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INTRODUCTION

Bond fission in organic chemistry may proceed in
two different ways, a) heterolytically and b) homolytically.
In the first of these, the electrons in the bond are redistrib-
uted so that one of the fragments has an overall positive
charge, and the other an overall megative charge. Iun the
second caepe, the electrons are redistributed so that neither
fragment is charged but both take on one electron. Normally,
this process ylelds two fragmenits each with a singly occupled
orbital (although in some molecules, different fragments are
observed, cf diazomethane). That is, free radicals arc formed.
Thése fragnents are extremely reactive, seldom existing for
very long, and have unigue chemical and physical properties

not associated with other organic moieties.

The first discovery of a free radical was made by

Gomberg in 1900.l

His report of triphenylmethyl was met with
much disbellief but his conclusions were well supported exp-
erinentally. He had in fact come across one of the class of
radicals with a long lifetime. In some cases,; the lifetime
is -+ long enough that the radicals are capable of stable ex-

istence, The eoxistence of the Yshort-life" radicals was not

showvn for some time.

In 1929, Paneth and Hofeditz® demonstrated the



exlstence of free methyl radicals. By heating a f£ilm of’
on

tetramethyl lead and flushing the radicals to a mirror of

lead. deposited on the glass tubing surface, they showed the

lifetime to be of the order of 'J,Of3 seconds.

The reactions 0of free radicals can be broadly put -
into two categories, a) those which are radical prepogating
and b) those which are radical destroying. In the latter
category, we find such reactions as comblnation and disprop-
ortionation. Tﬁe.formaxincludes abstraction, addition and
rearrangement. Not all of these reactions have received
equal attention. The most well studied reactions are ab-

stractipn and addition.

Additlion by a free radical mechanism to unsatur-
ated centres was first'qualititatively studied in the addition
of hydrogen bromide to allyl bromideB. But it was not until
1937 that a theoretical explanation was put forward independ-

4 5

ently by Hey and Waters' and by Kharasch, Engelman and lMayo.

Both sets of workers postulated that the so-called "anti-

Markownikow" addition was due to a self-propogating reaction

involving afomic bromine.

The number of additions studied grew very quickly
and theories for the orientation of addition were advanced.

These have been summarised by Cadogan and Hé&.G The most



popular theory was thalt of Mayo and Walling' who proposed
that the orientation of radical addition to an unsymmetzic
olefin was determiqed by the relative stabilities of the two
possible addend radicals. The relative stabilities could be
deduced by analopy with the éddends formed in heterolytic
addition. A proton adds to vinyl chloxide at the unsubstl~
tuted carbon because this leads to a resonance stabilised

carbonium ioniw-

+

X CICH,CH

2 S .

T~ |:d-Ch-chy
o

:Cl=CH-CHj

- -

2

H +Cl-CH=CH

In the same way, it wae assumed that a radical would add to

fha unsubstituted carbon because of the possible stabilisation
of the addend radical:-

C[(lIH—CH

R,
2 = .
\ :Cl-CH-CH,R

& 8 I

tCl-CH-CH.R

: 2
. S J

2

R+ CI-CH=CH




The stabilisation of the radical could be due either to a
mesomerlce or an inductive effect. Thus, hydreogen chlorids was
found to add ionically to give the "Markownikow" product
while, in the presence of U.V. light or peroxides, hydrogon

bromlde added to give the "anti-Markownikow' productse

°

4 -

' + Cl
ClCH:CHz =il ClCH"CH3 — CI~IC12“CH3

— HB
CICH=CH, - CICH-CH, Br —— CH,Cl-CH,Br + B+

This was the Méyo~Walling theory in dts simplest form.

The theory has also been considered as applying to
the thermodynamic stabilities of the addend radicals. That
is, the possible electron delocalisation at the site of the
odd electron ieg not the criterion of position of addition but
the stability of the radical as a whole in each case is.

The reaction which is more exothermic is faster, thus detore

mining the direction of addition.

The theory in its simplest form remained in vogue
until work on the addition of trichloromethyl radicals to

fluoromethylenes8

brought it into question. The mechanism

of the light-induced addition of bromotrichloromethane to
ethylene had earlier been established9 and the same mechanlsm
was assumed to be true for the fluoro-ethylenes. This was the

first attempt at measuring the Arrhenius parameters for adde




De

ition at the two different ends of an unsymmetrical olefin,
in an attempt to introduce a quantitative aspect into the
theorles of addltion. Uﬁ until this time, the formulation of
a truly predictive theoxry was hampered by two main factors:
‘Q) that although much early work had been doné, it was of

a gualitative or at best a semlwquantitative nature, emphasis
being placed on the identity of the adducts and b) that in

subsequent guantitative kinetic work, only overall addition

rate parameters were determined,

The kinetics of the addition process hafe been
studied both in solution and in the gas phase. In solwtion,
valld information can be obtained about the orientation ratios
znd in many cases the rates measured competitively with ab-
straction from the solvent iﬁselfgv Tﬁis;ﬁaﬁ~§een the approach
of Smwarc and hisg co-workexrs in tﬁeir extensive studies on
nethyl radical addition. In the gas phase, however, inter-
molecular forces are relatively small and, in particular,
solvation effects do not exist. Thus the experimentally
derived properties are c¢loser to those of isolated molecules
or grdups of isolated molecules. Many of the modern theories
of kinetics ave based on the behavioér of these small isolated
groups and so experiments carried out ih the gas phase con-

stitute a good test-bed for those theories.

Necessarily, for experimental reasons; gas phase

experinments are carried out on smaller molecules and groups.




However, in the case of the smaller molecules and radicals,
the partition functions are more easily calculated, there
being feower degrees of freedom with which to comtend. %he
pdesible calculation of assocliated properties such as the
Arrhenius pre-exponeénilal factor is grestly facllitated.
Although many theories of the addition reaction
have been proposed, no truly predictive gualitative theory
s availablef Obviougly, then, we must treat with reserve
the quantitative theories which have been proposed. Yhe
purpose of this'thesis is to provide more kinetic data fox
the addition of free radicals Yo the opposite ends of un-
spymmetrical olefings in order that theories may have a
broader experimental basis. In particular, the nature of
the attacking radical has been altered, keeping the olefins
fixed, from the electrophilic radical 03F7.’ through alkyl
radicals to the nucleophilic radical MeBGe‘. This may pro-
vide a possible insight to any polar effects associated with

free radicals. Some theoretical calculations using the INDO

method have also been attempted.




PART 1

The Addition of n-Heptafluoropropyl

Radicals to Fluoro-ethylenes




PART 1

INTRODUCTION




e

Fluoroalkyl, and in particular perfluorxroalkyl,
compounds have been found to have very important properties

10 Perfluoroalkane

from the standpoint of surface chemistry.
sulphonic acide and perfluoroalkane carboxylic acids and their
rebpective derivatives show excellent surface activities, while
polyners with perfluorcalkyl groups in thelr side chalns have
good water and oil repellencies. These compounds are syn~
thesized from the corresponding fluworoalkyl iodidem. These

in turn can be efficiently prepared by addition of lower
fluoroalkyl lodides to fluoro-ethylenes and subsequent telom-
erisation of the addend radicals to the extent requlred for
optimisation of the #&lomer of interest. Thus the kinetics

o addition of the perfluorcalkyl lodides te fluoro-ethylenes

ig of conslderable commercial importance.

In the fluoroalkyl radical series, most attention
has been devoted Lo the reactions of trifluoromethyl. Sev-~
eral sources of CFB' radicals have been.used., Thg photo-
cherical dissoclation of trifluoromethyl ilodide 15 the most

common source, but the photolysis of trifluoroacetaldehydell,

trifluoroacetonela, hexai’luoroacetone13

and héxafluoro~a20a
methanelh have also been used. The last two named have the
added attraction that the amount of carbon monoxide or nitrogen

produced can help determine the quantum yield.

A great deal of work has been done by Hagzeldine and
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co-workers on the addition reactiome of trifluoromethyl rade

15, howevef, this is largely of a qualitative nature.

icals
The only quantitative data we can obtein are on isomer ratios
for the products. Quantitative studies of the addition of

trifluoromethyl radical have been reportedl6

but thexre are
few data available for addition at one end of an olefinic

bond >’ .,

The reaction of pentafluoroethyl and n-hepta-
fluoropropyl radicals are less well documented. The reactions
of n~heptafluoropropyl with othexr molecules have only been
studied gquantitatively in reactions involving hydrogen abs-

18

traction from cyclohexane™  , methane and ethanel9 and hyd-

rogen and deuteriumzo, although its combination with other
radicals has received attentional. The addition reactions
have attracted little attention, and that only qualitative,

Brace has studied the addition to bicyclic olefins22

and to
1,6—heptadien023 and Burton and Kehoeah have studied the
cuprous chloride~ethanolamine catalysed addition reaction,
though in neither case kinetically. The nearest approach to
quantitative studies have been researches into the use of
n--heptafiuoropropyl lodide and inheptaf%uorOpropyl iodide as
telogens by Chembers et al25 and hy Onaxénd Ukihashiae. But

the kinetics of the processes are not glven consideration.

Perfluoropropyl radicals have been produced from
- several sources. These are, in general, analogous to the

methods for producing alkyl radicals. The sources include




C.F,
- 7°2 2
this kinetic study of the addition to fluoro-olefins, the

(CjF In

source of perfluoropropyl radicals is photolysis of n-hepta-

£luoropropyl iodide.




PART 1

EXPERIMENTAL

R, 1
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1. Materials

‘The heptafluoropropyl iodide_(KocﬁmLight), Lyl
fluoroethylene (Peninsular Chemréﬁearch), lsl-difluoro=
ethylene (Matheson), vin&l fluoride (Matheson), othylene
(B.0.C. medical anasesthetic grade) and tetrafiuvoroethylene
{I.C.1.) were all purified by trap to trap distillation, a
middle fraction being taken in each case. The gases were
stored on the line in bulbs constructed with a side-arm
which c¢ould be surrounded by liquid nitrogen to freeze out
the gas from the bulb., The n-heptafluoropropyl iodide was
stored in a tube on the line at liquid nitrogen temperature.
Each of the reactants showed only one peak on g.l.c. analysis.

The reactants were thoroughly degassed before use.
2. Apparatus

The experiments were carried out uvsing a conventional
vacuum line (figure I-l) made of “Pyrex" glass. The vacuun
wag maintalned using an EBdwards “Speedivac! sillicone oil
diffusion pump backed by an Edwands ﬁ&peﬂivac" two stage
rotary pump, model 28C20A ., Reactant pressures were measured,
initially, using a mercury manometer, but this was later sub-
stituted by an Edwards capsule gauge type CG3. The reactant

volunes were measured into bulbs I and II with voluues
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229.5 nl and 529.5 ml respectively. In some of the prepaﬁativm
experiments, bulb III (volume = 2.62%1 1) was used. Bulb IV
(volume about 5 1) was not used at all and was substituted by
a bulb of volume 526 ml a&nd then used in leter competitive
experiments. All volumes were measured by welght of water.

The reactlon vessel wag spherical (286 ml) and
nade of "Pyrex" glass, this serving as a filter for light
with wavelength less than 2800 8. The vessel was connected
to the main manifold via 2 mm capillary tubing, in order that

reaction occurring outside the furnace be minimisged.

The furnace consisted of an elecirlically heated hot-
plate ingide a well insulated aluminium cylinder. The temp-
erature, measured with a mercury-in-glass thermometer, wvas
vniform throughout the furnace and could be maintalned %o
%2% using a 0-250 volt "variach transformer; A circular
hole in one side of the furnace allowed the passage of light
into the reaction vessel. 'This hole had a removable shutter.
The light source:was a "Hanoviaﬁ UVS 220 medium pressure
mercury arc. Care was taken to ensure that, through any
series of reactions, the lamp was always at the same distance

from the reaction vessel,
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3, Procedure

The line was allowed to pump for at least one hour,

and generally longer, with liquid nitrogen round the trap.

The n-heptafluoropropyl iodide was degassed and allowed to
expand into the line and into bulb II. When a sultable
pressure was registered on the pressgre«measuring device, the
bulb was isolated and the n-heptafluoropropyl iodide condensed
back into the storage tube by cooling with liguid nitrogen.
-The line was agaln pumped for a short time. The process was

repéafed with the olefin, expanding it into bulb I. After
the line had again been evacuated, the reaction vessel was
surrounded by liguid nitrogen and the reactants allowed %o
distil into the vessel. Not less than ﬁalf an hour was allowed
for this distillation, and in any case until there was no dis-

charge when the line was tested with a high frequency tester.

Mfter distillation, the reaction vessel was closed
off, the liquid nitrogen removed, the vessel allowed to come
to room temperature and dried of any condensed walter vapoure.
It was then surrounded by the furnace and the temperature
allowed to equilibrate. The lamp was switched on to warm up
for ten minutes. During this time, final adjustments were
made to the voliage supply to the furnace and then the shutter

opened.
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After the photolysis, the lamp was switched off and
the reaction mixture distilled into an evacuated tube attached
to the maln menifold. Digtillation was again for not less
¥han half an hour, and until therq was no discharge with the
tester. The tube was then removed from the line, stoppered
and storod under 11§uid nitrogen. Samples were taken from

this tube for gas chromatographic analysis of the products.
L. Analysis

Analyses were carried out on a "Griffiuland George"
D6 gas chromatograph. In this instrument, an oven, the
columns, the detector and carrier gas control network are
housed in one unit and an amplifier and recorder are housed
in another. The column used was 6ft x 4in stainless steel
tubing, made in two straight parallel 3ft tubes connected by
a capillary U-tube, packed with 10% silicone oil on 60-100
mesh 'Embacel!. Injections were made on to the column using
a q‘pl stainléss steel caplllary needle. Just at the top of
the filling level of the needle, is a small hole. When the
needle is intrxoduced through the serum cap agr:op of the c¢ol=-

unn, the nitrogen flow blowing into this hole forces the

sanple on to the column,

The detéctor-in.this instrument is a:zgas density

balance and the chromatograms were recorded on a "Honeywell-
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Brown"™ 1 mv recorder. When a welght of sample, q, passes
through this detector in a stream of carrier gas of molecular
weight, m, then.-if M is the molecular weight of the sample and
A is the area under the peak then the relationship

q = RAM/(M-nm)
(wkere k is a constﬁnt characteristic of the detector) holdse.
Thus the concentration of the mample is given by

/M = kA/(M-n)
and relative concentrations of components ln a mixture are
readily found from the respective areas under the peasks on

the chromatogram.

The areas were measured using a "Honeywell"

Precision Integrator or a "Dupont™ 310 Curve Resolver. In

mixtures in which a component concentration was very small,

better accuracy in the areas of its chromatographic peak

could be obtained using a fixed arm planinmeter.
Usually about four or five analyses were made of a

reaction mixture and an average concentration for each com-

ponent obtained.

BJ JYdentification of Products

Since tribhloromethyl and heptafluoropropyl radicals

could both reasonably be assumed to be electrophilic in nature,
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it was presumed that the orders of the relative concentrations
of the two adducts might be similar. On this basis the peaks
on the chromatograms could be fairly sensibly assigned., There
appeared, in the case of an unsymmetrical fluoro-ethylens,
oniy two peaks other -than the two ‘starting materials. (The
fluoro-ethylenes were knowyn not to decompose under the con-
ditions of reactions.) The identifications were conflrmed bj

mags spectrometry.

Mass spectra were obtalned on an A.E.I. MS 12
mass spectrometer. The inlet was from a BerkinoElmer ¥Fll
gas chromatograph using a silicon o0il capillary column with
helium as carrier gas, and via a Biemann sgparator. The
spectra were recorded when the monitor reached its maximum,
The spectra of the predominantly formed adducts from the un-
symmetrical fluoro-ethylenes are shown in table I-1.

6. Details of Reactions

The results of the kinetic reactions are shown in

tables I-2 to 1I-8,
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Table I~-1 Mass Spectra of the Predominantly Formed>Adducta

of the Unsymmetrical Fluoro~Ethylenes.

¢,F, CHFCF 1 C,F,CH,OF 1

n/e % asslgnment n/e % assignment
51 35.1 car, 51 2.2 cur,"

69  52.0 CF3* 64 4.0 CH,CF,"
82 3.5 CZHF5+ 69  70.7 013+

101 2.1 62HF4+ gl 8.4 cBHaFB*
113 9.5 CBHFh+ 113 4.0 CBHF4+
119 13.4 °2F5+ 119 8oty cst*
127 4.8 5* 127 3.5 r*

131 2.2 03F5* 131 0.5 cBFB*
151 1.3 03F6H* 169  10.2 c,¥,"
164 12.6 CQFGH* 177 5.8 CFZI*
169 6.1 c3F7* 181 0.4 chr7*
177 5.6 cF,1* 183 0.k 03F7CH2+
182 0.9 cBFVCH* 233  100.0 AT
251 1100.0 TR 359 0.6 Mt - H
378 25.5 wt 360 0.4 u*




fable I-l (continued)
CBF?CHZCHFI u/e % agssignuent
51 1.1 cﬁra*
64 2.0 C ¥ u"
69 100.0 CF3+
70 5 CF5H+
95 %) %%F;
) 113 2.0 CBHF“*
11y b csﬁzpu*
115 A 03113}3‘4+
127 1.7 7t
145 5.3 c,FoH, "
146 1.0 ch533+
159 2 cuF1*
169 5.6 9327*
181 .5 ch7*
183 A c4F7nz*
195 .8 :05F7H2*
215  80.9 W s
342 .42 Mt

18.
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Table I-2 Variation of wremperature on Addition to CFZ;CFH

Terp No of [c oCFH-CF t]/[c F,CF, - CFHI]
°c) Runs
louta 6 3.9534.33;3.86;4.07;4.01;4.01 ave = L0k
12022 3 4.50;4:26;5.20 ave = L4.65
102%2 6 L.3L304.85;4.98;5.07;4.8054.98 ave = 4.83 é
A 5.11;5.2855.27;4.89 ave = 5.14
85%2 L 5.14;34.72;5.2135.04 ave = 5.03 :

[e,2,1) = 4.93 x 1072 mole 1”1;1pF2:an] = 1.88 x 1077 mole 17*
Photolysis time = 7200 =, ;
Least squares plot of Jog[ﬂc F CFH-CF il/[bB 7CP2 CFHI] against 9
10°/7 gave gradient 0.23 ¥ 0. 08 and intercept 0.08 ¥ 0.03%.

Table ¥-% Variation of vremperature on Addition to CF 1CH,

2

Temp No. of [c F,Cl CT, 1]/ @5 oCF - CH L1
(°c) Runs
21022 7 33.04334.67334.99;45.29342.563
Ll .26341.11 ave = 39.42
192t2 L 39.72;58.83;47.10;48.75 ave = 47.35
18622 3 | 60.53;88.10;61.94 : ave = 70,19
16342 L 87.2.0;88.51;84.5%;85.51 .| ave = 86.41
140%2 6 95.50391.62;97.50;89.95;123.9;
115.1 . ave = 102.6 }

[0,F,1] = 5.21 x 1072 mole 1 7*; [er,:CH,] = 1.70 x 107 mole 17>
Photolysis time = 7200 s.
Least squares plot of log{ [C,F CH ~CF I]/Ib F?CFé-CHZI]]against

B gHaldg
102/T gave gradient 1.21 +0.23 and intercept -0.89% 0.11.
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Table Variation of Temperature on Addition to CFH;QQZ
Temp No. of 1oF,CH, crnx]/[c F CFHCHZI]
(°c) Rang
22pt2 3 13.40:18.20516.60 ave = 16.07
18422 7 11.61321.28:21.48;14.00;18.71;

17.50;19919 ave = 1706?
160%2 6 20.42;24.38;23.28;17.99;17.70;

17518 ave = 20.16
130%2 6 24.72325.76329.99;29.99:28.77;

20,99 ave = 26.70
1012 6 BO.L;-B;BA.BB;300.20;32.,28;32.28;

27.73 ave = 3%1.23%
©,F, 1= 5.49 x 1072 mote 17F;  [oFH:CH] = 1.85 x 1072 mole I*

Photolysis time

least squares plot of log[[b ¥.CH_. CFHI)/[C,F
103/T gave gradient 0.49% 0. 14

= ?200 Be

A &7

crR CHT)} against
and intercept 0.,18% 0.06,

Table 1«5 Variation of Temperature on Competitive Addition
to CHF:CH2 and OHaigga
Temp No. of [o F,,CH,CH 1:]/[(: F,CH CFHI]
(°c) Runs
16012 I 2.99;2.99;2.75;3.08 ave = 2,95
14022 6 B 55%:5.2h35.6b61%,2Y55,21:85,52 ave = 3,36
130+2 5 B ALi5.11:5.10352.9292.85 ave = 3.02
10422 L 4.0634.1033.96;3.96 ave = 4.02
g0%2 5 3.6633%.6633:7033.49;3.49 ave = 3.60
8Lt 2 5 3.5243.5413.5033.6033.44 ave = 3.52
[C,FI] = 2.47 x 10™> mole 17%; (cPr:cH] = 8.25 x 1074 more 17%
H,:cH 1= 8.25 x 107 =3 mole 17%; photolysis time = 10 800 s

Least squares plot of log{[C

4

103/T gave gradient O. l? 0. 09 and intercept 0.09 * 0.04,

CH,,CH 1]/[031'705201*}11]] against




21.

Table I-6 Varistion of Temperature on Competitive addition_.

to CF,:iCH, and GHiCH,
Temp No. of {G3F7GH20H21 / 03F70H2c32I]
(°c) Rins
204.%2 & 3-5&;3.55;5.7153.61;5.61 ave = 3,60
162%2 7 5.l15:5. 4235313 4.6034.8955.81;
L.¥5 ave = 5,05
1142 6 6.5636.34:6.25;7.15;7.40;6.98 ave = 6578
98%2 7 8.59;8.28:9.23%:9.163;9.23;8.40;
8.51 ave = 8.77
632 L 10.79:21.07;10.64311.12 ave == 10.91

[0F,1] = 2.47 x 1672 node 1 [0F,:CH,) = 1.64 x 1072 mole 1™+ ;

“7 -
[UH,:CH,) = 8.24 x 1077 mole 1 1. photolysis time = 7200 s.

Least squares plot of 1og{[c F,CH CHZI]/{DBF7CH CFEI]} against

103/T

Table

398 2

gave gradient 0.59% 0.05 and intercept -0.66% 0.02.

I-7 Variation of Temperature on Competitive Addition

tp Cb2:CFH and bFZ:CH

2
Temp No. of [03F7CFHGFEI]/IbBF?cHZCFaz]
¢%0) Runs
20212 6 Lo6734.0L;50.30;54.3734.37;35.97 ave = 4.24
. 168%2 6 5.8653.97:5.7434.0935.97;3.83 ave = 3.91
130%2 5 .6734.5733.9733.6334.51 ave = 4.23
10642 5 5.18;5.18;4.82;4.4635.00 ave = 4.93
8,2 5 5¢5935.0054.675 4. 575451 ave = 4.83
K22 5 1,437:;5.00;5.0035.38;4.67 ave = 4.88

[c,7,1} = 2.47 x 10 2mole 1713 [cr,:CFH] = 8.2 x 107% mole 17%;
[CF,:0H] = 8.24 x 107" mole 171; photolysis time = 7200 s
Least squares plot of log{[CBF7CFHCFaI]/[C F_CH.CF IH against

Fr e e

103/T gave gradient 0.08 ¥ 0.05 and intercept 0.44 2 0.02,
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Table 1-8 Variation of Temperature on Competitive Addition

Xo CH,:CH, and GF,:CE,

Temp No. of [03}??01-1201121_”]/[035'703?2@21]

(°c) Runs

L49%2 4 5.643547735.2035:42 ave =
119t2 5 14.62;13.93515.38;1.5.38;14.62 ave =
1102 5 13.24314.55;14.66314.663;15.90 | ave =
10422 5 19.503;19.19;19.86;21.13;22.34 ave =
75£2 L 15.81;15.07;15.42;16.26 ave =
5822 3 24.723;3%1.19;27.93 ave =
L7x2 1t 51.76:;52.60:53.83%:53%.70 ave =

[:631?71;] = 2.47 % 1072 mole 1~

er 53CF 2]

10%/7 gave gradient 1.02% 0.33

X

= 3.84 x 107 mole 1™*; photolysis time
Least squares plot of log {[C3F7CH2C:HEIJ/[C ¥,,CF CF21]} against

57 &

i [enycr] = 3.84 x 207 mole 17

3600 s,

and intercept -0.16* 0.iz2.
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The photolysis of n-heptafluorolodopropane in
presence of each of the unsymmetrical fluoro-ethyleneé gave
only two produvct peaks on g.l.c. analysis. Th& reaction with
ethylene yielded only one peak, b;t the reaction with tetra-
fluoroethylene gave much emaller ﬁeaka due to the 2:1 and
%331 telomers in additlion to the main product peak due to the
1:1 adduct. The amount of telomerisation could be reduced by
increase of the concentration of n-heptafluorolodopropane.
JThe product of the recombination of the n~heptnfluoropropyl
radicals, n~tetradecafluorohexane, was not observed under the

chromatographic conditions employed.

The products and reaction conditions are conslstent
with a free radical chain mechanism analogous to that proposed
for the addition of trifluoromethyl radicals generated from

photolysis ¢of iodotrifluoromethane.

(:31?_71 — (:31‘7' + I (1)
C¥pt + OL > P01 (2)
CaF,?Ol" * 03F7I — csF?on * CBF,?‘ (3)

(Where Ol represents fluoroethylene)

The primary step has not been studied in any detall, although
the photolysis of trifluoroiodomethane has been studled by
flash photolytic methods. These studies have been aimed,

however, more at the nature of the iodine atoms produced than
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the trifluoromethyl radicals. The work of Honovan aund his cow-
workers seems to indicate that the ilodine atom is excited to
the 22% state. The principle line used for irradiation was
that at 3130 %, da an energy of 90 kcal mole™ . The bond
dissociation energy of the GFBmI bond, which will be similar

to that of 03F7n1, is 567kca1 wole ™, Thus, the perfluoro-’
propyl radical formed will probably be thermally excited.
However, the pressures at which the experiments were conducted
make it probable that this excess energy is rapidly dissipated.
Provided that the chains aré reasonably long, the uvncertainty

in the primary step is unilmportant.

The possible terminations include:

03F7’ + 03F7' — CGFlh (4)
Y & I¥ & M ey IZ + M (5)
031?‘7 ¥ X ey CBF?I (=1)

If it is assumed that the adduct is formed only by
reaction (3) and that it is not subsequently decomposed, and
that steady state conditions apply, then the rate of formation
of ad&uct is given by:

~

ﬁCBF?OlI = ka [ CBF'?.] [ Ol] ° (a)

If two olefins are reacted competitively, then

?c?)F?ovI/ ?03:«'7011 “ kéEOl']/ ky 1] (b)




applies. 1T the two olefins are present in equal concen-~
trations, or if the adducts)CBF?Oli and C3F701'I,represent

addition to the two ends of an unsymmetrical olefln, then for

snall counverslons:
1 a2 ! ¢ W :
}:?/k‘2 = [(,3}?‘701 .J.J f/ [031'7011] ¢ (c)

where the subscripts indicate final concentrations. Thus,

the method of measuring the relative concentrations of the two
possible adducts at the end of each kinetlc run at a different
temperature provides a.direct measure of the two relative
rates of the addition processes. The results of these ruus
usihng the olefins singly and in competition with each other
are shown in tables I-2 to I-8. These results were then used
to determine the rate of addition to each specific site rel=
ative to addition to CH2= in ethylene (table I-9),

Table I-9 shows two points about the addition re-
actlion, a) that addition is predominantly at one end of the
olefin (in the unsymmetrical olefins, this 1s the least~
fluerinated end) although with trifluoroethylene at higher
tenperatures, there is significant addit}on at the other end,
and b) that the rate of addition is affected by the number of
flvorine atoms present. This latter effect has been seen by
Whittle in the addition to fluorinated aromatic compounds.28

In order to conmpare the affect of increasing number of

NI T3 PR T O SR T o R
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fluorines with existing data, the overall rates obtained by
adding the rate constants for addition at each end of the

dovble bond are shown in table 1-10, They are compared with

the data for addition of trichloromethyl radicals to the fluoxroe
ethylenes and with Whittle's data for addition of trifluoro=~ A ;

methyl radicals.

The selectivities of the trichloromethyl and n-hepta-~
fluoropropyl radicals in addition to the flvoro-ethylenes are
~compared in table I=1l. A striking feature of this table is
the similarity in selectivity of the two radicals. 4An un-
expected feature, however, is that, although n-heptafluoropropyl
radicals arc more reactive than trichloromethyl radicals, they
are also slightly more selective. Values for the adﬁition
ratios for trifluoronethyl radicéls are aleso shown in table
I-1l. It would appear that while CF5° has a reactivity close _ﬁ
to that of C F?’, its selectivity is closer to that of CCl ‘

3 >

The observed greater selectiviiy of 03F7° may be a result of

L]
*

the sterceocheumistry of the reaction.

N

Because the n=-tetradecafluorohexane formed by re-
not
combination of n-heptafluoropropyl radicals couldkbe ohserved

under the chromatographic conditions employed, the kinetics
of the addition could not be absolutely determined. However,
by considering the Arrhenius parameters for addition of

16

trifluoromethyl to ethylene and by comparing the available !

abstraction data for both trifluoromethyl and n-heptafluoro-
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Table 1-9 “he Addition of 03F7' Radicals to Fluoroethylenes

Relative to Addition to Ethylene.

Addend logh,~1ogh, B, - E, logit~1ogk,
Radical at 150°C,
G F,y G, CHF -0.09 0,79 1.50
03F7CHFGH2 0.09 3,03 2.52
(15_1"?0}!20)5‘2 0.66 2+67 1.28
C3F7CF20Ha 157 819 %35
'03F7CHFGF2 0.22 3.05 2.64
C3F7CFZCHF O.14 I .09 2,02
03F7GF20F2 0.16 L 67 3.4
Aa, E2 and k2 refer to addition to the fluoroethylene
Aé, Eé and ké refer to addition to ethylene.

31

propyl radicals”™, a reasonable approximation to the Arrhenius

parameters for the addition to ethylene by CBF7' could be made.

the approximated parameters are log A, = 8.5 and EZ = 3,10

(A2 in 1 mole™t &% ana E, in keal mole™). Kerr and Parsonagegz,

however, have estimated the values to be 8.3 and 2.0 respectively.
Using the former values and the data in‘table J-9, the Arrhenius
parameters were calculated and are shown in table I-l12. Fox
comparison, the corresponding values for trichloromethyl add-

ition are shown in table I-lB%Za
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Table L1l

Orientation of Radical Addition to Fluorcethylenes

in the Gas Phase

ratio at 1520, ref 30.

Adding Fluoroethylense
Radical " s n
“ CH,,=CHF CH,=CF,, CHF=CF ,
0013° 1 : 0.077 1 : 0.012 1 : 0.29
b
63F7’ J ¢ 0.050 1 s 0.009 l : 0.25
oF5° 1 : 0.094° 1 : 0.011% 1 ¢ 0.29°
a " (8] »
ratios at 150, ref 8,18,29
- ratios at 1500, this work
¢ ratio at 1500, ref 36
d ratio at 1600, ref 30
e
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The factors determining the orientation of addition
to olefins have provoked much discussion. Some of the more
important ldeas have been summarised in reviews written some
years ag_z;o.',;”B‘3 It was concluded then that there existed'no
theory which could satisfactorily explain the chservatioans.

To some extent, this is still the case.

As has already been noted, the main difficulty to
formulating a theory was the lack of much quantitative data.
In most kinetic work, only overall rates were found and assump-
tions made about the site of addition, generally using the Mayo-

Walling approach.

The orientation of addition depicted in table I-1l is
entirely consistent with the predictions of the Mayo-Walling
theory in its simplest form. For example, in the addition %o

1,)-difluoroethylene, the two possible addend.radicals are:

HoOF FH
i |
C3F7-(IZ-—('J- . 03F7-——cl;——~cl’
H F F H
(1) 1

In (I), the lone electron can readily be delocalised into the

p-orbitals of the fluorine atoms, but in (II), delocalisation

PS % AN

B .
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¥
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into the orbitals of the hydrogen atoms is not as facile. Thus,
(L) is said to be more stable than (II) and is preferentially

formed in the addition step leading to CBF?'CH2°CF2I as the

predominant adduct formed. 'rhe analogous argument can be applied
to each of the other olefins. However, when the relative rates
between different olefins are exanined, the results are not at %

all coneistent with the theory.

In table I-l2, the pre-exponential factors are found

to be almost constant, with just one exception, so that diff-
erenées in rates are determined by differences in activation
energies, Considering the first column of table I-12, the

activation energies are 3.1, 3.9 and 5.8 kcal mole"l although

*

%
ki
3

the site of the lone electron changes from CHZ« to CFH- to CFZn.

In the simple Mayo-Walling theory, the delocalisation of the

0dd electron should differ markedly from one addend redical to
the next and the resultant rates of addition be very difrferent. %
Now considering the top row of tabhle Inlz;in each case the site i %

of the odd electron is a CH, - and yet the activation energy

P
increases from 3.1 to 11l.3 kcal mole‘l. The Mayo-Walling

picture is inadequate to explain these observations. The stab-

ility of the addend radical has not, however, been ruled out

as the controlling factor.

Tedder and Walton proposed that the site of attack

should be the primary consideration, not the site of the odd

electron?évThus, again looking at the first column of table




I-12, in each case,; the radlcal is attacklng a CH2= group and

the new bond should be approximately the same regardless of

the group at the opposite end of the double bond. The differences

do occur because of the secondary effect of this group. TFor the
results in the top row of table I-12, the radical 1s in each
case attacking a different site and the strength of the new bond

should, in each case, be different.

The n-heptafluoropropyl radical can be considered as
being electron-attracting so that for addition to 1,1l-difluoro-
ethylene, the bond formed to the CFaz should be, relatively,
fairly weak, the carbon atom attacked then having three electron-
attracting substituents attached to it. In the addition to
ethylene, on the other hand, the bond formed with the GHE:
should be much stronger, only one such substituent then being
attached to the attacked carbon atom. Additicn to CFl= in
vinyl fluoride is intermediate between these two. This trend
is reflected in the increasing activation energy found when
going along the top row of the table. The trend in the activ-
ation energies in the first column of the table cannot be so
easlly explained. The explanation may lie in repulsive forces

in the transition state between the radical and the fluorine

atoms on the olefin.

i There have been many attempts at correlating the rates
of addition and activation energies with theoretically calc-

ulated proverties. Generally, these properties have been

¥ pad s
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calculated using Hlickel molecular orbital theory. As a result, -é
correlations have almost invariably been drawn for reactions

involving aromatic systenms.

Two transition states have been proposed for the

addition of small radicals to momo~olefins, a’'Tl-transition

state in which®he attacking radical is associated with the
double bond and a o -~transition state in which the radical is
assoclated with one of the terminal carbon atoms. A small
kinetic isotope effect has been ohserved for several small

alkyl radicals which shows that the travsition state resembles
35,36

reactants rather than products, a conclusion which is k
supported by the small activation energies and exothermicities F
of the reactions. Probably, the reaction passes first through

a Ti~complex state followed by a o-transition state, but, in

both, the electron distribution. is closer te that of reactants

than products. Stefani and co~workers have suggested that
activation energies calculated from the rates of product forme
ation will give data relating to the s-transition state. The

fact that the relative proportions of the two possible adducts

from an unsymmetrical olefin varies with temperature means

that, for C3F7‘ and 0013' radicals, the o-complex represents ;
the top of the potential energy pass. Correlation of rate data
with atom rather than bond properties is therefore appropriate

for these two radicals.

The course of a reaction may he represented by a
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potential energy curve. There have been four regions identified
in thiatcurve,3? 1) an initial state (i.e. reactants), 2) a
polarised state in which each of the recactants feels the pres-
ence of the other, %) an activated state corresponding to the
zonfiguration with highest eﬁergy and 4) a final state ( i.e.

the products). These regions are shown in figure I-1 in which

PLE- Figure I-1

e
'

Reaction Co-ordinate

potential energy curves are drawn fof two similar reactions.

The assumption that for similar éeactions the potential energy
curves are similar ig then made. A theoretical viewpoint of

the reactions can then be at (2) or (3), i.e. the polarised

and activated states. No information about the course of the
reactions can be obtained at (1) or (4). The theoretical studies
thus divide themselves into the polarised state approximation

and the activated state approximation.
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Within the framework of the polarised state approx-

imation, the Free Valence Index (f.v.i.) of Coulsont has been

the most often used parameter. It is defined by equation (A4)

in which %M is the boud numbexr of atom/w,equal to the sum

of the 9i~electron bond orders, 8%’ emitting from atom/L, and

Nmax is the maximum possible value of @wo Nmax has the value

J3 as calculated for the central carhon atom in trimethylene-
methane.

F -(A)

M 5 Tmax gu

t
=
L

N

r R

Kooyman and Farrenhorst39 showed that the logarithm

™
%

of the reaction rate constant for the addition of trichloro-
"methyl radicals to aromatics was proportional to the f.v.i.
of the most reactive positions. Coulson found a similar

40

correlation for methyl radical addition’ , a correlation which

was later extended by Binks and Szwarc.

The f.v.i. have been calculated for the fluoro-
8,41

ethylenes using H.M.O. and the values are shown in table
I-14. The correlation between 1oglok2 for addition of n-hepta-
fluoropropyl radicals to the fluoro—ethflenes against the
values of f.v.i. of Landau and co-workers is shown in figure
I-2.4 Although the correlation is not very good, the f.v.l.

always correctly predicts the orientation of addition to one

olefin. This was also found in the addition of trichloro-
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Table I-14. Free Valence Indices for the Carbon Atoms

in Fluoro-ecthylenes

Ethylene ' Free Valence Index
i C-atom 1 Cwatom 2
1 2
i (ref 8)| (ref 4L) (ref 8) | (ref 41)
GHa ¢ CHE 0.73%2 0.732
cna ¢ CHF 0.768 0.750 0.513% 0.571
CH, : CF, | 0.811 | 0.770 0.291° ] 0.501
CFH : CF 0.622 0.622 0.350 0.434

methyl radicals to the fluoro-ethylenes.

The orientation of addition of trichloromethyl rad-
icals was also found to be correctly predicted by the charge
densities, 3“’ on the carbon atoms of the olefins. It was
supposed that the expected electwphilic nature of the trichloro-
methyl radical would give rise to a correlation. The calculated
values of charge densities are shown in table I-15, As wes
the case with trichloromethyl radicals, the orientation of adde
ition of n-heptafiuoropropyl radicals can be correctly predicted
but within the series, there is no correlation between the

charge densilty and the rate or activation energy.
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Table 1-15.

Charge Densities on the Carbon Atoms

of Fluoro-ethylenes

Ithylene Charge Density
C-atom 1 C-atom 2
1
(ref 8) (ref 41) (ref 8) (ref L1)
CH2 : cna 1.00 2..00
cna : CHF 1.13 1.075 0.93% 0.956
GH2 : CF2 1.25 1.145 0.87 0.917
CHF CFZ 1.49 1.097 0.98 0.985
CF2 : CF2 1.05 1.052

The activated state approximation differs from the

olefinic residue.

ical and a carbon sp

state for the reaction.

3

polarised state approach in that the configuration of radical
and olefin is one that is further along the reaction co-ordinate.
The configuvration is one that attempts to imitate the transition
In the addition of the radical to the
olefin, the 9i-bond in the olefin is broken and a new &-bond is
formed between the radical and one of the carbon atoms of the
The process can follow this pathway: 1) the
Ti-bond is broken and one of the ﬁhelectfons 1s localised in a
2p orbital on the attacked carbon atom, 2) the orbitals on this
carbon atom are subsequently rehybrlidised to spj, 3) the &=-bond
is then formed between the singly occupied orbital on the rad-

orbital, 4) the orbitals on this G-complex
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are rehybridised to give the "stable" addend radical. This

is a crude picture of what may happen in the reaction.

Whereas, in the polarised state approximation, the
reactivity indices are associated with the olefin, in the
acbivated state approximation, a reactivity index associated
with the &-complex nust be found. This new parameter is the
localisation energy, %w. The localisation energy is the energy
required to localise one of the 9T-electrons at a particular

atom, and it can be calculated using H.M.0. theory.

In H.M.0. theory, o7 separability is assumed, so

that only the TT-orbitals need be considered, the o"-electrons
are assumed to be part of a non-polarisable core. In the
fluoro-ethylenes, the 7-orbitals are constructed from the
carbon 2p orbitals and one of the fluorine 2p orbitals. The
electrons £xrom:kach of the contributing atoms are then fed
into the molecular orbitals and the sum of the resulting elec-

tronic energles gives the total 9r-enexrgy of the olefin, EW.

When a 9i-electron is localised at one of the atoms, as is dem-
anded by the reaction pathway above, the 7J-system is split
into fragments which no longer interact. Thus, using 1,1~
difluoroethylene as an example, the fi~clectron system encom~

pesses the two carbon atoms and the two fluorine atous:

(117)
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If one electron is localised at C(2), the g7-electron system

changes:

av)

Ezch of these localised models, (IV) and (V), has associated

Iv Y
o and Eﬂ4

is the sum of the T~electiron energies of the separate frag-

with it a different 9T~elecironic energy, say B which

ments., The localisation energy is them the difference belween
the fi~energy of the fully delocalised molecule, (III), and

the T-energy of the localised molecunle.

That is:
S Pooa _
E/v = By Eﬁ* : (B)
{the subscript,/m, indicates the atom at which the electron

is localised)

The localisation energy has been found to correlatle
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very well with rates of radical addition. Streitweiser has

L2

found good correlation for addition to aromatics and one of
the successes is the correlation of localisation energy and
rate for hydrogen atom addition when there was no correlation

found with the f.v.:l..l1L3

In order to calculate the 9-electron energies for
the fluorcethylenes from H.M.O0. theory, Galues for the fluorine
coulomb and resonance integrals,&gg aﬁd/BFC’ are necessary.
The values of these integrals for hetero~-atoms are usually

expressed in terms of the values for carbon and so

p =0l * h{BCC and pm - k[icc <)

Streitweiser has suggested values for these integralks, ob-

he The

tained from the properties of aromatic compounds.,
values of b and k have been variedhq in the ranges suggested
by Streitweiser and the following values for the integrals

vere taken: o = 10/3>o, o = 12.?3130, and /31,0 = 0.908ﬁ0. The

localisation energies are shown in table I-16.

The correlations of localisation energy against
activation energy for addition of trichloromethyl radicals and
of n-heptafluoropropyl radicals to the fluoroethylenes are
shown in figure 1I-%., JFor both radicals, reasonable correl-
ations are obtained and the localisation energies correctly

predict the orientation of addition.
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Figure I-3%. Correlation of activation energy with localisation

energy for addition of C3F7' and CCl3' radicals to b
fluoro-ethylenes f

|
, b ’
| i 3
l o
. ke ’i
v 2 3
m(-) e i
LU 3 ;
R o b
o e )
O
o~
. LN
e
<,
o
£\ | ™
" o~
\ g
\ & !
\ ~ 2
% ;
\ . ¢
-(q' \y:f
.9
N
1 1 [ i) T Ll ) 1 lo é é
G O O O 4 w a9 o 2 4
= S o 8 N YV M ¥ M o =
Caped
)
0
£
< g
(4R
=




Ll

Téble I-16. Localisation Energles and Net Atom Charges
for Fluorcethylenes
Ethylene Localisation energy Net atom charge
Attack at Attack at Attaclk at Attack at
1 2 C-atom 1 C-atom 2 C-atom 1 C-atom 2
GH2 : CHa 2.29 ©.0.00
CHZ : QHF 2-15 2043 "'00}._7) “‘0007
CH2 H CF2 2:13 2.66 +0.25 -0.13%
CHF : CF, 2.31 2.55 40,17 -0.02
1- . "
cra : Caa 2.49 +0.05

(Localisation energies are in units of /80)

In order to improve the correlation in the addition

of trichloromethyl radicals, a polar term was introduced.

This new term was to take account of the electrostatic

L5

repulsion between the radical and the attacked site in the

olefin.

It is thus proportional to the charges on each, but

since the radical is remaining constant within a series, the

contribution from the electrostatic charge on the radical is

constant and the new term is proportionél to the net charge

on the carbon atom attacked. The net atom charges,t&%#, are

shovm in table I-16.

and calculated parameters now can be represented by:

The correlation between activation energy
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E;, = AL - B4 =(D)
/ *

(A & B are constauts).

In principle, this equation should be applicable to all radicals.

The polar nature of each radical should be represented by the

value of B.

An equation of this form has been.previously zao‘l:end,l+
in which the second term is a constant. However, Yang's
coryvelation was restricted to alternant hydrocarbon oléfins
in which the net charge density at each carbon atom is zero.
Thus the results of Yang and those of Kooyman and Farenhorst
and ¢f Szwarc and his co-workers are special cases of the more

general equation.

Tﬁe improved correlations for both trichloromethyl
and n-heptafluoropropyl radicals are shown in figure L4,
“he values 0f B are those which give the lowest percentage
error in the gradient. “The point for addition to CFaa in
1,)~-difluoroethylene by n-heptafluoropropyl radicals has
been omitted since the activation energy alone is not re-
presentative of the rate of addition, the pre-exponential
factor differing quite considerably from\the values for the

other olefins,

The Mayo-Walling theory of radical addition is

completely inadequate to describe the addition of the

A R T T
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Figure I-4. Correlation of activation energy with Ly - BAQM

for addition of CBF?‘ (B =.9) and CCL.° (B =.7)

radicals to fluoro~ethylenes.
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electrophilic radicals, CCL,° end 03F *y to the fluoro-

3
ethylenes. It does succeed in predicting the orientation with-
in one molecule, the breakdown comes in the comparison of two
molecules. UYhe conslderation of poth the strength of the

new bond formed and electrostatic repulsive forces in the
transition state seems to form a better basls for a theory.

A semi~guantitative theory seems to be approachable veing
localisation energlies andnet atom charges, and it would

appear that polar forces in radical reactions are much more

important than has hitherto been believed.

Both the trichloromethyl and n-heptafluoropropyl
radicals might he expected to haveAelectrophilic character.
This similar polar nature is reflected in similar values of
B in equation (D). Many authors have suggested that alkyl
radicals are $lightly nucleophilic. Xf this is the case,
then; if equation (D) holds, the value of B should 5¢fquite
dLlfferent for addition of alkyl radicals. 7The strengths of
the new bonds formed should also show some differences from
those in the ahove radicals and, if this is elso the case,
further departure from the Mayo~Walling theory might not be

unexpected,

To investigate thes@ points, the addition of methyl
and ethyl radicals to the fluoro-ethylenes was studied. The

reaults are to be found in Part II.
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PART 1I

The Addition of Methyl and Ethyl

Radicals to Fluoro-ethylenes
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In a very naflve approach, the reactions of free
radicals should be free of any polar influences, due to the
lack of any charged species. However, polar and solvent
effects are often very much in evidence in radical reactions.
And the polarleffects are not Just seen in the substrates
but also in the radicals themselves. This can be illustrated
by considering hydrogen abstraction from propionic acid. The
relative selectivities for abstraction by methyl are 1 : 7.8
(primary : second&gﬁ, while for abstraction by chlorine, the
figures are 30 : l(primary & secondary)¢4? The very diffevent
naturegof the radicals are apparent, While the chlorine atonm

is electrophilic, the methyl radical is relatively

nucleophilic. But the position is not as clear cut as this.

In its reactions with substituted toluenes, methyl
radicals have been classed as being slightly electroPhilic.48
The Hammett equation for the abstraction reactions was found
to give a value ofﬂ+ of about =0.1 which is similar to that
given by the correlation for phenyl radicals. This contrasts
with the work of Kalatzis and Wllliamsug who concluded that
there were no polar influences on the rate of x-hydrogen

abstraction from toluenes.

Minisci and his co-workers have extensively studied

r
the reactions of alkyl radicals produced in redox systems.)o

They come to the conclusion that alkyl radicals are nucleo-

U s T e ol T 6 il T Y,
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|
philic and the order of ihcreasing nucleophilicity is given

as: CH,CL  CHCHCL < CH, < CACH,CH,CH, G Hg' { n-C,H

3 9
((561{11" <1-~03H7° < sec- C4H9°’ They find that, in agree-
ment with the polar character of the groups Dbonded to the
radical carhbon, secondary.alkyl radicals are more nucleo-

L
philic than primary alkyl‘radicals.)oc

It has been pointed out that the ethyl radical,
the methyl radical and also the hydrogen atom belong to a
class of radicals having low electron affinities.sl Iin
fact, 1t would seem reasonable to expect these radicals to
have predominantly nucleophilic character since the cations

Table II--1. Electron Affinities of Radicals

Radi.cal H CH3 L2H5 LCl3 03F7

E.A. (V) | 0.75792 1,1322P 3,072 3,922¢ , 7024

are formed more readily than the anions. The electron
affinities are shown in table II-l. It is apparent that
ethyl, methyl and hydrogen atoms are likely to show similar
properties and these different from the properties of tri-
chloromethyl and n-heptafluoropropyl. It is interesting %o
note, in passing, that on the basis of electron affinity,
n-heptafluoropropyl should have greater electrophilic
character than trichloromethyl. This is reflected in the

value of the constant B as tound in Part I

P
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If the accepted nucleophilic character of allyl
radicals has not been rigorously established, it is at least
clear that methyl and ethyl radicals have different polar
characteristics from trichloromethyl or n-heptafluoropropyl.
With the intent of studying the polar factors in addition
reactions; methyl and eth&l redicals were added to the fluoro-

ethylenes and it is this work which is described in this part

of the thesis.

The kinetics of reactions of alkyl radicals consti-
tutesone of the most studied fields of free radical chemistry.
Although abstraction reactions have been studied primarily,
the results of kinetic studies on additions are not few.
Compilations of data”> show that, of the alkyl radicals,

methyl and ethyl show the greatest availability of data.

The sources of alkyl radicals are analagous to

those mentioned in Part I for the fluorinated radicals., The

nost convenient sources are azo-alkanes and ketones, photolyses

of which, at 3130 ﬁ, produce two alkyl radicals and a molecule
of nitrogen or carbon monoxide for each initiator molecule.
‘The measurement of the nitrogen or carbon monoxide provides

an internal actinometer.

R.N=N.R . B R. + N, + R,
R.CO.R by o R. + CO + R.
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Other sources include, aldehydes, biacetyl, di-t=butyl

peroxide and acetyl peroxide.

The addition of mgthyl radicals to unsaturated
substrates has been the subject of a comprehensive study by
Szwarc and his co«wworkers.55’5!+’55 Their source has been
thermal decomposition of acetyl peroxide and the reactions
were carried out in iso~octane solution. The unsaturated

23 polyenes and dienessq
56(d)

substrates have been aromatics,
and. aliphatics.55 In one study, azomethane was used as
a source to check some of their own results. In none of
thelr studies, however, were rates determined absolutely.

A1l rate parameters were determined competitively with ab-

straction from the solvent. The quantity determined

CHB' % i“CBHiS el cnq + 1»08Hl7' £1)

CH5° + Qlefin —> CHBmOIefin' (2)
was kz/kl at each temperature. By arbitrarily setting this
to unity for benzene, a scale of '"methyl affinities" was
determined for the unsaturated compounds studied. These
methyl affinlties were found to correlate well with s;me
theoretically derived quantities. In particular, in the
case of addition to aromatics, the log(methyl affinity)
correlated very well with the singlet to triplet excitation

energy for the aronstic.22s0d {6

i,
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56

Handelcorn and Bteacle used photolysis of acetone

to study the addition to ethylene, as did Endrenyi and le Roy.57

&
Di-t-butyl peroxide has been used by several workers)8’59

60

including Hogg and Kebarle’ who also measured the rate of

methyl addition to vinyl chloride.

1

The use of aldehydes has been shown for methyl
61

radicals by Raal and Danby, but this method has been more

extensively developed by Trotman-Dickenson and his cowworkers.62
Cvetanovié and Irwin63 have used photolysis of biacetyl in
64

their studies as have Sangster and Thynne in studying methyl

addition to tetrafluoroethylene.

Two general methods have been used to measure rates
of methyl addition to olefins. The first involves strict
identification and quantitative determination of all the
products coupled with an analysis of a postulated mechanism.
The second method is analytically less demanding and entails
measuring the "methane deficiency" found when the radicals are
added competitively with abstraction from another solvent. The
first of these two methods could be used for measuring the rates
of additlon at the opposite ends of unsymmetrical olefins,
although it would be very tedious. Theléecond, however, can-
not be so used because no striét product identification or
determination is effected. In facl, no previous investigatim
has attemptcd to find the Arrhenius parameters for the addition

to the opposlte ends of an unsymmetrical olefin. There are,




[

65,66

however, some gqualitatlive date.

The addition reactlons of ethyl radical have bheen
studied using similar methods to those for methyl. Propione-
6

aldehyde has been used to study addition to ethylene ? and.

also azoethane.68’69 Pinder and le Roy, however, have used

70 Hydrogen

a less direct route to ethyl radical formation.
atoms were produced by the mercury photosensitlsed decom-
position of molecular hydrogen, the atoms then added to ethylene
and the ethyl radicals produced subsequently added to ethylene

to study their kinetilcs.

The kinetics of the ethyl radical additions have been
studied using analysis of the products due to the reactions
of the adduct radicasls - a method analogous to the first one
mentioned above for methyl radicals. This method has the ad-
vantage that the kinetics of the addition of propyl and butyl
radical addition can also be studied (for methyl and ethyl

cases respectively).

As in the case of methyl radicals, no activation
parameters have been determined for addition of ethyl radicals

to each end of unsymmetrical double bonds.

B,
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PART Ila

EXPERIMENTAL




1. Materials

Commercial lodomethane (Fisons) was purifed by
distillation and stored over copper wire in the dark to keep
it iodine free. sym-Dimethylhydrazine dihydrochloride was
prepared by the method of Hatt via hydrazine sulphate, di-

benzoyl hydrazine and dibenzoyldimethylhydrazine.zl

The sym-
dimethylhydrazine dihydrochloride vwas dissolved in an excess
of sodium hydroxide solution teo yield the free base. This
solution was then used to prepare azomethane by oxidation

72 mhe azomethane was distilled

with yellow mercuric oxide.
through calcium chloride and collected in a trap at n78°C.
It was stored on the line at liquid nitrogen temperature.
The ethylenes were treated as previously described., All reac~

tants were trap-to-trap distilled and thoreughly degassed

before use.

2. gﬁparatus and Procedure

The apparatus and procedure were as described in
Part I with the following modifications:

. a) prior to distilling the reaction mixture into a
small tube on the line for subsequent analysis, the mixture
vwas frozen down using liquid nitrogen and the nitrogen formed
in the primary photolysis of azomethane was pumped off (fail-

ure to do this prevented quantitative distillation of the
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other products);
b) analysis was on a 6 f£t,620% dinonyl phthalate on

60/100 mesh ‘'BEmbacel'; column.

3. Identification of products

Mass spectra were recorded on an A.E.lf MS 12 with
g.1.c. inlet from a Perkin-Elmer FlLl gas chromatograph (reac-
tion with trifluorcethylene) or on an A.E.I. MS 902 with g.l.c.
inlet from a Pye 104 instrument. The principal identifying

peaks with assignments and intensities are shown in table II-~2.

) . These spectra served to identify the suspected ad-
"duct peaks. However, while this waé reasonably good evidence,
it cﬁuld not be regarded as unequivocal evidence as to the
identity of the two isomeric adducts. To provide such evidence,
it was necessary to obtain an n.m.r. spectrum of at least one
of the adducts which, in each case where two isomers were
formed, would be quite distindive. There was never sufficient
adduct formed in the kinetic runs and either special preparat-
ive runs were made or the adduct was synthesised by an unamb-
iguous route. The n.m.r. spectra were obtained on a Varian

HA-100 spectrometer at 100 Hz, the solvent was carbon tetra-

chloride and the internal reference was tetramethylsilane.

MU 23 v e i POy Y TN R iy
N TS o Pa g Bre i s Y B NG

W

PR 7 ol o e ()



56.
TABLE II-2. MASS SPECTRA OF FLUQOROPROPYL IODIDES
CH:CHigféE S§§CF2CFHI
m/e % assignment m/e % assignment
L7 61 .4 CH30HF+ 47 25,3 GHBCHF+
51 46.0 CF2H+ 51 30,3 CFZH+
t - 4
29 100 C,H,TF, 65 33,4 CH,CF,
oo + +
97 82.8 CH Ty 77 1.00 C, ¥,
* I
127 52.8 ' 97 14.9 C,H,F,
142 18.1 CHBI* 127 18.5 1*
177 4,0 6F21+ 142 3.8 CH31+
221 15.3 H* 159 k.6 currt
224 25.0 Mt
CH, CH,CF 1 CH,CF ,CH, 1
L = 3
29 9.5 CH,CH,, 33 13.0 CFH,
+ %
33 6.4 CHZF 39 12.6 03}13
+ +
39 8.6 CBH-3 45 4.8 CZHZF
: : + +
L5 Py C H,F 51 12.6 HCF,
T4 +
51 40.0 CF,H 59 100 CH,CFCH,,
+ = +
59 78.6 CH,F 60 15.0 CH, CFCH,
+ +
64 5.7 CH,CF, 6l 16.7 CH,CF,
+ L+
7?7 11.4 03H3F2 65 30.0 CH3012
— = -’. +
79 100 CH,CH,,CF, 77 9.3 CHF,
+ +
80 7.1 C.HCF, 79 $1.3 CH,CF ,CH,

~
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Table II-2 continued

n/e % asslgnment n/e % assignment b
127 2.7 it 127 12.6 1 g i
128" 0.6 Hr* 128 0.7  m”Y é
177 1.0 cr,I” W 2.6 oL’ :
206 0.7 u* 206  10.0 M*

O, CFHCH, T CHL,CH,, CFHI

42 11.0 03H3+ 29 19.4 cnjcna+

43 24.2 C,F* 42 100 c3H6+

45 18.8 C HF" 45  15.2 CHFY :

46 7.1 02H3F+ 46 10.3 6233F+ ?

47 8.4 CH30HF+ 60 26.1 cBHuF+ E

57 15.7 03H2F+ 6L 12.7 03H6F+ 5

59 17,7 GG F 127 8.5 17 E

61 100 03H6F+ 128 12.1 ar* 5
127 16.1 B 159  96.4 ¢FHI® :
128 25.9.  HIY 188 6.7 n* ;
1) 4.3 cxéx*

12 39.2 CH,I *
188  54.9 m*
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Preparation of CH3§?2§§a£m

Iodoacetone was prepared from chloroacetone by the
method of Scholl and Matthaiopoulos.?3 8 ml of iodoacetone
and 15 ml of liquified sulphur tetrafluoride were put into a
cooled hipgh pressure stainless steel reactor. The mixture was
heated at 4500 for 18 hr, the reactor was then cooled. The
excess sulphur tetrafluoride was released and the reactor
opened. The tarry liquid was removed, anhydrous potassium
fluoride added and the liquid distilled on a vacuum line.
Iadine was removed by washing with sodium metabisulphite
solution. The liquid was then washed several times with water

and dried over anhydrous sodium sulphate.

The liquid contained one major component which had
the same retention as one of the adducts formed from 1,l-di-
fluoroethylene and an n.m.r. spectrunm whicﬁ confirmed it as
CH30F2CH21' The spectrum showed a triplet at « 8.18 with a
proton-fluorine splitting of 18 Hz and a triplet at < 6.63
with a proton-fluorine splitting of 13 Hz.

Preparation of CHBCHFCFEI and CH}EFZCFHI

A series of high pressure runs were carried out

photolytically in a quartz cell between methyl lodide and tri-
fluoroethylene. The combined reaction mixtures were then

separated by preparative g.l.c. (Pye 105 preparative gas

chromatograph) and n.m.r. spectra obtained in microcells on

the two adduct peaks.
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The first eluted adduct (CHﬁcFHCFZI)_showed a
quartet at ¢ 8.55 with a proton~fluorine splitting of 22 Hz
and a proton-proton splitting of 6 Hz, and a complex doublet

at 15.66 with a proton-fluorine splitting of 48 Hz.

The second eluted adduct (CH3

triplet of doublets at = 8.13 with a proton—fluorihe splitting

CFabFHI) showed a

of 18 Hz and a long range proton«fluorine splitting of 1.5 Hz,
and a doublet of triplets at 7 3.28 with a proton~fluorine
splitting of 49 Hz and another proton-fluorine splitting of
7.5 Hz,

Preparation of CHBQ§ZCHFI

A cooled high pressure stalnless steel reactor was
charged with 20 ml of CHBI, J ml of t-butyl perbenzoate and
10 ml of liquified vinyl fluoride. The reactor was sealed
and was heated at 13000 for 24 hr. The reactor was cooled,
the excess pressure released and the residual liquid removed.
G.l.c. analysis of this wmixture showed that only one adduct
had been preﬁared in isolable quantity, the other was present
only in trace amount. The mixture was separated by preparat-
ive g.l.c. and the n.m.r. spectrum of the adduct obtained in

a microcell.

The spectrum showed a triplet at 2 8.96 with a
proton-proton coupling of 7'Hz, a nmultiplet at v 7.80 and a

doublet of triplets at ~+ 3.24 with a proton-fluorine coupling

T aWIS, v
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of 50 Hz and a proton~proton coupling of 5 Hz.

All spectra were found to integrate correctly.

L. Detalils of reactlons

1

Table II-3., VARIATION OF TEMPERATURE ON ADDITION TO CFH:CF

2

Tenp No. of [cH3 CF,CFHI] / [(:H3 CFHCF,I]

("c) Runs
1801 [ 6.70;6.14;6.14;6.14 ave = 6.24
15321 3 6:.68:7:16;6.68 ave = 6,84
12021 I 9.803;9.84;9.73;7.85 ave = 9.27
108+1 3 A0 126301 2:10.02 ave = 10,12
102¢#) L 11.51;10.79;10.00;10.00 ave = 10,57

Me N, = 7.31 x 107 m; MeI = 7.3i x 0™% m; CF,:CFH = 2.77 x 107

2
photolysis time = 7200 s,

Least squares plot of log[[CHSCEéCng]/[CH3CFECF2iu against
10%/T gave gradient 0.53%0.12 and intercept -0.38*0.05.
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Table

Ii-4 VARIATION OF TEMPERATURE ON ADDITION TO CFj:CH

61.

e

AT )

Tgmp No. of [cH3CH20F2x] 7 [cHBc;rs*acnaz]

(7e) Runs

18542 3 3.3532.7132.93 ave = 2,99

17022 5 3001;2.85;3.04;2,67;2.60 ave = 2,91

15022 A 2.363;2.15;2.1632.17 ave = 2,21

12532 A 1.6131.6351.8131.8) ave = 1.75

10522 I 1.38;1.57;1.64;1.69 ave = 1.57
—r L

Mo N, = 7.31 x 1077 m; HeI = 1,74 x 10 2 m OF,:CH, =

2.77 x 1074 m; photolysis time = 7200 s.

Least squares plot of 1og{[UH30d20F21]/[CﬂchZCHaiﬂ against

103/T gave gradient -0.66 % 0.12 and intercept 1.92 £0.05,

Table II-5 VARIATION OF TEMPERATURE ON ADDITION TO CFH:CH

207 = 1074 m; photolysis time = 14 400 s.

2

Temp No. of [CHBCHECHFI]/LCHBCFHCHEI]

(%) Runs

20712 2 1147;1054 ave = 1050

1752 5 1:6931.5631.55:1.7031.59 ave = 1.6

13422 5 1.8131.64;1.8131.84;1.94 ave = 1.80

1162 I 1.82;1.98;1.8131.68 ave = 1.82
1 -9u2 5 2:1532.00;52,1031:9552.12 ave & 2,06
-Me N, = 1.22 x 10~ m; MeI = 1.34 x 1072 m; CFH:CH, =

Least squares plot of 1og[[cH30H?CHFi]/[CHBCHFCHZIH against

10°/T gave gradient 0,22 *0.05 and intercept -0.29 *0.02.
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Table II-6 VARIATION OF TEMPERATURE ON THE COMPETITIVE

ADDITION TQ CHF:CH_ + CH_:CH

2 2 2

Temp. No. of [CHBCHZCHaI] /[c33cf120w1]

(°c) Runs . -

1812 5 [ 6.0535.78;5.83;5.8636.03 ave = 5,91
161:2 L 6.05;6.4636.58;6.32 ave = 6.34
1352 5 6.7636.37;6.55;6.49;6.71 ave = 6.58
1152 5 7.11;6.75;6.90;6.56;7.06 ave = 6.88
912 L ?.94;_8.20;7.83;7.80;7.41 ‘ ave = 7.83
Me N, = 1.22 x 10~% m; MeI = 1.46 x lO'B:m; CHF:CH, = CH,:CH, =

’2,08 x 107k n; photolysis time = 14 400 s
Least squares plot of log {[CHBCHZCHEI] z DHBCHECHFI]} against
103/'13 gave gradient 0.20 * 0.04 and intercept 0.32: 0.02,

Table II-7 VARIATION OF TEMPERATURE ON THE COMPETITIVE

ADDITION TO CF,:CF, + CF_:CHF

b il il

Tgmp. No. of [CHZ’CFZCFZI]/ [CHBCFacﬂFI]

(“c) Runs

18722 4 2.533;2.87;2.6432.64 ave = 2.67
15612 3 2075;2036;2048 ave = 2.58
10912 L 2.2532.5331.9631.79 ave = 2.13
9222 2 1.83;1.74 | ave = 1.79

Mo N, = 1.22 x 10™* m; MeI = 1.46 x 107 m; CF,:CF, = CF,:CHF =

2,77 x 10"’" m; photolysis time = 7200 s.
Least squares plot of log {[01130F2cr211 /{cnjcracnn]} against
10°/T gave gradient 0.23 *0.05 and intercept -0.32 *0.02,




Table II-8 VARIATION OF TEMERATURE ON THE COMPETITIVEH

ADDITION TO CHF:CFa + CHF3:CH

2

Temp. No. of [Wf@@wﬂ/m%w§mﬂ

(%s) Runs |

187+1 b 0.62;0.66;0.66;0.66 ave = 0,65

L4421 L 0.79;0.79:0.81;0.81 ' ave = 0,80

1271 I 1.,20;1.05;1.05;1.05 ave = 1,06

11241 3 1.18;1.12;1.14 ave = 1,15
93], L 1.3131.3L31.3431.33 ave = 1,32
B2l 5 1.4531.5131.52;1.46;31.46 “ave = 1,47

Me N, = 1.22 x 1074 m; MeI = 1.56 x 10™ m; CHF:CF

4.94 x 10™% m; photolysis time = 10 400 s.

o = CHI':CH2 =

Least squares plot of 1og[[CHBCFZCHFi}/{bHBCﬂecHFiﬂ against
103/T gave gradient 0.57130.05 and intercept ~1l.43*0.02.

Table II-~9 VARIATION OF TEMPERATURE ON THE COMETITIVE

ADDITION TO CH,:CF, * CHF:CH,

Tgmp. No. of [CHBCHZCHFI]/[CHBCHEUFZI]
("¢) Runs
118321 4 5.9533:553;5.78;3.42 ave = 3.57
132%]1 & L.88;4.7654.57;34.39 ave = L4,64
11931 I 6.08;5.773;5.92;5.62 ave = 5.85
99+1 4 5.5635.22;5.22;5.48 ave = 5.39
7941 L 8.19;8.73;8.45;7.60 ave = 824
Me,N, = 1.22 x 10™" m; MeT = 1.56 x 10™ m; CHF:CH, = CH,:(F, =

4.94 x 207% m; photolysis time = 10 800 s,
Least squares_plot of log{[CHBCHZCHFI]/ICHBGHECFZiﬂ agalnst
103/T gave gradient 0.53* 0.12 and intercept -0.61.*0,05.




Pable II-10 VARIATION OF TEMPERATURE ON THE COMPETITIVE

ADDITION TO CH,:CH, + CF,:CF

Lt

64,

Temp.

No. of

[CH3CF CFZI] vz [CHBCHZCHZI]

(%) Runs 2

210*3 3 1.90;2.01;2.08 ave = 2.00

159%2 3 2.08;2.6252,52 ave = 2.41

14022 3 3.703;2.7533.54 ave = 3¢33

11822 3 4.86;4.0633.56 ave = L..16

L0532 3 3.99;3%.86;3.47 ave = 3.77
g7%2 3 5.0033,29335.16 ave = 3,85

-~ ~L|' E — ~3 - - - - -t
Me N, = 2.22 x 107" m; Mel = 1.56 x 10~ m; CH,:CH, = CF,:CF, =

4,94 x 107%; photolysis time = 2700 s

Least squares plot of log{[CH,CF,OF,1] /[cnz’cnacxzax]] against

103/T gave gradient 0.57 * 0.2 and intercept =~0.92% 0.09.

Table II-11 VARTATION OF TEMPERATURE ON THE COMPETITIVE

4,94 x 1074 m; photolysis time = 10 800 s.

ADDITION T0 CH,:CH, + CH,:CF,
Temp. No. of [CH3CH20HEI]/[CH30H20F21]
*¢c) Runs
197%2 5 9.14310.02;10.02;8.32;7.64 ave = 9.02
179%2 5 9.59:9.1438.71;9.40;8.89 ave = 8.95
165%2 5 12.16311.64312,.56311.99;512.11 ave =12,09
Ayt2 L 22.28;23.17;20.80;19.77 ave =21,50
11332 %5 23.28;24.95;26.00 ave =24,74
100%2 6  26.42329.85329.85;30.06334.51;
33.73 ave =30,74
- Mo N, =1.83 x 1074 n; Mol = 3.47 x 1077 my- CH,1CH, = CH,:CF, =

Least squares plot of log{[CHBCHECH21]/ECHBCHZCinI} agalnst

10%/T gave gradient 1.04% 0.2 and intercept -1.31+0.08

S T e
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Table II~12 VARIATION OF TEMPERATURE ON THE COMPETITIVE .
ADDITION T0 CH,:CH, + CH,:CHC]
Temp. No.of [en, CH?CHEI] / L01130x1 CHCLI]
(%o) Runs “
1503.1 3 2085;2072;2.55 ave = 20?0
131LEL 2 2.8632.91 ave = 2,89
9311 5 3e4433.7033.95 ave = 3.63
89*1 3 L4 Olsh.4834.23 ave = L.2b

Mo N, = 1.22 x 107 m; MeI = 1.56 x 10 "3 mj CH,:CH, = CH,:CHCL =

L.94 x Ii.O'LF m; photolysis tine = 5400 s.
There was a single adduct pealk in addition to the 03H7I peak
which had the following idéntifying peaks in ite mase sgpectrun:

n/e 206, 204 (CH CH CHC].I). 177, 175 (CHCLI ), and 29 (CH CH

2 )
CH ,CH,T] / [CH,C H,CHC1T]}  againet

2

Least squares plot of log[ECH3

10°/T gave gradient 0,41 % 0,10 and intercept =0.55 *0.0k.
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Table II-13 VARIATION OF TEMPERATURE ON THE COMPETITIVE

Ly . °
ADDITION TO CHa;Ega + CHBCH-°E§2

Temp. No. of ICHBGHZCHEiI/[bHBCH?cnchZJ

(°C) Runs

151%2 3 bbbl b63L .41 ave = Lokl

13Q%2 3 4e5234.,4034.12 ave = 4.35

2101 3 4.09;4.65;3.86 ave = 4.20
6251 3 3:52:3.60:3%3.,45 . ave = 3.5%

-l -
Me,N, = 1.22 x.107" m; Mel = 1.45 x 107 m; CH,:CH, =

1.8% x 10“& m; CH CH:CH, = 3.12 x 1074 m; photolysis time =

5
7200 5; the values of the adduct ratios have already been
corrected to allow for the different initial concentrations

of the olefins.

Least squares plot of 10g{[CH30H20ﬁZI]/[CHBCHacHICHéﬂ againet
102/ gave gradient -0,16* 0.08 and intercept -1.04% 0.03.
There was a single adduct peak in addition to the CBH?I peak
which had a retention time ldentical to that of 2-iodobutane.

Table II-14 VARIATION OF [Helji ON ADDITION TO CH,:CF

pLilE
Press. of Mel| Temp. [No. of [bu3caacraxj/[pHBCFZCHZr]
in 286 ml (°c) | Runs
Amm of Hg)
120.0 10022 3 1.4551.55;1. 44 ave = 1.48
100.,0 9743 L 1.62;1.4631.55:1.41 ave = 1.51
-+ ~70.0 9643 N 1.33;1.58;1.63;1.60 ave = 1.54
50.0 9642 I 1.48;1.3331.5732.34 ave = 1.43
30,0 99%2 5 1.6031.3131.54;51.45;1.27| ave = 1.43
15.0 9812 I 1.3851.4551. 4651 .44 ave = l.43

ﬁgaNa W Tedl X 10~2 m; CHZ:CF2 =1.98 x 1074 m; photolysis
time = 7200 s,
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Table II-15 VARIATIOR OF [MGI]i ON ADDITION TO CHF:CFa

Press. ¢f’Mel| Temp. [No. of [cnscpacmx] 4 [CH3GFHCF21]
107°529,.57ml (°c) Runs
(mm of Hg)
100.0 12511 L 8.70310.00;7.69;7.14 ave = 8.38
. 75.0 123%2 4 7.693;7.69;9.09;8.70 ave = 8.29
50.0 126+%2 L 8.85;9.09;8.70;8.33 ‘ave = 8.74
25,0 12432 4 ?.69;8.00;8.00;8.00 ave = 7.92
10.0 12722 I 7.69;9.09;8.00;8.70 ave = 8.3%7

Me N, = 1.22 x 10 ~4 CHF:CF, = 2.16 x 107 u; photolysis

Table I1-16 EFFECT OF SURFACE AREA ON ADRDITION TO CHF:CHP

Surface/area| Temp | No. of -'~-.-~a£033c1i2cnm]/[CH3CHFCHEIJ
ratio “c) Runs
(cen™?)
923.8 108+1 3 3.09;2.9432.92 ave = 2,98
210.0 10821 2 | 2.6632.37 ave =:2;52

Mel = 6.80 x 10™" m; CHF:CH, = 2.04 x 1074 m; Me N, = 4.93 x 10°? n;

photolysis time = 10 800 s; temperature = 108% 1,
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L. Materiaig

Commercial iodoethane (Fisons) was purified by diste-
illation and stored over copper wire in the dark to keep 1t
lodine free. Azoethane was prepared by a slightly modlified
nethod of ‘Stmveil.l?l+ (scdium methoxide bheing used as the hase
in the conversion of N,N'~dlethylsulphanide to azoethane).

The yield of pure azoethéne was very low (~10%). It was
stored on the line at liquid nitrogen temperature. The
ethylenes were treated as described in Part I. All reactants
vere trap-to-trap distilled énd thoroughly degassed before

use.

2. Apparatus and Procedure

The apparatus and procedure were as described in
Part I with the same modifications as used in the study of

~methyl radical addition.

3. Identification of Products

By analogy with the identification of the adducts

from methyl addition, the products could be sensibly identified.

G.l.c. retention times were compared and corresponding ratios.
of retention times for isomeric methyl adducts and isomeric

ethyl adducts were very similar.

SRCCRPT TIPS IR o Ay i b 288 S5

NP RS T AT 2 G




69.

The identity of the adduct peaks was confirmed by
mass spectrometry. (The spectra were measured on an A.E.I.
MS 902 instrument with g.l.c. inlet from a Pye 104 gas

chromatograph). The identifying peaks are shown in table II-17.

TABLE II-17 MASS SPECTRA'OF FLUOROBUTYL IODIDES

EtCH,,CHFI EtCHFCH,I
m/e intensity assignment m/e intensity assignment
29 Wlholy Et* 29 913 Et"
39 16.1 03H3+ 39 21,1 c333+
46 13.6 CH,,CHF 42 20.7 EtcH’

k4?7 k7.8 CHBOHF+ 46 2.6 cnacap+
55 50.0 - gtcHCHY 47 92.4 CHBCHF+

59 14.2 °3“AF+ 55 49.9 ~ EtCHCH'
75 100 EtCH,CHF 60 18.7 EtCF"

127 15.3 i ?75 100 ntcnrcaa+
128 9.4 r* 127 U5 3’

159 1.9 caF1* 128 7.5 ur*

202 26.7 Mt 141 2.1 U: %

202 23.1 Mt
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Table II-17 (continued)

EtGFZCHFI E{CHFCF,I (very weak spectrum)
m/e intensity assigument n/e inténsity assignment
29 5343, Btt 29 48.6 Bt*

39 18.4 0333*' 41 45.0 gtct

40 25.5 ¢°3H4+ 4 38,2 ¢ HF"
41 33.7 C,H* 51 37.4 CF
Wy 23.0 o8 F* 61 640 EtCHF®
47 100 | CaﬁhF+ 71 14.0 cgnur+
51 78.6 CF " 7 11.3 C3H3F2+
64 8.2 CH,CF," 82 41.9 CFCHF "
65 38,3 CH30F2+ 91 100 C“H5F3+
77 2.5 c3n3r2* 127 24,0 1t

79 7Lk EtCF," 128 143 ™% i

82 30.6 CF ,CHF " 177 36.1 cF,I”
91 96.9 0435F3+ 238 70.0 m*

127 28.1 ot
128 11.5 ur*
159 15.5 curr*
238 99.0 u*

EtCFECFZI showed peaks at m/e 256 (12.5%; M*), 177 (4%;CF21+),

129 (21%; EtCFZCFa*), 109 (29%, MeCHCFCF2+). ?9 (17%;ELCF,)

| EtCFZCFa

peaks at m/e 284 (7%; M%), 157 (79%; M* - I), 141 (32%, CH,I™).

CHZCHaI showed a similar spectrum but with additional
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L, Details of reactions

Table 11-18 VARIATION OF TEMPERATURE ON ADDITION 90 CFH:CF

S B A,

2
Temp. No. of [EtCFZCFHiJ/IEtCFHCFEi]

(%) Runs

200+3 3 8.18;9.1039,10 ave = 8.79
182 L 9.10310.53%;11.10;10.00 ave = 10,18
1704y 3 11.75;12.48;12.10 ave = 12.12
14543 L. 13.35314.30:13.88312.50 ave = 13.56
13042 3 14.90;15.68;16.30 ave = 15.68

Et,N, = 4,93 x 10™n; EtI = 3.95 x 10" "n; CF,:CHF = 2.34 x
photdlysis time = 15 hr.

Least squares plot of log{[EtCFZCFHI:]/[EtCFHCFal_-] against
102/T gave gradient 0.65% 0,12 and intercept ~0.417% 0.05.

Table II-1l9 VARIATION OF TEMPERATURE ON ADDITION TO CFH:CH

10" 3

2
Tenp. No. of [BtcH, CHF1] [BtCHFCH,T]
(%) Runs
194 2 3 3.003;3.39;2.89 ave = 3,09
"""l'?"* 2 —3 % ..,,,.3.11;3.28;3.21 G B o 3.20
162 2 N %5.5433.,0052.,62:3:.35 ave = 3,13
44 2 3 %.31:;3.36;35.66 ave = 3.4
1358 2 3 3:8633.7433.55 ave = 3,72
131 2 3 -]--3,68;3.76:35.79 1 ave ='3.74

Et,N, = 6.16 x 1077 m; EtI = 4.74 x 107% m; CFH:CH, =
3.51 x 10™% m; photolysis time = 16 hr.

Least squares plot of 1og[[EtCH CHFI]/[EtCHFCHaI] against

2
103/‘1‘ gave gradient 0.2) 20.13 and intercept 0.02%0.05
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Table IL-20 VARIATION OF TEMPERATURE ON THE COMPETITIVE

ADDITION TO CH,:GH, + CF,:CHF

Temp. No. of [EtCHaCHaI]/]EtCFZGHFI]

(Yc) . Runs

188¢2 4 3.45;2.863;3.48;3%.36 ave = 3,29
17023 4 3.49535.4033.40;3.69 ave = 3.49
140%2 3 3.,403;3.923%.30 ave = 3,55
1252 b 345933.7933.7033.79 ave = 3.72
9822 3 5.9253.92;3.60 ave §.5.0%

Et,N, = 4.93 x 1077 m; BtI = 4.74 x 107 m; CH,:CH, = 2.34
CF,:CHP = 2.34 x 107+ m; photolysis time =15 hr.

Least squares plot of log{EEtCHzCHai]/EEtCFZCHFI]} against
103/T gave gradient 0.12 *0.08 and intercept 0.26 ¥ 0.03,

Table II-21  VARIATION OF TEMPERATURE ON THE COMPETITIVE

% 107" m;

ADDITION TO CH,:CH, + CFH:CH,

Temp., No. of [Bten,CcH, 1) / [BtcH,CHrl]

(°c) Runs

195 2 Y 5.7834.7835.5035.11, ave = 5.39
A7y 2 .4 --6.86;6.86;6.10;5.78 - |-ave = 6.4

145 2 i 6.86;6.86;7.19;7.33 ave = 7.08

127 2 3 9.143;8.93;8.15 ave .8.74

117 2 L 9.98;8.43;8.75;8.75 ave = 8,99
CTEEN, = 7.39 x 1072 m; EtI = 6.32 x 104 m; CH,:CH, = 2.91 x 1074 u;

CFH:CH, = 2.93 x 10™% m; photolysis time = 16 hr.

2
Least squares plot of lag{[EtCH,CH 1] /[EtCH,CHFI]} against

10°/7 gave gradient 0.54 *0.11 and intercept ~0.42* 0.05.

ol ks oS
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Table Il-22 VARIATION OF TEMPERATURE ON THE COMPETITIVE

ADDITION TO CH igga + CI'_:CF

(%D

Least squares plot of log{ [BtCF,CF, 1]/ [EBtCH,CH,T]} ageinst

107/7 gave gradient 0.96% 0,18 and intercept -1.60 *0.07,

In this series, the telomer,Et(CFZCFa)ZI,waa,found in

appreciable quantity. To find the Arrhenius parameters

for addition of ethyl radicals to CF :CFa, the value

2
_ _[Btcr,CF,I] is equated to [Et(CF,CF,) I} + [EtCr,CF 1]

This assumes that ka for addition of EtCFacF

2

‘.:.greater than that for addition of Et®, i.e. addition of

EtCF,CF,

rates calculated from part I for 03F7‘ shows that the

rates of addition of C3F7' and Et® to CF2

are used, then the addition of 03F7' is faster. 1In

either case, the value found for the rate of ethyl add-

:CF2 are very

 similar., If the values proposed by Kerr and Ratajczak75

2 pesap.

Tim-p. No. of [EtCFacFEI]/[EtCHacual]

{“c) Runs ) :

170%2 3 3.48;4.10;4.05 ave = 3.88
14622 3 4.8036,3%;5.63 ave = 5.59
143322 % 4.6234.60;4.60 ave = 4,61
12142 3 7.0037.00;7.35 ave = 7.12
11132 3 6.?1;7'88;8031{‘ ave = 7‘6’-}
991 3 10.02;10.84;10.08 ave = 10.31

Et N, = 1.23 x 1072 w3 BtI = 7.90 x 1072 m; CF,5CF, = 2.93 x:307
CH,:CH, = 2.91 x 102 m; photolysis time = 16 hr.

* to CF2:0F2 is

* is not rate determining. Consideration of the

ition to CF2:0F2 is, at least, a very good approximation.

L
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DISCUSSION
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Methyl iodide ie not suitable as a source ¢f methyl
radicals for competitive reaction kinetics. Its abgorption
maximum in the range of frequencies enitted by a medium
pressury mercury arc is at 2500 3, there belng a continuous
absorption band centred round this maximum. The photolysis
of wethyl iodlde has been studied by Goodeve and ?orret?e
and by Schultz and Taylor.77 The primary process for photoly-
gis at 2537 R is represented by (1)076 If the strength of the

carbon-iodine bond in methyl iodide, D(CH3~I) = 54 kcal mole”l

. h . < 2
¢ CHBI —————> 0113« « I( P%) (1)

detassuned and the excitation energy of the iodine atoum

(22& — 2P%_) is 22 kcal mole_l, then the conservation of

3 &

momentum requires that the absorption of 112 kcal mole — by

methyl iodide yields methyl radicals which are Yhot" to the
extent of 32 kcal mole™t. These hot radicals are then found
—40 -give rise to methane and methylene iodide by reactions (2)

and (3). Reaction (2) does not proceed very easily with

0’ " L ]
C:H3 s 0}131 —— CHI* + cuax (2)
CHZI * 01131 — 011212 + CH3 ' (3)

unexcited methyl radicals.77 The reactions of %Yhot" radicals
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are independent of temperature and s meaningful kinetics

cannot be derived from their use.

®o overcome the difficulties encountered in the
photolysis of methyl iodlide and yet to still use its ad-
vantages in a chain propogation, a method of photolysis of
azomethane in presence of methyl iodide and a substrate has

78

been used. The method wns used successfully to study

hydrogen absiraction from n-butane by methyl radicals.

The photolysis of azomethane has been extensively
studied,in some cases to determine its usefulness as a source
of methyl radicals. Much of the earlier work has been summar-
ised by Steacie.79 However, the more important points can be
noted: (a) the decomposition is unimolecular, (b) the quan-
tum yield of 1.0 : 0.1 has been reported for the formation

of nitrogen?g (c) the quantum yield is unaffected by a four-

fold variation in 1ight intensityS®

and (d) the quantum yield
is unaffected by temperature up to 2180.81 The primary process

of photolysis at 3650 R is represented in eguation (4).

hy e
C « N=N,CH
}I3 N g 2(::{3 % 1\1‘:Z ()

The points (a)-(d) would appear to make azomethane an eminently

suitable source of methyl radicals.
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There are, however, two other reactlons which should
be considered, {(5) and (6). These reactions are faster than

82

the addition reactions studied but by keeping the concen~

GH3. + GH3.N=N.CH3 -W§CHQ % CHZwNmeCH3 {5)

CH * CH3°N2N°9H3 ———>(GH3)2NmN»CH

3 3 (6)

trations of azomethane small, these reactions were minimiged.

The photolysis of azomethane and methyl iodide in
the presence of ethylene was found to produce propyl iodide.
The reaction conditions and products were consistent with a

free radical chain mechanism:

hw> 2800 A

0113.N=N. Ry —— 20113' + N, (1)
0H3° + B _— CH3E° (2)
CHBE' + CHBI e CHBEI + CHB‘ (3)
“(E represents olefin)
Possible terminations are:
cHZ,)E"' + CHE' — CH3E.EOH3 (v
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CH3 + CH3 —— CEHG . (8)

The product of reaction (7) was not found, nor were the

disproportionation products of CH3° and UH3E°. Application
of steady state theory to reactions (1),(2),(3) and (8) gives

)

a[CH,Ex_] _ k, [@]

)
z
dt Zkg

When addition to two different sites is considered and if the
reaction is taken only to small conversion, this equation

becomes:

[CH3EI] t k, E]
[CHBE‘.[] o k. [E]

where [CH3EI]f and [CH5Ei]f are the final concentrations of

the two adducts, be they isomeric or from two different olefins.

The biggest source of error is the possible re-
versibility of reaction (3). The reaction is approximately
~themoneutral and hence almost certalnly reversible. To
minimise the reverse reaction, a high concentration of methyl
iodide was used in all the kinetic experiments. Tables II-1,15
show the effect on adduct ratios for 1l,l-difluorcethylene and
trifluorcethylene of varying the concentrationlof methyl iodide,

At the temperatures studied, there appeared to be little

s
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difference in the adduct ratios which could not be accounted
for by experimental errors. The reversible nature of reaction
(3), therefore, did not seem to be of great importance. Table
II-16 shows that reaction at the surface was not of importance,
certainly in the case of vin&l fluoride. The results of the
experiments on methyl iodide concentration and temperature

vere assumed to be applicable to all the olefins studied.

on
The results of kinetic experimentsAthe addition to

fluoroethylenes are shown in tables II-3% to JI-lih. Some of
the kinetic parameters can be determined through more than
one route and the similarity in values so found is good evi~

dence as to the validity of the method.

- From the results in table II-6 the differences in
the Arrhenius parameters for addition of methyl radical to
ethylene and to the Cﬁam end of vinyl fluoride are found to
be Alogh, = ~0.1470.03 and AE, = -0.93%0.2.F 17 the resuits
of Cvetanovi¢ and Irwin for addition to ethylene are used,63
then log Ae and E‘2 for addition to CHE- in vinyl fluoride
beconme 9.0uf0.03 and 8.8%0.2 respectively. Combining these
results with those of table II-5, gives log A, = 9.5%0.03
and E, = 9.970.2 for addition to CHF: in vinyl fluoride.
From tables II-8 and II-3 and using these figures for vinyl
fluoride, the Arrhenius parameters for addition tc trifluoro-

ethylene can be determined as log A2 = 8.220.8 and E2 =

8.630.06 (for addition to CHF-) and log A, = 7.8%0.04 and

T ﬂz s measured in P.Mo‘e._l &  swd Ez wm keal MO‘C-'
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E2 = 6.,2%0,3 (for addition %to CFZ-).

Arrheniusg parameters for methyl addition to tetra-
fluoroethylene can be obtained from table II-.7 and the figures
computed for trifluoroethylene (i.e. via the seqguence CH2:0H2
against CHF:CH,, CHF:CH, against CHF:CF

2 2
:CFa) or directly from table II-10., The formexr three step

and CHF:CF2 against

CFa
comparison gives log Aa = 8.9 *0.06 and E2 = 4,8 +0.5 which
is in reasonable :agreement with the direct competition

values of log A, = 8.0%0.09 and E, = 5.3%1.1%

Absolute data for the addition to the CHaz end of
l,1-difluoroethylene can be obtained from table II-9, using
the Arrhenius parameters for vinyl fluoride calculated above.

'Alternatively, they can be obtained more directly from table
II-11, The two step computation via vinyl fluoride yields
log 4, = 9.8%¥0.06 and E '

5 = 11.2* 0.5 while the direct com-
petition values are log A2 = 10.2%0.,11 and E2 = 12.2% 1.0,
The agreement between the . two palrs of figures is reason-

able but the former are to be preferred. The difference in
.reactivity between ethylene and 1,l-difluoroethylene towards
methyl radicals is so great that accurate measurement of

adduct ratios is difficult.

Although there has been no previous study of the
kinetic parameters for addition at each end of these olefins,

Szwarc and Stefani have obtained overall rates for addition
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at one temperature (6500),85 The values of the rate con-
stants at 6500 calculated from the above parameters for the
total rate of addition (d.e. the sum of the rate constants

for addition at each end) and the values of Szwarc and Stefani
are shown in table LI-23%. (The rate constants are relative

to unity for ethylene.)

TABLE II~-23 RELATIVE OVERALL RATES OF ADDITIOH OF METHYL

RADICALS TO FLUOROETHYLENES

Olefin Overall Rates of Addition
This work ref 83
0H2:CH2 .00 1.00
CH2=CHF 0.70 0.53%
CHZ:CF2 0.11 0.65
GHF:CF2 1.06 1.50
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The espgreement between this work and that of Szwarc and Steféni
is very good, ohly in the adaition to vinylidene fluoride is

there a considerable deparature.

The addition of methyl radicals to tetrafluoro-
ethylene has bheen previocusly studied and Arrhenius parameterg
dete:c'm:i_ned.6br The values found were log Aa = 8.95%C,23
(1 mole™ta ) and E, = 5,7% 0.4 keal mole~~., The agreement
with the values found from this work wlith those of Sangster
and Thynné is very good, moreover a consistency is apparent
in going from the work of Cvetanovi¢ and Irwin through this
work to that of Sangster and Thynne. DBuckley and Szwarc have
also studied the addition to ethylene and tetrafluorcethylene
in salution55a and find that the differences in activation
parameters areilog A, = 0.6 and 8B, = 2.2, values which are

very similar to those found from table II-10,

Table 11-13 gives the data for the competitive
reaction with ethylene and propylene, No evidence for addi-
tion to the CHECH- end of the double bond in propylene could
be detected i.e. addition was exclusively at the terminal
carbon atom. The observed values for the differences in
Arrhenius parameters areilog Aa = 1.04%0.02 andAE2 = «0,75%
0.4. These values agree well with those of Cvetanovid and
Irwin of alog Aa = 0.42 andAE2 = -0.5. According to Mandelcorn

and Steacie, to Cvetanovi¢ and Irwin and to this work, the

activation energies are slightly lower for addition to
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pPropylene and the reduced rate is almost entirely due to a
loweyr pre-exponential factor. The data of Szwarc and of
Brinton and co-workers gives virtuvally the same activation
energy for addition toiboth ethylene and propylene bhut
again the slower rate is attributable to a lower pre-
exponential factor. In fact, the differences between all
five sets of work are probably within experimental error,

and an extremely coherent picture is represented.

As with propylene, evidence was found only for
addition at one end of vinyl chloride, the CHé end. This
observation is in line with studies on GF3‘84 and 601385
addition. It is &a possibility that the 2~chloropropyl
radical resulting from additlion to the CHCl- end decomposed
before taking part in reaction (3). However, attack at
this end is likely to havé been small and may be neglected.

The differences in Arrhenius parameters calculated fron

table II-12 are Alog A, = ~0.54 and AE2 = =1.87%£ 0.5

These values agree well with the differences observed by

Hogg and Kebarle of Alog Aa = =L,33 and AE2 = =l,23., At

~"64°C, the observed parameters give a rate of addition rel-

~ative to ethylene of 3.98, agreeing favourably with the

values of 2.7 (Hogg and Kebarle) and 5.7 (Szwarc).
no ‘
Althoughkprevious attenpt has been made to find
the Arrhenius parameters for addition of methyl radicals to

each end of unsymmetric olefins, there are sufficient data
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on total rates with which this study may be compared. T@@
agreement betweeﬂ this work and previous studies is very good
and iﬁcreases confidence in the method. Although no absolute
rates have been determined, steps have been made hetween
four sets of absolute determinatlons " ow o, * ¢ gad alk
appear to be mutually congistent. The calculated Arrhenius
barameters are shown in table II-24, The values are all rel;
ative to the values of Cvetanovié and Irwin for addition to
ethylene. (These values are close to the preferred values
suggested by Kerr and Parsonage.Ba) The trends in table Il-24
show marked differences from those in tables I-1l and I~-1l2
( p 30 ) which are very similar to each other. In both
tables I-1l and I-12, moving along the first row shovs a
marked increase in activation energies but in table II-24,
the activation energies are all very similar., The first
columns of tables  I-11 and I-12 show much slower increases
in the activation energies, while for addition to the fluoro-
ethylenes in table II-24, a very marked increase is apparant.
It can also be pointed out that for addition of methyl radicals,
the highest activation energy occurs for the CH2~ end of vinyl-
idene fluoride but that for addi?ion of n-heptafluoropropyl
or trichloromethyl radicals the highest activation energy
is for the CFa— end of vinylidene fluoride.

The differences in behaviour of these radicals can
also be shown by the orientation ratios for the unsymmetrical

fluoroethylenes - table II-25. addition to the more fluorinated
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end of the olefin is increased by at least a factor of tén.
This is totally consistent with the previous observations
that addition of methyl radicals to tetrafluoroethylene was

much faster than %o ethylene. The most important conseqguence

PABLE II-25 ORLENTATION RATIOS FOR ADDITION TO

FLUCROETHYLENES AT 1.50°C

Radical CH2 :+ CFH CH2 s CFZ UFE ¢ CF2
CCl3 1 : 0,077 1 : 0,012 1.:0.29
-9337 1 : 0.050 1 : 0,009 1: 0.25

CH3 1 3 0.588 1 : 0,179 1 2 7.26
02H5 1 : 0,305 - 1 :13%,30

of this increased reactivity towards the more fluorinated ends
of the olefins is the reversal of the preferred orientation

in $rifluoroethylene. This is the first occasion that radi-
c¢al addition has gone in a reverse manner to that sugiested
—by ihe simple Mayo-Walling theory. Haszeldine and co-workers
have, however, in a preparative system observed reversal of
orientation of addition of dimethylphosphine to trifluoro-~

86 The ratic of the products was 48 : 52, This conm-

~ethylene.
pared with 2 : 98 for addition of di-ttrifluoromethyl)phosphine
and it was concluded that the difference was one of electro-
philicity of the radicals. The phosphine radical itself gave

the orientation ratio 15 : 85. More recently it has been

found that this reversal of orientation is also exhibited by
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monofluoromethyl radicalsag?

To dincrcase the nucleophilicity of the attacklng
radical, the addition of ethyl radicals wes studied. ‘ihe
results of the study of methyl addition uslng the photolysis
of azomethane were so encouraging that the seme method was
applied to the analagous ethyl system. The resulis of the

-kinetic experiments are shown in tables I1-18 to [I-22. The
cross-checking as carried out on the methyl zaddition was not
done since the applicability of the method had now been eostab-
lished. Combining the resulis of the kinetlc experiments pro-
duced the Arrheniuvs parameters shown in table II-26. The values
are all relative to the activation parameters of Watkins and

O'Deen for addition of ethyl radicals to ethylene.

Comparing the figures of table II-26 with those

of XI-24 shows that the olefins are less reactive towards ethyl

addition than methyl addition. The decreased reactivity
--manifests itself in the lack of data for vinylidene fluoride.

This olefin, which was the least reactive towards methyl

radicals, showed no evidence of adduct formation with ethyl
.—radicals under the conditions used. The decreasing reactivity

of alkyl radicals with increasing chain length has been noted

by Kerr and Parsonage,52

but they conclude that present methods
of study are not sufficiently accurate to determine -if . this
is due to increased activation energies or lower pre-expon-

ential factors. The figures of table 1I-26 suggest that it is
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more a function of higher activation energies, alfthough the

reason for this is not apparent.

The decreased reactivity can also be seen in the
orientation ratios (table XI-25), The proportion of attack
at the less fluorinated end of vinyl fluoride increases over
that for methyl addition and yet for trifluorocethylene, addi-
tion is even more favoured at the more fluorinated end than
is the case for methyl addition. IAt first, this behaviour
might appear anomalous but the lesser reactivity of ethyl
radicals is paralleled by a greater selectivity as shown by
the orientation ratios.

been

There havekmany theoretical attempts at inter-
preting the rates and Arrhenius parameters of methyl and ethyl
addition reactions, and hopefully producing a predictive pic-
ture. By far the greatest proportion of the early correl-.
ations were for rates of addition to aromatic systems. The
. free valence and localisation energy have been found to corre-
late well, as has the singlet-triplet excitation energy, with
- the logarithm of the rate constant, However, in these corre-
.lations, an internal energy is effectively being equated with
the free energy of the reaction, the constancy of the entropy
from one reaction to an other is implied. while this may be
true for systems in which there is an identical substitution
pattern at the double bond under consideration, it is not

generally true. The steric changes in the system will be

g
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assoclated with a corresponding change in the pre~exponential
féctor. This was recognised by Jennings and Gvetanovié85

who used hydrogen atoms as the attacking species in the ex-
pectation that any steric effects would be minimised. vhey
subsequently found that thefe was a correlation with local-
isation energiees but not with f.v.i. However, it wouvld be
more satisfactory to achieve correlations between activation
energies and the appropriate molecular property. To this
end, fﬁ%ng46 studied the addition of hydrogen atoms to simi-
lar hydrocarbons and confirmed the studies of Jennings and
Cvetanovié¢ by finding correlations of the activation energies

with localisation energies bul not with the f.v.i. (The

steric effects in addition of methyl and ethyl radicals had

89

in reactions with alkyl substituted olefins.)

been recognised by Buckley and Szwarc

The correlation of rates of ethyl radical addition
have been conslidered by Bloor, Brown and James.sl A reason-

able correlation of localisation energies with rates of addi-

tion, but the correlation with activation energy is poor. The

correlations of f.v.i. with rates and activabion energies are
also poor. Those workers conclude that the reactivity index
to be considered appropriate to alkyl radical addition is the

atom localisation energy.

Using the localisation energies of Part I, no
correlation with activation energies for methyl or ethyl add-

ition is apparent. Even introducing the polar term as shown

and James and Steacie 2

LBl WSy U s, S U Sy
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in part I, does not improve either correlation. it is apparent
&hén that, although the simple Mayo-Walling picture is totally
inadeguate to describe the observations - particularly the
reversal of orientation of addition to trifluoroethylene - the
correlations which held for the electrophilic radicals, tri<
chloromethyl and heptafludropropyl, are also inadeguate., The
lack of correlation may be compared wilth the observations in
oxXygen ato; addition. MOSsgl has found that the relative rate
constants for O(?E) addition to the fluoroethylenes do not
.correlate with calculated quantities. It 1s also interesting
to note that as with methyl and ethyl radical addition, the
rates of oxygen atom addition decreases from ethylene to L,i-
difluoroethylene and then increase so that addition to tetra-
fluoroethylene is faster than to ethylene. However, the
postulated transition states Tor addition of oxygen atoms and
of alkyl radicals are somewhat different (this point will be

clarified in Part IV).

. As-discussed in part I, the main approaches to
considering reactivity in chemical reactions were the static
and localisation ideas. The next step was the “delocalisation®

92 In this

approach as developed by Fukui and his co-workers.
approach, a hyperconjugation is assumed to occur between the

fi-electron system of the substrate and the quasi TT-orbital of
the attacking species. Thé "hyperconjugation energy* is then

the stabillsation energy produced by charge transfer in a

heterolytic reaction or by the increased delocalisation of the
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single electron in a radical reaction. The calculation of
the hyperconjugation energy, however, has its difficulties
in that to obtain a value for it, some value must be fixed

for the enerpgy of the quasi 9i-system.

. The reactivity indices developed in this approach
are dependent on assuming thatl only the frontier electrons
J1.e. thoge in the highest occupied molecular orbitals are
involved in the reaction and that the major contribution %o
the activation energy is the snergy associated with changes
in the energies of these electrons. The most commonly en-
countered indices are the frontier electron density and the
superdelocalisability. Both these indices have had success
in predicting the relative reactivities in molecules with a

definite reagent.92

Within the framework of the delocalisation approach,
a model for addition to olefins can be suggested involving the
frontier orbitals.95 The model can theoretically be used for
any character: of radical. The orbitals considered are the
highest bonding orbital of the olefin, the lowest anti-bond-
ing orbital of the olefin and the singly occupied orbital

of the radical and the electron shifts between these radicals

are assumed to make up the major contribution to the activation

energy. For addition of electrophilic radicals, the electron
which is localised at the site of attack should be captured

by the radical giving rise to (in the extreme case):
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B2 e 52———2/

For addition of a nucleophilic radidal, the single electron
on the radical is donated to the lowest antl-bonding orhital

of the olefin and (again in the extreme case) we get:

RGD + ;2—————4<i

The extent of these charge transfers should be dependent on

°

the electron affinities and the lonisation potentials and

the pictures only represent the extreme results of electron
shifte. The true plcture would be one in which only partial
charges develop at the reaction centres. Yhe asctivation
energy then becomes dependent on both the locallsation energy
and the charge transfer energy. In fact, this again is
probably an over simplification of the true situation since

electron repulsions and steric factors are neglected.

Yhe addition of radicals to monomers in free-
radical polymerisation has also been considered by Yonezawa
and his co—workers.94 Again within the delocalisation approach,

the interconjugation energy was defined as:

ucr. »ou. occ~N wnoce m 2 n 2 2
AErs ~ ( -3 Z) (a.") (bg ) (Af)
T Fo = Em

)

R 2 N2, 2
(3 -3) (a,")" (b} (Ap)
m m . FN iy E

m
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This equation treats the reaction as a perturbation of the
orbitals on the olefin and the radical (the a " and b_"
being orbital coefficients on the olefin and radical resp-
ectively and the Fn and Em being eigenvalues of the molecular
orbitals). The activation eé}gy vas thén related to the

interconjugation energy by the equationf

i

Ea = 0 = (AE)I,’S

iﬁ which C is a constant that relates to the &-electron part
of the activation energy, Eé. Consliderable success was ob-
tainéd in correlating the activation energies for the reaction
between several radical-monomer pairs. The application of

the equation,however, requires a knowledge of the molecular
orbitals of the reactants and products within the Hilickel

approximation.




PART 111

The Addition of Trimethylgermyl

Radicals to Fluoro-ethylenes




PART III

INTRODUCTION
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Although no other satisfactory general theory of
frse radical addition has been developed, the HMayo-Walling
theory, in its simplest form, has been shown to be totally
unacceptable., In Part II of this thesis, the theory was
shown not even to he truly pfedictive in the addition of
the relatively nucleophilic alkyl radicals, methyl and ethyl.
in qrder to dnvestigate st1lll further the importance of the
polar effect, a study of the addition of trimethylgermyl

radicals was mede.

Since the other members of group IVd in the periodic
table are all more electropositive than carbon, radicals with
one of these elements as the radical centre should tend to
release electrons more readily to a substrate in the trans-
ition state. Thus, these radicals should show some differences
from carbon radicals, at least in the polar factors involved,
in radical additions. Some evidence has been accumulated in
support of-such polar effects in reductions by organotin and

organosilicon hydrides.

One of the most striking differences between carbon
free radicals and radicals of the other group IVb elements is
apparent in abstraction reactions. While the former prefer-
" entially abstract hydrogen atoms, the latter abstract halogen
atoms preferentially. The explanation for this phenomenon is

thermodynamic. One o0f the factors determining the rate of

N
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abgtraction is the exothermlic or endothermic nature of the
reaction.47 Thia'in turn is dependent on the strengths of
the bonds made and broken, D(RBMmX) and D(X-R'). If the
RBM;X bond is strong end the X-R' bond is wesk, then %the
reaction will be fast. For carbqﬁ, bonds to hydrogen are
stronger than bonds to halogens ﬁhile for the other group
IVb elements, the opposite is true. Thus, the behaviour in
apgtraction is easily accountable. However, the strengths
of the bonds in question must to some extent at least he a

function of the polar nature of the R3M- moiety.

Although considerable kinetic data are avallable
for addition of carbon radicals, our knowledge of the addit-
Jon of hetero-atom radicals is essentially limited to prep-
arative uses.95 This 18 extensive due to the importance of
the reaction in that it provides an incursion to organo-
metallic compounds with functional groups present. The
first report of an addition of a group IVb radical was the
penzoyl peroxide initiated addition of trichloresilane to

96

l-octene, when a chain mechanism was proposed. An analo-

gous reaction was found to occur between trichlorogermane
and 1-hexene.97 And two years later, the addition of = tri-
928

phenylstannyl radicalsito scrylonitrile was reported.

99 at a rate

Trimethyllead was reported to add to ethylene
faster than the tin compound, continuing the trend in going
from silicon to lead. Only the additions of silicon radi-

cals have subsequently been studied to a great extent, largely
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due to the industrial importance in polymerisation initiation

processes.

Jackson has considered the thermochemistry involved

100

in the addition of group IVb trialkyl radicals to ethylene.

The calculated heats of réaction are shown in table III-l.

In the additions of methyl and trialkylsilyl radicals, reaction

RM®  +
3
R3M0H20H2

Table III-1 Heats of Reactions in Addition of R,M' to Ethylene

CH, = CH st

1

2 2
R_MH —_—

3

R_MCH, - CH,®

3

R3MCHacH

2

2
&+

2

R3M’

&)
(2)

(M = Group IVb element)

M C(methyl) Si Ge Sn Pb
H for rn. (1) -26 -18 +37 +5 +21,
H for rn. (2) +6 -13 -167 =32 ~48

(1) is non-reversible, but the additions of trialkyl-germane,

-stannane and -plumbane were predicted to be reversible on the
basis of the thermochemistry of the addition step.
ibility of germyl addition was demonstrated in the addition of

trimethylgérmyl to cis—l-deuterio-l-hexene,101

-....0lefin was detected in reactions abéve 80°C.

The

The revers-

the isomerised

reversible

nature of the trimethylstannyl radical at room temperature
102

had already been established by the same method.

~

The kinetics of reactions of group IVb radicals

A
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have not heen as extensively studied as is the case for carbon
radicals, There are data for abstraction by variogs silyl

. radicals?5’lo3 but only comparatively recently have conprehen=-
slve data been obtalned for abstraction by trimethylgermyl and
1;rimethylstannyl.lo“L The addition reactions, however, appear

to have escaped kinetic study.

The addition to fluoro-olefins has been studied by

Haszeldine and his co-workers in a semi-quantitative fashion.lo5

Their studies have, however, been resticted to silyl radicals,

C1,51" 1030:R, mecq git 207%, s mgiy 104

Frequently, the adducts were found to decompose after formation.

There are no reports of addition of radicals of the other
group IVb elements to fluoro-olefins. On the basis of the
heate of reaction for the addition and hydrogen abstiraction
steps shown in table III-l, it was decided the kinetics of
reaction of trimethylgermyl radicals might merit study. The

source used was the photolysis, in quartz, of trimethylgermane,
104

as previously used in studying halogen abstraciion.
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1. Materials

Trimethylgermane was prepared by LiAth reduction
of trimethylgermanium bromide (Emanuel) in a method analcogous
‘to that of van der Kérk for preparation of triorganostann&neéolos
It was stored in the dark at liquid nitrogen temperature. The
ethylenes were treated as previoﬁsly described. All reactants

were thoroughly degassed, after trap-to-trap distillation,

before use.

2. Apparatus and Procedure

Because.the concentration of the termination product,
hexamethyldigermanium, was very low and its boiling point is
fairly high, compared with the other products of reaction, to
ensure its complete distillation into a saﬁple tube, a re-

designed reaction vessel was employed (figure III-l). The

Figure I1I-1
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rest of the apparatus and procedure were as described previously
with the exception that instead of distilling the reaction -
mixture into a tube on the main manifold, it was distllled

into a sample tube on the side arm of the reaction vessel.

The reaction vessel was cylindrical and made of quartz.

Analysis was on a 6 ft, 20% silicone oil on silanised

VChromosorb! column,

%. Identification of products

..The_adduct_peaks on the g.l.c. trace of the reaction
mixtures wére identified by g.l.c. coupled mass spectrometry.
The mass spectra of tetra-alkylated germanes have been prev-
iously recorded.107 These workers found two different base
peaks for tetramethyl- and tetraethyl- germanes, namely,

' MeBGe+ and HGeEt,", r
parent ion very large, with the tetramethylated compound show-

espectively. In neither case was the

ing the smaller parent. In the spectra of the adducts of tri-
methylgermane and the fluoroethylenes, the parent lons were
3Ge+,

the primary fragmentation appearing to be loss of the fluoro-

absent or present in less than 1%. The base peak was Me

.alkyl chain., The rest of the spectira then showed the frag-
mentation of the MeBGe+ jon. The fluoroethyl ion and its
decomposition ions were present. Thug while the mass spectra
could indicate the adduct peaks, it was difficult to ascertain,
with certainty, which was which. The additional confirmation

cane from n.m.r. spectra.

S paes

o
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For each fluworoethylene, several high conversion
runs were done and the products accumulated., Trap-to~trap
distillation on the line could remove most of the remaining
hydride, leaving the adducts in sufficlent concentration for
the n.m.r. spectra to be obtained in microcells. The
specira were recorded at 100 Hz in carbon tetrachloride
solution using chloroform as the internal standard (the
chemical shifts are all quoted relative to tetramethyl-
silane). %The absorptions due to the fluoroethyl portions
of the adducts are shown in table IXI-2. The absorption due
~ to the MesGe— group in the adducts is not recorded since in
each case, this signal will be contaminated by the absorption
by the residual hydride present. .

Hexamethyldigermanium was identified by g.l.c.
coupled maés spectrometry, the spectrum being identical to

that reported by de Ridder and Dijkstra,l08

4. Detalls of reactions

The results of the runs conducted under kinetic

conditions are shown in tables 1II-3 to III-6,

¥




Table I1I-2.

" 101,

N.M.R. Spectra of Adducts

Adduct

Spectrum

M93GGCFfoCF2H

{ ¥
MeBGeCPZCF H2

Me GeCHaCF

3

t
ZH'

~Me3GeCH20H2

'F

triplet of doublets centred at v&.02 with
coupliamg constants: JHF a 57 Bz JHF'“ 9 Hzj
JHH'“ 4 Hz. The signal due to H', which
would be very complex, was not resolvable

from the signal due to the MeBGe« Zroup.

doublet of triplets centred at 2 5.64 with
coupling constants: Jpn, = 47 Hz; JH? =
15 Hz. ol

triplet of triplets,due to H', centred at
k4,36 with couploing constauts: Jgp =

58 Hz; JH'H = 4.5 Hz;

triplet of doublets,due to H, centred at

7 8.94 with coupling constants : J
22 Hz; JH'H = 4.5 Hz.

HFS

doublet of triplets due to H' centred at
v 5.47 with coupling constants: JH'F =
51 Hz; Jyg = 8 Hz; .
doublet of triplets due to H, centred at
2 8.76 with coupling constants: Jgu =

2l Hz; Jygy = 8 Hz.

(A1l spectra were found {o integrate correctly).



A e I P I NP AR e T e

ameh PRE SR e S

SarlRevnine ) Ae

L e (B LR

i

R e

76¢* = 24m 6oy f626¢° f82lL” | QLLO® = 948 GZLO® f9LL0° f9LL0* cLe
mm gggz* = ox¢ oomm. §090¢° fGL62* | 2800° = @4 LLoo*® f¢600° £9L00° 66e GLL
Gyog* = aa® LEOL® €629L° fPLy6" | 9£20° = 2a® 8L20" £2620° fLfz0* 20"t
pog9* = sa® | 8129° f91L9° #GL09° f808G° | 40207 = @i® | 8120° £L120° £66L0° ‘98L0° 82°1L
6898° = 2iw 28GL* $¢94L”® fzeeo’t wOmo. = A% ¥120" £68L0° f82L0° 9¢°L
869G * = axe ¢8GG" f90L9" f60BV° | 94L0° = °4B S7L0° €8610° f90L0° oL°L
¥669* = 2aB 16€9° $¥86G* foovL® | wvwo. = 3A® LyLo® f8¢i0® f2GL0° G0°z
606" = ea® | CLip® $9GGC° fG90V° f2oivt | g2L0* = eaw £60L0° fLYLO® fLLLO° ¢Lee
oLOY* = ®am G69¢" fZliv® oLy’ wmoo. = 8A% 9L00° £¥600° ¢10L0° 66°e 86
769G° = aaw | GLey* f6gly® flgzl €89’ 69L0" = aam £¢CL0° f29L0° 486L0° _mm.r
2LoG*® = sae €LOG*® £G697* €L0GG* vao. = aa® &vio° mmmro..m»mro. ¢e L
et = dam 86G¢° f¢oee” fsgeg” CeLo® = ose 00LO* fZ¥Lo” fleio® 6L°L
v66g° = va® LLGE® fepey® f¥oLY® | LLLO® = 34® 2800° ¢LzL0° fceLo”® 60°2
L88y* = ®i®w GoLy* f8veG” fLYSY” L600° = 2s® G600° £00L0°*¢8L00" €a°z 89
| (ot * T oTom) (9,)
Hmmommomwmmﬁ\ %mwmo& Em,momm%wmmﬁ /I mmsmm& . J%amwa dmef,

*SUS TAYS0IONTITD=L ¢} 03 WOTFTPPR uo axngeiadwmol pus ,,.f.m.wm.w olf] Sutirea Jo 108JIFH

_

[
_
i

¢-TIT oT4®L

'




1103,

* 8 Q08lL = ewr3 stsfrogoud

?

t

S we PP

ou ¢-Ob X &' = mmwonmm0u

LLEY L = sae ozhL i ‘226zl | 8ge0” = @a® olzo® fLozo* 9¢ L
lg6z L = @a® LézL L £GGEY°L 8162 L | 020" = sam L¢20" f¢leo® foLzo” oLt
6258 * = aaw 8GGL* $¢C1LB” $9626° | LGLO" = °am LG10" £L9L0" f0¢LO" Go*e
895G * = aa® BzLy® £2069° fPLYS® | G2LO® = °a® ¢LLO® f0CLO” f¢CLO” ¢L°z
6LIY® = ase gevb® f8¥ay® $990G° | 00LO® = 8a® L600" £G0L0" ¢6600° a6 e 9¢L
LEGL® = == 09¢L® S1CCL” f1L96L° | 66L0° = oa® G8L0" f06L0" 2220’ 9L
LLGG® = oae , b0o6G " fLgeG® | 66L0° = oa® 8910° f6¥L0° oL°L
6657 = eam 960%* feliy® 801G | LCLO® = eam G2L0" f0gL0* fsgio’ G0z

|
i
!
|
_
|




© 104,

Table II1I-4 Effect of Temperature on Adduct Ratios for -

Addition to Vinyl Fluoride

Temp | No. of [Mo,GeCH ,CH,F] / (Mo SHFCH, ]

(Ye) Runs E
8022 3 3.573343333.03 ave = 3.3l
10452 3  3.03;2.8632.86 ave = 2.92 ;
12432 3 2.2332.56;32.44 ave = 2.4 ;

[Me Gell] = 5.12 10™% mole 17Y; [CHp4CHF] = 2.15 x 1674 mole 174

photolysis time = 3600 s.

Table 1X1-5 Effect of Temperature on Adduct Ratlos for

" Addition to Trifluoroethylene

Temp. No., of [HBBGeCI-LFCFZH] / [Me 3Ga(_:FacﬁaFJ

(“¢) Runs

82%2 3 1.9632.08;2.08 ave = 2.0% B
iyt 3 2.0432.20;2.17 ave = 2,13 ‘
125%1 3 2.2032.3032.25 ave = 2.25
14422 3 2.33;2.22;2.12 ave = 2.22

[ne,0eH] = 1.02 x 1073 mole 17%; [CHF:iCF,] = 4.31 x 1074

mole 1-1; photolysis time = 1800 s. :




Table III-6

Variation of Light Intensity on Addition

to 1,1-Difluoro~ethylene

105,

Light No. of [Me  Go.] ./[Me GeH]
; 6 o f 3 i
Intensity Runs

1.000 A .00199; .00207; .0L0240; .00226 ave = ,00218
0.650 L .00131; .00127; .00190; .00181 ave = ,00157
0.460 I .00077; .00068; .00077; .00081 ave = 00076
0.320 123 000543 .000%6; .00041; .00059 ave = 00038
0.0 Q.0

__-[cnazcrz]i % 2445 %

1074 mole 173 [Me Gel], = 5.11 x 10™7

mole l—l; photolysis time = 1800 s; (light intensity is expressed

as a fraction of the total output of the unfiltered lamp)

Least squares plot of light intensity against [Me6Ge2]f /[ﬁeBGeﬁ]i

gavs gradient 0.00230 * 0,00008
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The products and reaction conditions were consist-
ent with a free radical chain mechanism. The most likely

photolysis of trimethylgermane is represented by equation (a),

. Me_GeH . MeaéeH + Me® (a)
(=2537A)

rather than the -homolysis of the Ge-H bond. The fates of
the radicals produced in the initial photolysis step can then

be represented by the equations :

Me* + Ol -~  Me-0L® (b)

Me* + Me3GeH —3> MeH # Me3Ge‘ (b")
(Me)zHGe' + 0l —_— (MG)ZHGG~01' (ci

Me-01"* + Me,GeH ——> Me-01l-H + Me. Ge* (4d)

3 3
(Me) JHGeOL® + Me GeH — (Me), HGeOLH + MoyGe® (e)
. L t
(Me) JHGe® + MeBGeH —> Mo, GeH, + MeBGe (c_)

(where Ol represents the olefin).

Whether each of the radicals‘produced in the primary step
proceeds by abstracting a proton from the trimethylgermane or
.by adding to the olefin and the addend radical then abstracting
_.a proton from the trimethylgermane, for each light guantum
absorbed, two trimethylgermyl radicals are produced. The abs-
orbance of trimethylgermane at the wavelength of the principal
line in the light from the mercury arc, 2537 ﬁ, is very low

s0 that the chains involved in the propogation of the adduct
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formation appear to be very long. Thus the complicated init-

iation process may be capable of representation by equation (1),

Me_Gel 2 . 2 Me.Ge" (1)
> (- 26374) 3

Thé rest of the reaction then can be accounted for by the

equations:
Mo Ge* + 0L — M93G9u01‘ (@)
Me_Ge0l1"* Me. GeH Me. GeD Me Ge*
o560 1° o+ e 8e e e5Ge 1H «+ o500 (3)
——Mebe® -+ —Me,Geo" — HegCe, - y)

{(where Ol represents olefin).

In preliminary experiments with each of the uansymu-
etrical fluoro-ethylenes, it was found that the adduct ratios

did not appear to change uniformly with temperature as was

the case in the addition of n-heptafluoropropyl, methyl and
ethyl radicals. Also, the amount of the termination product,

hexamethyldigermanium, increased with increasing temperature.

This could be explained in three ways, (a) the recombination

of trimethylgernyl radicals had an activation energy, (b) the 5

~reaction (2) was reversible or (c) in the initiation, #I_ was,

4dn some way, temperature dependent. The .first .explanation
seemed unlikely in view of the fact that trimethylsilyl rad-
icals are known to redombine without an activation energy.109
In view of the fact that the chains were very long, explanation

(c) seemed also to be unlikely to be a major contributor,
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This left (b) as the most likely explanation for the observed

effects.

If reaction (2) is considered to be an equilibrium
and reaction (1) is a valid representation of the initiation

process, then application of steady state theory to the prop-

osed mechanism gives:

d[Me, Ge,]
6 2
SR = I_/4 (4)
at 71
‘ 3
d[MesGe!OJ,H] _ k3k2(?51&/l+k4) [01] [Me3GeH] S
dt 1;_.2 + ?[MeBGeH]
[Me, Ge.,] ' k “(¢I pL)
and b2t T = 4 ""of (1 + k_p/k;[ Mo Gel] 1)
[me3<;eom]f[MeBGeH]i 2k, (01}, -3

e { 3)
(the derivation of these equations is shown in appendix III)
Equation (A) implies that the concentration of hexa-
methyldigermanium should be linearly related to light intensity.
This was found to be the case (table III-6) and so reaction (1) ;
. appears to be a reasonable approximation. From the slope of i
the plot of Dﬁe6Géa]/[ﬂeBG§HJ against I_, a value of 2.616 x 10~7 ~é

1

mole 1™% quantun™' was obtained for ¢ for the initiation.

-—Actinometry using potassium ferrioxalate gave the light intensity
Just inside the front window of the cell as 2.820 x 1019 quanta s'l.

L
-2
From equation (C), a plot of BﬂGGGGZJfA[kGBGeOIE]f(Fe3GeH}i}

against 1/[Me3GeHﬂi should be a straight line with gradient
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% 1 ¢ 4 - %
Ck, %k _,/kk, and intercept Ck */k, where C = (#1 p1)/[01],
. when experiments are carried out at constant temperature and

initial olefin concentration. (The value of C for the experiments

of table III~3 i85 3.71 x 109.> Such experiments were carried out

in which the olefin was 1,l-difluoro~ethylene (table IIl-~3)

and ‘$traight 1ine plots were obtained (figure IXI-2). If it is

assumed that C is temperature independent, that is, that<%1° is
not temperature dependent, then, with a knowledge of the rate

constant for the recombination of trimethylgefmyl radicals, ;

estimates can be made of the Arrhenius parameters for the addi-

7k, .

-~tion reaction and cﬁ-tﬁe~ratio, k_e 3

Although the recombination and cross combination rate

constants have been determined for many carbon radicals, there

are few such studies for radicals of the other group IVb elements.

The only radicals studied in the gas phase have been those of

silicon. Recently, Watts and Ingold measured the recoumbination E

rate constants for a variety of group IVb radicals in solution
110

using eleclron paramagnetic resonance. They found that the
rate constants decreased as the molecular weight of the radical .§
increased, and that a good correlation was obtained between
dog Zkt and molecular weight. A similar effect was found by |
..Bertrand et .al for the combination of alkyl and halogenated s %

111

alkyl radicals in the gas phase. Figure III-3 shows the

‘correlations found by both sets of workers. From this figure,
an estimate for the recombination rate constant of trimethyl-

gernyl radicals in the gas phase would beé 10972 1 more™* 5™t
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Figure III-2s Plot of Equation (A) for Addition of Me GeH to CHy- in

3

1,1-Difluoroethylene at 68° and 98°,
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Figure I1I~2b  Plot of ¥guation (A) for Addition of Me,GeH to CH,~ in
Z

1,1-Difluoroethyleﬁe at 1150 and 1360,
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Figure III-3
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with the assumption that the activation energy is approximately
10

zero. (This is very close to the assumed value of 10 for
recombination of SF5' radicals as used in the study of theix
addition to fluoro~ethylenesllz)

The gradients and intercepts found from table III-3

using equation C are shown in table III-7,

Table 1I1-7, Gradients and Intercepis of Plote of
' . TV et nat
[MeGGea] £ {[MesGeOLH] . [MeBGerL} against

1/[M63GeHJ ; for Additlon to 1,1-Difluoroethyleno

=

Temp. "‘CHZ : CF,, cr oiCH,

(OC) Gradient Intercept |Gradient Intercept
v68 .000678 ~.0875 .00236 11.925
98 «000954 -.1807 0277 - 2.4305

115 .001082 ~.2517 L0429 -11.976
136 001481 -.381l .100 -31.041

For attack at the ca'a: end of the olefin, plotting
log(gradient) against 1/T (T = temperature in °k) gives a
gradient of -0;67 x 10° and intercept -1.21. From these

~values we find:

-“:iEA - E-Z + E2 * E3 = 3.06 Kcal mole-l
3 —(D)
. .
and log — = =10,78
ALA

273
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For attack at the cFaz end of the clefin, the same treaitment

gives a:gradient of <0.33% x 104 and intercept 7.13% and

-1
o 5l - 3‘ o '4 = 5 » 5 .
}Fh P_a % E2 P5 15,05 Kecal mole -
n ez
and log —— = -2« ik
1&.21&.5

For attack at the Cﬂaz end, plotting log (1.0 + intercept)
égainst 1/T gives gradient 0.33 x lO3 and
a %E4 - EZ = =-1.51 Kcal mole'l —A(T")

_For attack at the CF_: end, plotting log (32.0 + intercept)

PY
against 1/T gives gradient 0.31 x 10“ and

1

%Eh - E, = = ~13,8 Keal mole” —(6)

Using the estimates for log k4 and E# already derived, and

k'
assuming that A_, is about 101J, equations (D), (E), (¥) and

2

(G) give, for addition to the CH,: end:

E, - = 1.51 Kcal mole™t

E 1

3 2"

log A, + log A3 = 28.64

- E_ 1.55 Kcal mole”

-and for addition to the CFaz end:

B, = ""13.8 T Kcal mole ™t

-l
35 -_E_2 = 1l.25 Kcal mole

log A, + log A 20.60.

2 . e
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The ratios of log (Ah%/Aa)_cannot be found from the above
plots because the intercepts in table IXI-7? are mostly nega-

tive 2 an observation which seems {0 have no physical meaning.

The orientation ratios for addition are not too
neaningful in view of the reversibllity of the reaction.
However, it does appear anomalous in that while we might ex~
pect germaniunm radidals.to display nucleophilic character to
a greater exteunt than carbon radicals, no reversal of the
orientation of addition is observed. The ratios can be com-

.pared with the values for the.addition of SF.° radicals,which

L
is also reversible (table 1II-8).

Table 1II~8. Orientation of Addition of SFS' and Mb3Ge’

Radicals to Fluoro-ethylenes

CH2 :+ CHF CH2 ] CF2 CHF CF2
SF* 113 s >100 : 1% 10 3 1°
Me ,Ge* B @ 2° %5 s 5 el & 9

a) at 111%; b) at 92°; ¢) at 104°%; d) at 115°

The addition of sulphur pentafluoride is seen to be
more selective than the addition of trimethylgermyl radicals.
The values for SF5‘ are similar to those found for addition-
of the fluorinated carbon radicals and it is not surprising
to note that the electronegativities of sulphur and carbon

are very similar., The more electropositive germanium atom
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seems to lmpart at least part of a nucleophilic effect To its
radicals as is evident in the ratios of table III -8. However,
the radlcal character appears to be tempered by some other ¥
factor which prevents the nucleophilic character coming to

the fore.

The geomeiry of the methyl radical has been consid-~
ered by many workers using both experimental and theoretical
methods, It is generally accepted that the methyl radical is
planar, from analysis of its electronic spectrum and its
e.s.r, spectrum, Semi-empirical calculations have also showm
its planarity, and more recently, ab initio calculations have
confirmed these findings and have also shown that the tri-
fluoromethyl radical is pyramidal. 1In these latter calcul-
ations, the C-H bond length was fixed at 1.080 ﬁ.llh Thus
in the gas phase, when free rotation of the methyl radical
is possible along all the axes, a sphere of diameter ~2.16 %
will be the-time averaged size of the radical. The geometry
of the trimethylgermyl radical has not been so well character-
ised. However, e.s.r. studies indicate that the radical is
non-—planar.115 The time averaged size of this radical is
going to be much larger. The covalent radius of the germanium
atom itself is 1.22 & and with a C-Ge bond length of about
1.95 ] (as found in CHBGeH}), it is quite apparent the nmuch
greater size of the trimeﬁhylgermyl radical as compared with

the methyl radical.
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Thus, a very great steric factor is introduced to
the addition of the trimethylgermyl radical. However, there
is another great difference between carbon radicals and the
radicals of the other group IVb elements - the existence of
d-orbitals in the valence shell of the element. The extent
to which these orbitals play a part in organic reactions and
molecules is a matter for conjecture and a topic which has
much argument in the literature. Arguments have mainly been
centred round organo-sulphur chemistry and the role of the
sulphur 3d orbitals in aromaticity since such systems lend

thenselves well to theoretical treatment.

Recently, the part played by the d orbitals on
group IVb elements has stimulated research. Krusic and
Kochi have measured the e.s.r. spectra of several alkyl

116 The radicals

derivatives of silicon, germanium and tin.
were basically of two types, ct-substituted (I) and p-sub-

stituted (II). The radicals of type (J) appeared to be

R R
S [
R—M—CHR R—M—C—C-
| o
(1) (11)

stabilised to some extent and the stabilisation could be

zattributed to qﬁ~gw electron delocalisation. For radicals
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of type (II), hindered rotatioy about the qamqs bond giving
rise to a preferred conformational orientation was the inter-
pretation given for abnormally small hyperfine coupling con-
stants, This pm?erred conformer had the metal atom eclipsing

the p-orbital at the trigonal centre (III),, and the effect

(111}

vas attributed to incipient 1,3-bonding between the d-orbitals
of the metal and the p-orbital of the radical centre. The

1 for

barrier to rotation has been estimated at 5 kcal mole”
the radical obtained from addition of trimethylstannyl radical
to 1,3--1::111:adiene.lj"7 However, this area of research is like-
wilse not free from its disagreements and counter-results.
Symons118 has denied the claims of Kochi in his postulated

d~-p homoconjugative delocalisation of the odd electron into
the metal d-orbitals. And n.m.r, studies on stannous contain-
ing unsaturated systems indicate that qW—R# interactions are

sma1l. 9

Accepting the results of Kochi, there'are two ways

T RN Y 4 § XTI L AN O L A T T N W (0 £ 7 TS R Ty B A B S SYAANAALL A 8 AT b
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in which the d-orbitals on the germanium radical can play a
part in the addition to fluvoroethylenes. Firstly, a repul-

* give interaction between the d-orbitals and the fluorine
p-orbitals and secondly an attractive interaction with the
singly occupied p-orbital on the P—carbon atom., It is likely
thatkis the first of thesé which will determine the orientation
of the addition, the radical being more likely to attack at |
the least fluorinated end. Once the bond is formed, stabil-
isation of the radical by dwrpﬂ,interaction is likely, but it is
difficult to say whether the interaction would be significantly
greater in a radical of type (IV) than in type (V) due to the

diffuse nature of the d-orbitals.

T R
Me3M--C|)-——(li- Me3M—-(‘:—--?-
FH H F
(1v) (v)

Unfortunately, no e.s.r. studies have been conducted
on radicals of this type, other than that formed by addition
to ethylene, so that there is no knowledge of their structures.
This would be very indicative of the extent of the d-orbital
participation, whether there is Jjust interaction or if a
bridged radical is likely. As yet, no calculations can be
attempted on the radicals in an attempt to determine structures
since the available programs have not yet been parameterised

to include elements beyond the second row of the periodic

%
b
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table.

It appears, then, that although the trimethyl-
germyl radical does show orientation ratios closer to those %

of methyl and ethyl radicals, there is a competitive !steric!

effect which is present. And steric factors may have a ; %
significant part to play in many of the addition reactions. P

The difficulty, however, lies in quantifying the effect.

NN A AN




PART 1V

Some Theoretical Considerations

on Free Radical Addition

to Olefins
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he kinetics of reactions in the gas phase has,

with the advent of modern celculating powers, become an area
rich in theoretical interpretation and study. Attempts have @
been made by many workers at calculating both activation ;
energles and pre-exponetial factors for a wide range of re- -
actions, comparing the theoreticsally derived quantities with é
the experimental data. Many of the calculations use the |
transition state theory of chemical reactions as developed

by Byring. Yhe fundamental postulate of this theory is that

-the reactanis are always in equilibrivm with the activated

‘complex, and tﬁe rate of reaction is determined by the rate =

at which the complex decouposes into products.

The rate of reaction in the theory can be expressed

by the equation (1) in which £, and £ are the total molecular

f\ -E,IRT
é ﬁA fB

u
partition functions for the reactants, A and B, fM*; is the
molecular partition function for the activated complex, H*i

after the partition runction,;fs

, for the particular vibration

-~ —which-causes decomposition -to-products has- been factorised out

and Eo is the change in zero-point energies in going from

reactants to the activated complex. Comparing this equation

with the Arrhenius form of the rate equation, we see that the
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pre~exponential factor, A, is given by:

_ T ot
Sl @
A B -

Theoretically, then, the rate for any reaction should be
capable of calculation with a knowledge of the molecular
partition functions and the zero-point energies of the reac-
tants and the activated complex. The stumbling block, howe
ever, is the lack of knowledge of the true spatial arrange-
ment of the atoms in the activated complex. %The geometry
of the complex is a necessary prerequisite to calculation of
the partition functions for each degree of freedom which
collectively make up the molecular partition function.
Estimates have to be made to determine this gegmetry and to
this end, the construction of potential energy surfacesis of
great utility, Eyring originally postulated that the activated
complex was the highest point of the pass on the potential

energy surface.

Potential energy surfaceshave been constructed by
a variety of methods. The simplest surface is that for the
linear attack -  of an atom on a diatomic molecule, which is
a three dimensional surface. For more complicated - and more
interesting - reactions the number of degrees of freedom
increases so that the complete surfaces can only be constructed
in hyperspace. This makes the determination of a reaction path

very much more difficult to visualise. Normally, then, a
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reaction is simplified by considering only those quantities §
which one would reasonably expect to change signiflcantly

during the course of reaction. This drastically reduces

the dimensionality of the surface. However, the other atoms

whose gpatial positions do not change in the approximated

reation path must still be accounted for in the theoretical
calculations. Thus the major drawback in f£inding potentlal

energy surfaces has heen deficiency in methods of calculation

of total energy for a molecular configuration of atoms.

The calculation of molecular orbitals and their
energies for any configuration of atoms (and hence many othex: :
properties) entails solving the time-independent Schrodinger
equation (3) in which H is the total Hamiltonian operator of

the system of particles (electrons and nuclei),'ﬂh,which

H¥ - B, (3)
ib a function of all space and spin co~ordinates of the
particles 1in the system, is the wave function describing the
stationary state and Ei is the energy associated with that
state, At the present time, this equation can only be solved
explicitly for a relatively few '"molecules". (In this con-
text, "molecules" means an agregate of atoms i.e. it can be
neutral or charged and not necessarily with recognised bond
lengths.) In order to solve this equation for the more
interesting cases, several levels of approximation have been

made at various stages of the history of molecular orbital
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theory. The most fundamental approximation to the semi- i
emperical molecular orbital (M.0.) theories is the Born-

Oppenheimer approximation. Using this,}ﬁ becomes a function

: of
of a molecular and an electronic part which only the elec-

A

tronic part varies and the internuclear distances are used

as °constants (for a given atomic configuration). The prince

iple of o -9V separability is also of importance, to differing

degrees, in these theories.

The first approximate M.0. theory was the well

_established Hickel theory,t20s42

which invoked some of the
nmost drastic approximations but had as its justification for

use that it worked. Hiickel theory has been used for the

correlations described in Part X. The theory was basically é

5:A
;
p
!

one for f~electron systems although the theory has been ex~
tended predominantly by Hoffman to include Whelectrons.lal
In the Hiickel theory, each molecular orbital is assumed to be

a linear combination of atomic orbitals (LCA0):

¥ o= ). G %)
»

be
each of the M.0.'s is assumed toka solution of a Schrodinger

type equation in which }kis a one-electron operator. Substi-

tuting (4) into such an equation gives, the secular equations:

Z ¢y (H/u.v - §u.v) =0 (5)




in which H,,= jgquyo), dv and ‘50’:-/;6“ g,dv  the |
conlomb and overlap integrals respectively. The main feature
of the Hiuckel theory is that these integrals are given em=~
pirical values and also that the operator,H, is never actu-
ally defined. The empirical parametefs are generally defined

Q

o}u_' = /ﬂH/udv

(6)
Buv™ [ fu ey

The solution of the secular equations then requires only a
solution for the values of ¢, . Another major approximation
made was the neglect of all electron-electron repulsions (or
else they can bse averaged out by judicious selection of the
empilrical parameters). Many workers then toiled to eliminate
this approximation until the self consistent field (SCF)

122

method of Roothaan allowed Ruxdser and Parr and Poplelajtm

formulate the now standard method for MM-electron calculations.

The Huckel and Pariser;Parr~Pople methods, however,
vere restricted to planar molecules and fi~electron systems.
-The search was now on to find methods for including all tié
valence electrons in the calculations., Hoffmann has used, to
great effect, an extended Hickel method which was really the
next step. The barrier to new methods was essentially one of
computation facilities which could allow introduction of, at

least, the more important electron repulsion integrals. The
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currently wmost widely used methods using SCF theory have been
developed since about 1965, due to the rapidly rising caicula-

ting powers of the newest generation of computers.

The semi—empiricallmethods now iargely used are

all~valence orbital calculations in which the basis set is

the set of all atomlc orbitals having the same guantum number
as the highest occupied orbital of the atom. Thus for hydrogen,
only the ls orbital is considered, for carbon the 2s, apx;

2py end 2pz orbitals while for the second row elements the
d-orbitals are also included. The differences in various
nethods 1lie in the extent to which electron repulsion integrals

are included,

It is known that many electron repulsion integrals
have values vefy close to zero, especially those involving the
overlap distribution fpﬁl)%b(l), withyu#v. So in developing
the approximate SCF molecular orbital schemes, it is a good
simplification to neglect the electron repulsion integrals with
small values. The various semi-empirical methods currently
avallable all show neglect of the repulsion integrals to differ-
ent levels of approximation., The method used in the following
calculations is that of intermédiate neglect of differential
overlap (INDO). The approximations involved have been well
described by Pople and Beveridge}aﬁlsimilar method using
parameterisation to reproduce heats of formation and bond

lengths (MINDO/2) has been developed by Dewar.125

*

P U N O Ty TR L8




127,

Potential surfaceshave been calculated hy some of
the above semi-enpirical methods., Al initio methods have
been used extensively in simple atom~-diatomic molecule re«
actions with great success but some fallures to approximate
experimentally found values are recorded, For exsmple; Radom
and Pople have found a barrier of 138.6 kcal moie'l to rotation
in the ethylene molecule,l26 comparing with an experimental
value oft2? 65 kcal mole™t. However, the basic problem in
the ab initio calculations is that of determining what basis
set to use. Hoffman has used his extended Huckel method to
calculate many surfaces for simple reactions but DewarIEQhas
sald that in view of the fact that often results are so un-
reliable, -"calculations of reaction pathsby this procedure

cannot be taken seriously even in a qualititive sense™!

INDO and CNDO have encouraged some use in surface
calculations but the most frequently used method has been
MINDO/2 with its parameters chosen to reproduce molecular
geometries almost in perfect agreement with experimental
observations. Examples of studies of reaction pathways using
the MINDO/2 method include conformational iomerisations,
ring opening of cyclic ions and radicals, addition of atonms
to olefins and carbene reactions. One particularly interesting
study has attempted to find the structure of the transition
state itself for the cyclobutene~butadiene isomerization,l29

rather than construct a complete surface and postulate the

structure that the transition state might have.

.
5
:

¥

X
)'.
3
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There have been a few theoretical studies of

addition to olefins.  Dewar has used his MINDO/2 method to

1
study carbon atom addition 28 while 5 atom addition has been

130

studied by other workers. Hoffmann has used his extended

Huckel method to study the reaction of methylene and benzyne

135k

with ethylene. The CNDO/2 method has been used to study -

1352
addition of chlorine to ethylene. 3

The addition of the methyl radical to W-systems

has received much attention from Basilevsky and his co-

' _workers. The first calculations used the Pople molecular

orbital theory with corrections for molecular repulsions and

stabilization energies.133 In a later calculation, modifica-

tion was made to the Pariser-Parr-Pople method and an acti-
vation energy of 7-10 kcal, which compares very favourably
with the experimental values, was found.134 They have also

calculated the pre-exponential factor to be 1.11x10™+2 g

cm3mole'la-l.135

In order to limit the number of degrees of freedom,
and hence to reduce the dimensionality of the surface, a
simplified molecule of the reaction was used. There were
only two variable parameters which were varied to study the
surface and which were deemed to be the most important par-
ameters, The model is shown in flgure IV~l, When the dis-
tance between C1 and Ga,lt,is large, the value of %vis zero

i.e, the reactants retain their planarity with their planes
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e .,”—~i~""23 e pd . é
H- (: o
7 4 i

Figure IV-1

_Parallel, _As the addition proceeds, the six o-bonds ad-
jacent to the reaction centre must be deflected, this can be 'é
simuiated by varying the’angle,,ﬁ. The pqtential energy sur-
face obtained by Basilevsky uﬁﬁﬁghthis model has’'a. ... ’
saddle pointkoccurs at the geometry
R =-2.3 & and ¢-9°. Although good prediction of'the acti~
vation energy was obtained, it is interesting to compare this
Mtransition state'" with the findings of Szwarc and his co-
workers. In a study of the secondary detterium effect in the
addition of CHB’ and CF,*, the relative rates for addition
to protonated and deuterated olefins shown in table IV-1
.were found.35 If ,in the transition state, the plamnar spa
hybridised carbon atom of the olefin becomes tetrahedrally
8p3 hybridised, the expected k‘D/kH value at 65° is 1.82, If
however, the reaction centre reﬁains planar in the transition
state, a value close to unity is expected. On the basis of

the values in table IV-1l. Szwarc concluded that the incipient

CHB-C"or CF3-C bonds are relatively long in the transition
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TABLE IVl

Secondary Deuterium kffect in Cﬂé and CF', Addition

9 :

Olefin kp/ky  (at 65°C) 7
CH.* .
3 Gl
cgazcoa 1.05 1.07
CH.,CH: CD,, T 1,07
CD4CD:CD,, 116 1.09
PROD:CD,, 0 | 1.10
€D, :CDCD:CD,, T30 1.09

states and that the groups around the reaction centre

essentially retain their planar configuration. This is

not consistent with the picture provided by the potential

energy surface calculations., A criticism which can be lev-

elled at the calculations is against the use of the P.P.P.

method-which was developed essentially for planar f~electron
- systems. In order to remove this partial restriction, cal-
~ culations have been done on the addition reaction using the

all-valence electron INDO method.

The calculations were performed on an IBM 360/L4i4

136

computer using the program CNINDO, This program, originally




written in double precision and requiring about 512K of
core storage, was modified to fit the smaller core of the
machine. (Some remodifications were implemented when the
core of the computer was upgraded to 256K.) Since the
program has inbuilt features satisfying the invariance
condltions, the model of éhe addition reaction used by
Basilevsky could be slightly simplified to use only one
get of co-ordinate axes (figure IV-2)., The geometries of

the reactants are shevwm-in.:table IV-2,

~Initial calculaticrns showed-—that, in addition of
035 or CFé to each of the /luoro-ethylenes (including

ethylene), if ¢ were kept constant at zero and R was

> X

Figure IV-2

reduced from about 4.00 & to 0,50 3, a curve was every

time produced which had a level portion and then dropped




TABLE IV-2
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GEOMETRIES OF REACTANTS USED

IN CALCULATIONS +37

\ a = 1033? A
C=C ) Ethylene b o= 1.086()?&
Vinyl aw b= 1,080 By 118.5°
A (3
Nf(;\ = %\ ){ fluoride | ¢ = 1,073 £;  p= 121.1°
ﬁ ,c\F d = 1.348 §;  ¥= 123.7°
o = 1.33 & ; TR 1 9
291 R . e 4]
FDR?C:__E_C)/F) l,l—Difl‘&OPO" a = 1l.321 g H ol = 1100
P - ethylene b=1.311 4 5 f=117
F ¢ = 1.070 X
Faa . J‘/ Trifluoro-~ =b=e¢ =134 o
a(C= &)x _ethylene e 1.35 _A i “"’0112_ 5
FK 8 YF d = 1.07 k; = 120%%< 115
Fl o /F Tetrafluoro~ | & = Le33 4
CN_C{‘ ethylene g 1'32 i
F/ - : o = 114
u |
] H.#C’ﬁ Methyl a =1,099 &; o=120°
\H
/:\!
F o.ci F .... 7
S Py FUS Y
PR methyl i
i IB = 300
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to a minimum about the standard C-~C bond length and then

rose rapidly as nuclear repulsions grew.

Several importani points were then es%ablished for

the mode of attack of methyl radical at the CH_: end of

2
vinyl fluoride. It was assumed that the conclusions would
be valid for addition to the other olefins and for the

addition of trifluoromethyl. They were:

1. Attack was energetically more favourable for attack
directly on to the carbon atoms then for attack on the
double bond., (figure IV-3a) (Herein lies the difference
between addition of methyl radicals and oxygen atoms as
alluded to in part II., While the attack of methyl is
at the carbon atom, oxygen atoms attack the double bond

to form a 9v-complex in the transition state).

2. The side on approach to the bond (figure IV-3b) was

energetically very unfavourable,

3 An 'end-on' approach (figure IV-3c) was also energetic-

ally much less favourable,

4. If Ris 2.50 or 1.55A,then the value of ¢ in figure IV-3d

" giving minimum energy was 90°.

5. For R, (in figure IV~3e) at about the bond length in the




'transition state', rotation of methyl seem to have

" a negligible effect.,

Using the model as shown in figure 1V~-2, cal=-
culation of the sﬁrface for methyl addition to ethylene was
attempted. ‘The values of'R were in the range 1.9 to 4.3 : -
and the values of ¢ in the range -6° to 14°, (A negative
distortion angle, means that the substituents on CL and C2
are bent towards each other.) The values of the total ener-
gles are shown in table'IV~3, (where a total.energy is given
asi%%g energy has not been calculated for that geometry. The
figures underlined are those for the minimum energy pathway
of the reaction. The figures of table IV~3 can be used to
give an impression of the potential energy surface - this is
shown in figure IV=4., It should be pointed out that this is
not an accurately drawn surface, but is merely meant to give

an idea as to its nature.

Unfortunately, the program appearsto be incapable
of calculation energies of a "molecule"™ when the valuesof R
are large, hence the apparent continuous valley on the right'

of figure IV-4, The approximate transition state geomeiry

~—predicted from the surface is shown by the dotted box in

figure IV-4, It is immediately obvious that, although an
accurate activation energy cannot be obtained, the transition
state predicted does have a long C-C bond between the radical

carbon atom and the attacked carbon atom and that there is




Pable IV-3, Total Energies (atomic units) for Variation of R and PHI
PHI -6.0000 ~-4,0000 ~-2,0000 0.0 2.0000 4.0000
R
1.9 0.0 —25.5465 =25.5613 =25.,5745 =-25.5861 =25.5956
2.0 ~25.5104 =25.5231 =25,5345 =25,5441 -25,5527 =-25.5598
2.1 ~25.4937 =2545033 =25,5118 =25.5189 -25.5248 =-25.5293
262 ~25.4800 =25.4871 =25.4935 -=25,.4985 -25.5028 =25.5055
243 ~25%4685 =25,.4740 =25.4T790 =25.4830 =25.4854 =-25.4869
2.4 ~25.4589 =25,4639 -25.4679 =25.4704 =-25.4722 =25.4127
25 ~2544518 ~25.4560 =-25,4589 ~25,4608 -25.4620 =-25.4618
2.6 -25.4461 =—25.4500 <—25,4524 ~25.4537 -25.4543 =25,4535
2.7 =~25.4359 =~25.4452 ~25,4469 =-25.4485 =—25.4486 =25.4473
2.8 ~2544384 =25.4414 —25.4434. -25.4446 —25.4442 -25.4430
2.9 0.0 ~25.4384 =25.4404 =25.4413 =25.4411 =-25.4399
340 ~25.4343 -25.4366 ~-25.4386 ~25.4391 -25.4387 -25.4375
3.1 ~2544325 =25.4350 ~25,4369 =~25.4378 -25.4371 =-25.4354%
3.2 ~2524315 =~25.4343 =25.4358 -25.4368 -25.4357 =25.4343
3.3 ~2544306 ~=25.4333 -25.4350 =25.4355 =~25.4345 =25.4336
3.4 ~2544301 =25.4330 -25.4347 -25.4352 -25.4340 =-25.4333
3.5 ~2544289 =25.4323 <-25.4339 -25.4360 -25.4342 -25.4326
3.6 0.0 =2544327 =2544342 ~25.4353 <-25.,4342 -25.,4325
3.7 ~2544297 =2544322 =25.4343 =25,4347 -~25.4342 =-25.4327
3.8 ~2544286 ~25.4324 -25.4338 -25.4344 <-25.4342 -25.4322
3.9 =2544296 =25.4324_=25.4339 -25.4349 -25.4339 =-25.4326
4.0 =2544292 =25.4324 -25.4343 -25.4345 -25.4339 =25,4325
4.1 ~2544296 =25.4321 -25.4336 =25.4346 -25.4334 =25.4327
4e2 ~25.4294 =25.4321 -25.4340 -25.4342 25,4337 =25.4316
4¢3 0.0 =25.4319 =25.4343 =~25,4334 ~25.,4345 ~25,4329
Tgble IV-4, Total Energies (atomic units) for Variation of R and PHI
IPHI -6.CCCC —-4.CC00 -2.0CCO 0.0 2.0000 4.0C00
. R
1.9 0.C 0.0 0.0 0.0 042 0.0
2.0 ~102.6527 =1C246570 -1C2.,6608 -102.6624 -102.6648 -102.£€66C
2.1 ~102.63C8 —102.6329 -102.6361 ~102.6381 -102.,6386 -102.€393
2e2 -=102.61C1 -102.6136 0.0 - -102.6175 -102.6164 -102,€148
2.3 -102.,5544 —10245675 —10245987 -102.5984 ~102.6002 -102.5675
244 ~102457S2 -102.5E19 -102.5846 -1C2.5835 ~102.5840 -102.5827
245 ~102.56G7 —10245721 ~102.5727 -1€2.5728 -102.5722 -102.5704
2.6 ~102.5612 —1C2.5637 —-1C2.5654 —=102.5655 -102.5646 -102.5636
247 -102.5546€ 0.0 ~102.5588 -102.55%4 =-102,5579 -102.5570
2.8 G.C 0.0 0.0 -102.5551 -102.5545 ~102.5521
2.9 -102.5452 -102.5479 0.0 -102.5510 ~102.5496 ~102.5474
3.0 -102.5430C -102.5480 -102,5489 -102,5490 ~102.5496 -102.5469
3.1 -102.5415 C.0 - Ce O ~102.5466 =102.5472 -102.5424
3,2 ~102.54C2 —~10245426 —102.5442 -1C2.5452 -102.5441 -102.5416
3.3 00 -10245406 -1C245426 —-102.5434 -102.5414 -102.5396



in Addition of Trifluoromethyl Radicals to Ethylene,

6.CCCC

0.0

8.CCCO

C.C

1C.CCGO

C.0

12.C€000

0.0

14.,0CC0

0.0
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R Tt

in Addition of Methyl Radicals to Ethylene,
4
6.0000 8.0000 10,0000 12,0000 14. 0000
~25.6039 -25,6100 -25.6148 =25.6175 =25.6178
=25e50654 =255695 =25.5719 =25.5725 =25.5711
~2545329 —2545350 =~25.5354 -2545349 ~25.3248 o
=2545072 ~25.5074 =25,5066 =25.5037 =25.4990 ¢
~2544875 ~25.,4861 -25.,4840 =-25.4798 ~25.4742 '
=2524T21 =25.4704 -2544664 -25.4617 -25.4549
~25.4603 ~25.4578 =25.4537 -25.4479 -25.4409 :
-25.4516 “2594484 -25:.4442 ~25.4384 -25.4303 i
~254452 ~25.4420 =25.4371 -25.4308 -25.4230 ‘
=2504408 =25.4371 =-25.4323 +-25.4258 ~25.4170
~25e4371 =-25.4336 =—25.4287 =-25.4214 -25.4133
~2504349 ~2544312 =—25.4256 =25.4191 -25.4107
~2544330 =25.4290 -25.4236 =-25.4169 -25.4092 §
~25e4318 —25.,4277 =25.4223 <-25.,4158 ~25.4074 i
-25.4303 ~25,4265 -—25.4224 —25.4147 ~25.4065 J
~25.4302 =25.4266 =-25.4214 ~25.4140 -25.4056 ;
=2544299 —25.4258 =-25.4209 -25.4141 -25.4051
~25e4301 =-25.4256 =-25.4208 =-25.4141 -25.4044%
~25e4302 =2544263 -25.4210 -25.4138 -25.4052
~25.4298 ~25.4259 -25.4202 0.0 -25.4049
=25e4299 -25.425T7 =25.4206 0.0 -25.4054 &
~25e4296 "—25.4257 -25.4201 0.0 -25.4048
-25.4289 =-25.4251 =25.4199 0.0 -25.4049
~25.4293 -25.4257 0.0 0.0 ~254.4055 i
© ~25.4302 =25.4254 0.0 ~2544216 =25.4046

C e e i g

~102.6€59 ~1C2.€€5G ~1C2.6634 ~1C2.6616 -102,6566
~102.6374 —-1C02.6361 ~1C2.6325 ~1C2.6297 -102.6248
~102.6136 -102.6109 -102.6089 ~-102.6037 ~102.5984
=102456€2 ~1C2+5G15 ~1C2+5€6E5 -102.5830 -102.5784%
=1025751 —1C2.5758 -1C265723 -1C2+5661 -1C2,5592
~102.5684 ~-1C2.5€642 -1C2.5568 -1C2.5544 -102.5482
~1C2.56C3 —-1C2.55€3 -1C2.55C7 —-1C2.5462 -102,5392
~102.5528 ~1C2.5485 -10Z2+54€2 -102.539C -102.5314

~-102.55C0 0.C -102.5411 -102.5368 -1C2,5283 !
1 =102.5458 0.0 ~102.5360 -102.5288 ~102.5233 '
-102.5455 C.C -102+5347 -1C2.5288 -102.5215 T
~102.5423 g ~1C0Ze5223 ~1C2.526C ~-102,5186
~102.5397 CeC —102.53C2 -1C2.5249 -102.5197
-102.5366 (S5 -1C245297 -102.5234 -102.5165
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Figure IV-4, ©Potential Energy Surface for Addition of Methyl

Radicals to Ethylene (energies in atomic units)
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little or no angular distortion. This is entirely consistent

with the experimental evidence of Szwarc, but not with the

surface calculated by Basilevsky. The estimation of a guanti-
tative activation energy from the surface is futile, since it

does not truly represent all the bond movements. To be

able to make a reasonable estimate, all the bond lengths and

engles would have to be varied to minimise the energy for

each co~ordinate pair (R, PHI). Such a procedure becomes very

costly on computer time, Hoyland138 has used the MINDO/2

method ofADewar to study the addition of methyl radical to
ethylene. He has essentially minimised the geometry of the 3' i
“molecule" for each of a series of values of R. He has ob=-

\ ' tained a good estimate of the mctivation energy, 9.1 kcal mole"l,
and also finds thag_fhe tfans;tion state shows little dis-
tortion. The INDO program has, however, been parameterised E
essentially for e.s.r. data and the use of the MINDO package
is probably more advantageous. However, as yet MINDO/2
programs are parametérised only for hydrogen, carbon, oxygen

and nitrogen so that their use is excluded from studies on

fluorine containing molecules.

Having constructed a surface for addition of methyl
radicals it appeared sensible to try to construct one for
addition of a radical of diiferent nature; trifluoromethyl.
"The total energies using essentially the same model as before
are shown in table IV-4. In this case, the trifluoromethyl

radical is already known to be pyramidal, so that only the
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olefin shape is changed as the radical approaches. Yhe

approximate surface shows a similarity to that for methyl

addition. Again the approximate position of the transition

state shows a relatively long bond and little distortion of

the original reactants, a}though the tentative bond length

is shorter than that in the case of methyl addition. The & iy
results do not appear quite as consistent within themselves

as the methyl results do, this is largely a product of the

loss of accuracy in the modification of the original program

to the smaller core storage of the computer used.

Surfaces calculated for addition of melhyl radicals
to vinyl fluoride have also been calculated and these again
appear to be of a similar nature, Fprther surfaces were not
calculated because of the rapidly increasing computation time.
Thie is due to the increasing number of basis functions used,
(for addition of methyl radicals to ethylene, 19 basis ' ;
functions are involved while for addition to tetrafluorocethy-

of

lene there are 31 basis functions and for additionktrifluoro~

methyl to tetrafluorocethylene 4O basis functions are used).

It is interesting to consider the electron den-
sities and.their changes during the addition reaction for
both the methyl and trifluoromethyl radicals. &ince the polar
natures of these radicals are very different this should be
apparent in the electronic effects observed in the reactions.

Hoylandl38 has noted that, in keeping with the small geometry




141.

changes, there is only slight electronic rearrangement in the
transition state, but that the hydrogen atoms on the methyl
group gain in charge density glving the methyl group a pre-
dicted negative charge of about 0.04 electrons in the T.S.
This charge is mostly transferred from the attacked site.
Hoyland, using the MINDO/2 method of Dewar, with his parame
eterisation, found a transition state ¢loser to the one of
Basilevsky thah that found in this work. For each minimunm
geometry as found from tables IV-~-3 and IV=4, the valence
electron densities for each atom were determined using the
~CNINDO program. -The values are shown for addition of methyl
and of trifluoromethyl to ethylene in tables IV-5 and IV«6
respectively. (The numbering of the atoms corresponds to

that shown in figure IV-2).

The valence electron density at each carbon centre
vas found by summing the electron densities for each atom
attached solely to that carbon atom,and its own electron
density giving total valence electron densities for the CHB-’
~CH_- and -CH. moleties in the case of nethyl addition and

2 2
for CF,-, -CH,- and ~-CH, for the addition of trifluoromethyl.

2 * 2

The changes in total valence electron densities for each of
the groups, as the reactions proceed along the minimum energy
paths, are shown graphically in figures IV=5 and IV-6, If
the movement of electron density to or from the attacking
~radical is a good criterion for judging the transition state,
geometries predicted by this method from this work are much
closer to the geometry of Hoyland. Again the tentative bond

between the trifluoromethyl radical and ethylen#& in the trans-
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Valence Electron Densities on Bach Atom in Addition

Table IV-6,

of Trifluoromethyl to Ethylene
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Figure IV-5,

L4,

Flectron Shifts in Addition of Methyl to Ethylense,

RI{A).
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ition state is slightly shorter than the corresponding bond

for methyl addition.

Let us consider first the curves for the addition
of trifluoromethyl radical to ethylene (figure IV-6). Vhen
the radical and olefin are reasonably far apart (3.5 1),
the olefin is considerably polarised due to the electron at-
tracting properties of the radicazl. As the radical approaches
closer to the olefin, this polarisation of the carbon-carhon
bond in the olefinic residué increases slightly. As the

" ~yadical approaches closer, it gains considerably in electron = 4

density at the expense mainly of'the attacked methylene group.
As the molecular configuration moves through the transition
state, there-is-quite a change in the electronic flow.
klectrons then start to move away froﬁ;?itacking radical and
the attacked methylene group starts to gain electron density.
yit.some stage past the transitlion state, the site at which the
odd electron is sited in the classical structufe starts to re-~
gain some of the density which it has been steadily losing.
Ultimately, in the addend radical, the trifluoromethyl group

shows a net increase in electron density at the expense of both

of the 6arbon atoms of the olefinic residue.

The addition of methyl radical (figure IV-5) is
fairly similar but does show distinct differences from the case
Just considered., Initially the electron density in the olefin

is polarised to a ﬁuch lesser extent, and it is polarised in
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the opposite manner. The polarisation remaing the same thfoughj
out the reaction unlike the reaction above in which the polar-
isation reverses in the region of the transition state. As

with the addition of trifluoromethy}, the attacking radical,
methyl, takes on electron density, almost totally at the expense
-0f the attacked methylene group. At about the transition state,
the electron flow again feverses to start decreasing the density
on the radical and increasing the density on the olefinic resi-
due. The excess charge on the CIF, group in the *.S. is about

3
0.08 electrons which is larger than the excess charge density

~ ._.on the methyl group in the fransition .state, .as ;ight-be-expec-
ted. The value is about 0,044 electrons, which is in exiremely
good agreement with the value of Hoyland. It would appear, then,
that the question of where the dividing line between electro~
philic and nucleophilic character should be drawn again arises.
The agreement with the figure of Hoyland is extremely good con-
Asidering that he optimised the geometry of the system with re~

-specf to the other variables keeping one as his variable par-

ameter,

A very recent calculation by Yamabe and his co-workers,139
-using a semi-empirical all wvalence electron SCF method in-
cluding configuration interaction, finds that the most domin-
ant configuration is that in which an electron is transferred
from the singly occupied MO of the methyl to the lowest unoccu-
pied MO of ethylene, The next most dominant configuration is
that in which an electron from the ﬁighest occupied MO of ethy-

lene is transcﬁerred to the singly occupied orbital of the methyl.
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This would suggest that,in the interaction between the two,
fhe methyl takes on a positive charge, while ethylene becomes
negatively charged.

While the Mayo-Walling approach in its simplest form
has been discounted in parﬁ II, the possibilify that its ex~ ..
tension to considering the stability of the addend radicals as
a whole still stands. In order to test the validity of its
extension, some energy data are required for the radicals.
Using the INDO method and the standard geometries suggested by

—Pople And bevaridge,124
nmed by adding.CH * and CF_,* to each of the fluoro-ethylenes

2 o
were calculated. The results are shown in table IV-7

-the total -energies of the radicals fof-

TABLE IV-7 Total Energies (in hartrees) of the Addend

Radicals from CH.® and CF_®° with Fluoro=-

3 3
ethylenes,

Radical | Total Energy Radical Total Energy
CH,CH,CH,,* ~25.777679 CF5CH,CH,,* -102.848190
CH,CH,CHF® |  -51.467056 CF 5 CH,, CHF * -128.491364
CH3CHFCH2' -51.442017 _ CFBCHFCHZ‘ ~128.449326
CH,CH,CF,* -77.162430 _ CF4CH,CF," | -154.175323
CH,CF ,CH,* ~77.119415 CF 5CF ,CH,,* -154.095749
CH,CHFCF, * -102.819687 CF ,CHFCF,° -179.799530
CH,CF ,CHF* -102.802353 CF 5CF ,CEHF* -179.765701
CH,CF,CF,* -128. 446030 CF5CF,CF,* -205.439896
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~ Table Iv-8

Total kEnergles of Reactants
Ethylene Total Energy Radical Total Energy
(acu.) (a.u.)
CH,:CH, «16. 559402 CH,* «8.875416
CH,,: CHF ~42.235886 GF3' ~85.987106
CHa":CF2 ~67.91.6840
CHF: CF, ~93.583893
CFZ:CI"2 ~119.253%006

Table IV-9, knergy Changes Associated with Addition to

Fluoro~ethylenes
Position of Total Energy Changes (a.u.)

Attack . |. —.Addition of CH3° Addition of CF3.
‘CHZ:CH2 -0.342861 -0,301682
¥
CH, : CHF ~0.355754 -0.268372

¥
CH, : CHF ~0,330715 -0.226334
¥
CHZ:CF2 ~0.370174 -0,271377

¥
CH2:CF2 ~0.327159 -0.191803
4 :
CHF:CFa -0,360378 -0,228531
cnr:éra ~0. 34,3041 -0,194702
¥
'GFa:CFa -0,317608 -0.199784
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The total energies of each of the fluoro-ethylenes and of the
two radicals, CH3’ and UF3' were also calculated using the
geometries shown in table IV-=2, the resulis are shown in table
IV-8. Using the results from -these tables, the change in
total energies could be calculated for the reaction of the

radical with each site in the okefin. The values are shown .

in table IV-9,

While the correlations of the energy charges showm
in table IV-9 with the corresponding activation energies are
not good, in the case of the addition of trifluoromethyl radi-
cals, the correct orientation is always predicted for the add-
ition reaction from the relative stabilities of the wo addend
radicals. However, as was the case with the simple Mayo-
Walling approach, the reversal of orientation of addition of
methyl to trifluoro-ethylene is mnot predicted. So that even
the extended Mayo-Walling theory has no adventage over the
theory in its simplest form. It can, however, be seen that,
for'example,in the values for the addition to ethylene and
tetrafluoro~ethylene, the energy changes are much closér to
each other for methyl addition than for trifluoromethyl add

ition. The same sort of trend is apparent when considering

“—the addition to the opposite énds of the unsymmetirical olefins.

_XIn the addition kinetics, these closer changes are paralled by
the proportions of the two addend radicals from methyl radical
addition being much closer than in addition of trifluoromethyl

addition for the unsymmetrical olefins. Also, the much faster

R
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addition of methyl to tetrafluorcethylene than of trifluoro-
methyl. So that, although no predictions can be drawn, at
least one of the contributing factors to a total theory

may be radical stability.

> b 7 g
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APPENDIX I
C,FL + hy -» Rt o+ I (1)
05F7' + Ol -> C 3131701' (2)
\_ 031-’701‘ ¥ CBF,?J.L > 03ﬁ'7011 + CBF,?‘ (3)
03?7' + 03F7' > C6F1 4 (4)
I & T % Uw I, + M (5)
03}?7' + I° -> 031?71 (=1)
afc. 7. 011)
i = k3[C3F701 ][03?7;] --(4)
dfc. ¥ 01°]
...—i.'?_____ = G -~ » =
T k2[03P7 jlor] - k3[03F701 ][033'71] 0
k. [C_F. °][01]
SofegEoL] I ~=(B)
k3[031«71]
d[03F7‘]
— - k1[03F7?] - k2[03F7 J[oi] + k3[C§F701 ][031?71]

-3, [0 1% - k10,7, *](1"]

12
= k1[C3FTI] - 2 [ ]

4'%5%
" . 2
5 i [03F7 ] = (21:1 [03F7I]/k4)

Substituting in (B) %

L
2k1 %k 5 {o1)

[03F701'] = ;2_ _%_
k4 k3 [C3F7I]
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Substituting in (A):

1

afc,F. 01x 2) :
[esF001] . 24P (o] [o,F 1TF
S 37

at -
/8
k /

2k, 1
=  —% (¢1_)% [01]
k> %




APPERDIX IT

GH3.N:N;CH3 b 20H3'
CH3' + B - CH3E’
\ CH3E' + QHBI , - CHBEI
CHB‘ + CHB' . - C He
d[CH,BI] A
3 = k., [CH,E* ] [CcH,1]
it 3 9 3
a[CH,E*] - ‘ _ .
= k2{0H3 1[E] ks[CHBE ][0531]
k. [cH_ " 1([E]
s oRE] - € v
ks[CHBI]
dlee:"1 . 1 . - .
dt3 2k1[CH3.N.N.CH3] ka[CH3 ]FE] +
w2
-2k4[CH3 ] |
k, [CH,,N:N,CH. ] £
..’ [CHB.] " 1 30 N, 3 ¢
3 4k4
_ (ﬂ "
4k4 §(k4)
Substituting in (B):
kz[E]
L9H3E'] e — 4
2k3k4 [0H3I]
Substituting in (A):
-4 [CH,E k. [B
[ Hé 1] o[E]
at 2k-%

CH,®

--(4)

-~(5)

0

154,

(1)
(2)
(3)

(@)

k3[0H3E’][CHBI]
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APPENDIX  ITI

 Me(GeR L 2 MesGe" (1)
Me3%' + 01 Y MeBGeOl‘ (2)
Me G0l + MeGeH —3 Me,GeOlH + MegGe®  (3)
Me3Ge' 2 Me3ce'~ SR Me6G32 (4)
d[MeB(;‘reO]H] :
U S AR k., [Me,Ge0l® ] [Me_ GeH] ~— (&)
i 3 3 3
... 4[Me,Ge01"] |
” = kz[Me5Ge j{fo1l - k_2[MeBGeOl 1
- k5[Me§GeOl‘][Me3GeH] = O
k, [Me_Ge* J[01]
[ite ;0c01" ] 2ieg™e | —(B)
k~2 + k3 [Me}GeH]
d[Me Ge*] #I
- 2~ k,[Me,Ge'][01] + k ,[Me,Ge01"]
’ 442
+ kB,-[_MeBGe01 }[MesGeH] - 2k4[Me3Ge ] _ 0
. /
; %I 5
[Me,Ce"] = 5
o 4k,

Substituting in equation B

ks
i el k (AL /4x )2[01

[ife,Ge01" ] = 2P/ 4" (01
GeH]

k., + k3[Me

-3 3
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Substituting in equation A.

4

A

d[Me3Ge01H] i i 1c3k2(7AIa/4k 4)~ [01][M93GeH]

at k, + kB[MeBGeH]
a[Me Ge_] ‘ | '

6 20 "
_.__..d._t___ k A [Me3G_e ] = ¢Ia/ 4 (@)
d.[MesGez] i ky (¢Ia/4)~(k_ o * Ky [MeBGeH])

a [Me3Ge0;Hj k 21:3 [01] [MeBGeH] _
kB /4)®
= A B ( 4 % k 2/1: [Me GeH])
k,[01] =

If the extent of resction is small, and set qua =¢I091[Me3GeH]

where B = 2,303¢ and 1 = the length of the cell, then

[Me Ge, ], k 4%(451051)%7 ( )

o k ,/k,[Me GeH].)
[Me,Ge01H] [Me,CeH], 2 2k, [01], - - A

od: Ty oy AR LS
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