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The &Effect with Vinyl Cations: Kinetic Study of the 
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The relative magnitude of the hyperconjugative stabilization of vinyl cations by adjacent 
C-M bonds (M = Si, Ge, Sn; the @-effect) has been examined by measuring the rate constants 
for the protonation and subsequent protiodemetalation of group 14 metalated (trimethylsily1)- 
acetylenes (RsMC=CSiMes). The relative @-effect arising from the second-order rate constants 
Sn >> Ge > Si (maximum kdks i  = 1@,5 X lo2, 1, respectively) follows the same order as that 
reported for simple carbenium ions. The product ratio from the protonation of PkGeC*SiMes 
was found to be particularly sensitive to acid concentration and strength, leading to loss of 
PhaGe preferentially with weaker acids. With tin groups, the rate of destannylation decreased 
with increasing steric bulk, unlike the corresponding situation with silyl groups. The origins 
of both these observations may be attributed to nucleophilic interaction a t  the metal center 
during protonation. 

Introduction 

It has been known for more than 3 decades that the 
presence of j3-silicon groups facilitates the solvolysis of 
alkyl halides.3 In the intervening time, much study has 
been devoted to understanding and exploiting this effect. 
It is now well recognized that the silyl group hypercon- 
jugatively stabilizes the intermediate (3-carbenium ion (the 
@-effect).4 Partially driven by the impact of organosilicon 
chemistry in organic synthesis: much of its utility related 
to the j3-effect, there has been an increased focus in recent 
years on the determination of the magnitude of this effect 
for silicon and the other group 14 elements. 

Many synthetically useful reactions, involving vinyl 
cation intermediates stabilized by j3-silyl or j3-stannyl 
groups, have been reported in the literature.s However, 
in contrast to the detailed examination of the j3-effect for 
carbenium io118?-l4 there are very few studies of the j3-effect 
with group 14 elements for vinyl cations.lsJ6 
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63, 5422 and references cited therein. Lambert, J. B.; Wang, G.-T. 
Tetrahedron Lett. 1988,29,2561. Lambert, J. B.; Wang, G.-T.; Finzel, 
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Jorgensen and co-workers have carried out ab initio 
calculations on j3-SiHs vinyl cations and j3-SiHa allylic 
cations (Figure 1) at the MP2/6-31G* and HF/6-31G* 
1evels.l' With all hydrogen substituents, the most stable 
form of the "vinyl cation" was actually the bridged cation 
1 rather than the open form 2. For yopen" propenyl cations, 
the hyperconjugative stabilization across the shorter 
double bond 3 was found to be 5 kcal/mol more effective 
than that across the longer single bond 4. These calcu- 
lations are in agreement with the recent experimental data 
for silyl stabilized vinyl cations in the gas phasela which 
indicate that stabilization of a vinyl cation by a j3-SiMes 
group, with respect to hydrogen, is more effective (43.5 
kcal/mol) than that for an alkyl cation (39 kcal/mol).19 

The earliest kinetic study of @-group 14 vinyl cations 
was reported by Bott, Eaborn, and Walton.20 They 
described the effect of substituents X, on the rate of 
cleavage of some substituted phenyl(triethylgermy1)- 
acetylene compounds 5 by aqueous methanolic perchloric 
acid (Scheme I). The order of the @effect, Sn >> Ge > Si, 
that they determined was based upon the assumption that 
the reaction involves the formation of the intermediate 6 
in the rate-determining step. 

Cochran and KuivilaZ1 reported the kinetics of pro- 
tiodestannylation of allenyltin compounds by aqueous 

(12) Mayr, H.; Hagen, G. J. Chem. SOC., Chem. Commun. 1989,91. 
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Mayr, H. J.Am. Chem. SOC. 1991,113,7710. Hagen,G.;Mayr,H. J.  Am. 
Chem. SOC. 1991,113,4954. 
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methanolic perchloric acid. The experiment examined 
the competition between SE!~ and SE2' mechanisms leading 
to a mixture of allene 7 and acetylene 8 products via two 
different vinyl cations (Scheme 11). While this qualita- 
tively allows the assignation of the relative stability of 
different @-stannyl cations and the effect of the nonpar- 
ticipating ligands on tin, it does not allow a comparison 
with other group 14 metals. 

Using this approach, the very exciting first observance 
of a persistent 8-silylvinyl cation was recently reported.22 
Protonation of allene 9 at low temperature led to the 
formation of 8-silylvinyl cation 10 (Scheme 111); the 
reaction was followed using NMR spectroscopy. A silyl- 
substituted allylic cation 11 has also been reported.2s 

(22) Siehl, HA.; Kaufmann,F.-P.;Apeloig, Y.; Braude, V.; Danovich, 
D.; Berndt, A.; Stamatis, N. Angew. Chem., Znt. Ed. Engl. 1991,30,1479. 
Siehl, H.-U.; Kaufmann, F. P. J. Am. Chem. Soe. 1992,114,4937. 

12 

+ 

Me,Si = H H = MR, 

M d ,  Ge, Sn 15 16 

In this article, we describe our kinetic investigation of 
the protiodemetalation reaction of group 14 acetylidea and 
correlate the reaction rates with the @-effect of different 
group 14 groups for vinyl cations. 

Rssults 
The model chosen for our study was the group of 

dimetalated acetylenes 12a-e. Electrophilic attack, in our 
case a proton, should preferentially lead to one of two 
vinyl cations 13 or 14 via an internal competition. For 
example, if MR3 has the larger @-effect, 15 rather than 16 
will be the reaction product; subsequent loss of the best 
stabilizing group will lead to a monometalated acetylene 
(Scheme IV). This directly provides a relative @-effect 
between the two groups MRs and SiMes if the inductive 
effects (a-effects, vide infra) are the same. In addition, 
the absolute rate of protonatioddemetalation of different 
dimetalated acetylenes with the same Brransted acid wil l  
reflect the stability of the @-metal vinyl cations in the 
transition state and allow a further comparison of the 
@-effect for different group 14 groups. 

We used the SiMes group as an internal reference in the 
molecule to minimize changes in the basicity of the triple 
bond and to facilitate the observation of producta.24 The 
proton signals of 15 are particularly characteristic in the 
lH NMR spectra. For example, the reaction of Mes- 
SnC=CSiMes (6 0.28, 0.17 ppm) with chloroacetic acid 
(Table I, entry 1) led to the formation of Me3Si-H (6 
0.20,2.38 ppm) and trimethylstannyl chloroacetate (0.61 
ppm). These reactions were performed in CDCh rather 
than protic solvents so that the results would be directly 
relevant to organic synthesis where nonpolar solvent 
systems, frequently chlorinated hydrocarbons, are typically 
used. 

The rates of reaction between protic acid@) and a series 
of stannyl-, germyl-, and silyl(trimethylsily1)acetylenes 
were measured, and second-order rate constants were 
obtained. The compounds could be readily divided into 
three classes depending upon whether the internal com- 
petition led to loss of SiMes (Table 111, of MRs (Table I), 
or of a mixture of both (Table 111). 

Discussion 
Reaction Mechanism: Rate-Determining Step. The 

rate constants observed in these reactions (Scheme IV) 
involve two steps, protonation and subsequent demeta- 
lation. The &effect is only involved in the first of these. 
Thus, it is clearly important to establish that protonation 
is the rate-determining step. 

(23) Surya Prakash, G. K.; Prakash Reddy, V.; R a d ,  G.; Caaauova, 
J.; Olah, G. A. J. Am. Chem. SOC. 1992,114,3076. 

(24) Razuvaev, G. A.; EgorochLin, A. N.; Skobeleva, S. E.; Kuenetaov, 
V. A.; Lopatin, M. A.; Petrov, A. A.; Znvgorodny, V. S.; Bogoradoveky, 
E. T. J. Organomet. Chem. 1981,222, 66. 
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Table I. Reaction of MeSiC==Rq with Different Acids. 
entry 

1 
2 
3 
4 
5 
6 
7 
8 
9 

MRab (cornu) acidc 
Me3Sn (124  
Me3Sn (12a) 
n-Bu3Sn (12b) 
n-Bu3Sn (12b) 
Ph3Sn (12c) 
Ph3Sn (12c) 
Ph$n (12c) 
Me3Ge (1M) 
Me3Si (1%) 

ClCHZCOzH 
ClCH2C02D 
ClCHzCOzH 
ClzCHCOzH 
C 12 C H C 0 2 H 
Cl3CC02H 
F3CC02H 
F3CC02H 
F3CC02H 

pKad 
2.85 
2.85 
2.85 
1.48 
1.48 
0.70 
0.23 
0.23 
0.23 

loZ& (M-1 s-]) max kW,/kSiMe, 

1.98 f 0.15 
0.70 f 0.05 
0.70 f 0.05 

0.38 f 0.03 

1.5 X lo* 

65 f 8 

54 * 6 

5.1 x 107 

3 x 105 
1 8 k 2  

0.094 f 0.007 525 
0.00018 f 0.00003 1 

a The reaction was run in CDCl3 with an acid and substrate concentration of 0.05 M and was followed by IH NMR. MR3 was the leaving group; 
Me3SiC=CH, the sole acetylene product in all cases. The acid was added as a solution in CDC13. d pK, in water. 

Table 11. Reaction of M e S i m M R ?  with Different Acids. 

entry MR3b (comp) acidC pKId 10% (M-L s-I) 
1 t-BuMezSi(121) CHaSOaH -2 9.6 f 0.7 
2 Me,Si(lZe) CHoSO3H z-2 7 . 6 i 0 . 9  
3 Ph,Si(lZg) CH3SO3H z-2 0.32 f 0.07 

'The reactions were run in CDC13 with an acid and substrate 
concentrationof0.05 M andwerefollowedby IHNMR @Experimental 
Section). SiMe3 was the leaving group; RaMCECH, the sole acetylene 
product in all cases. <The acid was added as a solution in CDC13. 

Approximate pK, in water. 

Table HI. huducts of the Reaction of P h ~ G m i M e ,  
(12h) with Different Acids 

[acid] / product ratio 
acid lacetvlenel k [M-l s-l) Ph>GeC=-CH/HmSiMe> . . . .  , -  

TfOH 1 113' 
CH3SO3H 5b  22.5 X lO-' 115 
CHiSOJH 2.65 8.4X 10-3 1 j 3  
CHSOqH 1 112 
CF3COOH 10 7.3 x 10-5 oji 

Theratiovaried from 113 to 1/9andwasirreproducible. Weattribute 
this to small amounts of water participating in the reaction. b Saturated 
solution. 

The kinetics of the reaction were found to be first order 
in both the acid and the acetylene. Moreover, the rate of 
reaction for a given compound follows the order of acidity 
of the acid used26p26 and not the nucleophilicity of the acid 
counterions (Table I, entries 5-7). These results and the 
observed deuterium isotope effect kH+IkD+ of 2.8, for the 
reaction of (trimethylstannyl)(trimethylsilyl)acetylene 
(Me3SnC=CSiMe3) with ClCH2COzH (Table I, entries 1 
and 2), confirm that the rate-determining step of the 
reaction involves the breaking of the acid H-0 bond by 
attack of the triple bond acting as a base, not the 
subsequent nucleophilic attack of the acid counterion at 
the metal center. I t  should be noted, however, that the 
counterion plays a significant role in the protonation step 
of the Ge and Sn compounds (vide infra). 

B-Effect versus Inductive Effects. Vertical versus 
Nonvertical Stabilization. The @-effect involves sta- 
bilization of a carbocation, normally through the vertical 
interaction of a C-M u-bond with an empty p orbital. As 
has been demonstrated by Lambert and co-workers in the 
case of carbenium ions, the 8-effect follows a type of 
Karplus relationship in that the observed magnitude is 
dependent upon the torsional angle between the C-M 
a-bond and the empty p orbital, with a minimum at 90' 
and a maximum at 180' (Figure 2).8>9 

In a rigid, linear acetylene compound, the C-M bond is 
orthogonal to the p orbital to be stabilized and is thus in 
the worst possible geometry to provide stabilization (8- 

(25) Although the pK,'s of these acids in chloroform-d have not been 
determined, Rumeau has shown that the general order of pK. of these 
acids in chloroform is the same as in water.= 

(26) Rumeau, M. Ann. Chim. 1973,2, 131. 

Silicona Dihedral Relative Rate k, / k, 

Angle 
1 2  

10 1800 

120 

a 

10 

10 900 

d 10 
I 5 
Leaving Group e 10 

aSilicon a,d reference 8, b,e reference 9 and c, reference 13. 
Figure 2. 

effect) by way of orbital overlap during the protonation 
process; initially, any hyperconjugative stabilizing inter- 
action between the orbitals is at a minimums2' Any rate 
enhancement due to the @-effect will thus be subject to 
the extent to which the molecule undergoes the nonvertical 
rehybridization processl0s28 from sp - sp2 (e.g., 12 - 13, 
Scheme IV). The absolute rates found for reactions of 
this type, therefore, should be expected to be smaller than 
those for reactions in which the geometry required for 
vertical stabilization is already present in the starting 
material, as in the solvolysis work of Kuivala shown above 
(Scheme 11). Given this constraint, it is necessary to 
demonstrate that the relative rates for the protonation 
reactions actually reflect the @-effect rather than inductive 
or other effects. 

Arguments against Inductive Effects. The group 
14 metals are electron-releasing with respect to carbon 
and may be expected to stabilize 8-carbenium ions such 
as 13 through both hyperconjugation and inductive effects. 
While the protonation reaction of the triple bond of these 
metalated (trimethylsily1)acetylene compounds could be 
controlled by inductive effects alone (Le., basicity of the 
triple bond24), several factors argue against this. On the 
basis of the similarity of the electronegativity of the silicon, 
germanium, and tin elements,29 the inductive effect of the 
Measi, MeaGe, and MesSngroups on the triple bond should 
be approximately the same and cannot explain the large 
differences observed in the rate constants between these 
groups (Table I). The inductive effect of the SiMe3 group, 
in the case of the formation of 8-trimethylsilyl carbenium 
ions, has been calculated to increase the rate of reaction 

(27) For studies on cia bending of alkynes we: Kamieneka-Trela, K.; 
Ilcewicz, H.; Rospenk, M.; Pajdowska, M. J. Chem. Res. Synop. 1987, 
122. Maier, W. F.; Lau, G. C.; McEven, A. B. J. Am. Chem. SOC. 1986, 
107.4724. 

(28) Traylor, T. G.; Be&, H. J.; Jerkunica, J.; Hall, M. L. Atre Appl. 
Chem. 1972.30.599. 

(29) Cot&, F. A.; Willsinson, G. Advanced Inorganic Chemietry, 4th 
ed.; Wiley: New York, 1980. Ohwada, K. Polyhedron 1985,2,423 and 
references cited therein. Smith, A. J.; Adcock, W.; Kitching, W .  J. Am. 
Chem. SOC. 1970, 92, 6140. 

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

A
ug

us
t 2

8,
 2

00
9 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

99
3 

| d
oi

: 1
0.

10
21

/o
m

00
03

0a
04

9



The 8-Effect with Vinyl Cations 

by about lo2. In contrast, the &effect of SiMea in the 
same reaction leads to arate acceleration of 1010.8*9 Equally 
large differences in rate constants, for group 14 stabilizing 
groups with similar inductive effects, have been observed 
in the studies of stabilization of alkyl 8-metalocarbenium 
i0ns.~@3 Thus, we conclude that the @-effect is primarily 
responsible for the large rate differences shown in Table 
I. 

Measuring Inductive Effects: a-Effect. The im- 
portance of inductive effects can, furthermore, be readily 
determined from the rates of reaction given in Table 11. 
In these reactions, the rates shown are for protonation of 
the triple bond and subsequent loss of the SiMe3 group. 
Since the @-stabilizing group is the same in all three cases, 
the differences in rates reflect only differing basicity of 
the triple bond and a-stabilization of the developing vinyl 
cation intermediates by the metal; the &effect does not 
enter into it. 

The most interesting comparison among these com- 
pounds (Table 11) is that between entries 1 and 2 (t-BuMe2- 
Si versus Measi). The tert-butyl group has a larger 
electron-donating effect than a methyl group and, thus, 
would be expected to form vinyl cation 13 rather than 14 
(MR3 = SiMe2-t-Bu, Scheme IV) due to an enhanced 
8-effect. Indeed, Mayr has demonstrated, in the addition 
reaction of electrophiles to allylsilanes, that larger alkyl 
groups on silicon clearly increase the &effect of the silyl 
group.12 The results here, however, demonstrate that the 
reaction proceeds via 14. The stabilization of the vinyl 
cation provided by the @-effect of a 8-SiMe3 group and the 
inductive effect provided by an a-SiMe2-t-Bu group must 
be better than that provided by a 8-SiMez-t-Bu and an 
cu-SiMe3 group.31932 That is, since the 8-effects are similar, 
the regiochemistry of protonation is controlled by the 
a-stabilization of the cation by SiMez-t-Bu. The small 
differences in the relative rates provide an evaluation of 
the inductive effects of the three different silyl groups. 
Soderquist and Hassner have observed a similar inductive 
“a-effect” for a-metalated carbenium ions in the hydrolysis 
of a-metalated methyl vinyl ethema3 They found a rate 
ratio of 30 for kSwe$kSib which corresponds closely to 
the rate ratio of entries 2 and 3. 

Relative &Effect. The results in Table I show the 
rates of reaction when MR3 was better at stabilizing the 
intermediate vinyl cation than SiMea. They have been 
ordered by decreasing relative rate with which the group 
is lost with a given acid the fastel: the rate, the better the 
@-effect. The range of reactivity of 12a-e was very large, 
and it was impossible to determine the reaction rate with 
a single acid. Ordering the relative 8-effect for these 
compounds was thus achieved by measuring the rates of 
reaction with pairs of acids of different strengths. 

Our initial assumption was that the difference in rates 
of reaction for a given compound 12 with different acids 
depends only on the pKa of the acid and is independent 
of the nucleophilic effects of the counterion (for example, 
Table I, entries 5-7). It is then possible to calculate a 

Organometallics, Vol. 12, No. 6, 1993 2335 

relative 8-effect for vinyl cations of the different group 14 
groups by the pK&dependent rate ratio k d k s i  shown in 
the final column of Table I. Thus, the product of the 
difference in rates between entries 7 and 8 with CFaC02H 
(5.7 X lo2) and entries 4 and 5 with ClzHCCOzH (1.7 X 
102) allows the determination that the relative change upon 
going from n-BusSn 12b (with ClzCC02H) to MesGe 12d 
(with CFsCC02H) is 9.7 X 104. On the basis of these 
calculations, the SnMes group (entry 1) provides a relative 
rate acceleration in the approach to the transition state 
of approximately 105 and 108 greater than the Me& group 
(entry 8) and MesSi group (entry 9), respectively (Table 
I). As the nucleophile does play a role by accelerating the 
reaction, particularly for the Ge and Sn compounds (vide 
infra), k d k s i  reflects a maximum value for the relative 
8-effect.” 
Our determination that the 8-effect is the primary 

kinetic feature in the reaction examined is consistent with 
previous reports. The reaction of alkynes with electrophilic 
reagents, especially protons, has been described by several 
 group^.^*^ Noyce and Schiavelli found a positive 
secondary isotope effect k d k D  of 1.1 in the acid-catalyzed 
hydration (HzSOdH20) of phenylacetylene and phen- 
ylacetylene-d (PhCWD).37 This effect was explained by 
proposing that a hyperconjugative interaction (@-secondary 
isotope effect) exists in the transition state between the 
isotopically labeled CH bond and the developing empty 
p orbital. It was also observed that the secondary isotope 
effect k d k ~  for 4-ethynyl-d-anisole was closer to unity 
(1.07), showing that the hyperconjugative effect is atten- 
uated by the presence of other forms of conjugation. 
Eaborn and co-workers found the same mechanism in the 
protiodegermylation reaction of substituted phenyl(tri- 
ethylgermy1)acetylene compounds in aqueous methanolic 
solution (Scheme 

Effect of the Substituents on the Metal. Electronic 
Effects. Groups on the metal that are electron-with- 
drawing will decrease the electron density in the M-C 
u-bond and thus are expected to diminish the @-effect. 
This has been shown for carbenium ions by the product 
distribution studies of Brookx1 and kinetic studies of 
Mayr.l2 The order of the 8-effect for metals substituted 
with ligands of different hybridization is thus expected to 
be inversely related to the electronegativity of these orbitals 
(sp > sp2 > spa) in agreement with our observations Mea- 
Sn > PhSn  > (Me3SiC=C)3Sn.a9@ 

Steric Effect of the Substituents on the Metal: 
Nucleophilic Assistance at the Metal. Large alkyl 
group substituents on silicon, with better electron-donating 
ability, increase the magnitude of the 8-effect for carbe- 

(30) (a) Hannon, S. J.; Traylor, T. G. J. Org. Chem. 1981,46,3646. (b) 
Traylor, T. G.; Koermer, G. S. J. Org. Chem. 1981,46,3651 and references 
cited therein. 

(31) An alternative explanation would be the relative eaee of nucleo- 
philic attack at the SiMea compared with the more sterically hindered 
t-BuMei group, aa ie well-known from their relative utility as protecting 
groups in organic synthesis.” However, compounds bearing eilyl groups 
with much larger nucleophilic susceptibility (e.g., Sic&, Mesic&) also 
lost the SiMea groups.16 

(32) Hwu, J. R.; Wang, N. Chem. Rev. 1989,69,1699. 
(33) Soderquiet, J. A.; Hassner, A. Tetrahedron Lett. 1988,29,1899. 

(34) In the rapdete-g step, as the H-02 acid bond ie breaking, 
the C-H bond LB forrmng and, concomitantly, the M @ i 4 h C M & H  
angle (p ie decreaaiug from M O O .  One of the referees noted that we can 
strictly compare the magnitude of the vinyl 8-effecta (ratio k y l k d  of 
these different groups only if all angles cp at the transition s t a h  are the 
same and influences from the counterion and a-effect are absent. The 
angles (p have not been determined, and the latter effecta are present to 
varyinedegrws. Thus,thereported ratiokylkg (Table I) willundoubtedly 
be slightly different from the correaponding ratio that would be found 
with compounds that can vertically stabilize a &vinyl cation (for example, 
the allenyl compounds shown in Schemes 11 and 111) and for which the 
latter effecta are not present. 

(35) Eaborn, C.; Pande, K. C. J. Chem. SOC. 1960,1666. 
(36) Melloni, G.; Modena, G.; Tonellato, U. Acc. Chem. Res. 1981,14, 

227 and references cited therein. Allen, A. D.; Chiang, Y.; Kreege, A. J.; 
Tidwell, T. T. J. Org. Chem. 1982,47,776 and references cited therein. 

(37) Noyce, D. S.; Schiavelli, M. D. J. Am. Chem. SOC. 1968,90,1020; 
1968,90,1023. 

(38) Eaborn, C.; Eaetmond, R.; Walton, D. R. M. J. Chem. SOC. B 1970, 
752. 

(39) Dallaire,C.;Brook,M.A. Can. J. Chem.,submittedforpubliation. 
(40) Kuivila, H. G.; Verdone, J. A. Tetrahedron Lett. 1964, 119. 
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nium ions compared to SiMe3.12 However, the results with 
tin are quite different. Cochran, Kuivila, and co-workers 
demonstrated, in the protiodestannylation reaction of 
a l l ~ l , 4 O * 4 ~  viny1,42 and allenyl21 tin compounds (Scheme 11), 
that alkyl substitution on tin decreases the reactivity in 
the order Me > Et > n-Pr = n-Bu. The exchange of ethyl 
for methyl groups decreases the partial reaction rate by 
a factor of 2.46 and 1.32 for the sE2 and s ~ 2 '  processes, 
respectively. We have obtained the same general trend 
for the proton addition to (triallrylstannyl)(trimethylsilyl)- 
acetylene compounds undergoing an sE2 process; the 
substitution of methyl groups by n-butyl groups on tin 
decreases the rate of reaction by a factor of 2.8 (Table I, 
entries 1 and 3). 

Two different explanations, both of which involve 
interaction of a Lewis base with tin in the transition state, 
have been put forth to explain the different effects of larger 
alkyl group size on the reaction rate in reactions at  silicon 
and tin. The first of these is solvation. In the electrophilic 
addition of I2 to vinyltin compounds, an analogous reaction 
to the protonation described above, Baekelmans and co- 
workers have suggested that solvation of the leaving tin 
atom is required to stabilize the transition stateM With 
larger alkyl substituents on tin, solvation of the metal in 
the transition state is made more difficult and reaction 
rates are lower. Similar explanations have been proposed 
for the electrophilic cleavage of aromatic stannanes in 
aqueous solution.36 Davis and Gray observed in an acid- 
catalyzed deoxymetalation reaction that solvent attack 
was more important in the heavier elements Sn andPb.60 
This is in accord with the greater size and ease of expansion 
of the coordination shell as one goes down the periodic 
table. 

In our experiment, we used a nonpolar aprotic solvent 
(CDC13). While the stabilization of the polar transition 
state by solvation with chloroform-d might be significant, 
it is unlikely to be substantial. 

An alternative explanation43 for the effect of the steric 
bulk of the ligands involves a nucleophilic interaction, in 

Dallaire and Brook 

(41) Verdone, J. A,; Mangravite, J. A.; Scarpa, N. M.; Kuivila, H. G. 
J.  Am. Chem. SOC. 1976,97,843. 

(42) Cochran, J. C.; Bayer, S. C.; Bilbo, J. T.; Brown, M. S.; Colen, L. 
B.;Gaspirini,F. J.;Goldsmith,D. W.; Jamin,M. D.;Neely,K.A.;Resnick, 
C. T.: Schwartz, G. J.: Short, W. M.: Skarda, K. R.; Spine, J. P.; Straw, . -  
W. L; Organometallics 1982, I, 586. 

(43) Baekelmans, P.; Gielen, M.; Malfroid, P.; Nasielski, J. Bull. SOC. 
Chim. Belg. 1968, 77,85. 
(44) Gordon, M. S.; Carroll, M. T.; Davis, L. P.; Burggraf, L. W. J.  

Phys. Chem. 1990,94,8125. 
(46) Sakurai, H. Synth. Lett. 1989,1,1 and references cited therein. 

Cerveau, G.; Chiut, C.; Corriu, R.; RBy6, C. J. Organomet. Chem. 1987, 
328, C17. Kira, M.; Sato, K.; Sakurai, H. J. Org. Chem. 1987,52,949. 
Boyer, J.; BreliBre, C.; Corriu, R.; Kpoton, A.; Poirier, M.; Royo, G. J.  
Organomet. Chem. 1986,311, C39. 
(46) A report of electrophilic addition to vinylsilanes demonstrated 

that the increase of the @-effect upon extracoordination was sufficient to 
causea changeover in reaction mechanism: Tamao, K.; Akita, M.; Maeda, 
K.; Kumada, M. J. Org. Chem. 1987,52, 1100. 

(47) Gordon, M. 5.; Davis, L. P.; Burggraf, L. W. Chem. Phys. Lett. 
1989,163, 371. 
(48) It might be expected that similar interactions would have been 

observed in previous @-effect studies involving electrophile additions to 
allylmetale. We ascribe the absence of such interactiom to the geometric 
differences in the transition state. In this m e ,  the incoming HX and 
leaving group interact at the same end of the molecule (Figure 3) while 
in other cases1* the electrophile is distal to the leaving group 16. 

X ' H - . e M R ,  

1s 

(49) Tandura,S. N.;Voronkov,M. G.;Alekeeev,N. V. Top. Curr. Chem. 
1986,131,99. For a review on pentacoordinated structures see: Holmes, 
R. R. Prog. Znorg. Chem. 1984,32, 119. 
(60) Davis, D. D.; Gray, C. E. J. Org. Chem. 1970,35,1303. Davis, D. 

D.; Gray, C. E. J. Organomet. Chem. 1969,18, Pl-P4. 

R 

Figure 3. 

the transition state of the protonation, between the 
electrophile counterion and the tin center (Figure 3). The 
impact of such an interaction on the &effect can be 
predicted from the related case in organosilicon chemistry. 

Upon conversion from a neutral tetracoordinate Si 
species to a negatively charged pentacoordinate species, 
it has been shown that the degree of positive charge at  the 
metal center actually increases;"" simultaneously, the 
amount of negative charge borne by the outer ligands is 
also increased and is reflected, among other things, by an 
enhanced nucleophilicity of the ligands.& Assuming 
similar electronic effects in the case of Ge and Sn, the 
increased electron density in a pentacoordinate species 
will act, in our examples, to stabilize the vinyl cation more 
than in the four-coordinate case; the 6-effect in the former 
case will thus be higher than that in the latter case.@ 

The capacity for extracoordination involves the nature 
of the metal itself Sn > Ge > Si, the degree of electron 
withdrawal by the groups on the metal4' and the size of 
the groups already present on the metal. The observed 
protonation rate in all our reactions will thus depend upon 
the inherent @-effect provided by the tetraccordinate MR3 
group and the degree to which the j3-effect is enhanced by 
extracoordination. Since we cannot determine the degree 
of extracoordination, the ratio k d k s i  shown in Table I 
will be a maximum: any additional contribution to the 
rate from extracoordination will show up as an apparently 
larger @-effect for the group MR3. 

In the case of tin (Table I, entries 1 and 3), larger alkyl 
groups should increase the &effect by additional inductive 
effecta.12 However, any enhancement of the inherent 
8-effect of SnR3 will be offset by a reduced ability to 
undergo extracoordination as a result of the increased 
difficulty in the approach of the counterion to the tin (Le., 
a decrease in the likelihood of forming "RsSn-X"). The 
latter effect in this case is clearly more important than the 
former, as evidenced from the slower protonation rate. 

PhaGeCzCSiMes was the only compound for which a 
mixture of products was obtained following protonation. 
To examine in more detail the question of nucleophilic 
interaction, we examined a series of conditions, acid 
concentrations, and acid strengths to determine under 
which circumstances, if any, the product ratio changed. 
Protonation of the triple bond was found to be the rate- 
determining step of the reaction; in all cases the rate of 
the reaction (loss of starting material) decreased with 
decreasing acid strength. However, as can be seen from 
the results in Table 111, weaker acids, and thus more 
nucleophilic counterions, led to a preference for loss of Ge 
at the expense of silicon. The acid counterion is clearly 
playing a role in the kinetics of the reaction.@ 

A germanium atom has a better ability to expand ita 
coordination sphere than a silicon at0m.~9 The different 
product ratios then reflect the greater propensity of Ge 
than of silicon to extracoordinate with the acid counterion 
during the protonation. The stabilizing interaction oc- 
curring preferentially at Ge will be enhanced with more 
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The @-Effect with Vinyl Cations 

nucleophilic counterions, leading increasingly to Ge-C 
cleavage; that is, the @-effect of PhsGe is less than SiMe3 
but that of extracoordinated "PhsGe-X" is greater than 
SiMes. These effecta will be magnified with group 14 
elements further down the periodic table that more readily 
undergo coordination expansion, as has been described 
above for tin.s>M 

Since the rate of the reaction for a given compound 
follows the order of acidity of the acid used and not the 
nucleophi€icity of the acid counterions (Table I, entries 
5-7), we infer that the magnitude of the nucleophilic 
interaction in the rate-determining step is small compared 
to the magnitude of the &effect stabilization provided by 
C-Sn or C-Ge, sufficiently small that it is only apparent 
when the @-effects of the groups being compared are 
similar. 

Organometallics, Vol. 12, No. 6, 1993 2337 

acid (CHsSOsH) and triflic acid (CFsSOa) which were used 
from a fresh bottle without purification. 

Due to the instability of the reagents toward hydrolysis, all 
syntheses were performed with dry glassware, under a nitrogen 
atmosphere, using syringe techniques or in a glovebag which was 
dried with anhydrous phosphorus pentoxide (PzOS) and contin- 
uously purged with dry nitrogen. 

Chloroacetic Acid- t  ClCHtCOOD. The hydrolysis of 
chloroacetic anhydride was carried out with deuterium oxide 
(DzO) in THF under nitrogen atmosphere. The solvent was 
removed by simple distillation, and excess Dz0 was removed by 
azeotropic distillation with benzene to give a white solid (NMR 
analysis showed 94+ atom % D incorporation). 

( tart-Butyldimethyleilyl)acetylene:6z HC=CSiMer t-Bu. 
In a 500-mL three-neck flask under an acetylene atmosphere 
was placed THF (170 mL). After cooling to 0 OC, a Solution of 
n-BuLi (2.5 M in hexanes, 30 mL, 75 mmol) was added. A white 
solid, the lithium acetylide, immediately formed, and the mixture 
was stirred for 1 h at 0 "C. A solution of t-BuMezSiCl(lO.92 g, 
72.45 mmol) in THF (40 mL) was added, and the mixture was 
etirredatOOCfor 1.5h, warmedtoroomtemperature,andallowed 
to stir a further 12 h. The clear yellowish solution was quenched 
at 0 OC with 10% HCl(300 mL) and extracted with ether (6 X 
200 mL). The combined organic layers were washed successively 
with 5% NaHCOs and brine and dried over &sod, and the 
ether was removed under reduced pressure. Distillation led to 
9.16 g (90%) of the product. Bp: 117-119 OC; lit. 110 OC. 1H 
NMR (CDCb, 200 MHz): 8 (ppm) 0.11 (s,6H), 0.92 (8,  SH), 2.32 
(8,  1H). l9C NMR (CDCb), 62.9 MHz): 6 (ppm) -4.77, 16.28, 
25.68, 88.22, 93.71. 

Metalated (Trimethylsily1)acetylides: General Proce- 
dure. The syntheses of the metalated (trimethylsily1)acetylides 
were performed with some modifications to the literature 
preparationsf2 

To a solution of n-BuLi (2.32 M in hexane, 0.78 mL, 1.80 "01) 
was added a solution of (trimethylsiiy1)acetylene (0.26 mL, 1.81 
"01) in THF (10 mL) at -78 OC. The solution was allowed to 
warm to 0 OC over 30 min. To the mixture was slowly added a 
solution of the metal chloride (e.g. MesGeC1,0.22 mL, 1.75 "01) 
in THF (5 mL). After stirring at -78 OC for 30 min, the mixture 
was allowed to warm to room temperature and stirred overnight. 
The reaction was quenched with water and extracted 3 times 
with ether, the combined organic phases were dried over MgS04 
and filtered, and the solvent was removed under reduced pressure 
to give a light yellow oil. Distillation gave 0.26 g (70%) of a 
colorless oil. 

(Trimethylstannyl)(trimethylsilyl)acetylene:6~ Me,- 
SnCECSiMe,(12a). Yield 71%;lit.68%. Bp: 25OC/lmmHg; 
lit. 25 OC/1 mmHg. 1H NMR (CDCb, 200 MHz): 6 (ppm) 0.16 
(s,9H),0.28(~,9H). 19C NMR(CDCb,62.9MHz): 6(ppm)-7.4, 
0.5,113.2,117.6. BSi NMR (CDCb, 49.69 MHz): 6 (ppm) -20.9. 
"BSn NMR (CDCb, 93.28 MHz): 6 (ppm) -73.6. IR (neat) Y 
(cm-l) 2965 (st), 2920 (st), 2905 (st), 2370 (w), 2075 (w), 1450 (m), 
1405 (m), 1305 (w), 1245 (et), 1190 (w), 830 (st), 750 (st), 690 (et). 
MS (EI, m/z, reported for W n  isotope): 247 (M+ - CHs, loo), 
217 (12), 185 (6). HRMS (M+ reported for ll%n isotope): mass 
observed for M+ - CHs, 246.9984; mass calculated for M+ - CHs, 
246.9965. 
(Tri-n-butylstannyl)(trimethylsilyl)acetylene:M Bus- 

S n m S i M e a  (12b). Yield 90%;lit.91%. Bp: 134-137 "C/8 
mmHg; lit. 89 OC/O.27 mmHg. lH NMR (CDCb, 200 MHz): 6 
(ppm) 0.16 (s,9H),0.9 (t, 9H),0.+1.0 (m, 6H), 1.20-1.45 (m,6H), 
1.45-1.67 (m, 6H). l9C NMR (CDCls, 50.3 MHz): 6 (ppm) 0.4, 
11.3, 13.7, 27.0, 29.0, 113.1, 118.9. W i  NMR (CDCb, 49.69 
MHz): 6 (ppm) -21.2. 119Sn NMR (CDCb, 93.28 MHz): 6 (ppm) 
-71.0. IR (neat) Y (cm-1) 2950 (st), 2920 (st), 2865 (st), 2845 (st), 
2065 (w), 1945 (w), 1845 (w), 1450 (st), 1410 (m), 1370 (m), 1335 
(w), 1285 (w), 1240 (st), 1170 (w), 1130 (w), 1065 (m), 950 (w), 845 

Conclusion 

A scale of the relative magnitude of the @-effect provided 
by some stannyl, germyl, and silyl groups toward vinyl 
cations has been determined; the order obtained is the 
same as that for @-metalocarbenium ions Sn >> Ge > Si 
( k d k s i  10s > 5 X 102 > 1). The relative reaction rates for 
protonation and demetalation of germanium and tin 
(trimethylsilyl)acetylides, with respect to SiMe3, demon- 
strated the susceptibility of the stabilizing Ge and Sn 
groups to nucleophilic interaction during the protonation 
step. The magnitude of change in reaction rates arising 
from the interaction of the counterion with the stabilizing 
group, however, was smaller than that of the @-effect itself 
toward vinyl cations. 

Experimental Section 

The boiling points (bp) obtained by distillation under vacuum 
are not corrected. 

1H and 13C NMR spectra were obtained on Bruker AC-200 
(200-MHz) and WM-500 (500-MHz) spectrometers. For pre- 
liminary quality checks a Varian EM-390 (90-MHz) was used for 
1H NMR. Spectra were internally referenced by the signal from 
SiMe4, by the residual solvent signal of CHCh in CDCb, or by 
an internal CHZClZ signal at 5.3 ppm. %i and ll%n NMR spectra 
were performed on a Bruker WR-250 (250-MHz) spectrometer 
wing the signals of Me4Si and MerSn, respectively, as external 
references (0 ppm). 

Infrared spectra were run on a Perkin-Elmer 283 spectrometer 
in CHCb or CC4 solution, as a film on an NaCl disk or as a KBr 
pellet. 

Electron impact (EI) and chemical ionization (CI) maw spectra 
were recorded at 70 eV with a source temperature of ca. 200 OC 
on either a VG Micromass 7070-F mass spectrometer equipped 
with a data system composed of a PDP8A with VG 2000 software 
or a VG analytical ZAB-E mass spectrometer equipped with a 
VG 11-250 data system. High-resolution mass spectral (HRMS) 
data were obtained with the VG ZAB-E instrument by the E1 
method. 

Tetrahydrofuran (THF) and benzene were freshly distilled 
under a nitrogen atmosphere from benzophenone/potassium. 

Chloroform-d (CDCb, 99.8 atom % D) and water-dz (DzO, 
99.9 atom % D) were obtained from Merck Sharp and Dohme 
Canada (MSD Isotopes) and were used without purification from 
a fresh bottle. (Trimethylsily1)acetylene (MesSiC=CH) was 
obtained from Aldrich or prepared according to experimental 
procedure.&' All other materials were obtained from Aldrich and 
were purified by distillation with the exception of methanesulfonic 

(51) Brandsma, L.; Verkruijeee,H. D. Synthesis ofdcetylenes, Allenes 
and Cumulene8;Study inOrganicChemietry, Vol. 8; Elsevier: New York, 
1981; p 56. 

(52) Fitzmaurice, N. J.; Jackson, W. R.; Perlmutter, P. J.  Orgonomet. 

(63) Findeiea, W.; Davidsohn, W. E.; Henry,M. C. J. Orgonomet. Chem. 
Chem. 1985,286,375. 

1967, 9, 435. 
(54) Logue, M. W.; Teng, K. J. Org. Chem. 1982,47,2549. 
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(st), 830 (st), 750 (st), 685 (st), 590 (m). MS (CI + C I L  m/z ,  
reported for 119Sn isotope): 373 (M+ - CH3, 24), 331 (loo), 291 
(89), 269 (14), 235 (17), 177 (6), 97 (5), 83 (24), 73 (32). 
(Triphenylstannyl)(trimethylsilyl)acetylene:55 Pha- 

SnC=CSiMea (12c). Yield: 92%; lit. 61%. Mp: 73-74 OC; lit. 
74-76 OC. 1H NMR (CDCb, 200 MHz): 6 (ppm) 0.3 (8, 9H), 
7.5-7.4 (m, 9H), 7.75-7.65 (m, 6H). 13C NMR (CDCb, 62.9 
MHz): 6 (ppm) 0.17,108.7,121.4,129.2,129.5,136.7,139.9. %Si 
NMR (CDCb, 49.69 MHz): 6 (ppm) -19.5. llOSn NMR (CDCb, 
93.28 MHz): 6 (ppm) -175.4. MS (EI, m/z, reported for llOSn 
isotope): 448 (M+, 3), 433 (5), 371 (39), 341 (4), 294 (3), 274 (35), 
221 (27), 197 (37), 159 (50), 135 (32), 120 (loo), 97 (18). HRMS 
(M+ reported for 119Sn isotope): mass observed, 448.0677; ma88 
calculated, 448.0669. 

(Trimethylgermyl)(trimethylsilyl)acetylene:s6 Mea- 
m S i M e 8  (12d). Yield 70%; lit. 68%. Bp: 65 OC/55 
mmHg; lit. 150-151 OC/750 mmHg. Mp: 32-33 "C. 'H NMR 
(CDCb, 200 MHz): 6 (ppm) 0.16 (s,9H), 0.35 (s,9H). NMR 
(CDCb, 62.9 MHz): 6 (ppm) -O.l,O.l, 112.1, 114.1. 18si NMR 
(CDCb, 49.69 MHz): 6 (ppm) -20.2. MS (EI, m/z ,  reported for 
7'Ge isotope): 216 (M+, 2), 201 (100),120 (56), 118 (59), 97 (19). 

( tert-Butyldimethyl~ilyl)(trimethyl~ilyl)acetylene:67 
t -BuMe~SiC=CSiM~ (120. Yield: 74%. Bp: 45-55 OC/8-9 
mmHg. lH NMR (CDCb, 200 MHz): 6 (ppm) 0.09 (s,9H), 0.16 
(8, 9H), 0.93 (6H). lSC NMR (CDCb, 62.9 MHz): 6 (ppm) -4.4, 
0.2, 16.7, 26.3, 112.2, 114.4. mSi NMR (CDCb, 49.69 MHz): 6 
(ppm) -9.6, -19.6. IR (neat): v (cm-') 2960 (et), 2940 (st), 2900 
(st), 2860 (st), 1460 (m), 1405 (m), 1385 (w), 1360 (m), 1250 (st), 
1000 (m), 860 (st), 840 (st), 820 (st), 770 (st), 755 (et), 690 (m), 
670 (m). MS (EI, m/z):  212 (M+, 21,197 (71,155 (loo), 125 (41, 
97 (4), 83 (5),  73 (14). HRMS: maw observed 121.1415; mass 
calculated, 212.1417. 
(Triphenylsilyl)(trimethylsilyl)acetylene:ss Pha- 

S i C e S i M e a  (12g). Yield 55%; lit. 73%. Mp: 70-71 OC; lit. 
42-44 OC. lH NMR (CDCb, 200 MHz): 6 (ppm) 0.27 (8,9H), 
7.3-7.5 (m,9H),7.6-7.7 (m,6H). 13C NMR (CDCb,62.9 MHz): 
6 (ppm) -O.13,108.1,119.5,127.9,129.9,133.4,135.5. a%Qi NMR 
(CDCb, 49.69 MHz): 6 (ppm) -30.9, -18.4. IR (CCL) v (cm-I) 
3050 (w), 3030 (m), 3000 (m), 2955 (m), 2870 (w), 1955 (w), 1880 
(w), 1820 (w), 1770 (w), 1530 (w), 1475 (w), 1420 (w), 1245 (m), 
1100 (m), 830 (st), 760 (st), 690 (st). 
(Triphenylgermyl)(trimethylsilyl)acetylene: Pha- 

GeCWSiMe, (12h). Yield: 81%. Mp (recrystallized from 
2-propanol): 68-69 OC. 'H NMR (CDCb, 200 MHz): 6 (ppm) 
0.30(~,9H),7.35-7.5(m,9H),7.67.75(m,6H). 13CNMR(CDCb, 
62.9MHz): 6 (ppm) 0.05,107.3,117.2,128.4,129.5,134.5,135.1. 
mSi NMR (CDCL, 49.69 MHz): 6 (ppm) -18.9. IR (CHCb): Y 
(cm-l) 3060 (m), 3010 (m), 2970 (m), 1960 (w), 1890 (w), 1820 (w), 
1770 (w), 1480 (w), 1435 (w), 1300 (w), 1200 (m), 1085 (m), 840 
(st), 730 (st), 720 (st), 710 (st), 690 (st), 660 (st). MS (EI, m/z ,  
reported for 74Ge isotope): 402 (M+, 20), 387 (621,325 (461,228 
(100),159(12), 135(11). HRMS(reportedfor"Geisoto~): maw 
calculated, 402.0859; mass found, 402.0842. Anal. Calcd for 
CBHuGeSi: C, 68.87; H, 6.03; Si, 7.00. Found C, 68.74; H, 6.30; 
Si, 7.25. 

Kinetic Jhperimental Procedure. Generally, reactions were 
carried out using 0.5 mL of a 0.05 M solution of the acetylene 
compound (0.025 mmol) in chloroform-d (CDCb) in an NMR 
tube (5 mm). The reactions were followed by NMR spectroscopy 
on Bruker AC-200 (200-MHz) and WM-500 (500-MHz) spec- 
trometers. The reaction rates were measured on a Bruker AC- 
200 (200-MHz) at room temperature (the temperature was 

(66) Kraihanzel, C. S.; h e ,  M. L. J.  Organomet. Chem. 1967, 10, 

(66) Mironov, V. F.; Kravchenko, A. L. Bull. Acad. Sci. USSR, Diu. 

(67) Schmitt, R. J.; Bottara, J. C.; Malhotra, R.; Bedford, C. D. J. Org. 

427. 

Chem. Sci. (Engl. Transl.) 1965, 1026. 

Chem. 1987,52, 2294. 
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maintained at  23 OC), and the time was recorded at  the end of 
each spectrum of four scans. A kinetic program provided by 
Bruker AC-200 software was used for the fast reactions. 

In the m e  of the stannyl(trimethylsily1)~tylene compounds 
(Table I, entries 1-7), the reactions were initiated by the addition 
of the carboxylic acid solution in CDCb (10 pL, 2.5 M in CDCb, 
0.025 "01) to a solution of the compound in an NlMR tube (0.5 
mL, 0.05 M in CDCb, 0.025 "01). The adjustment of the NMR 
spectrometer required an average of 90 8, after which the spectra 
were recorded. In a special case, for the fast reaction between 
the (tri-n-butylstannyl)(trimethyleilyl)acetylene with Cl&H- 
COOH, the spectra were recorded aftar 50 s with a rapid 
adjustment of the "shim" of the spectrometer and by taking only 
one scan for each spectrum. 

The reactions of (trimethylgermyl) (trimethylsily1)acetylene 
and bis(trimethyleily1)acetylene were initiated by the addition 
of CFsCOOH solution (0.1 mL, 0.25 M in CDCb, 0.025 "01) to 
a solution of the compound (0.4 mL, 0.0625 M in CDCb, 0.025 
"01) in an NMR tube. 

The degree of completion of the reaction was measured by the 
change of the relative intensity of the proton signal of the methyl 
substituent (singlet) for each silyl, germy1 and stannyl groups. 
The relative intensity was beat evaluated by the manual 
measurement of the peak height. The order of the reaction was 
shown by the linearity of second-order plots (correlation coef- 
ficient >0.95); the data were treated with a least-aquarea fit to 
a straight line using a computer program (Quattro, Borland). 

The reactions of n-Bu&nC=CSiMea (12b) with 1 equiv 
dichloroacetic acid (Table 111, entry 4) and Ph&nWSiMea 
( 1 2 4  with 1 equiv trifluoroacetic acid (Table III, entry 7) were 
very fast for the NMR method. As no data points could be taken 
before the half-life, second-order data for these reactions were 
inferred from the other experiments. 

The reactions between (trimethylgermyl)(trimethyleilyl)- 
acetylene (12d) and particularly bis(trimethyleily1)acetylene (128) 
with FaCCOzH were very slow. To be sure that the rates were 
accurate, the compounds were also reactad with several different, 
higher stoichiometric ratios of FsCC02H. The observed rate 
constant was found to be linearly dependent on the acid 
concentration, indicating that the reaction is also affectad by the 
ionic strength of the solution.w Extrapolation of the k,,,,, versus 
[acidl/[acetylenel line confirmed the rate constant at  the 1:l 
acid/acetylene stoichiometry. 

For the results shown in Table 111 the following techniques 
were used (final acid molarity shown in parenthesee): 

Entry 1: F3CSOsH (2.2 pL, 0.025 "01, 0.05 M) was added 
to 0.5 mL of a 0.05 M solution of P b G e W S i M e s  in CDCb. 

Entry 2: CHsSOsH (1.6 pL, 0.025 mmol,0.05 M) was added 
to 0.5 mL of a 0.05 M solution of PhSGeWSiMes in CDCb. 

Entry 3: CHsSOaH (4.2 pL, 0.066 mmol,0.13 M) was added 
to 0.5 mL of a 0.05 M solution of P b G e W S i M e  in CDCb. 

Entry 4 CH3SOsH (10.4 pL, 0.16 "01, 0.33 M, gives a 
saturated solution of acid) was added to 0.5 mL of a 0.05 M 
solution of P h G e W S i M e a  in CDCb. 

Entry 5: CFsCOzH (0.10 mL, of 2.5 M in CDCb, 0.5 M) was 
added to 0.4 mL of a 0.0625 M solution of P b G e W S i M e s  in 
CDCb. 
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(68) We have obee~ed exceptione to this when the solution was 
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