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Summary

Palladium(II) compounds are able to cleave Si—R bonds in various alkyl-
and aryl-silanes, and linear and cyclic siloxanes and silazanes at 60-120°. The
Group VIII metals and metal compounds PdCl,, H,PtCl,, H,PtCls + SnCla,
Pt(PPh;);, Pt(PPh; )4, Pt/C and Pd catalyse the cleavage of the Si—Me bond in
hexamethyldisiloxane at 100-200° to give linear trisiloxane as the main product.
This reaction which involves the transfer of methy! or phenyl groups from the
Si to the Pd atom, can be used for methylation and phenylation of olefins by
organosilicon compounds.

Introductioni

Although Si—R (R = Alk, Ar) bonds are extremely thermally stable and
unreactive towards oxidation reagents they can be decomposed by various
electrophilic and nucleophilic agents. This behaviour of the Si—R bond may
be explained by its polarity (the ionic character of the Si—C bond amounts to
12%). ,

Khvalovski has recently reviewed the reactions of Si—R bond cleavage [3].
Amongst new data not included in the review an interesting paper by De Simone
[4] must be mentioned. De Simone noted that such customary PMR standards
as tetramethylsilane, 3-trimethylsilylpropionate and sodium 2,2-dimethyl-2-
silapentane-5-sulfonate are capable of methylating Hgl! salts instantaneously
at room temperature. Comparing the reactivities of various mercury salts and
taking account of the solvent effect, De Simone has concluded that the mercury
salts act as Lewis acids. He also noted that unlike mercury salts, palladium ace-
tate and nitrate were found to leave the Si—Me bond untouched. Other attempts

" at cleaving the Si—R bond with Group VIII transition metal compounds were

*For preliminary communications of this work see refs. 1 and 2. -
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unsuccessﬁll* for instance’ phenyl and benzyl radlcc.ls were not cleaved from
‘the Si-atom even under prolonged reflux with Zeise’s salt in alcohol (96 h) [6].
The only exception to this is FeCl; , a'strong Lewis acid, which has been shown
“to be able to cleave alkyl and aryl radicals from a silicon atom [10].It is note-
worthy that Jakubovich and Motzarev [11] have succeeded in inducing the
cleavage of the Si—Ar bond with FeCl; and the transfer of the aryl radical to
acetyl chlonde (egns. 1 and 2), which is all the more 51gmﬁcant since the Sl—Alk

Ph,SiCl, + FeCl;, - [PhFeCl,] + PhSiCl; | : (1)
[PhFeClL,] + MeCOCI -~ PhCOMe + FeCls ()

and Si—Ar bonds remained uncleaved by transition metal compounds in the
widely investigated hydrosilylation and telomerization reactions using organo-
silanes. Theonly case where Si—C bond cleavage was observed was in the hydro-
silylation of 1-hexane with (Me;SiO),SiMeH at 140° in the presence of H,PtCls |
[12] giving Me; SiOSiMe, C; H,;. as a by-product. The formation of this com-
pound could be accounted for by an intramolecular exchange of methyl and tri-
methylsiloxy groups.

It is also worth mentioning an exchange of an Si—Me group with halogen
in-the reaction of organosilicon compounds with HSiCl; in the presence of
H,PtClg, (157°, 24 h) [13]. The platinum compounds also catalyse R—H ex-
change in silicone hydrides [14].

Results and discussion

We have observed that Pd™ chlorides can cleave the Si—C bonds in organo-
silicon compounds such as tetraalkyl-, trialkyl-, chloromethyl- and aryltrialkyl-
silanes and linear and cyclic siloxanes and silazanes. The reactions proceed in
various solvents, e.g. tetrahydrofuran, acetonitrile and alcohols at 60-120°. Thus,
at 60° tetramethylsilane was demethylated by Pd! salts to give Me; SiCl,
methane and ethane (eqn. 3). Similarly PdCl, or Li,PdCl; cleave trimethyl-
phenylsilane to form Me;SiCl, benzene and biphenyl (eqn. 4).

i1

Pd
MG1SI —————>Me3SIOSlMe3 + CHq + CzH6 (3)
H,0 - -
II
Me331Ph —d——aMe3S10S1Mes +PhH + Ph—Ph @

. Scheme 1 is a tentative mechamsm for the splitting of silanes by Pd com-
pounds )

SCHE}AE 1
R—is3 +PdCL, - R—SIR3 [RPACI] + R,SiCl
ara-Lé solv. im0
'RH + RR + HCI + Pd ‘R; SiOH Tz(—; 16 R3SIOSIiR,

_*It has, however, been shown that Pd and Pt complexes may rupture labile Si—C bonds in strained
- cyqlic compounds and take off very labile vinyl, allyl or ethynyl groups from silicon [5-91.
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It is possible that the electrophlhc Pd! attacks the carbon atom bonded
to the silicon atom with simultaneous coordination of the halide anion to
silicon*. A nucleophilic transfer of the organic radical from the silicon to the
metal atom then takes place via formation of an unstable alkyl- or aryl-palladium
derivative, the latter decomposing to a hydrocarbon and metallic Pd.

. From this scheme it follows that tetraalkylsilanes would be cleaved by

Pd™ into chlorosilanes or, after hydrslysis, disiloxanes. We found, however, that
disiloxanes themselves react with palladium salts but unlike methy.sﬂanes the
reaction occurs under more drastic conditions.

The reaction of hexamethyldisiloxane has been studled in detail. This di-
siloxane was demethylated by Pd salts both in various polar and nonpolar sol-
vents, and also without any solvent. The main reaction product was octame-
thyltrisiloxane, methane and ethane also being formed.

Scheme 2 may be proposed for the cleavage of hexamethyldisiloxane by
Pd salts.

SCHEME 2
Meg SiOSiMe; + PdCl, -+ Me;SiOSiMe; Cl + [MePd(Cl]

Me; SiOSiMe; + Me; SiOSiMe, Cl -+ Me; SiOSiMe, OSiMe; + Me; SiCl

Solvent

[MePdCl] —— CH, + C,H, + Pd + HCl

The intermediate formation of MesSiOSiMe,Cl was demonstrated by the
mass spectrum of the corresponding silanol. An intense peak corresponding to
the M—CH; ion (m/e 149) was observed.

As the temperature of demethylation of hexamethyldisiloxane to trisilox-
ane was increased PdCl, was found to behave as a catalyst. It is of interest that
some platinum and iridiutn compounds, e.g. H,P{Clg, H,PtClg + SnCl, , Pt(PPha)g .,
Pt (PPh;)s, as well as the metals:themseives (Pd/C, Pd-black) also catalyse this
reaction. It may be assumed that insertion of the metal or its coordinatively un-
saturated complex into an Si—CH; bond is an important stage of this catalytic
process. Intermediate (A) then attacks the disiloxane to form the trisiloxane and
free metal, the latter causing repetition of the process (Scheme 3).

SCHEME 3

Me3S5i0SiMe3

Me;SiOSiMe; + Pd - Me; SiOSiMe, PdAMe ————— > Me; SlOS]Me2 —PdMe -
(Aa)

Mes S1O SlMe3

Me; Si0SiMe, OSiMe; + [Me; SiPdMe] - Pd + products

Heating hexamethyldisiloxane to 100-200° in the presence of 0.01-1.0%
of the catalyst affords up to 20% octamethyltrisiloxane. This reacts with the
linear trisiloxane leading to small amounts of a linear tetrasiloxane and other
higher polysiloxanes. Demethylation of Me;Si, Me;SiPh and other methylsilanes
to give Me;SiOSiMe; also gave under certain conditions small quantltles of
Me381081Me2081Me3 and higher siloxanes (eqn. 5).

*Such an attack would be in agreement with the concept of “soft and hard acids and bases™.



;'_:Measln = MeasloH ——>Me381081Me3 Ti—>MeasloslMe,0H—> o - ®
B Me381(081Me2)2OS1Me3—> etc. > Me3SI(OSIMe2),,OSIMe3

- The proposed mechamsm for the cleavage of organosﬂanes by PdII salts :

- involves formation of the unstable intermediate o-organopalladium compounds
‘RPdCI..These Pd- compounds would be expected to transfer the alkyl and aryl
groups . from Si atom to the organic substrates. Indeed, we have found that
various organosilicon compounds will methylate and phenylate olefins on
heating in the presence of Pd compounds. :

' .The results of methylation of styrene by organosﬂlcon compounds are pre-

_ sented in Table 1. It is ‘evident that the reactivities of the various organosilanes

_used decrease in the series: Me4S1 = Me3SLEt > Me3S1NHS1Me3 > Me;3Si0SiMe; >
- Me;3SiCH,Cl > Me;SiPh > Me3SICl

‘ In general electron withdrawing substituents such as Ph, CH,Cl], NH, O

and Cl hinder cleavage of the Si—Me bond. Halogen deactivates the silicon atom

to a such extent that chlorosilanes were found to be inert under the conditions

used. It is possible that the mechanism of this reaction (eqn. 6) is analogous to
the transfer of methyl and aryl groups from e.g. Hg, Sn and Pb atoms to olefins
by Pd compounds, as studied in detail by Heck [15]. These data are consistent

! l
R—Sli—- + PdCl,——> {[RPdCl] + Cl—?i—‘

I
[RPdCl] + c—c ————HCC—

—HPAC!
R PdCl '

N\ /-
¢=C +HCl + Pd (6)
R

Wlth the idea of an ‘electrophilic P! attack at the Si—C group carbon atom. Sub-
stituents which increase the carbamon mobility of the radical R facilitate the

cleavage.
Asis evident from Table 1 the structures of the methylstyrenes obtained
dep'end on the initial organosilicon compounds used. This influence can be ex-

TABLE 1 E
THE METHYLATION OF STYRENE BY ORGANOSILICON COMPOUNDS

I N
(Solvent. MeCN. temp.: 120 N 10 h, molar ratio R—?L—I/C—C\/LlPdCb =1/2/1).

. Organosilicon : Yield of ’ Isomer content (%)

compound - . methylstyrene )
’ s (%) : B-Methylstyrene a-Méthylstyrene
(CH3)gSi -~ 66 : 98.5 ' 1.5
. (CH3)3SiC;Hs - =~ 66 - . ) 89, 5 ‘ 10.5
" (CH3)3SiCshBs% - .. . -8 ol . ] 7100 - . . -0
(CH3)3SiCH,Cl - .32, 4 100 - . . .0
-(CH3)3S5iNHSi(CH3)3 52 .. 89. - : 11
o(CH3)3SIOSx(CH3)3 . 34 . : ca. 100 . . traces .
(CH3)3SICl o B B . ! )

: :" Fot_ th:_chompoun_d _combet_itive styrene phenylation reaotiori (see text) is also taking place. -



167

"TABLE 2
SOLVENT EFFECT ON THE STYRENE METHYLATION BY Me4Sx
‘(Molar ratio: Me.;Sx/Stytene/LdeXn = 1/2[1 temp.: 120°, 10 h)

Solvent Yield of methyl- Isomer content (%)
styrenes (%) - -
. - f~-Methylstyrens - a-Methylstyrene
MeCOOH 0 .
MeOH 19 100 0
THF 64.8 91.5 8.5
1.5

MeCN 66 98.5

plained by the formation of a MePdCl intermediate complex with the organo-
silicon compound.

Table 2 shows how the methylatxon of styrene by tetlamethylsﬂane is af-
fected by solvents. Solvent activity is shown to decrease in the series: MeCN >
THF > MeOH > MeCOOH. The ratio of «- and f-methylstyrenes is also affected
by the solvent used, the maximum content of a-isomer being attained in THF.

Experimental results show that olefins are phenylated more readily than
they are methylated. Thus, the reaction of Me;SiPh with styrene in THF (120°,
10 h) produces 94% trans-stilbene and none of the methylation product. Under
the same conditions but in MeCN, 65% trans-stilbene and 8% methylstyrenes
were obtained. In the reaction of Me3SiPh with cyclohexene only phenylation
is observed. ,

The experimental data are presented in Table 3, from which it is evident
that considerable phenylation occurs even at 60°. At 120° ¢rans-stilbene is
formed quantitatively.

trans-Stilbene is the only product in the reaction of Me;SiPh with styrene.
However, in the reaction of Me;SiPh with cyclohexene (80°, THF) 3- and 4-
phenylcyclohexenes are formed in addition to the main product, 1-phenyl-
cyclohexene, in the proportions indicated in eqn. 7.

TABLE 3
PHENYLATION OF OLEFINS BY Me3SiPh

b
(Molar ratio R—?i—l /c=c\/Li,,Pd01m 1/2/1)

Olefin Solvent Pd compound Tempera- Time Product Yield (%)
tare °C) @)
Styrene THF Lip PACly 60 6 Stilbene s
Styrene MeOH ) Li; PdCl, 60 6 Stilbene 12
Styrene MeOH + H;O  LiyPd4dCl, 60 . 6 Stilbene 19
Styrene THF Li, PdClg 120 10 Stilbene - 94
Styrene MeCN LiPdCl3 120 10 Stilbene 65
Styrene MeOH Ide 2PdCly 0120 10 Stilbene 47
Styrene THF ] 120 10 Stilbene 0
Styrene MeCOOH . Pd(OCOCHg)z 120 10 S . . 0
Cyclohexene THF LizPdCly 120 10 Phenylcyclohexane 35
Cyclohexene MeCN LiPdCl3 120 10 1-Phenylcyclo- 23
. : . : - hexene
Cyclohexene MeOH - LiPaCly 120 10 Phenylcyclohexane 38

Diphenyl .15




'16“8 .
Ph

T Li2PdCls N

55

@—b

Spec1aLy desxgned expenments revealed the possmlhty of the main reac-
tion product, 1-phenylcyclohexene, isomerising under these conditions. There-
fore it is likely that the formation of 3- and in particular 4-phenylcyclohexenes
is due to the rearrangement of an intermediate Pd compound (eqn. 8).

‘ @ [PthX] —_— ClPd —b b

b +© 5.6

Phenylcyclohexane (Table 3) was the only product of the phenylation of
cyclohexene with (CH;);SiPh in THF at 120°. This result may be explained
by hydride ion transfer from the solvent. )

The phenylation of cyclohexene with (CH;)s;SiPh in methanol at 120°
gives phenylcyclohexane and diphenyl (1/2) both of which are the dispropor-
tionation products of 1-phenylcyclohexene formed initially.

™

Expenmental

. The mass-spectfa were recorded at T70eVona Vanan-Mat CH-8 chromato--
- mass-spectrometer. Typical procedures for cleavage of the organosilicon com-
pounds and alkylation (arylation) reactions of the olefins in the presence of
palladmm compounds are descnbed below

(a). Cleavage of the Si—C bond by transztzon metal compounds .
- (i). A mixture of 0.88 g (10 mmole) of tetramethylsilane and 8 ml of a

0.25 M solutmn of Li,PdCl, i in THF was heated in a sealed tube for 9 h at 60°.

GLC analysis of the volatile fraction (after hydrolysis) gave 0.029 g of hexa-
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methyldisiloxane, yield 3.6/9*. After 10-h at 80° 0.22 g (27/68) hexamethyl-
disiloxane was obtained. Methane and ethane were shown to be present in the -
gaseous fraction by means of GLC and mass-spectrometry. : ~

(ii). 0.28 g (1.9 mmol) of Me;SiPh and-5 ml of a 0.2 M solution of L1Pd013
in' CH; CN were heated in a sealed tube for 10 h at 80°. The volatile fraction -
(after hydrolysis) contained 0.033 g of hexamethyldisiloxane (yield 22/40)
along with benzene and diphenyl. ’

(iii). 0.15 g (1 mmol) of Me,SiPh and 4 ml of a 0.25 M solution of L12PdCI4
in THF were heated in a sealed tube for 6 h at 100°. 3 ml of water was added
“and the reaction mixture was extracted repeatedly with pentane. The pentane
extracts were dried over MgSO, . Affer removal of the solvent the mixture was
analyzed by GLC and mass-spectrometry. The analysis gave hexamethyldisil-
oxane, benzene, diphenyl and the highest siloxanes as the products. Chromato-
mass-spectrometry (CMS) showed that the mixture contained Me(Me,SiO),-
SiMe,;, Me(Me, Si0); SiMe;, Me; SiOSiMe, OH and Me, PhSiGSiMe; in the ratio
2.5/2.1/1.1/1.

(iv). 0.36 g (0.22 mmol) of hexamethyldmlloxane and 0.08 ml of a 0.25
M solution of Li,PdCl, in THF were heated in a sealed tube for 10 h at 120°.
GLC and CMS analysis of the volatile fraction indicated 0.028 g (11/595) of
octamethyltrisiloxane.

(v). 1.62 g (10 mmol) of hexamethyldisiloxane and 0.12 g (0.1 mmal) of
(PPh;),Pt were heated in a sealed tube at 200° for 11 h. Methane was detected
in the gaseous phase. The solid was separated and 0.16 g of octamethyltrisilox-
ane (13.6/680) along with small quantity of decamethyltetrasiloxane and the
highest cyclic and linear polysiloxanes were identified.

(vi). Hexameihyldisiloxane (1.62 g, 10 mmol) and PdCl, (0.017 g, 0.1
mmol) when heated to 200° for 12 h gave 0.021 g of an oligomer (18/900).
Hexamethyldisiloxane (1.62 g, 10 mmol) and Pt/C (5%, 0.34 g, 0.1 mmol)
when heated to 200° for 10 h gave 0.095 g of octamethyltrisiloxane, yield
8/400. With H,PtCl, as catalyst, yields were 0.2/200 (100°, 6 h), 0.8/700 (200°,
6 h).

(b). Methylation and phenylation of cyclohexene

(i). A mixture of trimethylsilane (0.15 g, 1 mmol), cyclohexene (0. 16 g,
2 mmol) and 5 ml of a 0.2 M solution of Li,PdCl, in THF was heated in a
sealed tube for 6 h at 80°. After treatment with water the reaction mixture was
extracted repeatedly with pentane. The pentane solution was dried over MgSO,,
the solvent evaporated and the residue analysed by GLC and CMS. The solution
contained 1-phenylcyclohexene, 3- and 4-phenylicyclohexenes and phenyleyclo-
hexane in the ratio 5.5/1.1/1/1.6. Me;SiOSiMe,Ph and hexamethyldisiloxane
were also detected. The mixture was hydrogenated over Raney nickel to give
phenylcyclohexane and Me;SiOSiMe, Ph.

(ii). 1-Phenylcyclohexene (0.158 g, 1 mmol) and 5 m! of a 0.2 M solution
of Li,PdCl, in THF were heated in a sealed tube at 80° for 6 h. CMS analysis
showed only 1-phenylcyclohexene to be present. ,

*Here and elsewhere the yields refer to the starting organosilicon compound (first value) and
the palladium compound (second value) and are expressed as a percentage.
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BN ﬂ(m} Me331Ph (O 15 & 1 mmol), cyclohexene (0. 16 g, 2m mol) and 5 mlof
‘a O 2M qnluhon of Li,PdCl; in "N'—]F were hpatpd forl 0 h at _20 to’ g]_vg Q_Qsﬁ

-g of phenylcyclohexa.ne (35{ 35).. .
L0 (iv). Me3SiPh'(0.156 g, 1 mmol), cyclohexene (0 16 g, 2 mmol) and 5 ml of a
02M solution of LiPdCl; -in MeCN weré heated in a sealed tube for 10 h at 120°.
The mixture was freated with water, extracted with pentane, and the solvent was
evaporated. GLC analysis gave 0.04 g of 1-phenyleyclohexene, vield 23/23. .
" (v). MesSiPh (0.15 g, 1 mmol), cyclohexene (0.16 g, 2 mmol) and 5 m! of
a 0.2 M solution of Li,PdCl,; in CH3;OH were heated in a sealed tube for 10h at
120°. The mixture was treated with water, extracted with pentane, dried and the
solvent evaporated. GLC analysis gave 0 06 g of phenylcyclohexane (38/38) ‘
and 0.06 g of diphenyl- (15[15)

. (vi). Heating 1-phenyicyclohexene (0 3 g, 2 mmol) and 5 mi of.a 0.2 M
solutxon, of Li,PdCl,; in methanol at 120° for 10 h led to complete conversion
to a mixture of phenylcyelohéxane (1.2 mmol) and diphenyl (0.8 mmol).

(c). Phenylation and methylation of styrene
{i). A mixture of Me;SiPh (0.15 g, 1 mmol), styrene (O 2 g, 2 mmol) and

5l af 2 N2 M enlntan of TiDAM, in OL_ON were hastad in o caalad tniha far

o RELL UL QUL L IV OWALU LIV L L UNAS I ZAARIAAY WWRILIT UTaLU 1 6 oCaitla s 3l

10 h at 120°. The mixture was treated with water and extracted repeatedly with
pentane. The pentane solution was purified by passing through a column con-
taining Al,Q5: After drying and evaporation of the solvent the products were
analyzed by GLC and mass spectrometry. Benzene, hexadisiloxane, diphenyl, 0.01
g of p-methylstyrene (8/8), and 0.086 g of trans-stilbene (45/45) were determined.
trans-Stilbene was isolated and 1dent1f1ed additionally by its UV spe-.,trum A

308 nm in EtOH ‘
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