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Summary

Photochemically-generated dimethylsilylene is found in competition experi-
ments to insert preferentially into oxygen—hydrogen bonds of alcohols com-
pared to either silicon—hydrogen bonds of silanes or silicon—oxygen bonds of
alkoxysilanes. This selectivity for C—H bonds compared to Si—H bonds is
quite high in tetrahydrofuran and in dilute hydrocarbon solutions. However,
it decreases in more concentrated hydrocarbon solutions. These effects are
discussed in terms of aggregation of alcohols, hydrogen bonding, and solvent-
mediated dimethylsilylene reactivity.

The chemistry of silylenes is most frequently studied by determination of
the products that are formed by insertion of the silylene into heteronuclear
single bonds or by addition of the silylene to multiple bonds [1]. Silicon—
hydrogen [2], silicon—oxygen [2], silicon—sulphur [3,4], silicon—halogen
[2], oxygen—hydrogen [5], and nitrogen—hydrogen {5] single bonds that have
been used to trap silylenes. We have been interested in the relative reactivities
of various single bonds toward photochemically-generated silylenes [6—8].

In this paper, we report the relative reactivities of Si—H bonds of silanes
and O—H bonds of alcohols towards photochemically-generated dimethylsilyl-
ene. Oxygen—hydrogen bonds are more reactive towards dimethylsilylene
than Si—H bonds. The relative reactivities are solvent-dependent, and in non-
polar solvent, the relative reactivities depend on alcohol concentration.

Results

Dimethylsilylene, generated by photolysis of dodecamethyleyclohexasilane
(I) [2], inserts into O—H bonds of alcohols to form dimethylalkoxysilanes [5],

0022-328X/82/0000—0000/$02.75 © 1982 Elsevier Sequoia S.A.



292

and into Si—H bonds of monosilanes to form disilanes [2,6]. In non-compe-
titive reactions, these bonds are equally effective traps, based on yields of
insertion products, for dimethylsilylene {5,9]. In this study, alcohols and
silanes competed against each other for photochemically generated dimethyl-
'silylene. )

The photolysis of a solution of I, ethanol, and n-butyldimethylsilane in tetra-
hydrofuran (THF) produced ethoxydimethylsilane (99.4%) [5] from insertion
of dimethylsilylene into ethanol, and 1-n-butyl-1,1,2,2-tetramethyldisilane
(0.6%) [6] from insertion of dimethylsilylene into the silane. The relative
reactivity ratio for O—H/Si—H equals to 186. A similar experiment with
t-butanol gave a relative reactivity ratio for O—H/Si—H equal to 175. Due to
experimental difficulties in accurately measuring small quantities of 1-n-butyl-
1,1,2,2-tetramethyldisilane these numbers may not be significantly different.
Nevertheless, the greater reactivity of O—H bonds compared to Si—H bonds is
noteworthy since the energy of activation of dimethylsilylene insertion into
Si—H bonds has been calculated to be approximately zero [10,11].

The observed relative reactivity of alcohols to silanes is concenfration
dependent in nonpolar hydrocarbon solvents. The photolysis of a solution of I
with equal amounts of ethanol and n-butyldimethylsilane in cyclohexane gave
both ethoxydimethylsilane and 1-n-butyl-1,1,2,2-tetramethyldisilane in a
34/1 molar ratio. A similar experiment with t-butano} and n-butyldimethyl-
silane in n-decane gave t-butoxydimethylsilane and 1-n-butyl-1,1,2,2-tetramethyl-
disilane in a 14/1 ratio. These results are consistent with previous work in
which ethanol was found to be twice as reactive as t-butanol toward dimethyl- .
silylene in cyclohexane solvent [7].
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Fig. 1. Variation of relative rates of dimethylsilylene insertion into oxygen—hydrogen and silicon—hydrogen
bonds with alcohol concentration, 8, ethyl alcohol/n-butyldimethylsilane; A, t-butyl alcohol/n-butyldi-
methylsilane.
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TABLE 1

INSERTION PRODUCT RATIOS FOR COMPETITION EXPERIMENTS BETWEEN ALCOHOLS AND
SILANES

Rel. reactivity

geagents Ratio of reagents Solvent - CH3 Alcohol
in mmol ROSIH conc. [M]
CIH3
CH3CH3
H?i—SIiR
CH3CH3

I/EtOH/HSi(CH3)2-n-Bu 0.026/0.18/0.737 Cyclohexane 185 0.095
I/EtOH/HSi(CH3)z-n-Bu 0.021/0.24/2.24 Cyclchexane 148 0.10
I/EtOH/HSi(CH3)2-n-Bu 0.026/0.33/2.15 Cyclchexane 110 0.14
I/EtOH/HSi(CH3),-n-Bu 0.039/0.48/1.64 Cyclchexane 66 0.20
I/EtOH/HSi(CH3)>-n-Bu 0.052/0.84/2.25 Cyclohexane 44 0.35
I/EtOH/HSi(CH3)>-n-Bu 0.052/1.44/2.24 Cyclohexane 40 0.60
I/EtOH/HSi(CH3)2-n-Bu 0.045/1.68/2,14 Cyclohexane 32 0.70
I/EtOH/HSi(CH3)2-n-Bu 0.050/2.16/2.12 Cyclohexane 34 0.90
I/EtOH/HSi(CH3)2n-Bu 0.057/1.99/2.48 THF 186 0.83
1/t-BuOH/HSi(CH3)2-n-Bu 0.018/0.24/2.10 n-Decane 156 0.10
I/t-BuOri/HSi(CH3),-n-Bu 0.034/0.38/2.33 n-Decane 87 0.16
1/t-BuOH/HSi(CH3)2-n-Bu 0.030/0.48/1.71 n-Decane 43 0.20
I/t-BuOH/HSi(CH3)2-n-Bu 0.054/0.96/2.32 n-Decane 25 0.40
1/t-BuOH/HSi(CH3)2-n-Bu 0.037/1.44/1.80 n-Decane 18 0.60
1/t-BuOH/HSi(CH3)2-n-Bu 0.054/1.80/2.48 n-Decane 13 0.95
1jt-BuOH/HSi(CH3)2-n-Bu 0.064/2.16/1.74 n-Decane 14 0.90
I/t-BuOH/HSi(CH3)2-n-Bu 0.080/2.04/2.31 THF 175 0.85

These reactivity ratios were determined for solutions that were 0.75 to 0.9
molar in alcohol. (See Table 1) At lower concentrations of ethanol or t-butanol
their apparent relative reactivity increases. Table 1 and Fig. 1 present data
for the change of the observed reactivity ratio with change in alcohol concentra-
tion.

Competition of ethoxytrimethylsilane and ethanol for dimethylsilylene
resulted in a similar relative reactivity of the O—H bond versus Si—O bond as
for the O—H bonds versus Si—H bonds. Analysis after photolysis of a solution
of I in an ethanol, cyclohexane, and ethoxytrimethylsilane solvent mixture
showed that 47.5 times more ethoxydimethylsilane was formed than ethoxy-
pentamethyldisilane [12]. In a similar experiment run in THF in place of
cyclohexane, gave ethoxydimethylsilane and ethoxypentamethyldisilane ina
ratio of 174/1. An experiment run with a solution of I in t-butanol, THF and
ethoxytrimethylsilane gave a product ratio of t-butoxydimethylsilane to
ethoxypentamethyldisilane of 151/1. This is expected since we have previously
found that the Si—O of alkoxysilanes is approximately equal in reactivity to
the Si—H of silanes toward insertion of dimethylsilylene [6].

Discussion
Two factors contribute to the changes in the apparent relative reactivities

of O—H bonds of alcohols to Si—H bonds of silanes. Dimethylsilylene has been
shown to be a more selective species in THF than in cyclohexane in competition
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reactions between pairs of alcohols and pairs of silanes ['7]. In competition
between alcohols and silanes in THF, dimethylsilylene usually selects the O—H
bond in preference to the Si—H bond. In cyclohexane, at high concentration
O—H and Si—H bonds are more nearly equally reactive traps in the presence of
the other. The reaction medium modifies the reactivity of dimethylsilylene [7]
and therefore, the observed relative reactivities differ in the different mediums.

[CcHy,si:]
CH3 CH3 CH3 CHj
R,SiSi—H + RO—Si—H RO—Sli—H + R35'.sli——H
3
CH CHy CH4 CH3
’ major minor

The other factor that contributes to the apparent changes in the relative
reactivities is the self-association of alcohols in nonpolar solvents [13]. Most
studies, for example IR and NMR, of alcohol self-association have been con-
ducted in carbon tetrachloride solvent [14—18]. The dielectric constants and
dipole moments of carbon tetrachloride, cyclohexane, and n-decane are essen-
tially the same [19]. Therefore, we assume that self-association of the trapping
alcohols should be similar in these solvents.

Numerous studies have addressed the nature of such associated species
{14—18,20]. Regardless whether the species is a eyclic dimer, linear tetramer,
or a combination of many aggregates, the effective concentration of free”
alcohol in solution is reduced from the concentration calculated from the mass
of aleohol placed in the solution. On the other hand, THF has a much larger
dielectric constant and dipole moment [19], and therefore, self-association
by alcohols in THF should be much less significant. In place of self-association,
hydrogen bonding to solvent becomes important in THF solutions of alcohols
{21]. In THF solutions, the effective concentration of alcohol should be closer
to the calculated concentration than the effective concentration is to the cal-
culated concentration of alcohol in cyclohexane solutions.

Hydrogen bonding, either as self-association or to solvent, is much less signi-
ficant for silanes. NMR has been used to estimate the magnitude of self-associa-
tion and hydrogen bonding to solvent of Si—H bonds of silanes in solution
[22]. This support the interpretation that for silanes, change of solvent in the
primary effect on silylene reactivity [7].

A combination of solvent-modified silylene reactivity and self-association of
the alcohol may be responsible for the large changes in the apparent reactivity
ratios observed in this study. In THF, the aleohol is hydrogen bonded to sol-
vent. Under these conditions, the alecohol consumes most of the silylene. The
Si—H bonds are not effective competitors for the silylene compared to such
O—H bonds.
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Mechanistically, the relative reactivity ratios observed in this study support
previously advanced mechanisms for silylene insertions. The electrophilic
silylene has been proposed to attack the alcohol oxygen’s lone pairs to form
a zwitterionic intermediate which rearranges to form the alkoxydimethyl-
silane [23].

~Si(CHa)2 CH3
P +
R—O, + [(CH3),S81: ] —e— R—O —=—— RO——Si—
\H [ 342 \
H CHy

The rate of this process may be enhanced by the hydrogen bonding between
the alcohol and THF. The O—H bond is weakened by hydrogen bonding to
solvent [21], and insertion into the weakened bond should be easier.

The hydrosilanes have no comparable site of electron density as the lone
pairs of the alcohol oxygen. Furthermore, because the hydrosilane is not
hydrogen-bonded to the solvent, no rate enhancement is possible.

Alkoxysilanes would appear to have the same available electron density as’
the alcohols. However, alkoxysilanes and disiloxanes are known to be less
basic, due to decreased electron density at oxygen, than ethers [24—27]. This
effect may be manifested by the observed relative reactivities of alcohols and
alkoxysilanes towards dimethylsilylene.

At high concentration in nonpolar solvents, insertion of silylenes into Si— H
bonds appears to become much more favorable in comparison to O—H bonds.
Silylenes are more reactive and less selective toward pairs of silanes in hydro-
carbon solvents [7]. In addition, the self-association of the alcohols not only
decreases the effective concentration of the alcohol, but it also decreases the
availability of the oxygen lone pairs of the self-associated species. The Si- ‘H
bond is able to compete more effectively with one or more of the self.-associated
species than it is able to compete with the ‘“free’’ alcohol. With the available
data, it is difficult to determine whether the concentration of free alcohol is
decreased and the self-associated species are not reacting at all, or whether the
silylene actually inserts into one or more of the self-associated species at a
slower rate than it inserts into the “free”’ alcohol.

The graphic representation (Fig. 1) of the relative rates of dimethylsilylene
insertion in cyclohexane shows two distinct linear relationships between the
relative insertion rate and alcohol concentration for both the ethanol/n-butyl-
dimethylsilane system and the t-butanol/n-butyldimethylsilane system.

One interpretation of this data is that at alcohol concentrations of about 0.2
M, there is a change in the predominant aggregate species. The species that
dominates at lower concentrations is a better trap for dimethylsilylene than
the predominant species at higher concentrations. Certainly, more information
on the nature of alcohol aggregates at different concentrations and their reac-
tivity towards silylenes will be needed to quantitatively describe this system in
nonpolar solvents.

Finally, dimethylsilylene exhibits little selectivity for various alcohols com-
pared to n-butyldimethylsilane at the higher alcohol concentrations. This
observation supports the views the dimethylsilylene is non-selective towards
different alcohals in non-polar solvents [7], and that low molecular weight
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alcohols aggregate to a similar extent in nonpolar solvents [ 28,291.

In conclusion, this study has shown that the O—H bond of alcohols in THF
and dilute hydrocarbon solvents is a much more effective trap for silylenes
than Si—H bonds.

Experimental

All starting materials and productis were known compounds. Products were
identified by comparison of GLC retentfion time with authentic samples and
by NMR spectroscopy. Product mixtures were analysed either on a Hewlett—
Packard F & M 700, or a Gow-Mac 550 Gas Chromatograph equipped with a
thermal conductivity detector, and on a Hewlett—Packard 5710A Gas Chrom-
atograph equipped with a flame ionization detector. Eight to fourteen feet
columns packed with Chromosorb W 60/80 mesh coated with 20% SE-30
were used. NMR spectra were obtained on a Varian XL-100-15 NMR spectrom-
eter operated in the FT mode. Samples were 1% in deuterochloroform with
chloroform as internal standard.

Belative reactivities were calculated using the equation of Doering and Hen-
derson [{30]. Control experiments demonstrated that the products were stable
under the reaction conditions. Thus product ratios are identical to dimethyl-
silylene trapping ratios. Mole fractions of insertion products were determined
by comparison of peak areas corrected for the difference in sensitivity of the
FID o the various compounds. Molarities were calculated as moles of alcohol
in total volume of reaction mixture. Reaction mixtures were photolyzed in b
mm quartz NMR tubes with a medium-pressure Hanovia Hg lamp in an ice-water
bath at 5°C.

THF was distilled from the sodium ketyl of benzophenone immediately
prior to use. Cyclohexane was distilled from sodium before use. n-Decane,
Aldrich Gold Label, was used without further purification.

Absclute ethanol was used without further purification. Isopropanol was
distilled from calcium oxide before use, and t-butanol was distilled from
sodium.

n-Butyldimethylsilane was prepared by the reaction of dimethylchlorosilane
with n-butyl lithium in ether [31]. Ethoxytrimethylsilane [32] was prepared
by treatment of absolute ethyl alcohol in pyridine with trimethylchlorosilane.

Dodecamethylcyclohexasilane was prepared by the reaction of dimethyldi-
chlorosilane with excess lithium in THF [33].

Competitions experiments

Photolysis of I with ethanol and n-butyldimethylsilane in THF. A solution of
I (19.8 mg, 0.57 mmol), ethanol (92 mg, 1.99 mmol) n-butyldimethylsilane
(288 mg, 2.48 mmol), and THF (2.2 ml) in a 5 mm quartz NMR tube was
photolyzed at 5°C for 90 min with a 450 W medium-pressure Hanovia Hg
lamp. Analysis of the colorless solution by FID-GLC indicated formation of
ethoxydimethylsilane and 1-n-butyl-1,1,2,2-tetramethyldisilane [6] in a molar
ratio of 186/1. Addition of toluene as an internal standard and reanalysis indicat-
ed that ethoxydimethylsilane was formed in a 90% yield based on two moles
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of dimethylsilylene per mole of I [2].

Photolysis of I with ethanol and n-butyldimethylsilane in cyclohexane. A
solution of I (17.4 mg, 0.05 mmol), ethanol (9 mg, 2.16 mmol), n-butyldi-
methylsilane (246 mg, 2.12 mmol), and cyclohexane (2.2 ml) was photolyzed
as above. Analysis indicated formation of ethoxydimethylsilane and 1-n-butyl-
1,1,2,2-tetramethyldisilane in a molar ratio of 34/1.

Photolysis of I with t-butanol and n-butyldimethylsilane in n-decane. A solu-
tion of I (22.4 mg, 0.064 mmol), t-butanol (160 mg, 2.16 mmol), n-butyldi-
methylsilane (202 mg, 1.74 mmol), and n-decane (2.06 g, 14.5 mmol) was
photolyzed as above. Analysis of the solution showed formation of t-butoxydi-
methylsilane [5] and 1-n-butyl-1,1,2,2-tetramethyldisilane in a molar ratio of
17.4/1 which gives R(O—H)/R(Si—H) = 14.

Photolysis of I with ethanoi and ethoxytrimethylsilane in cyclohexane. A
solution of I (38 mg, 0.11 mmol), ethanol (63 mg, 1.37 mmol), ethoxytri-
methylsilane (124 mg, 1.05 mmol), and cyclohexane (2.3 ml) was photolyzed
as above. GLC analysis indicated formation of ethoxydimethylsilane and
ethoxypentamethyldisilane {12] in a molar ratio of 61.9/1 which gives
R{O—H)/k(Si—0) = 47.5.

Photolysis of I with ethanol and ethoxytrimethylsilane in THF. A solution
of I (5.3 mg, 0.015 mmol), ethanol (22.1 mg, 0.48 mmol), ethoxytrimethyl-
silane (179 mg, 1.52 mmol), and THF (1.7 ml) was photolysed as above. GL.C
analysis indicated formation of ethoxydimethylsilane and ethoxypentamethyl-
disilane in a molar ratio of 54.9/1 which gives R(O—H)/k(8i—0) = 174.

Photolysis of I with t-butanol and ethoxytrimethylsilane in THF. A solution
of I (9.1 mg, 0.026 mmol), t-butanol (35.5 mg, 0.48 mmol), ethoxytrimethyl-
silane (204 mg, 1.73 mmol), and THF (1.7 ml) was photolysed as above. Anal-
ysis showed formation of t-butoxydimethylsilane and ethoxypentamethyldi-
silane in a molar ratio of 41.9/1 which gives K(O—H)/k(Si—O) = 151..

All other photolyses were run and analyzed as described above.
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