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IR Matrix Spectroscopy of Pentachlorocyclopentadienyl Cation GCls*. Effect of Chlorine
as a Substituent
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The first direct observation of pentachlorocyclopentadienyl catig@kC) by IR spectroscopy was made in
cryogenic Sbk matrix. The structure of the ion, analyzed by DFT calculations, was found to baye
symmetry. It was found that the stabilizing effect of chlorine lone pair electrons, which was observed in
othera-chlorocarbocations (Cgl or C;Cls™), is not present in this molecule.

Introduction

Cyclopentadienyl cations have been prepared in the form of

hexafluoroantimonate salts, but their structures were investigated

only by ESR spectroscopy It was found that the ground state
of pentachlorocyclopentadienyl catidnis a triplet with Dsp,
symmetryl2exactly as predicted for this antiaromatic molecular
ion. Five chlorine atoms bound to the ring bfmay have a
stabilizing effec? From our previous word@bas well as from
Olah’s NMR investigation of the trichloromethyl catié® it

is known thata-chlorocarbocations are stabilized by back-
donation of the chlorine lone pair electrons-¢hloro effecy
via resonance forma andb (Scheme 1).

The partially double €CI bond in such cations is shorter
compared with corresponding reference lengths in alkyl or aryl
halides. Recent X-ray diffraction experiments made by L&ube
have shown that shortening of the—Cl bond in a-chloro
cations is 0.067 A. Such a stabilization is also manifested in
the upward shift of the €CI stretching frequency, which was
observed in the IR spectra of simpalechloroalkyl cations (for
instancev(C—CIl) = 1045 cm! in CCk").22 The a-chloro
effect in o-chloroalkyl cations is strong (because of the
interaction between chlorine lone pairs argtantC 2p orbital),
but in the antiaromatic cationsCls™ (1) its significance may
be modified because of interactions between Cl 3p andittugty
occupiedring m-orbital.

In this work we wish to report a study of archloro effect
in cationl by analyzing the IR spectra with the aid of quantum
chemical calculations. In addition, we shall compare the
structure of this cation with its aromatic analogues, trichloro-
cyclopropenyl catior?2 and hexachlorobenzerg(Scheme 2).

Results

SbFs Matrix Isolation. Cation1 was prepared by reaction
of hexachlorocyclopentadien&)(and Sbk in the condensed
phase. The precursor and a high excess of; St#fe code-
posited on the Csl window cooled to 70 K. The spectrum

recorded at this temperature corresponded to the starting

material. When the matrix was warmed to 150 K, a new sharp
signal at 1401 cm! appeared in the spectrum (Figure 1). This
spectrum remained unchanged even after the matrix was warme
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up to 250 K. In a parallel experiment with SkGhstead of
SbFs the spectrum recorded at 150 K differs from that of the
precursor but is much more complex.

Quantum Chemical Calculations. We performed density
functional theory (DFT) calculations implemented in thauss-
ian 94 program*® The hybrid B3-LYP functiondP and
6-31G** basis set were used in all calculations, since it was
recently demonstratéglthat they can provide good values of
vibrational frequencies for a large number of molecules.

Full geometry optimizations were performed for singles,§
and triplet Dsy) cationic states (Figure 2). The calculations
suggested that the triplet state was 31.8 kJtholore stable
than the singlet. The calculated vibrational frequencies and
relative intensities are given in Table 1. The corresponding DFT
bar spectrum (Figure 3) shows that the singlet state should
exhibit a much more complicated IR spectrum than the triplet,
which has only two signals at 1338 and 752 ¢map-

d)roximately.

Discussion

Assignment of the experimental spectrum was performed by
comparison with the calculated spectra and with the spectra of
other possible products of reactions between hexachlorocyclo-
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/ Figure 3. DFT calculated IR spectra @s, andC,, CsClst molecule.
a4 TABLE 2: Comparison of DFT and Observed IR
Frequencies (cnT?) for C3Clz™ and CsClg (Relative
Intensities are in Parentheses)
a molecule exptl calcd
1700 1500 1300 1100 900 700 CoCls 1346 1363 (191)
cm'! 1300 1272 (11)
Figure 1. FTIR spectrum of €ls in SbFs matrix: (a) at 70 K; (b) at 1223 (11)
150 K; (c) differential spectrum ¢Cls (up), GCls* (down)). Unknown . 699 693 (78)
byproducts are labeled with arrows. CsCls 1315 1339 (444)
733 739 (33)

clearly identifiable. This data strongly suggest that the spectrum
in Figure 1b represents catioh in its triplet state Dsn
symmetry).

DFT calculations predict the existence of a single peak: 1338
cm! (degenerate ring deformation) in the 804000 cnt?!
region. The experimental frequency is higher than the calculated
one, but the DFT method may sometimes underestimate
vibrational frequencies of some modes by up to 100 tas
shown in the recent wofR on GHs™. In order to further
demonstrate the suitability of DFT for analyzing the IR spectrum
of CsCls™, we present in TaBl2 a comparison of experimental

TABLE 1: Observed and Calculatec® IR Frequencies (cnT?) and DFT data for the related speciesOz" and GCle.

Triplet, Dy, Singlet, C,,

Figure 2. DFT optimized geometries @s, andC,, CsClst molecule.

and Relative Intensities (in Parentheses) oDz, and Cs, The results show good agreement in terms of wavenumbers
Hexachlorocyclopentadienyl Cation and also that wavenumbers of some modes can be underesti-
Ca Dsp, exptl mated at the B3-LYP/6-31G** level. The DFT molecular

1592 (172) structure of the two species is als_o reprodut_:e(_j well compared
1559 (208) to experimental results. The maximum deviations of bond
1316 (316) 1338 (654) 1401, vs lengths and angles are less than 0.03 A and*Qr&8pectively.
1188 (151) The experimental spectrum dfresembles the spectrum of
1159 (400) hexachlorobenzen8, which is also simple, containing the
1%3 88)1) dominant signal at 1346 crh (ring deformationfP The
768 (52) _S|m|Iar|ty between the spectra bfand3 may suggest a similar
725 (117) 752 (81) influence ofo-chloro substituents on the electronic structure

and vibrational modes. Absence of the increasedCC
stretching frequency (typical ai-chloroalkyl cations) in the
pentadiene and a strong Lewis acid. In most of these reactionsspectrum ofl indicates that back-donation of the chlorine lone
hexachlorocyclopentadiene yields dimers and complexes, whichpair electrons is small or negligible.

a Calculated quantities are by DFT method.

were isolated previoustyand whose spectra are very compli- On the other hand, the IR spectrum of trichlorocyclopropenyl
cated, certainly much more than our spectrum, which exhibits cation2 is very different and exhibits a 44 crmt increase in
only a single peak group at 1401 ci(Figure 1b). C—CI stretching mode compared to the neutral precursor

Another signal, predicted by the calculations to be at 752 moleculé C3Cl, (4). Although this shift in G-Cl stretching
cmL, is superimposed onto the Sh¥brations and hence not  frequency is not as pronounced as in €GR00 cnt?), it could
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indicate the presence of tlechloro effect, which can also be
inferred from the relatively high €CI stretching force constant
of 2.99 mdyn/A. For comparison, the corresponding force
constant in hexachlorobenzer® flas much lower value of 2.30
mdyn/A b
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Experimental

The ion 1 was prepared from hexachlorocyclopentadiene
provided by Merck-Schuchardt (zur Synthese) and distilled in
vacuo. Antimony(V) fluoride (Merck-Schuchardt) was freshly
distiled immediately before the deposition. Antimony(V)
chloride was provided by Fluka. All IR spectra were recorded
on a Perkin-Elmer 1726 FTIR spectrometer with 2 cmt
resolution (100 scans). All the matrices were prepared on a
Csl window cooled by a closed cycle cryostat ROK 10-300
Leybold Heraeus connected to vacuum line equipped with an
oil diffusion pump. During the deposition, the temperature was
held at 70 K and vacuum at 1®Torr. The flow of the sample
was regulated by a Teflon valve. The deposition times were
10 min in all experiments. The matrix material (SlufF SbCk)

Back-donation of chlorine lone pair electrons leads to the sample ratio was estimated to be 500:1.

shortening of G-Cl bonds. The €Cl distance inl (Dsp) (1.678
A) is only 0.025 A shorter than the single CEspCl bond in
hexachlorocyclopentadiere (1.7027 A)? i.e., the difference

is more than 2 times smaller than Laube’s value (0.067 A). Such

a small variation in the €CI distance supports the previous
conclusion that thet-chloro effect is negligible in iorl. On
the other hand, the effect was observed in ca#idiwhere the

C—Cl bond length of 1.631 A is considerably shorter than that

of its precurso# (the C(sg)—Cl bond in4 is 1.684 A). This
change (0.053 A) is close to Laube’s value of 0.067 A, which
is typical for thea-chloro effect.

However, thea-chloro effect, described by resonance form
1b (Scheme 3), could be predicted for the singlet structurk of
(Cz,). Here, the central €CI bond should be shorter than the

other four bonds, in agreement with our calculations (1.653 A,

Figure 1). The calculated value is close to the measure@IC
distance in catior® (1.631 A). This change in €CI distance
on going from5 (1.7027 A) to1 (Cy) is 0.050 A, i.e., in
agreement with Laube’s experimental results.

Conclusion

The pentachlorocyclopentadienyl cation can be prepared in

a cryogenic ShEmatrix at 150 K and characterized by intense
absorption at 1401 cm. In the simulated IR spectrum based
on the triplet ground state structui®s() the most intense signal
was calculated at 1338 crh The absorptions of €Cl
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