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Steric Effects of Alkylmagnesium Chlorides in the
Grignard Reaction with Silanes

Dmitri Panov

Anu Ploom

Ants Tuulmets

Institute of Organic and Bioorganic Chemistry, University of Tartu,
Tartu, Estonia

Rate constants for the reactions of methylvinyldichlorosilane and tetraethoxysi-
lane with alkylmagnesium chlorides RMgCl (R = Et, n-Bu, i-Bu, i-Pr, s-Bu, t-Bu)
in diethyl ether were determined. Excellent correlations of rate data with steric
constants Es(Si) by Cartledge and v’ by Charton were found for the reaction of
methylvinyldichlorosilane. Linear correlations with break points were obtained for
the tetraethoxysilane reaction. It was assumed that this could be referred to a change
in the reaction mechanism.

Keywords Grignard reaction; kinetics; Linear Free Energy (LFE) relationships; silanes

INTRODUCTION

To correlate steric effects with chemical and physical properties, it is
necessary to differentiate between steric and electronic effects in rela-
tion to a property. In traditional organic chemistry, this issue has a long
history and protocols for a quantitative separation of the effects have
been developed.!~* However, in organometallic chemistry a general and
unequivocal approach still needs to be created if such is possible at all.>6

The importance of steric effects in organosilicon chemistry has al-
ways been stressed,”1° however, attempts of a quantitative description
of the effects are not numerous®1°~15 and have never been done for the
Grignard reaction with organosilicon compounds.
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Monomeric organosilicon compounds are important products in a
wide range of applications apart from silicone chemistry, which is the
largest consumer of silanes. Grignard chemistry is a versatile method
for the production of organosilanes.'® However, only a few investiga-
tions deal with quantitative aspects of the reaction. Only a small num-
ber of kinetic studies of the Grignard reaction with silanes have been
published,'”~23 and no attempts to ascertain the structure-reactivity
relationships for the reaction have been made except for our semiquan-
titative observation that substituents at the silicon center control the
rate of the Grignard reaction with chlorosilanes through their inductive
and steric effects.?

We have launched an investigation into quantitative aspects of the
reactivity of the Grignard reaction with silanes.?’~23 The main atten-
tion will be focused on the structure-reactivity relationships for the
reaction. The Grignard reaction with silanes is a particular example of
nucleophilic displacements at a silicon atom. Some of these have been
subjected to correlation analysis (see, e.g.,>1%15) by the use of the Taft
equation! or other Linear Free Energy (LFE) relationships. Only in few
instances the structural effects in the nucleophiles have been quanti-
tatively analyzed; e.g., the rates of dehydrocondensation of a silane
with a series of alcohols were correlated with the parameters of the
Taft equation.?*25 However, the conclusions of these investigations as
well as of a number of studies dealing with the structural effects of
alkyl groups in silanes obviously should be revised according to the
current understanding of the nature of Taft’s o* constants for alkyl
substituents.?326 A need for revision also emerges from contradictory
conclusions concerning the applicability of Taft—type steric parameters
to the reactions at a silicon center.?11-15

In this context our present contribution offers a distinct choice be-
tween the sets of steric parameters for alkyl groups in reactions at a
silicon center, thus providing a benchmark for further extension of the
research.

In this study kinetic experiments were carried out under pseudo-
first-order conditions with a great excess of the Grignard reagent
over the silane. Solutions of alkylmagnesium chlorides in diethyl
ether with a fixed concentration of 0.5 M were used because of the
definitely dimeric structure of all Grignard reagents under investi-
gation in the range of this concentration.?’” Six Grignard reagents
were involved to cover primary, secondary, and tertiary alkyl groups.
Methylvinyldichlorosilane and tetraethoxysilane were chosen for model
silanes considering the compatibility of their reaction rates with our
experimental facilities. The rate data were analyzed using linear free
energy relationship (LFER) methods.
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EXPERIMENTAL
Materials

Tetraethoxysilane (98% GC) was purchased from Aldrich, and
methylvinyldichlorosilane (99.0%) was donated by Dow Corning Corp.
Reagent-grade magnesium shavings 99.8% purity were purchased from
Fluka. Commercial chloroalkanes and diethyl ether were carefully
dried and purified. Grignard reagents were prepared by conventional
methods.?® The reagents and solutions were operated under dry argon
and transferred by the use of cannulas or syringes.

Kinetic Measurements

Kinetic experiments were carried out in a thermostated 100-mL two-
necked flask sealed with septa, capped with an inert gas balloon, and
equipped with a magnetic stirrer and a thermometer. The Grignard
reagent (usually 50 mL) was transferred into the flask, and when
the temperature of the system was equilibrated at 20°C, a calculated
amount of the silane (providing a 15- to 20-fold molar excess of the
Grignard reagent) was injected into the flask.

At appropriate time points, 1 mL of aliquots was taken through a
septum with a syringe and quenched with ice water in the case of
ethoxysilane or with a cool dry ethanol/pyridine mixture in the case of
chlorosilane. The organic layer was separated, dried, and analyzed for
the alkoxysilanes contained in the sample or formed during quench-
ing, using a Varian 3700 gas chromatograph with a flame ionization
detector.

The first-order rate constants were calculated using the peak areas
for the initial and product silanes corrected for the difference in sensi-
tivity of the flame detector. The reaction was usually monitored during
the first one or two half-lives. The coupling followed excellent first-order
kinetics. Practically no products of the consecutive couplings were de-
tected by the end of the monitoring time. Experiments were carried out
in duplicate or triplicate, and rate constants were reproducible within
an accuracy of 5% or better.

RESULTS

Pseudo-first-order rate constants for the coupling reaction of
methylvinyldichloro-silane and tetraethoxysilane with 6 alkylmagne-
sium chlorides at fixed 0.5 M concentration in diethyl ether (see the
Introduction) were determined and are presented in Table 1.
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TABLE I Rate Constants (k x 10°, s~!) for the Coupling
Reaction of Silanes with Alkylmagnesium Chlorides,
RMgCl, in Diethyl Ether at 20°C

R MeViSiCly Si(OEt)4
Et 9.17 1700¢
n-Bu 8.00 200

i-Bu 4.92 4.67
i-Pr 4.00 2.55
s-Bu 2.72 0.85
t-Bu 0.40 0.0147

@A rough estimation from previous data.1®

For both silanes, the sequence of the reaction rates Et > n-Bu>i-
Bu>i-Pr>s-Bu >¢-Buis in line with generally accepted steric char-
acteristics of the groups' 2 except for i-Pr and i-Bu. However, suscepti-
bility to steric effects of the reaction with tetraethoxysilane is incompa-
rably greater than that with methylvinyldichlorosilane. To some extent,
this could be referred to greater steric requirements of the substituents
in the alkoxysilane in comparison with the chlorosilane. This is also in
line with the remarkable susceptibility of the Grignard reaction with
alkoxysilanes to steric requirements of the silane molecule found in one
of our recent investigations.2°

In Figure 1 a preliminary LFE analysis of the data is presented.
It is obvious that no linearity between logarithms of the rate con-
stants exists. In general, this is considered evidence of diverse reaction
mechanisms.* Indeed, we have shown recently that the Grignard reac-
tion with alkoxysilanes consists of a replacement of a donor molecule
at the magnesium center by the silane followed by the subsequent rear-
rangement of the complex to products through a four-center transition
state, while chlorosilanes react differently without solvent molecule
replacement.?!-22

A correlation analysis of the data is presented in the next section.

DISCUSSION
Parameters for the Correlation Analysis

Effects of aliphatic substituents on the reactivity of organosilicon
compounds have been described since long with the Taft equation
(Eq. (1)),%10 in which the two last terms express the independent con-
tributions from polar (inductive) and steric effects to the reactivity,
respectively.l3

logk =logko + p*o* + §Eg (1)
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-log kmevisicl,

-log ksi(oEt),

FIGURE 1 A LFE analysis of the reaction of alkylmagnesium chlorides with
tetraethoxysilane and methylvinyldichlorosilane.

The o*-values measure the polar effects of substituents. However,
there have been numerous contributions®326:29 casting doubt on the
status of o*-values for alkyl groups. As the main conclusion, it has been
stressed that alkyl groups do not exert any inductive effect, and the
o*-values of alkyl groups are an artifact.

Also the Taft Eg scale of steric parameters has been a matter of crit-
icism from different viewpoints. Several authors have maintained that
the Taft Eg parameters do not represent a complete separation of steric
and polar effects and have attempted to improve the scale in various
ways. Thus Hancock et al.?® and Palm?®! concluded that Eg contains a
contribution due to hyperconjugation, which has to be removed in order
to obtain true steric constants. They proposed scales of corrected steric
constants, Eg and Eg (Eq. (2)), respectively.

EQ = Es + 0.33(ng — 3) — 0.13nc (2)

In Eq. (2), ng and n¢ are the numbers of @-hydrogens and «a-carbons,
respectively. When only alkyl groups are considered, Eq. (2) reduces to
Eq. (3).

EQ = Eg + 0.20(ng — 3) (3)

MacPhee et al.32 have criticized the basic assumptions used in obtaining
the Taft Eg scale and have proposed a revised and extended scale, Eg/,
based on a single defining reaction.

Silicon chemists in general use correlations for which the sub-
stituent constants have been defined in organic reactions.>%1° How-
ever, the steric parameters derived from reactions of organic carbonyl
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compounds have been moderately successful in describing steric effects
in reactions taking place at Si atoms. Considering the greater length
of C—Si as compared to C—C bonds, some incompatibility of Taft—type
scales with reactions at the Si center could be expected.

Cartledge!! defined a set of Eg(Si) parameters for 8 alkyl groups and
for H from rates of acid-catalyzed hydrolysis of SiH compounds. For 8
reaction series, the correlation with Eg(Si) was better or compara-
ble with that where Eg or Eg'© constants were involved. The Car-
tledge scale of Eg(Si) constants appeared to be in a good correlation
(R?2=0.992) with v’ parameters derived by Charton?? for the correla-
tion of the nucleophilic substitution at four-coordinate carbon.

Similarly, Shimizu et al.!? have proposed a quantitative scale for
the structural effect on reactivity toward nucleophilic displacement
at silicon using the rates of solvolysis for triorganochlorosilanes. The
steric constants Egi by Shimizu et al.!? for alkyl groups correlate with
Cartledge E5(Si) constants (R2 = 0.920) as well as with v/ parameters by
Charton (R? = 0.974). On the contrary, Rithlmann et al.13-1% apply the
Taft steric constants in their original form or a modified Taft scale fitted
for silane reactions. The steric constants by Kippler et al.!5 for alkyl
groups also correlate with Cartledge Eg(Si) constants (R? = 0.949).

The major difference in the parameters derived from silicon com-
pounds and those derived from carbonyl compounds is a greater effect of
branching in the a-position to the reaction center than that of branching
in the B-position. The steric effects appeared to be additive.!! Charton??
has concluded that steric effects are more sensitive to the reaction type
than to the identity of the atom under attack and that a reaction involv-
ing an expansion of coordination from four to five will show a different
sensitivity to @ and B branching than a reaction involving a change of
coordination from three to four.

The Reaction with Methylvinyldichlorosilane

Kinetic data (Table I) was allowed to LFE analysis with a reduced Taft
equation (Eq. (4)). Different sets of steric constants (Table II) were used
for E in Eq. (4).

logk = ap + §E 4)

As is seen in Table III and Figure 2, data for the reaction with
methylvinyldichlorosilane correlates well with parameters Eg(Si) and
v'. This excellent correlation enabled us to calculate the steric param-
eters for the s-Bu group Eg(Si) = 0.67 and v/ = 0.71.

This result excludes any contribution of other structural effects pro-
vided the steric parameters adequately describe the steric requirements
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TABLE II Steric Parameters Used in the Correlation Analysis

R —Eg"® —EgOP —Eg(Si)* v
Et 0.08 0.28 0.149 0.38
n-Bu 0.31 0.51 0.225 0.42
i-Bu 0.93 1.13 0.405 0.55
i-Pr 0.48 0.88 0.556 0.62
s-Bu 1.00 1.40 (0.67)° (0.71)¢
¢-Bu 1.43 2.03 1.46 1.23

@Taft steric parameters revised by MacPhee et al.32

bSteric parameters by Dubois corrected for hyperconjugation according
Palm?! (Eq. 3).

¢Steric parameters by Cartledge.!!

dSteric parameters by Charton.33

¢Calculated from our experimental data using Eq. (4).

of the alkyl groups. However, the nucleophilicity of Grignard reagents in
the reaction may be related in some way to the alkyl groups. Although
not exerting any polar effect, the groups differ considerably with re-
gard to their polarizability. It appears that the polarizability constants
o, by Taft and Topsom?# for alkyl groups are closely correlated with the
steric parameters Eg® (R2 = 0.939) and v/ (R% = 0.894). Thus, the sep-
aration of steric and polarizability effects for alkyl groups hardly can be
realized. However, experimentally observed remarkable exothermicity
indicates an early transition state of the reaction. Accordingly, a little
developed charge separation can be assumed for the transition state.
On the other hand, a detailed analysis of substituent electronic effects
by Taft and Topsom?* leads to a conclusion that polarizability effects
are significant only in the gas phase for a full charge transfer processes.
Consequently, one can conclude that rates of the reactions of alkylmag-
nesium compounds with chlorosilanes are determined exclusively by
steric effects of the alkyl groups.

TABLE III The Correlation of the Rate Data for the Reaction
With Methylvinyldichlorosilane with Steric Parameters

E?2 a, B R2 s

Eg(Si) —3.86 +£0.02 1.04+0.03 0.997 0.032
v -3.424+0.01 —1.60+0.02 0.999 0.012
Eg’ —-3.85+0.19 0.87+0.23 0.780 0.260
ES’O —-3.70+0.16 0.74+0.13 0.887 0.186

%For specification, see footnotes to Table II.
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log k

-55

6 J
FIGURE 2 The correlation of the rate data for the reaction with
methylvinyldichlorosilane with steric parameters: —Eg(Si) (O), v'(e), —Eg°(n).

The Reaction with Tetraethoxysilane

A correlation of the rate data for the reaction with tetraethoxysilane,
which involves novel parameters for the s-Bu group (see the previous
section), is represented in Figure 3. The data does not correlate as a
whole; however, the points lay well on two intersecting lines.

As a rule, a change in the mechanism of a reaction is indicated by a
nonlinear free-energy correlation.* Typical curves with break points
in Figure 3 can be referred to a reaction changing its mechanism
for a sterically less-demanding pathway when groups of higher steric

3 83, ¢
-4
-5 4 T T e

6| .::Z::::: _______
7 e T 0

log k

-8
FIGURE 3 The correlation of the rate data for the reaction with tetraethoxysi-
lane with steric parameters: —Eg(Si) (O), v/ ().
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requirements are involved. The validity of this conclusion as well as
details of the mechanism can only be elucidated by independent exper-
iments. A relevant investigation is in progress.
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