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ABSTRACT

The photolysis of perfluorovinylchloride led to its
decomposition by two different modes. The first of these
was formation of 'C2F3 and *Cl. The second mode of
decomposition was by fission of the double bond, which
produced :CFCl and :CFZ. :CFCl reacted with the substrate
forming 1,2-dichloroperfluorovinylcyclopropane and 3,3~
dichloroperfluoropropene. :sz reacted with the subsérate
yielding 1,4-perfluoropentadiene. When photolysis was
carried out in the presence of isobutane a product of
molecular formula C5F2H10 was found. It is proposed that
this arises by insertion of :CF, into a C-H bond of
isobutane.

In the photolysis of 1,2-dichlorofluoroethylene,
decomposition was principally by C-Cl bond fission. Some
evidence was obtained for the formation of CFC1=C:.

1,2-Difluorochloroethylene, on photolysis, decomposed
by three processes. These were:

(1) c-Cl1 bond fission

(2) Rupture of the double bond, yielding :CFH and
{CFCl

(3) Elimination of HF and the formation of CFCl=C:.

In the photolysis of 1,l-difluorochloroethylene
three modes of decomposition were observed. These were

analogous to those found for the decomposition of



ii

1,2~-difluorochloroethylene.

On addition of isobutane to the system a product of
molecular formula C5F2H10’ similar to that found in the
photolysis of perfluorovinylchloride, was produced. Thus,

the :CF., formed by rupture of the double bond in 1,1-—

2
difluorochloroethylene appears to insert into C-H bonds.

The CF.=C:, produced by elimination of HCl from 1,1—

2
difluorochloroethylene, showed the same reactivity as
that generated in other systems.

The photolysis of 1,3-perfluorobutadiene led to
formation of :CF, and C3F4. Isomerisation of the
substrate to perfluorocyclobutene, 2-perfluorobutyne and
1,2-perfluorobutadiene was also observed. In the
photolysis of perfluorocyclobutene and 2-perfluorobutyne,
analogous reactions to those of 1,3-perfluorobutadiene
were found.

Perfluorccyclopentene was photolysed and three
reaction processes were observed. These were:

(1) Formation of C,Fy and C,Fy,

(2) Formation of :CF, and perfluorocyclobutene

(3) Formation of perfluorovinylcyclopropane.
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CHAPTER 1

INTRODUCTION

Photochemistry is the study of the interaction of
light and matter. Chemical change may be brought about
by this interaction and this change is of primary interest
iﬁ photochemical studies. Since most chemical changes
require in excess of 40 kcal/mole the light absorbed must
have such an energy content, i.e., its wavelength must be
<7,000£. If the species which one wishes to investigate
does not absorb in this region of the spectrum, it is
possible to use photosensitization as an alternative method
of providing the required energy. 1In this case, an atom
or molecule which absorbs in a suitable region is added
to the system and the absorbing species can transfer its
energy by collision to the molecule under investigation.
In the gas phase the mercury atom is the most widely
employed as a photosensitizer. In photosensitization it
is possible to know exactly how much energy is in the
excited species, whereas in direct photolysis, unle;s one
employs a monochromatic source, variable amounts of energy
are absorbed by the molecule. It should be noted however,
that in photosensitization, when a reaction is taking
place with more than one species present, the photosensi-
tizing agent will transfer energy to all species present.

The photochemistry of olefins has received much study.



Excitation within the first singlet-singlet absorption
band may be followed by ahvariety of fragmentation steps
such as molecular or atomic hydrogen elimination ox
radical formation. Ethylene can only undergo the first
two of these decomposition processes and is less complex
than the others. The photochemistry of ethylene is dealt
with in greater detail in the next section.

Photolysis and Photosensitization of Ethylene

"The photolysis of ethylene has been studied by a
number of workers (1,2,3). The overall mechanism of
decomposition has been found to be the same at all wave-
lengths at which it has been examined and can be

represented by the following scheme:

hv
* -
[:_z] C.H, —_— CH,C: + H,
[3] —_— CH,C: + H + H
[4]  —— HC:CH + H,
[5] _— HC=CH + H + H
(6] CH,C: _— HC=CH

A very small amount of decomposition to vinyl radicals
and hydrogen atoms takes place. Approximateiy 60% of
hydrogen is formed by molecular elimination of H2 from one

carbon atom, with formation of vinylidene which quickly
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isomerises to acetylene. At 14707, molecular elimination

and formation of two hydrogen atoms are equally probable.
However, at 1236ﬁ, atomic hydrogen formation is favored.
It was also shown by photolysis of trans-1,2-dideuteo-
gtheylene, that in the excited state, free rotation around
the C-C double bond of the mclecule was probable.

Hg(3P1) photosensitization of ethylene and deuterated
ethylenes has been studied by a number of authors.
Cvetanovic and Callear (4) have shown that the results can

be explained by a mechanism as follows:

3 1
[7] C,H, + Hg ( Pl) —_ C2H4* + Hg( so)

(8] C,H,* —) C H,**

[9] C H,* + M —> CyH, + M
[10] C H, ** _ C,H, + H,
[11] C,H,** + M — C,H, + M

They postulated that C2H4* was the first excited
triplet state of ethylene and C2H4** was a triplet state
of ethylidene. Support for the intervention of an
ethylidene type of structure was found in the results
obtained from the photosensitization of cis-1,2-dideutero-
ethylene (5). All possible acetylene and hydrogen molecules
were found to be present and Egggg—l,2-dideuteroethylene

and 1,l-dideuteroethylene were also formed. The yield of



1,1-dideuteroethylene increased initially with substrate
pressure and then decreased. This shows that the state
from which it is formed is being collisionally stabilized
and, as the pressure is increased, the precursor of this
state is being collisionally deactivated, confirming the
mechanism as set out above.

It has been suggested, by analogy with the decompos-
ition of the hot ethylene formed in the photolysis of
ethane (6), that decomposition.is in'fact occurring ffém
a vibrationally excited ground state ethylene. Thus, the
ethylidene would be an intermediate in the crossover from
the triplet to the ground state.

In the photosensitization of dideuteroethylenes by
benzene (7), and Cd(3Pl) (8), isomerisation and molecular
scrambling of hydrogens occurs, but decomposition is
unimportant. Since, in both these cases, the sensitizer
contains insufficient energy to form triplet ethylene with
unchanged geometry, the energy transfer must be non-
vertical, i.e. it must form triplet ethylene, in which
the CH2 groups are at right angles; for this configuration
the energy difference between it and the ground state is
v1.9 e.v. which is less than the energy in triplet benzene
or Cd(3Pl).

Hunziker (7) has proposed the following reaction
scheme to account for all triplet state sensitizations of

dideuteroethylenes.



[12] E + S* — E* + S

[13] E* + M —_ Ec+Et+M
[14]' 1ok ’—"—) E**

[15] E** —) E*

[16] E* + M ] E, + B, +E + M
[17]  E** —_ B

[18] E:F+M —_— Ec+Et+E + M
(191 E _ C,H, + H,

Where S is the sensitizer, E is any dideuteroethylene,
Ec is cis-, Et is trans- and Eg is gem-dideuteroethylene,
E* is triplet ethylene, E** is triplet ethylidene and B

is vibrationally excited ground state ethylene.

Hunziker proposes that in Cd(3Pl) and benzene photo-

sensitization that cross-over from E** to ET is very slow

and that, because of this, little or no decomposition
occurs. However, since the rate of decomposition of
vibrationally excited ground state ethylene, will depend
on the energy content of the ethylene, it would be more
correct to say .that kl9/kl8 will be very small in the
case of Cd and benzene photosensitization.

The photochemistry of fluorinated olefins has not
received much attention. Such studies should provide
data of considerable interest since the chemical properties
of the fluorocarbons show marked differences from their

hydrogen containing analogues. 1In the next section these



differences are discussed.

Physical and Chemical Properties of Fluorocarbons

The strengths of carbon-fluorine bonds are similar
to those of carbon-hydrogen. Thus in CH3F the C-F bond
strength is 107 kcal {(2). However as fluorination is
increased the bond strengths are increased and bond lengths
are shortened. It has been suggested (10) that this is
due to an increase in the number of resonance structures
as fluorination is increased. A molecular orbital treat-
ment of fluoromethanes (11) has suggested that, in fact,
the change in bond lengths and in bond strengths is due
to a change in hybridization. Thus, the fluorine attracts
electrons from the carbon and will attract the p-electrons
preferentially, these being less tightly bound. 1In CH3F
the hybridization may be sp2'85. As the number of fluorine
atoms is increased, the partial withdrawal of p-electrons
is increased and'the hybridization in CF, could be sp2'4.
This would give a shorter bond and consequently increased
bond strength.

Several factors appear to indicate that the double
bonds of fluoroethylenes, and other olefins containing the

CF.,=C group, are considerably weaker than those of their

2
hydrogen containing analogues. Patrick (12) has calculated

the C=C bond energy to be 105 kcal/mole for CoF, and 142
kcal/mole for ethylene. However, he points out in a later

article (9), that there may be objections to his method of



calculation which ignores changes in bond energy caused
by change in bond character. It has been widely accepted
that, because of the similarity of the bond stretching
force constants of CZF4 and C2H4, their bond strengths
must be very close. Patrick feels that, due to widely
differing stretching frequencies, differences in force
fields and contributions of interactions of non bonded
atoms, care should be taken in comparing these constants.
Certainly, in comparisbn to ethylene, the anomalously low
heats of formation of C2F4 and of 1,1-difluoroethylene,
and the greater heats of addition of H,, Clz, and others
to olefins containing the CF2=C group would tend to
indicate a lowering of the double bond strengths in the
fluoroethylenes. Thermodynamic calculations have been
made in which it is confirmed that the double bond in

C.F, is weakened relative to that of ethylene (13).

274

-~

The chemical behaviour of the fluoroethylenes is also
indicative of a decreased m-electron density. For example,
the relative rate of addition of CH, to fluoroethylenes
is found to decrease by a factor of 1.8 for each fluorine
substituent (14). This indicates a lowering of the =
electron density which would be expected to weaken the
double bond. The weakening of the double bond of C2F4,
relative to ethylene, is also shown by the higher rate of

addition of methyl radicals to C,F, (15).



Spectroscopically, fluorination of ethylene appears
to cause a shift in the absorption in the ultraviolet (u.v.)
towards longer wavelengths. This is similar to the shifts
found when hydrogen is replaced by any substituent which
has lone pairs of non-bonded electrons which can be coupled
by resonance with the m-electrons of the double bond (16).
The inductive effect of the substituent has little
influence on the "red shift", but, since it will be very
large in the case of fluorine, it may cause an overall
destabilization of the double bond relative to ethylene,
even though the resonance effect tends to stabilize the
double bond.

Despite their similarities in physical characteris-
tics, such as bond strengths, boiling points, etc., the
chemical behaviour of hydrocarbons and fluorocarbons show
marked differences. Processes such as fluérine atom and
molecular fluorine elimination, whose analogues occur
readily in hydrocarbons, are not known to occur in
fluorinated compounds. Migration of the fluorine atom,
which was thought to occur only in exceptional radicals
such as CF3CH: (17) , appears, from results found in the
present stud&, to occur when sufficient energy is avail-
able, particularly in perfluorinated éompounds. Other
systems in which fluorine migration has been observed

include the isomerisation of (CH3)2C: (18), Hg



photosensitization of perfluorocyclopropene (19) , and the
isomerisation of products formed by addition of :CFH and
CF2=C: to the substrate in the photolysis of trifluoro-
ethylene (20).

The elimination of HF from activated molecules has
been studied by a number of workers (21 and references

therein). 1In general, for activated fluoroalkanes, the

following reactions can be written:

k
ar —S=3 alkene + HF

kg
A + M —) A+ M

Where A* is the energised fluoroalkane.

The ratio of ke to kd varies widely, depending on the
alkane in question and the method of generation of the
activated alkane. However, it is found that the activation
energy for HF elimination decreases with o-fluoro-
substitution. Thus, for HF elimination for CH3CHF2, Ea =
47 - 48 kcal/mole, whereas for CHzFCHzF, where the final
product is the same, Ea has been found to be in the range
52 - 62 kcal/mole. This illustrates the strongly destabil-
izing effect of fluorine through its inductive effect, as
this will be much more in evidence when both fluorine |
atoms are on the same carbon.

Another interesting example of the peculiarities
of fluorine containing compounds is the elimination of

.CF. from activated fluoro-cyclopropanes. The thermal

2
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decomposition of perfluorocyclopropane has been shown to.
proceed solely by elimination of :CF2 (22). In contrast,
the pyrolysis of cyclopropane leads only to isomerisation
to propene. This is undoubtedly a reflection of both the
relative instability of the perfluoroolefin and the
stability of :CF2 in comparison to :CH2, as well as the
relative difficulty of F atom shift. The pyrolysis of
chlorofluorocyclopropanes has also been shown to proceed
via elimination of :CF, (23). In the addition of :CH, to
tetrafluoroethylene, thne cyclopropane formed decomposed
by elimination of :CF, unless collisionally stabilized
(24). In contrast, :CH,, addition to partially fluorinated
ethylenes gives rise to vibrationally excited cyclopropanes,
which are either stabilized or isomerise to propenes (14).
This also illustrates the destabilization of the olefin
with increasing fluorination.

The photochemistry of the fluoroethylenes is
considered in the next section.

The Mercury Photosensitization and Photolysis of

Fluoroethylenes.

The Hg(3P1) photosensitization of mono-, 1,1- and
1,2-di- and trifluoroethylene has been studied (25). 1In
all these cases, it was found that decomposition occurred
by HF elimination. However, there were some differences

in each system. In vinyl fluoride, it was found that ¢
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(decomposition) was between 0.9 and 1.0. Little variation
of ¢ (decomposition) with pressure was found, implying an

10

excited state of lifetime 1.0x10 ~ sec or shorter. Thus,

it was not possible to decide, in this case, whether more
than one excited state was involved in the decomposition
mechanism. In the difluoroethylenes, it was found that ¢°
(decomposition) = 0.80. From the effects of pressure, it
was deduced that there were two deactivable states in the
decoﬁposition sequence, the first state being the first
excited triplet and the second a singlet, which could
either be an ethylidene or a vibrationally excited ground
state. Since ¢ o(decomposition) = 0.80, it was necessary
to postulate decay of the triplet to some non product-
forming state. The nature of this state could not be
ascertained from the results obtained.

In trifluoroethylene, decomposition took place by
geminal elimination of HF with formation of the carbene
CF,=C:. The latter reacted with the substrate to form
1,3-pentafluorobutadiene trifluoroallene and tetra-
fluoroethylene. The latter two products were formed by
decomposition of the initially formed cyclopropane which
eliminated :CF2. The :CF, radicals combined to give
tetrafluoroethylene. The butadiene was formed by

rearrangement of the partially collisionally'stabilized

cyclopropane. The elimination of :CF,, from the initially
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formed methylene cyclopropane has an analogy in a reaction

found in the photolysis of C3O2 (26) .

[11 c;0, —3 CO+0=C=C:

[2] o=C=C: + CH, — o=c=c<]*

[3] o=C=C q —3  CO + :cﬂ

[4] :C<] o CH, = C = CH,

"The CF2=C: was also found to ada to the double bond
of olefins and to insert into carbon hydrogen bonds of
alkanes and alkenes.

In the photolysis of trifluoroethylene (20), it was
found that two different decomposition processes were
occurring. The first, which was similar to that found for
Hg(3Pl) photosensitization, generated CF,=C: radicals.
The reactions of CF,=C: were found to be the same in this
case as in photosensitization, with the exceétion that no
pentafluorobutadiene was formea. Since the CF2=C: will
probably be formed containing more energy in photolysis,
this is to be expected. The cyclopropylidene, formed by

CF2 elimination, gave allene and also rearranged to 1,3,3-

trifluoropropyne. This is probably due to excess energy

FH ,

in the :C::] , resulting from a greater amount of energy
Fa

in the precursor. In its reactivity with C-H bonds,

the CF,=C: displayed the same selectivity found in the
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photosensitization, showing that it is in the same
electronic state.

The second mode of decomposition of trifluoroethylene
was by fission of C=C bond with the consequent formation
of :CFH and :CF2.
The reactions of :CFH were as follows:

FH
[5] :CFH + F,C=CFH —) A
F FH

FH* 2 .

[6] Z{}x — C4F,H, (3 isomeric propylenes)

F2 FH
[7] 2 :CFi ——> HFC=CFH (cis and trans)

FH
The cyclopropane, ZZEX , was found at high pressures
F2 FH

of added CF, and its yield was greater than that of the

4
isomeric propenes in the absence of CF,.

The ratio of the 1,2-difluoroethylenes to the C3F4H2
products was about 2:1. From the above reaction scheme,

this would imply that k. is very much greater than k6'

7
In their work on the reactions of monofluorocarbene with
olefins in the gas phase, Yang and Rowland (27) did not
appear to find any recombination products of :CHF, even

in the absence of olefins. They found no rearrangement

of the cyclopropanes formed by addition of :CHF to olefins.
Thus, it would appear that the :CHF formed in the photol-

ysis of C,F3H is more energetic than that formed in their

system. Despite the probable lower affinity of C,F;H for
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:CHF, it does not appear likely that k7 should be so much
larger than k6. A more probable explanation for the
formation of the 1,2-difluoroethylenes is that, as was
found for the "hot" cyclopropane formed by addition of
:CH2 to tetrafluoroethylene (24), the cyclopropane formed
by addition of :CFH to C2F3H can decompose by elimination
of :CF,. This would also explain the large amount of the
cyclopropane found at the higher pressures of CF4. No
prodﬁcts attributable to the reaction of :CHF with alkanes
were found. This is in agreement with the results of Yang
and Rowland, who found no insertion of :CHF into C-H bonds.
The :CF2 formed by fission of the C=C bond is also
found to be reactive. Although no pentafluorocyclopropane,
the product expected from reaction between :CF, and C2F3H,
was found, tetrafluoroallene was a product in this system.
The latter could arise by elimination of HF'from the hot
cyclopropane. Due to there being at least two or possibly
three sources of :CF2 in the system, it is difficult to
know how much of the C2F4 results from recombination of
:CF, formed in the primary process. However, if one
accepts the mechanism postulated above, for formation of
the 1,2—diflﬁoroethylenes by elimination of :CF2 from the
hot adduct of :CHF to C,F;H, then the fesults obtained
would indicate little or no recombination of :CF, which

was formed by C=C bond fission. Most of this :CF2 must
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be lost as polymer, as the yield of tetrafluoroallene is
quite low. As will be discussed in a later chapter, :CFZA
is relatively inert. However, in this instance, it is

probable that the :CF, is vibrationally excited and this

2
would explain its reactivity.

:CHF and :CF, display marked differences from iCH, in
their reactivities. In the next section the reactions of

the halogenated carbenes are discussed.

Reactions of halogen containing carbenes

A comprehensive review of the reactions of halogen
containing carbenes has been given by Kirmse (28), however
it is of interest to review briefly some of the results
obtained.

In general most of these carbenes have been generated
in solution. The major source of the carbenes is hydrolysis
of partially or fully halogenated compounds, such as:
haloforms, acetates or acetones. There has been some
debate as to whether the reactive species in these systems
is not in fact a trihalocarbanion and not a carbene.
Studies of the effects of added Cl~ ion in the hydrolysis

of chloroform indicate that the rate determining step is

c01; — :CCl, + cil”
and not

ccly + H,0 — Hzo’-“---c-:c:t2 + c1”

2
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It is expected that this will be true for reactions with
other nucleophiles such as olefins. In its reactions with.
olefins, :CC12, which has received the most study of all
the dihalocarbenes, adds readily to the double bond to
form a cyclopropane. The reaction is stereospecific,
indicating that the carbene is in a singlet state.

The relative reactivities of the halocarbenes toward
olefins have been studied (27 and refs. therein), (29).
The reactivity of the carbene increases as the nucleophil-
icity of the olefin increases, indicating the electrophilic
nature of the carbene. The selectivity of the carbene
increases in the order :CHBr<:CHCl<:CHF<:CBr2<:CClz<:CFC1,
and :CFCl is by far the most selective. The rate of
reaction of :CFC1l with 2,3-dimethylbutene is 31 times that
of its rate of reaction with isobutene. For :CCl2 this
ratio is 6.5:1. Thus, substitution of fluorine greatly
increases the electrophilicity of the carbene. It has
been reported (30) that :CF2 reacts 12.8 times more radpily
with isobutene than with cis-2-butene. For :CFCl the
comparative figure is seven. Thus, :CF2 would appear to
be the least electrophilic of the halocarbenes. The
reactions of :CF, and :CFCl will be discussed in more
detail in a later chapter.

Aims of the present study.

The photochemistry of mixed haloethylenes has not
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received any study. It is to be expected that these will
behave differently from both ethylene and the fluorinated
ethylenes.

By analogy with the photolysis of C2F3H it was hoped
that photolysis of chlorofluoroethylenes would lead to
decomposition of the substrate by either C=C bond fission
or HX elimination, where X is Cl or F.

The first of these processes would lead to formation
of various halocarbenes, the study of whose reactions in
the gas phase would be of great interest as comparatively
little work has been done in this field.

The second process would lead to formation of CF2=C:
or CFCl=C: depending on the starting material. The latter
a-unsaturated carbene is not known and so a study of its
reactions would be of interest. Although CF2=C: has been
generated previously by HF elimination from C2F3H in the
presént instance its precursor would generate CF2=C: by
HC1l elimination. It would be possible to compare the
reactivities of this carbene generated by two different
means. The photolysis of perfluorinated olefins has not
been previously studied although some work has been done
on the Hg(3Pl) photosensitization of compounds

such as C2F4

perfluorocyclobutene (33). It would be of value to compare

(31), C3F6 (32), 1,3-perfluorobutadiene and

the processes which occur from the first excited singlet
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state of these compounds with those found to occur from

the triplet state formed in Hg(3Pl) photosensitization.
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CHAPTER II

EXPERIMENTAL

APPARATUS

High Vacuum System

A conventional high vacuum apparatus constructed from
pyrex was employed in the course of this investigation.
Thé system was evacuated by means of a mercury diffusion
pump connected to a Welch Duoseal Model 1405 mechanical pump.
The storage system, distillation train and cell assembly are
illustrated in Fig. I. This section was kept grease free,
to avoid absorption of substrates or products by the grease,
by using Delmar float valves, Hoke and Republic valves.
Substrate preséures were measured on a mercury manometer.
LKB tubes connected to a Consolidated Vacuum Corp. Autovac
gauge were used to monitor pressures <1 torr. Following
distillation, samples could be measured in the gas burette or

transferred to the gas chromatography (g.c.) sampling system.

Cell and Lamp Assembly

In the experiments descfibed in Chapters III & IV
a quartz cylindrical cell,5 cm in diameter by 10 cm in
length,was used in conjunction with a circulating pump as
illustrated in Fig. 2. This system allows for faster
mixing of gas mixtures and also helps to minimize deposi-

tion of polymer on the cell face. .
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In the remainder of the experiments a static photoly-
tic system was employed. The cells were either 5 cm x
5 cmor 5 cm x 2 cm. The use of cells of small volume was
necessary since the products of photolysis could not be
separated from the starting material by distillation and
the total mixture of substrate and products had to be
analysed by g.c. Thus it was necessary to use as small a
quantity of substance as Qas feasible.

The light sources used were a Hanovia 687A45 low
 pressure mercury resonance arc and a Hanovia, type SH,
medium pressure mercury arc. The low pressure resonance arc
was used in conjunction with a 7910 vycor filter in invest-
igating Hg 3Plphotosensitization. The light from the medium
pressure arc, used in direct photolysis, was not filtered
as most of the compounds being investigated did not absorb
light above 2300%. In the experiments described in chapter
VI a cowling,through which air could be blown,was attached
to the lamp to enable it to be brought close to the cell,
increasing the light intensity, without causing the cell to
heat up.

ANALYTICAL ASSEMBLY

The analytical assembly is illustrated in Fig. 3. The
gas burette was used to measure those products which
could be isolated from the reaction mixture. It was also

employed to measure out exact amounts of sample to calibrate
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the thermal conductivity unit of the gas chromatograph.
Where authentic samples of products were available, these
were used for calibration. If these were not readily
available, a number of runs were carried out to generate a
sufficient amount of product to enabie a calibration to be
carried out. This was then isolated by g.c.

Gas chromatography was employed for qualitative.and
quantitative analysis and for the purification of some
starting materials. The g.c. unit was made up of a Gow
Mac Model TR II B hot wire detector to which power was
supplied by a Gow Mac Model 9999-C power supply. A Sargent
Model S-72180 recording potentiometer was connected to the
detector to record the signals. The recorder was fitted
with an attenuator with ranges XI, X3, X10 etc. The fila-
ment current in the power supply was maintained at 250 ma.
The detector wire was thermostated at 250°F. Helium
(Matheson) was used as a carrier gas. This was purified by
passing it through a molecular sieve column. The flow rate
was measured on an oil manometer in parallel with a short
capillary tube. This was calibrated with a soap-bubble
flowmeter.

PROCEDURE

MATERIALS AND PURIFICATION

Table 1 gives a list of the materials used in the course

o
of this work. All materials were degassed at -196 . Where
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purification by g.c. was necessary, the material was first
distilled at a convenient temperature (that is when dis-
tillation could be completed in a relatively short time) to
remove as much impurity as was possible. Aliquots of the
distillate were admitted to the g.c. sampler and the
substrate fraction was trapped out following separation.

EXPERIMENTAL PROCEDURE

.The reactant pressures wére meaéured on a mercury mano-
meter. Where only a single reactant was involved, the Hoke
~valve on the cell was closed following the pressure reading
and the reactant photolysed in situ. In the case where
mixtures were involved, it was necessary to transfer the first
reactant from the cell to a trap at -196° to allow measurement
of the second reactant. When the second reactant had been
measured out it was frozen down into a cold finger at —1960.
The premeasured amount of first reactant was then distilled
into the cold finger. The mixture was allowed to warm up
and equilibrate for one hour. Lamps were also allowed to
warm up for one hour.

Following photolysis the mixture from the cell was
transferred to the distillation train. Products,which could
be separated from the reactants by low temperature distilla-
tion,were transferred to éhe g.c. sampling system for
analysis. The reactants were then removed by distillation,

if possible, and the remaining fraction was analysed by g.c.
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For g.c. analysis the fraction to be analysed was
distilled into the u-trap of the g.c. sample inlet. The
mercury in the toepler pump and float valve was raised and
helium was admitted by opening the hoke valve A. (Fig 3).
The liquid nitrogen was then removed from the u-trap and,
when this had warmed to room temperature, Hoke valve B was
closed and valves A & C were opened simultaneously
allowing helium to flow througﬁ. Whén it was necessary
to isolate a sample from the mixture for analysis or any
other purpose, this was done by allowing the helium to flow
through a trap (downstream from the column and detector)
which was kept at -1960. This trap was connected to the
system by means of a four-way stopcock and could thus be
open or closed to helium flow. By opening and closing the
stopcock at the appropriate time, the sample could be isola-
ted without contamination. A list of columns used and the
retention times of the principal products is shown in

Table 2.
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CHAPTER III

THE MERCURY PHOTOSENSITIZATION & PHOTOLYSIS

OF PERFLUOROVINYLCHLORIDE

RESULTS

In the Hg 3P1 photosensitization of perfluorovinyl-
chloride the only product found was Cy4Fgr which was identified
by mass spectrometry. A large amount of white substance was
seen to be formed in the photolytic system. This presumably
was HgZCl2 .

In photolysis the following products were found. Tetra-
fluoroethylene (C2F4), 1,4-perfluoropentadiene (C5F8),
1,2-dichloroperfluorocyclopropane, 1,1-dichloroperfluoropropene
4 ,4-dichloroperfluorobut-l-ene. 02F4 was identified by mass
spectrometry and by comparison of its retention time with

that of authentic C2F4. CSFS was identified by its mass and I.R.

spectra. The I.R. Spectrum showed a strong absorption at

1775 cm L. This can be attributed to the stretching vibration
of a perfluorovinyl group (34). If this were a conjugated diene
one would expect more ccmplex absorption for C=C stretching. 1In
comparison 1,3-perfluorobutadiene, shows C=C stretching

1 and 1796 cm™t

absorption at 1766 cm (35) .

The dichlorocyclopropane was identified by mass spectral,
I.R. and N.M.R. analysis. The I.R. spectrum showed no absorption
attributable to C=C stretching. A strong absorption was observed
at 1045cm_l. In a series of substituted cyclopropanes, it was

shown that the strong absorption due to ring deformation occurred
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1

between 1000cm L and 1055cm™ (36). In the compound 1,1-difluoro-

perchlorocyclopropane a very strong absorption was observed at

1 (37). Thus the absorption at 10450m_l in the present

1009cm ™
case can be attributed to ring deformation in the cyclopropane.
The F19 N.M.R. spectrum showed five sets of multiplets. Three of
these can be assigned to the cis-dichloro and two to the trans-
dichlorocyclopropane. A previously published F19 N.M.R. of a
mixture of these compounds showed the same pattern (38).
Dichloropropene was identified- by its mass spectrum
The mass spectrum was very similar to that of the dichlorocyclo-
propane but the I.R. spectrum showed strong absorption at 1790-
cm-l. Since this is characteristic of the CF2=CF stretching.
frequency this compound was assigned the structure CF2=CFCFC12.
I.R. spectroscopy and mass spectrometry were used to
identify dichlorobutene as one of the products. The mass
spectrum showed the molecular formula to be C4F6C12. The
largest peak in the mass spectrum was 131 froﬁ the fragment
CyF. This would indicate that both Cl atoms are on the same
terminal carbon. The I.R. spectrum showed strong C=C stretching
absorptions at l7900m-l, again, characteristic of the perfluoro-
vinyl system. Thus CF2=CF—CF2—CFC12 would seem to be the most
likely structure. A product tentatively identified as C6F9Cl
by mass Spectroﬁetry was also found. A large amount of polymer
which could only be removed with HF was formed in the cell

during each run.

Table 3 shows product yields at various pressures. The
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FC1

ratio CF.=CF-CFCl F ZﬁkF01 is plotted in Fig. 4.
2

2 2

Photolysis of Perfluorovinylchloride in the presence of Iscbutane

Two new products were found in these runs. These were
identified from their mass spectra as C5F2H10 and C4F6HC1.
The products non-condensable at -169° were found to be a
mixture of C2F4 and C2F3H with the latter predominating espec-
ially at higher pressures. The yield of perfluoro-1,4-pentadiene

was very much decreased also. In Table 4 the  variation in the

yields of the products with isobutane pressure is shown and
is plotted in Fig. 5. When 100u torr of NO was added to the
system at high pressure, it was found that only dichloroper-
fluorocyclopropane and CSFzHlo.were present. Although their
overall yield had decréased, their‘ratio remained constant.

These results are shown below.

P C2F3C1 23 torr P Isobutane 106 torr

FC1l
-3 - _
NO(torr x 10 ) FZAFCli-CFClz CF=CF,umoles CgF,H,, umoles

(¢) 2.5 2.4

100 1.7 1.6
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DISCUSSION

- MERCURY PHOTOSENSITIZATION OF.C2F3C1

The following mechanism explains the products found

in this reaction:

[1] Hg + hy ——p Hg*

[2] C,F,Cl + Hg* —» C,F;Cl* + Hg

—_— -C2F3 ++C1l + Hg oraC2F3 + HgCl

* —_— .
[3] C2F3Cl C2F3 +Cl
[4] 2C,F, —— C,F,
[5] Hg + Cl ——— HgCl
[6] 2HgCl —— Hg,CL,

Tt was shown (39) in the Hg photosensitization of
vinyl chloride that a similar mechanism was operative. In
that case the excited CZH3C1 could decompose by elimination
of HC1l and formation of acetylene. No such decomposition
is possible in the case of perfluorovinylchloride. It was
found with vinyl chloride that 55% of quenching occurred at
the C-Cl bond. As perfluorination greatly reduces the
quenching cross section of the C=C T-bond (for example for

C,H =26 and for CZF4qQ2= 7.9),it is expected that in the

2
24 %
pfesent case quenching will occur primarily at the C-Cl site.

Thus the major process will be C-Cl fission leading to form-

ation of C2F3- + Cl- and the mechanism above will be operative.
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PHOTOLYSIS OF C2F3Cl

The following reactions are proposed to account for the

products observed.

[71 C,F,Cl1 + hv — C,F,C1l*%*

273 273
[8a] C,F,CL* —> iCF, + :CFCL
[8b] — «C,Fy +°Cl
[9] :CFC1 + C,F,Cl — C3F,Cl,*
(10] C3F,CL,* — CF2=CF—CFC12

- FCl

[11] +M T FZAFCl
p2] JCF,#C,F,CL  —> C,F Cl*
[13] C,F CL* —> -CyF, +-Cl
[14] -——> polymer
[15] "C4Fg + C,F Cl——+CFCl
[16] *CgFgCl —> C,Fg +°Cl
[17] *CyFy + C,F;C1l — *C F.Cl
[18] "C,FeCl ++CL —> C,F,Cl,
[19] "C4FeCL +°:C,Fy —> CFyCl
[20] CL + C,F,Cl  —>"C,F,Cl,
[21] 'C,F4CL, +'C,Fy— C,F.Cl,
[22] 2CF, — C,F,

The following reactions are proposed to explain the
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products found when C2F3Cl was photolysed in the presence

of isobutane.

[23] ICF, + C,Hp, —>CFol

[24] "C,Fy + CuHyg —> C,F,Hl +-C/H,
[25] "C,Fy + C,F,Cl —""'>.-.C4F6C1

[26] "C,FeCLl C4Hlo———> c4F6¢1H +C Hg
[27] C,F,CL* + C4H16—+.C2F3C1 + C4Hyq

The last reaction is proposed to account for the decrease
in product yield with increasing pressure of isobutane.

Since there are four radical species produced,the
reactiohs of each are dealt with separately in the following
sections.

REACTIONS OF :CFCl

Two'products attributable to the reactioh of :CFCl with
’the substrate are found, 1,2-dichloroperfluorocyclopropane and
3,3«dichloroperfluoropropene. As can be seen from Fig.4 the
ratio of propene to cyclopropane decreases with pressure but
seems to level off at ~ .09 at high pressure. Two explanations
of this phenomenon are possible. If :CFCl is in a singlet
electronic state,it can either add to the double bond forming
the cyclopropane, or insert into C-Cl bond giving the propane.

The cyclopropane Wwill be vibrationally excited and at low

pressures can isomerise to the propene. The shift of a Cl atom
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will probably be favored as it ié a lower energy process than
F atom shift. At high pressures the "hot" cyclopropane will
be completely collisionally deactivated and the final ratio of
propene to cyclopropane will represent the ratio of the rate
of insertion to the rate of addition to the doublé bond.

Two things militate against the former mode of react-
ion. Firstly,if insertion into the C-Cl bond is occurring it
would be expected that in the presence of isobutane some products
attributable to insertion of :CFCl into the C-H bonds of the
paraffin would be found. As insertion into C-H should be faster
than insertion into C-Cl, due to steric hindrance in the latter
case, one would expect the products from the reaction with iso-
butane to be favored. None of these did appear on addition of
isobutane. Secondly, it was shown that the reaction of methylene
with C-Cl bonds in solution, which appears to be an insertion
process, is in fact the abstraction of a Cl atom followed by
recombination of the two radicals (40). In the gas phase the
two radicals would not recombine so readily as there is no
solvent cage. The same type of mechanism would be expected
for reaction of :CFCl with a C-Cl bond,particularly in view of
the steric factor.

A more viable alternative is that the initial addition of
:CFCl to the substrate yields a substituted trimethylene bi-
radical. This biradical can then either ring close with the
formation of the cyclopropane or undergo a chlorine shift to

give the propylene.
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Thus:

:CFC1 + CF2=CFC1——ﬁ-CFZ-CFCl-CFCl

FC1l
CF,~CFCl-CFC1 — F, A Fol

¥ CF =CF—CFC12

2
The initially formed adduct in the reaction of methylene
with ethylene has been the source of a good deal of speculation.

Skell and Woodworth (41) proposed that, since the addition of

:CH2l to an olefin was stereospecific,addition took place by the
concerted formation of two bonds yielding a cyclopropane without
formation of an intermediate. It was assumed,since:CH23 addition
was non-stereospecific,that the initially formed adduct was a
trimethylene species in which rotation could take place.
Cvetanovic et al (42) have shown that a trimethylene species

is in fact formed on addition of :CHZ3 to ethylene. This

species can decompose, isomerise or form the cyclopropane by

ring closure. Hoffmann (43) has shown,by calculation,that add-

1
2

strong interaction between the terminal carbons. Thus, there

ition of:CH forms a singlet trimethylene in which there is

is a large barrier to rotation in this species and this
trimethylene goes rapidly to cyclopropane. The:CH23,on addition
forms a trimethylene species in which there is no barrier to
rotation and thus,its addition reactions will be non-stereo-
specific.

In the present case,there is no indication of whether
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:CFCl is in a singlet or triplet state. If it is in
a singlet state, it is possible that the triméethylene would not
be of the same type as that formed in the addition of:CH2l to
ethylene. Repulsion between the chlorine and fluorine atoms
would tend to cause a fairly large CCC bond angle, reducing
the interaction between the terminal carbons. This trimethylene
would be more akin to the one formed in the addition of:CH23
to ethylene,enabling it to isomerise or ring close. Since the
yield of cyclopropane and propflene iﬁcreases with pressure
it would seem that some decomposition of the intermediate is
taking place at lower pressure. Decomposition would probably
be by loss of a chlorine atom and the resultant radical could
then react with the substrate, leading to polymer formation.
If :CFCl is in a triplet state, then presumably a triplet
trimethylene is initially formed. This can either ring close
or isomerize to the propene. If :CFCl is in a triplet state
this would necessitate decomposition of C2F3C1 taking place
from an excited triplet as the :CF2 appears to be in a singlet
state. |

:CFC1 has been studied in solution by a number of workers.
(44 and references therein) . It has been found to add readily
to the double- bonds of olefins giving 1,1-fluorochlorocyclo-
propanes. Moss and Gerstl (29,44) studied the reactivity
of :CFCl with a number of methyl substututed ethylenes and
found that the reactivity is related to the nucleophilicity

of the double bond. Thus, :CFCl reacts with tetramethylethylene
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thirty-one times as fast as with isobutene. They have also
shown that the formation of the cyclopropane with the Cl atom
syn to the greatest number of CH, groups is favored. This is
explained on the following basis. In the transition state the
methyl groups of the olefin acquire a slight positive charge
and will interact with the substituent on the carbene which
eventually is syn to them in the resultant cyclopropane. In
this case,the more polarisable.of the substituents on the
.carbene will interact more readily wi£h the methyl groups. In
the case of :CPCl,this effect counteracts the steric factors
which would favor the Cl being syn to the least possible number
of methyl groups,since Cl is more polarisable than F.

In the present case,the ratio of cis-dichlorocyclopropane
to trans-dichlorocyclopropane was v 2:1. If the same type of
transition state is formed in the gas phase as in the liguid
phase we can rationalise the favorability of formation of the
cis isomer as follows. The substituents on tﬁe olefin
will tend to acquire a positive charge. Since Cl is less
electronegative than F,the Cl atom will tend to acquire the
greatest amount of positive charge. Thus,as in the above case
it will interact with the more polarisable of substituents on
the carbene which is adding to the double bond. The Cl atom
is more polarisable so formation of the cis-dichlorocyclo-
propane will be favored despite the steric factors favoring
formation of a trans isomer.

No isomerisation to a propene was found in the addition
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of :CFCl to olefins in solution. If the transition state

in the gas phase is.similar}this would seem to indicate

that what we are observing in the present case is isomeris-

ation of a hot cyclopropane, a process which would not

occur in solution. This would imply that isomerisation

does not occur from the intermediate and that the ratio of
FC1

,=CF-CFCl, to lefﬁ FCl shoqld go Fo zero at high

pressures and not level off as indicated in Fig. 4,

CF

REACTIONS OF~C2F3 + «Cl

"C,Fj,as would be expected, adds to the starting material.
However the adduct does not appear ﬁo lose a chlorine atom

as no C4F6 was detected. The fate of thefC4F6Cl appears to
be either recombination with a Cl atom forming the dichloro-
butene or with anéther'CzF3 forming the hexédiene tentat-
ively identified. This latter could also be formed by
attack on the substrate of :C,F.Cl followed by loss of a

Cl atom. The dichlorobutene could also be formed by reaction
of a Cl atom with the substrate yielding a *C2F3C12 radical
which subsequently attacks a substrate molecule,the adduct
then losing a'Cl atom to form C4F6C12. Both-C2F3 andsCl

probably contribute greatly to polymer formation.

The difference between the reactions of'C2F3 in
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Hg photosensitization and in photolysis may be due to the
intervention of different electronic states. In Hg photo-
sensitization,the initially formed state is a triplet state
whereas in photolysis it is a singlet. This will undoubtedly
lead to differing energy contents in the-C2F3 formed and may

explain the variance in their reactions.

PRODUCTS OF :CFZ. : '

In the photolysis of C2F3Cl alone, two products
attributed to the reaction of :CF, are found. These are

C.F, and C,F When photolysis is carried out in the

578 274"
presence of isobutane,a new product C5F2Hlo appears and
the yield of C5F8 and C,F, decreases. At a sufficiently
high pressure of added isobutane, the :CF2 appears to be
completely scavenged by the isobutane as its yield is

equal to the sum of the :CFCl containing products. When

02F3Cl is photolysed alone,it can be seen that,if CgFg

and C,F, account for all the :CFz,then,the ratio of

c5F8 + 2 C2F4 to I:CFCl containing products should

equal 1. However,at 10 torr this ratio is = .52 and at
100 torr = .54. Thus,only 50% of the :CF2 is appearing in
the above products. Since it does not appear as any other

product isolated, presumably it is going to polymer.

This can be explained if all the C3F5C1 formed in reaction 14
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does not go to-C3F5 + .1 but instead goes to polymer as
postu;ated in reaction 14. Since no chloroperfluorocyclo-
propane was found, the C3F5C1 formed in reaction 13 must.
not be long-lived enough to be cstabilised by collision.

In the photolysis of C2F3H,where :CF2 is also formed,

only trace amounts of the cyclopropane formed by addition
of:CF2 to the substrate were observed (20). The :CF2 in
the latter case, was less energetic than :CF2 formed in

the present case since it did not appear to insert into
C-H bonds, so the cyclopropane formed should not be as "hot"

as the cyclopropane formed by addition of:CF2 to C2F3C1.

Fa

Since the FZZSXFH is only partially stabi;ised even at
2

high pressures one would not expect the FZZQXFCl to be

deactivable, the latter being more energetic.

The reaction of :CF2 with isobutane must be a direct

insertion process,similar to the insertion of CH2l into
C-H bonds. This is shown by the fact that, although the
yield of C5F2Hlo decreases on addition of NO to the system,
the ratio of C5F2HlO to the sum of :CFCl coptaining
products remains the same. The decrease in product yield
is caused by competitive absorption of the light by NO,

which is a very strong absorber in the region where

C2F3C1 absorbs.
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:CF, was first observed spectroscopically in discharge
through CF4 vapor (45). It was suggested here that the
ground state was a singlet in contrast to methylene where
the ground state is a triplet. The various states of the

two are shown below.

1l
— By
1 3
_____B2 —.-——B2
3
—"B
— B
1 1 E
1
3
————lAl — B
1l
3
—-———-B1 ____lA
1
CH2 ICF2

Not to scale

It was postulated that the emission bands were due to

132———1Al transition. Mann and Thrush (46) have shown in

(-]
the absorption spectrum of:CF2 that the 0-0 band is at 2651A.
Thus the 1B2 state would lie approximately 107 kcals/mole
above the ground state. However, Matthews (47) has shown by

detailed analysis of the spectrum that the transition is
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either lAI———]‘Al or lAz——}Al. Thus the higher lA states

are approximately 107 kcals/mole above the ground state.
This means that the B2 and B1 states are certainly <107
kcals/mole above the ground state. A calculation by
Simons (48) shows that :CF2 3Bl lies, ~45 kcal

above the ground state. He based this on the following
evidence. Since the bond energy of C2F4 is low, nT7 kcal,
the approach of two ground state :CE;2 radicals must be

repulsive and the first excited singlet state must be

predissociative.

In ethylene these curves do not cross since 3:CH2 is
the ground state of methylene and l:CH2 the excited state.
It is assumed that in C,F,, AC, representing the energy
required to dissociate C2F4,to two triplet :CF, radicals,

will be the same as that in ethylene. Thus BC fepresenting

_ _ 3 ) 1 .
D(CH,=CH,) - D(CFZ—CFZ),=2AE(:CF2( Bl_:CFZ(Al)) . Using the
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value D(CH,=CH,) = 167 kcal/mole and D(CF,=CF,) = 77.5 kcal/

mole.
AE (:CF, (313])- :CF, (1A]> )= 45 kcal/mole.

If the bond dissociation energy of ethylene is lower
than this, this could appreciably lower the difference in

energy in the two states. The assumption that the energy
C,F + 23CF 3B )
274 - 272 1

. 3
C2H4 > 2-CH2(BD

Simons (49) has also treated :CF2 by simple M.O. methods.

required for

is the same as that for
may not be justified.

He has calculated that the first excited state of CF2 lies

V4.2 ev above the ground state. He also attributes the

[}
absorption spectrum centered at 2650A to the 1Bl+ 1Al

transition. This has been shown to be a lAl “. lAl or

1A < 1Al transition and thus, the calculations must be in

2
error, in particular as the B2 states, which are higher in

energy than the lBl’ must be lower than 108 kcal, the energy
of the excited lA state. If, as hypothesised previously, the

3Bl state is 45 kcal or less above the ground state, then it

is hardly to be expected that the 1Bl would be 60 kcals

above that, as AE( 3B 1

AE ( lBl - 3Bl ).

The reactions of :CF2 have been studied by a number of

1”7 A ) should be larger than
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workers., Atkinson (50) investigated the mercury photo-

sensitization of C2F4 and found that :CF2 was produced

and reacted with the starting material to form
hexafluorocyclopropane or polymer. A high proportion of
the :CF2 produced recombines to form C2F4. Cohen and

Heicklen (51) re~examined this reaction and found that

3

[+
k (addition) /k (recombination)” = 4.3 x 10> at 25 C. Using

a value obtained by Dalby (52) for the rate constant for
recombination they obtained the following values for the
rate constants.

k recombination = 3.4 x 108 exp - 1700/RT
6.4 x 106 exp - 7500/RT

k addition

The low Arrhenius parameter and high energy of activation
for addition to a double bond are not characteristic of the
attack of an electrbphilic biradicai on a mn-system. Typical
values for such reactions are listed below.

Addition to ethylene.

Biradical 0 (3p) s3 (p) se (°p)
Activation (kcal/ 2.6 53.4 2.8
mole) energy

A factor 1.1 x 1010 1.1 x 1019 1.1 x 1010

assumed

Ref. (53) (54) (55)
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If we visualise the :CF, as described by Hoffman
et al (56), the ground state will have an unoccupied p
orbital on the carbon, perpendicular to the plane of the
molecule. There can be interaction between this orbital
and the filled p orbitals on the F atoms, resulting in back
donation of electrons to the unfilled C orbital. We might

write this as the resonance structures.

C

C +, 2 Ct
F// \F*—+ F//.\F<r—>F// Q§F
Or alternatively
0T
+t"' C s U+

Thus :CF2 bears more resemblance to CO than to biradical
species such as O. This will explain the low value of the
rate constant for attack.on the 7 system as the carbene
will be a great deal less electrophilic than 0 or S and
will not add nearly as readily as these. This is borne

out by Simons' calculations,which show considerable overlap
between the occupied p orbitals on the F atoms and the

unoccupied p orbital of the C. In view of the error in the

energy of the excited states calculated by his method,it is
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not possible to know how accurate the amount of ove;}ap
indicated is. However, assuming overlap is presen£ this
can explain the low A factor in the addition of:CF2 to
the double bond as there will be repulsion between the
two negative centres, this making the A factor much
smaller than for the electrophilic atomic biradical
species.

.:CF2 has been produced frbm sevéral 6ther sources.
Pyrolysis of CF2HC1 produces:CF2 (57) . This was found
to react with HC1 and HBr to produce CFZHCl and CE‘ZHBre
This reaction presumably proceeds by donation of
unbonded electrons of the halcgen to the empty p orbitals
of the :CF,. If the orbital is partially occupied, this
would explain the activation energy found for this process,
as some destabilisation of :CF,, is necessary for reaction.

The reaction would proceed presumably as follows.

:C1—H
! c1
F r Gt c1
Ne — \/c,‘ L — > 4
r/ F H \

Pyrolysis of various trifluoromethyl derivatives of
group 5 elements gives :CF2. Thev:CF2 was found to be

reactive and added to hexafluorobutyne in two successive

steps (58,59,60).
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Mitsch has produced :CF, by the pyrolysis and

photolysis of CFZ/ﬁ (30). This species added readily to the
\

N
double bonds of several olefins yielding difluorocyclo-

propanes. No insertion into C-H bonds was found with
olefins. However the compound was not photolysed ih
the presence of an alkane.

It would appear that theiCF, insertion into a C-H
bond as was found in the present instance is unique. A
previous case of insertion of :CF, into an N-F bond has
been reported (61). iCF, was generated by photolysis

of C Fy in the presence of NOF. The mechanism postulated

2
was:
CF, = CF, + O=N-F—F - N - O
CF,- CF,
.C2F4 + hv-*2 :CH2
F - N - O
| | +i:cF;CF;—N - O
CF, - CF, |
CF, - CF,
F
C.F, +!CF,—> 2 .
Fol \Fy
the intermediate F - N - O

CFZ— CF2 was not isolated.
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In the absence of light the only product was

15‘3C-—CF2 - N - O

CF,~ iF formed by reaction

2 2

of C,Fy with the intermediate;

There are two possible explanations for C-H insertion
in the present study. If, as seems probable, there is
resonance stabilization of:CF2 in its lAl ground state
then an activation energy will be necessary for both addition
to a T-system and insertion into a C-H bond as destabiliza-
tion must occur before addition. The activation energy
for the latter will undoubtedly be larger than the.former.
In the present instance, the :CF, formed will contain a
large amount of excess energy and thus could overcome the

problem of activation energy, as was found in the thermally

"hot":CF, produced from CFZ/H. Undoubtedly, :CF, in the
\N

present case will carry a larger amount of excess energy so

making insertion easier than for that from the diazirine.

Also ,addition to the T-system of C2F3Cl in the present

instance will not be highly favored ,due to the steric

hindrance of the Cl atom and the low electron density in

the m-system,and insertion may be more favorable.
Another possibility is that the:CF, generated in

the current study is electronically excited and behaves

much more 1ike:CH2. The energy difference between the

ground and first excited state is not known,so it is possible



56

that in the present case we are forming:CF2 in its first
excited singlet state.

Although the bond dissociation energy of CF2=CFC1
is not known,it will pfobably be similar to that of
C2F4,though somewhat higher as Cl will not destabilise
the bond as much, being less electronegative than F.

We can calculate an approximate value in the following
way.
= CFCl-:CF + :CFC1

2 2
o -] o
D(CF2=CFCl) = Ahf (:CFZ) + AHf (:CFCl1l) - AHf(CF2=CFCl)

CF

[
AHf for :CFCl is not known but we can calculate an approxi-

o

(]
mate value by taking the average of He hCFZ) and He hCClz)

o

AHf (:CF2)= -36.8 kcal/mole (62)
(-]

AHf(CC12)= 57 kcal/mole (63)
(-]

AHf(CFCl)= 9 kcal/mole

AH;(CF2=CFC1)= 120 kcal/mole (64)

-36.8 + 9 + 120

D(CF2=CFC1)
= 93 kcal/mole

This compares with D(CF2=CF2) = 77.5 kcal/mole.

Since photolysis in the present case is taking place
at 2150£,there is in excess of 40 kcal/mole to spare over
the amount of energy required to break the bond. This may

be sufficient to promote the:CF2 to the lB1 state. If not
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however, the CF2 produced will still be very "hot' and will
thus be very reactive.

It seems probable that the two different dissociation
processes are occurring from two excited states. There
are two ways in which this may occur.

Firstly,we consider that absorption is leading to forma-
tion of two different electronically excited states. The

first of these would be the excited singlet formed by

promotion of a T-electron to the w-antibonding orbital.
*
The second excited state would be formed by a =0
*
transition or a ¢ - 1w -transition i.e. a Berry or anti-

Berry transition.

In the u.v. spectrum of ethylene a weak absorption is
found centered at 6 e.v. which is at longer wavelength
than the m-m transition. Berry (65) suggested that this
band was due to excitation of one of the C-H electrons to
the w anti-bonding orbital. This was suggested by analogy
with formaldehyde, where the lowest energy singlet transition
is promotion of a non-bonding electron from a p orbital of 0o
to the 7 -orbital. Later calculations (66) showed that in
fact the excitation of a m -bonding electron to the CH anti-
bonding orbital was the lowest lying singlet transition.
In the case of CZF3Cl it is possible that - o*(CCl) or

*
m-0 (CF) transitions occur. The u.v. spectrum of C2F3C1

shown in Fig. 6 does not show any fine structure,
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so it is not possible to say whether or not this is
occurring. It has been shown (67) that photolysis of

cis—1, 2-dichloroethylene leads to decomposition by two

different paths.

C2H2C12 + hv-——)Csz + 2Cl

—*CZHCI + HC1

Both of these are molecular processes as neither C2H2
nor C2HC1 yields were affected by radical scavengers. It
was found however that the ratio C2H2/C2HC1 decreased
from 9:1 to 3.3:1 when a filter;cutting off light of wave-
length below 22002, was used. This indicated that two
different electronically excited species were involved.
The u.v. spectrum of cis-1, 2-dichloroethylene, is
similar to that of perfluorovinylchloride and does not
indicate two different types of absorption. If the
present system is analogous to the dichloroethylene it
is to be expected that C=C bond scission is taking place
from the higher electronically excited state, as this
process will require more energy. Since the ﬂ-ﬂ*
transition will probably be at <2000£,this would imply
that up to 60 or 70 kcal/mole excess energy over the bond
strength is being absorbed, making the probability of
formation of :CE, in an electronically excited state even

2
greater. However,decomposition into :CF2 and :CFCl may
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be occurring from an excited state which is formed
initially. This state can cross over, by radiationless
transition to a second excited state which can decompose
forming C2F3- and Cl- 1In the presence of isobutane, both

C,F.ClH, which is formed from the reaction of C2F3°’

4Fe
and the products containing CFCl decrease with increasing

pressure of isobutane. This would seem to indicate that
quenching of the initially formed ex01ted state of

C2F3C1 is occurring, preventing both formation of :CFC1
and crossover to the second excited state, from which C,F,
is formed.

If this second mechanism is operative,then this implies
that the initially formed excited state,is not predisso-
ciative, as would be expected by analogy with C2 4"

If the first excited singlet is predissociative,
then it would seem that two different types of absorption
are involved. 1In this case, the shorter wavelength absorp-
tion presumably goes to the predissociative singlet,
which forms :CF, in its ground state albeit very "hot"

vibrationally.
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CHAPTER IV

RESULTS

Photolysis of 1,2-dichlorofluoroethylene.

This substrate was a mixture of the‘éii and Egggg
isomers. Before separating the isomers, a preliminary
photolysis was carried out to ascertain the nature of the
mechanism of decomposition. When tﬁis mikture was phétolysed
a large amount of brown polymer was formed. Analysis by gas
chromatography of products condensable at -78° showed one
major and a large number of minor products to be present.
The major product was identified as dichlorodifluoro-
butadiene by mass spectrometry. When isobutane was added to
the system two new products appeared. These proved to be
octanes containing traces of some other material. The
dichlorodifluorobutadiene from these runs contained some
product of M.W. = 136 as determined by mass spectrometry.
This gives a molecular formula C6C1FH10. As there appeared
to be very little carbene formation, photolysis of the cis
and trans isomers separately was not carried out.

Photolysis of 1,2-difluorochloroethylene.

Although not separable by g.c. this substrate was
presumably a mixture of cis and trans isomers. During
photolysis large amounts of polymer were also formed. When

(-]
the fraction condensable at ~105 was analysed by g.c.



62

several products were found. Two of these were identified
by mass spectrometry as isomers of molecular formula
C4§4H2. The other products were of higher mélecular weight
and appeared to arise from further reaction of the initial
radical addition products. When isobutane was added to the
system two major components condensable at -105° were
resolved. These were identified mass spectrometrically as
(1) a mixture of C,Cl,F;H and'C6ClFH'10 and (2) a mixture

2”3
of C6F2H10 and C8H18‘ An I.R. spectrum of mixture (1) showed
strong absorptions at 1055 cm-l, the region associated with
a cyclopropane ring and at 1750 cm—l attributable to

CF2=C stretching, so that the C3C12F3H is probably a mixture

FH
ZKES - and CFClz—CF=CFH. An N.M.R. spectrum of the
FC1 FCl

product CGFZHlO showed this to be a mixture of cis and trans-
1,2-difluoro-4-methylpentene. When photolysis was carried
out in the presence of NO the minor products, which were

not identified but were probably due to monoradical reactions,
disappeared and the yield of the two major components, (1)

and (2) above, decreased.

Photolysis of 1,1-difluorochloroethylene.

When this compound was photolysed a large number of
[}
products condensable at -105 were formed. The two largest
of these were identified mass spectrometrically as C5F6}i2

Cl,F,H,. When isobutane was added several new products

and C4 2F 4H,
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were found, three of which were fairly large. One was
identified mass spectrometrically as CéFzHlo: Comparison

of mass spectra showed the latter to be of the same structure
as the product C5F2H10 formed in the photolysis of a mixture
of CZF3C1 and isobutane. The other two products were
identified as (A) a mixture of C6F2Hlo and C8H18 and (B)
C6F2H10' The latter was identified as 1,1-difluoro-4-
methyl-l-pentene by comparison of its mass spectrum

with that of an authentic sample reported by Norstrom (25).
It was inferred that the C6F2H10 in (aA) was 1,l1-difluoro-3,
3~-dimethyl-l-butene. The ratio of (A) to (B) was 3:l.

However when NO was added to the system with the consequent

removal of octane this ratio was reversed.

DISCUSSION

Photolysis of 1,2-dichlorofluoroethylene.

From the products found it seems as if most of the
decomposition is initiated by fission of the C-Cl bond.
Some elimination of HCl1l seems to be occurring as the

product of C6C1FH is probably formed by insertion of

10
CFCl=C: into the C-H bonds of isobutane. Thus we can

write the following steps to explain the products observed.

*
[1] C2C12FH + hv — C2C12FH

*
[21] C2C12FH — CzchH- + Cl-

[3] — CFCl=C: + HCl
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[4] C,ClFH" + C,Cl,FH  — C4C13F2Hé.

(5] C,Cl3F Hy» — C,Cl,F H, + Cl-
(6] C,CLyF H, " + C,Cl,FH — polymér

(7] CFCl=C:+C,Cl,FH —_ C4C13F2H*

[8] c4c13F2H* —_ C, Cl,F,H" + Cl-
[91] C,Cl,F H" — polymer

[10] CFCl=C: + C,H,, — C(CLFH,

[11] C1l + C4Hio —_— CyHg + HC1

[12] 2 ¢C/H, _— ¢8H18

The elimination of Cl by a vinylic radical is similar
to the decomposition reactions of C,Fj and C2H3(39L The
insertion of CFCl=C: into the C-H bonds of isobutane is
similar to the reaction of CF,=C: (25). 1In the absence of
isobutane, CFC1=C: would be expected to add to the double
bond of the substrate, reaction [7], forming a hot methylene
cyclopropane by analogy with the reaction of CF,=C:. The
hot cyclopropane probably decomposes by loss of a Cl- atom,
the remaining fragment then forming polymer by reaction
with the substrate. The methylene cyclopropane which was
formed by the addition of CF,=C: to CF,=CFH decomposed by

elimination of :CF,. However in the present instance loss

of a Cl atom, from the resulting cyclopropane, is probably
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nore energetically favorable than loss of :CFCl. The

latter reaction, which would be analogous to loss of :CF,

F
2
from CF =c<::j + is less likely as the C-Cl bond is probably

2
CFH CFZ
weaker than the C-C double bond. In the case of CF2=C<:]
CFH

both the C-F and C-H bonds are probably stronger than
the double bond so that :CF2 elimination is favored.

Photolysis of 1,2-difluorochloroethylene.

The following reaction scheme is proposed to account

for the observed products.

*
[1] C,F,HC1 + hv —  C,F,HCL
*
_# - L ]
(2] C,F,HCL C,FH: + Cl
[31 - :CFH + :CFCl
[4] —*  CFCl=C: + HF
L] .—_> .
(51 C,F H: + C,F,HCL C4F4H,Cl
. ‘——-.) L]
(6] C,F,H,Cl C4F4H, + Cl
[71] C,F H,CLl: + C,F HCL "™  polymer
. . — N .
(81 Cl- + C,F,HCL C,F,HC1,
[91 C,F,HCl,*+ C, F,HCL "  polymer

*
[10] :CFCl + C2F2HC1 C3C12F2H
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(11] C3C12F2H* : _— polymexr

(121 +M —_— c3c'12f"2H

[13] CFCl=C: + C,H;, —_— C(CLFH,,

(141 Cl- + C,H,, — CyHg® + HC1
[15]1 C,Hgy" + C,F,ClH > CoCLF Hy ¢
[16] CgCLF H —_— CeFoHio + Ccl-
[171] 2C,Hy" —_— CgHyg

The reactions of the 1,2—difluorovinyl radical are
similar to those of the 1,1-difluorovinyl and trifluorovinyl
radicals in that it appears to add to the substrate with a
resulting displacement of a cl atom. The fate of the Cl
atoms appears to be polymer formation by reaction with the
substrate and the subsequent reaction of the radical formed
in this process. Some of the higher molecular weight products
may arise from reactions of the Cl atom. The cyclopropane
formed by addition of:CFCL to the substrate was not found
when C2F2C1H was photolysed alone. However, the pressures
employed here were 20 torr so little or no stabilisation of
the cyclopropane was occurring. It would probably decompose

by loss of a Cl* atom the resulting fragments leading to

polymer formation. When isobutane was added to the system

the total pressure was greater than 200 torr so that

stabilisation of the hot cyclopropane would occur more readily.
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:CFH would be expected to add to the substrate. The
resulting cyclopropane would be hot and would probably
decompose even at high pressures. In the photolysis of
trifluoroethylene (20) :CFH was formed. This added to the
substrate and the resulting cyclopropane was only isolated
at very high pressures. In the present instance decomposi-
tion by loss of a Cl* atom will probably be the fate of the
cyclopropane and if there is sufficient excess energy
generated in the reaction it may be impossible to stabilise
the cyclopropane collisionally. Certainly there was no
trace of any compound of molecular formula C3C1F3H2 even

in the presence of isobutane. The CFCl = C: radical was
again found to react with isobutane. As in the case of

the dichlorofluoroethylene no product attributable to
reaction of CFCl = C: with the ethylene could be found.
Again one would expect that decomposition of the adduct
would occur by loss of a Cl atom and the resultant fragment
would lead to formation of polymer. The formation of the
product CGFZHIO must be a radical process as it is a
1,2-difluoropentene and cannot be formed by an insertion
process. Although this product decreased when NO was
added to the system it was not completely eliminated. This
was probably due to incomplete scavenging of the C4H9-

radicals by NO.



" Photolysis of 1,1-difluorochloroethylene

for the products observed.

[1]

—y
N
—

(31
(4]
(5]
(6]
[7]
(8]
[91]
[10]
[11]
[12]
[13]
[14]
[15]

[161]

C,F,HCL +

C2F2HC1

Cl + C2F2HC1

C,F,HCl,* + C2F2HC1

22 2

C4F4C13H2'

:CF2 + C2F2HC1

C3F4HC1

C3F4H- + C2F2HC1

F_ClH, "

CsFeClH,

:CF, + C4H

2 10

2

Cl. + C4H10

2 C,HZ

)

1*
F2HC

C,F,H. + Cl-

2

2

:CF., + :CHC1

2

CF.,=C: + HCl

2

c,F,HC1, "

2

2

2

c,F,C1 H,-

4

C4F

4

4Cl

372

2H + Cl°

2

C,F,HC1

3

4

C,F,H- + Cl1°

3

4

C.F_H,Cl-

5

62

C.F_.H, + Cl-°

5

62

CsFolig

(CH

(CH3)2CH-CH2-CH=CF2

3)3

C-CH=CF

C,Hs + HC1

4

CSH

9

18

The following reaction scheme is proposed to account

2
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In this system we find the same pattern of reaction as
was found in the other systems; No products attributable
directly to the reaction of the C2F2H radical were found.
It would be expected by analogy with the vinylic radical
reactions in the other systems that this would add to
the substrate, the adduct then losing a Cl atom to form a
butadiene. Either this does not occur in the present case
or the butadiene formed was overlooked. |

The reactions of :CF, in the present case are similar
to those of the :CF, formed in the photolysis of C2F3Cl.
Thus formation of hexafluoropentadiene in the present case
parallels formation of perfluoropentadiene in the reaction
of :CF, with C2F3Cl. When isobutane is added the :CF,
reacts with it to form the same product as in the case
of CF, formed by photolysis of C2F3C1. Presumably this is
again a direct insertion process. Although more energy will

be required for the reaction.

CF2=CHC1 + hv — :CF2 + :CHC1

than for the reaction

CF2=CFCl + hv— :CF2 + :CFCl

since AHf(:CHC1) will probably be larger than AHf(:CFCl),
it appears that suf ficient energy is absorbed to cause the
:CF, formed in this reaction to also be very reactive in

comparison to ground state :CF,. Again in this instance
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:CF2 can be an electronically excited species or a highly
vibrationally excited ground state. The similarity in
reactivity of the :CF, from photolysis of both compounds
would tend to indicate that both are in the same state.
Since the energetics of each system is different this
would tend to support the hypothesis that koth are
electronically excited rather than vibrationally excited
since if vibrational excitation were involved, the amount
of energy in the :CF, formed by photolysis of C2F3Cl would
be greater than in CF, formed by photolysis of CZFZHCl.
However, since the reactivities can be only qualitatively
said to be the same then one cannot rule out the reactivity
being due to vibrationally excited ground state species.

No product attributable to reaction of :CHC1l in the
present system was found. This is somewhat strange as one
would expect this species to add readily to the double
bond of the starting material. :CHCl has been generated
in solution by thermolysis and photolysis of CClHN2 (69) .
Tt was found to react with the double bonds of olefins
producing cyclopfopanes. In the absence of olefins it was
found to insert into C-H bonds. However, the ratio
k(insertion) /k (addition) was 0.01.

Tang and Rowland (70)) have generated :CHC1l in the gas

phase by elimination of hydrogen halide from a "hot" CHTCLX

(Where X is Cl or F), formed by reaction of recoil tritium
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atoms with CHZClX. The :CTCl reacted readily with ethylene
to give chlorocyclopropane. No products attributable to
insertion were found.

In the present case therefore if the :CHC} is in the
same electronic state as the :CTCl in the above case one
would not expect it to react with isobutane. If it does
react with the olefinic double bond the resultant
cyclopropane must be too hot to be deactivated collisionally
and presumably loses a Cl atom while the remaining fragment
reacts with the substrate to form polymer.

The reactivity of CF,=C: formed in this system is
similar to that formed in mercury photosensitization and
photolysis of C,F3H (25).  The CF,=C: reacts three times
faster with the tertiary C-H bond of isobutane than with
the primary C-H bonds. This was evident in the present
system from the ratio of the dimethylbutene to methylpentene
when photolysis was carried out with added NO. NO prevents
formation of octane which was not separable from dimethyl-
butene by gas chromatography and in these runs the ratio of
butene to methylpentene was 1:3. This would indicate that
CF,=C: is in the same electronic state in all three cases.
No product was found that could be attributed to reaction
of CF,=C: with the substrate. Again this is probably due to
decomposition of the adduct by loss of a Cl atom for the

reason discussed in the addition of CFCl=C: to

dichlorofluoro and difluorochloroethylene.



72

" Conclusions

In the case of the olefins discussed in this chapter
in each case at least two primary processes were observed.
Again as in the case of trifluorovinylchloride probably
at least two excited states are responsible for the different
decomposition modes. In the case of the difluorochloro-
ethylenes where three decomposition processes are in
evidence it is probable that three different excited states
are being formed. It seems likely that these are not formed
simultaneously and that either the state from which a Cl
atom is lost or that from which hydrogen halide is eliminated
will be the lowest lying. It is possible that two excited

states are formed simultaneously. The first of these by a

m=a* transition is probably that from which the carbon
double bond fission is occurring. The other will be by
T - 0* or ¢ - n* transitions (as mentioned in the case of the
trifluorovinyl chloride) and from this Cl atom fission or
hydrogen halide elimination can occur. One of these excited
states can give rise to another excited state by non-radiative
crossover and from this the third process, which does not
occur from the initially formed excited states, can take place.
Loss of a Cl atom may also be occurring from an excited

*
state formed by an n - ¢ transition where n is an unbonded

Cl electron.
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" CHAPTER V
" Results

1. Photolysis of 1,3-perfluorobutadiene

The photolysis of 1,3-perfluorobutadiene led to the
formation of the following products. C2F4, perfluoropropyne,
perfluorocyclopropene, 1,2-perfluorobutadiene, 2-perfluoro-
butyne and perfluorocyclobutene. C,F, was identified by com-
parison of its retention time and mass spectrum with those
of an authentic sample. Perfluoropropyne was identified by
its mass and I.R. spectra. This compound has since been
prepared by Stuckey and Heicklen (19) and its mass and I.R.
spectra are the same as those found in the present experiment.
Perfluorocyclopropene was also prepared by these workers and
comparison of their data with that found in this work confirms
the correctness of the assignment of the perfluorocyclopropene
structure. Mass and I.R. spectral analyses were used to
identify 1,2-perfluorobutadiene. The mass spectrum of
this product showed its molecular formula to be CyFg. In
I.R. analysis no absorption was detected in the region

1700 - lBOOlcm—1 normally found for a perfluorovinyl group.
However a strong absorption Qas found at 2042 cm—l which is

close to that found at 2065 cm © for perfluoroallene

by Jacobs and Bauer (68). Thus ,the 1,2-butadiene structure
was assigned to this product. 2-Perfluorobutyne and

perfluorocyclobutene were identified by comparison of their
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mass and I.R. spectra with those of authentic samples of
these compounds:

The product yields were studied as a function of
substrate pressure. The results are shown in Table 5. A
plot of these results is shown in Figs. 7 and 8. A study
was made of the change in product yields as a function of
added CF, while the substrate pressure was maintained at 4
torr. The results are shown in Table 6. In Fig. 9 a plot
of tﬁese results is shown. C2F4 could not be ﬁeasured
as it was impossible to separate it guantitatively from
CF,- The yields of 1,2-perfluorobutadiene and 2-perfluoro-
butyne were too small to measure accurately.

A mixture of 2.8 torr 1,3-perfluorobutadiene and
2.2 torr ethylene was photolysed but no new products were
detected.

Photolysis with up to 3 torr of 0, added had no effect
on the product yields.

Photolysis of Perfluorocyclobutene

When perfluorocyclobutene was photolysed the products
found were the same as those from the photolysis of
1,3-perfluorobutadiene with the exception that where per-
fluorocyclobutene was found in that case in the present
instance 1,3-perfluorobutadiene was found as an isomeric
product. This was identified by comparison of its mass

spectrum and retention time with that of an authentic sample.
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Fig. 7. Product yields as a function of substrate
pressure in the photolysis of 1,3 perfluorobutadiene.
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Product yields were studied as a function of substrate
pressure and of the pressure of added CFye These are summa-
rized in Tables 7 and 8. The results are plotted
in Figs. 10 and 1L The isomeric products 1,2-perfluoro-
butadiene and 2-perfluorobutyne were too small (<.01 ﬂmole)
to be measured and as 1,3-perfluorobutadiene appeared after
perfluorocyclobutene on the g.l.c. trace it could not be
measured except at low pressure of perfluorocyclobutene.

Photolysis of 2-perfluorobutyne

The products produced by photolysis of 2-perfluorobutyne
were the same as those found in the photolysis of the other
isomers except that the isomeric products which were
identified by comparison of their retention times with the
authentic samples were 1,2-perfluorobutadiene, perfluoro-

cyclobutene and 1,3-perfluorobutadiene.

Product yields were very small in the present case and

not amenable to quantitative treatment.

DISCUSSION

Photolysis of 1,3-perfluorobutadiene

The following reaction scheme is proposed to account

for the observed results.

[1] BD + hV — BD

*
2] BD — ICF, + C4F,



81

‘punogy sniea Tenioe Jo
SY3lg/y °I@ °OSBO STU3 UT SPTSTK jonpoad jo ssufes *II03

09°TZ 3e -3ey3l X037 3doOXd® UOTIRAND SOINUTW Q9 FO SunI TTVY ()

9¢° . 1s° 0s* 09°1¢
0c¢* Ly iv° LZ°9T
8T" : oe- 6C° 9¢°¢s
60° €T TT" |72 N4
saTourt Ix03
a a saTown saTowrl I g
MMW mUmUmmU meU Nm Nm

AmvmchSQOHomUOHOSHMHmQ Jo stsiAtojzouyd sayz ur
musmwmum S3BI3ISONS JO UOT3IODUNI ® S SPTSTA 3onpoxg

L dTdYL



82

suoT3RIND
saj3nuTw A3IXTS JO sunx TI¥Y °II03 €°GT = auajngoTolooxontTiaxsd (®)

LO"® g80°0 rAAde] 612

vo- 80°0 g¢°o0 9OTT
TTews Axoa SLT°O LY °0 o)

ssTourl

satourl d AWme saTourl Ix03

Nmoumolmonm&o N. momommo wmo sanssaxg

AmvwcmuﬁQOHUNUOMOSngwa Fo stsAtojoud

2y3 ut V35 peppe jo uoT3iouny ® se spreTA 3onpoad

8 dIdvVdL



&MMW&AV

83

sya ut 2anssaxd 23eI3SQNS JO UOTIDUNT © SB spToT& 3omnpoad ‘0T

0¢

2o ] EREREEN @)

s ousanqoToioozontzaad Jo sts&t1o3oud

* 1103
ST 0T S

-.m..ﬂ—m

_ |

saTour



84

- d £ =~&
susTpeanqoxontFxed-g ‘1 /7 % O a0t O
*suajnqoroikooaoniyaad jJo stsAtojzoud
mﬁu:amuﬂwwmum ﬁmu @m@@muocOﬁuucswmmmmﬁawﬁmuoscoum.HH.mHm

* 1103
omH 0CT 09

| |

€°0

soTowr



85

Fay
[3] CyF, —_ : *
‘ K l F F
*
[4] — CF3C =CF

2 2
[5] * +M — : :
F F F

*
[6] CF,C = CF +M—>  CF3C =CF

* . *
71 BD — CB
— *
(81 < BD 1,2
*
9] - Bu
* 1
[10 CB + M — CB + M

*
f11] BD 1,2 + M — BD + M'

] *
{123 Bu + M —_ Bu + Ml
131 2:CFy — CoFy
*
[14] BD + M — +  BD4M

Where BD is 1,3-perfluorobutadiene, CB is perfluorocyclobutene
and BD 1,2 is l,2—perfluorobutadiene and Bu is 2-perfluoro-

butyne. On the basis of a steady state mechanism a

relationship for RC3F4/RCB can be derived.
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*
Ry = KyolCB 1IM]

where RCB is the rate of formation of perfluorocyclobutene.

' * *
‘dfce 1 _ _ dlcs ]
dt dt
* -k _[cB*1 + k., (cBY1 M)

* *
[cB'1 = k,[BD ]//k;7 + ko (M

. *
CRy = Kgkpo[BD ][M]//i_7 + kyo M
R = K [BD*]
C3F4 2
) F2
here R . .
w C.F, is the rate of formation of I( + CF,C=CF).
374 R 3

R // ) 1
CyFy Rep = (kp K_ /g Ko) (igy * ¥o/%7

Thus a plot of RC3F4/R
of BD, should yield a straight line. Such a plot is shown

Vs [%l,where [M] is the pressure

in Fig.12. From this plot we find
k2/k7 = ,08

2.2 X 102 torr.

k_g/k11

We can derive similar types of relationships for BD 1,2 and Bu.
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Thus
= 1
RC3F4/RBD1,2 = (k, k_g/kK11) 1y * X2/

and

=

RC3F4‘/RBu = (kyk_g/kgky,) i T (k,/kq) . Plots

R ! o
of RC3F4/RBu and RC3F4/RBD1,2 vs i) are shown in Fig. 13.

From these plots we find the relative rate constants
shown in Table 1ll.

From these results, it can be seen that those
isomerisation reactions which‘invdlve fluorine atom shifts
will be considerably slower than reaction 7,in which no
fluorine shift is involved.

The formation of excited 1,2-perfluorobutadiene,which
involves only one fluorine migration is approximately four
times faster than formation of excited 2-perfluorobutyne,
which involves the migration of two fluorine atoms.

From the reaction scheme it can be seen that 2 x C2F4

F
should be equal to the sum of :f and CF,C Z=CF. In

F
Table 12 it can be seen that in fact the ratio 2C2F4/

I ‘iii + CF3C=CF = .79 *+ .03. This implies that all of
F F

the :CF,, is not appearing as C,F,. No product attributable

2

to reaction of :CF2 with the substrate was found. .If it
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were in fact reacting with the substrate one would expect
the above ratio to decrease linearly with increasing
substrate pressure. The :CF, may be going to polymer.

On the basis of steady state assumption the following may

be derived.

*
R, = kg MI[C ]
* *
arc] _ - dalc]
dat dt
*
ky [C3F4] = (k_5 + ks[M]) [Cc]
Ro = kkg [M] [C3F4]
k_3 + k5[M]

Where C is perfluorocyclopropene.

Similarly for perfluoropropyne

k4k6[M][C3F4]

RP =

k + kG[M]

-4

Thus _
kkg(k_y + kg M)
k4k6(k_3 + kS[M])

R./Rp =
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This predicts that a plot of RC/RP vs, pressure should
be a smooth curve. In Table 13 values for RC/RP are given.
Tt can be seen that this curve appears to go through
a maximum. This implies thét collisional deactivation is
not directly proportional to pressure. One would expect
the cyclopropene yield to be larger than the propyne yield
if,as seems likely ring closure is more rapid than fluorine
atom shift. However,if the cyclopropene contains a large
amount of excess energy then ring opening will also be rapid.
Several collisions may be necessary to stabilize the cyclo-
propene and thus, propyne formation will be favoured as it
will be more easily stabilized. Also the variation in relative
rates of formation as pressure increases will be complex.

It can be seen that only at high pressures of added CF4 is
the yield of ‘cyclopropene equal to that of propyne. This
again shows that a large number of collisions must be
necessary to deactivate the excited cyclopropene.

In their work on the thermal isomerisation of
1,3-perfluorobutadiene, Schlag and Peatman (71) have shown

‘that the rate constant for the reaction

F, F,
CF, = CF~CF=CF, >

F F

12.03 _-35,380£19/RT -1

is equal to 10 sec
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whereas for the reverse reaction

o14.12 e-47,080i19/RT sec—l.

k =1
Thus the cyclobutene is 11.7 kcal/mole more stable
than the butadiene.
The authors proposed that isomerisation proceeds

through an intermediate of the form

Stuckey and Heicklen (33) have shown that mercury
photosensitization of 1,3-perfluorobutadiene leads to
isomerisation to perfluorocyclobutene. The reverse is
found in the mercury photosensitization of perfluorocyclo-
butene. They proposed the following reaction scheme to

account for the observed results.

*
\

[1] B + Hg = B

[2] B + I
3] I + B
[41 1 + C

Where B is 1,3-perflucrobutadiene, C is perfluorocyclobutene

and I is an intermediate. A similar type of reaction scheme

is postulated in the mercury photosensitization of per-

fluorocyclobutene. They found in both cases that k3/(k3+k4)=

.86. Thus the intermediate in this case preferentially

reverts to the butadiene despite the greater stability of the

cyclobutene. The triplet nature of the intermediate must be

\
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responsible for this. If we visualise the intermediate

as then there are two possible reaction

paths. These are spin inversion to give cyclobutene or

ring opening to give a biradical which on spiﬁ inversion

gives butadiene. Since ring opening will presumably be

faster than spin inversion the butadiene will be favored.
In the photolysis we can visualise the process on

somewhat similar lines.

2\ /2

RO, Fptesh
/, \ /, 1 ;
i N\ /7 €« i ]
F, F? Lot

In this case the intermediate can either revert to the
excited butadiene or be collisionally deactivated to yield
cyclobutene. In the excited butadiene a 3,1 or 2,4 fluorine
atom shift can yield an excited 1,2-perfluorobutadiene

which can also revert to the excited butadiene or be
collisionally deactivated. = Similarly the shift of two

fluorine atoms will be lead to formaticn of excited



99

2-perfluorobutyne, As decomposition from the butadiene
also occurs the isomerisation should be favored at higher
pressures as is found to be the case.

Photolysis of 1,3-butadiene in solution leads to
formation of cyclobutene and bicyclo(l,1,0)butane (72).
Cyclobutene was the predominant isomer despite the fact
that one would expect the bicyclobutane to predominate due
to the greater stability of the trans form of the butadiene

from which the bicyclobutane would be formed.

N —

However due to ring strain in the bicyclic compound

Thus:

the cyclobutene will predominate.

In the present case no bicyclic isomer is found.
This is to be expected as none was found in the gas phase
photolysis of 1,3-butadiene.

'Pérfluorocyclopropene has been generated by reaction
of O atoms with 1,3-perfluorobutadiene (19). No other
isomers of C3F4 were found. On mercury photosensiti-
zation perfluorocyclopropene yielded perfluoropropyne and
perfluoroallene. Thus the C;F, formea in the present work
must contain excess energy as it forms perfluoropropyne.
The difference in reactivity of the CyFy from photosensitiza-

tion may be due to it being in a triplet state.
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In the photolysis of trifluoroethylene (20) , addition

of :CF2 to the substrate produced a cyclopropane which
formed C3F, by molecular elimination of HF. This species
yielded perfluorocyclopropene or perfluorocallene. However

the carbene formed in this case is probably in a different
electronic state to that formed by decomposition of

excited 1,3-perfluorobutadiene.

+*
CF2=CF—CF=CF2 > :CF2 + C3F4
FH
* .
Fo— By Fa Fy

The reactions of these two species are not directly
comparable.

Since the C,F, did not react with ethylene,
isomerisation and ring closure must be fairly rapid. The
failure of O2 to produce any effect on the products implies
that no triplet states are involved.

2. Photolysis of perfluorocyclobutene

A reaction scheme similar to that for the 1,3-perfluoro-
butadiene is to be expected in the photolysis of perfluoro-

cyclobutene as the products obtained are the same.

Insufficient data were obtained to confirm this by testing
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the mechanism on the basis of a steady state treatment.
The overall product yields in the photolysis of perfluoro-
cyclobutene were smaller by a factor of 20 than those
found in the photolysis of 1,3-perfluorobutadiene. There
are two possible explanations for this. Firstly, since
perfluorocyclobutene is more stable than 1,3-perfluoro-
butadiene, a larger activation energy will be required
for all steps leading to product formation. Thus,
deactivation of the excited cyclobutene will be faster
relative to product formation than in the case of the
butadiene. Secondly, it seems probable that the amount
of light absorbed will be smaller in the case of
perfluorocyclobutene. The fact that the fragmentation
product yields increase with increasing pressure of
substrate shows that light absorption is decreased at
lower pressures. This indicates a lower eﬁtinction
co-efficient for perfluorocyclobutene than for 1,3-
perfluorobutadiene where, as fragmentation product yields
decrease with increasing substrate pressure, maximum
light absorption at low pressures is indicated.

From Fig. 11 it can be seen that the yields of the
products froh the photolysis of perfluorocyclobutene vary
with increasing préssure of CF,. The fragmeptation
products decrease and the iséﬁerization product increases

as was found in the photolysis of 1,3-perfluorobutadiene
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in the presence of CF;. This supports a similar reaction
scheme for photolysis of both compounds.

In the photolysis of 2-perfluorobutene although
similar products to the above cases were found, their
yields were very small. This is to be expected since
fluorine atom shifts will be necessary for both

fragmentation and isomerization.
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CHAPTER VI

" Photolysis of Perfluorocyclopentene

The following products were formed in the photolysis
of perfluorocyclopentene: C2F4, perfluoromethylacetylene,
perfluoroallene, perfluorocyclopropene, perfluorocyclobutene
and perfluorovinylcyclopropane. C2F4 was identified by
comparison of its mass spectrum and retention time with that
of an authentic sample. Perfluoroallene was‘identified by
its mass and I.R. spectra which showed strong absorptions
at 1040, 1240 and 2050 cm ' compared to 1037, 1243 and
2065 cm'-l observed for an authenfic sample (68). The
other C3F4 isomers were identified by comparison of
their mass and I.R. spectra with those of authentic samples
of perfluoromethylacetylene and perfluorocyclopropene (19).
Perfluorocyclobutene was identified by comparison of its
mass spectrum and retention time with that of an authentic
sample. Perfluorovinylcyclopropane was identified by its
mass and I.R. spectrum which showed strong absorption at
1720 cm-'l attributable to CF,=CF stretching and at
1050 cm © attributable to ring absorption. The product
yields were studied both as a function of substrate pressure
and of pressure of added CF,. The results of these

experiments are shown in Tables 14 and 15 and are plotted

in Figs 14, 15, 16 and 17.
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" Discussion

The following reaction scheme is proposed to account for the

observed products

(1] CP + h - Ccp

[21 cp — p

. * ]
[3] CP + M — Cp + M

* *
[4] . — | C3F, + C,F,
(5] — CB + :CF,
l6] —> PVC
(7] m—< ,in
(8] y/ — CB + :(CF,
- o a?
91 —> PVC
[10] +M— CP + M
* *
[11] C3F, — A
, *
12] — P
*
(13] — C

[14] A + ™ - A+ M
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*
[15] P +M > P+ M

*
[16] C + M > C +M

. -»>
[17]  2:CF, C,Fy
where CP is perfluorocyclopentene, CB is perfluorocyclobutene,
PVC is perfluorovinylcyclopropane, A is perfluoroallene
P is perfluoropropyne and C is perfluorocyclopropene.

" on the basis of a steady state mechanism the following
relationship can be derived.
= k,[B'1 + kglIB
- 4[B]+8[]

Rep

where B is the biradical

d[B] _ _ 4[B]
~dt - dt
*
k7[B 1 M] = (}8 + kgt klo[M] [B]
*
[B] = k, [B ][M]
k8 + k9+klo[M]
_ R = ks + k7 k8 [M] [B*]
k8+k9+klo[M]
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) k. kg [M]
Rove = (%6 ¥ [B*]
k8+k9+klo[M]
k, k., M]
kg \ “/kg + Kg¥Ktk o TH]
Rop/Bpye = K, K. TH]
kg \ /x. t KRR T
g Kgtkotkg

It can be seen from Tables 16 and 17 that RCB/RPVC
is invariant with both substrate and added CF4 pressure.
There are two possible explanations for this. The first
is to assume that k8+k9<<klo[M] and so the equation above

reduces to

k5k10+k7k8

R /RP . S —
e’ Rpve
keKq0+K7%9

which is constant. The second possible explanation is
that if k5/k8 = k6/k9

then RCB/RPVC = k8/k9 = kS/kG‘

For this to be so the A-factors for isomerisation and
decomposition for both the ground state and vibrationally
excited biradical must be the same. It is of interest to
consider this possibility since it allows us - to derive
kS/k6 = 0.27. It has been shown in the previous chapter
/k

= 0.08, where isomerisation is to perfluorocyclobutene.

that for 1,3-perfluorobutadiene k

dissosciation’ "isomerisation
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/k

in the present instance. Two explanations for this are poss-

Thus k is v 3 times larger

dissociation’ “isomerisation

ible. If we consider the intermediates involved

\} s, ’
\ / /,
\ / [/

it can be seen that :CF,, elimination from perfluorobutadiene
involves breaking a partially. formed double bond in contrast

to the present case where only a C-C single bond has to be

/k

isomerisation

broken to eliminate :CFZ. Thus kdissociation

would be expected to be larger in the case of cyclopentene.
The thermal isomerisation of perfluorovinylcyclopropane
to perfluorocyclopentene has been studied by Mitch and
Neuvar {72)) and they have shown the activation energy to
be = 34.6 kcal/mole. The activation energy for the
reverse reaction would be expected to be larger due to
decreased stability in the smaller ring compound. Now

Ea = 35.4 for the reaction

F F2
CF2=CF—CF=CF2 —-—ﬁ

2

F F

Thus, the activation energy for isomerisation of perfluoro-
cyclopentene will be larger than that above for
perfluorobutadiene,as the former activation energy will be

equal to (34.6 + A) kcal/mole,where A is the difference
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between the heats of formation of perfluoroyinylcyclopropane
and perfluorocyclopentene, and A will probably be >10 kcal/
mole. If this is true for isomerisation from the excited

state then k., (perfluorocyclopenteng)will be

isomerisation

smaller than k. (perfluorobutadiené. Coupled with

isomerisation
the effect discussed above this will produce a higher

k for perfluorocyclopentene.

dissociation/kisomerisation
The formation of C3F4 and C.F, from a hot biradical

274

is postulated because of the overall decrease in the yield
of ZC3F4 relative to that of perfluorocyclobutene with
increasing pressure of perfluorocyclopentene as can
be seen in Table 18. However no variation of the ratio
.ZC3F4 to perfluorocyclobutene is found with increasing
pressure of CF4 as can be seen in Table 19. Thus CF4
appears to be very ineffective in removing excess
vibrational energy from the biradical. It may be that
the biradical is vibrationally excited and requires
a very large number of collisions with CF, to deactivate
it in a stepwise manner, whereas perfluorocyclopentene
may be able to deactivate the vibrationally excited biradigal
to the ground vibrational state in one collision.

The C4F, formed in the present instance differs from
that formed in the photolysis of 1,3-perfluorobutadiene

in that it forms perfluoroallene., It may be that formation

of perfluoroallene from C,F, requires a greater activation
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energy than formation of the other isomers. If the C3F,
in the present instance is formed with excess energy
compared to that in the case of the butadiene then allene
formation will be possible.

As can be seen from Fig. 18 the ratio of CF2=C=CF2
to perfluorocyclopropene increases with substrate pressure.
Using the steady state assumption we can derive the

following relation.

*
R, = kpgmla"]
* *
_é _ da
dt dt
*
k_qy + kM) AT = Xy, [C5F,]
[A*] = kll[C3F4]/ (k_ll+kl4[M])
Ry = k33 X1 [M][C3F44 (k_qq + KyqMD
similarly
Re = *13 k16[M”C3F4]/(k—13 + Ky (MD)

RA is the rate of formation of perfluoroallene and RC

is the rate of formation of perfluorocycloprbpene
_ kg Ky, (kg5 * kygMD)

11 14
k k + k14[M])

Thus RA/RC o
13 716 -11




120

This predicts a non-linear relationship between RA/RC

and substrate pressure. This can be rewritten as

kg (kyg/kyg + (MDD

+ [M])

11
K13 K_11/%14

RA/RC

This ratio should become constant when

M k_y3/kpg and k_gy/kyy,

In the previous chapter it was shown that for the

reactions
* F F*
CF,=CF-CF=CF, . ~ [1]
F5—F;
F F K F
*
->
+ M [2]
Crenasmnamswmsnm
k ./k = 2.2 X 102 torr
—l 2 . .

If in the present case the ratios k_l3/k16 and k—ll/k14
are of the same order of magnitude the ratio RA/RC will
not reach a constant value until a very high pressure
of perfluorocyclopentene is present.

Since the constant value will be greater than 1 this

means that Rll > kl3' Also since RA/RC is less than kll>k13
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at lower pressures this implies that k_13/k16 < k—ll/kl4'
A similar type of relationship can be derived for the
ratio of RA to RP, where RP is the rate of formation

of perfluoropropyne
kg4 (k—12/k15 + [M])

Thus R / =
a2’/ Rp Ky, (K_j1/Kqg + 4D

As can be seen in Fig. 17 this plot is similar to that
of RA/'R.C vs pressure but it appears that the final constant

value will be smaller than that for RA/RC'

Thus kll > k12
and k1o > ki3,
Also k—ll/kl4 > k—12/k15

From the above results it can be seen that the C3F4
formed by photolysing perfluorocyclopentene must differ
radically from that formed in the case of 1,3-perfluorobutadi-
ene. The fact that kll is greater than both kl2 and k13
would suggest that the C3F, is of the form

CFé--:C':CF2

rather than

CF=CF-CF2
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This implies that the dissociation of the biradical

is preceded by or coincident with a fluorine

shift from carbon 2 to carbon 3. This would explain the
necessity for excess energy in the biradical for formation
of C3F4 and CyFy-

F F

2
In Table 21 the ratio of C2F4/(£c3p4+% )
F F

is shown. As can be seen this ratio approaches unity
at high pressures showing that mass balance is obtained.

It would seem that at lower pressures some of the

C2F4 is being lost. If in the reaction
- C3F4 + C2F4
the“E2F4 is formed with some excess energy then this can

polymerise if it is not collisionally ceactivated. Some
polymer forﬁation was observed.

Alternatively, some secondary phofolysis of CoFy
may be taking place although this is unlikely as other

species present would be expected to absorb more strongly.
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This implies that the dissociation of the biradical

is preceded by or coincident with a fluorine

shift from carbon 2 to carbon 3. This would explain the

necessity for excess energy in the biradical for formation

)

is shown. As can be seen this ratio approaches unity

of C3F4 and C2F4. ,
F, F
In Table 21 the ratio of C2F4/(£C3F4+%

F F

at high pressures showing that mass balance is obtained.
It would seem that at lower pressures Some of the

C,Fy is being lost. If in the reaction

- C3F4 + C2F4

the C,F, is formed with some excess energy then this can

2
polymerise if it is not collisionally cdeactivated. Some
polymer formation was observed.

Alternatively, some secondary photolysis of C,F,

may be taking place although this is unlikely as other

species present would be expected to absorb more strongly.
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CHAPTER VII

SUMMARY AND CONCLUSIONS

The photolysis of trifluorovinylchloride led to its
decomposition by two different modes. The first of these
led to formation of trifluorovinyl radicals and chlorine
atoms. These reacted with the substrate leading to
formation of products such as 4,4,-dichloroperfluoro-l—but—
ene. Both of the above radicals were probably responsible
for polymer formation.

The second mode of decomposition was by fission of
the double bond, leading to formation of :CFCl and :CF,
radicals. The :CFCl was found to react with fhe substrate,
producing 1,2—dichloroperfluorocyclopropane and 1,1-
dichloroperfluoro-l-propene. It did not, however, react
with isobutane.

The :CF2, produced by the photolysis of C2F3Cl,
proved to be reactive, in contrast to most previous work
in which it was found to be relatively inert. Two
products, attributable to reaction of :CFZ, were found
when the substrate was photolysed alone. These were 1,4-
perfluoropentadiene and tetrafluoroethylene. When
photolysis of C2F3Cl was carried out in the presence of
jsobutane, a product, of molecular formula C5F2H10, was

found which was attributed to reaction of :CF2 with
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isobutane. It was proposed that the latter reaction was
a direct insertion similar to the reaction of :CH, with
carbon hydrogen bonds. 1If so; this is the first known
case of direct insertion into a carbon hydrogen bond by
:CF,. The reactivity of :CF, in the present instance can
be attributed to its being either in an electronically
excited state or a vibrationally excited ground state.
It could not be decided from the present work which of
tne above was the case.
The photolysis of three other chlorofluoroethylenes
was also carried out. All these systems were very complex.
Photolysis of l,Z—dichlorofluoroetnylene led to its
decomposition. It appeared that most of the decomposition
was by carbon chlorine bond fission. The radicals
produced seemed to produce primarily polymer. Some
evidence was found for formation of CFCl=C:. When photol-
ysis of the substrate was carried out in the presence of
isobutene one product mixture showed a peak corresponding
to m/e = 136. This could be attributed to a compound of
molecular formula C6C1FH10, a product which could arise
by insertion of CFCl=C: into a carbon hydrogen bond of
jsobutane. The latter reaction would be analagous to the
reactions of CF2=C: with carbon hydrogen bonds.

In the photolysis of 1,2-difluorochloroethylene
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evidence for the formation of five radical species was

found. The species were ~C2F H, +Cl, :CFCl, :CFH and

CFCl=C:.
The photolysis of 1,1-difluorochloroethylene led to
its decomposition by three primary processes with the

formation of the radicals -CZFZH, *Cl, :CFZ, :CHC1 and
CF2=C:.

A product, of molecular fprmula,CSFst, was attributed
to reaction of :CF2 with the starting material. This
reaction would be analogous to that whereby C5F8 was
produced, in the reaction of :CF, with C2F3C1. When the
substrate was photolysed in the presence of isobutane a
product of molecular formula C5F2H10 was found. This was
the same product as that found in the reaction of :CF,,
generated by photolysis of C2F3Cl, with isobutane. It
would indicate that photolysis of 1,l1-difluorochloro-
ethylene also leads to reactive :CF2 which can insert into
carbon hydrogen bonds.

The CF2=C: was found to react with carbon hydrogen
bonds by an insertion process. This is similar to the
reactions of CF2=C: produced by Hg photosensitization or
photolysis of trifluoroethylene (20,25). The same degree
of discrimination between primary and tertiary bonds

was found in the present work as in the latter two cases.

The photolysis of the isomers, 1-3 per fluorobutadiene,
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perfluorocylcobutene and 2-perfluorobutyne led to similar
types of products in all three cases. Two types of
processes were found. The first of these was decomposition
to :CF, and C3F4. The :CF, was unreactive and formed only

C2F4. The C3F4 was found as perfluorocyclopropene and

perfluoropropyne.

The second process was isomerisation. The isomers
found in the case of l,3—perfluorobutadiene were 1,2-
perfluorobutadiene, 2-perfluorobutyne and perfluorocyclo-
butene. The analogous isomers were found in the photolysis
of the other isomers.

The photolysis of perfluorocyclopentene was also
studied. In this case three types of reaction were found.
The first of these was formation of tetrafluoroethylene
and perfluoroallene. It was proposed that this process is
occurring from a vibrationally excited biradical. The
other two processes which occurred were, (1) formation of
:CF, and perfluorocyclobutene and (2) isomerisation to
perfluorovinylcyclopropane. In the case of these reactions,
it was proposed that they were taking place from both the

vibrationally excited and the thermally equilibrated

biradical.
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TABLE 26

Mass Spectrum of C4F6C1H

M/e relative intensity M/e relative intensity
31 15.3 117 51.1
51 11.1 119 16.2
67 100 129 7.8
69 42.2 © 131 - 75.6
85 28.9 152 4.4
87 9.8 154 2.7
101 7.8 198 5.4
113 15.6 200 1.8

Mass Spectrum of perfluoroviny1cyclopropane

M/e relative intensity M/e relative intensity
212 1.6 74 - 19.8
193 2.7 69 9.2
162 3.5 62 9.3
143 12.7 55 9.2
124 8.0 50 7.5
112 16.6 31 » 35.4

93 100
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