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Summary 

A kinetic study has been made of the spontaneous and pyridine-catalysed sol- 
volysis of (trihalomethyl)trimethylsilanes (Me$iCX3, X = Cl, Br) in aqueous n- 
propanol and aqueous 1,4-dioxane, and of solvolysis of l-dibromomethyl-l- 
methylsilacyclobutane in aqueous n-propanol. Possible mechanisms are discussed_ 
A general scheme is proposed for cleavage of Si-C bonds, which involves gener- 
al base and general base-nucleophile catalysis, in which for one class of reagents 
viz. (cr-haloalkyl)triorganosilanes, all the component reactions have been defined. 

Introduction 

Previous studies of the base cleavage of a-halosubstituted alkyl groups from 
silicon focussed our attention on the problems of catalysis in solvolysis involving 
cleavage of Si-C bonds and we have shown that the removal of cu-dihaloalkyl 
gorups from silicon in the presence of ammonia buffer requires participation of 
lyate ions [ 1,2]. Organosilanes having trihalomethyl groups are cleaved much 
more readily [S], so we expected that extension of our studies to such derivatives 
would make it possible to study spontaneous solvolysis of Si-C bonds as well as 
the base-catalysed process. 

Results and discussion 

General kinetics 
The cleavage of (trihalomethyl)trimethylsilanes was too fast in the propanol- 

water 8 : 2 V/V system in. the presence of ammonia buffer, the system used for 
the dihaloalkyl derivatives [1,2]. Reaction occurred at a convenient rate when 
pyridine-pyridine hydrochloride buffer was used. The solvolysis showed first 
order kinetics and produced stoichiometric amounts of haloform. The other prod- 



220 -. 
.; :_ -. 

= : _- ..I-_- __: :. 
-.__. ..y _: 

u&s were: &imethyls&n~l, kritiethyip~~~oxystiki~, &d. &c&io&ll~ s&U ’ .. 
&mounts of he&m&hy~disiloxan& The .formatibij of. all- t&?s& products w%.mon- 
itore& &&~&~of kineiic ctirves indicatedthat trim~thylsilandl.and.trimethj;l- 

.. propoxysilanb were forqed directly in Soiyblysis; in ether .Wqrds hydrolysis and. 
alcoholysis occurred concgrently, with hexqmethyldisfl&+e being foimed b9 
subsequent condensation of the silanol with .the propoxySlane [4,5]. : 

&To reaction involving solvent conjugate base was detected under the condi- 
tions used (Fig. 1). Pyridine.acts as a general base; the possibility of nucle- 
ophilic catalysis must be excluded in the light of the fact that 2,6-lutidme is 9 
ti&s_as effective a catalyst than pyridine, since steric effects would give the opl 
posite sequence of reactivity than for nucleophilic catalysis; involving dtiect at- 
tack of pyridine or its derivatives at &con. 

Spontaneous cleavage also occurred, and its rate was not affected the presence 
of strong acids such aa HCI (Table 1). The overall process thus obeys the follow- 
ing rate law (where k. and k, refer to the spontaneous and catalysed processes, 
respectively) : 

4 ER$iCX3] = d [ HCX3] 

dt dt 
= (kO + k,[pyridine])[R3SiCX3] 

X = Cl, Br 

Solvent effect 
The hydrolysis of (trihalomethyl)trimethyIsilanes was also studied in dioxane- 

water system, where it again obeyed eq. 1. The rate of pyridine-catalysed reac- 
tion of Me,SiCBr, was about five times faster in the dioxane-water (8 : 2 V/V) 

ICgHgN ] = const= q.03 mol L-l ,,~--“““‘-‘+---~-- 

[C,H6Nl 

[CgHgN - f+] 

Q2 Q6 10 

Fig. 1. Dependence of the observed first order rate constant on pyridine and 

concentration <MqSiCBq; 2~5~C). 
pyridine hydrochloride 
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TABLE 1 

KiNETIC RESULTS (n-PrOH/H20 SYSTEM 812 V/V, P-= 0.4. CZU-~ temperature 25% . 

twkidinel [pyridine - WC11 CHW k,bs X IO6 kg X 106 k, X IO5 

(W (m (M) (s-1) (s-1) (1 mar* s-l) 

Sihne: NegSiCCl~ (0.13 N) 

- 0.30 - 2.33 
0.02 0.30 - 4.90 
0.06 0.30 - 8.00 2.45 f 0.05 8.70 + 0.05 
0.12 0.30 - 13.20 
9.16 0.39 - 17.80 

Sibner 
- 

0.01 
0.02 
0.03 
0.06 
0.09 
0.12 

0.18 
0.24 

0.29 
- 
- 

0.03 
0.03 
0.03 

0.03 

Me#iCBq (0.12 N) 

0.30 
0.30 
0.30 
0.30 
0.30 
0.30 
0.30 

0.30 
0.30 

0.30 
0.30 

/ 0.30 
0.20 
0.10 
0.05 
0.03 

- 83 
- 127 
- 146 
- 188 
- 268 
- 300 
- 418 
- 697 80 i 10 3302 10 
- 850 
- 1050 

0.03 30 
0.10 82 

- 183 
- 178 
- 187 
- 183 

Sitone: e _ Sr(Me)CHBrZ[2.4-Iutidinel[2.4-lutidine - HCll (0.13 Al) 

0.15 0.33 - 88 
OS7 0.19 - 95 
0.30 0.67 - 175 - 57.3 i 1.4 
0.46 0.85 - 265 
0.53 1.42 - 295 

system, than in propanol-water (8 : 2 V/V), and the spontaneous hydrolysis 
was about 1.5 times faster (see Table 2). In terms of the dielectric constants, the 
reverse order of rates would be expected, since the reaction between the two 
uncharged molecules must involve some charge separation on going from the ini- 
tial to the transition state, and this would be favoured in the more polar alcohol- 
ic system. (The spontaneous hydrolysis in polar aprotic DMSO is about two 
orders faster than in dioxane (Table 2), and part of this increase is probably .due 

TABLE 2 

RATE CONSTANTS IN VARIOUS SOLVENTS (HYDROLYSIS) <CMe$5iCBr31 0.12 M, CH2014.67 N. 
temperature 25%) 

Solvent k,, X 10’ k,X lo3 

<s-’ I (I mol s-l) 

n-PrOH 2.37 - 1.10 

1,4-Dioxane 3.67 5.22 

DMSO 362 - 



&r& light, &I the ixhure~6f these-i&ractiofi~; thk solidlyses iri propanol and 
dioxane ‘were exm&d tii lo& W#&IY con&kxations~ ’ : 

Us6 of GLC &&bleS us 66 follow separately -the formation of ~&iethylsilan~l 

,A4ej~iOH 

06 ,ld log [H,O]_ 
/ 

-0.5 - 

M+iOPf 

1.0 - 

slope 0.6 

-1.0 ( -1.0 - 

&N] = 0.29mol t-1 

Fig. 2_ Spontaneous and pyridiie~catalysed solvolysis ok Me+iCBq in aqueous propanol at, 25°C. Plots of 
log KCagain4t log [HZO],(k0’. ki: sp&ztaneous and catalysed hydrolysis; ko”, k,‘: sponttieous and 
catalysed propanolysis). 

. .~ . . 
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(hydrolysis) and that of trhnethylpropoxysilane (propanolysis). Runs for the 
tribroniomethyl derivative at various water concentrations showed that for con- 
centrations up to 5 mol l-l, the order with respect to water was close to second 
for hydrolysis and close to first for propanolysis (Fig. 2). 

No uncatalysed cleavage was observed in anhydrous propanol, and thus the 
presence of water is necessary for the spontaneous alcoholysis of (tibromo- 
methyl)trimethylsilane. Propanolysis did occur smoothly, however, in the pres- 
ence of pyridine under such conditions. In the range of water concentration 
studied equation 2 follows, where (k:), = pyridine catalysed alcoholysis in anhy- 
drous n-propanol(3.7 X lo-’ mol 1 s-‘) (25%) and kg = p-dine catalysed al- 
coholysis in propanol-water 8 : 2 V/V. 

dC~~~] = {(kg), + kE)[HzO]“-“}[pyridine] [Me$SiCXJ C-3 

The pyridine-catalysed hydrolysis had an order of 1.6 with respect to water (Fig. 2). 
In dioxane as a solvent both the catalysed and the spontaneous reactions are of 
second order with respect to water (Fig. 3). 

Mane structure 
(Tribromomethyl)trimethylsilane reacted much faster than the chloro deriv- 

ative in both the spontaneous and catalysed solvolyses, indicating that in both 
cases silicon-carbon bond cleavage occurs in the rate-determining step, and 
that the bond must be sulcstantially broken in the transition state of this step. 
Increasing stabilisation of negative charge on the leaving group, associated with 
the higher polarizability of the bromine atom, is presumably mainly responsible 
for the larger reactivity of (tribromomethyl)trimethylsilane; a similar reactivity 
sequence was observed by Hine for base-catalysed isotope exchange in haloforms 

[C5~5~l = 029 mot i-l 

Fig. 3. Spontaneous and pyridine catalysed hydrolysis of MqSiCBq in aqueous dioxank. Plots of log h 
against log Hz0 (8~0’. kc’: spontaneous and catalvsed hydrolysis). 
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SOLVOLYSIS OF Ma3SiCX3 (X r -Br) IN DIOXANE-WATER 8/i G/V SYS&M : 

AH’(kcal mole-l) 
AS* (eu) 
PIE 

(kH/kD)SOh’. 

Me3SiCCI3 'Me3SidBr3 .- 

$ontaneous catahed spontaneous catalysed 
process process process PrOceS.5 

7.0 i 0.4 5.1 + o-4 5.6 i 0.4 2.7 f 0.2 
-60.1 + 4.6 -62.2 f 4.5 -63.5 4.7 + -66.0 F 5.0 

1.56 - 1.21 - 

2-02 1.39 3.14 1.72 

Activation energies and entropies were determined for the hydrolysis in dio- 
xane-water system. The entropy loss in transition state formation is large in 
both cases forthespontazeous and the catalysed processes.Thisis characteristic 
of the associative type of mechanism, involving a crowded transition state struc- 
ture, formed from several species which were free in the initial state. The en- 

- tropy loss is slightly larger for the bromo derivative, and the higher reactivity of 
(tribromomethyl)trimethylsilane is associated with a smaller enthalpy of activa- 
tion. The small enthalpy of activation observed seems to be a common feature 
of the hydrolytic substitution at silicon in dioxane, and has been attributed 
partly to negative enthalpies of water complexation and partly to a higher degree 
of the saturation of bonding ability of silicon through its d-orbit& in the transi- 
tion state [ 7.1. It is noteworth that the nucleophilicity of water should-be higher 
in dioxane than in a protic solvent as its oxygen lone pairs are not involved in 
hydrogen bonding. 

a-Dihaloalkyl, which is a poorer leaving group cannot stabilize negative 
charge as effectively as cr-trihalomethyl groups. Even in the presence of the much 
stronger base 2,4-lutidine, no cIeavage of (dibromomethyl)trimethylsilane was 
observed in the propanol-water system. Reaction did occur, however, for l-di- 
bromomethyl-1-methylsilacyclobutane, and it was found to be subject to general 
base catalysis by lutidine. The silacyclobutyl ring was preserved. This unusual 
reactivity of silacyclobutanes towards nucleophilic substitution at silicon has 
been observed before and explained in terms of the special structure of these 
compounds which favours a frontal attack of the nucleophile at silicon [S]. 

Solvent isotopeffects 
The values of product isotope effect (PIE) for the spontaneous hydrolysis in 

dioxane, though not very large (see Table 3) point to electrophilic assistance in 
the cleavage of (trihalomethyl)trimethylsilanes. In the case of a poor leaving 
group such as CX, even smah electrophilic assistance may lead to a considerable 
facilitation of Si-C cleavage, as suggested previously for benzyl derivatives 
[9-ll] _ In the spontaneous solvolysis in which the leaving.group is displaced 
by a weak nucleopbile the assistance seems to be especially important. Dis- 
tinctly larger PIE values were observed for removal of the tichloromethyl 
group, which being a poorer leaving group than tribromomethyl requires 
more assistance from the solvent in the transition state. Detailed inter- 
pretation of kinetic-solvent isotope effects (Table 3) would require separa- 
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tion of secondary and primary effects, which is difficult. As far as secondary ef- 
fects are concerned, we must take into account that the nucleophilic attack is 
contorted with proton transfer from the nucleophile to a neutral molecule and 
leads in the transition state to the structure =OL6’ for the spontaneous reaction 
or =NL6? for the catalysed one (L = H or D). As =OH+ is more effectively sol- 
vated than =OD+, the kH/kD value connected with secondary solvent effect 
should be >l. This effect should be of minor importance for the catalysed pro- 
cess because the fractionation factors for =NL and =NL* are comparable [X2], 
and the lower values of the solvent isotope effect observed for pyridine catalysed 
cleavage is consistent with this. Taking into account these secondary effects and 
the PIE values, we may conclude that the primary effect associated with proton 
removal from attacking nucleophile is small, indicating an unsymmetrical position 
of the proton in the transition state. The larger kinetic solvent isotope effect is 
observed for (tribromomethyl)trimethylsilane in both the spontaneous and the 
catalysed reaction; according to the principle of microreversibility the poorer 
leaving group (trichloromethyl) requires a higher degree of proton transfer from 
the attacking nucleophile, and this leads to the conclusion that the extent of this 
proton transfer is large in the transition state [13]. To confirm it, we performed 
a series of runs with (tribromomethyl)trimethylsilane using various pyridine de- 
rivatives as catalysts. The data conform to the Bronsted catalysis law with a rath- 
er high value of p viz., 0.63. This value cannot be used as a quantitative measure 
of the extent of proton transfer as in the way the &I values in water are used [14] 
but it provides confirmation for an advanced degree of proton transfer in the 
transition state, especially when a cyclic structure isassumed for the activated 
complex in which the proton acceptor in effect passes on the proton to the lea- 
ving group (see below)_ 

log [k, I 1021 

-W 

_ 0.5 

- 0.1 

log KEI 

Fig. 4. COrIUXIiSOn of catalytic constants kc with basicity constants Kg in Me$iCBq bydrdysis 
(dioxane-water system 9 : 1 V/V. 25OC). 
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The nature of the transition states 
The most striking feature of the resulti is the close similarity~between the 

catalysed and spontaneous solvolyses. Both take a similar course in propanol- 
and dioxane-water solvents and the spontaneous arid catalysed reactions in 
dioxane are both second order with respect to water. The interpretation of this 
order in water in terms of molecularity is dangerous because.it ignores changes 
in medium effect which must be associated to the variable water content. It is 
somewhat justified here since the specific solvent interactions are more impor- 
taut than the bulk medium effects. 

Because of lack of information about the state of water in its concentrated 
solutions, we cannot directly relate the order to the number of water molecules 
in the transition state but we can assume, that at least two such molecules are 
present in the traiisition state of the hydrolysis in propanol and dioxane. The 
kinetics points to three functions performed in the cleavage by the solvent 
species present: (i) a nucleophilic function performed by water or propanol. .The 
ratio of the rate constants (k(Si6H)/k(SiOPr)),,, = 13.0, and (k(SiOH)/ . 

WiOW)s,on~. = 5.2, at nearly equal water and propanol concentration (8 : 2 
V/V Pr-OH : H,O), shows that water is the more efficient nucleophile; (ii) 
electrophilic assistance to the leaving group; (iii) acceptance of the proton from 
the nucleophile, which in the catalysed process is performed by pyridine. The 
similarity between the spontaneous and catalysed solvolyses suggests a similarity 
between the structures of the transition states. We propose a multicentre cyclic 
structure: for the transition states (I, II) * in which a hydrogen bonded complex 
.functions as nucleophile and electrophile simultaneously. 

-0 -Ysi<_-& R-0 --Y~i~-~& R - 
I I I 3 I 

I 3 f 
t 

: 
H 6+ )A H A A 

.A 
‘0’ 

CJ 

ijy’ lo/’ 

I 0 N 
I 

Y 
R 

I R =n -Pr,H (II) 
(I) 

spontaneous cleavage catalysed cleavage 

These structures explain an order of 2 in water observed for both the spon- 
taneous and catalysed hydrolyses in dioxane. They are also in agreement with 
an order of 1 with respect to water in spontaneous propanolysis and the order 
of 2 with respect to water in the spontaneous hydrolysis in propanol. 
In the transition state the species which perform a dual role of proton acceptor 
from the nucleophile and proton donor to the leaving group must carry a con- 
siderable positive charge, as there is evidence for a large degree of proton trans- 
fer from the nucleophile and a small degree of proton transfer from it to the 
leaving group. The positive charge is more effectively stabilized when carried by 
a water molecule, since propanol has no additional proton to hydrogen bond with 
the medium. Steric hindrance may also render electrophilic assistance by a prop- 
an01 molecule less effective. Large steric effects associated with the electrophilic 

* Stmctures I and II are not intended to imply stereochemistry. 
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assistance to the leaving carbanion have been discussed earlier [ 111. These two 
factors seem to act together to prevent the spontaneous cleavage of (trihalo- 
methyl)trimethylsilanes in anhydrous propanol. In the catalysed process, an 
alcohol may compete with a water molecule as the proton donor to the leaving 
carbanion. This is because the positive charge in this case is located mainly on 
pyridine, and the stabilisation of the charge by the interaction with the medium 
is less important_ 

The following observations give further support to the proposal of the cyclic 
structure for the transition state: 

1. The species rendering electrophilic assistance acts as a general acid, and the 
ability to yield a proton to the leaving group should be a function of its acidity- 
Thus the reaction should be subject to acid catalysis, but no such catalysis was 
detected even in the presence of O-1 M HCl. 

2. The formation of an open transition state structure would be accompanied 
by a considerable charge separation_ The synchronous processes implied by cyclic 
structure would lead to a smaller charge generation and this is consistent with 
the observed medium effects. 

3. The synchronous charge transfers in the cyclic system should lower the 
energy barrier and result in a decrease of structural freedom in the transition 
state; this is consistent with the low enthalpy and large negative entropy of ac- 
tivation. 

4. The cyclic structure would favour the frontal attack of a nucleophile, and 
this would account for the abnormally high reactivity of the silacyclobutane 
derivative. 

General base and base-nucleophile catalysis 
Our studies of the solvolytic cleavage of Si-C bonds in e-haloalkylorganosi- 

lanes in the presence of ammonia and amines showed that the process is sub- 
ject to general base catalysis, and includes a reaction with a solvent conjugate 
base [1,2], catalysis by a weak base, and finally a spontaneous reaction. 

The base-nucleophile catalysis which was additionally observed in the pres- 
ence of ammonia [1,2] seems to be one of the most interesting features. The 
mechanism involves ammonolysis of the Si-C bond followed by solvolysis of 
the unstable silylamine. In view of the similarity between the mechanisms of 
ammonolysis and simple solvolysis [ 21, it seems likely by analogy that ammono- 
lysis could be catalysed not only by lyate ion but also by a weak base such as 
another molecule of ammonia. In order to check this possibility we examined 
the interaction of ammonia with (tribromomethyl)trimethylsilane in anhydro- 
us dioxane. GLC analysis revealed the formation of hexamethyldisilazane and 
bromoform. In view of the ready condensation of trimethylsilylamine [15] the 
following reaction sequence, can be assumed: 

Me,SiCBr, + NH3 + Me,SiNH2 + CHBr, 

2 Me$iNH, + Me,SiNHSiMe, + NH3 

By analogy with the mechanism of hydrolysis of a-trihaloalkyl derivatives, at 
least two NH, molecules must participate in this process, one acting as a nu- 
&ophile agent and the other acting as proton accepting species also pro- 
viding electrophilic assitance to the leaving group. The spontaneous ammo- 
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nolysis in dioxane may thus point to the.generahty of the mechanism .- 
proposed for base-nucleophile catalysis .&I a crotolytic medium irk+& 
either lyate :ion or weak base participation. However; ;the catalytic 
activity of weak bases is low and in aqueous ammonia the c&,&y& by 
lyate ion dominates. 

In conclusion, the solvolytic cleavage of Si& bonds in the presence of am- 
monia and amines can be described in terms of the general eq. 3, where B de- 

-dc~~*l = {k,, + kr[B] + k&OR-] + kUIIB]* + klv [B] [OR-J) [substrate] 
(3) 

notes a weak base, and k, denotes the catalytic constants for simple catalysis 
by weak base (3~ = I), simple catalysis involving solvent conjugate base (x = II), 
base-nucleophile catalysis by weak base (x = III), base-nucleophile catalysis in- 
volving solvent conjugate base (x = IV). 

The relative contributions of the various types of catalysis are determined by 
the reaction medium, catalyst, and reagent structure. However, the differences 
in catalytic constants are large, and so it is difficult to observe more than two 
concurrent processes in any one solvolysis system. 

Experimental 

General 
All solvents and reactants were carefully dried by standard procedures. 

Preparat& of Me3SiCX3 compounds 
(Trichloromethyl)trimethylsilane was prepared from Ccl., and MexSiCl in 

Mg/HMPT [16], and was recrystallized from anhydrous n-propauol. 
(Tribromomethyl)trimethylsilane was made by free radical bromination of 

Me,SiCHBr, with N-bromosuccinimide in the presence of benzoyl peroxide [17]. 

Preparation of I-dibromomethyl-Z-methylsilacyclobutane 
This was prepared from 1-chloro-1-methylsilacyclobutane [lS] by a low tem- 

perature Grignard reaction with dibromomethylmagnesium bromide using a 
standard procedure [19] _ It was fractionated through a spinning band column 
and had a b-p. of 96”C/12 mmHg; NMR(CCl& (ppm) 4.61 s (CHBr,); 7.84 m 
(CCH,C); 8.74 m ((CH,),Si); 9.47 s ((CH,)Si). (Found: C, 23.50; H, 4.09; Br, 
61.82. CSH,0Br2Si Cal&d.: C, 23.27; H, 3.91; Br, 61.94%) GLC revealed no sig- 
nificant quantities of impurities_ 

Rate measurements 
The general procedure has been described [ 201. The operating GLC condi- 

tions are shown in Table 4. 

Measurement of product isotope effects. 
A 10 mol. % solution of 1 : 1 H@-DzO in dioxane was used as a solvent. A 

solution of Me,SiCX, (0.5 M) was kept at constant temperature 25 f 1°C. When 
the reaction was complete (as shown by GLC), samples were analysecl by ‘H 
NMR spectroscopy using a NMR Perkin-Elmer R-128 spectrometer. The PIE 
values were given by [CHXJ /[Me$iCXJ - [CHXJ. 
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TABLE 4 

GLC ANALYSIS 

SiIane Compound Internal Column Temperature 
determined standard 

Inj. . COL Det. 

CSi(Me)CHBrz CH2Bq cumene 15% LAC296Khromosorb PAW 150 105 175 

Me3SiCCIg CHC13 n-BuCl 15% LAC-296/Chromosorb PAW 190 75 240 
MegSiCBrg 

I 

CHBq CH2 I2 20% OV-1OlIChromosorb WAW 190 120 240 

Me3SiCCI3 
MegSiOSIMeg 

Me3SiCBq MexSiOPr n-BuCl 15% LAC296/Chromosorb PAW 190 75 240 
MegSiOH 
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