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Summary of the thesgis.

The addition reaction of silicon hydrides
with fluoro-olefins is a convenient method for the
preparation of fluoroalkylsilicon compounds, A study

of the free radical addition reaction of silanes with
fluoro-olefins indicates that in certain cases
bidirectional addition can btake place. The object
of the present research was to establish cases of
*bidirectional addition, and in such cases to attempt
a correlation between the isomer ratios of the adducts
and the structures of the silyl radicals. The
addition reactions of trichlbrosiiane, methyldichlorosilane
and trimethylsilane with the olefins vinyl fluoride,
trifluoroethylene and l-chloro-2~fluoroethylene are
reporteﬂ.

The addition reactions of trichlorosilane,
mebhyldichlorosilane and trimethylsilane with vinyl
fluoride give exclusive addition at the =CH2 group.

This suggests that the intermediate radical
CI.IF'CH2'SiX3 is more stable than the radical
EHQ'GHFeSixj. The structures of the adducts were

determined by means of nuclear magnebtic resonance

spectroscopy. The absence of the adducts derived from




the legs utable radloal, CeZey Gh7°CHF’S1X3, was
Vchecked.by synthe81s of these compounds (X=Cl and lie).
The ad&ition.reaction of trichlorosilane
;flbh t“zfluoroethglena gives ex01u51ve addltﬂon at
the = CHF group, but the addition reactlons of
meﬁhyldichlordsilane and'trimeﬁhylsilane with this
olefin are bidirecfiona;° The isomer ratios

indioate that the order of electrophilicity of the

B B L A T - I N Ly T - Teaad N Tfa S L

redicals is Cl. Sl‘)Gl M651>>Fe Si.

The stfuctures were deLermined.by nuclear
magnetic resonance spectfoscdpy and were confirmed
by synthesis (for\adducts with trichlorosilane aﬁd

with trimethylsilane).

The addition readtidnAof trichlorosilane
with. 1ééhloro~2wflu0roethy}ena,is bidirectional but
the addition reaction of trimethylsilene with this
olefin takes ﬁlaee excluéively at the =CHF gfoupq
‘This indicates that the trichlorosilyl radical
ig more electrophilic'than'theftrimethylsilyl
radical, 613Si;>Me35i. ‘ Furfher reaction of the
excess of the silane With'the adducts takes place?é
This givés rise  to the formation of reduced adducts
and consequent alteration of the isomer ratios of

the 1:1 adductse.




The hydrolysis, pyrolysis, and in one
case, the fluorination reactions of the adducts have
been studied as a means of indicating the isomer
ratios of the adducts. Chemical evidence of
this nabture is ambiguous in the absence of nuclear

magnetic resonance data.




CONTENTS.

INTRODUCTION
Routes to orgenosilicon compounds
Reactions of free radicals
DISCUSSION
The addition of silyl radicals to
unsaturated compounds
The addition reactions of silanes with vinyl
fluoride
The determination of the structures of the
adducts of silanes with vinyl {luoride
Reactions of the adducts of silaneg with
vinyl fluoride
The addition reactions of silanes with
trifluoroethylere
The determination of the structures of the
adducts of silanes with trifluoroethylene
Reactions of the adducts of gilanes with

trifluoroethylene

24.

52

65

70

77

80

86




The reaction of monosgilane with

Atrifluoroethylene

The reaction of trichlorosilane with

1-chlofo~2-fluoroethy1ene

The reaction of trimethylsilane with

1=chloro-2~fluoroethylene

DISCUSSION OF THE MECHANISM OF THE. ADDITION
REACTION AND RELATED REACEIONS

The méehaﬂism
The formabion
The formation
The formaﬁibn
Comparisoﬁ of

and of the
The mechanism

The mechanism

of the addition reaction

of hydrogen and saturated alkanes
of reduced q}efins

of reduced adducts

the reactivities of the silanes
olefinsg

of\the,hy&rplyses

of the pyrolyses

Orientation in the addition reaction

Conclusion

92

93

112

121
130
(2
145

160
173
186
201
207




EXPERIMENTAL

General techniques

Preparation of starting materials

The photochemical reaction of trichlorosilane
with vinyl fluoride

The photochemical reaction of methyldichloro-
silane with vinyl fluoride

The photochemical reaction of trimethylsilane
with vinyl fluoride

The photochemical reaction of dimethylsilane
with vinyl fluoride

The reaction of trimethylsilane with vinyl
fluoride in the presence of
azobi sisobutyroni trile

The photochemical reaction of trichlorosilane
with trifluoroethylene

The photochemical reaction of methyldichloro-
silane with trifluoroethylene

The photochemical reaction of trimethylsilane

with trifluoroethylene

214

221

226

228

231

231

233

235

238



Page

The photoohgmical reaction of trichloro-
silane with {~éh10ro«2wf1uoroethylene - 24,
The photqohemical reactién of ‘the adduct of ‘
trichld?osilane fo 1=-chloro-2-fluoroethyl.ene
with methyldichlorogilane 253
The photochemical reaction of the adduct of
trichlorosilane to {-chloro~2-fluoro-
ethylene with trimethylsilane 256

The photochemical reaction of trimethylsilane

with 1—chlbro—Z—fluoroethylene 258

The hydrolysis of 2-fluoroethyltrichlorosilane 266

- The pyrolysis of 2=fluoroethyltrichlorosilane 266
The fluorination of 2-fluoroethyltrichlorosilane 268

The hydrolysis of 2=~fluorocethylmethyldichloro~

gilane 270
The hydrolysis of 2-~fluoroethyltrimethylsilane - 270
The hydrclysis of 1=fluoroethyltrimethylsilane 27%W
The pyrolysis of 1=fluoroethyltrimethylsilane 272

The hydrolysis of 1,2,2~triflioroethyltrichlorosilane 272
The hydrolysis of 1,2,2~trifluorcethylmethyl-

dichlorosilane ’ 274,




The

The

The

The

The

The

The
The
The
The

The

The

The

The

hydrolysis of the adduct of trimethylsilane
with trifluoroethylene

pyrolysis of 1,2,2=trifluoroethylmethyl-
dichlorosilane

pyrolysis of 1,2,2-trifluorcethyltri-
chlorosilane

hydrolysis of the adduct of trichloro-
silane with {~chloro-2-~fluoroethylene
irradiation of trimethylsilane
lrradiation of trimethylsilane in the
presence of added mexrcury

irradiation of trichlorosilane
irradiation of vinyl fluoride
irradiation of {—chloro—z—fluoroethylene
irradiation of trifluoroethylene
preparation of ethylfluoride, 1-chloro-2-~
fluoroethane, and 1,1,2-trifluoroethane
reaction of ethylfluoride with sodium
hydroxide solution

reaction of 1~chlovo-2-fluoroethane with

sodium hydroxide solution
reaction of 1,1,2~trif1uoroethéne with

sodium hydroxide solution

275

276

27

278
280

280
281
282
282
283

28,

287

287

288




The preparation of 1,2,2-trifluorocethyl-
trimethylsilane
The preparation of 1-fluoroethyltrimethyl-
silane
The preparation of 1,1,2—trifluoroethyltrimethyl-
silane
APPENDIX

Nuclear magnetic resonance spectroscopy



- INTRODUCTION.




INTRODUCT ION

Orggnosilicon compounds have become well known

in the Last two decades because of the technological
imporbtance of siloxane polymers, but the histoxy of
organosilicon chemistry dates back to 1840 when the
possible existence of organosilicon compounds was realised
by Dumes. Buff and Wohler ' in 1857 observed the formation
of a compound later shown to be ftrichlorosilane, and Frieﬁei
and Crafts® later prepared the first organosilicon compound

by the reaction of diethylzine with silicon tetrachloxide,
2(021:15)22:1 + s:'.014—-—-———-«-> | Si(02H5)4 - 2Zn012'

It was soon esbtablished that the silicon-chlorine bond was

easily broken by water and by ethyl alcoholfsand that

vyiscous oils gimilar in composition to modern silicone

fluids were formed by hydrolysis of ethoxysilanes such as

diethoxydiethylsilane.¢

(CQHS)ZSiClE + 20,Hg0H = [(02H5)251(002H5)2.\ + 2HCL

el
A 5 OH" .
n (1‘32211__))29“,(00235)2 e SN }s:.-o-. + 2nC,Hy0H

The major contribution to our knowledge of

organosilicon chemistry in ith- pre-~industrial era was




made by Professor F.S. Kipping at University College,
Nottingham, KXipping published fiftyfour'papers covering

the synthesis, isolation, and identification of a great
number of new oxganosilicon compounds over a pexiod of
fortyfive years in his search for asymmetric tetrasubstituted
silicon compounds .*

Organosilicon chemistry remained essentially an
academic subject until knowledge of the fundamental
mechanisms of polymerisation and the properties of
macromoleculey had been enlarged. This development wasg due
to the industrial interest in thermally stable and non-
conducting polymers, and to the pressure of war time demands,
The post-war activity in this field can be Jjudged from the
fact that over twelve hundred compounds were described in
more than five hundred references during the period 1947-
1954-6

Industrial interests have been concerned maihly with
the prepération of siloxanes in the form of "silicOne™
fluids, elastomers, rubbers and resins; and of their
monomer precursors, the haloalkyl-and haloaryl-silanes.
Silicones were so called by Kipping in the belief that they
were similar to the ketones (R,Si:0 and R,C:0)s They are
however greatly different froﬁ ketones in that their

essential linkage is . | Sg-o 4 ¢ the siloxane linkage.




The other groups attarhed to silicon may be either organic
as shown, or additional oxygen atoms which cross-link the
siloxane chain, Tt is this wide structural variatbtion
which allows the preparation of the diverse range of
commercial silozanes now available, An indication of the
variation may be ohtained by a comparison of the chain ~

T
stopped methylpolysiloxanes MeBSiO(SiMeZO) Sille, (Table 1).
n

TABLE 1.
Viscosity and boilirng point in methylpolysiloxanes.
Value of n o | 1] o2 5 |14 | 48 | 150 210| 350
Viscogity 0e65] 1.04|1.53 | 3.24 10 50 200 | 350| 1000
at 25

(centistokes)

boiling point/
pregsure. 43111

mercury. 99.5/ 152/|192/ | 165/ | =~ | - S N
76 76| 76 20

One hasﬁcnly to consider other possible
structures involving cross-linking to realise the exbtent of

3
the wvariation available, Celey
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Although carbon functional organosilicon compounds are
technically of much less importance than siloixanes at
pregsent, the extension of our understanding of organcsilicon
chemistry undoubtedly depends on these compounds, and
continued interest is being shown in them. Thus attempts
to combine the properties of the siloxanes with the thermal
and chemical stabilibty of the fluorocarbons resulted in an
investigation of the preparation and properties of fluoro-
alkylsilicon compounds, This served as an indication of
the important modifications wrought in an alkyl chain by
the introduction of a silyi group. An outline of the
general methods availilable for the preparation of

organosilicon compounds follows,



Routes to organosilicon compounds,
Méthédsvinvolving organometallié reagents.
- | The firéﬁ‘drgénogilidoﬁ‘cdmpounds were prepared
by the treatment of silicon tetrachloride with dialkylzinc -
and by the reaction of aryl halides with wilicon tetrachloride

9

and sodium in ether.

22n(02H5)2+ 8101, — 31(0235)4 + 2ZnCl,

SiCl, + 4CHLCL + 8Na ———- (CgHg) Si + 8NaCl
4 5 » : 5 4

These methods however have the serious disadvantage of
producing. the tetrasubstituted silane, even when a deficlency
of the organic compound is used. This can be overcome for
cases in which the organosodium compound is easily prepared,
as in active methylene compounds such as cyclopentadiene,'O
fluorene fi and indene’™, Reaction of the sodio-

derivative with silicon tetrachloride can then take place

in a stepwise manner.

RNa + 81614 > RSiCl3 + NaCl
The most widely applied method for forming silicon-
carbon bonds is the Grignard reaction, because silicon-
halogen, silicon-alkoxy, and even silicon-hydrogen bonds

=

i
can be replaced by alkyl, alkenyl, alkynyl, and aryl groups.




This was the method most frequently by Kipping in his
search for optically active silicon compounds ‘5 Attempts
to prepare the silicon analogue of a Grignard reagent,
which isg +thought to be a reaction intermediatéfrhave been
unsuccessful15~ although there is evidence for the formation
of & similar germaniﬁm compound.16 Stepwise replacement
of halogen attached to silicon can be effected, and
different groups may be atbtached to the silicon atom by
either isolation of the intermediate halogeno-organosilane
followed by reaction with a further Grignard reagent, or by
treatment of the reaction mixture from a halide and one
Grignard reagent directly with a different’:Grignard reagent:7
81014 + 6235MgBr r——— 023581013 + MgBrCl

02H5Si013 + GGH5MgBr ————f> 02H5,06H Siclz+ MgBrCl

P
CoH5,CHs8i0, + %3371&@;133: —_— 0235,0635,n03}x731c1 + NgBrel
Oyl Ogls, O5HSECL + CHyCHMEEL ——> CyoHg,CgHg, "C5HySiCH,C4H,
' +MgBrCl
The disadvantages of the method are the increasing difficulty -
of replacement of successive halogen atoms which is
probably of sterie- origin, and the tendency of magnesium
salts to retain organosilicon compounds rather tenaciously.
Organolithiumm compounds react with silicon compounds
nore readily than do Grignard reagents, and their use is a

recent development which has greatly expanded the scope of

the synthesis,as stepwise replacement may sometimes be




. 18,19
achieved. ’ 9

] 9 . Ld . ‘ L3
SiHy + 2C,H Ll o) .) ((321{5)23:.}12
The greater ease with which organolithium compounds

attack silicon is clearly seen by the replacement of

13
four hydrogen atoms atbtached bto silicon by aryl groups

SiH,; + 4CgH LL ——> (06H5)4Si .

Organoaluninium compounds have also redently been used
to prepare tetraalkylsilaneslo.- Organosilyllithium
compounds RBSiLi are also known where at least one organic

. a1
group is aryl.

Perfluorcalkyllithium compounds and perfluoro-
Grignard reagents have been used to prepare perfluoro-
AS4
alkylsilicon- and perfluoroarylsilicon-oompounds.} Z

The preparation of'the reagents and their manipulation is not

easy, and their use normally leads to mixbtures of products.




The reaction of silicon halides with diazomethane.

| This mefhod has beéﬁ reﬁieﬁed by Séyf@rthll.
Silicon tetrachloride undergoes methylenation readily
when treated with diazomethane in ether ab =55° to =45°7 7 o

CH,N, + 8101, ——— C1;81°CH)CL + N,

At room temperature vigorous and explosive decomposition
occurs.,
The reaction also takes place with silicon tetrachloride,
but fluoromebthylfluorosilane is not formed in the reaction
of diazomethane with silicon tetrafluoride. Introduction
of a second and third group, however, takes place with
increasing difficulty, and a fourth methylene group
cannot be inserted. A similar reluctance of the insertion
reaction to take place is observed with alkylchlorosilanes.

29,25

The mechanism was thought to be a polar process but

co . . . . 18
it is now thought to involve a carbon insertion reaction.
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‘The direct synthesis.

The direct synthesis, commercially the most
important'preparative method, was patented by Rochow
in 1945 %6 . In general usage the term direct
synthesis is appiied to the preparation of organohalo-
silanes from eleménta} silicon and an organic halide.
The reaction takes place with commercial gilicon (98% Si) but
it is much more efficient with a copper catalyst andvelevated
- temperatures (250—5009); Alkyl and aryl chlorides are
usually employed, because the fluorides are relatively
unreactive, and the bromides andxiodides break down under
the reaction conditions to form dlefins and hydrogen halides,
Complex mixtures of products are obtained., For
example, the reaction of methyl chloride with silicon
containing a copper eatalyét at 500--400O may give varying
amounts of the following?gm?

MeSiCly, Me,SiCl,, Me;SiCl, Me,Si, MeSiHCL,,Me,SiHC1,

2
81C1,, SiHC1y, SiH{,, H,, CHj, C He, CoHy,
R, S1CL(, R De), MeXSi?OCl(GQx),‘SiQClé’

Mo, 81,01 (g gy Mey (SICEL,S1)0L g v,
Mex(SiC£120Eizsi)Clé;x, Méx(Siclizsiczizsi)016;x.

The composition of the product may be controlled to some

extent by the choice of temperature, flow-rate of organic

haiide, and the nature and guality of the catalyst,




The siloxane precursors methyltrichiorosilane,
dimethyldichlorosilane, and trimethylchlorosilane are the
most valuable products.

Metals other than copper may be used as catalysts,
€.8. nickel, tin, antimony, mangsnese, silver and btitanium,
Silver is most effective when aryl halides are used, and
both %in and nickel are superior to copper as catalysts
when vinyl halides are used =& .

Silicon~hydrogen bonds can be introduced into the
organosilicon product by the addition of hydrogen gas to
the stream of alkyl halide, or by reaction with hydrogen
formed in the pyrolysis of the organic halidng.

2RCL + Hz + 81 ——————y RSiH012 + RH
Similarly the incorporation of hydrogen chloride into the
reaction mixbture gives rise to a favourable production of
alkyltrichlorosilane 50 .

‘RCL + 2HCY + Si ———) RSiGl3 + H2

It has beén suggeste&mthat the reaction involves
the formation of methyl copper, since if copper is heated
alone in a stream of methyl chloride half the copper is
removed in the form of a volatile labile compound whilst
the other half remains as copper (I) chloride.

20u + CH;Cl ~——  Cull + (cu.c:t—:ra)

11




Studies of the reaction of a single crystal of silicon
embedded in copper and exposed to methylchloride at

350° suggest that the silicon and copper form an
intermetailic éomﬁéuﬁd whiéh'ﬁhen polarises the carbon-
chlorine bond when chemisoxrption gcéurs by ionic

charges on the lattice.sz' Thermal decomposition of
methyl copper produces free méthyl radicals which may then
react with silicon subchlorides produced by{the &eaction of

silicon with copper (I) chloride.

Si— Cl + CH; —> CH;SiCl
The meth&l gilicon chlorides so formed can then add on
either more methyl radicals or chlorine atoms to satisfy
the valenqy of silicon,
The formation and decomposition of methyl copper leads to
2 btranaport of copperxfrom the entrance of the reactor to .
the exit during the direct synthesis, and it may even be
found in the condenseci,organosiliconhalides‘:3s . |

The direct synthesis is of doubtful use for the
preparatién pf £ludroalkylsilanes as therg is conflicting
evidence in‘the literature. The first attempt using -

c¢hlorotrifluoromethane, chlorbpentafluoroethane and

chloroheptafluorocyclobutane with silicon and a copper

12




catalyst at 500-100O gave only silicon tetrahalides
and organic breakdown products.ém' A report that
trifluoromethyl halides react with a silicon~copper

o B5

alloy at 400 to form (cF3) S1X(4n) (vhere X =
n

Cl, Br, I; n =1 -->3) could not be repeated by

36 Work carried out in this

other workers.
departmént suggests that these claims are unfounded,

and that the products would break down at the temperatures
at which the reactions are carried out. Trifluoromethyl-

trifluorosilane can probably be prepared in low yield by

thig route with short conbtact times and rapid quenching .57

13




 &nd the high yields sometimes obtaine

14

The interaction of hyvdrocarbong and silicon halides.

SéVeﬁal processes for producing
organosilicon Qbmpoﬂnag fgom hydrocarbons have
appeared in the patéﬂtAlitératﬁre‘and in many Russian
publications, | |

‘The process is of considerable industrial interest

‘because of theArelativély cheap starting materials,

(138"

. 3013,275° o
Callay HS:LGIB + 06H6 high p:;:essu;é 06H581013 (73%)‘

but the process is of little value in the laboratory.
There is littlé.informatién on the mechanism of this
process, and apparent contradictionsexist in the

z9

1iﬁerature;‘ The method appears to be largely

restricted to aryl and vinyl compounds.




B

The addition of silicon hydrides t0 unsaturatéd compounds.

This method, first reported by Sommer and

co—workers40 AL

and later by other workers in 1947 has
rapidly become an important laboratory and industrial
process because it provides‘a method whereby an.extensive
range of brganirraﬁicals containing functional groups

may be attached to the silicon atom, The addit;on
reaction may be carried out under conditions usuvally
associlated with free radical reactions, or in the presence
of tertiary bases, metals, or metal salts, under which
conditions the-mechanism is complex and is thought to be

52-54

ionic. There has been a report to the contrary for

catalysts of platinam &ﬁﬂ hexachloroplatinic acid42,

Addition reactions catalysed by peroxides, ultra-violet

light and ¥~ radiation, and thermal addition resctions.
These reactions are thought t0 proceed via a
free radical chain mechanism similar o that proposed by
Kharasch and co-workems for the addition of halogenow
méthanes to olefinsﬂg’The mechanism of this process is
described more fully in the section concerned with free

radicals., The method is versatile in that the major

restrictions are the necessity for at least one silicon-

5
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hydrogen bond in the silane and for the lack of~
polymerdgation of the olefin. Thﬁs chlorosilanes

and alkyl- or aryl=silanes can be added to a wide

range of cyclic and linear olefinsq4‘, and the
preparative value of this method can be extended by |
épply;ng the Grignard reaction to the resulting halosilanes.

v e 160-400 .
Ph,HS4C1, + CH,=CH'CHy >  Ph,C18i-CHyeCH,* CHy

: ‘ h e
SIiHCL+CHy= c(on3)2 ey 51381'CH2! 05(033)2

COwn . - . 00w
Ph,8iH, + 0 peroxide. py pgy 0
272 8o C e bo

Similarly silicon hydrides add to acetyleneé to give

vinylsilanes and disilylethanes44'.
| (5u%6),, *
SiHCl3 + CH = CH \ > 013Si'CH¢GH2
s - > Tz ] .
01331°GH~0H2 + SiHCl3 > 01381 632 032,8i613

From thermal reaction at 450--510o efbynyl-ninyl silicon
compounds are formedqlh4gf”but‘it is doubtful if this
involves an addition reaction as the only operative

mechanism,




1

SiH, + CHECH > SiHyCH:CH,
SiH, + Sil;°CH:CH, ——> SiH2(0H=CH2)2

SiH,(CH:CH,) + CH:CH ———> SiH(CH:CH,) C=CH., + H
2 2/, 27, 2

Though dehydrogenation of the vinylsilicon compound may
be possible it is more likely that the ethynyl group is
formed by a non-radical bimolecular interaction.

The addition of silicon hydrides to olefins of
the type R20=0R2 takes place readily in the.presence of
peroxides,'and under the influence of ultraviolet Light, but
the use of the latter is less satisfactory, yields being
generally much lower. :The use of ultravioieﬁ light does,
however, avoid some of the complications met with in the
use of peroxide initiators, such as addition initiation
and dimerisation without ipitiation. The yields arve
dependent on the group R (ﬁQalkjl), increased branching
decreasing the yield40b. The rate of addition has been
shown to0 increase with increasing number ofmethyl groups
on the unsaturated carbon atoms, the order of the rates
being the same as that fqr4bromination, and the reverse

47

of that for hydrogenation ;

Ne ,C :CMe,, > Me,C sCHle >HMeC :CHMe > EHHC :CH, > Me,C :CH,,> H,C:CH,

Free radical addition reactions of silicon

hydrides to unsaturated ethers S° , esters®® acyl halides?®”,

)
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and a.o:'ufiss8 have been claimed., Polychloroolefins,
however, react with silanes to give mainly vinyl -
gilanes by dehydrohalogenation of the normal saturated

adduct when the reaction is carried out at elevatbed

temperatures.4%59ﬁﬂ)
550 = 650° is
HS1Cl, + CH,:CHCL ——p (01331-0H2ccH201)---—-—-9 0181+ CH=CH,
© 6O
8101, + CCL,= CCL, 600°, oz RY > 015817 001-C01,

or (Bu$0)2

Even at low temperatures only a small amount of the
saturated adduet is formed,éo If the chlorine atoms are
removed from the position of uﬂsaturation, however, adducts
are formed in good yields.61 Alkyl silanes do not add to
allyl bromide, hydrogen~bromine exchange taking place

62

iﬁstead . Triphenyl silane behaves similarly with allyl

chlorideés, although in the peroxide catbalysed reaction
low yields of the adduct are formed ;40 Silicon-hydrogen
bonds react preferentially with the hydroxyl or the amino
grouy in allyl alcohol and. allyl amine s but the adducts
may be prepared Wﬁén these groups are protected .64

In contrast to chloro-olefins, normal saturated
adducts are formed with fluoro-olefins fs*x) The gimple

1:1 adducts may be obbained by varying the silane:olefin

ratio, and adducts such as (CH3) SiH(GzHF4) are produced
2




19

in the reaction of dimethylsilane with tetrafluorocethylene.
Because of the high siiicon«chlorine bond energy as
comfared to that of the carbon-chlorine bond, silyl-
radicals may abstract chlorine atoms from adducts
containing both chlorine and fluorine atoms. Thug the
reaction of trichlorosilane with chlorotrifluorocethylene
produces not ounly 1,1,2=trifluoro-2-chloroethyltrichloro-
silane, but as much as 45% of 1,1,2-trifluoroethyltrichloro-
"0 )

gilane,.

HS101 + OB‘E:GFGl‘f"—-—"‘} CFHC1+CT,» §1C1

3

'GFH01=0F2'S:1613 + HS1C01, m——— CFH, *CT,*SiCl4

It is of interest to note that the direction of the
addition reaction in this case is consistent with the
formation of the more stable intermediate radical

-6F01. This is opposite to that observed for addition

l .
reactions to chlorotrifluoroethylene catalysed by mebtals, ?

HS1C1; + CF,:CFCL mebal ~>  CHF,+CFC1-8iCl5.

Addition wreactions catalysed by transition metals and

By“baée'caﬁéiysté;

As'ﬁhédadaition of silanes to substituted olefins
gives carbon—funétional organosilicon compounds which are
difficult bto prepare by organometallic procedures, and
which are particularly interesting as precursors +to

gilicones, the possible application of catalysts has been




widely investigated., DPlatinum and palladium supported

on carbon, ¥-alumina, or asbestos have been particularly
useful fiﬁsand salts such as potassium hexachloroplatinate
(IV) have been used. Hexachloroplatinic(IV) acid has
also been most éffective in catalysing the addition of
silanes to olefins .° '’ These reactions may be carried
out in the presence of polymerisation inhibitorss? thus
enabling simple adducts Lo be obtained from olefins which
rapidly polymerise under free radical conditions:

@egey MeSIHCL, + CH,:CHPh -y MeClZSioCHchg'Ph 83%.51
The mechanism is complex in nature and has been regardéd
as essentially an ionic processéa’54; thus the direction
of addition appears to be controlled by the electron
density at the site at which the incipient siliconium ion
or hydride ion attacks. This is illustrated by the noble

metal catalysed addition reaction of trichlorosilane to

methylacrylate, and of triethylsilane to methylmethacrylate.

0 0
. ,/~NH§ g
slﬁci3+ CH2=CHAC—OGH3~M“f"“%> CH3—GH- -~00H3 5.
‘ §i013
0530 OH,0

o i
EtaSlH+CH2=G-G—OCH3*“*w“$ Et3310H26H'0-OCH3 54 .

Since minute amownts of the catalyst are effective, it has
been suggested that an ionic chain process may be involved., %

Initial nucleophilic atitack of an incipient hydride lon ¢n-the

20




double bond to give a carbanion is visualised as the
normal initistion step. In addition reactions with
internal olefins the initial carbanion rearranges by

proton shift to the more gstable carbanion, and

consequently normal-alkylsilicon compounds are produced52ﬁ5,

+ CH.-OH
5+ CH+CH,

Addition of the intermediate carbanions to other

€egey SLHCL -0H=CH~0H3-—-~=--—>01331(332)4*0115 ,

molecules of olefin before the silyl residue is added

L] - 3 . 7
may account for the telgmerisations which sometimes occur

- ﬁthGl6
M981H612+ 2CF2:GF2~_~HM~—f? GHF2‘0F2'0F2'CF231012M9

It has been claimed that a platinum catalyst
facilitates the homolysis of the silicon hydrogen bon&77,
as shown by the reac£ion of silanes with diphenylpicryl-
hydrazyl. On reaction with the silane, the platinum is
believed to release atomic hydrogen which then reacts with
the diphenylpicrylhydrazyl radical. When a cabalyst of
platinum/carbon is used it is thought that the reaction
starts on the surface of the carbon as H~D exchange only
takes place in the presence of the catalyst at 150-68°,
This ig regarded as evidence for a homolytic reacﬁion77:
The formation of a platinum=-silicon carbon compound has
also been claimed to take place in this reaction77b.

Trichlorosilane and acrylonitrile however, give the same

product, CI\T'CHz-OHZ'SiCl3 s in the presence of

2




benzoyl peroxide, pyridine, and platinum/asbestosjgbut
in the presence of the nickel complex, Ni(C5H5N) Cl,,
the other isomer, CHB'GH (SiclB)GN, is formed7aﬁ
It may be possible that under certain catalybic
conditions, both the heterolytié and the'hemolytic
pro&ess can take'placé gide by side.

Organic bases, such és pyridine and the nickel
complex, Ni(05H54i)4012‘78t and tertiary amines and

b N
phospines 2 have béen used to catalyse ionic addition

reactions of silanes to olefins, Anines and phosgphines

were found o be ineffective in the absence of a highly
palar SolventTapossibly becauge the abnormal silicon-
hydrogen bond fission required is facilitated in polar
media. Iron pentacarbonyl and certain transition metal

halides have also been used to catalyse these addition

reactions bul chromium, manganese, and tungsten carbonyls

were found +to be.ineffective?o
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Of the three main routes to organosilicon
compounds, the addition reamtion of silanes with
olefins provides the most satisfactory route to
polyfluoroalkylsilicon compounds. The woxk
described in this dissertation is concerned with the
addition reactionsg of silyl radicals with fluoro-olefins
with the object of elucidating some of the mechanistic
effeets, and of correlating the isomer ratios of the
products with the structure of the attacking radical for

those cases in which bidirectional addition occurs.

A general descripbtion of free radicals and a discussion

of the addition mechanism follows,.




Reaction of free radicals.

General description:

| The.separation off two atoms ox groups
sharing a bﬁ-mclecular orbital can take place in two
distinet ways: one in which the two electrons of the
bénding orbital remain in the atomic orbital of one of
the resultant particles, and the other in which the
eiectron pair is split, and each resultant atom or group .
retains one electron in a half filled orbital, These
latter groups which retain the unpaired electron are
generally called “"free radicals™ in this context to
digtinguish them from classical inorganic radicals, and

the process by which they are formed is known as homolysis.

heterolysms

[CYD] heterolysis
f,’/// 3 Y:) { @XQ CYQ homolysis

S
@X@ ) [Y] heterolysis

The description of a free radical as a

molecule containing one or more unpaired electrons is

24
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often applied with the exclusion of metal compounds such
as the ferricyanide ion and samarium acetylacetonate:

3= . ) - COCH3
Fe(CW), R Sm cH R

™~ COCI:I3

but this is only an arbitrary division as some of the
reactions of these paramagnetic species resemble those of
free radicals., Radd@cals thus described may be very variable
in their stability.  Ixtreme examples are molecular oxygen,
and diphenylpicrylhydrazyl which are stable under laboratory
con&itiOﬂs, and hydroxyl or amino radicals which are known
only at high temperatures or in systems far from thermo-
dynamic stability.Si This definition also distinguighes

between diradicals or btripiet state motiecules, and carbenes

or singlet state molecules with an empty orbital.
]
[

triplet state methylene _ singiet state methylene
sp hybridised sp® hybridised.

Speculation about free radicals in the nineteenth

canbtury was the natural result of the recognition that




chemical compounds often contain groups of atoms

of congiderable stability which rebtain their identity
throughout the course of a reaction. The limited
theoretical frame-work within which this speculation
was carried gutvalloWed even the more stable free
radicals to avo;d detection until the concept of
valency had been more rigorously defined., Gomberg's
chance discovery of the triphenylmethyl radical 82

was the first of a geries of discoveries of relatively
stable free radicals., These are usually large radicals
containing aromatic groups in which it is now throught

that the radical is resonance sbtabilised by distribution

of the yﬁ function of the free electron over the aromstic
system as a whole:

Ot OO O o
) O O

The dissociation of hexaphenylethane has been shown to

be a free radical reaction by the striking indepeundence

of the rate constant from solvent effects, except in cases

where the solvent enters directly into the reaction by being

26
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attacked by a radicalﬂs. Pentaphenyleyclopentadienyl,

for canonical Fforms of which the unpaired electron sppears
on twenty different carbon atoms, appears to exist
entirely as the free radical in the solid state.”” Whilst
steric hindrance in thig molecule probably decreases the
amount of resoﬁance by preventing coplanarity, it nay

asgist dissociation by hampering dimerisation.

Ph
Ph = Ph
Q ' Pentaphenyleyclopentadienyl radical
Ph o

Radicals which are stabilised by ion formation have &also

been prepared:ss

& . LN .
R’/ ' R

semiquinone.. .ion Wurster salt.

Cee

High temperature vapour density and spectroscopic
work, however, suggested the exisbence of free atoms, and
the postulation that free atoms took part in chemical
reactions (Nernst 1918) Ilifted free radicals and atoms

from the level of chemical curiosities.
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Paneth'!s demonstration of the existence of free alkyl
radicals (1929) and later Polanyi's development of the
diffusion flame technique marked $he beginning of studies

of small reactive free radicals ag species taking part in
reactions. The development of comprehensive radical chain
theories for the gas phase oxidation of hydrocarbons, and
the investigations of the "an%i—ﬁarkownikoff" addition
reactions with olefins formed the major advances in the
understanding of free radicals, The commercially important
polymerisgtion of vinyl compounds also received considerable

attention.

Tvidence for the participation of free radicals
is almost always indirect, proof of thelr existence being
dependent\on‘kinétic studies backed up by careful product
-analysis.. The diagnostic tests which are used to detect
the presence #f radicals in a system may be classified under
two headingss  those that detect radicals, and those that

detect chain reactions involving radicals.

The detection of radicals:

(a) Chemical properties. The reaction of a

gas stream containing free radicals with metallic mirrors

was the first method to yield good evidence for the

86

formation of radicals. The value of this method has

been much increased by the use of radio-active metals so
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that the removal of the mirror can be followed more
‘accurately with a Géiger counter than with the older

87

optical methods. The rates of removal of the mirrors

have also been followed by measurement of electrical

8 and of the weight of the mirror3? ,

conductivity
both of which have the advantagexof giving continuous
readings.  The rate,.of "blueing" of films of molybdenum
and tungsten“oxides,go aﬁa:the liglow" of zinc éulphide
screéns% have also been used a heterdgeneoua radical
detectors, The stable coloured free radical
diphenyipicrylhydrazyl(DPPH) can be used as a homogenious
radical detector byrmeasﬁring the fading of the colour as
the radicals react with it.”* Similarly the detection of
dibenzyl and dicumyl formgd by dimerisation in reactions
inveolving toluene and cumene respectively is regarded ag
93

indicating the presence of free radicals.

(b) Spin~Spin isomerism and isobopic labelling,

In the neighbourhood of the large inhomogeneous magnetic

field of a free radical or other paramagnetic species the

forbidden para to ortho~hydrogen transition is facilitated.
It ie thus possible fo estimate the radical concenbration

by the rate of the para- to ortho- conversion, but the

concentrations of radidals reqﬁifed are prohibitively
high foxr most reacticns.g* Hydrogen-deuterium exchange

has been used to investigate the primary process in reactions




of amino” and alky196 radicals, Not only deulbtenium,
but other stable, and radioactive isotopes have bgen
used, and there are many cases in which "tracer"
techniques can shed light on the primary process.ge

The use of stable isotopes in complex molecules has the
advantage of establishing the position of the atonm
concerned with the aid of mass spectrometry whereas
radioactive isotopes give only a general picture of

the degree of aetivity. Both methods using isotopes
have the drawback that some degreé of fractionation may
occcur during the experimertt 1f the chemical properties of
compounds containing different isotopes are not very

similar.

(¢) _Physical properties: Diffusion

technigques, thermal conductivity, calorimetry, and
measurement of pressure changes have been used to indicate

the presence of free atoms, but they are very limited in

their application:%D Mass gpectrometry has been used to
detect the presence of free radicals.97 The application

of an electron energy less than the appearance potential
of R* but greater than the radical ionisation potential
followed by the detection of a peak at mass R constitutbes

proof of the presence of the radical R* .

(d) Optical Methods: Emission spectra

have been used to indicate the pfésence of excited atonms

30




31

and radicals in a few special cases but the method has no
general a,pplic:s,t:i.cm.g8 The detection and estimation of
free radicals by absorption gpectra is without difficulty
in principle but the high goncenﬁrations needed for this
method tend to be prbhibitive.99 The method has
nevertheless been applied to a large number of systems}oo
Ultra-violet and visible absorption spectra have been
observed by either"usiﬁglprolific'SOurces of radicals or
by isolating'theﬁ»by frapping in a solid‘ﬁatrix. It is
reasonably expected that electronic energy levels of a
radical are not so widely:separéted as ‘those of the parent
compound and consequently shifts to the red are observed.
These are occasionally sufficient to bring the absorption
into the visible region. Electron spin resonance is the
most satisfactory method of detecting unpaired electrons.
Not only does it provide a method of detecting wradicals and
determining their concentration even when they are present
in only minute amounts, but it is free from interference
by non-radical contaminants and gives much information about
the electronic distribution within the molecule by means of
hyperfine struoturefoi

The ocecurrence of a chain mechanism may be
deduced from one or more of the following generalisations.
| (a) The prabability factor of the ArrhenTius equation

is greater than unity. Photochemnical reactions, for
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example, will have a high quantum yield equal to the
product of the guantum yield for the primary act and
the average chain length,
(b) The explosion boundary ié well defined, i.e.,
as one parameter, e,g. pressure, is changed the transition
from from a steady stabte reaction to an explosion is abrupt.
(¢) The rate of the reaction rises from zero to a
maximume. For a non-chain reaction the rate of
disappearance of the reactants is highest at the begimning
and falls off with time. There is evidence to suggest
that if the reactant concentration for a chain reaction
could be maintained consbtant, explosion reactions would
conbinuously accelerate, and slow chain reactions would
approach a limiting rate asymp’l:oticallynio2
(d) An induction period (i.e., a time lag in an
inhibitor-free system) is obsexrved before the onset of
the reaction is de'bected.ws |
(e) The reaction is susceptible to either acceleration
or retardation by other substances, e,g., the spontaneous
ignition temperature of a 2¢1 hydrogen-oxygen mix%ﬁ%g??%om
580° to 330° by a trace of nitrosylchloride. Nitrosyl
chloride can also act as a negative catalyst or inhibitor
in the photosynthesis of phosgene from cérbon monoxide and

chil.o:r".i,:a.e:..fbmL




(£) Reactions at the surface of the vessel are
important in chain reactions,. This is shown by the
gensitivity of the reaction to changes in the surface to
volume ratio.

(g) Chain reactions are rarely of simple order,

The existence of free radical reactions
is frequently inferred from the reaction conditions and
from the nature of the products, Ifurther proof being
regarded as unnecessary in many publications, Thus the
observation of such things as an induction period, the
necessity of initiation by pvhotolysis or by known
“"radical initiators", +the action of inhibitors, and the
isolation of produc%s congistent with a free radical
mechanism is ofter regarded as sufficient evidence for
a free radical reaction. This approach obviously
necessitates the carry-over of much information from one
reaction to another, and the current literature indicates
that this assumption is, in general, Justified. There are
indications, however, that in certain cases energy may be
carried over from the primary step, and that the "hot"
radicals thus formed may react quite differently from
gimilar atoms or radicals in thermal equilibrium with their

. 105
surroundings.




Tree radical addition reactions,
' Priér'ﬁo.thé‘l930'é considerable doubt
had existed about the explana%ion of the addition of
hydrogen halides to olefins. The existing anomalies
were demonstrated by a series of investigations carried
out by Kharasch snd his collabarators who showed that the
addition proceeded according t0 the Markownikoff :z-ule.io6
if the reactants were puée‘and oxygen waé excluded from
07 s

the syatemi, wheféaséthe7pfeéenée of small amounts of

peroxides or oxygen gas caused rapid anti-Markownikoff

addition’
CH, « CHBr* CH,Br
/ Markownikolf
HBr + CH, = CH"CH,Br
CH,Br*CH, *CH,Br

Anti-Markownikoff

A fast free radical chain process was postulated to
explain the anti-Markownikoff addition reactioh?ésmno

thus only catalytic quantities of initiator introduced
either deliberately or fortuitously are necessary for

the reaction to prdceed. This may be represented for the
generél case as follows for (a) peroxide initiabtion and

(b) photochemical initiation.

a) RO.0R s 2R0e (1)
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, RO* + A*B =r——————) ROB + A (2)-
(b)  aB w—r‘—y—*-—-a Ae 4 Be (3)
A‘-'-i-\OHz: CHR ._,..._.__.__) ACH'g*éHR, ‘ (4)
Acﬁg*éz‘m“% AB e .‘/.':""::ACHE_.G:I{BR +ae (5)

e I T (8

(2ACH,*CHR - ~————-y ACH,+CHR*CHR*CH,4 ()

A.o -:-_'kACI-Iz‘a(.}‘HR o ‘ ACH,,* CHAR ‘ ' (Q)

(1), (2) and (3) are initiation steps. (4) and (5) are
>§rbpagaﬁion steﬁs; variously referred tolby éifférént
authors as (4) addition step, of initiation step
‘(i.e*, polymerisétion initiation.), and (5) displacement
step, or chain transfer. | Thg terms addition step and
displacement step will be used here for (4) and (5)
respectively; (6), (7) and (8) are termination reactions.
‘The propagation steps (4) and (5) are the
important steps in determiniﬁg the products'sincé thé
radical Ae may be consumed and regenerated maﬁ&‘thousands
of times for every radical intrbduéed into the system in
the initiation step., It follows that no more termination
pro@ucts are produced than chains are started, and
cbnsequently if the chains are long the termination products
contribute little to the reéction, and are infrequently
detected. Terminatioﬁ’products beéome important when the

' energetics‘of the system are such that the kinetic chain
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length (i.e., the number of molecules of product formed
per molecule initiated) is low, and as bimolecular
reactions of the type (6), (7), and (8) almost invariably
" have high rate constants ( 1071/mole/sec), the time
between initiation and termination is only of the order

of a mecond, Thus the propagation steps (4) and
(5) must be rapid in comparison to all chain terminations
for a long kinetic-chain length. If either of these
reactions is significantly endothermic, or exothernic but
with a high activation energy or highly negative entropy
of activation, addition by a chain mechanism is difficult,
regardless of the efficiency of the initiation,?*
The overall addition reaction:

A*B + CH2=CHR f"“““—"é' CH,A «CHBR,

2
is generally exothermic by about 20 kcal/ﬁolefﬁ' but the
energy must be suitably divided between the addition step (4)
and the displacémenf Sﬁéﬁ;t5>. The manner in which this
division occurs is determined primarily by the effective
resonance energies of the radicals Ae and R* which can be
calculated from bond dissociation energy data. Tabulated
approximate énergies of the propagation steps in free radical
addition reactions to propylene (TABLE 2) illustrate this
point.ﬂl Thus for the additiom. of water, the reaction

does not proceed becauvse the displacement step (5) is

significantly endothermic, even though the addition step(4)ie
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weakly endothermic.

TABLE 2i- Approximate energies of the propagation
steps in free radical addition reactions
to propene.112' k cal/mole.

A-B A- + CH2*CHCH3 ——— » A*CHQCH*CHI + AB

A*CH2*CH*CHS (4) ——— % A*CH2*CHB*CH5 + A (5)
HO-H -36 26
Cl-H -36 9
Br-H -9 7
I-H +3 -25
I-T +3 -10
CH”~O-H -20 -7
ci~c-Cl -18 -4

A semiquantitative picture of free radical
addition reactions may be obtained by consideration of
structural changes which can be discussed in terms of resonance,
steric, and polar phenomena, and of the effect of the olefin/
addend ratio on the yields. An investigation of the latter
effect for a number of addition reactions of halogenomethanes
appears to be quite general.115 At low olefin/addend ratios,
the addition step (4) becomes the slow step in propagation and
termination occurs through (6) with accumulated A* radicals.

At high olefin/addend ratios the slow step becomes the

displacement step(5)> and termination occurs through reaction (7)



The general result is the observance of a maximum yield
at some particular ratio#
At high olefin/addend ratios the competition
between the intermediate radical ACHO»CHR and the
adding radical A* for the excess of the olefin may
seriously interfere with the desired chain# Such reactions

lead to the formation of telomers#

A*CH2*CHR + CH2 :CHR » A.CH2 *CHR*CH2 *CHR (9)
a*ch2*che*ch2che + A*B -—-- )a*ch2*chr*chbr + A* (10)
A*CH2 *CHR*CH2*CHR + nCH2 *CHR » A (CH2*CHR) nCH2 *CHR (11)
A(CH2*CHR)nCH2*CHH + A*B ----» A(CH2*CHR~”~yB + A* (12)

In the case of olefins which do not readily poly-
merise this is not particularly serious, and only small
amounts of low telomers are formed by reactions (9) and
(10) in many addition reactions# If, however, the rate
constant for reaction (9) is comparable with that of reaction
(4) (the addition step), high polymers are obtained through
reaction (11) with chain transfer through reaction (12) in
this case. This effect is assessed quantitatively in terms

of the chain transfer constant C for A-B where:

CaB (A-B) _ K/c-\ (A*B) _ mole fraction of 1:1 adducty
(OTin) = (olefin) = mole fraction of telomers
and and K”) are ra'™e constants for equations (5) and

(9)- Thus it has been shown that in the addend A*B, where A
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is organic, the chain transfer constant increases in the
order for B  H(CL(Br{I, and with subsbtituents in A that
increase the resonance stabilisation of A%, Similaxrly
the reactivity of A+*B with constant A varies in the same
ordexr, 80 tﬁathbseryei differences in reactivity do not
ﬁecessarily‘refiecﬁ dcspecific property of the radical A®,
but may also be related to the displacement step and thus
to the undissociated molecule A*B.

The exothermicity of the addition and displacement
reactions is not the only important factor since small
differences in activation energies or in the pre=exponentisl
factors may lead to large differences in the rate. These
more subtle effects have been studied by the use of
competitive reactions, and have beeh discussed in bterms of
steric and polar effects M Steric effects are important in
the addition step (4), so that noﬁnterminal olefins undergo
addition less readily than do terminal olefins ",  As
might be expected, radicals with strong electrmwithdrawing
groups show enhanced reactivity with electron-rich olefins,
and viee-vefsa. This polar effect appears to wmry from g

simple‘dipolar interaction to a lowering of the energy of

the transition state by contributions from change transfer

complexes in extreme cases ?4
+eH  ©cu veH Cey
—Q Q —0
®
ocH, ®ocH, cH CH,H

3




Orientation in free radical addition reactions.

Free radical addition reactions to

simple olefins of the type RCH:CH, have been shown to

2
give exclusive addition at the = CH2 group. In view of
the homolytic nature of the reaction this specificity

is remarkable at first sight, but it has been shown that
both polar and steric effects are relatively unimportant,
In a geries of addition reactions of the trifluoromethyl
radical to olefins it has been shown that the rate is
greatly affected, but not the direction of addition,
irrespective of whether R shows inductive effebts,
hyperconjugation, is conjugated, ox cbntains large groupse.

The olefins CFy+CH:CF, and CH éczz:cx'z show

3
gslow but exclusive addition to the mCH»groupfﬁ; and
present evidence indicates that oriemtation is governed
by the relative%stabilities of the intermediabe radicals;
thus X’CH(CFa)‘aFZ is more stable than X'CFQ'&H'OFBQ

The basic concept is that replacement of hydrogen attached
to the carbon atom formally carrying the lone electron of
the free radical by any other atom or group causes an

increase in radical stability)ﬁs

This allows the
prediction that the order of radical stabilibies will be
tertiary)secohdary)primary, where the terms refer to

groups other than hydrogen, and not necessarily to the
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carbon skeleton only. Hyperconjugative

stabilisation may play a less important part when

1

hydrogen is attached to the carbon atom adjacent Lo
that carrying the lbne electron,

. N
CeBes (0F3)_c.cH2'cF3 ;) (CF3) CeCH,

2 $ ‘

(CFB) ¢ :CHeCF
72

3

3
e

Resonance stabilisation of radicals substituted by halogen
on the X or @.carbon atom can also play an important
WS, e

pait in determining the direction of addition,

9+ - e .

4 _
Cefey RGX2'0X2 *ﬁ"““ﬁ>RCX2'CX £ > RGXz'CX X .

The stabilising effect of halogen substituents has been
found to increase in the order H<F <01<Br, so that a
strongly stablising substituent may disrupt the basic

tert ia,ry> secondary > primary order,“9

The sbability of
the intermediate radical has also been investigated for
a series of addition reactions of bromotrichloromethane
to trans—sti},benes.m The x‘esulfs indicate that polar

effects of substituents in the aromatic rings are small,

and that resonance stabilisation is important, €.8.s




CH(CCl;) *"~* «— » NO22*CH«CH (CC13> ~ ~»

CHZ<~*~CH*CH (CCl1l5)**=-» —»-CH”~7CH-0H(CC1,)*'r

¢

H
Lovelace and co-authors' ' have suggested an
empirical rule which predicts that if RX reacts with an
olefin, the radical R# attacks the olefinic carbon atom
with the lowest S E.A. of its substituents, where
E is the Pauling electronegativity and A is the atomic

refraction.

TO
e.g., CP2sCPCl + HSiCl” CHFCl'CF”sicC1l”

= 9.6; 23*6; for *CP2 and#CFCl respectively

An assessment of the stabilities of a series of alkyl
iodides has been made by correlating the bathochromic
shifts in the ultraviolet absorption spectrum with the
ionisation potentials I.P., (e.v.) of the alkyl radical,
the dissociation energy (D(R-1l)kcal/mole, the calculated,
and observed resonance energies of the hydrocarbon

radicals R.E., (kcal/mole), and the stabilisation

energies S.E., (kcal/mole), Table 3/ *

AT
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TABLE III Me Et nPr iPr "Bu tBu
I.p., 13.60 10.07 8.67 7.77 - 7.19
D R-I) 54.0 52.0 50.0 46.5 49.0 45.0
R.E., (calc) 0 7.05 8.6 14.1 - 21.1
R.E., (obs) 0 7.2 8.1 12.6 - 16.7
SB., 0 2 4 7.5 5 9
\ max(nym ) 257 258 258 261 - 270

All these effects point to decreasing radical stability

« « «

in the order Me“C ) Me2CH) CHj*CH2*CH,/JCH5'CH2> CHj

This approach has been extended to cover a series of

other halogen containing radicals, and the relative
stabilities so obtained are in agreement with the stabilities
obtained from chemical evidence.

All published addition reactions of silanes to
olefins and fluoro-olefins to date (1963) can explained
by this approach. The product derived exclusively from the
most stable intermediate radical has been found in all cases,
apart from a brief report of the addition of trichlorosilane
to trifluoroethylenelo in which the possibility of a

bidirectional addition was indicated from hydolysis data.



4.4

The implications of bidirectional addition_reactione are
considered in the discussion section, The addition
reactions of other hetero-radicals derived from the
hydriﬁes of germaﬁium, tin, phosphorus, and sulphur

i

génerally Tollow this rule,i any variation from it being

moxre a function of the olefin rather than the éddeﬁd.
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Free Radical displacement reactions.

From the discussion of the mechanism of the
free radical addition reaction it is evident that one of
the steps is a displacement reaction.

ACH2*CHR + AB ~“ACH~CHRB + A

This type of reaction is not necessarily restricted to the
addition reaction, and can he stated in general terms,

R#+ X-Y ————— RX + Y.

The reaction is variously referred to(by different authors)
as an abstraction reaction, radical transfer reaction, or
a radical displacement reaction. Some consideration of
the abstraction reaction is a necessary complement to
discussion of the addition reaction, not only because of
the displacement step in the addition, but because of the
possibility of a further interaction of free radicals with
molecules of the product.

The mechanism of the displacement has receivwd
considerable attentioﬁunLin particular, the abstraction
of hydrogen from aliphatic compounds. Using a development
of a method first used by London, Polanyilax has
developed a system whereby the potential energy of the
system R.... X Y is considered at varying distances of
R-——X and X-— Y. The factors controlling the process
are conveniently discussed in terms of potential energy

diagrams.113



POTENTIAL ENERGY DIAGRAMS FOR THE REACTION

R* + XY > RX + Y1

X-Y Distance

a) Potential Energy Surfaces

O&9°¢ W

X-Y Distance

(D) Potential Energy Profiles



M - N represents X - Y with distant R* ¢ As R# approaches
the energy of X - Y increases to P - 0, and in the event
of reaction not taking place, the energy of X - Y takes
the form EP'*'. If reaction takes place the transition
state is represented hy POQ with activation energy E.
R - S represents the repulsion between the new molecule
R - X and Y#, and the similar repulsion when R - X
is partly stretched.

Consideration of this model shows that the
activation energy E is controlled by four factors:

1) The strength of the bond formed, R-X; this
corresponds to a lowering of the energy curve R*S and
consequently i.e., a lower activation energy.

2) The strength of the bond broken; this corresponds
to a steepening of PP*, and a higher intersection with QQ*,
i.e. a higher activation energy.

5) Repulsion between the new radical ¥* and R-X;
this corresponds to a steepening of and a higher
intersection with pp\ i.e., a higher activation energy.

4) Repulsion between the incoming radical R* and
the molecule X-Y, causing a raising of PP* relative to MR,
and hence a higher activation energy.

For example, in the chlorination of saturated

alkanes, the strength of the bond formed (H-Cl) by the
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-Uirgéétiﬁhfél #Rﬁv%f;;ﬂ;ﬁ + HOL. 19 the main factor,
,;irrespécti§e’of fhé c&araoter of R“ The nature of R 13; _, ”
‘llmporbant however 1n determlnlng the pOSltlon of abtack,
Jas explamned by the second fgctor. This effect is
illustbrated by the;bbservation that the’relativ¢ e§se;‘
of abstraction ffomudifféreht tﬁpes of oaxbonlatomfis .
féfti&ry} secgndafy>>primafy. - The naturejof‘the %ﬁiidf'
and fourth'faqtors controlling the activabion is‘diepé‘nden{;l'~
,oﬁ the.subsﬁituenﬁs of the‘radical éﬁd of the. othér“ .
moleculelnvolvad, %* but these are of relablvely
smaller_importance.f

| | ,Although most of the work has beéﬂ»eérriei_qﬁﬁ *;

on. therabstracﬁidn”of hydrogén, the approach can:bé applééd-

o to any szmllar reactlon, the determin1ug faotors stlll belng

 the strength of the bond formed and the nature of the bond
“,brokeﬂ. , Thus whllst bonded hydrogan atoms are susceptlble- :‘
 to atback hy free halogen atoms, leading 0 the formatlon of
carbon—halogen bonds, a bonded halogen is also susoeptlble

4to athack hy radicals Whlch form strong bonds with halogen, 1

CeBay. Attack of a- s11y1 radlcal on chloroakanea 1eads bo

‘kthe formatlon of the alkane and a chlor0311ane?£_




Free radical rearrangements.

Knowledge of free radical rearrangements is
much less extensive than that of rearrangements
involving carbonium ions and other species, but it
is now evident that at ordinary temperatures free
radicals show much less tendency to undergo rearrangements
than do more electron deficient species. Aryl, alkyl,
and hydrogen migration via 1,2-shifts have been observed,

mainly in fairly complex radical systems.

e.g., CH” 0
Ph—C\t—CH{*C# % Fh - C- (I}l,, -5 Cco (1)
cHS cH3
CH, CH,
i 3. is5
Fh—qf-CHp Ph*CHO* C* (2)
CH3 CH,
?
fIB ] ?H3 (JZ_H:% C;-l3 (ﬁ
—_— —_— -C— * —_— -C - -C— *
Ph q CHg + Ph C\ CHE CHO— » Ph q CHS + Fh C\ CI-I,2,»C (3)
CH CH CH CH
5 5 5 5
CH, CH, CH, O
i5 ib 3 i

Ph-CH2*C' + Ph-C-CH2*CHO — *e Ph*CH2*CH (CH, )2+ Ph»C*CH2 '‘C* (4)
CH, CH, CH,

The activation energies of equation (2) and (3) are

similar.

Of more relevance to a consideration of addition

reactions to simple olefins is the rearrangement of
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radicals by halogen migration. Thisg is particularly
important wvhen orientation data is derived from analysis
based on a non;réarfanging radical intermediate. A
reinvestigationyrZOf theiaddition reaction of h&@rogen )
bromide with 1,1,1-frichlor0prop9ne which was originally
thought fg give‘3—bfomd~i,1;1aﬁrichloropropane113‘

(equation (5)), showed that theproduct was in fact 3~bromo-

'l,l,z-trichloropropane (equationé 6,7,) formed by a

1,2-dhlorine migration, : o (5)
. HBr Aty
B' 4 OHy:CH-CO1y ——>BrCl,«Clls 00l ——=BrOH,*CH,"CO1y+ B
. Q. lc i . V\'. | -
Br* +CH, 1 O+ COL > BrCH, * CHo 0l ~—>-CH, Br+ CHC1* GO, (6)
CH,Br*CHC1® (01, + HBr —GH,Br*CHCL®CHCL, + Br (D)

Radical addiﬁion'reaotiéns of m@rcapféné, bromine, and
bromotrichioromethane to 1,1 l-trichloroPropéne also
“glve 1esu1ts Whlch can be accounted for on thc baSlS of
a radical rearrangement 9 |

The factors 1nf1uenclng the rearranwement

appear to be $he fornatlon of a more stable radlcal, and

130
the possiblllty of formlng a hrldwed bran31ﬁlon states
Cl S 91 R ; ' Cl
l . ;,#“"\‘ . -
e G o mmwmn (e (et e ¢ -
| | | | \ |
A B

‘A B | A B
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The cyclic transition state must, however, represent
a lower energy path than the simple dissociation and
subsequent recombination which might be visualised as a

- . 3O
reversq addition reaction,

X X
| N . . !
L B A B A B

o seems to favour a bridged

The evidence cited by Walling'
intermediate, e.g8., in mercaptan addition reawtions
to 1,1,1-trich10r0propane,’halégen attack on mercaptan
should be an extremely wrapid competing process if the
bridged form is not involved.

61 + RSH - Ré + HCL .
The migration of halogen seems to be restricted to chlorine

and bromine atoms as migrations of fluorine atoms in norxmal

free radicals have not been observed.

The freeradical addition of silanes to olefins,
the most versatile yrepa%ive method for fluoroalkylsilicon
compounds.provides an interesting method by which both the
field of orientation in free radical addition reactions and
the preparation and properties of £luoroalkyl-silicon compounds
can be_studied.’.The'poétulétion of a free radical chain
mechaniéﬁ necegsarily involves consideration of the other

facets of free radical reactions.




DISCUSSION.
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DISCUSSION SECTION.

The addition of silyl radicals to ungaturated compounds.

The reaction of silanes containing at least one
silicon-hydrogen bond with olefins, under free radical
conditions, has been shown to take place by a mechanism
similar to that postulated by Kharasch for the addition of

polyhalomethanes to olefins.

SiHK, &Y, SiX; + H, initiation
s * |
506+ BiX;  ——> +0-(-SiX;, radical sddition
Lot {1 .
SIHK; + *C-0+8iX, ——> HC-C+8iX; + §iX;, radicel dis-

placement

The direction of the addition reaction hag been the subject
of many publicationgf;and it has been concluded that in many
cases the polar and steric factors are of relatively minox
importance in determining the direction of additionrs It has
been shéwn that the reaction proceeds via the more stable
intermediate radical ('¢-¢'81X3). The direction of addition
is theréfore largely dependent on the relative stabilising
effects of the groups attached to the carbon atom formally
carrying the unpaired electron. The efficiency of various

groups in increasing the radical stability can be assessed




by a simple comparigon if the

unidirectional, (Table 4 ).

ns

TABLE 4
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addition reaction is

The direction of addition of CPF, radical. or of

" A
bromine atom to olefins.

Addition takes place exclusively at the position marked
by an asterisk.

W

CH3 *CH: CH2

»
CFB. CH: CH2

"
MeOZC *CH: 032

%
GI“Iz('}l *CH: C‘-H‘,2

e

Ccl- CH:GHz

*
Tte GH:GH2

#*
CH- CH: GH2

*
GFg sCFCL

"

C-I'I_3 . CH:CF2

#
OFB‘ GH:CF2

#®
CHz :CF,

¥
(GF3)2°C:OHé

]
GFE(Gcml)-G:CHé

It appears that the oxder of stability for the radicals follows

the-3equehcé.€ertiary‘> secondary % primary, where the terms

refer to groups other than hydrogen attached to the carbon atom

in question.

This order is paralleled by the relative rates of

substitution at different carbon atoms in the free radical

_ 25
halogenation of alkanes, (TableS ).
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TABLE S

The selectivity of radicals for primary, secondary and

tertiary atoms in the reaction RH + X — R4 xi

Relative rates of attack
X CHB«“ GHZ CH
F 1 1.2 Tely
- QL 1 3.9 5.1 -
Br 1 82 1600

I+ has also been shown that the general order of stabilising
effect of different substituents is Br > Ol > CFy) ¥ > Ho'
With the réfinements)in analytical techniques now
available, e.g. gas-liquid chromdfégféphy57masé“sp§c£rography,
it has been found possible to detect cases of bidirectional
addition in which one adduct forms by far the greater
proportion of the product. Bidirectional addition reactions
presumaﬁly take place when the stabilities of the two inter-
mediate radicals formed from the addition of a radical to a
~ polarised olefin are sufficiently close to allow similar rates

i

for the reaction producing each adduct, i.e.;K1£ki X .




v P Tl

=0 &3 e +C=CeSi

? : + S:LX3 ? ? Slxz, K1
HH HH

4 2 4

- .t .-c..

?*? + SlXé  — ? ‘ SIXB, Ké
HH HH

In such cases the minor effects of polarity and steric
requirement become apparent and in some cases these effects
may become the dominant factors'which influence the direction
of the addition reaction.

When the present work was begun (1961), only one
report of a bidirectional addition reaction had appeared in
the literature.  In this cage, both trifluorociodomethane
and hydrogen bromide had been adﬁed across the double bond of
trifluoroethylene. Work carried out in this department had
also demongtrated the bidirectional addition of silanes to

32
hexafluoropropene.

» - ‘33 - - - > ‘34- -‘.
A re-examination of an earlier investigation of ‘

the reaction of hydrogen bromide with hexafluoropropene

indicated that this 2lso was a bidirectional addition reaction.

Considerable interest has been shown in the addition reaction

of thiyl radicals to fluoro-olefing, and the bidirectional

55
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addition reéetions of hydrogen sulphidésgand various alkyl
thiolésﬁto trifluoroethylene have been reported. It has

been claimedﬂ7that the addition of trifluoroiodomethane to
vinyl fluoride is bidirectional. This last result is based
on nﬁclear ﬁagnetic resonance SPthra of a series of compounds
obtained from the telomerisation of the olefin by benzoyl
peroxide initiation. Tor a telomerisation involving
trifluoroiodomethane it is possibly unwise to rule out radical
recombinations which would lead to a pseudo-bidirectional

© reaction if evidence was baseé on CF5~GH2- and CF3'CHF;
resonanées only,~e.g. |

2

. N [ ] 4
CF'5°CH,*CHF + nCH, :CHF nnnqr-GF3-(CH2-GHF)ﬁCHéGHF

GFB'(GHE-GHF)ﬁpHé%cﬁF + CF

6F3 + CHy:CHF ——> CFCH,*CHF

5 -——qr~GF3-0H2-CHFv(CHzcﬂFzégHéGHF-CF3

Tor an indication of a true bidirectional mechanism it would
have béenlof greater value to observe resonances due to

~CHI** CHE'- and, -GHF'GH2°CHF- groupings in the telomers. It
remains to be seen whether the two isomeric 1:1 adducts can

be isoiate& and. characterised or whether the apparent
ﬁidirectional character of the reaction isg 1imitéd‘tq telomér'

formation.




.87

The early work on the addition of gilyl radicals
gnd of thiyl radicalgggé hexafluoroPinpene suggested that a
correlation between the structure of the addend molecule and
the oriemtation of the adducts might be possible. In the
event of a bidirectional addition reaction for a particular
type of radical (e.g. thiyl, silyi, phosphinyl), it was thought
that the relative rates of addition to each end of the double
‘bond were dependent to a large extent on the electron density at
the site at which the addition reaction takes place. Thus, in
those cages in which the carbon atom generally attacked by a
radical (predicted on grounds of radical stability) is different
from the more negatively polarised carbon atom (based on
polarisation with respect to electrophilic .attack by ethoxide
ion), it is thought that strongly electrophilic radicals will
have a distinet tendency to attack the 1attef type of carhon
atom as well as the former. Trom this argument one would
predict that a variation in the eleotrqphilicity of the radical
wDul& lead to a change in the isomer rﬁﬁio%Sffthé>;éduc£s formed
in a bidirectional addition reaction. | .

It was the purpose of this work to establish that the
bidirectional addition reaction of silanes with fluoro-olefins

under free radical conditions did occur, and to test the further




application of the correlation mentioned above. The reactions
of various silyl radicals with the olefins vinyl fluoxide,
trifluorcethylene and {~chloro~2-fluoroethylene were
invesﬁigated with this end in view.

” " For clarity, this section is divided into a
digcussion of the experimental observations for the reactions
of each group of silyl radicals with a particular olefin and the
reactions of+the adducts. More involved theoretical
considerations relevant to all the reactions are discussed

together in the last section.

5%
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THE REACTIONS OF SILANES WITH FLUORO-

OLEIINS AND THEN DETERMINATION OF THE

STRUCTURES OF THIE PRODUCTS.,

The reaction of silsnes with vinyl fluoride.

The effect of the addend/olefin ratio

upon free radical addition reactions has been the
subject of an investigation of a number of
addition reactions of halomethanes to olefinéfa
The results appear to be quite general;
Qualitatively, the proﬁortion of the addend nmust
be sufficiently high to minimise telomerisation.
In the present work initial experiments were carried
out to determine the optimum silane/olefin ratio for
the addition reaction of silyl radicalé with fluoro-
olefins.

In a typical experiment trichlorosilane
and vinyl fluoride were condensed into a silica tube
and irradisted with shaking in front of an ultra-
violet lamp for 100 hr. Fractionation of the
products in vacuo gave a goo@ separation of the

unreacted olefin, unreacted trichlorosilane, and a

fraction consisting of the adduct contaminated with
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trichlorosilane. A small gquantity of high

boiling matérial remained in the tube along with

an intractable brown compound on the side of the

tube nearest the lamp. The 1:1 sdduct was
obtained by distillation at atmospheric pressure
(usually of the products from two identical tube
reactions) and the pure adduct fraction was
collected in the boiling range 116-118°,  This
necessarily entalled some handling losses, but it was
found that these could be minimised by the addition
of a small volume of high boiling silicone oll near
the end of the distillation. Traces of unreacted
trichlorosilane remaining in the adduct could be
detected by infra--red spectroscopy by means of the
characteristic silicon~-hydrogen freguency at u,6}A .
Thig impurity could be removed by further irradiation
of the adduct mixture with vinyl fluoride for a short
period (2L hr.). The adducts were characterised
by elemental analysis for carbon, hydrogen, and
chlorine, and by their nuclear magnetic resonsnce
spectra and infra-rved spectra. Comparison of the
yield of pure 1l:1 adduct with the percentage reaction
of the olefin gives some indication of the operabtion

of the telomerisation reaction (table & ).
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TABLE & .

Photochemical reactions of silanes

with vinyl fluoride (500 wabt lamp)
Silane. Silane/ | Time | .olefin [L:l adduct, | Foot-
olefin hr. | consumed|(% based on| notes.
ratio. (%) olefin
consumed)
HS:LG:L3 1:1 100 | 18 He) (a)
HS1CL 13l 150 2 - (a)(p)
HS1Cl 2:1 70 21 80
HSiClB 2:1 100 30 15
H51013 2:1 150 95 73 (e)
HS1CLy 2:1 200 | 22 95 (a)
HS1C1, 5:1 100 5L 88
8101, 8:l 170 97 91.
MeSiHCLl, | 5:1 100 56 95
MeSiHCL, | 8:1 120 68 95
lie ,S1H 211 100 18 11
lie ,S1H L3l 100 1O 87.
Me ,81iH 6:1 200 80 90 (e)

tube.

(e)

(a) 250 watt ultra-violet lamp (b) Stationary reaction
) Shielding of the vapour phase
Hydrogen detected
traces of ethylene were detected.

() ca. 2%
mercury photosensitisation used,




It is apparent that high silane/olefin ratios

- give a favourgble conversion to the 1l:1 adduct

in the case of trichlorosilane and methyldichloro-
silane, and that trimethylsilane adds less readily
©to vinyl fluoride than do trichlorosilane and
methyldichlorosilane. The failuré to oObserve
hydrogen in most of the reactions indicates a

high kinetic chain length. The hydrogen observed
in the longer irradiations is throught to be farmed
by hydrogen abstraction:

H® 4 SlHX3 e Hé s S:LX5

The ethylene obzmerved in the reaction of trimethyl-
silane with vinyl fluoride is thought to arise by a

fluorine gbstraction reaction.

3 2

 Me.Si 4+ CH.:CGHEF et lie,SiF + CH,:CH

-]
+ Me., 81

* !
CH,:CH + Mle 3

5 SR —— | Yo

3 2°772

These points ére more thoréughly discussed in
conjunction with data from other reactions, pp 130,
A comparison of the results Tor the
-various silanes indicates that the percentage
reaction of triﬁ%hylsilane with vinyl fluoride is

lower than that for the other silanes used. The
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very weak absprption of trimethylsilane in the
ultraviolet region suggests that this mey Dbe
related to g very inefficient initiation step.

Two methods of overcoming this were investigated.

i) Mercury was used as a photosensitising

agent. This method depends on the absorption of

resonance radiation by mercury atoms, followed
by transfer of this energy to the silane molecule
on collision. This high energy causes the silane
molecule to dissoclate.
hv S Hg

. 7] ] O
Hgs 4 SiHKB e S:?LX.3 + I+ Hg

Irradiation of trimethylsilane alone and of

Hgo

trimethylsilane with mercury gave hydrogen in yields

of 1% end 12% respectively after L. days irradiation
Which illustrates the effect of mercury atoms on the
photo~dissocigtion of trimethylsilane. It was found,
however, that explosions occurred when trimethylsilane
and vinyl fluoride were irradiated in the presence of
mercury at the temperature in the vicinity of the lamps
(OJBBO). This gifficulty was overcome by starting
the irradiation withAthe reactants completely fromen

down (wl960) and allowing the tube to warm up gradualln
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It was foud that this method was effective in
promobing the addition of trimethylsilene to vinyl
fluoride.

ii) An attempt was made to overcome the
problem of initiation by using azobisisobutyronitrile
which is known to act as a free radical initiator.

It was established that no reaction occurred
between trimethylsilane and vinyl fluoride in the
presence of agobisigobutyronitrile at room temperature
in the absence of light. « Trimethylsilane and vinyl
fluoride (silane/olefin ratio of lL:l) in the presence
of azobisisobutyronitrile (0;5% of trimethylsilane)
were heated to 80° with shaking for 24 hr. Complete
decomposition of the initiator was observed (LO0% NQ),
but only a small amount (ca.5%) of the 1:l adduct of
trimethylsilane with vinyl fluoride had been Fformed,
No attempt was made to detect the initiator residue.
A separate experiment showed that trimethylsilane
and the initiator were immiscible at room temperature
and this pcs sibly explains the low yield of the L:1
adduct in the reaction carried out with this

iniviator,




Investigation of the adducts of silanes with

vinyl fluoride and the determination of the

structure of the adducts,

It is conceivable that two structural
igomers might arise from the addition reaction
of a silane, SiHKB, with vinyl fluoride:?

CHQF‘CHZ-SiXB (1)

"F]' . T e (VEITY
81.._}% 4 Gfig.GﬂI

CH* CHE* 51X (2)

Current ideas on radical stabilities suggest that
the addition of silanes under free radical
conditions should give produet (1) exclusively,
i.e. 1t is thought that the intermediate radical
éﬂFsGH2°SiX3 will be much more stable than the

intermediate radical CH,. CHPFeS5iX Theories of

2 3°*
heterolytic addition also reguire the addition of

139
electrophilic groups to the mGH2 group.

E" 4 CH,sCHP ~wmwv-Ee0ﬂ2»5HF°
It must be noted, however, that even though the
accepted polarisation of the silicon~hydrogen bond
is S? - ﬁs the extent of the polarisgtion is lowI4~0

(rve% in SiHh as calculated From electronegativities)

and the direction of heterolysis can not he
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wmeanibiguously predicted.

It might be expected on these grounds
that the grester proportion of the adduct will
be a 2-fluorocethylsilane irrespective of the
mechaaism of the addition. The possibility af
the inability of analytical htechniques to detect
small percentages of l1-fluorcethyl-silanes
exists, and samples of the expected “"minor!
components {(the l-fluoroethyl-silanes) were prepared
to verify this. It waé found that LlL-fluoroethyl-
trichlorosilane was one of the products from the
irradiation of l-chloro-2-fluorocethylene with
trichlorosilane, and that the percentage formetion
of this compound could be increased by working
with a large excess of trichlorosilane.

SiGl3 + GCHC1:CHEF ——> CHCl”OHF“SiGlB

G— . e Q1 . Y o Te 13 'W'u
HC1 -~ CHE blClE% SlHCl3 >'GH2C1 CHE 91013i S1C13

SlCl3 + Cﬂ2Cl°CH5681013*“"%- CH2°GHF’81013 -+ SlGlu

CH2°CHF'81013+ SiHCL -~a—GHE°CHF°SiGI + 81013

3 3

Pure 1l-fluorocethyltrichlorosilane was obtained from
the product mixture by fractional distillation,

and the structure was verified by nuclear magnetic
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resonance spectroscopy. l=-Fluoroethyltri-
methylsilane was prepared from this compound by
reaction with methylmagnesium iodide in di-n-butyl
ether.

The adducts from the photochemical
reactions were characterised by élemental analysis.
Investigation of the adduct by gas-liquid chromo-
tography using a "hm.silicone!" colum (M°S§550)
gave only ovne peak for the adduct., Stationary
phases of squalane, squalane-silicone oil mixture,
and dinonyl vphthalate were also used for the
investigation and only one peak was detected in each
case, pynthetic mixtures of the reaction products
(the adduct) and the prepared l-fluoroethyl-silanes
were made up and investigated by gas-~liquid
chromatography using ﬁhe“um.silicone”column described
anove. It was found that the isomers were egsily
separable. Typical retention times were

CszCHF°SiM85 el mine, CH,FoCH,*Sile 10.6 min.

2 2 3?
(at 90°); and CHy* GHF-81C1,, 12.6 min.,
CHyFeCH,+8101,, 16.0 min. (at 150°C)s It is apparent
therefore, that only the 2-fluorcethylsilanes are

formed as the products of the reactions of vinyl

fluoride with silyl radicals.
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It is, of course, not possible to assign
the structure of complex compounds such as the
l-fluoroethyl- and 2~fluorcethyl-silanes merely
on the basis of infra-red spectroscopy unless a
large amount of other information is availlable
By a direct comparison of the spectra of the reaction
products and the respective l-fluoroethylsilanes it
was possible to show that the latber compounds were
not present in the reaction products to any
detectable extent. This was done simply by noting
the sbsence from the spectra of the reaction products
of varioug unassigned b@nds which were present in
the spectra of the l-fluoroethylsilanes; e€.g., bands
at 1098§}k, 11600}1, 11“3QM ) all intense bands
~in the spectrum of l-fluorcethylitrichlorosilane, afe
absent from the spectrum of 2-fluoroethyltrichloro-
silane; and similarly the bands at 1O99§ﬁ\, ll.O%ﬂxg
and lla5jﬁkin the spectrum of l-fluoroethyltrimethyl-
silane are absent from that of 2-~fluoroethyltrimethyl-
ailane,

The nuclesr magnetic resonance spectra for

1

both “H and 19F were obtained. On the basis of

thege data the adducts were assigned the 2-fluoro-

ethylsilane structures, i.e., CHZF»G§§SiCl59




CH2Fo3H2-8i612Me$ GHQF-GH2~81M35. The nuclear
megnetic resonance spectra of the fluoroalkyl-
silanes dealt with in this work are discussed on
page 294 and complete stfucﬁural assignments are
presented for selectedlcompounds. The limit of
detection with the spectrometer used (A.E.T model
RS-2) is 2% of a minor componéhﬁ. Therefore
nuclear magnetic fesonance spectroscopy can only
be used ﬁo indicate the structure of the adduct
and not to detect low percentages of other isomers
present. Good evidence for exclusive addition
at the :CH2 group of vinyl fluoride is available
from gas~-ligquid chromatography as discussed above,

confirmed by chemical evidence to be presented below.
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Reactions of the adducts of silanes to vinyl

The hydrolyses and the pyrolyses of the
adducts of silanes to vinyl fluoride were
investigated to establish to what extent chemical
evidence is of value in determining the structure
of the adducts.

1) Hydrolyses.

Samples of the adducts from the
photochemical reaction of trichlorosilane,
methyldichlorosilane, and trimethylsilane with vinyl
fluoride were individually hydrolysed.by'the action
of 10% agqueous sodium hydroxide in_vacuo at room
temperature. The reaction gave ethylene
guantitatively as the only readlly volatile product
in each case.

CH,FeCH,*8iX_+ OH -———> CH_:CH, + (HOSiX,) + F

2 2 3 2 2 3)
In each case fluoride ions were detected in the
agueous residues after hydrolysis. The sample of
the adduct of trimethylsilane with vinyl fluoride
contained. a trace impurity (ca.,2%) of trimethyl-
silane which was present in the ethylene detected

after hydrolysise It was found that in both

2-fluorocethyltrichlorosilane and 2-fluoroethylmethyl-

10
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dichlorosilane the silicon~chlorine bond could
be hydrolysed by distilled water without the formation

of ethylene:
H,0 N
" ] -‘. T ~y 3 - P A Ca *
€ege, GH,F GHZE::LG].B > (01{216 GHZ 810,

'5)n
Similarly, fluoride ions could not be detected in
the agueous résidues after hydrolysis wifh distilled
water. It is therefore apparvent that the silicon-
carbon bond in this type of compound is susceptible
to attack by strongly nucleophilic reagents (OH ) but
not by weak nucleophiles (H20)°

The mechaniem of the hydrolysis is thought

to involve a concerted {3»elimination of fluoride

ion with olefin Fformabtion in the following manner.

. N [ o -
OH Xﬁ'Sl°CH2°CH2°Cl > 55810H 4 bH2f0H2+ Gl

R /Y -

H eSG10H O 8 e 2 i . : GO 3
Ol X3 Si 0112- C'H?. B - WCBSZLOH - OI‘I?- CIIQ + B

This is analogous to the mechanism which
has been postulated for the hydrolysis of similar

f5w c:hlcneose.'thylsilams‘,”H

Hydrolysis of +the analogous l-chloroethyl-
trichlorosilane, CHB-CHCI°Si0139 hags been shown not

to occur even in the presence of alcoholic potassium

. 4 .
hydroxide at room temperstune and an auvthentic sample
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of 1-fluoroethyltrichlorosilane similerly did not
eliminate ethylene in 10% aqueous sodium hydroxide

at 100°:
o

GHBGCHF°@i915

Polymers of the type (éﬁveGHF*SiO. ) are presumed
2 lw5 n

:-—>< 8112201—12 o+ Sloa + F .

to have been formed by hydrolysis of the silicon-
chlorine bonds. The quantitative evolution of
ethylene from these hydrolyses supports the proposal
that only 2-fluoroethylsilanes are formed in the
reaction of silyl radicals with vinyl fluoride. The
mechanism of the hydrolysis is discussed in
conjunction with the hydrolysis data froﬁ other
fluoroalkylsilicon dom@ounds.
2) Pyrolyses..

The adduct of trichlorosilane with
vinyl fluoride was investigated by pyrolysis.
Pyrolyses were carried out ab L!.BOO9 and at 220°

for 24 hr.

0
CH,F« CH,* §1C1, WSO o 0H sGH. + S1C1 T

2 2l hr. 272
785% 95%
CH Be0H o5icl. —220°0 o m i0H + sicl ¥
) 3 "L hr, o tCHy 3
97

The reaction is thought to proceed with @ -halogen

elimination via a four-centred transition state,
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similar to that proposed for the pyrolysis of
: . . 143,172

2,2~difluoroethyltrifluorosilane.
i.€s, by internal nucleophilic attack of fluorine

on silicon:

61381 - GHE 013§1 ------- ?ﬂz Clﬁulb
(0 RN A S ) UG
e ' o . 4 <CH. .,
= Gﬂa ] ¥ GH2 GH2.CL

i . - . . 146
Work carried out in this department, however,
suggests that the 1l-fluoroethylsilanes would also
give ethylene as one of the pyrolysis products by
a process of of ~eliminstion, followed by a carbene
rearrangement by hydrogen atom migratlon.
A & @
CH o?ﬂ°8101 >  CH,°*CH + SiClBF
A

3 3

CH_ o8 —foindgration CH,, s CH

3 2

The formation of ethylene by a carbene rearrangemelit
has been observed in the photolysis of diazocethanc.

cﬂBQCﬂgN:N miﬁﬁm__%, CH3°EE H-migration

> Gﬁgscﬂze

oteliminationg of this nature have been observed
along with reactions involving o~halogen exchange

146
with the halogen attached to the silicon atom, €.ge,
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Xelimination . CHE : GF T 29%

CFgﬂ°GF2j81013

+ S1CL
lHalogen exchange

2 )

OF,H* PG+ S1FGL x-elimination . 0T, :CHOL + SiC1

o r, 21%

2

l Halogen exchange

+ 31F301 o 22%

OF,He COL, * 51,01 pretimnatiofonr: oo,

Pyrolysis of 1l-fluoroethyltrichlorosilane
at 250° for 2L hr. gave only 23% ethylene as the
volatile product slong with unidentified high
boiling silicon compounds and a slight charring of
the tube. EBthylene is presumably formed by

X—-elimination as above. The exchange reaction may

however produce l-chloroethyldichlorofluorosilane.

Cl
¢/
CH.,+CH.S1C1 e GH. »CHCLeSi*CL
3 l/‘ 2 3 2
™
The related compound l-chloroethyltrichlorosilane is

1T
peported to be stable at 610° and it is possible that

the product of ‘the exchange reaction of l1-fluoro-
ethyltrichlorosilane would not break down at the
pyrolysis temperature. No attempt was made to identify
the silicon compounds Tormed in the reaction.

It is apparent that pyrolysis of the adducts

of silyl radicals with vinyl fluoride is not a
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satisfactory method for determining the structures

of the isomers present, nor for detecting the
rossible presence of two igomers. The formation

of high yields (97%) of ethylene however indicates
the presence of a high proportion of the
@wfluorqethyl—isomer in the product, but does

not exclude low percentages of the {~fluoroethyl-
isomer,. The mechanism of the pyrolysis is discussed
in conjunction with data from the pyrolysis of

other fluorcalkylsilicon compoundse.

3) Fluorination

An attempt was made to replace the
gilicon—chlorine bonds by silicon-fluorine bonds by
fluoringtion with antimony trifluoride. This should
have provided the compound 2-fluorcethylirifluorosilane

(CﬁszGH °SiF3) which was of interest for pyrolysis

2
studies. It was found that conventional fluorination
by passing the silicon compound through a tube packed
with antimony trifluoride which had previously been
moistened with a few drops of antimory pentachloride

regulted in the formation of only break-down products

b o
3 SkCl5 > SLFQ + GﬁfCHQ

CH.FeCH

o fSiGl

2
907 9070

The method was modified by activating the antimony




trifluoride with chlorine gas and excluding the
addition of antimony peﬁtachloriﬁem This was

done by passing a stream of chlorine through the
tube for a few minutes before the reaction.

It was found thalt the fluorocalkylfluorosilane could
be pra?ared.in this way, but the product slowly
decbmposed~on standing to ethylene and silicon

tetrafluofiden

) CH, B+ G, * S1Fy 60%
CHyF'e CH,, e 81CL,———>70% ) o™, oy :
reaction 2772 ; hQO%
SiF),
CH, T CHB1F, = CH,:CH, + SiF)

This is possibly because of the high silicon-~fluorine
bond energy and the gain in stability in forming
silicon tetrafluoride, (e.g., D(8i-C), 76 D(si-Cl),
91; D(Si-F), 135 Keal/mole;)

There is,therefore,excellent evidence that
the addition reactions of silanes with vinyl fluoride
under homolytic conditions are unidirectional. The
products are 2~fluofoethylsilanes, Hydrolysis with
agqueous alkali prbvides a good method for determining
the structure of these compounds, but pyrolysis data

"are wnambiguous only when the yield of ethylene is

quantitative.

76
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The reaction of silanes and trifluoroethylene.

P-.The siiane én& ﬁfifluoroefhjiéﬁé ﬁeié irradiated
“in silica tubes with silane/olefin ratios of between
5:1 and 6:13 with shaking for about four days (see
table 1 ), Two slightly different technigues were
adopted for handling the products from the reaction.
Tor the chlorosilanes, trichlorosilane and methyle
dichlorosilane, the reaction products were fractionated
in vacuo through a series of cold traps and each
fractidn was separately examined by infra-red spectroscopy,
gas-liquid chromatography, and, where applicable, molecular
weight determination., This allowed crude separation of
the adduct from the unreacted starting materials and an
estimate of the percentage reaction from the recovery of
the starting materials. The adduct fraction, usually
from two identical reactions, was then fractionally
distilled to remove traces of unreacted silane and o
obtain a pure sample of the 1:1 adduct. The purity of
the sample was then checked by infra-red spectﬁ%copy
and elemental analysis. The yield of the T1:1 adduct
‘obtained in this manner will be lower than the true
yield because of the column hold-up. Pot=~residues
were generally found to have similar infra-red absorption
spectra to the l:l adduct, but the chlorine analysis

indicated an average chain length of ca.2 olefin units
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possibly arising from a distribution of éelomers with
1,2,3% and more olefin units.

For irradiations with trimethylsilane the products
were fractionated in vacuo ‘through a series of cold
traps, repeated vacuum fractionation of the adduct fraction
being sufficient to remove all but a trace of unreacted
trimethylsilane, The purity aﬁd identity of the adduct
were checked by infra-red spectroscopy, gas-liquid
chromatography, and elemental analysis, The percentagé
reactionswms debtermined by gas-liguid chromatography and
infra-red spectroscopy as hefore.

The reactions of trichlorosilane and methyldichloro~
silane with trifluorcethylene were found to take place
smoothly to give good percentage yields (93% and 80%
respectively) after 100 hr, irradiastion. oﬁl;y- the 1:1
adduct and small amounts of telomeric material were found
along with unreacted starting materials. No side
reaction was detectable, Similarly, the photochemical
reaction of trimethylsilane with trifluorocethylene gave
20% reaction to the adduct after 12 hr, It was found
hoﬁever that a reaction carried out for 140 hr. in the
presence of atomic mercury gave a trace of a compound
identifidd by gas-ligquid chromatography, as 1,1l,2=-tri-

fluoroethane (less than 0.5%) and that for a reaction
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carried out for 250 hr. in the absence of mercury low
percentages of hydrogen (ca. 1 . 5 trimethyll'luorosilane
(ca.10tf) t and an unidentified compound, assumed to be

a difluoroethyltrimethylsilane (ca.6%) were detected.
Trichlorosilane and trifluoroethylene were sealed in a
silica tube in the mole ratio 2si and warmed to 85°

for 100 hr. in the absence of light. No reaction was
observed which indicated that ultraviolet light was
necessary for reaction, i.e., the addition reaction was
probably a free radical process. Factors wv.hich support
this assumption and the possible mechanism for the

production of these compounds are discussed later (pp.130)

TABLE "7 Photochemical reactions of silanes with
trifluoroethylene.

Silane Ratio S/o time hr. mreaction Yield of 1:1
(olefin) adduct )

SiHC1* 5:1 100 93 77
MeSiHC12 5:1 100 80 85
Me, SiH 5.5:1 140 100 90 (a)
Me~SiH 5.5:1 250 100 88 (b)
Me~SiH 5-1 12 20 100

(a) Mercur hotosensitisation used, trace of CF2H#CH2F
Y P
produced.

(b) H2 (1. 5/0) »Me~SiF(10*), + other compounds.
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Tavestigation of the adducts of silavies with

trifluoroethylene and the determination of the

structuresof the adducts.

The adducts were investigated by use of
gas~liquid chromatography in an attempt to determine
the position of the silyl group relative +to the
difluoromethylene group. Theories of both homolytic
and heterolytic addition reactions would suggest that
either a silyl radical or an incipient siliconium ion
would become attached to the =CHI group in preference
to the ﬁGFQ group of trifluorocethylene. Free radical
addition mechanisms predict the preferred formation of
the most s%able free radical intermediates

LleCay CFQ‘CHF'SiX is more stable than CHF‘GF2‘SiX3 o

3

The electrophilic addition of ethoxide ion' ® indicates
the polarisation of the ei&tron density towards the

=CHEF group:

ieese B0 + CHF:CF, ~——> EHF-GFz*OE'b

It may be noted, however, that even though the accepted
polarisation of the silicon-hydrogen bond is in the
direction Sit—m W™, the extent of the polarisation is Low
(estimated at ~ 2% in silane (3134) from electronegativities)

and consequently the presence of electronegative groups
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could facilitabte heterolysis in the reverse direction
- during the addition reactions of chlorosilanes, i.c.,
£ &+

013

Frqm these arguments it might be suggested that the

major component of the adduct, if in fact there are

two components, would be a 1,2,2~trifluorocethylsilane,

GHFZnCHF-SiX3 . |
The gas-liquid chromatograms for the adducts

with trichlorosilane,Amathy}dichlorosilane, and

trimethylsiléne%consistédlof-bne peak, a main peak with

a small shoulder, and two éisﬁinct peaks respectively.

The nuclear magnetic resonmnce spectra (!H and ¥P) of

the adduct with trichlorosilane indicated the presence

of only a 1,2,2-tri®flbroethyl group (i.e., within the

limits of detection of the spectrometer). The possibility

that a low percentage (™ 5%) of the other isomer,

l,l,Egtrifluoroethyltrichlérosilane, was present, and was

not separated by gas-liguid chromatography was investigabed.

A pure sample of 1l,1,2-trifluoroethyltrichlorosilane

had been prepared by the additioﬁ reaction of trichlorosilane

with chlorotrifluoroethylene'followed by dechlorination in

situ, and its structure was verified by nuclear magnetic

'
gspectroscopy.
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Y

SiHGl3 +\GF230F81f“%@mvﬂ> 'CHGlF‘CFg’Si61

, 3
CHCLIF*CP,.+8101. 4 SiHCL fﬁL»cH TeCR. «SiCL, 4 Sicl
o 3 2 2 3 4

3

A comparison of retbtention times between this compound
and the adduct of trichlorosilane with trifliuorocethylene
and an examinétidh of a synthetic mixture of the two,
showed that even small amounts (ca. 5%) of 1,1,2-trifluoro-
ethyltrichlorosilane were well separafed from the adduct
during gas-liguid chromatography. In this way it was
shown that the adduct was exclusively 1,2,2»trifluoroe£hy1—
trichlorosilane, |

Bxamination of the adduct of methyldichlovosilane
with trifluoroethyiene by nuclear magnebic resonance
spectroscopy indicé%ed tﬁe present of a compound conbaining
1,2,24=trifluoroethyl group as the main component, with
a trace (5%) of a compound containing a 1,1,2-trifluoro-
ethyl groupe- As gas-liquid.ohromatography also indicates
lthe presence of a ﬁajor and a minor component it is
concluded that addition of wethyldichlorosilane to
trifluoroethylene takes place to an extent of £g? 95% at
the =CHF group and that‘éome addition, cg. 5% takes ﬁlace
at the =GF2 group. Hydrolydis data discussed below is in
agreement with this. Authenfid samples of the two isomers
were not synthesised,

The adduct of trimethylsilane with trifluorocethylene

was found to consist of two compounds by examination
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using gas-liquid chromatography. As Fhe components

i
were in the ratios 36264 41:59 from different
reactions, the nuclear magnetic resonance spectra would
be expected to be too complex to allow valuable
interpretation. To overcome this difficulty samples
of the two expected adducts were synthesised.
1.2.2-Trifluorocethyltrimethylsilane was prepared by
the Grignard reaction of methyl magnesium iodide with
1.2.2-trifluorocethyltrichlorosilane (the structure of
which had been determined as described above).
1.1.2-Trifluorocethyltrimethylsilane was prepared by the
addition reaction of trimethylsilane followed by
dechlorination in situ in a similar manner “o the
preparation of 1,1,2-trifluoroethyltrichlorosilane
previously described. The structure was verified by
nuclear magnetic resonance spectroscopy.

Comparison of the retention times for the adduct
of trimethylsilane with trifluoroethylene with those for
the synthesised compounds indicated that the major
component was 1,2,2-trifluorocethyltrimethylsilane, and
that the minor component was 1,1,2-trifluorocethyltrimethyl-

silane.



TABLE 8 Isomer distribution by gas-liguid
) chromatography.
Silane addition addition time of
at CHF(%)| ab CF,{(%) | irradiation
: : (hx.).
01,51H greater | - 100
than 98
GlZMeSiH 95 5 100
Mo 5 Sill 64 36 140
MeBSiH 59 41 250

It is notable that the isomer ratio for the addition of
trimethylsilane to trifluoroethylene is not constant,.
It was found, however, that a low conversion reaction
which was designed to obtain an isomer ratio with the
minimum of interference rrom side reactions or:
telomerisations, gave after 12 hours irradiation 20%
reaction to a mixbture of the adducts in the ratio 65:55
for =CHF and =CF2 addition respectively. The ratio
obtained for the 250 hr, reaction (Table § ), coupled
with the observation of different products in low
percentages (trimethylfluorosilane and an unidentified
compound ), indicated that further reaction of the adducts

is taking place on extended irradiabion, and that the rate

of this reaction ig not the same for the bwo adducts. A




possible mechanism for this reaction isg discussed in
Aéonjunétion with similar data from other addition
reactions, pp |45,

For the peak areas obtained by gas-ligquid
chromatrography to be truly iﬁdicaﬁive of the actual
percentage of each isomer present, it must be
ascertained that differences in thermal conductivity
(for measurement by thermistor detectors) sre negligible.
The adduct of~txime%hylsilgne.with trifluoroethylene gives
the highest degree of bidirechion addition, and a
calibration of the fractometer for these two isomers ﬁas
carried out.‘ A pure sample of 1,2,2~trifluorocethyl-
trimefhylsilane was prepared by the Grignard reaction from
1,2,2~trifluoroethyltrichlorosilane,
| ’ 0%

Adi-n~butyl
ether

CFzH.CHFoSiCla+BGH3MgI

[

*OF,H» CHF+ 51 (CH;)_+3MgI01 250
, 3 .

Mixtures of the two isomers, CFZH-CHF*Si(OHB% and
CHzF'GFQ'Si(OH3)3, of known composition were made up and
investigated by gas-liguid chromatograﬁhy. It was found
that the very slight difference in thermistor response
(0.2%) was of the same order as the reproducability of +the
frac%omeﬁer and that percentages quoted by gas-liquid

chromatography must be allowed a possibile error of £ 0,5%.
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Reactions of the adducts of silanes with trifluoroethylene.

'The hydfoiyées and fhe pyrolyses of the
adducts of silanes with trifluoroethylene were
investigated to establish to what extent chemical evidence
was of wvalue in deciding the isomer ratios of theadducts.

(i) Hydrolyses.

The adducts obtained from the photochemical
addition reactions were hydrolysed in vacuo with iO%
aqueous sodium hydroxide. The products consisted éf
1,1l 2-trifluoroethane and either one or two difluorocethylenes
which were identified by infra-red spectroscopy and gasg-
liguid chromatography. _It'was found that decreasing the
étrength of the sodium hydvoxide solution led to an increase
in the percentage of fluoroalkane (CFzH'CFHg) formation,
but that attempted hydrolysis with water led to the
hydrolysis of the silicon-chlorine bonds only. Examination
of the volatile producte from the hydrolysis indicated the
presence of both l,zﬂaifluoroe%hylene and 1,l-difluorocethylene
in the case of the adducts of dichloromethylsilane and
trimethylsilane to trifluoroethylene, The olefin
1,1~difluorcethylene could not be detected in the case of

the adduct with trichlorosilane, (see table 9 )
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TABLE 9 HYDROLYSIS OF THE ADDUCTS OF SILANES
WITH TRIFLUOROETHYLENE,

Silane h.ydrolysis1 % reaction %CF2H¢CH2F JCFH :CFH %CHE:CFZ
(aqueous u . , .
solution)

C1,84H NaOH 10% 100 80 20 -
01351H NaOH 1% 100 87 13 -
C1,MeSiH| NaOH 10% 100 57 41 2
C1,MeSiH| NaOH 1.9% 99 84 15.5 045
*Me;S1iH | NaOH 10% 98,5 43 41 16

#* = from the 140 hr.reaction,

Since it has been shown that 1l,1,2-trifluoroethane
is not attacked by aqueous alkali it may be concluded that
the fluoroalkane and the fluoroolefins arise from the
competing processes which operate during the hydrolysis.
These maj be:

(i) displacement of a carbanion,

’

- f o / I
OH ———> Sir= = Ce TP . HO~—Si—= 4+ C—~=C-=T
/N 1 > \ I

followed by either attack on a water molecule or loss of

a fluoride ion,
! |

-

l I -
? - ? - B HZO ~oewee>H =~ 0 - 0 - B + OH
! |
- ! N / -
DA el e

or (ii) a concerted (-halogen elimination,
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/H ’

I
v: ¢ /b > w0 - Sl— + c =0 +TF .,
/ \ Voo h

It appears that with 1% sodium hydroxide solution the
carbanion displacementffollowed by alkane formation
predominates. If’@nfluorine elimination takes place,
1,2=difluoroethylene arises from the hydrolysis of
1,2,2-trifluorcethylsilanes, and l,l-difluorcethylene
arigses from hydrolysis of 1,l,2-trifluoroethylsilanes.

The percentage of(smelimination for two isomers need not
be the same and as the percenbtage of alkane formation is
high it is clear that isomer ratios can not be obtained in
this way. This is illustrated by a comparison of the
igsomer ratios for the addition reaction of trimethylsilane
with trifluorocethylene obtained from gas-liquid chromatography

(gelsc.) and from hydrolysis data, (table 10 ),

PARLE 10  Isomer ratios by gas-liquid chromatography
(gelsc.) and by alkaline hydrolysis
H(CHF*CP )51Me3

Method  Addition at = CHP group  Addition at = CT,group.

gelacCo 64% 36%
hydrolysis 72% 28%

-It musﬁkbe poiﬁted ouﬁ at this stage oftthe‘
argument that the reaction schemes presented above are only

proposed mechanisms which f£fit the known facts. It is cleaxr
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that this approach, though useful for indicating the
presence of both isomers, is of no value for determining
igomer ratios unless gquantitative Formation of olefin is
observed. The relative merits of the proposed mechanisms
of hydrolysis are discussed in conjunction with data from
other hydrolyses, (pp.{73). Phe final conclusion is
that fi-elimination is the most probable mechanism,

It is interesting © note in this context that
the percentage of olefin formation on hydrolysis with 10%
aqueous sodium hydroxide increases with increasing number
of methyl groups attached to the silicon atom, This
vrobably results from a facilitation of an electron shift

of the @melimination type.

oL
OH”‘/—\ Si  eee— JHP  e—e— QHP e J
Y\
01 oL
Me
—~ 5 2
OH Si e QHF e QHFee
AN
Ve Me

The effect of the substituents attached to silicon may be

conflicting, i.e., electron withdrawal from silicon assists
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nucleophilic attack but hinders ‘S—elimination,and vice
versa for electron release. The experimental evidence
avallable indicates that polarisation before the attack of
the nucleophile might be the more important effect, but
more experimental data is needed before such substituent
effeotslare fully understood.

(ii) Pyrolyses

The adducts obtained from the photochemical
reactions of silanes with trifluoroethylene were pyrolysed
in vacuo at 280° for 18 hr., and the products were
identified by infra-red spectroscopy and molecular weight
determination as a mixture of fluoroolefins with a silicon
halide. The products were shaken with wabter in a hydrolysis
buld to remove the silicon compound (by hydrolysis of the
silicon-chlorine bonds) and the remaining wvolatile
component (s) was then réwexamined by infra-red spectroscopy,
molecular weight determination, and the composition
determined by means of gas-liquid chromatography. The adduct
with trimetby;silaﬁa was not pyrolysed. Results are given
below (table jju ) along with the result from the pyrolysis
of l,1l,2~trifluorocethyltrichlorosilane which was prepared

1 G
independently.




TABLE 11 The Pyrolysis of the adducts of silanes with
trifluoroethylene
Compound Reaction conditions. # organic product.
CP2H ‘CHP ‘SiCl, 280°, 18 hr. 49# CHFsCHF + tar
CP2H.CHP*SiCl5 225°, 16 hr. 47# CHFsCHF + tar
CH2P*CP2 *SiCl, 225°, 16 hr. 60# CH2sCH2;
19# CHFsCHF;
7# CHFsCH .
H- (CF2*CHF) *SiCl2Me , 280° 18 hr. 95# CHFsCHF;
5# CH2sCF2.

The pyrolysis of 1,2,2-trifluorocethyltrichlorosilane was
repeated at 225° for 16 hr* for comparison with the results
from the pyrolysis of 1,1,2-trifluorocethyltrichlorosilane¥*
The formation of 1,2-difluoroethylene in the
pyrolysis of 1,2,2-trifluorocethyltrichlorosilane can be
explained by nucleophilic attack of a jj-fluorine atom on
the silicon atom with a synchronous electron rearrangement

(similar to that in“-elimination)

Cl.Si*CHF*CF2H ﬁ} - CHF ClASiF
F — CHF + CHF:CHF

The products observed in the pyrolysis of the compound
isomeric with this, i#fe* 1,1,2-trifluorocethyltrichlorosilane

as part of an extensive investigation carried out by Bevan,



necessitated the postulation of a complex cycle of
ol =silicon-~carbon halogen exchanges and (- halogen :

L3 L] ) Ly * ‘
elimination with carbene rearrangement.

G, e T, *$1C1 eelinination s o, peOF > CHF:CHF (19%)
ol-exchange ToI0L,T . v
v . - se : B :
OH,F*CTOLe$icl, B HSIMMBANION & op pOQ 1~ —msCHIF: CHOL (75)
| + §iCL,T,
-exchange

M {5~el~i=min>at ion : .
CH,T*CC1,.SL01F, > CHy30CL, + SiF01 (60%)

Although the major proportion of the product from
the above pyrolysis is formed from a GS— elimination
mechanism it is clear in view of the complexity of the
reaction in one case and the low olefin yield in the
other, that the method is of no diagnostic value for
mixtures of these isomers. The apparent coincidence of
the percentages of the olefins formed during hydrolysis
and pyrolysis of‘thé adduct of dichloromethylsilane and
trifluoethylené must be regarded as fortuitous until it
is indepen@aﬁﬂygmwablished that each isomer breaks dowm

exclusively by the same mechanism., The mechanism is

is discussed more fully in Qonjﬁnction with data from other

pPyrolyses,

ol




The reaction of silane (SiH4) with trifluoroethylene

A preliminary reaction of silane with
trifluorosthylene was carried out with a silane/olefin
ratio of 1:1 forl150 hr. Complete reaction of the
olefin and gg.‘ﬁo%.reaction of the silane were observed.
The products‘were‘found to consist of five unidentified
components and fluorosilane (HESiF). It is apparent
that the reaction is unsuitable for the pumpose of

thig investigation.

92




THE REACTION OF STLANES WITH 1-CHLORQ~-2-FLUCROETHYLENE.

The olefin was irradiated in the presence of a large
excegs of fhe silane in a silica tube in vacuo as previously
described. It was found that the reaction was greatly
complicated by a side reaction. The reactions of
trichIorésjlane,dndﬁtfimethylsilane with 4=chloro=-2-fluoro-
ethylene are, therefore, discussed separately.

The reaction of trichlorosilane with {-chloro-2-fluorgethylene.

The reaction was carried out with silane/olefin ratios
of‘2.5:1, 5:1 and 10:1. Thé same procedure was used for the
investigation of the products of the reactions for each ratio.
Tractionation in vacuo gave a crude product which was
fractionally distilled to give a compound wrecognised by
elemental analysis as the 1:1 adduct of trichlorosilane with
i=chloro~-2=fluoroethylene. The {1:1 adduct was collected over
the boiling range of 140~146° which appeared to be rather wide
for a pure compound.

The 1:1 adducts from the reactions with different ratios
were investigated by gas-liquid chromatography and were shown to
consist of +two distinct components. Investigation of the

product from the reaction with a silane/olefin ratio of 5:1 by
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nucleaxr magnetic resonance spectroscopy indicated the pogsible
presence of both «CHE=- and —GHZF groups, but the spectra were
too complex to allow any definite intexrpretation.

It is imporxtant to note that the ratios of the two
;om@onents and also thé percentage of the 1:1 adduct isolated
were quite different for the reactions with different sileme/
olefin ratios, (table 12 ). These differences ave better
understood when the other products of the reaction are
congidered.

In the reaction with a silane/olefin ratio of 2,5:1,
73% of the olefin'was‘consumad of which only 419 was accounted
for by the organosilicon compounds isolated. A high boiling
polymeric material wag found and this is presumed to account
for the deficit. PFractional distillation of the crude
product gave a forerun to the 140-446° fraction which was
shown by gas-liquid chromatography to consist of silicon
tétrachloficle and 1-fluorcethyltrichlorosilane (3% of the
olefin consumed), in addition to a trace of the compounds

congtituting the 140-146° fraction. The two components of the

140-146° fraction (38% of the olefin consumed) were in the ratio

18:82 in order of elution.

9%




‘5£;J*QT'Iﬁ‘fhe reaction with a silane/olefin ratio of

5;;, 67% of the olefin was consumed of which 89% was accounted
‘for by the organosilicon compounds isolated.  Telomer
formation had oécurred to a lesser extent than iﬁ the 2.521.
reagtion, presumably because of the higher silane/olefin’
ratioc. Fractional distillation of the product gave a forerun
as above, shown by gas~liquid chromatography to consist of
silicon tetrachloride and 1-fluoroethylirichlorosilane (10% of
the olefin consumed) in addition to a trace of the comwpounds
constituting the 140-146° fraction. The two components of
the 140-4&69 fraction (799 of the olefin consumed) were in
the ratio 26:75 in order of elution.

. In the reaction with a éilanq/olefin ratio of 10:1,
98% of the olefin was consumed of which 91% was accounted for
by the organosilicon compounds isolated. Telomer formation
had occurred, again to a lesser degree than in the 2.5:1
reaction. Fractional digtillation of the product gave silicon
tetrachloride, 1~f1uoroethy1trichlorosilane (619),
2«fluoroethyltrichlorosilane (126) and the 140~146° fraction
(8%). (Percentages quoted are percentages of the olefin
consumed)., The two components of the 140=~146° fraction were

in the ratio 42:58 in oxder of elution.
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The two isomeric fluoroethylsilanes from the
1031 reaction were well separated by fractional distillation

QCI-IQF.CHQ.Siclﬁ, bepe 116~118°/760; CH,.CHF.SiCL

3 3?
bep. 102-104°/760) and identification was by elemental
analysis for carbon, hydrogen and chlorine, and by nuclear
magnetic resonance sﬁectfoscopy. The 2-fluoroethyltrichloro-
silane prepared in this way was identical with a sample
prepared by the addition reaction of trichlorosilane with
vinyl fluoride. The 1-fluoroethyltrichlorosilane from this
reaction was used as a gas-liquid chromatographic standard for
identifying the 1-fluoroethyltrichlorogilane produced in other
reactions.
Considered together (table 12 ), these results

suggest that a bidirectional addition reaction is taking place

to give a mixture of the two possible 1:1 adduets. The
14b~1h6° fraction was suggested to be the adduct mixture

~ because: (i) the elemental analysis was correct for the adduct,
K ;Kii)lthe fracfion contained two components of higher boiling
ﬁQiQ@ thén the fluoroethyltrichlorosilanes,gand
(11i) hydrolysis of a sample of this fraction (discussed
later) gave the two olefins vinyl fluoride and vinyl chloride.

" The nuclear magnetic resonance spectra of the mixture were too
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complex to allow worthwhile interpretation, but the possible
presence of both -CHF- and -C*F groups was indicated¥*

At low silane/olefin ratios extensive telomer
formation occurred. Although this was reduced at higher
silane/olefin ratios, the reaction was further complicated by
a 3ide reaction which produced the fluorocethylsilanes. As
this side reaction became more important as the silane/olefin
ratio was increased, it is thought that the reaction involved
the interaction of either a silane molecule or a silyl radical
with the 1:1 adduct, rather than a light induced unimolecular
decomposition of the 1:1 adduct. The detection of silicon
tetrachloride, 1-fluoroethyltrichlorosilane, and
2-fluoroethyltrichlorosilane in increasing yields as the
yield of the 1:1 adduct decreases (table 12 ) is in agreement
with this.

The observation that the photochemical addition
reaction of trichlorosilane with vinyl fluoride takes place to
give exclusively 2-fluoroethyltrichlorosilane also suggests, in

this context, that 1-fluoroethyltrichlorosilane was formed by
a reaction of the excess silane, or a silyl radical, with the

1:1 adduct.
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TARLE 12

The reaction of itrichlorogilasne with {-chloro-2-fluoroethylene.

1:1 adduct

1:1 dehalogenated adduct

Ratio _Reaction H({ CHCL1:CHF) mwnwu (4) mﬁommmmm.v mwnpw (B) % dehalogenation
mwpwﬁu ew% of olefin ™o ed on "% addition at | % based on | % addition %o give B . 100
olefin | (hr.)| (%) olefin consumed | =CHF | =CHOL | olefin consumed “ ~CHFOE, | i CH,R 2+ D

2,521 116 73 38 82 18 3 95 - 7

51 100 67 79 75 25 40 95 - 12
1031 100 98 8 58 L2 73 83 17 91




At this stage of the argument the reaction may he
represented thus:

SiHC1

N hy - ) ] HSiC1l3 +
~——>  H(CHCL-CHF) $iCl5 D > CH, CHF §i01,
CHO. £ CHF +

OHzF-GHZ-SiGl3

i.e., an addition reaction fﬁllowea by a halogen abstraction
reaction.

During this work it was not found possible to achieve
complete prepsrative separation of the two components of the
140=146° fraction by gas~liquid chromatography, and the
expected ilsomers of the 1:1 adduct were not independently
synthesised. Consequently, the use of this further reactign
of the 1:1 adduct is a valuable guide to the course of the
addition reaction. The appearance of two separable and
identifiable fluoroethyltrichlorosilanes is evidence for the
operation of a bidirectional addition reaction, and is also
useful for suggesting the gtructures of the 1:1 adducts
originally formed.

“As the structureé proposed for fhe 1:1 adduct depend
to a large extent on the observation of the two
fluoroethyltrichlorosilanes, it is imporfant to congider in

detail the mechanisms by which they could be formed.

P
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A sample of the 1:1 adduct, of which the ratio of
the two components was known, was sealed in vacuo in a silica
tube with a 10:1 molar excess of trichlorosilane and allowed
to remain at room temperature for 335 hr. in the absence of
lights No reaction wag found to have occurred and the ratio
of the components of the 1:1 adduct was identical with the
original ratio. This indicates that the abstraction reaction
may be a light induced free radical process in which the
trichlorosilyl radical abstracts a éhlorine atom from the adduct
to produce silicon tetrachloride.

RCL éic:l5 —— R+ sicL,

The fact that 1=fluoroethyl- and 2=-fluoroethyl-trichlorosilane
were isolated allows the suggestion that these compounds were
formed by abstraction from two chlorofluorcethyltrichlorosilanes,

i.e. the 1:1 adducts. The reaction scheme can now be elaborated.

SiHiGl3 + CHC1:CHF
-‘—-“/“‘
Gﬁzcl‘CHF‘31013 | CHZF-GH01~S1613
(lr) | (If)
GH3-CHI*‘-SiGl3 OHéF-CHz'Si013

(III) ( IV)




101

This mechanism is consistent with the
observation that the percentage of the compounds assumed
to be the 1:1 adducts was reduced as the percentagé of the
fluoroethyltrichlorosilanes was increased.  The observation
that the ratio of the isomers present in the 1:1 adduct was
not constant indicated that the halogen abstraction was
taking place more readily with‘qne isomer of the 1:1 adduct.
The isomer which was more readily reduced was the second
component of the 140-146° fractioﬁ to be eluted.

As th¢ reduced adduct consisted mainly of
1-fluoroethyltrichlorogilane (III), it is suggested that the
compound, more readily reduced was 2-chloro-1-fluoroethyltriéhloro-
silane (I) and that this corresponded to the second compound
to be eluted; (i.e., the major product in the 2,5:1 and 5:1
reactions).

It is not sufficient, however, to carry the argument
fﬁrther on these grounds and conclude that the igolation and
identification of 2-fluoroethyltrichlorosilane (IV) indicates
thé‘presence of 4=-chloro=~2-fluoroethyltrichlorosilane (IT) ih
the 1:1 adduct. This is clear if the mechanism of the
halogen abstraction from 2—éhloro-1—fluoroethyltrichlorosilana

is considered.
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The reaction is thought to proceed via an

intermediate alkyl radical thus:

- ,. d L3 &
GHQG;'CHF°31013 + 31013 — CHQ CHF S:I.Gl3 + 31614
GHé*CHF’SlClE‘ + SlH015 — GH3'CHF'S&G13 + S:LGl3

and similarly, via the intermediate radical éHF-OH2-51015,

for the other isomer, leading to the formation of
2-fluorocethyltrichlorogilane. Three other possible routes
to the latter compound exist, none of which involve prior
formation of the expected adduct {1-chloro-2-fluorcethylsilane.

These are considered below.

(1) Tree radical elimination from the intermediate.

This is equivaleht to the reverse of an addition process. The
addition reaction of trichlorosilane with vinyl fluoride
indicates that the intermediate radical CHF-CH,-SiCly is more
stable than the radical CH,*CHFSiCl;. It can be seen that
the intexrmediate radicals from the addition reaction and the
abstraction reaction are identical. Reversibility of the
addition reaction would therefore lead to breakdown of the
intermediate radicals formed by chlorine abstraction:

e.g., CH,*CHF-5iC1 L, CH,:CHF + SiCl

3 Wy e et am

3
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This could then be followed by an addition reaction
of the type previously described to give 2-fluoroethyltrichloro=~

silane.

.. . - . Q4
51015 * GHQ.CHF g;g:é‘ CHRF CH2 81013

+ SiHCL, ~=—e=» CH,F+CH,«S51CL

CHF-CH2-8101 3 o 5 3

3
In other words, both dehalogenated adducts could be formed.{rom
only one i.somer (CHéCl~CHF-SiGlE) of the 1:1 adduct of

trichlorosilane +to 1-chloro-2-Ffluorocethylene.

(1i) Preliminary abstraction from the olefin. The reaction
of trimethylsilane‘with 1=chloro=-2-fluoroethylene in the presence
of mercury produced mainly vinyl fluoride (96%) and trimethyl-
chlorosilane. As trimethylsilane wndergoes addition to vinyl
fluoride very slowly, only a trace of the 1:1 adduct of
trimethylsilane to vinyi‘fluoride was detected. If, however,

a similar mechanism was in operation in the reaction with
trichlorosilane, the vinyl fluoride produced would react with
excess trichlorosilane to give 2-fluoroethyltrichlorosilane as
shown‘by the first series of reactions described in this
dissertation. Again, 2-fluoroethyltrichlorosilane would have
been produced without the formation of 1-chlorOmZ—fluoroeghyltri4

chlorosilane.
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CHOL:CHF + ésic:l3 ——  CH:CHP + 8101,
CHiCHF + SiHOL, —%  CHy:CHF + 55.013
CHy:CHF + SiCl, —> G-, 5icl, .,
CHF+CHySiCl, + SiHCL; ~——>  CH,F-CH,+8iCl; «SiCl

(iii) Rearrangement via a bridged intermediate. A free

radical rearrangement via a bridged intermediate would also lead

to the production of both fluoroe?hyltrichlorosilanes from one
pd )

chlorofluoroethyltrichlorosilane.

CH Cl- CHF'blGl + blGl ettt GH «CHP» SlGl + SiCl

L
CH *?HP \ 2 :ICHF TH 'GHP
SlCl 4& S&Cl - SlGl

Experiments were carried out to verify the operation
of these mechanisms. Simply stated it is argued that for
(1) it should be possible to detect either free vinyl fluoride
or an adduct of a different silane to vinyl fluoride if the
reduction is carried out by a large excess of a silane other
than trichlorogilane.

Reaction of a sample of the 41:1 adduct with
methyldichlorosilane in a 10:1 molar excess produced no vinyl
fluoride and no 2-fluoroethylmethyldichlorosilane. The

reduced adducts, unreacted 1:1 adducts, and methylitrichlorosilane
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were the only compounds detected. Similarly, reaction of
the 1:1 adduct with a 10:1 molar excess of trimethylsilane
gave no vinyl fluoride and no 2~fluorcoethyltrimethylsilene.
The reduced adducts and trimethylchlorosilane were the only
compounds detected (along with excess of the reducing silane),

table 13 . This suggests that (i) does not apply.

8101 S1HCL
OH,C1+CHIT+§101; =25 ik J CH,,» CHF 5101 -i---l-e-CHE CHF- 51C1,
1
(1) * SiHMeCL,
GH 1CHF & 31613 —w-n-—wné»OHéP CH2 SlOlQMe

not detected.

The second mechanism, (ii) cannot be discounted
completely. As it would occur before adduct formation, the
operation of this mechanism cannot be directly tested. It may
be argned that the reaction is unlikely on the following grounds.

Trimethylsilane is a more reactive abstraction reagent
than is trichlorosilaneyw Preliminary abstraction from the
olefin does not take place to eny significant extent during the
addition reaction of trimethylsilane with 41=chloxo~2~-fluoro-
ethylene in the absence of mercury. This is indicated by the
formation of {~fluoroethyltrimethylsilane as the only

fluoroalkylsilicon compound in the reaction of trimethylsilane
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with 1-chloro-2-fluoroethylene with a silane/olefin ratio of
10:1. It is possible that in the case of the addition reaction
of trichlorosilane the abstraction similarly does not occur.

The third mechanism, (iii), is more difficult to
exclude on experimental grounds in an investigation of this
nature, but it is argued that if this mechanism takes place
then a change in ﬁhe total ratio of N%fluoro:@—fluoro should
occur on reduction ofvthe adduot; It is known that the
radical.(EHE"CH2~SiGl3 does not rearrange in this mamer,
therefore if the rearrangement occurs for the radical
éﬁz-CHF-SiGl3 it will e non~reversible, and hence lead to a
reduction in the total proportion of o(=fluorc compound present.
Reduction of samples with an adduet ratio of Lel4:{ and 0.9:1
cH

Cl.CHF.SiCl; to CH,F«CHCL.SiCl

2 b 2 3

reaction respectively gave no alteration in the total ratio of

to an extent of 70% and 100%

o~fluoro~ to B~fluoro~ compounds, (table 13 ).  This indicates

that mechanism (iii) does not take place.




TABLE 13

Photochemical reactions of silanes with the adduct H{CHCL.CHF)SiCl

3

Ratio of mmmﬁﬁw@.ﬁu

Ratio of adducts(out)

Ratio reduced adducts

]

Ratio Time . as Percent . s Ja——
Silane | silane: hr. CB,01 - CHE wu..o“_.w reaction & OHJQH.E mu..oww Wﬁwlumwmlmwmwu Notes
olefin Qmmm,.amau..mwou.m Ommm_.cmap.mwowu ommm_.omm.mwoww
H{Hmmu..mowm 10214 100 Lol 70 2.0 15.3 Mo CH,:CHF or
CH,F- «SiC1l, Me
2 2 2
Emumu..m 10:1 50 0.93 100 ~0- 0.93 No omwnomm. or
omwm_ . omm +Sile 3
Ou.wmn.m 1034 1L In the absence of 0 == == Qe

days

light at 20°C.




The mechanigsm of the abstraction reaction is discussed
at greater length in conjunction with data from other reactions.
The results indicate that the formation and identification of
both 1~fluoroethyitrichlor§si1ane and 2-~fluoroethyltrichlorosilane
is good evidence for the suggested structures of the 1:1 adducts

and for the operation of a bidirectional addition reaction.

The hydrolysxs of the adduct of tr1ch10r051lane w1th
1=chloro~2=-fluoroethylene. .

A sample of the adduct from the addit#on reaction of
trichlorosilane with 1;chloxm-2~fluoroethylene with a silene/
olefin ratio of 5:1 was shown by gas-liquid chromatography to
consist of two components in the rgtio 1:3 in orxder of elution.
The nuclear magnetic resonance spectra of the mixture were
complex but the possible presence of -CHF- and GHZF- groups was
indicated. Further intérprefation was not possible.

| Hydrolysis of a gample of this adduet in vacuo with
10% aqueous sodium hyﬂroxidé gave vinyl chloride (24%) and
vinyl fluoride (76%). The total evolution of gas was equivalent
to 98% reaction assuming the sample hydrolysed to be the 1:1
adduct. Tluoride and chloride ions were detected in the aqueous
residue. Hydrolysis of a gimilar sample with distilled water

gave vinyl fluoride as the only volatile product (equivalent
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to 1% reaction assuming the composition of the sample
hydrolysed) ¢ Fluoride ions were not detected in the aqueous
residue.

On the basis of the currently accepted theory of
hydrolysis, it is suggested that the two olefins were formed

by a process of elimination.

"\

Other possible mechanisms of hydrolysis exist and these are
considered in relation to all the hydrolysis data on the
compounds dealt with in this work (pp. H3)* Whilst (@ -
elimination is not the only possible mechanism of olefin
formation it may reasonably be regarded as the probable mechanism.
It is notable that the alkaline hydrolysis proceeds to
give good yields of the olefins (98%) and that the corresponding
haloalkane, 1l-chloro-2-fluoroethane, is not produced. This
is in contrast to the alkaline hydrolysis of trifluoroethyl-
trichlorosilanes in which high yields of the fluorocalkane were
observed. The formation of vinyl fluoride by preliminary
formation of the haloalkane followed by elimination from it
was excluded as a sample of l—chloro-2-fluoroethane was not

hydrolysed under the reaction conditions.
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Gljbl'PHGl GH2P ——QE;~ 6H01-0H2F -EZQ? ><?HéGl-CH?F

O~ ™ m /(-}1 10%-’ ag“&g}@,&}_

H - CHF - OH CH2=GHF + C1 4+ H.O
NaOH

2

This obgervation sugegests that the close correspondence
of the isomer ratio obtained by gas-liquid chromatography with
the ratio of the olefing obtained upon hydrolysis is not
fortuitous. Mixtures of the 1:1 adduct containing the isémers

in different ratios gave the olefins in the same ratios as the
original adducts on hydrolysis. This. suggests that in those
cases in which olefin formation exceeds 98%, the hydrolysis
results gerve as a good indication of the isomer ratio.

The observation that hydrolyéis with water gave vinyl
fluoride only (75%) and that fluoride ions were not detected in
the aqueous residue indicates thaﬁ Si-C bond fission had occurred
only in the isomer with a @-mﬁﬂnrine aton and that a polysiloxane
had been formed from the othexr isomer. This is in agreement
with the observed stability of the $i-C bond in 2-fluoroethyl-
trichlorosilane towards water as compared to fhe ready agueous
hydrolysis of 2~chloroethylirichlorosilane. The effect of the
o{~halogen atom ié questionable. Whereas an of{~substituent |

which is electron withdrawing renders the silicon atom more




susceptible to nucleophilic attack, it should also hinder the

electron shift which

H
F

In cases in which fluorocalkane formation occurs on alkaline
hydrolysis, e.g. the trifluoroethylsilanes dealt with in this
work, it appears that substituents which are electron-
withdrawing hinder p- elimination. It appears, therefore,
that in the alkaline hydrolyses described above, the elimination

is sufficiently facile for these effects to be negligible.



) The reaction of trimethylsilane with 1w=chloro-2-fluoroethylene.

The reactiong of trimethylsilane were carried out
"in sealed silica tubes in vacuo as previously described,.but
it was found most convenient to limit fractionation in vacuo
to the separation of the components which were liquids’at room
temperature, (the reactants are both gases at room temperature)
from the more volatile components. The products were then
investigated by infra~red spectroscopy and gas-liquid
chromatography.

It has been found thﬁt the reaction of trimethylsilane
with vinyl fluoride proceeds with difficulty, and that the
addition of mercury appears to facilitate the addition. It
was thought that this was due to a difficulty of initiation
and that the presence of mercury atoms, which readily absorb
energy from mercury resonance lamps, would provide a means of

trangfer of energy to the silane molecule.

Hg _gﬁkieh Hg
H§=+ MBBSiH e Hg + MBESi + H

Consequently, an initial experiment was carried out with
trimethylsilane and {~chloro-2-fluorcethylene in the pregence

of mercury with a silane/olefin ratio of 9:1. The products

o
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were, however, found to be vinyl fluoride (89p),'a trace of
ethylene (less than 1%), trimethylchlorosilane (96%), and a
comﬁound with the same retention time as a fluorocethyl-
trimethylsilane (ca. 4%). The reaction was repeated and gave
identical results within the limits of experimental error.
1~chloro-2=fluorcethylene gave {1=-fluoroethyltrichlorosilane and
2-fluorocethyltrichlorosilane in addition to the expected 1:1
adducts in reactions with silane/olefin ratios of 2.5:1,

5:1, and 10:1:

S ",

S&HGlB CHOL:CHI'  w=—wei- GHZGl'GHF-81013
’ Ve §i i hv . Ne S -
OHéCl CHI SJ.CB.3 +* SJ.HZGIL5 e Cﬁé CHI 31013 + 8101#

The percentage halogen abstractién'was higher with the higher
gilane/olefin ratios. The formation of {=-fluoroethyltrimethyl-
silane in the reaction of trimethylsilane with {-chloro=-2-fluoro-
ethylene can be similarly visualised especially with a silane/

h\) |

MBBSiH & CHCL:CHF e~ CHéCl-CHF*SiME3

olefin ratio of 9:1.

SiH A .. CH, CHF.SiNe, + Me,SiCl

CH201-GH?-31MB 3 3 3

+ Me

5 3

It can be seen that reaction paths to both 1-fluorcethyl-
and. 2-fluoroethyl- trimethylsilenes are possible, and that the
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structure of the unidentified fluoroethyl trimethylsilane
cannot be predicted.

As the photochemical reactions of other silanes
with fluoro-olefins gave mainly the adduct of the silane to the
olefin, or the product of a further reaction of the adduct
it was thought that the reaction of trimethylsilane with l-chloro-
2-fluoroethylene might be anomalous. The reaction was,
therefore, carried out in the absence of mercury with silane/
olefin ratios of 1sl and 5sl. The possibility of condensation
of minute traces of mercury along with the reactants cannot be
excluded as pressures were measured by means of mercury
manometers. Reactions carried out ”“in the absence of mercury”
were, therefore, in the absence of purposely introduced mercury
as no special precautions were taken to exclude the fortuitous
introduction of mercury.

Trimethylsilane and l-chloro-2-fluoroethylene with a
silane/olefin ratio of 1l:1 were irradiated, in the absence of
mercury, in vacuo for 90 hr¥ Complete reaction of the
l1-chloro-2-fluorocethylene was observed, but only 62j£ reaction
of the trimethylsilane. The products were vinyl fluoride

trimethylchlorosilane (ro 19$ of the trimethylsilane

reacted) and a viscous high-boiling liquid. Of the



s

trimethylsilane which had reacted, 19% of it is accounted for by
the trimsthyichlorosilaﬁe (presumably formed by an abstraction
reaction), therefore the high-boiling liquid must account for
ca. 50% of the trimethylsilane originally present and
ca, 96% of the 1-ohloro—z—fluoroethyler;e originally present.

As the liquid could not be investigated by gas-liquid
chronatography a sample was hydrolysed in vacuo with 10%
+ aqueous sodium hydroxide as aﬁ attempt to understand the
composition of the liquid. Hydfolysis gave vinyl fluoride
(equivalent to 5% of the olefin consumed as the only volatile
component. If it is assumed that silanés containing
‘Sﬁbsfituted ethyl groups break down by @w- elimination on
hydrolysis (if there is a (- group to eliminate), then the

formation of vinyl fluoride gives an indication of the 1:1 adduct

OH™ '/ﬁgngs:: -GHE“*\- CHy -Q:l ——>  CH,:CHF + C17+ Me 5 51.0H
As the percentage of vinyl fluoride was low ( ™ 5%) it was
assumed that telomer formation was occurring in preference to
the formation of the 1:1 adduct.

Alfhough extengive telomerisation of this nature has

not been a general feature of this work it is relevant here

that the reaction of trichlorosilane with {1-chloro-2-fluoroethylene




with a silane/olefin ratio of 2.5:1 gave considerable telomer
formation. It is alsé of note that other radical initiators,
e¢.g. phosphine, neither add to 1-chloro-2-fluoroethylene nor
facilitate telomer formation?o

It is also important that neither vinyl chloride nor
ethylene were detected upon alkaline hydrolysis of the high=-
boiling liquid. If the same assumption about (3- elimination
is made ag above, the absence of vinyl chloride énd ethylene

indicates the absence of 1~chloro=2-haloethyl- and Z~haloethyl-

trimethylsilanes.

N
o™ MBBSi J/g;;I\” CH2 - X e B CHGl:CHz o X & MBBSiOH
< e s ) 1CH X~ 4 Me.,Si0H
OH™ «+ M5581 - OHé = CH2 - X et GHZ.C o + X + 183 i

In the case under discussion the compounds expected would be

those in which X is fluorine (in the compounds above).

CHCL:CHF GHZGI-GHE‘- SiMe 3 0H3- CHR'* SiMe3
& R mmane-os + o
MeBSiH CHZF-CHZGl*SJ.Me CH. F-GH2° s;lMe3

3 2

The following would be predicted on the bagis of @-weﬂindnation.
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- OH”
CH,CL-CHF-SiMe, ~ ———3»  CH,:CHF
OH~
CH,F:CHCl-SiMe; ~ ——>  CH,:CHCL
_ OH
| ‘GH2IT‘-GHZ~ SiMe 3 --{;; ( CH2 .CHZ
CHy.CHF.Sile,  =——>  No reaction.

The detection of vinyl flﬁoride only suggests that
either a) the reaction is unidirectional, or b) the intermediate
radical for the Aigomer not detected, GHF +CHCL- Sth3, preferentially
initiates telomerisation. . As an attempt to undersgtand this
point,‘ﬁhe reaction was carried out with silane/olefin ratios of
5:1 and 10:1.

Trimethylsilane aﬁd 1~chloro-2-fluoroethylene with a
sxlana/olefln ratio of 5:1 were 1rrad1ated in the absence of
METCULY, ;n vacuo for 100 hr. Practlonatlon 1n vacuo gave
unreacted 1-chloro-2~fluorocethylene (50%), unreacted trimethyl-
silane (40% + the L molar exoess) and v1ny1 fluoride (equivalent
to 4 of the olefin reacted), along with a liquid remaining in
the tube at room temperature. Investigation of the liquid
products by gas~liquid chromatography gave two peaks in the
ratio L. The retention time of the first corresponded to
that of trimethyichlorosilane.v The identification of

trimethylchlorosilane (confirmed by infra-red spectroscopy)
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suggested the formation of the Fluoroethyltrimethylsilanes,

but this should be to the same extent as the formation of the
trimethylchlorogilane. Calibration runs with ethyltrimethyl-
silane, 1~fluoroethyltrimethylsilane, and trimethylchlorosilane
indicated that these dompounds were not separated under the
range of conditiong used. An attempt to probe the nature and
composition of the liquid ﬁas maﬁe by hydrolysing a sample in vacuo
with 10% agueous sodium hydroxide. Products from hydrolysis
were a trace of trimethylsilane (present in the liquid before
hydrolysis), vinyl fluoride, and 1-fluoroethyltrimethylsilane

in the ratio of about 1:1 respectively, but these products only
accounted for ca. 60% of the ssmple hydrolysed. If it is
assumed that the vinyl fluoride was formed from the adduct
1=fluoro~2=chloroethyltrimethylsilane as previously described,
then the percéntage of trimethylchlorosilane can be calculated
as the difference between the weight of sample hydrolysed and

the quantity of products observed on hydrolysis.

MBBSiH 4 CHCL:CHE ot CHZCI-CHF-SiMB5 —-ﬂﬂﬁ?-GHBGHF-SiMBB + MEBSicl.
l OH™ no reaction OH~
CHZSCHF CHB'CHB-SlMEB
MBESiQSiMB3
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The compound 2=chloro-i-fluoroethylirimethylsilane was not
separafely identified, but the absence of both vinyl chloride
and ethylene on hydrolysis suggests that no addition fto give

1=~chloro-2~fluorcethyltrimethylsilane had taken place.

MEBSiH + CHCL1:CHR -nﬁ;(bﬁaF-Gﬂﬂl-SiMb rweeenmerm  OH, FeCH,, « Sille

3 Ten T2 3
‘ OH™ ‘
Y , Y
CH,, :CHC1 OH,, 1CH,

It is olear from the two addition reactions described
above thét the formation of the 1:1 adduct will always be.in
low yield becauge of either telomerisation or halogen abstraction.
The hydrolysis data suggest that the reaction is unidirectional
within the working error of the quantity used and the method
adopted. A reaction was carried out with. a silagg/olefin
ratio of 10:1 to complete the halogen abstraction on a larger

scale and to detect any trace of either 2=fluorcethyltrimethyl-
silane or of ethylene (on hydrolysis). After 200 hr.

irradiation of trimethylsilane with 1-chloro~2-~fluoroethylene
at a mole ratio of 1031, complete cénsmnption of the olefin
was observed. Investigation of the products by gas-liquid
chromatography gave only one peak in addition to unreacted
trimethylsilane (79%). Hydrolysis of the liquid with 10%

aqueous sodium hydroxide gave A=fluoroethyltrimethylsilane




(ca. 98%) and hexamethyldisiloxane (equivalent to ca. 98%
based on formﬁtion from trimgﬁhylchlorosilane). Nbpethylene,
no vinyl fluoride and no vinyl chloride were detected in the
hydrolysis products. - Vinyl fluoride was not detected in the
irradiation pfodﬁcts;

In an attempt to show that both the éddiﬁibn aﬁd the
abstraction reactions were radical reactions initiated by
ultraviolet iiéht, the reaction of trimethylsilane with
| 1~thoro—2-fluoroethyléne at 85° in the absence of light was
carried out for 106 hr. TFractionation in vacuo gave 93%

recovery of the reagtants and no other product was detectable.

12.0




DISCUSSION OF THE MECHANISM OF THE

ADDITION RBEACTTION AND RELATHED

REACTIONS,

The results obtained in this work indicate
that the silanes containing one silicon-hydrogen
bond react with olefins to form adducts with the
overall stolchiomeiry of the eguation below,

/ _ )
Z 8iwH 4+ 0 = O > 2 Si=C-G-H
/ \ Lo
This is in agreement with a large bhody of publighed

3
\e'xror'k;‘,ﬂr

Three reaction schemes explaining these
results can be visualised. It is necessary to
exemine the reaction conditions and some of the
results in the wlder context of previous work of a
similar charscter to decide which reaction scheme mcs G

closely approaches the true mechanilsm.

a) The ionic mecheanism

The polarisation of the silicon hydrogen
bond is low (~ 2% in Siﬂh);jo end it is consequently
unwise to predict the direction of heterolysis of
various substituted silaﬁes in the absence of
catalystse. Determiﬁaﬁion of the structure of the

product for information on the direction of addition
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is therefore an insufficient indication of the
possible mechanism, In cases where structural
determination indicates a rearrangement of the
substrate an ionic mechanism is strongly suggested,

eog.ls K . C -,
SSlH + H3°CH2

The formation of l:1l adducts with olefins

«CH:CHeCH., —> nCH,* (CF o SiX
CH 3 nGH., (bzzg)u 51}3

which are known to polymerise rapidly under'free

radical conditions may also indicate the operation

of an ionic mechanism, Thus l:1L adducts with styrene
may be formed in the presgence of free radical inhibitors.
Telomer formation may occur‘during ionic addition
reaetions with olefins which are susceptible to
carbanion attack,; e.g., fluoro-olefins. Initiation

by hydride ion could give telomers as below.

silx, -SBtalyst o u= , ofy
3 3
H 4 0 = G~ H:GeG

’ f |
HeGoG™ 4 G = ¢ > HoCoCeGo G
I |

/ | |

L T I T '
HeCeCoCeC  + SiHX, =——> Hoe(e(+(CeC-51iX,,
I N 3 I T I

Catalysts are usually reguired to facilitate the abnormal

gilicon~hydrogen heterolysis.
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Previous work has shown that it is
possible to draw the distinction between the
conditiong for the ionic addition reaction and for
the free radical addition reaction (see introddction
ppe. 19 ). Reactlons were carried out to test the
opergtion of an ionic addition reaction in the work
described in this thesis Dy attempting to observe any
acceleration of the reaction with an increase in
temperature in the absence of light. Reactions of
selected pairs of silanes and olefins were carried
oub at room temperature and at 8501n the absence of
lighte. Iin each case no reactibn was obsgerved: this
indicates that the resction is not ionic.

(b) The l-centre mechanism

The umcenﬁre mechamism involveg the
formation of a transition state of a type which
cannot explain the production of telomers in the
reaction, i.€., the products are formed by one

bimolecular reaction.
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1[4
BilXy + G 3 L“I}m-*’- H-GmGwH | ~———r CH, B+ ClA* 81X,
| -
T S
O B |
43
or > CmG | CH,A*CHBoSiX,
He 813
L ..|

The necessity of ultraviolet light for the reaction
to proceed similarly suggests that a L-~tentre
mechanism is not involved in the reaction.

(c) The free radical mechanism

The necessity of ultraviolet
light, and the formation of telomers suggests that
the reactions dealt with in this work proceed hy a
free radical mechanism. Viewed in relation to
the large body of previous work carried out under
similar conditions, and with knownfree radical
initiators this suggestion seems reasongble. Chain
transfer constants have been obtained for certain
silanes but detailled kinetic work on the addition
reaction has not been carried out. Comparison of

reported approximate bond energies for homolysis and




125

heterolysis in the gas phase indicate that
@omolysis 1s more feasibly energetically ;
(D(Si~H)= 76 kecal/mole,ionic bond energy (8Si-H)=
250 kegl/mole).

Consideration of the various mechanisms
suggests that the free radical mechanism is the
most probable and it is necessary to examine to
what extent the observed side reactions are
consistent with a free radical mechanism, The
following may generally be noted for the photo-
chemical reactions of silanes with fluoro-olefins.

a) An increase in the time of irradiation
lncreases the percentage reaction of the olefin, and
the yield of the adduct.

b) An increase in the silane/olefin ratio
increases the percentage reaction of the olefin and
decreases the degree of telomer formation.

c) The percentage reaction for any silane-
olefin pair is slightly varisble for any specific set
of conditions.

d) Non-condensable gases are detected only
in the longer irradiations.

e¢) Reduction of both olefin and adduct may
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occur, particularly when chlorine atoms are present
in the original olefin. If the mechanism is a
free radical addition reaction as has been suggested,
the following reaction scheme may represent the

sequence of the addition reaction.

/o

X)S S B izbl + i initiation (1)
Kyl Cal > -c_om 1%, addition  (2)
o |
m?mngiX3 XS ——> ﬁ*C~C~SiKB displacement (3)

The formation of telomers is the regsult of the

gsuccegsful competittion of the intermediate radical
. .

|
_—-C‘}—«Si}i3 with silyl radicals for the olefin molecules.
i

° ! . \ (
=G-C-81X, + 0= G > ub(G%SlA“ (L)
. \ / I
- 3 : — - e [ G (7 e 53
0(0)381X3 + nyﬁ = ¢ ——* g g (g %;ﬂ+lslx3 (5)
3 i i 1 | |
~gfg4g~q§n+lslx3 + X8I —>IEC-GY 61X, (6)

Tt is olear that the First two observations
a) and b) which relate to the yield of the 1:1 adduct,
are consistent with this mechanism. The times of
irradiatioﬁ inveolved in these preactions are long
compared to those of many photochemical reactions,

but such times are not unusual in photochemical
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reactions with silanes. This may be related Lo
an inefficient initiation step which results from
poor absorption by the reaction mixture, rather than
to a low kinetic chain lengthe. This is indicated
by the absence of hydrogen in all but the long term
irradiations ( » 300 hr.). The absence of
hydrogeﬁ is not however conclusive.

The formation of telomers suggests a
free radical chain mechanism as described dbove,
but it is necessary to reduce the formation of the
telomers to a minimum without sacrificing the
percentage conversion of the olefin if meaningful
comga risons of the ngtice of the 1:1 adducts are to be
obtained,

In accordance with previous work it has
been found that increasing the ratio of the silane
to the olefin affords a method of controlliﬁg
telomerisation. In effect this is an attempt to
make the addition step (equation 2,) rate-determining,
and so avold any accumulation of intermediate radicals
which would result if the displacement step (equation 3)
was rate-determining. Bxverimentally, this was dore in

two ways. One method was by shielding the gaos phase
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andirradiating the liguid phase only (in which the
silane/olefin ratio for dissolved olefin will be
higher than the silane/olefin ratio of original
reactants), and the second method was simply by
charging more silane into the reaction vessel and
vigorously shaking it. The first method does not,
of course, apply in cases where the olefin is liguified
under the reaction conditions.

Preliminary reactions of tirichlorosilane

with vinyl fluoride illustrate this, teble 14 .

)

TABLE 14 The addition reachtion of trichlorosilane
with vinvl fluorideé.

Irradiation |S/0 ratio '% reaction of | product
time hr, | olefin H(CﬂéﬂHF%Siclj
100 1:L 20 n7’l
150" 1:l 1.5 -
100 2:L 30 nrl
200" 231 22 n=1
100 5:1 52 n =1
176 83l 96 no= 1
# tube stationary : + shielded vapour phase.

The second method was found to be most convenlent

as the sepsration of liguid phase from gas phase




reactions is not included in the purpose of this
work.

The observation (c) that the percentages
of reaction of the olefins experimentally determined
were slightly variagae for any specific set of
conditions, 1s probably related to extraneous
factors such as deterioration of the ultraviolet
lamps, 1n addition to the small variations expected

due to manipulative technique.
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The formation of compounds such as hydrogen,

and reduced adducts or olefins due to reactions other
than the addition reaction, gives an interesting
insight into the nature of the reaction and of

the reacting species, but for the purpose of this
discussion it is necessary to consider separately
products formed in reactions related to the principal
mechanism (i.e., the addition reaction), and products
formed by further reaction of the adducts (i.e., the

reduction or abstraction mechanism).
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The formation of hydrogen and the Formation of

the fluorcalkane,

The failure to observe the Tormation
of hydrogen in most reactions suggests the existence
of a high kinetic chain length, but the necessity
of long irradiation times is contrary to this
suggestion. If all hydrogen atoms produced in
the system are assuméd.to react to give hydrqgen
as discussed below, then the amount of hydrogen
formed should correspond spproximabtely to half the
nuntber of chains initiated. This statement is
however of doubtful valildity in view of the other

possible reactions of the hydrogen atom.

Hydrogen gas is assumed to be formed
mainly by H-abstraction by hydrogen atoms,
equations (7) and @) .

hy °

SiHK, > SiX, + H (7

SiHx

3 + H = SiX, 4 H (8)

”;3
The formation of‘hydrogen by hydrogen atom
recombination, which is extremely energetic, is
most likely to occur in the presence of athird hody

such ag the wall of the reaction vessel
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&

H o4 H o 3 ——— Hy + W (9)
In view of the excess of the silane used, it is
thougcht that hydrogen Tormation by reaction (9)
ig fairly improbable, and that termination will
occur through other radical reconbinatias €.8.,
1,b~disilylbutane has been detected in the
reaction of silane, Siﬂug with e'I:.‘ny]_eaanle2’4Hl
.

‘S:i.H:5 o QH2

sCH CH,°CH,* SiHB (10)

-
2. 2 2.

GH_+CH

2 T2 3 2 3 2

'“*—“*'H381°Gﬂ2fCH2°CH2fCHéfblh

°SiH3 + SiHM > CH,°CH,*Sill,+ Sil, (11)

2 CH,*CIH,° SiH (12)

3 3

Reaction of the hydrogen atom with the
olefin would give a fluoroalkyl radical which might
be expected to reao£ further with a molecule of a
silene to give a fluorocalkane (equations (13) and
(1h). This would be even more difficult to detect
in low percentages than hydrogen.

* N p { ]
H + 0=C ———=>= *C - C+H - (13)
il ! (I &

SiHX5 4+ eCeCell —rmrmmmi> ﬂmeng + SiK5. (1h)

\ ! }

Bvidence for the formation of 1,1,2-trifluoroethgne
in the reaction of trimethylsilane with trifluoro-~
ethylene for 250 hr. was obtained by gas~liguid

chromatography. The 191,2mtrif1uoroethane was
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present in extremely small amounts (less than 0¢5%)e
No evidence for this type of reaction was obtained
from other irradiations.

The detection of hydrégen (ca.2%) in
the reaotiohs which were carried out fof mach
longer periods than most of the irradiaﬁioné
(150 — 300 hr.) indicates the plausibility of
reactions (7) and (8). Experiments in which
the silanes were irradiated alone gave low
percentages of products which can be accounted for
by a hydrogen abstraction reaction. For example,
the irradiation of trichlorosilane for 90 hr.
gave hydrogen chloride (ca.2%) and hydrogen (ca.0.7%),
and the irradiation of trimethylsilane for 100 hr.
gave hydrogen (ca.1%). These results indicate that
hydrogen atoms geneérated in this way are sufficiently
energetic to be indiscriminate in their positional

attack (equations (15) (16) (17) and (18).

8iHCly + H ———> SifCl, + HC1 (15)
. | . SiCL. 4 H
SiHCLy + I 81Cl5 + Hy (16)
e Q4 ] S, s 05 -T e
GH3 Sl(GHB)ZH + H > Cli, Sl(CLB)QH F Hy (17)
%) SiH 4+ H ~ (CH.) Si 1
(CHD)581H + H (CLB)le + Hy, (18)




It is evident that the formation of hydrogen
and hydrogen chloride may continue irrespective

of the presence of the olefin.

‘The fact that termination products
were not detected for most of the reactions
dealt with in this thesis suggests the existence
of a long kinetic chain length. The long
periods of ilrradiation necessary for the reactioms-
to proceed to give the adducts in good yields,
however, are not in agreement with this.
It is possible that this is due to an inefficientA
initiation step. The initiation step is discussed

later in more detail, {(pp.166).
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The formation of reduced olefins,

The'fdrmation of olefins carrying fewer
halogen atoms than the parent olefin in some of the
photochemical reactions was not expected. In cases
where the yield of the new olefin was high, a silicon
compound in which the original silicon-hydrogen bond
had been replaced by a silicon;halogen bond was detected.
The reaction appeared to have bthe stoichiometry of the
following equation.

Ny N 7~
SiHX, + C:C_ e 31XY + Q20

3 2 ¥ . 3 SNy

The results (gummarised in table 1S ) show
that reduced olefins were only detected in the reactions
of trimethylsilane and of dimethylsilane with fluoro-olefins.,
The formation of reduced olefins is also associated with
the introduction of mercury into the reaction tubes. The
ﬁresence of small traces ofInercury‘oaﬁnot,however, be
excluded from the reactions in which mercufy was not

purposely introduced as all pressure measurements were made

wilth mercury manometers




 Me
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PABLE 15 The photochemical reaction of silanes with
fluoro-olefinsg, The formation of reduced
olefins.

Silane Olefin Silane/ time Reduced
olefin (hr.)| olefin
ratio

MeBSiH/Hg CH, :CHF 6:1 300 | CH,:CH, (™1%)

Me, S1iH, CH,, :CHF 43 200 CH, :CH,, (18%)

MeBSiH/Hg CHF:CHCL 9:1 . 96 CH, :CHF (90%)

' (m2wH2(N1%)

The reaction of trimethylsilane with vinyl
fluoride in the presence of mercury with a silane/olefin
ratio of 6:1 for 300 hr, gave the 1:1 adduct (80%),
ethylene (®1%), and presumably trimethylfluorosilame,

although this was not detected.

SSEE N |
o+ ==~ CH,T+CH,*Siley, CH,:CH,, :(MeBSiF)
G, sCHF Hg (80%) (~1%) not detected

A similar reaction of trimethylsilane with
lnéhlorowE-fluoroethylene in the presence of nmercury with
a silane/olefin ratio of 9:1 for 96 hr. gave vinyl fluori&e
(90%), ethylene ( ~v1%), trimethylchlorosilane (Q6%), and

a fluoroethyltrimethylsilane ( ~ 4%).




Me.  SiH
3 »
-'-}-‘Z*-é— CH.,, :CHF,CH, :0H,, Me,SiCl
‘I,{g 2- 9 2! 2’ 3 o 4
(90%)  (wv1%)  (96%)
CHOYL :CHE e '
H(C}Iz*CHE)SiMe3
( ~4%)

The ethylene wés pfobably formed by a reaction
similar to the previous reaétion, but the absence of more
of the adduct of triméﬁhylsilané with vinyl fluoride is
surprising. | A |

Chlorine abstraction from the olefins is
evidently easier than fluorine abstraction. This ig in
agreement with the observation that both ol-chlorine and
@nchlorine atoms are abstracted from l-chloro-2-fluorcethyl-
trichlorosilane, CHZF'GH61'81013, and 2~chlorofl~fluoroethy1~

trichlorosilane, OHZCl'CHF'Sicl5, in preference to

136

abstraction of either of-fluorine or @-fluorine atoms, (pp.143 ),

) : by . . .
CHZF CH01.31013 + Me581H e CH2F CH2 81015 + Mealel

GH20100HF’S:1C13 + MeBSiH ngﬁﬂhGHa'OHF'SiOla + Me3SiCl

Bthylene was not detected in any of the
reactions of trimethylsilane with vinyl fluoride in the
absence of mercury. The reaction of trimethylsilane with

l-chloro~2-fluoroethylene with silane/olefin ratios
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of l:1 and 5:1 in the absence of mercury for ca.l00 hr.
gave vinyl fluoride (4%) along with the 1:1 adduect, the
reduced adduct, and a éompound assumed to be a telomer of
trimethylsilane with lmchloro—Z»fluoroethylené, Cefey with

a silane/olefin watio of 5:l,

Me3SiH
+ e CH2:CHF,GHB'CHF*SiMeB,MeBSiCI,GHZGl‘GHF*SiMe3,
CHCL:CHF (4%)  (42%) (45%) (20%)

A controlleﬂirradiation of 1;chlorOnE-fluoioethylene
in the absence of mercury also gave winyl fluoride (~2%)
after 90 hr., together with a polymer of 1~chloro—2~fluéro-
ethylene (/v 82%)
These results indicalbe the importance of:

the added mercury in the reaction but the presence of
small quantities of mercury condensed into the reaction
vessel cannot be excluded as mentioned above, The following
reactions of trimethylsilane in the absence of olefin were
carried out in an attempt to understand the function of
the mercury.

‘ Trimethylsilane was irvadiated alone for
100 hr. and gave hydrogen (~M1%) and unreacted trimethyl-
gilane (98%). The reaction —_ repeated in the presence
of méreury{and gave after 100 hr. hydrogen (12%), a trace
of an unidentified yellow oil, and unreacted trimethylsilane

(82%)s  These results suggest that the function of the




mercury is to assist Si -~ H homolysis. It is assumed
that the hydrogen ig formed as shown belows:
hY.

(E5) sim '(01{3) Si 4 H
3 1B .

(CH,) SiH + H e (2: 1 F?Sin-:' H
'3 >3 2

¥

(GHB)asiH r H --mwt—\(f}stiH(CH:,.))z + H,
If this were the case, however, the
difference between the results from- the reaction of
trimethylsilane with l-chloro-2-fluoroethylene with
and without mercury should®e a difference in degree and
not a difference in kind, It is possible that the
trimethylsilygl radicals produced by mercury photo-
sensitisation behave differently from those produced.
by non-gensitised photolysis i.,e, the two might differ in
electronic states,‘but it is certainly uawise to carxy
such speculation furbther in the absence of more experimental
results,
It was foundAthat when trimethylsilane was
irradiated with vinyl fluoride in the presence of mercury
an explosion occurred when the irradiation was started at
room temperature (two occasions)., When the irrvadiation
was started with the reactants frozen down (=196°) the

addition proceeded without explosion. Similarly no
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explosion occurred when the irradiation was started at
room temperature if bulk mercury was not present in the
tube.

Whilst it is evident that the presence of
mercury is important it appears that its function is
complex and beyond the scope of the present investigation.

As the reaction which produces the reduced
olefins takes place under conditions usually associated
with free radical reactions, further reaction of the
reduced olefin with the excess of the reducing silane is
possible. This would lead to the formation of a compound

identical to a reduced adduct.

\ / \ /
SiHX, + cC =2¢C y C ~C. + SiX.Y ,
5 / Ny TNOT
SiHX, + | « Cv ————— > H*C*C*SiX,
H e 1 3

In the case of silanes which readily react
with fluoro-olefins a reduced olefin may be formed and
then completely consumed during the reaction. In such
cases the reaction would be indistinguishable from a normal
addition reaction followed by a halogen abstraction from

the 1:1 adduct.

\ /
SiHX, + C =C > Y*CH#C*SiX7
3 / X Y i i 3
SiHX, + T*C*C»SiX, ------—- H*C*C*SiX,+ SiX,Y
J [ I J J J

For example the reactions of trimethylsilane and trifluoro-

ethylene gave trimethylfluorosilane and a difluoroalkylsilane.



140

;This clearly indicated that fluorine abstraction had
occurred at mome stage of the reaction. It would be
possible to account for these observations either
(1) by fluorine abstraction from the olefin followed
by addition of trimethylsilane to the reduced olefin ox
(2) by addition of trimethylsilane to the original olefin
followed by fluworine abstractién from the L:1 adduct;
In most cases it is not possible to distinguish between
these alternatives.

In view of this i® is necessary bo
examine the posgsible mechanisms for the olefin formation.
It has been suggested that the addition reaction involves
o free radical mechanism (pp.i121), and it is similarly
suggested that the abstraction reaction involves a free
radical mechanism, since as the reaction does not take
place in the absence of light. Three mechanisms are
possible

(a) Halogen absbtraction from the 1sl adduct followed

by a free radical elimination. This ds similar to the

reverse of an addition reaction.

[ . 1
aflieftally o S e(la (oS - g4
¥eQeC SlX5 - SiX5 > g ¢ S:L.X5 - SIXBY

{ i \ 4 .
(CoQeSIX, mummrmmrex 0=( + SiX
|

3

This mechanism has been shown not to apply for the intermediate




radicals CH,FeCHe8iCl; and OH,eCHFSiCl, produced by

3

halogen'abstraction from the respective chlorofluoroethyl-

trichlorosilanes. This is discussed in debtail in the

next section., The results of the addition reactions of

the addition reactlons of both trichlorosilane and

trimethyleilane with chlorotrifluoroethylene also iﬁdicate

that this mechanism does not apply. This is discussed below,
The addition reaction of silyl radicals

with chlorotrifluoroethylene is unidirectional.

CF, :CFCL + éiX3 | — éﬁCI*GFZ'SiX3

éFCl'CFz’SiX3 + SiHX5 S CHFCl'GEQ'SiX3 + éiX3

Abstraction of the chlorine atom from the sdduct produces a

1,1,2~-trifluoroethyl-silane if hydrogen abstraction by the

intermediate radical takes place .

CHFCL+CF,«SiX

3 + SiX3 i CHF'CF2'81X3 + SiX381

SlHX5 + CHF00F2'81X3

F‘CF2'81X3 + SiX;

e CH2

If, however, the intermediate radical dissociates by

mechanism (a) then trifluoroethylens will be produced.

CHFaCFQ.SiX3 — GHF:CF2 + SiX3
Subsequent addition of a silyl radical to trifluoroethylene
would produce a 1,2,2~trifluorocethyl-silane as shown by the

reactions of silyl radicals with trifluoroethylene described

in this work (ype 77 ).
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s::H013 + CF, :CHF =—-> CHF,*CHF.Si01, ( > 98%),

Me,SiH + CF,:0HF ————>= CHF,*CHF+Sille (64%)
3 2 2 7y 3

CH,F+CT, Silles (36%)

In fact only the 1,1,2-triflucroethyl-
compaunds were detected among the reduced adducts from
the reactions of silyl radicals with chlorotrifluoroethylene.
This result, and the work on the reaction. of trichlorosilane
with l-chloro-2-fluoroethylene discussed below (pp.93),
suggest that the reduced olefins were not formed by
mechanism (a).

(b) ZLight induced decoﬁposition of the olefin.

It is possible that the reduced olefins were
formed by irradiation of the parent olefin and that the

silane was only used as a hydrogen source for the initial

reaction,

N f/y }fQ < o

O =0 e 0= 0

S0 = 0.+ SiHX »--—-w\czo/H + S8X
e ~ 3 / N 5

The olefins were irradiated alone to examine
their behaviour in the absence of a silane. The results
presented below (table_I16 ) show that the olefins all

reacted differently.




"3

TABLE 16 The irradiabion of the olefins.
Olefin Time (r. ) [olefin congumed | = Products
(%)

CH, s CHF 113 8 CH:CH( & 8%)
CHF: CHOL 90 84 CH, :CHF(2%)+ polymer
CHF:GFz 113 17 unidentified brown

‘hal‘a *®

*  possibly polymeric trifluoroethylene. .

The reasons for the different behaviour of
the various olefins, and the detailed aspects pf the mechanism
have not been studied, but the results suggest that
photolytic decomposgition of the olefins is not likely.

(¢c) _Halogen abstraction from the olefin, A chain

reaction involving halogen abstraction from the olefin.by a

silyl radical is the most probable mechanism.

SIHX,, e~ SiX + H

3 - 5
~ _ /Y “ T * .
L =0 + S:LX3 f>, o=0_ SlXEY
“eo= 0 o+ SiEX > e
L =0 i 3 ‘ ’p = G\\ + 1%y

Ad fhis reaction invplves_aafinylic radical identical with
that éugg;éﬁed in(tﬁevpfé%ious mebhanism (E), the two
mechanisms will be&indistinguishable after the initiation step.
It is possible that mercury would assist initiation by this

mechanism, bub since the effect of mercury on the photolysis




of the olefins has not been studied, a true comparison can

not be made.

It is possible that the reduced olefins
are produced by mechanisms (b) and (c¢),but the nature of
the reaction is such that more experimental data are

necessary before any definite conclusions can be drawn.

[44
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The Tormation of reduced adducts.

The appearance of reduced adducts in
the irradiations discussed in this work provided
one of the most interesting aspects of the
behaviour of silyl radicals.

A brief report of the detection bf a
compound corresponding o a reduced adduct from
the addition reaction of trichlorosilane with
chlorotrifluoroethylene was published in 1960?
and a possible reaction scheme was presented.
mm—— 5F61°CF2-31013

3 o SiHClB ”—““*-CHF01°032°51013 + 81015

N e Sl =T [ e (VTR & 4 . .
CHECl.CFg 91013 + &1013 > CFH ng S:LGl.3 + SlCl&

81013 + CthﬁFGl

CFCIPGF2~SiCl

GﬂFeszfSlGIB +481HC13 - &H23°GF2°81613

. The reaction is often referred to as a halogen
abstraction reaction, but when written in general
terms it mey be seen that it is analogous to the
displacement step of the addition réaction.

R+ Xw-3——> RX + O

Many rveactions of this type where R is alkyl have
123 - . .

been reporteds : In such cases the alkyl radical

abstracts hydrogen (X = ). In cases where R 1is

a silyl radicel, e.g., the photochemic al reaction
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of trichlorosilane with chlorotrifluoroethylémﬁ
discussed above, +the stom abstracted is chlorine
(X = Cl). This difference in behaviour of the
alkyl . and silyl radicals is probably related to
the different strengths of the bonds formed

and of the bonds broken, (table VT ),

TABLE 17 Bond energies ( Keal/mole)'™

Silicon bond | Bond energy Carbon bond |Bond energy

Si - H 76 ¢ - I 98.+7
81 - Cl 91 ‘ C - Cl 81

51 - B 135 ¢ - I 116

It is this difference in behaviour which allows the
possibility of a rapid chain process for halogen

abstraction by a silyl radical.

RX + B5iCL > R+ BiCl. X

. 3
R «+ S:i.HGZL3

>RH 4 éiClé
For the reaction:

=0 - Ol + =28i.H

> 20 - H + E8i°CL,
the change in bond energy is equal to
ca. 33 kecal/mole.

The strength of the bord broken is also
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ilmportant. Although the silicon~fluorine bond
energy is higher than that of the gilicon-chlorine
bond, the carbon--fluorine bond energy is also
sufficiently high to preclude a simple fluorine
abstraction, @.ge,

CH2F°0H01081613 + MGESiH.;QQL—é— GB2F°GH2°51013 +:

e ,31C1
2

Yo kh) -
e H s—m—— " CH., e CHFe SiCT
3 4 ] 331 % CHIre 91 l5
M@BSiGI

This work, and other work carried out

CH,ClLeCHFe81C1 +

in this depsartment, has shown that the
abstraction reaction observed by Haszeldine and
Youmgég can be extended to genceral chlorine
abgtraction by silyl radicals. In a study of
the orientation of free radical addition reactions
it is, vherefore, necessary to consider the
mechanism.of the abstraction reaction in detall.
The experimental results from the
,peaotion of silanes Wi?h l—chloro-2-fluoroathylene
indicate that a proceés»similar to that postulated
by Hasgzeldine éﬁd'Young ay be taking place. The
results (table 18 )  indicate that the extent of

chlorine abstrection depends on the concentration of




the silane.

by the silane,

This is
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consistent with an abstraction

or a silyl rpdical, as opposed O

light induced decomposition of the adduct:

CH,Cl-CHF-3iCLl., -—X—> CH,CHF=S8iCl, + GCl.

2

3

2

3

The observation that the reaction does not take place

in ‘the absgence of light indicates that a radical

reaction is probably involved.

TABLE 1% The photochemical reaction of silanes
with l-chloro-2-fluoroethylene.
Silane Silane/ time |[Consumption|V¥Yield of |Yield
olefin |(hr.)|of olefin |1l:1 adduct|of
ratio (%) (%) dehalog-
enated
adduet
(%)
811«1013 2.5:1 | 116 73 38 3
SiHCL, 5:1 100 67 79 10
S:bI—IGl__,j 10:1 100 98 8 13
8iHCL, 10:1 1L - - -
2 days +
MeﬁSiH Ll 90 100 5 -
ie,Sil|  5:1 100 50 20" h2
ﬂeBSiH 10:1 100 100 - 98
MGBSiH 10:1 100 - - - W

In the absence of light at 208,
#F In the absence of light at 857,
+ HWstimated from olefin produced on alkaline

hydrolysis.




The estimation of the percentage of
attack at either end of the olefins dealt with in
this work was obtained by measurement of isomer
ratios, i.@., by product analysise. This method
depends upon a Inowledge of the fate of all the
intermediate radicals produced by the addition
reaction.

Bofoy 5&01»0HF°31013, &ﬂGl-CHFoSiMeB,

CHF» CHCLe 5101 3

Por a bidirectional addition reaction,
telomerisation may bake plaée faster with one
intermediate radical than with the other. The
telomers were tod complex to allow structural
determination. The measurement of 1l:1 adduct ratios
alone would give a false ratio of the actual
percentages of the original addition reaction if
telomer formation had occurred at different rates
from the intermediate radicals. Telomer formation
mast be minimised, therefore, if a coﬁparison of
isomer ratioé is to he mades

The method most frequently used to reduce
telomer formation is to work in the presence of a
large excess of the addend (in this case the silane).

In reactions with fluoro-olefins conbtaining chlorine
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(@egs, CHF:CHCL,CF,:CFCL) this leads to abstraction

2
of the chlorine atom from the L:l adductse. An
estimation of the ratioc of addition at either end
of the olefin nust, therefore, take the ratio of the
reduced gdducts into account in addition to the ratio
of the 1l:1 adducts. For this approach to bhe
successful the mechanism of the formation of the
reduced adducts must be known, i.€., one must
establish that one lsomer of the adduct does no
give rise to the formation of bhoth isomers of the
reduced adduct.

The abstraction regection is possibly
a free radical reaction as discussed above.

CLeCHFeSiCl, + SiX,~—> CH,°CHFeSiCl, + Sil
GH2 1+ CHE SzClj b Slk3 012 CHE Slbl5 } SlYBGl

F+CHCL*8iCLy éiXB ~—> GH,, ' CH* 8101, + SiX

Cil 3 Ol'

2 3

The intermediate radical may however react in three

different ways. These are discussed below.

a) Oydrogen abstraction. This 1s the
reaction path proposed for the formation of
1,152~0rifluoroethyltrichlorosilane in the reactiqn
of trichlorosilane with chicfotrifluoroethylenau
The reaction is uncomplicated and should lead to
the formation of the reduced adducts without any

alteration of the isomer ratics.




CH,°CHF*SiCl. + SiHX, —> CH,°CHF°SiCl. +
2 3 D 3 5

5145
UHQF*CH°SiCl5 o+ S:'LI‘EK3 s Sy CH2F°CH2°Si013 o+
g

The addition reaction of trichloro-

silane to vinyl fluoride gave 2-fluoroethyltrichlor o-

2
indicates that the intermediaste radical

silane, CH F»CH2°8101%9 exclusively. This

éHFoCH2u81013 is more stable than the intermediate
radical éHZfCHF°81813. This also suggests that
there is po tendency for the radical éHFDCH2°Si°&1§
to produce the other isomer CH3°GHF°81613= As the
radical éHZaCHF°SiCIB would be less stable than
éHF-CH2031613, the second and third mechanisms
discussgdomay be visualised as possible routes from

the lesgs stable radical Lo the more stable one.

b) Free radical elimination. . This is

equivalent Lo the reverse of an addition reaction,
le@., dlimination of an atom or group as a radical
from the position Pm to the nadical centre.

Lo Y, .
ta (e s RN, N . S
*CrQegiNy === =G+ 5iXy

This type of reaction has been shown

to occur in other sysbtems. The reaction asppears
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to take place because of relatively low strengths

of the bonds between the radical eliminated and

the carbon atom to which it is attached. Fao
example, Sivertz '™ has demonstrated the
reversibility of the addition resctions of thiols
to ¢is- and Lrang- butenes by the accelerated

isomerisation of‘the olefings:
[T\ + RS A YA
AN SR m= /;w/ + /;‘\ + RS

The formation of isobutgne from the reaction phenyl

radicals with di-~t-~butanethiol is also thought to

. . . ) (5
be a radical elimination reaction.

CH
. . . i 3
® K 8 ° s e T e O s .
Cgtls . (CHB)7G S C(G.LIB)_' > CH, c,; S 0(0_13) + CgHg
3 3 : )
| CH:,)
% o
GIEEm(f«SmG(CHB)B e 0112:0(0113)2 o+ (0113)308
CH

A series of addition reactions of silanes
to cig~ and trans- butenes has been reported, but
no datae on the relative rates of isomerisation were

i i53
given.



In some of the gbstraction reactions
dealt with in this thesis the operation of this
maechanism would lead to the formation of two
isomers of the reduced adduct from only one isomef‘

of the 1l:L adduct.

Celey GH2GlﬁGHF-SiGlE +‘Siﬁgf~¢-OHQaCHF-81813 +
SiX.CGL
& . . 3
Cl, - CHFe3iCL_~—->» CI_ sCHF + B8iClL_, ——>
2 3 2 3
GHF-GH2°81613
and. _ . .
CHC1FeCIF . *8ilMe., + SilMe._ =~ CHEF*CRF_+Sile. +
2 3 3 2 3
MeSiCl.
3
CHF-GszSiMGB ~w—4~’CHF:CF2 -+ SiMe3 e
GFQ'CHF“SiMGB (65%)

The fact that 1,2,2-trifluorcethylsilanes
were not detected in the addition reaction of
ﬁrichlorosilan@ and\of‘trimethylsilame with
chlorotrifluorcethylene when the reéction was
allowed to proceed to give the reducadkadduct, a
1@19Q—trifluofoethylsilapa, indicates that the
radical elimination-reaction is nét opersting in
these cases. For the case of the abstraction from

the chlorofluoroethyltrichlorosilanes, however, the
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position is complicated by the presence of both
isomers of the 1l:1 adduct. As it was not found
possible to achleve complete preparative separation
off the two isomers of the 1:1 adduct a separate
experiment was carried out to test the operstion
‘of an elimination reaction.

The halogen abstraction reaction from a
mixture of the isomerg l-chloro-2-fluoroethyltri-
chlorosilane and 2-chloro-l~fluorocethyltrichlorosilane
was carried out with a large excess of methyldichloro=-
silane or trimethylsilane, If the radical elimination
occurs, then either (1) the adduct of the reducing
silane with vinyl fluoride will be detected (for
silanes which react readlily with vinyl fluoride
e.8s, methyldichlorosilane, or (ii) vinyl fluoride
will be detected (for silanes which do not react
readily with vinyl fluoride, e.g. trimethylsilane)

CH Gl“GHE°Si013~“§ CIi, ¢ CHF> 3101~ CIL, ° CHF* S1CL

2 2 3 3 3
\ CH,81HC1,
+ . T ® e ? - '.. e (AT o -
810134 GHQthTm-§GH2F buz 31612QH5
CH,,T*> GHYL > 5iCL_- H e Qe SiC o G0 S0
o L+ 81CL g2 CH,T'* CH* 8101 ;——> CH,F* CH,, 5101,
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The reduction of the adduct was cafried
out for 100 hr. with methyldichlorosilane and with
trimethylsilane, both with silane/olefin ratios of
10:1, (table 19 ).

The adducts of trimethylsilane and of
methyldichlorosilane to vinyl fluoride were not
detected in the reaction products. Similarly vinyl
fluoride was not detected in the reaction products.
This suggests that the elimination mEChénism does
not occur in these addition and abstraction reactions.

¢) IFree radical rearrangement. A free radical

rearrangenent of the intermediate free radical may

occur via a bridged intermediate of the type discussed

v Skell 130
CH, * CIiF CH,,=— GITF GH, * CEF
- C \\\ [ /,'{ .
5101 5101, 8101,

As the 1:1 adducts could not Dbe separated in
sufficient quantity for separate halogen abstraction
from each isomer to be carried out this mechanism could
only be tested by establishing that the ratios o
fluoroethyl-compounds were the same before and

after the reaction
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The arguments against this mechanise
are not as sound as those against the previous
reaction path, hut it is suggested that if a
bridged, non-classical free radical intermediate
is formed, it should collapse to an equilibrium
mixture of the two isomers. If, therefore, the
isomer ratio stays the same before and after the
dehalogenation it may be possible to say that
either (i) the bridged structure is not involved,
or (ii) the ratio of isomers in question fortuitously
coincides with the percentages of each isomer
obtained from the collapse of the bridge to
equilibrium*
The observation that the total ratios of

fluoroethyl - compounds before and after
irradiation remains the same, even after starting
from ratios as different as and 0«93-1>
indicates that the bridged intermediate is
improbable. The nature of this investigation
precluded further investigation of the mechanism
of this interesting reaction. It is realised that
the arguments given above against the bridged

intermediate are not conclusive.



Photochemical reactions of silanes with the adduct H(CHCL CHF)SiCl

rapiE 19

3

Ratio of adducts(in
3

)

Ratio of adducts (oub)

Ratio reduced adducts

$ i o . C .CHRF. 81 T .CHP= 310
) mw&.o . Time JwQH CHF»3iC1 mwwommu& Dmvou CHP.Si ou.w ﬁm cHRP mu.LHu Notas
Silene | silane: | hr. CH,P-CHG1.8iC1 reaction CH,_FeCHCL.SiC1 CH_F+CH,»SiC1l
olefin 2 3 2 3 2 2 3
M%mwmapm. 1014 100 Lok 70 2.0 1563 Yo CH,:CHF or
CH, P CH,, + 8101, Me
e, SiH 104 50 0.93 400 -0 0.93 No CH,:CHF or
CH, P+ OH, - Sille ;
C1,8iH 10:1 1L In the absence of 0 g e o
7 days

light at 20°C.




It was possible during the investigation
of the abstraction reaction discussed above o
obtain by product analyéis an agpproximate figure
for the relative rates of abstraction of ol - and
@— chlorine. It was found that @-chlorine
was removed in preference to of-chlorine in the ralio
of 3°5:1. This appears at first sight to indicate

preferential formation of the primary free radical.

éiX5
CH,CL» CGHF» 8101, ————> CH,*CHF*8iCly , k;
Ol P GHOLe 810l ————> CH/FeCH"S10L,, Ik,

1s€ey, k
1/k = 3¢5 (assuming that the abstraction
2 of chlorine is rate determining).

These resulis are analogous to the chlorination of
brichloroethylsilane under free radical conditions,

in which again the formation of the @“chloroethylm
compound predominates over that of the JO-chloroethyl-
compound. This may be related to some form of
destabilisation of a radical by an X-silyl group,

the mechanics of which are difficult to visualise, o
gimply to very definite steric requirements for the
reaction path. Almost all the published work on

radical stability has been concerned with carbon




free radicals. The effect of heteroatoms on
radical stability is a subject which has received

relatively little studye
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Comparison of the reactivity of silanes with

Tluoro~olefing.

A comparison of the percentages of
r@éotions of trichlorosilane, ‘methyldichlorosilane
and trimethylsilane with vihyl fluoride shows
that the reactivity falls in the order
Me3sm < I\.fzc-».smclzs’— 311{013 .
In contrast to this the reactivity of trichlorosilane,
methyldichlorosilane and trimethylsilane towards
l-chloro-2-fluoroethylene and trifluorocethylene

falls in the order SiHC1. Y 1v1e810121-I< e 51l .

. 5
A general decrease in the reactivity of the olefins
towards the trichlorosilane and trimethylsilane was
observed in the order 0112:-011@<cm‘:c1-1'01<cm:o,w_a

It must be pointed out however thatb
these generalisations are drawn from reactions
which are not strictly comparable, and only the
most obvious differences are worthy of further
consideration. It would be necessary (o carry

out competition reactions to gain more meaningfull

information.
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TABLE 20  Comparison of percentages of reaction
of silanes with fluoro-olefins.

Silane SiHGl3 MeSiHGle>Me3SiH MGBSiH/Hg

ratio 231 - 5:l1 2:1 6:L1
CHp 30T 45 rne 100 120 100 300

| % reaction 30 56 18 80

Silane SiﬂClB MeSiﬂGlQ He3SiH MGBSiE

ratio 531 53l 5.5:1 52l
CEF:CFy time 100 100 14O 12

% reaction 93 80 100 20

Silane SiECl3 SiﬁClB HGBSiH HGBSiH
GF&:CHGlPatiO 5:1 10s1 5:1 10:1

time 100 100 100 100

% reaction 67 98 50 100

An attempt to understand the comparative
reluctance of trimethylsilane to react with vinyl
fluoride was made by a consideration of the individual
steps involved in the addition reaction. This approach
was of value for all the photochemical reactions
studied.

. The initiation step in these photochemical
addition resctions ié thought to occur by the gbsorption
of ultraviolet light by the silane which resulis in

homolysis of the weak covalenlt silicon-~hydrogen bond.
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The electronegativities of silicon and hydrogen on
the Pauvling scale sre 1¢6 and 2.1 respectively.
This would give a silicon-hydrogen bond with a
difference of ‘electroiegativity of 003, i.e., ca.2%
ionic character in the direction Si - H. Tt is
interesting to note that this is the reverse of the
direction of polarisation of the cafbonuhydrogen

— _}. '
bond, C -~ H,

The ready reactivity of chlorosilanes in
the free radical addition reaction has previously
been explained in terms of an inductive effect of
chlorine atoms which decreases the pdlarity of the
silicon-nydrogen bond. Similarly, it might bhe
expected that the polarisability of the methyl groups
in trimethylsilare would allow greater polarity of the
silicon-hydrogen bond and hence would decrease the
tendency towards homolysis. This is equivaleﬁt to
saying that the initiation and displacement steps
would be slightly more endothermic in alkyl silanes.

Whilst this argument is in agreement.
with the reduced reactivity of trimethylsilane towards
vinyl fluoride and vinylidene fluoride, it is at
the mest only a slightly contributing factor in view

of the ease of resction of trimethylsilane with
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brifluoroethylene, chlorotrifluoroethylene, and
’r,e-.’t;rn?ut“LLuor'oe't,h;y*lene‘e.",'L

The influence of this type of effect
should be concentrated in the displacement step.
Differences in the initiation step which may be
accounted for on this basis should show only small
contributions to the overall observed reactivity
Tfor a reagtion of high kinetic chain length.

If the differences in reactivity were due
to such bond.@olarities‘as described above, it would
also be expected that significant differences in the
infra-red stretching frequencies and in the
stretching force constants for the silicon-~hydrogen
bond.wpuld.be observed, A general trend is
observed (table 21 ), which suggests that a small
difference in reactivity may be related to differences

in bond dissociation energies,
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TABLE 24 Stretching force constents, and
infra~red stretching frequencies for
81 ~ H bonds.

Silane | ¢ mdyne/ ref. A emit  per. r(8i-1),A°, Ref.
. mole

Hie ,S1H S o118 1.L1.89ﬂfo.ool ‘fr'
e, 51T, 2.6 212 | 1.85%0,005 7
SiH) 0.77 *° 2180 "% | L.u46 - 18 . 4
S1H,CL 2,66 '°° 2201 'Y | 1.476 59
SiHCL 2,92 7 2057 'S -

f= stretching force consbant.
= frequency
v= inter-~atomic radius

It is possible therefore that the slow

reaction of trimethylsilane with vinyl fluoride is due

to a) a slow addition step and b) an inefficient
initiation step. Hach of these explanations has to Te
consistent with the rapid reaction of trimethylsilane
with the more heavily fluorinated olefins.

a) Most of the reactions dealt with in this work
were carried out in the presence of a large excess of
the silane, This was a qualitative attempt to ensure
that the addition step was rate determining, as mentioned

in the introduction, pp. 37 , and the Jdiscussion, pp,§9
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BiXy + C=C, —> °(|\3ei%«»SiX39 the addition step.
It has been concluded that free radicals

are electrophilic in varying degrees by showing that
the rates of addition of free radicals parallel the
rates of ionic bromination, l.e., polarisable groups
adjacent to the ﬁoﬁble pond releage electrons into
the V- system and facilitate attack by electrophilic
radicals. The results on the orientation of free
radical addition reactions obtained in this work, and
alsewhere,i?L‘ suggest that the replacement of groups
with a strong ~I inductive effect (e.g., chlorine) by
groups with a +I effect (e.g., methyl-), will decrease
the electrophilicity of the radical carrying those
groups.

It may be argued, therefore, that the
relatively more electrophilic trichlorosilyl radical
is less discriminating in its reactlons with olefins
with which 1t can form a low energy bransition state.
This type of arvgument depends too much on conjecture
and assumption in the present state of kndwledge |
about free radical addition reactions and the properties
of free radicals. It is, for example, clear thal
the trimethylsilyl radical is a much more efficient

7

halogen abstractor than the trichlorosilyl radical; a
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fact which cannot be satisfactorily explained.
(b) It is possible that the low percentages
of reaction observed for trimethylsilane with vinyl
fluoride are related to a pdor initiation step. In
this case the ready reaction of trimethylsilane with
the more heavily fluorinated olefins is explained as
part of the initiation step, ,
An attempt to clarify this was made by

measuring the ultraviolel spectra of the rgacﬁants
as used in the photochemical reactionég 1.0, ON
samples showvn to be pure by gas-liguld chromstography,
infra-red spectroscopy and molecular weight determination.
The results are, therefore, not quantitative as the
spectra were obtained on samples which were not ultra-
pure spectroscopically, 1.6., no extra purifying
technique wag used, The absorption maxima and
extinetion coefficients for the olefins and of
trichlorosilane and trimethylsilane are pregented in
table 2.0 . Tetrafluoroethylene and chlorotri-

j6O

fluoroethylene are included from publighed data for

comparison with the olefins under investigation.




-
TAPLE 2.2, Ultra~violet absorption spectra of
some fluoro-olefins and silanes; not
guantitative, (maxima only).
Sample absorption maxima Extinction
-1 coeficient,
cm
CH2:CHF 52,360 21
51,810 o 19
CHCL : CHF 52,900 655
52,360 658
CPF, s CHE 52, 360 995
ref 1e0 - -
OFE:GFGI. L3, 000 -
ref 160 - -
GF2:GF2 L8, 500 -
e 91l 53,480 11.7
7 52,620 8.5
ClBSiH 51,010 6.0
359720 )_}.09

Thé silica tubes used in the current
work transmit light of shorter wavelength than EOOOA.O9
i.e., above 33,000 cm, "+ éhd the lamps used produce
intense irradiation at 39,L00 em. ™" at 5L.,100 em. ™,
It can be seen from the table that all the reactants

are capable of absorbing ultra-violet Llight within

the range transmitted by the reaction vessel and
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that there will be some absorption of the
frequencies produced by the lamp. It 1is
immediately apparent, however, that the silanes do
not differ greatly in their absorption (the peak
at 35,720 em.™t is thought to be an impurity,
possibly of the type containing a 81 - O - S5i= bond) .
Comparison of the data for the olefins indicates
that Tthey absorb in the same region, but that the
extinction coefficient for vinyl fluoride is by
Par the lowest of the olefins. ;

This allows speculation as follows.
The inital energy sbsorption is by the olefin with
transfer to either an excited singlet state or a
triplet state. Thé former can cause the dissociation
of a molecule of tﬁe silane on collision.

- 4 &

N, R \ ' b

.y . 1"}; T e = . 35 k%

LG = G 4 bllh5 G =0 81A3 + H

The latter can abstract hydrogen by reaction as a

free diradical.
-]

& i

& &
- G = 0 - + 8iHX, —» .0 - ¢ - H 4+ 5iX

This approach does not necesgsarily rule out the
conventional descriptlon of the initiation by
dissociation of the silane.

1] I
1N, e G1XL 1
Sil {D + h\) “%11{3 + b
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It is possibha,'therefore, that the
initiation consists of two reactions, bhoth
initiating the same chain reaction. It is not
possible teo suggest how the actual initiation
is divided between these reacvions, and 1t is not
possible, therefore, Lo compare reactivities of
various silanes as these may or may not be
completely masked by the olefin absorption. It
must also be pointed dut thatv the absorption at a
particular wavelength and with a particular extincition
coefficient does not necegsarily indicate that this

is associated with bond breaking relative bto the

D

xtinection coefficient.

Another approach to the problem of
initiation from the more practical point of view of
the separate irradigtion of the reactants. The
reactants were separately irradiated for similar

periods, (table_23 ).

4




TABIE 23  The ivradiation of silanes and

olefins
Compound Time Productse

e |
SiHCL., 90 ) (1 5); HOL (3%); recovered B1HC1,

g | (97%) -
meBSiH 100 H (1%); ﬁeBSiH recovered (98%).
CH,, : CHI', 113 CH: GH(8M), CIL, :CHF recovered (90%) .
CHCL : CHP 90 GﬂafGHF>(2%); polymeric CHCL:CHF;
CHCL:CHF recovered (16%)
CF, :CHF 113 CHF:CF, recovered (8L%):
no other volatile product.

It may be seen that all the reactants are

capable of absorbing uliraviolet light and producing

a reactive species, and that the percentage reaction

of the olefins is higher than that of the silanes.

This 1s probably because the olefins can still

sUstain a chaln reaction once such a reaction hasg

been initiated. Th

e percentage reaction of

trimethylsilane is much lower than the other compounds,

and the use- of me-rcury as a photosensitiser was

investigated in an attempt Lo increase this figure.
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FPhotosensitising agents are useful sources
of radicals for compounds which do not absorb
radiation of a convenient wavelength. Organic
Ydyes" may be used, but the most common agent used
in conjunction with uwltraviolet radiation from
mercury resonance lamps is atomic mercury, The
mercury wmay absorb energy and be promoted to a 6 3?0
state (i.¢., a triplet state. Collision with
another molécule brings about either electronic
excitation (1) or dissociation -(ii) in the quenching

molecule.

o =
Hg 6 tso 22374 > Hg 6 “Po Excitation energy
112 kecal/g.atom.

Hg 6 “Po 4 MH ———> MH® 4+ Hz 6 TS0 (1)

L

— >N+ H+ He 6 “So (i)

Quenching by silane (SiHu) has been claimed to produce
silyl radicalsf4 and quenching by ethylene resulted
in the formation of cyclo-butanes, hydrogen, acetylene,
and higher olefins?\

The possibility of photosensitisation by
mercury in all the reactions carried out in this work
can not be excluded because of the use of mercury

manometers for pressure measurements. The extent
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of this is probably Quite low in view of the changes
wrought by the introduction of bulk mercury. Hor
example the production of vinyl fluoride (N 96%) in
the irradigtion of l-chloro-2-~fluoroethylene with
trimethylsilene in the presaﬂce of mercury as compaged
to the formation of the 1:1 adduct, the 1l:1 reduced
adduct, and vinyl fluoride (™~ 1Lg) in the absence of
Mercury. Irradiagtions of trimethylsilane in the
presence of mercury and in the absence of purposely
introduced mercury were carried oub to investigate

this, (bable 24 )

TABLG LA The effect of mercury on the
photodigsociation of +trimethylsilane
Reactant Time ,hr. Products,

Me_SiH 100 H.(1%), Me.Si recovered
g ’ (98%)
e SiVHg 90 CH,(12%), e, SiH recovered
> 2 > (80%)

These results indicate the effectiveness
of mercury in promoting the photodissociation of

trimethylsilane,
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It is interesting to note that the
irradiation characteristics of the olefins are all
different. This agaln suggests that it is not
possible to draw any worthwhile conclusions from
the varying percentages of reaction in the
addition reactionso. These reactions of the olefins
were carried out to determine whether theywere
capable of initiating the reaction and consequently the
mechanism of the photodissociation was not further

investigated.
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The hydrolysis of substituted alkyl gilicon compounds.

Uhsubstituted alkylhgroups are nok easily
cleaved from silicon by nucleophilic reagents. There
appears to be no example of such cleavage involving tetra-
alkylsilanes. Cleavage of gilicon-allkyl bonds by electro=
philic reggents is more common}UL The presence of almost
any hetero-atom in an alkyl side-chain seems to increase
the ease of clééﬁage by nucleophiles, Thus the hetero
atom (which is generally more electromegative than hydrogen)
increases the tendency of the alkyl group to separate with
the electrons of the silicon-carbon bond. The low
electroneg&tivity of silicon and the ease with which it can
increase its coordination number facilitate the approach of

the nucleophile.

o{=Halogenated alkyl groups attached to
silicon are suscepbible to.nucleophilic attack, the ease

which is dependent on the degree of substitution,

(63, bd
ie€ey 0013>0c12}r> CCLH, 3

CeSea OClE.Si(OE't})-s e 011013 -+ Si(OE{J) I Re:f( {65' )
. 0)51
° ) n al N .
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The mechanism of these reactions is thought to involve the

displacement of a carbanion.

OH{’m\\*Si o GF3 M CF3 + 810
7/ \

03\; *H,0 e CFBH + OH~

2

. @fﬁhlorinated alkyl groups are much more
easily cleaved from the silicon atom than their
Ol-chlorinated counterparts, For example, the silicon
carbon bond in o{=-chloroethyltrichlorosilane is stable in
40% ethanolic potassium hydroxide solution at 80° whereas

(3»chloroathyltrichlorosilane is cleaved by dilute aqueous

. . . 2.
sodium hydroxide SOlutloan

CH,*CHCL®SiCl

3 5 & KOH > '(01{3 CHOL+ 810, 5)

n

GH201'CH2¢Si013 + NaQH ey GH2{0H2 + 8102

A similax difference in stabilily is apparent in the action
of Grignard reagents., Whereas X~chloroethyltrichlorosilane
is readily methylate&,‘(3nchloroethyltrichlorosilane is
' ‘ 14
gleaved to produce ethylene,
The process of cleavage is thought to occur
via a concerted elimination analogous Lo the E2 elimination

3]
reaction of alkyl halides,

- i
OH {—\Si-@o(}ﬂg-@. == Si°OH + CH,:CH, + cL”
FARRN o

ou” N H-@GHQ-/&L o> HOH + CH,:CH, + CL

2 2

[
s
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The process is evidently facilitated in the case of

silicon compounds by the lower electronegativity of silicon
compared to carbon (E.N., Si 1.8; C, 2,55 H, 2.13) and its
ability to increase its coordinabte number, The attack
occurs exclusively at the silicon atom, and not at the

K-hydrogen atoms as depicted below.

N V| ~ -
um i - L4 L] [ . . .. F=—1 » -
/Sl ?EQCHZ Ccl ‘ﬁl CH OHZ k- HZO + QL
H

OH"J

Many @nchlorinated compounds have been shown
to undergo this elimination. In all cases the elimination
is so rapid that agqueous hydrolysis and titration of the
ES~chlorine atom as well as of thé silicon~bonded chlorine
atoms is ]possible‘.‘;1 Because of this rapidity, kinetic
studies of the hydrolysis have nob yet been carried out.

Imealogenated alkyl groups may be cleaved

from silicon with the formationh of cyclopropane rings, or

168
dehydrohalogenation may occur without cleavage:
al CH
2
/a\’s::. mmcﬁ IA) -/ N\ & 810, + OL” Ref (168)
/7 \ ’(}HZ;—-GH2
¢l - Cl
Me -
{ o4 ref ({69 )
51 -~ CH 'GHZ'CHE-CI ey Me381 CHz‘CH CH2 + HBr
7\

e Me
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The compounds dealt with in this dissertation are all
substituted ethyl groups, and ¥~substituted compounds
need by considered no further,

The substituted ethyl groups dealt with
contain both éiorine and fluorine in the l-and 2{positions
relative to silicon. A consideration of data from
cleavage of otbther substituted ethyl groups, along with
the observations recorded in this thesis allows certain
general considerations to be drawn. €5~Bromine and
@,-iodihe-atoms are eliminated in a similar manner to
@'-chlorine atoms, 169 and it is found that @ -bromine
atoms are removed in preference to @-chlcrine atoms, €.8e,

CHBrCleCBrCl-SiGlEHQE:~é> CBrCl:CCLlH, Ref. ( 470 )

Tt has been suggestedr“ that elimination of
fluorine wouid not occur because of the strength of the
¢ - I bond, and this suggestion was probably based on the
observation that 1,1,2,2,tétrafluoroethyltrichlorosilane
reacted with sodium hydroxide solubtion to give the
saturated'alkanefo

OT,HeOT, *S1C1, MQE-:m«-a- CF,H°CF, H.
It is howévef important to note in this.context that even
a @-chlorine substituent in a similar compound, €.g.,

2=chloro~l,1,2,2-tetrafluoroethyltrichlorosilane,




CF,C1°CF,8iCly, is only removed by (3 ~elimination

60
to an extent of 9%.

N equ OH ap
CT,01°CP, S0, —=S——3%  CE,H"CT,0L (9L%)

It has been Found during this work that the
replacement of chlorine by fluorihe in‘the monosubstituted
ethylsilanes leads only to the necessity of a stronger
nuclgophiie:ﬂn?@weliminaﬁion to occur,. Thus, both
(chhloro; anﬁ.@mfluogoneﬁhylsilanes are readily cleaved
by hydroxide ions to give ethylene, %but the former is also
cleaved by wabter, whereas the latbter is stable to water,
Both {~substituted compounds behave similarly,they are

not cleaved by agueous solutions of base:

U, CL+CH,*S1C1 o> om,scm, | (100%)
OH,Fo0H,°8i01, Y o  om om (100%)
pT'*CHy * 81014 0 20ty 1007

. NaOH- P
* e & Lol ard S, 9 »
CH5 CHX 51015 - (GEI3 CHX Si(0)1‘5)n

If both chlérine and fluorine are present hydrolysis takes
Place similarly, again with eliminabtion of the atom (%-to
gilicon, irrespective of whéther it is chlorine or fluoriﬁe.
Again it is observed that agueous sodium hydroxide is
necessary for the elimination of @n@luarine, whereas

@ ~chlorine is eliminated by water.

111
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Na Ol

CH,F*CHCL.SiCly S=E——%  CH, :CHCL (100%)
H,0 '
CH,C1*CHF+81C1ly ~=———3 CH,:CHF (L00%)

Hydrolysis of the édducts of silanes to
trifluoroethylene gave the'alkane and the olefins in
varying percentbtages. It appears therefore that these
adducts are possibly reacting by two mechanisms,
corresponding to the two types discussed above, The
various mechanisms possible will now be discussed to see
which mechanisn best fits the observed facts, and to
determine the extent of the value of hydrolysis as a
diagnpstié method. |
' The various mechanisms ares
I) Carbanion displacement and alkane formation.

II) Carbanion displacement with elimination,
(III) Alkene formation as in (i) followed by E, elimination,
IV) Concerted B-elimination.

V)  Dehydrohalogenation followed by carbanion displacement.

1) Carbanion displacement and alkane formation.
This is equivalent to an Sﬁszeaction at the silicon atom in -
which the slow step is the formation of the carbanion.
Because silicon can also have coordination numbers 5 and

6, bond formation and bond breakage need not be gimultaneous.
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]
-0~ X

OH Bl =« C = @ = X m=—ee—e> o
o’ , ! 1

-C~C =X HZO e H w0 = C =X,
t [ . ! t

Alkanes were formed when the ethyl group carried three

e ’ﬂﬁ\gl‘ ) v %
i
\

or Tfour fluorine atoms, This observation has heen made in

. . ) 60,146
this work and in obther reported reactions,

61581+ CF,y+CF, °B —E s> mow,.cEE, 1007

1o _ «(OF OH“ ]
C1583+CF,*CF 0L  ~———> HOT,*CT,C1, 91%

__om T ,
01,81+ CF, * CH, T ~=-=% HCF,*CH,T, 99%

The compounds containing less heavily fluorinated ethyl

groups gave 100% olefin formation!T®
C1l;81+CH,CHF, -——=—=3  CH,:CHF 100%
dlBSi-GH2°GH2F em——>  CH,3CH, 100%

The observation that the isomers of trifluoroeéhyltrichloro-
silanes give different percentages of olefin formation
suggests that the presence of the ~fluorine atoms may
play some part in determining the percentage olefin
formation as against alkane formation, i.e.,, two {~fluorine
atoms appear to favour alkane formation.

The presence of fluorine abtoms on the ¥X-carbon
may a) facilitate nucleophilic attack on silicon or
b) hinder or inhibit the electron shift which leads to

elimination of the @-halogen atom,
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Oﬂ;ff‘\gt fﬁ+ﬁﬁ¥ ' (”N
AU

n

It is also of interest to note that the
percentage alkane formation decreasesf%iliconmchlorine bonds
in the compound hydrolysed are replace@ by silicon~-methyl
bonds., As silicon-~-halogen bonds are readlly susceptible
“to nucleophilic attack this apparent order may be
misleading, i.e., the comparison should be between Si -~ 0 =~
‘and §i - Me bonds.

The remaining,reaction schemes are concerned
with the olefin formabion.,.

II) Carbanion displacement with eliminabion.

This is equivalent to carbanion formation as in (I)
followed by a unimolecular elimination from the conjugate
base, as discussed by Ingold, (B;cB).

) , .

- cﬁi 0 Jﬂ% e Q= O+ X

|
Investigations of the corresponding reactions of organic

halides (giving the same type of carbanion) by means of
isotopic exchange methods sﬁggest that the Ech mechanism
is improbable, From the sparse information available it
is Tthought that elimination from G3uhalogenocarbonyl

compounds may invelve this mechanism,.




el

S
0 © 0 .
{ ! OH i I ! ‘ 9
-c‘;mgacn-—--—h-(l:-c—cwmw—e—-c:c—c-r»x@
X H Gx A8
S+

If this was the mechanism of olefin formation
from fluoroethylsilanes,alkane formation and olefin
formation should take place from the same carbanion. As
compounds with different adjacent groups attached to
silicon but the same fluoroalkyl group would hydrolyse
to give the same carbanion which would then react toAgive
the alkane or eliminate an ion to give the olefin the
effect of varying the adjacent groups on the percentage

alkane formation would not be expected.

5 \ pe——> GHan CHEF
OH™ :

/ CHF240HF
CHII‘Z-CHF’Si.Me3 ——— CHF:CHF + F

OHF2'CHF“3101

ise.y The same percentage of alkane and olefin formation
wonld be expected. As this was not so it is probable

that this mechanism does not apply.

ITT) Alkene formation as in (I) followed by

E2 eliminationv

- N . !
o’ H-/é\m(?—[}.
| |

\ / -
r—e = ¢ 4+ H.O 4+ X
. . 2

\
This mechanism was directly tested during the course of

the iunvestigation by subjecting samples of the expected
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alkane to atback by hydroxyl groups under the same
conditions as those used for the hydrolysis. In the
case of ethyl fluoride, l-chloro-2~fluoroethane, and
ly,1,2~trifluoroethane no olefin formation was observed.
This mechanism was consequently discarded.

iV) Concerfed B ~elimination.

\
This is wvisualised as a synchronous process

occurring simultaneously with the alkane formation, The
machanism fits all the observed facts of loss of the
@>~halogen atom during olefin elimination. The varying
degress of olefin elimination can be visua}ised in terms
of the of=-fluorine atom effect and the adjacent group effect.
It is possible that the fivst effect, as pointed out in (I),
reduces olefin formation by an inductive effect away from
the o{~carbon and so impedes the electron shift to the
(Suhalogen atom, whereas the second effect assists this
shift by an inductive effect towards the silicon and the

carbon atom,

loea |

H=- CX

T
- At
0F “s1 BV - ¢ - x ———> OF,
§o
F




V) _Dehydrohalogenation followed by carbanion

displacement.

This scheme involves the formation of a wvanyl

silane by attack at either CKor(B hydrogen atoms.

N i/
i Si
- AN l
0 /A\H ifiwi CH, fﬁ% ~——3> 0 = CH, + H,0 + X~
| 4
H H
17 7 (B~ elimination)
Si Sl
-/ P 1 -
OH H J/EE\N~ CH 1r§ i ¢ =CH, + H,0 + X
2 z 2 2
"
(- elimination).
1 i L]
§i = CH = CH, -&— CH, = CH
Y, 2 , 2 2
\ .
Breakdown of vinyl silanes has been shown to
occur at 170°‘in 30% aqueous sodium hydroxide,‘73 but

fluorovinyl silicon compounds hydrolyse readily.  The

183

absence of vinyl compounds in the hydrolysis products is not,

therefore, an indication of the absence of this mechanism.

The necessity of attack at the more electro=

negative hydrogen instead of at silicon suggests that this

mechanism is improbable, but it can not be completely

digcounted.,

From the consideration of the extent bo which

the obhserved facts are consistent with the varying possible




184

mechanisms it is clear that the most probable

mechanidms are (I)‘énd (IV), i.e., carbanion
formation for the alkane and concerte&-GSnelimination'.
for the olefin. It is possible to generalise this

to the exbent that @-chloriné is movre easily eiiminated
than @ -fluorines and that alkane forma%ion is

favoured by the presence of electron withdrawing groups
on both the ol~carbon atonm and the silicon atom.. The
observation that the degree of olefin foriation increases
as the concentratibn of the nucleophile increases is in
agreement with these proposals. It would he illuminatiﬁg
to study the variation in the alkane itself, and not

only its concentration, bubt this was beyénd the scope of .
this work, It was apparent, however, during reactions of
fluoroalkyl chlorosilanes with methyl magnesium iodide,
and with iiﬁhium aluminium hydride, that considerable

@ -~elimination was taking place even at reduced
teﬁperatures (0°).  Attempis to carry oubt this type of
reaction with the exclusion of’@uelimination were made by
reacting 1,1,2~triflﬁofbethyltrimeﬁhylsilane,.

‘ CHBE'CFQ'SIMeB, wiﬁﬁ water in the presence of aluminium

- amalgam., No silicon-carbon cleavage was observed. It
is interesting to note that both XN =chloro- andﬁxyfluoro~

ethyl silanes are not cleaved under the mild conditions
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which effect (5 ~elimination and alkane formation.

It is not possible to rationalise this with the
observed alkane formations, i.e.,, one could argue
that in the absence of a.@mgroup the alkane should be
formed as with trichloromethyl and trifluoromethyl
siianese This may however be merely a question of
using more extreme conditions.

From the above discussion of the hydrolysis
mechanism it is apparent that the method is of no
diagnostic value when alkane formation occurs. In
the event of exclugive olefin formation, however, it is
pogsible to deduce the structures and ratios of possible
isomers from the various olefins, provided that

@ ~elimination is assumed. Although it has not been
rigorously demonstrated that @-elimination is the
mechanism of hydrolysis it is felt by the author that
the most of the expérimental evidence is in agreement

with this mechanism.




186

Pyrolyvasis of substituted alkyl gilicon compounds.

The thermal decomposition of tetraalkylsilanes

4.

o | o . .
’ and kinetic studies have shown

occurs at 580 = T0O
that homogeneous unimolecular decomposition proceeds at
pressure down to 10 cm, of mercury. It has been shown
that both silicon-carbon and carbon-hydrogen bond fission is
prooeedihg, and that these reactions are followed by further

s
free radical reactions to give complex mixtures of productse.

-_qb(cﬂa) éi o+ éHB
(CH,) si -3

e
2 + =

. -

L—»(CH;) SieCH

2

Tetraethylsilane decomposes at slightly lower
temperatures (540-600°) than tetramethylsilane, (660-720°) but
the introduction of a chlorine atom @n to the silicon in
tetraethylsilane causes a marked decrease in stability;w6
ca. 800 :

€sZey EtBSiaCH2-0H201 - S CH2:GH2 + Et3Sicl

Howevers; the analogous compound 2-chloroethylirichlorosilane,
CH,01¢CH,*SiCL;, is stable up to at least 400°, but slow
decomposition occurs at about 55009

Complete decomposition of 2-chloroethylitrichloro-
silane at 610° indicates the possibility of two simultaneous

. 10
mechanisms.
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37 2 4 CE 3°

Vinyltrichlorosilane is stable at the temperature of

CH Cl. Cﬁ *+3i0L - > CH :CH s 91C1 eCH SiCl

the decomposition, This indicates that ethylene and

vinyltrichlorogilane are formed by different processes.
177

Kinetic studies indicated that the process is a

wnimolecular first order reaction and not a free radical

reaction. The data are consistent with the formation of

4-centre transition states gimilar to that proposed fox

i
the decomposition of secondary and tertiary alkyl bromides,

0H2-u CH°SiCl5 CH2_~-_GH'81813 GI-]izz(}I—I'SiCl5

l * e t : g

cl " Cl-----H - + HCL

CH2=— Cﬂg ?H2 :zngz GH2 = CH2
[ L

Cl 81013 Cl-----. Si015 +SiCl4

It was orlglnally thou ht that the introduction of-
fluorine atoms 1nto the organic side chain might confer
the stability of fluorocarbons on the fluorocalkylsilicon
compound ., This has not been generally found to be the
case, Tfor although X—%rifluoroalkylsiloxanes show good
thermal stability (decomposition occurs only above 4000),

oI

X- ox (3~ fluoroalkylsiloxanes decompose above 200" ,

*9iCl; -3 CHI':CH

CeBoy GHFZOCHQ 3 2

+ SiFCl3

1871




The driving forae for the decomposition
reaction is probably the change in enthalpy which
accompanies the reaction. In the example shown a carbon-
fluorine and a carbon~silicon bond are broken (this
requires the input of 76 + 116 = 192 kcal/mole of
energy), while a silicon-fluorine and a carbénwcarbon Ti~bond
are formed (this results in the evolution of 64 + 135 = 119
keal/mole), Hence there is a net evolution of 10 keal/mole
of energy.

The reaction analogous to the formation of vinyl
silanes from qgnehloroalkylsilanes hag not been observed
with fluoroaikylsilanes.

‘_*"_—‘*~?><CH2=GH*3101

CH2FﬂGH *34C1

2 3 3

. 60
A typical pyrolytic reaction of a fluoroalkylsilane is:

220-5°

GE2H00F2°SiGl > CF,:CFH + SiCl;F

5 2
In this example trifluorocethylene can be formed by btwo
possible elimination reactions. The first of these is
a ‘guelimination directly analogous to that described above
foxr the ohlorbalhyl compound s

THF Tz TFZ

P> GiCl

e CHF$CF, + SiClBF
3
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- The alternative mechanism involves an  { -fluorine
elimination to give a carbene and a silicon halide.
The carbene is able to rearrange by hydrogen ox fluorine

migration to give trifluoroethylene.

A : L T
CHF2°CF - S3iCl - CHFé'CF + SiCl, T
T .
CHFz’CF I ox F'mlgration N GHF:CF2 .

Experimental evidence suggests that

oA =elimination is the basic step in compounds containing
. . lae

two of{~fluorine atoms, The presence of a carbene

intermediate has been demonstrated by the formation of a

. . 146
cyclopropane in the presence of 1sobu'tene,4

©eBes (GHB) G:CH, + CH,T+CT ~——3 (cE5) © u/GHz

2\
oF
|

QEQF

Other workers have shown that the thermal decomposition is
\19_ 180
a unlmolccular first order process,
It has been found that olefins which are more

highly chlorinated than the original side chain are sometimes

formed during the pyrolysis of substituted ethyltrichloro-

» ‘1‘-b
silanes;

o.ge CHF,*CF,*Si01, %CHF 10T, GHOL:OF , £ 001

21% 229 °
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The reaction of trichlorofluoroailane with trifluoroethylene

to give chlorotrifiuorcethylene and dichlorofluorosilane is

energetically feasible, but it has been shown not Lo occur
Wo

under the conditions of the pyrolyses.

SiCl. B + GHF:CF2 “""““€?'>< CEE:CFOl + SiHClZF

3
This evidence indicates that the chlorinated olefing do not
result from a secondary reaction of this type.

An intensive study of the pyrolyses of
fluoroalkylsilicon compoundslqﬁ has shown that the formation
of the more heavily chlorinated olefins occurs éimultaneously
with the of~elimination mechanism, éhe‘possible mechanisms

are described below.

i) Carbene formation followed by an insertion reaction,

Tnsertion of the carbene inko a silicon-chlorine bond could

give a new substituted ethyl group

eig.’ CI’IzFGCF + Sti}.; 2
*e

€aesy CHFE‘GF + SiFGl3 ——- QHF

———> CH F‘CFGl'SiFCl2,

2'CF01‘SiF012

A similar insertion reaction with an undissociated molecule
of the original silicon compound would produce a new
compound, which could breakdown in the same way ag the

insertion product from the tetrahalosilanc.
.o i .

GH2F-GE‘ +,CH2FGGF20810%3 ~—£P'GH2F00F2\ .

R A - p 51012

CH2F-CF01

The postulated reactions are similar %o the observed reactions

~
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181 .
of methylene withcarbon-halogen, and with silicon-

132~
halogen bonds;

14

4 + GH2 mﬂ—ﬁ”'CIESi‘CHECl

The new compounds formed in this way would

Coelay Sicl

contain O -carbon-chlorine bonds, They could decompose
by O{~fluorine elimination to give an olefin containing

an extra chlorine atoms;

Cefey CH2F°CF01'SiF012- > GHZF‘CGI + SiF2012

OH,T*CO1L Hmigratlon o omp.omol

e
The new carbene, CH,F*CCl, could also repeat the insertion

2
reaction with dichlorodifluorosilane to give a product
which could decompose by a process of 63~elimination to

give a third olefin.

CH, FoGOL + SiT ,0l, ——> CH,F*CCL,*SiF,Cl

et o 0N Sy R .
GHZF 0612 SlOle (5elimination > OHZoCClQ -+ SIFBCl

That the insertion process is improbable has been shown by
demonstrating the absence of insertion products when a
substituted ethyltrifluorosilane is pyrolysed in the

- . . e
presence of a large excess of silicon tetrachloride.

O eGP, 51T, 22D./L6 bz,

\- 0,'
2 2 3 excoss of SiGL.. CHF:CHF 96é

4
0

225 /16 hr., > )

3 no added 8iCl CHF : CHF 98%

cfog OH T”OF * 31
4
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ii) _ol-halogen exchange, Since the

mechanism for the forméti5n df fhe’chiorinated oiefins
during pyrolysis does not involve a carbene insertion
reaction, it has been suggested that atbtack by the

M =fluorine atom on silicon occurs simultaneously with

an atbtack by a silicon-bonded chlorine on the X~-carbon:
?K/ql F\\,pl\‘,/C1 91?1

R~ C = 8i = Q1 ==red ¢ — Si e ReCeSieCl
| _/, [} . ~ B ’ \ { i
P~ C1 R B CL PP

The rearranged silicon compound;can*then,“=‘
decompose by an O ~fluorine elimination reaction to
give an olefin containing one more chlorine atom than the

original side chain.

CHE,* T, *$101, S-exohange, CHF, CFCL* 81CL, T
s ol- elimination . i .
CHT., » CFCLsSiCl, T L. QHF,*CCL  + SiCl.F
5 S1CL,T == = 5 oTo
CHE,*Co1 Anigration . o, :CHOL

The rearranged silicon compound can also undergo a further
™ =halogen exchange reaction, and the product can decompose

by a (3~elimination reaction,

CHF,,+CFCLeSiCL T —-8Xehange. opm .01 +gi01lT
P 2 NS 2 2 2
CHF,*CCL, e 5101, F —@nelimination . owp a0y o giolp
o bl of TN #WLLg T RALLEy

It has been shown that this mechanism fits the

known facts for the thermal decomposition of fluoroalkyl-

B A1
silicon compounds containing two ©{-halogen atoms.
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The results obtained from the pyroiyses
of some of the compounds dealt with in this thesis
(Table 25 ) can be rabtionalised in terms of the
reaction schemes discussed above.

It is clear that only in the case of
2-fluoroethyltrichlorogilane, CH2F°OH2‘81015, is

65-elimination the only possible’meéhanisms

GH2 ;; (‘}Hz CH?_ =, CH CH

F\ Si(}l;'?" oo SiCL

2:0H2

e P :

3 | S¢013F

However the products of the pyrolyses of the 1,2,2«trifluoro-
ethylsilanes could be produced by either an o or a P~

.Ffluorine elimination reaction.

O -~ elimination:

GHP °GH'SiCl SIS CHP °CH + S81iCL;¥F
L 4 3 2 3
F

CHszéﬁ F-migration

> CHF:CHE

@ - elimination:
CHF R CHF CHF s~ CHF CHF:CHRF
P Slﬂl B-se--- 3401 + SiCl.T
3 51 . 3
Chlorine-containing olefins were not detected
in the pyrolysis products of the compounds which contained an

OX{- fluorine atom, This suggests that the A- fluorinew

chlorine ethapge.may be inhibited in some way by the
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o =hydrogen atom so that the other reactions compete
~successfully with it. This conclusion requires considerably
more experimental evidence before it can be confirmed,

The mobility order for abtoms in carm:benes
‘has been shown to be P KHSCL by a study of the pyrolyses
of a series-of substitutéd—ethyl silicon c:c:m;gcmuacls‘i‘r(9 If the
| purolysis of 1,2,2-trifluorcethylirichlorosilane,
GHFE’CHF-Si013, ocecurs by an o ~elimination then fluorine
must4migrate in preference to hydrogen to give the |

observed product, l,2~difluorocethylenes

ae

CHF,* CHF* 8101y = GHI«‘E'QH

—=X CF, :CH, (H-migration)
CHF,*CH —| o |

—~ CHF; CHF (P-migration)

( 50%)
The low yield of ofganic products (£ 50%) resulted from
heavy carbonisatioh during the pyrolyséé.

This is contrary to the previously established
order of mobiliﬁy and hence it appears likely that
1;2,2—trifluoroeﬁhjltrichlorosilane decomposes thermally
by a ﬁ:-fluorine elimination.rather than by an & -fluorine
elimination, Thig conclusion is not firnly based since
'*fﬁé“tdﬁél jield of organic pfdducts from the pyrolysis was
only 49%. Olefiﬁ formation was accompanied by heavy

.carbonisation.
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A high yield of organic products (99%)
was oblained ﬁhen 1,2,2~trif1uoroethylmeﬁhyldicﬁ1050u
silane, OHF,*CHF*SiCl/Me, containing a little (4(5%)
of the isomer i,l,2~triflmofoethy1meﬁhyldichlorosiléne,

CH2F-0F2'SiClZMe, was pyrolysed. The arganic products

were 1,2-difluoroethylene (95%) and 1,l-difluorcethylene (5%).

CHF,« CHF»$iC1 Me  (95%)- ~—— CH, :CT, (5%)
2 2 J 2800 2 P4
CH,P+CF,+8iCLMe  (5%)-1'° P+ L—— cupsonr  (95%)

Both starting materials could decompose by elther

i@*or' X-eliminations
”P > CHI'sCHF

\

CHP, * CHPLSI0L e S Hoghift _  CF,:CH,

 P-shift = CHF:;CHR

—f~—on, 07,

CH,F*CT,* SiClL Mo . ‘ ﬁfsl‘llft CHF:CHF

e CH F'CF*‘

Beghifh i\-CH2

:Can

| It is probably fbftuitousg thérefore, %hat the
percentage éoﬁposition of the mixture of olefins produpeé
is apgroximately the same as that of the mixture of

starting materials. The high yield of 1,2~difluorcethylene

(95%) may indicaﬁg that~a) the compound CHFQ-CHF'SiGlQMb
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decomposes byéimfluorine elimination b) ﬁhe compdund
decomposes by ol~fluorine eliminahion, but the mobility
order previously observed does not apply in this case,

or ¢) c£~and(}-f1uorine elimination occur simultlaneously.

The pyrolysis of fluoro—alkylsilicon.compounas
is clearly interesting mechanistically, It is equally
clear that, in many cases, the pyrol&sis products do not
allow unambiguous conclusions ﬁo be drawn aboutb either the
homogeneity of a product or the.percenﬁage composition of
a mixture of isomers.

An example of fhe care which must be taken in
interpreting the results of pyrolysis experiments is
provided by the isomeric pair of compounds 2-fluoroethyl-
txichlorosil&ne, CH2F‘GEé*éi313, and l1~fluoroethyltrichlorow

silane, GHB'GHF'Sidlg, )

6]
Do ( eqi( 220 = - 7
CHZP-CHz Slcl§u24,hr.. > CHQ"GHQ (97%0
CHBQCHFSJ.CI3 24:hr*A-f GH230H2 (gj%)

The production of ethylene from the first
compound. i, Gﬁzinﬂz*SiGlj, is presumably via a simple
@vfluorine elfmihation, whereas an of ~fluorine elimination

must have occurred in the second case.

ee

GL- ; - 6
: fluorine CHB'CH Hydrohen>CH2:CH

3 .. elimination

CH3°CHFo3101 T SThith 5

X -Fluorine-chlorine exchange should also be possible Ffor
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l-fluorcethyltrichlorosilane to give l-chloroethyltrichloro=~
silane,
(ci
GHB-??:§1012 S 0H3-0301f31012$
-
However, in the case of the pyrolysis of 1,2,é~trifluoro—

+CHF*SiCL Me, which also

2 2

ethylmethyldichlorosilane, CHR
oontainé an X -CHF group,anfluorinewohlorine exchange did
not occur as shown by the absence of chlorine containing
olefins and the high yield of 1,2~difluorocethylene (95%),

It has been reportedwthat lmchloroethyltrichloro~
silane is stable to 620°.,  Therefore if the exchange took
place no further decomposition would occur under the
reaction coﬁditions, and the yield of ethylene would be
low, The yield of ethylene would similarly be low in
the event of incomplete decomposition of the starting
material., The experimental procedure used could not
distinguish between these two possibilities.

.Diffieulty would arise if an attempt was made
ﬁo agssess the percentage composition of a mixture of
monofluorcethyltrichlorosilanes on the basis of the amount
of ethylene produced during pyrolysis. A quantitative
yield of ethylene would indicate the presence of

2~fluorcethyltrichlorosilane, lower yields of ethylene
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would require more careful iﬁterpretation. This
particular problem could be overcome by a preliminary
separation of the most volatile products (ethylene and
the chlorofluorosilanes) from the less volatile froducts
(unconsumed starting materials and 1§ohloroethyldichloro—
fluorosilane): An analysis of the latfer would permif.
a quantitative interpretation of the results,

The behaviour of the two isomeric trifluoro-
ethyltrichlorosilanes illustrates this problem in a

more acube form.,

1 ~0 )
OHF,+CHFSi01,~52-3~  CHF:CHF + carbonisation
A . 2 D AL (47%) products

0 1 V46
GH,T* CF,* S1C1 22 OH. :CH. + CHF:CHF + CHF:CHCL
3 T8 hoy 5 30H,

'(60%') (19A>) (77’)

If a pyrolysis of a mlxture of the isomers
had been carried out without previous knowledge of the products
from the pyrolyses of the individual isomers, interpretation
of.the results would have been difficult, if not impossible
as 1t would not be clear whether one or both isomers
underwent carbonisation.

Sinee the object of obtaining isomer ratbios
from studies of pyroly$es was to provide this information
when individual isomers were not obtained, it is clear thatb
the technique must be used with extreme care. Isomer

ratios obtained by this method cannot be considered to be




b ' .
unamﬁguous unless they are supported by evidence from
such other sources as gas-liquid chromatography,
nuclear magnetic resonance spectroscopy, and possibly

hydrolysis studies.

199




ratio ca.95:5
CHFQCHF-SiGQ3

cHZF.0F2'31015“

TABLE 2.5 The pyrolysis of rluoroethylsilanes
Compound ! | Pyrolysis Yield of organic
conditions products (%)

. Q .

CHQF'CH2°51013 220" /24 hr, CH,, :0H,, 97%
. 0 I
CHCHF- 81014 250° /24 he. CH, :CH,,, 2%%

; .0 - :
GHEF-GH2~51013 450" /24 hr. CH, :CH,, 78#
CHT,*CHF-8iC1; | 280°/18 nr. CHF:CHF, 49%
CHF,,  CHF SiC1, e y '

T e Q4 280" /18 hr. 99% decomposition o
CH, T+ T, + $1C1,Me CHP: CH, 957

225° /1.6 hr,

225° /16 nr.

CH, :CT,, 5%
CHF:CHF, 47%
CH,:CCL,, 60%%;
CHF:CHF, 19%;
CHCL:CHF, 7%

% Reference 46,

*%* Yield of orgahic product after hydrolysis with
distilled water,

+ The poor mass balance results from heavy
carbonisation during the reaction.
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Orientation in free radical addition reaztions.

It has been previously meuntioned that the
direction of addition of free radicals to polarised
olefins is determined primarily by the relative
stability of the two possible intermediate free radicals,
and that bidirectional additlon is possible when these

stabilities are sufficiently similar to each other.

The addition of silyl radicals bo vinyl fluoride
hasg begn shown to proceed with exclusive addition at the
=0H2 group of the olefin t; produce a geries of
2-fluoroethylsilanes, This is the same as the direction
of addition of bromine atoms aﬁd trifluordethyl radicals.
A report of the possible bidireotional addition reaction of
trifluoroiodomethane with viayl fluoride_has appeared in
the literature. This has been criticised at the
opening of the-disqussion section. It appeans
therefore that the addition of triohlorosilyl—methyldi«_
chlorosilyl-, and trimethylsily - radicals to vinyl
fluoride produces the more stable radical,

GHF'OHZ‘S_i?':—" as opposed to CH2*GHF°S:'L§ .
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There is little published work on ionic
addition reactiong to vinyl fluoride. In the absence of
published data on the lonic addition reaction of hydrogen
chloride and of hydrogen fluoride to the olefin it is
necegsary to use the published data on the ionie
addition reaction of nitrosyl chloride with vinyl fluoride
to indicate polarisation of this olefin?ﬁ

Nitrosyl chloride adds to unsaturated compounds

in the direction called for by the polarisation of the

bond;
Me H Me Me
I’ l ' ' !
Coos .Mﬁz ~ CH= CHlWe Me = C = ¢ =~ Me ==>Me =~ ¢ =~ C = NOH _
t { !
¢l - NO ? ¢l NO c1
- +

The result of addition reaction of nitrosyl chloride with
vinyl fluoride at room temperature suggests that the olefin

is polarised in the following manner,

8- ¢ \ s+

CH,:CHF -
CH, = CHF
# e CHOLF+CH,eNO.  (54%)
NO ~ O1 ’
.{- -y

The yield of the adduct is low (54%) because further reaction
of the adduct with nitrosyl chloride takes place and chlorine
is formed. The chlorine then adds %o anj unreacted olefin

to give the compound GHéClaGHClF.

20HO1PeCHy+NO + 2NOCL sy 2CHCLF+CHy+NO, + Np+ Cl,

>

CH, : CHF + Cly . CH, Cl* CHCLE.
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Because of the low yield of the 1l:1 adduct
from the reaction of nitrosyl chloride with vinyl fluoride
evidenoé‘on the diréction of polarisation derived from
this source must be used with cau%ion, However, it
would appear that the polar and radical sfability factors

operate in the same direction for vinyl fluorides

homolytic,
- §iX; o CH,:CHF === CHICH,*SiX

5
GHE.cﬁzaSiX’—i- SiHXB ——> OH,F+CH,¢SiX; + 51X,
heterolytic,
(H7) + CHy:CHF —S2RLISE, CH, * CH,F

catbalyst . CH,FeCHy * 81X, + (H)

EHQ*CHQF + SiﬁXE‘
It is usually assumed that heterolysis of the silicon.
hydrogen bond is in the sense Si” ™. | o

| The addition reaoﬁion of trichlorosilane with
l~chloro=2-fluoroethylene has been shown to be bidirectional.
The velative percentages of the 1:l adducts determined
were found to vary because of an abstraction of chlorine
atoms.by an excess of trichlorosilane. The ratio for
attachment tb the = CHF and = CHCl groups was l:4,4 for
a reaction in which the' abstraction was minimised. This

reaction necessarily entailed some telomerisation. The

intermediate radicals éHOanHFgSiClB and 6m»ch1-31013
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could initiate telomerisation ét different rates. The
observed ratio of the l:1 adducts will obviously be
dependent on this difference and a true indication of

the percentages of actuallattack at the wvarious groups
cannot be obtained unliess telomerigation is absent,
Measurement of such differences is beyond the scope of this
work,

The addition of trimethylsilane to l-chloro-2~
fluoroethylene was similarly complicated by the abstraction
reaction on the onejland and the telomerisation on the
other. It was possible to deduce from the experimental
data that under conditions where no telomerisarion occurred,
the addition reaction proceeded exclusively ( ’ 98%) at the
=0HF group of the olefin. ’

The theory. of radical stability would predict
the greater stability of the intermediate radical
éHCl-CHF-SiX5 as opposed to 6HF40H01«31$3 . Steric factors
would predict the same direction\of addition but the ionic
addition of nitrosyl chioride to l-chloro~2~fluoroethylene
indicates polarisation in the direction S"CH01 = gEFo
The same uncertainty arises about the olefin polariasation
for this data as for the analogous data from the reaction
of nitrosyl chloride with vinyl fluoride. The reacfion
with l-chloro~-2-fluorcethylene gave a yield of only A5%

of the l:l addition product. The results may now be
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rabionalised if it is postulated that the chlorine atoms
on the trichlorosilyl radical lower the electron denéiﬁy
at the silicon centre and so make the radical more
electrophilic, There will, therefore, be a definite
tendency for the trichiorosilyl ?adical to add onto the
electron rich centre of the olefin, This explains the
orientation of the isomers resulting from addition ofi
trichlqrosilyl radicals to the = CHF and = CHCL groups.
The exclugive attack of trimethylsilyl radicals on the
=CHEF group of the olefin indicates that these radicals
are considerably less electrophilic than trichlorosilyl
radicals.,

| The addition reaction of silyl radicals to
trifluoroethylene has been shown to be unidirectional for
trichlorosilyl radicals and bidirectional for methyldi-
chlorosiiyl radicals and trimethylsilyl radicals, An
initial reaction with silyl radicals (éiHS) indicated
the possible bidirectionality of the addition reaction,
but the results wére obtained from gas-liquid chromatvography
only and no verification of tﬁenretenﬁgonlﬁimes Was offaineﬁe
The figures are included for oompérison but are not
strictly related to the other rabios Qf the l:1 adducts
as considerable reaction of other silicon-hydrogen bonds of

the 1:1 adduct had taken place.




TABLEmELe ‘The éddifioﬁ feéction of silaﬁeé with
trifluoroethylene.
Silane | % addition at % addition at
=CHF : =CT,
simel, | 98 -
MeSiHCL, 95 ' g
31H4' (88) (12)
, Me3SiH 65 35"

It appears that the percentage of addition
at the =QFZ.group increases as the electron withdrawing

properties of the substituents on silicon decreases.

The nucleophilic addition of ethoxide ion indicates that

the direction of polarisation in trifluorcethylene is

8+ 8~
CF2 = CHRF . It is thus possible to suggest the

order of electrophilicity M958i<'SiH3<iMESiCIQ<(Si013 .

In this case it appears that the '"normal" case for
addition to trifluoroethylene is bidirectional,

€eSey Br® and 5F3; Hore electrophilic radicals will show
a distincﬁ preference for addition to the = CHF group as
found in the present work, This?is«aISO in agreement
with work on the addition of thiols to trifluordethylene

carried out in this depariment,
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CONCLUSION.

The research described in this thesis has
shown that it is possible to explain the wvariations in
the isomer ratios obtained from the bidirectional
addition reaction of alkyl-, alkylhalo-, and halo-
silanes to fluoro-olefins in terms of the structure of
the silyl radical and the possible carbon radicals
produced on addition of the silyl radical to a vinylic
carbon atom. The order of electrophilicity of the
silyl radicals was found to be MeSSi < SinXMeSiClB<SiCly,
which is in agreement with previous work on the addition
reactions of silanes with hexafluoropropene.

It has been shown that side reactions which
accompany the addition reaction may be of major importance
in reactions of silanes with olefins containing chlorine
atoms. Careful product analysis must be carried out
to determine the effect of such side reactions if
meaningful comparisons of isomer ratios are to be made.

If this is not done the application of the previously

derived theory of radical addition reactions is neither

easy nor precise.
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The major difficulty found by previous
workers in this field has been the separation and
charasterisation of the isomer formed in %hé iéwer_
percentage during the addition reaction. By using
the ability of silyl radicals to abstract chlorine
atoms, a pure sample of the minor ad&ugt.can bé
obtained,

CeBoy CHE:GHF + SiHCl3 i CHEF‘CH2'81013

CHCL:CHF 4+ SiHCl, ~—» CH_CleCHF+SiCl

3 3

CH201 GHF:SlGls+ S:LHC].B-——--ED-CH5 CHFOS:LCl3 + 31014

In this way pure samples of the expected isomers may

2

be prepared and actual physical separation of the isomers
can be limited to small scale gas-chromabographic
separation.

The stabilising effect of helbero-atoms on free
radicals has received 1ittle study. The halogen
abstraction reaction dealt with in this work provides a
means of studying such effects, This is of particular
interest since intermediate radicals which cannot be
formed during an addition reaction may be formed during
an aﬁstraction reaction. A series of monochlorinated
silaﬁes, studied by competitive technigues, may provide

valuable information on the stabilising effect of various




substituted gilyl groups on an alkyl radical. An
investigation of»thé relative ease with which different
8ilyl radicals abstract halogen would also be of ﬁalue
if a correlabion between structure and reactiviby could
be obtained. A more detailed study of the mechanism
and the kinetics of the reaction would go some way
towards solving this problem,

The anomalous reaction of trimethylsilane
with l-chloro~2-fluorocethylene in the presence of
mercury to give‘vinyl fluoride is deserving of further
study as it is not clear whether this is a,true anomaly
or one of a series of similar reactions with other.
chlorinated olefins., .A |

Long range couplings of hydrogen to fluorine
in the nuclear magnebic resonance spectrum of fluorocalkyl-
silicon compounds of the type reported in this thesis have
not previously been described. It would be of interest
to establish similar long raange coupling in other silicon
compounds, and also to study the temperature depen&énce of
this effect. If this coupling is present at high
temperatures (»200°), this approach may be of use in
understanding the behaviour of fluoroalkylsilicon compounds

during pyrolysis.
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EXPERIMENTAL SECTION

General Techniques

Many of the compounds dealt with in this work are either
gases or volatile liquids at l*oan temperatures. Consequently
manipulations of these materials were carried out where
possible in a conventional vacuum system to enable air and
moisture to be excluded from the compounds, many of which are
readily hydrolysed, and to allow quantitative handling of
gaseous materials to be carried out. The vacuum system was
constructed of "Pyrex" glass and consisted of a series of
storage bulbs (1 litre to 20 litres in capacity), a fractional
condensation train, and a Regnault molecular weight apparatus.
Standard vacuum taps and joints were used throughout. The
fractionation traps and storage bulbs were calibrated against
a molecular weight bulb of known volume, and pressure
measurements were taken with mercury manometers. The system
was evacuated by means of an Edwards two-stage '"Speedivac"
pump which gave pressures of ca. loﬁ%nn. of mercury, and with
a mercury diffusion pump for pressures down to 10 “mm. when
required.

Except where otherwise stated, all photochemical reactions



were carried out in sealed silica tubes at pressures up to
8 atmospheres. The tubes were flamed out under vacuum to

remove traces of moisture, and the reactants were condensed
into the tube by cooling the latter to -196°. The tubes were
both sealed and opened in vacuo by means of a 2 am.
constriction in the neck of the tube, used in conjunction
with thick walled rubber tubing. Photolysis was carried out
at a distance of 10 cm. from a "Hanovia" $00 watt lamp, with
vigorous shaking of the tube, except where otherwise stated.
Partial separation of the products was carried out by
means of vacuum fractionation. In this technique the wvapours
from the condensed reaction products were allowed to pass
slowly through a series of traps maintained at progressively
lower temperatures at a pressure of not more than 5 mm. of
mercury. Constant low temperatures were maintained by means
of organic Mslush baths”, i.e., equilibrium mixtures of
solid and liquid solvent obtained by periodically cooling the
solvent with liquid nitrogen. Gases remaining non-
condensable at -I960 were absorbed on to activated charcoal

cooled to -I960. Commonly employed "slush bath" solvents are



listed below.

Carbon tetrachloride, P Io
Dichloroethane, F.Eﬁ?
Chlorobenzene, A EP
Chloroform, - 64°
Methylated spirits and solid carbon dioxide, — 8°
Toluene, - 05°
Diethyl ether, -120°
30-40° Petroleum ether, -130°
Liquid nitrogen. -196°

Mixtures containing components boiling within 30° could
not be fully separated in this manner. Analysis of such
mixtures was carried out by the use of calibrated gas-liquid
chromatography columns (Perkin Elmer "Vapour Fractometer"
models 451 and 452) or by normal distillation techniques.
Gases were identified by the use of infra-red spectroscopy
(Perkin Elmer models 21 and 137 ("Infracord")) and by molecular
weight determinations, and their purity was assessed by means
of gas liquid chromatography by comparison with authentic
samples. Infra-red spectra are recorded in the form of band
tables for which the following symbols have been used for
absorption, w = weak, m « medium, s = strong, vw = very weak,

vs = very strong. Liquid samples were investigated by gas



liquid chromatography using a 4 metre x 5 nin* metal column
packed with "Celite" impregnated (30-40%) with a stationary
phase of silicone oil (M.S. 550). The column was operated

at temperatures from 100° to 150°, and the separated components

were detected with thermistors. Similar columns containing a

stationary phase of polymeric chlorotrifluoroethylene (Kel-F oil)

or of a squalane/silicone o0il mixture were used for gaseous
samples.

Throughout this work, whenever chlorosilanes were used,
the chlorosilane 7/as stored frozen down when possible (unless
stored in an ampoule) as the "Apiezon" grease used on the taps
and joints of the vacuum system is susceptible to attack by
chlorosilanes. When this was not possible, slow transport
of the grease to the bottom of the traps occurred, leading to

leaking and eventual siezing up of the ground glass joints.
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Preparation of Starting Materials

The chlorosilanes used in this work were commercial
samples purified by fractionation through a 50 am. wvacuum
jacketed column packed with glass helices. The purified
samples were stored in "Pyrex" ampoules. The vinyl fluoride
used was a commercial sample, purified by double vacuum
fractionation through traps cooled to -36, -78, -120 and -I960.
The vinyl fluoride condensed in the trap cooled to -196°, and
was stored in the vacuum system.

Alkyl silanes can be most conveniently prepared by the
reduction of the readily available chioroalkylsilanes with
lithium aluminium hydride. A typical example is the
preparation of trimethylsilane.

The Preparation of Trimethvlsilane (Me”SiH)

Lithium aluminium hydride [8.0 g., 0.21 molej and dry
di-n-butyl ether (300 ml.) were introduced into a 500 ml.
round-bottomed flask fitted with a dropping funnel and a
double surface condenser leading to two traps cooled to -78°.
Hitrogen was blown through the apparatus, and the openings to
the atmosphere were closed with drying tubes. The nitrogen
flow was stopped and chlorotrimethylsilane [81.0 g., 0.75 molej

in dry di-n-butyl ether (50 ml.) was added dropwise to the



stirred slurry of lithium aluminium hydride at room temperature.
As the reaction is very exothermic the addition was carried
out over a period of one hour, after which the stirred mixture
was slowly brought to the reflux temperature, and maintained
at this temperature for a further two hours. The gases which
had collected in the cold traps were transferred to the
system under vacuum. They were then fractionated in wvacuo to
give pure trimethylsilane “47*5 g*> 0.64 mole, equivalent to
Q&fo conversion3 , M = 73*9> Calc, for C*H-j*Si, M = 74*0,
identified by infra-red spectroscopy. The purity was checked
before use by gas chromatography.

The Preparation of Silane (SiH*

Gaseous silane reacts explosively with oxygen at room
temperature, and ignites spontaneously in air at -I960.
Consequently all seals and joints used in its preparation
must be completely air-tight. The apparatus used consisted
of a 500 ml. flask fitted with a dropping funnel, a double
surface condenser, a nitrogen inlet and a magnetic stirrer.
Provision was made for external cooling. The condenser was
connected to three external traps via a short length of
thick walled rubber tubing, and the last trap was connected

to a mercury lute at a depth of ca. 5 beneath the surface



of the mercury. The first two traps were arranged with the
central tube at the exit side of the system to reduce the
possibility of blockage. The nitrogen inlet and the dropping
funnel nitrogen lead were both connected via thick walled
rubber tubing to a T-piece lute at a depth of ca. 10 mm. 1In
the event of blockages the silane would be able to escape from
this lute. Two screw clips were placed about one inch apart
on the rubber tubing at the entrance and exit of the reaction
vessel to allow for its safe isolation (by tightening the clips
and cutting between them) after completion of the reaction.
All joints were wired together and the apparatus was evacuated
and vacuum tested. The apparatus was filled with nitrogen,
and nitrogen was blown through for 24 hr. before the reaction.
Silicon tetrachloride [ 11.0 g., 0.06 molej in dry di-n-
butyl ether (70 ml.) was added dropwise over a period of two
hours to a stirred slurry of lithium aluminium hydride
[.4*5 g* 90.12 molej in dry di-n-butyl ether (140 ml.) at 0°
with a slow feed rate of nitrogen through the apparatus. The
addition must be carried out slowly otherwise the back
pressure from the evolution of silane will blow a mixture of
silane and nitrogen out through the inlet lute. When the

addition was complete the bath was allowed to warm to room



temperature and then slowly warmed to 30° £°r two hours
after which heating was discontinued and nitrogen was passed
through for a further two hours whilst the reaction vessel
cooled to room temperature. The silane collected in the
traps was transferred to the vacuum system and was shown to
be pure by infra-red spectroscopy and molecular weight
determination. M = 32, Calc, for H"Si, M = 32.
Preparation of 1,l«2-trichloro-2-fluoroethane

Symmetrical tetrachloroethane [504 g. > 3*0 molej antimony
trifluoride J270 g., 1.52 molej and antimony pentachloride
£40 g., 0.13 molej were stirred and slowly totally distilled
from a 2 1. three-necked flask fitted with an oil-seal
stirrer and a Liebig condenser. The distillate was washed
respectively with AN* sodium hydroxide solution, 2N.
hydrochloric acid, saturated sodium carbonate solution, and
water. The liquid was dried over anhydrous magnesium
sulphate for five days. The crude product was filtered into
a 500 ml. flask and fractionated from a small amount of
phosphorus pentoxide through a 400 x 10 mm. vacuum Jjacketed
column packed with glass helices and fitted with a partial
reflux take-off head. A fraction boiling at 90-110° was

collected. This was then refractionated from phosphorus



pentoxide to give a fraction collected at 101-3°> which was
shown to be pure 1,1,2-trichloro-2-fluorocethane £130 g.,
0.87 mole, 30$ yieldJ. The purity was checked by gas-liquid
chromatography and infra-red spectroscopy.

Preparation of l-chloro-2-fluoroethylene

A 500 ml. three-necked flask equipped with a mercury-seal

stirrer, dropping funnel, and a reflux condenser leading to
two external traps cooled to -78°, ai*d fitted with phosphorus
pentoxide drying tubes, was flushed out overnight with dry
nitrogen. Zinc dust [75 g*> 1*15 molej was activated by
washing with dilute hydrochloric acid and rinsing twice with
dry ethyl alcohol. It was then added to 175 ml. ethyl
alcohol contained in the 500 ml. flask. The zinc-ethyl
alcohol mixture was brought to the reflux temperature and
stirred vigorously, while 1,1,2-trichloro-2-fluoroethane
[130 g., 0.87 molej was added over a period of two hours.
The apparatus was again flushed out with dry nitrogen, and
the condensed gases which had collected in the cooled traps
were transferred to the system under vacuum. The product
was fractionated under wvacuum through traps cooled to

-45, -78, -120, and -I960 to give l-chloro-2-fluoroethylene

[49 g*> 0*61 mole, 70” yieldj, which condensed in the trap at



-120°. Founds C, 29.4; H, 2.2$5 M= 80.2, Calc, for

C*E~CIF; C, 29*6; H, 2.48%£; M = 80.5; ¢ The purity was

checked by gas liquid chromatography and infra-red

spectroscopy.

The Preparation of 1-Bromo-2-chloro-1,1,2-trifluoroethane
Chlorotrifluorocethylene ~47*4 g*> 0.4 molej and hydrogen

bromide £52.4 g*> 0.4 molej were introduced into a 20 1. bulb

fitted with a mercury manometer and a silica insert for

ultraviolet irradiation. The reactants were irradiated by

means of a 500 watt "Hanovia" lamp for two hours and the

reaction was seen to proceed aftera short induction period

by the reduction in the pressure in the bulb. The products

of the reaction were transferred to the system under wvacuum

and fractionated through traps maintained at -24> -65* -95>a*id

-196°. The product was found to have condensed in the trap

at -65°¢ This fraction was then transferred to a 150 ml.

flask and fractionated at atmospheric pressure through a 250 mm.

vacuum Jjacketed packed column fitted with a partial reflux

take-off head to give a major fraction boiling at 51-54°e

The product was shown to be l-bromo-2-chloro-1,1,2-trifluoroethane

[65.5 g., 0.528 mole , equivalent to 82~J bp. 52*8°/760

(1it. 52.5°) J Dy infra-red spectroscopy. A higher boiling
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fraction j*5* was not investigated.
The Preparation of trifluoroethylene

Zinc dust C.19 g*> molej contained in a 500 ml. three-
necked flask was activated with 5%. hydrochloric acid and
washed three times with dry ethanol. The flask was fitted with
a dropping funnel and a double-surface condenser leading to
two external traps cooled to -120°. Outlets to the atmosphere
were closed with drying tubes and the flask was fitted for
magnetic stirring. Dry ethanol (150 ml.) was added to the =zinc
in the flask and the mixture was heated to the reflux
temperature over an oil bath. 1-Bromo-2-chloro-1,1,2-
trifluorocethane [200 g., 1.0 molej in dry ethanol (50 ml.) was
slowly added dropwise to the stirred refluxing mixture over
a period of two hours, after which the reaction mixture was
heated at the reflux temperature for a further two hours.
The product which condensed in the cooled traps were transferred
to the vacuum system and were fractionated in vacuo to give
a major fraction condensing at -120°. This was shown to be
pure trifluoroethylene [72.2 g., 0.88 mole, equivalent to 88%
yielcj by infra-red spectroscopy, gas-liquid chromatography

and molecular weight determination.



ADDITION REACTIONS OP SILANES WITH VINYL FLUORIDE
AND THE PROPERTIES OP THE ADDUCTS

Photochemical reactions were carried out in sealed
silica tubes (volume 300 ml. unless otherwise stated) which
were filled in vacuo and irradiated at a distance of 10 anm.
from a "Hanovia" 500 watt ultraviolet lamp at the temperature
in the vicinity of the lamp (ca. 35°)¢ The reactant ratio
and the time of irradiation were varied to determine the most
favourable conditions for conversion to the 1*1 adduct with
as little telomer formation as possible.

Reaction of Trichlorosilane with Vinyl Fluoride

A typical example is the reaction with a silane/olefin
ratio of 5si* Results with different ratios have been
tabulated (Tabley) .

Trichlorosilane 39*0 g*> 0.29 molej and vinyl fluoride
U2.65 g., 0.058 mole in a silica tube were shaken and
irradiated for 100 hr. Fractionation in vacuo gave vinyl
fluoride jjL.205 g., 0.026 mole equivalent to 54$ conversionj,
a liquid which condensed in a trap cooled to -24°> unreacted
trichlorosilane, and a trace of high boiling material which

remained in the tube at 100° under vacuum. The -24 fraction

was combined with a similar fraction from an identical reaction



and fractionated under nitrogen in a 20 ml. pear-shaped

flask fitted with a 130 x 8 mm. vacuum jacketed column,
packed with glass helices, and fitted with a partial reflux
take-off head, to give an adduct of trichlorosilane and vinyl
fluorideQ2 x 5*02 g., 2 x 0.0276 mole, equivalent to 88$ on
olefin consumedj, bp. 118°/760 mm. The adduct was identified
by infra-red spectroscopy and elemental analysis.

Founds C, I3.4; H, 1.9; Cl, 59*43;
CgHAC1~FSi requires C, 13*2; H, 2.2; (1,

Chlorine was determined as hydrolysable halogen by acid-base

titration at pH7 using bromo-thymol blue as an indicator. The

fore-runnings consisted of a mixture of trichlorosilane and

a trace of the adduct, and the pot-residue consisted of a small

quantity of polymeric material JJo.34 g-J ¢ The infra-red
spectrum of the adduct indicated that it was free from

trichlorosilane by the absence of the Si - H stretching

frequency 4*6u. The infra-red spectra of both the pot-residue

and the high boiling tube residue were essentially similar to

that of the adduct.
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| Inframred band table for 2~fluoroethyltrlchlor031lanev».‘kv
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"  The adduot Was 1nvest1gated by gas-llquld chromatography u31ng
. el Perkln leer vapour “Fraotometer" (model 116) fltted w1th a
'17'_‘ therm1shor detecuor. Tho column useﬁ Was consbructed ffom

“.4 metres of 5 mm. tublng contalnlng sallcone 011 (M S. 550)

':'uupported oh "Gellte" A 81ngle peak for the adduct was obtalned

1‘;W1Lh a retentlon tlme of 15 9 mln. at 150 and a nmtrogen flow HALEﬂQ'

vrate of 68 ml, /mln. at 1 kg /cm ;' The retentlon tlme of

gplnfluoroethyltrmchlorosmlane, 1somer1c Wnth the expected adductg x‘,i,
L was 12 6 mln. undev the same oondltlons, Sug eStlng that ;.Tﬂy‘n,

7'lwfluoroebhyltr1ch10rosmlane was not present in the adduCu.,ﬂ}  f;£f  

. The adduct was shown to be 2~fluoroethyltrlchloroqn1ane by

4 nuclear magnetlc resonance spectroscopy, (see appendlx)

TZSThe s%mple of lufluoroethyltrlohlor031lane was’ prepared by the;gilf”

;iCHhF CHn.SlCl SRS




fluoroethylene followed by dechlorination in situ by the

trichlorosilane, (see



moles of
olefin

0.055

0.07

0.07

0.07

0.055

0.059

0.057

0.057

mole ratio . olefin
silane/ ?;2?) consumed
olefin
1:1 100 18
1:1 150 2
2:1 70 21
2:1 100 50
2:1 150 95
2:1 200 22
5:1 100 54
6:1 170 926
1:1 556 0
(a) Tube Stationary
(o) "V/o Hydrogen detected

(c)

(d)

Vapour phase shielded

TABLE '2-7

The Photochemical Reaction of
Trichlorosilane with Vinyl Fluoride

1:1 adduct
based on olefin
consumed

(*)
40

80
75
75

95

88

o1

Reaction in the absence of light

205"

lamp
wattage

250
250 (a)
500
500
500 (b)
500 (c)
500
500

500 (d)



Reaction of Methyldichlorosilane with Vinyl Fluoride
Methyldichlorosilane£35*05 g-> 0.302 molej and vinyl

fluoride [2.71 g*> 0.059 molej were sealed in a silica tube
and were shaken and irradiated before a "Hanovia” 500 watt
ultraviolet lamp for 100 hr. Fractionation of the products
in vacuo gave vinyl fluoride JJ1.11 g., 0.024 mole, equivalent
to conversion!, a liquid which condensed in a trap cooled

which the infra-red spectrum indicated
the presence of the adduct of methyldichlorosilane with wvinyl
fluoride together with a small percentage of unreacted
methyldichlorosilane; unreacted methyldichlorosilane
£51*0 g., 0.027 molej containing a trace of the adduct; and
a high boiling material (_ 0.1 g.j ¢ Combined product fractions
from a similar tube were fractionated in a 20 ml. pear-shaped
flask fitted with a 130 x 8 mm. vacuum jacketed column packed
with glass helices, and fitted with a partial reflux take-off
head to give an adduct of methyldichlorosilane to vinyl
fluoride 2 x 5*05 g.» 2 x 0.0314 mole, equivalent to 99* on
olefin consumedJ bp. 120/760 rmm.
Founds C, 23.0; H, 4.08;

C, 22.2; H,

The fore-runnings consisted of methyldichlorosilane and a
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trace of the adduct [ 0.4 g.J and the pot-residue consisted of
a trace of polymeric material 70.6 g.”| of which the infra-red
spectrum was essentially similar to that of the adduct.

Infra-red hand table for 2-fluoroethylmethyldichlorosilane

5.43 m 7.95 s 11.15 w
5.50 © 8.35 11.40 w
6.80 w 8.00 m 12.30 s
7.05 w 9.10 m 12.65 s
7.16 m 9.68 s 13.30 m
7.28 m 10.20 s 14.20 m
7.75 m 10.70 s

The adduct was investigated by gas-liquid chromatography using
a Perkin Elmer "Vapour Fractometer" (model 452) fitted with a
4 m. silicone column as described previously. A single peak
was obtained from the adduct with a retention time of 15*%6
minutes at a temperature of 150° and a column pressure of

1 kg./cm and a nitrogen flow of 68 ml./min.
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TABLE 2-3

The Photochemical Reaction of Methyldichlorosilane
with Vinyl Fluoride

) ] 1:1 adduct
moles of mo%i ratio time ©Olefin based on olefin lamp
olefin silane/ (hr.) consumed consumed wattage
olefin (» *)
0.059 5:1 100 57 95 500
0.059 8:1 120 68 95 500

The isomeric compound, 1l-fluoroethylmethyldichlorosilane, was not
prepared hut the structure of the adduct was shown to be
2-fluoroethylmethyldichlorosilane by nuclear magnetic resonance
spectroscopy .
The Reaction of Trimethylsilane with Vinyl Fluoride

A typical experiment is the reaction with a silane/olefin
ratio of 4sl* Results with different ratios are given in
table

Trimethylsilane *14*8,g., 0.20 molej and vinyl fluoride
[2»3 S*90.05 molej in a silica tube were irradiated with
shaking for 90 hr. Fractionation in vacuo gave unreacted vinyl
fluoride ['1.38 > 0.03 mole, equivalent to AQffb reaction of
the olefinj, unreacted trimethylsilane #13-0 g., 0.18 molej,

a liquid condensing at -36°' [2.1 g.], and a high boiling yellow
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0il which remained in the tube [° .45 g.J. The unreacted
starting materials were identified by infra-red spectroscopy,
molecular weight determination, and gas-liquid chromatography*
The liquid condensing at -56° was recognised by infra-red
spectroscopy and elemental analysis as an adductof
trimethylsilane with vinyl fluoride containing a trace of
trimethylsilane, bp*70°/760 mm* The structure of the major
component (>95%) was shown to correspond to

2-fluoroethyltrimethylsilane by nuclear magnetic resonance

spectroscopy*
Pound: C, 50*0; H, 10.4$;
C,-R|*FSi requires, C, 50*0; H, 10.8*.

Infra-red band table for 2-fluoroethyltrimethylsilane,
CAF.CH”SiMe.

3.43 Vs 8.02 vs 10*45 m
3.53 s 8*5 W 10*7 W
3.6 w 8.7 m 11.02 m
6.9 W 8.95 s 11.04 s
6*98 w 9.5 s 11.85 vs
7.15 W 9.75 m 12.0 broad
7.3 m 9.9 m 13.25 s
7.46 W 10*3 Ww 14.55 m

7.75 W
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The adduct was investigated by gas-liquid chromatography
using a Perkin Elmer "Vapour Fractometer" (model 1543) fitted
with a thermistor detector and a 4 m. x 5 mm* column containing
silicone oil (M.S. 550) supported onbg:elite.M A single peak
for the adduct was obtained with a retention time of 10.6 min.
at 90° and with a nitrogen flow of JQ ml./min. The retention
time of 1-fluoroethyltrimethylsilane, isomeric with the expected
adduct, was 9*4 min. under the same conditions, suggesting that
this compound was not present in the adduct.
TABLE 2-9
The Photochemical Reaction of Trimethylsilane

with Vinyl Fluoride (500 watt Ultraviolet Lamp)

moles of mole ratio time

olefin silane/olefin (hr.) o reacted yield 1:1 adduct $

0.05 2:1 100 18 11 (a)
0.05 4*1 100 40 87 (b)
0.05 6:1 500 80 90 (c)
() Telomeric material g.”j bp. 110°.
(b) Telomeric material fo.4

(c) Mercury photosensitisation used. A trace of

ethylene (<1$) was detected by infra-red spectroscopy.
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The Reaction of Dimethvlsilane with Vinyl Fluoride

Dimethylsilane and vinyl fluoride with a silane/olefin
ratio of 4sl were irradiated under standard conditions for
100 hr, and for 200 hr. Both reactions gave 100$ consumption
of vinyl fluoride but produced 2.5$ and 185 ethylene respectively.
The liquid products, on examination by gas-liquid chromatography,
indicated the presence of four new components in addition to
unreacted dimethylsilane. The reaction is not suitable for the
purpose of the investigation and was not further investigated.

The Reaction of Trimethylsilane with Vinyl Fluoride in the
presence of Azobisisobutyronitrile

€luoride

Trimethylsilane [18.4 g., 0.249 mole], vinyl

[ mmole,
[2.855 &y 0.062 mole] and azobisisobutyronitrile [
(

* ere sealed
ca. 2% on vinyl fluoride, 0.5% on trimethylsilane
in vacuo in a "Dreadnought" tube and shaken for 2 weeks in the
absence of light. Fractionation in vacuo gave a gas condensing
at -46° £0.062 mmoleJ, molecular weight 78, (calc, for

which was mainly trimethylsilane plus a trace
of the adduct of trimethylsilane with vinyl fluoride (estimated
at —10$ of the gas). This gives approximately 0.01$ reaction

to the adduct. The reactants were recovered unchanged (>99$)*

The amount of adduct formed was much too small to allow



532-

investigation by gas-liquid chromatography.

Trimethylsilane [jL7*13 g*> 0.23 mole], vinyl fluoride
[2.665 g *90.057 mole] and azobisisobutyronitrile
[0.226 g., 1.4 mmole] were sealed in a "Dreadnought" tube
in vacuo and shaken at 85° for 24 hr. Fractionation in vacuo
gave nitrogen jjO.0195 g» > 1«4 mmole, equivalent to 103$ theoretical
nitrogen as measured] M = 28, (calc, for N, M = 28" vinyl
fluoride [[2.46 g., 0.053 mole, equivalent to 92$ recovery],
trimethylsilane [*16.63 g*> 0.225 mole, equivalent to 97$
recovery] and an adduct of trimethylsilane with vinyl fluoride
[0*35 g*» 2.9 mmole, equivalent to 5% reaction of the olefin
or 62$ of the olefin consumed] ¢ Unchanged starting materials
and the adduct were identified by infra-red spectroscopy,
molecular weight determination, and gas-liquid chromatography.
The adduct had a retention time identical with that of the adduct
from the photochemical reaction. No attempt was made to
detect the initiator residue.

Trimethylsilane and azobisisobutyronitrile were sealed
in vacuo in a "Pyrex" ampoule to check the miscibility of the
initiator and the reactant. The initiator was seen to be

immiscible with the trimethylsilane (liquefied under pressure).
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REACTIONS OF SILANES WITH TRIFLUOROETHYLENE

The Reaction of Mrichlorosilane with Trifluoroethylene

Trichlorosilane [ 57,6.19;., 0.2775 mole] and
trifluoroethyigne [4,55 g0y 0.0555 mole] in a silica tube’
was shaken and irradiated for 100 hr. TFractionation in vacuo
gave ﬁm.‘e&cted trifluoroethylene “-_0,319 8ey 5.88 mmole,
equivalent to. 93% conversion] unreacted trichlorosilane
%_2.01 g, 0.1626 mole] and a liquid condensing in a trap
cooled "bp ~24°, [19 g«] . The contenté of the =~24° trap were
combinedlwith a similar fraction from an identical react'ionh
and fréctionated at atmospheric pressure under nitrogen in a
20 mi.~ pear-shaped flask fitted f*rith a 130 x 8 mm. vacuum
jack‘eted column inaclced with glass- helices and fitted with
a partial reflux take-off head tov give a 1l:1 adduct of
trichlorrosilane viith trifluoroethylﬂéne [16,55 8oy 0.0763% mole,
equiv.alént to T5% of the olefih réactedl, Dope 102-—40/760 mmoe
The fére-—runnings consisted of a m:;;xture of trichlorosilane
and the adduct [0.4 g:\ and unreacted trichlorosilane. The
pot_—rééidue consisted of a small guantity of dark brown
material E'l g.]n The absence of the 5i-H stretching frequency

at 4,6 J in the infra-~red spectrum of the adduct indicated
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that it was frge from trichlorosilane.

Tound 3 : ¢, 11.23 H, 0.95; C1, 49.1%;
CéHéClaFasi requires, O, 11,13 H, 0.95; Cl, 49.2%.
Infra-red band table for 1,2,2«~trifluorocethylirichlorosilane
(CHF, . CHF.3iC1 )
: e 5
M M M
3,40 W 8,20 m 10.22 s
7.20 s 8.70 vs ~ 11.00 m
.39 m 8.95 vs 12,65 s
7665 W 9915 ves ' 13080 m
T.8% w 9:45}'\?‘8
8.0% m 9,55

doubletb
The infra-red spectrum of the potmreéidues was essentially
gimilar to that of the adduct, hydrolysable chlorine of the
residue indicated an average of ~2 olefin units per silane unit.
Found : o1, 56.2%; '
¢, H,CL P51 vequires, C1, 38.0%. |

The adduct was investigated by gas-liquid chromatography
using a "4 m. silicone" (M.SQBBQ) column. A single peak for
the adduct was obtaine& with a retention time 6f 14.2 min. at

150° and a nitrogen flow rate of 74 ml./min. at 1 kg./cm2° The

retention time of the compound isomeric with the expected adduét,
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1,1,2=-trifluoroethylirichlorosilane, OHQFGGF2°SiCl , Was

3
12.9 min. under the Sé&; conditions, The adduct was shown 1o
be l,2,thrifluoroethyltfichlorosilane by nuclear magnetic
regonance spectroscopy. A mixture of l,é,Zﬁ
trifluoroethylitrichlorosilane and 1,1,2~trifluoroethylitrichloro-
silane (92% and 8 respectively) was investigated by ges-liquid-
chromatography under the same conditions. It gave two Weli
distinguished peaks at 12.9 min. (7.5% by areg), and 14.2 min.
(92.5% by area).

The Reaction of lethyldiehlorosilane with Trifluoroethylene

Methyldichlorosilanel:37°5 8sy 0.275 mole] and .
trifluoroethylene | 4.55 g., 0.0555 mole] in & silica tube were
shaken and irradiated for 100 hr. Fractionation in vécuo gave
unreaoted’trifluoroethylene!10.9l 8oy 0.0L11 mole, éduivalent
to 80% conversionJ, wnreacted methyldichlorosilane5)and a
liquid condensing in a trap cooled to -24° [10.4'g;)y"The
contents of the -24° trap were combined.with a similar fraction
from an identical reaction and fractionated at atmospheric

pressure in a 20 ml. pear-shaped flask fitted with a 130 x 8 mm.

¥ Prepared by Dr. W.I. Bevan by the addition reaction of
trichlorosilane with chlorotrifluorocethylene followed by

dechlorination in situ. by the trichlorosilane.




vacuum Jjacketed column packed with glass helices and fitted
with a partial reflux take-off head to give unreacted
methyldichlorosilane containing a trace of the adduct, a
fraction collected at 110-12° [*8.69 g-J> and a fraction
collected at 113-4° The last *wo Enactions were
found to be identical and to consist of a lsl adduct of
methyldichlorosilane with trifluoroethylene £ 13*79 g*> 0,07 mole,
equivalent to QOf of the olefin reacted ] b.p. 112-5°/760 mm.
The pot-residues consisted of a dark brown viscous material
[2.5 g*J of which the infra-red spectrum was essentially
similar to that of the adduct. It was found to contain
26.1$ chlorine; C-SHO :ClPFSSi requires Cl, 25+#/<> The adduct
was shown to be free of methyldichlorosilane by the absence
of the Si-H infra-red stretching frequency at 4*6f/ and was
recognised as the 1sl adduct by elementary analysis for
carbon, hydrogen and chlorine.

Pound: C, 18.7; H, 2.5; Cl, 35»9>

Cj-Ht-C*"F~Si requires, C, 18.3; H, 2.5; C1, 36*0*.

236



Infra-red band table forxr 1,2,2~ -

trifluoroethylmethyldichlorosilane, (QEEHOCFHaSiCIQMg)

(purity 95%)

M
5041 W

3.50 wvw
6.94 vw
7«25 m
7.40 m
T:70 vw

The adduct was investigated by gas-liquid chromatography

A
T.92 s

8.10 w
8.25 W
8,79 s
8.95 m

9.25 vs, broad

A
9.60 vs, broad

10.30 m
11.00 m
12.55 vs
13.23 s

14.45 m

using a "4 m. silicone" (M.S.SBO) column. A main peak with

a retention time of 17.3% min. was observed with a small

shoulder to the main peak at 16.7 min. (N5%) at 150° with a

nitrogen flow rate of 74 ml./min. at 1 kg./cmz. The adduct

was shown to consist mainly of 1,2,2-

trifluoroethylmethyldichlorosilane by nuclear magnetic

resonance spectroscopy. Traces of a compound corresponding to

L1, 2~trifluoroethylmethyldichlorosilane were detected in

concentrations less than 5% by muclear magnetic resonance

spectroscopy.
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The Reéction of Trimethylsilane with Trifluoroethﬁlene
Tfimethylsilane [2290 ey 0,30 mole }and=

'trifluoroethyiene‘:4.43 g+, 0.054 mole] with mercury (2 ml.)

in a siliéa tube wére shaken and irradiated for 140 hr.
Fractionation.ggkzgggg gave unreacted téiﬁeth&lsilane:[?8}76 8oy
0.252 mole, equivalent to 96% reaction (excluding the 4 molar
excess of trimethylsilane] and a liquidlwhich condensed iq a
trap cooled to m240, [7.5 g{], A small(quantity of high
boiling 1iquid1:0.1805 go] remained in éhé tube under vacuum,
The infra;red spectrum of the latter was identical with that

of the liquid which condensed-at w24o aﬁart from the Si-H
stretohing frequency at 4.éiﬁtin the -24° fraction. No olefins
were detected. The liquid-condensing at f24° was investigated
by infra-red spectroscopy, g@s;liquid’Qhrémaﬁographyrand
elemental analysis for carbén ané hydrogeﬁ. If was‘shown to

be a 1l:1 adduct of trimethylsilane with trifluoroethylene
[7.42'g., 0.0475 moie, equivalent to 89% of the olefin
consumeé], together with a tracé of trimethylsilane[lo.oa oy
1.1 muole| .
. Found.: 0, 38.25 H, T.0%;-

CsﬂilFBSi requires, C, 38.5; H, T.1%.




Infra-red band table for 1,2,2-

trifluoroethyltrimethylsilane, (QEQH.CBF.SiMeg)“

M
334 s

3.42 m
6.85 w
T.03 w
7425 w
T34 w

limits of the machine,

M
T-38 w

7,95 Ve

8.82 m
945 ve

9953 S

10.28 w

}/\
10.97 s

11.74 vs
13,17 m
1%.24 m

15.07 w

The adduct was intéﬁsively investigated by gas-liquid
chromatography on a laboratory built machine using a
squalane/silicone (M.S5.550) column and a series of different
temperatures. A very small peak (less than 0.001% of the
total peak aréa) with a retention time corresponding to that
of an authentic sample of 1,132ftrifluorqethane was detected

when the volume of sample injected was approaching the upper

During the investigation it was found

that the main peak (i.e. the adduct) was resolved into two

components in approximate percentages 35% and 65% (i.e. relative

peak areas) in oxder of increasing fetention time. ‘The

identities of these peaks were found 4o be 1,1,2~

trifluoroethyltrimethylsilane)CHéF.CFZuSi(Cﬂs)B,and




1,2,2~trifluoroethyltrimethylsilane, GFéIL CHF'. S4( CHB) 3)
respectively by calibrating for retention time against
independently prepared ‘samples of the two compounds (éee pp. 288 ).
It was later shown (p.242) that differences in thermal
conductivity of these two compounds {(assessed by quantitative
calibration with a synthetic mixture of known composition) were
insignifioant. for the purpose of determining the isomer ratio.
The reaction was répea‘hed- in the absence of mercury with
“dirradiation for 250 hr. ‘Trimethylsilane [22 8.y 0,297 mole]
and trifluoroethylene [4945 8., 0,054 mole] in a gilica tube
were shaken and irradiated for 250 hr. Fractionation in vacuo
gave a non-condensable gas (M = 3.8) assumed to be hydrogen
[0,00232 g, 1.16 mmole, equivalent to 0.004 % of the
trimethylsilane before reaction |, trimetlxy].silalue{:lT.? 8oy
0.2%9 mole, eqtiivalen’c to 125% consumpbtion based on the
olefin] and liguids condensing at m650 and —780, combined.,
[9.103 g»] o The combiﬁed liquids were investigated by infra-red
spec'troscoéy and shown to contain a trace of trimethylsilane,
trimethyliluorosilane, and an adduct of trimethyleilane with
trifluoroethylene (by comparison with the spectra of authentic

samples;)_. - The liquids were investigated by gas-liquid
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chromatography using a'4 m. silicone" column at 120° at

0.5 kge/bmf and a nitrogen flbw of 40 ml./min. Peaks
correspénding to trimethylsilane (minute trace),
trimethylfluorosilane 11.5% , an unidentified compound 6.6%
and the adduct pair 88% were obtained in order of elution.
The relative ﬁercentages of the adduct peaks was 41t 2% and
59ﬁ 2%. Quantitative calibratioﬁ was not carried out

(see below); No olefinic products were detected.

The Low Conversion Reaction of Trimethylsilane with
- Trifluoroethylene

- Mrimethylsilane [704 ey 0ol molé] and trifluoroethylene
[;.64 8., 0.02 mole] in a silica tube were.shaken and irradiated
for 12 hr. Fractionation in vaou; gave fractions condensing
at ~45; =63, ~78, =96, =120 and ~196°. The fractions
condensing at -45, ~63 and —780 were combined and the fraction
condensing at -96° was refractionated, the =45, ~63 ané -78°
fractions again being combined and transferred to the first
obmbine@ products. This procedure gave unreacted trifluoroethylene
[1.31 ge, 0.016 mole, equivalent fo 20% reaction of the
olefin] and. the total liquid products (at ambiént temperatures)
along with much unreacted trimethylsilene. Investigation of

the liquid products by gas-liquid chromatography using a
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"A m. silicone" column at 50 and with a pressure of

: X“O;B,kg./cm% and a nitrogen flow of 42 ml./min, gave three

peaks only, corresponding to trimethylsilane and the adduct

pair. Duplicate runs gave the following percentages.

rete?§§0§iﬁ%me’ gl N L e % |identity
3.0 - - | 3.0 - - |tle,SiH
1340 0.1965 34 13,1} 0.1289] 34.8}igomer I
15.4 0.3816 | 66 |15.4} 0.2415(65.2| 1s0mer T

Authentic samples of l,1,2=trifluoroethyltrimethylsilane,

CHZF;CFQ,Si(GH3)39and 1,2,Z—tfifluoroethyltrimethylsilane,

CHonCHFaSi(Gﬂs)B)in a mixture of khown percentage gave the

following resulis

o

compound rete?iig?)tlme, weight]| % O¥G;§2§ %(peak)
CH,TCTy o §1.(CH;) 5 13.0 0.259] 38 | 0.1351] 38.2
JoF, . CHP. 51 (0 ) 15.5 0.424162 | 0.2200] 61.8

It can be seen frqm the above results that isomer I

corresponds

242
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to 1,1,2~trifluoroethyltrimethyls%lane)(CH@F»CEQoSi (CH3)3))
and that isomer II corresponds to 1,2,2~trifluorcethyltri-
methylsilane)(CFZH.CHF°Si(CH5)3)o It is also épparent

that the correction to the isomer ratio due to differences in

- thermal conductivity is not significant here.

The Reaction of Trichlorosilane with Trifluorcethylene in the
Abgence of Light

Trichlorosilane‘:l°125 g.,‘8,3 mmole]and
trifluoroethylene [0,54 oy 4.15 mmolg]were sealed in a silica
tube iﬁ vacuo and éhaken at.room temperature in the absence of
‘1ight for 14 days. Fractionation in vacuo gave trichlorosilane
[1°O9O gsy 8.05 mmole] and a fraction condensing at ~120°
shown to consgist 6f trifluorcethylene [0934 Zes 4.15 mmole,
100k feoovery] contaminated with a small quantity of
trichlorosiiane[t0.0B 8oy 0422 mmole]° No other components
were found. Identification was by infra-red spectroscopy and
gas-liquid chromatography. The reaction was repeated at 850
for 100 hr. and the same procedure was used for investigation
of the products. The reactants were again recovered

quantitatively. Wo reaction had taken place in either case.
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AUDITION REACTIONS OF SILANES WITH
1 ~CHLORO=2~FLUOROETHY LENE,

Reaction of trichlorosilane with {~chloro-2-fluoroethylene.

a) In the absence of light. Trichlorosilane

[135.5 g., 1,00 mole] and 1~chloro-2-fluorcethylene [8.05 g.,
0.10 mole] were sealed in a silica tube and left in a dark
cupboard at room temperature for fourteen days. TFractionation
in vacuo, ‘i‘ollowed by quantitative gas-lig_uid chﬁ:'omatogra.phy on
a 4 m.silicone column (M.S.550) at 80°, gave {1-chloro=-2-
fluoroethylene [ 8,05 g.; 0,10 mole] and trichlorosilane

[131;..9 ges 099 mole] only. The infra=-red spectrum of the
contents of the tube showed no peaks other than those ascribable
to the reactants. No reaction was detected.

b) The photochemical reaction with a silane/olefin ratio

of 24531, Trichlorosilane [135.5 Bey 1.00 mole] and {=chloro~

2=fluoroethylene [51;..0 ey Oulr mole] were irradiated with
shalking for 116 hr. before a 500 watt ultraviolet lamp,

Fractionation in ..Y.é:‘.’“.i‘l gave 1-chloro=2-fluoroethylene [9.2 g.,
1.12 mole, equivalent to 73% reaction of the olef‘in] s excess
of trichlorosilane, and a pale yellow liquid which remained in
the reaction tube at room temperature. Fractionation undexr

nitrogen in a 20 ml. pear-sghaped flask, fitted with a 130 x 8 mm.
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vacuum jacketed column, packed with glass helices, and fitted
with a partial reflux take-off head, gave trichlorosilane
b*P*33°, a fraction collected at 100-102°, j*0*834 g*] which
was shown to be 1l-fluoroethyltrichlorosilane, containing a
trace of 2-fluoroethyltrichlorosilane (~5$)* and a fraction
which was shown to be a
mixture of the isomeric adducts of trichlorosilane to l-chloro-
2-fluoroethylene and traces of both fluoroethyltrichlorosilanes
(~ 5©) ¢ A refractionated sample of the adduct gave a
fraction free from the impurity of the fluoroethylsilanes, and
was recognised as the adduct of trichlorosilane with
l1-chloro-2-fluoroethylene by elemental analysis for carbon,
hydrogen and chlorine.
Pound: C, 11.3; H, 1.39; Cl, 65.3#;
CgHyn”FSi requires, C, 11.1; H, 1.4; Cl, 65.5".
A high boiling viscous material £16 £¢] which was not
distillable at atmospheric pressure remained in the flask.
Percentages were obtained by means of gas-liquid chromatography
as indicated below and the overall yields (table V2.) are based

on these results.



¢) The photochemical reéaction with a silane/olefin

-t' Kad Mt T i e ™ e rll o . ~ ___‘1A—] PR !
xauLo OF) The photochemical reaction with a silane/olefin

1wchloro-z-fluoroethyleneJ:5q52_g‘; 0,066 mole] were

irrediated in a silica tube with shaking for 100 hr.
Fractionation in vacuo gave unreacted {-chloro-2-fluoroethylene
[ﬂ.75 ge, 0,028 mole, equivalent to 67% reaction of the olefin] ’
unreacted trichlorosilane, and a high boiling liquid [ 13.4 g.]
-which remained in the tube at room femperature under vacuum.
Frﬁctiénation under nitrogen in a~20 ml. pear-shaped flasgk
Titted with a 130'x 8 mm. vacuum jacketed column packed with
glass helices, and fitted wi&h a partial reflux take~off head
gave fractions at 35-95°, shown to be a mixture of trichloro-
silane and silicon tetrachloride} 95=114° [1.6 g{] , shown to
be silicon tetrachloride and 1-fluoroethyltrichlorosilane (51%);
and 140-6° [10.7 g.| shown to be the isomeric 1:1 adducts of
trichlorosilane with 1-chloro-2-fluorocethylens. A small
quantity of high boiling material (fV O.3 ge) remained in the
flésk.

'd) The photochemical reaction with a silane/olefin ratio

of 10:1. Trichloresilane [135.5 gey 1.0 mole] and
1=chloro-2=~fluoroethylene [8.05_g., 0.10 mule] were lrradiated

- with shaking in a silica tube for 400 hr. TFractionation




in vacuo gave unreacted 1-ch&oro-z-fluoroethylene[:0.16 ey

0.002 mole, equivalent to 98% reaction of the olefin] , unreacted

trichlorogilane containing traces of silicon tetrachloride,
and a high boiling material | 16.7 g.| which remained in the
tube at room temperature under vacuum. Fractionation of
115 ge of this high boiling material under nitrogen in a

20 ml., pear-shaped flask as described above gave fractions at
53~100°,[:2.52 g;] shown to be tfichlorosilane and silicon
tetrachloride; 102-104°,[:6.81 g;] shown to be
1=fluoroethyltrichlorosilane containing a small quanﬁify of'
2-fluoroethyltrichlorosilane ( ~ 10%); 106~114°, [0.35 g{]
shown to be a mixture of 1-fluorcethyltrichlorosilane (31%) and
2-fluoroethyltrichlorosilane (68% ;»114r1éo°,[:0.97,g{] shown
to be 2~fluoroethyltrichlorosilane, and fractions at 134.°,
E3.98 g{] and 140~50° [1.02 g{] which were both shown to be
igsomeric mixtures of the 1:1 adducts of trichlorosilane with
1-chloro-2-fluoroethylene. A viscous brown liquid [ 0.8 g
remained in the flask.

Tdentification and evaluation of the compbnents of the

fractions from the reactions of trichlorosilane with
“~chloro-2~f1luoroethylene.

The fractiong were investigated by means of gas-liquid
\ "

chrometography using a 4 m., silicone (1.S.550) column at 150°

4T
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with an inlet pressure of 1 kgn/dm% on a Perkin Elmer
"Practometer" model L52 fitted with thermistor detectors.
Samples for the calibration of +the column for
2=fluoroethyltrichlorogilane and 4~fluoroethylitrichlorosilane
were obtained respectively from the reaction of trichlorosilane
with vinyl fluoride and from the 102«4° fraction from the
reaction of trichlorosilane with {~chloro-2-fluorcethylene
with a silane/olefin ratio of 10:1. Pure samples of the
isomeric chlorofluoroethyltrichlorosilanes were obtained by
preparative gas-liquid chromatography. Structures were
assigned on the Dasis of elemental analysis for carbon and
hydrogen; nuclear magnetic resonance gpectrogcopy and

hydrolysis data, (table'30).
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The infra-red gpectra of the fractions obtained by
preparative gas~liquid chromatography indicate that
separation had been achieved.

Infra=red band table for {=-chloro=2-{luorcethyl-

trichlorosilane,

CH, . GHC].. SiCl 3

3-00 m 701{-6 Tom 10. 6«,4- 3

337 }w 8.2 s 11.07 s

3el42 8.9 Ve 11.18

6.20 vw 9445 vs 12.7 m

7.02  w

Infra-~red band table for 2-chloro=i-fluoroethyl-
trichlorosilane,

GH201. CHI'. 81013

2.90 m 17 m 1179 s

3.37 m 175 1M.84 s

3458 w 7.925 m 12.38 m

615 W 8.2 m 12.55 8

2-75 W 2-55 s, 13~25 8

o&l- vw «9 130

6.9 w 9.2 [Proed 13.655::1

7.02 m 94T ) _ 13.85

7.525 m 9,86 s 14.65 w
Percentages were obtained by means of relative peak areas

corrected for small differences in thermal conductivity in the




following marnexr. A known mixtﬁre of A and B of molax
composition A' and B' gives peak areas "a" and "b". The true
"area" of "a" for comparison with "b" should be-E%;,
therefore any other peak of compound A must be corrected by a .
factor“§;§ for comparison with any other peak B in the same
mixture. Thus a 1¢1 mixture of 4~-fluoroethyltrichlorosilane
and 2=fluoroethyltrichlorosilane gave peak areas in the ratio
1:1.02\reapectively; therefore theAfactor for»w
1=Cluorocethyltrichlorosilane is {.02. Simiiarly, a mixture of
2~chlozom1~fluoroethyltrichlorosilans | 0,60 g.| end
1«chlore=-2=fluoroethyltrichlorosilane [9.262 g{l gave peak
areass in the ratio 32.29:14.44., therefore the factor for

1=fluro-2=chloroethyltrichlorosilane is 0.969. Retention times

under the conditions stated above are given below.

S:i.HCl3 3.9 min.
S1C1, 5.0
CH3-d}IE‘.SiCl 124, "
CH,F+CH,, - $1C 15.0

CH2F.GH01,SiCi3 25.6_ "
GHéGl.GHF.SiCI3 3k "(
Eaéh»fraction-frum the reactions was investigated
in this way and overall percentages of both the 1:1 adduct and
the dechlorinated 1:1 adduct were obtained, (table 13 ).

Isomer ratios for the adduct were obtained, but only in the

2571




a52.

reaction with a silane/olefin ratio of 10:1 was the

percentage of 2~fluorcethylirichlorogilane significant.




153

The vhotochemical reaction of the adduct of trichlorosilane
to 1-chloro-2-fluoroethylene with methyldichlorosilane.

A sample of the adduct of trichlorosilane to
{=chloro-2=fluoroethylene was investigated by quantitatively
calibrated gas=liquid chromatography and shown to consist
of the two isomers 4=-chloro-2-fluoroethyltrichlorosilane,

CH F.CHGl.SiGlB, and 2~chloro=1=-fluorcethyltrichlorosilane,

2

GH201.GHF.81013

[:3.0 Gey 139 mmolé] was photolysed with methyldichlorosilane

, in the ratio 1:4.38. A sample of the adduct

B6.0 ge, 139 mmole] for 100 hr. before a 500 watt"Hanoviaf
ultraviolet lamp. The tube was opened in vacuo comnected to
a volume of ca. 80 ml. and the contents of the tube were
allowed to warm up to room temperature. The 80 ml. trap

was also at room temperature and not at =196° as is normally
the case. At room tempera%ure (the pressure was not greater
than 10 cm. of mercury) the tube was isolated from the gases
in the trap and the contents of the trap were investigated by
infra-red gpectroscopy and shown to consist of methyldichloro-
gilane. No olefinic compound was deltected. The liquid in
the tube was investigated by gas-liquid chromattography on a
'

1.
b m. silicone (M.S.550) colum at 150° with the flow rate

adjusted to allow good separation of all the expected products.




Retention times were checked with authentic samples hefore
and after the reaction mixture was investigafed, and the
column was quantitatively calibrgted for the four substituted
ethyl silanes. Peaks were obtained corresponding to
methyldichlorosilane and methyltrichlorosilane, (these were not
measured quantitatively), the isomeric fiﬁorpethyisilanes,
CH?F.GHQ.SiC15 and CHé-GHF.SiClB,‘in the ratio 1:15.3, and the
isomeric chlorofluoroethylirichlorosilanes, OHéF.OHGl.SiGJ.3
anleHQGl-CHF.SiGlj in the ratio 1:1.19, (the ratios quoted are
. : peak areas corrected to molar‘ratios). The compound
¢ 2-fluoroethylmethyldichlorogilane, CHZF;CHE.Siclzme, was not
detected in the reaction mixture although the peak due to this
compﬁund in the synthetic mixture wasg easgily identifiable.
Thege ratiog allow the calculation of the percentage
reaction of each\isomer of the adduct and they also give an

approximation to ‘the relative rate-df halogen abstraction.

Let the isomer ratio of the adduct hefore reaction

be expressed in terms of x, after the reaction in terms of y,
and the wratio of the reduced adduct in terms 6f Zie
ile€u, CHzF.GHG‘ZL.SiClB/CHéGl.GHF.Sicl3 = L 38x (before reaction)

1.19y (after reaction)

cHéF.chl.31013/bﬂécl.caF.Sic13

u

CHB.GHF.SiClB/GHQF.GHétSiCl3 15.3z (after veaction)




Then X=§ 42 (for the of ~F igomers)
amd. Le38% = 1,19y + 15.3z (for the @ -F isomers).
It follows that y = 4.78z

therefore, % reaction of

. _ 1 _ 7
GHZF .CHC1. 31013 = -5-:73 = 17 3%
and of  GOH,CL.CHF.SiCl = A2ed o 4,59
~ 2 3 T 256 = o
The relative rate of dehalogenation is approximately Gl |

3455

S 1
for chlorine abstraction.

The relative rate, but not the percentages can be arrived at
by a simple comparison of the ratio of the dehalogenated
adducts. Thus ﬁhe ratio of ﬁ,:ot chlorine abstraction
eqpals~%?%g;1 or’ 3511, indicating an error of 1.4% in the
measurement and evaluation of pesk areas.

The reactioﬁ of the adduct of trichlorogilane to

1-chibro-2~fluoroeth§16ne with trichlorosilane in the
absence of light,

The adduct of triohlorosiléne to 1=chloro~2={luoro-
othylene [ 0.2605 g., 2.25 muole] and trichlorosilane [ 2.7 g,
20.0 mmolé] were shaken at¥theVambient tempera{ure of the
vltraviolet lamp (35-40°) in the absence of light for
14 days. Investigation by gas-liquid  chromatography gave

peaks attributable 1o trichlorosilane and the isomeric adducts

255
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(CH,C1.0HF, 8101, and CH,F.CHCL.8iCl;) only. Reaction had

not taken‘place to any éignifioant extent.

The photochemical reaction of the adduct of trichlorosilane
to 1=chloro=2-fluorocethylene with trimethylsilane.

A sample of the adduct of trichlorosilane with
1=chloro~2-fluoroethylene wasg investigated by quantitatively
calibrated gas~liquid chromatography and shown to consist of
the two isomers 1—chloro—Zafluoroethyltrichiornsilane
OHéF.GHGl.SiOlj and 2-ch10r0-1—fluo?oethyltrichlorosilane
CH,01.CHF.SiCl; in the ratio 1:1.07. A sample of this
adduct [ 0.86l4 ge, 4O mmole| and trimethylsilane [ 2.96 g,
40.0 mmole] were photolysed for 50 hre. before a 500 watt
rhanovié'ultraviolet lamp. The tube was opened in vacuo to
a volune of ca. 1 litre and the volatile components allowed
to vaporise at room temperature., The tube was isolated from
the 1 litre bulb, and the contents of the bulb were shown by
infra-red spectroscopy and gas-liquid chromatography indicated
the presehce of trimethylchlorosilane [ 0.430 ge, 39.7 mmole,
equivalent to 99% reaction based on the adduct ] s the isomeric
‘fluoroethyltrichlorosilanes [;0.715 ges 3+9h4 mmole ,
equivalent to 98% reactimn] , and excess trimethylsilane.

1= luoroethyltrichlorosilane, GHE.OHF.Siclz, and




2=fluoroethyltrichlorosilanse, CH F.CHZ.SiGl were found to hein

2 3 :
the ratio 1.07:1 (identical with the original adduct ratio)

by quantitatively calibrated gas-liquid chromatography. The
original adduct could not be detected in the reaction products.

Neither vinyl fluoride nor an adduct of trimethylsilane 4o

vinyl fluoride was detected among the reaction products.
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REACTION OP TRIMETHTLSILANE WITH
1-CHLORO-2-FLUOROETHYIiENE

Reaction of Trimethylsilane with l-chloro-2-fluoroethylene
under Reduced Pressure

Trimethylsilane £12.6 g., 0.17 molej and l-chloro-2-
fluorocethylene £13«66 g., 0.17 molej were allowed to expand
into an evacuated 20 1. bulh fitted with a water cooled silica
insert for ultraviolet irradiation and with a mercury manometer.
The pressure at room temperature was ca. 300 mm. The contents
of the bulb were irradiated for 10 hr. after which they were
transferred to the vacuum system and fractionated in vacuo.
Fractionation gave a gaseous mixture of trimethylsilane and
1-chloro-2-fluoroethylene [jD.306 molej of molecular weight 78.0
(calc, for Me”~SiH = 74» CHC1lsCHP = 80.5)» indicating a mixture
of approximately 500 of each component. Infra-red spectroscopy
indicated the presence of trimethylsilane and 1l-chloro-2-
fluoroethylene along with traces (estimated at less than 1$)
of vinyl fluoride. Investigation by gas-liquid chromatography
was not carried out. An approximate estimation of the percentage
reaction of the olefin based on molecular weight is 8$. A
liquid condensing at -36° was investigated by infra-red
spectroscopy and gas-liquid chromatography. It was shown to

consist of trimethylchlorosilanel 1*4 g*» 13*0 mmole, equivalent
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t° ca. 95k of the olefin reacted] and a compound with the same
retention time as 1-fluoroethyltrimethylsilane Pie5 £e> 8*5 mmole,
equivalent to ca, 60 of the olefin reacted].

Reaction of Trimethylsilane with l-chloro-2-fluoroethylene
in the Presence of Mercury

Trimethylsilane |]15*25 g* > 0.23 mole]j and l-chloro-2-
fluoroethylene []2.095 g* > 0.026 mole”] in a silica tube with ca.
2 g. mercury were irradiated with shaking for 144 hr* Fractionation
in vacuo gave vinyl fluoride jjL.065 ,0.023 mole, equivalent
to 89$ reaction of the olefin], containing a trace of ethylene
(K1?0) identified by infra-red spectroscopy and gas-liquid
chromatography, trimethylchlorosilane [ 2.7 g*> 0.025 mole,
equivalent to 9fft reaction of the olefinj identified by infra-
red spectroscopy and gas-liquid chromatography, and a compound
having a retention time similar to that of a fluoroethyltri-
methylsilane “ca. 4/ based on this assumption), along with
unreacted trimethylsilane.

A duplicate reaction was carried out for 96 hr. to give
vinyl fluoride (90fo), trimethylchlorosilane and the
possible fluoroethyltrimethylsilane (ca. 4$)e No unreacted
l-chloro-2-fluoroethylene was detected in either reaction.

At the time of the experiment only one isomer of the
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monofluoroethyltrichlorosilanes was available and it was
impossible to determine which isomer was present among the
reaction products.

The Reaction of Trimethylsilane with l-chloro-2-fluoroethylene

Trimethylsilane []1.46 g., 20.0 mmole] and l-chloro-2-
fluoroethylene j]1.61 g., 20.0 mmole]were irradiated with shaking
for 90 hr. in a silica tube (volume ca. 20 ml.). Fractionation
in vacuo gave vinyl fluoride ~0.0059 g*> 0.085 mmole, equivalent
to ca. 4/o of the olefin], unreacted trimethylsilane |]o.533 g* 9
7*2 mmole, equivalent to Gfo recover”, and trimethylchlorosilane
|Jo.24 g*> 2.5 mmole, equivalent to 18$ of the trimethylsilane
reacted or 11.1$ of the trimethylsilane originally present].
Identification was by infra-red spectroscopy and gas-liquid
chromatography. A high boiling liquid remained in the tube
[2.6 g/j which on prolonged heating (hot air blower temperatures)
in vacuo released a further sample which was shown to consist
of trimethylsilane [3j0.0296 g., 0.4 mmole, equivalent to 2$
of the trimethylsilane originally present] and trimethylchloro-
silane To.0123 g* > 0.12 mmole, equivalent to ca. 0.6$ of the
trimethylsilane originally present] identified by gas-liquid
chromatography. The remaining viscous yellow oil had an infra-
red absorption spectrum corresponding to that of the high

boiling oil from the irradiation of l-chloro-2-fluoroethylene
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alone, together with some possible silicon containing adduct*
Pounds C, 39*1; H, 3*6; Cl1,25*3$5
C~"H~Cl” requires, C,38.6; H, 6.0; Cl, 25.4s%*

This suggests that the average number of olefin units per
silyl group is of the order of 3* The structure can not be
defined from this data.

A sample of the high boiling oil £0.0983 g*J wastransferred
to a hydrolysis bulb, and hydrolysed in vacuo with freshly
prepared 10$ aqueous sodium hydroxide solution. Fractionation
of the products gave a gas condensing at -196° which was shown
by infra-red spectroscopy to be vinyl fluoride £0 .00145 g* >
0.031 mmolej as the only volatile component. The liquid was
presumed to be mainly a polymer of l-chloro-2-fluoroethylene
and was not further investigated.

The Reaction of Trimethylsilane with l-chloro-2-fluoroethylene
(lorry

Trimethylsilane £ 3«06 g., 41*5 mmolej and l-chloro-2-
fluoroethylene JJ0. 335 g« * 4*15 mmolej were irradiated with
shaking for 200 hr. in a silica tube (volume ca. 20 ml.).
Fractionation in vacuo gave unreacted trimethylsilane
‘232 g., 31*4 mmole, equivalent to 75$ recoveryj and a liquid

£1.073 g*J remaining in the reaction tube at room temperature.



The trimethylsilane was identified by infra-red spectroscopy
and gas-liquid chromatography. Vinyl fluoride was not detected
in the gaseous products. Investigation of the liquid by means
of gas-liquid chromatography indicated the presence of
trimethylsilane (14D by peak areas) and another component with
a retention time identical with both trimethylchlorosilane and
1-fluoroethyltrimethylsilane. A peak corresponding to
2-fluoroethyltrimethylsilane was not detected. The liquid was
transferred to a hydrolysis bulb and hydrolysed in vacuo with
ICffo aqueous sodium hydroxide solution. The hydrolysis products
were transferred to the vacuum system through a tube loosely
packed with glass wool and phosphorous pentoxide and fractionated
in vacuo to give trimethylsilane j*0.013 g*> 1*7 mmole,
equivalent to 4»1$ recovery!, 1l-fluoroethyltrimethylsilane

£0.7 g*> 4*1 mmole, equivalent to 9470 based on the olefinj and
hexamethyldisiloxane j0.025 g» 9 1*7 mmole, equivalent to

8yl recovery based on olefin consumed!. Ethylene and vinyl
fluoride could not be detected in the hydrolysis products.

The Reaction of Trimethylsilane with l-chloro-2-fluoroethylene

Trimethylsilane £1.48 g»1 0.201 moleJd and l-chloro-2-
fluoroethylene £0.322 g., 0.0394 molej were irradiated with

shaking for 100 hr. in a silica tube (volume ca. 20 ml.).



Fractionation in vacuo gave vinyl fluoride #0.008 g., 0.7 mmole,
equivalent to 2§ of the original olefin, 4% of the olefin
reactedj, l-chloro-2-fluoroethylene £0.162 g., 0.0198 mole,
equivalent to a recovery of 50ft] and trimethylsilane T1.302 g.,
0.176 mole, equivalent to a 4 molar excess plus 400 recovered,
based on the olefinj, along vrilth a liquid [o0.254 remaining
in the tube at room temperature. The gases were identified and
estimated by gas-liquid chromatography and infra-red spectroscopy.
Investigation of the liquid by gas-liquid chromatography on a
Perkin Elmer "Vapour Fractometer" (model 116) using a 4 m.
Wsilicone column1gt 100° with a nitrogen flow of 70 ml./min.
indicated the presence of a trace of trimethylsilane (less

than 0 (' ) and two other components with peak areas in the ratio
4:1. The retention time of the first peak corresponded to that
of trimethylchlorosilane, but calibration runs with
ethyltrimethylsilane, trimethylchlorosilane and 1-fluoro-
ethyltrimethylsilane indicated that even though the retention
times are slightly different, a mixture of any two of these
compounds is not resolved on the column. Attempts to achieve

a separation by reducing both the temperature and the flow-rate

of the nitrogen carrier gas were not successful. A sample
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of the high boiling liquid [dD.2054 g*J wé&s hydrolysed in vacuo
with 1056 aqueous sodium hydroxide solution to give

trimethylsilane ~0*0036 g., O .486 ramolejvinyl fluoride

0.0138 g., 3*0 mmolej, and 1l-fluoroethyltrimethylsilane [*0.0786 g.,
6.56 mmole , identified and estimated by infra-red spectroscopy,
molecular weight determination, and gas-liquid chromatography.

If it is assumed that the vinyl fluoride arose from hydrolysis

of 2-chloro-l1-fluoroethyltrimethylsilane (the validity of this
assumption is discussed on page O 3) this allows the estimation

of the weight of trimethylchlorosilane by difference, i.e. 3*0 nmole
of vinyl fluoride is equivalent to 3*0 mmole of 2-chloro-1-
fluoroethyltrichlorosilane, or 0.0466 g. leaving a deficit of
0.0766 g., 7*1 mmole if the remainder is assumed to be
trimethylchlorosilane not contaminated with any telomeric

material. This now allows the estimation of the following total
percentages; trimethylchlorosilane £0.0967 g» > 8*9 mmole,
equivalent to 45*4$ of the olefin reacted”, 1l-fluoroethyl-
trimethylsilane To.0985 g*, 8.2 mmole, equivalent to 42

reaction of the olefin , and 2-chloro-l-fluoroethyltrimethylsilane
£0.0589 g., 3*78 mmole equivalent to 19*4 reaction of the

olefinI. The compound assumed to be 2-chloro-1-



fluorocethyltrimethylsilane was not separately identified.

The Reaction of Trimethylsilane with 1l-chloro-2-fluoroethylene
in the Absence of Light at 85

Trimethylsilane £0.614 g., 8.30 mmolej and 1l-chloro-2-
fluoroethylene Q0333 4«15 mmolejwere sealed in a silica
tube (20 ml.) in vacuo and maintained at 85° for 100 hr. in
the absence of light. As the reactants are not separable by
vacuum fractionation they were transferred to the system and
investigated by infra-red spectroscopy and gas-liquid
chromatography. The products were found to consist of a gas
£293.5 ml. at 20° equivalent to 0.01240 mole or 9 recovery”
containing three components by gas-liquid chromatography.
Calibration with authentic samples indicated the presence of
cis-1l-chloro-2-fluoroethylene, trimethylsilane, and trans-1-
chloro-2-fluoroethylene. As no other components were observed
and the peaks found overlapped, individual percentages were

not determined.
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HYDROLYSIS ;PYROLYSIS AND FLUORINATION REACTIONS

Hydrolysis of the Adduct H(CH”*>CHF)SiCl-

A freshly prepared ICfo aqueous sodium hydroxide
solution was slowly added through the tap of a hydrolysis
hulb into which the adduct |J)*2238 g., 1*23 mmolej had
previously been introduced# A vigorous reaction took place
which appeared to be complete after $0 seconds* The bulb
was shaken for 5 win. and the volatile products were
transferred to the vacuum system. Fractionation in vacuo
gave one fraction only, which condensed in a trap at -196°,
along with water which condensed in a trap at -24°¢ The -196°
fraction was identified by infra-red spectroscopy and
molecular weight determination as ethylene jjD.0056 g., 1.22
mmole, equivalent to 99?? recovery”, M = 28, calc, for
M = 28. Fluoride ions were shown to be present in the aqueous
residues remaining in the bulb by the AlizarinS-Zirconium
nitrate test. Attempted hydrolysis with distilled water
gave only the white polysiloxane.
Pyrolysis of the Adduct H(CH”.CHF)SiCl-

The adduct I0.4038 g., 2.22 mmole]j was pyrolysed in vacuo

in a silica tube at 450° for 24 hr. The products were
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transferred, to the vacuum system and fractionated through
traps at -24, -120, and -196°. Most of the product was found
to have condensed in the trap at -196° [j39*%62 ml* at 21°J
with only a small percentage in the trap at -120° £3*21 ml.
at 21°]. The trap at -24° was empty. The -196° fraction
was identified as a chlorofluorosilane and ethylene, and
the -120° fraction as a chlorofluorosilane by infra-red
spectroscopy. The fractions were combined and the average
molecular weight found to be 96.82 (theoretical average for

and C17FSi = 90.7)e The gases were condensed in a
hydrolysis bulb and shaken with fresh 5% aqueous sodium
hydroxide solution and fractionated in vacuo to give ethylene
jo.00486 g., 1.74 mmole, equivalent to 78% recoveryj. The
aqueous residues contained both chloride and fluoride ions.
An attempt to increase the yield of ethylene was made by
pyrolysis at a lower temperature.

The adduct J70.5124 g., 2.83 mmolej was pyrolysed as above
at 220° for 24 hr. to give a gas £130.2 ml. at 23, M = 89.8
which on shaking with water gave ethylene j*0.076 g., 2.74 mmole,
equivalent to 97% theoreticalj identified by its infra-red

spectrum and molecular weight (28.1).
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tetrafluoride and ethylene 1080 ml. at 19° , 4.5 mmole]j
condensing in a trap cooled to -196°. The fluorinated
adduct was recognised by its molecular weight and analysis
for carbon and hydrogen.

Pound: C, 18.7; H, 5.1%; M, 131 ;

CgH*F~Si requires, C, 18.9; H, 3*1$; M, 132.

Infra-red band table for 2-fluoroethyltrifluorosilane
(CH2F.CH2 .SiF )

3-34 s 7.01 m 10.2 wvs
3-40 m 7.15 S 11.24]
4.28 7.62 Vs 11.30 “vs
4-32.7" 8.22 s 11.38"
4.88* 8.35 Vs 11.80 s
4.96 8.50 s 12.25 m
5.08 8.90 s 12.99 S
5.24 9.15 m 13.44 s
5.27 9.45 s 13.88 s
5-37> 9.67 1 14.25 s
6.28 w 9.72 \vs 14.90°'
6.83 m 9.80" 14.98' 1"

The compound slowly decomposed at room temperature in a

"Pyrex" ampoule, releasing silicon tetrafluoride and ethylene.



Hydrolysis of the Adduct H(CH”.CHF)SiClJvie

A freshly prepared 1C$ aqueous sodium hydroxide
solution was slowly added through the tap of a hydrolysis
hulh into which the adduct £0.6096 g., 3*79 mmole] had
previously been condensed. The bulb was shaken for 5 min.
and the volatile products transferred to the vacuum system
and fractionated to give one fraction only condensing in a
trap cooled to 196°, molecular weight 28.1, which was
shown to be ethylene £ 0.0108 g., 3*86 mmole, equivalent to
100* recovery”] by infra-red spectroscopy, along with water
which condensed in a trap cooled to -24°e Fluoride ions
were detected in the aqueous residues by the AlizarinS-
Zirconium nitrate test. Attempted hydrolysis with water gave
no readily volatile products.
Hydrolysis of the Adduct HfCIH.CHF*iCCHj-,

A freshly prepared ltpo aqueous sodium hydroxide solution
was slowly added through the trap of a hydrolysis bulb into
which the adduct 70.1468 g., 1.223 mmole], containing a 2%

impurity of trimethylsilane, had previously been introduced.

A vigorous reaction took place. The bulb was shaken for 10 min.

and allowed to stand overnight, after which the volatile

0.10



products were transferred to the vacuum system.
Fractionation in vacuo through traps cooled to -24> -36>
-96, and -196° gave a main fraction condensing at -I960,
molecular weight 28.4> identified as ethylene [0.0329 g.,
1.17 mmole, equivalent to %/ conversion! by infra-red
spectroscopy. A trace of trimethylsilane was detected in
the trap at -96°, and water and any higher boiling products
were condensed in the trap at -24°e¢ Fluoride ions were
detected in the aqueous residue remaining in the bulb by the
AlizariuS-Zirconium nitrate test.
Hydrolysis of 1-fluoroethyltrichlorosilane, CH”.CHF.SiCl-=

A freshly prepared 20$ aqueous sodium hydroxide solution
was slowly added through the tap of a hydrolysis bulb into
which 1-fluoroethyltrichlorosilane f£o0.5136 g., 2.82 mmolej
had previously been introduced. A wvigorous reaction took
place, and the bulb was shaken for 10 min. The bulb was
then opened in vacuo and any volatiles were transferred to
a trap at -196°. The tap was then closed and the bulb
immersed in boiling water for three hours, periodically
opening the tap to allow any volatiles to be condensed into

the cold trap. Examination of the contents of the trap

an i



indicated the presence of water only- Fluoride ions could
not be detected in the aqueous residues remaining in the bulb
after hydrolysis.
Pyrolysis of 1-fluoroethyltrichlorosilane, CH”.CHF.SiCl-
1-fluoroethyltrichlorosilane jjD.655 & ¢t 3*61 mmolej
was pyrolysed in vacuo in a silica tube at 250° for 24 hr.
The products were transferred to the vacuum system and the
presence of ethylene and an unidentified silicon compound was
indicated by infra-red spectroscopy. A trace of a pale brown
solid residue remained in the tube. The volatile products
were transferred to a hydrolysis bulb and shaken with degassed
distilled water. Fractionation of the contents of the bulb
in vacuo through traps maintained at -24, -96, alid -196°
gave a major fraction condensing at -196°, shown to be
ethylene jjo .00231 g*, 0.825 mmole, equivalent to 2 conversionj
by molecular weight and infra-red spectroscopy. The minor
fraction condensing at -24° was shown to be water. No attempt
to identify the siliceous material was made.
Hydrolysis of the Adduct H(CF*tCHF)SiCl-
The adduct of trichlorosilane with trifluoroethylene

Jo.1773 g-, 0.82 mmolej in a hydrolysis bulb was hydrolysed
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in vacuo with an excess of freshly prepared 10$ aqueous
sodium hydroxide solution. The bulb was shaken for 5 niin.
and the contents were transferred to the vacuum system to
give a gas mmole, equivalent to 100$ conversion”.
Fractionation in vacuo allowed only partial separation into
the components which were recognised as 1,1,2-trifluoroethane
and 1,2-difluoroethylene by infra-red spectroscopy and molecular
weight determination. 1,l1-difluoroethylene could not be
detected by infra-red spectroscopy. The fractions were
recombined and investigated by gas-liquid chromatography
using an 8 m. "Kel-F o0il" column under conditions set to
separate a synthetic mixture of the isomeric difluorocethylenes.
The gaseous mixture was found to consist of 1,1,2-
trifluorocethane (80gS) and cis- and trans-1,2-difluoroethylene
(208) . Again no 1,1-difluoroethylene was detected.

The hydrolysis was repeated using 1$ sodium hydroxide
and carrying out the investigation as above to give 100$
conversion to a gas shown to consist of 1,1,2-trifluoroethane
(87*5%) cis- and trans-1,2-difluoroethylene (12.5$)*
Fluoride ions were detectable in both the above hydrolyses.

An attempted hydrolysis with water gave no volatile products



along with the white polysiloxane.
Hydrolysis of the Adduct H(CF**CHF)SiGl“Me

The adduct of dichloromethylsilane with trifluoroethylene
|o.1307 g., 6.64 mmolej in a hydrolysis bulb was hydrolysed
in vacuo with an excess of freshly prepared 10$ aqueous
sodium hydroxide solution. The bulb was shaken for 5 min.
and the contents were transferred to the system to give a
gas mmole, equivalent to 99$ conversion”. Fractionation
in vacuo followed by infra-red spectroscopy and molecular
weight determination indicated the presence of 1,1,2-
trifluoroethane and 1,2-difluorocethylene, and that complete
separation had not been achieved. 1,1-difluoroethylene was
not detectable by infra-red spectroscopy. Investigation
of the products, after recombination, by gas-liquid
chromatography using an 8 m. "Kel-F oil" column at room
temperature indicated the presence of 1,1,2-trifluoroethane
(578), 1,2-difluoroethylene (40.85) and 1,l1-difluoroethylene
(2. 2fc).

The hydrolysis was repeated using 1$ sodium hydroxide

solution, carrying out the investigation as above, to give

99$ conversion to a gas shown to consist of 1,1,2-trifluoroethane

I,
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(84/=) j 1,2-difluoroethylene (15¢5/')> and 1,1-difluoroethylene
by gas-liquid chromatography. Fluoride ions were

detected in both the above hydrolyses. An attempted

hydrolysis with water gave no volatile products along with

the formation of chloride ions.

Hydrolysis of the Adduct H(CF*tCFH) Si (CH-)-,

The adduct of trimethylsilane with trifluoroethylene
formed after irradiation for 140 hr. [*0.2031 g*, 1*30 mmole]
was hydrolysed in vacuo with an excess of freshly prepared /0fo
aqueous sodium hydroxide solution. The bulb was shaken for
5 min. and allowed to stand overnight, after which the contents
of the bulb were transferred to the vacuum system and
fractionated in vacuo to give an incompletely separated
mixture of 1,1,2-trifluorocethane, 1,2-difluorocethylene and
1,1-difluorocethylene, £f1.28 mmole, equivalent to 98*5%
conversion] ¢ The fractions were recombined and shown by infra-
red spectroscopy and gas-liquid chromatography to consist of
1,1,2-trifluorocethane (43%)> cis- and trans-1,2-difluoroethylene
(41/£)» and 1,1-difluoroethylene (16%b). Fluoride ions were
detected in the aqueous residues. An attempted hydrolysis

with water gave no volatile products.



2nk

Pyrolysis of the Adduct H(CF*»CFH)SiCl“Me

The adduct of dichloromethylsilane with trifluoroethylene
£0.1865 &°*y 0.9475 mmolejwas pyrolysed in a silica tube
in vacuo at 280° for 18 hr. The reaction products were
transferred to the vacuum system and found to be a gas
£1.868 mmolej the infra-red spectrum of which indicated the
presence of 1,2-difluoroethylene and a chlorofluorosilicon
compound. The gas was transferred to a hydrolysis bulb and
shaken with distilled water, giving a decrease in volume of
approximately half. The remaining gas had a molecular weight
of 65*1 (CHP:CHP requires 64)) and an infra-red spectrum
corresponding mainly to 1,2-difluoroethylene, but with
unidentified bands which did not correspond to CH2 :CF2»
CHC1lsCHF, CHF:CF2, or CHCIF.CF/H.

The pyrolysis was repeated at 225° for 16 hr. The adduct
|£0.3013 g* > 1*55 mmolejwas pyrolysed in a silica tube
in vacuo at 225° for 16 hr. to give a gas *3*02 mmolej which
was shown to be 1,2-difluoroethylene with a trace of
1,1-difluorocethylene, along with a chlorofluorosilicon
compound. The gas was transferred to a hydrolysis bulb

and shaken with distilled water to remove the hydrolysable



silicon compound. The gas was fractionated in vacuo to

give a gas condensing at -196° {#*1.51 mmole, equivalent

to 9 9 reaction] which was shown to he 1,2-difluoroethylene

(95/0 and 1,1-difluorocethylene (5$) hy infra-red spectroscopy,

gas-liquid chromatography, and molecular weight determination.

Chlorine-containing olefins were not detected.
Pyrolysis of the Adduct HfCF#.CFl1l0SiCl~#

The adduct of trichlorosilane with trifluoroethylene

[CM258 g., 1.5 mmole] was pyrolysed in a silica tube in vacuo

at 250-2550 18 hr. in a iWild-BarfieldH furnace. The
reaction products were transferred to the vacuum system and
were found to be a gas [1.49 mmole], having an average
molecular weight of 107, and with an infra-red spectrum
which indicated the presence of 1,2-difluorocethylene and a
chlorofluorosilicon compound. The gas was transferred to a
hydrolysis bulb and shaken with degassed distilled water,
whereupon transfer to the system gave a gas 70.75 mmole,
equivalent to 50* of the adduct]e Investigation of the gas
by molecular weight determination, infra-red spectroscopy,

and gas-liquid chromatography indicated that it was

O9rn

1,2-difluorcethylene I10.045 g*> 0.75 mmole]. 1,1-Difluoroethylene
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v/as not detected. A minute trace of a compound similar
to l-chloro-2-fluoroethylene v/as discernible in the infra-red
spectrum of the gas but this was not detected by gas-liquid
chromatography. It is presumed that it v/as at a very low
concentration (<0.5$). A black insoluble residue remained
in the tube after the pyrolysis.

The pyrolysis was repeated for 16 hr. at 225° for
comparison with the adduct H(CFO.CHF)SiCl2lTe. Treatment
of the products in an identical manner gave 1,2-difluoroethylene
(475) 9 along with a black insoluble residue, and a volatile
hydrolysable siliceous material.

Hydrolysis of the Adduct of Trichlorosilane with 1l-chloro-2-
fluoroethylene

The adduct of trichlorosilane with 1l-chloro-2-fluoroethylene
was investigated by gas-liquid chromatography and shown to
consist of 2-chloro-l-fluoroethyltrichlorosilane, C*Cl.CHF.SiC1l*,
and l-chloro-2-fluoroethyltrichlorosilane, CE~F.CHCl.SiCl*,
in the ratio Ji/* The isomers could not be separated by
fractional distillation.

The adduct mixture £0 .1822 g., 0.838 mmole~| was
introduced into a hydrolysis bulb, and hydrolysed in vacuo

with fresh 10$ aqueous sodium hydroxide solution. Fractionation



in vacuo gave vinyl fluoride j 0.0285 &* > 0*62 mmole,
equivalent to 74*7/® conversionj and vinyl chloride
9.0123 8*%9 0.197 mmole, equivalent to 23*5$ conversionj ,
which were identified by infra-red spectroscopy, molecular
weight and gas-liquid chromatography. Thus the gas recovered
is equivalent to 98*2$ reaction of the adduct and consists
of 24$ vinyl chloride and vinyl fluoride “or ca. J>:I
CHgC1.CHP.SiCl” to CH”FeCHC1 ¢SiCl*). Fluoride ions were
detected in the aqueous residues.

The hydrolysis was repeated with distilled water to give
vinyl fluoride (75$) as the only volatile product. Fluoride

ions were not detected in the aqueous residues.
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IRRADIATION OP THE STARTING MATERIALS

The Irradiation of Trimethylsilane

Trimethylsilane [0.592 g., 8.0 mmolej was irradiated with
shaking in a silica tube at a distance of 10 am. from a 500 watt
"Hanovia" ultraviolet lamp for 100 hr. Fractionation in vacuo
gave a non-condensable gas, assumed to be hydrogen (ca. 1$),
and unreacted trimethylsilane *#0.582 g., 7*85 mmole, equivalent
to 98$ recoveryj which was identified by molecular weight
and infra-red spectroscopy. No other component was present in
the trimethylsilane on investigation by gas-liquid chromatography.
The Irradiation of Trimethylsilane in the Presence of Mercury

Trimethylsilanef 0.148 g., 2.0 mmolej was irradiated as
above in the presence of 1 ml. mercury. Fractionation in vacuo
gave a non-condensable gas with no infra-red absorption spectrum
which was assumed to be hydrogen (ca. 12$), unreacted
trimethylsilane #~0.1225 > 1*65 mmole, equivalent to 82#
recoveryj identified by infra-red spectroscopy and molecular
weight determination, and extremely small trace of an involatile
oily material which remained on the surface of the mercury. A
small unidentified peak was present in the infra-red spectrum of
the trimethylsilane at 9*35% but investigation by gas-liquid

chromatography indicated the presence of only one component.
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trichlorosilane and contained bands attributable to both
Si-H and Si-Cl stretching frequencies. The yellow oil was
n<jt further investigated.
The Irradiation of Vinyl Fluoride
Vinyl fluoride £0.00497 g*> 0.108 mmolej was irradiated
in vacuo for 113 hr. under standard conditions. Fractionation
in vacuo gave a gas[J).106 mmole, equivalent to %/ recoveryj
condensing at -196° which was shown to consist of vinyl fluoride
with ca. 10$ of acetylene by infra-red spectroscopy. The
molecular weight of the gas was 44*5 (CH”jCHF = 46, CH:CH = 26),
indicating ca. 8$ acetylene. No hydrogen fluoride or silicon-
fluorine absorption bands were detected in the infra-red
spectrum of the gas, but small peaks at 8.0 1 and 9*35” were
present which have not been identified. The small bands do
not correspond to 1,l1-difluorocethane, and a spectrum of
1,2-difluoroethane was not available for comparison.
The Irradiation of l-chloro-2-fluoroethylene
1-chloro-2-fluorocethylene #1.61 g., 20.0 mmolej was
irradiated in vacuo for 90 hr. under standard conditions.
Fractionation in vacuo gave unreacted l-chloro-2-fluoroethylene

£0.256 g., 3*2 mmole, equivalent to 16$ recoveryj, vinyl



fluoride I 0.0160 g., 0.40 mmole, equivalent to 2$ of the
original olefinj identified by infra-red spectroscopy and
gas-liquid chromatography, and a very viscous yellow liquid
which was assumed to be polymeric l-chloro-2-fluoroethylene
from its infra-red spectrum and elemental analysis.

Founds C, 29*4> H, 2.2%; calc, for CAHACIF, G, 29*8; H, 2.48$%;
A thick intractable coating remained on the side of the tube
nearest the lamp. Neither the liquid nor the tube coating
was weighed as the viscosity of the liquid would have rendered
this meaningless.

The Irradiation of Trifluoroethylene

Trifluorocethylene £0.00886 g., 0.108 mmolej was
irradiated in vacuo for 113 hr. under standard conditions.
Fractionation in vacuo gave unreacted trifluoroethylene

[0.0074 g., 0.0885 mmole, equivalent to 8J$ recoveryj as the
only volatile product. A brown material was not investigated

but was possibly polytrifluoroethylene.
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PREPABATION OF COMPOUNDS RLQUIRBD A8 siﬁmpéﬁjs’ff
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products were collected in a trap cooled to -196°e
The contents of the trap were fractionated under wvacuum through
traps cooled to -24> "56, -78 amd. -196°¢ The product
condensed in the trap maintained at -78° and was shown to be
pure l-chloro-2-fluorocethylene £13 g*, 0.16 mole, equivalent
to 6 5 yield based on ethylenechlorohydrinj by infra-red
spectroscopy, gas-liquid chromatography and refractive index.
Founds * 1.3760; bp. 53*0/760;
Literature(SJvalues, J 1.5752; bp. 55.2/760.
A trace of vinyl chloride was detected in the trap at -196°.
The Preparation of 1,1,2-trifluoroethane

1,2 ,2-trifluorcethyltrichlorosilane £ 5*016 g., 15*85 mmolej
was introduced into a hydrolysis bulb and hydrolysed in wvacuo
with 1% aqueous sodium hydroxidesolution. The volatile
contents of the bulb were passed through a tube packed with
phosphorus pentoxide and glass wool into the system.
Fractionation in vacuo through traps at -96, -102, -120and -196°
was carried out. The -102° and -120° fractions were returned
through the fractionation line for a second fractionation. The
contents of the -96° and -102° traps were found to have

identical infra-red spectra, and the -120° trap was empty.



The -196° fraction was found to contain 1,2-difluorcethylene
[0.00I5 g*, 2.54 nimole, equivalent to 16.9$ reactionjby
molecular weight and infra-red spectroscopy. The combined

-96° and -102° fractions were found to be 1,1,2-trifluorocethane
|0.965 g., 11.5 mmole, equivalent to 83$ reactionjby

molecular weight and infra-red spectroscopy. The purity was
checked by gas-liquid chromatography.

The Reaction of Aqueous Sodium Kvdroxide Solution with the
Fluoroethanes

a) Ethyl Fluoride
Ethyl fluoride J%.0432 g., 0.90 mmolejwas condensed
into a hydrolysis bulb and an excess of freshly prepared 10$
aqueous sodium hydroxide solution was run in through the tap.
The bulb was periodically shaken for 6 hr. at room temperature
and allowed to stand overnight. Fractionation in vacuo gave
ethyl fluoride0.042 g., 0.875 mmole, equivalent to 97§
recoveryj which was identified by infra-red spectroscopy and
molecular weight determination. Fluoride ions could not be
detected in the aqueous residues.
b) l-chloro-2-fluoroethane
1-chloro-2-fluoroethane £ 0.6667 g., 8.07 mmolejwas

condensed into a hydrolysis bulb and an excess of freshly

031



,Eprepared 10% aqueous sodlum hydroxmde solutlon was addede

"f;The bulb was perlodlcally shaken and allowed to stand

overﬂl hto~ FracLlonablon 1ﬁ‘vacuo'gave unohanged 1mchlorougu

fluoroethane [O 6582 g., 8 O mmole,’equlvalent bo 99%

.reoovery]"whlch was’ 1dent1fle ?by 1nframred spectroscopy __?;x":‘:

'Aﬁand bolllng polnt determlnatlon; 53 09%(11t 53 2 ) Neluherf;}f~*?
fluorlde 1ons nor ehlorlde 1ons oould be deteoted in the
E'aqueous re51dueso

c) - 1 1 2~tr1f1uoroebhane

R

1 1 2—tr1fluroethane‘:0 5)27 g,, 6 35 mmole] was

hcondensed 1nto a hydroly51s bulb and an exoess of freshly '

_;prepared QQ% aqueous sodlum hydroxlde solutlon Was added. The

bulb was perlodlcally shaken and allowed to stand overnlght. ""ii

' f[O 5280 bo, 6 28 mmole9 equxvalent uO 97 iﬁ recovery:]whloh

};was 1dent1fled by 1nframred spectroscopy and molecular welght

mdetermlnatlono;‘ \43-3

'Gr1§£§£§o§§§£$@0n3- The Preparatlon of 1, 2 2wtr1fluoroethylmi
‘ oy RPN trlmethyisllane

-

XS

Preparatlon of the Grlgnard Reagent, Methvl M%gne31um Iodldef

Mﬁ@ne51um turnlngs[pz g., O 083 moleJ'were placed in a>n'\
_250 ml roundnbotbomed flask and 5 ml. dry dlwnmbutyl ethe: N

'»jjwas addedeA The flask was fltted thh a dropplng funnel an&




a reflux condenser. Methyl iodidef 7*85 g*» 35*2 mmole”*J
was placed in the dropping funnel, and the flask fitted for
magnetic stirring, A small crystal of iodine was introduced
into the flask and ca. 1 ml. methyl iodide was added from
the funnel. The mixture was stirred, and when the flask
became warm 50 ml. dry di-n-butyl ether was added down the
condenser. A further 50 ml. dry di-n-butyl ether was
added to the methyl iodide remaining in the dropping funnel,
and this solution was then added to the reaction mixture
over a period of 90 min. Stirring was continued for a
further hour after which the reagent was filtered into a
three necked flask through a plug of glass wool.

Reaction with 1.2,2-trifluoroethyltrichlorosilane

The three-necked flask containing the Grignard reagent
was fitted with a dropping funnel and a double surface
condenser leading to two traps cooled to -78° and to a drying
tube. The flask was fitted for magnetic stirring.
1,2,2-trifluorcethyltrichlorosilane £4.1 g., 19.0 mmolejin
10 ml. di-n-butyl ether was dropped slowly onto the stirred
Grignard reagent at room temperature at such a rate of addition

that the temperature was never discernibly above room



ey L e

}iFound,-l‘$ “

ngfractlon.

ﬁZto Lhe vacuum system v1a al traA cooled to ~196° " The dﬁ;

’.'pressure Was re&uced to 250 mm.h

’- Lemperabure. When the addltnon Was complete the traps were

lxﬁg.cocle‘ to =196O WLth the exmt closed and the pressure was

f.reduced-to 40 om. merouryo The fl&sk.was slowly warmed up

l:

'and malntalned at 80 lOO for two hoursa$s”ractlonatnon of

Elthe cold trap 1n vacuo gave 1 1, 2 trifluoroeﬁhyltrlmethy1311ane

O 8]91 g;, 5 25 mmole, equlvalenb to 2) bonver81on] whloh

”fcondensed at »78 K3 and wag® 1dent1f1ed by 1nfra«red speotroscopy,‘

.'f:gasmllquld ehromatography and elemental analy81s.

Cs )8 39 Hs 6 9%9

A 5 11 381 requlres, “ G 38¢), H 7 Oﬁﬁo |
T An unmeasured amoun% 01 l 2=d1f1uoroethylene wa.s detecbed

"'1n hlgh percentages by 1nfra—red spectroscopy in the _1960 o

The Preparatlon of lmfluoroethyltrlmethy131lsne

‘k‘nhe Grlgﬂar& reawent was prepared a8 above u51ng methyl'-fV

";7?1od1de[:4 7 go, 35 1 mmole} *31mf1uoroethyltr1chloroszlane
'QD[Z 4. g., 15 2 mmolé] 1n 10 ml dry dlmnwbutyl ether was .
'slowly added to the stlrred rea@ent at ~78 . The flask was e

xallcved to come slow]y Lo room temperature and was connectea o

i meroury9 and the flask




2-91

was gradually warmed to ca. 50° and maintained at that
temperature for 2 hr., while the volatile products were
collected in the trap at -196°. Fractionation of the

contents of the trap at -196° in vacuo gave a major

fraction condensing at -76° which was identified as
1-fluoroethyltrimethylsilane \1.45 g*> 0.0121 mole,

equivalent by infra-red spectroscopy, nuclear

magnetic resonance spectroscopy, and gas-liquid chromatography.

Infra-red band table for 1l-fluoroethyltrimethylsilane,

CH, *CHE*SiMe,
3.4 s 9.9 m
3*%45 m 10.4 \
3.55 w
6.3 vw
6.4 vw
6.85 w
7*1 w 11.55 wvs
7.95 s 11.7
9*1 m 11.9
9.33 m 13*2 m
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The Reaction of trimathyléilane with chlorotrifluorcethylene.

Trimethyisiléné [A& ges 0460 mole | and chlorotrifluoro=
ethyiene‘:QE.B g+5 0.20 mole| were irradiated with shaking
in a sili¢a.tube for 300 hr., TFractionation in vacuo gave
unreacted trimethylsilane [1Aa35 oy 0194 molé],
Atriﬁethylchlorosilane [?2 ey O.ZO.mcle, equivalent to 4004
reaction baséd on the olefiﬁ and a reduced adduct of
;triméthylsilane to chiorotrifluopoethylene‘iEO.S ges 0.198 mole,
erivaleﬁt to 99% reaction off the olefi%}, Trimethylsilane and
trimethylohlorosilane were identified and estimated by
gas=liquid chromatography in conjunction with infr;wred
speofroscdpy. Fractionation at atmospheric pressure through
a vacuum jacketed packed column gave a reduced adduct of
trimethylsilane with ohlorotrifluoroethyienel:25.2 g, 0.162 mole,
eqpivalent-to 81%t1b.p. 90-92°.  The reduced adduct was
~recognised as 1,1,2-f1uoroethy1triméfhylsilane by elemental
agalyéis, infra-red and nuclear magnetic resonance
spectroscopy, and its purity was checked by gas-liquid
chromatography. Neither 2-chloro-1,1,2-

trifluoroethyltrinethylsilane (CHCLECF,.Silie,) nor




celes

i:fl 2 2~trlfluoroethyltrlmethyl311ane was détébtedlgﬂv‘“

L Bownds o 38.); 6. 7 oy

C 5H11F381iregu1?esg ‘f:? )8 5, E, 7 OSﬁ.Vg' ,;re;T'

“ » 1 fra»red band uable for 1 1 2~tr1fluoroethy1tr;methy]smlune  i;
S & . [ (CHF cla,,.bme,)fz

<.’-:fil;béfs‘ﬁ?fy,”g'“f;

>”fg l1;é5_?sQ £

 ?fr9 55 n shoulder }f i3§?q~mni

'"L.§;9 60 S doublet f\,-l4°45fﬁ i1 
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APPENDTX.

Nuclear Magnetic Resonance Spectroscopyes

Nuclear magnetic resbnance spectroscopy has been used
to determine the structures of ﬁhé fluoroalkylsilicon compounds
which have been prepared during this woxke The measurement
and full interpretatioﬁ of thglséectra are extremely complex>aﬁd
come, within the field of spacialisté in spectroscopy. The -
’,Sgéétpg‘hévg ﬁgen analysed and interpreted, in some cases with -
tﬁéhai&“;f a 6ompﬁ£eriprogramme, for which the author is indebted
to Dr.J.Dyer of this Department. It is possible in some cases
to present a simple picture of the theoretical gpectrum, and in
sucﬁ cases a non&sﬁecialist can predict the type of~spectrum;
to be éxpected‘forAa particular substitutea ethyl group. As
spiﬁ;coupling from substituents at the silicon with nuclei'of
the ethyl group does not occur, the form of the spectrum (but -
not ‘the position of absorption) is dependent only on the
substiﬁﬁents on the ethyl group. The spectra of some of the
substituted ethyltrichlorosilanes have been reproduced to
indiéaté the - general pattern of absorption for such compounds,

i g8y 1"7\
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An extreﬁely simplified picture of nuclear
magnetic resonance spectroscopy may make this approach clear.
The nuclei of certain 150t0pea possess an intrinsic mechan1ca1
spin, i.e. they:are a58031a$ed.W1th a particular angular
momen tum. Siﬁce nuclei aﬁé'also associated with an electric
charge, this spin gives riSeiﬁDla magnetic field. ‘In 2
uniform magnetic field thé-angular momentumn of a nucleus with
a spin number greater than zefq (I)>0) is qﬁanﬁised, taking ﬁp
one of the posgible (2T + 15 inenfations with fespect to the
field. Bach orientation corfesponds to a particular pobential
energy of the mucleus depenﬂing on the magnetic moment (p ) of
:the nuoleus amongst other faotors. Nuclear magnebtic resonence
spectroscopy is only concerned with nucleilof thoge elements in
which both I and n are Engeqﬁal to zero. A transition of
nucleus from one orientation or spin state to an adjacent staﬁe
may occur'ﬁy either an absorptibn or emission of energy.

The proton is limitéd to two posgible oriehtations'in

the applied field (i.e. T =--;~;~‘(2I + 1) = 2), and these

correspond to a low energy or parallel orientation with fhe
field, and a high energy or:anti-parallel orientation with
the field. For nuclei with Ij>%'there ayre more possible

ofientations but selection rules only allow transitions between
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adjacent levels. A collection of nuclei in which>the spins
are equally divided between the spin states would lead to
failure to observe the nuclear trangitions. Such a collection,
however, takes up a Boltzmann distribution with a small bub
finite excess of spins in the lower states. A nett absorption
of energy is then observable, but a necessary factor for
maintaining the absorption condition is that energy should be
lost from the upper state by éo-called radiationless tranzitions.
By this the nmucleus returns to the lower state by relaxation
phenomena in which the energy is dissipated into the rest of

~ the molecule of which the resonating nucleus is part.

The frequency of thé absorbed fadiation is dependent
on the strength of the field §xpefienced by the nucleus. This
is determined by the shielding of the nucleus by the extra;
nuclear electrons. Thus factors affecting the electron
distribution affect the frequency of the absorption. This is
measured by the difference in the frequency for the observed
nucleus and a reference compound. Thig difference or
separation of the signals is called the chemical shift, and

1

is measured differently for 'H and 19F resonances,

e.g. for 1H resonances the T -value is usually quoted.
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This is the chemical shift relative to tetramethylsilane

(T.M.S.) at 10 ppm*

radio frequency = 60 mc/s.
-separation c/s >

H(
signal T.M.S. 10 ppm.
chemical shift = separation = separation = Y ppm.
radio frequency &)

signal = 10-Y, conventionally positive to low field of T.M.S.

e.g. for 13

F resonances the chemical shift 5} from trifluoro-
acetic acid is wusually quoted directly.

s§°%F = separation , conventionally positive to

radio frequency high field of standard.

The most important factor from the point of view of
structural analysis is the phenomenon of spin coupling. If
a nucleus experiences a particular field as the result of the
applied field and the shielding effect, only a single
absorption will be observed in the absence of adjacent magnetic
nuclei (e.qg. 1H, 19F). In the neighbourhood of such nuclei
the absorption will be split by spin coupling from these nuclei,

(i.e. the actual field now experienced by the resonating nucleus
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hag an additional term @epehdent on the spins‘of ad jacent
nuclei). The;spliéting will correspond to the nnmbef of
orientations of these neighbouring miclei. It ié im@ortanﬁ
to note that this is a spatial‘phenomehon, énd not deﬁendenﬁ
on trangfer via chemical bonds. ;Spiﬁ coupling is uéuaily 5
limited to groups in'ciose proximity. The multipliCit§'§f}
spllttlng by spln coupling can be obtalned in 31mple cases by
countlng the ormentatlons posslble (Table 31 ).
This is applicable %o simpleAcases of figst'order

spectra where fhe spectra can be aﬁalysed by inspection, i,é.
the chemical shifts are greater than the coupling constants.
In\molecules ééntQining nuclei whichﬁaré not eqpivalent_by

- virtue of phenoméﬁaksuch as hindered wrotation, the spectr@n
becomes perturbea and the éhemical shifts may be of the éamé
order'of~magnitude‘as the coupling constangs.K In this céée
analysis is by more detailed anﬂ complex methods and the use
of computers is necegsary.. This approach is far beyond the
scope of the present invesgtigation.

., of the silicon compounds investigated only fhé

jcompoﬁx;ds contalnlng the 1, 2 2~tr1fluoroethy1 group needed
analysms by the method for perturbed spectra.q' The chemlcai

shifts and coupling constants (J) are preéented in Table

and the spectra are reproduced in figures 1-7.

| . \ i




The correspondence between the predicted spectra
and the observed spectra is good* The spectrum of
2-fluoroethylraethyldichlorosilane was unusual in that the
intensities of the absorption first recorded were not in
the correct ratio nor of the correct form. The bands
observed were in the ratio 1:2:2:4:2:2:1e The expected ratio
for a group is 1J2s1:2:4:2:1:2:1, or if overlap
occurs 1:2:3:4:3:2:1.

An attempt to detect the missing peak was made by
running the spectrum on an expanded scale* This peak was
detected close to but not overlapped by an adjacent peak but
it was also apparent that more fine structure was present in
the spectrum. Running the spectrum on a more expanded scale
successfully resolved each peak into a quartet structure with a
separation of ca. 0.9 c/s, (fig* ~7 )e This is the correct
structure for coupling of the methyl hydrogens with the #* -fluorine
atom. The complete spectrum is therefore a triplet of triplets
of quartets.

As the hydrogen atom and the fluorine atom involved
in this coupling are separated by five CT- bonds it is
'tentatively suggested that this is the result of coupling

through space and that the methyl group and the fluorine atom



are relatively near together* This type of observation is
new in silicon chemistry and more experimental evidence,

e.g. the temperature dependence of the coupling, is necessary
before conclusions about the configuration of the molecule
can be drawn.

The chemical shifts of fluorine atoms in different
environments have been compared in a series of fluoroethyl-
trichlorosilanes (Table 3 2 ).

TABLE 31-

Chemical shifts for fluorine resogﬁ?ces in
fluoroethyltrichlorosilanes (S F).

Compound

CH3*CHP*SiC13 91.4 -
Ciy? *CHg *SiC1” - 131.6
CH3*CP2 *SiCl3 27.9 -
CHP2 -CH2 -SiC13 - 27.3
CH2F*CP2 *SiC13 44.3 157.6
CHF2 *CHF-SiC13 154.1 45.9

CHF2 *CF2*SiCl13 49.0 54.0
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It is clear from the table that no obvious
correlation between the position of the fluorine atom
relative to the silicon atom and the chemical shift exists.
From the limited number of compounds studied it
does appear, however, that the chemical shift for a particular
fluorine atom is related to the number of fluorine atoms on
the adjacent carbon atom. The trend is an increase in chemical

shift with an increase in the number of fluorine atoms attached

to the adjacent carbon atom, e.g.

SFp Sr<*

27.3, ch,-cf2- 27.9,
CF2H-CHF - 45 .9, CH2F-CF2- 44 .3,
CF2H-CF2- 54.0, CHF2-CF2- 49.0,

If, however, chemical shifts are compared as the
number of fluorine atoms attached to the same carbon atom is
increased the trend is found to be reversed, i.e. an
increasing number of fluorine atoms on the same carbon atom

decreases the chemical shift, e.g.



30X

e.qg.
Spot 6p,i
CH, -CHF- 91.4, CH2F-CH2- 131*6
ch3-cp2- 27.9, CHP2-CH2- 27.3
SF(3
CHF2-CHF- 154.1 CHgP-CPg- 157*6
chp2-cp2- 49.0 chf2-cf2- 54.0

These trends appear to be consistent in the compounds
studied but the nature of the factors responsible for these

effects is too complex to be discussed by the non-specialist*
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Nuclear Magnetic Resonance Spectra Figl.

spectra of monofluoroethyltrichlorosilanes

at 60m/cs
CH3CHFSiC1l3
8*41 s 10 (TMS)
imp
imp - impurity
s - spinning side band

PS - tetramethvlsilane



Nuclear Magnetic Resonance Spectra Figl.

19F spectra of monofluoroethyltrichlorosilanes
at 60m/cs.
CHAFCHpSiCl1l4
C?.COO0H (0) 131 e6ppra
tttm
1

93¢/ s

(H., CHFSiCl+
91l e4ppm

46cC/s
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Nuclear Magnetic Resonance Spectra ptg”,

WH spectra of trifluoroethyltrichlorosilanes

at 60m/cs.

CFgHCFHSiCl,

CH2PCF2SiCl13
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FIG. 4- 1H SPECTRUM AT 60Mo/» Of CT.HCTH31Cl1,

I value 3.% 5.30



Nuclear Magnetic Resonance Spectra S'.

ANF  spectrum of 1,1,2-trifluorocethyltrichlorosilane

0 (CP3COOH) 44*3 157*6 Ppm

small peaks axe
spinning side
bands

— Tinm |—— MM
44*3

157 o



19y SPKCTRUM AT 60Mc/» FOR cy”HCTH31Cl1,



NUCLEAR MAGNETIC RESONANCE SPECTRA Fi“*7

1P Spectrum of 1 fluoroethylmethyldichloro-
silane at 60 mc/s CHgP® CHg ‘SiClgMe

N \ AJ1rvN//wl
» 1

A 23-Sc/st"



Chemical aliift3 and coupling constants (j). Ha
T _______
nr 6 P (ppm.)
. 5.19 F<* 91A
CHYCHF .SicC1~ 8~1
JAP* . 45.6; 7.4; JHWFE , 26.4 c/s.
'X elo-
o Hot 3.08
CH, Sioi3 H(i 5.34 Fp 131.6
J*Fj,, 20.5; 7.6; JH”~, 47 6 c/s.
nr s 19Fr
H 5.19 * .
CH,yF.CF9 .31cl. a o 13
.TP*F,, 18.8; J*H,, 14.8; JF,Hp. 46.5 c/s.
al%p
CP2H.CPH.SiC13 H« 5.30 Fot 154.1
° -9 *
Analysed as an Hp 3.74 Fp 45 %_..
ABGPX system, , 45.5; 4.1; 16.3 cl/s.
(perturbed 11-9s 45.5; JFjOHp, 52.6 c/s.
spectrum) . J P 116.9; 12.1 ¢/s.
xr S19F
H* 8.25
JUKFp , 23.5; JFpHp, 49.7;JH,Hp, 8.4 c/s.
JE~H”, 0.9 c/a (long range coupling).

*

Nuclear Magnetic Resonance Spectra:

Average position of P”*i and Fpl
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