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Summary 

Kinetic studies of various coupling reactions between silicon derivatives 
(Si-F, Si-Cl, Si-OMe, Si-H) and organometallic reagents (RMgX, RLi) were 
performed for systems involving retention and inversion of configuration. The 
results show that for both stereochemical courses, the rupture of the Si-X bond 
is not the rate determining step. Results are in good agreement with the rate 
determining formation of a pentacoordinate silicon intermediate. 

A stereochemical study of substitution reactions of mono-functional orga- 
nosilanes R&X (X = F, Cl, OMe, H) with carbon nucleophiles (RMgX, RLi) 
has shown the reactions to be stereospecific [l-4]. The principal factors in- 
fluencing the reaction stereochemistry are: (1) The electronic structure of the 
organometallic reagent. (2) The type of leaving group. (3) The organosilane 
structure. 

We observed in general that “hard” reactants react with retention while 
“soft” compounds give inversion at the silicon atom. The idea of soft and hard 
reactants [5] was used by Anh et al. to explain 1,2 or 1,4 addition of organo- 
metallic reagents to (Y$ unsaturated carbonyl derivatives [S]. They showed that the 
hard reactants add 1,2 and the soft add 1,4. Carbon nucleophiles are useful for 
this type of study because the electronic structure can be widely varied while 
keeping the same atom as reaction center. 

The electronic structure of the nucleophile varies with the organic group, the 
metal, and the nature of the solvent. The influence of the organic group is illustrat- 
ed by the different stereochemistries observed for n-propyhnagnesium bromide 
and allyhnagnesium bromide. The harder of the two (n-PrMgBr) reacts with -- 
retention (RN) while the softer (allylMgBr) reacts-with inversion (IN) [3a,3b,4c]. 



n-PrMgBr (IN) 
F - l-NpPhHSi-n-Pr 

1-NpPhHSiOMen 

d-w l-NpPhHSia[lyl 

Replacement of magnesium by the harder metal lithium gives a greater 
degree of retention in the reaction; for example: 

1-NpkSi(OMen)H < 1-NpPhSiH (al lyl) 

The reaction stereochemistry can be changed to retention by using a solvent 
more basic than ether, such as THF or DME. The hardness of the nucleophile 
is then increased by solvation of the metal. This is illustrated in the following 
examples: 

I t 
1-NpPhvinyiSiF + EtMgBr 1-NpPhvinylSiEt 
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The structure of the organosilicon compound also influences the stereo- 
chemistry; thus a cyclic structure changes the stereochemistry to retention of 
configuration, e.g.: 

I-NpPhMeSiCI i- RLi (IN) - 1-NpPhMeSiR b1 

+ RLi (RN) 

(R = saturated aiiphatic group 1 

The tendency for retention is accentuated further with l-phenyl-l-chloro- 
silaacenaphtene. Thus retention is found in basic hydrolysis to give the silanol 
and in the LiAlI& reduction to give the silane 191. 

The nature of the group replaced is also important. Good leaving groups 
(Br, Cl, F, SR) are replaced with inversion and bad leaving groups (OMe, H) with 
retention of configuration [l,lO]. This result cannot be correlated with any 
physical properties of the group such as the polarisability of the Si-X bond [11] 
or the pKa of the conjugate acid 1123. It is however possible to give an empirical 
order for the ease of substitution: Br > Cl Z F > OMe > H_ This order applies 
only for carbon nucleophiles, and other tyF.es of nucleophile probably give 
different orders. 

Stereochemical studies of nucleophilic substitution at the silicon atom 
allows determination of the factors influencing the reaction mechanism. In this 
paper, which follows two preliminary communications 113,141, we outline the 
mechanism and show that the reaction proceeds through an intermediate. 

A priori, one can conceive a number of energy diagrams for the substitution 
reactions (see Fig. lA-C). 

(e-r. = extent of reaction) 

Fig. 1. Energy diagrams. 
Ax Rapid fqrmation of an intexmediate complex followed by slow cleavage of the Si-X bond to 

give the products. 
B: Formation of an intermediate in a dow step. then rapid breakdown to the products. 
C: Synchronous bond forming and bond-breaking. involving a sintie transition state. 
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The possibility A, presented in the equation below, can be eliminated. 

X 

4 
Rl._ I 

1-NpPhR, Six e 
k -1 

Ai- Ph 

---2-h 1-NpPhR, SiR, 

l-Np 

This is because in such a process the intermediate would return to the 
reactants (h_,) by rupture of a Si-C bond. Thus, one would expect a mixture 
of products since Si-_R*, Si-R2, Si-Ph or Si-l-Np could be cleaved. The only 
product observed is that of normal substitution, and so the mechanism does 
not involve a rapid pre-equilibrium. 

In order to determine the reaction energy profile we studied the rate of 
reactions between various organometallic reagents and organosilanes which give 
either retention or inversion of configuration at the silicon atom. We compared 
the rates for two organosilanes with the same organometallic reagent, which 
was taken in large excess to give pseudo first order conditions. The progress of 
reaction was followed by GLC. 

The results for reactions giving retention are summarised in Tables 1 and 2, 
and those for inversion in Tables 3-5. We observe two types of behaviour, rate 
constants being related by a factor of one or a factor >103. The former are in 
the majority and apply to both retention and inversion while the latter are only 
found for F and OMe, in reactions giving inversion of configuration. Factors 
approximating to 1 show that the slow step does not involve Si-X bond clea- 
vage. Thus the energy scheme C (Fig. 1) involving a single transition state can 
be eliminated. In fact this mechanism involves a stretching of the Si-X bond 
and one should observe an influence of the subatituent on the reaction rate. This 
is not found. In contrast the smal.I influence of the leaving group agrees with the 

TABLE 1 

I-Np 

+ RM - 
X 

(X= 0Me.F) 

RM 

MeMgBr 
ABylLi 

PhMgBr 

Solvent irF~hOMe 

Et20 1.5-2.5 
Et20 2-3 
THF l-l.5 
Et;0 4-5 

-Et20 kFikC120-40 
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TABLE 2 

I-NpPhEtSiX 

, 

X 

ct B RM Solvent k&p 

OMe H PhLi a Et20 1.5-Z 
OMe H n-BuLi Et*0 5-6 
H D PhLi u Et20 1.3 
H D n-BuLi Et20 1 
F OMe n-BuLi Et20 50 

a We assume that PhLi and p-MePhLi give the same stereochemistry. 

TABLE 3 

X RMgX Solvent kdkx 

F. Cl 
F. Cl 
F. Cl 
F. Cl 

X 

F. OMe 
F. OMe 

CH3MgBr 
AllylMgBr 
CrotyllwgBr 
PhCHZMgCl 

RMgX 

‘AllylMpBr 
PhCHzMgCl 

Et20 
Et.20 
Et20 
Et20 

Solvent 

EkzO 
Et;?0 

1 
0.9 
1 
1.6 

kFkme 

>105 
2x 103< kF/koMe<5X lo3 

TABLE 4 

1-NpPhvinylSiX 

X RMgX Solvent kdkcl 

F. Cl 
F. Cl 
F. Cl 
F. Cl 

F, Cl 

CH3MgBr 
AllylMgBr 
PhCHzMgCl 
CrotdMgEk 
n-PropylMgBr 

Et20 0.32 
Et20 0.5 

Et20 0.7 

JR0 0.5 

Et20 1.7 

TABLE 5 

1-h-pPhEtSiX 

X RMgX Solvent kdbMe 

F. OMe Allyl&i Et20 >103 





We have carried out concurrent reactions for the leaving groups F and UMe 
and also two kinetic studies under identical conditions for the pairs SiH, SiD and 
SIF, sia. 

X = F, OMe; EtMgBr/E&O; T = 25°C; V, = 60 m2 
[EtMgBr] = 1.1 mol l-‘; [F] + [OMe] = 0.11 mol l-’ 
m = [OiMes: &$koMe = 2.0-3.0 
[F] = 2[OMe]: kF/hoMe = 1.5-2.5 
2[F} = [OMe]: k=koMe = 1.5-2.5 

X = F, OMe; PhMgBr/EtzO; T = 25°C; V, = 48 ml 
[PbMgBrl= O-6 mol l-“;_ [Fj. + [OMel = 0.06 mol 1-l 

[F] = [OMe]: 
2[F] = [OMel: 

k&oMe z ;-;;;-; 
k&oMe 

[F] = 2[OMe]: kF/kOMe = 210-216 

X = F, OMe; CH3MgBr/THF; T = 25°C; V, = 48 ml 
[CH,MgBr] = 0.6 mol 1-l; [F) + [OMe] = 0.06 mol 1-l 

[F] = [OMe]: k&or.+e = LO-II1 
[F] = 2[OMe]: kF/kOM, = 1.2-1.5 
2[F] = [OMe]: &lkoMe = 1.0-1.2 

X = F, OMe; nllylLi~Et,O; T = -15°C 
We carried out the reactions for each compound and then compared the 

rate constants. We confirmed the results by competitive rate measurements. 

[a.hylLi] = 4 X IO" mol I-’ ; [Si-X] = 4 X NIV3 mol 1-l; V, = 50 ml 

X = Fr very rapid reaction, 1 abquot after 30 set, k = 2.2 min-’ 
X = OMe: rapid reaction, 1 aliquot 1 min, k = 0.55 mine1 I 

k,,koM, = 4 

Concurrent kinetics 

[allylJLi] = 4 X lo-’ mol 1-l; [Si-F] = [Si-OMe] = 2 X lo-’ mol 1-l; V, = 100 ml. 

1 abquot 30 set: kFjkOMe = 3.8 

X = F, CL; PkMgBr/Et,O; T = 25”C, V, = 50 ml 
[PhMgBr] = 0.4 mol l-l; [Si-X] = 2 X lo-* mol 1-l 

X = F, k = 2.4 X 1o-3 min-’ )kF/kC1 = 37 
X = Cl, k = 6.1 X 10d5 mm-’ 
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(II) 1LNAPHTYL PHENYLETHYLSILANE 

X = OMe, F; n-BuLi/EtzO; T = -15°C; V, = 80 ml 
-[n-BuLi] = 2.5 X 10m2 mall-‘; [Si-F] = 1.6 X 10m3 mall-‘; [Si-OMe] = 8.75 X 
lo+ mol 1-l. .- 

k&koPde = 46 

X = OMe, H; n-BuLi/Et,O; T = 0°C; V, = 120 ml 
[n-BuLi] = 5.3 X 10s2 mol 1-l; [Si-OMe] = [Si-HJ = 2.6 X low3 mol 1-l 

kOMe/kH = 5-6 

X = H, D; n-BuLi/Et20; T = 0°C; V, = 108 ml 
[n-BuLi] = 5 X low2 mol 1-l; [Si-X] = 5 X 10s3 mol 1-l. 

X = H: k = 0.015 min-’ 
X = D: k = 0.014 min-’ l+ k&z, = 1 

X = H, D; PhLi/Et,O; T = 0°C; V, = 120 ml 
[PhLi] = 5 X 10Iz mol 1-l; [Si-X] = 5 X 10e3 mol 1-l 

X = H: k = 0.111 min-’ 
X = D: k = 0.086 min-’ I-+ kJk, = 1.3 

X = OMe, H; PhLi/Et,O; T = 0°C; V, = 40 ml 
[PhLi] = 5.25 X lo-’ mall-‘; [OMe] + [H] = 5.25 X 10m3 mol 1-l 

[H] = [OMe]: kOMe/kH = 1.5-2 
[OMe] = 2[H]: kOMe/kH = 1.5-2 

Results for reactions giving inversion of configuration 

(I) 2-a-BTAPHTYL-2-SILA-1,3,4_TRIHYDRONAPHTALENE 

CH,MgBr/Et,O; T = 25°C; V, = 50 ml 
(c) [CH,MgBr] = 0.4 mol 1-l; [Si-X] = 2.0 X 10m2 mol 1-l 

X = F: k = 3.4 X 10m2 rniny’) --, k 
X = Cl: k = 3.8 X lo-* min-’ 

,k 
Cl = 0.9 

(b) [CH,MgBr] = 0.4 mol 1-l; [Si-X] =; X 10d2 mol 1-l 
X = F: k = 3.7 X 10s2 min-’ 
X = CI: k = 3.5 X 10T2 min-’ 1 +- k,/ka=l 

AllyZMgBr/Et,O; T = 25°C; V, = 50 ml 
(a) [allylMgBr] = 0.1 mol 1”; [Si-X] = 1.0 X lo-* mol P’ 

X = F: k = 0.46 min-‘1 
X = Cl: k = 0.53 min-’ --f kJk, = 0.9 

0x1 [allylMgBr] = 0.1 molI1; [Si-X] = 5.0 X lop3 mol 1-l 
X=F: k=0.43min-‘p+k ,k,=09 
X=Cl:k=0_46min-’ F - 

(c) [allylMgBr] = 0.1 mall-‘; [Si-OMe] = 1.6 X lO-’ molI1 
No reaction after 14 h 30 min. 1% of Si-allyl product is found by the 

analysis used. Assuming 1% reaction gives: k = 5.0 X low6 min-’ + kF/kOMe > 10’ 
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CrotylMgEWEt20; T = 25°C; V, = 50 ml 
(a) [crotylMgBr] = 0.2 mol 1-l; [Si-X] = 2.0 X low2 mol 1-l 

X = F: k = 3.3 X lo-* min-‘1 
X = Cl: k = 3.1 X 10s2 min-1 -+ k,lkcl= 1 

(b) [crotylMgBr] = 0.2 mol 1-l; [Si-X] = 1.0 X 10m2 mol 1-l 
X = F: k = 2.4 X lo-* min-’ 
X = Cl: k = 2.5 X 10d2 min-’ I+ k,/ko= 1 

PhCH,MgCl/Et20: T = 25°C; V, = 50 ml 
(a) [PhCH,MgCl] = 0.4 mol 1-l; [Si-X] = 2.0 X lo-* mol 1-l 

X = F: k = 5.4 X 10m3 min-’ 
X = Cl: k = 3.2 X 10m3 min-’ 1 + k,/kci = 1.7 

X = OMe: very slow reaction, k = l-2 X 10m6 rnti-’ + 2 X lo3 f kF[koMe < 
5x lo3 
(b) [PhCHzMgCl] = 0.4 mol 1-l ; [Si-X] = 1.0 X lo-* mol 1-l 

X = F: k = 5.0 X 10s3 min-‘1 
X = CI: k = 3.2 X 10m3 min-’ -+ k&kc1 = 1.6 

(II) l-NpPhVinylSiX 

CH3MgBr/EtzO; T = 25°C; V, = 50 ml 
(a) [MeMgBr] = 0.4 mol 1-l; [Si-XJ = 2.0 X lo-* mall-l 

X = F: k = 6.7 X 10m3 min-’ 
X = Cl: k = 2.3 X lOA min-’ I-+ k,/kcl = 0.3 

(b) [MeMgBr] = 0.4 mol 1-l; [Si-X] = 1.0 X lo-* mol 1-l 
X = F: k = 7.8 X 10s3 mind1 
X = Cl: k = 2.4 X lo-* min-’ ) + k,lkcl = 0.3 

AllylMgBr/Et20; T = 25°C; V, = 53 ml 
(a) [allylMgBr] = 0.2 mol 1-l; [Si-X] = 1.0 X 10u2 mol 1-l 

X = F: k = 0.12 rain-’ 
X = Cl: k = 0.24 min-* 1 --f k,/kcl = 0.5 

(b) [allylMgBr] = 0.2 mol 1-l; [Si-X] = 2.0 X 10m2 mol l-’ 

$1 E,: ; 1 i:;; m&f} + k&kc1 = 0.5 

CrotylMgBr/Et20; T = 25°C; V, = 50 ml 
(a) [crotylMgBr] = 0.2 mol 1-l ; [Si-X] = 2.0 X 10v2 mol 1-l 

X = F: k = 4.4 X 10m3 min-lI --, kF,kCI = o_5 
X = Cl: k = 9.4 X 10m3 min-l 

(b) [crotylMgBr] = 0.2 mol 17; [Si-X] = 1.0 X 10T2 mol 1-l 
X = F: k = 4.1 X 10m3 min-” 
X = Cl: k = 8.8 X 10m3 min-’ 1 + kF/kcl = 0.5 

PhCH,MgCl/Et,O; T = 25°C; V, = 50 ml 
(a) [PhCH,MgCl] = 0.4 mol 1-l; [Si-X] = 2.0 X 10d2 mol 1-l 

X = F: k = 5.5 X 10m4 min-’ 
X = Cl: k = 7.4 X 10s4 min-’ 1 --t k,/kcl = 0.7 
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(b) [PhCH,MgCl] = 0.4 mol 1-l; [Si-X] = 1.0 X 10v2 mol 1-l 
X=F: k=7.OX lO*min-l 
X = Cl: h = 9.7 x 104 =h-’ 

I 
j hFlkC1 = o-7 

n-PropylMgBriEt20; T = 25°C; V, = 50 ml 
[n-propylMgBr] = 0.4 mol 1-l; [Si-X] = 2.0 X low2 mol 1-l 

X=F: k=l.?X 104min-’ 
X = Cl: k = 1.0 X lO-4 min-’ 1 

+ kF/ka = 1.7 

(III) 1-NpPhEtSiX 

AllylLi/Et,O; T = -15°C; V, = 150 ml 
(a) [allyHA] = 3.6 X low2 mol 1-l; [Si-X] = 3.6 X 10B3 mol 1-l 

X = F: the reaction is virtually completed in 1 min. By approximation 
one assumes 98% reaction giving: k = 1.7 min-’ 

X = OMe; k = 6.0 X low4 min-’ I 
+ kFfkoMe > lo3 
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