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Summary 

The reaction of sodium trichloroacetate with various organosilicon hydrides 
in 1,Zdimethoxyethane was investigated and the products, cu-triorganosilyldi- 
chloromethanes, were formed in yields of 20-50% The relative rate constants 
of these hydrosilanes in such insertion reactions of dichlorocarbene were deter- 
mined by means of competition reactions. The relative reactivities of a series of 
alkyl substituted hydrosilanes correlate well with the Taft o* constants for the 
substituents on silicon, with a p* value of -1-07, and a series of aryl substituted 
hydrosilanes also shows good linear correlation of the log k,, values with Taft 
u* constants, giving ap* value of -1.18. The hydrogen isotope effect in the re- 
action, hn/kn 1.26 + 0.02. Based on the observed results, it was concluded that 
the insertion of Ccl= into the Si-H bdnd proceeds by a three-center concerted 
process in which charge separation in the transition state is not large, as suggested 
by Seyferth for the related PhHgCClzBr/XC6H,SiMe2H reactions. 

Introduction 

In previous papers we have reported on the insertion into the Si-H bond by 
trimethylsiloxycarbene, derived from benzoyl trimethylsilane by photochemical 
isomerization [ 1,2] and of carbomethoxycarbene, generated by the thermal de- 
composition of methyl diazoacetate in the presence of copper catalyst 131. The 
characterization of the& two reactions with the aid of the Hammett or Taft 
treatment showed that trimethylsiloxycarbene is a nucleophilic species and that 
the reaction proceeds by an ionic pathway, while the carbomethoxycarbene is 
electrophilic;with only a small ionic contribution to the transition state. 

&has been shown by Seyferth et al. that sodium trichloroacetate can be em- 
ploye$%.:a preq@sor of .dichJorocafbene (ccl?) which inserts into the Si-H 
bond of @$bylsilane~[l]~ However, no further studies of this reaction have 
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been reported. In a continuation of our investigations of the structure/reactivity 
correlations in the reactions of carbenes with hydrosilanes, we have studied the 
reaction of various hydrosilanes with CC12 as generated from sodium trichloro- 
acetate in 1,%Iimethoxyethane (DME), which yields cr-triorganosilyldichloro- 
methanes, in order to elucidate the nature of the CCl&isertion into the Si-H 
bond_ The fair yields of the reaction products obtained by this method, as shown 
below, permitted such detailed investigations_ 

Results and discussion 

The reaction of sodium trichloroacetate (II) with various organosilicon hy- 
drides (I) in 1,2dimethoxyethane (DME) was effected readily (eq_ 1) and gave 
u-silyldichloromethanes (III) in fair yields. All the products thus obtained were 
characterized on the basis of analytical data and their spectra. The reaction con- 
ditions and product yields are summarized in Table l_ 

R’RzR3Si-H + CC13C02Na&+R’R”-R”SiCClzH (1) 

o> (11) on> 

(a) R’ = Me,& R* = R3 = Me; (b) R’ = R* = R3 = Et; (c) R’ = Ph, R’ = R3 = Me; 
(d) Rr = Ph, R* = Me, R3 = H; (e) Rx = Ph, R* = R3 = H; (f) RX = R* = n-Bu, 
R3 = H; (g) R’ = PhCI&, R* = Me, R3 = H; (h) R’ = PhCH2, Rz = R3 = H; (i) R’ 
= p-MeOC6H4, R* = R3 = Me; (j) R’ = p-MeC6H4, R* = R3 =.Me; (k) R’ = p-ClC,H,, 
R’ = R3 = Me; (I) R’ = m-CF&H,, R* = R3 = Me. 

Such reactions with dihydrosilanes and trihydrosilanes, as well as with mono- 
hydrosilanes, gave the simple dichlorocarbene mono-insertion product. A dir&me, 
such as pentamethyldisilane, also gave the same type of product (IIIa). 

The relative rates of the reactions of these hydrosilanes with sodium trichloro- 
acetate were determined by means of a series of competitive reactions. A stirred 
and heated mixture of two hydrosilanes and sodium trichloroacetate in ca. 
5 I 5 I 1 molar ratio was allowed to react and the product yields were deter- 
mined. The relative rates of reaction were calculated using the Doering equation 
(2) [ 51, where P, and P,, represent the product concentrations derived from dif- 

TABLE 1 

THE REACTION OF HYDROSILANES WITH SODIUM TRICHLOROACETATE = 

Reactant 

Hsdrosihne 
<I) 

I 
bxmlol) 

sodium tri- 
ehloroacetatc! 
(II) (mmol> 

Product Yield kc 
III t%) 
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ferent hydrosilanes (a and b), S, and S,, the initial 

concentration of the two hydrosilanes and Iz,& the ratio of rate constants for 
attack by the reactive species derived from the trichloroacetate. The applicabil- 
ity of the equation was tested by determining the relative rates of p-CIC,HG- 
SiMe,H (S,) and C,H,SiMe2H (S,) using different initial concentrations (the 
molar ratio, S&b 0.5,l.OO and 2.00), resulting in reasonably constant km1 
values (0.574, 0.545 and 0.553, respectively) which allow us to conclude that 
eq. 2 does apply_ 

Table 2 summarizes the relative rate constants determined for various substi- 
tuted hydrosilanes, based on kEIAsiH as the standard, and lists the Hammett u 
vaIues for the substituent on the benzene ring of the aryldimethylsilanes and in 
the last column the sums of the Taft u* values for the three substituents on sili- 
con for all the hydrosilanes tested. From Table 2 it is seen that in the series of 
aryldimethylsilanes an electron-donating substituent increases that relative rate 
of the reaction. In Fig. 1 log k,, values are plotted against the Hammett (I values 
for the substituents. The slope of the line was found to be -0.970 by the meth- 
od of least squares, with a good correlation coefficient (y 0.996). Pr&viously, 
Seyferth et al. had shown that in the ArSiMezHjPhHgCClzBr reaction in benzene 
the Hammett treatment of the krel correlated well with u values, givingp -0.632 
[S]. It is not surprising that the p value in the present study is greater than that 
of the phenylmercurial, since different reaction conditions were employed in 
the two systems. The greater p value in our system, despite the higher reaction 
temperature used, may be attributable to use of the moie polar solvent DME, 
rather than to the different precursors of the attacking species, since in the sol- 
vent DME (dielectric constant E, 7.20) a stabilization of the ionic structure in 
the transition-state by its solvation may be expected. This is not the case in ben- 
zene medium (E, 2.28). 

TABLE 2 

RELATIVE RATES FOR THE REACTION OF VARIOUS HYDROSILANES 

Me3SiSiMezH 
~-.MeOC6H&iiezH 
p-MeC!*H&iMe2H 
EtjSiH 
C6HsSiMe2H 
p-C1C,&,S=e2ti 
m-CF3C6H4SiMeZH 
C6H5SiI!&H~ . 
n-Bu2SiH2 
PhCH$6MeH~ 
PhSij 
PhCH2SiHJ 

k o ml 

248; 244 
153; 150 
129: 125 
100 
95.0: 94.4 
52_3: 50.8 
34.9: 31.6 
20.6: 18.1 
16.7: 17.8 
9.96: 10.5 
5.50; 7.00 
r-83: l-51 

-- 
246 
152 
127 
100 
94.7 
51.6 
33.3 
19-d 
17.3 
10.2 

6.25 
1.67 

a 

-0.27 
4.17 

0.00 
0.23 
0.42 

ZO’ 

-0.87 5 
0.36 
0.46 

-0.30 
0.60 
0.75 
0.89 
1.09 
0.23 
0.71 
1.58 
1.20 

o Due td the diffuenees in number of hydrogen5 bonded to silicon in hydrosilanes, condderation to recon- 
tile t&e-bbseived hd v&es &s made. b Vdue ~&ted from J29 SW-I by the - of the ~puation in 

_.rr~_;*-.:_:..Y : ; : .: -. :. 
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Fig 1. Plot of the relative rate constant vs_ Hammett substituent constant a 

Generally, if a direct comparison of reaction constants obtained in some re- 
lated reactions is possible on a common scale, it is very convenient and helpful 
in the elucidation of the nature of the reactions. Recently, we have been success- 
ful in obtaining such a common scale for the relationship between the c and o* 
scale and to determine the Taft o* constants for substituted phenyl groups [ 7331. 
Hence, the relative rates were again plotted against the sum of the Taft U* values 
for the three substituents on silicon in the hydrosilanes. Employing the o* values 
for the series of aryldimethylsilanes, the plots of log k,, vs. Za* shown in Fig. 2 
demonstrate that all the hydrosilanes are accommodated by two separate lines. 
One of these is for the series of the hydrosilanes with alkyl group(s) and the 
other for the series with aryl group(s) on silicon. The two lines are parallelto 
each other and fit the Taft equation quite well in each series- The slope of 
the lines, obtained by the method of least squares, gave a p* -1.07 with 7 0.970 
for the alkyl series and p* -1.18 with -y 0.997 for the aryl series, respectively. 

From the sign and magnitude of the p* values, it is clear that the reaction in- 
volves electrophilic attack by Ccl* at the Si-H bond to form the insertion 
products and that the charge separation in the transition state of the reaction is 
not so large. On the other hand, as seen in Fig. 2, the relative rates of the aryl- 
hydrosilanes are greater than those of the alkylbydrosiianes by approximately 
one log unit for the same u* values. This acceleration in the rates of the reactions 
for the series of arylsilanes may be interpreted in terms of a mesomeric electron- 
donating effect of the ring IF system toward the adjacent positive silicon via 
(p-d) a interaction during the-electrophilic attack by CC& on the Si-H bond. 

In order td obt& fitiheri-inform&ion c,o$zeniing th& reactiori; tie kinetic . . 

isotope effect, kHi&, I& d&rmint$ by -allodping PbSiMeH, tid FhSiMeDi to .: 
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Fig. 2. Plot of the relative ate constant vs. sum of Taft 0’ values for three substituents on siliconr (I) 
alkyl substituted hw3rosilanes: (2) aryl substituted hydrosilanes. 

compete for the active species, CC12. The relative amounts of the two products 
were determined by the NMR method as previously reported [Z] and the value 
for k&k, calculated by eq. 2 was 1.26 + 0.02. This is a small hydrogen isotope 
effect, as expected from the literature, in which the isotope effect for insertion 
reaction of CC12 with n-Bu$iH and n-Bu&D was found to be k&k, 1.23 [9,10]. 

The mechanism for the insertion of CClt, as generated from PhHgCC&Br, into 
the Si-H bond of hydrosilanes was proposed to be a three-center concerted pro- 
cess by Seyferth et al. [S] and Sommer et al, 1111, in which the transition state 
involves attack by the electrophile at the Si-H bond through a three-center ar- 
ray of atoms rather than a linear array so as to lose the Si-H bending modes 
with the retention of configuration around the silicon. This proposed triangular 
transition state process is quite compatible with the observations of our present 
study of CCl~C0,Na/R’R2R3SiH reactions. Recently, Seyferth and Cheng have 
reported that the isotope effect in the insertion of Ccl, into a benzylic C-H 
bond was k&k, 2.5 and this reaction also proceeds to form the products via a 
threecenter concerted process similar to that of the CC&-insertion into the Si-H 
bond [12,13]. 

It is of interest to compare the reaction constants in the present study with 
those of previously studied related reactions of other carbenes and carbenoid in- 
termediates. All the pertinent data are listed in Table 3. Also included are the 
sums of Taft a* values for X and Y in CXY which represents the divalent species 
to be inserted into the Si-_H bond. Since this value reflects the polar character 
(i.e., electrophilrcity or nucIeophiIicity) of the.CXY species, the comparisons of 
the Zo$,.@ues and the reaction_constarits between the reactions listed are US& 
fur &-op&@ng ~.un&&anding of the nature of the reactions. As shown pre- 
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TABLE 3 

COMPARISON OF REACTION CONSTANTS (p AND/x*) FOR THE INSERTION REACTION OF CXY 

INTO SiH BOND OF HYDROSILANES 
______--.- --- 

NO. Reaction system and conditions Attacking species Reaction constants ReL 

(Solvent; Temp.; etc.) 

CXY x0* Pa P- b 
~--___-~- ~___--_-__-- 

1 N+HPh/R’ Rt R3SiH CHPb +1_09 - 0 17 

<none: 2Yc: hv) 

2 NzCHC02hle/XCsH4S~le2H CHCO&¶e +2_49 -0.26 -0.36 3 

<none; so=c: cu cat.) 
3 PhHgCC1+Br/XCgHJSin¶eZH CCI= x-5.88 -0-63 -0.95 = 6 

<PhH: 79°C) 

4 CCijCO~Na/XC#4Si~tIeZH cc12 +5.88 -0.97 -1.18 this work 

<DME; 100%) 

5 CCI3C02Na/RI RzR3SiH cc12 +5.88 - -1.67 this work 
(DME: 100°C) 

6 Hg(CIi~Br)~IXC6H4Si~Ie211 Carbenoid - -1.31 -1.83C 15 

(PhH: SO-=C) 

i ZnEt=~H21_rl_YCgHqSiMe-.H Carbenoid - -1.11 -l-56= 16 

(EtZO: 24OC) 

8 hfe$?iiCOPh/SCgH4SiH~ C(Ph)OSi&!ea - +1.82 +2_32 2 

(none; 22’C; ht.) 

9 hle~SiCOPh/Rt RZR3SiH C(Ph)OSih¶ej - - +2_13 1 

fnone: 22oC: hv) 
___-- __-__-_.___- -.-.- 

D From Hammett treatment. b From Taft treatment using the a* constants of a& substituents (see ref. 7 

and 8). c BY calculation using the data in ref. 6.15 and 16. respectively. 

viously 131, it is reasonable to consider that the magnitude of the Za* values for 
CXY are approximately proportional to the reaction c&&ants, p and/or p* 
values (in the absolute sense). The observed p and p* values for the CC13C02Na/ 
XC6H,SiMe2H (No. 4) and R’R2R3SiH (No. 5) reactions agree well with that 
found for the PhHgCC12Br/XC6H&Me2H reactions (No. 3) [S]. The good agree- 
ment of the kinetic isotope effects has been mentioned above, and this concor- 
dance in the two p values, although different carbene precursors are employed, 
is as expected since the attacking species is Ccl, in each case 16,141. 

With this approach t&. the interpretation of the reaction mechanism, the two 
reactions of Hg(CH2Br)2 1153 (No. 6) and ZnEtz~H212/XC6H4Sie*H [16] 
(No. 3) were confirmed to proceed via carbenoids rather than free carbenes, as 
had already been demonstrated by the original authors. Similarly, it was shown 
that the N2CHC02Me/XC,H,SiMe2H reactions (No. 2) occur by way of free 
CHC02Me-insertion irito the Si-H bond and that the copper used thus served 
only as the decomposition catalyst for the diazoacetate ester [3]. 

Interestingly, for the two reactions of Me3SiCOPh/XC6H&H3 (No. 8) [ 2] and 
Me3SiCOPh!R’R2R3SiH [ 1 J (No. 9), the reaction constants p (and p*) indicate 
that the sum of the Taft u* for the substituents of C(Ph)OSiMe3 should have a 
large negative value, although a definite value is not yet available, and that the 
electron-donating resonance effect of oxygen of the trimethylailoxy group on -. 
the adjacent carbon contributes significantly to the nucleophllic character of the 
attacking species. Sixnilariy; the values of -Zo*-for the car&hoid spekks ir&..~~-~‘~~~.- 



33 

Hg(CHzBr)JXC,H,SiMezH (No. 6) and ZnEt2-CH212/XCIHJSiMeZH (No. 7) re- 
actions should also be large and positive according to the magnitude of their re- 
action constants. However, as to the nature of phenylcarbene (CHPh) as an at- 
tacking species, which was generated photochemically from phenyldiazomethane 
(No. 1) 11’71, the relative reactivities of a series of hydrosilanes did not show a 
linear correlation with the Taft u* constants for the substituents on silicon. Thus, 
the calculated p* value was found to be zero, as seen in Table 3. Therefore, it 
may be inferred that in this reaction system the reactive intermediate (CHPh) 
behaves as a radical species. This assumption is supported by the fact that, to- 
gether with the expected product, toluene and 1,2_diphenylethane, which were 
presumably formed by radical processes, were found in most cases. The details 
of these reactions wiU be discussed elsewhere_ 

Experimental 

All boiling points are uncorrected_ The reactions were carried out under an at- 
mosphere of dry nitrogen. IR spectra were recorded using neat liquid films with 
a Hitachi EPI-G3 spectrometer, and NMR spectra were measured in Ccl4 solu- 
tion using a Varian A-60D spectrometer_ Mass spectra were obtained with a 
Hitachi RMU-6L spectrometer. GLC analyses were conducted using an Okhura 
Model 1700 gas chromatograph. 

Materials 
Anhydrous sodium trichloroacetate was prepared by neutralization of tri- 

chloroacetic acid with sodium methoxide in methanol according to the literature 
[14,18-201 and recrystallization from a mixture of anhydrous diosane/DME 
below 45°C. DME was freshly distilled from lithium aluminum hydride before 
use. 

Triethylsihme, benzylsiiane, phenylsilane, diphenylsilane, phenylmethylsihme 
and substituted phenyldimethylsihmes were made as described previously [l-3, 
211. Pentamethyldisilane (b-p. 98-99°C; lit. 97°C [22], benzylmethylsilane 
(b p 163-164°C; ng 1.5111 [23] and di-n-butylsihme (b-p. 165°C; lit_ 160°C . . 
[24]) were obtained by lithium aluminum hydride reduction of the correspon- 
ding chlorosilanes, as described in the literature. Similarly, phenylmethyldeuterio- 
silane was obtained by reduction of the corresponding chlorosilane with lithium 
aluminum deuteride (b-p. 130°C). This compound showed an IR absorption peak 
at 1555 cm-’ [u(Si-D)] and NMR signals at 6 7.41 (mc, 5H, phenyl hydrogens) 
and 0.41 ppm (s, 3H, Si-Me). No absorption band and signal due to Si-H were 
detected in the. IR and NMR spectra, respectively. 

Physical constants and GLC analyses confirmed the purity of these materials. 

Typical preparative reaction of a-silyidichloromethanes, R’R2R3SiH 
These compounds were prepared by the R’R2R3SiH-CCl&02Na reaction and 

the method used for dichIoromethylpentamethyldisilane is representative. Pen- 
tamethyldisihme (Ia, 3.97 g, 30.0 mmol), sodium trichloroacetate (II, 1.85 g, 

.- 10.0 mmol),.and I&H3 (6 ml) wertiplaced in a dry, small round-bottomed flask 
fitted’with a retlux condenser which was previously flushed with dry nitrogen. 

: Fe mixture was immersed in an oil bath maintained at 100°C and heated with 
._ _. .- 
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TABLE 4 

ELEMENTAL ANALYSIS AND MOLECULAR WEIGHT 

Compound FOfZUula And~sis found <calcd.) <%I 

C H hIoI_wt_ = 

IIIa 

lub b 

IIIC = 

IIId 

111e 

IlIf 

IIIg 

IIIh 

IIIi 

IlIi c 

IlIk = 

1111= 

C6HI&I2Si2 

C7BI&llSi 

C9HllCIlSi 

C3KI‘,CIlSi 

C7HgClISi 

C9Hl9CllSi 

C9HI 2CIlSi 

C~H19C11Si 

CIoHI4C130Si 

C~oH~&IpSi 

C&HI ICI+X 

CIOHI ICIlF3Si 

33-50 

(33.47) 

42.46 

(42.20) 

49.40 

<49.32) 

46.58 

t-16.84) 
43.53 

(43.93) 

48.06 

f44.571 
49.59 

(49.32) 

46.58 

(46.84) 

48.12 

<48.20) 

51.83 

(51.50) 

42.89 

(42.62) 
41.70 

(41.82) 

7.33 

(7.49) 

8.01 

(8.10) 

5.49 

<5.52) 

4.65 

(4.91) 

4.16 

(4.21) 

8.85 

f8.871 
5.56 

<5_52I 

4.89 

<4_91) 

5.69 

(5.66) 

5.95 

(6.05) 

4.43 

(4.37) 
4.11 

(3.86) 

214 

(215.3) 

198 

<199.2) 

218 

(219.2) 

204 

<205.2) 

190 

(191.1) 

_d 

(227.3) 

218 

(219.2) 

204 

(205.2) 

248 

(249.2) 

232 

(233.2) 

252 

(253.7) 
-d 

(287.2) 

a By mass spectmm. b Known compound isee ref. 4). C Knowns commxmd (see ret 6). d No moIecuIar 

peak u-as obunred 

TABLE 5 

NMR CHEMICAL SHIFTS OF THE PRODUCTS = 

Corn-. Arg 

pound 

cc1,l-J Sig ClI2 SIMe Otkem - 

ma - 5.3763.1> - - 

IIIb - 5.35<% 11 - - - 1.30-9.30<m. 15) b 

IIIC 7.75-7.20(m. 5) 5.33(% 1) - - O-53&. - 6) 
IIId 7.80-7.1O(m. 5) s-38(4 1) 4.61(m. 1) - 0.61cd. 3) - 
111e 7.90-7.10<m. 5) 5.44<h 1) 4_67<d. 2) - - - 

IIlf - 5_36<d. 1) 4_Ol<m. 1) - - 1.75-9.450n. 18) = 

1BII 7.56-6.8Xm. 5) 5_22<d. 1) C180u. 1) 237(d. 2) 0.2B(d. 3) - 
Urn 7-14fs. 5) 5.25& 1) 4.20(m. 2) 2_48<t. 2) - - 

IIH 7.63-6.68cq. 4) 5.29<s, 1) - - 6.50(8.6) 3.80& 3) d 

IIIj 7.43 5_30&. 1) - - = 7_1p- 41 0.51<s. 6) 238& 3) 

IIIk X63-7_2l<q. 4) 5.32& 1) - - 0.53<s.6) - 
IIII 7.99-7_29<m. 4) 5.36<s. 1) - _9.58<26I- -_ _. 

= cc& solution: TMS ire&alWM: 6 ppm. b 
!fense~-MetbyIhydxo~ns_~~~ 

mhil twdroiru = Tit&l 
._ -~- ..: : : ..:-..- . . . :. h&+++M~&ox~~9’” ~__ > -. .-. -_ -.-;.. 

._ .- .I.-- _ __: _ _. -_._:, :_:- .i _: -: _::_ ;_ 1: “< 
.- 
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magnetic stirring for 15 h, after which time gas evolution ceased. After cooling, 
the resulting mixture was subjected to GLC analysis with a silicone column 
(2 m X 4 mm; 20% KF-96 on Celite 545; column temp. 160-200°C). Only one 
product was formed and it was isolated by preparative GLC. From the elemen- 
tal analysis and IR, NMR and mass spectra, the product was identified as di- 
chloromethylpentamethyldisilane (IIIa). The yield by GLC was 42% (based on 
II). Pertinent physical, spectral and analytical data for all the compounds thus 
prepared are given in Table 4 and 5. 

Procedure for competition reactions 
Sodium trichloroacetate was mixed with two different hydrosilanes in milli- 

molar ratio of 2 : 10 : 10 in 6 ml of DME and the mixture was heated at 100°C 
with stirring until gas evolution almost ceased (15 h). After cooling, the reaction 
mixture was subjected to GLC analysis using the silicone column described 
above. Corrections were made for the differing thermal conductivities of the 
various compounds by means of an internal standard (high boiling n-alkane or 
diphenylmethane). The reactivity ratio for the two hydrosilanes was calculated 
from eq_ 2 and relative reactivities are expressed by taking that for triethylsilane 
as the standard (Table 2). Due to the differences in the number of hydrogens 
bonded to silicon in hydrosilanes, consideration to reconcile the observed k,, 
values was made. 
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