27

Jourrial of Organometallic Chemistry, 120 (1976) 27—33
© Elsevier Sequoia S.A., Lausanne — Printed in The Netherlands

THE METHOXIDE PROMOTED PROTONOLYSIS OF
ORGANOSILYLBORANES ’

PAUL RONALD JONES and THOMAS FAY OY LIM
Department of Chemistry, North Texas State University, Denton, Texas 76203 (U.S.A.)
(Received March 19th, 1976)

Summary

The destructive distillation or pyrolysis of borane 9-borabicyclo[3.3.1]nonane,
or dicyclohexylborane adducts to vinylsilanes which have been treated with so-
dium methoxide in methanol gives significant yields of products resulting from
protonolysis of the C—B bond. Both «- and -boro adducts undergo the reaction,
which is favored when silicon has methoxy substituents. Quantitative incorpora-
tion of deuterium in the saturated products when methanol-O-d is used as the
solvent shows that the hydroxyl group of methanol is the proton source. The
absence of isomerization of the alkyl groups attached to silicon in the protonoly-
sis of the adducts to propenyltrichlorosilane or isopropenyltrichlorosilane indi-
cates that cyclic intermediates or free carbanions are not involved in the reaction.

While organoboranes are remarkably stable to water, aqueous bases and miner-
al acids, it is well known that they are susceptible to protonolysis by carboxylic
acids [1]. Reports of protonolysis of organoboranes promoted by strong base are
extremely rare. Weinheimer and Marsico observed that benzylic organoboranes
are susceptible to protonolysis under the influence of aqueous sodium hydroxide
[2]. Brown and Sharp noted small yields of ethylbenzene derivatives produced
during the alkaline hydrogen peroxide oxidation of borane adducts to substituted
styrenes. The yields increased markedly with substitution of electron-withdraw-
ing groups on the aromatic ring, and the saturated products were assumed to
arise from the alkaline hydrolysis of the «-boron derivative [3]. Base-catalyzed
protonolyses have been observed or postulated in a number of instances where
heteroatoms are bonded to carbons bearing boron [1,4,5]. Recently, Hopper
and Fine reported that treatment of tris(trimethylsiloxydimethylsilylmethyl)bo-
rane with sodium ethoxide in refluxing ethanol for two days gave a 66% yield of
ethoxytrimethylsilane along with a 53% yield of hexamethyldisiloxane. Evidence
was presented consistent with the suggestion that the ethoxytrimethylsilane

2 days

(Me;3SiOSiMe,CH,)sB + NaOEt 20 reflux p 10 SiOEt + (Me;Si),0

(66%) (53%)
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' resulted from reactlon of ethanol W1th an mtermedlate 1 1-dlmethy1s11aethylene
[5] ~
.. Inthe course f. our studles of the hydroboratlon of alkenylchlorosﬂanes and
the reactions of the adducts [6], we have found that alkoxide promoted proto-
nolysis of both «- and -boro-organosilanes is apparently a general reaction for
' these compounds. We report herein the results of that 1nvest1gat10n '

Results and dJscussmn

When borane adducts to vinylsilanes are treated with sodium methoxide in
methanol and then subjected to destructive distillation, there is obtained, in
addition to dehydroboration products (II), products resulting from cleavage of
the C-—851 bonds (III); and products arising from protonolysis of the B—C bond
I (Scheme 1). Results from typical reactions are presented in Table 1. Under
similar conditions 1-octene gave no octane, and styrene gave no detectable
ethylbenzene.

SCHEME 1

R,Cl;_,SiCH=CH, + R’,BH - R,,Cl;_ ,,Sl(lJHCH3 + R,Cls_, SlCHchz
BR', BR 2

I4

Destructive distillation
or pyrolysis

|
S [R (MeO);._ Si(CaH, )B—OMe]
R’

R,(MeO),_,SiCH,CH; + R,,(MeO);_,SiCH=CH, + R,,(MeO);_,SiOMe

o v an i
R = alkyl or aryl, n = 0—3, R’ = H, 9-BBN, or cyclohexyl

For the 1 : 8 borane adducts to vinyltriethylsilane or vinyldimethylphenyl-
silane and for the 9-borabicyclo[3.3.1]nonane (9-BBN) adduct to vinyldimethyl-
phenylsilane the saturated products, tetraethylsilane or ethyldimethylphenyl-
silane, are minor components of the produc¢t mixture, and a great deal of poly-
meric materials remains in the reaction pot after destructive distillation. How-
ever, for methoxysilyl adducts, protonolysis to give the saturated product I be-
comes the major reaction (Table 1).

In typical experiments, the borane adducts were prepared by addition of a. -
tetrahydrofuran solution of the hydroborating reagent (1 equivalent of hydride -
per mole of alkene) to a tetrahydrofuran solution of the alkene. The resulting
mixtures were added to solutions of excess sodium methoxide in anhydrous -
methanol and refluxed for a minimum of'9 h. Control experiments demonstrat-
ed that similar results were obtained when the chlorosilanes were derivatized
with methanol in the presence of pyridine in a separate step, and the resulting
methoxysﬂylorganoboranes subjected to the sod1um methox1de in methanol
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‘" TABLE 1 -
METHOXIDE I?B.OIMIOTED PROTONOLYSIS OF SILYLORGANOBORANES

Alkene ) Borane ¢ Yield b

Saturated Alkene Si—C cleavage
) 4 144 11

Et3SiCH=CHj A 10 30 17
PhMe, SiCH=CH, A 13 11 26
B 8.4 34 0o

Cl3SiCH=CHj A 79 20 trace
B 58 17 10
: Cc 42¢ o o
Cl3SiCH=CHCH3 A 624 0 0
. B s5ad o o
Cl3SiC(CH3)=CH2 A 69 @ 4} 0
B 40 € 4] 1)

a A =1/3 equiv. BH3 < THF; B = 1 equiv. 9-BBN; C = 1 equiv. dicyclohexyl borane. % For the chlorosi-
lanes the products are the methoxy derivatives. Yield based on alkene and determined by GLC analysis of
distillates using internal standards. Roman numerals refer to compounds indicated in Scheme 1. € Yield
based on (dicyclohexylboroethyl)trimethoxysilane. d n-Propyltrimethoxysilane only. € Isopropyltrimeth-
oxysilane only.

treatment. Thus, when the dicyclohexylborane adduct to vinyltrichlorosilane is
converted to the trimethoxy derivative, and then refluxed with 1/3 equivalent
of sodium methoxide in methanol; destructive distillation of the resulting mix-
ture gave a 42% yield of ethyltrimethoxysilane. The dicyclohexylborane adduct
was greater than 85% of the §-boro-organosilane {7].

(CGHI‘I)Z B(C2H4)Si(OMe)3 - EtSi(OMe)3
(42%)

Base-promoted elimination—rehydroboration reactions of organoboranes con-
taining heteroatoms 8 to boron which are good leaving groups have been observ-
ed [8]. However, to our knowledge, our reactions represent the first examples of
base-promoted protonolysis of organoboranes containing a heteroatom {8 to boron.

In contrast to Hopper’s results [ 5], after refluxing the reaction mixtures with
alcoholic alkoxide, examination by GLC indicated the presence of only trace
amounts of alkyltrimethoxysilanes or products resulting from Si—C bond cleavage.
The difference between Hopper’s findings and ours might be related to the labil-
ity of the leaving group on silicon. In his systems, the loss of a trimethylsiloxy
group from silicon to produce “silaethylene” type intermediates could resonably
be expected to require a lower activation energy than the loss of methoxide
from silicon, which would be required for analogous reactions in our systems.

In one experiment, the 9-BBN adduct to vinyltrichlorosilane was treated with
excess sodium methoxide in refluxing methanol for over 9 hours. High vacuum
was then applied to the reaction mixture, and all volatile components were col-
lected in a liquid nitrogen trap. In addition to tetrahydrofuran and methanol,
there were only traces of ethyltrimethoxysilane and vinyltrimethoxysilane in the
trap. When the remaining pot residue was heated to 200—300°C, a 57% yield of
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'TABLE 2 . 7
PYROLYSIS OF MeOSiMe; (C2 H4)B(OMe), 2

Yields (%)
Equiv. NaOMe McOSiMe, CHp CHy " (MeO)2SiMe,
0 none none
trace trace
1 58 23
1.67 52 41
1.67° 63 36
9 39 44

b

2 56% «, 44% g based on deuteration experiments.  The pyrolysis sample from the preceding expenment

was diluted with an equal volume of dry methanol.

ethyltrimethoxysilane was obtained. It appears that, in our system, the protono-
lysis occurs during the destructive distillation of the residue from the sodium
methoxide/methanol freatment. Further support for this conclusion was obtain-
ed from pyrolysis studies of the methoxy derivative of the 1 : 1 borane adduct
to vinyldimethylchlorosilane (Table 2).

MeOSiMe,(C,Hs)B(OMe), Y228 e2- 350°C NjoO8iMe,CH,CH, + (MeO),SiMe,

Examination of the pyrolysis mixtures by GLC prior to pyrolysis showed only
traces of protonated and cleaved products which might be produced in the in-
jection port of the gas chromatograph. The results given in Table 2 show that no
protonolysis or Si—C bond cleavage occurs in the absence of methoxide. In the
presence of one or more equivalents of methoxide more than 80% of the borane
adduct is accounted for as either protonated or cleaved product. Increased amounts
of methoxide in the pyrolysis mixture favor Si—C bond cleavage, while increased
amounts of methanol favor the protonolysis reaction.

It might be suggested that the protonolysis product arises from addition of
meth.anol' to a dimethylsilaethyiene intermediate produced by pyrolysis of the
a-boron adduct. However, in separate experiments employing methanol-O-d,

MeOMeZSi(,IHB(OMe)2 - Me,Si=CHCH; + (MeO);B
CH,
Me,Si=CHCH; + MeOH - MeOMe,SiCH,CHj;

the saturated product is 56% MeOMe,SiCHDCH; and 44% MeOMe,SiCH,CH,D.
Furthermore, all of the saturated product is monodeuterated [7]. These deuterat-
ion experiments, used as a means to determine the direction of addition in the
hydroboration of alkenylsilanes will be the subject of a future publication. For
the present, they mitigate against a silaethylene intermediate as the sole precur-
sor of the saturated product and demonstrate that the hyd.roxy group of the
methanol] is the proton source.

The last four entries in Table i give our results with propenyl- and isopropenyl-
trichlorosilane in the protonolysis reaction. When either borane or 9-BBN was
used as the hydroborating reagent, propenyltrichlorosilane gave n-propyltri-
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methoxysilane as the only saturated product. Similarly isopropenyltrichlorosi-
lane gave only isopropyltrimethoxysilane. These results rule out a silacyclo-
_propane as the precursor of the -protonated product. Both the propenyl and
isopropenyl silanes would give the same silacyclopropane if cyclization occurred.
Methanolysis of this intermediate should give the same mixture of n-propyl- and
isopropyl-silanes regardless of which alkene was the starting material.

Based on our results and Brown’s observations [9], it is reasonable to assume
that the borane adducts in this study are attacked rapidly by sodium methoxide
to form ‘‘ate” complexes (IV) which are the direct precursors of all products.
The dissociation of these “ate® complexes to give carbanions prior to the proto-
nation step seems highly unlikely. Anionic rearrangements of organosilicon

=SiCH,CH,BR, %5 [=SiCH,CH,BR,OMe]~ - [Hz(ll—-Cﬁz 1~ + MeOBR,
=Si
awv)

compounds are well known reactions [10]. The lack of rearrangement for the
propenyl and isopropenyl adducts is thus evidence that a carbanionic pathway
is not involved in the protonolysis reaction.

The protonolysis of tetraalkylborate anions has been explained in terms of an
electrophilic attack at the carbon a to boron because of the high electron density
at that carbon [11]. A similar pathway, involving electrophilic attack by the
hydroxyl proton of methanol on the methoxyborate complexes would be con-
sistent with our resulis. The high temperatures required for the reaction are sug-
gestive of a rather high activation energy for this attack. The methanol involved
in the protonation is presumably comgplexed with the “‘ate’’ complex in some
way. Kramer and Brown have noted that methoxytrialkylborate complexes are
stabilized by ether or tetrahydrofuran [12}, and sodium methoxide is known to
complex with methanol [13]. It is clear from our results that the trimethoxy-
silyl group « or 8 to boron facilitates the protonolysis reaction of the methoxy-
borate complexes. The reasons for this are not clear at the present time.

Experimental

Materials

Reagent grade olefins were used. Styrene and vinyltrichlorosilane were dis-
tilled prior to use. Anhydrous methanol was distilled from magnesium metal
under an atmosphere of dry nitrogen immediately prior to use. Borane, tetra-
hydrofuran, dicyclohexylborane, and 9-BBN were prepared using procedures
given by Brown [14]. All glassware was oven-dried prior to use, assembled hot,

-and cooled while flushing with prepurified nitrogen. Reactions were carried out
under a static pressure of nitrogen or argon.

For the GLC analyses a 5" by 1/4"" stainless steel column containing 10%
SE-30 on 60—80 mesh acid washed Chromosorb W was used for products other
than chlorosilanes. For the chlorosilanes a 5’ by 1/4"’ stainless steel 10% QF-1
column pretreated with silicon tetrachloride was used. Larger columns of the
same types were used for the preparative work. Yields were determined in most
cases by GLC analysis of the distillates using n-hexane or n-octane as an internal
standard.



: All of the’ products reported are known compounds whlch were 1dent1f1ed by '
H NMR. and mass spectra of GLC punfled samples or by companson of retentlon
*1me Wlth authentlc samples. , .

:Propenyl— and zsopropenyl-trzchloroszlane - o
‘In a dry stainless steel lecture bottle: were placed 25 ml (250 mmol) of tn- -

chlorosilane and 0.4 ml of chloroplatinic acid catalyst solution (1.0 g of H;PtCl,-
--6H,0 in 20 ml of isopropanol). The valve of the lecture bottle was replaced..
‘By means of a high vacuum system, 250 mmol of propyne were condensed into
the lecture bottle; using standard vacuum transfer techniques. The valve on the
lecture bottle was closed, the lecture bottle removed from the vacuum line, and
a stainless steel pressure gauge attached to the valve. The bottle was Warmed to
room- temperature, and then heated in an oil bath to ca. 60°C for a period of
about 7 h, at which time the pressure was no longer decreasing. The bottle was
cooled to room temperature, opened, and the contents distilled to give a 74%
yield of the mixed propenyltrichlorosilanes, b.p. 108°C. GLC analysis of the .
distillate showed that it was 87% trans-propenyltrichlorosilane; 'H NMR (CCl,)
5 (ppm) 1.98 (38H) 3-Me, 6 5.86 (1H) «-H, 6 6.76 (1H) f—H, J(a-H—-H) 18

. Hz,J(a-H—B-Me) 7 Hz, J(B-H—3-Me) 2 Hz; lit. b.p. 117°C [15]; and 13% isopro-

: penyltrichlorosilane; 1H NMR (CCl,) 6 (ppm) 2.05 multiplet (3H) a-Me, 5.95
multiplet (2H) §-H's; lit. b.p. 113.5°C/731 torr [16]. Samples of these com-
pounds for the hydroboratlon experiments were purified by preparatlve GLC
Dnor to use.

Destru"tzve dzstzllatzon experzments ,

In typical experiments the borane adducts were prepared by the addition of
a solution containing one equivalent of the alkene in dry tetrahydrofuran to a
standarized solution of the borane [14] at 0°C. The resulting solutions
were warmed to room temperature and stirred for a minimum of 9 h to insure
completion of the hydroboration reaction. The resulting solution was then
added to a methanolic solution of sodium methoxide containing at least one
equivalent of sodium methoxide in excess of the amount required to derivatize
the chlorosilane. All mixtures were refluxed for a minimum of 9 h before prod-
ucts were distilled. The solutions or volatile portions of the reaction mixtures,
examined by GLC, showed only traces of protonated or cleavage products. The
" saturated products were obtained when the pot residues were subjected to des-
tructive d.lstlllatmn a.fter the removal of solvents. The results are summarized in
Table 1.

Pyrolyszs experzments : ’

To a solution of 20 mmol of BH; - THF in tetrahydrofuran at 0°C.was added
20 mmol of vinyldimethylchlorosilane. After stirring the resulting solution at
room temperature for 45 min, a mixture of 20 mmol of pyridine in approxi-
mately 2.5 ml of dry methanol was added, resulting in immediate gas evolu- -
tion' and formation of a white precipitate. The mixture was stirred for 3 h- and
then filtered to remove the pyriditie hydrochloride. The volatile components
‘were removed by applying vacuum. The residue was indicated to be about 97%.
MeOMe281(CzH4)B(OMe)2, a.long w1th traces of pyndme and methanol by 1ts
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1H NMR spectrum The residue was dissolved in a measured volume of dry te-
trahydrofuran. Measured volumes of this solution were mixed with methanol
or with measured volumes of an 0.2 M solution of sodium methoxide in meth-
-anol to give the desired pyrolysis samples.

‘Pyrolyses were performed using a pyrolysis apparatus similar to that des-
cribed by Sommer and coworkers [17]. A flow of dry nitrogen at approxima-
tely 27 ml/min was maintained through the tube, and the pyrolysate condens-
ed in a U trap cooled to —78°C. The pyrolysis temperature, measured with an
iron-constantan thermocouple, was 330—360°C. Pyrolysis samples were intro-
duced at the rate of 1 m! in 5—10 min, through a rubber septum at the upper
end of the pyrolysis tube using a syringe. The pyrolysate was analyzed by GLC
and yields calculated using n-hexane as an internal standard to give the results
reported in Table 2.
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