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Summary

The role of solvent in the alkali-catalyzed hydrolysis of organosilicon hydrides,
specifically, 3-[(2-methoxy)ethoxy]propyldimethylsilane, has been investigated
kinetically in dioxane/water media by varying the solvent composition. Statisti-
cal analysis of the kinetic data indicates that approximately three water mole-
cules are involved in the transition state of the rate-determining step. The mech-

anistic implications are discussed.

Introduction

The alkali-catalyzed hydrolysis of the silicon—hydrogen bond of organosilicon
hydrides has been the subject of numerous studies since the initial kinetic inves-
tigation by Price [1—5]. A number of papers have been published in which the
role of solvent in this reaction has been investigated in alcohol/water media by
variation of composition [1,6], and by hydrogen isotope effects [7—10]. How-
ever, the results of these studies are inconclusive because the relative concentra-
tions of attacking nucleophiles, OH™ and OEt™, and solvating species, H,O and
EtOH are changed by varying solvent composition and the isotope effects are
small or cannot be unequivocally assigned to the rate-determining step.

Recently, the role of solvent in the base-catalyzed alcoholysis of organosilicon
hydrides, a closely related reaction, has been probed by hydrogen isotope studies
[11—15]. Based on the isotopic fractionation factor for the methoxide-catalyzed
methanolysis reaction, the authors conclude that three methanol molecules are
involved in the transition state of the rate-determining step [131.

The work described in this paper is interpreted in terms of a similar mechanism
for the alkali-catalyzed hydrolysis of organosilicon hydrides in dioxane/water
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February, 1969; cf.. Abstracts of Papers, p. 39.
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medla in Whlclll'approxjmat'.ely threé Wafér molecules are involved in the transi-
tion state of the slow step. However, in this study the conclusions are based on
an entlrely mdependent method the variation in rate with solvent composition.

: Expenmental

General :

Analyses were performed by Alfred Bernhardt Microanalytical Laboratories,
Germany, except % Cl, which was determined in our laboratory by a titrimetric
method.

The following materials were used in the synthetic and kinetic studies: 2-meth-
oxyethanoi (reagent grade); 3-bromopropene (reagent grade); dimethyl chloro-
silane (Dow Corning Corp.); tetramethylammonium hydroxide (Eastman reagent
grade), 10% solution in water; p-dioxane (Eastman reagent grade).

Preparation of I-allyloxy-2-methoxyethane (I)

The sodium derivative of 2-methoxyethanol, 0.87 mol, was prepared by addi-
tion of sodium metal, 20 g, 0.87 g-atom, to an ethereal solution, 300 ml, of 2-
methoxyethanol, 76 g, 1.00 mol. 3-Bromopropene, 60 g, 0.49 mol, was added
dropwise to the above mixture. After refluxing for 1.5 h, water, 100 ml, was
added and the ethereal extract was dried over molecular sieves. Fractlonal distilla-
tlon gave a sample of I, 52 g, 0.45 mol, (90% yield): b.p. 128°C, n¥ 1.4112,
d3® 0.8818, (lit. [16], b.p. 129. 5—130°C n¥ 1.4129, d3° 0.8874). (Found C,
61.84; H, 10.49. C,H, ,O, calcd.: C, 62.00; H, 10.42%.)

Addition of dimethylchlorosilane to I

Dimethylchlorosilane, 43 g, 0.46 mol, was added dropwise to I, 52 g, 0.45
mol, in the presence of chloroplatinic acid, 0.05 ml, (0.1 M solution in isoprop-
anol). During the addition, the temperature was maintained at approximately
100°C. After refluxing for 3 h, fractional distillation under reduced pressure gave
3-{(2-methoxy)ethoxy]propyldimethylchlorosilane (II), 33 g, 0.16 mol, (35%
yield): b.p. 110°C/15 mmHg, n} 1.4362, d3° 0.9809. (Found: C, 45.79; H,
8.93; Cl, 16.37. CgH,5C,,Si caled.: C, 45.60; H, 9.09; Cl, 16.60%.)

Preparation of 3-[(2-methoxy )ethoxylpropyldimethylsilane (III)

A solution of II, 40 g, 0.19 mol, in ether, 100 ml, was added dropwise to an
ethereal solution, 100 ml, of lithium aluminum hydride, 2.5 g, 0.07 mol. After
refluxing for 3 h, the reaction mixture was hydrolyzed, the ethereal layer was
separated and dried over molecular sieves, and the ether was removed by distilla-
tion. Fractional distillation of the residue under reduced pressure gave III, 26 g,
0.15 mol, (78% yield): b.p. 93°C/21 mmHg, n¥ 1.4244, d3° 0.8612. (Found: C,
54.29, H, 11.20. C;H,,0,85i caled.: C, 54.50; H, 11.43%.)

Apparatus and kinetic procedure

The procedure for determining rate constants has been reported previously
{17,18]. The apparatus was modified as follows: 125 ml, thin-walled Erlenmeyer
flask with a side arm was used as the reaction flask; an immersion-type magnetic
stirrer was employed; the gas-buret was jacketed and maintained at constant
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temperature by circulating water from the bath. The temperature of the bath
was regulated to within * 0.10°C (thermometer calibrated against N.B.S. stan-
dard).

- The dioxane/water mixtures were prepared by weight from distilled water
and dioxane, freshly distilled from calcium hydride, and the molarity calculated
from density measurements. The amount of base, tetramethylammonium hy-
droxide, present was determined by standardization against potassium hydrogen
phthalate (primary standard certified). Tetramethylammonium iodide (reagent
grade) was added when necessary to maintain constant ionic strength.

All calculations were carried out on a Control Data G-20 computer by opti-
mizing coefficients, employing the least squares method.

Results and discussion

The silane, CH;O(CH,),O{(CH,);Si(CH,).H, employed in this study was speci-
fically tailored to enhance solubility in systems of high water concentrations by
incorporating ether units in an organic substituent group. Similarly the basic
species, (CH;);NOH, was chosen to enhance solubility in systems of high dioxane
concentrations. The range of solvent composition, 13.90—37.10 M in water, i.e.,
24.4—65.8 wt.-% was determined by silane solubility and phase separation due
to salting-out.

In order to obtain measurable rates of reaction at the higher water concentra-
tions and temperatures, it was necessary to lower the hydroxide ion concentra-
tion. Since the reaction is sensitive to changes in ionic strength, but incependent
of the anion of added salt [19], the ionic strength was maintained by adding
tetramethylammonium iodide (alkali plus salt, 0.044 £ 0.007 M).

The kinetic data for the alkali-catalyzed hydrolysis of 3-[(2-methoxy)ethoxy]-
propyldimethylsilane in dicxane/water mixtures (24.7, 35.2 and 45.3°C) are
reported in Table 1. The second-order rate constants, first-order in silane and
hydroxide ion, are an average of at least three independent determinations. The
thermodynamic activation parameters for the hydrolysis reaction for three dif-
ferent dioxane/water mixtures are listed in Table 2.

Role of solvent

The involvement of solvent in the hydrolysis reaction was investigated by
studying the correlation between the second-order rate constant and the solvent
composition. While a number of linear correlations were tested, only three are
considered significant and are reported below.

Firstly, the second-order rate constant is assumed to be dependent on the
water concentration as given in eq. 1, where n is the order in water. Least-squares

ky=k5,n X {H,O1" 1)
curve fitting was carried out on the logarithmic form (eq. 2) where A, n and B
log k.= A + nlog[H,0] + Bfe (2)

are adjustable coefficients. The B/e term was included to account for the change
in rate due to the change in the dielectric constant of the solvent system [22].
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KINETIC DATA FOR -rmz ALKALI—CATALYZED HYDROLYSIS oF 3-[(2-METHOXY)ETHOXY]
VPROPYLDIMETHYLSILANE N DIOXANE/WATER MIXTURES e

No. Concentration () ~ .~ . . T TECO . e | mpx102? aX1027
. . L : . : B : - : . S a molf’ - .
H70 ' Dioxane . OHE P Silane? - : T sec™l)
1 13.90 . 8.86 0.0421 0.075 — 24.7 12.2 3.09 0.05
2e - 17.82° 8.03 0.0458 0.074 — 247 185 6.05 ~  0.09
3 20423 - 7.45 . - 0.0409 0.073 — 24.7 22.5. -7.41 0.06
- 4. 22,83 7.01 0.0438 - 0.072 — 24.7 26.4 9.04 0.13
5 24.51 6.68 '0.0420 - 0.074 — 247 = 29.3 10.5 0.3 .
6~ 28.60 5.79 0.0454 0.077 — 24.7 35.0 14.4 0.1
7 32.10 5.06 0.0206 0.063 0.0265 24.7 40.6 20.6 0.5
8  34.29 4.60 0.0220 0.073 0.0265 24.7 43.7 23.4 0.2
9 37.10 3.95 0.0241 0.059 0.0265 24.7 48.3 31.7 1.1
10 17.42 7.94 0.0375 0.067 b 35.2 17.4 12.1 0.4
11 2297 6.79 0.0302 0.063 0.0132 . 35.2 25.5 20.9 0.3
12 - 28.69 . 5.63 0.0210 0.061 0.0263 35.2 34.2 29.3 0.3
13 1719 7.88 0.0335 0.051 0.0131 45.2 16.3 25.1 0.4
14 - 2277 6.73 0.0217 0.055 0.0261 45.2 24.2 39.2 1.9
15 -28.27 5.62 0.0091 0.052 0.0392 45.2 31.7 58.3 1.7

G Data reported are the average of three determlnahons. for complete data, cf. ref. 29. b Average concentra-
tions. € Dielectric constant of solvent, caled. from the data of Akerlof and Short [211]. d Standard devia-
tior € Average of four determinations.

A least-squares multiple correlation based on eq. 2 yields eq. 3 with the statistical
log k>, =—5.04 + 2.80 log [H,0] + 5.40/¢ (3)

terms: Sy = 0.19, S, = 0.12, Sp = 0.85, Siogs, = 0.02, R = 0.997. A graphical
representamon of the data is given in Fig. 1.

The above statistical analysis of the data on the change in the rate constant,
k., on varying the water concentration indicates that the order of the reaction
in water is 2.80 with a standard deviation of 0.12. This value is in good agree-
ment with the value obtained by Howie et al. [13], ~3, for the number of meth-
anol molecules involved in the transition state of the rate-determining step for
the methoxide-catalyzed methanolysis of triorganosilanes based on the isotopic
fractionation factor. Assuming that an average of three molecules of water are
involved in the transition state and that the coefficient of the log k, ., n term is
unity, the rate constant, ks, is calculated to be 9.1 X 1076 sec™! 1* mol™.

TABLE 2

THERMODYNAMIC ACTIVATION PARAMETERS FOR THE ALKALI-CATALYZED HYDROLYSIS OF
3-[(2-METHOXY)ETHOXY]PROPYLDIMETHYLSILANE IN DIOXANE/WATER MEDIA AT 24.7°C

Concentration Hzo AGT AHF AS#
[af] ¢ (keal mor™t) (kcal mor1) (e.u.)
17.82 19.1 12.9 —20.8
22.83 18.8 13.3 —18.5

28.60 i8.6 12.6 —20.1

ax0.18 M.
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Fig. 1. Graphical representation of data correlated by eq. 2; the slope is equal to the order in water con-
centration.

Secondly, a mechanism is assumed in which both components of the solvent
are involved in a rapid equilibrium between expanded valence shell complexes of
the silane with water and dioxane, D, eq. 4.

R,SiH-D + H,0 2 R,GiH - H,0 + D (4)

Also, it is assumed that nucleophilic attack at silicon by hydroxide ions is
inhibited by the presence of the complexed dioxane. Based on the above mech-
anism, expression 5 is obtained for &,.

_ ¥ K, X ([H:0)/[D])

.= (5)
1+K, X([H,0]/[D)

If the value of K, << 1, then eq. 5 yields the simplified expression 6.
k, = k7 K\([H,OY)/[D]) (6)

Least-squares curve fitting was carried out on the logarithmic form (eq. 7)

[H.O]

logk,= A"+ B log + C'[e (1)

where A, B', C' are adjustable coefficients, yielding eq. 8, with the statistical
[H,0]

log k; =—1.64 + 1.17 log +0.12/€ (8)
terms: Sy- = 0.17, Sy = 0.07, S = 0.09, S, &, = 0.01, R = 0.999.

The above statistical analysis of the data on the change in the rate constant,
k2, with the change in the solvent composition indicates that the order of the
reaction is approximately one in water and minus one in dioxane. In this correla-
tion, the solvent-dielectric constant term is of little significance.
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P '—f Eq5 ca.ﬁ:-b‘e;x':e‘a‘:rra-zﬁgéd to the linear form (eq. 9).

i g [D]
A" +B 10
k2 [H,O] (10)
1o 166+41.70 LP1 (11)
%, ¥ 101 |

statistical terms: S,» = 0.17, Sp* = 0.48, Sy/,, = 0.41, R = 0.998.

While the dioxane/water system is complex [23,24], the fact that the above
linear relationships are observed with respect to water concentration over approx-
imately a three-fold change in the solvent composition indicates that the relation-
ship can be used to determine the number of water molecules involved in the
transition state of the rate-determining step. Although molecular aggregates have
been shown to be present in dioxane/water mixtures, the half-lives of these spe-
cies are very short compared to the hydrolysis process {23]. Therefore, any fluc-
tuations in the solvent species are averaged out with respect to the hydrolysis

process.
The above carrelations far the change in the secand-arder rate constant far

220 QUVI T WLl TIAVAV LIS AV AT Valuian T 2aa second-order rate consiany 1ar

the alkali-catalyzed hydrolysis of a triorganosilane with solvent composition indi-
cate that in dioxane/water mixtures the transition state of the slow step con-
tains one or three molecules of water. If one water molecule is involved, then
dioxane must inhibit attack at silicon by hydroxide ion, probably by forming

an expanded valence shell complex.

“In order to insure that the change in the second-order rate constant is due
only to solvent effects and not mechanistic changes, the thermodynamic activa-
tion parameters were determined over a wide range of solvent composition, cf.
Table 2. The consistency of these parameters indicates that no important
mechanistic changes occur. The negative entropy of activation indicates a tran-
sition state of a greater order than reactants and is consistent with a mechanism
in which the transition state is formed by the coming together of several, differ-
ent, previously independent species. '

While statistically we cannot choose between the two mechanistic possibili-
ties, the model in which the transition state contains three water molecules is
strongly favored because of the following reasons:

(1) The intercept, 1/k>, determined for eq. 9 is negative; therefore, this
model is not valid.

(2) The involvement of approximately three water molecules in the transi-
tion state is consistent with the results obtained for the methoxide-catalyzed
methanolysis of triorganosilanes by an independent method based on 1sotoplc
studies [13]. )

- (3) A fortuitous correlatlon with dioxane concentrahon might be expected
since increasing the water conceniration of the solvent mandates a decrease in



the dioxane concentration (for the equation, log [H,O]= A" + B" log [D],
B = 0.966).

(4) Compounds in which three organic groups are attached to silicon do not
form strong cocrdinate bonds with neutral oxygen-containing bases [25].

Mechanistic implications

Based on mechanistic studies for the base-catalyzed hydrolysis and alcoholysis
of triorganosilanes, [1—15,26], the proposed transition state for the alkali-
catalyzed hydrolysis process is given in A *. In this complex, which need not be

HOH

HO 'Sli——-—H S H-—-(f)H
& \ *

HOH

(A)

linear, the bond order between the base, OH™, and silicon is nearly unity, the
Si—H and O—H bonds are only partially broken so that the transition state resem-
bles reactants rather than products, and the H—H bond is only partially formed.
In A, two additional water molecules are hydrogen-bonded to the oxygen of the
third water in order to solvate the hydroxide ion as it is formed. This transition
state is analogous to the proposed transition state for the methoxide-catalyzed
methanolysis of triorganosilanes based on the isotopic fracticnation factor [13].
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