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INTRODUCTION

This survey brings together the information published in 1974 which-
relates to organosilicon reaction mechanisms. Also included are references tor
a number of papers published in 1973, mainly from Russian journals, whighr
were received too late for inclusion in the annual survey cdvefing the year
71973.1 On grouping reactions by type, some overlapping is bound to occﬁr;' 

7 fherefore, it may be necessary to consult more than one section for informa-
tion coﬁcerning-a specifi¢'£eactioﬁ;, o .

) 51L1con - Reactlon mechanlsms- Annual- Survey coverlng the year 19
. see Jo Oraanonetal. Chem., 83 (1974) 265-308
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A monograph entltled "Organometalllc Reacczon Mechanisms of the

'E'Nontransition Elements“, which 1nc1udes informatlon on’ organoszlicon com-

':pounds, has been pub11shed._ LA review article entltled "The,Slllconium Ion
:;Questlon", collates the published data on the role of the sxllconlum 1ou in

i 3
organ05111con :eactlon meqhanlsms.

SUBSIITU';I?ION

A number of mechanistic studies on the solvolysis of organosilicon
compounds have been reported. The solvent isotope effect for the base-
catalyzed aIEOholysis of a series of triorganosilanes has been found to in-

&4

crease with the increasing reactivity of the silicon hydride. The authors

a non-linear ransition state invoiving the pentacoordinate silicon inter~

mediate (1), where x is-the bond order. Both homogeneous and heterogeneous
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catalysis have been observed for the methanolysis of trimethoxysilane in
methanol ‘medium containing mono-, di- and tribasic sodium phosphates.5 The
heterogeneous solvolysis of trimethoxysilane is interpreted as involving'the

formation of a surface complex, which acts as a zeect;on 1nte;med1ate.

LS
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. 'catalyzed methanolys:.s of 2-chlorophenoxytr1phenyls:|.1ane and E-methoxyphenoxy-
tr1phenv131lane.6 The authors propose a tran31t10n state of structure 2 v

based ‘on an analysis of the k1net1c data in CH30H-CH3OD mlxtures in terms of .

isotope £ractionation factors.- Two different views have been presented on the
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mechanism of hydrolysis of triethylethoxysilane at a silica-carbon tetra-
chloride interface.7’8 Steric effects play an important role in the reaction
of chlorodimesitylsilane with alcohols and phenols.9

10,11 and the

The kinetics of the acid- and base-catalyzed hydrolysis
base-catalyzed methanolysis11 of aryloxytriorganosilanes have been reported.
Studies of the acid-catalyzed hydrolysis in aqueous organic solvents suggest
the concerted process, eq. 1, and indicate that one or more water molecules

are involved in the tramsitiom state.lo The base-catalyzed hydrolysis of'

aryloxytriphenylsilanes is second order in hydroxide ion at low base concen-

2 F
H
R o ; XY - . ‘
H20+R3810R 4+ B—am 0= — ~Sie———OR" R3SiOH+BH +R'0-_ W
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‘trations. ThlS behav1or is. con51stent Wlth a process in whxch a pentacoordr—f,
' Sl
ﬂate 5111con 1ntermedxate reacts w1*h OH ‘in- the rate-determinlng step, eq. 270

'_Rerereriees p. 218 N
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In contrast the base-catalyzed methanolysis can best be interpreted as a con-
" certed process.11 The rapid rate of hydrolysis of phenoxytr1methy151lane in
'96% ethanol at ambient temperatures renders this solvent unsuitable for UV
absorption studies.12 The first-order rate constant for thebhydrolysis of
methyl 2-(trimethylsiloxy)benzoate in dioxane-water varies with pH reaching a
minimum value at pH 4.13 The stability of the Si-0 bond in di(alkyneh?droxy)-
diorganosilanes toward acid-catalyzed hydrolysis is explained in terms of the
inductive effects of the organic groups.1
The substituent effects on the rate of isopropanolysis of a series
of ring-substituted (benzoyloxy)triaikylsilanes indicate that cleavage of the
Si-0 bond occurs in the rate-determining step and that an even distribution
of charge between the Si and O atoms occurs in the transition state.15
The hydrolysis of octamethylcyclotetrasiloxane has been investigated
by GLGC and PMR methods in aqueous solutions of hydrochloric, sulfuric and

phosphoric acids under heterogeneous conditiotts.l6 Evidence is presented in
.favor of an SNZ process in which a water molecule enters into the rate-
determining step.

Mechanisms for the acid- and base-catalyzed sblvolysisl7’18 and the
uncatalyzed ethanoly51519 of the Si-N bond in triorganosilyl derivatives of
amines have been proposed. Hammett correlations for the acid- and base-
catalyzéd ethanolysis of aryldimethylsilylpyrroles suggest that for the acid-
catalyzed process the slow step involves nucleophilic attack at silicon by the
solvent on the protonated aminé with considerable Si-N bond breaking occurring
in the transition staté, and for the base-catalyzed process a pentacobrdinate

ael ‘e . e e 17
5111con 1ntermed1ate is involved.™ K1net1c studies on the base-catalyzed

solvoly51s of- N-(trlorgan0511y1)an111nes suggest that  in the tran51t10n state B




- ,1.,8'3: '
!Of the - rate-determlning step, the Si-0 bond is. fully formed the Si-N bond is -
-partially broken (20 507), and the nitrogen atom is partially solvated

(10 30%). 18 Kinetlc data on the,uncatalyzed ethanolysis oer-(aryldimethyl-

-silyl)-N-methylanilines suggest the mechanism given in eq. 3 and 4, where the

transition state lies close to the reactants, with the Si-0 bond little

19
formed.
+
. —_— - - -
ArMeZS:LNMePh + EtOH T2 ArMeZNHhePh + EtO 3)
+ - N
ArMeZSiNHMePh + EtO _><___ ArMeZSiOEt -+ NHMePh @)
The basic hydrolysis of the hexafluorosilicate ion proceeds by two
parallel reactions,one of which is catalyzed by L1+.20 An intermediate

complex (ion-pair) is proposed for the Li -catalyzed process.
The rates of hydrolysis of a series of trimethylsilyl(arylthio)-~
silanes have been determined and are compared to the corresponding Ge, Sn and
21 .

e e e - . - 2 PN -~ 3 -~ - - s ~am AELEA -~ -~ L owm AT o e E3 o—
Fb compounds. Substituent and solvent isotope effects LLLU.LLdtC some differ-

ences in the cleavage mechanism of these compounds. The relative hydrolytic

stabilities of trialkoxysilanethiols,“”

and alkoxyorganosilanethiols and
. . 23
-silthianes have been reported.
A number of studies have been reported on the base-catalyzed

cleavage of the Si-C bond. Kinetics of the solvolysis of Me

3 LA
X = Cﬂclz, CHBrZ, CHI2 and CC13) have been determined in an NH3—NH Cl :
buffered, n-propanol-water medium.24 The results indicate two parall lel

cleavage routes involving nucleophilic substitution at silicon'byrthe,conjugafe
base of the solvent and by ammonia. React1v1ty increases w1th 1ncrea51ng
ability of the departing carbanion to stabillze a negative charge. Rates of
cleavage of benzyl— and benzofuryl-silicon bonds in’ aqueous methanolic

"alkali and the latter in water-DMSO containing

ties and similar sensitivities to—substitﬁeqt_groﬁp'effécﬁs.?g;jA-mechadiSﬁi”

- References p. 218
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;in whicﬁ:#ﬁe rate-&é%ermining ste? is'c1gav§gé;of the,Si;C Boﬁd_within_a

véentacovaiént éiiiéoq intermedia;é is éugéesféd; Solﬁeﬁt(isptope effeété for
_the cleavage of benzyltriﬁetbylsilanes have been,deterﬁinedrinrmethénbi éonj
tainiﬁg sodium ﬁe;hoxide'and éompéred with similar data .for the correspbnding
‘tin derivatives.26 These studies indicate that the rate-determining step
‘involves proton transfer from the solvent to the carbop atom of the leaving
group with the Me0-Si bond fully or almost fully formed.

The order of reactivity toward cleavage of the Si-Car bdnd of aryl-
vtrimethylsilapes in HZO-DMSO containing potassium hydroxide is pyrenyl >
9-phenanthryl > Z-naphthyl > l-naphthyl > pheny1.27 The stability of the
departing aryl carbanion seems to be the dominant factor in determining the
above order. The Mills-Nixon effect has been investigated by studying the
base-catalyzed cleavage of trimethylsilylveratrole, -1,3-benzodioxole and
-1,4~-benzodioxane derivatives in HZO-DMSO medium.28 The enhanced reactivity
of the benzodioxole derivative is explained by hybridization changes enforced
on the ring-junction carbons by the strained dioxole ring.

The Si-C bonds in (h6—ArSiMe3)Cr(CO)3 and (h6—PhCH25iMe3)Cr(CO)3
are much more readily cleaved by aqueous methanolic alkali than in the corres-
ponding uncoﬁplexed compounds.29 The Cr(CO)3 group facilitates these reactions
by a powerful electron-withdrawing effect.

Group VIIY metals and metal compounds f[PtClz(CZHA)(ME3C5H2N)],3O

[Pt2014(C2H.4)2],31 PdCl,,H PtCl H,PtCl_-SnCl Pt (PPh

22HyPtClg, HyPECL, 27 373>

2
Pt/C and Pd”z} catalyze the cleavage of Si-C bonds yielding siloxanes with one

Pt (PPh,),

less organic group on siliﬁon. These reactions proceed by an exchange of organ-

ic groups between silicon and the group VIII atoms as illustrated by Scheme I.31
The stereochemistry of substitution at silicon continﬁes to be an

active area of study. Bifunctional optically active phenyl-a-naphthyl-(-)-

" ménthoxysiianes [Ph-a-Np(-)MenOSiX; where X = H, Cl, OMe, OEt] have been syn-

thesized.33 Their ébsolute configuration has been deduced By chemical correla-



185
- MegSiR 1 BE,L,CL,,

Me,SiCl. + Pt,.L.CL.R

3 272773
Héo HCl
Me331051ME3 Pt2L2014
4
HCl RH
Scheme I

tion with (R)-phenyl-a-naphthylmethylsilane, by MMR studies of diastereoiscmers
and by X-ray diffraction studies. The stereochemistry of substitution by

organometallic reagents (RM; where M = Li, Mg) on the bifunctional system has

been determined, eq. 5, 6 and 7.34 For the bifunctional derivatives,

% R'M ko '

R251 OMen (-)H (Tetention RZSI HR S)
R R'™M ¥ .

R231 OMen (-) OMe (retention) R251 OMen (-)R 6)

R, Si” ' cl RM R, Si" OMe R' )

- —— e -
2°% OMen (-) (inversion) 27+ n(-=) “

RZSi*OBornOMe and sti*OHeXOMe, reaction with aromatic and saturated organq-
magnesium compohnds in ether solvent substitutes only the methoxy group with
retention of configuration, while allylic and benzylic orgauomagnesigg,cqﬁé =
pounds substitute the bulky alkoxy group with inversion of configuration,35

In THF and DMF 6n1y the methoxy group is substituted Gith retention,of caﬁ;
figuration. The reaction of allylie crotyllc and benzyllc 11th1um and -
magnesium compounds with R, Si -OMenX there X = H Cl Gue) 1eads to both re- .

tention and inversion of conflguratlon dependlng on the bifunctional-si;ane, e

- Refexen;:s p- 218
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fﬁo:ganqmetallié reagent and solvéﬁt.3§5?These results reinforce fhe Stetéochemé
ical conclusions reached-with the:system, Ph-a-NpMeSi X. A general discussion

_of the mechanism of substitution by orgamometallic.reageits on chiral bifunc--

of substitution at the chiral mono- and difunctional silanes are minor. Two
possible modes of attack are suggested: axial entry which leads to inversion

of configuration (3); equatorial entry which leads to retention (4).

1
e |
S i

Jw
i

Kinetiec studies of coupling of Grignard reagents with optically
active, monofunctional silanes, R3Si*X (wvhere X = F, OMe), show the follow °
order of reactivity with 1
Retention of configuration at silicon is observed in all of these solvents.
Electrophilic assistance as a substitution reaction driving force is ruled
out. A mechanism involving slow nucleophilic attack leading to formation of
a pentacovalent silicon intermediate is proposed.

The reduction of optically active monofunctional silanes, RSSi*Y

(where Y = (R", Cl, F), by R'MgX~Cp2TiC1 in ether is highly stereoselective,

2
39 T ot PR s

eq. 8. Optically active a-ferrocenylsilanes have been prepared. A high
' .
* R'MgX-Cp,TiCl, o .
i — ~ > R,o1 o
R,51 ¥ ther 451 H 16))

steréospecificity has been oﬁserved for the reactions of these cﬁmpdunds.-'
Iin contraﬁt to frevious studieg‘yhiqhiindicate tha;‘hydtogeé exchange
,df RSSi*ﬁ_pfocgeds with ré;ehtion af,coﬁfiguraﬁioh,'iq»LiAlHﬁ;THF{ R;Si%ﬂ -
ur;gemi£e§<%épidly54}r An>addition}e1i¢inétioﬁ mg;hani#q is“pggposédiiﬁvolvingi
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an»expandeaiéctet intermédiéfe;; fﬁe kinetiééifofftﬁéiéol§ent-iﬁdu;ed.fééémizé-i
atlon of chloro— and bromotrlorgan051lanes 1nd1cate two solveut molecules are, 
. involved in the tran31t10n state. 42 543 - Either the hexacoordlnated octahedral.
1ntermed1ate (&) ‘or the peutacoordlnate blpyramidal 5111con1um ion 1utermed1ate

%) is consistent with the kinetic 4ata.

r~— — e T

Sv - (_ Sv
Ph R Ph
'\\\\\ l //,A \\\

Si *\Si R

1- / T \Cl l-N/T
Sv Sv _J
5 -6

In contrast to earlier studies, the LiAlH4 reduction of 1,2—dimethy1-_
l-chloro~l-silacyclobutane has been found to proceed with a stereospecificity 7
of >95‘Z.44 Based on NMR.studies, a retentive substitution process is assigned.

Substitution at silicon by 2 number of organometallic reagents has
been reported. Crotyllithium, prepared from both cis- and Esggg-crotyltri—.'
methyltin, and alkyllithium reagents, couples with trimethylchlorosilane to
yield a 3/2 mixture éf cis- and E£§g§gcrotyltrimethylsilane.45 éggrDichloro-
allyllithium, prepared from 3,3,3-trichloropropene and n-butyllithium, is
seemingly an ambident nucleophile, since it reacts with Me,SiCl to yield

Me_SiCCl,CH=CH, and with Me,SnBr to yield Me,SnCH,CH=CCl,, while with Me_GeCl

3 2 2 ) 3 3 2 2 3
a mixture of the two isomers is obtained.és The reactivity of Ph3_nCIAMM!
fwhere n = 1-3; M = Si, Ge, Sn; M' = Mn(CO)S’ Fe (CO)ZCP] toward CGF‘SLi_‘:to »fo'{:m.,

Ph3_n(CﬁF5)nMM‘ has been'determined.§7

'Bis(perhaloaryl)methylsilanes and triS(perﬁaloale)éiIanés'are'»
-cleaved by’ alkylllthlum and Grlgnard reagents to yleld perhaloarylmetalllc

species.48’49 n-Butyl substltuted poly511anes are produced by the reactlon of f

500
n-butylllthlum w1th trlsllane, n-tett3511ane ‘and n-pent3511ane-_' ,The~ c

'VRefereni:_eé' p. 218"
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unusual . product distribution cbtained when methyl Grignard is reacted with
a;w-dichloropermethylpolysilanes is attributed. to the transmission of substi~

tuent effects through the silicon chain via molecular orbitals.Soa Metal-

"hydrogen exchange occurs when silylpotassium is added to disilane and trisi-
lane in monoglyme. oL

The mechanisms of substitution of triorganosilanes and reductions of
chloro- and alkoxytriorganoeilanes by Grignard reagents in the presence of
nickel complexes have been studied.52 Ni(0) complexes are proposed as inter=-
mediates. The authors suggest that substitution occurs by oxidative addition
of the silane to the nickel complex while reduction takes place by direct attack
of a nickel hydride on the silane.

The system, PE3SiCl/Mg/HMPA, has been used to polysilylate gem-poly-
chlorinated c:ompounds,53 N-acetyl- and N-propionylimidazoless4 and N-phenyl-
.pivalimidoyl chloride.55 Vinyltrimethylsilane is polysilylated by the above

system when FeCl3 and Tic14 are added.56 Mechanisms involving radical inter~

mediates are proposed. 53,56
Nucleophilic cleavage of the silicon-vinyl carbon bound in silanes of
the type R3Si[R'R"C(0H)C=CH2] by fluoride ion dissolved in DMSO or acetoni-

trile has been observed,57

The six-membered ring intermediate (7) is proposed.
Intramolecular nucleophilic substitution at silicon by oxygen, cf. 8, is
proposed for cyclization of y-hydroxysilicon hydrides.58 A mechanism involving

nucleophilic attack by oxygen at silicon is suggested for the reaction of oximes

\/
H \sm3 ai/ N
0 - C :"_C/ @ C/
\ / ~ \-\\ / ~
c o 5""/0
(/:\\ . H
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withftriorganesilyidiorganqamihes.5?;;A'bimolecuiat hucleophilie:suhstitutien-n
meehanism is ptoposed'fer the reaction of tiibrganosilahes.with chlorobenzehe:
in the presence of coiloidal nickel to yield phehyltriorganosilanes.60 Cyclic<
1ntermed1ates 1nvolv1ng nucleophlllc attack at silicon by oxygen w1th ZnCl2
actlng as an.electrophlle have been suggested for the reversible cleavage

of acetoxysilanes to siloxanes and acetanhydride based on rates of cleavage

and IR studies.Gl' The cyclic activated complex (9) is proposed to explain the
stereospecific ;eduction of phosphine oxides tobphosphines by phenylsilane

with retention of configuration.62

Q\|
Pee——o
/l t
' '
He - 81l
™~

Studies on the electrophilic cleavage of Si-C bonds have been re-
ported. Vinyl groups are cleaved from silicon by CHBCOCI/A1013.63 Reaction of
1,1,4-trimethylsilyl-3-methylbutadiene-1,2, an allenylsilane, with electrophilic

reagents (MeSOsﬂ, Brz, CISO3SiMe

35 t-BuCOCl/AlCl3) results in cleavage of a
trimethylsilyl group followed by rearrangement to an acetylehic'trimethyl-
silane.64 Thallium(IIXI) trifluoroacetate cleaves the Si-Car bond in aryl-
trimethylsilanes'yielding arylthallium(III)'bistrifluoi:eacetates.65 This
reaction is probably mechanistically similar to other electrophilic desilyiae{'A

tion reactions. Large solvent isotope effects, 6. 0-6.5’ have been observed - -

for the des11y1at10n of aryltr1methy1511anes by - trlfluoroacetlc ac1d. 6 vThé:}

authors suggest that the.data 1ndicate that the proton transfer to form the

.Wheland 1ntermed1ate is rather more than half-complete in: the actlvated com

plex. : Ev1dence has been Obtalned that the protode511y1ation of trlmethyl-

511y1ferrocene by H 504 1n HZO-EtOH solvent does not 1nvolve any appreci ble

r;1ron part1c1pat10n.§?' Dlrect attack of the electroph111C'reagent on the

}ils-propqsedq R

»*Reﬁupnéesﬁ.ﬁir
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Secend—oreer rete constants and thermodynamlc actlvatlon parameters'
ihave been determlned for ‘the cleavage of 1, 2 dlphenyltetramethyldlsllane by
,bromlne;és' The mode of reaction of cyanogen chlorlde with trlsubstituted
-511anes 1ﬁ,the presence of trlethylamlne has been determlned and related to
| the complexlng ability of the 511ane with trlethylamlne.69 The rates of reac-

=5 e
viOii O

of 3-1"
tion'of'chlorosiianes'and ehloroforhates, have been determined.70 ‘The rate
increases with Size,vdegree of upsaturetion and degree of. branching of the
organic group. B

Cleavage reactions of silyl-transition metal complexes by electro-
philic reagents have been described: Si-M bonds (where M = Cr, Mn, Co, Mo,

w)71’72‘and Si-C bonds. 3274

have been reported. Rate data have been obtained by the stopped-flow method
for the reaction of triorganosilyllithium and -sodium reagents with fluorene
in THF and dimethoxyethane.75 These data indicate that on changing from Na+
to Li+ the increase in solvation of the initial state is more important than
bis(trimethylsilyl)mexrcury, has been

n the transition

state. The reagent

o]

used to form Pt-SiMe, and Pt-HgSiMe, bonds.’® The reaction of (Me,51),,CBrLi

3 3
with MeZSnC]_.2 at low temperatures (-115°) yields 1,1,3,3-tetramethyl~2,2,
4,4-tetrakis(trim.ethylsilyl)-1,3--distannacyc10butane.77 Reactions involving
the reagents (He3SiCH2)3SnLi78 and (Messi)ZNCu7? have. been reported.

Electrophilic attack by silicon at oxygen is proposed for the reac-

1-3) with cobalt carbonyl specie580 and

tions of G1 SiMe4 (where n =
ai . taearl 2 < 3 Taarl 31 ‘ 1+t K4 15 1. + 81 T R e) el 1 2 Tl
dimethylaminotrimethylsiliane with bdicyclic ketones. fwo triphnenylisilyi-

,suBstituted acetylenes displace. three carbonyl groups in Cpr(CO)4 under UV
. 82
irradiation.
Substitution reactions at atoms other than silicon in organosili-

con_coﬁp0und§,héve been studied. The rate constants for the acid-'andfbase-
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ucatalyzed hydr01y51s of the esters, MeCO,, (CH ) SlMe (where n = 1-6), were

fdetermined and compared with their carbon and germanlum analogs. 83’§4 These

'4a;a are discussed in terms of steric and inductive effects. Second-order

‘Tate constants and activation parameters were determined for the hydrolysis

of Rssi[(Cﬁz)AOCH;Cﬂzl (where R = Me, Et,'Me2CH, Ph; n = 1-3).85 A two-stage

and

B T TN U S S S Y = -

e haﬁism 12s been proposed Lor the reaction of U(SidMe

™ 290109
O[SiMBEt(CH2)3CI]2 with KCNO in-DMF medium.86 The.rate factors for detritia-
;tlon of o~ and EfMe Sl(CH ) C6 L, H (where n = 1-4) in trifluoroacetic acid

N 8 .
have been determined. 7 These factors are related to the ease of and cleavage

’inArSiMES compounds with reference to the importance of hyperconjugative
electron-release from "eBSi-CHZ bonds. Substitution at oxygen in trimethyl-
88,89 -

'511y1 peroxldes has been studied.

ADDITION-ELIMINATION
7,; The factors which affect the addition of silicon hydrides to unsat-
;urated compounds continue to be studied extensively. Kinetics of the homo-

geneous hydrOSLIylatlon of styrene w1th alkylchlorosilanes in the presence

’tien of the solvent and reactants with the platinum atoms of the catalytic
'eeﬁplei has a suﬁstaﬁtial effect on the addition process. The effectiveness
6f ;hese‘platinem catalysts as a function of the nature of the liga?ds also
:Bag been inveétigated.g? The reaction of silicon hydrides with the alkyl-
;nlckel comnle%es Nl(b ipy) --and NiC&S-C_H,)(PPh JEt, ‘to yield silicon—nickel

'compounds probably proceeds by an ox1dat1ve-add1t10n process followed by a

i 92 . I
~reauqt1ve-e11m1nat;on.process, These silicon-nickel compounds may act as

*iﬁtétgediates in the pﬁosphine—hickel—catelyzed hydrosilylation of olefins.
iﬁilérl&,fexidativé addition of Si-H and Si;cl cOmpounds to low valent Fe,
1o} and N1 complexes Stabllled by phosphlne llgands ylelds 511y1—tran51t10n

New rhodlum(III) complexes, (R3P)RhH(SlR' )C1 whlch are‘
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presumed to be involved as intermediates in the hydrosilylation ofjolefihe,”

have been synthesized and their stability toward dissociation studied.94> Thegf

rate of addition of triethylsilane to hex-l-ene catalyzed by the complexeé;_j?:

(R_P)_RhC1
373

has been studied as a function of the phosphine ligand. The com- -

w

plex, (Ph3P)3RuClz, reacts with silicon hydrides to form compounds containingi
e o ao oo o 95 . . . ) ’
Ku=H ana Ku=-S51 bonds. Ine inactivity of these ruthenium compounds. as
catalyst for the hydrosilylation of olefins may be related to their stability..

The hydrosilylation of styrene with trichlorcsilane and methyldichlorosilane

catalyzed by Ni(C0)4 and HthCI6 in the presence of Lewis base cocatalysts has .

. . - e e 96
been studied as a function of the mode of addition to the olefinic bond.
Palladium compounds and metallic palladium combine with -triorganophosphines to

form catalysts which selectively catalyze the hydrosilylation of terminal ole4;

fins.”’ The activity of the catalysts as a function of the type of phosphinei”

has been determined. Heterogeneous catalysts consisting of Rh, Pd and Pt
complexes on inorganic sgpports98 and Rh complexes on polymer support_s99 have':
A The mecnanistic im 7 |
these studies for the hydrosilylation of olefins are dlscussed.
The addition of organosilicon hydrldes to 1, 3 dlenes has been des;
cribed. Ziegler-type systems [M(acac)n—AEt3; where M = Fe, Co, Nil] have eeen¥£
found to catalyze the hydrosilylation of 1,3-dienes yielding 1,4-addu§t$-a$:.sf

the major products.lo0 The proposed mechanism of the ﬁickel—eatalyzed,hydfozf

silylation of 1,3-pentadiene is given in Scheme II, where L represeqts‘allf'

of 1,3-
ing isomeric cemposition of the products; have been
following catalytic Eystemsi metallic palladium and
phosphines, 97 hélobis(benzonitrile)pailedium eomblexeSQIOl
'5-eh1noly1)methane polymers (N1, Rh Pd Pt), »

103

catalyzed). IR technlques have been developed for determlnlng the ompos

tidn,ofimixtu;es_pbtalned by the hydrosllylatiqn;gf‘;,;*dlenee.}
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silylation of acrylonitrile by trichlorosilane and wmethyldichlorosilane with
the binary catalyst system, a copper compound [CuZO,'CuCl or Cu(acac)zl and

an isocyanide (t-butyl or cyclohexyl isocyanide), yields exclusively the
2~cyanocethyl derivatives.lo5

Ring formation by intramolecular hydrosilylation (HthCI6 catalyst)

of CH2=CH(CHZ)nSiMe2H (where n = 0-6) has been studied as a function of n.106

1
Ny D AlEts ©)

Ni
1,3-pentadiene -

(pentadiene)n

H.S]'.X3

N ,/*\/\__>\

_—
NL = / \ = N
RN o N
L SiX, L SiX,
CH,CH=CHCH(S1X,)CH; , cu3cazcﬁ=cu¢HZSix3 '
+ . . o+ .
© ‘ o @

Ni

Scheme II -
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_"i'he};}sat;ét ~di§tributibn is explained in terms of a mecﬁaﬁ;sxﬁ.'inﬁéigring 1<’:3,chlic
71ntermed1ates contalnlng Sl-Pt bonds. . o
The kln8thS of the addition of trichlorosilane to. acetylene catalyze(

' by chloroplatlnlc acid on polymers (styrene-d1v1ny1benzene copolymer w1th cyano-
methyl and d1methy1am1nomethy1 groups) have been studledf107 108 A study of
the'chapgés'that occurlin sdlu;ions of HthCI6 . EHZO‘in i-PrOH and. THF on
standing anﬁ during hydrosilylation reactions of acetylenic hydrocarbons has
Vbeeﬁ réported.109 In the above processes, Pt(IV) is reduced to Pt(II) and
,éargially to Pt(0). Ziégler systems [M(acac)n—AlEt3; where M = Fe,"CoJ Nil}
have been found to catalyze the hydrosilylation of terminal acetylenes to yield
products in whicﬁ linear dimerization accompanies the hydrosilylation.100 The
proposed mechaﬁism is given in Scheme III. Stereoselective trans addition

has béen'observed forrthe (PhsP)sRhcl-catalyzed addition of triorganosilanes

to alkylacetylenes.llo The stereochemistry 6f the addition of dichlorosilane
ﬁo substituted acetylenes has been repBrted.111 The platinum-catalyzed addi-
btion yields trans adducts while the perogide-catalyzed addition yields predom-~
inently cis adducts.

The hydrostannylation of ethynylsilanes is reported to proceed
stereospecifically yielding trans-substituted ethylenes.112 The hydroalumina-
tion of vinylsilanes yields 1- and 2-alumino adducts, the mode of addition
depending on electronic and steric factors.ll3 Similarly, the stereochemistry
of the hydroboration of trimethylsilyl—substituted.3,3-dimethy1cyclohexenes

depends on electronic and steric factors.ll.4 The hydroboration-oxidation of
. . - R - 11 :
a variety of trimethylsilyl enol ethers has been investigated. 3 The tri~

methylsiloxy group exerts a strong directive effect on the hydroboration

_reaction yielding predominently the B-boryl derivatives. .
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";‘(11)‘: . Re=CH .(b) o
—____—_.__57_ —
ﬂl = AlEt3 - CNLY (RC:CH)n

I-lSi)[’3

(RCECH)n(SiX3)NiH
RC=CH RC=CR
(RGECH)n(Slx3)N1CH=CHR (RCECH)n(S:LX'3)N1CR=CH2
RC=CH RC=CH
(RGECH)n(SiXa)NiCH:CRCH;CHR (RCECH)n(Six3)NiCH;CRCR=CH2
XssiCH=CRCH:CHR 7 XZ_.).SiCH=CRCR=CH2
+ +
_Ni(RGECH)n Ni(RGECH)u
Scheme IIL

The asymmetric hydrosilylation of ketones catalyzed by chiral rhodium

complexes has been used to synthesize optically active silanes and alcohols:
117 113,119
3

116

* ES % *
R, CHOSi HR'R", RR'C HOSi HR'R"', RR'C HOSiR" Mechanisms are

2
proposed for the above asymmetric hydrosilylationé involving chiral Si-Rh
compounds formed by the oxidative addition of silanes torthé rhodium cémplexgs.
Similarly, the asymmetric}hydrosilylation of a-keto esters can be used to-
prepaie opticaily active q-hydfoxy eétets, RC*H(OH)COORi.lzoA The mechanism‘

of the fluoride ion-catalyzed hydrosilylation of afyl carbonyl cbméounds is .

Referepc'eﬁ i), 218
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'prpgqséd to pro;eed:chfough the ihcermedi;;e, R,SiHF , which adds ﬁo‘#ﬁé car-’:‘
bdnyl'group.121 ’ k 7 )
Cﬁiral rhodium complexes have been u#edrto catalyze the hydrosilyla-

o : * ;
tion of imines to yield optically active silylamines, RR'HC NR"SiHPh,, which

can be hydrolyzed to optically active secondary amines.122 The hydrosilyla-

123

tion of carbodiimides to yield N-silylformamidines has been repdrted.
The reduction of aldehydes and ketomes to alcohols and alecohol deriva-

tives by alkylsilanes in acidic media is proposed to proceed via oxonium ion

intermediates.124' Triethylsilane and trifluoroacetic acid in THF reduce

25

RCOCCOB(CO)9 to RCH CC03(C0)9.1 The asymmetric hydrogenation of silyl enol

2

The system, trimethylchlorosilane/magnesium/hexamethylphosphoramide,

has been used to add trimethylsilyl groups to unsaturated systems: a«a-ethylenic

esters; 127 a-acetylenic ketones,128 and N-phenylpivalimidoyl chloride.55 Sim-

ilarly, the system, trimethylchlorosilane/lithium/tetrahydrofuran, has been

used to add trimethylsilyl groups to unsaturated systems: tetralin;l29

- 130 - 131 - 132
a-ethylenic ketones; a-ethylenic aldehydes; a=-ethylenic esters.
Radical-anion and/or diradical intermediates are proposed. The stereochem-~

istry of the disilylation of acetylenes by disilylbipyridylnickel(II) has
P4 ¥ t . °

been determined. >~ The formation of the l-silacyclopent-3-ene system direct-

ot

ly from chlorosilanes and 1,3-dienes in the presence of magnesium has been

observed.134’135

The addition of silylmetallic reagents to unsaturated systems has

been reported. Mechanisms have been suggested for the intramolecular cycii-
; . 136

zatinn
Zacicn imeTdt

methylsilyl)mercury to benzylidenemalonodinitrile, and the addition of

1120
ethylbis(triphenylsilyl)aluminum to diphenylacetylene. =
The addition of a-silyllithium reagents to carbonyl compounds

yields B-hydroxy organosilicon compounds which undergo a B-elimination reaction

139-144

to yield olefins (cf. Scheme IV). The addition of alkyllithium
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Scheme IV

reagents to a-chlorovinyltrimethylsilane yielding 8-(alkylvinyl)trimethyl-
silanes has been reported.145 Dehydrochlorination and displacement products
in addition to addition products are observed for phenyllithium and alkyl-
lithium reagents when TMEDA is added.

The conjugate addition of 3-trimgthylsilylpropynylcopper deriva-
tives to ethyl trams-2,4-pentadienoates yields 1,6-addition products.146
Similarl&, conjugate addition occurs when a- and B-trimethylsilylvinylcopper
derivatives are added to substituted 3-cyc10hexen—1-ones.147 The methylation
and phenylation of olefins by methyl- and phenylsilanes in the presence of
palladium metal and compounds probably proceed via addition of methyl- and

phenylpalladium intermediates to the olefins followed by elimination of

palladium hydride.>>

Vinyltrichlorosilane is a good enophile and readily adds to
l-alkenes, cyclohexene and allylsilanes.148 Bis(trimethylsilyl)acetylené
adds to 3,6-bis(carbomethoxy)-1,2,4,5-tetrazine to yield an unstable Diels-
Alder type product, which on loss of nitrogen gives 3,6~bis (carbomethoxy) -
4,S-bis(trimethylsilyl)pyridazine.149

Cross-aldol addition products are obtained by the reaction of silyl
enol ethefs with aldehydes and ketones in the presence of titanium tetra-
chloride under mild conditious.lso Lewis'acids (AlCls, GaC13) catalyze the
addition of silylated hydrocarbons having an activated §i-C bond (allyl-,
ethynyl-, and phenylsilanes) to chloral and»chloroacetoné.lsl Tha addition of
silicon pseudohalides to carbonyl compounds in the presence of anionie cata-

52

. 1 ) o
lysts has been observed. The authors propose that the intermediate,

References p. 218
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.-RRfCXof;(whgre XliS“the anipn.of théicatalyst), is~inv61Ved{"Base oﬁ‘éttdc-'”.
- ture; rééqtivity studies, the addition of triméthylsilyl phospﬁite'tbgcarﬁony1 

compounds i;'ptopbsed to prbceed by a mechanism~involving‘hpcledphilic'attack-~

“by phosphorus at the carbonyl carbon.ls3 Trimethylsilylketone undergoes addi-~

t%on reactions with hindered amines and alcchols, and phosphorus and. sulfur

‘vlides, 154
yiiges,

Addition-elimination processes are involved in. the reaction of mono-,

. "155
di~ and trisilylated hydroxylamines with imines to yield silylated oximes. ~~

Addition-elimination reactions of the Wittig type occur when phenyl isocya-

o 156
2MeP—NSlMe3.

The addition of RR'NCH,SiMe, to benzyme yields N-alkyl-N-(l-trimethylsilyl-

alkyl)anilines.157 However, (piperidinomethyl)trimethylsilane gives an anom-

nate, phenyl isothiocyanaté or carbon disulfide is added to Ph

______________ procucet, m 1y > 4 12y

silanes add to tris(trimethylsilyl) phosphate to give tetrakis(trimethylsiloxy)-

58

1
phosphonium halides.™

The stereospecific synthesis of vinyl halides using vinylsilanes

as the synthetic precursors has been reported.l59 Addition reactions followed

by stereoselective elimination reactions are described. The halogenation of

. . 160 . .
silxyl enol ethers yields o-haloaldehydes and -ketones. A mechanism involv-
ing addition of the halogen to the double bond followed by elimination of the

silyl halide is suggested. A similar mechanism is proposed for the addition
of nitrosyl chloride to silyl enol ethers.161 Anti-Markownikoff addition of
hydrogen bromide to n-C_H.(CO)_FeSiCl,CH=CH, has been observed.73 Substitu-

tion at the double bond of 3-buten-l-ynylsilanes increases the difficulty of
162

rhe a of a2alkana- and arencsulfonvl halides
“ne & oI ailXxane ang arens Lfony: naaliges

The mechanism and stereochemistry of the addition of silylenes to
unsaturated compounds have been studied. . The gas phase addition of silylene
' to trans-2-trans-4-hexadiene yields equal quantities of the‘cisvand trans iso--
' o : 163 '

mers of 2;$-aim¢thy1-1-si1§¢yciobent-3-ene. -Théréuthors favor'a diradi;ai‘

Péthwdy“fdr the reaction, cf. Scheme V. SilylenéFgléi;adds to 1,3-butadiene. -




Scheme V

164~
to give l-silacyclopent-3-ene—3ISi. 64-165 These studies indicate that the

ground electronic state of silylene is singlet and the reacting silylene is

prasent as 807 triplet and 20% singlet.164 The reaction of methoxymethyl-

silylene with 1,3-cyclooctadiene yields l-methoxy-l-methyl-l-sila-2,8-cyclo-
166

nonadiene. The authors propose the mechanism presented in Scheme VI.

Me (Me0)Si: >
OMe
1
N Me
\ o
’/IOMe e Me
si - ~
Me
~Me
p
L —

‘Scheme. VI
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j}Ev1dence has been obtalned that the addltlon of’ dlorganOSLIylenes to. diSubStl-
'ftuted acetylenes may proceed via a 1 4-dlsila-1 3 butadlene 1ntermedlate whlch

undergoes ‘a D1els-Alder condensatlon w1th a second molecule of the acetylene

to v1e1d 1 k-d1s1]acvr]nhpxad1pnpq.167

add,to cyclohexene to yield silacyclopfopane defivatives,which can be stored
’ 168 '

onchanged in cyclohexane and ether soiutions;
o The addition of trimethylsilylcarbene, generated by photolysis of
odia;omethyltrimethylsilane, to olefins yields trimethylsilylcyc10propanes.169
The a&dition to trans-but-2-ene is stereospecific. Dihalocarbenes add to the
olefinic bond in l—silacyclopent-3-enes,170 and 1-a2llyl-l-cycloalkanols and

171

their trimethylsilyl ethers.

The cycloaddition reaction of tropone with 1,1-dimeéhy1—2,5-dipheny1-

1—silacyclopentadiene follow the same stereo~ and regioselectivity as reported

for the cycloaddition of tropone to cyclopentadiene.172 The 1,3-cycloaddition

of a variety of silyldiazoalkanes to several alkenes has been studied.173 The
1
data are consistent with initial formation of A =-pyrazolines which undergo a

thermal 1,3-rearrangement of the silyl group from carbom to nitrogen. Cyclo-

additrian vroactions are ranorted for the followino- trinhenvicilvl vanide
addition reactions are reported for the following: triphenylsilyl cyanide

. . 174 _ . N . -
with aryl isocyanates; bis (trimethylsilyl) hydrogen phosphate with 1,1~ and

77
rJ

h ]
1,2-divinyloxyalkanes; '~ and trialkylsilylketenes with ketene dialkyl

acetals.l76 -

Addition reactions involving ring opening have been studied for sila-

<:y<:lobut:anes.177"178 Both nucleophilic and electrophilic reagents cleavage

'the SieC bond in silacyclobutanes. N-Trimethylsilfloxazinone defivatives are
obteined when Ph,C= Sihe3 is heated with diketene.179

VThe solvoiysis of RHeZSiCMeZBr in aqueous ethanol results_in elimi-
'nation of hydrogen bromide to produce isopropenylsilanes in high yields.1$Q
'Effects of solvent 'added.salts, and varlations of R on the rate of solvoly-

515 ‘are ratlonallzed in terms of a transition state in which the carbon adJa— )




201
'cenﬁ ;orsilicon ﬁés_de&e}oped'considerable cgibonium ion gharagper{v:Ab-initio“
SCEMO calculations indicate that the bridged B-silylethyl cation o) is ‘more
§tab1e’than the open classical structure Ey 0.5 eV.181 'Calculétioné on,cérbon-

ium ion stability indicate that the relative rates of SN1 solvolysis. of

trimethylsilylalkyl halides largely are determined by the relative stabili- -
ties of the carbonium ion intermediates. Studies suggest that a l-silaethyl-

ene intermediate may be formed by a f-elimination process when (RMeZSiOSiNe -

2
CH,),B is reacted with NaCEt in Ecod. 182 The enhanced reactivity of

1,1-dimethyl-l-silacyclohexane over tetraethylsilane toward dehydrosilyla-

83

tion by trityl fluoroborate is attributable to ¢ - = conjugation, ll,l The

a-triethylsilyl derivatives of acrolein and acrylic acid, and B-triethylsilyl-
allyl alcohol are more stable than the saturated systems toward the B-elimi-

184

nation process.

REARRANGEMENT
Molecular rearrangements involving interactions between silicon and

oxygen are discussed in a recent.publication.lss'

' References p. 218,
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The faclle mlgratlon of 311y1 groups from Gac in 511y1-01ef1n1c rlng
;systeme (fluxlonal behav1or) contlnues to receive attentlon.‘ Arrev1ew arti-
jcle has’ been publlshed on the 1mp11cat10ns for orbltal symmetry rules 1n ex-
.plalnlng the dlrectlon of molecular rearrangements of flux1ona1 group 1V organo-
;qetalllc compounds.186 A potentlal curve close.to the reaction coordinate has
'beeu calculated forrthe symnetry-allowed 1,5~rearrangement channel of cyclo-
ﬁentadienylsilane.187 éNDO/Z calculations of the ground state geometry and
theitransition state geometry for SiH3 migrationhavebeen reporteci.188
Ab iuitio‘ﬁolecular orbital calculations and photoelectron spectroscopy data
have been used to'interpret in detail the differences in fluxional behavior

. ; : < . 189
.of a variety of cyclopentadiene derivatives of the representative elements.

The 1H and 130 NMR spectra of the fluxional molecules, CQH7MMe3 (when M = Si,

Ge, Sn), have been determined over a wide temperature range in order to deter-
mine the relative migratory ability of the cyclopentadienyl and indenyl

ligands.lgo-lgl Similarly, the 1H and 130 MMR spectra have been used to study

silicon migration in N-(trimethylsilyl)-3,S-dimethylazoles.192 An intermolec-
ular exchange of the trimethylsilyl groups between the two nitrogen atoms is
proposed to explain the NMR data. 5,8-Bis(trimethylsilyl)-1,3,6-cycloocta~
triene does not appear to undergo facile trimethylsilyl migration.193

The G20 migration of a triorganosilyl group is common in organosili-
con chemistry due to the large Si-Olbond energy. Based on kinetic and isotope
studies, the thermal rearrangement of (trimethylsilyl)methyl allyl ethers is
proposed to proceed by rate-~determining formation of a short-lived complex in
whicﬁ the_silyl'moiety coordinates with oxygen followed by a rapid rearraﬁge-
.ment by patﬁway (a) or (b)res shown in Scheme VII.194. Stereochemical end
. kinetic'studies show that both G20 and O¥C migrations of silyl groups occur
.éith retention qf,cbnfiguratiou at silicon on the thermal rearfangement of
VHeléiCRVOSiME Ph;}?s Rlnetlcs of the thermal rearrangements of

f[p-xc

6 4 2

510] “.(when X.= M_O Me, H Br) whlch y1e1d products con51stent




7,203 .
with an intramolecular migration of silicon from carbon to oxygen have ‘been
studied.196
In some .reactive intermediates , 04C and ‘S4C migrations of tfiorgano-
silyl groups have been repbrted. 1,2-Rearrangements of the above type have

' .. 197,198
been observed for the benzylic anions of benzyloxyorganosilanes 97, and

Me 3 S 1CR2 OCH.2 CH=CH2

[complex]

N
@ / \ ®)

RZCOSJ_Me3 ’(iﬂ
// \
+ H,C Y cH,
/CH\ ‘\ !
- T~ /
CH;-  * ~“cH, R,C 0
ks < FAEEN 7/
N V4
~ 7
. ,/ SiMe3
- ”~
CH2=CHCH2CRZOSLMe3
Scheme VII

199
benzylthiotrimethylsilane. ™~ Stereochemical studies indicate that the O»C

anionic rearrangement is reversible and proceeds with inversion of configura-

tion at the benzylic carbon (cf. Scheme VIII). 1,2-Triorganosilyl shifts from

SiR
N3
Ph,_ RN
’ \ :
PhCHLiOSiR3: \q 0 pm— Ph(R,S1)CHOLL
\ / ~
H/ N/
\ v
i

- Scheme VIII
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s éa?bdn’tb 6xygen-or‘su1fufgaré proposed for unstable silyloxonium and

200 .

_silylsilfonium ylides.
if-ii'”‘ 00, i,4-trimethylsiljl'shifts occur during the m-chloroperben-

"zoic acid oxidation of silyl enol ethers.20%>202

Angle strain at silicon
.inAijéCéﬁyiggétonato-l—mgthyl-1—silacyclobutane enhancesjtﬁe 1,5-si1y1>
.migrétion between the two oxygen cenfers.zo3 At slightly elevated teﬁpera-
Atﬁres, a faéiie irreversible rearrangement via ring opening occurs to yield
1,3,5-trimethyl-2,9-dioxa-1-silabicyclo[3. 3.1]non-3-ene.

" CON migration™of triorganosilyl groups, a 1,2-anionic rearrange-
ment, has been observed ﬁhen aminomethylsilanes are treated with small amount
of n—butyllithium.zo4 The reverse process, N#C migration, has been observed
when ﬁ-trimethylsi1y1dibenzylamine is treated with t-butyllithium or n-butyl-
1ithium~TMEDA. The thermal rearrangement of 3-trimethylsi1y1-5} -pyrazolines
to l-trimethylsilyl-ag -pyrazolines may proceed by a (#N, 1,3-silyl migra-

tion. 1/ Similarly, a C?N, 1,3-silyl migration is observed when wa-silylated

aldimines aée allowed to stand in the presence of bromotrimet'nylsilane.205

NMR techniques have been used to study the facile ON, 1,3-silyl
migration in bis(trimethylsilyl)amides.206 Silyl derivatives of nitramines
undergo a similar O+>N migration at room temperature.207 Increasing tem-
perature and bulky substituent groups on silicon favor the O-derivative.

The rearrangement of organosilicon-transition metal compounds has
been reported. Both silicon- and iron-containing groups are proposed to
undergo 1,2-migrations in the thermal rearrangement of ME3SiSiM22CH2Fe(CO)ZCp
resulting in the following change in the bonding sequence, SiSiCFe -

208

SiCSiFe. An intramolecular migration of a trimethylsilyl group from

RE#C is suggested in order to explain the silylation of the cycloheptatriene

~ 209 P e . - e s . .
ring, eqd. 9. Both iron and chlorine undergo 1,2 migrations between
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g oy e ST 10
silicon and carbon’in.the compounds, CpFe(CO)Z(S;Me3;nC1n)CH2C1, on heating.
Oﬁher types of rear;angemedﬁs of -organosilicon. compounds have been

reported.‘_A free radical mechanism is proposed for the 1,4-aryl-group migra-

tion in ‘Arsme'zcuzw'zc" X (where X = Gl, Br) on reduction with n-‘m;_,,sﬂu‘-'

H,
DTBP.le' Aryl and alkyl groups rearrange between silicon and aluminum when -

212 The trimethyl~

dimethyl (triphenylsiloxy)aluminum is heated to 250°.
siloxycyclopropane derivatives obtained from silyl cycloalkenyl,ethers by the
Simons~8mith reaction, can be isomerized in situ to silyl etﬁers of 2-methyl-
enecycloalkanols by changing the amount of solvent.213 A high stereoselec-
tivity has been observed for the rearrangement of allyl siloxyvinyl ethers'
to 8, y-unsaturated acids.214 A chair cyclohexane-like transition state has
been proposed. Polar solvents catalyze the allylic rearrangement given in
eq. 10.144 ’

RR'CCL (Ph3Si)C=CH ——=> RR'C=C(SiR,3)CH,Cl (10)

2

(pialkylaminomethyl)triphenylsilanes are formed when dialkylmethyl(2-triphenyl-
silylethyl)amonium halides are allowed to react with n-butyllithium,>%>
Rearrangement of the unstable ylide intermediate by a cyclic process is
proposed. Isomerization by ring expansion from a four- to a six-membered

ring system has been observed for silylated phosphorus ylides.216

The thermal rearrangement of ¢is- and trans-1l-trimethylsiloxy-l-

vinylcyclodec~3-ene, a siloxy-Cope rearrangement, has been studied to evaluate

ring-étrain effects.217 The thermal rearrangement of 3,4-bis(trimethyl-
R - 2,5 - 218 N .
siloxy)-endo-tricyclo[4.2.1.0 Jnona-3,7~diene has been reported. - Kinetic

studies of the gas-phase isomerization of hexamethyldisilane to trimethylsilyl-
{dimethylsilyl)methane indicaﬁe that the isomerization proceeds by a radical
chain reaction.219 The photochemical isomerization of 1-sil§—2,4-cyc10hexa-
dieneé,zzo 1,2-disila-3,S-cyclphexadieneszleand some sily1—1,3-butadienes222 ;

has been reported.

Refere_ncﬁ p. 218
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and. Me, catalyzed by AlCl3 and AlBr3 have been deter-:

2% 2

for;sciambl;yg;of:f;uorlne;gg;;chlpr;ne,be:ween 5111cpnébased eeqtral

owing cen:ers-'ﬁezc, ﬁe9$ Fe3>1, meZGe,

|-l

;GiéﬁiéS:,_aﬁﬁd_béEwééﬁ ﬁhE~rol
?MeSGe, MeP(O), MezAs.?zsy Tﬁe‘former,study igdicetes:a definite preference of
{ffluor;ne:forvthe silicon atom which bears the'lesser number of alkyl groups,
'ar;dr.-the>' 1a£eer study allows predictions to be made for the following order of

preferegtial affinities‘for fluorinerg§.4chlorine; MeSi > MeP(0) > P(0) >

ﬁEéSi > MEQP(O)—> MeP(S) > ME,Si.* MeP(Se) > MeP. The exchange reaction of

7

‘Me351MMe (where M = N, P, As) with (CF ) M'H (where M' = P, As) has been
‘studied as a means of preparing compounds of the type He35 T’(CF3)2.?26 The
Eranésilylation of various methyl- and chloro-substituted disilazanes by
ClnSiMBQ-n (where n = 2-4) has been investigated using NMR techniques.227
The order of reactivity, MeZSiCI9 < bmSicl3 > Siclé, has been observed for
the transsllylat ng agent. The transsilylation reactions. of benzothiazol-2-
vlgilanes with various chlorosilanes have been found to be sensitive to small
~differences in the ligands of both components.2
The conditions for the symmetrization reactions of RHgSiR3' have
been investigated and discussed.229 The exchange reactions between trimethyl-
silyl-VIB transition metal complexes and heterosiloxanes can be used for a
gqualitative estimate of relative metzal-metalloid boﬁd reactivity.23 Symmet-

rical species are favored in the equilibrium between the dimeric species of
cal iron-aluminum complex.

FREE RADICAL

A review article has been.published'on organometal peroxides of the
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'?dlscussed.zézji A

Organ0511y1 free radlcals are 1mportant 1ntermed ates in many
“Feactions of organosillcou compouuds; A relatlvely stable. sllyl radlcal

fz[(MbjSi)ZCE]3Si,'baslbeen prepared by the reaction of (Me351)2CHL1‘w;th
P 233 ’

+ ha

7 —~— +hian madldanl- o
LIS Tadidlalr aas

s £ e v nharalvesa TLo T
S.L2 i, follo ed by photolysis. The ESR

P N PP S o
Lokl Spclriui uL

determined, ty»10 min. The thermolyéis of bis(trime hy1511y1)d1m1ne has
2
e VA

aa
LIFTLIOO

been found to give rise to five main products. ESR studies indicate

that some of the products are formed via radical chain reactions involving

236

trimethylsilyl radicals. Similarly, ESR studies indicate that the thermal

and photochemical .decompositions of phenylazotriphenylsilane proceed by homo-

lytic fission of the Si-N and N-C bonds.237 The thermolysis and photolysis

of R CngSiR'3 involve homolytic bond cleavage yielding free radical inter-
. 229 . . . - .
mediates. Kinetics of the reduction of methyltrichlorosilane by hydrogen

are consistent with a mechanism in which the initial reaction is homolytic

2
fission of the C-Si bond."38 The reaction of deuterium atoms with silane has

been studied by ESR methods.239 Hydrogen-deuterium isotope effects have been

Tana Tl £€ATT v
rane. 1€ rOL1TW—

ing reactions which probably involve silyl-radical intermediates have been

221
studied: the photolysis of H,5 in Me_ SiH e

9 2 03 the photochemical reduction

of lactones with HSiClS;242 the halogenation of transition metal-substituted
silicon hydrides;243 the direct silylation of non-conjugated olefins in the

244 Chemically induced dynamic nuclear

system, MeSSiCl/Mg/m‘{PA; at > 170°.
polarization has been used to study the mechanism of photolysis of acylsilanes
s s 1. 2845 T m T A e a4y
in bb.l.4 SOLUCLONn. Lile TeSultS Calil 1nto question tne acceptea meciic

for acylsilane photolysis in Cclq and suggest caution in interpreting the chem-
ical and stereochemical behavior of silyl radicals generated under these con-
ditions.

The reacticns of silyl radicals with unsaturated systems have been
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1sﬁudied. A flash phot01y51s-ESR klnetlc study of the addltion of trlmethyl---
>811Y1 radicals to ethylene ‘has been reported.246 ‘The results 1nd1cate ethyl-
;ene is an- efficlcnt scavenger for trimethylai y1 rad1cals under steady illum-

_lnatlon, photochemlcal reaction conditions. Ihe addition of 511y1 radicals to -

Aoﬁher unsaturated systems has been reported: 1,1-di[bis(trifluoromethyl)aﬁinb];

. e 247 o : e 2 oa = g 248 -
ethiylene; tetrafluoropr e and 3,3,3-trifiuoropro e; - 2Z- oro- and
1y H L pPTropyn 23> P H

2-bromo—1,1-dif1uoroethy1ene;249 diphenyldiazomethane;zso nitrothiophenes,
‘nitrothienothiophenes and nitrobenzene;"”‘ phenyl t-butyl m’.i:rcme;"':’4
acecate.zss'

methyl

The reactions of silicon compounds with free radicals have been

studied. Kinetics have been reported for the abstraction of hydrogen atoms

from tetramethylsilane by CF3- and CD3254 and from cyclic and noncyclic

255

* n

silicon hydrocarbons by 2,2,6,6-tetramethyl-4-hydroxypiperidino-i-oxyi.
ESR studies have shown that silyl-substituted phenoxyl radicals are inter-

mediates in the reaction of hindered silicon-containing phendls with phenyl-
256,257

mercury(I1) hydroxide. ’ The photechemical chlorination of alkyltri-

. ., 258,259 . e
chlorosilanes has been studied. The relative reactivities of hydrogen
atoms have been determined, and an activating B-mesomeric effect from SiC13 has

been proposed. Free radical mechanisms have been proposed for the addition of

280

hydrogen bromide to l-trimethylsilyl-Il-alkynes and fcr the photolytic addi-

261

tion of hydrogen sulfide to dimethyldiallylsilane. ESR techniques have

shown that free radicals are involved in the Cu(Il)~-catalyzed oxidation of
triorganosilanes.262

The anion radicals formed in an ether solution by electron transfer
from a
tiimethylsilylacetylene; 4 and bis(trimethylsilyl)diimine265 have been
studied. ‘The electrochemical reduction of aryltrimethylsilanes in methylamine

solvent is proposed to involve anion-radical intermediates.266
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INSERTION
: The'producﬁs oSfained from the réaction'of magnesiuﬁ or sodium with
,chloiohydrogenosilanes'in THF, 1,2-dihydrogenodisilanes, c;ﬁ be explained‘
in termsléf insertion of silylene intermediates into Si-Cl and Si-H bonds.rn267
1-0Oxa-2-silacyclohexanes are pro@uced in the magnesium haiide-catalyzed ré-
action of ~"g—uesiuﬁ1 with diorganodichlorosilanes in THF. The mechanism
of formation of the insertion-type products is discussed.

A number of reactions have been reported for the insertion of car-
benes into C-X and Si-X bonds of organosilicon compounds; trimethylsilylcarbene
into Si-H and C-H bonds;169 carbomethoxycarbene into the Si-H bond;269 carbo-
alkoxycarbenes into a-GC~H, B-C-H, and Si-C bonds;270.carboethoxy(trimethyl-

silyl)carbene into the C-S bond;271 dichlorocarbene into the Si-Br bond;272

) 273
1,2,2-trifluoroethylidine into Si-H, Si-Cl and Si-Br bonds; '~ n-alkylvinyli-
dine carbenes into Si-H and C-H bonds.zn‘-275 Based on Hammett correla-
tions for the reaction of aryldimethylsilanes with carbomethoxycarbene, the

authors suggest that the insertion of the free carbene into the Si-H bond

involves a slightly ionic transition state.269 The pyrolysis of phenyl(tri-

which probably is formed by an intramolecular insertion in the intermediate
6

27
phenyl (trimethylsilyl)carbene, cf. Scheme IX.

— -
crz
2 / \C
] o . Me,si____Tcu
Me,SiCPh _200% o  [Me,siCPh] - ~ 7l
N, L/,
' -1 ~ ,
o ~
N — B ‘ér,,' L -
l - |
S 7 R py
Si—" N\ 5 ‘/1\\<§?’
Mhz 'yéz b :
Scheme ‘IX
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2n. O—H_—nsertlon product.- SR

(Trlmethyls11y1methy1ene)dlmethylphenylphosphorane reacts wlth

~7pheny1 1socyanate to form a 2: 1 1nsert10n product, whlch ‘results from inser-

tlon of phenyl 1socyanate 1nto both - the C-81 and C-H bonds.27? ‘The reactlon

Vrof benzoyl-t butylcarbodllmlde with Me_SiNMe and (e Sl)zNMe yields

-3 2
'products ‘in which the diimide inserts in the Si-N bond. 278 . Oxygen insertion

'Vlnto the Sl-H‘bond occurs on ozonolysis of 511ane5979 and intc the Si-Si

“bond on the péracid oxidation qf 1,2-disi1acyc1§a1kanes.280 In the oz&noly-

sisrstudy; the éffect of substituent groups on silicon onrthe rate of reaction

are feported; for. the peracid oxidation, a rate-charge transfer energy rela-

tionship has been found. The insertion of carbon dioxide in the Si-N bonds

of 1,4-diaza-2,5—disilacyclohexane derivatives yields products with an

expanded ring system.281
Insertion reactions of various metallic species of low coordination

number have been reported: [(Me3Si)2CH]ZSn into M-H, M-C, M-C1l and M-M bonds

282

(where M is a transition metal); SnCl2 into the C-Cl bond of chloromethyl-

2
283 - . d 284

silanes; Fe(CO), into the Si-Hg bond; Ni(CO), into the Si-Si bond of
4 4

l-t-butyl-3,3,4,4-tetrafluoro-3,4-disilacyclobut-l-—ene.285
The reaction of vinyltrimethylsilanes with dichlorobis(benzonitrile)-
palladium(II) is proposed to proceed by an addition-elimination-insertion
286

process as shown in Scheme X.

DECOMPOSITION

The mechanisms of decomposition reactions may be complex involving
a vériety of:processes: ionization, free radical, eliﬁination, rearrangement,
etﬁ. 'for this reéson, some‘decoﬁposition processes may have been placed in
r_onequ the above sections if it was deemed:more appropriate.rb

rConsidérable:gttehtiOn-has been focused on decomposition reactions




f1nvolv1ng enstaﬁle 5111convanalegs-oflunsaturated compounde ae 1ntermed1ates.:wf
eA review artlcle has been publlshed in thls atea.zgj: CNDO/Z and EHMO calcu—~i
latlons have’ been performed on molecules containing C—81 and Sl—Sl bonds 288-789
'The results xndlcate that the :C=5i bond is exceedlngly polar 4nd extreme;y :
feactrve while the Sl—Sl bond is expected to be much less reactive: aud com;‘

pounds containing this linkage may be amenable to isolation. The factors

Me,SiCH=CER + (PhCN),PdCl

3 2

Me Si

Scheme X

influér,lcing cyclodimerization vs. polymerization of st:'.:cﬁz have been’

"Ref.e'lr'ebnce‘s'p.VZVIBFj Lol B




7 ‘The py'rolysis of 1 1 d:.methyl-z-phenyl-1-311acyc10butane yields
_products hich indicate that the silacyclobutane ring can fragment in two »
,different ways formlng the intermedlates Mb Sl—CH2 and Me Si—CPhH. Thef

~react:|.ons of RZSi—CH have been outlined in-a paper on’ the chemistry of sila—

’ cyclobutanes- 1—7? 1\‘40 major pathways have been observed for the react:.on of

IR S:L-CHZ w:.th aldehydes and ketones' (a) olefm fomat:t.on, postulated to ‘
;occur via a pseudo-wittlg reactlon, (b) s11y1 enol ether formatlon.292 The
-order of reactiv1ty and selectivity of Me Si= CHz toward a variety of sub-
'strates has been determined- Ph C=0 > ROH > ArCH >> m-ClPhNH > CH3CN 293

'The dipolar character in reactions of MeZS:.—CHZ with various halos:.lanes has

.been emphasized.294 Evidence has been presented which indicates that silicon-
Vnitrogeﬁ, double-bonded intermediates, R, Si=NPh, are formed on thermolysis of

295 Studies sdggest

31lacyclobutanes in presence of the imines, R' 2C—NPh.
that the copyrolysis of 7,8-disilabicyclo[2.2.2]octa-2,5-dienes with benzalde-

hyde yields the intermediates, Me281=S:LMe2, Mezsi=0 and Me25i=CPh (ct.

. Scheme XI).296
7 Si Me .
ite, 2 Me.Si 0
Me,.Si I St 2
e, A 1] PhCHO '
51 Me Si CHP
. Mo 2 h
2 A
/ (esin), @ e [¥e,S1=01 -
) +
[Me,51=0] ‘
Me, 51— 0
+ PhCHO [Me,Si=CHPh]
: ——~CHPh
PaHC=CHPh PhHC

Scheme X1



The photochemlcal decomp031t10n of the 1 2,3~ trlsilacycloheptane -
system to y1e1d 1 2-d1511acyc10hexanes and 511y1enes has been Shcwn to pro—f -

:»ceed stereospec1f1ca11y 2?? The results are 1nterpreted in- terms of a con-;
’certed mechanlsm in. which s1nglet silylene is ellmlnated The application .

of Woodward—Hoffmann selectxon rules to the above photoly51s requires that

8
- the ‘process proceed 'through a ok excited. st::lte.‘g9 The photochemical ‘frag-r
mentat1ons of 1, 1-d1methy1—2—pheny1—1-51lacyc10butane in methanol, 291 and
299

3- (tr1methy1511y1)propyl and 2-(tr1methylslly1)etby1 thloacetates have been

studied.

_The structure of the carbosilanes formed on pyrolysis of tetramethyl-
silane have been investigated.300 Evidence ﬁas been obtained for a hydrogen
atom chain sequence during the pfrolysis of trimethylsilane.301 A,mafhemati-
cal model based on a homogeneous chain reaction with degenerate branching
has been developed to interpret the experimental data on the pyrolysis of
disilane.39'® e pyrolysis of 1,l-dimethyl-2,7-diphenyl-l-silacyclohepta-
2,4,6~triene yields dimethylsilylene and o-terphenyl. The intermediacy of 12

is proposed.302 The products of the thermal degradatiom of phenyl(tolyloxy)-

silanes have been determined.

Ph

iMe

a-Elimination processes are observed on the.thermolysis of a=(halo-
304-305 . .
methyl)trxhalosxlanes yleldlng carbene intermedlates. Kinetics of the

thermal decomp051t10n of B- (trlfluoroethyl)sxlanes and the hot molecule

Referencee p- 218
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Jkinet1c< of 8- (trlfluoroethyl)tr1f1u0r0511ane have been. studled.?’?6  The:
.thermal stab iit es of; 6 6~ d1ha10-3 511atr1cyclo[3 1 Olhexanes toward rearrange-

ment to cyclic and 11near dienes have been reported. 170. rCycllzatlonAoccurs

: when,dichlpro(gfchlorophenyl)-1~naphthylsilane and dichloroel-naphthyl-g-»

307 Oxasildaphenanthrenes and oxasilanaphﬁhalenes

08

tolylsilané are p&rolyzed.
‘are obtained on pyrolysis of g—anisylphenylsilanes.3
On pyrolysis, N-silyl-N-(silylalkyl)carbamic esters undergo trans-

silylation with formation of cyclic carbamic esters as well as B-elimination

. . X 30 - . .
‘of alkoxysilanes. 9 The electronic and structural effects of substituent

groups were studied, and the .mechanistic aspects are discussed. Kinetics of

the thermal transformations of N-(trimethylsilyl)carboxamides have been deter-
316

mined and mechanisms are proposed. The kinetics and stereochemistry of

the thermolysis of trimethylsilylated sulfonyl carbonates yielding sulfonyl

isocyanates and alkoxysilanes have been studied.311 a-Deoxysilylation occurs

when N-(trimethylsilyl)-substituted derivatives of hydroxylamines,

Me3SiNROR', are pyrolyzed yielding nitrene intermediates.312 A three-centered

concerted mechanism is suggested for the wnimolecular fragmentation.
The modes of thermal decomposition of various types of organopoly-

siloxanes have been studied: crosslinked polyorganosiloxanes;313 oligo (methyl-

14 315,316

phenylsiloxanes);3 poly (metallophenylsiloxanes); polyorganocarbo-

siloxanes;3l7 urethanes with silarylene chain units.318

The factors which lead to the unusually high thermal stability of
triorganosilylmethyl derivatives of metals continue to be investigated. The
importance of the bulky nature of the bis(trimethylsilyl)methyl ligand has

3
been emphasized in preparing trigonal and distorted trigonal do to d° com-

plexes, MR3J M=Y, Ti, V or Cr).319 He (I) photoelectron spectra of
M93SiCH2— and Me3CCH2f derivatives of group IVA and IVB elements indicate
that tﬁe;observed stability trends are not related to ground state electronic

véffects.320 The enhanced stability of trimethylsilylmethyithallium(III) com~ -



915 -
pounds in cdmpafiéoﬁ with the simple_alkyl;dgtivativesgiévattxibﬁtedrtq's;efic7
32;.’TrimethjlsilylméthYl derivatives of Zn; Al, Nb'aﬁd;Ta‘haié:begﬁ}"
322 : ' R ' :

7 éffects.

" des cribed.

A review article has been published on' the mass Spect:a-o£~organo-

‘metallic compounds of group IVB.323; A number of studies have -been reported on

the fragmentation of organosilicon compounds:- t—alkylsilanes;324'viny14

325 326-327

silanes;™’ substituted‘phenyldimethylsilanes; phenyl~ and pentafluorq-

32

phenylsilicon derivétives of - pentacarbonylmanganese; 8 hexamethyldisiqu-

ane;329 methylphenyldisiloxanes and hexaphenyldiailoxane;sso methylphenyl-~

cyc10polysiloxanes;331 rhethylphenylspirosiloxanes;332 2,2-diorgano-1,3, 2~

3
dioxabenzo{d]silanes; 33 bis(trimethylsiloxy)naphthalenes;334 substituted

dimethylalkoxysilanes;335 dimethyl- and trimethylalkoxysilénes;336 products

from the silylaikyliation of adamantane;337 4-silaspiro[3,3]heptane, -octane

and -nonane;338 l-silacyclohexa-2,4~diene and its 1,1l-dimethyl and 1,1l-dichloro

derivatives;339 2,2-diorganosilicon~substituted oxazolidones;340 trimethyl--

341
silyl derivatives of barbituates, silylpyrazoles;342 substituted 1,3-diaza-
2-sjilacyclopentanes and -hexanes;343 silyl derivatives of o-, m- and p-car-

boranes;344 1-silalactones;345 trimethylsilyl derivatives ‘of alkyl and amino-

alkyl phosphonates;346 w=(trimethylsilyl)alkyl methyl sulfides and sulfones;347

S-alkyl t:hioacetates.299

A number of studies have been reported on ion-molecular reactions.
The kinematics of hydride-ion transfer reactions of monosilane and disilane.

and of hydrogen-atom transfer reactions of monosilane have been investiga-

ted.348’349 Reactions involving hydride-ion transfer are ptoposed.ﬁo proceed

by a direct, stripping-type process and by a complex-formation mechanism. -

: - . - 350 : '
Ton-molecular reactions in monosilane-ethylene mixtures, monosilane-

353

écetylene mixtures,351 disilane,352 methylsilane, andrmethylfluord—

354

silanes also have been investigated.
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\ The palymériéatioﬁhreactions,of fourémemSefgd silicbn;qarbén héterOf.
cycles have'been feviewed;177 Mono- and di#ilaéyclobdtaﬁes wifh’Ti, erand »

B ha11des are effectlve catalyst systems for the polymerlzatlon of oleflns
' 355

‘,and can be used in place of Ziegler-Natta systems. The mechanism of the
anionic polymerization of trimethylvinylsilane using n-butyllithium has been
. - 356 . " . . . e
investigated. The anionic copolymerization of trimethylvinylsilane or

phenyldimethylvinylsilane with acrylonitrile in the presence of n-butyllithium

does not give a random copolymer, but yields a block copolymer with terminal

polyacrylonitrile units.357 The polymerization of cyclopentadienyltrimethyl-~

silane in the presence of SnCl, and C1,CCO,H has been found to be both first
ia d ) r4 -

and second order with respect to monomer.358 Carbonium ion intermediates are

P -

proposed on the basic of spectroscopic data. Mechanistic studies have been
£

carried out on the polymerization of N,N'-(methylvinylsilylene)di-e-caprolactam

and N,N'-(methylvinylsilylene)di-y-pyrrolidinone and their copolymerization
with methyl methacrylate and styrene in the presence of dicumyl peroxide.359

The kinetics of the condensation of tetramethyl-1,3~disiloxanediol

studied, and mechanisms for the catalytic condensation reactions have been

360 . . s e s e s
suggested.”  Evidence has been obtained which indicates that the electron

acceptor property of silicon is gradually reduced during the dehydration of

polysilicic acid.361 Kinetic parameters have been determined for the con-

densation .of polyfunctional organosiloxanes.362 Experimental data indicate

that the orders of the polycondensation reactions of polyfunctional compounds

asernd on- *he mean o ara on +h
epena on- the mean. Tunc ta on C

merization of siloxanes .have been rationalized in. terms of three possible

. =
reaction mechanisms.” - The effect of the counter-ions on the anionic poly-

merization of 1,3,5-trimethyl-1,3,5-(trifluoropropyl)cyclotrisiloxane has

I . - + 364
been-stgd;ed. NaT > it > KM >> n-BuzNH2 > CSHIONHZ > Et NH . Rate
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constants and activation energies have been determined for‘thé.ahidhic poly- °

mefiéation of (peiflubroalkylaryl)pentamethylcyclbtrisiloxaﬁes,305 - The
‘anionic polymerizatioh of methyl- and phenyl-substituted spi:bicycloéiloxaﬁes
has been studied.366

For the FeC13—-cata1yzed bulk ccpolymerization of 1,7-&10méth0xy-
silyl)-1,7-dicarba-closo~dodecaborane(12) and a dichlorosilane, a:three-stage
process has been observed: (a) low temperature polymerization; (b) high

temperature polymerization; (c) foaming.367

Polymerization and crosslinking
mechanisms of the polyQg—carboanylene-siloxane)s are discussed. The mechanism
of the catalytic influence of Fecl3'on the heterofunctional condensation of
gfcarboranesi@anes and -siloxanes has been investigated by UV spectros-
c0py.368 Siliconium ion and Feclaﬁ-intermediates are proposed. The second-
order rate constants for the copolymerization of substituted phenylmethylbis-
(dimethylamino)silanes with 1,4-bis(hydroxydimethylsilyl)benzene have been
determined and correlated by the Hammett equation,.369 The dispiacement at
silicon is discussed in terms of a bimolecular mechanism involving a four-
centered transition state. The electron density at nitrogen is more important
than ring size effects in the copolymerization of disilaazacycloalkanes with
aromatic and organosilicon diols.370 Second-order rate constants and energies
of activation have been determined for the polycondensation of (hydroxyalkyl)-

arylsiloxanes with chlorocyclophosphazenes;371

DIRECT PROCESS

A review article has been published on the reactions of silicon and

372

germanium with halogens, hydrogen halides and organic halides. This review

article includes a discussion on reaction mechanisms. Schemes have been pro-

posed for the interaction of methyl chloride with the surface of chlorinated

373

silicon in the synthesis of dimethyldichlorosilane and methyltrichloro~

. 374 ) X ) N : .
silane._74 Analysis of the experimental data suggests that intermediate surface

References p. 218



218

"_molecules are- formed in. which the s:.l:.con atoms are in’ ‘a five-valent state. Co
N K:Lnet:.c studles of the direct synthes:.s of methylchlorosilanes (S:.-Cu alloy, o

'ZnCI :promote'r) ‘indicate that the~react:|.on is pseudo first prder in methyl -

chloride.375_ The ditect'pérticipation of éurfacé'sicl compounds in the for-

mation of methylchloros:.lanes by the direct. process has been conf:.rmed experi-

376

.mentally, - The reaction and regen_ration of surfac

{
{
k

resgﬁble a chain process. The effect of partical size of the Si-Cu catalyst
“on- the direct synthesis of xﬁethylchlorosil.anes has been studied.” . The efféct
: of added ‘Hz and HC1, te.mpei'ature, and promoters on the reaction of chloroben~
z;ane with Si—cﬁ alloys has been investigated.

378
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