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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 take 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 trichlorosilane, methyldichlorosilane 
and trimethylsilane with the olefins vinyl fluoride, 
trifluoroethylene and l-*chloro-2-fluoroethylene are 
reported.

The addition reactions of trichlorosilane, 
methyldichlorosilane and trimethylsilane with vinyl 
fluoride give exclusive addition at the group.
This suggests that the intermediate radical

B

CHP*0Ho#SiX* is more stable than the radical
CEL*0HF»SiX-z• The structures of the adducts were 2 $

determined by means of nuclear magnetic resonance 
spectroscopy. The absence of the adducts derived from



the less stable radical, e#g** GHT®CHF* SiXd, v/as 
checked by synthesis of these compounds (X=C1 and Me 

The addition, reaction of trichlorosilane 
with trifluoi’oethylene gives exclusive addition at 
the =s OBF group, but the addition reactions of 
methyldichlorosilane and trimethylsilane with this 
olefin are bidirectional. The isomer ratios 
indicate that the order.of electrophilicity of the
radicals is Gl^Si ̂ -GlgMeSiMe^Si 

The structures were determined by nuclear 
magnetic resonance spectroscopy and were confirmed 
by synthesis (for adducts with trichlorosilane and 
with t r imethyls i1ane) *

The addition reaction of trichlorosilane 
with l-chloro-2-fluoroethylena. Is bidirectional but 
the addition reaction of trimethylsilane with this

i
olefin takes place exclusively at the ĜIIF group. 
This indicates that the trichlorosilyl radical 
is more electrophilic than the: trimethylsilyl 
radical, Gl^Si'^Me^Si. Further reaction of the 
excess of the silane with the adducts takes placed- 
This gives 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# Ohemical evidence of 
this nature is ambiguous in the absence of nuclear 
magnetic resonance data#
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INTRODUCTION

r

Organosilicon compounds have "become well known
in the last two decades because of the technological
importance of siloxane polymers, but the history of
organosilicon chemistry dates back to 1840 when the
possible existence of organosilicon compounds was realised
by Dumas# Buff and Y/ohler  ̂ in 1857 observed the formation
of a compound later shown to be trichlorosilane, and Frieda! 

2.and Crafts later prepared the first organosilicon compound 
by the reaction of diethylzinc with silicon tetrachloride#

2(C2H5) Zn + SiCl^- Si(G2H5) + 2ZnCl2

It was soon established that the silicon-chloritie bond was
easily broken by water and by ethyl alcohol, and that
viscous oils similar in composition to modern silicone
fluids were formed by hydrolysis of ethoxysilanes such as

4diethoxydiethylsilane#
(G2H5) Si012 + 2C2H50H (C2H5) Si(OC2H5)

n (G2H5) Si(0C2H5)
2 2

CrjHr-I 2 5 
O+Si-O-

l
®2H5j

+ 2H0X

+ 2nC2H5OH

n
The major contribution to our knowledge of 

organosilicon chemistry in it& pre-industrial era was
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made by Professor F#S. Kipping at University College,
Nottingham# Kipping published fiftyfour papers covering
the synthesis, isolation, and identification of a great
number of new organosilicon compounds over a pei’iod of
fortyfive years in his search for asymmetric tetrasubstituted

5'silicon compounds «
Organosilicon chemistry remained essentially an 

academic subject until knowledge of the fundamental 
mechanisms of polymerisation and the properties of 
macromoleculeg had been enlarged# Phis development was due 
to the industrial interest in thermally stable and non­
conducting polymers, and to the pressure of war time demands# 
Phe post-war activity in this field can be judged from the 
fact that over twelve hundred compounds were described in 
more than five hundred references during the period 1947- 
1954

Industrial interests have been concerned mainly with 
the preparation 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 (RgSisO and R2GsO)# Phey are
however greatly different from ketones in that their

E
Si-0 ’ the siloxane linkage, 

L E
essential linkage is



5

The other groiips attached to silicon may "be either organic
as shown, or additional oxygen atoms which cross-link the
siloxane chain. It is this wide structural variation
which allows the preparation of the diverse range of
commercial siloxanes now available* An indication of the
variation may be obtained by a comparison of the chain-

7stopped methylpolysiloxanes Me*SiO(SiMe20) SiMe*, (Table l)*
n ^

TABLE 1*
Viscosity and boiling point in methylpolysiloxanes#

Value of n 0 1 2 5 14 48 150 210 350
Viscosity 
at 25°
(centistokes)

0.65 1.04 1.53 3.24 10 50 200 350 1000

■boiling point/ 
pressure, cm 
mercury. 99.5/

76
152/

76
192/

76
165/

20
mm - - mm mm

One has only to consider other possible 
structures involving cross-linking to realise the extent ofathe variation available,



OSilU5

OSiR^
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Although carbon functional organosilicon compounds are 
technically of much less importance than silcoacanes at 
present, the extension of our understanding of organosilicon 
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 stability 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 silyl group* An outline of the 
general methods available for the preparation of 
organosilicon compounds follows*
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Routes to organosilicon compounds*
Methods involving organometallic reagents*

The first organosilicon compounds were prepared
5Lby the treatment of silicon tetrachloride with dialkylsino

and hy the reaction of aryl halides with -silicon tetrachloride
9and sodium in ether.

2Zn(C2H5) + SiCl^ -------* Si(02l5) + 2ZnCl2
2 4

SiOl^ +
These methods however have the serious disadvantage of 
producing’, the tetrasubstituted silane, even when a deficiency 
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,*0 
fluorene , and indene %  Reaction of the sodio- 
derivative with silicon tetrachloride can then take place 
in a stepwise manner.

RHa + SiOl^ — ----- — » RSiGl^ + HaOl
The most widely applied method for forming silicon- 

carbon bonds is the Grignard reaction, because silicon- 
halogen, silicon-alkoocy, and even s i 1 i c on-hydro gen bonds

13can be replaced by alkyl, alkenyl, al,Icynyl, and aryl groups*

40gH(jCl + 8Ua ------ > (CgH^) Si + 81TaGl
4
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M s  was the method most frequently by Kipping in his
search for optically active silicon compounds « Attempts
to prepare the silicon analogue of a Grignard reagent,
which is ith'Dught to be a reaction intermediate, have been 

15unsuccessful although there is evidence for the formation
i£>of a similar germanium compound* Stepwise replacement

of halogen attached to silicon can be effected, and 
different groups may be attached 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

f7Grignard reagent directly with a different I Grignard reagent*
SiCl^ + C ^ M g B r  ---- » O^SiCl^ + MgBrOl

OgH^SiOl^ + Cgli^MgBr ---- * GgH^CgH^SiCl^i- MgBrGl
OgHc»OgH^SiClg + “GjHyMgBr ---- » CgHyCgH^CjHySiCl + MgBrCl
C2H5,C6H5,nC3H7Si01 + C6H50H2Mg01 ---- > O ^ . O g H ^ O j H - S i C H ^ H c

+MgBrCl
The disadvantages of the method are the increasing difficulty * 
of replacement of successive halogen atoms which is 
probably of steric' origin, and the tendency of magnesium 
salts to retain organosilicon compounds rather tenaciously.

Organolithrum compounds react with silicon compounds 
more 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



8

achieved**
SiH^ + 2G'2H5Li — ■— (02H5) SiH2

The greater ease with which organolithium compounds 
attack silicon is clearly seen by the replacement of

18four hydrogen atoms attached to silicon hy aryl groups 
SiH^ + 4C6H5Li — ----> (C6H5)^Si .

Organoaluminium compounds have also recently heen used
2,0to prepare tetraalkylsilanes # Organosilyllithium 

compounds R^SiLi are also known where at least one organic 
group is aryl*

Perf luoroalkyllithium compounds and perfluoro-
Grignard reagents have been used to prepare perfluoro-

4*49,allcylsilicon- and p e r f 1 uo r o aryl silicon-c omp ound s«
The prepax*ation of the reagents and their manipulation is not 
easy, and their use normally leads to mixtures of products*
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The reaction of silicon halides with diagomethane,
13-This method has "been reviewed hy Seyferth. * 

Silicon teti*achloride undergoes raethylenation readily
Q Q Q3>J 2when treated with diazomethane in ether at -55 "45 #

GH23J2 + SiCl4 ------- > 015Si*0H2Cl + Ng.
At room temperature vigorous and explosive decomposition 
occurs.
The reaction also takes place with silicon tetrachloride,
hut fluoromethylfluorosilane 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 he inserted, A similar reluctance of the insertion
reaction to take place is observed with alkylchlorosilanes,

oo qjzThe mechanism was thought to he a polar process ; hut
ISit is now thought to involve a carhon insertion reaction.
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The direct synthesis#

The direct synthesis, commercially the most 
important preparative method, was patented hy Rochow 
in 1945 * 1& general usage the term direct
synthesis is applied to the preparation of organohalo- 
silanes from elemental silicon and an organic halide*
The reaction takes place with commercial silicon (S B fo Si) hut 
it is much more efficient with a copper catalyst and elevated 
temperatures (250-*50Q°)# Alkyl and aryl chlorides are 
usually' employed, because the fluorides are relatively 
unreactive, and the bromides and iodides hreale down under 
the reaction conditions to form olefins and hydrogen halides# 

Complex mixtures of products are obtained# For 
example, the reaction of methyl chloride with silicon 
containing a copper catalyst at 500-400° may give varying 
amounts of the following^*1
MeSiCl^, Me2SiCl2, IfejSiOl, Me^Si, MeSiHClg,Me2SiHCl,
SiCl4, SiHCl5> SiH20l2, H2, CH4, C2H6, CgH^

V iC1(4-x)(R>Me)» MeXSi20C1(6-x)' Si2C16’
^ex^i2^’L (6-x) * Mex ^ ^  (6-x) *
Mex (SiCH;2OH:2Si)Cl6w:x, Me3C(Si0H2Si0B:2Si)01^x#

The composition of the product may he controlled to some 
extent hy the choice of temperature, flow-rate of organic 
halide, and the nature and quality of the catalyst#



The si1oxane precursors methyltrichlorosilane,
dimethyldichlorosilane, and trimethylchlorosilane are the
most valuable products*

Metals other than copper may be used as catalysts
e.g* nickel, tin, antimony, manganese, silver and titanium
Silver is most effective when aryl halides are used, and
both tin and nickel are superior to copper as catalysts

2,8when vinyl halides are used *
Sillcon-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 halide *

2RC1 + H2 + Si ------- > RSiH012 + EH
Similarly the incorporation of hydrogen chloride into the 
reaction mixture gives rise to a favourable production of 
alkyltrichlorosilane 30 #

:RC1 + 2HC1 + Si ---------> RSiCl, + H0
siIt has been suggested that 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 (l) chloride#

2.Cu + GH^Gl  i  OuGl + (OuCKj)



Studies of the reaction of a single crystal of silicon 
embedded in copper and exposed to methylohloride at 
350° suggest that the silicon and copper form an 
intermetallic compound which then polarises the carbon- 
chlorine bond when chemisorption occurs by ionic 
charges on the lattice* Thermal decomposition of
methyl copper produces free methyl radicals which may then 
react with silicon subchlorides produced by the reaction of 
silicon with copper (i) chloride*

Si-Cl + 0H5 ------ > CH^SiGl

The methyl silicon chlorides so formed can then add on 
either more methyl radicals or chlorine atoms to satisfy 
the valency of silicon*
The formation and decomposition of. methyl copper leads to 
a transport of copper from the entrance of the x'eactor to . 
the exit during the direct synthesis f and it may even be 
gound in the condensed organosiliconhalides *

The dix^ect synthesis is of doubtful use for the 
preparation of fluoroalkylsilanes as there is conflicting 
evidence in the literature* The first attempt using • 
ehlorotrifluoromethane, chioropentafluoroethane and 
chioroheptafluorocyclobutane with silicon and a copper
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catalyst at 500-100 gave only silicon tetraiialid.es
34-and organic breakdown products* A report that 

trifluoromethyl halides react with a silicon-copper* 
alloy at 400° to form (CF^) SiX^_n  ̂ (where X - 
01, Br, 1} n - 1 — ^ 3 ) could not be repeated by 
other workers. ̂  Work carried out in this
department suggests that these claims are unfounded, 
and that the products would break down at the temperatures 
at which the reactions are carried out. Trifhuoromethyl- 
trifluorosilane can probably be prepared in low yield by

3this route with short contact times and rapid quenching •



The interaction of hydrocarbons and silicon halides*

Several processes for producing 
organosilicon compounds from hydrocarbons have 
appeared in the patent literature and in many Russian 
publications#
The process is of considerable industrial interest
because of the relatively cheap starting materials,

38and the high yields sometimes obtained ,

BC1,,275°
e.g., HSiOI5 + C6H6 W iC 13 (7 3 * ) .

but the process is of little value in the laboratory# 
There is little information on the mechanism of this 
process, and apparent contradictions exist in the 
literature*^ The method appears to be largely 
restricted to aryl and vinyl compounds.



The addition of silicon hydrides to unsaturated compounds#

Shis method, first reported "by* Sommer and 
40co-workers and later hy other workers in 1947 has

rapidly become an important laboratory and industrial
process because it provides a method whereby an extensive
range of organic, radicals containing functional groups
may be attached to the silicon atom, The addition
reaction may be carried out under conditions usually
associated with free radical reactions, or in the presence
of tertiary bases, metals, or metal salts, tinder which
conditions the mechanism is complex and is thought to be 

52.' 54-ronic* There has been a report to the contrary for
AOcatalysts of platinum and hexachloroplatinic acid ,

Addition reactions catalysed by peroxides, ultra-violet 
light and V- radiation, and thermal addition reactions.

These reactions are thought to proceed via a
free radical chain mechanism similar to that proposed by
Kharasch and co-workers for the addition of halogeno-

AeSmethanes to olefins, 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-



hydrogen bond in the silane and for the lack of 
polymerisation of the olefin. Thus chlorosilanes 
and alkyl- or aryl-silanes, can be added to a v/ide 
range of cyclic and linear olefins^ , and the 
preparative value of this method can be extended by 
applying the Grignard reaction to the resulting halosilanes 
EHoHSfliCi., + CHo=CH*0H, t f ° ~ 4 P R — » PhoClSi*CHo*0Ho*CH;,

t , \ )
SiHGlj+OH^ C(CHj) — ~ --- )• CljSi'OHg* CH(CHj)

Ph2SiH2 + ^  <\ - S^ Ph2HSi ____ /  |j

Similarly silicon hydrides add to acetylenes to give
vinylsilanes and disilylethanes^,

(Bu%) \

SiHOlj + OH 5 OH ------ =—  > Cl5Si*OH=OH2

Cl5Si*OH=OH2 + SiHClj --------- » Cl^Si'CH^CHg'SiQl,

From thermal reaction at 450*53-0° ethynyl-sinyl silicon 
compounds are formed^^* but it is doubtful if this 
involves an addition reaction as the only operative 
mechanism.
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SiH. + OHsOH ------ ^ 3iH,*CHsCH2

SiH, + 3iH,'CH:CH2 ------ > SiH2(0H:0H2)
2

SiH„(OH:CH„) + CHsCH > 3iH(GH:0H„) G=CH. + H„

Though dehydrogenation of the vinylsillcon compound may 
he 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 RgC=CRr, takes place readily in the presence of 
peroxides, and under the influence of ultraviolet light, hut 
the use of the latter is less satisfactory, yields heing 
generally much lower# The use of ultraviolet light does, 
however, avoid some of the complications met with in the 
use of peroxide initiators, such as addition initiation 
and dimerisation without initiation# The yields are 
dependent on the group R (R=alkyl), increased branching 
decreasing the yield4*013 * The rate of addition has been 
sho?m to increase with increasing number of methyl groups 
on the unsaturated carbon atoms, the order of the rates 
being the same as that fpr bromination, and the reverse 
of that for hydrogenation47 :
Me2C sOMe2> Me2C;CHMe>HMeC:CHHe> EtHO:0H2> M e 2Q:CH2>  H20;0H2

3?ree radical addition reactions of silicon 
hydrides to unsaturated ethers ss , esters^6, acyl halides5"7,
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and aci&s^ have been claimed, Polychloroolefins, 
however, react with silanes to give mainly vinyl 
silanes hy dehydrohalogenation of the normal saturated 
adduct when the reaction is carried out at elevated 
t emperature s *^S>

y 550 - 650° s 45
HSiClj + CHgSCHCl ---- ^  (01,Si*0H2*CH2Cl)---- > 013Si*CH=CH2

6 00  ̂ or f\\r COHSiOl, + CG10« OCX  ̂01,Si*001-GGlo0 d d ___ \> dor (BurO)g

Even at low temperatures only a small amount of the
saturated adduct is formed*^ If the chlorine atoms are
removed from the position of unsaturation, however, adducts

61are formed in good yields* Alkyl silanes do not add to
allyl bromide, hydrogen-bromine exchange taking place 

goinstead * Triphenyl silane behaves similarly with allyl 
63chloride , although in the peroxide catalysed reaction 

low yields of the adduct are formed Silicon-hydrogen 
bonds react preferentially with the hydroxyl or the amino 
group in allyl alcohol and. allyl amine , but the adducts 
may be prepared when these groups are protected

In contrast to chloro-olefins, normal saturated 
adducts are formed with fluoro-olefins j>s~70 513̂  Simpxe 
1:1 adducts may be obtained by varying the silanesolefin 
ratio, and adducts such as (OH^) SiHCCgHF^) are produced
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in the reaction of dimethylsilane with tetrafluoro e thylene * 
Because of the high silicon-chlorine bond energy* as 
compared to that of the carbon-chlorine bond, silyl- 
radicals may* abstract chlorine atoms from adducts 
containing both chlorine and fluorine atoms* Thus the 
reaction of trichlorosilane with chiorotrifluoroethy 1ene 
produces not only* 1,1,2-trifluoro-2-chloroethyltrichloro­
silane, but as much as 45$ of 1,1,2~trifluoroethyltrichioro- 
siiana/70
HSiOl^ + OF^OFGl ----> OFHOl-CF^SiGl^

QFHC1 * CIVj * SiOl^ + HSiCl^ -----  > CFH2*aF2*SiCl5

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 

«
— 0FG1* This is opposite to that observed fox̂  addition 

I
reactions to chlorotrifluoroethylene catalysed by metals*^1 

HSiCX^ + OFgSCI'Cl — — > 0HF2*C3?01*SiCl,.

Addition reactions catalysed by transition metals and 
by base catalysts*

As the addition of silanes to substituted olefins 
gives carbon-functional organosilicon compounds which are 
difficult to prepare by organometallic procedures, and 
which are particularly interesting as precursors to 
silicones, the possible application of catalysts has1 been
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widely investigated* Platinum and palladium supported 
on carbon, X-alumiiia, or asbestos have been particularly 
useful ,72'73and salts such as potassium hexachloroplatinate 
(iV) have been used. Hexachloroplatinic(lV) acid has 
also been most effective in catalysing the addition of

■*73—"7 ~isilanes to olefins * These reactions may be carried 
out in the presence of polymerisation inhibitors5?' thus 
enabling simple adducts to be obtained from olefins which 
rapidly polymerise under free radical conditions: 
e.g., MeSiHGl2 + CH2»GHPh — * MeGl2Si«0H2GH2*Ph 8 
The mechanism is complex in nature and has been regax*ded 
as essentially an ionic process 52-”54e 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 triehlorosilane to 
methylacrylate, and of triethylsilane to methyiraethacryiate.

Of) 0
SiHpl̂ -i- 0H2=0H-0-00H5— >  GH^-CH-C-OQH^ 51.

JilxOX
CH*0 0H70

, * 1  I- IIE t ̂ S :LH +CH2=C-0- 0 CH ̂ — > EtjSiOHgCH* O-OCHj 6*4 -
Since minute amounts of the catalyst are effective, it has 
been suggested that an ionic chain process may be involved.52- 
Xnitial nucleophilic attack of an incipient hydride3on On 'the



double bond to give a carbanion is visualised as the 
normal initiation step. In addition reactions with 
internal olefins the initial carbanion rearranges by- 
proton shift to the more stable carbanion, and 
consequently normal-alkylsilicon compounds are produced52^ 5" 
e.g., SiHOlj* Kll5Si(OE2) „

Addition of the intermediate carbanions to other 
molecules of olefin before the silyl residue is added 
may account for the tel©.merisations which sometimes occur

iLptoi^
MeSiHCl2+ 2CP2?0F2“^--— CHff^OiBy CP^CS^SiC^Me

It has been claimed that a platinum catalyst
77facilitates the homolysis of the silicon hydrogen bond ,

as shown by the reaction of silanes with diphenylpicryl-
hydrasyl. On reaction with the silane, the platinum is
believed to release atomic hydrogen which then reacts with
the diphenylpiorylhydrazyl radical. When a catalyst 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°*

'77This is regarded as evidence for a homolytic reaction *
The formation of a platimun-silicon carbon compound has

•7-y |also been claimed to take place in this reaction . 
Trichlorosilane and acrylonitrile however, give the same 
product, ON*CH2*QH2#SiOlj , in the presence of



bensoyl peroxide, pyridine, and platinum/asbestos, but
in the presence of the nickel complex, Hi(GpH^lT) 019,

 ̂ 2 A 78<\.the other isomer, CH^'OH (SiCl^)OIT, is formed .
It may be possible that under certain catalytic 
conditions, both the heterolytiC and the homelytic 
process can take place side by side*

Organic bases, such as pyridine and the nickel
■*71?oc

complex, OI2 ? and tertiary amines and
Tx 19 4phospAines , have been used to catalyse ionic addition 

reactions of silanes to olefins# imines and phosphmnes 
were found to be ineffective in the absence of a highly 
polar solventj possibly because the abnormal silicon- 
hydrogen bond fission required is facilitated in polar 
media# Iron pentacaid)onyl and certain transition metal
halides have also been used to catalyse these addition
reactions but chromium, manganese, and tungsten carbonyls

<?Qwere found to be ineffective*



Of the three main routes to organosilicon 
compounds, the addition reaction of silanes with 
olefins provides the most satisfactory route to 
polyfluoroalkylsilicon compounds# The work 
described in this dissertation is concerned with the 
addition reactions of silyl radicals with fluoro-olefins 
with the object of elucidating some of the mechanistic 
effects, 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 description of free radicals and a discussion 
of the addition mechanism follows#
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Reaction of free -radicals*
General description:

The separation of two atoms or groups 
sharing a CT- molecular orbital can take place in two 
distinct ways: one in which the two electrons of the
bonding orbital remain in the atomic orbital of one of 
the resultant particles, and the other in which the 
electron 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 ufree radicals'1 in this context to 
distinguish them from classical inorganic radicals, and 
the process by which they are formed is known as homolysis.

© , e
heterolysis 

homolysis

heterolysis

The description of a free radical as a 
molecule containing one or more unpaired electrons is
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often applied with the exclusion of metal compounds such 
as the ferricyanide ion and samarium acetylacetonate s 

3- GOGH-
Fe(CH) Sm GH

COCH-

hut this is only an arbitrary division as some of the 
reactions of these paramagnetic species resemble those of 
free radicals* Radicals thus described may be very variable 
in their stability. Extreme examples are molecular oxygen, 
and diphenylpicrylhydrazyl which are stable under laboratory 
conditions, and hydroxyl or amino radicals which are known 
only at high temperatures or in systems far from thermo­
dynamic stability, 81 This definition also distinguishes
between diraaicals or triplet state molecules, and carbenes 
or singlet state molecules with an empty orbital*

triplet state methylene 
sp hybridised

empty p^orbital

singlet state methylene 
2sp hybridised#

Speculation about free radicals in the nineteenth 
cantury was the natural result of the recognition that
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chemical compounds often contain groups of atoms 
of considerable stability which retain their identity 
throughout the course of a reaction* The limited 
theoretical frame-work within which this speculation 
was carried out allowed even the more stable free 
radicals to avoid detection until the concept of 
valency had been more rigorously defined. G-omberg^ 
chance discovery of the triphenylmethyl radical 
was the first of a series 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 stabilised by distribution 
of the l j / - function of the free electron over the aromatic 
system as a wholes

9

The dissociation of hexaphenylethane has been shown to 
be a free radical reaction by the striking independence 
of the rate constant from solvent effects, except in cases 
where the solvent enters directly into the reaction by being



63attacked "by a radical * Fentaphenylcyclopemtadienyl, 
for canonical forms of which the impaired electron appears 
on twenty different carhon atoms, appears to exist

94-entirely as the free radical in the solid state. Whilst 
sberic hindrance in this molecule probably decreases the 
amount of resonance by preventing coplanarity, it may 
assist dissociation by hampering dimerisation.

Ph
Ph

Fentaphenylcyclopentadienyl radical 
Ph

Radicals which are stabilised by ion formation have also 
85"been prepared: 

e.g.

a

semiquinone^-ion Wurster salt.

High temperature vapour density and spectroscopic 
work, however, suggested the existence of free atoms, and 
the postulation that free atoms took part in chemical 
reactions (Hernst 1918) lifted 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 the beginning of studies 
of small reactive free radicals as species taking part in 
reactions. (The development of comprehensive radical chain 
theories for the gas phase oxidation of hydrocarbons, and 
the investigations of the anti-MarkownikoffM addition 
reactions with olefins formed the major advances in the 
understanding of free radicals# The commercially important 
polymerisation of vinyl compounds also received considerable 
attention#

Evidence for the participation of free radicals 
is almost always indirect, proof of their existence being 
dependent on kinetic studies backed up by careful product 
■analysis# The diagnostic tests which are used to detect 
the presence radicals in a system may be classified under
two headings: 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 
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 he followed more 
accurately with a Geiger counter than with the older 
optical methods#̂ 7 The rates of removal of the mirrors 
have also been followed by measurement of electrical 
condtiotivity and of the weight of the mirror^ , 
both of which have the advantage of giving continuous 
readings. The rate of '’blueing1* of films of molybdenum 
and tungsten oxides,90 and the "glow" of sine sulphide 
screens^ have also been used a heterogeneous radical 
detectors# The stable coloured free radical 
diphenylpicrylhydraayl(3)PPH) can be used as a homogenious 
radical detector by measuring the fading of the colour as 
the radicals react with it.9^ Similarly the detection of
dibenzyl and dicumyl formed by dimerisation in reactions 
involving toluene and cumene respectively is regarded as 
indicating the presence of free radicals#̂ 3

(b) Spin-Spin isomerism and isototic 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 is thus possible to estimate the radical concentration 
by the rate of the para- to ortho- conversion, but the 
concentrations of radicals required are prohibitively 
high for most reactions#^ Hydrogen-deuterium exchange 
has been used to investigate the primary process in reactions
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of amino95 and alkyl‘s  radicals* Hot only deuterium, 
but other stable, and radioactive isotopes have been 
used, and there are many cases in which "tracer'1

%techniques can shed light on the primary process#
The use of stable isotopes in complex molecules has the 
advantage of establishing the position of the atom 
concerned with the aid of mass spectrometry whereas 
radioactive isotopes give only a general picture of 
the degree of activity# Both methods using isotopes 
have the drawback that some degree of fractionation may 
occur during the experiment if the chemical properties of 
compounds containing different isotopes are not very 
similar#

(o) Physical propertiess Diffusion 
techniques, 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*7 Mass spectrometry 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 constitutes 
proof of the presence of the radical R* #

(d) Optical Methods; Emission spectra 
have been used to indicate the presence of excited atoms
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and radicals in a few special cases but the method has no 
general application#^ The detection and estimation of 
free radicals by absorption spectra is without difficulty 
in principle but the high concentrations needed for this 
method tend to be prohibitive*^ The method has

loonevertheless been applied to a large number of systems#
Ultra-violet and visible absorption spectra have been
observed by either using prolific sources of radicals or
by isolating them by trapping in a solid matrix# It is
reasonably expected that electronic energy levels of a
radical are not so widely separated 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.
Hot only does it provide a method of detecting radicals 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

£01hyperfine structure#
The occurrence of a chain mechanism may be 

deduced from one or more of the following gen ei*al is at ions*
(a) The probability factor of the ArrhenTTius equation 

is greater than unity# Photochemical reactions, for



example* will have a high quantum yield equal to the 
product of the quantum yield for the primary act and 
the average chain length#

(b) Q?he explosion boundary is well defined, i#e#,
as one parameter, e#g* pressure, is changed the transition 
from from a steady state reaction to an explosion is abrupt#

(c) fhe rate of the reaction rises from zero to a
maximum# For a non-chain reaction the rate of
disappearance of the reactants is highest at the beginning
and falls off with time# Q?here is evidence to suggest
that if the reactant concentration for a chain reaction
could be maintained constant, explosion reactions would
continuously accelerate, and slow chain reactions would

102-approach a limiting rate asymptotically#
(d) An induction period (i#e#, a time lag in an 

inhibitor-free system) is observed before the onset of 
the reaction is detected*̂ 05

(e) T h e reaction is susceptible to either acceleration
or retardation by other substances, e,g*, the spontaneous

. isioweredignition temperature of a 2*1 hydrogen-oxygen mixtureAfrom 
580° to 3 3 0 °  by a trace of nitrosylchloride# Uitrosyl 
chloride can also act as a negative catalyst or inhibitor 
in the photosynthesis of phosgene from carbon monoxide and 
chlorine #10̂
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(f) Reactions at the surface of the vessel are 
important in chain reactions, This is shown by the 
sensitivity 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, further proof being
regarded as unnecessary in many publications, Thus the
observation of such things as an induction period, the
necessity of initiation by photolysis or by known
"radical initiators", the action of inhibitors, and the
isolation of products consistent with a free radical
mechanism is often 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 "hot11
radicals thus formed may react quite differently from
similar atoms or radicals in thermal equilibrium with their 

105surroundings#
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ffree radical addition reactions.
Prior to the 1930*s considerable doubt

had existed about the explanation of the addition of
hydrogen halides to olefins* The existing anomalies
were demonstrated by a series of investigations carried
out by Kharasch and his collaborators who showed that the
addition proceeded according to the Markownikoff rule"^
if the reactants were pure and oxygen was excluded from 

107the system f whereas the presence of small amounts of 
peroxides or oxygen gas caused rapid anti-Markownikoff 
addition?37

A fast free radical chain process was postulated to
jo s - iioexplain the anti-Markownikoff addition reaction? 

thus only catalytic (Quantities of initiator introduced 
either deliberately or fortuitously are necessary for 
the reaction to proceed* This may be represented for the 
general case as follows f*>r (a) peroxide initiation and
(b) photochemical initiation.

OH^*OHBr* OHgBr 
Markownikoff

HBr + GH2 o 0H*0H2Br

0B2Br*CH2*CH2Br 
Ant i-Marltownikof f

a) RO-OR » 2R0* (1)
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ft)
RO* + A*B

A*B
EOB + A
A ’ + B

(2)
(5)

A*'+.CH2 s OHR
a c h2*c h r '+ AB

# .

— » AOH2*OHR, (4)
AGHg.CHBE + A* (5)

2A# A* A (6)
#

2ACH2*CHR ACH2•OHR* OHR* OHgA " (7) 
AOHg'OHAR :(|)A* +. ACH2*0HR

(l)? (2) and (3) are initiation steps. (4) and (5) are 
propagation steps, variously referred to by different 
authors as (4) addition step, or initiation step 
(i.e., polymerisation initiation.), and (5) displacement

respectively; (6), (7) and (8) are termination reactions.
The propagation steps (4) and (5) are the 

important steps in determining the products since.the 
radical A* may be consumed and regenerated many thousands 
of times for every radical introduced into the system in 
the initiation step. It follows that no more termination 
products are produced than chains are started, and 
consequently if the chains are long the termination products 
contribute little to the reaction, and are infrequently 
detected. Termination products become important when the 
energetics of the system are such that the kinetic chain

step, or chain transfer. The terms addition step and 
displacement step will be used here for (4) and (5)
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length (i.e., the number of molecules of product formed
per molecule initiated) is low, and as himolecular
reactions of the type (6), (7)* and (8) almost invariably
have high rate constants ( 10^l/mole/sec), the time
between initiation and termination is only of the order
of a second* 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 exothermic but
with a high activation energy or highly negative entropy
of activation, addition by a chain mechanism is difficult,

-horegardless of the efficiency of the initiation.
The overall addition reaction:

A*B + CH2=CHR ------- > GH2A •OHBR,
is generally exothermic by about 20 kcal/mole,^ but the
energy must be sititably divided between the addition step (4)
and the displacement step (5)# The mannex’ in which this
division occurs is determined primarily by the effective
resonance energies of the x*adicals A* and which can be
calculated from bond dissociation energy data. Tabulated
approximate energies of the propagation steps in free radical
addition reactions to propylene (TABLE 2) illustrate this 

111point. Thus for the addition of water, the reaction 
does not px'oceed because the displacement step (5) is 
significantly endothermic, even though the addition step(4) is
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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 *c h2*c h*c h5 (4)

•
A*CH0CH*CH, + AB2 j  .
--- * A*CH2*CHB*CH5 + A (5)

HO-H -36 26
Cl-H -36 9
Br-H -9 7
I-H +3 -25
I-I +3 -10

CH^O-H -20 -7
Cl^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

115appears to be quite general. 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)
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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 ACH0»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 (ll)
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:

Ca b (A-B) _ K/c-\(A*B) _ mole fraction of 1:1 adducty
( O T i n )  = (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 substituents in A that

the reactivity of A#B with constant A varies in the same 
order, so that observed differences in reactivity do not 
necessarily reflect a specific property of the radical A*, 
but may also be related to the displacement step and thus

reactions is not the only important factor since small
differences in activation energies or in the pre-exponential
factors may lead to large differences in the rate# These
more subtle effects have been studied by the use of
competitive reactions, and have been discussed in terms of

illsteric and polar effects. Steric effects are important in
the addition step (4), so that non-terminal olefins undergo
addition less readily than do terminal olefins*1*'114. As
might be expected, radicals with strong electrcn,withdrawing
groups show enhanced reactivity with electron-rich olefins,
and vice-versa. This polar effect appears to vary from a
simple dipolar interaction to a lowering of the energy of
the transition state by contributions from change transfer

114-complexes in extreme cases *

increase the resonance stabilisation of A*. Similarly

to the undissociated molecule A*B.
The exothermicity of the addition and displacement

• CH <3 CH CH e
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Orientation in free i^adical addition reactions#
Free radical addition reactions to 

simple olefins of the type ROHsCHg have been shown to 
give exclusive addition at the « GH^ group. In view of 
the hemolytic 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 series 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 effects, 
hyperconjugation, is conjugated, or contains large groups*

The olefins QF^OHsCFg and CH^CI^QF^ show
115slow but exclusive addition to the -OH group, and

present evidence indicates that orientation is governed
by the relative ..stabilities of the intermediate 'radicals 5
thus X#OH(OF^)• 0F2 is more stable than X'CF^'OH'CF^*
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

ids'increase in radical stability, This allows the 
prediction that the order of radical stabilities will be 
tertiary^secondary^primary, where the terms refer to 
groups other than hydrogen, and not necessarily to the
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1 — 14*3carbon skeleton only# Hyperconjugative
stabilisation may play a less important part when

\

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

•
e#g,, (CT^) 0 

' 2
(OF*) OsOH*OF,

2
H#

Resonance stabilisation of radicals substituted by halogen
on the or ̂  carbon atom can also play an important
part in determining the direction of addition,"Sj uh

# "i* *■ ## «
e#g# , R0X2*CX2 *4— --->R0X2#0X X * ROXg'OX X .

The stabilising effect of halogen substituents has been
found to increase in the order H^F<^0!<^Br, so that a
strongly stablising substituent may disrupt the basic
tertiary^ secondary y  primary order The stability of
the intermediate radical has also been investigated for
a series of addition reactions of bromotrichloromethane

[2.0to trans-stilbenes* The results indicate that polar 
effects of substituents in the aromatic rings are small, 
and that resonance stabilisation is important, ©*g#*

♦0Ho * GF,2 pX
>  « » 3). G*GH,
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CH(CC1;) ^ ~ ^  «— » N02̂ ^ C H « C H ( C C 1 3> ^ ^

CH2*<^^CH*CH(CCl5) ^ ^ - » --»-CH^7CH-0H(CCl,)^!r̂
♦
H

1 2 .1Lovelace 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.
t oe.g., CP2sCPCl + HSiCl^ CHFCl'CF^SiCl^

= 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-l)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 / *
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TABLE III Me Et nPr iPr n-o.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

10to trifluoroethylene in which the possibility of a 
bidirectional addition was indicated from hydolysis data.
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(The implications of bidirectional addition inactions are
considered in the discussion section, The addition
reactions of other hetero-radicals derived fx̂ om the
hydrides of germanium, tin, phosphorus, and sulphur

111generally follow this rule, any variation from it being 
more a function of the olefin rather than the addend.
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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
111 i l/Lconsiderable attention,* in particular, the abstraction

of hydrogen from aliphatic compounds. Using a development
laxof a method first used by London, Polanyi 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 
diagram s.113



potential energy diagrams for the reaction
R* + XY -> RX + Y 1

X-Y Distance
a) Potential Energy Surfaces

&
u<D
0W
3•H+»
00>4*O

X-Y Distance

(d ) Potential Energy Profiles
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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 POP'*'. 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 Y* 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



x*eaction 01 + RH *1- EC1: is the main factor,
irrespective of the character of R* , . The nature of R is 
.important,however, in determining the position of attack, 
as explained by the second factor. This effect is 
illustrated hy the, observation that the relative ease 
of abstraction from different types of carbon atom is 
tertiary^ secondaryy  primary. The nature of the third 
and fourth factors controlling the activation is dependent 
on the substituents of the radical and of the,other 
molecule involved, but these are of relatively ' .. 
smaller importance.

Although most of the work has been carried out 
on the abstraction of hydrogen, the approach can be applied 
to any similar reaction, the determining factors still being 
the strength of the bond formed and the, nature of the bond 
broken. Thus whilst bonded hydrogen atoms are susceptible 
to attack by free halogen atoms, leading to the formation of 
carbon-halogen bonds, a bonded halogen is a,Iso susceptible 
to attack by radicals which form strong bonds with halogen, 
resulting in the generation of an alkane, 
e.g., Attack of a s^lyl radical bn chloroakanes leads to

' 1 0  .cthe formation of the alkane and a chlox'osilane.
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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,

12̂mainly in fairly complex radical systems.

e.g., CH^ 0
Ph - C — CH-*C# -?*- Fh - C - CH,, + CO (l)\ <L | 2

c h5 c h3
CH, CH,
i 3. i 5

Fh-C — CH0  Ph*CH0* C* (2)I ^
CH3 CH,

?H3 ,CH3 CH, CH, 0I . / i 3 '3 ||
Ph —  C —  CH0 + Ph-C— CHo*CH0— ►  Ph-C-CH, + Fh-C — CH,,»C* (3)| 2 \ 2 | 5 \ 2

CH, CH, CH, CH,5 5 5 5
CH, CH, CH, 0
i 5 i 5 3 ii

Ph-CH2*C‘ + Ph-C-CH2*CHO — *• 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



radicals by halogen migration. This is particularly 
important when orientation data is derived from analysis 
"based on a non-rearranging radical intermediate, A 
reinvestigation*^ of the addition reaction of hydrogen 
"bromide with 1jl,l~trichloropropene which was originally

40 gthought to give 3-bromo-l,1,l~trichioropropane 
(equation (5))* showed that the product was in fact 3-bromo*- 
1,1* 2-tri chi or opr o pane (equations 6,7>) formed by a 
1? 2~chlorine migration.

HBr
Br* + 0H2 s0H*G015 “ ^BrCH2*CH*C£I3‘ J*-BrCH2*CH2#CCl5 + Br

Br * -f GH2: OH* GC1 5*— ** BrCH^ * OH§3^ — ^KJEgBr ♦ CHOI* CClg ( 6 )

CH2Br*CHCl#0Gl2 ■+ HBr — ^CHgBr'CHGl'CHGlg -v'Br . (T)

Radical addition reactions of aiercaptanss bromine, and
bromotrichloromethane to 1,1,1-trichloropropene also
give results which can be accounted for on the basis of
a radical rearrangement

The factors influencing the rearrangement
appear to be the formation of a more stable radical, and

i3othe possibility of forming a bridged transition state;
01 Cl 01
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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

1 *5>oreverse addition reaction,
X v X
1 # * * f

—  0 “** 0 ^  —- G Es 0 *f X *— G •“* G “*■*i ) I I  1 '
A B A B A B

The evidence cited by Walling seems to favour a bridged 
intermediate, e.g*, in mercaptan addition reastions 
to 1,1,1-trichloropropane, halogen attack on mercaptan 
should be an extremely rapid competing process if the 
bridged form is not involved.

Cl + RSH — ^  HS + HC1 .
The migration of halogen seems to be restricted to chlorine 
and bromine atoms as migrations of fluorine atoms in normal 
free radicals have not been observed*

The free radical addition of silanes to olefins,
ai:the most versatile prepa^ive method for fruoroalkylsilicon 

compounds provides an interesting method by which both the 
field of orientation in free radical addition reactions and 
the preparation and properties of fluoroalkyl-silicon compounds 
can be studied* The postulation of a free radical chain 
mechanism necessarily involves consideration of the other 
facets of free radical reactions*



DISCUSSION-.
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DISCUSSION SECTION*

The addition of silyl radicals to unsaturated compounds.
The reaction of silanes containing at least one

silicon-hydrogen bond with olefins, under free radical
conditions, has "been shown to take place hy a mechanism

43similar to that postulated by Kharasch for the addition of
polyhalomethanes to olefins.

V?SiHX, — — SiX, + H, initiation3 3
XC=C' + SIX, --a*- *G-G* SiX,, radical addition/ \ j> ' 1 3
SiHX, + •C-C-SiX,----^ HC~C*SiX, 4 SiX,, radical dis-

3 11 3 ' ' 3 3 placement

The direction of the addition reaction has been the subject
usof many publications, and it has been concluded that in many 

cases the polar and steric factors are of relatively minor
US'importance in determining the direction of addition. It has

been shown that the reaction proceeds via the more stable
/ * 1 \intermediate radical (*C-C*SiX,). The direction of addition

1 f
is therefore 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 comparison if the addition reaction is
US'unidirectional, (Table ^  )#

TABLE 4
The direction of addition of radical, or of 

bromine atom to olefins*
Addition takes place exclusively at the position marked

by an asterisk#

*
CHyCH:CH2

*
01-CHsCH2

*
OX^sGFGl

%
(CF^)2*G:GH2

C£yCHsCH2
*

GH^*GH;GF2 CF,(GFgOl)•G:GHg

Me02C*CH:0H2 GH*OH:OH2 GF^*GH:CF2

CIi2Cl*CH:CH2 GH2:GF2

It appears that the order of stability for the radicals follows 
the sequence tertiary y  secondary y  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

/ x ,<2-3halogenation of alkanes, (Table $  ) •
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TABLE 5

The selectivity of radicals for primary a secondary and 
tertiary atoms in the reaction RH * & --- 9* R * XK*

X
Relative rates o f attack 1

C H ,-j

..
..

Q

J

OH

F 1 1 .2 1 .4

■ C l 1 3 .9 5.1

Br 1 82 1600

It has also been shown that the general order of stabilising
v v «Seffect of different substituents is Br y  01 y  y  F / H* 

With the refinements in analytical techniques now- 
available, e.g. gas-liquid chromatography, mass spectrography, 
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 
presumably 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

t

for the reaction producing each adduct, i.e. ^  .



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 (19^1), only one 
report of a bidirectional addition reaction had appeared in

t’31the literature. In this case> both trifluoroiodomethane 
and hydrogen' bromide had been added across the double bond of 
trifluoroethylene. Work carried out in this department had
also demonstrated the bidirectional addition of silanes to

(31.hexafluoropropene.
133 *34-A re-examination of an earlier investigation of 

the reaction of hydrogen bromide with hexaf luoropropene 
indicated that this also was a bidirectional addition reaction. 
Considerable interest has been shown in the addition reaction 
of thiyl radicals to fluoro-olefins, and the bidirectional



1*5 Saddition react!one of hydrogen sulphide and various alkyl
136thiols to trifluoroethylene have been reported. It has

137been claimed that the addition of trifluoroiodomethane to 
vinyl fluoride is bidirectional. This last result is based 
on nuclear magnetic resonance spectra of a series of compounds 
obtained from the telomeris a t ion of the olefin by bensoyl 
peroxide initiation# For a telomerisation involving 
trifluoroiodomethane it is possibly unwise to rule out radical 
recombinations which would lead to a pseudo-bidirectional 
reaction if evidence was based on OF^'CHg- and OF^* CHF- 
resonances only, e.g.

OB’ + OHgSOHP  »- CFj’CHg’OHI?
CjyCHg-CKF + nGHgSCHP ---*- OF ̂• (GHg*CHF) jOftjOHF

For an indication of a true bidirectional mechanism it would 
have been of greater value to observe resonances due to 
-CHF* CHF- and -CHF‘CH^* CHF- groupings in the telomers. It 
remains: to be seen ■ whether the two isomeric 1:1 adducts can 
be isolated and characterised or whether the apparent 
bidirectional character of the reaction is limited to telomer 

formation.



I'SiThe early work on the addition of silyl radicals 
and of thiyl radicals to hexafluoropropene suggested that a 
correlation between the structure of the addend molecule and 
the orientation of the adducts might be possible. In the 
event of a bidirectional addition reaction for a particular 
type of radical (e.g# thiyl, silyl, phosphinyl), it was thought 
that the relative rates of addition to each end of the double 
bondw*re dependent to a large extent on the electron density at 
the site at which the addition reaction takes place* Thus^ in 
those cases 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 elecirophilic attack by ethoxide 
ion), it is thought that strongly electrophilic radicals will 
have a distinct tendency to attack the latter type of carbon 
atom as well as the former* From this argument one would 
predict that a variation in the electrophilicity of the radical 
would lead to a change in the isomer ratio of the adducts formed 
in a bidirectional addition reaction*

It was the purpose of this work to establish that the 
bidirectional addition reaction of silanes with fluoro-ole fins 
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 fluoride, 
trif luor oethylene and 1 -chloro-2-fluoroethylene were 
investigated with this end in view*

For clarity, this section is divided into a 
discussion 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*
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THE REACTIONS OF SILME8 WITH FhUORQ- 
OLEFINS AND THE DETERMINATION OF THE 

STRUCTURES OF THE PRODUCTS*

The reaction of silaixes 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 olefins*.
The results appear to be quite general® 
Qualitatively, the proportion of the addend must 
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 radicals with fluoro- 
olefins.

In a typical experiment trichlorosilane 
and vinyl fluoride were condensed into a silica tube 
and irradiated with shaking in front of an ultra­
violet lamp for 100 hr. Fractionation of the 
products in vacuo gave a good separation of the 
unreacted olefin, unreacted trichlorosilane, and a 

fraction consisting of the adduct contaminated with
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trichlorosilane® A small quantity of high
hoiling material remained in the tube along with 
an intractable brown compound on the side of the 
tube nearest the lamp® The 111 adduct 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 entailed some handling fosses* but it was 
found that these could be minimised by the addition 
of a small volume of high boiling silicone oil 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-hydrogan frequency at U-9 6 j x * 
This impurity could be removed bjr further irradiation 
of the adduct mixture with vinyl fluoride for a short 
period (21*- hr®)* The addxxcts were characterised
by elemental analysis for carbon* hydrogen, and 
chlorine, and by their nuclear magnetic resonance 
spectra and infra-red spectra® Comparison of the 
yield of pure 111 adduct with the percentage reaction 
of the olefin gives some indication of the operation 
of the telomerisation reaction (table &  )„
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TABLE Jo
.......... . ... ......... ..  -... ...

, Photochemical reactions of silanes 
with vinvl fluoride (500 watt lamp)

Silane» Silane/ 
olefin 
rat io•

lime
hr.

lolefin 
consumed 
{%)

1:1 adduct, 
(%  "based on 
olefin 
consumed)

Foot-notes.

HSiGl-3 Isl 100 18 l\Q (a)
HSiOl,3 1:1 150 2 «, (a)(b)
HS101,3 2:1 70 21 80
HSiCl,3 2:1 100 30 75
HSiClT3 2:1 150 95 73 (c)
HSiCl,3 2:1 200 22 95 (d)
HS1G1-.3 5:1 100 5i+ 88
H S K X U3 8:1 170 97 91.
MeSiHClg 5:1 100 56 95
MeSiHCl2 8:1 120 68 95
Me,SiH3 2:1 100 18 11
Me-SiH-3 k.%1 100 UO 87-
Me^SiH 6:1 300 80 90 (e)

(a) 250 watt ultra-violet lamp (h) Stationary reaction
Hydrogen detected (e) mercury photosensitisation used, 
traces of ethylene were detected.
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It is apparent that high silane/olefin ratios 
give a favourable conversion to the 1:1 adduct 
in the case of trichlorosilane and methyldichloro- 
silane, and that trimethyl silane adds less readiDy 
to vinyl fluoride than do trichlorosilane and 
methyldichlorosi1ane o The failure to observe
hydrogen in most of the reactions indicates a 
high kinetic chain length. The hydrogen observed 
in the longer irradiations is throught to be formed 

by hydrogen abstraction:
Q

H* + SiHX, —  EL + SiX73 2 3
The ethylene observed in the reaction of trimethyl- 
silane with vinyl fluoride is thought to arise by a 
fluorine abstraction reaction.
MejSi + dig: CHF — — M e ^ i F  + OHgiGH

0H2;GH + MQjSiH — — ^  OHgSOHg + Me^Si

These points are more thoroughly discussed Jn 
conjunction with data from other reactions, P P ‘<3°*

A  comparison of the results for the 
various silanes indicates that the percentage 
reaction of trimAthylsilane with vinyl fluoride is 
lower than that for the other silanes used. The
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very weak absorption of trimethyl silane in the 
ultraviolet region suggests that this msy be 
related to a 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 atomsv followed 
by transfer of this energy to the silane molecule 
on collision. This high energy causes the silane 
molecule to dissociate.

Hg^ -i- SiHX, ------ >- SIX., * H -l- Ilg0
P  P

Irradiation of trimethyl si lane alone and of 
trimethyl silane with mercury gave hydrogen in yields 
of 1% and 12% respectively after l\. days irradiation 
which illustrates the effect of mercury atoms on the 
photo-dissociation 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 
(<^35°). T&is difficulty was overcome by starting 
the irradiation with, the reactants completely frozen 

down (-196°) and allowing the tube to warm up gradual^.
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It was, found that this method was effective in 
promoting the addition of trim©thy 1 silane to vinyl 
fluoride *

ii) An attempt was made to overcorre the 
problem of initiation by using a&obisisohutyronitrile 
which is known to act as a free radical initiator*
It was established that no reaction occurred 
between trimethyl si lane and vinyl fluoride in the 
presence of asobisisobutyronitrile at room temperature 
in the absence of light* Trimethyl silane and vinyl 
fluoride (silane/olefin ratio of in the presence
of asobisisobutyronitrile (0&55& of trimethylsilane) 
were heated to 80° with shaking for 2 k  hr* Complete 
decomposition of the initiator was observed (100% ?
but only a small amount ( c a * 5 % )  of the h i  adduct cf 
trimethyl silane with vinyl fluoride had been formed*
Ho attempt was made to detect the initiator residue*
A separate experiment showed that trimethylsilane 
and the Initiator were immiscible at room temperature 
and this possibly explains the low yield of the h i  

adduct in the reaction carried out with this 
.initiator 0
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Investigation of the adducts of si lanes with 
vinyl fluoride and the determination of the 
structure of the adducts«

It is conceivable that two structural 
isomers might arise from the addition reaction 
of a silane, SiXIX^? with vinyl fluoride*

CHgF'CI-Ig-SiX, (1)
SiHX, + CHn : OHS’3 2 \ ^CByCHF'SiX, (2)

Current ideas on radical stabilities suggest that 
the addition of silanes under free radical, 
conditions should give product (l) exclusively* 
i*e® it is thought that the intermediate radical
a

GH3T*GHn6 SiX-7 will, be much more stable than the 2 3 9
intermediate radical GH0®CIiF*SiX^* Theories of2 5

heterolytic addition also require the addition of
ispelectrophilic groups to the -GH^ group*

E+ -I- CH-jC H F  >■ E»CH2*GHF.
It must be noted* however* that even though the 
accepted polarisation of the silicon-hydrogen bond

■j* “ 14-0is Si - H? the extent of the polarisation is low 
{ ( ^ 2 %  in SiH^ as calculated from electronegativities) 

and the direction of heterolysis can not be
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unambiguously predicted*
It might he expected on these grounds

that the greater prox^ortion of the adduct will
he a 2-fluoroethyl silane irrespective of the
mechanism of the addition. The possibility g>f
the inability of analytical techniques to detect
small percentages of 1-fluoroe thyl--silane s
exists, and samples of the expected "minor11
components (the 1-fluoroethyl-silanes) were prepared
to verify this. It was found that l~fluoroethyl-
trichlorosilane was one of' the products from the
irradiation of l-chloro-2-fluoroethylene with
trichlorosilane, and that the percentage formation
of this compound could he increased by working
with a large excess of trichlorosilane.
S 1 G 1 V + GIIG1: CHF — ^  CHC1-0HF* SiGl7 3 3
CECl*CHF*SiCl3+ SiHGl^— -— >- CH^Cl0 GHF« SiCl^ + SiCl^

SiGlj + GHg01 • CHF«S i Cl ̂— -— ->• CH2*CHF*SiCl3 + SiCl^
»■ *

CHo*0H3?*S 101^+ SiHCl,— -^CH**CHF*SiCl, + SiCl 2 b 3 3 3 3

Pure 1-fluoroethyltrichlorosilane was obtained from 
the product mixture by fractional distillation, 
and. the structure was verified by nuclear magnetic
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resonance spectroscopy* 1-Fluoroethyltri- 
methylsilane was prepared from this compound by 
reaction with methylmagnes ium iodide in di-n-butyl 
e ther.

The adducts from the photochemical 
reactions were characterised by elemental analysis* 
Investigation of the adduct by gas-liquid chromo- 
tography using a "Urru silicone" column (M*8*550) 
gave only pne peak for the adduct* Stationary 
phases of squalane, squalane™silicone oil mixture* 
arid dinonyl phthalate were also used for the 
investigation and only one peak was detected in each 
case. Synthetic mixtures of the reaction products 
(the adduct) and the prepared 1-fluoroethyl-silanes 
were made up and investigated by gas-liquid

W llchromatography using the ign.silicone column described 
above. It was found that the isomers were easily 
separable. Typical retention times were 
CTyCHF-SiMej 9.U min* ? CH^F• GHg'• 8iMe^, 10*6 min*
(at 90°); and CH^CHF^SiGl,, 12.6 min.,

GHg•SiCl*, l6.0 min. (at 150°G). It is apparent 
therefore, that only the 2-fluoroethylsilanes are 
formed as the products of the reactions of vinyl 

fluoride with silyk radicals*



It is, of course, not possible to assign 
the structure of complex compounds such, as the 
1-f1uoroethy1- and 2-fluoroethyl-silanes merely 
on the hasis of infra-red spectroscopy unless a 
large amount of other information is. available*
By a direct comparison of the spectra of the reaction 
products and the x^espective 1-fluoroethylsilanes it 
was possible to show that the latter compounds were 
not present in the reaction products to gny 
detectable extent* This was done simply by noting 
the absence from the spectra of the reaction products 
of various unassigned bands which were present in 
the spectra of the 1-fluoroethyl si lanes; a*g*? bands 
at 10*88/1, llo 00 j x  p 11* 30/a , all intense bands 
in the spectrum of 1-fluoroethyltrichlorosilane, are 
absent from the spectrum of 2-fluoroethyltrichloro- 
silane; and similarly the bands at 10* 95/a $ 11«05/a s
and 11*55/1 in *khe spectrum of 1 -fluoroethy 11rimethy 1 - 
silane are absent from that of 2-fluoroethyltrimethyl- 
ailane*

The nuclear magnetic resonance spectra for 
*1 IQboth H and ¥  were obtained* On the basis of 

these data the adducts were assigned the 2-fluoro- 

ethylsilane structures, i*e*? CHpF* Ghj> SiGl3 ,



0H2F*0H2*SiCl2M e ? GHgF*CHg•SiMe^® The nuclear
magnetic resonance spectra of tl̂ e fluoroalkyl- 
silanes dealt with in this work are discussed on 
page and complete structural assignments are 
presented for selected compounds. The limit of 
detection with the spectrometer used (A* IS# I model 
RS-2) is 2% of a minor component• Therefore 
nuclear magnetic resonance spectroscopy can only 
‘be used to indicate the structure of the adduct 
and not to detect low percentages of other isomers 
present. Good evidence for exclusive addition 
at the iOH2 group of vinyl fluoride is available 
from gas-liquid chromatography as discussed above9 

confirmed by chemical evidence to be presented belav
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Reactions of the adducts of si lanes to vinyl 
fluoride*

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 adduc t s •

1) Hydrolyses*
Samples of the adducts from the 

photochemical- reaction of trichlorosilane? 
me thyl dichlorosil ane ? and trimethyl si lane with vinyl 
fluoride were individually hydrolysed hy the action 
of 10% aqueous sodium hydroxide in vacuo at room 
temperature* The reaction gave ethylene 
quantitatively as- the only readily volatile product 
in each case*
CH2F*0H2*SiX3+ OH — ---> GHgSOHp + (HOSiX^) + F~
In each case fluoride ions were detected in the 
aqueous residues after hydrolysis* The sample of 
the adduct of trimethyl silane with vinyl fluoride 
contained, a trace impurity (ca.,2%) of trimethyl- 
silane which was present in the ethylene detected 
after hydrolysis* It was found that in both 

2 »f luor oe thyl t r i c hi or o s i 1 ane and 2-f luor oe thy line thyl-
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dichlorosilane the silicon-chlorine bond eoiild 
he hydrolysed hy distilled water without the formation 
of ethylenes

H90
e.g., OHgF'OHgSiClj—  ----( O H ^  eHg'SiO.^)

Similarly, fluoride ions could not he detected in 
the aqueous residues after hydrolysis with distilled 
water. It is therefore apparent that the silicon™ 
carhon hond in this type of compound is susceptible 
to attach hy strongly nucleophilie reagents (OH") hut 
not hy we ah nucleophiles (H^O) »

The mechanism of the hydrolysis is thought 
to involve a concerted ^-elimination of fluoride
ion with olefin formation in the following'manner*

_r "•*. f tOH Xj.Si-CfH^OHg^Ol — 3- XjSiOH + OH^CII^ 01

ftOil X3*Si*0H2*GH2*P — s- XjBiOH + CH2:CH2 + F

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

14-1p> - chloroethylsilanesJ

Hydrolysis of the analogous 1-chioroethyl™ 
trichlorosilane, 011̂ *OHCl^SiClj, has heen shown not 
to occur even in the-presence of alcoholic potassium 
hydroxide at room temperature and an authentic sample
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of* 1-fluoroethyltrichlorosilane similarly did not 
eliminate ethylene in 1Cf% aqueous sodium hydroxide 
at 100°:

*** V /

GfiU • CHI?a iSAOl^ — 2=i-*— ““* " X  0Ii2 S GH2 * Si0? *
Polymers of the type (CH7*GiIP*SiCU K) are presumed

J ^  n
to have heen formed hy 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 fluorideThe
mechanism of the hydrolysis is discussed in
conjunction with the hydrolysis data from other
fluor o alkyIs i1ic on c ompounds«

2:) Pyrolyses.
The adduct of trichlorosilane with

vinyl fluoride was investigated hy pyrolysis.
Pyrolyses were carried out at 450°, and at 220°
for 24 hr.

CV-CVSiCl, CIV CH2 + SiC13P
78fo 95fo

OH2l-0Hz -Si013 OH2 :0H2 + S101jF
9 7 %

The reaction is thought to proceed with p -halogen 
elimination via a four-centred transition state,



73

similar to that proposed for the pyrolysis -of
f̂-3 ITZ.2s2“difluoroethyltrifluorosilane 0 '

i*e.?- by internal nucleophilie attack of fluorine
on silicons

Gl^Si - OH,3
* I
F - GH

Cl̂ Si- 3 r 0Ho
I t

F  GIL

GlTSiF3

OHg-.CHg.

Work carried out in this department? however5 
suggests that the 1 ~ f luo roe thyl s i 1 ane s v/ould also 
give ethylene as one of the pyrolysis products by 
a x>roces3 of o( -elimination., followed by a carbene 
rearrangement by hydrogen atom mig.ra.tion.

AGin • OH* SiGlx3 I sa 3
F

CH ’CH + SiCl-F 3 3

CH -OH3
don GH0sGH2

The formation of ethylene by a carbene rearrangement: 
has been observed in the photolysis of diazoe thane*
GHv«CHfNsif3

_ ** H-migration-> Gine OH p G H ^ G H ^

^eliminations of this nature have been observed1 
along with reactions involving c<~halogen exchange 
with the halogen attached to the silicon atom* e*g**
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CI''gH° CF2- 0I-n?:GFp+ SiCl^F 23%0<-e 1 iinina t i on

Halogen exchange
CFnH* CFC1« siFGl0^ C 3 ?  0: GHGX + SiGl0F0 21%

Halogen exchange
GFgH'CGlg-SiFgCl gC1^  SiF^C! * 22%

Pyrolysis of l~fluoroethyltrichlorosilane
sat 2 5 0° for 2k hr. gave only 23% ethylene as the 
volatile product along with unidentified high 
hoiling silicon compounds- and a slight charring of

D(~elimination as above. The exchange reaction may 
however produce 1-chloroethyldichlorofluorosilane.

ir
The related compound 1-chloroethyltrichlorosilane is

the product of the exchange reaction of 1-fluoro- 
ethyltrichlorosilane would not break down at the 
pyrolysis temperature. Ho attempt was made to identify 
the silicon compounds formed in the reaction.

It is apparent that pyrolysis of the adducts 
of silyl radicals with vinyl fluoride is not a

the tube. Ethylene is presumably formed by

S /
GH-*GH*SiCl

01
GH,-GH01*SiFClo

oreported to be stable at 610 and it is iDossible that
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satisfactory method for determining the structures 
of the isomers present, nor for detecting the 
possib3.e presence of two isomers* The formation 
of high yields (97%) of ethylene however indicates 
the presence of a high proportion of the 
^ ~f luor oe thyl-isomer in the product, hut does 
not exclude low percentages of the oC-f luor oe thyl- 
isomer* The mechanism of the pyrolysis is discussed, 
in conjunction with data from the pyrolysis of 
other fluoro alkyl silicon compounds*,

3) Fluorinat ion
An attempt was made to replace the 

silicon-chlorine bonds hy silicon-fluorine bonds by 
fluorination with antimony trifluoride* This should 
have provided the compound 2-fluoroethyltrifluorosilane 
(0HoF#0Ho88iFr) which was of interest for pyrolysisd. j

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 antimony pentachloride
resulted in the formation of only break-down products

SbF-,CHgE^CHg-SiClj — — >- SiF^ + Gi^OHg
s o fa  90%

The method was modified by activating the antimony
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trifluoride with chlorine gas and excluding the 
addition of antimony pentachloride* This was 
done hy passing a stream of chlorine through the 
tube for a few minutes before the reaction®
It was found that the fluoroalkyIfluorosilane could 
be prepared in this way, but the product slowly 
decomposed on standing to ethylene and. silicon 
t e t r af luor i de»

QH9P* OH »SiTd 60%
GII_F‘ &!„• S1C1,--- — *-70?b * ■> x

2 2 3 reaction 10IV 0U2 <L|.C$
SiF, '

CH2F*CH2*BiF, ---1 CH2:CH2 + SiF.

This is possibly because of the high silieon-fluorine 
bond energy and the gain in stability in forming 
silicon tetrafluoride, (e*g*., 33(Si-G), 76 D(Si*™Cl), 
913 D(si-F)135 Kcal/mole|) I46

There is ,therefores excellent evidence that 
the addition reactions of silanes with vinyl fluoride 
under homo lytic conditions are unidirectional* The 
products are 2~fltioroe thyl silane s. Hydrolysis with 
aqueous alkali provid.es a good method for determining 
the structure of these compounds, but pyrolysis data 
are unambiguous only when the yidld of ethylene is 
quantitative*
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The reaction of silanes and trifluoroethylene.
■ im ^ i  mm — o —̂ i— fuM afi inrnii iTi—  ir t m i - i r t u  m  h i  i i i i t h ' t w —T— n i~tTt i — -  ■ ■■ . — i i n ■ «

The silane and trifluoroethylene were irradiated 
in silica tubes with silane/olefin ratios of between 
5si and 6si? with shaking for about four days (see 
table *7 )» Two slightly different techniques were
adopted for handling the products from the reaction, 
lor the chlorosilanes, trichlorosilane and methyl- 
dichlorosilane, the reaction products were fractionated 
in vacuo through a series of cold traps and each 
fraction 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 cf 
the starting materials. The adduct fraction, usually 
from two identical reactions, was then fractionally 
distilled to remove traces of unreacted silane and to 
obtain a pure sample of the 1:1 adduct. The purity of 
the sample was then checked by infra-red spectrAscopy 
and elemental analysis. The yield of the X;1 adduct 
■ obtained in this manner will be lower than the true 
yield because of the column hold-tip. Pot~residues 
were generally found to have similar infra-red absorption 
spectra to the 1:1 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 telomers 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 and identity of the adduct 
were checked by infra-red spectroscopy, gas-liquid 
chromatography, and elemental analysis* The percentage 
reactions m s  determined by gas-liquid chromatography and 
infra-red spectroscopy as before*

The reactions of trichlorosilane and methyldichloro­
silane with trifluoroethylene were found to take place 
smoothly to give good percentage yields (93$ and 80$ 
respectively) after 100 hr* irradiation* Only the Isl 
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 trifluoroethylene gave 
20$ reaction to the adduct after 12 hr* It was found 
however that a reaction carried out for 140 hr* in the 
presence of atomic mercury gave a trace of a compoxmd 
identified by gas-liquid chromatography, as 1,1,2-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.10t f )  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 2 si 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 v.hich support 
this assumption and the possible mechanism for the 
production of these compounds are discussed later (pp.130)

TABLE "7 Photochemical reactions of 
trifluoroethylene.

silanes with

Silane Ratio S/o time hr. rfo reaction
'
Yield of 1:1

(olefin) adduct ($>)

SiHCl^ 5:1 100 93 77
MeSiHCl2 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) Mercury photosensitisation used, trace of CF2H#CH2F 
produced.

(b) H2 (l. 5/o) »Me^SiF(lO^), + other compounds.
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Investigation of the adducts of silanes with 
trifluoroethylene and the determination of the
i n !■<    n r 'fnurr f — r -" If i irn nr  " r i i f  ■ i iHi i i ir  I ' r iii n i* i mm*  » ■ i , * m i»w>n i ii ii it iiiiBiiiiwiniiiiiiii ' i ii*'*iMinii t h ib mrnu ■

structuresof the adducts.

The adducts were investigated hy use of
gas-liquid chromatography in an attempt to determine
the position of the silyl group relative to the
difluoromethyl ene group, Theox^ies of both homolytic
and heterolytic addition reactions would suggest that
either a silyl radical or an incipient siliconium ion
would become attached to the =GHP group in preference
to the ~C]?2 group gif trifluoroethylene. Free radical
addition mechanisms predict the preferred formation of
the most stable free radical intermediates

* * 
i*e#? OFg'GHF'SiX^ is more stable than CBF*CF2*SiXj *

The electrophilic addition of ethoxide ion indicates 
the polarisation of the electron density towards the 
=QHF groups
i*e*, EtO" + GHFsOF2 — - CfflF-CJyOEt 
It may be noted, however, that even thoiigh the accepted 
polarisation of the silicon-hydrogen bond is in the 
direction Si —« H ? the extent of the polarisation is low 
(estimated at 2 $  in silane (SiH^) from electronegativities) 
and consequently the presence of electronegative groups



SI

could facilitate heterolysis in the reverse direction
during the addition reactions of chlorosilanes, i.e.,

£>"* St 
01 Si —  H .
Prom these arguments it might he suggested that the 
major component of the adduct? if in fact there are 
two components, would "be a 1,2,2-trifluoroethylsilane, 
CHEyCHF-SiXj .

fhe gas-liquid chromatograms for the adducts 
with trichlorosilane, methylaichlorosilane, and 
trimethylsilane consisted of one peak, a main peak with 
a small shoulder, and two distinct peaks respectively, 
fhe nuclear magnetic resonance spectra (*H and 193?) of 
the adduct with trichlorosilane indicated the presence 
of only a 1,2,2-triufil^proethy 1 group (i.e., within the 
limits of detection of the spectrometer). fhe possibility 
that a low percentage of the other isomer,
1,1,2-trifluoroethyltrichlorosilane, was present, and was 
not separated by gas-liquid chromatography was investigated.
A pure sample of 1,1,2-trifluoroethyltriohlorosilane 
had been prepared by the addition reaction of trichlorosilane 
with chlorotrifluoroethylene followed by dechlorination in 
situ, and its structure was verified by nuclear magnetic 
spectroscopy.
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3iH017 +  *■ 0H01F*aFo'SiQl,0 2 2 0
t t i0H015,*0P2»Si01, + SiHOl, -►0H2P*OP2»SIC1, + SiCl̂

A comparison of retention times between this compound 
and the adduct of trichlorosilane with trifluoroethylene 
and an examination of a synthetic mixture of the two, 
showed that even small amounts (ca, 5 $ ) of 1,1,2-trifluoro- 
ethyltrichlorosilane were well separated from the adduct 
during gas-liquid chromatography. In this way it was

ishown that the adduct was exclusively 1,2,2-trifluoroethyl- 
trichlorosilane,

Examination of the adduct of methyldichlorosilane 
with trifluoroethylene by nuclear magnetic resonance 
spectroscopy indicated the present of a compound containing 
1,2,2,-trifluoroethyl group as the main component, with 
a trace ( * ^ 5 $ )  of a compound containing a 1,1,2-trifluoro- 
ethyl group* As gas-liquid chromatography also indicates 
the presence of a major and a minor component it is 
concluded that addition of miethyldichlorosilane to 
trifluoroethylene takes place to an extent of, ca, 9 5  f ° at 
the =GHF group and that some addition, ca, 5 °/Q takes place 
at the -0]?2 group, Hydx*olydis data discussed below is in 
agreement with this. Authentic samples of the two isomers 
were not synthesised,

fhe adduct of trimethylsilane with trifluoroethylene 
was found to consist of two compounds by examination



S3

using gas-liquid chromatography. As the 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-Trifluoroethyltrimethylsilane was prepared by 
the Grignard reaction of methyl magnesium iodide with
1.2.2-trifluoroethyltrichlorosilane (the structure of 
which had been determined as described above).
1.1.2-Trifluoroethyltrimethylsilane 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-trifluoroethyltrimethylsilane, and 
that the minor component was 1,1,2-trifluoroethyltrimethyl- 
silane.



TABLE & Isomer distribution by 
chromatography*

gas-liquid

Silane addition 
at 0IIF($)

addition 
at OF2ifo )

time of 
irradiation 
_(hr*) *

OUSiH5 greater 
than 98

100

Gl^MeSiH 95 5 100
Me7SiH3 64 36 140
Me^SiH 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 from side reactions or * 
telomerisations, gave after 12 hours irradiation 20fo 
reaction to a mixture of the adducts in the ratio 65:35 
for -GHE and addition respectively* The ratio
obtained for the 250 hr* reaction (Table 8̂  ), 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 irradiation, and that the rate 
of this reaction is not the same for the two adducts* A



possible mechanism for this reaction is discussed in 
conjunction with similar data from other addition 
reactions, pp

For the peak areas obtained by gas-liquid 
chromatrography to be truly indicative of the actual 
percentage of each isomer present, it must be 
ascertained that differences in thermal conductivity 
(for measurement by thermistor detectors) are negligible*
The adduct of- trimethylsilane.with trifluoroethylene gives 
the highest degree of bidirection addition, and a 
calibration of the fractometer for these two isomers was 
carried out* A pure sample of 1,2,2-trifluoroethyl- 
trime&hylsilane was prepared by the G-rignard reaction from 
1^2,2-trifluoroethyltrichlorosilane«
CT2H.GHF*SiCl5+30HjMgI GHF*Si(GH^) +3MgI01 25$

ether ^
Mixtures of the two isomers, GF2H»GHF*Si(OE^) and 
OHoF#CF9*Si(OHv) , of know composition were made up and 
investigated by gas-liquid chromatography* It was found 
that the very slight difference in thermistor response 
(0*2$) was of the same order a,s the reproducability of the 
fractometer and that percentages quoted by gas-liq.uid 
chromatography must be allowed a possible error of i 0*5$*



Reactions of the adducts of silanes with trifluoroethylene*
The hydrolyses and the pyrolyses of the 

adducts of silanes with trifluoroethylene were 
investigated to establish to what extent chemical evidence 
was of value in deciding the isomer ratios of theadducts.

(i) Hydrolyses.
The adducts obtained from the photochemical 

addition reactions were hydrolysed in vacuo with 1Q% 
aqueous sodium hydroxide. The products consisted of 
1,1, 2-trj.f luoroethane and either one or two difluoroethylenes 
which were identified by infra-red spectroscopy and gas- 
liquid chromatography. It was found that decreasing the 
strength of the sodium hydroxide solution led to an increase 
in the percentage of fluoroallcane (OFgH'GFHg) formation, 
but that attempted hydrolysis with water led to the 
hydrolysis of the silicon-chlorine bonds only. Examination 
of the volatile products from the hydrolysis indicated the 
presence of both 1,2^difluoroethylene and 1,1-difluoroethylen© 
in the case of the adducts of dichloromethylsilane and 
trimethylsilane to trifluoroethylene* The olefin 
1,1-difluoroethylene could not be detected in the case of 
the addxict with trichlorosilane, (see table 9 ).



TABLE (9 HYDROLYSIS OE THE ADDUCTS OE SILANES
WITH GmiELUOROEIHYLEKG.

Silane hydrolysis
(aqueous
solution)

$ reaction 5to2H.CH2E <?£F R iQ F K $CH2 :CE2

Cl^SiH3 NaOH 1 0 fo 100 80 2 0 -
Cl,SiH3 NaOH I fo 100 87 13 mm

OlgMeSiH HaOH 10$ 100 57 41 2
Ol^MeSiH NaOH 1$ 99 84 15.5 0*5

#Me*SiH3 HaOH 10$ 98.5 43 41

* - - • • •  h ith ,frx

16

* - from the 140 hr.reaction#
Since it has been shown that 1,1,2-trifluoroethane 

is not attacked by aqueous alkali it may be concluded that 
the fluoroalkane and the fluoroolefins arise from tho 
competing processes v/hich operate during the hydrolysis* 
These may bes

(i) displacement of a carbanion,

r ft I I OH --- >• Si—  0— 0— E*
/ \  I I

/HO — Si—  + 
\ 0 F

followed by either attack on a water molecule or loss of 
a fluoride ion,
,1 I
0 - C - F + Ho01 l * H - 0 - C - 3? + OH

F
f

\ /c « c/ V F
or (ii) a concerted p-halogen elimination,



It appears that with V fo sodium hydroxide solution the 
carbanion displacement followed by alkane formation 
predominates. If p-fluorine elimination takes place,
1,2~difluoroethylene arises from the hydrolysis of
1,2,2-trifluoroethylsilanes, and 1,1-difluoroethylene 
arises from hydrolysis of 1,1,2-trifluoroethylsilanes«
H?he percentage of ̂ -elimination for two isomers need not 
be the same and as the percentage of alkane formation is 
high it is clear that isomer ratios can not be obtained in 
this way* fhis is illustrated by a comparison of the 
isomer ratios for the addition reaction of trimethylsilane 
with trifluoroethylene obtained from gas-liquid chromatography 
(g.l.c*) and from hydrolysis data, (table 1Q )*

IABLE 1 0   Isomer ratios by gas-liquid chromatography
(g,l«c*) and by alkaline hydrolysis
I(0ffl..0f2) s u e . _______________________

Method Addition at - GHF group Addition at - group

g*l*c# 64 io 56^
hydrolysis 72 28 fo

It must be pointed out at this stage of the 
argument that the reaction schemes presented above are only 
proposed mechanisms which fit the known facts* It is clear



8?

that this approach, though useful for indicating the 
presence of both isomers, is of no value for determining 
isomer ratios unless quantitative formation of olefin is 
observed* The relative merits of the proposed mechanisms 
of hydrolysis are dismissed in conjunction with data from 
other hydrolyses, (pp#t~73)* rJ?he final conclusion is
that p-elimination is the most probable mechanism*

It is interesting te 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 
probably results from a facilitation of an electron shift 
of the ft-elimination type*

01
CHI? —  F

/  \01 01

Me

/■ \Me 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 -elimination^and vice-
versa for electron release# The experimental evidence
available indicates that polarisation before the attack of
the nucleophile might be the more important effect$ but
more experimental data is needed before such substituent
effects are 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 fluoro-olefins with a silicon
halide# The products were shaken with water in a hydrolysis
bulb to remove the silicon compound (by hydrolysis of the
silicon-chlorine bonds) and the remaining volatile
component(s) was then re-examined by infra-red spectroscopy,
molecular weight determination, and the composition
determined by means of gas-liquid chromatography# The adduct
with trimethylsilane was not pyrolysed# Results are given
below (table 11 ) along v/ith the restilt from the pyrolysis
of 1,1,2-trifluoroethyltrichlorosilane which was prepared 

me*independently#
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TABLE 11 The Pyrolysis of the adducts of silanes with 
trifluoroethylene

Compound Reaction conditions. # organic product.

CP2H‘CHP‘SiCl,
CP2H.CHP*SiCl5
CH2P*CP2*SiCl,

H-(CF2*CHF)*SiCl2Me

280°, 18 hr. 
225°, 16 hr. 
225°, 16 hr.

, 280° 18 hr.

49# CHFsCHF + tar
47# CHFsCHF + tar
60# CH2 sCH2;
19# CHFsCHF;
7# CHFsCH .

95# CHFsCHF;
5# CH2 sCF2.

The pyrolysis of 1,2,2-trifluoroethyltrichlorosilane was 
repeated at 225° for 16 hr* for comparison with the results 
from the pyrolysis of 1,1,2-trifluoroethyltrichlorosilane* 

The formation of 1,2-difluoroethylene in the 
pyrolysis of 1,2,2-trifluoroethyltrichlorosilane 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 Si - CHF tF — CHF

Cl^SiF
+ CHF:CHF

The products observed in the pyrolysis of the compound 
isomeric with this, i#e* 1,1,2-trifluoroethyltrichlorosilane
as part of an extensive investigation carried out by Bevan,
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necessitated the postulation of a complex cycle of 
c<-silicon-carbon halogen exchanges and o<~ halogen 
elimination with carhene rearrangement *

CIi2I,*CI,2«SiCl5   s-OHPtOHF (199&)
I , +Si01,Fot-exchange j

OHgF'OPCX'SiCXpI' OHgFOCX---------XJHffiCHCl (7$)
+ SxClgTVj

(^-exchange

0H2F*CCX2.SiGXI,2 ■>■ CHg.t00Xg + SiP,0X (60$)

Although the major'proportion of the product from 
the above pyrolysis is formed from a (6 ~ 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 the adduct of dichloromethylsilane and 
trifluoethylene must be regarded as fortuitous until it 
is independently established that each isomer breaks down 
exclusively by the same mechanism# The mechanism is

fis discussed more fully in conjunction with data from other 
pyrolyses*



The reaction of silane (SiH^) with trifluoroethylene

A preliminary reaction of silane with 
trifluoroethylene was carried out with a silane/olefin 
ratio of 1:1 for 150 hr* Complete reaction of the 
olefin and ca. 50fo reaction of the silane were observed. 
The products were found to consist of five unidentified 
components and fltiorosilane (H^SiT1)# It is apparent 
that the reaction is unsuitable for the purpose of 
this investigation.
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THE REACTION OE SILANES WITH 1 -CHL0E0-2-mJ0R0ETHILENE.
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The olefin was irradiated in the presence of a large 
excess of the 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 
trichlorosilane and trimethylsilane with 1 -chloro-2-fluoro- 
ethylene are, therefore, discussed separately.
The reaction of trichlorosilane with 1-chloro-2~fluoroethylene.

The reaction was carried out with silane/olefin ratios 
of 2.5:1, 5s1 and 10:1. The same procedure was used for the 
investigation of the px-oducts of the reactions for each ratio. 
Fractionation in vacuo gave a crude product which was 
fractionally distilled to give a compound recognised by 
elemental analysis as the 1:1 adduct of trichlox’osilane with
1-chioro-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



94

nuclear magnetic resonance spectroscopy indicated the possible 
presence of both -CHF- and groups, but the spectra were
too complex to allow any definite interpretation.

It is important to note that the ratios of the two 
components and also the percentage of the 1j1 adduct isolated 
were quite different for the reactions with different silane/ 
olefin ratios, (table ]%  ). These differences are better 
understood when the other products of the reaction are 
considered.

In the reaction with a silane/olefin ratio of 2.5:1,
73$ of the olefin was consumed of which only 41$ was accounted 
for by the organosilicon compounds isolated. A high boiling 
polymeric material was found and this is presumed to account 
for the deficit. Fractional distillation of the crude 
product gave a forerun to the 140-146° fraction which was 
shown by gas-liquid chromatography to consist of silicon 
tetrachloride and 1 -fluoroethyltrichlorosilane (3$ of the 
olefin consumed), in addition to a trace of the compounds 
constituting 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.



\ In the reaction with a silane/olefin ratio of 
5:1, 67$ of the olefin was consumed of which 89$ was accounted 
for “by the organosilicon compounds isolated. Telomer 
formation had occurred to a lesser extent than in the 2.5*1 
reaction, presumably because of the higher silane/olefin' 
ratio. Fractional distillation of the product gave a forerun 
as above, shown by gas-liquid chromatography to consist of 
silicon tetrachloride and 1 -fluoroethyl trichlorosilane (10$ of 
the olefin consumed) in addition to a trace of the compounds 
constituting the 140-14-6° fraction. The two components of 
the 140-146?? fraction (79$ of the olefin consumed) were in 
the ratio 25:75 in order of elution.

In the reaction with a silane/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 distillation of the product gave silicon 
tetrachloride, 1-fluoroethyltrichlorosilane (61$), 
2-fluoroethyltrichlorosilane (12$) and the 143-146° 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 order of elution.
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The two isomeric fluoroethylsilanes from the 
10:1 reaction were well separated by fractional distillation 
CHgF.OHg• SiCl,, b.p. 116-118°/760s CH,.CHF.SiCl,,

■b.p. 102~104°/?60) and identification was hy elemental 
analysis for carbon, hydrogen and chlorine, and by nuclear 
magnetic resonance spectroscopy* The 2-fluoroethyltrichloro- 
silane prepared in this way was identical with a sample 
prepared by the addition inaction of trichlorosilane with 
vinyl fluoride. The 1-fluoroethyltrichlorosilane from this 
reaction was used as a gas-liquid chromatographic standard for 
identifying the 1-fluoroethyltrichlorosilane produced in other 
r e actions*

Considered together (table 12-), these results 
suggest that a bidirectional addition reaction is talcing place 
to give a mixture of the two possible 1:1 adducts. The 
140-146° fraction was suggested to be the adduct mixture 
because: (i) the elemental analysis was correct for the adduct,
(ii) the fraction contained two components of higher boiling 
pointy than the fluoroetliyltrichlorosilanes, and
(iii) 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 fluoroethylsilanes. 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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At this stage of the argument the reaction may he 
' represented thus:
SiHClx

}\) H3-C1 + h+ ~i— > H(CH01-CHI?)SiCl - J - 3̂  CH,.0H?.SiCl,
CHOI: CHE1 W  + 3 3CH^-CH^SiCl^
i.e., an addition reaction followed by a halogen abstraction 
reaction.

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

As the structures proposed for the 1:1 adduct depend 
to a large extent on the observation of the two 
fluoroethyltrichlorosilanes, it is important to consider in 
detail the mechanisms by which they could be formed*
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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 33& hr. in the absence of 
light* No reaction was 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 chlorine atom from the adduct 
to produce silicon tetrachloride.

The fact that 1-fluoro ethyl- and 2- f luo ro e t hyl-1 ri chi or o si lane 
were isolated allows the suggestion that these compounds were 
formed by abstraction from two chlorofluoroethyltiichlorosilanes,, 
i.e. the 1:1 adducts. The reaction scheme can now be elaborated.

RC1 + SiCl3 H * SiCl^

SiHCl, * CHGliCHE1 1— —

OHgCl* OHF* SiOl^ CEy? * GHC1* SiCl^
(II)CD

v
3 3
(III)

0H2F*0H2* SiOl, 

(IV)
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This mechanism is consistent with the 
observation that the percentage of the compounds assumed 
to he the 1:1 adducts was reduced as the percentage of the 
fluoroethyltrichlorosilanes was increased* The observation 
that the ratio of the isomers present in the 1:1 adduct was 
not constant indicated that tbe halogen abstraction was 
taking place more readily with one isomer of the 1:1 adduct.
The isomer which was more readily reduced was the second 
component of the 140-14-6° fraction to be eluted.

As the reduced adduct consisted mainly of
1-fluoroethyltrichlorosilane (ill), it is suggested that the 
compound more readily reduced was 2-chloro-1-fluoroethyltiichloro- 
silane (l) 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 
further on these grounds and conclude that the isolation and 
identification of 2-fluoroethyltrichlorosilane (iv) indicates 
the presence of 1-chloro-2-fluoroethyltrichlorosilane (ll) in 
the 1:1 adduct. This is clear if the mechanism of the 
halogen abstraction from 2-chloro-1«fluoroethyltrichlorosilane 
is considered.
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The reaction is thought to proceed via an
intermediate alkyl radical thus:
0HoGl* CHF* SiCl, + Si Cl, --- ^  CH0-CJMF-SiCl, * SiCl.2 , 3 3 2 3 4
CH0 * CHF* SiCl, + SiHCl, ----^  CH,*CHF* SiCl, + SiCl,2 3 3 3 3 3

*and similarly, via the intermediate radical CHS1 * GH^ • SiCl^ 5
for the other isomer, leading to the formation of
2-fluoroethyltrichlorosilane. Three other possible routes
to the latter compound exist, none of which involve prior
formation of the expected adduct 1-chloro-2- fluoroethylsilane.
These are considered below.

(i) Free radical elimination from the intermediate.
This is equivalent to the reverse of an addition process. The
addition reaction of trichlorosilane with vinyl fluoride

*indicates that the intermediate radical CHF'CH^'SiCl^ is more
stable than the radical CHF-Sidy It can be seen that
the intermediate 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., CHg • CHF * SiCl^ GHgiCHF + SxCl^
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This could then he followed "by an addition reaction 
of the type previously described to give 2-fluoroethyltrichloro- 
silane#

SiCl, + GEL s CHF OHF-CEL-SiCl..
0  £■ q £ J

GHP * CHg • SiCl^ + SiHCl^  ---*- CHgF'CH^SiCl^

In other words, both dehalogenated adducts could be formed from 
only one isomer (CIÎ Cl*CBF• SiOl^) of the i s i adduct of 
trichlorosilane to 1 -chi oro-2-f luoroethylene#

(ii) 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 undergoes addition to vinyl 
fluoride very slowly, only a trace of the 1:1 adduct of 
trimethylsilane to vinyl 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-fluoroethyltilchlorosilane would have 
been produced without the formation of l-chloro-2-fluoroethyltri- 
chlorosilane.
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CHOI s CHF + SiCl. 
CHsCHF + SiHGl,
CH0:GHF + SiCl,,2 5

CHF *CH2•SiCl^ + SiHCl^

*> CHiCHF 4* SiCl, k-
CH0:CHF + SiCl,2 3
CHF'CH^SiCl^ 
CH2F*CH2*SiCl̂  +SiCl3

(iii) Rearrangement via a bridged intermediate. A free 
radical rearrangement via a bridged intermediate would also lead
to the production of hoth fluoroethyltrichlorosilanes from one/
chlorofluoroethyl trichlorosilane.

 ^0HoCl * CHF * SiCl, + SiCl,2 J  J

CH0 * CHF• d CH9\  C. • tv /V t
CHFr

SiCl,

CH2 * CHF • SiCl^ + SiCl^ 

CH2*CHF

SiCl-

Experiments were carried out to verify the operation 
of these mechanisms. Simply stated it is .argued that for 
(i) it should he 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 trichlorosilane.

Reaction of a sample of the 1:1 adduct with 
methyldichlorosilane in a 10 i1 molar excess produced no vinyl 
fluoride and no 2*»fluoroethylmethyl&ichlorosil ane. The
reduced adducts, unreacted 1:1 adducts, and methyltrichlorosilane



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~fluoroethyltrimethylsilane. 
The reduced adducts and trimethylchlorosilane were the only

not detected.
The second mechanism, (ii) cannot "be discounted 

completely. As it would occur before adduct formation, the 
operation of this mechanism cannot he directly tested. It may 
he argued that the reaction is unlikely on the following grounds.

Trimethylsilane is a more reactive abstraction reagent 
'T9than is trichlorosilane. Preliminary abstraction from the 

olefin does not take place to any significant extent during the 
addition reaction of trimethylsilane with 1-chloro»2-fluoro" 
ethylene in the absence of mercury. This is indicated by the 
formation of 1-fluoroethyltrimethylsi1ane as the only 
f luor o alkyl silicon compound in the reaction of trimethylsilane

compounds detected (along with excess of the reducing silane), 
table 13 . This suggests that (i) does not apply.

SiHCl3
*■ CH, • CHF - SiCl

SiHMeOl.2CHgSOHS1 + SiOl, OHgF- CHo • SiClJCe



106

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 the total ratio of c^-fluoro:p - fluoro should
occur on reduction of the adduct. It is known that the 

*
radical CHF'CH^’SiQl^ does not rearrange in this manner, 
therefore if the rearrangement occurs for the radical 
CHg^CHF-SiCl^ it will be non-reversible, and hence lead to a 
reduction in the total proportion of ck-fluoro compound present. 
Reduction of samples with an adduct ratio of 4*4*1 and 0.9*1 
OHgOl-OHF.SiOlj to CEy?*0H01 *SiOl^ to an extent of 70$ and 100$ 
reaction respectively gave no alteration in the total ratio of 
&(“f luoro™ to ̂ -fluoro™ compounds, (table 13 ). This indicates 
that mechanism (iii) does not take place.
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The mechanism 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-fluoroethyltrichlorosilane and 2-fluoroethyltrichlorosilane
is good evidence for the suggested structures of the 1:1 adducte
and for the operation of a bidirectional addition reaction*
The hydrolysis of the adduct of trichlox^osilane with

1-chloro-2-fluoroethylene. . >
A sample of the adduct from the addition reaction of 

t ri chloro si lane with 1 -chloro-2-f luoroethylene with a si lane/ 
olefin ratio of 5i1 was shown by gas-liquid chromatography to 
consist of two components in the ratio 1:3 in ordei* of elution*
The nuclear magnetic resonance spectra of the mixture were 
complex but the possible presence of -OHF- and groups was
indicated. Further interpretation was not possible.

Hydrolysis of a sample of this adduct in vacuo with 
10/ aqueous sodium hydroxide gave vinyl chloride (24/) and 
vinyl fluoride (J6f0)« The total evolution of gas was equivalent 
to 98/ reaction assuming the sample hydrolysed to be the 1:1 
adduct. Fluoride and chloride ions were detected in the aqueous 
residue. Hydrolysis of a similar sample with distilled water 
gave vinyl fluoride as the only volatile product (eqtiivalent



to 1 %  reaction assuming the composition of the sample 
hydrolysed)• Fluoride ions were not detected in the aqueous 
residue.

hydrolysis, it is suggested that the two olefins were formed

' \
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 (3 - 
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, 1-chloro-2-fluoroethane, is not produced. This 
is in contrast to the alkaline hydrolysis of trifluoroethyl- 
trichlorosilanes in which high yields of the fluoroalkane were 
observed. The formation of vinyl fluoride by preliminary 
formation of the haloalkane followed by elimination from it 
was excluded as a sample of 1— chloro-2-fluoroethane was not 
hydrolysed under the reaction conditions.

On the basis of the currently accepted theory of

by a process of elimination.
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OljSi • CHC1 • CHgl1 — -S»- OHOl'Cffy ■ ̂ 0> VcHgOl-OHgF

This observation suggests that the close correspondence 
of the isomer ratio obtained by gas-liquid chromatography with 
the ratio of the olefins obtained upon hydrolysis is not 
fortuitous* Mixtures of the 1i1 adduct containing the isomers 
in different ratios gave the olefins in the same ratios as the 
oilginal adducts on hydrolysis. This, suggests that in those 
cases in which olefin formation exceeds 98$, the hydrolysis 
results serve as a good indication of the isomer ratio.

The observation that hydrolysis with water gave vinyl 
fluoride only (75$) &nd that fluoride ions were not detected in 
the aqueous residue indicates that Si~G bond fission had occurred 
only in the isomer with a ^-chlorine atom and that a polysiloxane 
had been formed from the other isomer. This is in agreement 
with the observed stability of the Si-0 bond in 2-fluoroethyl- 
trichlorosilane towards water as compared to the ready aqueous 
nydrolysis of 2~chloroethyltrichlorosilane. The effect of the 
o(~halogen atom is questionable. Whereas an substituent 
which is electron withdrawing renders the silicon atom more

Y ch2:chf + 01“+ h2o
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susceptible to nucleophilic attack, it should also hinder the

In cases in which fluoroalkane 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.

electron shift which

HF
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The reaction of trimethylsilane with 1 -chloro-2-fluoroethylene♦
The reactions 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 that the inaction 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 
transfer of energy to the silane molecule*

Hg Hg
*  * *Hg + Me^SiH —  s- Hg * Me^Si * H

Consequently, an initial experiment was carried out with 
trimethylsilane and 1 -chloro-2-fluoroethylene in the presence 
of mercury with a silane/olefIn ratio of 9s1* The products
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were, however, found to he vinyl fluoride (89)0*'a trace of 
ethylene (less than 1̂ 1), t rime thy lohlorosilane (96/0* and a 
compound with the same retention time as a fluoroethyl- 
trimethylsilane (oa. 4/0* The reaction was repeated and gave 
identical results within the limits of experimental error..
1-chloro»2»fluoroethylene gave 1 -f luoroethyltrichlorosilane and
2-fluoroethyltrichlorosilane in addition to the expected 1:1 
adducts in reactions with silane/olefin ratios of 2*5s1>
5:1, and 10:1:

e-g'* W ?SiHCl, * OHOliGHP CELGl-CHF-SiCl*
0HoCl * OHF* SiCl, * SiHCl- CHz*CHI?-SiCl, 4- SiOl,2 3 3 3 3 4

The percentage halogen abstraction was higher with the higher
silane/olef in x̂ atios. The formation of 1 -f luoroethyltrimethyl-
silane in the reaction of trimethylsilane with 1~chloi,a~2-fluoro“
ethylene can be similarly visualised especially with a silane/
olefin ratio of 9 s i •

Me SiH + CHClsCHF OHgCl-CHF-SiMe^
CH201-0Hi?.SiMe3 + Me^SiH — CH^ CHF-SiMe^ + Me^SiCl

It can be seen that reaction paths to both 1-fluoroethyl* 
and 2-fluoroethyi" t rime t hyl si lanes 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 1-chloro-
2-fluoroethylene might be anomalous. The reaction was, 
therefore, carried out in the absence of mercury with silane/ 
olefin ratios of 1s1 and 5s1. 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 1-chloro-2-fluoroethylene with a 
silane/olefin ratio of 1:1 were irradiated, in the absence of 
mercury, in vacuo for 90 hr* Complete reaction of the 
1-chloro-2-fluoroethylene 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
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trimethylsilane which had reacted, 19$ of it is accounted for by 
the trimethylchlorosilane (presumably formed by an abstraction 
reaction), therefore the high-boiling liquid must account for 
ca. 50fo of the trimethylsilane originally present and 
ca. 96$ of the 1-chloro-2-fluoroethylene originally present.

As the liquid could not be investigated by gas-liquid 
chromatography a sample was hydrolysed in- vacuo with 10$

• aqueous sodium hydroxide as an attempt to understand the 
composition of the liquid. Hydrolysis gave vinyl fluoride 
(equivalent to 5$ of the olefin consumed as the only volatile 
component. If it is assumed that silanes containing 
substituted ethyl groups break down by ^ - 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" MeJ3i cHg - Cl  CH^CHF + Cl“+ Me^SiOH
As the percentage of vinyl fluoride was low ( N 5$) it was 
assumed that telomer formation was occurring in preference to 
the formation of the 1:1 adduct.

Although extensive telomerisation of this nature has 
not been a general feature of this wor'k it is relevant here 
that the reaction of trichlorosilane with 1-chloro-2-fluoroethylene
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with a si lane/ole fin ratio of 2*5*1 gave considerable telomer
formation. It is also of note that other radical initiators,
e.g. phosphine, neither add to 1 - chi or o -2 - f luor oe thylen e nor

\5ofacilitate telomer formation*
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 as above, the absence of vinyl chloride and ethylene 
indicates the absence of l-chloro-2-haloethyl- and 2-haloethyl- 
trime thylsilanes *

— ^  CHOlsOHg + X" + Me^SiOH 

 ^  OHgiGHg + X~ + Me^SiOH

In the case under discussion the compounds expected would be 
those in which X is fluorine (in the compounds above).

OHOlsOHF CHgCl* GHF • BiMe^ CHy CHF* SiMe^

Me^SiH OHgF-CHgOl-SiMe^ OH^-OHg* SiMe^

The following would be predicted on the basis of " elimination.

' TSsOH- Me Si - CHOI - CHg - X

0H“ + Me Si - CHg - CHg - X



The detection of vinyl fluoride only suggests that
either a) the reaction is unidirectional* or b) the intermediate

*radical for the isomer not detected* GHF*CH01*SiMe^, preferentially 
initiates telomerisation. As an attempt to understand this 
point* the reaction was carried out with silane/olefin ratios of 
5:1 and 10:1.

Trimethylsilane and 1 -chloro-2~fluoroethylene with a 
silane/olefin ratio of 5s 1 were irradiated* in the absence of 
mercury* in vacuo for 100 hr. fractionation in vacuo gave 
unreacted 1 -chloro-2-fluoroethylene (50/), unx*eacted trimethyl­
silane (40/ + the 4 molar excess) and vinyl fluoride (equivalent 
to 4/ of the olefin reacted)* along with a. liquid remaining in 
the tube at room temperature. Investigation of the liquid1 
products by gas-liquid chromatography gave two peaks in the 
ratio 4:1. The retention time of the first corresponded to 
that of trimethylchlorosilane. The identification of 
trimethylchlorosilane (confirmed by infra-red spectroscopy)
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suggested the formation of the fluoroe thyltrimethylsilanes, 
hut this should he to the same extent as the formation of the 
trimethylchlorosilane, Calibration runs with ethyltrimethyl- 
silane, 1«fluoroethyltrimethylsilane, and trimethylchlorosilane 
indicated that these compounds were not separated under the 
range of conditions used. An attempt to probe the nature and 
composition of the liquid was made hy hydrolysing a sample in vacuo 
with 10^ aqueous 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 -pa. 60^ of the ssairple hydrolysed. If it Is 
assumed that the vinyl fluoride was fomed from the adduct 
1-f luoro-2- chloroe thylt rime thylsilane as previously described, 
then the percentage of trimethylchlorosilane cun be calculated 
as the difference between the weight of sample hydrolysed and 
the quantity of products observed on hydrolysis.

Me,SIH + CHOI: CHE'D
0HoCl.CHE1*SiMe^ — CH-XJHF. SIMe~ + Me,SiCl 2 p j  \ d j

no reaction OH"
CH2:CHF iCIVCHF-SiMe,3 33 |

Me.SiOSiMe3
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The compound 2-chloroH~fluoroethyl trimethylsilane -was not 
separately identified, hut the absence of both vinyl chloride 
and ethylene on hydrolysis suggests that no addition to give 
1 - chi or o-2 ~ f lu or o e t hyl t ri me t hyl s i lane had taken place,

Me^SiH + CHOlsOHi? — ^(CH^-OHOl-SlMe,  CHgF• OH,,• SiMe^
OH"v y

0H2:CH01 OHg-jOHg
It is olear from the two addition reactions described

above that the formation of the 1:1 adduct will always be. in
low yield because of either telomerisation or halogen abstraction.
The hydrolysis data suggest that the reaction is unidirectional
yyithin the working error of the quantity used and the method
adopted, A reaction was carried out with, a silane/olefin
ratio of 10:1 to complete the halogen abstraction on a larger
scale and to detect any trace of either 2-fluoroethyltrimethyl­
si lane1 or of ethylene (on hydrolysis)* After 200 hr, 
irradiation of trimethylsilane with 1 -chloro-2-fluoroethylene
at a mole ratio of 10:1, complete consumption 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 i ̂fluoroe thyltrime thylsi lane



(ca, 98/) and hexamethyldisiloxane (equivalent to ca# 98/ 
based on formation from trimethylchlorosilane). No ethylene, 
no vinyl fluoride and ho vinyl chloride were detected in the 
hydrolysis products# ' Vinyl fluoride was not detected in the 
irradiation products.

In an attempt to show that both the addition and the 
abstraction reactions were radical reactions initiated by 
ultraviolet light, the reaction of trimethylsilane with 
1 -*chloro-2-f luoroethylene at 85° in the absence of light was 
carried out for 100 hr* ’ Fractionation in vacuo gave 98/ 
recovery of the reactants and no other product was detectable#
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DISCUSSION OF THE MECHANISM ON THE 
ADDITION REACTION AND RELATED 

ENACTIONSa

The results obtained in this work indicate 
that the silanes containing one si1icon-hydrogen 
bond react with olefins to form adducts with the 
overall stoichiometry of the equation below.

= Si-H + NC = 0 ----> = Si-0~C~H/ N I I
This is in agreement with a large body of published 
worlc.3̂  Three reaction schemes explaining these 
results can be visualisedo It is necessary to 
examine the reaction conditions and some of the 
results in the wider context of previous work of a 
similar character to decide which reaction scheme mos*
closely approaches the true mechanism,

a) The ionic mechanism
The polarisation of the silicon hydrogen 

bond is low { ^ 2% in SiH^) 9 and it is consequently 
unwise to predict the direction of heterolysis of 
various substituted siianes in the absence of
catalysts. Determination of the structure of the
product for information on the direction of addition

cr
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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,

X 7SiH + GH-,»GH *CH:CH*CHT nCIi7* (0Iio) aSiX7 3 3 2 b 3  ̂ 2'^ 3

The formation of Isl adducts with olefins
which are known to polymerise rapidly under free
radical conditions may also indicate the operation
of an ionic mechanism® Thus Itl adducts with styrene
may be formed in the presence of free radical inhibitors*
Telomer formation may occur during ionic addition
reactions with olefins which are susceptible to
carbanion attack, e*g*? fluoro-olefins* Initiation
by hydride ion could give telomers as below*

SiHX . .qatalgat g“ + SJX
3 . 3

If +'o = G --- 9- H°C.Cf
/  s II

H*c*0" +■ 0 ~ 0 - - ->• H*C*a*C-CT
f >■ i i i i

H*.C*0*G*6“ + SiHX, —  >-H»C*C*C*C«SiX,i i i i  3 i i i i J

Catalysts are usually required to facilitate the abnormal 
silicon-hydrogen heterolysis *
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Previous work has shown that it is 
possible to draw the distinction between the 
conditions for the ionic addition reaction and for 
the free radical addition reaction (see introduction 
PP® )* Reactions were carried out to test the 
operation of an ionic addition reaction in the work 
described in this thesis by 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 
out at room temperature and at 85°in the absence of 
light* In each case no reaction was observed; this 
indicates that the reaction is not ionic„

(b) The Ll-cent re mechanism
The d-cent re mechanism involves the 

formation of a transition state of a type which 
cannot explain the production of telomers In the 
reaction, i*ee, the products are formed by one 
b Imole cular re ac t ion«



The necessity of ultraviolet light for the reaction 
to proceed similarly suggests that a U^entre 
mechanism is not involved in the reaction*

(0) The free radical mechanism
The necessity of ultraviolet 

light? and the formation of telomers suggests that 
the reactions dealt with in this work proceed by a 
free radical mechanism,, Viewed in relation to 
the large body pf previous Tfork carried out under 
similar conditions;, and with knownfree radical 
initiators this suggestion seems reasonable * Chain 
transfer constants have been obtained for certain 
silanes: but detailed kinetic work on the addition 
reaction has not been carried out. Comparison of 
reported approximate bond energies for homolysis and
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heterolysis in the gas phase indicate that 
homolysis is more feasibly energetically ;
(D(si-Ii)^ 7 6  lccal/molGj ionic bond energy (Si-Il) =
250 kc al/mole)D

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 
increases 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 variable for any specific set
of conditions*

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

e) He duct ion of both olefin and adduct may
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occur5 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*

u &X-Si-H “ X— ^ 2hSi + H initiation (l)3 3
X^Si -h VG~G^-— — — ^ -0“0*“SiX7 addition (2 )3 - ' if J

i i ' f-C-C-SiX* + X̂ Sill H*C-G-SiX, displacement (3)i / 3 3 \ { $

The formation of telomers is the result of the 
successful competition of the intermediate radical
* i-C-C-SiX., with silyl radicals for the olefin molecules, i i 3
C-C-SiX.. + \j = 0 ---> ~C(ClSiX, (J+)• '  5 / \ i 13

It is clear that the first two observations
a) and b) which relate to the yield of the lsl adduct,
are consistent with this mechanism. The times of 
irradiation involved in these reactions 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 he related to 
an inefficient initiation step which resixlts from 
poor absorption by the reaction mixture* rather than 
to a low kinetic chain length* This is indicated 
by the absence of hydrogen in all but the long term 
irradiations ( ^  300 hr.). The absence of 
hydrogen is not however conclusive.

The formation of telomers suggests a 
free radical chain mechanism as described above* 
but it is necessary to reduce the formation of the 
telomers to a minimum without sacrificing the 
percentage conversion of the olefin if meaningful 
comparisons of the ratl-OB 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 controlling

telomerisatioru In effect this Is an attempt to 
make the addition step (equation 2*) rate-determining*
and so avoid any accumulation of intermediate radicals

which would result if the displacement step (equation 3)
was rate-determining. Experimentally* this was dons in
two wayso One method was by shielding the gas phase



andir radiating the liquid phase only (in which the 
silane/olefin ratio for dissolved olefin will he 
higher than the silane/olefin ratio of original 
reactants) 9 and the second method was simply hy 
charging more silane into the reaction vessel and 
vigorously shaking it. The first method does not 9 
of course? apply in cases where the olefin is liquified 
under the reaction conditions»

Preliminary reactions of trichlorosilane 
with vinyl, fluoride illustrate thiss table 14- .

TABLE The addition reaction of trichlorosilane 
with vinyl fluoride.

Irradiation 
time hr.

S/0 ratio °/o reaction of 
olefin

product
H(GH2*OHF^SiGl3

100 lsX 20 n) 1
1 5 0 1:1 1*5
1 0 0 2:1. 30 n ̂  1
2 0 0* 2:1 22 n s= 1
1 0 0 5:1 52 n - 1
1 7 6 8 : 1 96 n 1

^ tube stationary 4- shielded vapour phase. (

The second method was found to he most convenient 
as the separation of liquid phase from gas phase
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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 variable for any specific set of 
conditions, is probably related to extraneous 
factors such as deterioration of the ultraviolet 
lamps, in addition to the small variations expected 
due to manipulative technique.

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 f luoroalkane,

The failure to observe the formation 
of hydrogen in most reactions suggests the existence 
of a high IjCinetic chain length, but the necessity 
of long irradiation times is contrary to this 
suggestion. If all hydrcgen atoms produced in 
the system are assumed, to react to give hydrcgen 
as discussed below, then the amount of hydrogen 
formed should correspond approximately to half the 
number of chains initiatedo This statement is 
however of doubtful validity 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,
e quat i 011 s ( 7) and (8) «

h\) 0 •SiHX„ —  siX +. h (7)0 3
0 o

SiHX, -i- H   *- SiX, * H0 (8)3 =3 2
The formation of hydrogen by hydrogen atom 
recombination, which is extremely energetic, is 
most likely to occur in the presence of a third body 
such as the wall of the reaction vessel



1*31

H + H + M ----- *■ H« 4- It' (9)cL

In view of the excess of the silane used* it is 
thought that hydrogen formation hy reaction (9) 
is fairly improbable* and that termination will 
occur through other radical recombination e«,g.* 
l?U™disilylbutaLie has been detected in the

\reaction of silane* SiH^* with ethylene0
SiH7 -t- GH0 : 0Ho  C!I„ • GH„ • 3iH7 (10)j  d. d.. £■ a. j

CH2,»GH2*SiH3 + SiB, -----9- CH^'GII^ SiH^ SiH^ (11)

2 0Ho• GH„ • Sill, — 1— »- H,S±*CH0*GH *GH *CH *SiH, (12)2 2 3 b 2. 2 2. 2. 3

Reaction of the hydrogen atom with the 
olefin would give a fluoroalkyl radical which might 
"be expected to react further with a molecule of a 
silane to give a fluoroalkane (equations (1 3 ) and 
(Xl\) o This would he even more difficult to detect 
in low percentages than hydrogen*

H + 0=0 ™ — — >- .q ™ a*H (13)
* v r 1

SiHX, + •G»G»H ----->■ H-C-C-H +• SiX^ (lij.)
p  ' 1 11 3

Evidence for the formation of 1*1* 2-trifluoroethgne 
in the. reaction of trimethylsilane with trifluoro- 
ethylene for 230 hr* was obtained by gas-liquid 
chromatography. The 1*1*2-trifluoroethane was



present in extremely small amounts (less than 0*5$)* 
ho evidence for this type of reaction was obtained 
from other irradiations*

The detection of hydrogen (c_a*2%) in 
the reactions which were carried out for much 
longer* periods than most of the irradiations 
(150 - 3 0 0 hr*) indicates the plausibility of 
reactions (7 ) and (8)0 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 9 0 hr* 
gave hydrogen chloride (ca*2?o) and hydrogen (ca.0*7%) ? 
and the irradiation of trimethylsilane for 100 hr* 
gave hydrogen (ceuÎ o)* These results indicate that 
hydrogen atoms generated in this way are sufficiently 
energetic to be indiscriminate in their* position cf 
attack (equations (1 5 ) (l6) (17) and (18)*

SiHCl- * Hb BiH01z •}- HOI (1 5 )

BiHOl^ 4~ II b SiGl-. * H0 (16)
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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 irradiation necessary for the reactions 
to proceed to give the adducts in good yields3 
however9 are not in agreement with this.
It is possible that this is..due to an inefficient 
initiation step* The initiation step is discussed 
later in more detail-, (pp«^b)e



The formation of reduced olefins#
The ‘formation of olefins carrying fewer

halogen atoms than the parent olefin in some of the
photochemical reactions was not expectecL 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 appealed to have the stoichiometry of the
following equationa

V z' X  XSiEQU + 0 sGv — SiX*Y + GsC
5 / V  5 /  n h

The results (summarised in table 1S* ) show 
that reduced olefins were only detected in the reactions 
of trimethylsilane and of dimethyl si labile with fluoro-olefins# 
The formation of reduced olefins is also associated with 
the introduction of mercury into the reaction tubes# The 
presence of small traces of mercury cannot9however, be 
excluded from the reactions in which mercury was not 
purposely introduced as all pressure measurements were made 
with mercury manometers
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TABLE 15* The photochemical reaction of silanes with
fluoro-olefins* The formation of reduced 
olefins*

Silane Olefin Silane/
olefin
ratio

time 
(hr*)

Reduced
olefin

Me,SiH/Hg OHgSOHF 6 si 300 CH2 sCH2
Me2SiH2 OHgSOHF 4*1 200 c h2 *c h2 (18 $)
Me,SiH/Hg OHPsCHOl 9*1 ■ 96 oh2schi? (90$)

CH2:GH2 (^1 $)

The reaction of trimethylsilane with vinyl 
fluoride in the presence of mercury with a silane/olefin 
ratio of 6si for 300 hr* gave the Isl adduct (80$), 
ethylene (^1$), and prestunably trimethylfluorosilane, 
although this was not detected*
Me,SiH5

0H2*0HF
h \ )  '™ — ^  CH2I'*0H2*S±Me5, 0H2sCH2, : (Me,SiE>)

(80$) (<̂ 1̂ ) not detected.

A similar reaction of trimethylsilane with 
l-chloro-2-fluoroethylene in the presence of mercury with 
a silane/olefin ratio of 9si Tor hr* gave vinyl fluoride 
(90$), ethylene ( aj f$) , trimethylchlorosilane (96$)? and 
a fluoro ethyl trimethylsilane ( ^ 4$)*
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?

%
OHgsCHI'^HgSOHg, Me^SiOl, 
(90$) (^1$) (9<S$)

CHOI: CHI?
H(CH2*CHF)SiMe, 

(«>Ac/o)
The ethylene was probably formed by a reaction

similar to the previous reaction? but the absence of more 
of the adduct of trimethylsilane with vinyl fluoride is 
surprising-

evidently easier than fluorine abstraction* This is in 
agreement with the observation that both oU-chlorine and 
^-chlorine atoms are abstracted from l-chloro-2-fluoroethyl- 
trichlorosilane, OHgF^OHCl'SiGl^, and 2-chloro-l-fluoroethyl- 
trichlorosilane, OHgCl• CEE1*SiCl^, in preference to 
abstraction of either ^/-fluorine or ^-fluorine atoms, (pp*14-$)♦

WCEgP'CHCli-SiCl, + Me^SiH ■=«-> CH23?‘CH2*SiCl5 + MejSiCl
~w JCHgCl’CIWSiOl, + Me^SiH -iii-~>CH3*CHI'*SiCl5 + MejSiCl

reactions of trimethylsilane with vinyl fluoride in the 
absence of mercury. The reaction of trimethylsilane with 
l-chloro-2-fluoroethylene with silane/olefin ratios

Chlorine abstraction from the olefins is

Ethylene was not detected in any of the



137

of Isl and 5*1 in the absence of mercury for ca.100 hr.
gave vinyl fluoride (4$ along with the lsl adduct, the 
reduced adduct, and a compound assumed to be a telomer of 
trimethylsilane with l~chloro~2-fluoroethylenej> e,g,, with 
a silane/olefin ratio of 5*1*
Me,SiH

+ 0H2:COT,OHj*COT*SiMe^ ,Me^SiGl,CHgCl*GHF*SiMe^,
OHClsCOT (4$ (42 $ (45#) (20$
A controlled irradiation of l-chloro-2-fluoroethylene 
in the absence of mercury also gave vinyl fluoride ( ^ 2 $  
after 90 hr,, together with a polymer of l~chloro-2~fluoro- 
ethylene (^  82$

These results indicate 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 irradiated alone for 
100 hr. and gave hydrogen ( ^ 1 $  and unreacted trimethyl­
silane (99$, The reaction was repeated in the presence 
of mercury and gave after 100 hr. hydrogen (12$, a trace 
of an unidentified yellow oil, and unreacted trimethylsilane 
(82$, These results suggest that the function of the



merctiry is to assist Si « H homolysis* It is assumed
that the hydrogen is formed as shorn belows

*wJ * *(OH,) SiH — ±i*~( ch,) Si + H
’ 3-

(OH,) SiH + H ---->(CH,) Si + H, ;
3 3 3 3 .

(OHj) SiH + H ■— o-̂ OH2SiH(OH5) + H2
 ̂ » ■ 2

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 1b a difference in degree and
not a difference in kind* It is possible that the
trimethyfsilyl radicals produced by mercury photo­
sensitisation behave differently from those produced, 
by non-sensitised photolysis i.e. the two might differ in 
electronic states, but it is certainly unwise to carry 
such speculation further in the absence of more experimental 
results.

It was found that when trimethylsilane was 
irradiated with vinyl fluoride m  the presence of mercury 
an explosion occurred when the irradiation was started at 
room temperature (two occasions). When the irradiation 
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, + C = C  y  C ~ C . + SiX.Y3 / N y jN.JJ 3

SiHX, + \  « C v ----- >  H*C*C*SiX,
H • 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*C#C*SiX73 / 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.



This clearly indicated that fluorine abstraction had 
occurred at nsome stage of the reaction* It would be 
possible to account fox1 these observations either
(1) by fluorine abstraction from the olefin followed
by addition of trimethylsilane to the reduced olefin or
(2) by addition of trimethylsilane to the original olefin 
followed by fluorine abstraction from the Isl adduct*
In most cases it is not possible to distinguish between 
these alternatives*

In view of this it is necessary to 
examine the possible mechanisms for the olefin formation*
It has been suggested that the addition reaction involves 
a free radical mechanism (pp*12.'l), 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 abstraction from the Isl adduct followed 
by a free radical elimination* This is similar to the 
reverse of an addition reaction*
Y* 0*0 -SIX, + SiX* — »0«Q*SiX* + SiX*Y

*0*C*S1X* + SiX*
This mechanism has been shown not to apply for the intermediate



radicals OHg^OH-SiOlj and 0H2*0HP*SiClj produced by
halogen abstraction from the respective chioroflnoroethyl-
trichlprosilanes* This is discussed in detail in the
next section, The results of the addition reactions of
the addition reactions of both trichlorosilane and
trimethylsilane with chlorotrifluoroethylene also indicate
that this mechanism does not apply* This is discussed below.

The, addition reaction of silyl radicals
with chlorotrifluoroethylene is unidirectional•
0FosGF01 + SiX* — — *■ 0F01*GFo* SiX*2 3 . 2 3
GF01*0F2 *S iX 5 + SiHX^ — >  C H F C l'C iy S iX j + SiX^

Abstraction of the chlorine atom from the adduct produces a
1,1,2-trifluoroethyl-silane if hydrogen abstraction by the
intermediate radical takes place
CHFG1#GFg#SiX^ 4* SiX^ *— — *► CHF-CXg-SiXj + SiX^Gl

SiHX^ + CHF*03?2*SiX5 — CHgff-OfiySiXj 4* SiXj

If, however, the intermediate radical dissociates by 
mechanism (a) then trifluoroethylene will be produced,
CEO1* G ^  «SiX5 — OHFsOFg + SiX^
Subsequent addition of a silyl radical to trifluoroethylene 
would produce a 1,2,2-trifluoroethyl-silane as shown by the 
reactions of silyl radicals with trifluoroethylene described 
in this work (pp* 7 7  )♦



S IH C lj + CF2 :CHF ------► CHSyCHF.SiC lj ( > 98 $ ).

Me^SiH + GF2:0HP — ---»- CHFg-CHF.SiMe, (64$)
4*.

GH2I'*C]?2*SiMe, (3 6$)
t

In fact only the 1,1,2-trifluoroethyl- 
compounds 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) Light indticed decomposition 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  y *  iiV ^Q Q ■tiinu*inua^ i »  Q *3 Q^  \

• H
h j  = C_ + SiHX, ----- ‘s- ''"C = 0^ + Six,^  3 / \  3

Q?he olefins were irradiated alone to examine
their behaviour in the absence of a silane. The results
presented below (table Ik ) show that the olefins all
reacted differently*
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TABLE ' \ b  The irradiation of the ol-efins.
Olefin Time(hr#) olefin consumed

m
Prodixcts

CHr, sCHF 115 8 0H!0H( t o  8<fo)

OHFsGHOl 90 84 CH2 :CHF(2^)+ polymer

GHFsCE2 115 17 unidentified brown 
tax’. *

* possibly polymeric trifluoroethylene. f

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

(c) Halogen abstraction from the olefin* A chain
*  '  n'l'nt in^  iii# mill in mi jriTii  Hi i *  ii  ......... ii ii ■ ■ i i i i i B ii i -------rr~~ n— t  - m g -----------r  m iB ~ tut—r ir - " -------r:~'~r~i— re

reaction involving halogen abstraction from the olefin by a 
silyl radical is the most probable mechanism*

TiV* *SiHX. SiX. + H
3 y 5

^ 0 ^ 0 ^  f SiX. — — ► v0 = + SiX.Y
H

Sc — 0 + SiHX,------— ► NC = c' + SiXx
/  ^ 3 /  \ 3

Ad this reaction involves a vinylic radical identical with 
that suggested in the previous mechanism (b), the two 
mechanisms will be, indistinguishable after the initiation step# 
It is possible that mercury vrould assist initiation by this 
mechanism, but since the effect of mercury on the photolysis
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of the olefins has not heen studied? a true comparison can 
not he 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#



The formation of reduced adducts0

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 to a reduced adduct from
the addition reaction of trichlorosilane with
chlorotrifluoroethylene was published in 19o0?
and a possible reaction scheme was presented.

SiCl, + CFn :QFC1. ----------CFCl’CF-'SiCl,s> 2  2 3
CFCI.» 0Fo• SiCl~ * SiHCl,  --- *- CHFCl*0Fo»SiCl, + SiCl,2 3 3 2 3 3
GHFC1.* GFg• SiCl^ +■ Si017  CFH*CF2 *SiCl, + SiCl.
GHF*CFQ *SiCI, + SiHCl7 — ^  0HoP a 0Fo 6 Si017 2 0 3 2 2 3
The reaction is often referred to as a halogen
abstraction reaction, but when written in general
terms it may be seen that it is analogous to the
displacement step of the addition reaction.

R + X  - S -— — 5- EX + S

Many reactions of this type where E is alkyl have
1 0 3been reported*. ; In such cases the allcyl radical 

abstracts hydrogen (X - Ii) . In cases where E is 
a silyl radioal, e.g., the photochemical reaction
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of trichlorosilane with chlorotrifluoroethylene 
discussed above? the atom abstracted is chlorine 
(X =- 01)« 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 )o

TABLE X I Bond energies (' Kc al/mole
Silicon bond Bond energy Garb on bond Bond energy

Si » Ii ?6 0 - Ii 98.*7
Si - 01 91 0 - 0 1 81
Si - F 135 0 - F 116

It is this difference in behaviour which allows the 
possibility of a rapid chain process for halogen 
abstraction by a silyl radical»

RX + SiC3' — — H + Si 013 3
R SiHCl- — 9^RH h- SiCl;3 o

For the reactions
“0 - 01 + =Si*H -— SO - Ii + £Si*Cl,

the change in bond energy is equal to 
ca» 33 keal/mole.

The strength of the bond broken is also
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important* Although the silicon-fluorine bond 
energy is higher than that of the silicon-chlorine 
bond, the carlo on-fluorine bond energy is also 
sufficiently high to preclude a simple fluorine 
abstraction, e«.g»,s
CH2F.CHCl*SiCl3 + Me Sill GHg* SiCl^ +

Me-SiCl

CH0Cl*CHF*SiCl, + Me-SiH >'GH-,*GHP*SiCl- +
J  J  D j

MeuSiCIA
This worIs:, and other work carried out

in this department, has shown that the
abstraction reaction observed by Haszeldine and 

6STYoung can be extended to general chlorine 
abstraction by silyl radicals*. In a study of 
the orientation of free radical addition reactions 
it is, therefore, necessary to consider the 
mechanism.of the abstraction reaction in detail*

The experimental results from the 
,reaction of silanes with l-cliloro-2-fluoroethylene 
indicate that a process similar to that -postulated 
by Haszeldine and Young May be taking place. The 
results (table ) indicate that the extent of 
chlorine abstraction depends, on the concentration of
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the silaneo This is consistent with an abstraction 
by the silane? or a silyl radical? as opposed to 
light induced decomposition of the adducts 
CHgGl-CH]?«SiCl, OHg'CHF'SiOl^ + Cl.

The observation that the reaction does not take place 
in the absence of light indicates that a radical 
reaction is probably involved.

TABLE 1 % The photochemical reaction of silanes 
with l-chloro-2-fluoroethylene.

Silane Silane/
olefin
ratio

time
(hr.)

Consumption 
of olefin
(*)

Yield of 
Isl adduct 
(°/o)

Yield
of
dehalog- 
enated 
adduc t 
(%)..

8iIICl~,3 2-5:1 1 1 6 73 38 "73
SiHCl-3 5:1 100 67 79 10
Si>H01v3 10 si 100 98 8 73
SiHCl.,3 10 si 1M-

days
™

5+Me-SiH 3 1:1 90 100 —

Me-SiH 3 5:1 100 50 20+ . U2
Me-SiH 3 10 si 100 100 — 98
Me-SiH 3

*r*-------
lOsl 100 - J ________

In the absence of light at 20q?
In the absence of light at 85 9 

+ Estimated from olefin produced on alkaline
hydrolysis.
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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 m», by product analysis* This method 
depends upon a knowledge of the fate of all the 
intermediate radicals produced by the addition 
reaction*
e.g., CHCl* QHF^SiCl^? OHGl-CHP-SiMe^,

GHF * GHci ® 8 i Cl

For a bidirectional addition reaction, 
telornerisation may take place faster with one 
intermediate radical than with the other* The 
telomers were too complex to allow structural 
determination* The measurement of 1:1 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 
must be minimised, therefore, if a comparison of 
isomer ratios is to be made*

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 containing chlorine
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(e.«gM  CHF:CHC1,CF^:CFCl) this leads to abstraction 
of the chlorine atom from the Isl adducts* An 
estimation of the ratio of addition at either end 
of the olefin must, therefore, take the i*atio of the 
reduced adducts into account in addition to the ratio 
of the 1:1 adducts* For this approach to he 
successful the mechanism of the formation of the 
i*educed adducts must he known, i&e 0 ? one must 
establish that one isomer of the adduct does not 
give rise to the formation of both isomers of the 
re due e d adduc t *,

The abstraction reaction is possibly 
a f3?ee radical reaction as discussed above» 

CHgCl-CHF-SiClj + SiX^— 1 CH2 *CHF*SiCl3 + SiX^Cl

CH0F* CHC1e SiCl-r + SiX-, — *>- C!I0F° CH* SiCl, + SiX^Cl 2 b b 2 3 3 ,
The intermediate radical may however react in three
different ways- These are discussed below-

a) Hydrogen abstraction. This is the
reaction path proposed for the formation of
l,lT2-trifluoroethyltrichlorosilane in the reaction
of trichlorosilane with chlorotrifluoroethylene*
The reaction is uncomplicated and should lead to
the formation of the reduced adducts without any
alteration of the isomer ratios-
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CH •CHF-SiCl- 4- SiHX72 3 3

GII0F* GIF SiCl- + SiHX, 
2  3  3

3 . 3
SiX-v

GHqF q CH^® SiCl^ *
SiX3

The addition reaction of trichloro- 
silane to vinyl fluoride gave 2-fluoroeth.yltrichlai? o-

This
indicates that the intermediate radical
silane.g CH^F* Glh/SiCl-^, exclusivelyo

CH^® SiCl^ is more stable than the intermediate
radical Cli ° CHF* SiClv.2i 3 This also suggests that 
there is no tendency for the radical CHF° Gil^• Si * Gl^
to produce the other isomer Cih®CHF*SiGl^o As the3 3
radical OH «CITE1*SiGl, would ‘be less stable than 2 3
GHF»CH9 •SiClj, the second and third mechanisms 
discussed may be visualised as possible routes from 
the less stable radical to the more stable one.

b) Free radical eliminatio.no , This is 
equivalent to the reverse of an addition reaction, 
h e ,  j Elimination of an atom or group as a radical 
from the position jG- to the iiadical centre.

i i
*G“G*SiX-i i

\ /G=C /  \ *- SiX

This type of reaction has been shown 
to occur in other systems*. The reaction appears



■1£L

to take place 'because of relatively low strengths 
of the bonds between the radical eliminated and

the carbon atom to which it is attached. Fa?
isiexample9 divertz has demonstrated the 

reversibility b:f the addition reactions ' of thiols 
'k° and trans- butenes by the accelerated 
isomerisation of the olefins”

! \  + ES ---

/ r\ * KS
The formation of isobut&ne from the reaction phenyl 
radicals with &i-t-butanethiol is also thought to

1 5 0.be a radical elimination reaction*
CH- I 30gH5* + (CEp C»S»C(CH„) — »■ CH2~G“S“G(CH3) h- CgHg

3 3 GH7 3
GE„; J| 3

c h 2 ~ c - s - c ( g h 3 ) — * ■  gh2 : c ( c h ~ )  +  ( C H jC S

CHL3
A series of addition reactions of silanes 

'bo f i §r and trans- butanes has been reported,, but 
no data on the relative rates of isomerisation were

153give in



*153

In some of the abstraction reactions 
dealt with in this thesis the operation of this 
mechanism would lead to the formation of two 
isomers of the reduced adduct from only one isomer 
of the 1:1 adduct..
e -g., CHgCX- Gin?- SiCl3 + SiX^— OH^ CHF* SiGl^ *

Q n \r r* T D-LA.™ Lf_L3GIio-GHF-Si01v— >■ CEL: GBP + SiGl^ 2 3 2 3
GHF-GH *SiGl^ 

2  3

and
CHG1P-CP *SiMe- + 3iMeT— CHF*CP •SiMe, *

2 D J d p

MeSi01.3

GHF* 0Fo • SiMe v — 0HF:CFo + SiMe, —
2. 3 2 3 •

GP^* CI3F* SiMe j  (&5%)

The fact that 1,29 2-trifluoroethyXsilan.es 
were not detected in the addition reaction of 
trichlorosilane and of trimethylsilane with 
chlorotrifluoroethylene when the reaction was 
allowed to proceed to give the reduced adduct, a
1,1,2-trifluoroethylsilane, indicates that the 
radical elimination reaction is not operating in
these cases. For the case of the abstraction from

the c hior ofluoroethyItr ichioro s ilane s, ho we ve r, the



154

position is complicated by the presence of both 
isomers of the 1:1 adduct* As it was not found 
possible to achieve complete preparative separation 
of the two isomers of the 1:1 adduct a separate, 
experiment was carried out to test the operation 
of an elimination reaction®

T h e  halogen abstraction reaction from a 
mixture of the isomers l-chloro-2-fluoroethyltri­
chlorosilane and 2~chIoro-l-fluoroethyltrichlorosilane 
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 readily with vinyl fluoride 
e 0g., methyldichlorosilane* or (ii) vinyl fluoride 
will be detected (for silanes which do not react 
readily with vinyl fluoride, e.g*. trimethylsilane) 
CH0C1* CHE1* SiGlT— > Gin - GHF* SiCl^— Gin•OHF* SiGl^2 3 2 , 3  3 3

J, CH„SiHClA
SiCl,+ CEL : GHP— ^0iio3j'6 CEL • Si01oCEL 3 2. 2 2 2' 3

CH GHB1* Si01,— ^  CH_F* OH* SiCl,--->■ CH0F*CHn • SiCl,^ J  cL. 3 2. 2 p
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The reduction of the adduct was carried 
out for 1.00 hr* with methyldi chloro silane and with 
trimethylsilane? hoth with silaneyolefin ratios of 
10:13 (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 mechanism does 
not occur in these addition and abstraction reactions.

°) Free radical rearrangement* A free radical 
rearrangement of the intermediate free radical may 
occur via a bridged intermediate of the type discussed 
by Slcelli30
GH0 • CHF 0Ho---GIB? 0Ho * CHF2 ] --- ^ \2 / I 2

1 v ->•v » s 1
dxo'l3 SiCl- Si01~3 3

As the 1:1 adducts could not be 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 c t  

fluoroethyl-compoun&s were the same before and 
af t e r the re ac t ion
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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-l>
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.
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It was possible during the investigation 
of the abstraction reaction discussed above to 
obtain by product analysis an approximate figure 
for the relative rates of abstraction of oc - and 
p- chlorine, It was found that p-chlorine 
was removed in preference to 0 6  chlorine in the raho 
of 3*5*1® This appears at first sight to indicate
preferential formation of the primary free radical*

SiX,5 *CHgOl-OHF-SiOlj ---- GHg0 OHF* SiG1^ , 1^

CII0F*CHCl-SiCl, —-----^  CHnF*CH*SiCl,, lcnd 3 £  j  £ -
i & e«. , *

Ac ™ 3*5 (assuming that the abstraction
2 of chlorine is rate determining)*

These results are analogous to the chlorination of 
trichloroethylsilane under free radical conditions, 
in which again the formation of the p-chloroethyl- 
compound predominates over that of the o(-chloroethyl~ 
compound. This may be related to some form of
destabilisation of a radical by an o<-silyl group, 
the mechanics of which are difficult to visualise, a* 
dimply 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 study*
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Comparison of the reactivity of sHanes with 

fluoro-olefins*

A comparison of the percentages of 
reactions of trichlorosilane,,‘methyldichlorosilane

9

and trimethylsilane with vinyl fluoride shows 
that the reactivity falls in the order 
Me^SiH < MeSiHClg—  SiHCl^ *
In contrast to this the reactivity of trichlorosilane,
methyl dichlorosilane and trimethylsilane towards
l-chloro-2-fluoroethylene and trifluoroethylene
falls in the order SillCl^ MeSi01oH < Mê Sili •3 2 N
A general decrease in the reactivity of the olefins 
towards the trichlorosilane and trimethylsilane was 
oh served in the or de r OIl̂  * CHF <C Gill?: GHG1 ̂ CHF: GFp *

It must he pointed out however that 
these generalisations are drawn from reactions 
which are not strictly comparable, and only the 
most obvious differences are worthy of further 
consideration* It would he necessary to carry 
out competition reactions to gain more meaningfuil 
information.
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TABLE 2 0  Comparison of percentages of reaction 
of siianes with fluoro-olefins.

Silane SiHCl-,3 MeSiHOlg Me ̂ S ill Me ̂Sili/Hg
ratio 2 :1 5:1 2:1 6 : 1

CH^sCHP ..2 time 1 0 0 1 2 0 1 0 0 300
% reaction 30 56 18 80

Silane SiIiCl-23 MeSiHClg Me ̂ Sill 
3

Me-SiH 3ratio 5:1 5:1 5*5:1 5:1
0HF:CFo2 time 1 0 0 1 0 0 1 UO 12

fo reaction 93 80 1 0 0 20

Silane SiEGl-3 SiliCl̂  Me3 37SiIi3 Me-SiH3
CPH:CIiClratl° 5:1 1 0-: 1 5:1 1 0 : 1

time 1 0 0 1 0 0 1 0 0 1 0 0
% reaction 67 98 50 1 0 0

An attempt to understand the comparative 
reluctance or 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 reactions is thought to occur by the absorption 
of ultraviolet light by the silane which results in 
homolysis of the wealc covalent si!icon™hydrogen bond*
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The electronegativities of silicon and hydrogen on 
the Pauling scale are 1 * 8 and 2*1 respectively.
Tliis. would give a silicon-hydrogen bond with a 
difference of'electronegativity of 0 3 ? i*e* 3 ca.2% 
ionic char act ex1 in the direction Si - H. It is 
interesting to note that this is the reverse of the 
direction of polarisation of the carbon-hydrogen

™ -I"
bond, G - 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 polarity of the 
sillcon-hydrogen bond. Similarly* it might be
expected that the polarisability of the methyl groups 
in trimethylsilaiB would allow greater -polarity of the 
silicon-hydrogen bond and hence would decrease the 
tendency towards homolysis0 This is equivalent to 
saying that the initiation and displacement steps 
would be slightly more endothermic in alkyl silane s.

Whilst this argument is in agreement, 
with the reduced reactivity of trimethylsilane towards 
vinyl fluoride and vinylidene fluoride* it is at 
the most only a slightly contributing factor In view 
of the ease of reaction of trimethylsilane with
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ti'ifluoroethylene 5 clilorotrifluoroetliylene, and
tetraf luoroethylene.

The influence of this type of effect 
should he concentrated in the displacement step* 
Differences in,the initiation ste'p which may he 
accounted for on this hasis should show only small 
contributions to the overall ohserved reactivity 
for a reaction of high kinetic chain length*

If the differences in reactivity v/ere due 
to such bond polarities as described above? it would 
also he .expected that significant differences in the 
infra-red stretching frequencies and in the 
stretching force constants for the sillcon-hydrogen 
bond would he observed. A general trend is 
observed (table 2A which suggests that a small
difference in reactivity may be related to differences 
in bond dissociation energies*



TABLE QJ Stretching force constants? and 
infra-red stretching frequencies for 
Si - II "bonds«

Silane

Me ̂ Sill
Me2SiH2
Sill,h
SiELClp
SillGl-,3

f? md^ne/ ref. 
mole

crn. ref

2 . 6
IS *

2118
2lh2

159

158

2.77 \S5 2 1 8 0 159

2 . 6 6 2 2 0 1 ire,

2 . - 9 2 .
157 2257 15%

t( S i-Ii) ? A° o Ref

1,11.89^0.001
l.J+83-0.005 
1„MS - L|.8 . .'** 
1.11-76

i =: stretching force constant
s/= frequency
•£= inter-atomic radius

It is possible therefore that the slow 
reaction of trimethylsilane with vinyl fluoride is due

to a) a s I oyi addition ste£> and b) an inefficient 
initiation step. Each of these explanations has to be 
consistent with the 'rapid reaction of trimethylsilane 
with the more heavily fluorinated olefins.

a) Most of the reactions dealt with in this worlc 
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. 3*7* ? and the discussion? pp-5^
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SiX^ + ' f ix z G ^ — — ->■ “OoG^SiX^j the addition step.
It has heen 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, i.e., polar is able groups 
adjacent to the double bond release electrons into 
the 7T- system and facilitate attack by electrophilic 
radicals. The results on the orientation of free 
radical addition reactions obtained in this work, and.

X'VLelsewhere, suggest that the replacement of groups
with a strong -I inductive effect (e.g*, chlorine) by 
groups with a h~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 reactions with .olefins 
with which it can form a low energy transition state®
This type of argument depends too much on conjecture 
and assumption in the inesent state pf knowledge 
about free radical addition reactions and the properties 
of free radicals. It is, for example, clear that 

the trimethylsilyl radical is a much more efficient 
halogen abstractor than the trichlorosilyl radical; a
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fact which cannot he satisfactorily explained*
i % .

(h) It is possible that the low percentages 
of reaction observed for trimethylsilane with vinyl 
fluoride are related to a poor 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 ultraviolet spectra of the reactants 
as used in the photoehemical reactions9 i.eM  on 
samples shown to he pure by gas-liquid chromatography, 
infra-red spectroscopy and molecular weight determination* 
The results are.3 therefore, not quantitative as the 
spectra were obtained on samples which were not ultra- 
pure spectroscopically;, i*e«3 no extra purifying 
technique was used* The absorption maxima and 
extinction coefficients for the olefins and of 
trichlorosilane and trimethylsilane are presented in 
table * Tetrafluoroethylene and chlorotri-

ĵ O
fluoroethylene are included from published data for 
comparison with the olefins under investigation*
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TABLE XX- Ultra-violet absorption spectra of 
some fluoro-olefins and silanes^ not 
quantitativej (maxima only)„

Sample ab. s o rp t i on max ima 
-1cm

Extinction 
coeficient3

0H„: GIB? 52,360
51,810

21
19

Cri01:CI-IP 52,900
52,360

655
658

OP :CHP 
ref i6o

52,360 995

0Po :GPC1d. k - 3 ,000
ref i6o -

0F2 :GF2 148,500

Me^SiH3 53,U80
52,620 11.7

8 a5
01.-, S ill b 51,010

35,720
6.0
k * 9

The silica tubes used in the current 
worlc transmit light of shorter wavelength than 300QA°S
i.e.,, above 33?000 cm, and the lamps useo produce

—1 —1intense irradiation at. 39?UOQ cm. at 5U ?100 cm.
It can he seen from the.table that all the reactants 
are capable of absorbing ultra-violet light within 
the range transmitted by the reaction vessel and



tliat there will he some ah sorption of the
frequencies produced by the lamp® It is
immediately apparent* however* that the silanes do
not differ greatly in their absorption (the peah

-1at 3537^0 cm® is thought to he an impurity* 
possibly of the type containing a HSi - 0 - Sin bond)® 
Comparison of the data for the olefins indicates 
that they absorb in the same region* but that the 
extinction coefficient for vinyl fluoride is by 
far the lowest of the olefins®

t

This allows speculation as folloy/s®
The inital energy absorption is by the olefin with 
transfer to either an excited singlet state or a 
triplet state® The former can cause the dissociation 
of a molecule of the silane on collision®

Nc 2 0  +  SiHJL, --- > NC = (/ + SiX, + H\ 3 y 's 3
The latter can abstract hydrogen by reaction as a
free diradical®

-= C ~ 0 ~ -i- SiBX* — > -C - C - H + Silhi i  3 i i  j
This approach does not necessarily rule out the 
conventional description of the initiation by 
dissociation of the silane.
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It is possible ? therefore, that the 
Initiation consists of two reactions, hoth 
initiating the same chain reaction<> It is not 
possible to suggest 'hov/* the actual initiation 
is divided between these reactions, and it is not 
possible, therefore, to compare reactivities of 
various silanes as these may ox* may not be 
completely masked by the olefin absorption. It
must also be pointed out that the absorption at a 
particular wavelength and with a particular extinction 
coefficient does not necessarily Indicate that this 
is associated with bond, breaking relative to the 

extinction coefficient.
Another approach to the problem of 

initiation from the more practical point of view of 
the separate irradiation of the reactants. The 
reactants were separately Irradiated for similar 
periods, (table X.3 ) 0
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TABLE 2.3 The irradiation of silanes and
olefins ........  ... ... ....  ... ___

Compound Time 
__(hr)*

Products*

SiHCI-.3 90 HC1 (3$); recovered SiHGl* 
Z (97?0 ^

Me _ Bill 3 100 Hg(l%)| Me^Sili recovered (98$)*
o n z t o m \ 1 1 3 0H:0H(8jS)j GHgSOHP recovered (9C$).
CHClsCHF 90 GH^-OHF (2$); polymeric CHCltCHF; 

GHClsCHF recovered (l.6̂o)

GF2 iCHF 113 CHF:0P2 recovered (8U%)| 
no other volatile product.

It may "be seen that all the reactants are 
capable of absorbing •ultraviolet light and producing 
a. reactive species., and that the percentage reaction 
of the olefins is higher than that of the silanes.
This Is probably because the olefins can still 
sustain a chain reaction once such a reaction has 
been initiated* The percentage reaction of 
trimethylsilane is much lower than the other compounds, 
and the use 1 of me^rcury as a photosensitiser was 
investigated in an attempt to increase this figure*



Photo sensitising agents are useful sources 
of radicals for compounds which do not absorb 
radiation of a convenient wavelength* Organic 
udyesu may 'be used, hut the most common agent used 
in conjunction with ultraviolet radiation from 
mercury resonance lamps is atomic mercury* The 
mercury may absorb energy and he promoted to a 6 ĵ?o 
state (i»e9, a triplet state)* Collision with 
another molecule brings about either electronic 
excitation (i) or dissociation (ii) in the quenching 
molecule»

Hg 6 "̂So — — ilg 6 3Po Excitation energy
112. kcal/g* atom,

Eg 6 3Po + M H  -v- ffif + Hg 6 1So (I)
------- * • M + H + Hg 6 V o  (ii)

Quenching by silane (SiH^) has been claimed to produce
44silyl radicals, 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* For 
example the production of vinyl fluoride ( ^ 9 ^ )  in 
the irradiation of l~chloro~2~fluoroethylene with 
trimethylsilane in the presence of mercury as compared 
to the formation of the 1:1 adduct, the 1:1 reduced 
adduct5 and vinyl fluoride (^  L$;o) in the absence of 
mercuryc Irradiations of trimethylsilane in the 
presence of mercury and in the absence of purposely 
introduced mercury were carried out to investigate 
this? (table Z A  )

TABLE 0 J \ . The effect of mercury on the
pho t o di s s oc i at i on of tr ime thy1s i1ane

Beactant Time ?hro Products*

Me^SiH3 100 Iin(l%)« Me^Si recovered
2 3 o m

Me^S^Ilg

..... r-r--r •

90 ' IL (l2/o) 3 Me ̂ Si II recovered 
2 3 (80fo)

These results indicate the effectiveness 
of mercury in promoting the photodissociation of 
t r ime t hy 1 s i 1 ane <,
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Xt is interesting to note that the 
irradiation characteristics of the olefins are all 
different* This again suggests that it is not 
possible to draw any worthwhile conclusions from 
the varying percentages of reaction in the 
addition reactions* These reactions of the olefins 
were carried out to determine whether theyware 
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 silicon compounds*
TTnsubstituted alkyl groups are not easily 

cleaved from silicon by nucleophilic reagents* There 
appeal’s to be no example of such cleavage involving tetra™ 
alkylsilanes* Cleavage of silicon-alkyl bonds by electro™ 
X^hilic rea'gents is more commoni**2' The presence of almost 
any hetero-atom in an alkyl side-chain seems to increase 
the ease of cleavage by nucleophiles* Thus the hetero 
atom (which is generally more electronegative than hydrogen) 
increases the tendency of the alkyl group to separate with 
the electrons of the silicon-carbon bond* The low 
electronegativity of silicon and the ease with which it can 
increase its coordination number facilitate the approach of 
the nucleophile.

oC -Halogenated alkyl groups attached to 
silicon are susceptible to nucleophilic attack, the ease 
which is dependent on the degree of substitution, 
i.e., CC1,>0012H>CClHg}

e.g. OCl5*Sx(OEt)5 Sa2Si__>  oHOlj + Si(0Et)4 Ref(tW) 
OBySiClj — — >■ CF,H + S±02 fief (itt ).



The mechanism of these reactions is thought to involve the 
displacement of a carbanion.

OB. ' '  - OF,   f -  "OF, + Si0o/ \ J  3 d

CF* * Ho0 — - * r  OF^H 4- 01-rp 2 3

. , p.-Ghlorinated alkyl groups are much more
easily cleaved from the silicon atom than their
d-chlorinated counterparts. For example, the silicon
carbon bond in o(-chioroethyltrichlorosilane is stable in
40^ ethanolic potassium hydroxide solution at 80° whereas
p  »-chloroethyltrichlorosilane is cleaved by dilute aqueous

sodium hydroxide solution.*^2'
CH,#OHCl#SiCl, + KOH — ^  (GH^CHCl •$!()., r)5 3 v 3 1*5 'n
0H201*0H2*Si015 4- EaOH GH?sGHg + SiOg

A similar difference in stability is apparent in the action
of Grignard reagents. Whereas D(«chloroethyltrichlorosilane
is readily methylated, p-chloroethyltrichlorosilane is

i'f vcleaved to produce ethylene.
The process of cleavage is thought to occur

via a concerted elimination analogous to the Eg elimination
1'ftreaction of alkyl halides t

*** ' v .  |
A T T  ^  C * . ?  HJ.J '  -  A T T  ' m  _ _ _ O J  i 1' ”  —  -  ■ *



n r

The process is evidently facilitated in the case of 
silicon compounds hy the lower electronegativity of silicon 
compared to carbon (E*H*, Si 1*8; 0, 2*5? H, 2*1;) and its 
ability to increase its coordinate number* The attack 
occurs exclusively at the silicon atom, and not at the 
oWiydrogen atoms as depicted below*

- Si - CH*CIV'S! ---- > -Si.CH = OH, + H„0 + Cl“f  £ /  tL c.
H

0H“— ^

Many ^-chlorinated compounds have been shown
to undergo this elimination* In all cases the elimination
is so rapid that aqueous hydrolysis and titration of the
ft-chlorine atom as well as of th£ silicon-bonded chlorine
atoms is possible* Because of this rapidity, kinetic
studies of the hydrolysis have not yet been carried out*

^-Halogenated alkyl groups may be cleaved
from silicon with the formatioh of cyclopropane rings, or
dehydrohalogenation may occur without cleavages 

Cl
OH *Si - CIL.OH^OH^-ai — *■/ \  -I- Si0„ + Cl" Ref(lfcS)

/ \ 2 i  2 CH,—  OH, 2
01 Cl

OH
Si *■** 

/  \Me Me
CH2*QH2*CH, Me5Si*CH2*CHsCH2

ref({£»% )
HBr
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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 
hcontain both cAlorine and fluorine in the l-'and 2-positions 

relative to silicon. A consideration of data from 
cleavage of other substituted ethyl groups, along with 
the observations recorded in this thesis allows certain 
general considerations to be drawn. ^ -Bromine and

-iodine atoms are eliminated in a similar manner to
1&9^ -chlorine atoms, '  and it is found that ^ -bromine 

atoms are removed in preference to ^-chlorine atoms, e.g., 
CHBrCl*OBrOl• SxCI,—^ — 5- CBrCl:CC1H. Ref.(no)

n iIt ha,s been suggested that elimination of 
fluorine would not occur because of the strength of the 
0 - F bond, and this suggestion was probably based on the 
observation that l,l,2,2,tetrafluoroethyltrichlorosilane 
reacted with sodium hydroxide solution to give the 
saturated allcane.

OE’gH'CI'g'SiCl, -S£— -->- OPgH'CFgH.
It is however important to note, in this context that even 
a -chlorine substituent in a similar compound, e.g.,
2-chloro-l,l,2,2-tetrafluoroethyltrichlorosilane,
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* GF^ *SiCl^, is only removed 'by ^  "elimination 
. 60to an extent of 3 fo9

0F2C1*CF2*S10X, — ---->■ 0F2H*e.lj’201 (91$)

It has been found during this work that the 
replacement of chlorine hy fluorine in the monosubstituted 
ethylsilanes leads only to the necessity of a stronger 
nucleophile for ̂ elimination to occur, Thus, both 
^-chloro™ and ̂ “-fluoro-ethyl si lanes a,re readily cleaved 
by hydroxide ions to give ethylene* but the former is also 
cleaved by water* whereas the latter is stable to water. 
Both substituted compounds behave similarly, they are 
not cleaved by aqueous solutions of bases 
OII2Gl*GH2*SiCl7 - ^ 2 S--->  CII2 sCH2 (X00$)

GH2]?«OH2*SiOX3 0H2 sCH2 (X00$)
OH,*CHX*SiCX, >  (0Hx*'OIIX*Si(O)1 ,-)

? ? 5 J-O n

If both chlorine and fluorine are present hydrolysis takes 
place similarly, again with elimination of the atom to 
silicon* irrespective of whether it is chlorine or fluorine, 
Age,in it is observed that aqueous sodium hydroxide is 
necessary for the elimination of ̂ -fluorine* whereas 
^ ^chlorine is eliminated by water.
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OHg sCHCX (100$)

CHgtOHS1 (100$)

Hydrolysis of the adducts of silanes to 
trifluoroethylene gave the alkane and the olefins in 
varying percentages* 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 mechanism best fits the observed facts, and to 
determine the extent of the value of hydrolysis as a 
diagnostic method*
The various mechanisms ares
l) Garbanion displacement and alkane formation,
Ii) Garbanion displacement with elimination*
(ill) Alkane formation as in (i) followed by Eg elimination* 
IV) Concerted (5-elimination,
Y ) Dehydrohalogenation followed by carbanion displacement* 

1) Carbanion displacement and alkane formation* 
This is equivalent to an reaction at the silicon atom in 
which the slow step is the formation of the carbanion*
Because silicon can also have coordination numbers 5 and 
69 bond formation and bond breakage need not be simultaneous.

CH2F*CHCl-SiCl5 >
HpO

CHpCl*CHP*SiCl7 “J=»— — >
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©  ' I /U I 0 1
OH Si ~ C “ C » X ^  - 0 - 0 - X

0  ̂  s 1 1 1 1
- 0 - 6 - X + Ho0 — >  H - 0 - 6 - X *I l 2 ' >

Alkanes were formed when the ethyl group carried three
or four fluorine atoms, This observation lias been made in

60,14̂this work and in other reported reactions,
Cl,Si*CF?2»CF2*H — ~ ------*- HCF2*CF2H } 100%

Cl,Si*C]j'2,0I'2Cl — — ----> H0F2*05,2C1, 9lfo

0X3Si*CF2*0H2F — 21---> H0F2*0H2F, 99

The compounds containing less heavily fluorinated ethyl 
groups gave 100% olefin formation*1^
Cl5Si*OH2*CHF2 -— — *• CH2:OH3T 100%
OljSi-OHg-OHgF  ----- ~> OHgxOHp 100%
The observation that the isomers of trif luoroethyltrichloro*- 
silanes give different percentages of olefin formation 
suggests that the presence of the o(-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 atoms on the (X-cu^bon 
may a) facilitate nucleophilic attack on silicon or
b) hinder or inhibit the electron shift which leads to 
elimination of the (J-halogen atom.



180

r~*i i n ,
OH S i  0 — --- 0 — —  X

/ \  | |
F

It is also of interest to note that the
3£Jpercentage alkane formation decreases*silicon-chlorine "bonds 

in the compound hydrolysed are replaced by silicon-methyl 
bonds* As silicon-halogen bonds are readily susceptible 
to nucleophilic attack this apparent order may be 
misleading, i*e*, the comparison should be between Si - 0 ~ 
and Si - Me bonds*

The remaining reaction schemes are concerned 
with the olefin formation*

II) Carbanion displacement w.lth elimination* 
This is equivalent to carbanion formation as in (l) 
followed by a unimolecular elimination from the conjugate 
base, as discussed by Ingold, (E^cB)*

X /- 0 - Q - X — >  C « 0 + X
I i ' xInvestigations of the correspending reactions of organic

halides (giving the same type of carbanion) by means of 
isotopic exchange methods suggest that the E-̂ cB mechanism 
is improbable* From the sparse information available it 
is thought that elimination from ^-halogenocarbonyl 
compounds may involve’ this mechanism*



ic « c *t i
X H

S-b

s-
0
IIc OH© 0

- G ~ C ~ 0-ci 1©
• , I? ■>•-0 =  0 - 0 + X9

If this was the mechanism of olefin fprmation 
from fluoroethylsilanes; alkane formation and olefin 
formation should take place from the same carbanion* As 
compounds with different adjacent groups attached to 
silicon hut the same fluoroalkyl group would hydrolyse 
to give the same carbanion which would then react to give 
the alkane or eliminate an ion to give the olefin the 
effect of varying the adjacent groups on the percentage 
alkane formation would not he expected*

0HEo * 0H3P® Si017 2 o

C H ^  * CHF* SiMe j
c h f2«g hf

>  GHFsCHE + E

i*e«, The same percentage of alkane and olefin formation 
would be expected. As this was not so it is probable 
that this mechanism does not apply,

III) Alkane formation as in (l) followed by
Eg elimination

OH + H - 0 i 0 - X \ / ,,-> 0 = C +■ tto0 + X / \
This mechanism was directly tested during the course of 
the investigation by subjecting samples of the expected



alkane to attack by hydroxyl groups under the same
conditions as those used for the hydrolysis. In the
case of ethyl fluoride, l-chloro-2-fluoroethane, and 
1,1,2-trifluoroethane no olefin formation was observed. 
This mechanism was consequently discarded*

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 visualised in terms 
of the ©(-fluorine atom effect and the adjacent group effect* 
It is possible that the first 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 
^-halogen atom, whereas the second effect assists this 

shift by an inductive effect towards the silicon and the 
carbon; atom.

IV) Concerted ^-elimination*
This is visualised as a synchronous process

non*

F

Oh C - X/ \ I »
+1 +1
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IT) Dehydrohalogenation followed "by carbanion
* r r iw  III MHii<Mii# r iiJ liia iiM i Bin   I ■■m if l l iw— W  III<I iiiiibiii m mdii i ii nnfcriBTMnifiir ii iw —  n  iiB f >  iiiiBhI ■■ i i lil i r f l i M i l  11M ~ f "~uirrim

displacement.
This scheme involves the formation of a v&nyl

silane by attack at either oCor (3 hydrogen atoms•
W s  \\/Si Si

aiT-T 1  r* _  r»tr 1 vOH *- C - 0Ho - X — — >  0 « GH0 + Ho0 -I* X
j d  d  d

H H
*\1/ / (fe- elimination)

_  Si _ Si1 ■ /> iOH H - 0Ho - GH - X — * 0 - 0Ho + Ho0 Xd /  d d
H

( elimination).

Si - CH = CH, OH, = OH,
y  ^  u C~ dL

Breakdown of vinyl silanes has been shown to 
occur at 170° in 30fo aqueous sodium hydi^oxide, 175 but 
fluorovinyl silicon compounds hydrolyse readily. The 
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 
discounted.

3?rom the consideration of the extent to which 
the observed facts are consistent with the varying possible



mechanisms it is clear that the most probable 
mechanisms are (X) and (IV), i.e., carbanion 
formation for the alkane and concerted ~elimination 
for the olefin. It is possible totgeneralise this 
to the extent that ^-chlorine is more easily eliminated 
than ^ “fluorine| and that alkane formation is 
favoured by the presence of electron withdrawing groups 
on both the oC«earbon atom and the silicon atom*. The 
observation that the degree of olefin formation increases 
as the concentration of the nucleophile increases is in 
agreement with these proposals. It would be illuminating 
to study the variation in the alkane itself, and not 
only its concentration, but this was beyond the scope of 
this work# It was apparent, however, during reactions of 
fluoroalkyl chlorosilanes with methyl magnesium iodide, 
and with lithium aluminium hydride, that considerable 

“elimination was talcing place even at reduced 
temperatures (O0)# Attempts to carry out this type of 
reaction with the exclusion of ̂ -elimination were made by 
1‘eaeting 1,1,2-trifluoroethyltrimethylsilane,.

*SiMe^, with water in the presence of aluminium 
amalgam. Ho silicon-carbon cleavage was observed# It 
is interesting to note that both <b<«chloro™ a n d f l u o r o -  
ethyl silanes are not cleaved tinder the mild conditions



which effect -elimination and alkane formation.
It is not possible to rationalise this with the 
observed alkane formations, i*e#9 one oould argue 
that in the absence of a p-group the alkane should be 
formed as with trichloromethyl and trifluoromethyl 
silanes, Ihis may however be merely a question of 
using more extreme conditions,

]?rom 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 exclusive olefin formation, however, it is 
possible to deduce the structures and ratios of possible 
isomers from the various olefins, provided that 
P -elimination is assumed. Although it has not been 
rigorously demonstrated that p-elimination is the 
mechanism of hydrolysis it is felt by the author that 
the most of the experimental evidence is in .agreement 
with this mechanism.



Pyrolysis of
Phe thermal decomposition of tetraalkylsilanes

occurs at 580 - 700°, ,7?4 and kinetic studies have shown
that homogeneous unimolecular decomposition proceeds at
pressure down to 10 cm. of mercury. It has been shown
that both silicon-carbon and carbon-hjr&rogen bond fission is
proceeding, and that these reactions are followed by further

MSfree radical reactions to give complex mixtures of products#

(OH,) Si 
5 '4

(CHj) Si + CHj

(CHj) Si*CH2 + H

T etraethylsilane decomposes at slightly lower 
temperatures (540-600°) than tetramethylsilane, (660-720°) but 
the introduction of a chlorine atom (>«* to the silicon in

176tetraethylsilane causes a marked decrease in stability*5
ca. 80°

e.g., Et5Si-0H2«CH2Cl OHgi-GHg + Et^SiCl

However5 the analogous compound 2-chloroethyltrichlorosilane,
CHgOl*GHg#SiGl^, is stable up to at least 400°, but slow
decomposition occurs at about 550°.

Complete decomposition of 2-chloroethyltrichloro*
silane at 610° indicates the possibility of tY/o simultaneous 

nomechanisms.



GH2G1. CH2* SiClĵ r*2— ■¥ CH2 s 0H2, SiCl4 , CH2 s OH* SiCly  

Vinyltrichiorosilane is stable at the temperature of 
the decomposition* This indicates that ethylene and 
vinyltrichiorosilane are formed by different processes.

IT7Kinetic st\idies indicated that the process is a 
unimolecular first order reaction and not a free radical 
rdaction# The data are consistent with the formation of
4-centre transition states similar to that proposed for 
the decomposition of secondary and tertiary alkyl bromides

0Ho —  CB>SiCl, 0Ho^r.0H*Si01, 0Ho sCH-SiCl*j | J »' 2 I J 2 j

01 H 01.... H + HOI

CH2—  CH2 OHg rrr.CH2 0H2 = CH2

01 SiCl, Cl---- SiCl, +S101-5 - 3  4
It was originally thought that the introduction of

fluorine atoms into the organic side chain might confer
the stability of fluorocarbons on the fluoroalkylsilicon
compound# This has not been generally found to be the
case? for although ^-trifluoroalkylsiloxanes show good
thermal stability (decomposition occurs only above 400°)9

oCX~ or fluoroalkylsiloxanes decompose above 200 9

e.g., OHffg.CHg-SiClj — * OHPsOHg + SiPOl^



The driving force 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 J 6 + 116 - 192 kcal/mole of 
energy), while a silicon-fluorine and a carbon-carbon - n  -bond 
are formed (this results in the evolution of 64 + 135 “ 119 
kcal/mole). Hence there is a net evolution of 10 kcal/mole 
of energy.

The reaction analogous to the formation of vinyl 
silanes from -chloroalkyisilanes has not been observed 
with fluoroapsylsilanes,

OHgF* OHg • SiOl̂  ------ ^ 0 H 2:0H»Si013
60A typical pyrolytic reaction of a fluoroalkylsilane iss 

CE2H*CF2*SiGl,  > OFgSCFH + SiCl,]?
In this example trifluoroethylene can be formed by two 
possible elimination reactions. The first of these is 
a jS-elimination directly analogous to that described above 
for the chloroallsyl compound!

CHF —  OF,
V

F— ^ SiCl.
CHFiOF2 + SiCljF



The alternative mechanism involves an -fluorine
elimination to give a carbene and a silicon halide*
The carbene is able to rearrange by hydrogen or fluorine
migration to give trifluoroethylene*
GHFo«0i’ - SiCl* CHF'CF + SiCl*F2 | 4 3 , . . 2 . 5

CHF2*C3? - 9 ?. ^  CHF:CF2

Experimental evidence suggests that 
o( -elimination is the basic step in compounds containing

f4-fetwo (̂ ("flu-os’in-e atoms* The presence of a carbene
intermediate has been demonstrated by the formation of a 
cyclopropane in the presence of isobutene,1̂

(OH,) 0 sOHn + CH„F*CF  >  (CH,) C - CH„
2 ^ 2 \ /

OFI
OHgF

Other workers have shown that the thermal decomposition is
m,i«oa tmimolecular 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- 
srlanes %
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The reaction of trichlorofluorosilane with.trifluoroethylene 
to give ohlorotrifluoroethylene and diclilorofluorosilane is 
energetically feasible, but it has been shown not to occur 
under the conditions of the pyrolyses*
SiCljE1 + OEFsC3?2 -----* - V  CFgSOFOl + SiHCl^F
This evidence indicates that the chlorinated olefins do not 
result from a secondary reaction of this type*

An intensive study of the pyrolyses of
i ̂fluoroalkylsilicon compounds has shorn that the formation

of the more heavily chlorinated olefins occurs simultaneously
with the elimination mechanism* The possible mechanisms
are described below*

i) Carbene formation followed by an Insertion reaction*
Insertion of the carbene into a silicon-chlorine bond could
give a new substituted ethyl group
e.g., C H ^ O F  + SIFClj * CHgF*CFC1*SiF012,
e.g., GHF2*CF + SiFCl^ — -- »• CHF2*CFCl*SiFCl2
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 as the
insertion product from the tetrahalosiiane*
G H ^ O r  +. CHpff-CFj/SiCl, CH9F*CF9V.r ,  SiClp

c h2f *cfci
y

The postulated reactions are similar to the observed reactions
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Ulof methylene withcarbon-halogen, and with wilicon^ 
halogen bonds;'30”
e.g., SiCl^ + CH2 — •CljSi-CHgdl

The new compounds formed in this way would 
contain o(,-carbon-chlorine bonds* They could decompose 
by oC"flnorine elimination to give an olefin containing 
an extra chlorine atom;

««
e.g., CH2P»CK!l*SiH!l2 0H21?*CC1 + SiSUClg

OHjjF'CCI oHFsCHCX
*#

The new carbene? OH^F'GCl, could also repeat the insertion 
reaction with dichlorodifluoroeilane to give a product 
which could decompose by a process of |3-elimination to 
give a third olefin*

CHgff'OOl + Si3?2012 .....—... > CHg^COlg-SiPgOl

O ^ O O l ^ S i O l P g  0H2.C012 + Siiyjl

That the insertion process is improbable has been shown by 
demonstrating the absence of insertion products when a 
substituted ethyltrifluorosilane is pyrolysed in the 
presence of a large excess of silicon tetrachloride *

O H ^ -C V S !^  f S ^ W r l i C l ^  0ro!0HF

o.f., CHgP'CFg• OHS’.CHF 98*
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ii) oC»»halogen e x c h a n g e * Since the 
mechanism for the formation of the chlorinated olefins 
daring pyrolysis does not involve a carbene insertion 
reaction, it has been suggested that attack by the 
OC“fluorine atom on silicon occurs simultaneously with
an attack by a silicon-bonded chlorine on the oC-carbonsWVb

R -
F /-Clj f  i
0 - Si1 j \ \

Cl
01

F 01 01
\  / ‘ /  0,—  Si/ \ ■' \R F 01

01 01' !
R*0*Si*01( i

F F

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*
OHffg-OF^SiOIU & - - P x o h a n 8 e> . CH]?2»0]?Cl'Si012E'

OHfg'OFCl'SiClg]? 

CHPg'OOl

&L- elimination GHiyCCl + SiCl2F2

GF2sOHOl

The rearranged silicon compound can also undergo a further 
“halogen exchange reaction, and the product can decompose 

by a ^-elimination reaction#
CHI’g• Ci’Ol*SiClgF CH3?2*CCl2*Si013i’2

0IIF2*G012*SiCX2]? elimination CEFsCOlg + SiClF^

It has been shown that this mechanism fits the
known facts for the thermal decomposition of fluoroalkyl-

UVCssilicon compounds containing two “halogen atoms*
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fhe results obtained from the pyrolyses 
of some of the compounds dealt with in this thesis 
(Sable 2 J 5  ) can be rationalised in terms of the
reaction schemes discussed above«

It is clear that only in the case of 
2-fluoroethyltrichlorosilane, OH^I1* GH^ • SiGX^ * is 
^  -elimination the, only possible mechanisuu

GH0 - OHo 
\ d  K . \  d

F SiOl.
0H2 zt— . 0S2
F SiCl-

GH2 sOH2
SiCl^F3

However the products of the pyrolyses of the 1,2,2-trif luoro* 
ethylsilanes.could be .produced by either an o(- or a p- 
fluorine elimination reaction*
OC - elimination?
CHF0*QH*SiCl-,2 i 4  5

F~^
CEP2 • CH -jhBtetion

Gffl?2*CH + SiCUF 3

CHFsCHF
elimination;

GOT « CHF
F SiOl3

CHF CHFt J
F-- - - - - SiOl.

CHF: CHF
+ SiCl,F3

Chlorine-containing olefins were not detected 
in the pyrolysis products of the compounds which contained an 
Ĉ ~ fluorine atom* This suggests that the CA~ fluorine- 
chlorine exchange may be inhibited in some way by the
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0(“hydrogen atom so that the other reactions compete 
stiecessfully with it# This conclusion requires considerably 
more experimental evidence before it can be confirmed#

The mobility order for atoms in oarubenes 
has been shown to be I* <H < 01 by a study of the pyrolyses 
of a series of substituted-ethyl silicon compounds. If the 
pyrolysis of 1,2,2-trifluoroethyltrichlorosilane,
OHPg*CHI’*SiOloccurs by an -elimination then fluorine 
must.migrate in preference to hydrogen to give the 
observed product, l,2»difluoroethylene|
CHF2*CHF*SiCl,  ---------->■ 0HF2*CH

0HF2*CH
— <-X OFgiCHg (H-migration)

*- CHF s CHF (F~mig.ration)
( 50^)

The low yield of organic products (< 50$) resulted from
heavy carbonisation during the pyrolyses.

This is contrary to the previously established 
order of mobility and hence it appears likely that 
1,2,2-trifluoroethyltrichlorosilane decomposes thermally 
by a j3> -fluorine elimination,rather than by an £>(-fluorine 
elimination. This conclusion is not firmly based since 
the total yield of organic products from the pyrolysis was 
only 49?̂ * Olefin formation was accompanied by heavy 
carbonisation.



A high yield of organic products (99$) 
was obtained when 1,2,2~trifluoroethylmethyldichloro- 
silane, CHF2•GHP#SiGl^Me, containing a little ( ̂  5$) 
of the isomer l,l,2*triflmoroethylmethyldichlorosilane?
CHgS1*0F2*SiClgMe, was pyrolysed, The organic products 
were 1,2-difluoroethylene (95$) and 1,1-difluoroethylene (5$) 
OHFg-OHF-SiOlgMe' (95$)-t

•f*
OHg ]?• CPg • SiC IgMe (5/P

280
18 hr,

CH2 sO]?2 (5/)

CHF:CHF (95$)

Both starting materials could decompose by either 
, or (X- elimination s

CHFsOHF
0HF2*GHFiSiCl2Me"

CH2E,*GI,2*SiCl2Me-

■*- GH3?2*CH

| ^ » C H 2:CT2

c A - gh2f *c p-

Ji1-shift

H-shift
■ — ^

F-shift

GF2 sOH2

CHFsOHF

CEFsCHF

ch2*gf2

It is probably fortuitous, therefore, that the 
percentage composition of the mixture of olefins produced 
is approximately the same as that of the mixture of 
starting materials* The high yield of 1,2-difluoroethylene 
(95$) may indicate that a) the compound CHF2*CHF*SiCl2Me
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decomposes by ̂ -fluorine elimination b) the compound
decomposes hy c>(«fluorine elimination, but the mobility
order previously observed does not apply in this case,
or c) o(~ and (?r fluorine elimination occur simultaneously.

The pyrolysis of fluoro-alkylsilicon compounds
is clearly interesting mechanistically. It is egually
clear that, in many cases, the pyrolysis products do not
allow unambiguous conclusions to be drawn about either the
homogeneity of a prodtict or the percentage composition of
a mixture of isomers.

An example of the care which must be taken in
interpreting the results of pyrolysis experiments is
provided by the isomeric pair of compounds 2-fluoroethyl-
txi chlorosilane, CH^F'CH^SiOl^, and 1-fluoroethyltrichloro-
silane, CH^*CHF*Si017J.

oOOf)0H2g.CH2-SiCl5-:||S^- -V 0H2!0H2 (9756)

0Hj*0HP8i01j -2,24' 'hi-'.' ' V  GH2;CH2 (25°/)

The production of ethylene from the first 
compound i 9 OEy^CH^SiCl^j is presumably via a simple 
pr fluorine elimination, whereas an DC -fluorine elimination 
must have occurred in the second case*
0H,»0EP.Si0X, — --* CH,*CH ' :CH03 3 .elimination 3 - Shift 2 2
o( -fluorine-chlorine exchange should also be possible for



1-fluoroethyltrichlorosilane to give 1-chloroethyltrichloro 
silane#

01 
i

0H,*0H»Si0Xo — ------------ OH^'OHOl'SiOloF
5 I
' F

However, in the case of the pyrolysis of 1,2,2-trifluoro- 
ethylmethyldichiorosilane, CHFg*CKB1*SiOl^Me, which also 
contains an b(-GHF group, 5( -fluorine-chlorine exchange did 
not occzir as shown by the absence of chlorine containing 
olefins and the high yield of 1,2«difluoroethylene (95#)*

It has been reported that 1-chloroethyltrichloro 
silane is stable to 620°# Therefore if the exchange took 
place no further decomposition would occur under the 
reaction conditions, 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#

Difficulty would arise if an attempt was made 
to assess the percentage composition of a mixture of 
raonofluoroethyltrichlorosilan.es on the basis of the amount 
of ethylene produced during pyi’olysis# A quantitative 
yield of ethylene would indicate the presence of 
2“fluoroethyltrichlorosilane, lower yields of ethylene
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would require more careful interpretation* This
particular problem could be overcome by a preliminary
separation of the most volatile products (ethylene and
the chlorofluorosilanes) from the less volatile products
(unconsumed starting materials and l-chloroethyldichloro-
fluorosilane) * An analysis of the latter* would permit.
a quantitative interpretation of the results*

The behaviour of the two isomeric trifluoro-
efhyltrichlorosilanes illustrates this problem in a
more acute form*

225° GOT: CHF + carbonisation 
J  * (47 f<>) products

opc° 50H2F#CF2*SiGl^ pip-— ^  CH2 sCH2 + CHFsCHF + OHFsCHCl
(60$) (19$) (7$)

If a pyrolysis of a mixture of the isomers
had been carried out without previous knowledge of the products
from the pyrolyses of the individual isomers, interpretation
of the results woixld have been difficult, if not impossible
as it would not.be clear whether one or both isomers
underwent carbonisation*

Sinoe the object of obtaining isomer ratios
from studies of pyrolyses was to provide this information
when individual isomers were not obtained, it is clear that
the technique must be used with extreme care. Isomer
ratios obtained by this method cannot be considered to be



unambiguous unless they are supported by evidence from 
such other sources as gas-liquid chromatography, 
nuclear magnetic resonance spectroscopy, and possibly 
hydrolysis studies.



TABLE CL5" The pyrolysis of fluoroethylsilan.es
i

Compound Pyrolysis
conditions

Yield of organic 
products (?£)

CH„F*CH,->*SiCl,A A p 220°/24 to. CH2 sCH2, 97$

CH^OHF-SiOl,5 3 250°/24 to. CH2 :CH2, 23$ **
:

0HoF*CHo*si01,A A P
450°/24 to. CHg :CH2 , 78$

CHS1-* OHS'* SiCl, 2 5 280°/l8 to. CHF s CHF,' 49$ +

CHf2.CHP*SiCl2MS 
CELF*CFp•SiClpMe 
ratio oa*95*5

280°/l8 to. 99^ decomposition tc 
CHF s CHF, 95$,
CH2 sCF2, 5$

GHFpOHE* SiGJj 225°/l6 to. CHFsCHF, 47$ +

CHQ3?* GF0 * SiCl-,W A A p 225°/l6 hr. CHgsCClg, 6.0$; 
CHFsCHF, 19$; 
CHC1;CHF,. 7$

* Reference 146 ,
’x'* Yield of organic product after hydrolysis with 

distilled watera
-l- The poor mass balance results from heavy 

carbonisation during the reaction*
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Orientation in free radical addition reactions.
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It, has "been previously mentioned that the 
direction of addition of free radicals to polarised 
olefins is determined primarily by the relative 
stability of the two possible intermediate free radicals9 
and that bidirectional addition is possible when these 
stabilities are sufficiently similar to each other*

The addition of silyl radicals to vinyl fluoride1

has been shown to proceed with excliisive addition at the 
-CH2 group of the olefin to produce a series of
2-fluoroetliylsilanes* This is the same as the direction

T\1 ‘of addition of bromine atoms and trifluoroAethyl radicals*
A report of the possible bidirectional addition reaction of
trifluoroiodomethane with vinyl fluoride has appeared in
the literature. This has been criticised at the
opening of the discussion section* It appears
therefore that the addition of trichlorosilyl-methyldi-
chlorosilyl-? and trimethylsily - radicals to vinyl
fluoride produces the more stable radicals 
* «
CHS'.CHg'Si ss as opposed to CH2*CH]?*Si s  .
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{There is little published work on ionic 
addition reactions to vinyl fluoride* In the absence of 
published data on the ionic addition reaction of hydrogen 
chloride and of hydrogen fluoride to the olefin it is 
necessary to use the published data on the ionic 
addition reaction of nitrosyl chloride with vinyl fluoride 
to indicate polarisation of this olefin*

Hitrosyl chloride adds to unsaturated compounds 
in the direction called for by the polarisation of the 
bond |

Me H Me Me> /fV i ' ' te.g. j j|C * OH- OHM© Me - C - C ~ Me «*— » Me - C - G - FOR
^  ^ . . . w  t i i01 - KG 01 W  01

~ -t
The result of addition reaction of nitrosyl chloride with 
vinyl fluoride at room temperature suggests that the olefin 
is polarised in the following manner, 
s-

OEgiCHJF
0H2 = OKI’

+ ^ OH01P*OH2*I!rO. (54$
HO - 01 .
“[- tm

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 to any unreacted olefin 
to give the compound GHgCl^OHCXF.

20H01P*0H2*HO + 2HOC1 — > 2GHC1F‘>CH2-102 + H2+ 012 
0 %  : GHF + CI2 C1^C1*CHC1F*
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Because of the low yield of the Isl adduct 
from the reaction of nitrosyl chloride with vinyl fluoride 
evidence on the direction of polarisation derived from 
this source must he used with caution* However? it 
would appear that the polar and radical stability factors 
operate in the same direction for vinyl fluoride*

*SIX, + CHICHI? ---► CHIT*OHg*SiX,
* ACHIP. CHg* SiX VsiHXj ---5- OHgJfOH^SiXj + Six,

(H-) + CV CHF

CHg'OHgF + SULXj CHgBVCH^SiX, + (h “)

It is usually assumed that heterolysis of the silicon™ 
hydrogen bond is in the sense Si* H~. ■

The addition reaction of trichlorosilane with 
1 - chi o r o-2-fluor o e t hyl ene has been shown to be bidirectional 
The relative percentages of the Isl adducts determined 
v/ere found to vary because of an abstraction of chlorine 
atoms by an excess of trichlorosilane* The ratio for 
attachment to the « OHF and ~ CHOI groups Y/as 1:4*4 for 
a reaction in which the1 abstraction Y/as minimised* This
reaction necessarily entailed some telomerisation* The

* *intermediate radicals CHOI*OHF*SiCl* and CHF* CHOI * SiOl*2 3
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could initiate telomerisation at different rates. The 
observed ratio of the Isl adducts will obviously* be 
dependent on this difference and a true indication of 
the percentages of actual attack at the various groups 
cannot be obtained unless telomerisation 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 one hand 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 ( y  9 8 fo ) at the 
=0HF group of the olefin.

The theory.of radical stability would predict 
the greater stability of the intermediate radical 
CHCl'CHF-SiX^ as opposed to GHF*CHCl*SdX^ » Steric factors 
would predict the same direction of addition but the ionic 
addition of nitrosyl chloride to 1-chloro~2~fluoroethylene 
indicates polarisation in the direction mCHCl - QHF,
The same uncertainty arises about the olefin polarisation 
for this data as for the analogous data from the reaction 
of nitrosyl chloride with vinyl fluoride. The reaction 
with l-chloro-2-*fluoroethylene gave a yield of only 455̂  

of the Isl addition product. The results may now be



rationalised if it is postulated that the chlorine atoms 
on the trichlorosilyi radical lower the electron density 
at the silicon centre and so make the radical more 
electrophilic# There will? therefore, he a definite 
tendency for the trichlorosilyi radical to add onto the 
electron rich centre of the olefin* This explains the 
orientation of the isomers resulting from addition of 
trichlorosilyi radicals to the ~ GHF and = 0HG1 groups.
The exclusive attack of trimethylsilyl radicals on the 
“CHF group of the olefin indicates that these radicals 
are considerably less electrophilic than trichlorosilyi 
radicals*

The addition reaction of silyl radicals to 
trifluoroethylene has been shown to be unidirectional for 
trichlorosilyi radicals and bidirectional for methyldi- 
chlorosilyl radicals and trimethylsilyl radicals* An 
initial reaction with silyl radicals (SiH^) indicated 
the possible bidirectionality of the addition reaction, 
but the results were obtained from gas-liquid chromatography 
only and no verification of the retention times was obtained. 
The figures are included for comparison but are not 
strictly related to the other ratios of the Isl adducts 
as considerable reaction of other silicon-hydrogen bonds of 
the 1:1 adduct had taken place*
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TABLE The addition reaction of silanes with 
t r i f1uoroe t hylene *

Silane fo addition at fo  addition at 
«CHF -CF2

SiHCl,3 98
MeSiHCl2 95 5
SiH4 (88) (12)

. Me^SiH 5 65 35'

It appears that the percentage of addition
at the -0^2 &’rouP i&creases as the electron withdrawing
properties of the substituents on silicon decreases*

>
The nucleophilic addition of ethoxide ion indicates that
the direction of polarisation in trifluoroethylene is 
8+ S»
C]?2 " 0I1B1 * It is thus possible to suggest the

* * „# o
order of electrophilicity Me^Si SiH^ <( MeSiClg SiCl^ .
In this case it appears that the “normal" case for
addition to trifluoroethylene is bidirectional9 

*

e* g# 9 Br* and CF^* More electrophilic radicals will show 
a distinct preference for addition to the ~ CHF group as 
found in the present work* This is also in agreement 
with work on the addition of thiols to trifluoroethylene 
carried out in this department*



CONCLUSION.

The research described in this thesis has
shown that it is possible to explain the variations 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 Me,Si < SiH-XMeSiCl0<SiCl,,

5 j  £ y
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 
characterisation of the isomer formed in the lower 
percentage during the addition reaction. By using 
the ability of silyl radicals to abstract chlorine 
atoms, a pure sample of the minor adduct can be 
obtained,
e.g., 0H2:0I-D? + SiHCl^ — CH^-CH^SiCJl^

CHClsCHE + SiHGl* -— 0HoGl* CHF* SiGl-,P 2 o

0HoCl#0HF*Si01,+ SiHCl^ ^CH^CHF-SiCl, + SiCl,
2 p p p p 4

In this way pure samples of the expected isomers may 
be prepared and actual physical separation of the isomers 
can be limited to small scale gas-chromatographic 
separation.

The stabilising effect of hetero-atoms on free 
radicals has received little study. The halogen 
abstraction reaction dealt with in this worlc 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 abstraction reaction. A series of monochlorinated 
silanes, studied by competitive techniques, may provide 
valuable information on the stabilising effect of various



substituted silyl groups on an alkyl radical. An 
investigation of the relative ease with whioh different 
silyl radicals abstract halogen would also be of value 
if a correlation between structure and reactivity could 
be obtained* A more detailed study of the mechanism 
and the kinetics of the reaction v/ould go some way 
towards solving this problem#

The anomalous reaction of trimethylsilane 
with l“*chloro»2“fiuoroethylene 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 
o x one of a series of similar reactions with other 
chlorinated olefins#

bong range couplings of hydrogen to fluorine 
in the nuclear magnetic resonance spectrum of fluoroalkyl- 
silicon compounds of the type reported in this thesis have 
not previously been described# It would be of interest 
to establish similar long range coupling in other silicon 
compounds* and also to study the temperature dependence of 
this effect* If this coupling is present at high 
temperatures (^200°), this approach may be of use in 
understanding the behaviour of fluoi^oalkylsilicon 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*oom 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 (l 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"

-3pump which gave pressures of ca. 10 mm. 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 cm. 
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" $ 0 0 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 vapours 
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 nnn. 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,

okj-C\Ji

Dichloroethane,

oVOK\1

Chlorobenzene, 1 CTV O

Chloroform, - 64°
Methylated spirits and solid carbon dioxide, 1 CD O

Toluene, - 95°
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
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liquid chromatography using a 4 metre x 5 nim* 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 oil 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.



Preparation of Starting Materials
The chlorosilanes used in this work were commercial 

samples purified by fractionation through a 50 cm. vacuum 
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 vacuo to 
give pure trimethylsilane ̂ 47*5 g*> O.64 mole, equivalent to 
Q&fo conversion3 , M = 73*9> Calc, for Ĉ H-ĵ 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
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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. In 
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* 9 0.12 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° f°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 l,l«2-trichloro-2-fluoroethane

Symmetrical tetrachloroethane [504 g. > 3*0 molej antimony 
trifluoride J[ 270 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 2N-* 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 jacketed 
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 l,l,2-trichloro-2-fluoroethane £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 l,l,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 vacuum 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
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-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 l-Bromo-2-chloro-l,l,2-trifluoroethane

Chlorotrifluoroethylene ^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 after a short induction period
by the reduction in the pressure in the bulb. The products 
of the reaction were transferred to the system under vacuum 
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 jacketed packed column fitted with a partial reflux 
take-off head to give a major fraction boiling at 51-54°•
The product was shown to be l-bromo-2-chloro-l,l,2-trifluoroethane 
[65.5 g., 0.528 mole , equivalent to 82^J bp. 52*8°/760 
(lit. 52.5°) j l>y infra-red spectroscopy. A higher boiling
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fraction ĵ 5* was not investigated.
The Preparation of trifluoroethylene

Zinc dust C.196 g*> molej contained in a 500 ml. three­
necked flask was activated with 5̂ . 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. l-Bromo-2-chloro-l,l,2- 
trifluoroethane [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.
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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 cm. 
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 (Table y).

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
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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*4$;
CgH^Cl^FSi requires C, 13*2; H, 2.2; Cl,
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.



; Infra-red band- table for:2-fluoroethyitrichlorosilane :-■■-i ' . cn0F.CH0.SiCi

; v3*34; W : V w  . 1 * 1 ^ : ^ :  10«20 , vs
; : 3«40 S; ";. 7o95 W  10«60 VS ’ ; ■

5,05 : . 8.22 vs ^ 12.95
6,26 in' * 8.59 V 13*2 5 ■V

,;Xv 6,95 w 9/00 J . ' 13*95 ̂ • v\/.. '
' ' VV*i:; ■; ; ' v ; v i : . - . Yvs ■■■;' , ; ■ .

.■■•/.J; ■ .7*09-ti...•; . 9:*6QYvs V •- i4>15 ' \ '
' . 7*20 VS. _ 10,00;v VS ... gv.'-O, ' v

The adduc’t Was investigated ‘by - gas-liquid chromatography using ■ 
a jerkin Elmer vapour ulTractqmeterM (mo&e.K 116) fitted: with a 
thermistor detector.*: The column Used was 'Constructed; from,
4 metres of 5. m. tiihing containing silicone1 oil (JvhS. 550) 
supported on "Oelite". A single pesW for the addupt was obtained - 
with a retention time of 15*9 min* '.at' 156 *̂• and a.nitrogen flow  ̂r 
rate ofV6.8 nU,/min, at 1 kg./cni • The, retention time of . . •T-- ‘
l»fluoroethyltrichlorosilane ? isomeric, with the expected adduct V
was 12#6 min*. under the sanie conditions, suggesting that .
l~fluoroethyltrichlorosiiane ;:was. not present in. the adduct •,
The adduct, was/shownto be , 2-fluproethyl trichlorosilane; by . ' . \
nuclear magnetic resonance spectroscopy? (see appendix)* : : ■ y
The sample of 1-fiuoroethyltrichlorosilane was prepared by the. ..; 
Addition reaction of trichiorosilane with; l«chibro~^;



fluoroethylene followed by dechlorination in situ by the 
trichlorosilane, (see
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TABLE '2-7
The Photochemical Reaction of 

Trichlorosilane with Vinyl Fluoride

moles of 
olefin

mole ratio 
silane/ 
olefin

time
(hr.)

olefin
consumed
w

1:1 adduct 
based on olefin 

consumed
(*)

lamp
wattage

0.055 1:1 100 18 40 250
0.07 1:1 150 2 - 250(a)

0.07 2:1 70 21 80 500

0.07 2:1 100 50 75 500

0.055 2:1 150 95 75 500(b)

0.059 2:1 200 22 95 500(c)

0.057 5:1 100 54 88 500

0.057 6:1 170 96 91 500

0.07 1:1 556 0 0 500(d)

(a) Tube Stationary
(b) "V /o Hydrogen detected
(c) Vapour phase shielded
(d) Reaction in the absence of light
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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 JJl.ll g., 0.024 mole, equivalent 
to conversion!, a liquid which condensed in a trap cooled

the presence of the adduct of methyldichlorosilane with vinyl 
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 mm.

The fore-runnings consisted of methyldichlorosilane and a

which the infra-red spectrum indicated

Founds C, 23.0; H, 4.0$; 
C, 22.2; H,
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trace of the adduct [_0.4 g.J and the pot-residue consisted of 
a trace of polymeric material ^0.6 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 ro 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

moles of 
olefin

mole ratio 
silane/ 
olefin

time
(hr.)

olefin
consumed
(»

1:1 adduct 
based on olefin 

consumed 
(*)

lamp
wattage

0.059 5:1 100 57 95 500
0.059 8:1 120 68 95 500

The isomeric compound, 1-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 4s1* Results with different ratios are given in 
table

Trimethylsilane ̂ 14*8,g., 0.20 molej and vinyl fluoride 
[2»3 S*9 0.05 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 AOjfo 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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oil 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 adduct of
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,
C^F.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 w 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

M M
silicone oil (M.S. 550) supported on Celite. 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
olefin

mole ratio 
silane/olefin

time
(hr.) tfo 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)

(a) 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 4s1 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 18$ 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

fluoride

in vacuo in a "Dreadnought" tube and shaken for 2 weeks in the 
absence of light. Fractionation in vacuo gave a gas condensing

of the adduct of trimethylsilane with vinyl fluoride (estimated

[2.855 g* 9 0.062 molej and azobisisobutyronitrile 
ca. 2$ on vinyl fluoride, 0.5$ o n trimethylsilaneJ were sealed

mmole,

at -46° £0.062 mmoleJ, molecular weight 78, (calc, for
which was mainly trimethylsilane plus a trace

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
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investigation by gas-liquid chromatography.
Trimethylsilane [jL7*13 g* > 0.23 mole], vinyl fluoride 

[2.665 g*9 0.057 mole] and azobisisobutyronitrile 
[o.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 = 28̂  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 
[o*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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RE&CTIONS OF SILASES WITH TEIFLUOROETHYLEHE 
The Reaction of Trichlorosilane with Trifluoroethylene■iirn'nin i T H  u.i.i ii ii. iw  i imu.i_Bj_uia ■■■< niUn-nii'lm  n . jm_ lm_w_-iii i p iiw  i iniw'in^i —  i u ittiH ,,111 i i 11 airi i       ■ niBT niirft^Trim w^ncexjaaMnuM

Trichlorosilane [ 37*6 g*? 0*2775 mole] and 
trifluoroethylene ^4*55 g° ? 0.0555 molê ] in a silica tube 
was shaken and irradiated for 100 hr. Fractionation in vacuo 
gave unreacted trifluoroethylene jjD,3-19 g* s 3*88 mmole, 
equivalent to. 93$ conversion^ unreacted trichlorosilane 
2̂2 *01 g., 0.1626 molej and a liquid condensing in a trap 
cooled to “24°» f19 ° The contents of the “24° trap were
combined with a similar fraction from an identical reaction, 
and fractionated at atmospheric pressure 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 a lsl adduct of 
trichlorosilane with trifluoroethylene jjl.6.53 g* > O.O763 mole 
equivalent to 75$ of the olefin reacted], b.p. 102~4°/760 
The fore-runnings consisted of a mixture of trichlorosilane 
and the adduct £0.4 g.J and unreacted trichlorosilane. The 
pot-residue consisted of a small quantity of dark brown

mm.

material £l g. The absence of the Si-H stretching frequency
at 4 *6  p- in the infra-red spectrum of the adduct indicated
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that it was free from trichlorosilane.

Found: G, 11.2; ff, 0.955 Cl, 49 *$5
CgHgCl^F^Si requires, C,. ll.lj II, 0*95? 01, 49*2$°

Infra-red band table for 1,2,2«~trifluoroethyl trichlorosilane
(0Bg2.0Hff.Si01,)

jM M
3*40 w 8*20 m 10*22 s
7.20 s 8*70 vs lie 00 m

5*39 m 8*95 vs 12*65 s
7*65 vw 9*15 vs 13*80 m
7*83 w 9*45]I vs
8*03 m 9*55,I doublet

The infra-red spectrum of the pot-residues was essentially 
similar to that of the adduct, hydrolysable chlorine of the 
residue indicated an average of ̂ 2 olefin units per silane unit* 
Founds Cl, 56.1$$
C^H^Cl^F^Si requires, Cl, 38*0$.

The adduct was investigated by gas-liquid chromatography 
using a M4 nn silicone11 (M.S»550) column* A single peak for 
the adduct was obtained with a retention time of 14*2 min* at 
I5O0 and a nitrogen flow rate of 74 ml*/min. at 1 kg*/cnf% The 
retention time of the compound isomeric with the expected adduct,
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1,1,2-trifluoroethyltrichlorosilane,* CHgF.CE’g.SiCl-, was
12..9 min* under the same conditions* The adduct was shown to 
he 1,2,2-trifluoroethyltrichlorosilane by nuclear magnetic 
resonance spectroscopyo A mixture- of 1,2,2-
trifluoroethyltrichlorosilane and 1,1, 2-trifluoroethyltrichloro­
silane (925$ and &fo respectively) was investigated by gas-liquid 
chromatography under the same conditions* It gave two well 
distinguished peaks at 12*9.min* (7*5$ by area) ? and 14*2 min* 
(92*5^ by area)*
The Reaction of Methyldichlorosilane with Trifluoroethylene 

Methyldichlorosilane [ 37®5 go? 0*275 mole] and. 
trifluoroethylene [ 4*55 g»? 0*0555 mole] in a silica tube were 
shaken and irradiated for 100 hr. Fractionation in vacuo gave 
unreacted trifluoroethylene [_0*91 g°? 0*0111 mole* equivalent 
to 80fo conversion], unreacted methyldichlorosilane, and a 
liquid condensing in a trap cooled to -24° £l0*4 g*J *• 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 hr* W.X.- Sevan by the addition reaction of 
trichlorosilane v/ith chlorotrifluoroethylene followed by 
dechlorination in situ, by the trichlorosilane*
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vacuum jacketed 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 las‘t *two 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 QOfo 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_H,:Cl0F,Si requires Cl, 25•¥/<>• The adduct5 0  I  5
was shown to be free of methyldichlorosilane by the absence 
of the Si-H infra-red stretching frequency at 4*6 f i  and was 
recognised as the lsl 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; Cl, 36*0^.



Infra-red band table for 1,2,2- 
trifluoroethylmethyldichlorosilane, (0!PoH*CI\H*Si01oMe) 

(purity 95$)
>
5*41 w 7*92 s 9*60 vs
3*50 vw 8*10 w 10*30 m
6*94 vw 8*25 w 11*00 m
7*25 m 8.79 s 12*55 vs
7*40 m 8*95 m 13*23 s
7*70 vw 9*25 vs, broad 14®45 m

The adduct was investigated by gas-liquid chromatography 

using a "4 m. silicone" (M.S.550) column* A main peak with 
a retention time of 17*5 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*/cm * The adduct 
was shorn to consist mainly of 1,2,2- 
tr if luoroetbylmethyldichl or osilane by nuclear magnetic 
resonance spectroscopy* Traces of a compound corresponding to
1,1,2-trifliioroethylniethyldichlorosilane were detected in 

concentrations less than 5$ "by nuclear magnetic resonance 
spectroscopy*
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The Reaction of Trimethylsilane with Trifluoroethylene 

Trimethylsilane [j?2 <>0 g. , 0.30 molê ] and 
trifluoroethylene [4.45 g., 0.054 mole] with mercury .(2 ml.) 
in a silica tube were shaken and irradiated for 140 hr. 
Fractionation in vacuo gave unreacted trimethylsilane■118.76 g. 
0.252 mole, equivalent to 9&fo reaction (excluding the 4 molar 
excess of trimethylsilanej and a liquid which condensed in a 

trap cooled to ™24°? [̂ 7*5 g*J « A small quantity of high 
boiling liquid £ 0.1805 remained in the tube under vacuum. 
The infra-red spectrum of the latter was identical with that 
of the liquid which condensed at -24° apart from the Si-H 
stretching frequency at 4*6  jx  in the -24° fraction, l lo  olefins 
were detected. The liquid condensing at -24° was investigated 
by infra-red spectroscopy, gas-liquid chromatography and 
elemental analysis for carbon and hydrogen. It was shown to 
be a lsl adduct of trimethylsilane with trifluoroethylene 
£7*42 g., 0.0475 mole, equivalent to 8 of the olefin 
consumed] , together with a trace of trimethylsilane j~ 0.08 g., 
1.1 mmole] •

Founds 0, 38.2? H, 7*Q^;
Cj-H^F^Si requires, 0, 38.5; H, 7.1?£.
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Infra-red band table for 1,2,2- 
trifluoroethyltrimethylsilane, ( GF^H. GEF* SlMe^)

J *
3-34 s 7*38 w 10*97 s
3*42 m 7*95 vs 11*74 VS
6*85 w 8*82 m 13.17 m
7*03 w 9*45 vs 13*24 m
7.25 w 9*53 vs 15*07 w
7-34 w 10.28 w

The adduct was intensively investigated by gas-liquid 
chromatography on a laboratory built machine using a 
squalane/silicone (M.S.550) column and a series of different 
temperatures* A very small peak (less than 0*001^ of the 
total peak area) with a retention time corresponding to that 
of an authentic sample of 1,1,2-trifluoroethane was detected 
when the volume of sample injected was approaching the upper 
limits of the machine* During the investigation it was found 
that the main peak (i*e. the adduct) was resolved into two 
components in approximate percentages 35?° and (ff/o  (i*e* relative 
peak areas) in order of increasing retention time* The 
identities of these peaks were found to be 1,1,2- 
trifluoroethyl trimethylsilane j CHgFo CFg • Si (GH^) ̂ ; and



1,2,2-trif luoroethyltrimethylsilane j GHFoSi(CH^) ̂ } 

respectively by calibrating for retention time against 
independently prepared samples of the two compounds (see pp*2.£§ 
It was later shown (p.1-42-) that differences in thermal 
conductivity of these two compounds (assessed by quantitative 
calibration with a synthetic mixture of known composition) were 
insignificant for the purpose of determining the isomer ratio.

The reaction was repeated in the absence of mercury with 
irradiation for 250 hr* Trimethylsilane £22 g., 0.297 mole] 
and trifluoroethylene £4*43 g* * 0*054 mole] in a silica tube 
were shaken and irradiated for 250 hr* Fractionation in vacuo 
gave a non-condensable gas (M ~ 5*$) assumed to be hydrogen 
|jO*QQ252 g., 1*16 mmole, equivalent to O.OO^jt of the 
trimethylsilane before reaction], trimethylsilane [ 17*7 g., 
0*259 mole, equivalent to 12*ffo consumption based on the 
olefin] and liquids condensing at-6$° and “7®°? combined, 
[̂ 9*105 g.J » The combined liquids were investigated by infra-red 
spectroscopy and shown to contain a, trace of trimethylsilane, 
trimethylfluorosilane, and an adduct of trimethylsilane with 
trifluoroethylene (by comparison with the spectra of authentic 
samples). The liquids were investigated by gas-liquid



241

chromatography using a ”4 m* silicone” column at 120° at 
0*5 kg*/cm? and a nitrogen flow of 40 ml */min* Peaks 
corresponding 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 percentages of the adduct peaks was 41± 2/ and 
59* 2/. Quantitative calibration was not carried out 
(see below)* No olefinic products were detected*
The Low Conversion Reaction of Trimethylsilane with

Trimethylsilane |̂ 7®4 g* ? 0*1 molej and trifluoroethylene 
[1.64 g., 0*02 mole"| in a silica tube were shaken and irradiated 
for, 12 hr. Fractionation in vacuo gave fractions condensing 

at “45? “635 “78? -120 and -196°. The fractions
condensing at -45? “63 and -78° were combined and the fraction 
condensing at -96° was refractionated, the “45? "63 and -78° 
fractions again being combined and transferred to the first 
combined products* This procedure gave unreacted trifluoroethylene 
jjL.Jl 0*016 mole, equivalent to 20/ reaction of the 
olefinj and the total liquid products (at ambient temperatures) 
along with much unreacted trimethylsilane. Investigation of 
the liquid products by gas-liquid chromatography using a
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"4 m* silicone" column at 50° an& with a pressure of 
0*5,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*

retention time, 
(t) min.

H III. — | IAIJd.HI'— IH!IP»

peak- 
weight g* . ?° t peak-

weight io identity

3.0 m „  ' 3*0 - Me^SiH
■■13.0" 0.1965 34 13d 0*1289 34.8 isomer I

15.4 0.3816 66 15.4 0*2415 65.2 isomer II

Authentic samples of 1,1,2-trifluoroethyltrimethylsilane, 
CHJP* CFp * Si(0H7 ) and 1,2,2-trifluoroethyltrimethylsilane *dL c . j  J

CHi?2*CHf?0Si(GB^)^in a mixture of known percentage gave the 
following results*

compound retention time, 
(min.) weight $

weight
of̂ ĵ eak ô(peak)

CHgF.CI^.SiCCHj)- 13.0 0*259 38 0*1351 38.2
C]?2H.CBP.Si(CBL), I5.5 0*424 62 0.2200 61.8

— t_____ -1, |, J mpju-n̂if̂F-iir 11 inniiiii.il
It can he seen from the above results that isomer I corresponds
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to 1,1,2-trifliioroethyitrimethylsilane^(Ciy^CFgoSi (CH^)^

and that isomer II corresponds to 1,2,2-trifluoroethyltri-

methylsilane, (CF2H*CHF*Si(CH^),,) ° It is also apparent
that the correction to the isomer ratio due to differences in
thermal conductivity is not significant here*
(The Reaction of trichlorosilane with Trifluoroethylene in the 
Absence of Light

Ti’ichlorosilane £ 1*125 g* ? 8*3 mmole]and 
trifluoroethylene £o*34 S ° ? 4*15 mmolejwere sealed in a silica 
tube in vacuo and shaken at room temperature in the absence of 

light for 14 days* Fractionation in vacuo gave trichlorosilane 
|l*090 g*9 8*05 ramole] and a fraction condensing at -120° 
shown to consist of trifluoroethylene £0*34 g°9 4°15 mmole,
100$ recovery] contaminated with a small quantity of 

trichlorosilane £ 0.03 g°5 0*22 mmole]* Ho other components 
were found* Identification was by infra-red spectroscopy and 
gas-liquid chromatography* The reaction was repeated at 85° 
for 100 hr* and the same procedure was used for investigation 
of the prodticts* The reactants were again recovered 
quantitatively* Ho reaction had taken place in either case*
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ADDITION REACTIONS OF SILANES V/ITH 
1 "OHLOHO-2-ELUOEOETIgLENB.

Reaction of tri chioroailane with 1-chloro-2-fluoroethylen.e.
a) In the absence of light. Trichlorosilane

[135.5 S., 1*00 mole] and 1 -chloro-2-fluoroethylene jj8.03 g.,
0*10 mole] were sealed in a silica tube and left in a dark
cupboard at room temperature for fourteen days* Fractionation
in vacuo3 followed by quantitative gas-liquid chromatography on
a m. silicone column (M.S*550) at 80°, gave 1-chloro-2~
fluoroethylene ^8*05 g. i 0*10 molej and trichlorosilane
£1 34*9 g*> 0*99 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 2*5?1« Trichlorosilane [155.5 s., 1.00 molej and 1-chloro-
2-fluoroethylene ̂ 34*0 g., 0*4 mole] were irradiated with 
shaking for 116 hr* before a 300 watt ultraviolet lamp* 
Fractionation in vacuo gave 1 -chloro-2-flUoroetliylene [9*2 g.,
1.12 mole, equivalent to 73$ reaction of the olefin] , excess
of trichlorosilane, and a pale yellow liquid which remained in
the reaction tube at room temperature. Fractionation under
nitrogen in a 20 ml. pear-shaped 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

was shown to be 1-fluoroethyltrichlorosilane, containing a 
trace of 2-fluoroethyltrichlorosilane (^5$)* and a fraction

mixture of the isomeric adducts of trichlorosilane to 1-chloro- 
2-fluoroethylene and traces of both fluoroethyltrichlorosilanes 
( ^  5Jo) • A re fractionated sample of the adduct gave a 
fraction free from the impurity of the fluoroethylsilanes, and 
was recognised as the adduct of trichlorosilane with
1-chloro-2-fluoroethylene by elemental analysis for carbon, 
hydrogen and chlorine.

distillable at atmospheric pressure remained in the flask. 
Percentages were obtained by means of gas-liquid chromatography

b*P*33°, a fraction collected at 100-102°, j^0*834 g*] which

which was shown to be a

Pound: C, 11.3; H, 1.39; Cl, 65.3#;
CgHyn^FSi requires, C, 1 1 .1 ;  H, 1 .4 ;  Cl, 65.5̂ .
A high boiling viscous material £16 £•] which was not

as indicated below and the overall yields (table V2.) are based 
on these results.
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ratio of 5:1, Trichlorosilane £44*8 g. , 0*33 mole] and 
1 -chloro-2-f luoroethylene {̂3*32 g* > 0*066 mole] werewere
irradiated in a silica tube with shaking for 100 hr* 
Fractionation in vacuo gave unreacted 1 -chloro-2-fluoroethylene

which remained in the tube at room temperature under vacuum* 
Fractionation 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 
gave fractions at 35-95°# shown to he a mixture of trichloro­
silane and silicon tetrachloridej 95-114° l > «  s.] , shown to 
he silicon tetrachloride and 1-fluoroethyltrichlorosilane (51/0i 
and 140-6 0 [10.7 g.] shown to he the isomeric 1:1 adducts of 
trichlorosilane with 1-chloro-2-fluoroethylene. A small
quantity of high hoi ling material ( ̂  0*3 g*) remained in the 
flask.

d) The photochemical reaction with a silane/olefin ratio 
of 10:1* Trichlorosilane [/135*5 g* # 1*0 mole] and
1-chloro-2-fluoroethylene C&-05. g*, 0*10 mole] were irradiated 
with shaking in a silica tube for 100 hr* Fractionation

[j*75 g*, 0*028 mole, equivalentto 67/S reaction of the olefin] , 
unreacted trichlorosilane, .and a high hoiling liquid [13 .4 g.j
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in vacuo gave unreacted 1-chloro-2-fluoroethylene £o*16 g.,
0.002 mole, equivalent to 98$ reaction of the olefin^j , unreacted 
trichlorosilane containing traces of silicon tetrachloride, 
and a high "boiling material [16.7 S.] which remained in the 
tube at room temperature under vacuum. Fractionation of 
11* 5 g« o f this high boiling material under nitrogen in a 
20 ml* pear-shaped flask as described above gave fractions at 
33-100°, [̂ 2*52 gj shown to be trichlorosilane and silicon 
tetrachlorideJ 102-104°, H 6*8i gj shown to be
1-fluoroethyltrichlorosilane containing a small quantity of
2-fluoroethyltrichlorosilane ( ™ 10$) J 106-114°, C^-35 g*j| 
shown to be a mixture of 1-fluoroethyltrichlorosilane (31$) and
2-fluoroethyltricKLorosilane (68$)) 114-120°, £ 0.97. g*] shown 
to be 2-fluoroethyltrichlorosilaneJ and fractions at 134°, 
[0.98 g.] and 140-500 £1.02 gJj which were both shown to be 
isomeric mixtures of the 1:1 adducts of trichlorosilane with
1-chloro-2-f luoroethylene. A viscous brown liquid |̂ 0*8 gfj 
remained in the flask.
Identification and evaluation of the components of the 
fractions from the reactions of trichlorosilane with 
°1-chloro-2-fluoroethylene.

The fractions were investigated by means of gas-liquid
chromatography using a 4 m* silicone (ivl.S. 550) column at 150°
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2with an inlet pressure of 1 kg./cm* on a Perkin Elmer 
"Fractometer" model 452 fitted with, thermistor detectors* 
Samples for the calibration of the column for
2-fluoroethyltrichlorosilane and 1-fluoroethyltrichlorosilane 
were obtained respectively from the reaction of trichlorosilane 
with vinyl fluoride and from the 102-4° fraction from the 
reaction of trichlorosilane with 1«chloro«2-f luoroethylene 
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 basis of elemental analysis for carbon and 
hydrogen; nuclear magnetic resonance spectroscopy and 
hydrolysis data, (table*52).
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The infra-red spectra of the fractions obtained by 
preparative gas-liquid chromatography indicate that 
separation had been achieved*

Infra-red band table for 1-chloro-2-fluoroethyX- 
trichlorosilane,

GH2F.CHGl*SiCl5

2.78 m 7.15 m 90.0 s
3.00 m 7*46 m 10.64 s
3.37 8.23 a 11.07

)33*42 8.9 vs 11.18 ,
6.20 vw 9.45 vs 12.7 m
7.02 w
Infra-red band table for 2-chloro-1-fluoroethyl- 

trichlorosilane,
GHgGl. OHF* Si 01^

2.90 m 7.7 m 11.79 s
3.37 m 7.75 11.84 s
3.58 w 7.925 m 12.38 m
6*15 w 8.2 ia 12.55 a
6.75 vw 8.55 'Is*/broad

13.05 a
6.84
6.90

vw
w

8.9
9.2

13.6 I 
13.65 Vm

7.02 m 9.47 ,i 13.85
7.525 m 9.86 s 14*65 w
7.65 m 10.88 m 15.46 m

Percentages were obtained by means of relative peak areas 
corrected for small differences in thermal conductivity in the
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following manner* A known mixture of A and B of molar
composition A1 and B* gives peak areas Ma,! and l,b1f. The true

bA*
B1“area" of 11 au for comparison with ttb” should he _t ,

therefore any other peak of compound A must he corrected by a 
A'bfactor for comparison with any other peak B in the same

mixture. Thus a 1:1 mixture of 1-fluoroethyltrichlorosilane
and 2-fluoroethyltrichlorosilane gave peak areas in the ratio 
1:1.02 respectively; therefore the factor for
1-fluoroethyltrichlorosilane is 1*02. Similarly, a mixture of
2-chloro-1 -fluoroethyltrichlorosilane [j3.6G g*| and 
1-ohloro-2-fluoroethyltrichlorosilane j~0.262 ĝ J gave peak 
areas 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*

SiHDl, 3*9
SiOlj 5*0 "
CHj.dHF.SiGl, 12.4 "
OHgF.CHg.SiCX, 15.0 "
OHgF.CHCl.SiCI, 25.6 '•
OHgGl. CHS?. SiCl, 31.4 "

Bach fraction from the reactions was investigated 
in this way and overall percentages of both the 1:1 adduot and 
the dechlorinated 1:1 adduct were obtained, (table 15 ) *

Isomer ratios for the adduct were obtained, but only in the



reaction with, a silane/olefin ratio of 10:1 was the 
percentage of 2-fluoroetliyltri chi or osilane significant*
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The photochemical reaction of the adduct of trichi or osilane 
to 1-ohloro-2-fluoroethylene with methyldichlorosilane.

A sample of the adduct of trichlorosilane to 
1 -chloro-2-fluoroethylene was investigated hy quantitatively 
calibrated gas-liquid chromatography and shown to consist 
of the two isomers 1 -chloro-2-fluoroethyltrichlorosilane,
GH^* CHOI. SiGl^, and 2-chloro-1 -fluoroethyl trichlorosilane, 

GE^Cl.OHBhSiCl^* in the ratio 1:4*38* A sample of the adduct 
[ 3.0 g., 13*9 mmole"] was photolysed with methyldichlorosilane 
[l6*0 g., 139 mmolê J for 100 hr* before a 500 watt Hanovia” 
ultraviolet lamp. The tube was opened in vacuo connected to 
a volume of ca. 80 ml. and the contents of the tube were 
allowed to warn up to room temperature. The 80 ml. trap 
was also at room temperature and not at -196° as is normally 
the case. At room temperature (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 spectroscopy and shown to consist of methyldichloro­
silane. No olefinic compound was detected. The liquid in 
the tube was investigated by gas-liquid chromatography on a 
4 m. silicone (M.S.550) column at 150° with the flow rate 
adjusted to allow good separation of all the expected products.



Retention times were checked with authentic samples "before 
and after the reaction mixture was investigated, and the 
column was quantitatively calibrated for the four substituted 
ethyl si lanes# Peaks were obtained corresponding to
methyldichlorosilane and methyltrichlorosilane, (these were not 
measured quantitatively), the isomeric fluoroethylsilanes,
OH^P• OHg#SiCl^ and CHyGHP.SiCl^, in the ratio 1:15#3, and the 
isomeric chlorofluoroethyltriohlorosilanes, CHgP• CHC1. SiOl^ 
and OHgCl.OHF.SiGl^ in the ratio 1:1#19, (the ratios quoted are 
peak areas corrected to molar ratios). The compound 
^rfluoroethylmethyldichlorosilane, OH^P * CHg * SiCl^Me, was not 
detected in the reaction mixture although the peak due to this 
compound in the synthetic mixture was easily identifiable#

These ratios allow the calculation of the percentage 
reaction of each isomer of the adduct and they also give an 
approximation to, the relative rate of halogen abstraction.

Let tlie isomer ratio of the adduct before reaction 
be expressed in terms of x, after the reaction in terms of y, 
and the ratio of the reduced adduct in terms of z#
i.e., CEy?• CHD1.SiCly'toHgCl• CHF.SiCl^ = 4.3&C (before reaction) 

CHgF.CHC1.SiClj/OHgCl.GHP.SiCl^ = 1.19y (after reaction)
OH,.OH?.SiClj/CHg,]?.CHg.SiOl^ = 15«3z (after reaction)
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Then x = y 4. 2 ( for the c*v "3? isomers)
and 4*38x = 1.19y * 15*3z (for the -]? isomers).
It follows that y = 4*7^z 
therefore, ^ reaction of

OH23?.CHO1.Sx015 = ~ = g  = 17.3^

and of CIljCl.CHP.SiCl^ = ffi'ig = 61.5^

The relative rate of dehalogenation is approximately = 3*55«4.C1
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 the ratio of :ot chlorine abstraction
equals oi' 3*551, indicating an error of 1*4$ in the
measurement and evaluation of peak areas.
The reaction of the adduct of trichlorosilane to

1-chloro~2~fluoroethylene with trichlorosilane in the 
absence of light.

The adduct ’of trichlorosilane to l-chloro-2-fluoro­
ethylene £ 0.2605 g* ? 2.23 mmolej and trichlorosilane £ 2.7 g*>
20.0 mmolej were shaken at the ambient temperature of the 
ultraviolet lamp (35~4-0°) in the absence of light for 
14 days. Investigation by gas-liquid chromatography gave 
peaks attributable to trichlorosilane and the isomeric adducts
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(OHgCl.OliP.SiCl^ and OH^F.CHOI.SiOl,) only. Reaction had
not taken place to any significant extent.
The photochemical reaction of the adduct of trichlorosilane 
to 1-chloro-2-fluoroethylene with trimethylsilane.

A sample of the adduct of trichlorosilane with
1-chloro-2-fluoroethylene was investigated by quantitatively
calibrated gas-liquid chromatography and shown to consist of
the two isomers 1-chloro-2-fluoroethyltrichlorosilane
GHgF. CHOI. SiCl^ and 2-chloro-1-fluoroethyltrichiorosi lane
CHgOl*CHE*.SiCl^ in the ratio 1:1.07* A sample of this
adduct £ 0.864 g., 4*0 mmoleQ and trimethylsilane £ 2.96 g*»
40.0 mmole^j were photolysed for 50 hr. before a 500 watt
UHanovia ultraviolet lamp. The tube was opened in vacuo to 
a volume 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 presence of trimethylchlorosilane £ 0.4-30 g., 39*7 mmole, 
equivalent to 99$ reaction based on the adduct j[ , the isomeric 
f luor oe t hylt ri chi or osi lane s i ° . 7 1 5  g., 3*94 mmole 9 

equivalent to 98$ reaction J , and excess trimethylsilane.
1 -ITluoroethyltri chlorosilane, GH^ • CHB1. SiOl^ 9 and-



2-fluoroethyltrichlorosilane, CHgF.OHg.SiCl^ were, found to be in 
the ratio t*07s1 (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 to 
vinyl fluoride was detected among the reaction products.



REACTION OP TRIMET HTLSILANE WITH 
l-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- 
fluoroethylene £l3«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 
l-chloro-2-fluoroethylene [jD.306 molej of molecular weight 7 8 .0  

(calc, for Me^SiH = 74» CHClsCHP = 80.5)» indicating a mixture 
of approximately 50p/o of each component. Infra-red spectroscopy 
indicated the presence of trimethylsilane and l-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 trimethylchlorosilane1 1*4 g*» 13*0 mmole, equivalent
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t° ca. 95/c of the olefin reacted] and a compound with the same
retention time as 1-fluoroethyl trimethylsilane Pi• 5 £>• > 8*5 mmole,
equivalent to ca, 60p/o of the olefin reacted].
Reaction of Trimethylsilane with l-chloro-2-fluoroethylene 
in the Presence of Mercury

Trimethylsilane |]l5*25 g* > 0.23 mol e ] j  and l-chloro-2- 
fluoroethylene []2.095 g* > 0.026 molê ] 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 . 0 2 3  mole, equivalent
to 89$ reaction of the olefin], containing a trace of ethylene 
(<l?o) identified by infra-red spectroscopy and gas-liquid 
chromatography, trimethylchlorosilane [_2.7 g*> 0.025 mole, 
equivalent to 9 tfc  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
me thylsilane ̂ ca. 47̂  based on this assumption), along with 
unreacted trimethylsilane.

A duplicate reaction was carried out for 96 hr. to give 
vinyl fluoride (90fo), trimethylchlorosilane a n d the
possible fluoroethyltrimethylsilane (ca. 4$)• No unreacted
l-chloro-2-fluoroethylene was detected in either reaction.
At the time of the experiment only one isomer of the



X6C

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 []l.46 g., 20.0 mmole] and l-chloro-2- 
fluoroethylene j]l.6l 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 jG fo recover^, and trimethylchlorosilane 
|]o.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 |j0.0296 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; Cl, 25*3$5
C ^ H ^ C l ^  requires, C, 38.6; H, 6.0; Cl, 25.4$*
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 £o.0983 g^J was transferred
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 £ o .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- 

f luoro ethyl ene JJo. 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 
2̂•32 g., 31*4 mmole, equivalent to 75$ recoveryj and a liquid 
£l.073 g*J remaining in the reaction tube at room temperature.
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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 (l&fo 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 
lC ffo 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!, 1-fluoroethyltrimethylsilane
£0.7 g*> 4*1 mmole, equivalent to 9&?o based on the olefinj and 
hexamethyldisiloxane ĵ0.025 g» 9 1*7 mmole, equivalent to 
8y/o 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 moleJ 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 £o.l62 g., 0.0198 mole, 
equivalent to a recovery of 50ft] and trimethylsilane Tl.302 g., 
0.176 mole, equivalent to a 4 molar excess plus 40fo recovered, 
based on the olefinj, along vriLth a liquid [o.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.

W 11 osilicone column at 100 with a nitrogen flow of 70 ml./min.
indicated the presence of a trace of trimethylsilane (less 
than 0 0̂ 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 [JD.2054 g*J w&s hydrolysed in vacuo 
with 10$i6 aqueous sodium hydroxide solution to give
trimethylsilane ̂ 0*0036 g., O.486 ramolejvinyl fluoride
[0.OI38 g., 3*0 mmolej, and 1-fluoroethyl trimethylsilane [^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-l-fluoroethyltrimethylsilane (the validity of this

of the weight of trimethylchlorosilane by difference, i.e. 3*0 nmole 
of vinyl fluoride is equivalent to 3*0 mmole of 2-chloro-l- 
fluoroethyltrichlorosilane, or O.O466 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^, 1-fluoroethyl- 
trimethylsilane To.0985 g*, 8.2 mmole, equivalent to 42fc 
reaction of the olefin , and 2-chloro-l-fluoroethyltrimethylsilane

assumption is discussed on page O  3) this allows the estimation

£0.0589 g., 3*78 mmole equivalent to 19*4$ reaction of the 
olefin I. The compound assumed to be 2-chloro-l-



fluoroethyltrimethylsilane was not separately identified.
The Reaction of Trimethylsilane with l-chloro-2-fluoroethylene 
in the Absence of Light at 85

Trimethylsilane £o.614 g., 8.30 mmolej and l-chloro-2- 
fluoroethylene Q0•333 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-l-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.



O Job

HYDROLYSIS;PYROLYSIS AND FLUORINATION REACTIONS 
Hydrolysis of the Adduct H(CH^>CHF)SiCl-,

A freshly prepared IC f/o 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 mmolej was pyrolysed in vacuo 
in a silica tube at 450° for 24 hr. The products were



o s n

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 Cl^FSi = 90.7)• 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 Ĵ 0.5124 g., 2.83 mmolej was pyrolysed as above 
at 220° for 24 hr. to give a gas £l30.2 ml. at 23^, M = 89.8 
which on shaking with water gave ethylene j^O.076 g., 2.74 mmole, 
equivalent to 97% theoreticalj identified by its infra-red 
spectrum and molecular weight (28.1).



Fluorination of ' the
Fluorination was first ‘attempted by ’’means • of antimony 

trifluoride activated by antimony pentachl-oiiidGo. tfhus.the 
adduct [l.,65 g  * ’9^08 imiiolê l was passed under;,vacuum through1 C 
.a, 400 x 20 mm. :tuhe packed loosely with/antimony trifluoride‘
.and glass wool? ^and'activated’;by a f ew^drcps of . antimony;i ■ :\ 
':pentaqhloride After .six passes the volatile material was 
transferred'to-the system^ and fractionated'torgiye. silicon - ‘

tetrafluoride |p «838-g-y"0^00605 mole9, equivalent to 88*5^ 
î eactioî .and ethylene jfO‘i'254 :$ i ̂ t)*00'8,35v;̂ °l>§y v ;
tq react ionf|? identified by ixifra«red ̂ spec tiros copy and- ' ,;/ ,
aver age bioiecul&r. .weight!- ■ - 'f ̂ ̂. /-*' V:' / / ■ .-'I■
V, : The^-fluqrinatiqn1 was repeated using'antimony ‘ ;
triflupride which Had been activated rby passing chlorine gas- , 
through -it̂ /for-'JO /seconds*- '/Thus'#lhe adduGt. 1>963/ 'g*i/lb*8*;moi’ej’l 
was ̂ passed under; vacuum, though a '400 x ,20 :mmi tubei: packed . ; . v 1
; loosely with activated aptimony ti’ifluoride and glass wool! » - c 
After six passes the syolaiile ‘material- was transferred to thet/^/' 
system to give -a-fluprxnated adduct (of trichlorosilane) 1 /
[o>856 g. 9;■ 6*5 :mmoles equivalent; to 6OJ0 recovery], Condensing 
in a* trap p'obled 'to; -\4hd- a' mixture "of. silicon ’ ; ; . . /



tetrafluoride and ethylene 1080 ml. at 19° , 4.5 mmolej 
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 vs
3-40 m 7.15 s 11.24]
4.28

I-
7.62 vs 11.30 v̂s

4-32./ 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'

I-6.83 m 9.80' 14.98'
The compound slowly decomposed at room temperature in a 
"Pyrex" ampoule, releasing silicon tetrafluoride and ethylene.
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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°• 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 ltyo aqueous sodium hydroxide solution 
was slowly added through the trap of a hydrolysis bulb into 
which the adduct ^0.1468 g., 1.223 mmole], containing a 2°/c 

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
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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 9&/o 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° • 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 fo.5136 g., 2.82 mmolej 
had previously been introduced. A vigorous 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
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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, aJid -196° 

gave a major fraction condensing at -196°, shown to be 
ethylene j jo .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. 1,1-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 oil" column under conditions set to 
separate a synthetic mixture of the isomeric difluoroethylenes. 
The gaseous mixture was found to consist of 1,1,2- 
trifluoroethane (80gS) and cis- and trans-1,2-difluoroethylene 
(20$). 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
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along with the white polysiloxane.
Hydrolysis of the Adduct H(CF^*CHF)SiGl^Me

The adduct of dichloromethylsilane with trifluoroethylene 
|o.l307 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-difluoroethylene, 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 
(57$), 1,2-difluoroethylene (40.8$) and 1,1-difluoroethylene 
( 2 . 2 f c ) .

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
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(84/=) j 1,2-dif luoroethylene (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 lO fo  

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-trifluoroethane, 1,2-difluoroethylene and
1,1-difluoroethylene, fl.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-trifluoroethane (43^)> cis- and trans-1,2-difluoroethylene 
(41/£)» and 1,1-difluoroethylene (l6?b). Fluoride ions were 
detected in the aqueous residues. An attempted hydrolysis 
with water gave no volatile products.
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Pyrolysis of the Adduct H(CF^»CFH)SiCl^Me
The adduct of dichloromethylsilane with trifluoroethylene 

£o .1865 & • y 0.9475 mmolej was 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 
£l.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» 
CHClsCHF, CHF:CF2, or CHCIF.CF^H.

The pyrolysis was repeated at 225° for 16 hr. The adduct 
|£o.3013 g* > 1*55 mmolej was 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-difluoroethylene, along with a chlorofluorosilicon 
compound. The gas was transferred to a hydrolysis bulb 
and shaken with distilled water to remove the hydrolysable
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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-dif luoroethylene 
(95/0 and 1,1-difluoroethylene (5$) hy infra-red spectroscopy, 
gas-liquid chromatography, and molecular weight determination. 
Chlorine-containing olefins were not detected.
Pyrolysis of the Adduct HfCF^.CFlOSiCl^

The adduct of trichlorosilane with trifluoroethylene 
[ C M258 g., 1.5 mmole] was pyrolysed in a silica tube in vacuo 
at 250-2550 18 hr. in a irWild-BarfieldH furnace. The
reaction products were transferred to the vacuum system and 
were found to be a gas [l.49 mmole], having an average 
molecular weight of 107, and with an infra-red spectrum 
which indicated the presence of 1,2-difluoroethylene 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 ̂ 0.75 mmole, 
equivalent to 50^ of the adduct]• Investigation of the gas 
by molecular weight determination, infra-red spectroscopy, 
and gas-liquid chromatography indicated that it was
1,2-difluoroethylene I 0.045 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(CF0.CHF)SiCl2lIe. Treatment 
of the products in an identical manner gave 1,2-difluoroethylene 
(47$)9 along with a black insoluble residue, and a volatile 
hydrolysable siliceous material.
Hydrolysis of the Adduct of Trichlorosilane with l-chloro-2- 
fluoroethylene

The adduct of trichlorosilane with l-chloro-2-fluoroethylene 
was investigated by gas-liquid chromatography and shown to 
consist of 2-chloro-l-fluoroethyltrichlorosilane, C^Cl.CHF.SiCl^, 
and 1-chloro-2-fluoroethyltrichlorosilane, CE^F.CHCl.SiCl^, 
in the ratio J i l *  The isomers could not be separated by 
fractional distillation.

The adduct mixture £o .1822 g., 0.838 mmole~| was 
introduced into a hydrolysis bulb, and hydrolysed in vacuo 
with fresh 10$ aqueous sodium hydroxide solution. Fractionation
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in vacuo gave vinyl fluoride j_0.0285 & • > 0*62 mmole, 
equivalent to 74*7/® conversionj and vinyl chloride 
0̂.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>:1 
CHgCl.CHP.SiCl^ to CH^F• CHC1 • SiCl̂ ). 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 cm. 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 

Trimethylsilane£ 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.



ihe, infrared;, specbrunv of the nil was; e%ehttally,similar to ;’v; 
that of tfimet^IsiianS^aM did not porfespohd, to: f v- yv,_
.hexametl^idisilarie* ' llie oil „was hot- furyief/investigated, ’
rfhe irradiation. of grichlQrosilane ,.v, * h;

l n: ni n i  iHHjiil.Hi i him wnnnmi ji mi' ir.iim' iin. HB'mmlP ir ITWI flniinTTT»ii~»W*y~rTyiiî iTirw J 'v ., 1

■t Ah: silica Lube : \ms .calibrated Pbrlvplme’ŝ froin- 15-25’-; inliV •
Xt ropm temperature' one- mole of trichiorpsiiahe has ‘a volume 
"df i l d o i m i *. s-\2^tni>i;6f; trichlpf.Qsilane.'Avas--. introduced; into 1

siliba tute and. vig:p&tisly degassed;' several times, in" tacuo ;■ 
Auntil’‘̂the> vpinma-rremaining-'Was/.exactlyf^d nil • Trichlorosilane;; 
jy*7 " g *, , 0. yaiiolej • was, irradiated'in vacuo for' ;90>hr*'' in a silica 

■ tube, .before a 50G> watt ĉ Hahovia'1. ultraviolet: lamp, ~ i. :;
ITfactidiiation in vacuo■ gave a non-condensable gas»|M = 4sl 
having lio dnfrd^rpd absorption, hvhich; was assumed to be ' ‘
•hyipogbn•.;(ca.,y-bydrogeh chloride £9*265 gi ? 5*9 mmole, 
■equivalent to cjw‘ reaction of the trichlorosilanej, ; 
xmreacted ;tficiyorosilane|26,565 g*‘> 0*194 mole, equivalent \ 
to ST/o recovery^, and a high boiling yellow oil £0*15. g*J ° 
Hydrogen chloride,'.was identified by infra-r'e’d spectroscopy ,
•and molecular weight determination; trichiorosilane was 
identified; by infra-red spectroscopy^: f he infra-red spectrum
of the yellow oil was essentially similar to that of v .



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 £o.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 9&/o 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 1,1-difluoroethane, and a spectrum of
1,2-difluoroethane was not available for comparison.
The Irradiation of l-chloro-2-fluoroethylene

l-chloro-2-fluoroethylene ̂ 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$; calc, for C^H^CIF, G, 29*8; H, 2.48$; 

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

Trifluoroethylene £0.00886 g., 0.108 mmolej was 
irradiated in vacuo for 113 hr. under standard conditions. 
Fractionation in vacuo gave unreacted trifluoroethylene 
[0.OO74 g., 0.0885 mmole, equivalent to 8J$ recoveryj as the 
only volatile product. A brown material was not investigated 
but was possibly polytrifluoroethylene.



of Ethyl Fluoride
. Etliyl fihoride was prepared yia the p-toluenesulphonate

■Vvi ;< ■ W"’ 0 'V t •- ' •• t'.' .. ' .■ ■ ■ 'after ihe}melhqd- of I.E. Edgell and:L. Parts. Pyridine
. j~l5S gv, 2 /mofc J was ’added', at a, constant rate over two- hours-' :
aridLfwith vigorous' stirring1,to a mixture of ethanol-; [11

t  - 0.25, fltolejtand p-tolnenesulphonyl chloride [i>7 gv*'•■-0*55 mo1^3: -
: v contained in a .;500 an!., rouiid bottomed flask and maintained ;
J at''-46°*' Stirring was. continued, for a further hour after which
: th^ reaqtiod was quenched: by/pouring the reaction mixture

- .. into; 300 ini. ice^water and "shaking for 5 min. The suspension ,
was extracted with 150 mi.Ndce^cold diethyl hther, and;was
washed consecutively with ice ■cold: diliite ,sulphuric acid (2N.) ,
icehwater? ice cold dilutê  aqueous potassium hydroxide. ?
and ice-water. The resulting solution was; dried overnight over
. anhydrous sodiilm'carbonate5 and'the bright purple solution
, was separated by filtration. ;-The ether was removed- under -
vacuum1 at +10°. The product, was a dark green solid (rn.p.15-200)
which melted at room temperature to give a very dark green . ;
liquid. Anhydrous'; potassium fluoride jj55 g. ? 0.6 mole"] was
added to the gceen solid alChg with 100 ml. h f ‘ ~ dihydroxyethyl



ether.The/mixture was.vigorously-stirred with a magnetic.
'stirrer, i.ahd heated to give an internal temperature of 15,0° . .

? over a period of vtwo hoursj under a pressure, of 500 mnn 
Volatile products, were collected in a trap at -196°. The 
pressure must he carefully ̂ maintained as frothing 6ccurs; 
readily in. .the" early.,, stages of the reaction. The volatile ' 
v products; were fractionated in vacuum through trapsrmaintained 
' at; \~96* ,”120, “13P;.and -196°. The product was found to have 
condensed in’the trap at -ijo0 and was identified as pure 
ethyl- fluoride £5*45 B* 9 0.115 mole, ̂ equivalent to 45$, yield 
based on ethyl alcohol}by molecular weight, infra-red, 
spectroscopy and,gas-liquid chromatography.
The Preparation of l-chloro-2-fluoroethane . V

Using the method, described for ethyl fluoride (above), >
pyridine £ 40*0 g. r O.63 mole] was, added to ethylenechlorohydrin ,
.£20.0. g., 0.25 mole] and p-to3/uenesulphonylchloride £64*7 g* ? /
0*3 mole] at 0°« .Stirring was continued for two hours after / ■, 
the addition. The reaction was quenched,, extracted, and washed’, 
as above, to obtain the.p-toluenesUlbhonate. To the product 
was added potassium fluoride £ 72.5 g., 1*25 mole] and ' a 
}̂,|3/- dihydroxyethyl, ether (86 ,,g.) :and the mixture5 was stirred 
;for five hours at 160° .and 20-58 mm* pressure., Tlie volatile



products were collected in a trap cooled to -196°•
The contents of the trap were fractionated under vacuum through 
traps cooled to -24 > "56, -78 and. -196°• The product 
condensed in the trap maintained at -78° and was shown to be 
pure l-chloro-2-fluoroethylene £13 g*, 0.16 mole, equivalent 
to 6 5 yield based on ethylenechlorohydrinj by infra-red 
spectroscopy, gas-liquid chromatography and refractive index.

xo .Founds 1.3760; bp. 53*0/760;
(SJ ,Literature values, IJ 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-trifluoroethyltrichlorosilane £ 5*016 g., 15*85 mmolej 
was introduced into a hydrolysis bulb and hydrolysed in vacuo 
with 1<fo aqueous sodium hydroxide solution. 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, -120 and -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.
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The -196° fraction was found to contain 1,2-difluoroethylene 
[0.OOI5 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-trifluoroethane 
|0.965 g., 11.5 mmole, equivalent to 83$ reactionj by 
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 Ĵ O.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 

l-chloro-2-fluoroethane £ 0.6667 g., 8.07 mmolejwas
condensed into a hydrolysis bulb and an excess of freshly
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prepared 'lô ’jcgtiequis sbdituri-'hydroxide solution was,added. v:V*7 
d?he bulb-was :'periodically ,slmkep;̂ ahd, allowed to* .stand pv«
ove'rnight o K.'Ifr act donation in:vdcuor gave unchanged l-chloro~2- 
fiuorpetHane ,̂ 0^6582 g* ’8.0 mmolej eduivalent̂ ■■to''-99$ 
recoveryj which Was- identifiedvhy infra-red spectroscopy .1 r , 
and; boiling point determination* JJ.G-wlit. ’ 53 *\2- 7 V Neither ;, 
fiuoride;ions .nor chloride iohS;ycould he detected in the ,, Wv 
aqueous .residues;/ ' i . W,v- r  V'- .‘I . -2'’V, ■ " ■* ’

c) 1rl» 2~trifluoroe thane- . / ] f ,
; ;l?r,2-trifluroethane,̂ 0.5327.■ g** 6*35 mmolej was 

condensed into a.hydrolysis bulb-and ah excess of freshly 
prepared 205̂  aqueous sodium hydroxide solution was; added* The" 
bulb was periodically shaken and allowed to stand-overnight. >,• 
3^actiona.ti6n: In vacuo gave’ unchanged ljly2”tri£luoroethane '
[0.5280 g. * 6.28 mmoley bpuiyalent to 97-*5°/° recoveryj which 
was 1 identified by infra-red; spectroscopy and molecular weight 
determination* . -i; '■ . - .;W:; /;■ -

i s The yPrepara,tioh-of 19 2,2-trif luoroethyl- ;■ 'Bftwaifcw I — ¥W.IU> l!- I I - p. i, .)■ . . n ny ■ ~

: ,W; / ■ , trimethyl si lane W  ̂ V  
i M g ^ l M ^ ^ gK^leagerrb, .Methyl Magnesium "iodide 

;-;"M^6alwois turnings P2' g.,',0.083 feol'̂ 1 were placed in. a
250. ml.;romid-bottomed- flasll-'and 5 -My-dry .di-h^butyl'fether 
'was added. dFhe flabk-.was' 'fitted;;with'.-a dropping: ftinned and i -
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a reflux condenser. Methyl iodide£ 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-trifluoroethyltrichlorosilane £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
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temperature;: .When the addition was complete the traps were . .

cooled to, -196^\W;ith the .exit closed and; the pressure was 
reduced-to. 4G, cm* mercury., tPhe- fiask was slowly warmed up 
• land- ‘maintained -.at. 80^100° for two.,hourso . Fractionation of 
the;c61d> trap in vacuo gave 1*112^trifluoroethyltrimethylsilane. 
Jo,'8191 tol '25$ conversion^ which
condensed at'r78° ? and wa's‘: identified by infra-red spectroscopy* 
gasliiqiiid chroinatography and elemental analysis* ’ ■
F o u n d s ; 6*9̂ 5 ‘ ■ v - d.:> i
G^^Si^equires, 0, ̂ 8*5^ H, 7*05?S*, ’ ,

An ‘unmeasured amount of l*2“diflu,proetliylene was detected f 
in high percentages by infra-red .spectroscopy in the - 196°. 
fraction*, V:‘7 ' :. 'V̂ 'b v '■ . .■ ; . ..

The Grignard’ reagent was prepared as above using methyl /' 
•/’iodide £'4>7."''£« 9 33 * 1 irnnolêj * *,; 1-fluoroethyltrichlorosilane' , 
|J_2ŷ gi V 13*2 ?rnmole"| 4n lO'dhl. dry di^nebutyl, ether was ' ‘
slowly added to? the ;'stiried.reagent at ,-78°:* .The flask was 
allowed to * come slowly to room temperature and was' connected 
tp;b;l̂ evyacuum systemvia a; trap:copied {to r*i96̂ . The dr
pressure Was reduced- to”'2S6viani*,.; of -mercury* ,and: the flask ' / :
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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,

magnetic resonance spectroscopy, and gas-liquid chromatography. 
Infra-red band table for 1-fluoroethyltrimethylsilane,

equivalent by infra-red spectroscopy, nuclear

CH,*CHF*SiMe, j) -----------

3*45 m 
3.55 w
6.3 vw
6.4 vw
6.85 w

3.4 s 9.9 m
10.4 \

7*1 w 
7.95 s 
9*1 m 
9.33 m

w 11.55 vs
9.1

11.7
11.913*2 m



The Reaction of t rime thylsi lane with chlorotrif luoroethylene>
Trimethylsilane [~44 g., 0*60 molej and chi orotrifluoro­

ethylene 23 *3 g* , 0*20 molê J were irradiated with shaking 
in a silica tube for 300 hr. Fractionation in vacuo gave 
unreacted trimethylsilane ĵ 14* 3 5 g* * 0.194 mole], 
trime thyXchXorosi lane [22 g. 9 0.20 mole, equivalent to 100j£ 
reaction based on the olefin and a reduced adduct of 
trimethylsilane to chlorotrifXuoroethylene ĵ 30.8 g*, 0*198 mole, 
equivalent to 93fo reaction of the olefinj* TrimethyXsiXane and 
trimethyXohXorosiXane were identified and estimated by 
gas-liquid chromatography in conjunction with infra-red 
spectroscopy. Fractionation at atmospheric pressure through 
a vacuum jacketed packed column gave a reduced adduct of
trimethylsilane with chlorotrifluoroethylene 25*2 g. 3 0.162 mole.
equivalent to 81^| b* p. 90-92°. The reduced adduct was 
recognised as 1,1,2-fluoroethyltrimethylsilane by elemental 
analysis, infra-red and nuclear magnetic resonance 
spectroscopy, and its purity was checked by gas-liquid 
chromatography* Neither 2-chloro-1,1,2- 
trifXuoroethyXtrimethylsilane ( CHG1F* CF9 • SiMe ,) nor



i ' W  ̂ 7 > •;.V ̂  V4-'X:i ^

l,2,2rtrifIUprQetliyltriiiiethylaiiane: was deteoted.

'.JFoundi ^ ;; 0>V‘5̂ r3VV■H,'r:7 - i P ^ V . . ' ' " ' ■ ; '
0,-Kj^Si requires, C, 38.5; II, 7.05;*. :.r'\ ’/ I; ; ;
. infra-red band table; for. Ij-ljd̂ trifluoroetliylti’imetliylsilaiie -
:V.;' '■ :■■■, ,.(GH„F.cf fesiMe v ;

\\V\/ ■ . ;  ';/■■■'8.66 ;; ■ -11.06 s / ' ; ; -
8*90;m , ■ 11.85 vs; . >.:•

;.:;a v,:; • . . '̂ •92 F .: 9,55 m 4slipulder ̂  1.; 15*20 m ; \

■ ■;■ v *. 9.60\s doublet v ■ 14*45 Vir O':v’-‘
; 9V 75 S; ; • o:\o; 0//,;:.; . ;. \ ; :

■ V' '■ 0 -\-$*02 's'/'-'Y ;:,j 0 . ' : ‘ ” Y\Y v.'Y-'''''

\_M
.



Nuclear Magnetic Resonance Spectroscopy*
Nuclear magnetic resonance spectroscopy has been Used 

to determine the structures of the fluoroalkylsilicon compounds 
which have been prepared during this work. The measurement 
and full interpretation of the spectra are extremely complex and 
come within the field of specialists in spectroscopy* The 
speptra have been analysed and interpreted* in seme cases with - 
the aid of a computer programme* for which the author is indebted 
to Dr.J.Dyer of this Department* It is possible in seme cases 
to present a simple picture of the theoretical spectrum* and in 
such cases a non-specialist can predict the type of spectrum 
to be expected for a particular substituted ethyl group* As 
spin-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 
substituents on the ethyl group. The spectra of some of the 
substituted ethyltrichlorosilanes have been reproduced to 
indicate the general pattern of absorption fox' such compounds*
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An extremely simplified picture of nuclear 
magnetic resonance spectroscopy may make this approach clear. 
The nuclei of certain isotopes possess an intrinsic mechanical 
spin, i.e. they are associated.with a particular angular 
momentum. Since nuclei are also associated with an electric 
charge, this spin gives rise to a magnetic field. In a 
uniform magnetic field the angular momentum of a nucleus with 
a spin number greater than aero (l) 0) is quantised, taking up 
one of the possible (21 * 1) orientations with respect to the 
field. Each orientation cox'responds to a particular potential 
energy of the nucleus depending on the magnetic moment ( jx ) of 
the nucleus amongst other factors. Nuclear magnetic resonance 
spectroscopy is only concerned with nuclei of those elements in 
which both I andyA are not equal to zero. A transition of a 
nucleus from one orientation or spin state to an adjacent state 
may occur by either an absorption or emission of energy*

The proton is limited to two possible orientations in 
the applied field (i.e. I = -g-, (21 * 1) s= 2), and these 
correspond to a lor/ energy or pax'allel orientation with the 
field, and a high energy or .anti-parallel orientation with 
the field. T'or nuclei with I > 2 there are more possible 
orientations but selection rules only allow transitions between



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 transitions* Such a collection,
however, takes up a Boltzmann distribution with a small but
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 so-called radiationless transitions.
By this the nucleus 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 par-t*

The frequency of the absorbed radiation is dependent
on the strength of the field experienced 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. This difference or
separation of the signals is called the chemical shift, and

1 19is measured differently for H and resonances, 
e.g. for resonances the TT*-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.

H(
-separation c/s >

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.

19 ce.g. for F resonances the chemical shift o } from trifluoro-
acetic acid is usually quoted directly.

19& 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 

1 19nuclei (e.g. H, F). 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



has an additional tern dependent on the spins of adjacent 
nuclei). The splitting will correspond to the number of 
orientations of these neighbouring nuclei# It is important 
to note that this is a spatial phenomenon, and not dependent 
on transfer via chemical bonds. Spin coupling is usually 
limited to, groups in close proximity* The multiplicity of 
splitting by spin coupling can be obtained in simple cases by 
counting the orientations possible (Table H I ).

This is applicable to simple cases of first order 
spectra where the spectra can be analysed by inspection, i.e. 
the chemical shifts are greater than the coupling constants. 
In molecules containing nuclei which are not equivalent by 
virtue of phenomena such as hindered rotation, the spectrum 
becomes perturbed and the chemical shifts may be of the same 
order of magnitude as the coupling constants. In this case 
analysis is by more detailed and complex methods and the use 
of computers is necessary. This approach is far beyond the 
scope of the present investigation.

Of the silicon compounds investigated only the
compounds containing the 1,2,2-trifluoroethyl group needed

y-analysis by the method for perturbed spectra. The chemical
shifts and coupling constants (<l) are presented in Table 
and the spectra are reproduced in figures 1-7,
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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 1:2:2:4:2:2:1• 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 )• 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 resonances in<|Qfluoroethyltrichlorosilanes ( S F).

Compound
CH3*CHP*SiCl3 91.4 -
Ciy? • CHg • SiCl^ - 131.6
CH3*CP2*SiCl3 27.9 -
CHP2-CH2-SiCl3 - 27.3
CH2F*CP2*SiCl3 44.3 157.6
CHF2*CHF-SiCl3 154.1 45.9
CHF2*CF2*SiCl3 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 Sf <*
27.3, ch,-cf2- 27.9,
45.9, CH2F-CF2- 44.3,

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.

cf2h-chf-

cf2h-cf2-
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e.g.
Spot

CH,-CHF- 91.4, CH2F-CH2-
ch3-cp2- 27.9, CHP2-CH2-

CHF2-CHF- 154.1 CHgP-CPg-
chp2-cp2- 49.0 chf2-cf2-

6p,i
131*6
27.3

SF(3
157*6
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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TABLE, Theoretical splitting of C-X 
resonances by various a groups (first 
order splitting)•

Xi
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I-C-CHF-

X
-C-CH.
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Nuclear Magnetic Resonance Spectra Figl.

spectra of monofluoroethyltrichlorosilanes
at 60m/cs

CH3 CHFSiCl3

8*41 s 10(TMS)
imp

imp - impurity
s - spinning side band 
PIvlS - tetramethvlsilane



Nuclear Magnetic Resonance Spectra Figl.

19 F spectra of monofluoroethyltrichlorosilanes 
at 60m/cs.

C?.C00H(0) 131•6ppra
CH^FCHpSiCl^

t t tm

i

93 c/ s

CH., CHFSiCl-,
91•4ppm

4-6 c/s



3oO

CH2PCF2SiCl3

Nuclear Magnetic Resonance Spectra ptg^,

■̂ H spectra of trifluoroethyltrichlorosilanes 
at 60m/cs.

CFgHCFHSiCl,
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FIG. 4- 1H SPECTRUM AT 60Mo/» Of CT.,HCTH31C1,

I value 3 . % 5.30



Nuclear Magnetic Resonance Spectra S'.

^ F  spectrum of 1,1,2-trifluoroethyltrichlorosilane

3Cg

0(CP3C00H) 44*3 157*6 ppm

-
— I I ■ I ■ I — —  MM

small peaks axe 
spinning side 
bands

44*3

ItHBlnr:

157 •



19y SPKCTRUM AT 60Mc/» FOR cy^HCTH31Cl, fe .



NUCLEAR MAGNETIC RESONANCE SPECTRA Fi^7
1^P Spectrum of 1 fluoroethylmethyldichloro- silane at 60 mc/s CHgP® CHg‘SiClgMe

N \ aJi rvN//w1 » 1
^ 23-S c/s t"



Nuclear Magnetic Resonance Spectra: 
Chemical alii ft 3 and coupling constants (j). Eta

CHyCHF.SiCl^
n r

5.19
8^1

Tq-------
6 P ( ppm.)
F<* 91A

J^P*. 45.6; 7.4; JHwFf , 26.4 c/s.

CH, Si oi3

' X

Hot 3.08
H(i 5.34

e19-

F p 131.6
J^Fj,, 20.5; 7.6; J H ^ ,  47 6 c/s.

CH,yF.CF9.31cl.

n r
Ha 5.19

s 19f
P* 44.3
F, 157.6

.TP̂ F,, 18.8; J^H„, 14.8; JF,Hp. 46.5 c/s.

CP2H.CPH.SiCl3 
Analysed as an

H« 5.30 
Hp 3.°4

a19p
Fot 154.1
Fp 45-9 * -- - -

ABGPX system, 
(perturbed 
spectrum).

, 4 5 .5 ;  4 . 1 ;  16.3  c /s .
11-9s 4 5 .5 ;  JFjOHp, 52.6 c /s .

J P 1 16.9; 1 2.1 c/ s.
xr

CHgF.CHgSiClpMe
H*
Hp

8.25
5.50

S19F

F(i 75-0
JUkFp , 23.5; JFpHp, 49.7;JH,Hp, 8.4 c/s. 
JF^H^, 0.9 c/a (long range coupling).

* Average position of P^i and Fpl



R E F E R E N C E S .

1. H. Buff and F.W&hler, Annalen., 104 94 (1857).
2. C.Friedel and J.H.Crafts, Corapt.rend., 56 592 (1863).
3* C.Friedel and A.Ladenburg, Annalen*, 143 118 (1867).
4* A.Ladenburg, Annalen., 164. 300 (1872).
5. For a review of the early work see C.A.Burkhard,

E.G.Rochow, H.S.Booth and J.Hart, Chera.Rev.,
U  97 (1947).

6* P.D.George, M.Prober and J.R.Elliot, Chem.Rev.,
j>6 1065 (1956).

7* G.G.Freeman, "Silicones”, Iliffe Books Ltd.,
London (1962) p.28*

8* C.Eabom, "Organosilicon Compounds", Butterworth* s
Scientific Publications, London (i960) pp., 232, 254* 

9. A.Polis, Ber., 18 1540 (1885); 19 1012 (1886).
10. G.P., 1,047,200 (1958), Chem.Abs., 5379 (l96l).
11. W.C.Schumb and C.H.Saffer, J. Amer.Chem.Soc.,

63 93 (1941)•
12. L.H.Sommer and N*S*Marans, J.Amer.Chem. Soc.,

13 5135 (1951).



ii

13* For an extensive tabulation of this type of reaction
see ref,8, p. 14*

14* N.W.Cusa and F.S.Ripping, J.Chem.Soc., 102*0 (1933).
15(a). G.Schott and W.Hermann, Z.anorg.Chem., 1 288 (1956); 

ChenuAbs., j>l 7924 (1957).
15(b), W.Stendel and H, Gilman, J.Amer.Chem.Soc,, 83 6129 (l96l),
15(c). M.Gomberg and L.H.Cone, Ber., 39 1461 (1906).
15(d). H. J.Bneleus, A.G.Maddock and C.Reid,

Nature 12*4 328 (1939); J.ChenuSoc., 354 (1941).
16, G.Glockling and K.A,Hooten, J.Chem.Soc., 1849 (1963).
17(a). F.S.Kipping, J.Chem.Soc., 91 209 (1907).
17(b). F.P.Price, J.Amer.Chem.Soc., 69 2600 (1947).
18(a). H.Gilman and C.G.Brannen, J.Amer.Chem.Soc.,

72 4280 (1950).
18(b). IfiH.Nebergall, J.Amer.Chem.Soc., J2 4702 (1950).
18(c). H.Gilman and R.N.Clark, J.Amer.Chem.Soc., 68 1675 (1946).
18(d). J.S.Peake, W.H.Nebergall and Y.T.Chen, J.Amer.Chem.Soc.,

J4 1526 (1952).
18(e). H.Gilman and H.Melvin, J.Amer.Chem.Soc., 71 4050 (1949)• 
19« For a tabulation of this reaction see ref.8, p.20.
20. R.C.Anderson and G.J.Sleddon, Chem. and Ind., 1335 (i960).
21. D.Wittenberg and H.Gilman, Quart.Rev., 13 138 (1959).



iii

22. D.Seyferth, Chem.Rev., 5£ 1155 (1955).
#

23* A.Ya. Yakubovitch, G.V.Montsarev, V.A.Ginsburg,
and E.N.Merkulova, Doklady Akad.Nauk S.3.S.R.,
] 2  69 (1950); Chem. Abs., 4[5 2856 (1951).

24. A.Ya. Yakubovitch and V.A.Ginsburg, J.Gen.Chera.
(U.S.S.R.), 22 1783 (1952).

25. R.A.Shaw, J.Chem.Soc., 28J1 (1957).
26. S.G.Rochow, J.Amer.Chem.Soc., &7 963 (1945).
27(a). U.S.P., 2,681,355 (1954).
27(b). K.Setinek, V.Baaant and F.Soxm, Chem. Li sty 50 1954( 1956). 
27(c). M.Kumada and M.Yamaguchi, J.Chem.Soc.Japan,

(Ind.Chem.Section) , j[7 175 (1954);
Chem. Abs., 49 11542 (1955).

27(d). Jap.P., 7,223 (1954); Chem. Abs., 50 10125 (1956).
27(e). R.Okawara and M.Sakiyama, Bull. Chem. Soc. Japan,

29 236 (1956); 29 547 (1956).
27(f). R.Okawara and M.Sakiyama, J.Chem.Soc. Japan,

(Ind. Chem. Section) , 58 805 (1955);
Chem. Abs., 50 11939 (1956).

28(a). E.C.Rochow and W.E.Gilliam, J.Amer.Chem.Soc.,
67 1772 (1945).



iv

28(b). Jap.P., 3,772 (1956); Chem. Abs., £1 14802 (1957). 
28(c). B.P., 770,086 (1957); Chem. Abs., 52 429 (1958).
28(d). U.S.P., 2,532,430 (1950); Chem. Abs., 4§ 2968 (1951).
28(e). M.F.Shoatakovskii, E.M.Savltskii, D.A.Kochkin and 

L.U.Musatova, Izvest.Akad.Nauk S.S.S.R.
Otdel KhinuNauk, 1493 (1957); Chem. Abs., 52 
7182 (1958).

29. U.S.P., 2,483,373 (1949); Chem. Abs., 44 374 (1950).
30. U.S.P., 2,380,998 (1945); Chem. Abs., 39 4889 (1945).
31- D.T.Hurd and E.T.Rochow, J.Amer.Chem.Soc.,

67 1057 (1945)•
32(a) R.Trarabouze and B.Imelik, J.Chim.phys., 51 805 (1954)* 
32(b). R.Trambouze, Bull.Soo.chim.Prance, 1756 (1956).
32(c). A.L.Klebanskii and V.S.Piktengolts, J.Cen.Chem. 

(U.S.S.R.) , 26 2502 (1956);
Chem. Abs., 52 4935 (1957)*

32(d). V.D.Krylov and Yu.N.Efremov, J.Phys.Chem.
(U.S.S.R.), 31 2522 (1957);
Chem. Abs., 5̂2 8705 (1958).

32 (e). A.L.Klebanskii, J.Gen.Chem. (U.S.S.R.), 27 2475 (1957) 
Chem. Abs., j?2 7131 (1958).



V

33* L.Holtzapfel, 2.Electrochem., 273 (1950).
34* S.jP; Izard and S# L.Kwolelc,; J.Amer.Ohem.Soc*,

23 1156 (1951)*
35(a). B.T.Hurd, J. Amer. Chem. Soc., 6^ 1813 (1945) •
35(̂ )). M a * P . , 2,651,651 (1953); Ohem. Abs., 43 .10036 (1954). 
36* : U.S.?., 2,686,1% (1956)J Ohem. A b s 1563 (1955). 
37* R.N.Haszeldine, Nature 168 1028, (1951) *
38* B.P., 751,370 (1956)j Ohem. Abs., 51 5828 (1957)*
39* Reference 8., p*65*
40(a).- Ii.H.Sommer, E.W.Bietrusza and P.O. Whitmore,

J.Amer. Ohem* Soc. , _69 188 (1947) •
40(b). E.W.Eietrusza, L.H. Sommer and P.O.Whitmore, 

J.Aner.Chem.Soo#, 70 484 (1948).
41(a) * C.A.Burkhard and R.A.Krieble, J.Amer.Chem.Soc.,

69 2687 (1947). /
41(b) . A. J.Barry, L.De Pree, J.Y/.Oilkey and D.E.Hook, 

J.Amer.Chem.Soc., 6^ 2916 (1947)*
41(c). B.P., 632,824 (1949)i Ohem. Abs., h k  5378 (1950). .
42. V *A. Ponomarenko, V.A.Odabashyan and A.D.Petx'ovy

Doklady Acad.Nauk S.S.S.R*, 131 321 (1959)*.
43* M.S.Kharaseh, E.V.Jensen and W.H.urry,

Science, 102 128 (1945)*



44*
45 (a ).

45(b).

45(c).

46.

47*

48(a).
48(b).

4 8 ( g ) .

48(d). 
48(e)•

48(f).

Reference 8, p.45*
H. G-ilman and E.A.Zeuch, J. Amer* Ghem* Soc.,

79 4560 (1957).
B.P., 752,700 (1956); Ohem. Abs., 51 7¥>2 (1957) 
O.L.Agre and W.Hillings, J.Amer.Chem.Soc.,

74 3895 (1952).
E.G-.Rochow and D.G-.White, J* Amer* Chem. Soc.,

76 3897 (1954)*
N.G-. Romanova, L.G-. Smernova and M.G. Voronkov, 

Ohem* Li sty, 52 640 (1958).
R.N.Haszeldine, Angew.Ghem., 66 693 (1954).
E.I.McBee, C.W.Roberts, G-.P.Judd and T.S.Chao, 

Broc.Indiana Acad.Sci.,, 65 94 (1955) i 
Ohem. Abs., Jg 10870 (1958).

E.T.McBee, C.W.Roberts, G-.F.Judd and T.S.Chao,
J• Amer. Chem. Soc., 72 1292 (1955)*

B.P., 805,028 (1958); Chem. Abs., 9050 (1959) 
O.D.Piei’ce, E.T.McBee and R.E.Cline, 

J.Amer.Chem.Soc., 7fj 5618 (1953).

O.D. Pierce, E.T.McBee and G. P. Judd, 
J.Amer.Chem.Soc., 76 424 (1954)*



48(g)# B. A. Wall, R.E.Bonadio and W* J.Pummer,
J.Amer.Chem.Soc., .82 4846 (i960).

49. J# J.Lagowskii, Quart*Rev., 12 223 (1959)*
50i R.N.Iiaszeldine, J.Ohem.Soc., 3423 (1952).
51. R. N. Hasaeldlne, J. Ghem. Soc *, 1748 (1953)*
52.; J.L.Speier, J*A.Webster and G.H.Barnes,

J.Amer.Chem.Soc*, 79 974 (1957)*
53* L.Goodman, R.M.Silverstein and J.N.Shoolery,

J.Amer.Ghem.Soc., 4493 (1956)$
54* L. Goodman, R. M. Silver stein and A.Bonitez,

J.Amer.Chem.Soc., 79 3073 (1957)*:
55* R.Galas, N.Buffaut and J.Valade,

Bull.Soc.chim.Prance, 790(1955)*
56* R.Galas and N.Buffaut,

Bull. Soc. chim.Prance, 954 (1956).
57* R. Galas and N.Buffaut,

Rec.Prac. Corps Gras., 3 5 (1956).
58. G.N.Gadsby, Research, J5 338 (1950) *
59* V.P.Mronov and A.B.Petrov, Izvest .Akad.Nauk S*S.S.R.,

Otdel.Khim.Nauk 787 (1958);
Ghem. Abs., J3; 199Q9 (1959).



60. E.T.McBee, C.W.Roberts and G.W.R.Fuerekhauer,
J• Amer. Ghem. Soc *, 79 2326 (1957).

61. R.Calas and N.Buffaut, Rec.Prac.Corps Gras.,
4 69 (1957).

62. H.Westermark, Acta. Chem. Scand., 8 1086 (1954).
63. J.L.Speier, R.Simmerman and J.Webster,

J.Amer.Chem.Soc., 7 3 2278 (1956).
64(a). U.S.P., 2,762,823 (1956) 5 Chem. Abs., 51 7418 (1957)*
64(b). R.Calas and J.Valade, Compt.Rend., 243 386 (1956).
65* R.N.Haszeldine and R.J.Marklow, J.Chem.Soc., 962 (1956)
66. B.P., 746,510 (1956); Chem. Abs., 51 7402 (1957)*
67* B.P., 764,288 (1956); Chem. Abs., J1 14786 (1957)*
68. A.M.Geyer, R.N.Haszeldine, K.Lee&ham and R.J.Marklow,

J.Chem.Soc., 4472 (1957)*
69. A.M.E1 Abbady and L.C.Anderson, J.Amer.Chem.Soc.,

80 1737 (1958).
70. R.N.Haszeldine and J.C.Young, J.Chem.Soc., 4503 (i960).
71* R.E*Banks and R.N.Haszeldine, Adv. Xnorg. Ghem. Radi ochenn,

3 338 (1961).

72(a). A.G.Sraith, J.W.Ryan and J.L.Speier,
J.Org.Chem., 27 2183 (1962).



ix

72(b). R.M.Pike and P.M.McDonagh, J.Chem.Soc., 2831 (1963);
4058 (1963).

73* Reference 8, p. 61.
74* T.A.Zhuraneva and A.D.Petrov, Doklady Akad.Nauk S.S.S.R., 

142 604 (1962); Chem. Abs., 57 855 (1962).
75* J.Saam and J.L.Speier, J.Amer.Chem.Soc., 83 1351 (1961). 
76. V.A.Ponomarenko, V.C.Cherkaev and N.A.Zadoroshnyi,

Izvest.Akad.Nauk S.S.S.R. Otdel.Khim.Nauk, 1610 (i960) ; 
Chem. Abs., 55 9261 (1961).

77(s0* V.A.Ponomarenko, V.A.Odabashyan and A.D.Petrov,
Doklady Akad.Nauk S.S.S.R., 131 321 (1959);
Chem. Abs., 54 17245 (i960).

77(b)* J.W.Ryan and J.L.Speier, J.Amer.Chem.Soc., j36 895 (1964). 
78(a). S.Nosakura and S.Konotsune, Bull.Chem.Soc.Japan,

29 326 (1956).
78(b). S.Nosakura and S.Konotsune, Bull.Chem.Soc. Japan,

29 784 (1956).
79. R.M.Pike, J.Org.Chem., 27 2186 (1962).
80. R.Kh.Preidlina, E.Ts.Chukovshaya and I.Tsao,

Doklady Akad.Nauk S.S.S.R. 127 352 (1959);
Chem. Abs., 54 261 (i960).



81.

82.

83(a). 

83(b).

84.
85.

86(a). 
86(b).

86(c).

87(a).

8 7 (b ) .

88.
89.

H.C.Longuet-Higgins, Chemical Society special 
publications, 9 London, (1957)? P»5*

M.G-omberg, Ber., 35 5150 (1900); J.Amer.Chem.Soc*,
22 757 (1900).

K.Ziegler, P.Orth and IC*Webster, Annalen.,
504 131 (1933).

K.Ziegler, A.Seib, F.Khcevenagel, P.Herte and 
P.Andrews, Annalen., 551 150 (1942).

E.M&Ller and I.miler-Rodloff, Ber., 6gB 665 (1936). 
A.F.Trotman-Dickenson, "Free Radicals" Methuen,

London (1959), P*7*
F.A.Paneth and W. Hof edits, Ber., _62 1335 (1929)*
F*0.Rice and IC.IC.Rice, "The Aliphatic Fz*ee Radicals",

Baltimore (1935).
E.W.R.Steacie, "Atomic-and Free Radical Reactions", 

Reinhold, New York (1954-)* 2nd Edition, p.37*
P. A. Leighton and R.A.Mortensen, J * Amer. Ohera. Soc *',

5§ 448 (1936).
M*Burton, J.E.Ricci and T.W.Davis, J.Amer.Chem.Soc*, 

62 265 (1940).
G.Wittingham, Nature 160 671 (1947).
D.M.Miller and C.A.Winkler, Canad. J.Chem.,



90(a). P*E.M.Allen, H.W.Melville and J.C.Robb,
Proc.Roy.Soc., A218 311 (1953).

90(b)* Reference 85, p. 2*4.
91* P.N.Kohanenko., Acta Physicochim* U.S.S.R*,

9 93 (1938), quoted in reference 86(c), p.46.
92* Reference 85, p*14.̂
93(a)* A.Parkas, 2* pliys. Ohem., KL0 2(0.9 (1930)*
93(b)* A.Parkas and H.Sachsse, Z.phys.Chem., B27 111 (1935).
94* H.S* Taylor and J*C* Jungers, J.Chem.Phys*, 2 452 (1934)
95* E.W.R.Steacie, W.A.Alexander and N.W.F*Phillips,

Ganad.J. Research, Bl6 314 (1938).
96* For a number of reviews on this topic see reference

86(c), p.62.
97* G.C.Eltenton, J.Ohem.Phys., 10 403 (1942);

15 455 (1947).
98. d.Heraberg, "Molecular Spectra and Molecular Structure"

New York (1950). 2nd Edition.
99* 0.Oldenberg., J.Phys.Ohem., 41 293 (1937)*
100. Reference 86(c), p.69.
101. W. A. Wat ex's, International Symposium on Organic

Reaction Mechanism, Cork, July (1964), lecture LV.



102.
103*

104.

105(a).
105(b).

106.
107.

108.

109.

110.

111.
112.

113*

114.

115-

F.S.Dainton, "Chain Reactions", Methuen, London (1956).
F.S.Dainton and R.G-.W.Norrish, Proc.Roy.Soc.,

A117 411 (1941).
W.G.Bums and F.S.Dainton, Trans.Farad.Soc., 52 (1952)<
Reference 86(c), p.9*
A.F.Trotmann-Dickenson, International Symposium on 

Organic Reaction Mechanisms, Cork, July (1964)» 
paper P26.

W.Markownikoff, Annalen., 153 228 (1870).
M.S.Kharasch and F.R.Mayo, J.Amer. Chem. Soc.,

55 2468 (1933).
F.R.Mayo and C.Walling, Chem.Rev., 351 (1940).
D.H.Hey and Waters, Chem.Rev., 21 169 (1937). 
M.S.Kharasch, H.Engelnann and F.R.Mayo,

J.Org.Chem., 2 288 (1937).
C.Walling and Huyser, "Organic reactions", 13 95 (1964).
E.S.Gould, "Mechanism and Structure in organic chemistry" 

Holt and Co., New York (i960), p.731*
F.M.Lewis and F.R.Mayo, J.Amer.Chem.Soc., 76 457 (1954).
C.Walling, "Free radicals in solution",

Wiley, New York (1957).
R.N.Haszeldine, "Fluorocarbon derivatives", RoyaJ.

Institute of Chemistry Monographs 1 (1956).



xiii

116. R.L.Huang and S.Singh, J.Chem.Soc., 3181 (1959) 5
1342 (1957); 1749 (1956).

117. G.A.Russell and A. Ito, J.Amer.Chem.Soc., 8g 2986 (1963) •
118. R.N.Haszeldine, 3UGhem.Soc., 1764 (1953)*
119* R.N.Haszeldine, J.Chem.Soc., 2525 (1953); 2622 (1-953)-
120. J. I.G.Cadogan, A.Holmes and U.K.Inward,

unpublished observations reported by J. I. G. Cadogan, 
"Recent developments in the chemistry of free 
radical addition reactions", Royal Institute of 
Chemistry, Monograph ̂6 (1961) •

121. A.M*Lovelace, D.A.Rax^h and W.Postleneck^
"Aliphatic Fluorine Compounds", Reinhold, New York, 
(1958), p.38.

122. M.G*Evans and M.Polanyi, Trans.Farad.Soc.,
34 11 (1938).

123- J.M.Tedder, Quart.Rev., 14 336 (i960).
124. J.Hine, "Physical Organic Chemistry", McGraw-Hill,

New York (1956), p*429-
125# M.J*Iweddle, private communication.
126. 0.Walling, in "Molecular Rearrangements",

Editor, P.De Mayo, Interscience, New York (1963),
Vol. 1, pp407*



xiv

127. A.N.Nesmeyanov, R.K.Freidlina and V.I.Firstov,
I zvest. Akad.Nauk S.S.S.R., Otdel Khim.Nauk, 505 (1951)•

128. M.S.Kharasch, E.H.Rossin and E.K.Fields,
J.Amer.Chem.Soc., 63 2558 (1941).

129* For a full discussion of these results, and
extensive references to Nesmeyanov1s work see 
reference 126, p. 2+24*

130. P.S.Skell, International Symposium on Organic Reaction
Mechanisms, Cork, July (1964), Lecture L7«

131• R.N.Haszeldine and B.R.Steele, J.Chem.Soc., 2800 (1957)-
132. G-.W.Cross, Ph.D. Thesis, Manchester, (1959) •
133* F.W.Stacey and J.F.Harris, Jr. , J.Org.Chem., £7 2+089 (1962).
134. R.N.Haszeldine, J.Chem.Soc., 3559 (1953) •
135* J.F.Harris, Jr. and F.W.Stacey, J.Amer.Chem.Soc.,

85 749 (1963).
136. J.F.Harris, Jr. and F.W.Stacey, J.Amer.Chem.Soc.,

83 82+0 (1961).
137* T.J.Dougherty, J.Amer.Chem.Soc., 86 460 (1964).
138. B.Higgihbottom, Personal comraunication.
139* A.Ya.Yakubovich, V.A.Shpanskii and A.L.Lenke,

Doklady Akad.Nauk S.S.S.R., 96 773 (1934);
Chem. Abs., 2*4- 8785 (1955).



140* 
141 *

142.

143*

144*

145*

146.
147.
148.

149.
150.
151.
152.
153.

154.

XV

Reference 8, p*88.
L.H. Sommer, G-. M. Goldberg, E.Dorfman and 3?* 0.Whitmore, 

J.Amer.Chem.Soc., j58 1083 (1946).
L.H. Sommer, E.Dorfman, C.M. Goldberg and P.O. Whitmore, 

J.Amer.Chem.Soc., 6*8 488 (1946).
R.E.Hasseldine, P. J.Robinson and R.P.Simmons, 

J.Chem.Soc., 1890 (1964).
R.A.Holroyd and P.E.Blacet, J.Amer.Chem.Soc.,

79 4830 (1953).
R.K.Brinton and P.Ii.Volman, J.Chem.Phys., 

t9 1394 (1951)*
W*.I.Sevan, Ph.D.Thesis, Manchester (1963).
J.C.Young, Ph.P.Thesis, Cambridge (1959)*
Reference 8, p*90.
A.K.Harrison, private communication.
J.Kirman, private communication.
C.Sivertz, J.Phys.Chem., 63 34 (1959).
J.A.Kampmeier, private communication.
A. J.Barry, L. de Free, J.W.Gilkey and P.E*Hook, 

J.Amer.Chem.Soc., 68 2916 (1947).
H.Kriegsmann, Z. anorg.Chem., 299 78 (1959)*



155 • H. Siebert, Z* anorg. Chem*, 274 24 (1953) •
156. A.Monfils, Seances Acad.Sci., 286 795 (1953)?

quoted by H.Rrlegsmann, Z. anorg*Chem* 299 138 (1959)
157* K.Venkateswarlu and S.Sundanam, J. Physique Radium,

17’905 (1956)*
158. H.Kriegsmann, Z. anorg# Chem*, 299 138 (1959)*
159* E • A. V.Ebsworth, "Volatile Silicon Compounds",

. Pergamon Press, London (1963), P*19*
160. J.R.Racher, L.E*Hummel, E.P.Bohmfalk and J.D.Park,

: J.Amer.Chem.Soc., 72 5486 (1950)*
161. I.Haller and R.Srinivasan, J.Chem*Phys., 40 1992 (1964)
162. Reference 8, p.126.
163(a). P.D.Di Giorgio, L.H.Sommer and P.O.Whitmore,

J.Amer.Chem.Soc#, 70 3512 (1948).
163(b). R.H.Krieble and J.R.Elliott, J.Amer.Chem*Soc., 68 2291 

(1946); 67 1810 (1945)*
164* J.L.Speier and B.P.Daubert, J.Amer.Ghem.Soc.,

70 1400 (1948).
165* C.Tamborski and W.H.Post, J.Org.Chem., 17 1400 (1952).
166. E.G.Rochow, "Chemistry of the Silicones",

Wiley, New York (1951), 2nd edition, p. 25*



167* Reference 8, p. 134*
168* L*H.Sommer, R.B.von Strien and P.O.Whitmore,

J.Amer.Chem.Soc., 71 3056 (1949)*
169# Ii#H.Sommer, G.M.Goldberg, G.E.Buck, T.S.Bye,

F. J • Evans and P.O. Whi tmore, J. Amer. Chem. Soc •,
76 1613 (1954)*

170* C.L.Agre and T4Hilling, J.Amer. Chem. Soc. ,
I k  3895 (1952); J k  3899 (1952)- 

171* Reference, 8, p. 135*
172* P. J*Robinson, private communication.
173* Reference 8, p*140.‘
174(a). P.P.Helm and E.Mack, J.Amer.Chem.Soc*, 59 60 (1937)*
174(b)* E*Waring, Trans*Faraday Soc., 36 1142 (1940).
175* G.Prits and B.Raabe, Z. anorg.Chem., 256 149 (1956).
176. L.H.Sommer, D.L.Baile3r and F.C.Whitmoi'e,

J.Amer.Chem.Soc*, 22 2869 (1948).
*

177* I.M.T.Davidson, Chem. and Ind., 1107 (i960).
178* A.MacColl, J.Chem.Soc., 3398 (1958).
179*. R.N.Haszeldine, M.J.Newlands and J.B.Plumb,

Proc.Ghem.Soc., 147 (i960).
180. G.Pishwick, private communication.



xviii

181 • V.Franzen and H.Kuntze, Annalen 627 15 (i959) *
182. R.A.Shaw, J.Chem.Soc*, 2831 (1957).
183* W.F.Edgell and L*Parts, J. Amer.Ohem. Soc,,

77 4899 (1953).
184* J.Dyer, private communication.


