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Summary

Continuaqus photolysis of pentafluoropyridine produced the Dewar
isomer which underwent rearomatization with a half-life of about 5 days at
room temperature. Flash photolysis of pentafluoropyridine gave two
transients which decayed with half-lives of 22 ms and 3 ms respectively.
Evidence from UV absorption spectroscopy and mass spectrometry indicated
that these intermediates were the two isomers of fulvene. The possible
reaction pathways involved in the photoisomerization processes of penta-
fluoropyridine are discussed.

1. Introduction

During the past decade a great deal of attention has been focused on
valence-bond isomers of aromatic molecules and this topic has been frequently
reviewed [1 - 5] . Photoisomerization of the hexafluorobenzene molecule to
its Dewar isomer has been studied by Camaggi et al. [6] and Haller [7, 8].
Theoretical and experimental data [4, 7 - 10] suggest that photochemical
transformation of hexafluorobenzene into the Dewar isomer is a symmetry-
allowed process occurring from the Sy, or the Sz singlet state.

Identification of Dewar pyridine in the products of the photolysis of
pyridine [11] and the first synthesis of derivatives of Dewar pyridine and
azaprismane [12] have prompted further investigation of valence-bond
isomers of heterocyclic aromatic systems. Dewar isomers have previously
been identified as the photolysis products of perfluoroalkyl [12, 13] and
alkyl-fluorinated [14 - 16] derivatives of pyridine. Therefore it is reasonable
to expect that photoisomerization of pyridine compounds into the corre-
sponding valence isomers is a prevailing phenomenon. Since the valence-bond
isomers of fluorinated aromatic compounds are generally more stable than
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non-fluorinated isomers, we extended the range of such compounds studied
by investigating the gas phase photolysis of pentafluoropyridine (P¥P). The
results of these experiments are reported in this work.

2. Experimental

The method of continuous photolysis was essentially the same as that
described elsewhere [17] . PFP in the vapour phase was irradiated, using a
125 W medium pressure mercury arc lamp, in quartz vessels (volumes of 0.7
and 2.6 dm?) for 4 - 74 h. The products of the photolysis were analysed by
gas chromatography using two consecutive columns, a 2 m X 4 mm column
packed with 60 - 80 mesh Chromosorb W impregnated with 15 wt.% of
dinonyl phthalate followed by a 4 m X 4 mm column packed with 60 - 80
mesh Sterchamol impregnated with 35 wt.% of Carbowax 1500. Areas under
the chromatographic peaks were measured with a planimeter; only their ratios
were used.

The 13C nuclear magnetic resonance (NMR) spectrum of the single
photolysis product isolated was obtained at 25.2 MHz on a Jeol-INM-PFT-100
spectrometer operating in the pulsed Fourier transform mode, with deuter-
ated chloroform being used as the solvent/internal standard.

The flash photospectroscopic study was performed using conventional
equipment [18] and the experimental arrangement used has been discussed
elsewhere [19]. Experiments were performed on two sets of apparatus, one
at Salford and the other in Poland. Identical results were obtained on each.
PFP was flash photolysed at room temperature in a cylindrical quartz vessel,
245 mm long and of internal diameter 12 mm. Details of the experimental
conditions are given in Table 1. The photolysis flash discharged 980 J in the
wavelength region 200 - 400 nm in approximately 30 us. The spectroscopic
flash lamp, 60 J and of 30 us duration, was timed to fire at a predetermined
interval after the photolysis flash. A series of experiments enabled the absorp-
tion spectrum of the reaction mixture to be photographically recorded at

TABLE 1
Conditions of PFP flash photospectroscopy experiments®

Composition Delay times
of reaction mixture

xpgp = 0.03; 150 us, 400 us, 1 ms, 5 ms, 10 ms, 100 ms, 120 s
Xar = 0.97

xprpp = 0.20; 150 us, 400 s, 1 ms, 60 s

xar = 0.80

xprp = 0.40; 150 us, 400 s, 1 ms, 5 ms, 10 ms, 100 ms, 120 s
xar = 0.60

2For a total pressure of 2700 N m™ 2,
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various reaction time intervals; thus the presence of transients could be de-
tected and values of the rate constants for their decay determined. The photo-
graphic plates were analysed uging either a Carl-Zeiss—Jena GII or a Joyce—
Loebl microdensitometer.

The flash photolysis of PFP was also investigated using time-resolved
mass spectrometry. The experimental technique has been detailed elsewhere
[20] . A 4:1 PFP-Ar mixture at a total pressure of 200 N m™— 2 was exposed to
a 1400 J photoflash of 30 us duration in the wavelength region 200 - 490 nm.

The PFP was obtained from Fluorochem Ltd, and was found to be
chromatographically pure. All manipulations were performed on a conven-
tional high vacuum line.

3. Results and discussion

3.1.Continuous photolysis

Continuous photolysis of PFP yielded a mixture of six products which
were separated and were then analysed using '3C NMR spectroscopy. Only
in the case of one product was the yield (approximately 1%) sufficient for
the 13C gpectrum to be obtained and for a Dewar isomer structure to be
assigned. The 3C NMR spectrum of the identified isomer showed the follow-
ing bands (ppm): +202, +194, +184, +156, +120, +53, +26, —1, —5, —11 and
—1717. The bands +156 and +120 ppm indicate the presence of double bonds
in the Dewar structure. However, because of the low concentration of sample
analysed, only weak signals close to the noise level were recorded and inter-
pretation of the spectrum is ambiguous. CNDO/2 calculations of the minimum
electron energy for the two possible structures for Dewar pyridine indicated
that the structure shown in Fig. 1 would be the more thermodynamically
stable [21]. '

Apart from the technical difficulties of chromatographic separation of
the product mixture, the main problem lay in obtaining sufficient sample for
spectroscopic studies. Thus, in order to collect the identified sample of Dewar
isomer, about 400 photolysis experiments had to be carried out. It should be
noted that, apart from this main product, one other thermally aromatizing
compound was observed but not in a sufficient amount for identification.

Additional experiments showed that the PFP Dewar isomer in PFP solu-
tion undergoes rearomatization with a reaction half-life of about 5 days at
room temperature. This thermal instability, coupled with the long tedious
preparation required to obtain a sample of pure PFP Dewar isomer, makes
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Fig. 1. The structures of PFP and Dewar PFP,
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an exhaustive kinetic investigation of the isomerization using conventional
static methods impractical.

3.2.Flash photolysis

Typical absorption spectra in the regions 225 - 270 and 270 - 300 nm
obtained following the flash photolysis of PFP are given in Fig. 2. These
show that, 150 us after the photolysis flash, absorption bands due to transient
species overlay those of PFP. The intensity of these new bands decreases as
the reaction time increases, disappearing completely a few seconds after the
photoflash. In Fig. 3 microdensitometer traces of the absorption spectrum,
taken before and 40 s after the photoflash (curve 1) and 150 us (curve 2)
after the photoflash, are given. In the region 230 - 265 nm a decrease in
absorption compared with the PFP absorption is observed, whereas in the
region 265 - 285 nm an increase is observed. As the delay of reaction time is
increased the absorption spectrum of the reaction mixture returns gradually
to that of the original PFP (Figs. 2 and 3).

Kinetic analysis of the rate of change of the absorption spectra [18]
showed that the transient decay is first order. The rate constants for decay
of the transients produced by the flash photolysis of PFP were found from
the slopes of the first order plots shown in Fig. 4 to be

kR, =820+1.6s ! in therange 230- 265 nm

ku =221+ 857! in the range 265 - 285 nm
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Fig. 2. Absorption spectra obtained for the flash photolysis of PFP at a total pressure of
2700 Nm 2: (a) xpgp = 0.03, x5, = 0.97; (b) xprp = 0.40, x o, = 0.60.
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Fig. 8. Typical microdensitometer traces of the abhsorption spectrum with xppp = 0.03,
xay = 0.97 and at a total pressure of 2700 N m 2: 1, before the photoflash and 40 s after
the photoflash ; 2, 150 us after the photoflash,
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Fig. 4. First order decay plots for xpgp = 0.03, x4, = 0.97 and at a total pressure of 2700
N m™2 for the transients detected at 245 nm (&, k = 32+ 1.56 s 1) and 270 nm (O, k =
221 £85° 1), '
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The significant difference in the values of these rate constants suggests
that two transients, one absorbing in the region 230 - 265 nm and the other
absorbing in the region 265 - 285 nm, are produced by the flash photolysis
of PFP. Both transients disappear within a few seconds after the photoflash,
reverting to PFP. In another experiment it was found that the values of the
rate constants k; and k;; do not depend on the presence of oxygen in the flash
photolysis system. No stable photoproducts were detected in any of these
experiments.

The half-lives of these transients were calculated to be 7, = 22 ms and
711 = 3 ms; the relatively high values suggest that these intermediates are not
free radical in nature. It is probable that the half-life for the decay of triplet
PFP is less than that for the decay of triplet benzene which is reported to be
in the range 10 - 50 us [22, 23] ; the decay half-lives of singlet states of simple
aromatic molecules are of the order of nanoseconds [24, 25]. Thus our exper-
imental data suggest that the transients produced via the flash photolysis of
PFP are not electronically excited states of the parent molecules, The relative
stability of the PFP flash photolysis products and their complete reversion
to PFP indicates that, following flash photolysis of PFP, unstable photo-
isomers are produced.

We have recently reported briefly some preliminary studies on the flash
photolysis of PFP using a time-of-flight mass spectrometer to monitor the
subsequent reaction [20, 26] . In Fig. 5 the mass spectrum obtained 300 us
after the photoflash is compared with the spectra obtained before the photo-
flash and 10 s after the photoflash. The significant difference observed is the
appearance, 300 us after the photoflash, of new peaks at m/e 45 (NCF*) and
at m/e 50 (CF3). The CF% ion could only result from the fragmentation of
an ionized fulvene structure, indicating that this is the structure type of the
intermediate produced via the flash photolysis of PFP. It is probable that the
two possible isomers of fulvene have very similar mass spectra [27] which
could not be distinguished with the low resolution mass spectrometer used.
The presence of both could be detected by the much more sensitive absorp-
tion spectroscopy but the latter only indicates the presence of dienes absorb-
ing in the given wavelength range.

The temporal behaviour of the CF3 signal, and hence of the transient
from which it is derived, is shown in Fig. 6. The species increases to a maxi-
mum after 300 us and then decays. The decay was found to obey first order
kinetics with a rate constant value of 610 + 100 s, If the influence of the
initial adiabatic heating, which inevitably occurs during the mass spectro-
metiry experiments, is taken into account, this value for the rate constant is
not unreasonable when compared with those given previously for the spectro-
scopic experiments. The extent of adiabatic heating in flash-photolysed
gaseous systems can be estimated using an equation of the Meyer type [28]
in which the resultant temperature rise is determined as the ratio of the
energy released to the total heat capacity of the gaseous system. Thus it is
possible to minimize the effect by the use of high dilution with an inert gas.
In the flash spectroscopic studies performed in this work the dilution of PFP



c,F,N*
20}
z
o X
k> (cFr* (CF3°
* tAr)* rafii
> 100}
E (A% g IC,FNY"
L
—_— ChM
X Gy Ay
I, G LA
el bl | | |
0 i Y
N 40 SR ON NS B 00 2w m w0 %0
{a) 108 "
200 N
3 ey
£ 100 sy tchy
% - YA ) M (X A rc,‘f,,nl'
B rc,#m’ .k
£ CF1 6"
5 r S I
=3
’ Tl e |
) i I O I | .
M 4O M5 SO55 6269 7% 81 06 95 900 n, 18 %0 %0
e
(b)

239

Fig. 6. Mass spectra (at 70 eV) showing the production of g transient via the flash photol-
ysis of PFP: (a) before the flash and 10 s after the flash; (b) 300 us after flash. PFP:Axr =
4:1 at a total pressure of 200 N m 2,

with argon was in excess of 20-fold so that any temperature rise could be

ignored, i.e. the rate constants for the photoisomer decay were determined
at room temperature. In the mass spectrometry experiment it is not possible

to remove the effect of adiabatic heating by dilution [29]. This limitation

arises from the requirement to work at low pressures to avoid saturating the
mass spectrometer and at low dilution to obtain measurable concentration
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Fig. 6. The temporal behaviour of the transient produced by the flash photolysis of PFP
as shown by the relative intensity J of the CF; ion peak. PFP:Ar = 4:1 at a total pressure
of 200 N m™ 2.

changes. Because the PFP:Ar ratio was 4:1 in the reported experiments, the
temperature effect should not be ignored and could easily account for the
threefold difference between the rate constants obtained by the two methods.
The absorption spectra given in Fig. 2 indicate that the flash photolysis
of PFP yields two unstable photoisomers which are shown by mass spectro-
metry to have a fulvene structure. In the case of PFP two fulvene structures
are possible (see Fig. 7). Unsubstituted fulvene is known to be unstable and
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Fig. 7. The two possible fulvene structures.

as yet has not been isolated [4]. The instability of the PFP fulvene photo-
isomers is greater than that of unsubstituted fulvene, presumably because of
destabilization of olefinic bonds following fluorine substitutions. Qur experi-
mental data indicate that perfluorinated fulvene structures are subject to
rearomatization. The photochemical rearomatization of fulvene has been
observed [30] but not in the case of the analogous aromatic perfluorinated
systems.

The valence isomerization of PFP observed in both the continuous and
flash photolysis experiments probably occurs according to the model pro-



241

posed for the valence photoisomerization of alkylbenzenes [4]. After flash
photolysis two fulvene structures result from a PFP transient which may, by
analogy to the photoisomerization of benzvalene to fulvene [31, 32], have a
benzvalene structure. Under continuous photolysis this transient is rearranged
into two possible Dewar structures.

The tendency for para-bonding which is apparent in fluorobenzenes has
also been observed in the PFP molecule. According to the mechanism pro-
posed for the photoisomerization of benzene and its derivatives, Dewar
benzene can be formed from either the S, or the Sg singlet state [4]. Our
results exclude the presence of a triplet state during the valence isomerization
of PFP to Dewar PFP. The formation of two unstable PFP photoisomers
with half-lives of 22 ms and 3 ms indicates that one other intermediate is
formed and that the direct formation of the fulvene isomer from the singlet
state of PFP is unlikely. Similarly, direct formation of the Dewar isomer
from singlet-state PFP in continuous photolysis is not considered to be
possible. Theoretical studies concerned with benzene photoisomerization
suggest that pre-fulvene is the precursor of fulvene and benzvalene [4, 33].
Benzvalene is formed from the singlet state of benzene after a time within
the range of nanoseconds in a two-step process via intramolecular cyclization
of pre-fulvene. Formation of fulvene isomers and Dewar PFP is probably the
final step of the PFP photoisomerization in the gas phase (Fig. 8). These
processes, which have been investigated in our studies, occur after a time
within the range of microseconds. Isomerization of benzvalene to fulvene
and to benzene is sensitized by triplet benzene [34]. In the flash photolysis
of PFP high concentrations of electronically excited molecules in both singlet
and triplet states will be formed ; therefore under these conditions the forma-
tion of the fulvene isomer is a dominant and highly efficient process. In con-
tinuous photolysis the dominant process will be the change of the photo-
stationary state towards the formation of thermodynamically more stable
products.

Fig. 8. Possible reaction pathways following the photolysis of PFP,
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