ketene should be that with a five-membered ring

dence with that of th&-A peak (see Supporting Information).

These results indicated thktA was a major product in the

photolysis of2a and thatk-B was a minor product.
Identification of the First Ketene (k-A). In addition to the

(5).1424 Ketene 5 was presumed to be formed by Wolff
rearrangement of ketocarbene-like intermedéataterestingly,

4 could be optimized as a local minimum in the difluoro
specieg® although the corresponding species for the parent

intense ketene bands, some photoproduct IR bands could besystem (unsubstituted) could not be optimized as a local
assigned to neitheta nor 3a. These bands should be ascribed minimum. In contrast, when the heteroatom was adjacent to
to the skeletal vibrations of the ketenes. Generally, ketenes showthe carbene moiety, ring cleavage occurred at the carbonyl

11938 J. AM. CHEM. SOC. = VOL. 125, NO. 39, 2003
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Figure 3. IR spectra observed upon photolysis2afin a nitrogen matrix 3
at 13 K: (bottom) before 266 nm irradiation; (center) after 266 nm 3
irradiation with 300 pulses; (top) after successive 308 nm irradiation with g
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Scheme 5. Reactions Presumed for Ketene Generation from 2a <
F F

carbene bon&*18The corresponding ring cleavage would result
in the formation of the vinylidene intermediaté) (Given that
difluorovinylidene could be observed in the maffbintermedi-
ate 6 might be isolated in a cryogenic matrix. Intermediéte
would be converted to a ketene with a butadiyne moi&y (
upon irradiation.

The calculated IR spectra of speciés5, 6, and 7 were
compared with the observed IR peaks of the ketene (Figure 4).
None of the calculated IR spectra showed a good correspondenc
with the IR bands ok-A. It is worth noting that the IR band at
2239 cntlis located at larger wavenumber than the ketene ban
This IR band could be ascribed to the=C stretching vibration

d.

(26) DFT computational results showed that ketocarbenedikad a singlet
ground state. The lowest triplet state lay 33 kcal mdligher than the
singlet state.

(27) Breidung, J.; Brger, H.; Kdting, C.; Kopitzky, R.; Sander, W.; Senzlober,
M.; Thiel, W.; Willner, H. Angew. Chem., Int. EA.997, 36, 1983-1985.
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Figure 4. Calculated IR spectra for possible ketenes (B3LYP/6-31G* level)
and experimental IR bands ascribedkté.

admixed with the €F stretching vibration in the-C=C—F
moiety, indicating thak-A is the ketene with the-C=C—F
moiety formed by ring cleavage. As previously reported, the
benzdiynes underwent a ring-opening reaction to form hexa-
triyne: this reaction proceeded easily under photoirradiation,
probably owing to the large ring strain in the benzdiyne ring.
Ketocarbene-liket or ketene5 should have a similar extraor-
dinary large ring strain, resulting in ring-opening rather than
rearrangement. Among the possible ketenes containing-the
C=C—F moiety, the ketene with the cyclopropene rir) (
showed good agreement with the observed IR bands-Af
(Figure 4). Thuk-A was ascribed to keter

Identification of the Second Ketene (k-B).Upon prolonged
irradiation at 266 nm, the initial photoproductsa and k-A,
were photolyzed, while8a and k-B increased in the matrix
(Figure 2). Among these species, ket&r# could be selectively
photolyzed upon 193 nm irradiation. The difference IR spectrum
between those observed before and after irradiation at 193 nm
(Figure 5) shows that while the characteristic ketene band

éjisappeared upon irradiation, the IR bands ascribabl8ato

increased: the major photoproduct of this photolysis Bas
Accordingly, the IR bands at 830, 875, 1426, and 2322%cm
were assigned t8a, and those at 854, 1163, 1381, and 2129
cm! were assigned tdk-B. Since k-B was the secondary
photoproduct, it would be formed by rearrangemenk-@& or

by recombination between benzdiyne and CO. The IR bands
ascribable tk-B did not correspond to the predicted IR bands
of 5. Additionally, ketenek-B produced3a upon 193 nm

J. AM. CHEM. SOC. = VOL. 125, NO. 39, 2003 11939



ARTICLES

Sato et al.

Scheme 6. Possible Mechanism for Generation of Ketene 9
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Figure 5. (Top) Calculated IR spectrum of ketenéB3LYP/6-31G* level).
(Center) Difference IR spectrum for 193 nm irradiation; peaks pointing up
correspond to photoproducd], whereas peaks pointing down correspond
to the photolyzed speciedd andk-B). (Bottom) IR spectrum observed

upon prolonged 266 nm irradiation (before 193 nm photolysis). Peaks

markedB are ascribed to benzdiyne, and peaks matkeate ascribed to
hexatriyne.

photolysis. Considering these results, ketkti® should be the
ring-opened keten&. Indeed, the calculated IR bands of ke-
tene7 (Figure 5) were in fair agreement with the observed IR
bands ofk-B. Thus, the second ketereB was assigned to
ketene?.

Discussion: Ketene Formation in Benzdiyne Chemistry.
As described earlier, keter®ewas not formed by cleavage of
the bond between the ketene group and carbene moidtam
seen in hetaryne chemistfy.Given that ketened was the
primary product of the photolysis &a, this ketene would be

| |

F
=z
|
NE 7 0\
:L \o F §O

Bond cleavage 9
species participating in the photolysis2i The corresponding
energy diagram for benzyne chemistry is shown for comparison
(Figure 7). Ketene® and 7 were 30 and 49 kcal mol more
stable tharla + CO, respectively. On the other hand, keténe
was estimated to be only 2 kcal mélmore stable thada +
CO, whereas cyclopentadienylideneketene was 23 kcat'mol
more stable than benzynte CO. These results revealed that
ketene5 was not a relatively stable species in contrast to the
benzyne case. Thus, the ketene with the five-membered ring
was greatly destabilized by introducing the unsaturated bond.
Hence ring-opened keten8sand 7 represent alternative low-
energy structures. As described earlier, one interesting point is
that ketocarbene-like intermediatewith the singlet ground
staté® could be optimized as a local minimum. A similar
ketocarbene-like species could also be obtained as a local
minimum in the bis(trifluoromethyl)-substituted derivatives.
Electron-withdrawing groups would stabilize such ketocarbene-
like species. Owing to the stabilization, the energy relationship
between the ketocarbene(like) state and the ketene was reversed
from that of other ketocarbene-ketene systéhi&This reversed
energy relationship makes the Wolff rearrangement to ketene
5 difficult. From these thermodynamic data, ketocarbene-like
4 and cyclopropenon@should be observed as primary products.
Given that the decarbonylation of the cyclopropenone interme-
diate proceeded efficiently upon photoirradiatiGrthe latter
intermediate must be converted ta. Additionally, we could
not confirm the generation of ketocarbene-lkeindicating it
would be efficiently converted to keter®e

The fact that keten@ was exclusively observed in the difluoro
system can be attributed to the different photochemistry induced
by the resonance effect of the F atoms. The resonance effect of
the F atoms resulted in the intense Yvis absorption band of
la Similarly, the resonance effect might produce a specific
excited state, where the cleavage of the bond connecting the
ketene group and the-F carbon can be induced, with high
population.

Conclusion

Ketene formation was observed in the photolysis of difluo-
robenzenetetracarboxylic dianhydride. The ketenes formed were
identified on the basis of good agreement between the observed

generated via a diradical state directly formed by decarboxy- and calculated IR spectra. The ketenes were not those corre-
lation of 2a. A possible mechanism for the generation of ketene sponding to the cyclopentadienylideneketene formed in the
9is shown in Scheme 6. The ring cleavage would occur at the benzyne chemistry. The first generated ketene was assigned to

bond connecting the ketene group and theFarbon and not

a ketene with a cyclopropene moie8;, which probably was

at the bond connecting the ketene group and the carbene moietyformed by the ring cleavage of ketocarbene-like intermediate

On the other hand, keterfewas the secondary product and
would therefore be formed frorha or 9: carbonylation ofla
or a 1,2-F-shift concerted with bond cleavage of keten@uld
produce keten& (Scheme 7). When it is considered that the
ketene formation in the photolysis &b was a minor process,
the ketene formed fror@b may correspond to keterie

Figure 6 shows the energy diagram for the possible chemical

11940 J. AM. CHEM. SOC. = VOL. 125, NO. 39, 2003

4. The second ketene was assigned to a ketene with a butadiyne
moiety, 7. Ketenes9 and 7 were 30 and 49 kcal mol more
stable tharla + CO, respectively, whereas the ketene with the

(28) Nguyen, M. T.; Hajnal, M. R.; Vanquickenborne, L. G.Chem. Soc.,
Perkin Trans. 21994 169-170.
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Scheme 7. Possible Mechanism for Generation of Ketene 7
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Figure 6. Energy diagram of possiblesE; + CO species estimated at the B3LYP/6-31G* level. Zero-point energies at the same computational level were

used for correction after being scaled by 0.9896.
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Figure 7. Energy diagram of possiblegHs + CO species estimated at

the B3LYP/6-31G* level. Zero-point energies were used for correction.

five-membered ring was only 2 kcal moi! more stable than

group and the €F carbon and not the bond connecting the
ketene group and the carbene moiety. The structures of this
ketene indicated that this unprecedented ring cleavage, rather
than Wolff rearrangement, was the dominant process in the
chemistry of the strained ring system. The unique ketene
formation in the difluoro system was attributed to the resonance
effect of F atoms affecting the population of a specific
photoexcited state resulting in the bond cleavage.
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la+ CO. Ketene&d was one of major products in the photolysis
and was formed by cleavage of the bond connecting the ketenelA035826Q
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