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Results of an experimental and theoretical study of cyclopenta-2,4-dienylidenek&tenehighly
unstable reactive intermediate, are reported. The ketene was prepared, under matrix isolatior
tions at 4.2 or 10 K, by laser photocarbonylation of 1,2-didehydrobenigmd@togenerated earliel
from phthalic anhydride2). FTIR polarization measurements performed on partially photoorier
samples of3 immobilized in solid neon or argon provide infrared transition moment directions
most of the observed vibrations. Experimental results confirm that the ketene is bent, as predi
ab initio calculations. Utilizing two isotopically modified, 3b and 3c, on the basis of the infrarec
absorption spectrum alone, we have analyzed and assigned its vibrations in a way, which le:
doubt about the bent ketene structure. This work was motivated by a long standing confusion su
ing the assignments of the vibrations in 1,2-didehydrobenZgnespecially of its “triple” bond stretch.
Key words: Matrix isolation; Photolysis of phthalic anhydride; IR spectrum of cyclopenta-2,4-
nylideneketene; Ketenes; Benzymd initio Calculations.

In a recent IR studyof 1,2-didehydrobenzene (benzyn&) (ve reported that irradia-
tion of phthalic anhydride?) in various matrices led to the formation of a mixturd. o
and a second compound for which we proposed the structure cyclopent:
dienylideneketene3j (Scheme 1). This proposal was based, in part, on the comg
(SCF/6-31G*) infrared spectrum 8f We also demonstrated that this mixture could
converted to essentially pufeby irradiation with light of shorter wavelength than th
used to produce the mixture dfand3 from 2.

In this paper, we report a detailed infrared studg ahd comparison of its infrarec
absorptions withab initio predictions.
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While 3 has never been definitively characterized, it has been proposed as a re
intermediate in a number of earlier studies. Brofinst proposed as an intermediate
in the pyrolysis of4 (Scheme 2), which subsequently lost carbon monoxide to y
cyclopenta-2,4-dienylidenecarberi®, (which in turn rearranged tb The presence df as
an intermediate in the pyrolysis was deduced from the composition of the produc
ture. Subsequently, Browalso suggested the possible intermediac$ wf the forma-
tion of 1 in the pyrolysis oP.
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ScHEME 2

In 1986 Browr reported that the pyrolysis products 4ftrapped in an Ar matrix,
exhibited infrared absorptions characteristic of ketenes (2 226, 2 203 and 2 620
From the absence of these bands in the spectrum of the pyrolysis prodactheo
suggested tha? underwent a concerted fragmentation to divdirectly, without the
intermediacy of3. However, the results of a similar study, reported in 1988 by Wéntr
indicated thaB might be an intermediate betwe2mand1l.

Further spectroscopic evidence for the intermediacy of ke&eénehe pyrolysis o#
was presented by BrownHe attributed a number of IR bands to ket@ndde also
provided chemical evidence for the existenc® by treating the pyrolysate with mett
anol followed by catalytic hydrogenation, which yielded the &st&cheme 3).
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Schweid in 1989 propose@ as possible side product in the photochemical con
sion of 7 and 8 to 1,2-didehydrobenzene. In a subsequent detailed photochel
study’, he proposed tha8 first underwent conversion to cyclopropabenzen-1-0
which in turn could be photolyzed to give mixturesl@nd3. It was further shown thai
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1 and3 could be photochemically interconverted in an argon matrix through the
umed intermediacy of the carbeb¢Scheme 4). This result is similar to that mention
above by us
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In spite of the numerous studies which have dealt @jitlh has yet to be fully char-
acterized spectroscopically. Our finding that the mixturel @ind 3 produced in the
photolysis of2 could be converted photochemically to essentially upzovided us
with the means to carry out a detailed IR spectral studd bf order to aid the inter-
pretation of the IR spectrum 8f we carried outb initio studies of the structure an
vibrational spectrum oB and several isotopically modifie8l In the course of this
study Scheiner and Schaéfeublished results of theab initio treatment of3. Their
study was based only on ti&, structure of3, even though their vibrational analyse
at both the SCF and MP2 levels, gave one imaginary frequency. Hence their re
frequencies and intensities were for a transition structure rather than the structure
true minimum for3. As discussed below, we were able to locate a minimum @gtt
symmetry, and carried out a vibrational analysis for this minimum structuBeaafl
two isotopically modified3.

RESULTS AND DISCUSSION

Calculations of Geometry, IR Frequencies, Intensities and Transition Moment
Directions

Using the SCF/6-31G* basis set and Gaussian 94 patkaggeinitially carried out the
geometry optimization oB with a C,, symmetry constraint. With this constraint,
minimum was foundE = —342.150736 a.u.). The presence of one imaginary freque
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(14i cnTY) in the calculated spectrum &findicated that it was a transition structu
rather than a real minimum. Examination of that normal mode suggested that at tt
minimum the molecule would be planar with the ketene part bent. Geometry optil
tion carried out with only & ,symmetry constraint, indeed led to a new minimi&n (
—342.150761 a.u.). It is shown in Fig. 1. The vibrational analysis of it now gave al
frequencies (Table I). While this result at first sight might seem surprising, we not
unsubstituted propadienone (keten@))(has been predicted to be bénts and this
has been confirmed experimentaflyinterestingly, at the SCF levéa is predicted to
be “linear” C,,) but at the MP2 level bent. Difluoropropadienone (difluorokete®ig)) (
is predicted to be bent even at the SCF évél

These results prompted us to carry out an MP2/6-31G* optimizatid®) afd the
resulting structure is given in Fig. 1. It predi®4o be bent to a greater degree th
does the SCF optimized structure. The C=C=C angle is computed to bé 488.the
C=C=0 angle 1670 These angles are quite similar to those found experimentally
9a: 144.5 and 169% respectively.

Finally, vibrational analysis at SCF/6-31G* level was also performed for two isof
cally modified 3, (1-[*°C]cyclopenta-2,4-dienylidene)(23C]ketene) 8b) and
([H lcyclopenta-2,4-dienylidene)keten8c|. The unlabelled will be referred to as
3a. Calculated frequencies and intensities3ar3b and3c are given in Table I. Cross
correlation between calculated frequencies for the normal mod8a and 3b, as
shown in Table |, is unique even without analysis of component motions of the nc
modes. This originates in the fact that the t#6 labels introduced t8b constitute
only a small and very localized perturbation in the vibrating system. They affec
desired, mainly the ketene and carbonyl stretching frequencies in the molecule. F
remaining modes, calculated shifts are small and the correlation is trivial. Both i

Fe. 1
The optimized structure & at the SCF/6-31G* level (given in italics) and at the MP2/6-31G* le'
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sities and transition moment directions of all normal modes change only slightly. .
lar correlation between the vibrational frequencieS@afind 3c requires more carefu
inspection of the normal modes. For the six vibrations with the highest frequencie
seven with the lowest ones, the cross-correlation is again trivial and unique. F
reminder of the calculated vibrations, by analyzing the motions involved in each
mal mode, we were able to assign and properly correlate theBafand3c. Actual
correlation is made on the basis of visual comparison of the motions constituting
normal mod&'. The task is made simpler by treating modes of different kinds separ:
e.g, torsional in-plane modes Ba will correlate only with the same kind of modes
3¢, etc The final result is unique. We will consider an example to show how th
done. All 30 calculated modes split into two classes: 21 vibrations belorigclasa
and occur in the molecular plane, and 9 are out-of-plane ones and beldhgléssa
The & (in-plane) vibrations can be further divided into two subclasses: (i) a grot
which torsional motions are dominant (1 442, 1 273, 434%rtii) a group in which
various “symmetric” stretches and bends dominate the normal modes (the rem
in-plane polarized vibrations). The 1 442¢mode can be more precisely described
a stretch of the £C, bond antisymmetric with respect to the-C;bond, and coupled
with bending of angles between carbons 2, 1, and 6 and 3, 1, and 6 (atom numbe
shown in Fig. 5). These motions are coupled with “in-phase” bending of all hydro
At the same time, atoms 6, 7, and 8 almost do not move. This normal mode corre:
to the 1 308 crrt vibration in3c.

We have inspected and analyzed the motions of all atoms for the remaining n
modes in3a and3c. The cross-correlated results are presented in Table | and were
as a guidance in assignments and correlation of the actually observed absor
Complete theoretical spectra are also presented in Fig. 2, for the parent and deu
compounds mainly to facilitate comparison with the experimental results. Here,
ever, to make visual comparison easier for the reader, we have scaled all hal
frequencies by the arbitrary factor of 0.94.

Experimental IR spectra

We have previously reportéuhfrared frequencies for only the cumulative double bo
stretch (ketene stretch) Ba, 3b and 3c. Complete results of that study are nc
presented in Table | and Fig. 3, and are compared with our calculations. For t
fundamental vibrations predicted f8r we were able to identify 28. The two lowes
frequency vibrations lie outside the range of our instrument. Several weaker band
also found in spectra of each of the isotopically modiiedhey are most likely com-
bination bands or overtones. The observed bands, listed in Table I, can be divide
two classes: 21 polarized in the molecular plane and 7 polarized out-of-plane.

experimental spectra, we compare isotopic shift8lmfand 3¢ with respect to unla-
belled3a. The small frequency shifts induced B} labels in3b make the correlation

Collect. Czech. Chem. Commun. (Vol. 63) (1998)
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with 3a straightforward. By far the most intense band in the observed spectra
=C=C=0 (cumulative double bonds) stretch. In a neon matrix, it shifts from 2 085
in 3ato 2068 cmtin 3b and to 2 091 cntin 3c. Its position (the maximum of the
most intense component of the observed multiplet) depends strongly on the ho
terial. For3a we have recorded the following frequencies: Ne 2 08%,cAr 2 080 crm?,
Xe 2 073 cmt and N, 2 082 cnmit. The shape of this absorption band in several diff
ent matrices is presented in Fig. 4. In all matrices used in this study, this abso
exhibits a very complicated pattern, typical of the cases where an extremely ¢
vibration undergoes Fermi resonance with very weak overtones or combination
of the lower-frequency fundamental vibrations. The resulting pattern is additiol
complicated by matrix site effects and coupling with matrix phonons. It also dep
although to a lesser degree, on the particulars of the sample preparation like cor
tion speed, state of annealing, degree of aggregatianSuch splittings make com
parison between results obtained in different matrices more difficult and un
determination of exact numerical values of the isotopic shifts is somewhat more
plicated.

T T T
9% - x 0.05 T
1, km/mol
48 - -
. | a !| L ‘
T T T
96 x 0.05 7
48 - R
0 L | ‘ | [ ‘ ‘I I ‘ ’
T T T
96 | i
x 0.05
Fic. 2
48 - 7 Computed (SCF/6-31G*) spectre
of 3a (bottom), 3b (center) and
‘ | TN | | 3c (top). All calculated frequen-
0 ' — . ' cies were scaled by an arbitrar
2400 2000 1600 1200 800\7 Cm_f'oo factor of 0.94 in these plots
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We have also recorded the IR spectrum of m@slabelled3 in a position @d). In
an argon matrix the most intense component of the ketene stretch appears at 2107
Two other, slightly less intense parts of this absorption are at 2 043 and 2 @32
observed frequency shift betweBa and3d of 47 cnttis in an excellent agreemer
with the shift of 55 c¢cm' anticipated by theory (SCF/6-31G*). Similarly, like for a
three3a-3c, an observed intensity for this extremely strong ketene band is lower (1 980 kn
than the one predicted by the theory (2 744 km/mol).

In agreement with theory, we do not observe any influencé®flabelling in3b,
neither on C—H stretches nor on most of the other bands. A small frequency
caused by these labels makes only minute changes in the nature of most of the
modes, and thus only small differences in frequencies, intensities and transitiol
ment directions are observed. This makes the assignments and correlation with
belled compoun@a trivial. The selective and large influence of these labels on on
few vibrations coupled with the ketene stretch facilitates their assignments. The
observed inBa at 1 674 cm' shifts to 1 612 crtin 3b, and to 1 666 cmin 3c. We
assign it as a predominantly =C=0 stretch.
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For most of the observed bands3fwe have determined absolute infrared inte
sities by means of calibration with an internal 3@ndard. Intensities determinec
from integration of each band iBa, 3b and 3c and comparison with the know!
absolute intensity for carbon dioxide are listed in Table I. Carbon dioxide is gene
from 2 in an equimolar quantity witB, under conditions of full conversion &fand
1 to 3. When2 is completely converted into the mixture of ketene and benz
their relative concentrations can be determined from the ratio intensities of CC
CO,. As expected, the agreement with the theoretically predicted values is
good for stronger bands, but it diminishes somewhat for weaker ones. It also :
to be better for modes that are coupled to a lesser degree with @hgeriyr both
the very strong ketene stretch and weak carbonyl stretch, absolute intensiti
reproduced by theory surprisingly well, even at the modest SCF level employ
this study. The intensity of the ketene stretch, determined experimentally
maximum 20% error bars is overestimated by theory. However, not surprisil
this vibration, being over an order of magnitude stronger than any other band
spectrum of3, and also three orders of magnitude stronger than the “triple” b
stretch inl, was repeatedly confused with the triple bond absorption and mi
signed in earlier work.

I
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Infrared Transition Moment Directions

For the majority of the observed bands, in addition to absolute intensities, we
determined infrared transition moment directions from the polarization measurel
on partially photooriented samples. In some cases, we were only able to obtain a
ducible sign E, - Ey, given in parentheses in Table 1), but not the value of the dichro
and for a small number of the weakest bands even the sign of the dichroism cot
be determined reliably. Despite the simplicity of both the theoretical and experim
procedures involved, there are still just a few literature examples of transition mc
determination for the low-symmetry reactive intermedi&tds should be emphasize:
that such measurements do not give access to molecular geometry (angles ¢
distances), but only provide information about transition moment directions. Kn
edge of those, however, can be used in molecular symmetry determination and c
tive estimates of some of the geometrical parameters.

Infrared transition moment directions were determined in a way described il
literature’®. We have used the labelling of molecular axes, as marked in Figpui:
of-plane,z along the =C=C= stretch amdn-plane, perpendicular t In the laboratory
coordinate system, light propagates along direc@md is linearly polarized along th
Z axis. Using in the first step unpolarized ultraviolet light (308 and 351 nm, exc
laser or 356 nm Ar-ion laser), we have converted most of the initially generatec
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n | |

| | B— | ‘ R ' ey
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1700
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FGc. 5
Segment of a differenceEf — Ey) between polarized infrared absorptions measured after polar
irradiation at 248 nm of Ar matrix containirBa and trace ofl. Bands originating irBa are marked
with asterisks. Remaining unmarked bands belonga@nd2a. The insert depicts orientation o
molecular axes and atom numbering
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didehydrobenzenel) to ketene3. Only then was the sample exposed to polarized li
at 248 nm. Partial conversion of the ketene backpooduced an uniaxially (about th
Z axis) oriented sample. Simultaneous polarization measurements in the UV a
indicate that the UV transition moment is polarized approximately perpendicu
to the =C=C= stretch (negative dichroism in UV and positive dichroism in IR
=C=C= stretch). All vibrations for which the IR dichroism could be determined
be divided into two distinct classes on the basis of their dichroic ratio values:
of-plane vibrations (all having the same dichroism) and in-plane vibrations.
have identified seven out-of-plane infrared transitions3an All of them had
(within experimental error) the same dichroic radip= E,/E,, which was equal to
0.74. This is equivalent t&, = 0.27, whereK, = d/(d, + 2), U =X, Y, 2 is an
orientation factor. From the definition of the uniaxial orientatidp= K, = (1 —K,)/2,
whereK, are principal orientation factors. For all remaining observed infrared t
sitionsi, polarized in the molecular plane, we have:

tartg = (K,— K)/(K; — K,).

Using this formula we have obtained for the three isotopoB&t3b and3c in-plane
polarized infrared transitions, which are complied in Table I. The angles listed ir
table were obtained by averaging results from many independent measurements.
rounded to the nearest multiple of 5. The error bars are on average abtartdrigles
close to 0 and 90 and 10 for those close to 45This procedure does not allow for th
determination of sign of the transition moments.

Just from the inspection of the experimentally determined angles (Table I), we
clude that3 must have a bent structure. The bend of the ketene is large enou
activate the otherwise inactive infrared modesirfaC,, structure) and to incline in-
plane transition moments away from t8g, symmetry axis. In view of the results c
“calibration” studie§>?'on the quality of theoretical transition moment direction det
mination, the agreement between experimentally determined and predicted trar
moment directions is surprisingly good, for the level of approximation applied her

Perhaps, with the rapid advances in computing power, the quality of theoretica
dictions for transition moment directions also for larger molecules will soon be <
ciently high enough to utilize them for precise vibrational assignments.

We hope that the experimental results presented above on the infrared spectr
of ketene, together with a similar earlier report on 1,2-didehydrobenzene will clee
confusion surrounding vibrational assignments for these compounds.
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EXPERIMENTAL

Phthalic anhydride2) was sublimed at 26—32C into a stream of noble gas (1-3 mmol/min) al
condensed on a cold Csl target. The matrix isolation ratio was determined to be 1 : 700. Tt
perature of the spectroscopic window was maintained at 28 K for Ar, 24 K,f@2\K for CO and
4.2 K for Ne matrices. During the spectroscopic measurements and laser irradiations, the n
were kept at around 12 K, except for Ne, for which the bottom temperature of 6 K was neces
all times. Low-temperature samples were prepared using closed-cycle two-stage refrigerator
plex, APD Cryogenics). In photochemical transformations, we have used excimer lasers (L:
Physik or Lumonix) generating monochromatic light at 248 nm (KrF), 308 nm (XeCl) and 35:
(XeF). In some experiments we have used light at 356 nm from an Ar-ion laser (Coherent |
Polarized FTIR spectra were recorded using a Nicolet FTIR (Magna 550) and a Cambridge P
Sciences polarizer (IPG-225). The resolution was I!cfolarized UV-VIS absorption spectra wel
measured on a Shimadzu 3100 spectrophotometer using Glan—-Thompson polarizers.

Anhydrides2b-2d were obtained, using the standard method, by dehydration of the correspo
labelled phthalic acids with acetic anhydride.*fC]-, [1,2-*3C,]- and [3,4,5,6%H Jphthalic acids
were purchased from MSD, in 99% isotopic purity.
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