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The effect of solvent composition on reaction rates was studied by a kinetic method for re-
actions of EtgSiH with Ph,Si(OH), in the presence of ZnCl, in a mixture of DMF and THF or
Et;SiH with PhCOOH and cadmium bromide CdBr, in DMF-1,4-dioxane and DMF-THF. A
decrease in reaction rates with decreasing polarity of the medium (and its dielectric con-
stant) has been observed. The kinetic order of dehydrocoupling reaction with respect to
DMF was determined from kinetic studies. The constants of nucleophilic catalysis with DMF
(M) were found. The role of DMF in the mechanism of dehydrocoupling of hydrosilanes with
hydroxylic reagents in the presence of ZnX, and CdX, halides (X = ClI, Br, 1) is discussed.
Keywords: Hydrosilanes; Silanes; Silanols; Hydroxylic reagents; Dehydrocoupling; Solvent
effects; Reaction mechanisms; Nucleophilic substitutions.

In recent fifty years a particularly great attention has been paid to the stud-
ies of the mechanism of nucleophilic substitution of different leaving
groups at silicon. This area of research has been reviewed by Eaborn?,
Sommer23, Prince*, Corriu®>10 and Bassindale!®. A brilliant contribution to
the stereochemistry of substitution and its mechanistic consequences has
been done especially by Sommer’s?3 and Corriu’s”® research groups. The
Si-H containing silicon compounds have been very often used in these
studies.

The dehydrocoupling reaction of of hydrosilanes with nucleophiles con-
taining hydroxy group

o cat N
JSi—H + HO-R ——— —Si—OR + H, (1)
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is one of the methods of synthesis of alkoxysilanes, acetoxysilanes, silanols,
and block siloxanes'?, and crosslinking of three-component silicon elasto-
mers at room temperature®3. Recently this reaction catalyzed with rhodium
or palladium catalysts was applied to preparation from polymethylhydro-
siloxanes of poly[(methyl)alkoxy(crown ether)siloxanes], silyl esters, grafted
silicones!®, and poly(methylsiloxanes) containing fluorescent groups®®.
The structure of hydrosilanes strongly affects reaction rates of their sol-
volysis. Steric and inductive effects of electron-withdrawing and electron-
donating groups R in H-silanes of general formula R;SiH on their reactiv-
ity, both in acidic and basic media, were extensively studied®-1°. Precious
contributions to acid catalyzed solvolysis of hydrosilanes were made by
Eaborn! and Chvalovsky®, and to the base catalyzed solvolysis of H-silanes
by Schowen?® and Eaborn?!. Only some monoorganosilanes, diorgano-
silanes and arylfluorosilanes undergo dehydrocoupling with alcohols in
electron-donating solvents in the absence of catalysts. Usually the reaction
is catalyzed either with nucleophilic or electrophilic catalysts: bases, acids,
metals, metal and tetralkylammonium salts, and metal complexes?. We
have carried out studies of the mechanism of dehydrocoupling (dehydro-
genative coupling, dehydrocondensation) of hydrosilanes with hydroxylic
reagents by kinetic methods in dimethylformamide (DMF) medium, in the
presence of zinc and cadmium halides as catalysts??2-26, The effect of sub-
stituents (Y = p-Me,N, p-MeO, p-Me, p-Cl, H, m-Me, and m-Cl) bound to the
aromatic ring of (aryl)dimethylsilanes YCzH;SiMe,H (in reactions with
Ph;SiOH, methanol and water) is linearly dependent on their Hammett
constants o, although in DMF in the presence of Zn(ll) chloride the best
correlation was found with ¢* constants?®>. Dehydrocoupling proceeds
through a new mechanism because of zero order with respect to hydroxy
groups. It has been found to be of the first order in H-silanes and catalyst.
This has been a new example of the mechanism of the nucleophilic substi-
tution of the Si-H bond with reagents containing the hydroxy group. This
kind of kinetics is in agreement with a slow formation of an unstable com-
plex intermediate silane—catalyst followed by a fast nucleophilic attack with
a hydroxylic reagent, formation of a new Si-O bond and evolution of hy-
drogen?*. The driving force of the reaction is an electrophilic attack of ac-
tive ionic forms of catalysts (Zn?* or Cd?*) on hydrogen atom of the Si-H
bond, as it was concluded from investigations of the effect of a common
anion with the catalyst on reaction rates?®. The reaction is enthalpy con-
trolled. The high negative entropy of activation implies a highly complex
and polar structure of the transition state?*. The low negative Hammett re-
action constant (p = -0.12) and the low deuterium kinetic isotope effect
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(ky/kp = 1.4-1.5) suggested that the intermediate complex has an unsym-
metrical non-linear (bent) structure, and a high bond order of the Si-H 22
Both for base and acid catalyzed solvolysis of hydrosilanes positive values
of p = 2-52127 and p = 0-0.5 19, respectively, were reported.

We have also found that DMF plays an essential role in the mechanism
of this reaction since it does not take place in other less polar solvents
(benzene, toluene, ether, THF) in the absence of DMF, even at reflux. In
this paper, results of studies of the effect of DMF concentration on the rates
of reactions of triethylsilane with diphenylsilanediol or benzoic acid in the
presence of ZnCl, or CdBr, in DMF-THF or DMF-1,4-dioxane solutions are
presented.

EXPERIMENTAL

Reagents

Syntheses and purification of triethylsilane and diphenylsilanediol, purification of DMF and
preparation of ZnCl, and CdBr, solutions are described elsewhere?*2®. THF and 1,4-dioxane
were dried and distilled over sodium/benzophenone. Benzoic acid (p.a.) was used without
further purification.

Ph,Si(OH),: m.p. 163-165 °C. IH NMR (CD;COCDg): 5.96 s, 2 H (Si-OH); 7.29-7.43 m,
6 H (CgHg, m-, p-); 7.67-7.77 m, 4 H (CgHg, o). 3¢ NMR (CD,;COCD,): 128.96, 130.99,
135.80, 138.77 (CgHy). 2%si NMR (CD;COCDy): -32.39 s.

Kinetic Method

Substrates (Et;SiH, Ph,Si(OH), and PhCOOH) were dissolved in a mixture of DMF with THF
or 1,4-dioxane (1:1, v/v). Catalysts were dissolved in DMF. Reaction progress was monitored
by a gasometric method - the volume of liberated hydrogen was measured in a thermostat-
ted device at ambient pressure. Kinetic data from experimental measurements were plotted
according to the first order equation®*.

RESULTS AND DISCUSSION

The Si-H bond has only a very slight ionic character (=2%)!. The hydride
ion H™ is a poor leaving group, because of its high basicity. Contrary to the
common leaving groups, such as HO~, RO~, X~ (halide), hydrogen bound to
silicon has no free electron pair which could coordinate to an electrophile,
thus also molecules of a nucleophile participate in transition states of these
reactions®23,

N s
N —/Si—H + E = [NU-ooSiceHeo ] e Nu—Si\— +H® + E (2
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It was assumed that in the case of base solvolysis the attacking nucleophile
is the solvent which forms a specific type of hydrogen bonding with a sub-
strate, perhaps having character of a charge transfer complex. As a conse-
quence the hydrogen molecule is formed.

Both base and acid solvolyses of H-silanes were intensively studied. The
participation of the solvent molecules in the above processes was very often
postulated in a literature. In the case of base solvolysis solvent molecules
take part in electrophilic assistance of the departure of hydride anion, with
formation of the transition state of structure!2”

[RO-+-SiveesHero o Hee OR] (3)

where R = H, organyl.
The transition state of acid catalyzed hydrolysis has a structure!-?2

[HyO oo |s| ------ HeoooooHeo - QP (4)

in which solvent molecules solvate both silicon atom and proton which di-
rectly attacks hydrogen of the Si-H bond. Schowen et al. concluded from
the solvent isotope effect studies that in the base catalyzed solvolysis of
Ph;SiH, the solvent molecule (MeOH) donating proton to the hydride ion
of the Si-H is solvated by two additional molecules of methanol?°.

S]
Ph  Ph MeOH
MeO®(HOMe); +  PhSiH Meo—ls'i ------ HeooooHeeoo €M (5)
Ph MeOH

This fact is in agreement with results from the hydrolysis of MeO(CH,),0O-
(CH,);SiMe,(H), catalyzed with Me,NOH in the system dioxane-water,
studied by the independent kinetic method of Steward?®. Water was used as
the solvent and reagent. Similar transition state to that of Schowen?° was
proposed.

HOH
HO—Si-H-Hoi€H | ————= HO-SiZ + H, + ©oHH,0), (6)

HOH
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Presumably two additional molecules of water form hydrogen bonds with a
third molecule of H,O and solvate a regenerating hydroxide anion. It seems
that such solvation is strongly stabilized by a resonance.

In the case of alcoholysis of diorganosilanes in dimethylformamide, par-
ticipation of DMF in the intermediate complex was suggested. The effect of
DMF on reaction kinetics was stronger at low temperature®°.

Solvent Effects on Reaction Rate

In our studies of solvent effects on reaction rate we have applied Steward’s
approach?®, which involves determination of rate constants at different
concentrations of the examined solvent. The dependence of rate constant k
on solvent concentration [L] is described by the equation

k= A[L]", (7)

where n is reaction order with respect to a solvent and A is rate constant of
nucleophilic catalysis by solvent.

A = k/[L" (8)
In the logarithmic form it gives the expression
logk =log A +nlog [L]. (9)
Alternatively, experimental results could be analyzed according to Eq. (10)
logk=A +nlog [L] + B/e, (10)

where A and B are adjustable coefficients and ¢ is dielectric constant of the
medium.

The term B/e concerns the effect of the change in the dielectric constant
of the solvent system on the rate constant k.

We chose the solvent systems DMF-THF and DMF-1,4-dioxane for our
studies of dehydrocoupling reactions. Tetrahydrofuran and 1,4-dioxane dis-
solve very well in DMF and both are less polar than DMF, which has a rela-
tively high donor number (DN) and relatively low acceptor number3! (AN)
(Table I).

The composition of solvents, values of € and results of rate measurements
are presented in Tables II-IV. Dielectric constants € of solvent mixtures
were calculated taking into consideration additivity of dielectric constants
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of components and their volume fraction. The observed rate constants kg,
were determined from plots of the relationship log (V, — V) = f(t) as a
tangens of a slope of Kkinetics curves (V,, is hydrogen volume equivalent
to the initial concentration of Si-H, V is hydrogen volume measured at
time t). Catalytic rate constants k' were calculated from the relationship

k' = kyps/[cat] . (11)

Reaction orders with respect to DMF were determined as a tangens of
an angle of inclination of kinetic lines drawn according to the relationship
log k' = f(log [DMF]) (Figs 1-3 plotted from data presented in Tables II, 11l
and 1V, respectively).

The increase in THF or 1,4-dioxane content in their mixtures with DMF
caused a proportional decrease in the catalytic rate constants k'. The rela-
tionship k' = f(100/¢) (Fig. 4, line 1) retains rectilinearity up to =50% con-
tent of THF. Above 60% fraction of THF in the system (at € = 19) a complete
inhibition of dehydrogenation reaction of triethylsilane with diphenyl-
silanediol was observed, presumably because of further decrease in the di-
electric constant of the reaction medium, which could stop dissociation of
the catalyst (ZnCl,). As it is shown in Fig. 1, the reaction order with respect
to DMF in this case is very close to 2. Thus it seems that at least two mole-
cules of DMF take part in the transition state of dehydrocoupling. Addi-
tional molecules of DMF may solvate Zn?* ions, but they should not affect
reaction kinetics. In the activated complex, Zn(ll) cations probably have
coordination numbers 4-6 and tetrahedral or octahedral structures3-34,
The values of rate constant of nucleophilic catalysis by DMF (A) calculated
for the second reaction order with respect to DMF (npye = 2) from the rela-
tionship

A = K[DMF]?, (12)

TABLE |
Dielectric constants, dipole moments, DN and AN of solvents used in this work

Solvent € u DN AN
DMF 36.7 3.24 26.6 16.0
THF 7.4 1.75 20.0 8.0
1,4-Dioxane 2.2 0 14.8 10.8
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TasLE I

Kinetic measurements for the reaction of Et;SiH with PhnCOOH catalyzed with CdBr, in
DMF-1,4-dioxane at 25.0 °C

No. VDO':/I(;) e? 100/¢ m[ODII\éIE_g log [DMF] moil(‘llxd:rlrc]): o1 4 + log K

9 100 36.70 2.72 12.921 1.1113 6.068 1.7830
10 84.2 31.25 3.20 10.880 1.0366 5.649 1.7520
11 73.4 27.33 3.63 9.484 0.9770 5.248 1.7200
12 54.7 21.08 4.74 7.068 0.8493 4.563 1.6593
13 46.0 18.07 5.53 5.944 0.7741 4.019 1.6041
14 39.8 15.92 6.28 5.136 0.7106 3.332 1.5227
15 32.9 13.55 7.38 4.248 0.6282 2.945 1.4691
16 31.8 13.16 7.60 4.11 0.6139 2.091 1.3203
17 30.0 12.55 7.97 3.87 0.5881 1.996 1.3002
18 26.2 11.25 8.89 3.39 0.5298 1.633 1.2130
19 221 9.81 10.19 2.85 0.4547 1.259 1.1000
20 19.9 9.09 11.01 2.58 0.4110 1.033 1.0142
21 19.7 9.00 11.11 2.54 0.4053 0.992 0.9965

2 g, dielectric constant of the solvents mixture.
1.5 — : .
o tga=2
II
)
05 L1 r 9 L L
0.5 10 jogpmA 15

Fic. 1

Values of log k' vs log [DMF] (at 25.0 °C) for dehydrocoupling of Et,;SiH with Ph,;SiOH in solu-

tion of DMF-THF in the presence of ZnCl,
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TABLE IV

Kinetic measurements for the reaction of Et;SiH with PnCOOH catalyzed with CdBr, in

DMF-THF at 25.0 °C

No. \Z’:A; e? 100/¢ m[OEI)'\gE_g log [DMF] mollilxd::\?; o1 4 + log K
9 100 36.70 2.72 12.921 1.1113 6.068 1.7830
22 84.2 32.0 3.12 10.87 1.0364 5.37 1.7302
23 73.4 28.1 3.56 9.48 0.9768 4.72 1.6741
24 54.7 21.2 4.71 7.07 0.8494 3.90 1.5916
25 46.0 18.5 5.54 5.95 0.7744 3.35 1.5248
26 42.2 16.65 6.00 5.45 0.7362 2.99 1.4758
27 39.7 15.74 6.35 5.13 0.7104 3.07 1.4866
28 29.9 12.14 8.23 3.87 0.5876 2.08 1.3190
29 26.2 10.78 9.27 3.38 0.5293 1.79 1.2539
30 22.0 9.24 10.82 2.85 0.4542 1.57 1.1954
31 19.9 8.47 11.80 2.57 0.4106 1.44 1.1590
32 16.5 7.22 13.84 2.14 0.3298 0.94 0.8996

a ¢, dielectric constant of the solvents mixture.

FiG. 2

3+ log k'

log [DMF]

Values of log k' vs log [DMF] (at 25.0 °C) for dehydrocoupling of Et;SiH with PhRCOOH in solu-
tion of DMF-1,4-dioxane in the presence of CdBr,
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were constant, within an experimental error (A = (0.94-1.16) x 107
mol=3 dm® s), and independent of the THF concentration in the system

(see Table Il); the ratio of both catalytic rate constants was following: A/k’ =
0.0061 (Tables Il and V).

1.5

4 + log k'

1.0 -

tga=23
1 1
0.0 0.5 1.0

log [DMF]

Fic. 3

Values of log k' vs log [DMF] (at 25.0 °C) for dehydrocoupling of Et;SiH with PhCOOH in solu-
tion of DMF-THF in the presence of CdBr,

3.0

5+ log k'

1.0

05 I | I I
2.5 5.0 7.5 10.0 12.5
100/e

Fic. 4

Relationships of log k' vs 100/¢ (at 25.0 °C) for reactions of Et;SiH with: 7 Ph;SiOH in solution
of DMF-THF in the presence of ZnCl,; 2 PhCOOH in solution of DMF-1,4-dioxane in the pres-
ence of CdBr,;, 3 PhnCOOH in solution of DMF-THF in the presence of CdBr,
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For the reaction of Et;SiH with benzoic acid catalyzed with CdBr,, in
DMF-THF or DMF-1,4-dioxane solutions we also observed a decrease in the
catalytic rate constants with decreasing dielectric constants of solvent mix-
tures, although the dependences log k' = f(log [DMF]) were much more
complex than in the reaction of Et;SiH with Ph,Si(OH),, catalyzed with
ZnCl, in DMF-THF. Deflections shown in Figs 2 and 3 enabled us to deter-
mine three different reaction orders with respect to DMF for each solvent
system: 2.0, 1.0 and 0.50 in DMF-1,4-dioxane, and =2.3, 1.1 and 0.82 in
DMF-THF.

The reaction order with respect to DMF (npyr) decreases with increasing
concentrations of DMF in the solvent systems used, as we can see from
Figs 2 and 3. In the above two cases, the reaction order in DMF was close
to 2 only for lower concentrations of DMF in the solvent systems used.
Presumably at higher concentrations of DMF, interactions of DMF and
1,4-dioxane (or THF) with the transition state of dehydrocoupling are more
complex, or, perhaps the activity of cations depends (i) on the value of the
dielectric constant of the medium and (ii) on the concentration of DMF,
and increases only to a certain degree. Also interactions of the carbonyl
group of the benzoic acid with the transition state of the reaction can play
an important role. It seems that further detailed studies, including other
hydroxylic reagents, could help to explain the observed phenomena.

For reaction of Et;SiH with PhCOOH catalyzed with CdBr,, both in
DMF-1,4-dioxane and DMF-THF, very close values of rate constants of
nucleophilic catalysis with DMF have been calculated only for experiments
in which the reaction order npy = 2 (see Figs 2 and 3): A = 4.8 x 10™°
mol-3 dm?® s-1. Ratios of the catalytic rate constants: A/k’ = 0.0079 for
PhCOOH are quite close to the value A/k' = 0.0061 for Ph,Si(OH), within
experimental error (see Tables 11-V).

TABLE V
Rate constants of nucleophilic catalysis with DMF (Apye) in dehydrocoupling reactions of
Et;SiH at 25.0 °C

A ra
DMF A /K
Reagents Catalyst Solvents mol=3 dm? s-1 DMF

Et,SiH + PhSi(OH), ~ ZnCl, DMF + THF 1.05 x 107° (+0.11 x 10%)  0.0061
Et,SiH + PACOOH  CdBr, DMF + 1,4-dioxane ~4.8 x 10 0.0079
Et,SiH + PACOOH  CdBr, DMF + THF ~4.8x 107 0.0079

a k', catalytic rate constants.
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Reikhsfeld et al.3® concluded on a basis of results of high resolution
H NMR studies of PhSiH;-DMF solutions in CDCI; that nitrogen atom of
DMF coordinates to silicon in PhSiH;. The intermediacy of molecular com-
plexes of (alkoxy)hydrosilanes with DMF and other solvents in pre-
equilibriumm steps of reactions of the Si-H bond was proposed by
Marciniec and Guliniska on the basis of IR study of trialkoxysilane-solvent
interactions®®. According to Voronkov such coordination of a solvent
molecule to the silane takes place only when an electron-withdrawing
substituent is present at the silicon atom?®’. Five-, hexa-, and higher-
hypercoordinated silicon species were established as intermediates in
nucleophilic substitutions at silicon by Corriu et al.>%10, West, Corriu et
al.%8 concluded that the high reactivity of {2-[(dimethylamino)methyl]-
phenyl}(1-naphthyl)silane, 2-(Me,NCH,)CzH,(C,,H;)SiH,, with alcohols
and acids was associated with intramolecular penta-coordination, which
supported earlier hypothesis that the Si-H bond is activated for substitution
by coordinative expansion of the silicon atom. Activation of the Si-H bond
by nucleophiles (e.g., in CsF catalyzed reactions of H-silanes with alcohols
and carbonyl compounds) is associated with coordination to the silicon
atom giving more reactive penta-coordinative species!®. Hydrogen atom has
the lowest ability to penta-coordination among functional groups at sili-
con®. Five-coordinate hydrido-3° and dihydridosilicates*® were prepared and
characterized by 2°Si NMR spectroscopy, e.g. [HSi(OEt),]"K*, [H,Si(OEt);]K*.
Five-coordinate silicon hydrides were postulated as intermediates of reac-
tions of trihydridosilanes with NaH, KH and LiAIH,4!. The formation of
penta-coordinated complexes of H-silanes containing electronegative
ligands was studied by Bassindale by 2°Si NMR spectroscopy®?. In some
cases cationic penta-coordinated complexes [Nu,SiMe,H]*X~ (X = CI, I,
0OSO,CF;) were isolated as pure compounds*3. HSi(OEt); reacts rapidly with
a-hydroxy acids with the formation of H,, while no reaction was observed
in the absence of catalysts with many alcohols and organic acids. It was
concluded that intramolecular coordination (in THF) and intermolecular
extra-coordination (in DMSO) at silicon raised the nucleophilicity of silicon
hydrides*.

The Role of DMF in Reaction Mechanism

DMF presumably forms molecular complexes with hydrosilanes in fast reac-
tions, prior to the formation (in a rate-determining step) of active complex
with catalysts (ZnX,, CdX,, X = ClI, Br, I).

Collect. Czech. Chem. Commun. (Vol. 69) (2004)
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NSNS fast O+ NG
—Si—H + DMF =——— —/S:I—H (13)
DMF
DMF
l6+
O+ NS fast N 5
—SiQH + DMF —— —SiCH 14)
7 7
DMF DMF

As a result of interactions of DMF with silicon atom in H-silanes, polar-
ization of the Si-H bond can be distinctly increased, before it receives
an electrophilic assistance from the active forms of the metal catalysts
(M?4)2445  leading to the formation of the active complex.

DMF DMF

1Ot |
NI N
—gil—H + MZ¥(DMF —Si——H 15
/:' (OMF)m rate A (15)
DME determining DMF

step \
M2+
(DMF)m

The formation of hexa-coordinated species is consistent with the second
order of dehydrocoupling with respect to DMF. Its molecules could neutral-
ize a very slight positive charge on silicon atom in the transition state,
which results from the studies of the Hammett free energy relationship (p =
-0.12)?2. Results of investigations of the primary kinetic isotope effect
(ky/kp = 1.4-1.5) suggested a non-linear, bent structure of the activated
complex?2, Alternatively the intermediate product of the oxidative addition
of the Si-H bond to M?* may have three-centre transition metal-hydrogen-
silicon two-electron structure®®, in which the hydride ion is replaced by
oxygen atom of alcohol, silanol, carboxylic acid or water in a fast consecu-
tive step.

DMF DMF
\ - fast \
—/s:(\ H + HO-R ———~ —/S:i—OR + Hy + M*OMF), (16)
ovE. DMF

“Mg

(DMF)m R = H, alkyl, aryl, acyl or OSi=
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Many examples of non-classical interactions of hydrosilanes with transi-
tion metal complexes were found, some of them are stable compounds*’.

In order to confirm the presence of DMF molecules in the active complex
of reaction, we have also conducted studies of interactions of H-silanes
with DMF by 29Si NMR spectroscopy. Their results will be presented in a
next paper. Some common features of the reaction mechanisms with hy-
dride transfer to carbenium ion*® will be also discussed.

CONCLUSIONS

1. Dehydrocoupling of tertiary hydrosilanes with hydroxylic reagents
does not take place in the presence of Zn(ll) and Cd(ll) halides without co-
catalysis by DMF molecules.

2. Reaction is the second order with respect to DMF for reactions of:
Et;SiH with Ph,Si(OH),, catalyzed with ZnCl,, carried out at 25 °C in
DMF-THF; Et,;SiH with PhCOOH, catalyzed with CdBr,, carried out at 25 °C
in DMF-1,4-dioxane and in DMF-THF. In two last cases, only at lower con-
centrations of DMF.

3. Rate constants of the nucleophilic catalysis with DMF (A) were calcu-
lated (according to Eq. (13)) for the first reaction: A = (1.05 + 0.11) x 107
mol=2 dm® s7! (see Table Il), and for the second and third reactions: A =
4.8 x 10 mol=2 dm® s (only for experiments in which reaction order
NpwmE = 2)-

4. It is concluded on the basis of the kinetic studies that molecular com-
plexes of DMF with H-silanes are formed in fast equilibria, prior to the rate-
determining step, involving the electrophilic assistance of the active forms
of the catalysts (Zn?* and Cd?") to hydrogen atom of the Si-H bond.
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