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Summary 

The order of reactlvlty and the selectivity of 1 ,l-dimethl I-1-silaethene 
( Me2Si=CH2), generated from l,l-dimethylsllacy Aobutane at 61 l”, toward a 
variety of substrates was determmed usln g standard competition esperiments. 

The observed reactivity order was Ph,C=O > ROH, ArOH % m-CIPhNH? > 
CH,CN, which indicates that with these substrate:% and under the reaction condi- 
tions used, MezSi=CHz is behaving like an electrophilic species. Within a gven 
class of substrates, polar effects were found to be generally unimportant, while 
increased steric effects caused a decrease in rate (up to 50%). 

Introduction 

In 1967 it was reported [ 11 that gas phase pyrolysis of 1,ldimethylsilacyclo~ 
butane(I) produced l,l-dlmethyl-1-silaethene (MelSi=CH,, II), a very reactive 
intermediate which, in the absence of suitable substrates, dlmenzed yielding 
1,1,3,3-tetramethyl-1,3-disilacyclobutane. The decomposition of I was inhibited 
by ethylene [2] and the dimerization of II was completely suppressed by equi- 
molar amounts of water [l] or ammonia [2] (initiaUy yielding trlmethylsilanol 
or trimethylammosilane). These results indicate that the reaction of II with water 
or ammonia is much faster than dimerization which in turn appears to be more 
rapid than, or at least as fast as, the reaction of II with ethylene [2! or propene 
[3]. In spite of recent activity [d-8] in the area of multiple-bonded bn-p,) 
silicon intermediates very little information is available concerning the relative 
reactivity and selectivity of these interesting species in their reactions with or- 
ganic substrates. 

In an attempt to learn more about the chemical nature of the very reactive 
intermediate, MezSi=CHz, we have carried out competition experiments be- 
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tween this intermediate and pairs of appropriately substituted organic substrates. 
In this manner, the re!ative reactivity of Me,Sl=CH2 toward a variety of sub- 
strates was determined from the product distributions. 

Results 

In all of the reactions discussed below Me,Si=CH2 was generated in the 
presence of the appropriate substrates by gas phase pyrolysis (nitrogen flow 
system, 611”) 760 mm Hg) of mixtures of 1 ,l-dimethylsilacyclobutane and these 
reagents. The types of reactions which Me,Si=CH, undergoes with the individual 
substrates used in this study, together with isolated yields, are summarized in 
Scheme 1. The details of the reactrons of 11 with ketones [5, S] and nitriles [a] 
have been reported previously and will not be considered further here. Since the 
reactions of II with anilines and alcohols, while nor. surprising, have never been 
reported additional information concerning these reactions is given m the Esperi- 
mentaI section. 

SCHEhlE 1 

RleJS;CHZ CN (34%) 

I 
CH3CN ( Me,SiO)j 

Me3SiNHPh hNH, [Me2Si=CH2 ] w Ph,C=CH? + [Me2Si=O] - + 

(60%) (II) \ (73%) 
/ “\. 

( Me2 SiO), 

PhOH ,I’ 
I 

\ hle3CCH:OH 
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‘I 

Me3SiOCH2CFJe3 

( 42%) (37%) 

The results of a series of reactlons in which pairs of organic substrates were 
allowed to compete for a limited amount of II are given in Table 1. The high tem- 
peratures (611”) required for the generation of II severely limited the choice of 
organic substrates. For esample, compounds containing nitro groups decomposed 
completely under the reaction conditions used. Escept for 3.3’-dlchlorobenzo- 
phenone which underwent ca. 20% decomposition, all of the substrates and prod- 
ucts listed in Table 1 were stable at the reactlon conditions (< 5% decomposi- 
tion). Control experiments demonstrated that the reaction mixtures from the 
direct competition of pairs of phenols (or anilmes) were stable to the reaction 
conditions. However, phenols could not be competed directly with anilines since 
complete and rapid silylation of phenol by N-trimethylsilylaniiine was observed 
at room temperature. in order to obtain this comparison, each compound was 
competed individually with benzophenone (Experiments 4 and 5). 

The possibility that prior complesation of I with the substrate might lower 
the activation barrier for its decomposition was eliminated by the following 
control esperiments. Pyrolysis of a benzene solution containing equimolar 
quantities of I and benzophenone at a reduced temperature (500”) produced a 
ca. 5% yield of 1,1-diphenylethylene. Pyrolysis of I alone under identical condi- 
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tions caused ca. 8% decomposition. These results clearly demonstrate that the 
presence of benzophenone has no effect on the decomposition of I. 

Initial competition reactions between phenol and meta-chlorophenol and 
between meta-methylphenol and nzeta-chlorophenol, although not included in 
Table 1, gave yields within 3%, of those obtained for the competition between 
3,5-dimethyl- and 3,5-dichlorophenol (Esperiment 10, Table 1). GLC analysis 
showed that in separate reactions 3,3’-dimethyl- and 3,3’-dichloro-benzophenone 
competed equaily well with benzophenone (Experiments 7 and 8, Table 1). A 
direct competition between 3,3’-dlmethyl- and 3,3’-dichloro-benzophenone (Ex- 
periment 9, Table l), analyzed by NMR spectroscopy, because overlapping peaks 
prevented analysis by GLC, gave a product ratio identical to that obtained from 
the separate competition reactions of these compounds against benzophenone. 
Although these espenmeni,s provide no new information, they constitute an es- 
ceUent test of the analytica GLC method used. 

Discussion 

Results for Experiments l-6 in Table 1 show that the reactivity order for 
ble2S~=CHz (II) with different classes of organic substrates is: Ph:C=O> EtOH, 

MeiCCI-i,OH, PhOH, n?-CIPhOH B m-CIFhNH, > CH,CN. Perhaps the most 
significant competition reactioh is Esperiment 6, which shows that Ph,C=O 
is far more reactwe towards II than CH3CN. From this it can be concluded that 
I1 is more effective as an e!ectrophlle than as a nucleophile. This conclusion in- 
volves the reasonable assumption that reaction of CH,CN wth II IS initiated 
via nucieophilic attack of the negatively polarized methylene (see below) In 
iLle$j!=CH, on an a-hydrogen In CH,CN, followed by combination of the 
formlng carbanion center with electrophllic positively polarized silicon in II. 

The other alternative, electrophilic attack of II on CH,CN to give III, seems 
far less likely, since the geometry of III wou!d make estenslve rearrangement a 
necessary requu-ement for product formatio!l. 

hle, hle? 

I 
CH,--b=N-Si-6I-J 

I 
2-.CHJ-C~~-Si-_dHI 

(III) 

The result of Esperiment 6 also Indicates, according to this reasoning, that 
reaction of i1 wth Ph,C=O is mltlated wa electrophdic attack of positive silicon 
in h4e,Si=CH, on negative oxygen in Ph:C=O, followed by combination of the 
forming carbonlum Ion center with nucleophllic negative carbon in II. Simdar 

arguments apply to the reaction of II with phenols or anllines. The dramatic drop 
in reactivity upon changing the substrate from Ph,C=O to CH3CN is in good 
accord wth the above mechanistic hypothesis. 

The electrophrllc nature of II receives further support f;om the observation 
that it reacts more rapidly with benzophenone than with ethanol, preferring to 
attack the greater electron density of the sp’ hybridized carbonyl oxygen acorn. 

The observation [5.6] that II behaves analogously to RsP=CHZ in its reac- 
tions with a number of aldehydes and ketones is in line with the above assumption 

b- 
that n has considerable dipolar character: Mel, g.=CI-i2. Results [8] of Hiickel 
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treatment of silaethene serve to indicate poiarizatlon of the silicon carbon 

double-bond, Hz&=&Hz, consistent with formulation of II as a dipolar inter- 
medrate. However, it 1s important to note that the predominantly electrophilic 
nature of II in the present studies is the opposite to what is observed for its 
phosphorus analogs, the methylenephosphoranes. Such eiectrophilic behavior 
IS due, at least In part, to the Fact that the silicon center is trisubstituted m 
contrast to phosphorus. which is tetrasubstituted and more saturated m the 
dipolar Form: R,P-CH?. Also, it is important to note the possibrlrty that sub- 
strates of different character than those used in the present work, namely, ex- 
tremely poor nucleophrles, may undergo initial nucleophilic attack by the 
carbon component of the dipolar silicon-carbon bond. 

The greater reactivity of II with phenols relative to anilines despite the much 
greater basiclty of the latter may be partially a reflection of the increased bond 
energy of a silicon-oxygen bond (ca. 106 kcal) compared LO a silicon-nitrogen 
bond (ca. 76 kcal) and, more importantly, the greater polarity of O-H com- 
pared to N-H [9]. A similar reactivity pattern is generally observed in the 
srlylation reactions of alcohols and amines [lo]. 

On the basis of these data we prefer to formulate these reactions as proceed, 
ing vra a drstorted Four-centered transltion state, IV, as outlined below for the 
reaction of II with benzophenone. Although the precise degree of concertedness 
of the reactions leading to IV and also the charge separation present in IV 

cannot be ascertained From the data currently available, all avai!dble information 
indicates that the initial step of these reactions involves silicon-oxygen bond 
Formation which somewhat exceeds carbon-carbon bond formation. On the 
basis of data drscussed below it would appear that on an absolute basis total 
bond-Formation at the transltion state is small. 

Esperrments 9-1-I in Table 1, concerning the reactivity of II toward sub- 
stituted pairs of the same class of organic substrate (phenols, anihnes and benzo- 
phenones), were designed to determine steric and electronic substrtuent effects 
on reactivity. 

2,6-Dimethyl substitution in phenols (Experiment 11) and anilines (Experi- 
ments 13 and 14) caused a ca. 50% decrease in reactivity towards II compared 
to the corresponding 3,5-dimethyl derivatives. An attempt to compare the rela- 
tive reactivities of 4,4’-dimethylbenzophenone and 2,2’-drmethylbenzophenone 
towards II was unsuccessful because the 2,2’dimethylbenzophenone reacted 
with II to give substantial yields of non-Wittig-type products [ 111. The small 
rate decreases caused by 2,6-dimethyl substitutron in the phenols and anilines 
are significant since the silylation of 2,6-dimethylphenol by hesamethyldisila- 
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zane was reported 1121 to be much slower (the data indicated at. least a five-fold 
rate difference) than the silylotion of phenol under identical reaction conditions. 
Xlthough these results would seem to indicate that the steric requirements of II 
are small, the rate differences may actually be due to a “levelmg effect” caused 
by xhe tigh reactivity of II (this is discussed in more detail below). 

AU of the data from the competitions between pairs of substituted phenols, 
anllines, and benzophenones, for II Indicate that these reactions are insensitive 
to polar effects. 

At present, insensitivity of these reactions to polar effects may be explained 
by the high reactivity of Me,Si=CH, (Ii) which g?ves rise to activation barriers 
for all of the reactions studied which are less than ca. 9 kcal/mole (the assump- 
tlons used to calculate this value are dlscussed below). Consideration of these 
low activation barriers together with the realization that the reactions of II 
with any of the substrates used in this study must be highly esothermic leads 
to formulation of an activated comples which resembles the reactants more 
than the products, and, thwefore, one m which the effects of polar substltuents 
on the reactivity should be minimal. The severe (6115) reaction conditions used 
are an addltional factor which may also contrlbute to thrs levelmg effect. 

The possiblllty that II is reacting as a diradlcal which might be expected to 
be Insensitive to electronic effects 1s eliminated since II does not react with 
toluene and also because the observed A factor (log A = 15.8 set-’ ) for the for- 
matron of II from l,l-dlmethylsilacyclobutane is not in accord with a renctlon 
involving spin inversion [ 21. 

The value of ca. 9 kc.~l/mole as an uppsr llmlt to the activation energy for . 
the reactlon between II and the substrates used in this study is based on a caI- 
culated value of ca. 11 kczl/mole for the aclwatlon energy for the dimerizntion 
of II and the esperimental observation that the reaction of II wth the substrates 
used IS at least one hundred times faster than its dlmerizatlon (i.e., less than 0.5% 
dlmer present in the pyrolysates). 

The calculated value of ca. 11 kcallmole for the activation energy for the 
dimerlzation of II was repwted by Flowers and Gusel’nlkov on the basis of their 
gas phase kinetic data and an assumed value of 20 kcal/mole for the actlvatlon 
energy for the reaction between II and ethylene [2]. A similar value of ca. 
9 kcaI/mole for the activation energy for the disappe,arance of II can be calcu- 
lated using the data reported in a separate study in which II, trapped at -196”, 
reacted upon warming to ca. -120” [ 131. 

Additional support for the low activation energies for the reactlons of II is 
provided by the fact that gas phase reactions between Lewis acids and bases 
such as BF3 and CH3NH, occur with activation energes close to zero-[ 14) (we 
reiterate that extended Hiickel calculations [S] indicate that Me,&--CH, is a 
major contributing resonance structure for l,ldimethyl-1-silaethene). 

It should be emphasized that although the activation energies discussed 
above are approsimate, an Increase in these estimated values by as much as 5 
k&/mole does-not alter our basic argument. 

In conclusion, it is 0% opinion that II is best described as a highly reactive 

&polar intermediate, Me2 Si=CHZ, which behaves as an electrophile toward such 
substrates as ketones, alcohols, phenols, and amines. In the case of acetonitrile 
the less potent nucleophihc character of I1 is involved. 
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We are contrnurng our investigations into the reactivity and selectivity of 
multiply bonded silicon-carbon intermediates using drfferent substituents on 
silicon and lower substrate concentrations in an effort to moderate these reac- 
tions so that the polar effects of organic substrates can be observed. 

Experimental 

NMR spectra were recorded on a Varran ,460-A spectrometer. Infrared 
spectra were obtained using a Beckman IR-8 spectrometer. Reactron mrstures 
were analyzed by GLC on a HP 7620A (FID) using a 6 ft. X l/8 in. 10% UC-W98 
column. Preparative GLC separations were made on a Varran 920 (TCD) using a 
10 ft. X 3/8 In. 20% SE 30 on Chromosorb W column. Melting points were taken 
in capillary tubes, and are uncorrected. 

Ctlemlcats 
Reagent grade neopentyl alcohol, phenol, nz-chlorophenol, rn-chloroanrline, 

acetonitrile, 3,5-dimethylphenol, 3.5-dichlorophenol, 3,5-dlmethylanilme, 3,5-dl- 
chloroanrlrne, 2,6_dimethylaniline, m-methylanrline, and aniline were obtained 
from either the Aldrich, Eastman, or Baker chemrcal companies. Escept for the 
Irquid amities which were drstilled before use. all of the above reagents were of 
sufficient purity to be used as obtained. 

Hesamethyldrsrlazane was generously donated by the Dow Cornrng Corpora- 
tion. 1,1-Dimethylsilacyclobutane was prepared by the method of Dnmrauer 
[ 151. 4,4’-Drmethylbenzophenone m.p. 91.5-93” (lit. 95”) 1161 and 3,3’dlchloro- 
benzophenone m-p. 122-134” (lit. 123-124”) [ 171 were prepared from the con-es- 
ponding acid chlorides and the substituted bromobenzenes via the organocad- 
mium reagent [ 181. 

All of the products of the competitlon experiments such as phenosytri- 
methylsilane were made independently by reaction of substrate with he?tamet,hyl- 
dlsilazane followed by isolation by preparative GLC. These products were then 
used as references for GLC retention times and also to determine yrelds by quan- 
titative GLC (see below). 

The Wittig products of the competition esperiments were made by inde- 
pendent pyrolysis of the starting ketone and l,l-dimethylsilacyclobutane at 611”, 
then isolated by preparative GLC. 

General pyrolysis procedure 
The apparatus and procedure used for all of the pyrolyses described above 

have been descrrbed in detail in a previous publication [6]. 

Competition reactions 
The following is a specific example of a competitron reaction but m general 

ail of the competitron reactlons in this paper were carried out in this manner. 
l,l-Dimethylsilacyclobutane (10.0 mmol), m-chlorophenol (10.0 mmol) 

and benzophenone (10.0 mmol) were pyrolyzed in 2.05 g of benzene at 611” 
yielding 5.42 g of pyrolysate (96.5% mass recovery corrected for ethene loss). 
Quantitative GLC analysis of the pyrolysate was carried out by first measuring 
the areas of the product peaks. Then a known weight of one of the products was 
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adcled and the peak areas were agam measured. This information coupled with 
the flame factors of the two products, determined from standard solutions of 
the products, was used to calculate the absolute product yields. These analyses, 
done two or three times for each competition reaction, were consistent to ca. 
1 3% The yields of 3-chlorophenosytrimethylsilane and 1,1-diphenylethene 
were 17.3 and 49.070, respectively. 

Pyrolysis of neopevtyl alcohol with l.l-dimethylsilacyclobutane 
Pyrolys~ of neopentyl alcohol (14.9 mmol) with l,l-dimethylsilacyclo- 

buiane (7.34 mmoll in 3.69 g of benzene at 611” afforded 5.25 g of pyrolysate 
(98% mass recovery corrected for ethene loss). Preparative GLC gave 0.435 g 
of trimethylneopentosysilane (37%) and 0.605 g of neopentyl alcohol (46.2%), 
identified by their IR and NhlR spectra which were identical to those of the 
authentic compounds. 

Pyrolysis of phenol with l,l-dimethylsilacyclobutane 
Pyrolysis of phenol (25.7 mmol) with 1 ,l-dimethylsilacyclobutane (12.8 

mmol) m 8.13 g of benzene at 611” afforded 5.32 g of pyrolysate (99% mass 
recovery corrected for ethene loss). Preparative GLC gave 0.888 g trimethyl- 
phenoxysilane (31.8%) and 0.598 g of phenol (24.8%), identified by their IR 
and NMR spectra which were identical to those of the authentic compounds. 

Pyrolysis of andme wrth i,l-dimethyIsllacyclob~~tane 
Pyrolysis of freshly distilled aniline (31.0 mmol) with l,l-dimethylsila- 

cyclobutane (9.16 mmol) In 2.30 g of benzene at 611”afforded 5.36 g of 
pyrolysate (92% mass recovery corrected for ethene loss). Preparative GLC 
gave 0.901 g IV-trimethyl:;ilylaniline (60%) and 2.06 g of aniline, identified by 
theu IR and NMR spectrit which were Identical to those of the authentic com- 
pounds. 
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