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The Solvolytic Fragmentation of Trialkoxy-2-halogenoethylsilanes 

By Maurice J. Gregory, t The Natural Rubber Producers' Research Association, 56 Tewin Road, Welwyn Garden 
City, Herts. 

Trialkoxy-2-halogenoethylsilanes decompose in alkaline solution to give ethylene by a hydroxide ion-catalysed 
reaction, whereas in acid solutions these compounds undergo rapid hydrolysis to 2-halogenoethylsilanetriols which 
then undergo fragmentation by both uncatalysed and hydroxide ion-catalysed reactions. 

THE fragmentation of 2-halogenoethyltrimethylsilanes 
has been suggested by Baughman to proceed via ioniza- 
tion of the C-X bond. Later, the work of Jarvie and 
Eaborn3 and their co-workers indicated that the rapid 
solvolysis of such compounds is due to  anchimeric 
assistance by the silicon atom, and that a silicon-bridged 
intermediate (I) was involved [equation (l)]. 
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I t  was thought that similar compounds bearing electro- 
negative silicon substituents would be unlikely to follow 
this reaction pathway, but might undergo a base-cata- 
lysed fragmentation. Accordingly the reactions of some 
trialkoxy-2-halogenoethylsilanes (11) in alkaline solution 
have been investigated. 

(RO),SiCH,CH,X 

EXPERIMEKT-4L 

Materials .-2-Chloroethyltrimethoxysilane, b.p. 1 12" a t  
100 mmHg, and 2-chloroethyltriethoxysilane, b.p. 101- 
102" at 20 nimHg, were prepared by the method of Boye and 
Post.4 

2-Bromoethyltrichlorosilane.-Hydrogen bromide was 
passed into a solution of benzoyl peroxide (1 g) in trichloro- 
(viny1)silane (100 g )  at 0-5". After 25 g had been absorbed 
further benzoyl peroxide (1  g) was added and the reaction 
was continued until a total of 60 g of HBr had been absorbed. 
The product was then distilled to give 2-bromoethyltri- 
chlorosilane ( I22  g, Slyo), b.p. 169-172" (lit.,5 171"). 

2-BromoefI~yZtrimethoxysila1ze.-Methanol (22 g) was added 
dropwise to 2-bromoethyltrichlorosilane (50 g )  a t  room 
temperature. When addition was complete the mixture 
was heated a t  100" until no further HC1 was evolved (3  h). 
The product was distilled to give 2-brornoet?~yltrirnethoxy- 
silane (41 g ,  77%),  b.p. 125-126" at 100 mmHg (Found: C, 
26.3; H, 5 . 7 ;  Br, 34.5. C,H,,BrO,Si requires C, 26.2; H, 
5.7; Br, 34.9y0). 

i Pjtesent address : The Rubber Research Institute of Malaya, 
Post Office Box No. 150, Kuala Lumpur, Malaysia. 
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Ethylene.-Yields of ethylene were determined by 
solvolysing 2-chloroethyltrimethoxysilane in 0. I ~ ~ p h o s p h a t e  
or -borate buffers a t  25" in vessels of known volume. After 
reaction was complete, the ethylene content of the air space 
was estimated using g.1.c. (150 x 0.4 cm Durapak OPN 
column operating a t  50"). The yields at three pH values 
are given in Table 1. 

Kinetics.-(a) Solvolysis nLeasurenzents. These were 
carried out using a Radiometer pH stat. Reactions were 
initiated by injecting 0.1 ml of a stock solution of the silane 
in the corresponding alcohol into 3 ml of O-IM-KCI solution 
at the required pH. The concentration of the silane in the 
reaction solution was ca. 2 x l O V 3 ~ .  As the solvolysis 
proceeded the pH was maintained by the addition of 0 . 0 1 ~ -  
KOH. Below pH 8 the silane produced one equiv. of acid, 
but the yield increased above this pH due to ionization of 
the silicic acid produced. 

Rate determinations using methanol-water mixtures 
were made by titration using Bromothyniol Blue as indi- 
cator (Table 2). 

Solutions of 2-halogenoethylsilanetriols were prepared by 
allowing aqueous solutions of the corresponding trialkoxy- 
or trichloro-silanes to  stand a t  pH 3 for 15 min at room 
temperature. Kinetic measurements had indicated the 
hydrolysis to be essentially complete after this treatment. 
The pH was then raised to the required value for solvolysis 
studies. 

Rate constants (hobs) were calculated from the integrated 
first-order rate equation in the usual manner, but for very 
slow reactions the Guggenheim method was used. 

The values of the ionic product for water, used to convert 
hobs to the corresponding bimolecular rate constants were 
those of Harned and Fallon.6 

Activation parameters were measured from rate con- 
stants a t  four temperatures in the range 20-50". 

(b) Acid-catnlysed hydvolysis of 2-chloroethyltrimethoxy- 
silane. Solutions of the alkoxysilane were allowed to react 
at the required pH for various times. The pH was then 
raised to 8.0 and the solvolysis of the mixture was carried 
out as above. The titre rose rapidly a t  first, then increased 

By treating the results in the manner described by Frost 
and Pearson for a mixture of parallel reactions, it  was 
possible to estimate the original composition of the mixtures, 
and hence obtain the rate constants for acid-catalysed 
hydrolysis of the silane. A typical first-order plot obtained 
in this manner is shown in Figure 1. 
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RESULTS AND DISCUSSION 

The solvolysis * of 2-chloroethyltrimethoxysilane (I1 ; 
R = Me, X = Cl) in basic solutions was found to give 

0 5 !O 15 20 
t I m i n  

FIGURE 1 First-order plot for the acid-catalysed hydrolysis of 
2-chloroethyltrimethoxysilane a t  pH 5.15 a t  25". A = 
concentration of silane, A ,  = initial silane concentration = 
3.56 x 10-3 

essentially quantitative yields of ethylene and acid 
(Table 1). The overall reaction can be described by 
equation (2). 

ClCH,CH,Si(OMe), ___t 
4 H,O 

C1- + C,H, + 3 MeOH + Hf + Si(OH), (2) 

The rate constant for disappearance of the trialkoxy- 
silane at  a given pH, kobs, measured by following the 

TABLE 1 
Yields of ethylene from solvolysis of 2-chloroethyltri- 

methoxysilane at  25" 
6.65 7.7 9-2 

%:Id (%) 101 99 93 

liberation of acid, is not a simple function of the hydr- 
oxide ion concentration, as is shown by the variation of 

TABLE 2 
Pseudo-first-order rate constants for the spontaneous 

solvolysis of 2-chloroethyltrimethoxysilane in meth- 
anol-water a t  50" 

MeOH (%v/v) 0 20 40 50 60 
105~z,/s-1 44 24 11 8.8 5.2 

log bobs with pH (Figure 2). The solvolysis of 2-bromo- 
ethyltrimethoxysilane (11; X = Br, R = Me) followed a 
very similar pattern. 

At pH >7, the reactions appeared to be simple hydr- 
oxide ion-catalysed reactions. The second-order rate 
constant, KO=', for 2-chloroethyltriethoxysilane (I1 ; R = 

* The term 'solvolysis ' is used here to describe any reaction 
which, overall, liberates acid, while the terms ' fragmentation ' 
and ' hydrolysis ' refer respectively to olefin-forming reactions 
and nucleophilic displacements a t  silicon by lyate species. 

Et, X = Cl) was found to be slower than that for the 
corresponding trimethoxysilane by a factor of 38 (Table 
3). This is consistent with the reaction involving attack 

TABLE 3 
Rate constants and activation parameters for the decompos- 
ition of XCH,CH2Si(OR), at 25" in water with p = 0 . 1 ~  

10-2kH/ 10-3k'o~/ AHSOHI ASSOHI 
X R 1 mol-l s-l 1 mol-l s-l kJ mol-l J mol-l K-l 

C1 E t  0.0365 
C1 Me 2 1.28 0 7  8 -192$: 30 

Br Me 1.2 1.35 0 %  8 -192If 30 

by hydroxide ion at  silicon at  such reactions would be 
expected to show marked steric effects.8a 

However, 2-bromoethyltrimethoxysilane reacted only 
marginally (5%) faster than the corresponding chloro- 
compound. This lack of a large increase in rate suggests 
that the rate-limiting step in this reaction does not in- 
volve C-X fission, and possibly represents hydrolysis 
of the trialkoxysilane, followed by a rapid fragmentation 
of the product [equation (3)]. Alternatively, the lack 

(RO),SiCH,CH,X - koH'[OH-] 

slow 

(HO),(RO),-,SiCH,CH,X (3) 

products 

of sensitivity of the rate to the leaving group could indi- 
cate that addition of hydroxide ion to silicon, giving a 

-1. L 
3 5 7 ,  9 11 

The variation in the rate of solvolysis of (RO),SiCH,- 
CH,C1 with pH, in water a t  25" (p = 0 . 1 ~ )  

pentavalent adduct, could be rate limiting. The 
hydroxide ion-cat alysed reaction will, for convenience, 
be described as a hydrolysis reaction for the present. 

8 See C .  Eaborn, ' Organosilicon Compounds,' Butterworths, 
London, 1960 (a), p. 110; (b) p. 301. 

PH 
FIGURE 2 
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In acid solution these changes in reactivity were 

reversed. Thus at  pH 3 the rates of solvolysis of 2-chloro- 
ethyl-trimethoxy- and -triethoxy-silanes were the same, 
whereas 2-bromoethyltrimethoxysilane reacted some 13 
times faster than the corresponding chloroethylsilane. 
Furthermore, the fourth mole of acid from solvolysis of 
2-chloroethyltrichlorosilane was formed at  the same rate 
as the acid liberated from the alkoxysilanes. These 
findings indicate that the reaction being followed in acid 
solution was not solvolysis of the alkoxysilanes, but of a 
common derivative. In dilute aqueous solution this 
derivative is most likely to be the 2-halogenoethylsilane- 
triol (111), and the reaction sequence involved is that in 
equation (4). 

fast slow 
(11) __t (HO),SiCH,CH,X __t products (4) 

(111) 
The evidence described so far is consistent with the 

fragmenfat ion of trialkoxy-2-halogenoethylsilanes in- 
volving a two-stage process in which either hydrolysis 
of the trialkoxysilane or fragmentation of a hydrolysis 
product is rate limiting, depending on the pH. In order 
to confirm this it was necessary to show that in alkaline 
solution the silanetriols (111) underwent rapid fragmenta- 
tion, and to identify the reason for the change in the 
rat e-limit ing step. 

The change in the rate-limiting step is presumably due 
to the incursion of acid-catalysed hydrolysis of the 
trialkoxysilane, which would be expected from the 
results of other workers.*b A direct method of determin- 
ing the rates of the acid-catalysed hydrolysis could not 
be found, but the solvolysis of partially hydrolysed 2- 
chloroethyltrimethoxysilanes could be used to obtain a 
rough estimate of these rates, and hence the rate constant 
for the acid-catalysed hydrolysis, KII. The V shaped pH 
profile calculated from equation (5) ,  using the appropri- 

ate rate constants k H  and koH’ (Table 3), for the hydroly- 
sis of 2-chloroethyltrimethoxysilane is shown in Figure 3. 

If the reaction of trialkoxy-2-halogenoethylsilanes in 
acid solution leads initially to hydrolysis, not fragmenta- 
tion, it should be possible to prepare solutions of the 
hydrolysis products, which are presumed to be silane- 
triols, and to study the solvolysis behaviour of these. 

The hydrolysis of trialkoxy-2-halogenoethylsilanes in 
acid solution led to the formation of a reactive product, 
which could not be satisfactorily identified. Removal 
of the water from hydrolysed solutions left a gummy 
material, which on extensive drying formed an insoluble 
powder. The rates of acid production from hydrolysed 
2-chloroethyl-trimethoxy-, -triethoxy-, and -trichloro- 
silanes were, within experimental error, identical a t  all 
pH values, suggesting that all three silanes gave the same 
hydrolysis product, which is probably the silanetriol or a 
polymer thereof. In such dilute solutions polymeriza- 
tion is not likely, and the hydrolysis product is thought to 
be the silanetriol (111). 

It was found that the solvolysis of these products 
obeyed the rate equation (6) where S represents the 

silanetriol. It will be seen from Figure 3 that a combina- 
tion of the hydrolysis rate of the trialkoxysilane [equa- 
tion (5)] and the fragmentation rate of the silanetriol 
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FIGURE 3 The variations in pseudo-first-order rate constants 
with pH for (a) overall solvolysis of (MeO),SiCH,CH,Cl (0) ; 
(b) ‘ hydrolysis ’ of (MeO),SiCH,CH,Cl, according to equation 
( 5 )  (solid line) ; and (c) fragmentation of (HO),SiCH,CH,Cl, 
according to equation (6) (broken line). The symbols on (c )  
refer t o  reactions of the triol generated from the trimethoxy- 
(+J and trichloro(0) silanes. All reactions were carried out at 
25 with p = 0 . 1 ~  

[equation (6)] adequately explains all the features 
of the solvolysis of 2-chloroethyltrimet hoxysilane in 
aqueous solution. The behaviour of 2-bromoethyltri- 
methoxysilane can be explained in a similar manner. 

The fragmentation of the silanetriols (111; X = C1 or 
Br) proceeded by a spontaneous and a hydroxide ion- 
catalysed reaction, according to equation (6). In both 
reactions, 2-bromoethyltrimethoxysilane reacted 12-13 

TABLE 4 

Rates of fragmentation of XCH,CH,Si(OH), at 25” 
(p = @1M) 

X 107F2,/l mol-l s-l 10-4koH”/l mol-l 5- l  

c1 1.84 1.38 b ~ e  
2.10 b 
1.93 0 

Br 23.3 0 16.6 
Silanetriols were generated from XCH,CH2SiY, where a Y = 

OMe, b y  = OEt, and c Y  = C1. d AH$ = 102 kJ mol-l, 
AS$ = -42 J mol-l K-l. AH$ = 61 kJ mol-I, A S  = 
+25 J mol-1 I<-:. 

times (Table 4) as fast as the 2-chloroethylsilane indicat- 
ing that C-X bond fission occurs in the transition states. 

For the spontaneous reaction, both the entropy of 
activation (Table 4) and the Grunwald-Winstein wz value, 
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(0.5) were typical of a bimolecular reaction between water 
and the silanetriol. It is apparent that the replacement 
of methyl by hydroxy-groups on silicon results in a change 
of mechanism from ionization of the C-X bond to a 
concerted bimolecular reaction. The low m value found 
suggests that only a moderate amount of charge dis- 
persal has taken place in the transition state, which 
probably resembles a pentavalent silicon species [e.g. 

H O  2_ 

- - 
OH 

+ 1 -  
/ \  

H,O- Si -CH2CH,X 

- H O  OH - 
(IY) 

- products 

(IV)]. Whether or not an intermediate of structure (IV) 
precedes this transition state cannot be decided on the 
available evidence. 

The entropy of activation for the hydroxide ion- 
catalysed reaction is in accord with a transition state 
corresponding to the conjugate base of (IV), derived by 
co-ordination of hydroxide ion onto silicon. It seems 
likely therefore that both these reactions are examples 
of a nucleophilic displacement a t  silicon where the 
2-halogenoethyl group acts as a complex leaving group. 

A bimolecular fragmentation reaction similar to those 
described above was originally postulated by Sommer and 
his co-workersg but this view appears to have been 
neglected. It would appear that p-eliminations involv- 
ing silicon, like those involving hydrogen, proceed by 
more than one pathway. 

Hydrolysis or Fragmentation of Trialkoxysilanes in 
AZkaline Solutions ?-The reaction of trialkoxysilanes 
(11) in alkaline solutions, which leads, overall, to frag- 

9 L. H. Sommer, G. M. Goldberg, E. Dorfman, and F. C .  
Whitmore, J. Amer. Chem. SOC., 1946, 68, 1083. 
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mentation, was described in the preceding section as a 
hydrolysis reaction. It must be emphasized that there 
is no rigorous proof that this is the case. The steric 
retardation and the lack of sensitivity of the rate of 
reaction to  the leaving group are consistent with both a 
two step mechanism such as (3) and with rate-limiting 
co-ordination of hydroxide ion onto silicon to form the 
adduct (V). This adduct can undergo either fragmenta- 
tion or loss of alkoxide, the latter leading to hydrolysis 
[equation (7)]. 

The fragmentation of the silanetriols can also be 
described by equation (7), but in this case the rate- 
limiting step must be the decomposition of (V; R = H) 
via pathway (c). 

However, if step (a) is rate limiting for the trialkoxy- 
silanes the initial reaction products will be determined 
only by the relative rates of steps (b) and ( c ) ,  and there 
seems, at present, no way of differentiating between these. 

( RO),SiCH,CH,X 

HO - bH 
(ROl3SiCH2CH2X - ( RO13Si-CH2CH2X + RO- ( 7  1 

( a )  I \ 
I 
OH 

(Y) 

In summary, the solvolysis of trialkoxy-2-halogeno- 
ethylsilanes in aqueous solution can occur by a number 
of mechanisms, in which both hydrolysis and fragmenta- 
tion play significant roles in determining the kinetic 
behaviour. The relative importance of the two types of 
reaction will presumably depend on the nature of the 
silicon substituents and the leaving group on carbon. 

I thank the Board of NRPRA for permission to publish 
these results. 
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