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SUIARY,

The base~induced reactions of trimethyl-
silyldiazomethane and dinethyl phosphcnodiazonethgne
wvith carbonyl compounds to form the homologous
acetylenes are deScribed; the reactions are generally
applicable to the preparation of di-aryl écetylenes
and of certain aryl alkyl acetylenes,

The reaction of 14l '=carbonyl~di-inidazole
with hydroxy-carboxylic acids is discusseds
imidazolide formation occurs only with substrates
in which the hydroxyl function is Secondary.

The preparation and proporties of rolymer-

supported imidazolides are deseribeds such compounds

show lower reactivity than free imidazolides,
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" INTRODUCTION.



SILICON = ALIOST ORGANIC.

Over the past decade, the element Silicon has
experienced a remarkable change in its fortunes. It has
been wrenched from the hands of electronics manufacturers
and purveyors of "non-stick" frying-pans, and planted
firmly in the armoury of the synthetic organic chemist.

The basis of the synthetic utility of organosilicon
compounds lies in the nature of. the element Silicon itself:
As the most electropositive of the "non-metallic" elements
in the second row of the periodic table, its bords to the
more electronegative firsterow elements, Oxygen and Fluorine,
are stronger than the bonds of Carbon to these elements,
while its bonds to Carbon and FNitrogen are weaker than the
bonds of Carbon to these elements. This characteristic
gives rise to a wide range of thermodynamically-
favourable processes which make organosilicon compounds
useful in synthetic transformations.

The second property of Silicon is that it possesses
a set of vacant d-orbitals of suitable energy for back-
bonding with a filled 2p orbital on an adjacent atom of
a first-row element. This enables Silicon to stabilise an
ad jacent carbanion, and opens up a further series of
potentially useful symthetic routes. |

One very important consequence of these properties
is the comparative ease with which a silyl substituent on
a Carbon framework can be removed. As an electropositive
elenent, Silicon is susceptible to attaeck by a nucleophile;
moreover, bonding by the nucleophile through the vacant

d-orbitals of Silicon can commence before the Silicon=-
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Carbon bond is broken. In gene?al, removal of a silyl
substituent can be effected by nucleophilic displacement
uznder fairly mild conditions, provided that the Carbon
fragment expelled is a good leaving group (SCEE(T 1).

TN echaracter of the Silicon=-Carhon bond,

The Rcharacter of the Silicon-Carbon bond has
been a matter of controversy for many years, but it is
now generally accepted that such character does exist.
Numerous studies of bond«lengthé, dipole moments’, n.m.T.
spectrd,‘d@;spectré,i;n spectraﬁ Raman spectfﬁ,z&olecular
orbital studieg and chenmical behavioufﬂaf organosilicon
compeounds have supvorted this counclusion.

Ab-initio SCF=-MO calculationus have been carried
out’ for ethylene, vinyl silane and allyl silane, both
with and without the inclusiom of Siliceon d-orbitals in
the basis set. Inclusion of d-orbitals wes found to give
a better interpretation of the photo-electron spectra of
the silanes, particularly in the case of vinyl silane.

Silicon analogues of unsaturated compounds have
been prepared by thermolytig or photolytiélcleavage of
sila~cyclobutanes (SCHEIE 2), The Silicon-Carbon bonds
in these compounds have a high degree of dipolar character,
as demonstrated by their abilit&zto cleave the very strong
Silicon~Fluorine bond, a property restricted to strongly
nucleophilic reagents (SCHIME 3). Such compounds also
react with aldehydes and ketoneéi Hon~enolisable ketones
are transformed intoc 1,1 disubstituted alkenes, in a
process analogous to the Wittig reaction (SCHELE 4),
vhile enolisable ketones aTe convertedlto their

trialkylsilyl-enocl ethers (SCEENE 5).
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. Carbornium=-ion sitabilisation by afg—gilyl substituent.

(): in electrophilic substitution of aryl-, vinyl-

and allyvl-silanes.

Early studies of organosilicon compounds were
concerned primarily with the inductive effect of a silyl
substituent, particularly in the aromatic series. It was
socn discovered that a silyl substituent oun an aromatic
ring exerted a powerful activating effect in electrophilic
substitution. Horeover, substitution took place at the
site of the silyl group, which was displaced in the
course of the reaction. Thus, for example, trimethylsilyl-
benzene was converted to nitrobenzenebunder nild nitrating
conditions, under vhich benzene itself could not be nitrated.
Similarly, 3=methyl trimethylsilyl benzene was converted
to 3-methyl nitro-benzene, ggiggsﬁbstitution occurring
despite the presence of the ortho/pare-directing methyl
substituent (SCEEME 6)".

Following these investigations, it was discovered
that triethylsilyl- benzenme was hydrolysed to benzeme Dby
dilute aqueous acid at a rate 104 times faster than the

corresponding hydrolysis of E-heptylnbenzenét The
explanation proposed was thalt the intermediate carbonium
ion ) formed in the rate-determining step is stabilised
by the f-silyl substituent, and thus is formed much more
rapidly than the correspondingf%-(3—heptyl)-carbonium
jon 2 (SCHEME 7).

This ability of a Carbon~Silicon bond to stabilise
a carborium ion ﬁ to it is now well undersfood. The same
effect is seen in the electrophilic substitution of

benzyl=-trimethylsilane, which takes place much more
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rapidly than the substitution of toluene under the same

conditions, and in whieh ortho/para-direction is observed.
iig and iiﬁg MR studies have been performed of a variety
of phenyl- and benzylesilanes PhX and PhCHpX (X = SiRR'R"
where R, R'y, R' are alkyl-, alkoxyl=~ or halidef.'The
results show aﬁproximately constant differences in the
chemical shift of the ring-Carbon atom para- to the
substituent between the two series of compounds, with
greater charge-density in the riug in the benzyl series

.

than in the phenyl series. Similarly, a linear correlation

Ezﬁi chemical shifts in PhX and

is observed between
PhCHéX where the silyl group X is the same in both cases,
These results agree well with the electron-accepting
properties of an K(=-silyl substituent, compared with the
electron-releasing ability of a ﬁmsilyl substituent.

Effects similar to these described above are alsc
observed in the substitubtion of trimethylsilyl-substituted
benzoic acidg and benzcyclobuteneg, and in Priedel-Crafis
acylation of trimethylsilyl-substituted benzenes.

The aliphatic Friedel=-Crafis acylation of alkenes
can also be controlled by introduotion‘of a silyl
substituent. Thus, acetylation of the silylated eyclohexenes

3 and 4 occurs exclusively at the site of the
trimethylsilyl group (SCHENE s)zf> |

Vinyl-silanes readily undergo electrophilic
subsfitution. Thus, B-trimethylsilyl-styrene can be

brominateglor deuterateézin a_stereospecific manner

(SCERME 9). In these reactions, the silyl group
istabilises the devéloping carboﬁiﬁm—ion in a "bridging"r
manner, and therefore the stereochemistry of the original

vinyl silane is preserved in the producte.
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These reactions of vinyl-silanes'can Le summarised by the
proecess shown in SCHIUE 10.

The electrophilic substitution of allyl-silanes,
on the other hand, must involve attack by the electrophile
at the earbon atom  to the silyl-substituent, resulting
in a shift in position of the double bond (SCHZ'E 11).
Reactions of this type are also known. For exanmple, the
di-acid 5 reacts with per-acetic acid to give the allylic
alcohol 6 (SCHEME 1251 Similarly, allyl-trimethyl-silane

7 cen be acylated under Friedel-Crafis conditions to give
a variety of useful compoundés(SCHEME 1%). The starting
allyl-silanes are readily available from the reaction
of chloro-trimethylsilane and Zinec with allyl chloride in
polar solventse. Conjugated dienes can be doubly silylated
in the 1,4~ positions by a similar silylating system, and

the product ailyl silanes acylated (SCHEIE 14).

(b): in nucleophilic displacement of a silyl svostituent,
A Vinyl-silanes are readily converted to epoxy-
silanes, which, on nucleophilic displacement of the silyl
group, are converted to carbonyl 00mpound§‘(SCBEXE 15).
This process allows vinyl-silanes to be used as masked
carbonyl compounds, for example to overcome.the practical
difficulties encountered in the Robinson annelation
proceduréi which cccur beéause the base strengths of
the anions of the original ketore and the product diketone
ere very similar, and several side-reactions are therefore
observeéi ?his can be avoided by rapid alkylation of the
enolate with an allylic halide such as 2-(iodomethyl)-
vinyl-silane, which, on epoxidation and silyl-group

displacement, gives the required diketon$7(SCHEHE 16).
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It is interesting to note that displacement of the silyl
group in this case is much more rapid than with simple
epoxy-silanes, presumably because of participation by the
neighbouring carbenyl group. Various methods are available
for the synthesis of iedomethyl-vinyl silaneéi

An alternative approacﬁ’involves the use of a
silylated analogue of methyl vinyl ketome (SCHENE 17).
The silylated enplate ion 8 is much less basic than 9
because of the stabilisation provided by @qu) overlsap,
"and side-reactions are thus avoided. With such compounds,
it is possible to carry oul annelation even under aprotic
conditions, whereas methyl vinyl ketone itself undergoes
extensive polymerisation under such conditions. The silyl
‘group is easily displaced when all synthetic operations
‘are complete, since it is (X to a carbonyl group.

l-Chloromethyl-vinyl silanes can be epoxidised,
and the resulting epoxy-silanes, on treatment with fluoride
ion, undergo elimination to produce allene oxides, which
are tautomeric with oxyallyl zwitterions 10. Thus, treatment
of epoxy~-silane 1l with fluoride ion in the presence of
cyclopentadiene gave the adduet 12 (SCHENUE 18?2

Carbanion stabilisation by an -silyl substituent.

(p— d)~-Backbonding between Silicon and Carbon,
and consequent clectron-withdrawal frdm Carbon is
sufficiently strong in many cases to allow the removal
of protons X to the silyl substituent. lMany examples of
reactions involving, as a first step, the formation of
an K-silyl carbanion have been studied in recent years.
By the use of strong hases, o prdtén can be removed even

from alkylsilanesr(SCHEﬁE 19). In most examples studied,
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h&wever, the carbon from which a.proton is renmoved is
flanked by another stabilising group besides the silyl
groupe.

In one of the earlier examples of this type of
procesgi an K-trimethylsilyl ester was condensed with
an aldehyde in an analogue of the Reformatsky reaction,
The reaction has the advantage that the f-trimethylsiloxy-
ester thus produced is auvlomatically protected from
subsequent dehydration. The reaction is therefore useful
in cases in which the Reformatsky produet is liable to
dehydrate to give an aﬁ?-unsaturated ester. Cyanomethyl-
trimethylsilane reacts similarly (SCHEUE 20). It should
be noted, however, that this reaction probably does not
proéeed through an K=-silyl cerbanion, since ethyl
X-trimethylsilyl-isobutyrate 13 , whieh has no methyiene
protons X to the silyl group, nevertheless reacts with
benzaldehyde to form the/3—trimethylsiloxy-ester 14. The
mechanism proposed is outlined in SCHITE 21.

In most examples of processes involving x-silyl
carbanionoids, the reaciion paritner is a carbonyl compound,
and the/g-hydroxy-silane thus formed can be converted to
an alkene by elimination of trimethylsilanoi or one of its
salts., The classic example of this process, which is
analogous to the Vittig réaction, and often superior. to
it, is known as the Peterson reacﬁioﬁi in which
trimethylsilylmethyl-magnesivm chloride is condensed with
a ketone to give, after elimination, a l,l-disubstituted
alkene (SCHEIE 22)., It is interesting to note that the
chloromagnesium salt of the intermediaﬁe/?-hydroxy-silane

does not underge elimination, whereas the Potassium salt
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readily eliminates potaessium trimethylsilanoxide to give

the alkene. This cation-dependence is a common feature of

such elimination procezSes.

The Peterson reaction was used in a successful
synthesis of/%«Gorgonene 16 . The intermediate ketone 15
failed to react with methylene triphenylphosphorane,
but trimethylsilylmethyl-nagnesium chloride effected the
conversioﬁ‘(SCEEME 23).

The same process can be used to produce tri-
substituted alkenes or, by reaction with an aldehyde,
l,2-disubstituted alkenes’ The X -silyl carbanions are
generated either by direct lithiationrn of a suitably
substituted silane (SCHEME 24) or by addition of a
suitable alkyl lithium to & vinyl-silane (SCHEME 25).

Vinylsilanes can be prepared in this way, by

3k

reaction of bis-(trimethylsilyl )wmethyl lithium with ketones,

(SCHEME 26).

Reaction of X-trimethylsilyl-ketones with
organclithium or organomagnesium compounds leads to
ﬂ-hydroxy~silanes which undergo elimination to give
alkenes (SCEEME 27). Similarly, reaction of X -trimethyle-
silyl-ketones with&-lithio-esters givesI@,Z—unsaturated
esters. (SCHENME 28).

In contrast to the examples desciibed earlier

(SCHEME 20Y, a recent report describing the reaction of

an X~lithio-f-cyano~silane with an aldehyde indicates that

"the product readily eliminates lithium trimethylsilanoxide

te give an a,ﬁ-unsaturated nitriléq(SCHEME 299,

The factors influencing the ease of elimination of
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tfimethylsilanol from ﬂnhydroxy-éilanes have been studied
by several groups of workers. It has been observed that
lithium or magnesium salts of ﬁ-hydroxy»silanes undergo
elimination more readily wvwhen the resulting alkene is
non-terminal than when it is terminals Treatment of
p-hydroxzy-silanes with acetic anhydride or thionyl
chloride has been found {o be effective in promoting
elimination (SCHEE 30). Pluoride ion is particularly
effective in promoting eliminatipn, because of the
strength of the Silicon-Fluerine bonds

In a studf’af the stereochemistry of silanol
elimination, a ﬁmhydroxy-silane of known configuration
17 gave almost exclusively trans—alkene 18 , the product
of gsyn-eliminaltion, wher treated with potassium hydride.
Boron trifluoride, on the other hand, effected anti-
elimination to give almost exclusively cis-alkene 19
(SCEEME 31). The different elimination pathways are
presumably due to the fequirement, in the former case,
for sya=elinmination to occur in order that a Silicon=
Oxygen bond can be formed, while, in the latter case,
& Silicor~Fluorine bond is formed, and the usual

stereo-electronic factors determine the gebmetry of

the eliminaticn. Similarly, 1l,;2=-dichloro~ l~trimethyl=-
8ilyl-alkanes undergo §£§é§~elimination of the elements
of éhlorotrimethylsilane to give chloro=alkenes (SCEHALE 32).

The reaction of l-triphenylsilyl-vinyl lithium
with aldehydes leads to alleneés(SCHEHE %), In this
case, silanoxide elimination does not occur readily, and
fluoride ion is uvsed to displace the silyl noiety. It seems,

however, that this reaction cannoit be extended to ketones
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to produce l,l-disubstvituted allenes, for im this case
the @-hydroxy-silane does not undergo elimination on
treatment with fluoride ion, although the silyl group
is removed (SCEIME 34).

Symmetrical allenes are formed by reaction of
trimethylsilylmethylene triphenylphosphorane 20 with
ketones. Alkenes are always formed simultaneously, as a
result of {trimethylsilyl group displecement from the
phosphorane, followed by normgl Wittig reaction with
the ketone. Quantitative yields of both allene and
alkene can be obtained by using a suitable excess of
ketond (SCEEME 35). Silyl ylids are useful intermediates
for the preparation of ylids substituted with other
second= or third-row elements, By trans-silylation,.
They are also very useful in the preparation of pure,
salt«free ylids, often difficult or impossible to
prepare otherwise., Purification of the silyl ylid,
followed by desilylation, avoids these probleméi

2-Lithio= 2-trimethylsilyl-(1,3)-dithianes 21
react with aldehydes to give ketene-thioacetals 22 ,
which can be hydrolysed to the homologous carboxylie
acidéi or, after reduction, to the homologous aldehyde§°
(SCEENE 36).

Treatment of cyclohexenone with chloro-trimethyl-
silane and Zine produced cyclohexenél This process may
be related to the Peterson reaction, but the availabdle
gvidence favours a carbenoid mechanism. The trimethyl-
8ilyl ether of cyclohexanone, on treatment with Zinc,

did not give cyclohexene (SCHEIE 37).
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Regsctivity of the Silicon-Fitromen bond,

Aminosilanes have heen extensively used in
preparations of amides, ureas and glycosides. The
advantages of using aminosilanes rather than the corresp-

-onding emines in reactions with alkyi or acyl halides are
twofold: f§irstly, the silylated amine is often more reactive
than the parent amine, and, secondly, the halo-silane
by-product is usually removed easily by distillation.’
FTor example, H-trimethylsilyl-imidazole reacts more
readily than fhe parent heterocycie with acyl chlorides
to give, after removal of chloro-trimethylsilane by
distillation, essentially pure producis. Thionyl chloride
reacts similarly to give 1,1 '~thionyl di-inidazole 23 ;
this is the only method by which this compound can be
prepared pure, N-Trimethylsilyl-imidazole also reacts
with -halo~-carboxylic esters, unlike imidazole i’cself54
(sCHEME 38). Silylated triazoles react in an analogous
manner.

A gw ~Digmines cannot be corverted to the corr-

-esponding cyeclic ureas by treatment with phosgene, but
the N,Ntbis-(trimethylsilyl)-diamines are cyclised readilysb
(SCHEME 39). In these cases, it is the N-E bond that is
cleaved, and the silyl substituents are retained in the
products,.

The activating effect of the N-gilyl substituents
in the uracil 24 is such that conversion to the cyclie
urea can be effected even by carbon dioxide, yielding,
on hydrolysis, the uric acid derivetive 25 (SCERIE 40).

" Trialkylsilylated carboxamides can exist either

'in the 0-silyl or the N-silyl form, and examples of both
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