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KINETIC&ND MECHANISMS OF CLEAVAGE OF.ALLYLIC : 
DERIVATIVES OF GROUP WA ELEMENTS BY MERCURIC SALTS.“ 1: 
LALLYLSILANES 

R. M. G. ROBERTS 

Department of Ciwmistry, University af Essex, Wivenhoe Park, Colehester (Great Britain) .’ 

(Received October 30th, 1967) 

The kinetics and mechanism of cleavage of trimethylallyl silane and its deriv; 
atives by mercuric salts have been investigated in solvent acetonitrile. The reaction 
was followed by spectrophotometric and gas chromatographic methods. The stoi- 
chiometry of the reaction is not that of a simple bimolecular process, and is best 
represented by the reaction scheme: 

rz%,e- 
Me,SiCH,CH=C%l, +HgX, e Me,SiX+CH,=CHCH2HgX (1) 

determining 

Me$3X/Hgli~ 
Me,SiCEL,CH : CHz - products (2) 

rapid 

A second molecule of substrate is rapidly attacked by Me&X formed in the rate 
determining step. Separate examination of (2) revealed that reaction occurred in the 
absence of mercuric salts. Me&X was not consumed during the process but acts as a 
catalyst, resulting in first order kinetic behaviour. Mercuric salts strongly catalyse this 
step, acting as Lewis acids, and enhancing the already polar nature of Me,SiX. 

Rate constants were calculated for (1) from chromatographic data, adopting 
the above reaction scheme. The reaction was found to be first order in both substrate 
and electrophile. 

Spectrophotometric studies indicated that (1) proceeded via a rr complex, the 
rate of decomposition.of which corresponded with that obtained by chromatographic 
techniques, thus supporting the proposed mechanism. In addition, evidence is present- 
ed which supports an SE2 rather than SF transition state for (1) 

INTRODUCTIOX’I 

in 1959 Mtirolles and-Lesbre’ reported on the reactions of allylgermanes 
with mercuric bromide, hydrogen bromide, and bromine, but no attempt was made to 
elucidate the mechanism ‘of these reactions. Allylidcompounds are interesting me- 
chanistically since it is possible to observe both anionotropic and cationotrtipic rear- 
rangements. Anionotropy was the subject of an intensive nrvestigation by Hughes, 
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ingold and co-workers’. However, relatively little work has been done in the field of 
cationotropy. particularly in organometallic systems. The purpose of this and sub- 
sequent pagers3 is to investigate the mechanisms and range of reactivities of allyl- 
metal compounds with electrophiles. 

Electrophilic substitution of allylic carbon comprises two fundamental 
mechanistic types SE and Sn depending on the site of eIectrophilic attack. Each of 
these pro&ses has‘unimolecular (.S,Z, Sel) and bimolecular &2, &2) components 
with, in addition, four centre (SF) and anion-catalysed mechanisms (S&)4*5. 

Already some progress has been made in this field, notably by Sleezer, Winstein 
andYoung” who studied the acidoiysis of allyhnercurials, and by KuiviIa and Ver- 
done7 who investigated. the protonolysis of allyltia compounds. Both found strong 
evidence of an &2 mechanism. 

RESULTS AND DISCUSSION 

Cleavage of allyl-metal bonds by electrophiles occurs in preference to alkyl-. 
vinyl- and phenyl-metal bonds for silicons*g, germanium lb. tin’ I_ leadi3,14 and 
mercury6. The substrates chosen for the investigation were thus trialkylallylsilanes. 
The cleavage was carried out in solvent acetonitrile to obviate complicating side 
reactions caused by the solvolysis of the halosilane products in solvent ethano13. 
and to correlate reaction rates with those obtained for the germanium analogues3, 
thus gaining a measure of the reIative electron releasurg properties of trialkyl-siIy1 
and -germanyl groups. 

Allylsilanes react ‘far slower than their germanium counterparts. Moreover, 
the stoichiometry of the reaction of trimethylallylsilane with mercuric halides is not 
that of the sim@e electrophilic substitution represented below. Trimethylallylsilane 

Me3SiCH2CH=CH2 -I- HgCl, - MesSiCl -t CH,=CHCHZHgCI (I) 

was completely consumed during the reaction to give yields of trimethylchlorosilane 
and allylmercuric chloride of 52 and 51% respectiveiy together with a low bo$ng 
product X. Vapour phase chromatograms of reaction mixtures confirmed this 
product analysis. 

Two direct analytical methods were employed, gas-liquid chromatography 
(GLC) and ultraviolet spectroscopy_ 

Kinerics by GLC 
The technique is described elsewhere_ Reaction mixtures always showed three 

peaks in addition to the solvent. corresponding to Me3SiCH2CH==CH2. MesSiCl. 
and X. The peak heights of the Iatter two products increased smoothly with reaction 
time at the expense of the allylsilane peak which eventually disappeared. This clearly 
demonstrates that the reaction traced occurs in solution and not in the injection tube 
or column. 

In addition, Me,SiCH2CH=CH2 and Me&Cl were found to react at a 
measurable rate in the absence of HgClz to.give X and Me,SiCl, whilst traces of 
mercuric salt greatly accelerated the reaction. The chlorosilane was not consumed 
during the reaction and thus acts catalytically (Table 1). 

Table 1. clearly shows that the allyIsiIane reacts according to a first order rate 
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TABLE 1 
FIRST AXD SECOI’JD ORDER RXTE CONTANTS (k , , SC- ‘;k3,1 -mole-’ .s~~‘)FoR+HEREA~~~NOFM~~S~CH~- 
CH=CH, (0.001 111) Ahl) Me,SiCl (0.01 M) 1~ MeCN AT 35.03 (5 pi injection) 

Time 

(Set) 

Peak height 
Me,SiCH$d=CH, 

Peak height 
Me,SiCl 

0 4.31 
600 3.36 

1200 2.55 
1800 2.07 
2400 1.60 
3030 122 
3600 0.97 
4860 0.58 

X 0.00 

5.90 0.000 
5.92 D.108 4.1 0.233 4.7 
5.85 0.228 4.4 0.690 5.8 
6.10 0.318 4.1 1.08 6.0 
6.00 0.430 4.1 1.69 7.0 
5.75 0.548 42 2.53 8.3 
5.68 0.647 4.1 3.41 9.6 
5.60 0.870 4.1 6.43 13.2 

law, with k, of 4.1 x lo- see’ l. When the reaction was performed using a fivefold 
excess of lithium chloride, the reaction rate was reduced by a factor of 7. 

Since Me,SiCH2CH=CH2 is quite stable in acetonitrile in the absence of 
chlorosilane the following reaction scheme is postulated : 

Me,SiCH,CH=CH, + Me,SiCI - [complex] - Me&WI 3-X f etc. (2) 

The intermediate complex may be a n complex with silicon acting as a 5~ electron 
acceptor-The strong catalytic effect of mercuric salts can be attributed to an enhanced 
polarisation of the chlorosilane by the mercuric salt acting as a Lewis acid : 

K* S+ 
MeaSiCl -b HgCl2 ZGZZ% p.qeasi 

>,a 
---__ -c ,-‘---- -ng 

‘Cl 1 

(3) 

This increases the electrophilicity of silicon and promotes attack on the double bond. 
Similarly the retardation produced by added halide ion can be explained by the forma- 
tion of a penta-covalent complex, with consequent reduction in the electrophilicity of 
the chlorosilane. Armed with this knowledge, the reaction of the allylsilane with 
mercuric chloride can be formulated in greater detail. 

Me&C1 fC1- 2 [Me,SiQj- (4) 
In the initial stages of the reaction Me&Cl is formed in the presence of a large 

excess of mercuric chloride, thus enhancing (31, and reducing the electrophilicity of 
the mercuric chloride. 

Evidence will be presented later that the first stage in the cleavage of the allyl- 
silicon bond by mercuric chloride occurs via a z complex. Thus, as the reaction 
proceeds, the chlorosilane competes successfully with mercuric chloride for the 7~ 
electrons in the double bond. The overall reaction may now be formulated as: 

Me,SiCH2CH=CH2 +HgC12 2 [TC complexlH, 2 Me,SiCl+CH,=CHCH,HgCl 

Me,SiCH,CH=CH,-tMe,SiC12 [z complexjsi 
rapid 

(5) 

- Me,SiCl +-X f . . . etc. (6) 

.f. Organometal. Citem.. 12 (1968) 89-96 



92 R. M. Ci. ROBERTS 

This readiiy explains the observed 50 % yields. Just how far (5) goes to completion 
depends on values of the equilibrium constants K,, K,, K,. 

The value of the rate constant, k,, for the cleavage of the C-Si bond by H&l2 
can now be evaluated using the method described elsewhere. Table 2 lists the values of 
k2 so obtained. The constancy of these values supports the above thesis, an average 
vaIue of k, of 0.083 I- moIe_ ’ - set- 1 being obtained_ 

TABLE 2 

VALUES OF kz (1 *mOk- ’ - set-I) FOR THE REACTION OF Me,SiCH2CH=CH2 (a) AND HgCJ2 (b) IN ~axo- 

NITRILE AT 35.0O 

Run 

38 
39 
&I 
41 
42 
43 

Cal=Cbl kz k, 
(10’1cI) (from eqn. 7) (from eqn. 8) 

LOO 0.080 0.088 
1.14 0.081 0.094 
1.33 0.076 0.080 
I.60 0.075 0.052 
1.78 0.083 0.095 
2.00 0.078 0.083 

BY. 0.079 0.087 

Yield of Me,SiCJ 

(%) 

49.3 
50.8 
48.4 
51.5 
50.6 
49.0 

Addition of an equimolar amount of Et&ICI strongly retarded reaction_ The 
reaction was carried out at different temperatures and theArrhenius plot ofdata Iisted 
in Table 3 yielded values of E, of 12.0 kcal/mole and log A of 7.31 l’mole-’ -set- ‘_ 

TABLE 3 

THE EFFECT OF TEMPERATIJRE 011 k, (I _ mole- ’ -SC- ’ ) 

Temp. IO’& Temp. IO’& 
(‘C) (“C) 

25 4.2 35 8.3 

30 5.6 43.7 13.7 

Change of mercuric salt reveaIed the foliowing reactivity 
rates in parenthesis) : 

Hg(OAc), (29) >HgCfz (1.0) =HgBr? (0.9) >HgI, (0.18) 

sequence (relative 

The sequence suggests an L&2 rather than SF mechanism since the formation constants 
of [I&$,]- and [HgX,J2- are in the order: 

(X=)I>BrzCCI 

By this token an SF mechanism, which relies on nucleophilic assistance to carbon- 
metal bond fission, should be enhanced by a change from chloride to iodide. In addi- 
tion, the presence of added halide should enhance SF reaction whereas strong retarda- 
tion is observed. 

TriethyIallylsilane showed a simiIar reaction pattern. A value of k,(Et)/k,(Me) 
of 0.85 was obtained which could be interpreted as a small St&c effect. 
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Ez;idenke of ‘I(: comp1e.u formation 
When equimolar solutions (10 -3 M) of Me3SiCW$X=CH2 and mercuric 

bromide are mixed. a rapid increase in absorption occurs over and above that due to 
products and factors_ &._ could not be determined due to solvent cut offat 263 rnp. 

Clearly a complex has been formed. Parallel experiments using a variety of 
ahylic compounds instead of allylsilanes gave similar rest&s. At greater concentra- 
tions, the allylsilane/HgE3r, complex decomposed according to a first order rate law, 
whereas the allylic halides did not react further. This evidence indicates that a 7~ 
complex has been formed. The rate of formation of the complex was some thirty 
times that of the destruction_ The method of evaluating the rate constants ofcumpIex 
formation was essentially that described by Frost and Pearson”. Brevity preciudes 
a detailed discussion of these results. 

TABLE 4 

VUUES OFk,(Sec-‘)EORTHEDECOMPO.SITIONOFTHE COLlPLE)C~Dk~~~-~O~e-'-S~-')FORT~RMCRON 

of Me$ZXH&H=CH, Ahm HgCl,.4s~~uxcmoN OFCONCENT~~~QONOFRWCI;\NTS~NC~O~~TRILEAT 

3P 

Run [Me,SiCHICH=CH2] [HgClz] 
(2O’M) (1OZhf) 

IO%, Ii, 

266 U 0.30 
263 U 0.40 
265 U 0.50 
264u 0.60 

220 U 1.00 
221 u IS0 
777 U 

5&J 
2.00 
2.50 

3-x u 2.00 
230 u 2.50 

0.30 0.29 
0.40 0.58 
0.50 0.61 
0.60 0.80 
1.00 0.76 

1.50 2.30 
2.00 2.37 
2.50 3.72 
2.50 7.73 
1.00 0.80 

0.075 
0.068 
0.074 

0.053 
0.069 
0.075 
0.075 
0.080 
0.090 
0.069 

av. 0.076 

Other mercuric halides behaved analogously thus offering a qualitative de- 
monstration of the mechanism postulated in eqn. (5). However, as Table 4 shows, k, 
for the decomposition of the z complex varied with mercuric salt concentration. This 
initially surprising result can now be rationalised in terms of the mechanistic concepts 
developed above. Assuming step (6) to be rapid, as seems highly likely in view of the 
strong catalytic effect of HgCI, on (6), a method of evaluating k, can be devised. The 
rate constants so obtained (Table 4) show excellent agreement with those obtained 
from chromatographic data, thus further substantiating the postulates introduced 
above. 

The reaction mechanism is then best formulated in terms of eqns. (5) and (6); 
although at present the exact nature of reaction (6) is not known. 

EXPERIMENTAL 

Preparation of starting materials 
TrimethyIallylsilane (b-p. 85-86”, nk” 1.4017) and triethylallylsilane (b-p. 

64--66O/12 mm, P#$’ 1.4441) were prepared by standard Grignard syntheses. 
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Solvent acetonitrile was purified by reff uxing over P,Os for 6 h and fractionat- 
ing from anhydrous Na,CO,. Mercuric salts were recrystallised from chloroform; 
acetone mixtures. Other salts employed were of reagent grade and used without 
further purification. 

Kinetic techniques 
(i) Gas-&quid chromatogruphy. A Perkin Elmer Fl 1 instrument was used with 

a polar column (DE 201,2m x &“’ 0-d. stainless steel. Carbowax 2500 on Chromosorb 
W 15/85, 60-80 mesh. CoIumn temp. 30”, injection temp. 250*, sensitivity 20x 1). 
The reagents were mixed at reaction temperature. and 5 ,uI aliquots withdrawn through 
a serum cap at suitable time intervals and injected_ The reaction mixture showed three 
peaks other than solvent {retention times in parentheses), a low boiling product X (30 
&c), Me3SiCH1CH=CH2 (62 set) and Me,SiCI (73 set). All peaks were sharp and 
distinct. X did not appear in chromatograms of solutions of ally& or ch!orosilanes or 
allyhnercuric chloride in acetonitrihz. or in the solvent itself. 

Calibration of standard solutions of both allyl- and chlorosilanes showed a 
linear dependence of peak height on concentration. Adopting the reaction schemes (5) 
and (6)_ the concentration of Me3SiCH2CH3CH2 at reaction time t will be (a-2x) 
mole-l-‘, since one mole of Me&Cl reacts with a further mole of substrate as soon 
as the chlorosilane is formed. 

The rate of reaction can be evaluated from the decrease in [Me,SiCH2- 
CH=CHJ and the increase in [Me,SiC1] and m], using values of peak height at 
t = 00 to determine the fina! concentration of the products. Table 5 shows the agree- 
ment obtained for values of k, based on the rates of appearance or disappearance of 
the above species. 

TABLE 5 

RAlECOxS’rAh7Sk, (1.mole-’ -sec-‘)0BT~lhTDFR0Mf (~)DEcR~SEIN[~&~~~S~CH~CH=CH~], (b)wC~msE 
IN [Xl, (c) ISCREASE IN [Me,SiCij IN A~O~~ILE AT 35.0’ 

[Me,SiCH,CH=CH,] = [HgCi2] = 1.00 x lOA M. 

Tiie Peak ht. 10” k, Peak ht. lO=k, Peak ht. 10’ kl 

e‘=) Mc,SiCH=- X Me,SiCl 

CH=C& 

0 1.98 0.00 0.00 
2515 1.4; 0.078 7.1 0.50 0.077 7.1 0.18 0.070 6.4 

3765 1.12 0.141 8.5 0.60 0.147 9.0 0.27 0.122 7.5 

4880 093 0.19; 9.1 0.85 0.163 7.7 0.32 0.158 7.5 

6210 0.74 0.264 9.7 .0.98 0.206 7.7 0.38 0.208 7.7 

7290 0.67 0,294 93 1.10 0.256 8.1 0.46 0300 9.4 

8320 0.56 0.356 9.9 1.30 0.365 10.1 0.50 0.366 10.1 
c4 0.00 1.79 0.69 

A more accurate method of computing k2 was devised using peak-height ratios, 
thus obviating the errors incurred by injection. Since peak heights (p) varied linearly 
with concentration, the following relationships hold : 

[Me,S$ZH2CH=CH,] = a -2x = fi +pl 
pge3s1cg =x =x2 - Pr 

=X =f3.P3 
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fr and f2 were obtained from calibration of standard solutions of the reagents. jj 
was derived from infmity readings OR a number of reaction mixtures, assuming 
_Y =$a. 

- _ ~/(~--2~)=fi-Pz/fr-P1 =+I (7) 
-ulk --24 ==f3 - P3/fi - Pl = 42 e (8) 

The rate equation for cleavage of the carbon-sihcon bond by HgCl, at equimolar 
concentrations is given by : log (a --~)/(a - 2~) =&r/2.303 
From (6) and (7), 

log (a-X)/&2X) slog (it 41) =log (l-i-&) (9) 
thus enabling two sets of data for computing k,_ Table 2 shows the values of k, 
obtained using this method. 

(ii) Spectroscopic ntethod. The reagents were mixed at the reaction temperature 
in a thermostatted 4 cm silica cell in a Unicam SP 500 instrument. solvent being used 
as a reference_ The reaction was followed at 270 rnp- From (5) 

{rt complex],, = K3 - [Me,SiCW,CH=CH,j * [HgCI,] 
= KJ- (a--2X)- (b--x) 

at t ==0 : [TC complex~&cc (D, - 13,). at E=t: [z-compIex)&crc(D,--D,) 

4----D, _ _ 
= (a-2x)-(b-x) 

h--D, n-b 

A plot of Do--D, against ab was found to be linear, demonstrating the validity of 
Beers Law for the z complex. x can be calculated from (IO) using: 

Zb-i-a (Zbta)2 + Ta.b ’ X=------2 
4 4 - (11) 

TABLE 6 

V=LUES OF k2 (1 *mole-’ - xc-‘) FOR THE CLEAVAGE OF Me,SiCH &I-I=CH, (a) BY MERCURtC Ct-ILORtDE 

(b) IN ACZXOXITRiLE AT 35-w 
[a] =[b]=4.00 x IO-’ M. 

Time 

I=) 

D, 

0 0.414 
240 0.361 0.22 

‘360 0.342 0.31 
480 0.322 0.40. 

600 0.302 0.50 
720 0.2!51 0.61 
840 0.262 0.70 
960 0.244 0.77 

1080 0.228 0.89 

al oas9 

+2--x) 

0.026 0.063 
o-039 0.063 
0.052 0.063 
0.067 0.065 
0.087 0.070 
0.104 0.072 
0.119 0.072 
0.147 0.077 
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Using (11) 2nd order rate constants for C-Si bond fission can be computed (Table 6). 
The value of k, agrees well with that derived from chromatographic data. 

Trime!hv!:t!!y!si!antt {3.8 P 0 MT mnk\ in drv M&I\! !2QQ ml1 \verp trP:ltpd = ___ .- __-_ __‘., --- -__. ‘_‘_, ..-_- _ _____ - 
with mercuric chloride ( 11.4 g_ 0.032 mole) in dry MeCN (200 ml) and allo\ved to stand 
overnight. The reaction mixture was fractionally distilled. using a cold trap at -775” 
for lo\v boiling products. T\vo fractions were collected. b-p. 56-79” 3.92 ,e and b.p. 
7941’. 4.7 g. Both fractions sho\ved strong C-Si stretching and deformation fre- 
quencies at 1269 cm- ’ and 1052 cm- ’ respectively. but no double bond stretching 
frequencies. NMR spectra of both fractions shelved three proton absorbances at 8.13 T 
(McCN). 9.63 r (Me&Cl) and 10.01 T. the latter being another reaction product of 
step (6). 

L;nfortunutely. silanes readily from azeotropes lvith acetonitrile’“. rendering 
the isolation of individual silanes impossible by fractional distillation. Gas-liquid 
chromatograms of both fractions indicatsd a total yield of Me,SiCl of 52 Y;;. Lvhich is 
in good agreement \vith the value of 50 I,‘,, obtained from chromatographic rate data 
(Txblc 2). 

In addition. 0% g of a low boiling liquid WLS recovered from the cold tr:rp. 
A solution of the compound in acetonitrile showed t\vo proton absorbances at S-13 r 
(MeCN) and 9.92 T. The latter \vas thus shonn to be different from Mc,Si (T= 10.0). 
As yet the product has not been identilicd. though it certainl_v possesses Si-C bonds. 
However, the idcntitictltion ofX is not essential to the evaluation of the rate ofcleavage 
of C-Si bonds by mercuric salts. 

The residue \V:LS pumped dry and extracted with hot chloroform (2 x 500 ml). 
Removal of solvent yielded 5.9 g (51 ‘I,,) allylmercuric chloride m.p. 10s’. 

The author lvishcs to thank the Science Research Council for ;i research 
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