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DUREXG the last decade there has been a tremendous growth in the chemistry of or~~~s~l~~on 
compounds due to their role in organic synthesis.‘W4 Being the softest metal, silicon can generate 
electrophilic and nucleophitic agents from organic derivatives under relatively mild conditions and 
this has stimulated the creation of many new types of reaction. Trialkylsilylation of organic com- 
pounds was formerly used mainly for analytical purposes. The stabilizing effect of sibyl groups on 
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carbenium ions and anions, facile desilylation and their utility as protecting groups were the main 
reasons for the explosive growth in the preparative use of silylated compounds. 5 Selection of reagents 
and conditions generally permits high regio- and stereospecificity. Moreover, such processes are 
economic since the silicon-containing compounds may be recovered and recycled. Recently, the use 
of organosilicon compounds as reagents and as intermediates in organic synthesis has become a 
field of considerable impound. In particular, useful organosilicon reagents for carbon-carbon 
bond formation have been introduced into organic synthesis in the last decade. The variety of the 
reactions of o~osi~~n compounds makes this class of compounds one of the most synthetieahy 
promising. Some of these aspects are covered in monographs and reviews.“’ 5 Moreover, this changes 
the strategy of organic synthesis by temporary transformation of the hydrocarbon frame by silylation 
and desilylation. This method is widely used for the isome~~ation of analogues of natural 
compounds. Of great importance is the creation of highly selective reagents. As shown by experience, 
introduction of organosilicon protecting groups on functional groups of varied chemical nature 
changes selectively the direction of the attack of nucleophilic and electrophilic reagents and increases 
their selectivity. This fulfils one of the most important tasks of organic synthesis. The use of 
organosilicon compounds in organic synthesis constantly grows and this stimulates the development 
of organic chemistry itself. It is quite impossible to cover all the data within one review. We shall 
therefore deal with only one aspect of this problem-the synthetic use of these reagents under 
nucleophilic catalysis conditions. We shall first consider catalysis by alkali metal fluorides, tetra- 
alkylammonium fluoride and potassium cyanide. 

These catalysts appeared in many respects to be preferable over those traditionally used for this 
purpose. The reactions proceed under milder conditions and in many cases are characterized by 
high selectivity and minimal amounts of by-products. The use of these compounds together with 
the latest achievements of phase transfer catalysis for promotion of processes and raising their 
selectivity is impressive. 

The extremely high affinity of the fluoride anion toward the silicon atom parallels the high 
homolytic bond energy of the Si-F bond (142 kcal/mol, 561 kJ/mol).16 The use of this property 
for protonolysis of S&-O has been known. ” This property is the driving force for some reactions. 
The reaction of the fluoride ion with organosilicon compounds presumably starts from its initial 
attack on one of the vacant 3d-orbitals of silicon. This leads to formation of the anion containing 
the ~n~coor~nated silicon. Such ~ntacoordinate silicon intermediates have been isolated’&2’ 
and implicated as reactive intermediates in several cases. 22 Although a non-basic pen~coordinate 
organosilicon intermediate accounts for the remarkable selectivity demonstrated by various 
reactions, the actual nature of the nu~leophilic species has not yet been determined. Further trans- 
formations of this intermediate depends on the properties of silicon-bonded groups and on the 
structure of the silicon atom. The atomic radius of silicon is 1.5 times greater than that of carbon, 
which makes the electron shell more easily polarizable. 

Currently there is a large variety of processes where the fluoride ion promotes transformations 
of organosilicon compounds. It should be noted that for the successful use of these reagents it is 
necessary to have simple methods of introducing organosilicon fragments into molecules and 
methods of removing protecting groups. Without these, no process, no matter how implant and 
interesting it may be, can be performed in practice. The present review is concerned with the use of 
organosili~n reagents for the protection of organic functional groups in the presence of fluoride 
ion. 

2. SILYLATION OF ORGANIC COMPOUNDS OF VARIOUS CLASSES UNDER N?JCLEZOPHILIC 

CATALYSIS ~OND~ONS 

There are many methods of introducing silyl groups into molecules. We shall consider the 
reagents introduced in the presence of the catalytic amounts of alkali metals, tetraalkylammoni~ 
fluoride, and potassium cyanide. 

Substituted disilanes 1 react at 20°C in the presence of the catalytic amounts of tetra-n-butyl- 
ammonia fluoride (TBAF) in hexamethyl phosphoric triamide (HMPA) with aliphatic aldehydes 
2, giving I-trialkylsilyl-I-hydroxyalkanes 3 after hydrolysis.’ ’ 
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TBAF (5 moi%) 
RCHO + Me,SlSiR’3 p 

HMPA 
Rf.H- SiR’3 

H30’ 
= RCH-SIR’3 

OSlMe3 b” 

2 1 3 
- 

R R’ Yield, % 

H Ph 38 

~I-C~~H~~ Me 67 

n-C 
roH2f. Me 

64 

n-c H 
37 Ph 

60 

i-C3H7 Ph 61 

=qHQ 
Me 30 

eC4n9 
Ph 33 

Aromatic aldehydes react with disilanes in the presence of TBAF in a different way, giving a 
mixture of d,l- and meso-l ,Zdiary!ethanedio!s (N I : 1). The reaction was applied to various disilanes 
1 and 1,3-butadienes 4 to produce 1,4-disilyl-2-butenes 5. 

R7 

R’R2R35i-5iR4R5R6 
TBAF 

-i?zEr 

1 4 5 
- - 

The E-isomers of 5 are produced with high selectivity. 1,2-~isilylation products were not formed 
to any measurable extent. Aprotic polar solvents such as HMPA or 1,3-dimethyl-2-i~d~olidinone 
are particularly essential for the reaction. Dimethylformamide or THF are ineffective. The system 
disilane-TBAF is an efficient silylating agent to obtain the 1,4-dialkyl-2-butene derivatives.23 

Oligomerization of 1,3-dienes in this process takes place only to a minor degree. 24-26This method 
of silylation of 1,3-dienes is characterized by : (i) the absence of “mixing” of the SiR! and SiR; 
groups upon treatment of 1,3-dienes by non-symmetric disilanes ; (ii) high stereospecificity of the 
reaction (E: 2 = 90 : 10) and (iii) high yields of end products ~6~80~~). 

Aliphatic aldehydes and 1,3-dienes are silylated in the presence of TBAF by trisilane derivatives 
6.*? 

TBAF- GMFA 

RCHO + Me35i-SiMe2-SlMe3 20°C 
C- ~e3S10-CHR-SJMe2-CHR-05iMej 

H30+ 

- RGH..SiMe2-$HR 

bH OH 

R - CgHllt C10H21 
Yields 63- 68% 

The exclusive formation of these compounds indicates that the attack of the fluoride ion occurs 
on the terminal silicon atom of the trisilane, which appears to be more el~trophilic than the internal 
one. The results also depend on the order of mixing of the reagents. Addition of the TBAF solution 
in tet~hydrofuran to the solution of 1,3-diene and the trisilane in HMPA leads to the intrusion of 
the E-2-butene fragment between two silicon atoms (route A). If, on the other hand, the trisilane is 
added to the solution of the diene and TBAF, then the major reaction product is the disilane (route W. 

i - 

route A 

I 
Si 

R3Si WI w SiR3 + 

30- 34% 

R35l 

W’ Si 
/y$+,/SJR3 

10% 

I 
_ R3Si w SLSiR3 

I 
20% 
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In the presence of catalytic amounts of TBAF, the silylation reactions of geminal dimethyltetra- 
chiorosilane di- and trichlorides can be achieved.‘8 

TBAF 
PhCCi3 + MeS!CI2- SiCi2Me h PhCCI251CI2Me 

71% 

2.2. Reactions of dimethylsilylacetates with carbonyt compounds 
Ethyl(t~methylsilyl)a~tate (ETSA) is widely used in organic synthesis as the deprotosilylating 

and carbalkoxymethylating agent. 29-38 It reacts with the derivatives ofacetylene, primary, secondary 
and tertiary alcohols, phenols and thiols. 3’,35 The method gives good yields and presents an advan- 
tage in the fact that no inorganic salt or amine hydrochloride is formed as in standard methods.37h 

The reaction route of this silylation is explicable in terms of the deprotonation by the ester 
enolate and subsequent silylation by t~methylfuorosilane. The probable reaction route is represented 
by the following scheme. 

Me3SICH2COOEt + F- - -CH2COOEt + Me3SIF 

-CH2COOEt + RH - C?i3COOEt + R- 

R- + Me3SiF - RSIMe3 + F- 

in the presence of a catalytic amount of TBAF, ETSA silylates ketones with excellent yields of 
products. )a 

RR&O + Me3S1CH2COOEt 

acetophenone (98%) 
cyc10pentanone (74%) 

cyctohexanone (98%) 

cycloheptimone (94%) 

C~CJOOCtst2CW2 636%) 

CyCiOdOdG!CLWX3!i~ (94%) 

LF-phenylpropbnol (92%) 

dusopropylphenylcarblnol (92%) 

TBAF 

THF 

RR1CCH2COOEt 

bme, 

Silylation of non-symmetric ketones is characterized by relatively high regioselectivity. Inves- 
tigation of the regioisomeric composition of the silyl ethers of enols obtained From these ketones 
shows that the reaction gives predominantly compound 8 (Table l), the kinetic control product. 

The reactions with aldehydes or non-enolizable ketones proceed under mild conditions (THF, 
-30°C 2-4 h), in the presence of TBAF, giving the products of addition at the carbonyl group.3’+32 
Aliphatic aldehydes in these conditions give lower yields of adducts as a result of the competing 
reaction of aldol condensation. Thus in the case of ~-phenylpropiona1, only 24% of the adduct was 
obtained. 

Table 1. Silylation of unsymmetric ketones by ETSA-TBAF”’ 

Conditions 
(temperature, ‘C, TBAF 

Ketones time, h) equiv. 
__--.- 

2-Methylcyclohexanone -78 (5) I/30 
0 (2) l/i00 

refluxing (1 S) I /so 
Methyli~propylketone 0 (2) l/200 
Methylisobutylketone 0 (2) I /ZOO 
Benzylacetone -30 (1.5) i/100 

‘An isomer with the higher substituted olefin. 
bThe one with the less substituted olefin. 

isomer ratio (%) 

% yield T gb 
--- 

- 20 80 
98 30 70 
75 60 40 
84 7 93 
79 10 90 
88 38 62 
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The stereoisomeric composition of silyl ethers of enols formed in the deprotosilylation reactions 

of a number of acylic ketones have been studied.34 

OSiMe3 

L R&t + CH3COOEt 

R - CH 
3’ 

n-Pr 

Thus treatment of 5-nonanone with ETSA at 0°C in the presence of 1 mol % of TBAF leads 
exclusively to the Z-silyl ether of the enol(91 Oh). Silylation of 3-pentanone at - 78’C also proceeds 
stereoselectively. This reaction gave Z-3-trimethylsiloxy-2-pentene of 99.5% isomeric purity (78%). 
In the reactions with non-symmetric ketones, high stereoselectivity is also observed. 

+ 
F- OCiMe3 

Me3SiCH2COOEt - R 
- CH3COOEt + R4 

R - n-Bu, n-C5H11 
9 10 - - 

Upon silylation of 2-heptanone (- 78”C, 5 min ; 20°C. 24 h), regioisomers 9 and 10 are formed, in 
55 and 9% yields respectively. Similarly, the silylation of 2-octanone leads to an 86: 14 mixture 
(91%) of regioisomers 9 and 10. In both cases only the Z-isomer is formed. By contrast, treatment 
of the Z-isomer of 3-trimethylsiloxy-2-pentene with the 99.5% isomeric purity with TBAF (3 mol 
%) leads to a 13 : 87 mixture of E and Z isomers. The ratio of isomers E: Z = 28 : 72 was found 
after similar treatment of pure Z or a 49 : 5 1 mixture of E- and Z-isomers of the silyl ether of 5- 
nonanone enol. Thus easy isomerization of silyl ethers of enols indicates that the observed Z- 
stereoselectivity in the reactions with ETSA is the result of the kinetic control. The authors suggest 
that the stereochemical outcome of the reaction is determined by the steric repulsion between alkyl 
groups in the intermediate 11. 

” 12 - 

The use of (iso-Pr),NLi (THF, - 78°C) as a deprotonating agent and subsequent silylation of 
the resulting enolate anion with trimethylchlorosilane yields the E-isomer-enriched silyl ethers of 
enols. The E-selectivity of the silyl ether of 3-pentanone enol obtained in this way may reach 78%. 34 
In this case, the six-centre transition state 12 is postulated, and the stereoselectivity is determined 
by the 1,3-diaxial interaction (steric repulsion) between the iso-Pr and alkyl groups. Indeed, for 
lithium dialkylamides with more bulky substituents the E-stereoselectivity is higher. Thus, the use 
of lithium 2,2,6,6tetramethylpiperidide in this reaction raises the content of the E-isomer up to 
84°h.34 

Kuwajima3* has suggested 
compounds (Scheme 1). 

a mechanism for the catalytic reaction of ETSA with carbonyl 
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This mechanism involves the intermediate formation of the quatemary ammonium enolate 13, 
which, depending on the structure of the carbonyl substrate, either deprotonates it or is added to it 
giving either the enolate 15 or the alkoxy anion 14. Then follows the stage of silylation of these 
anions by trimethylfluorosilane (according to the catalytic mechanism). Some facts exclude the 
alternative of carbanion formation 16 under the given catalytic conditions. ’ 5 (The carbanion for- 
mation has earlier been postulated by Birkofer29*30 to explain the mechanism of the reaction of 
carbalkoxymethylation of aldehydes by ETSA in the presence of NaOH or K[Al(OCH,),].) First, 
ethyl a,adimethyl(trimethylsilyl)acetate (a-trimethylsilylisobutyrate), which has no a-protons, is 
added to aldehydes in the presence of TBAF at the same rate as ETSA.‘* Second, the reactions of 
the anion 16 with carbonyl compounds are known3e4’ to give readily a mixture of E- and Z-isomers 
of ~,~-unsaturate ethers instead of the product of car~thox~ethylation. 

p-0 + Me3S1CH(L1)COOEt - :c-CHCOOE~ + MegSiOLi 

Recently Kuwajima er al. have obtained experimental data that suggested some amendments in 
the mechanism (Scheme 1). Treatment of a mixture of ETSA and acetophenone with the catalytic 
amount of KCN * 18crown-6 or KOCH 3 * 18-crown-6 at 0°C leads to the q~ntitative fo~ation of 
the silyl ether of acetophenone enol. These catalysts also initiate the reaction of deprotosilylation 
of I-hexanethiol. Acetophenone is quantitatively silylated in I min at 0°C by treatment of a mixture 
of acetophenone and ETSA with a complex of the potassium enolate of acetophenone with crown- 
ether. 

P&C TCH2 

PhC(0)CH3 + Me3SICH2COOEt 

&I- K+ 

18-crown-6 Ph7-CH2 + 
CH$OOEt 

OSIMe3 

An important factor that restricts the use of ETSA as a silylating agent is the acidity of the 
substrate relative to ethyl acetate (p& 2442). For example, phenylacetylene (p& 18.542) is easily 
silylated (2O”C, 26 h) by ETSA in the presence of the catalytic amount of TBAF.3’*35 However, 
triphenylmethane (pK, 3342) which forms a stronger conjugated base (as compared to the acetate 
anion) is unreactive under similar conditions. Comparison of the reactivities of various electrophilic 
substrates shows that aliphatic ketones are silylated more readily than more acidic phenols and 
propionic acid reacts * 75 times more slowly than p-cresol. This may be a result of the different 
nucleophilicity (with respect to the silicon atom) of the conjugated bases of these substrates and is 
a good agreement with the autocatalytic mechanism. For the same reason the rate of the reaction with 
ETSA is lowered in the series n-&H, $H > PhCHrSH >> PhSH. For I-hexanethiol, the reaction rate 
is 45 10 times higher than for benzylmercaptan: thiophenol does not react at all under these 
conditions. 

The system ETSA-TBAF has a number of important advantages. In contrast with the Favorskii 
reaction, this system provides the carbalkox~ethylate anion of aldehydes and ketones having no 
a-protons. Many known methods for the p~paration of enol silyl ethers are characterized by the 
formation of large amounts of inorganic salts or hydrohalogen salts of amines, which makes 
isolation of the required product difficult. The above system is free from these disadvantages and 
the only by-product in the deprotosilylation reaction is ethyl acetate. 

2.3. Reoc~ions o~hyd~osi~~es with carbony~ compound 
One of the main distinctions of silicon chemistry from carbon chemistry is the higher and rather 

specific reactivity of the Si-H bond. This is a consequence of the fact that the Si-H bond is 
polarized in an opposite sense to that of the C -H bond. Silicon has a smaller electron affinity 
(0.6 eV) than hydrogen (0.76 eV), whereas carbon has a higher electron affinity than hydrogen (1.37 
eV).43 Due to this, the silicon-bonded hydrogen can be withdrawn as a hydride anion. 

Silane hydrides silylate hy~oxyl~n~ning organic compounds in the presence of the fluoride.- 
The conventionally used catalysts for these reactions were the transition element compounds. 
Alkali metal alkoxides, KF, CsF, TBAF in acetonitrile or DMF proved to be excellent catalysts for 
alcoholysis of silane hydrides and to have a number of advantages over these cata1ysts.49 Primary, 
secondary and tertiary alkanols, unsaturated alcohols and phenols may be silylated in this way. 
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Substitution of hydrogen atoms in diorganosilane hydrides proceeds stepwise, depending on the 
temperature and the fluoride ion source. 

Tertiary and secondary silanes are O-selective. With alcohols the corresponding silyl ethers are 
formed. CsF/imidazole (CsF/Im) is a better activating system than CsF alone.50 Primary OH groups 
are silylated faster under CsF/Im activation than secondary OH groups and tertiary alcohols do 
not react. The primary OH groups are selectively protected also in the presence of the secondary 
OH groups by the silanes with bulky ligands such as t~isopropylsilane (iso-Pr),SiH. Secondary 
silanes form monosilyl ethers by amine activation ; with CsF, the formation of disilyl ethers pre- 

dominates. A specific synthetic route to compounds with \ 
/s 

i( F)OR and \ 
/s 

i(OR’)R’ structures is 
reported (Table 2). 

R1R2R3SiH 
CsF / lm 

+ R’OH - R1R2R3S10R’ + ii20 

R1.R *-R3-Ph (17): R1-R*-CH3, R3-Ph (18): R1-R2-R3-C2Hg (19); 

R1-R2-R3- l-C3H7 (20): R1-R*-Ph. R3-CH3 (21); RI-R’-Ph, R3- H (22): 

RI-Ph , R2- l-Naphthyl, R3. H (23): RI-CH3, R*-Ph, R3- H (24): 

RI-R*- LC3H7, R 3- H (25) 

Andrianov et al. found that the route of alcoholysis of silane hydrides in the presence of ff uoride 
ion depends on the nature of the substituent at silicon.4646 For example, 0-silylation of methanol 
by methyIdi~n~lsiIane proceeds mainly by the remove1 of benzyi groups. Upon substitution of 
methanol by some other alcohol, the relation between the Si-C and Si-H bond cleavages somewhat 
changes.4’ 

The role of fluoride ion in the reactions of silane hydride with hydroxyl-containing compounds 
consists in ionization of the latter to give alkoxides.47 

R’OH + F- - R’O- * HF 

R’O- + Mc3SiH + R’OH -----w- R’OSlMe3 + RIO- + H20 

The authors of Ref. 43 investigated the reactions of R$iH (R = Et, Pr, Bu) with alcohol in the 
presence of alkaline metal alkoxides. The mechanism of bimolecular nucleophilic substitution has 
been proposed. 

1 
- R’OH 

R’O= + R3SiH - R’O . . . . SJR 3....H 
1 -H 

2 
R’OSiMe3 

27 - 

This scheme suggests that the attack of the alkoxy anion on the silicon atom leads to the removai 
of the hydride ion, which is immediately bonded by alcohol with liberation of hydrogen. The last 
stage involves generation of the alkoxy anion. The authors admit that the activated complex 27 

Table 2. The alcohols silylated in the pnsma: of 
CsF/imidazole in DMF at 2O’C 

Silane Alcohol Yields (%) 
-.~~_ 

17 c-C,H ,OH , 58 
17 HO(CH l),WH 41 80 
18 c-C&, ,OH 70 
18 c-C,H ,CH 10H , 79 
18 ~O(~H~)~N(CH,)~ 80 
18 C,H $OH 15 
19 i-C,H,OH 80 
20 c-C&, ,0X 7t 
20 c-C6H, ,CH 10H 74 
20 nC,H,OH 70 
21 n-C4HPOH 83 
21 c-&H, ,OH 77 
22 HqCH~~N(CH,)~ 75 
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may contain a molecule of alcohol as well as the alkoxy anion so that both stages could occur 
simultaneously. 

A similar mechanism was suggested for the reactions of Et,SiH with alcohols, initiated by 
fluoride ions (TBAF, CsF). In this caSe the alkoxy anions are formed by the reaction of alcohol 
with fluoride ions.47 Corriu and his co-workers4”.” suggest a different mechanism for the reactions 
of hydrosilanes with alcohols, initiated by alkali metal salts. According to this mechanism, the role 
of a salt is to activate the silane. As a result of coordination of the salt anion on the silicon atom, 
there occurs delocalization of the electron pair of the Si-H bond. This is fol!owed by nucleophilic 
attack of alcohol on the atom of pentacoordinated silicon. 

The role of the nucleophilic agent in the activation of the Si-H bond can also be played by 
neutral molecules capable of coordination with the silicon atom, for example. amines.” 

ROH 

In similar conditions PhSi(R)H* does not undergo alcoholysis. 
Dene and Vot’pin showed in 1973 47*52 that Et,SiH reduces aromatic aldehydes and ketones to 

the respective organylhydroxysilanes in the presence of CsF or TBAF. Thus, Et,SiH reduces 
benzaldehyde to ~~ylhydroxytriethyisilane (30%) in 20 h (2o”C, CH,CN) in the presence of the 
equimolar amount of TBAF. In the presence ofcatalytic amounts of CsF, the same reaction proceeds 
to 96% in 10 h. The authors suggest two mechanisms for this reaction. The first one involves the 
initial activation of the carbonyl compounds. 

PhCHO + F- - PhCH(F&O- 

PhCH(F)_O- + R_,SiH + PhCHO _t PhCH(F)-0SIMe3 + PhCH20” 

PhCHqO- + R3!5iH + PhCHO - PhCH2CH20SiR3 + PhCH20- 

The second one was reported as proceeding by a hydride transfer process, this time catalysed by 
pentavaient silicon (Scheme 2). Presumably the pentavalent anion is an excellent hydride transfer agent. 
In a series of works,S’*J3-57 Corriu and his co-workers have studied in detail the reactions of 
hydrosilanes with carbonyl compounds in the presence of alkali metal salts. For the reduction 
they used NpSiH3,53 HzSiPh2,‘4 MeSiH(OEt)z,s’*s4~s6 HSi(OEt)3,5’*5*57 polymethylhydrosilane/ 
Me3SiO(HSiMeO)~SiMe3. “*” The activity of the silanes increases in the series HZSiPh2 
< MeSiH(OEt), < HSi(OEt),. Thus, to reduce ethyl valerate using diphenylsilane in the presence 
of CsF, heating to 140°C for 4 h is required; using MeSiH(OEt)~ heating to 120°C for 3 h is 
required and using HSi(OEt), a temperature of 25°C for I min is needed.‘3 The reactivity of 
carbonyl compounds increases in the series: esthers < ketones < aldehydes. For example, tri- 
ethoxysilane reduces benzaldehyde in the presence of CsF in 1 min at O”C, acetophenone does 
likewise in 30 min at 0°C. and ethyl bentoate requires 30 min at 60°C.” Carbonic acid amides and 
chlorides are reduced extremely slowly in DMSO or DMF. 57 Benkesez and his co-workers suc- 
cessfully used CI 3SiH to reduce tertiary aromatic amides in the presence of tertiary amines. ‘* 

Corrius3 used HCOOK, o-C~H~(COOK)~, KF and CsF. The highest activity is shown by CsF. 
The activity of alkali metal fluorides increases in the series: LiF < KF < CsF, i.e. increase of the 
ionic character of the metal-fluorine bonds is observed. ” The reduction of cinnamic aldehyde by 
triethoxysilane in the presence of KF at 25°C takes 24 h, in the presence of CsF it takes 1 h. 

f- 
RCH-CR ‘CHO + Hdi< __C 

. 
RCH-CR1CH20Si z 

R- Ph, RI-H; R,R1--(CHICHO)- 

This reaction examptifies high regioselectivity of the reduction of a&unsaturated carbony com- 
pounds with hydrosilanes under nucleophilic catalysis conditions.5’,56*‘7 The reaction gives exclus- 
ively 1 ,Zadducts. 

The NO* and Br groups and the C=C bond do not react with hydrosilanes under nucleophilic 
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R3SIH + F- _y R3SIH(Fr 

R3SIH(Fr + R2C-0 u R3SiF + R2CH- d 

R2CH-O- + R3SIF - R2CH-0Si(F)R3- - R2CKOSiR3 + F- 

Scheme 2. 

catalysis conditions. This allows selective reduction of carbonyl compounds containing these func- 
tional groups. 

2.4. Reactions of trimethyicyanosilane and trimethylsilylazide with carbonyi compounds 
Trimethylcyanosilane is widely used in organic synthesis. sV*60 One of its main uses is in addition 

reactions to heteroatom double bonds, such as CL06’-” and CLN,7s79 which lead to the for- 
mation of NCCOSiMe, and NCCNSiMe, fragments. These fragments serve as protecting groups 
or as sources of hydroxyamines and amino acids. In 1973 Evans first showed the efficiency of anionic 
(nucleophilic) catalysis during the addition of silicon pseudohalogenides, such as Me$iCN and 
Me,SiN3, to the carbonyl group of aldehydes and ketones.6’-63 The catalytic amount (0.1-0.2 equiv.) 
of cyanide ions quite suffices for cyanosilylation of carbonyl group. 

As catalysts, KCN * 1 S-crown-6 and n-Bu,N+CN _ complexes were used. The mechanism pro- 
posed by Evans6’ involves initial addition of the cyanide ion (X = CN) to the C&O group to form 
the alkoxy anion 28. Subsequent silicon transfer to 28 leads to the formation of trimethylsiloxynit~le 
together with the X- ion. 

6 
=_c-0 + x- s :cx 

QlP_px ,0Sibk3 

- -x 
>Kx 

28 - 

This catalytic model implies that cyanosilylation is initiated by the X- ion which undergoes either 
addition to the C==O group or replacement of a Iigand at the silicon atom. Complexes of 18-crown- 
6 with KN,, KSCN and KOMe can activate the cyanosilylation reaction in the same way as the 
cyanide ion. Me,SiSCN is knownso to be inactive towards the carbonyl group both under acidic 
and basic catalysis conditions. This fact supports the view of ligand-by-silicon exchange as the first 
stage of initiation (at least in the case of the KSCN. 18-crown-6 complex). 

The use of Me3SiCN under nucleophilic catalysis conditions considerably extends the appli- 
cations of thecyanohydrin synthesis” which is usually restricted to aldehydes.s’*82 Even the sterically 
hindered systems (e.g., tert-butylphenylketone,69 diarylketones,*’ camphor and tetralone),64 which 
are not capable of forming cyanohydrins in the cyanohydrin synthesis, easily react with MeSiCN 
under catalytic conditions to yield quantitatively the corresponding silylated cyanohydrins. 

The silylated cyanohydrins show higher thermal stability with respect to the non-silylat~ ones. 
This is apparently connected with the different AH values for the addition of a proton and Me,Si 
group to the carbonyl. 

ox 
=c-0 * x-ch‘ - ‘c’ - 'CN 

X - I-i, SiMa 
3 

AHSi -AH, = -39 to -49 kcal/moP4 Hence, the addition of Me,SiCN to the carbonyl group is 
energetically more preferable than that of HCN. 

The reaction of Me$iCN with aldehydes can occur without a catalyst, but only under rather 
severe conditions (e.g., in the case of propion aldehyde: T = 10 h, t = 80°C).84 

CH3CH2CHO + Me3SiCN - CH3CH2CH..CN 

CSSiMe3 

(95%) 

According to other authors,62 milder conditions (t - 20°C) may also be applied. 
The addition of Me,SiCN to ketones without a catalyst requires more severe conditions than 

for aldehydes. The reaction with cyclohexanone requires heating for 24 h at 115°C; with acetone 
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or acetophenone temperatures of 90°C and 140°C during 18 and 25 h respectively.84 Reaction of 
Me,SiCN with ar$-unsaturated carbonyl compounds shows considerable re~osel~tivity.‘* 3- 
Methyl-3-penten-2-one64 and 3,7-dimethyl-2,6-octadienal’5 form only the 1,2-addition products. 

The reaction of methylmesitylketone (29) with trimethylcyanosilane in THF, initiated by the 
KCN * 1 &crown-6 complex, leads to 1 -mesityl-I-t~methylsi~oxyethene 30.86 This probably involves 
the formation of an ambident anion 31 and silane heterofysis by Me&CN. 

29 31 - - ??7.nr $2 ,‘: 30 

The reaction of MeSiCN with acetylacetone (32) occurs by a more complicated route.87 The 
presence of catalytic amounts of KCN l 18-crown-6 in diethyl ether leads to 2,4-dicyano-2,4-bis(tri- 
methylsiloxy)pentane (33, 100%). Without a catalyst only 34 is formed. This may be explained in 
terms of rapid tautomerism of the p-diketone. The formation of 33 involves the catalytic cyano- 
silylation of the keto form 3Va by Me,SiCN. 

Acetylacetone, being a rather strong acid, undergoes the enol-type reaction with Me,SiCN 
involving protolysis of the Si--CN bond. 

h’P3=j&k + HCN 

30b .- 34 
- 

Hence, the reaction of Me$$iCN with ketone 30 occurs regioselectively by the keto as well as the 
en01 routes. 

A similar reaction of MeSiCN with benzoyl acetone** leads to l-phenyl”l,3-bis(t~methylsiloxy)- 
butane 35 (90%). - 

PhC(O&CH2-C(O)Me 

I ,3Cyclohexanedione reacts in 
hexane (36,77%). 

KCN 7” 5” 
+ 2 Me3SICN 

1Ecrow1-6 
Ph--di2-$.-Me 

Me3SIO OSlMe3 

35 

the same way forming 1 J-dicyano- 1,3-bis(trimethylsiloxy)cyclo- 

KCN n 

Trimethylsilylcyanohydrins were used as protective groups for a variety of p-benzoquinones.6’ 
The regioselectivity of cyanosilylation for quinones 37a,g,j,z was shown to be determined by the 
electrophilic character of the carbonyl group, the reaction giving the products of addition to the 
most electrophilic group 38a--gj,z. But in the case of 37d,e, the steric factors become predominant 
and cyanosilylation occurs at the less crowded carbonyl group giving 38d,e. In cases of considerable 
steric hindrance, such as in the quinone 37i, the reaction was not observed. 

Trimethylcyanosilane is very selective. It reacts with aldehydes and ketones but does not react 
with esters and anhydrides of carboxylic acids under catalytic conditions.64 

Evans*’ has shown that anion (nucleophilic) catalysis is also effective for promoting the addition 
of trimethylsilylazide to the carbonyl group. The reactions of both n-hexanal and iso-butyraldehyde 
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with Me&N, in the presence of catalytic amounts of the KN3 - 18crown-6 complex occur at room 
temperature yielding quantitatively the products of addition to the c---O group. 

0 

“61 I ;: 0 
0 

37 a-j,2 
- 

NC 0SIMe3 

38 d,* 

a. RI-Me, R2,R3-R4, H : b. R1-OCH 
4 

3’ 
R2-R3mR -H; 

c. R*-R 
2 

-OCH3, R3-R4- i-l; 5. R1-R2-Me , R3-R4- H; 

cS_ RI-R2- LC3H7, R3-R4- H ; e. RI-R2- t But R3-R4- H : 

j. Rx-Me, 
Rz 

-R3-C H R4- H; z. 
2 3 

4 4’ 
R ‘-OCH 3, R -R -C4H4. R4- H; 

i. RI-R 
4 

-t-h, R 2-R3 .C H 4 4 

The reaction mechanism was supposed to be similar to the one mentioned above (see equation). 
The same aldehydes can also react in the presence of ZnCl,, but in this case the reaction requires 
heating and the yields are lower than in the case of nucleophilic catalysis.54 

Me,SiCN and Me$iiN, easily react with strongly electrophilic heteroatom double and triple 
bonds. Thus, Me,SiNj reacts with hexafluoroacetone under mild conditions even without a 
catalyst. 9o Me$iCN and Me,SiNj are easily added to the C&N bond of trihaloacetonitriles in the 
presence of Et,N as a catalyst.9’*9* 

Et3N R - N3 TlMe3 

CX3C-‘N + Me3SIR - CX3C=N-S&Me3 - 

A 

CX3_iYN\N 

II 
N-N 

X - Cl. F 

R - CN. K3 

Acidic catalysts, such as Lewis acids, are ineffective in this reaction. Their use leads to pol~e~2ation 
of trihaloacetonitriles. 

Trimethylsilylmethyl azide has various reaction sites and is used as a synthon for the amination 
of aromatic halides,93 l,Idipolar cycloaddition94 or heterocumulenesgs It has been shown that 
treatment of an aromatic acid halide with t~methylsily~ethyl azide in the presence of KF and 
crown ether gave triazide, methanediamine and benzamide derivatives.96 

F- 
Me3SiCH2N 3 + ArCOCI - AKO;-CH” w===--+ 

ArCONHCH2NHCOAr + ArCONH2 

(34%) (16%) 

A<(Of-,N-C(Oj4r 

&o)sr 
Ar - C6H5 

(30%) 

2.5. TIte use of trimethy~pentafIuoro as a tr~t~y~silyl~t~g agent 
Trimethylpentafluorophenylsilane was shown97*98 to be an effective silylating agent in the pres- 

ence of activated CN ions. Reaction with acetophenone, cyclohexanone and 2,2-dimethyl- 
butanone-3 under the interphase catalysis conditions leads to I-phenyl-l-t~methylsiloxyethylene 
@I%), l-t~methylsiloxycyclohexene-1 (37%) and 3,3-d~ethyl-2-t~methylsiloxybutene-1 (89%) 
respectively. 

The reactions of C6F,SiMeJ with ketones give trimethylsilyl ethers of the enols.99 A possible 
m~hanism of this reaction is given in the following scheme. 
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C6F5SIMe3 + CN- 7 
C6F5 + 

Me3SiCN 
RC(O)CH,R’ 

L6HF5 

- R-C-_;CHR1 
C6F5SiMe3 

= 

I” 

R-C-CHR1 + 

&Me3 
‘gF5 

0’ 

R . t_Bu, R*- H; I?-RI--(CH,)4- : R- C6H5, R’- H; R- CH2-CH, R1- Et 
. 

The reaction between (pentafluorophenyl)trimethylsilanes and benzaldehyde in the presence of KF 
gives the product 39. loo In this reaction the silicon complex coordinated with the fluoride ion was 
assumed to be a reaction intermediate. 

F- PhCHO 
ArSiMe3 - ArSf(F)Me; M 

AYH-oSfMe3 
Ph 

22 

Ar - 3,5-CIz 2,4,6- F3C6 (68%), LLCI- 1,4,5,6- F4C6 (60%) 

Protection of carbonyl groups is also possible in fl-diketones.‘“’ The presence of KCN l l&crown- 
6 leads to the possibility of protection of the methine group of acetylene.‘0’*‘02 N-Acetylacetamide 
can also be easily silylated stepwise. ‘Or’05 C,F5SiMe3 was used to protect the NH function in l- 
methyl-2(3H)-benzimidazolinone (40) by the silyl group.lo4 

Me35SC6F5 

KCN*l&-crown-6 
CH3CN 

40 - 

X - 0 (64%). 5 (31%) 

Anilines may also be silylated by C,F$iMe,, although only monosilylation occurs here.“’ 

COCH3 
Me3SiC6F5 

KCN 
NHSIMe3 

fa5.w 

3. D~iLYLATlON OF ORGAN~~CON COMMUNE AS A METHOD TO REMOVE THE 
PROTECTING GROUPS 

Until recently desilylation had been carried out mainly by acidic and basic hydrolysis. Recently 
the fluoride method has been developed. The advantages of this process consist in the mild reaction 
conditions, almost complete absence of side reactions, the simplicity of isolation and high yields of 
the required products. 

3. I. Desilylation of compounds containing sp3 carbon atoms 
Desilylation of compounds containing a silicon substituent at an sp3 carbon atom occurs readily 

at room temperatu~. KF or CsF may be used as fluoride ion sources. These reagents easily remove 
the t~methylsilyl group at the tertiary carbon atom in 41.‘06’08 

0 0 
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Lksilylation of the trimethylsilyl group at the carbon atom in the benzyl position occurs easily, ‘09*’ ‘* 
whereas for the derivatives of aliylsilane the reaction is complicated by an ahylic rearrangement.’ I’ 
Thus, in the presence of KF the trimethylsilyl derivative of 4-acetylcyclohexene forms the me- 
thylenecyclohexane together with the expected methylcyclohexene. 

Me3Si KF 

- COCH3 DMSO. 120°. 12h 
DCOC” + “Q,,,,3 

3 

G2% 
10% 

Desilylation by fluoride ions was found to be a thermodynamically controlled process, whereas 
catalysis by a water-methanol solution of HCI is known to be kinetically controlled. 

The replacement of the MeSi group at the C-3 atom by hydrogen was shown by the conversion 
of 3-t~methyisilyi-~,2,3-triphenylcyclopropene in the presence of TBAF in THF (WC, 48 h). It is 
not clear whether the double bond is shifted in this reaction or not.“* 

3.2. Desilylarion of acetylene and ethylene derivatives 
DesilyIation of ethinylsiianes is catalysed by the fluoride ion. In most cases the reaction may be 

carried out by treating silylacetylene with the DMF or methanol solution of KF* Hz0 for 20-30 
min at 20°C. The yield is 8&95%. ’ ’ %’ I5 

CH CZC-CsCSiMe 
KF*H20 

6 13 3 
- CGH13CZC-CXH 

(79%) 

Desilylation of organyltrimethylsilanes by the fluoride ion occurs as a result of the formation of 
Me,SiF and elimination of the organic group in the anionic form.“6 

KF_ 
PhCEC- + Me35iF 

EtOH _ 
PhC= CH 

This procedure may be used to remove the protecting Me$i group in terminal acetylenes. For 
that purpose it is appropriate to use KF*H20 in methanol’ “or TBAF in THF114 or DMF.“‘The 
use of KF in methanol to split the tic-Si bond in ethinylsilanes instead of the traditional KICOj 
helps to avoid many complications associated with the side-reactions of acetylenes with bases. ’ I9 

KF. 2H20 

MeOH 

f 

HC=C(CF&XH 

Me,SlC~C(CF2),CQCSIMe3 

K2CO 
(M~~)~cHCH*(CF~)~C~~CH(OM~)~ + 

+ (M~o)cH-CH(CF,),CH-CH(OM~) 

This method was successfully employed to obtain polyacetylenes confining a triflate group from 
the corresponding trimethylsilyl derivatives.‘06”t9 Deuterated acetylenes may be obtained when the 
reaction is carried out in the presence of DzO or CH,OD.“O 

OS02CF3 
Me2C-C; 

KF/D20 
- Me2C-C 

,OS02CF3 

(C%: C),SIMe3 2o”c ‘(C3C)“D 

” - 1 (91%), 2 (90%) 

Protection of the triple bond permits”’ the reaction of t~~uoromethane sulphonic anhydride with 
the carbonyl group yielding acetylenes 42. 

KF 

R2CHC(om CSiMe3 + (CF3S02&0 - R2C-C-CfCSIMc3 

bS02CF3 
TzzTiT- 

- R2c’4- c= CH 
OS02CF3 

42 - 
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Desilylation may also be carried out using a water-methanol solution of KOH.‘22 The stability of 
the vinyl anion is known to be relatively low (p& 3642). This fact explains the inactivity of 
t~methylvinyl silane under nu~leophilic catalysis conditions. Me&iCH=CH2 is stable against KF 
in boiling ethanol ’ I6 and Me$iCHdHCH, does not react in hot aqueous alkali.“23 Removal of 
the silyl group by ionic fluorides is facilitated by the introduction of hydroxyl in the /?-position to 
the silicon atom.‘24 The OH group at the y-position has no influence on the rate of desilylation. 

Investigation of the synthetic applications of vinylsilanesi2’ revealed unexpectedly that the Si-C 
bond in vinylsilanes containing the OH group at the @-sp’ carbon atom undergoes cleavage under 
the action of fluoride ions (TBAF, KF, Me,NF, CsF) in dipolat solvents (DMSO, DMF, CH3CN). 

R2 FiR3 
R’-i 

I) F- P2 
-CC-CH2 - 

bti 2) Hz0 

RI-C-CH-CH2 + 
bH 

R 3SiOH 

(62- 90%) 

R-Me, R1- H , Ph, R2- H : R1-Me, R*- -(CH2)2CH-C(CH3)2; 

R1,R2 - -(CH&. , R- Ph, RI-Ph, R2-H, Ph: RI- H, R2-n..C1,,H21 

Ph,SiCH=CH2 and Me,SiCHz=CH2 are not changed under similar or even more severe conditions. 
Moreover, this reaction is not typical for silanes, where the silicon atom is bonded with the sp3 
carbon atom or the OH group occupies the y-position, e.g. 

PhCHyHCH25iMe3 

OH 

CH2SIMe3 
HOCH2CH27-CH2 

OH EdMeg 

Splitting of the Si-C bond does not occur when the OH group is replaced by the AGO group. On 
the basis of these data the following cyclic transition state has been proposed.‘25 

In this case the heterolysis of the Si-C bond may be explained by the simul~neous action of the 
following factors : (i) the presence of a strong hydrogen bond between the OH group and the fluoride 
ion; (ii) a favourable entropy factor of the six-membered ring; (iii) affinity of the fluoride ion 
towards the silicon atom ; (iv) stability of the vinyl anion. 

TBAF brings about the protodesilylation of vinylsilanes when the silicon contains one or more 
phenyl groups. The reaction is stereoselective. ’ 26 

*‘*oH21 ,Me TRAF ?S-C 

HcC-%Me2Ph w 
iOH .Me 

I8’C.H 

(6’3%) 

Some more examples are given below. ’ 27 

RCF-CCISIMe3 
KF.H,O _ 

- RCF-CHCI 
DMSO 

R - n-C5HI, (75%. E[Z - 9612). Ph (8596, E/Z - 98/2) 

Replacement of hydroxyl groups by a more active leaving group (e.g., the trifluoroacetate group 
or chlorine) facilitates fi-elimination leading to the corresponding allenes.‘24~‘25 

Ia* 
F- 

R’-t--OH-CH-CX2 - R1R2C-C-CH 
2oOc 2 + 

Me35iF + X- 

X - Cl, CF,C(O)O 

The fluoride ion causes elimination of p-chlorovinylsilanes. ’ ** 

TE3AF 
- RkWC-CH2..CH-CH2 

(57-64%) 
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Hasan and Kishi have studied protodesiiylation of some oxiranylsilanes by the fluoride ion (I, 1 
equivalents of Et.,N+F-) and CsF. lz9 The reaction (DIGS0 or Ci-I$N, 2O”C, 2 h) occurs with 
quantitative formation of the corresponding oxirane without configuration changes at the carbon 
atom. 

RI Ph, RI-I-f, R*-Me, 5%: 

R-Me, R1-Ph, R 2-H: 

R1R2 - -mL&- 

Caesium ff uoride was found to be as effective as tc~rab~tyIa~onium fluoride for the alienation 
of Me$i group from sjkpoxysilanes. Thus, treatment of a&epoxysilane with CsF in DMSO at 
25’C for 2 h leads to the epoxyalcohol 45 (90%).’ 3* 

45 ihW?O 
- 

Chan’3’-‘34 has carried out detailed investigations of the heterolysis of the Si-C bond in oxi- 
ranylsilanes initiated by the fluoride ion. 

RI-H * R..Ph, R2*H,D; 

RI-Ph. RmCH3* R=-H,D 

Triphenyf oxirane reacts with KF in EtOH-DMSO to form Ph3SiF and ethylene oxide. 
Similarly, arcs-~-phenyl-t~methy~silyi oxirane, after stepwise treatment by TBAF in DMSO and 
H,O, forms styrene oxide in quantitative yield. The same reaction carried out using DzO (DMSO- 
db, 20°C. 1 min) gave solely the trans-isomer of styrene oxide (R2 = D). Hence, the rate of inversion 
of oxiranyl anion supposed by the authors is much smaller than that of the proton transfer from 
the electrophilic substrate (NuR2) to the carbanion centre. 

By comparison of the reaction rates the authors found that spfitting of the S&-C bond by the 
fluoride ion ~curs more easily in oxiranylsilanes than in vinylsi~anes of co~~ponding st~ctu~. * 2* 
ff-T~methylsilyi epoxides are converted in TBAF to non-substitute derivatives. “‘*’ 3f The existence 
af the fi-hydroxy effect upon the cleavage of the Sk--C bond by the fluoride ion has been dem- 
onstrated in numerous observations.‘3’*i 36 

The protecting group may aIso be removed by the reduction of the peroxide. ‘36*i ” 

Desilylation of si~yio~e~ns is facifitated by the presence of e~~tron-~thdra~~g substit~nts at the 
carbon atom bonded to the sihcon atom. For example, fo~ation of the tert-butyl ester of 3- 
methylhexen~2~arboxylic acid (91%) from a ~rnethy~s~y~ derivative in the presence of TBAF in 
wet TNF was observed even at low temperatures.‘38 
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TBAF 
- C3H+HCH-CHCOO(td3u) 

-7Hc -2oOc 
C”3 

Desilylation of E-difluoroalkenyltrimethylsilanes in the presence of KF occurs easily and shows a 
high regioselectivity ‘39 which is not observed in the absence of fluoride.‘40 

R YF 
F:=-%*Me 

KF’H20 

3 DMSO 

R - Bu (85%), Me (86%). t Bu (86%), Ph (76%), f5o-B~ (9’3%) 

The reaction of ~~~-a,~-di~uoro~nylsiianes with water initiated by the fluoride ion (KF, DMSO, 
20°C 3-5 h) leads exclusively to products of protodesilylation.‘39 

The reactions of E-2-trimethylsilylalk-Zenenitriles with electrophilic substrates occur via the 
intermediate formation of carbanions.‘40*‘4’ Protodesilylation of these silanes by fluoride ion 
(TBAF) or OH- ions (NaOH/MeOH) occurs extremely easily (O’C, 1 h) yielding Z-alk-2-enenitriles 
(up to 91% yield’40). 

R 
‘c-cf 

ch’ F- R .=N 

ii’ ‘SIMe3 El20* o”c 
;c-c, + 

H H 
Me3SIOH 

R - n-Bu, n-C H 
5 11’ ‘gH13 ’ 

Et(n-B&H , PhCH2CH2, Ph , p-MekX6Hp 

3.3. ~esi~y~uti~n of silic5n-ar~m5tie cornpo~~ and the removal of protecting groups from oxygen 

and nitrogen 

Stereoselectivity of these reactions can reach 96100%. This favourably distinguishes it from the 
other known methods of synthesis of alk-2-enenitriles (e.g., from aidehydes’42-‘47 with pr~ominant 
formation of E-isomers). Potassium alkylpentafluorosilicates K2[RCH2CH1SiFJ may be desilylated 
in high yields, but the reaction products contain terminal olefin. “’ Desilylation of the derivatives of 
I-t~methylsilyl-l-methoxy-I ,Zpropadiene by TBAF in the THF~methanol mixture and subsequent 
hydrolysis of the reaction mixture leads to the formation of trans-a,@nsaturated aldehydes. The 
reaction occurs under mild conditions with a high regioselectivity and reasonably high yields 
(92%). I48 

TBAF 
BuCH-C-C(OCH3)51Me3 ____Fc BuCH-CH_C(O)CH3 

a-Trimethylsilyl triflates give rise to free eiectrophilic vinyl carbenes. ‘49 The presence of halogen 
in the p-position leads to the elimination of MeSiCl and the formation of a double bond.‘f0.‘5’ 

Me+51 
0 

Cl *.* m Cl 
CI 

PhS 

0 

NaF 
/ 

CH,OH/H20 
sf 

Cl 
Cl 

Ph5 

The course of the desilylation of vinylacetylenes containing two trimethylsilyl groups bonded to two 
multiple bonds depends on the catalyst employed. Thus, in the presence of TBAF both silyl groups 
are removed whereas in the case of KOH the elimination takes place only at the triple bond.‘52 

In the series of aryl and heteroaryl silanes under the influence of fluoride ions, desilylation 
reactions mur readily. Treatment of silylated indolizines with a 1 M solution of TBAF in THF 
leads to the quantitative removal of their trimethylsilyl groups. ‘53 The reaction of 2-trimethylsilyl-3- 
(trimethylsilylethynyl)furan occurs similarly. ’ J4 3-Trimethylsilyl4phenylpyrazole is converted in 
the presence of fluoride ion to 4-phenylpyrazole (75%).“’ Carbinol46 gives the carbinol 47.1f6 
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cF3 
TBAF 

- 

OH 
OH 

46 47 - - 

R _ w, (~2%)~ PhCH=CH (X%), “-C6H13 (2796) 

Arylsilanes are more stable against fluoride ions than alkyl-, alkinyl- and alkenyl-silanes. The 
introduction of donor substituents on the benzene ring leads to a further decrease of the desilylation 
rate.15’ 

Cleavage of the aryl-Si bond in 2-methyl-5-methoxy-6-trimethyisilyl-N,N-diethylbenzamide 
requires prolonged boiling with CsF in aqueous DMF.“’ It is interesting to note that treatment of 
acylsilanes with KF*2H20 in DMF or with TBAF in wet THF leads to aldehydes, the products of 
desilylation. ’ 58 

C6H5C(0)StMe3 
KF’2H20 

> C6H5CH0 
DMSO, 20°C, lh 

The use of TBAF for cleavage of silyl ethers was reported in 1972. ’ 5g The reaction is usually 
carried out in tetrahydrofuran at 25°C. The use of KF with a crown ether for deprotection of t- 
butyldimethylsilyl ethers is also known. Alternatively, tetra-n-butylammonium chloride with pot- 
assium fluoride dihydrate in acetonitrile at 25°C may be used. 

Many investigators have used the trimethoxysilyl group to protect hydroxyl groups. However, 
such a protection is very sensitive to solvolysis in a protic medium. The isopropyidimethoxysiIy1 
group was shown to undergo solvolysis 1~1~ times more slowly than Me$iO. But this group 
is unstable towards Grignard reagents and oxidation by chromic anhydride, and is labile under 
Wittig reaction conditions. The tert-butyldimethoxysilyl group is 1000 times more stable to solvolysis 
than Me,SiO. Therefore, this group is preferable for use in multistage syntheses.‘60 Ail the above 
protecting groups may be easily and virtually quantitatively removed by 30 min treatment with 
TBAF in THF at 20°C. Examples of the quantitative removal of the protecting tert-butyl- 
dimethylsilyl and triisopropylsilyl groups from hydroxyls may be found in oligoribonucleotide 
syntheses. ‘6’-‘64 The removal of tert-butyldimethylsilyl protection by TBAF in THF is accompanied 
in the above reactions by migration of the acyl group.‘bs 

E 
OC OR 

TESAF 
OCOR 

0SiMe2f3u’ - 0- zz== 

OCOR 
THF E OCOR E 

OC OR 

zx:_ = E 
OCOR 

OCOR 

0- 

R - n-C 
17w35 

I 
E 

OCOR 

E 
OCOR 

OH OCOR 

OCOR OH 

Later it was shown that the hydroxyl group may be protected by dialkyldisiloxane groups. In this 
case the desilylation reaction occurs as easily as with trialkylsiloxy groups.‘66”67 Examples of 
migration were also reported for other substrates (e.g., carbohydrates,‘6* prostaglandins’@ and 
nucleosides’70*‘7’). H ence, the t-butyldimethylsilyl group should not be used for hydroxyl protection 
when acyl migration is possible. 

fmidazole, DMF 
ROH + CiSiMe2(t- Ru) % RffiIMe2(C Bu) 

25%. lOh, hIah yielcls 

4% - 

ROH - tertbry alcohols 
TBAF. THF 

25% ) 

I 

n-Bu4N+Cf 1 

30 mln, 

100961’ 

KF. 2H20 

25%. 4h, 

95% IT2 

ROH 
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t-Butyldiphenylsilyl ether 48 was used to protect the primary hydroxyl group in the synthesis of 
thromboxane B2 from o-glucose.‘73-‘75 

ROSlPh@. Etu) - ROH 

A new protecting group for alcohols has been described recently. Tert-butylmethoxyphenylsilyl 
ethers are stable to hydrolytic conditions but are extremely sensitive to fluoride treatment. This 
permits their selective removal in the presence of t-butyldimethylsilyl or t-butyldiphenylsilyl ethers. 
Selective protection of primary hydroxyl groups or, by varying the solvent, of secondary and tertiary 
hydroxyl groups and enols is possible. 

t-Butyldiphenylchlorosilane may also be used to protect the phenol& hydroxyl groups. 

(L_Bu)Me2SlCI, DMF 0,lM HK , 0,lM NaF 

ArOH -- 49 
25?, 3h, 96% 

- ArOSlMe2(tBu) 
THF, 25OC, 2 days - 

49 - 

The 2-(trimethy1silyl)ethyl group’76 seemed especially favourable for protection of one carbonyl 
group in a mixed succinate, because it can be removed with TBAF under non-hydrolytic, neutral 
conditions.“6.i77 Condensation of primary and secondary alcohols by the hemisu~inate 50 gave 
the corresponding mixed succinate 51 in excellent yield. The deprot~tion step has also been included 
in the preparation of the hemisuccinates 52 in good yield. “* The method is unsuitable for the 
preparation of estrone hemisuccinate because the ester group may be attacked by TBAF. Estrone 
hemisuccinate and acetate decomposed to estrone when treated with TBAF under standard con- 
ditions. 

CH2COOCH2CH2SIMe3 

I 

CH2COOCH2CH2SIMe3 

-t: 

H2COOH 
+ ROH - 

CH2COOH CH2COOR CH2COOR 

50 51 - 52 

ROH 

Cholesterol 

Estr0Ile 

HO 

Y fetd ,% 51 

93 

cls 91 

tmne 84 

a5 

92 

a3 

52 - 

74 

76 

76 

81 

70 

The efficiency of different desilylating agents in the series of nucleotides and nucleosides has been 
considered.‘79 Other sources of fluoride ion have also been suggested, e.g. the A26 Amberlite ion- 
exchange resin in the F- form.“’ 

OH 

A26 Amberlite 

HO H 

(94%) 

However, they do not possess any distinct advantages over the readily available alkali metal fluorides. 
The removal of protecting groups bonded with oxygen by the ionic fluorides in protic solvents 

occurs easily in comparison with carbon-bonded groups. This makes possible the selective elim- 
ination of silyl groups. ’ 8’ 
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TE3AFfTHF 

25*, 10 min. 

Triorganylsilyl esters of alcohols, enols and phenols may also be desilytated.‘82-‘84 

‘;‘Q I$ TBAF 
Me3S40-~~~COOR3 m 

R4 R1 
HO-&&-COOR3 

R3 R2 
k5 k2 

The peculiarity of the fluoride desitytation of compounds containing the O-bonded trimethylsilyt 
group is evident in the high chemosetectivity of the reaction. Even in the case of complex poly- 
functional molecules it allows splitting of only the bonds, white other potential reaction centres 
remain unchanged.‘85,‘*6 ~esilylation of tert-butytdimethytsityt ethers of ally1 alcohols by TBAF in 
THF or by KF* 1%crown-6 in DMSO was shown to proceed in quantitative yield without iso- 
merization or rearrangement. ‘*’ Dramatic examples of the high selectivity of desitylation processes 
have been found.‘** The optical purity of the substances remains unchanged.‘** 

Some examples of desilylation of compounds containing the protective sityl group bonded with 
hydrogen by the fluoride ion have been reported, e.g. the formation of 3-substituted pyrrols from 
~-triisopropytsityl derivatives. ’ *’ 

R 
TBAFjTHF 

2Q”, 5 min. 

k 

R - Br (65%), NO, (100%). COOEt (100%) 

Substituted thiazote is also quantitatively desitytized by TBAF in THF.ls4 

Removal of the protecting group from the amino nitrogen atom should be mentioned.‘90 

RR’CC=XH,h;(SiMe,)2 
10% KF, 

McOH 

RR1CC=CCH2NH2 

&H 

R - H, R 
1 _ I+, (78%): r - H , R* - EtCH-C(Me) (9%) 

4. DESILYLATION ks A METHOD TO GENERATE ACTWE NUCLEOPHILES 

It should be noted that the easy formation of nucteophitic species in desilylation reactions by 
fluoride ion promotes reactions with etectrophites. Here are some examples. 

4. I. Alkylation and aryiation of carbonyl contpcxm2~ 
The easy F--catatysed desiiytation of organositicon compounds containing a C---&R3 bond has 

been developed into a general method for the transfer of acykt9’ atkinyt,‘92*‘93 benzyt,‘94~i9s attyt 196 
and oxiranyl ’ 3 ’ ~rbanions to eI~trophilic centres. However, in spite of the large number of papers 
in this field, this synthetic methodology has been applied with very few exceptions only to atdehydes 
and ketones as the etectrophites. The ability of organosilanes to be cleaved by the fluoride ion with 
formation of carbanions was used to introduce alkyt groups. For example, benzyttrimethytsitane 
was found to be a convenient reagent for the benzylation of aldehydes and ketones in the presence 
of fluoride ions.‘Y4*‘97.‘9e 
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C6H5CHO + RSiMe3 
Si02l~B.4~ 

* C6H5CH(OH)R 
THF, 20°C, 12h 

R - -N02C6H4CH2- (70%). 3,5-C12CgH3cH2- (70%)) C6H5CH-CHCH2- (50%), 

4-CH2C5H4N (80%) 

l-Phenyl(nitrophenyl)ethane was obtained in 60% yield by the reaction of (2-nitrobenzyl)tri- 
methylsilane with benzylbromide in the presence of F- ions.‘94 

C6H5CH2Br + REdMe 
S102/TBAF 

C6H5CH2R 

R - *N02C6H4CH2_ (60%). 3,5-C12C6H3CH2- (50%), C6H5CH-CHCH2- (40%) 

The benzylation of some heterocyclic aldehydes was also carried out. The heterocyclic triazole 
reacted with aldehydes in the presence of TBAF to yield secondary alcohols (5 80%) after hydroly- 
sis.19* 

N' 'N-CH2SIMe3 

MeOOCk 

/N 
RCHO 

N’ ‘N-CH 

OOMs TBAF 
MeOOC I-I COOMe 

R - Ph (7796), C6H5cH-CH (62%). 1 1 ( ) 0 62% eo (63%) 

Benzyl, heteroaryl and allylsilanes react in the presence of CsF or silica gel/TBAF with electrophiles, 
such as &valero and s-caprolactone, and with cyclohexen-Zone under mild conditions.‘99 2-Tri- 
methylsilylthiasole (as well as 2-trimethylsilylbenzthiasole) easily reacts with benzaldehyde in the 
presence of fluoride ion to give secondary alcohols in high yields after hydrolysis.“’ The reaction 
is catalysed by KF in 18-crown-6 and by CsF or TBAF on silica gel. Lactones and a,/?-unsaturated 
ketones also react similarly to form benzthiasole derivatives with long-chain alkyl substituents in 
position 2. 

Pyridinium methylide (54), prepared in situ from N-(trimethylsilylmethyl)pyridinium triflate 
(53) and CsF, reacts with electron-deficient olefins 55 in 1,Zdimethylethane to give exomethylene 
compounds 56 in variable yields together with different amounts of trisubstituted olefins 57.20’ 

R1CH=CHR2 
CeF 55 

CF3S03- - - 

DME 

I 
CH2SiMe3 CH2 

53 - 54 56 s7 

R1, R2 _ -COOCH3, -COOC4Hg-n, -cOc6H5, 

R* R2 _ _c-N-C-, -C-N--C 

I.....I II II 
0 0 

The conversion of disubstituted olefins 56 into trisubstituted olefins 57 is easily achieved using a 
catalytic amount of triethylamine in chloroform at room temperature. A general method has been 
reported 202 for transfer of an ArCOCH; group to electrophilic centres leading to a novel synthesis 
of a variety of mono- or r,y and z,&dicarbonyl compounds (some of them not readily available) 
using the conventional routes. This method is based on the high reactivity of the aromatic fl- 
ketosilanes towards a number of carbon electrophiles in the presence of F” ions. 

C6H5C(0)CH2SIMe3 
E, F- 

= c6H5C(0)CH2E 

Details of these reactions are given in Table 3. The reactions with various electrophiles proceeded 
smoothly in reasonably good yield and were found to be regioselective. In addition to the usual 
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Table 3. Reactions of C~,COCH,SiMe, with eletrophiles in THF, catalysed by CsF“” 

Electrophile Product 
Reaction 
time (h) Yield (%) 

---- 
CHrCH2CHICH=CH&0 PhCHO 
PhCH,Br 
CHdHCH,Br 
PhCOCH ,Br 
PhCOSiMe, 
2-FurylCOSiMe, 

PhCOCH=CHPh 
PhCOCH2CHCH2CHICH3COCHr 
PhCOCH ,CH ,Ph 
PhCOCHrCHrCH=CH2+PhCOCH(CHICH=CHJI 
PhCOCH rCH ,COPh 
PhCOCH=CHPh + PhCOCH rCOPh 
2-FurylCH=CHCOPh + 2-FurylCOCH rCOPh 

4 98 
6 80 

12 70 
IS 30+30 
16 40 
8 20+40 
2 IO+40 

carbonyl derivatives, organic bromides interact with /3-ketosilanes. The use of a-ketosilanes as 
electrophiles is also noteworthy. 

The allyl-silicon bond of allyltrimethylsilane is readily cleaved by TBAF to give a new allylic 
anionic species. The addition of allylsilanes to electrophiles is one of the most useful C-C bond 
formation reactions.203 The reactions of allylsilanes with carbonyl compounds under the nucleophilic 
catalysis conditions were carried out for the first time by Sakurai and his co-workers’96 in 1978. 
Allylsilanes were found to undergo addition to the C=O group of aldehydes and ketones in mild 
conditions (60°C 448 h) under the influence of fluoride ions (5% molar TBAF) yielding the adducts 
(6&90%). 

Me3SICRR1CH-CHR2 + R3R4C 0 _ 2 
THF 

R’CH-CHCR1R2yR3R4 + 

0S1Me3 

+ RR%-CHCHR2CR3R4 

Ame 

R-RI-R2- H ; R-RI- H, R2-CH3, R-R’- H, R’-CHJ : 

R-R’-CH3, R2- H 

In this reaction allylsilanes form the corresponding ambident ally1 anions which then attacks the 
electrophilic carbon atom of the carbonyl group (preferentially by the less substituted carbon atom 
of the anionic species). Thus, allylation of benzophenone by v,v-dimethylallyltrimethylsilane occurs 
solely with participation of the primary carbon atom of the allylic system. 

1) F-, THF 
Ph2C-0 + Me3SICH2CH-C(CH3)2 p 

2) MeOHlHCl 
Ph2yCH2CH-C(CH3)2 

OH 

The reaction is catalysed by fluoride ion and examples are listed in Table 4. 
The interaction of butanal with a-methylallyltrimethylsilane leads to the formation of a mixture 

of isomer+ products. 

Me3SiCH(CH3)CH-CH2 + CH3(CH2)2CH0 F- CH,(CH,),CH(OH)CH,CH-CHCH3+ 

(4 1%) 

+ CH,(CH,),CH(OH)CH(CH,)CH-CH2 

(30%) 

Table 4. Reaction of allylsilanes with carbonyl compounds catalysed by TBAF in THF at reflu~~~~ 

Allylsilane Carbonyl compound Products Yield (%) 

Me,SiCH *CH=CH z 

Me,SiCH ,CH=C(CH ,)? 

CH,(CH&CHO 
CH,(CH,),CHO 
PhCHO 
PhCOCH , 
PhCOPh 

CH,(CH&CH(OH)CHICH=CH2 83 
CH ,(CH h,CH(OH)CH ,CH=CH I 92 
PhCH(OH)CH ICH=CH I 93 
PhC(OH)(CH ,)CHrCH=CH I 60 

Ph,C(OH)CH zCH=C(CH ,)I 87 
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When the electrophile is an a&unsaturated ketone then conjugate addition and 1,Zaddition take 
place competitively, e.g., treatment of E-4-phenyl-3-buten-2-one (58) with trimethylallylsilane and 
TBAF in THF gives the 1,4- and 1,Zaddition products (59a and 59b) in 24 and 50% yields 
respectively. ‘99 

58 5Qa 59b - - - 

The question whether the allylic nucleophile generated by fluoride ion from trimethylallylsilane 
exhibits high selectivity for conjugate addition with less electrophilic Michael acceptors has been 
examined.*04 Under fluoride catalysis conditions, only 1,4-conjugate addition was observed for 
either a&unsaturated esters or nitriles. 

R TEAF R 
H 

R - C6H5 t Y_COOCH3(90%); R-C6H5, Y-CN(65%): R-C 6 5, Y - CONEt2(80%): H 

R - H, Y - COOCH2C6H5 (65%): R - COOCH3, Y - COOCH3 (80%): 

R-CH3, Y - COOEt (27%); R - (CH& , Y - COOEt (80%) : 

R-(CH&,Y-CN(6596); R-2-Fwyi,Y - CN (91%) : R - 2- Fwyl, Y - COOEt (83%) : 

R - 2-Furyl, Y - COOEt (83%). 

This method also afforded exclusively the 1 +adduct in allylation reactions with polyene esters and 
nitriles. 

R - C6H5. Y _ CN (37%); R - C6H5, Y - COOEt (63%); 

R - CH3, Y - COOEt (31%) 

The use of a$-enones as electrophiles leads to the conjugate 1 ,Caddition as well as 1,2-addition. 

F- 
Me3SiCH2CH-CH 

2 
+ PhCH-CHC(OkH3 - 

60°C, 5h 
CH,C(O)CH,CH(Ph)CH,CH-CH2 , 

(24%) 

+ PhCH-CHC(CH&H,CH-CH2 

&Me3 

(50%) 

Aldehydes react more easily than ketones, while nitriles, epoxides and esters do not react even after 
prolonged boiling. For example, methyl laevulinate is allylated regioselectively only at the keto 
group (Table 4). 

The fluoride ions generate the active species from allyltrialkylsilanes. These react with carbonyl 
compounds yielding secondary alcohols after hydrolysis. The reaction of 2-(trifluoromethyl)-allyl- 
trimethylsilane with carbonyl compounds in the presence of TBAF or CsFlE8 leads to unsaturated 
alcohols. 
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CSF 

CH2-C(CF3)CH2SIMe3 + RR%-0 - 
DMF 

CH2-C(CF3)CH2CRR1(OS’Me3) 

R- C6J-$ l R1-C H 
6 5* 

CH 3; R-C2H5. RI- C2H 5, CH3CH2CH 
2 

The reaction with pyridine N-oxide leads to 2-propenylpyridine (56°!‘o).20s The proposed mech- 
anism involves coordination of the silicon atom with the oxygen atom of the N-oxide group followed 
by rearrangement of the dihydropy~dine silyl ether.20’ 

F-IT&IF 

Me3SiCH2CH =CH 
2 - L + Me3Si0H 

5O, 1,6h 

c 
0 bfi% 

The catalytic amount (0.1 equivalents) of TBAF is quite sufficient for the reaction to proceed. The 
reaction includes the stage of intermediate formation of l,badduct, further elimination of Me&OH 
and isomerization of 2-allylpy~dine to 2-pro~ny~py~dine. N-Oxides of 3-methyi- and Cmethyl- 
pyridine react similarly. 

The ability of allylsilanes to be added to the CL=0 group under conditions of nucleophilic 
catalysis provides the basis for the new method of intramoi~ular cyclization of some unsaturated 
aldehydes.206.207 

This intramolecular allylation yields axial and equatorial isomers of exocycloolefins, the yield of the 
equatorial isomer 60b being 82%. The presence of Lewis acids as catalysts in this reaction leads 
mainly to the axial isomer 6Oa. Thus, with SnCl, and BF,* Et,0 as Lewis acids, the ratios of the 
isomers 60~ (axial) and 60b (equato~a1) are 59 : 41 and 85 : 15 respectively. 

Intramolecular allylation under conditions of nucleophilic catalysis (0.2 equivalents of TBAF) 
has been successfully used by Trost and Vincent for the synthesis of muskone and analogous 
reactions.208 

The presence of the pyrrolidino-substituent in compound 61 inhibits the reactions ofelectrophiles 
activated by Lewis acids. Such deactivation was not observed in the case of ~-amino-y-t~methylsiiyl 
crotonate esters. *09 The formation of a stable amino-Lewis acid complex in this case leads to a lack 
of reaction for compound 61. 2’o Activation ofcompound 61 by CsF or TBAF promotes the reaction 
with carbonyl compounds (Table 5). 

61 62 63 - - - 

Tabie 5. Reactions of compounds 61 with ca;botyl compounds (20°C) catalyfad by fluoride 

Carbonyl compounds 
-_.. 
PbCHO 
PhCHO 
(CH ,),CHCHO 
(CH &CO 
Ph(CH ,)CO 
Ph(CH,CH ,)CO 

Reaction Y icld of Ratio 

Catalyst SOlWllt time(b) (62+63) (%) 62:63 
-- -- 

CsF DMF 30 5s 2~3 
TBAF THF 72 53 1:l 
CsF DMF 30 30 2:3 
CsF DMF 30 40 3:2 
G3F DMF 30 40 3:2 
TBAF DMF 24 40 I:1 
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In I983 Sakurai and his co-workers carried out the ~sopreny~aiion reaction of a number of 
aldehydes and ketones with 2-(t~methylsilyl)-methyl-1,3-butadiene in the presence of a catalytic 
amount of TBAF.‘” 

1) F-, THE' 
SiMrg * RRbO 

2) MeOHIH+ 
HO 

fn the case of isavaler afdehyde (20°C. 30 min) and 3-methyl-Bbutenal (35°C 2 h), the reaction 
leads to ipsenol and ipsdienal respectively, which are components of pheromones. 

Sakurai and his co-workers had suggested that the reactions of ailylsilanes with carbonyf 
compounds, initiated by fluoride ion,‘96 proceed by a mechanism analogo~ to the catalytic mech- 
anism. Later,“’ the same authors su~~ted an alternative autocatalytic mechanism on the basis of 
the fact that isoprenylation of benzophenone takes place q~nt~tative~y even at 50°C (boiling point 
of Me, SiF is 16.4”C) (Scheme 3). 

The first stage is initiation (Reaction I. 1) : 

n-13uqN+F- ----w- ’ Reaction 1.1 

The second stage is autocatalytic mechanism (Reaction 1.2) : 

Reaction 1.2 

d 

64 - 

Scheme 3. 

According to this mechanism (Scheme 3) the interaction (S,Z-S&type reaction) of allytsilane and 
fluoride ion leads to Me,SiF and the ally1 anion. The latter then undergoes addition to the C=O 
group to give the alkoxy anion 64. The alkoxy anion 64 then reacts with allylsilane to yield the final 
product and regenerate the ally1 anion. As follows from Scheme 3, the role of the fluoride ion 
consists only in the initial generation of the atlyl anion. In this process the fluoride ion forms MegiF 
and so does not participate any further in the reaction. Thus, both the catalytic (Reaction 1. I .f and 
aut~talytic (Reaction 1.2) m~hanisms include the stage of ally1 anion generation. The authors,’ ’ ’ 
however, do not prectude participation of the hypervalent al~ylsjI~~on intermediate of the [CH +X-l 
CH,SifF)MeJ- type as a nucleophiie in the reaction. But without investigation of the reaction 
kinetics, the real structure of such intermediates, and the mechanism of their formation and further 
transformation are just the subject of speculation. Future work in this field will be directed towards 
the elucidation of the mechanism and the development of new synthetic methods for the preparation 
of useful products by a waste-free technology. The product 65 is itself an allytsilane and can be used 
for terpene synthesis. 
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CsF/DMSO 

1 KF/DMSO, 

120°. 12h 

Further applications in terpene syntheses are illustrated below. 

I 
Me3SICH2M&I/Et20 

35O, 3h 

Llmonene 

(62W 

0 

P I 

(15%) 

I 
MeMQBr/Et20 

X0, 3h 

P- Blsa bolene (75%) ol -I- Blaabolol (75%) 

TBAF in THF was found to be an effective catalyst in the reaction between aldehydes and 2- 
trimethylsilylmethyl-1,3-butadiene leading to the formation of alcohols.2” The ally1 anion is more 
stable than the vinyl anion. This is indicated by the easy formation of the ally1 anion in the reaction 
of trimethylallylsilane with fluoride ion in the gas phase. 2’2 Moreover, cleavage of only the allylic 
Si-C bond by the fluoride ion occurs in 1,3-bis(trimethylsilyl)propene although it is both a vinyl- 
and an allyl-silane. The easier cleavage of the C, *Si bond by the fluoride ion in compounds with 
a protected siliconcontaining group in comparison with the C,,FSi bond makes it possible to 
obtain unsaturated alcohols containing the SiR3 substituent at the double bond.2’ ’ The reaction 
of these silanes with carbonyl compounds (THF, 25°C 3-16 h) followed by protolysis of the reaction 
mixture leads to E-l-trimethylsilylbut-l-en-4-ols.2’4 

Me3&vls,Me3 + RRIC-O F- Me,stT;: 
R 

(45-90%) 

R - H, R1 - CH3’ n-c 
6 

H 
13’ -6’5 ’ 

RR1 - -(CH2)4- , -(CH2)5- 

The reaction of the ally1 carbanion with aldehydes may be regarded as the basis of an elegant method 
for the synthesis of 3-alkylpyridines. 2 ’ ’ 
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S1Me3 

ArCHO/TBAF 
CH2Ar 

i 

(47-72%) 

Et2GO/TBAF 
CHEt2 

(33%) 

The key stage of the transformation of dihydropyridine to 3-alkylpyridine is, evidently, alkylation 
of the carbonyl compound by the carbanion (anionic acomplex 66). This corresponds to the 
addition of the trimethylsilyl anion at position 4 of pyridine. 

RCHO 

SiMe3 
66 - 

CH2R 

The reaction of aldehydes and ketones with carbalkoxymethyltrialkylsilanes is a route to fl-oxy- 
carbonyl compounds.2’6q2’7 

R1R2C-0 
TBAF/THF 

Me3SiCH2CH2COOEt + L 
O°C, 2-4h 

R1R2 CH2COOEt 
F 
0S1Me3 

RI-H, R 2_ C6H5CH-C”_ (81%). C4H9CH-CH- (82%). CH3CH-CH- (69%), Ph (736%): 

RI-R 2- C6H5 (88%) 

Several 2-substituted pyridines are formed in the reaction of benzyltrimethylsilane with pyridine N- 
oxide in the presence of TBAF.” * 

2 C6H5CH2S1Me3 - 

1 CH2C6H5 

E, (70%) 

F’yridine, quinoline and isoquinoline N-oxides are easily cyanated by Me,SiCN in the presence of 
triethylamine. Thus, pyridine N-oxide reacts with this compound to form Z-cyanopyridine (8O%).2’9 
CCyanopyridine is obtained in small amounts (w 0.5%). Instead of Me&CN, a mixture of Me$iCl 
and NaCN may be used. It is interesting to note that 3-hydroxpyridine N-oxide reacts with Me,SiCN 
to form 2-cyano-3-hydroxypyridine (73%). The same picture is observed when this reagent reacts 
with substituted pyrimidine N-oxides.220 

CN 

R 

(71- 90%) 

R - H, CHx, C6H5. OCHJ 

2-Me$iCH2C6H4COOMe undergoes cyclization with olefins in (Me2N)3m containing CsF to 
give a-tetralones.22’ TBAF initiates the reaction of (~5-cyclopentadienyl)(trimethylsilyl)iron with 
benzylchloride and l-bromobutane.222 
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TBAF/THF 
Cp(C0)2(SJMtr3)Fe + RHal - Cp(CO&(R)Fe 

RHal - C6H5CH2CI (50_8Q%), C,HQBr (45-85%) 

Introduction of the propargyl group by this method is accompanied by isomerization of the inter- 
mediate carbanion leading mainly to the fo~ation of allene derivatives.2’9 The reaction of pro- 
pargyltrimethylsilane with acrolein and benzaldehyde yields vinylpropargylcarbinol and phenyl- 
propar~l~rbinol (20% and 30% respectively). At the same the corresponding allen~-confining 
alcohols may be obtained similarly with a 7040% yield. Propargylcarbinols cannot be obtained 
from aliphatic aldehydes (R’ = Me, Et, Pr, Bu, t-B@. 

HC=XH251Me3 + R’R*C-0 - CH 
2 

C CHCR’R’ m - + HCECCH CR’R* 

bH 
21 

OH 

This approach was used for the intramolecular cyclization ; formation of the cyclic compound takes 
place simultaneously with elimination of the Me$i group.‘96*206*20* 

OH 

I 

S02Ph 
SO2Ph 

Cyclization also takes place in the case of other basic agents, such as CaC0,.z’4 

CICSJMe3 

.-=-3 

NHCH2Ph DMF 

Organosilicon reagents possess certain advantages over standard reagents. For example, tri- 
methylsilyldi~methane, which can be easily obtained from (chloromethyl)t~methylsilane, is much 
more stable than diazomethane. It reacts with carboxylic acid chlorides forming intermediate a- 
t~methylsilyldi~oketones. The latter are highly reactive : their protolysis leads to a-diazoketones 
which yield benzyl esters of homologated acids by the Wolff rearrangement.223*224 

NEt3 1) HNO 
Me3SJCH2CI + KOCN 

DMF 
=- Me351CH2NHC(O&H2 - Me3SICH~N2 --w 

2) OH- 

RIC(0)CI 
- Rk(O)C-N2 

H2°_ 

I 

- Rk(O)CH-N, 

SJMej 

RI - GC ii 
6 11’ 

C6H6CH2CH2, C6H6, l-Naphthyl , 2-ThJophenyI 

Primary, secondary and tertiary alcohols, on treatment with Me$iCl in the presence of NaCN and 
NaI, form the corresponding nitriles. 

ROH 
NaCN/Me3SICIfNal 

c- RCN 
DMF, 60_65*C 

(a- 98%) 

R. tC4HQ, =C6H13’=H(CH&, ‘iC6HlI(CH& 

The a-trimethylsilylisothiocyanate prepared from 67 via 68 yields 2-mercapto-5-phenyloxazole by 
treatment with benzaldehyde and potassium fluoride.226 
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Cl-Cl k ArCHO 

0 
PhSCH2SiMe3 - PhS~HSiMeg -C-S 

CI 

The fluoride ion catalyst is assumed to work200 in the po~~e~tion of triethyi- 
(trifluorovinyl)silane either by elimination of fluorotriethylsilane from the polymer intermediate 
or, alternatively, by elimination of fluorotriethylsilane from triethyl(trifluorovinyl)silane giving _ _ 
difluoroacetylene which then copolymerizes with triethyl(trifluorovinyl)silane under the reaction 
conditions. 

cF2-CFSIR3 

Under similar conditions, truns-(1,Zdifluorohexene-1-enyl)trimethylsilane undergoes addition to 
the carbonyl group of pivalic aldehyde. ’ 39 

n-B”~F-CF,SiMo + 

F- 
Me$CHO - ,I- B”\cF,cF 

3 20°C, 60h “s: 
HCMe3 

0S1Me3 

The reaction was supposed to occur through the formation of the intermediate trans-(l,Zdifluo- 
rinealk-1-enyl) anion. The reactions of E-(l-cyanalk-1-enyl)-trimethylsilanes with carbonyl sub- 
strates (2O”C, 30 min) initiated by TBAF are stereospecific and lead to E-2-( I-hydroxyalkyl)alk-2- 
ene-nitriles. 14’ In these reactions the authors postulate the inte~~iate formation of Z-( I-cyanalk- 
l-enyl) anion interacting with electrophiles without any changes in configuration. 

The fluoride ion-induced desilylation of E-2-trimethylsilyl-2-alkene-nitriles gives stereospe- 
cifically Z-l-cyano-I-alkenyl anion intermediates, which may be converted into Z-Zalkenenitriles 
or E-2-( l-hydroxyaIkyl)-2-alkene~t~ies with retention of confi~ation.“‘*“’ The authors of 
Ref. 227 describe the formation of a-carbanions of t-butyl-Zalkenoates by a similar desilyiation 
and the reaction of these carbanions with aldehydes as electrophiles. 

Rl ,SiMe3 TBAF . 

i 1 
R%HO 

&-C RICH-C;OOBu-t - 

,CI-I(OH)R2 

‘COOBU-1 THF R1cH-cYoO13u4 

R1-R2- n-C3H7CH(CH3& (75%); 

R1 - n-C3H7CH(CHg)_, R2 - c_C6H11 (7%) 

The same situation is observed in the reaction between tranr-I,Zdifluoro-l-trimethylsilylhexene 
and the promoted form of 2,2_dimethylpropanal in DMSO leading to 2,2-dimethyl-4,5-difluo- 
rononene-4-ol-3’39 with a good yield. At the same time the stereochemical result of alkenylation of 
aldehydes by I-trimethylsilyl- 1 -carb(t-butoxy)alkenes- I in the presence of TBAF depends sub- 
stantially on the structure of the initial silane. This dependence may be considered as the consequence 
of a configurational change of the vinyl anion in the process of desilylation.’ ” 

The greater number of reactions catalysed by fluoride ion involve the interaction of vinyl-siiane 
derivatives with the fluoride ion and trapping of the vinyl anion formed (corresponding to the 
crypto-ion or a molecule with the Si-C polarized bond) by an appropriate electrophilic reagent. 

If the vinyl anion is stabilized by some substituents (e.g., a phenylthio group), the reaction of 
alkenylation takes place in the presence of ben~ldehyde.13’ 

C,,H,,(CH,)c-C(SiMe,kPh + PhCHO Taa’- C10H21(CHJ)C-CH(SPh) + 

(20%) 

,SPh 

+ CIOHZ1(CH3)C-C, 
CH(OH)3Jh 

(51%) 
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The stability of vinyl anions is increased by the presence of CN groups or fluorine to atoms at 
the sp” carbon atom. This led to the synthesis of Z-cyanallyl alcohol derivatives by treatment of 
substituted I-trimethylsilyl-l-cyanoethylene and acetaldehyde with TBAF in mild conditions.‘4’ 
Configuration of the initial olefmic fragment in this process remains unchanged. 

C6Hll /CN 
He-c ” 1 CH3CHO 

_ C6Hll. ,CN 

HC’+.H(OH)CH3 

4.2. ~~ac~~~n.~ of ethinyl- and pr~pargy~-s~~a~~s with ~~~~0~~~ compotcnak 
The reaction of ethinylsilanes with carbonyl compounds under conditions of nucleophiIic cataly- 

sis was first reported in 1976.228 ~henylethinyl)t~methylsiiane was found to interact with ketones 
and aldehydes in mild conditions in the presence of the catalytic amounts of TBAF.22*.229 

F- 
PhC ICSIMe3 + RR&O - PhC~CRd(OSiMe3) 

(60-90%) 

R-H, Rl - Ph. I.-Bu, n-C7Hj5, CH-C(CH3)(CH,),CH-C(CH3)2 : 

1 
R-Ph. R - Ph, Et, CH-CHPh: 

RR1 - -(CH&$- 

This reaction with cyclohexanone occurs completely in 5 min at -20°C with an 87% yield of the 
product. The following mechanism is proposed. 

f PhCEC- ,,,,,/ RR&O 

Reaction 1.3 

Scheme 4. 

The attack at PhC&CSiMe, by the fluoride ion leads to the formation of Me,SiF and the phen- 
ylacetylenide anion. The addition of the latter to the CL0 group of the carbonyl compound gives 
the alkoxy anion 69 which then participates in an !&ZSi type reaction with MeSSiF yielding the 
final product 70 and regenerating the fluoride ion. At the final stage of the catalytic cycle the alkoxy 
anion 69 can interact either with Me,SiF or with Me,SiMPh. In this case, product 70 is formed 
and the PhC-=C carbanion is generated. 

It is interesting that in the reaction of PhCzCSiMe3 with some ketones capable of enolization 
(acetophenone, @-ionone, benzalacetone) the yield of product 70 decmases to 5-t2%. The formation 
of 70 is not observed at all in the reaction with pentanone, 2_cyclohexene-l-one and mesityl oxide. 
It is considered that deactivation of the catalytic cycle (Reaction 1.3) occurs as a result of enolization 
of these ketones.229 The interaction between these ketones and the PhC&C carbanions leads to 
the less reactive enolate anion so that the rate of regeneration of the fluoride ion or the PhC&C- 
ion considerably decreases. 

To confirm the mechanism (Reaction 1.3). the authors229 investigated the reaction between 
ethyltrimethylsilane and 4-tert-butylcyclohexane initiated by TBAF. The reaction was shown to 
produce a mixture of the isomers 71a and 71b (88%) with a 9 : 1 ratio. These isomers were obtained 
as a result of axial and equatorial attack on the carbonyl group by the acetylenide anion. A similar 
isomer& ratio was observed in the reaction of it-butylcyclobexanone with sodium acetylenide.230 
On the other hand, the same reaction with buikier nucleophiles than the hydride or acetylenide 
anions leads only to the products of equatorial attack on 4-t-butylcyclohexanone.2” Hence, the 
authorsz3’ reached the conclusion that the reacting species is rather the relatively small *‘pun” 
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718 71b - - 

acetylenide anion of the [RCz=C]- l NR: complex than the bulky anion of the ~n~~ordinat~ 
silicon complex [RGmCSi(F)Me,]- *NRt. 

The gas-phase reactions of silanes with fluoride ion have been investigated.22’+222 The fluoride 
ion was shown to react rather fast with ethynyl-, allyl- and ~nzyl-t~methylsilanes, with substitution 
on the corresponding carbanions. 

MEplR F-= Me$?ai(F)R - - R- 

-Me$XF 

R - CrtCR 
1 

, CH2CH-CHR’ , 
CH2CksH5 

According to this scheme, Me,SiC=CCH, and Me$iC=CH form the isomeric CH,G=C- and 
HCz&- anions in a more than 90% yield. The reaction stops, however, at the stage of the 
ate-complex 72, when the leaving carbanion R- is unstable; e.g. with R = Me. In the case of 
trimethylphenylsilane, the ate-complex 72 is also the major reaction product, the yield of the phenyl 
anion being only 20%. 

In 1965, Eabom and Valton13’ investigated the kinetics of the cleavage of the silylacetylenic 
compounds (XC6H4) &C-=CPh (X = p-F, p-OCH 3, p-Cl, m-CH 3, m-Cl, H), R ,SiC=CH (R = Me, 
Et, Ph) by alkali in H2CH=H30H at 3O--50°C. The reaction rate shows first-order kinetics with 
respect to the organosilicon compound. Cleavage of (phenylethinyl~trimethylsilane proceeds 2 x 10’ 
times faster than that of benzyltrimethylsilane and this may be rationalized in terms of the relatively 
higher stability of the phenylethinyl anion. This is in accordance with the synchronous mechanism 
A, as well as the two-stage mechanism B where the second stage determines the kinetics of the 

A 

RIO- + R$‘SIR 
2 iI f R 

1 
0 . . . . . SiR’j . . . . . R 

t 
’ - R’OSi; + R- 

El 
[ R;‘Sl(OR’)R2] - - 

I 
R10.....S1R$.....R2 -’ 

1 

The common stage for both mechanisms is the fast interaction of the R- carbanioa with the solvent. 
The reaction rate of Me,SiC-=CPh is 280 times higher than that of Et,SiWPh. This may be 
attributed to the steric influence of Et groups towards solvation and, consequently, towards sta- 
bilization of the carbanion in the transition state. This is also the reason for lowering of the cleavage 
rate by substitution of Et groups by iso-Pr or Ph. The rate of hydrolysis for t’XCBHq),SiWPh 
increases substantially with increase of the electron-withdrawing properties of X. This is in accord- 
ance with the presence of the effective negative charge on silicon in the transition stage. 

The reactions of ~ty1t~me~ylsilane with carbonyl compounds, initiated by TBAF, occur more 
slowly than in the cast of (phenylethinyl)~trimethylsilane. 228*229 This may also be explained in terms 
of the stability of the corresponding carbanions. The inductive effect of the ahphatic chain in the 
case of ~tylt~methylsilane is less than that of the phenylethinyl group and this reduces the Si-C 
bond cleavage rate. 

Holmes et al.“’ found that bis-(trimethylsilyl)acetylene and bis-(trimethylsilyl)diacetylene 
attacks ketones and aldehydes in the presence of the catalytic amount (i-10 mol %) of the KF l 18- 
crown-6 complex. 

F- 
Me3SI(C =jnStMe3 + RR%-0 - RRIC(OSiMe,XC~C)nSIM~~ - 

3 

RR’C-0.5 RR’C(oSiMe3XCrC)nC(OSiMe3)RR1 

” 
n-l, 2; R-H. R1-Ph, i-Pi.: R-R’- Ph; 
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The type of products may be either mono- or di-adducts and depends upon the ratio of silane and 
carbonyl compounds. For example, the selective fo~at~on of monoadduct 73 in the reaction 
between benzaldehyde and bis-(trimethylsilyl)-acetylene was observed at a reagent ratio of 1 : I. The 
authors do not mention the formation of the corresponding diadduct 74. On the other hand, 
formation of a mixture of mono- and di-adducts with yields of 26% and 32% respectively in this 
reaction initiated by TBAF have been reported.229 Hence, the reactivity of monoadduct 73 appears 
to be higher than that of the initial silane. 

Pornet used fluoride ion catalysis to carry out the reactions of propargylsilanes with aldehydes 
and ketones.2’9*233 

Me3SiCH2ClCR + R1R2C-0 1) 

2) Hz0 

CH2-C-CRC(OH)R’R’ + RCWX-12C(OH)R.‘R2 

75 - E I-z 

R-H, CX3 

This reaction was carried out in THF in the presence of the catalytic amounts (5 mol %) of TBAF. 
The major reaction products are the a-allenic alcohols. Propargylsilane 75 reacts with aliphatic 
aldehydes yielding only the a-allenic alcohols 76. In the case of heptanal, the yield of the alcohol is 
about 70% (O’C, 1 h). Secondary aldehydes (of isostructure) are somewhat less reactive. Thus, the 
reaction with isobutyraidehyde requires heating up to 60°C for 16 h (53% yield). The reaction of 
propargylsilane 75 with ketones occurs even more slowly. In the case of diethylketone, the alcohol 
was obtained in only 15% yield (6O”C, 16 h). Silane 75 reacts with acrolein (O’C, 4 h, yield 25%) 
and ~nzaldehyde (SOC, 16 h, yield 45%) to form mixtures of isomer& alcohols (76 and 77) with 
the relative content of acetylenic alcohol (type 77) 20% and 30% respectively. 

Trimethylsilyl-I-butyne-2 75 is a less selective reagent in the same reactions.233 Thus, in the 
reactions with aromatic and aliphatic aldehydes the relative yield of the acetylenic alcohols 77 in 
the reaction mixture reaches 15--30%. Ketones are an exception; for example, diethylketone and 
@lane 75 yields only the a-allenic alcohol 76 (12%). 

Pen~fluorophenylt~methylsilane reacts with benmldehyde in the presence of fluoride ion form- 
ing phenyl(pentafluorophenyl)trimethylsiloxymethane. 234 On the basis of this evidence, Reutov 
has postulated a nucleophilically-~sist~ mechanism, Sri(N), for reactions of this type.23S The 
addition of cyanomethyltrimethylsilane to aliphatic and aromatic aldehydes occurs at 160-180” 
when catalysed by sodium hydroxide and related compounds. Benzaldehyde reacted completely 
with C6F,SiMe3 in ether in the presence of catalytic amount of the potassium cyanide-18-crown-6 
complex in less than 5 h at room temperature. In the case of a~lt~methylsilanes containing 
electron-withdrawing substituents in the or&o-position, the reaction is observed only under the 
conditions of nucleophilic catalysis by KF or CSF.~“’ 

The synthetic application of base-catalysed carbodesilylation of a~lt~methylsilanes is itlustrated 
by the reactions of 2-nitro- and Zchloro-I-(trimethylsilyl)~benzene with aldehydes, ketones, acyl 
fluorides and anhydrides of carbon acids. 23’ The new method is a useful alternative to the normal 
electrophilic substitution or the use of organometallic compounds for the synthesis of polysubstituted 
benzenes. 

R - WOz, CI: 

RI - H, 4-Ci, 4,CH3, 4-CH30, Z-Cl, &XI 

The presence of the electron-donor substituents in the benzene ring of aryltrimethylsilanes leads 
to the necessity of their activation, e.g. by the preliminary formation of chromium tricarbonyl 
complexes.‘38 For example, the silane 78 (R = o-CH,) gives the adduct 79 (8 1%) in 15 min. With the siiane 
78 (R = SiMe) the obtained adduct 79 reacts with a second molecule of the carbonyl compound 
yielding the product 80. The formation of 2855% of ~‘-~~oyl)-t~carbonylchromium as a by- 
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2.2 74 2.2 

R = W L 2-CN3, &C1, 2-CH3. 4-CH3 

product is observed In the reactions of silane 78 with en&able carbonyi compounds (together with 
adducts of the?9 type). Thus, introduction of the Cr(CX& group into the aromatic ring of arylsifane- 
&ont~ning electron-donor subst~tuents increases the reactivity of the silane under nu~~eo~h~l~~ 
~~~ysis. Coordiuat~o~ of the arene ring with the Cr(CO), group by ~-orbj~ls acts sirn~~ar~~ to the 
jntrodu~tion of an ei~tro~-withdrawing subst~tue~t. This makes the ring electron de&Sent which 
counteract the des~b~li~ng effect of the e~~tr~~-d~~at~~~ CR3 group in siltme ?&.239 

The i~~~~~~ of different bases on the cleavage of sil~co~~a~o~ bonds in a@- and heteroa~~- 
t~methy~sila~es has been investigate using ~~idehyde as an el~troph~li~ scavenger for the aryl 
and heteroaryl anions which are formed in this process. *M The relative reactivity of various basic 
catalysts has been examined for the reactions of 2-(trimethylsilyl)-benzothiazole (Table 6). 

X 

t 

cat 

J 
SiMe3 t PhCHO - 

N 

Attack of the base at the Si atom was sng~t~d to be the first stage in this scoop, with 
sub~~ue~t disso~~at~o~ of the pe~~~oord~~ated ~~te~~jate as the rate de~~j~~g step. The 
rapidly forming ~rba~o~ reacts further with ~u~~dehyde giving the final product. Mane 81 
underg~s addition to the C&XI group of be~ldehyde in the presence of 10 mol % CsF, TBAF 
or KF l 1 S-crown-6 (THF, 2O”C, 12 h). ‘94*240 2-TrimethylsilylbenzothiazoIe 81a interacts with ben- 
zaldehyde without a catalyst by heating at 16O’C for 40 h (75%).234 

Table 6. lnflucnce of some catalysts on the reaction of bcn- 
zaldehydc with 2-(trimethyisilyt~~othiazole23* 

Cataf yst 

KF 
KC1 
Et,N+F- *2H,Q 

llY+“‘ 
CsF 
MeCU*K 
MeCO,NBU, 
MC &OK 
PhOK 
McCO$ 

Reaction 
temperature (“C) W&d (%) 

100 100 ft b) 
100 5 f4b) 

9 f30 min> 
104: 1 I2 hf 
la, 2 (Sb) 

98 (30 min) 
I 19 (30min) 
0 44 (30 min) 

91 (IS min) 
r: 84 (15min) 

20 75 (15min) 
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Phenyltrimethylsilane does not react in this way. Nucleophilic catalysis allows the reaction to 
proceed using mild conditions, e.g. ArSiMe, (Ar = 3chloro-2,4,5,6_tetrafluoro, 3,5-dichloro-2,4,6- 
trifluoro-, 2,6-difluoro- and 2,bdichlorophenyl) reacts at room temperature in the presence of 
fluoride ion (KF-DMF, 3 h).23* o-, m-, pF and pNO&H,SiMe,, corresponding to less stable 
carbanions, do not react with benzaldehyde under these conditions.“* On the other hand, Effen- 
berger and Spiegler, 24 ’ showed XC,H4SiMe3 (X = o-N02, o-F, o-PhO, o_MeO, o-PhS02, m-Cl, p- 
Cl) to be active electrophilic reagents under nucleophilic catalysis. Thus, ~NO~C~H*SiMe~ (- 60°C. 
1 h) and o-FCdH4SiMe3 (2O”C, 1 h) reacted with benzaldehyde (92 and 76% respectively) in the 
presence of 5-10 mol % of r-BuOK in DMF. Harsh conditions are required for this reaction with 
m- and p-ClC6H4SiMe3 (30 mol %) of t-BuOK, hexamethylphosphot~amide, lOO”C, 3-4 h); 
alkylphenyl- or aminophenyl-trimethylsilanes seem to be inert in this reaction. The authors240 note 
(without presenting any experimental data) that CsF, KF and TBAF are active initiators, almost 
as active as r-BuOK. They also found that ketones, acid anhydrides and CO2 are able to react as 
electrophiles. 

The higher acidity of the C-H bonds in fluorinated benzenes is connected with the electron- 
withdrawing properties of fluorine substituents242 as is shown in the following series.24’ 

c6ng (PK LL 433, l&,3-F3C6H3 
bKm 34), 1,2-H2C6f4 fPKcr 31). C6HFg (pKa25f 

Evidently, the strongest influence is produced by or&o-fluoro substituents. C6HClS has p& = 3 1, 
The inductive effect of fluoro substituents may be considered as the dete~ining factor of sta- 
bilization of aryl anions. The reactivity changes in the above-mentioned examples appear to be 
directly connected with the stability of the corresponding aryl carbanions. 

Under interphase catalysis (KCN- 18-crown-6, 2O”C), &F,SiMe, in tetrahydrofuran yields a 
polymeric product. This indicates the generation of the C6F; anion.243 

KCN. 18..crowkb 
C6F5SiMc3 

THF, 20°C 
- I/n -(C6F4&- + Me351F 

Protection of functional groups by means of organosilicon compounds has been one of the 
topical problems of organic synthesis. The possibilities for nucleophilic catalysis in the solution of 
these problems follows from the analysis of data on the reactions of organosilanes Me,SiX with 
carbonyl compounds. C6FSSiMe, is considered to be the most active and selective deprotosilylating 
agent.97*98 Its use under conditions of nucleophilic catalysis is advantageous as it allows protection 
of functional groups due to its advantages over the known reagents in that field. Thus, the use of 
C,F,SiMe, and (C,F,),SiMe2 as reagents for the protection of functional groups under nucleophilic 
catalysis has certain advantages: (i) all transformations take place at 20°C in the usual aprotic 
solvents; (ii) the reactions occur regioselectively and practically in all cases there is an opportunity 
to control the degree of silylation; (iii) the reagents are able to silylate even relatively weak CH- 
acids (pK, < 25); (iv) a homogeneous reaction mixture is obtained, which facilitates isolation of the 
main reaction product ; (v) the by-product C6HFS has a low b.p. These qualities allow us to consider 
&F,SiMe, and (C6Fs)2SiMe2 as possibly the most convenient of all the existing silylating agents. 

4.3. Reacf~o~ ofthi* and seteno-silanes with ca~bo~y~ cornpou~~ 
One of the known properties of thiosilanes244’245 is their ability to undergo addition (rather 

slow) to the C=O group of highly reactive carbonyl compounds (e.g. trichioroacetaldehyde and 
hexafluoroacetone) without catalysts. 

Me3siSMe 

80% ,4 3h 
Cf3CCH(OSiMe3)5Me 

(7m 

The reaction of thiosilanes with less el~trophilic carbonyl substrates (e.g. n-hexanal or iso- 
butyraldehyde~ requires more vigorous conditions.246 
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CH3(CH2)4CH0 + Me3SISEt 
120°C, ZOh, (30%) 

or 
-_ CH,(CH2)4CH(OSlMe,)SEt 

KCN*lI&crowm-6, 25% 
(62%) 

In the same work,246 Evans et af. discovered for the first time the influence of anion initiation on 
these addition processes when analogous reactions were carried out in the presence of catalytic 
amounts of n-Bu,NCN or TBAF or KCN * 18-crown-6. n-Hexanal reacts exothermally at 25°C in 
the presence of anion initiators to form the mixed acetal (82%). Isobutyraldehyde and PhSSiMej 
react similarly giving the same product (81%). Evans suggested a mechanism (Reaction 1.2, X = SR) 
for such reactions. 

On the other hand,246 aryl and alkylthiosilanes do not react with ketones (except the cc,/& 
unsaturated ones) under conditions of anionic initiation. The authors explain this by the low value 
of the equilibrium constant for adduct formation (see Reaction 1.2, X = SR) or by the inefficiency 
of anionic catalysis for ketonic substrates ; that is by the low value of the equilibrium constant for 
the intermediate alcoholate anion formation. 

The reactions of a,&unsaturated aldehydes and ketones with PhSSiMe, and EtSSiMe, occur 
very slowly, even at higher temperatures. In the presence of the cyano-, fluoro- or thiolate anions, 
however, the addition is exothermic at 25°C. Only f,Caddition was observed in all cases.246 

100%. 48h, 
Cki3C~-C~~~0 + PhSSIMeJ 

or 
m. PhSCH(CH3)CH-CHOSJMe3 

KCN.lB..crown-6, 25% 
(90%) 

In 1978 Liotta ef a1.247 investigated the reactivity of PhSeSiMe, with carbonyl compounds in the 
presence of triphenylphosphine. PhSeSiMe3 was found to form quantitatively an adduct with 
isobutyraldehyde. 

PPh3 

CH3CH2CH2CH0 + PhSeSJMe3 = CJi3CH2CH2CH(OSJMe3).SePh 

55%) 14h 
(low 

a&Unsaturated aldehydes react faster with PhSeSiMe3 than their saturated analogues and form 
the l+addition products. At the initial stage (30 mm) of the reaction, however, the formation of 
1,2- and l&adducts in the ratio of 2 : 1 was observed. Then the relative amount of l+isomer 
increases with the simultaneous decrease of the amount of 1,Zisomer. Thus, the formation of 1,2- 
adducts is kinetically controlled, whereas the l&isomers are formed under thermodynamic control 
conditions. 

PhSeSiMe3 reacts with a$-unsaturated ketones to yield l&adducts. 

RCH-CR%?’ pph3_ 
,RiR2 

+ PhSeSiMeg R(Me3S10)C-CHC,SePJ, 

R-CH 3 ; RI-R2- H ; R-R1s.R2- CH3 

For example, the reaction with methylvinylketone and mesityl oxide, which occurred over 14.5 h, 
lead to the addition product in 89% and 70% yields. 246 Formation of 1,Zadduct.s was not observed 
in this case, but this possibility with the further fast isomerization to the corresponding l$adducts 
cannot be excluded. The following mechanism for the reaction between PhSeSiMeJ and unsaturated 
aldehydes and ketones was proposed.‘*’ 

-SsPh 
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A similar mechanism had been postulated earlier 63 for the reaction of silicon pseudo-halides with 

unsaturated carbonyl compounds. Formation of phosphonium enolates of type 82 was proved by 
Evans by isolation of the crystalline phosphonium chloride 83 after treatment of the solution of 
methylvinylketone in benzene with one equivalent of Ph3P and Me,SiCl. ~-Butyrolactone reacts 
with (phenylseleno)trimethylsilane in the presence of KF in the 18crown-6 medium to yield tri- 
methylsilyl-4-phenylselenobutyrate. 248 

The reactivity of PhSeSiMe3 under anionic catalysis was investigated by Detty in 1978.248 The 
reactions occur in THF at 60-80°C or in CH+ZN in the presence of a catalytic amount (0.05 
mol %) of KCN or KF complex with 18crown-6. Under these conditions, the reaction with 
crotonaidehyde occurs (50%) and takes 18 h. Further treatment with diluted acid leads to a mixture 
of products (1 : 1). 

1) KF*l&crown-6 
CH$X-f-CHCHO + PhSeSiMe3 

2) H20/H+ 
- PhfeCH(CH&CH-CHOSJMe3 + 

+ PhSeCH(CH&H2CHO 

The reaction of PhSeSiMe, with propylene oxide under the same conditions leads to opening of the 
cycle. The silyiated compound appears to be the main product (85%). 

1) KF. l&crowrr-6 

cH~-CJzcH2 + 
PhSeSJMe3 

2) ti20(H+ 
: Me3SJOCH(CH3)CJi2SePh + 

0 

+ CH3CH(OH)CH2SePh 

With an equimolar amount of KF, the reaction time is much shorter (4 h). Further treatment with 
dilute acid leads only to products without the Me3Si group. In this case the quantitative formation 
of potassium phenylselenide takes place and this determines the reaction pathway. 

1&crow+6, THF 
PhSeSJMeg + KF - PhSeK + 

60% 
Mef3JF 

Anionic catalysis seems to be effective for generating Me,SiS anions formed in the reaction between 
hexamethyldisilthiane and aidehydes initiated by the CN- ion. 249 A catalytic amount (0.005 eq.) of 
KCN l 18-crown-6 complex is sufficient for the initiation. The reaction leads to a,x’-bis(tri- 
methylsiloxy)sulphides. The reaction of (Me,Si)S with isobutyraldehyde occurs during 48 h at 
40°C. 

Organosilothianes undergo heterolytical cleavage by proton-donor reagents, such as fi-diketones, 
oximes,“’ acids and amines. *” The activity of these reagents decreases in the series 
ROH > RNHz > RSH corresponding to the decrease of energy of Si-X bond formation in the 
silylation reaction.“” The reaction is supposed to occur by simultaneous electrophilic attack on 
the heteroatom and nucleophilic attack on the silicon atom leading to a four-centred transition 
complex.2s2 

2 SJ 
ROH 

I- 

-S 
5 SJOR 

The rate of alcoholysis of Si-S-Si bonds increases in the presence of catalytic amounts of nitrogen 
bases. The catalytic activity sequence for the bases DMF > pyridine > quinoline > morpholine 
corresponds to the decrease of the electronic density on the nitrogen atom.2’3 In this case, the 
reaction is supposed to be of the ligand~hange type involving a four-centred transition complex. 

4.4. Reacrions of siIyI~i~ra~es, a-sily~alkylphosphonartes, si~yid~a~kyiphos~ho~a~es, sily~-b~d~~thyl- 
a~i~o~~hosphi~es and other compomds 

Silylnitrates react with aliphatic and aromatic aldehydes under nucleophilk catalysis by TBAF 
to form 2-siIyloxynitroalkanes.2~4 
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+,OSiMeg 
CH3(CH2)4CH-N, 

PhCHO, TBAF +,o- 

0- -MesSIF 
PhCH-CH-N+., __L_ 

I I 
0- (CJ+2)4CH3 

+,0S1Me3 
CH3(CH&CH-N, 

o- _ 
y+=3 + ,o* 

PhCH-YH-N* 

+ ,o- 
+ CH3(CH2)4CH-Na 

(CH2).,CJ-J3 
0 

The reaction of t-butyldimethylsilylnitrates with aliphatic aldehydes, catalysed by fluoride ion, 
was shown to be a diastereoselective process leading to practically pure eryrhro-isomer. Lower 
diastereoselectivity was observed for benzaldehyde. The preferable formation of one diastereomer 
is connected with the transition state corresponding to minimal steric interactions.2” 

Kawashima showed in 19832’6 that the S&C bond of a-silylalkylphosphonates 84 was easily 
cleaved by fluoride ion to form the carbanionoid species 85 which are very effective agents for the 
olefination of carbonyl compounds (the Emmons-Hurrier reaction). 

F- R1R2C-0 
Me3SiCHRP(OXOMe)2 - CHRP(OXOMe)2 - R’R’C.CHR 

-Me3S1F 

ii!.? 85 

The KF* 18crown-6 complex, TBAF, Me,N+F- and CsF were tested as fluoride ion sources. CsF 
and TBAF were shown to be the most active among them. This reaction yielded a-methylstilbene 
(R = R’ = CsH5, R* = CHJ from acetophenone (67%). It is interesting that LiF mainly depro- 
tonates acetophenone and gives only a 5% yield of a-methylstilbene. On this basis the authors2s6 
consider the anion generated by desilylation of the initial compound to possess less basic properties 
than the lithium salt. The initial phosphonate reacts with benzaldehyde (CH,CN, CsF, 8O”C, 5 h) 
to form stilbene (85%) and dimethylbenzylphosphonate. On the other hand, a-trimethylsilyl- 
methylphosphonate reacts with benzophenone to yield a mixture of 2,2_diphenylethenyl- 
phosphonate (30%), l,l-diphenylethylene (20%) and dimethylmethylphosphonate (50%). The 
carbanion 86, containing Me+? and phosphoryl groups in the a-position, reacts with carbonyl 
compounds forming vinylphosphonates 87.Z57 

R1R2C-0 + LJCH(S1Me3)P(O~OEt)2 - 
. Me3SiOU 

R 1R2C-CHP(0)(OEt)2 

16 87 

Dimethyl-2,2-diphenyl-2-trimethylsiloxyethylphosphonate in the presence of CsF quantitatively 
forms l,l-diphenylethylene. Caesium ion as counter cation seems to be very effective for the 
formation of a-hydroxyalkylphosphonate. Use of potassium ions gave olefin in 30% yield.“* It 
may be supposed that the generated phosphonate carbanion 85 removes a proton from the a- 
silylalkylphosphonate 88 to form the a-silylated carbanion 89 which is responsible for the formation 
of 2,2-diphenylethenylphosphonate in this reaction. 

Me3SJCHZP(OXOMe)2 + CH2P(OXOMe)2 - Me3SI~HP(OXOMe)q + 

aa a5 89 
- - - 

+ CH3P(Oj(OMe& 

Desilylation of a-silylalkylphosphonium salts has very recently been shown to be a useful synthetic 
method for tri-substituted oleflns.2s9 

The nucleophilicity of phosphorus and the high affinity of silicon towards oxygen can explain 
the high reactivity of compounds with Si-P bonds in the reaction with carbonyl compounds. For 
example, 1,2-dimethyl-~diethylphosphinosilacyclo~ntane 90 is easily added to the carbonyl group 
of aldehydes, ketones, heterocumulenes, ethylenic esters and nitriles. The reactions studied from 
mixtures of geometrical isomers (Z > E and Z < E) proceed via reaction at silicon via a four- 
centred concerted mechanism. The authors propose a four-centred coordinated mechanism. There 
is a certain analogy with the mechanism of Me,SiCN addition to the C=O group under the influence 
of cyanide ion (see Reaction 1.2). In compounds 90 phosphorus acts as an X- nucleophile and at 
the same time the phosphine group plays the role of the carrier of silicon to the alkoxy anion at the 
second stage (Reaction 1.2). 
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r 
Me Me 

i”Me 
F- 

+ R1R2C-0 - 
‘PEt2 

Much research on the reactions of t~alkylsilyi~a~ylphosp~~s with carbonyl compounds’@ *” 
has appeared recently. These reactions lead to the corresponding a-trialkylsiloxydialkyl- 
phosphonates 91 and involve the initial attack of phosphite 92 on the carbonyl group to form 
the dipole 93 which is stabilized at the second stage of the Arbusov reaction by transformation 
of the phosphonate 91. This is facilitated by the high mobility of the trialkylsilyl group.26’.262 

- (Ro),P(o$zR*R~ 

0SiR’3 

The reactions of these compounds with aldehydes and ketenes are exothermic and with ketones they 
occur by heating.263-26s 

Phosphite 92 (R = Et, R’ = Me) forms diethyl-a-carbethoxy-a-trimethylsilylbenzylphosphate 
with ethyl ~nzoylfo~ate2’9 in accordance with the route involving the phosphonat~phosphate 
rearrangement of the initially generated dipole 93. Evidently, the favourable conditions for the 
phosphonat~phosphat~ rea~angement with further migration of the Me,Si group arecreated by the 
presence of two electron-withdrawing substituents on the a-carbon atom. The same rearrangement 
is observed in the reaction with benzoyl cyanide which yields a mixture of ~-t~methylsiloxy-a- 
cyanobenzylphosphonate and ~-t~methylsilyl-~~yano~~ylphosphate.*66 The phosphona~-phos- 
phate rea~angement was not observed in the reaction of phosphite 92 with diacetyl which yielded 
only diethyl-a-trimethylsilyloxy-a-acetoethylphosphonate in accordance with the equation men- 
tioned above.26’ The reactions of phosphites 92 with a,#?-unsaturated carbonyl compounds often 
lead to mixtures of the products of 1,2- and 1,4-addition.26’.264 Thus, crotonaldehyde reacts with 
t~methylsilyldimethylphosphite to form (900/,) a mixture of 1,2- and l+adducts in the ratio 3 : 1. 
Heating (200°C. 24 h) of each isomer does not lead to its transfo~ation into the other. 

CH3CH-CHCHO + Me3Si0P(OMe)2 - (M~o),~(o)~HCH-CHCH~ + 

+ (M~O),P(~~H(CH,)CH-CHSIM~J 

The mechanism of formation of 1,2-adducts has been discussed above, 1,4-Adducts were shown to 
be only Z-isomers. x Moreover, a&unsaturated ketones, having the fixed transoid-configuration 
(e.g., cyclohexanone), do not form l&addition products. These facts are in good accordance with 
the suggested mechanism of f ,4-adduct formation through the intermediate oxaphospholene 94.*” 

F- 

CH2-CH-C(O)R + (Me0)2POSiMe3 - -((Meo)j T/e3 

Bis-(dimethylamino)triethylsilylphosp~te % has a higher reactivity in the reactions with carbonyl 
compounds than dialkylsilylphosphites 92. This is evidently connected with the higher nucleophilicity 
of phosphorus in phosphite 96. The reaction between phosphite 96 and crotonaldehyde occurs 
during 30 min at 0°C and only the 1,baddition product 95 is formed.262 

0%. 0,5h 
CH3CH-CHCHO IC (Me2N)2POS1Me3 - (A?~~N)~P(~)~:H(OSIM~~)CH-CHCH~ 

22 95 (99%) 
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I,l-Difluoro-2-oxyalkylphosphonates 9? were obtained in the reactions of carbonyl compounds 
with 1-t~methylsiIyl-1,1-di~uoromethylphosphonatein the presen~ofacatalyticamount ofCsF.“’ 

1) CSF 
Me3SICF2P(OXOEt)2 + C6H5CHO - 

21 H20 

C6H5CH(OH)cF2P(O~OEt)2 

97 

Acylsilanes react with methyl iodide and n-butyl iodide in the presence of fluoride ion to give 
acetophenone (yield 55%) and valerophenine (35%). IS8 The reaction of ~nzoylt~methylsilane with 
TBAF in THF solution containing benzaldehyde, acetone or cyclohexanone gives benzoin (50%) 
and hydroxy ketone (35%) respectively. Three mechanisms for these reactions may be considered. 
The first involves the initial nucleophilic attack on the carbonyl carbon, carbon-to-oxygen-migration 
of the silyl group, protonation or alkylation of the resulting benzyl anion and collapse of the resulting 
geminal fiuoro etherm The second rn~h~srn involves initial n~l~p~c attack at silicon leading 
to a pentacoordinated silicon atom. The weakened carbon-silicon bond would then be cleaved by 
an appropriate electrophile. The third mechanism which one might consider is a direct reaction 
involving an acyl anion forming a-oxycarbonyl compounds. 

PhC(ObiMe3 

C6H5CH0 

TEiAF r 
- C6H5C(0)..CH(OH)Ph 

THF (50%) 
(CH3)2C-0 

- PhC(O&C(OHXCH3)2 

(35%) 

Treatment of benzoyltrimethylsilane with KF in DMSO or with TBAF in THF yields benzaldehyde. 
The same process with the addition ofalkyl halides to the reaction mixture yields a~yla~lketones. r9’ 

The behaviour of aroylsilanes and allied substrates as the source of nucleophilic acyl anions has 
been studied.‘9i2’3 The authors273 investigated the reactions of pyrroyl, thienoyl and furoyl anions 
(generated by fluoride ions and compounds 98) with various electrophiles. 

CsF 

+=- 
cos1m3 COE 

98 - (10-6846) 

x ” 0.5, NCH3 

E - PhCHO, CH3(CH2)2CHO, PhCGCH2Br. PhCH-CHCH21 

With the most reactive electrophiles, such as benzaldehyde, a clean transfer of the heteroacyl 
moiety was observed, whereas with aliphatic aldehydes the reaction proved to be successful only 
when long-chain derivatives such as butyraldehyde were used with 1,3dimethylimidazolidin-2-one 
as solvent. 

The reactions of compounds 98 with ketones were unsuccessful. The reactions employing ally1 
bromide as an electrophile afforded a complex reaction mixture in which only 2% of the expected 
product was formed. The reaction of iodine (chlorine, bromine) with ~nylt~methylsilane with 
Me&I elimination leads to vinyliodide. E- 1,2-Bis-(trimethylsilyl)-ethylene reacts with iodine in Ccl, 
to give equal amounts of Z- and ~-l-iodo-2-t~methylsilylethyl~e.274 In the case of the reaction 
with chlorine and bromine, Z-isomers are obtained. The stereoselectivity of this reaction may 
be controlled by using silver trifluoroacetate and iodine in the presence of KF in DMSO. Z-l- 
T~methylsilylhexene under these conditions gives E-l-iodohexene.2” ICI is atco effective in this 
reaction leading mainly to Z-isomer.276 

rr-B 
1) ICI 

n- Bu 

2:E ” 95:5 

SlMe3 

Treatment of vinylsilane 99 with ICl/KF leads to Z-vinyliodide 100 with a high yield.“’ 
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I_ 
--I 

lCl/KF -_ 
” 

iMeg 
100 - 

R - CH3(CH2& , @=Hi,)2cH(CH,)4- 

Treatment of 0-(trimethylsilyl)-acetohydroxamoyl chloride 101 or O-(trimethylsilyl)-benz- 
hydroxamoyl chloride with KF in CH$N containing various olefins resulted in the formation of 
A2-isoxazolines 102.*‘* 

+ 

I 

R=CHd-d 

RC(CI)_NOSlMe3 RCSN-O- 

101 102 
- - 

R-Me, RI-H, R2- R-C~Q (70%); R- Me, RI- H, R2- SiMej (62%); 

R-Me, d-H, R2-Ph (76%): R-Me, R’-OCH 
2 

CH 3 (70%): 

R-Me, R1-H, R2 -COOMe (86%); R-Me, R1-H, R2-CN (71%); 

R-Me, R1- Me, R 
2 

- Me (44% cis, 47% tmns) t R - Ph , R1- H , R2-n-c H 

R- Ph, RI-H, R2- OCX2CH 

6 *3 (72%): 

3 (7996); R- Ph. R1- H , R2- CN (76%1 

4.5. Reactions of sibyl enolates 
Silyl ethers of enols are widely used in organic synthesis27e28’ and nucleophilic catalysis con- 

siderably enhances their synthetic utility. Versatile methods for carbon-carbon bond formation 
have been developed based on silyl ethers of enols activated by fluoride ion. Various groups 
have reported aikylations, arylations, aldol condensations, acylations and Michael additions. The 
nucleophilic reactivity of such reagent combinations might be distinctly different from that of the 
classical metal enolates. In particular enhanced nucleophilicity might be attained without sig- 
nificantly increasing the basicity and this could lead to novel carbon-carbon bond-forming reactions. 

The possibility of formation of the “pure” enolate anion was the subject of a number229*282-287 
of investigations of the reactions of silyl ethers of enois with electrophilic substrates under conditions 
of fluoride ion catalysis. 

0 

F- :- 

A ‘. 

-Me3SiF 

Direct evidence of this was obtained by Noyori el a1.28S-287 They found that the reaction of 
tris-(diethylamino)-suiphonium difluorotrimethylsiliconate (TASF) with Z-trimethylsilyl ether of 
benzylmethylketone enol leads to TAS Z-enolate 103 isolated by means of a high-vacuum technique. 

(Et2N)3S’Me3SiF2- _ (Et,N&S+F- + Me3SIF 

(E~,N)~s+F” + PhCH-C(CH3)OS1Me3 _ 
Ph 

c4 
;; (Et2N&S+ + Me3SIF 

103 - 

The NMR and quantum-chemi~l calculation data indicate a negiigible interaction between the ions 
in 103 and the electroconductivity measurement in THF shows that the salt 103 is completely 
dissociated. 

Silyl ethers of enols react in the presence of fluoride ions (TBAF or TASF) with aldehydes to 
form silyl ethers of aldols.229*282*2*4~287 
number of mobile equilibria.28”2*7 

The mechanism of this reaction may be represented by a 
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MeJSiF MI3 

-XF I--- 
+ RCHO _- 

X - n-Bu4K , (Et2N&S 

Scheme 5. 

The interaction between the silyl ether of the enol and fluoride ion leads to generation of the “pure” 
enolate anion undergoing reversible addition to aldehyde giving aldol anion. The latter reacts with 
Me,SiF or with silyl ether of enol to form the final product of the reaction. 

Formation of the aldol product was not observed in the reaction of TAS-enolate If33 with 
aldehydcs at - 78°C and further treatment by water. But addition of either Me&F or the silyl ether 
of the enol to the reaction mixture facilitates the aldol reaction and the product is obtained without 
difficulty. This observation may be explained in terms of the shift of the thermodynamic equilibrium 
to the left in the absence of Me,Si donors. The metal enolate, unlike the “pure” enolate anion, leads 
easily to the formation of aidol products.288,289 

The aldol reactions initiated by fluoride ions produce mainly erythro-aldoIs independent of the 
geometry (E or 2) of the silyl ether of enol. The eryrhro-selectivity is connected with the kinetic 
control at the stage of formation of the aldoi anion. Thus, the silyl ether of cyclopentanone enol 
reacts with isobutyraldehyde at - 78°C in the presence of 0.01 equivalents of TBAF to form only the 
erythro-adduct. Stereoisomerization was not observed under these conditions. Diastereoselectivity 
decreases at higher temperatures (up to - 20°C) leading to the formation of a mixture of erythro- 
and ~~~e~-isomers (89: 11) at -20°C. The transition state 104 was suggested28b28* to explain the 
erythro-selectivity in the reactions initiated by the fluoride ion. 

*.M. 

0.’ 
*.. 

0 

104 109 - - 

The erythro-transition state lM, being the result of the interaction between aldehyde and the E- 
enolate anion, is more preferable than the lhreo one (106) because of the gauche-R,R2-interaction 
in the latter. For the same reason the eryrhro-transition state 107 is more stable than the three one 
(108, Scheme 6). These reactions, however, are not always kinetically controlled. The eryrhru- 
selectivity is always observed in the reactions of aliphatic aldehydes with siIyl ethers or enols 
independently of the enol structure ; but the analogous reactions of aromatic aldehydes with silyl 
ethers of enols of cycloalkanes or a-silylated ketones show a decrease or complete disappearance of 
the erythro-selectivity,290*29’ indicating that the stage of aldol anion formation could be thermo- 
dynamically controlled. 

Stereoselectivity in the reactions between aldehydes and metal enolates directly depends on 
configuration of the Iatter; Z-enolates form products enriched by erythro-aldols and E-enolates 
form mainly three-aldols. Stereosclectivity is determined by the relative stability of the corresponding 
diastereomeric transition state of type 107. 288*28g*2y2*293 The reactions of silyl ethers of enols catalysed 
by fluoride ions occur regiospecifically.2*2 

+ PhCHO 

110 111 - - 

R - Me, R1 - H: b. R - H, R 
1 

a. - Me 
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R2 + RCHO -R 

107 - 

Scheme 6. 

108 - 

For example, enoxysilanes 11Oa and 1 lob, when treated with benzaldehyde (- 30°C 2 h, THF), are 
converted to the adducts 11 la (68% yield) and 1 I lb (62%) respectively. Alkylation of the silyl ethers 
of enols by alkyl halides in the presence of fluoride ion (TBAF, TASF) occurs similariy.283*28’ Silyl 
ethers of enols react with ~,~-unsatura~d aldehydes (- 78”C, THF, TBAF} to form only the 1,2- 
addition products. 282*284 Silyi ethers of the enols of ketones containing bulky substituents are 
successfully used in the catalysed aldol reaction : in the non-catalysed reaction the use of these ethers 
leads to aldol products with low yields.294 The yields of adducts, e.g., in the reactions (-25”C, 
1622 h, THF, TBAF) of silyl ethers of diisopropylketone and t-butylmethylketone enols with 
benzaldehyde, reach 59%. 284 In some cases the formation of 1,Zadducts of enoxysilane with 
the aldehyde is observed. Thus, the interaction between ally1 ether of cyclohexanone enol and 
benzaldehyde leads not only to the usual 1,1-adduct, but also to the 1,2-adduct.284 

(63%) (31%) 

In this case the aldehyde appears to be a more effective trap for the aldol anion than the silylating 
agent (Me,SiF or enoxysilane). Formation of the 1,2-adduct may be avoided by introducing a 
greater amount of catalyst (5-20 mol Oh) or an excess of Me,SiF into the reaction mixture. In the 
reaction between I-trimethylsilyloxypentane and isobutyraldehyde addition of an excess of Me,SiF 
leads to a considerably higher yield (increase from 3 to 53%) of the corresponding silyl ether of the 
aldol. The addition of Me,SiCl decreases the reaction rate because of the destruction of the catalytic 
cycle. 

Silyl ethers of enols do not undergo addition to the CL0 group of ketones (except benzyl) in 
the presence of TBAS at - 78°C. Besides, the aldol product 112 dissociates in the presence of 12 
mol % of TBAF to form cyclohexanone and 5-nonanone. 
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The addition of enoxysilanes to ketones may be carried out by using CsF in conditions of het- 
erogeneous catalysis (without solvent, 6&l OOT). 2’S The interaction of silyl ethers of enols with 
ketones capable of enolization leads to a mixture of products. 

RR&CR20SIMe3 + R3R4CHC(O@5 _ RRkHC(O)R’ + R3R4C-CR50S1Me3 

The Si-0 bond in silyl ethers of enols is cleaved in the benzylation reactions involving the catalysis 
by AgClO, or fluoride ion,296 as well as in cyclization reactions. 

0 

CH2Ph 

R-H,n-2 

R - PhCH2, n - 4 

The Michael reaction is a well-known, important method for carbon-carbon bond formation. 
However, its synthetic use is essentially limited to the additions of stabilized anions such as those 
derived from malonates, cyanoacetates and acetoacetates. The reactions with simple, unstabilized 
enolates are often complicated by attendant side reactions, which include proton transfers, undesired 
condensations between reacting species and concomitant 1 ,Zadditions. Some of these problems can 
be overcome by the use of modified enolates or by the use of masked carbonyl functionality. Yet 
another approach is to use silyl enol ethers as the functional equivalents of enolates.297 

With CsF catalysis, however, the valuable intermediate silyl enol ethers 114 can be isolated. Ketene 
trimethylsilyl acetals 113 add to a&unsaturated ketones in the presence of catalytic amounts of 
TASF to give 5-(trimethylsiloxy)~4-pentenoic acid esters 114 (R* = 0-alkyl). The yields are high 
and the addition proceeds exclusively in the l+fashion (Table 7). The C-silyl compound ethyl- 
(trimethylsilyl)-acetate also participates in these reactions. This is not surprising because the 
C-SiMe, group is known to be displaced by fluoride ion.282Q284*297 

3 

051Me3 

TASF 
Me3SICH2C02Et + 

(CH2),, 1 - (CH2> 

> 

CO2I3 

n -. I (90%) ; n - 2 (62%) 

The reaction of I-(trimethylsiloxy)-cyclohexene with cyclohexanone (60°C 11 h) with subsequent 
treatment by water leads to 55% yield of 2-( l-cyclohexenyl)-cyclohexanone.29’ The authors propose 
a mechanism excluding the intermediate formation of enolate anion. Non-enolizable ketones, such 
as fluorenone and benzophenone, form the products of addition of two enoxysilane molecules. For 
example, the reaction of benzophenone with the silyl ether of acetophenone (lOO”C, 8 h) leads to a 
75% yield of diphenyl-(diphenacyl)-methane. 
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Table 7. TASFatalysed additions of trimcthvlsiivl kctene awals to a&msaturated 
ketones”’ - 

SUyl ketene acetnl 
113 - 

OSiMe3 

H 
0CH3 

0SIMe3 

cyclohexenone 

cyc1opentenone 

cyclohmanone 

methyl vlnyl ketone 

C02Me 

0 

% 

C02Me 

0 

C02Me 

0 0 

G 

Yield , % 

78 

58 

74 

2717 

Aldehydes react more easily with enoxysilanes than with ketones under heterogeneous catalysis. 
After treatment of the reaction mixture with water only the dehydration products were obtained 
from aromatic and aliphatic aldehydes. 

1) C5F 
RC(@S1Me3)‘CH2 + RICH0 - 

2) H20/H+ 

R-Ph, tBu, R1-Ph, p-BK6H4, C6H13 

RC(O)cH-CHRI 

(75- 95%) 

The reaction with a,~-unsat~at~ aldehydes occurs similarly. The silyl ether of cyclohexanone 
reacts with aldehydes (including the a,,%unsaturated ones) under the same conditions to form only 
the 1 ,Zadducts. 

0Q1R3 0 

\ 

0 

CeF 
ArC 

0 

CUAr 

+ AhHO - 

(fo- 90%) 
SIR3 - SiMe3, SiMe2(OEt), SlMe(OEt)2 

The reactions of enoxysilanes with enones and ethers of a&unsaturated carbon acids occur regio- 
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selectively by conjugated addition. After treatment of the reaction mixture, 1,5dicarbonyl compounds 
116 are isolated. 

CsF 
RC(OS1Me3)_CHR1 + R’CH-CHC(0)R3 - RC(0)CHR’CHR2CH2C(O)R3 

116 

RI- H; RR*- -(CH2&- ; 
- 

R-Ph, tBu, 

R2-R 3- Ph ; R2R3- -(CH2)3_ ; R2- Ph, R 
3 

- OEt 

Corriu and his co-workers29’*298 have recently shown that tetraalkoxysilanes Si(OMe)4 and 
Si(OEt), are effective initiators of the Michael reaction under conditions of heterogeneous catalysis 
in the presence of CsF. The reactions of monoketones and arylacetonitriles with different kinds of 
Michael acceptors (c&unsaturated ketones, esters, nitriles) occur in the presence of stoichiometric 
amounts of CsF and Si(OR), without a solvent. Addition of different kinds of ketones can occur 
even with hindered Michael acceptors such as pulegone or 3-methyl-2-butene nitrile. Only the 1,4- 
addition product is obtained except with hindered esters such as 3,3dimethyl ethyl acrylate. 

PhCOMe 

~5i(OMe)~ 

r 

PhCO y C02Et 

60°, 4h (80%) 

Sl(OEt)4 

100°, 2h 

The proposed mechanism involves the formation of intermediate enoxysilane on the surface of the 
fluoride salt. Like enolizable ketones, arylacetonitriles can also act as donors in this reaction and a,/?- 
unsaturated ketones, ethers and nitriles can act as acceptors. The reaction was found to be regio- 
specific. The addition of ketones takes place at the less substituted sp3-carbon atom. 

Aldehydes are not added to enols in these conditions but undergo the aldol condensation. The O- 
silylated acetals of ketones are easily added to a&unsaturated ketones under homogeneous fluoride 
ion catalysis.299 

+ il// _s;e3&oR3 _ 

H20 *oR3 (65-Q50g) 

0 

(58-82%) - 

RI- H , R 2_R3, CH3 ; RI-R 2-R3- CH3 ; 

RI- H , R2R3- -(CH2)2- 
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1 ,CAddition gives the ethers of 5-(trimethylsiloxy)4pentemc acids and after subsequent hydrolysis, 
1,5-dicarbonyl compounds. In this case, the reaction route apparently includes the intermediate 
formation of the enolate anion 117 according to the mechanism discussed above. However, the 
authors also take into account the possibility of another reaction pathway involving the formation 
of the hypervalent silicon intermediates 118. 

Rl -,’ 0 __ 
R2 X OR3 

117 - 118 - 

CsF/Si(OCH3), was successfully used for the reaction of 1 ,Caddition to r&unsaturated amides. 3oo 
Addition of silyl ethers of enols and ketene silyl acetals to aromatic nitro compounds in the 

presence of TASF followed by oxidation of the intermediate dihydroaromatic nitronates gives a- 
nitroaryl ketones and esters respectively.30’.302 

C”3 
OSJMe3 

- X 1) TASF 

C6H5N02 + 

=3 
OMe 

2) Br2 

The following silicon organic compounds participate in this reaction : 

0SiMe3 

Me3S1CH2C02Me () xzeH, 

Nitronaphthalenes, nitroanthracene and various heterocyclic nitro compounds can also be used in 
this reaction. With I-nitronaphthalene and 5nitroisoquinoline the addition occurs predominantly 
at the ortho position. 

Although the conjugate addition of silyl ketene acetals to a&unsaturated carbonyl compounds has 
been used in organic synthesis, application of this chemistry to polymer formation by sequential 
additions in novel. Such a process for the controlled polymerization of a&unsaturated esters, 
ketones, nitriles and carboxamides has been described. 303 This new method offers new dimensions 
in the design and construction of polymer chains from monomers. Scheme 7 illustrates the poly- 
merization of methyl methacrylate with dimethylketene methyl trimethylsilyl acetal as initiator. 

R - CH3, CH2CH20SiMe3, SJMe3 

Scheme 7. 
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0-Silylated keteneacetals were found to be effective deprotosilylating reagents in the presence of 
fluoride ion.“’ For example, methyl-(trimethylsilyl)-acetal of methylketene readily reacts (THF, 
20°C l-2 h) with cycloalkanones in the presence of TBAF to form silyl ethers of enols of cycloal- 
kanones and methylpropionate. 

The 0-silylation of ketones 119 leading to silyl ethers of enols 120 is generally carried out under 
weakly basic conditions. Equal amounts of reagent 121 and substrate 119 in THF containing a 
catalytic amount of TBAF are used. The silylation occurs completely within l-2 h at 20°C (113) or 
even within 2 h at - 80°C (1 13f).302. 

CH,CH-C(OSlMe3)OCH,/TBAF 

Rk(O)CH,R’ 
121 - 

R1(OSIM~3)C-CHR2 

119 - 

SlMe3 

6 \ a. b. 

OSlMe3 

e. or, 3 : 

. 
0S1Me3 

1. 

The formation of compounds 120 may be explained in terms of the following catalytic cycle involving 
the initial reversible formation of ammonium enolate 122. This enolate 122 undergoes anionic 
exchange with ketone 119 to give ammonium enolate 123. The latter is further 0-silylated by reagent 
121 and fluorotrimethylsilane. 

0 

CH3CH-C(OSiMe3)OCH3 + TBAF _ CHPCH-=i!-0CH3 aB”4N+ + Me3S1F 

122 

122 + RlC(O)CH,R* - 
P,- -+ 

R1-CI-CH-R* 
- 

n-Bu4N + CH3CH2COOCH3 

123 - 

Z-N,N-Dimethyl-S-(t~methylsilyl)-ketene-~,~-a~~ls undergo addition to the carbonyl group of 
aldehydes in the presence of fluoride ion (TBAF). 305 

R R 
R 

S 

?I- BU4N 
NMe2 

Me2 

R - cH3, (CH~)~CH (60- 90%) 

After treatment of the reaction mixture with water, B-hydroxythioamides mainly of the erythro- 

configuration were obtained. The intermediate formation of the enolate anion is observed in the 
reaction and the eryrhro-selectivity is connected with the acyclic transition state 124 similar to those 
discussed above for the reactions of “pure” enolate anions with aldehydes. 

124 - 

Silylnitronates react easily with aldehydes in the presence of TBAF to form mainly products of 
erythro-structure.265*306 
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RICH-N(0)OSiM.y + 

F- 
R’CHO - R2CH(OSlMe3kHR1-NO2 

Rationalization of the erythro-selectivity is based upon the transition stage 124.260~307 Alcohols and 
carboxylic acids were shown3’* to undergo alkylation and acylation by silyi ethers of enols under 
fluoride ion catalysis. Aikenylphenylketone and 1,3-diketones were obtained. 

RICH-CHCH20H + PhC(0SIMe3>‘CH2 KF* R’CH-CHCH,CH2C(O&‘h 
THF 

(66- 72%) 

RI - de or tram-CW3, tmne-Ph 

T~methylsilyl ethers of enols react with carboxylic acids in the presence of KF and bis-(2,2,2- 
t~fluoroethoxy)diorganosulphuranes to form dicarbonyl compounds. Bis-(2,2,2-trifluoroethoxy) 
diorganosulphuranes serve in this case as acyl group carriers in the desilylation of trimethylsilyl 
ethers of enols. 309 

KF 

PhCOOH + Ph(OSIMe$C=CH2 

PhS(=H2CF3)3, 

PhC(O)CH2C(O)Ph 

20°C, 24h (61%) 

The fluoride ion (CsF or (C~H~~~~)Me3N+F-) was shown”’ to promote the reaction between 
trimethylsilyl ethers of enols and aromatic and aliphatic sulphonyl fluorides, leading to enol sul- 
phonates. 

R1R2C-C(OSiMe3)R3 + R4SOpF FIT 

-Me3S1F 
R’R2C-C(OS0,R4)R3 

R4 - C6Hg, C4Fg I CH3 

The fluoride ion-catalysed reaction of F-alkylacetylenes with various silyl enol ethers leads”’ to 
the corresponding F-alkinylated alcohols or 4-( 1 H-F-alkylidene)- 1,3-dioxolane derivatives in good 
yields. This type of reaction is generally applicable to the synthesis of F-alkyd-substitute propargyl 
alcohols and a-hydroxy ketones. TBAF is the most efficient source of fluoride ion, CsF and KF 
being less effective. The results are summarized in Table 8. 

R1R2C-CH(OSlMe3) 

TBAF 
RFCF-CHP(OXOEt)2 - R,$ZCH I 

125 - 
: R C-CCtI(OH)CHRLR2 

F= 

124 - 
12 

Silyl enol ethers 125 derived from aldehydes readily undergo the reaction with F-alkylacetylene in 
the presence of TBAF yielding the corresponding acetylenic alcohols 126. The reaction with silyl 
enol ethers obtained from ketones, however, proceeded slowly to give very low yields of products. 

Tris(dialkylamino)-sulphonium enolates generated from TASF and enol silyl ethers are readily 
alkylated by various alkyl halides under mild conditions. 3 I2 

0 

TASF R 
+ RX - 

R - CW3. X _ I (95%): R _ n-C4Hg, X - 1 (59%): 

R - C6HgCH2-, X _ Br (72%); R - C6H5CH-CiiCH2-, X - Br (61%): 

R - MeOOCCH2 , X - Br (6s) 

The unsolvated fluoride and enolate ions under such conditions can behave as naked, super- 
nucleophilic reagents : the overall C-alkyIation reaction is accomplished at - 78 to - 30°C. It is 
shown that the lithe enolate of S-t-butyl thioacetate adds to 2-cyclopentenone in the &position 
and that fluoride ions catalyse the 1 *Q-addition of the trimethylsilyl enol ether of S-t-butyl thioacetate 
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Table 8. Synthesis of F-alkyl-substituted propargyl alcohols 126”’ 

Alkenephosphonete snyi en01 ether 125 - Product 126 - Yield ,% 

CH3(CH2)4CHmCHOSIMe3 CF3~CCH(OH&Xi2&CH3 34 

_ ‘1.. CHOSIMe3 CF3C=CCH(OH) 

Q 

45 

CF3CF2CF-CHP(OXOEt& CH3CH2CH-CHOSiMe3 CF3CF2C HCCH(OHXCH2)2CH3 67 

_ ‘L CH3(CH2)3CH-CHOSIMe3 CF3CF2C3CCH(OH&Xi2)4CH3 67 

-‘L CH2-CHCH-CHOSlMe3 CF3CF,C-CCH(OH)CH-CHCH3 28 

I ‘C 

0 / 
OSlMe3 CF3CF2C=.V C 

-c.I 

60 

HO 

. ‘L. CH3(CH2)4CH-CHOSIMe3 CF3CF2C3i CCH(OHXCH,),CH, 79 

CF3(CF2)~CF~CHP(OxOEt)2CH3(Cn~)4CH-C~OSf~e3 CF,(CF2),C~CCH(0H)(CH2)~CH3 81 

_ I’_ 

cz- 

CHOSfMe3 CF3(CFZ~5CWZ.CH(OH) 
u 

85 

CF&F,),CF-CHP(OXOEt)2 CH3(CH2)4CH-CHOSiMe3 CF3(CF2)7C=CCH(OH&X2)5Cii3 70 

_ ‘*_ 
c3- 

CHOSiMe3 CF3(CF2)7C-CCH(OH 71 

127 to 2-cyclopentenone 128 giving 129. These novel versions of the Michael addition have been 
applied to a synthesis of jasmonoid compounds. Cleavage of the t~methylsily1 enol ether in 129 
with TBAF produced the corresponding ketone enolate which could be trapped in situ by alkylation 
with I-bromo-5(2’-tetrahydropyranoxy)-2-pentyne 130 to form 131.3’3 

0, 
0 

128 - 

0S1Me3 

I 

127 
SC(CH,)3 

- 

TBAF 6 SQ=H3)3 

I 
0S1Me3 

129 - 

(CH3& 

* AOTHP 

4.6. Reactions of 0- and N-substituted derivatives of silicon 
Very interesting results were obtained by Corriu and his co-workers in the investigation of the 

reactions between NJ-bis-(silyl)enamines and electrophilic substrates which are initiated by fluoride 
ions. *‘J’~ NJ-Dialkylenamines reacted easily with electrophiles to form the C-C bond whereas 
~,~-bis~(silyl)enamines react as weak nucleophiles and do not interact with electrophiles in the 
absence of catalysts. The ~,~-bis-(silyl)enamine 132 does not react with PhCH$r and PhCOCl but 
it reacts easily with carbonyi compounds in the presence of catalytic amounts (5 mol %) of CsF 
(DMF, 80°C) or TBAF (THF, 2OT) to form 2-aza-1,3-dienes which are synthones for the prep 
aration of six-membered heterocycles. In contrast with N,N-dialkyleneamines the formation of the 
C==N bond is observed. Good yields of products were obtained in the reaction of 132 with 
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Ph 
PhCH-CHCOPh b N(SiMe3)2 

CsF 132 

p;s;o -_‘..++,NZ 

- 

Ph (E:Z - 62: 

PhCH-CHCHO/TBAF PhCHOjCsF 

- 

Ph 

(E) (2934 (El (23%) (E) mw 

Scheme 8. 

benzaldehyde and benzophenone. Enolizing carbonyl compounds, however, gave lower yields as a 
result of the side reaction of aldol condensation. 

The reaction with cinnamaldehyde leads to the azatriene 134. Formation of the corresponding 
azatriene may also be supposed in the reaction of the silane 132 with chalkone; the cyclization of 
azatriene then leads to the substituted pyridine 133. The formation of heterodienes (Scheme 8) may 
be explained in terms of the nitrogen nucleophilic attack on the carbonyl group with subsequent j?- 
elimination of (Me,Si)20. The role of the fluoride ion is weakening of the Si-N bond by means of 
nucleophilic attack on the silicon atom. In the opinion of the authorq3” the reaction is controlled 
by disiloxane elimination. 

NJ-Bis-(silyl)-enamines react even with NJ-dimethylformamide in the presence of methoxide 
ions forming enamidines. ‘I4 

KaOMc 
RCH2CH-CHN(SiMs3)2 + HC(ObMe, - RCH2CH-CH-N-CHNMe 

2 

(6C-82%) 
R I H, SiMe,? 

The reaction of NJ-bis-(trimethylsilyl)-3-trimethylsilylpropan- I -ylamine leads only to formation 
of the product of 5-N bond cleavage. Aminosilanes react readily with alkyl halides in the presence 
of sodium methoxide under conditions giving N-alkylamines in good yields (Table 9).3’4 

THF-diglime 
RNHSiMe 

3 
+ R’X + NaOMe - RNHR’ 

(5:1) 

135 136 - - 

In the direct reaction of aminosilanes with alkyl halides, silylammonium salts are not formed, 
probably because of their low basicities, which result from the interaction of the lone electron pair 

Table 9. Selective conversion of primary amines to secondary aminez using aminosilanes”’ 

Aminosilanes 135 

cycle-C,H, ,NHSiMe, 

PhNHSiMe, 

Temperature Time Yield of 
Alkyl halides (‘Cl (h) 136 (%) 

EtBr 40 15 64 
n-PrBr 40 18 56 
n-BuBr 40 18 53 
CH,CHCH ,Br 40 I5 68 
PhCH ,Br 40 18 67 
EtBr r.t. 20 43 
n-PrBr 40 20 48 
Et1 40 18 64 
n-BuBr 40 18 55 
CH_HCH,Br 40 24 72 
PhCH,Br THF only 5 84 

reflux 
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of nitrogen with the vacant d-orbitals of silicon. A probable mechanism for this selective N-alkylation 
is shown below. 

RNHSIMe3 + NaOMe - RNH-Na+ 
R’X _ 

RNHR’ 
- MegSIOMe 

(N-Vinyl-N-phenyl)-aminosilanes 137 react with acyl chlorides in the presence of KF dissolved 
in crown-ethers to yield 2-ketoimines 13g3” 

KF 
+ RCOCI - 

137 138 - - 

R - ~6~5 (90%)) (cH~)~CHCH~ (89%), L-Pr (93%), 

n-C H 7 15 (92%). CH3cH-CH (81%), c2H50 (84%) 

l-N-Trimethylsilyl-Nphenyl)-amino-6-methylcyclohexene is transformed by benzoyl chloride 
and KF to N-phenylimine-2-benzoyl-6-methylcyclohexanone (94%). The reaction has been sup- 
posed to involve difluorosilylation of enaminosilane by fluoride ion and further addition of the acyl 
group at the carbon atom. In these cases the substituted phenyl group reacts with poly- 
fluoroalkylsulphonyl fluoride, while the trimethylsilyloxycarbonyl group remains inert, thus pro- 
viding the possibility of obtaining mixed esters of benzoic and alkylsulphonic acids. 3’o 

CsF 
+ CqF9S02F __t 

C00S1Me3 tOOSIMe3 

The role of the base is important. The use of CsF or AIk,N + F- leads to the vinylsulphonate only. 
However, in the presence of LiN(Pr-i)2, NaN(Pr-i)* all three possible products are obtained. 

PhS02CI 

I 0SfMe3 0 . M+ 

E 

El”’ 
PhS02F 

=+T- 

In the absence of KF the reaction leads to the N-acylation product and after hydrolysis gives a 
mixture of ketone and amide. 

Silyl ethers of enols react with acyl halides in the presence of TBAF or KF - 18-crown6 
complexes, to form vinyl esters of carboxylic acids. High regiospecificity is observed. The interaction 
occurs under mild conditions and gives a high yield.304 

OSlMe 

6 
3 

OCOCHJ 

/ TBAF 
+ CH3COF 

0 

-loo, 22h 
0 

Trimethylsilyl ethers of enols react with ROCOF in the presence of benzyltrimethylammonium 
fluoride in THF giving enol carbonates. This occurs (90%) with high regio- and stereo-specificity. 
Thiocarbamates can also be obtained in this reaction when the KF- 18-crown-6 complex is used as 
a base. The reactivity of TBAF and the NaF - 18crown-6 complex is insufficient. ‘I5 

KF. 18-crown-6, 23h 
Me2C-CHOSiMe3 + PhSC(Op‘ Me2C-CHOC(O)SPh 

(69%) 
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Alkoxyt~methylsilanes react with ~~n~ulphonyl fluoride in the presence of TBAF, forming 
the corresponding benzenesulphonates (28-70%). 307 Aryl esters of perfluoroalkanesulphonic acids 
are obtained in higher yields by heating ~~uoroalkanesulphonyl fluorides with alky- 
loxytrimethylsilane in the presence of KF or CsF. 3fb On the basis of the reactions of acyl halides 
~ntaining an activated halogen atom with silyl ethers of enols in the presence of fluoride ion there 
has been developed a method for the introduction of alkyl substituents in the a-position to car-bony1 
groups. Instead of alkyl halides, organosulphuranes may be used. The role of sulphuranes is in the 
formation of the alkoxy-derivatives of the type of 139, which then react with the carbanions 
generated from silyl ethers of eno1s.309 An enolate anion 140, generated from the t~methylsilyl 
ether-KF system, readily attacked the alkoxysulphurane 139 forming compound 141. 

Tetraalkylammonium fluoride is a more active catalyst for these reactions. By this method the 
following substituents can be introduced into the a-position of carbonyl compounds : benzylic,29s*3’7 
allyhc318 and propargylic. 3’9 The reaction also occurs with less active electrophiles, such as methyl 
iodide, butyl iodide and methyl bromoacetate. The following products were obtained from l- 
t~methylsiloxy-~methylcyclohexene. 

0 

THF 
+ PhCH2Br - 

CW2Ph 

20°. lh CIS @%I 

50°, 30 min. tmns (80%) 

Cleavage of the S&--C bond in {a-chloromethyl)-oxyranylsilanes by fluoride ion is accompanied by 
~-elimination of Me,SiCl and leads to the formation of the allenoxide~yclopropanone system 142. 
This was confirmed by isolation of 1,3-dipolar cycloaddition products and by opening of the 
cyclopropanone ring during the reaction in the presence of conjugated dienes and nucleophilic 
reagents respectively.‘37-‘39 

2 
0 

F- 

R&I-‘, (SlR3) CHR2CI - 

[ _ 

R’C&o‘C CHR= 

c 

- _ 
z== R1CH/--\CHR2 - 

142a 
_ I 
142b 

L=L R’C~~N~~(O~H2R’ 

143 - 

R-R1 - Ph , R*-H, R-Me, R1-H, Me, i-Pr, GBu, n-G 
10H21 ’ 

R’.H; 

R-Met RI-H, R*- n-c 10H21, p-M=C6H4 i 

X - CH2, 0, NC(O)OMe: 

Nu - CI3CCo0, HO, MeO, PhO, EtS, (i-Pr)2N 

When the reaction is carried out in methanol (20°C 24 h), quantitative formation of product 
143 occurs (Nu = OCH,). The authors ‘37 did not observe formation of the products of silane 
protodesilylation ; their absence indicates the reaction mechanism to be of the E2-Si type. 

5. FLUORIDE ION NUCLEOPHILK CATALYSIS OF SOME CHEMICAL REACTIONS 

Organosilicon hydrides are frequently used as reducing agents toward electrophilic carbon 
centres. The formation of alkoxysiianes from organosilicon hydrides and certain aldehydes and 
ketones, as shown by Vol’pin and his co-workers, requires the presence of fluoride ion.56*6’ 
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F- 
R2C-0 + R’3SiH - R’3SIOCHR2 

Corriu et al. have subsequently shown that the fluoride ion may be used even under heterogeneous 
reaction conditions without solvent. This provides a useful selective procedure for the reductions of 
aldehydes, ketones and even esters to alkoxysilanes which yield alcohols by hydrolysis. 57*60.63-66 The 
reduction of aldehydes and ketones with trialkylsilanes has been recognized as a useful synthetic 
method for a number of years, Quite recently the reduction was shown to be catalysed by fluoride 
ion under neutral conditions. 320 I-Naphthylsilane is an even more active reducing agent and benzo- 
phenone is reduced in the presence of CsF at 50°C into (I-naphthyloxy)-diphenyjmethane in quan- 
titative yield. 6o However, these silanes are not easily available and the silanes. R,SiH, have a 
comparatively low reactivity. Ethoxysilanes (EtO),SiH and (EtO),MeSiH have been considered to 
be more useful reducing agents, which are easily obtained from the available trichloro- and methyl- 
dichlorosilanes.66 (EtO),MeSiH and polymethylhydroxysiloxane have become widely used reagents 
for reduction. 

!!Z 
H 

H- ,‘-°C2H3 
(CH3&5i 

f f 
CL-~&O 

LH3 n 

SI(CH3)3 

oC2Hs 

The ease of reduction was shown to decrease in the series: aldehydes > ketones > esters. Poly- 
methylhydrosiloxane in the presence of potassium formate reduces aldehydes more rapidly than 
ketones. This differential reactivity may be used to carry out selective reduction of an aldehyde 
group in the presence of a keto function. Examples of the reduction products are presented in 
Table 10. Esters can also be converted to alcohols by ethoxysilanes in the presence of alkali metal 
fluorides.“3.65 

PhCOOEt 
(Et0)3SiH/CsF 

= ~hCH(OEt)OS~(OEt)3 
(Et0)3SIH 

60°C, 0,5h 

- PhCHOSi(OEt)3 + EtOSi(OEt)3 - PhCH20H + [(EtO)3Si] 2O 

(90%) 

This process may be realized for all types of esters-aliphatic, unsaturated and aromatic. The results 
of the reduction to alcohols are comparable with those for LiAIH,(OR),_ n as the reducing agent. 
The methods described above have several advantages: the reducing agent is synthetically easily 
available; CsF returns unchanged after the reaction ; the reaction occurs without solvent. The results 
of the reduction depend : (i) on the nature of the silane and of the carbonyl compound ; (ii) on the 
type of fluoride being used ; (iii) on the reaction temperature. The reducing ability of silanes decreases 
as follows: (EtO),SiH > Me(EtO)~SiH > Ph,SiH2. For example, benzaldehyde is reduced at 20°C 
by (EtO),SiH in the presence of KF. For the reduction of acetophenon, a more powerful fluoride 
ion donor, CsF, is required. And the reduction of ethyl benzoate occurs in the presence of CsF only 
at 40cC.60 

The reduction rate increases in the presence of solvents. Thus, potassium fluoride used in 
combination with a solvent is able to reduce ethyl benzoate. 

PhCOOEt + SlMe3 
KF- 2H20 

DMSO, BO°C ,6,5h 
PhCH20H 

@O%) 

The observed order of reactivity of carbonyl groups in aldehydes, ketones and esters permits a 
highly selective reduction of aldehydes in the presence of ketones and esters or of a mixture of 
ketones. The required conditions may be determined by varying the temperature and the fluoride. 

C6H5CHO 
(Et0)3SiH, KF 

25OC, 36h 
: C6H5CH20H 

(1Ot-N 
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Table 10. Reduction of carbonyl compounds by silylation of 
diethoxymethylsilane in the presence of KF4b 

Ca rbonyl Compounds Yield ,% 

C6H5CH0 

C6H5COCH3 

(C6H5)2C-0 

n-c H 
6 13 

CHO 

=\ (CH ) A=OCH3 
28 

0 

0 

90 

78 

87 

05 

68 

75 

85 

80 

65 

77 

- 

272-l 

The reduction of substituted aromatic aldehydes and ketones containing C==O bonds, nitro and 
amino groups, etc., occurs only at c---O groups, the others being unreactive. 

KF 

4-X02C6H4CH0 + (Et0)3SIH 
100°C , 2h 

4-N02C6H4CH20H 

@@w 

The carbonyl groups of a&unsaturated aldehydes and ketones are selectively reduced in the presence 
of CsF.64.32’ 

KF 

PhCH-CHCHO + (EtO&SiH - 
25?, 24h 

PhCH-CHCH20H 

(9s%t 

Silanes R2SiH2 react with a&unsaturated carbonyl compounds in the presence of (PhrP),RhCI 
giving a mixture of the products of 1,2- and 1,rladdition. The reduction in the presence of KF or 
CsF leads to 1,2-adducts only. The role of the fluoride ion involves coordination with the silicon 
atom thereby facilitating Si-H bond cleavage. 

A reasonable explanation of the role played by the fluoride ion in these reactions is given in 
Scheme 9. The initial interaction of fluoride ion with organosilicon hydride leads to a kinetically 
active pentavalent anion (9a). The latter then interacts with the ketone forming the fluorosilane and 
the oxy-anion as a result of hydride transfer (9b). The latter is able to attack the tluorosilane molecule 
to give the observed alkoxysilane product and the initial fluoride ion (9e). In accordance with that 
Scheme, the pentavalent silicon anion acts as an excellent hydride transfer agent. 

R’3SiH + F- - R’3SIHF- (a) 

R’3SIHF- + R2C-0 - R’3SlF + R2CKO- (“1 

R’3SiF + R2CH-O- - R’3S10CHR2 + F- (c) 

Scheme 9. 
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Another possible route of reaction involving hydride transfer between the silane and the ketone 
molecule to form a silylenium cation has been demonstrated not to occur.322 

R2C-0 + R3SlH - R2CH-O- + R35i’ 

The authors’23 have made an attempt to identify the most probable route of reduction. They have 
shown the catalytic effect of TBAF using ketones containing CF3 groups as models. Thus, the 
reduction of a,a,a-trifluoroacetophenone with phenyldimethylsilane in DMSO has been shown324 
to lead, after subsequent hydrolysis, to the corresponding alcohol (22%). When TBAF (5%) was 
added its role as a catalyst leads to the alcohol in 86% yield. In the same work the detection of the 
EPR signals of the radical anions of 2,6-di-t-butylbe~oquinone (or phenylcyclopropyl ketones or 
butyrophenone) has been found during reduction of these ketones by PhMe,SiH/TBAF in DMSO. 
The detailed investigation of these processes led to the conclusion that the pentavalent complex of 
9n type is an excellent hydride reducing agent and even with moderate acceptors (i.e., a-fluo- 
roa~tophenone or cyclopropyiphenyl ketone) acts as a single-electron transfer agent giving minor 
amounts of radical-derived reduction products. a-Fluoroacetophenone under the action of silane/ 
TBAF (4OC, 12 h) gives a mixture of 2-~uoroethanol (73-89%) and acetophenone {0.6-3.5%). 
the latter being formed as shown in the Scheme. 

MH 
0 

MU ISH 
ArC(0)CH2X F ArC(OjCH2X ’ 

I’ l _ 
- Ar-C-W2 F 
“X- -K 

ArC(0)CH3 

ArC(0)CH2X + MH - Ar-CH-CHZX H2O 

I 
- ArCH(OHjZH2X 

d M+ 

The fluoride ion-promoted reaction of R-( +)-~-naphthylphenylsilane 145 with several prochiral 
aromatic ketones 146 has been examined and the stereochemical outcome at both the silicon and 
carbon centres has been determined.32’ 

Np(Me@‘hSiH + ArC(O)R - Np(Me)PhSKKHRAr - ArRCHOH 
-Np(Me)PhSfH 

145 146 - - 

Ar - C6Hjr R-CH3 16,496 (S), W% (5) 

Ar - 4-N02C6H4, R _ CH3 11.3% (SX l&f% (S) 

Ar - C6H5, R-CF3 13,296 (St, 11.2% (R) 

Vorbruggen et af. and Hwu ez af. have used hexamethyldi~lane with TBAF in THF or in HMPT 
for the reduction of N-oxides of pyridine derivatives.321*326 

TBAF 

+ S’2Me6 - 
THF 

+ (Me3S1)20 

Quinoline and isoquinoline N-oxides form the corresponding heteroaromatic compounds (72 and 
92% respectively). One mechanism suggested ‘I1 for the reaction between pyridine N-oxide and 
hexamethyldisilane in the presence of TBAF involves the silylation of pyridine N-oxide with fluo- 
rotrimethylsilane giving the disiiylated intermediate 147 and fluoride ion. 

The reduction of aromatic nitrocompounds with hexamethyldisilaneand fluoride ion in THF at 24°C 
gives the corresponding azo- and azoxy-compounds in high yields3” Azoxybenzene is converted to 
azobenzene in a 95% yield in a similar way. 
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M~~SI~ IT~AF 
PhNO* - PhN-NPh - 

24%, 3h Pv-N-Ph 
0 

Bulky orrho-substituents inhibit the reduction of 148 to the corresponding substituted azobenzenes. 

Q / \ NO2 
- 

R 

148 

=x:= QN=Np 

R 
- 

f-l 

R s C6H5, SC6H5, -N J 
The reduction of o-nitrobenzaldehyde in THF at 24°C occurs only in the presence of equivalent 
amounts of TBAF to form o-nitrobenzyl alcohol (80%); azo- and azoxy-compounds are not formed 
in this case. 

Reduction of the polar and insoluble 4nitropyridine N-oxide in NJ-dimethylimidazolin-Zone 
as a solvent leads to the azoxy compound 149 (52%). 

0 149 150 
- - 

a. R - 0: b. R - : 

As by-products, a mixture of 15Oa and Mb was obtained. Their formation is connected with the 
dimerization of the intermediate nitrosopyridine N-oxide. 

Selective reduction of the nitro group by the Si,Me6TBAF system occurs in Cnitropyridine N- 
oxides.328 The authors3** established that disilylperoxides in the presence of KF or CsF are easily 
converted to symmetric dialkylt~tetramethyldisi~oxane at 20°C. Without nucleophilic catalysis this 
reaction is observed only at 100°C. 

(4-XC6H4)h4e2S100SlMe2(C6H4X-4) MF’CPr% (4-XC6H4)Me2SIOS1Me2(C6H4X-4) 
O-60% 

X - H, Cl, Me, OMe 

5.2. Synthesis of carbocyclic and hererocyclic compounds from organosilicon cornpounds under 
nucleophilic catalysb conditions 

Organosilicon compounds have been widely used for the synthesis of cyclic compounds. For 
example, 1,3-dehydrohalogenation of a-halogen carbonyl compounds leads to cyclopropanone 
derivatives in good yields.529 I-Methoxy-2-sil~loxy derivatives react with TBAF 
151. 

to form oxiranes 

TBAF 
OTr 

Me0 THF 
CR3 

0S1Me2But (96%) 151 - 

TBAF is an excellent reagent for the synthesis of spirodithiaalkanols from o-(2-trimethylsilyl-1,3- 
dithian-2-yl)-alkanes. The reaction includes intramolecular cyclization of intermediate dithianyl 
anion with participation of an o-aldehyde functional group. 330 Formation of the cycles containing 
4-6 carbon atoms facilitates the reaction. 

S1Me3 S 
TBAF 

(CH2)3 e 
25q 30 min. C 5 

COCH3 
13 

COW3 

(64%) 
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Spiroalcohols 152 are obtained in the same way.“’ 

TEAF 

THF 

Intramolecular cyclization also occurs with participation of vinylsilanes which produce the stable 
vinyl anion by the action of fluoride ion. In this way 2-phenylthiocycloalken-2-oIs-1 153 were 
obtained. In the absence of anion-stabilizing substituents at the double bond, desilylation was 
observed instead of cyclization.33’ 

SPh 

TBAF/THF 

SiMe3 - 

2!s” 

153 - 

Intramol~ular cyclization leads to five-membered carbocyclic compounds. The presence of a tri- 
alkylsilyl group in the &position of the carbonyl compounds leads to the elimination of Me$iF by 
fluoride ion. The carbanion centre formed in this way undergoes intramolecular attack at the carbon 
atom of the carbonyl group. Thus, in the example given below, heating for a short time with TBAF 
yields the bicyclo[5,5,0]octane derivatives 154 (94%).“’ 

PhSO2 S02Ph 

154 - 

The cyclopentane fra~ent is obtained by the intramolecular Michael reaction of a,~-unsaturated 
carbonyl compounds containing the SiMe, group in the 5 position.332 

TBAFjDMP 

SlM83 
20°C, lh 

053%) 

A crucial step in the synthesis of ( f )-drimenin was the reaction between TBAF and an ally1 silyl 
ether. This yielded the lactol155 which was oxidized to the corresponding lactone, ( +)-drimenin.333 

CHO 

Desilylation of tricarbonyl-qb-Z-fluoro-( l-t~methyIsilox~rop-2-en-2-yl)~~ene chromium 156 
with TBAF in THF results in cyclization yielding the 3-methylene-2,3dihydrofuran tricar- 
bonylchromium complex 157,334 
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TBAF 
% 

TH F 
(W3Cr 

156 157 - - @Q%) 

A method of synthesis of ~-butyrolactone derivatives 15s (55-700/o) from a,~~~nsaturated aldehydes 
and silylated phosphamide Et~SiP(O)(NMe~)~ in the presence of TBAF and THF has been 
developed. ” 5 

TBAF 
Et3SI,P(NMe,)2 + PhCH-CHCHO 

0 - 

R 
158 - 

Six-membered carbocycle formation was observed in the desilylation of 3-triethylsiloxydeca-l,3,7,9- 
tetraene 159 by KF in methanol. Thedeca-1,7.9-trien-3-one is unstable under the reaction conditions 
and intramolecular cycloaddition leads to bicyclodecenone 160.3”6*337 

=qrlJs-~ ---a 
0SIMe3 0 0 

159 160 - (78%) 
- 

~,~-Bis-(t~methylsilyl)-I-aminopro~ne-1, ~H~CH~HN(SiMe~)~, reacts with chalcone, PhCH- 
=CHCOPh, in the presence of CsF to form 5-methy1-2,~dipheny~py~dine.3’4 

5.3. Formation of carbenes from organosilicon compounds acid their reactivity 
Carbenes are the highly reactive products of l,l-elimination (a-elimination) and organosilicon 

derivatives are widely used for generating carbenes. For example, t~methyl-(t~halomethyl)-silanes 
dissociate in the presence of KF to form carbenes which react with olefins giving derivatives ofgem- 
dichloro and dibromo-cyclopropanes in good yields. 338 The reaction may be improved by adding 
crown-ethers. 

x - CI y3 

KF c6H=c\~cH2 (56%) 

C6H&;jtH2 + Me3SiCX3 

--I_, 

cc12 

3 
2.5% x - Br 

fH3 
C6H5_C -CH2 

‘CL 

(73969 

2 

A convenient reagent for the fluoride-induced generation of dichlorocarbene under extremely mild 
conditions is (t~chloromethy1)-t~methylsilane.33s 

Me3S1CC13 + 0 I KF/dl&me 

25O, 6h 
Cl 

Strong bases (such as potassium t-butoxide, alkyllithi~ or lithium alkoxides) are usually used to 
generate alkylidene carbenes from primary alkenyl halides or from alkenyl triflates. In the case of 
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base-sensitive intermediates, catalysis by TBAF should be used. Thus, (lchloro-2-methyl-propen- 
I-yl)-trimethylsilane 161 in the presence of TBAF in diglyme forms isopropylidene carbene which 
reacts with unsaturated compounds.339.340 

(cH~)~C-CSIMI~ F- 

k 
O-25OC 

(CH3)2c-C: + Me3SiF + X- 

X - CI (16l), CF3503 (12) 

Anionic cleavage of a~hloro~nylt~methylsilane and a-(t&I uoromethyls~phonyloxy)-vinyi- 
t~methylsilane initiated by fluoride ion (KF* 18crown-6, PhCH*Me3N~F-, Me,N+F-) is 
accompanied by a-elimination and leads to vinylidene carbene formation.34’*342 A source of F- is 
KF which should be present in stoichiometric amounts. Of all known methods of generating 
(CH,),C---C:, this one is the most convenient and mild. The rate of formation of vinylidene carbene 
from silane 161 is approximately 40 times higher than from silane 162, because CF,SOx is a more 
active leaving group. In both cases formation of 415% of (CH>)*WHX is observed and this 
product is formed as a result of the intermediate reaction of the (CHJ2C----CX- carbanion with 
moisture in the reaction mixture. 343 The carbene reacts with alkenes yielding the ‘corresponding 
isopropylidene propane adducts, such as 163 in the case of cyclohexene. Isopropylidene carbene is 
easily generated from 162 in the presence of KF* 18-crown-6 at O”C, and in the presence of 
benzyltrimethylammonium fluoride at 20°C. 343-346 Isopropylidene carbene reacts with isonitriles to 
form amides of 2-methylcrotonic acid.‘47 On the basis of the reaction between isopropylidene 
carbene and thioketones in the presence of TBAF a method has been developed for the synthesis 
of divinylsulphide derivatives. 34 3 

0 1 , (PhCH2)Me3N+F- 

163 (92%) 

162 1 H20 
- RN-C-CIC(CH~)~ - RN-FCH-C(CH3)2 

OH 

R - =2’-$, c6H5 (35- 52%) 

R2C-C{SH)Rl ] - 

- R~CWZR~-S-CH-C(CH~)~ 

R-H, Me: RI-I-Pr,eBu (25-40%) 

Recently the possiblity of the formation of C-C multiple bonds by l,2-dehalosilylation (see Ref. 
347) involving the elimination of R3SiX (X = Br, Cl, etc.) has been examined. This method is 
especially useful for the synthesis of unsaturated compounds such as cyclopropenes and dicyclo 
bridged alkenes. Vinylsulphones are obtained (quantitative yields) by the reaction of TBAF with l- 
phenylsulphonyl-1-chloro-2-trimethylsilylethanes at 20”C.348 

TaAFfTHF 
Me3SICH2CCI(R&02Ph 

2o”c, 10mh-l. 
CH2-C(R)S02Ph 

(99%) 

R - Et, Pr, Hex, AU, Bz 

Elimination of Me,SiCl from compound 164 by fluoride ion (NaF), leads to the formation of cyclic 
allylphenylsulphide 165 (high yield).349 

Me3Si 
0 

c, .,,. 

m 
Cl 

PhS Cl 

164 - 

NaF 

0 

/ + Me351CI 

Cl a 
PhS Cl 

165 - 
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Elimination of (Me&O from carboiminophosphine 166 results in the formation of a stable 
heteroallene, which contains tricoordinated phosphors. 3 So 

NsOH, THF, 23% 

G BuP(SlMe3)_ C(OSIMe3kN- Bu- t CBu..PdJ-N-B-1 

166 
-(Me3SI)20 

- 

Arylsulphenyl chloride was shown in Ref. 351 to react with vinyltrimethylsilane to yield adduct 
167 which then undergoes elimination of Me,SiCl forming arylvinylsulphide 168 under the action 
of KF. 

PhSCl + Me3SICH-CH2 - PhSCH(SiMe3)CH2CI 

16’7 - 

5.4. Some chemical transformations of organosilicon compounds 

KF. 2H20 
- PhSCH-CH2 

DMSO 

Elimination of Me3SiCI rather than epoxide formation by HCI elimination occurs in the folIowing 
reaction. 

Me,SiCH,CCl(SO,Ph)CH(OHj? 
TBAF_ 

THF- CH2-C(SO2Ph)CH(OH)R 

(909b) 

R - Pr, I-Pr, Ph, CC6HII, CH2-CH 

a&Unsaturated ketones are obtained by the reaction of NaF with carbonyl-containing p- 
haloalkylsilane 352.3s3 as a result of Me&Hal elimination. 

+ NsF f~ 

EtOH 

‘SiMe 
3 

This method has been used for the synthesis of cyclic a,~-unsa~~at~ ketones containing exo- 
methylene C-C bonds. 353 Even labile oxyketones may be obtained by this reaction. 

HO Cl HO 

TEAFtDMSO 

2o” 
0 

The reactions between vinylsilanes containing halogen atoms at the sp3 hybridized carbon atom and 
fluoride ions lead to allenes.34’~3s4 

PhCHO 
Ph3SIC(L+CH2 - PhCH(OH&C(SlPh3@H2 - 

PhCHCY=H2 - 
SiPh 

3 

Me*N+F- 

2O*C, 10h 
PhCH.C-CH2 

(10096) 

The use of fluoride ion inhibits isomerization into alkynes which is a frequent side-reaction in the 
synthesis of alienes in strong basic media.“’ 

1) R’Ll CsF 
Me3SICH2CH2S02Ph 

2) RCHO 
- Me3SICH2C(S02Ph)dZHR - RCH-C&H2 

3) H30+ 
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A new method for the preparation of 2-aza-1,3-dienes involving protodesilylation of N-(l-tri- 
ethylsilylallyl)-imines, induced by CsF, has been described.342 

NH2CH2C3CH - NH CHC”CSIMe3 
169 171 - 

2, 
E&t, 

NH CHCWCH 
21 

- PhCH-NCHCICH 

sIEt3 SiEtg 

13 

PhCHO 

t 

PhCH-NCHC9CSiMe3 --cI 

&Et3 

PhCH-NCH-C&H2 

Protodesilylation of imines 169, 170, induced by CsF, occurs in either THF/H*O~l~-drown-6 or 
MeCN/H,O (ZS’C, 1 h) and leads (7&85%) to 2-azatriene 171 and 2-azadiene 172. 

PhCHO CeF Ph 
NH 

21 
CHCH-Cm2 - PhCH-NFHCH-CH2 - 

H’s-N*CH.CHCH + H’C-N*CH.CHCH 

S1Et3 SIEtJ 
3 P6 3 

172a 172b - 

Another example illustrating the synthetic importance of 1,2-dehalosilylation under the action of 
fluoride ion is the synthesis of allene oxides, in particular of 2-epoxy-4,4-dimethyl~nt- 1 -enc. 3’6*3 5’ 

0 

/-Y 

SiMe3 
0 

MXHR CSF 

CHC13 
0 

Bu CH2CI 
trI~Iyme,20 B”t 

/I-Elimination of this type, starting with a hard base attack on silicon, may be considered as the key 
process for the synthesis of many exotic molecules.“* 

I ---a-$ ,‘J /\ 
er - 

Fluoride ion catalysis converts ~-t~methylsiIyl-2-haiogen~yclopropane into cyclopropenes, which 
are characterized by Diels-Alder adducts with 1~3-diphenylisobenzofuran. 

X 

CsF 

80° A \ 
SiMe3 

The presence of electron-withdrawing substituents in the vinyl fragment leads to a considerable 
increase in sensitivity of vinylsilanes towards nucleophilic reagents. Thus, /I?-chlorovinyltri- 
methylsilane is cleaved by KF in DMSO medium giving acetytene.359 

F- 
CtCH-CHSiMe3 r K;ECH + 

DMSO, 25% 
hk35iF + cs- 

racy-~-ChIorovinylt~methylsilane reacts to 95% in 20 h, whereas the c&isomer reacts only to 10%. 
The authors suggest the E2-Si mechanism involving the simultaneous cleavage of S&--C and C-Cl 
bonds taking place after attack at the silicon atom by fluoride ion. 

The reaction of elimination, unlike substitution reactions, requires a limited range of bases and 
leaving groups. 360 Good leaving groups such as halogens are generally required. In most elimination 
reactions the nucleophile must have a high basicity. Alkoxides and amines are the most common 
nucleophiles but when the proton is replaced by silicon then the fluoride ion promotes elimination. 

Me3Si, H 

&=-Ct 
KF_ 

HCl;eCH z 

Me250 Me*50 
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Cleavage of rruns-&chlorovinylmercury chloride by halogen anions36’ is accompanied by acetylene 
elimination, Reutov et al. 362 proposed an intermediate state structure similar to that of an &l-N 
reaction : stabilization of the carbanion centre is provided by elimination of chloride ion from the 
/-position thus leading to acetylene. 

The same method was later used for the synthesis of allyia~tylenes. 363 

R - C4H9 (L-Q%), CgHll (73%). C6Hi3 (84%) 

1,2-Dehalosilylation by the fluoride ion occurs in 2-haiogeno-phenyltrimethylsilanes yielding 
benzyne which was trapped as its adduct with furan. 364 

SiMe3 

CI 
+ m A’k4N+Fi C6H5CI + 

0 25O 

Me4N+F- 12 31 (HMPA) 

39 32 (Fumne) 

Et4N+F- 90 (HMPA) 

~-T~methy~s~lylpheny~ triflate 173 generates the anionic intermediate 1’74 by fluoride-induced desil- 
ation under neutral conditions. 36s Elimination of the triflate group (giving benzyne) occurred in 
preference to protonation of 174 because of the excellent leaving abihty of the triflate group (Table 
1 1).“66 

113 174 - - 

Tf I CF3S0, 

Table 11. Reactions of triflatt 173 with furan at room temperattm? 

F‘ reagents Solvents 
Moler ratio Reaction Yields of 

173:furan:F- time(h) 173 (%) 

Me,N+F _ 

KF 
KF- 18-crown-6 
CsF 
Bu,N+F- 

HMPT 1:4:2 
furan 1: IS:2 
HMPT 1:4:2 
furan 1 :excess:2 
HMPT 1~4~2 
benzene 1:4:2 
HMPT 1:4:2 
CH,CN 1:4: 1.5 

4 
2.5 

114 
I5 
22 
44 

3.5 

42 
86-96 

51 
76 
34 

No reaction 
42 
61 



2736 G. G. FURIN et al 

The formation of tropylidene 176 from the silyltropylium salt 175 demonstrates the high affinity of 
the silicon atom towards the fluoride ion.367 

175 136 - - 

1,2-Dehalosilylation takes place in the reaction of CsF with t~methylsily~ethanesulphonyl chloride 
to form sulphene 177.368 

Me3SJCH2S02CI 
Cs.FjCH3CN 

20°C, 2h 
CH2*SO2 

1 Et ,g:z,, 
BrCH2S02Ct 

4 

3-Methylsiloxy-3cyano-l+cyclohexadienes 178 give cyclohexadienones 179 in the presence of AgF. 
This is a useful method for the protection of quinonoid carbonyl gror~ps.~‘*~~ 

AeFiTHF 

20*, 22h 

0 
Br 

4 

ar 

1 I 

HO 

C02Et k02Et 

178 179 - - (7-w 

[3,3]Sigmatropic transformations are observed with NaF leading to hydroquinone derivatives.369 

The synthesis of quinone methides 180 with electron-withdrawing groups RZ is difficult but it can 
be achieved by trimethylsilyl protection.370 

180 - 
R1- COOR, S02C6H5 ; R2 - CH2C6Hg 

(2-Acyloxyalkyl)-triorganylsilanes are easily converted by fluoride ion into alkenes (20°C). y-( l- 
A~toxyhexyl)-y-t~methylsilyl-butyrolactone reacted with TBAF in HMPA giving y-hex- 
ylidenebutyroIactone.37’ p-Trimethylsilyl carbonates are cleaved by fluoride ion. /?-Trimethylsilyl 
carbonates are protecting groups for OH and NH2.372 

TJ3AFlTHF 

ROH l Me3SiCH2CH20COCJ - 
2o”c 

Me35JCH2CH20COOR 
2o”c, 10 min. 

- ROH + CH2-CH2 + CO2 + Me3SJR 

ROH - choleeterol (94%), timidfne (88%). ZLnJtrophenol (94%) 

The 2-trimethylsilylethyl substituents is used to protect the carboxyl groups of N-substituted amino 
acids. This group is stable under the wide-ranging conditions used in peptide synthesis. It is easily 



Synthetic aspects of the use of organosilicon compounds 2737 

removed by TBAF : ethylene and trimethylfluorosilane are formed together with carboxylic acid. It 
is noteworthy that no racemizatian of the chiral centres of amino acids occurs in this reaction. The 
COzCHZCHzSiMeJ group is used for the protection of NH functions.373 Besides the amine, only 
gaseous products are formed (8~9~%). 

4-CfC6H4NHCOOCH2CHZSiMa3 
1) Et4N+F-, 50°C 

2) H20 

* 4-CIC6H4NH2 + CH2-CH2 + 

* CO2 + MySiF 

Esters of phosphoric acid 181 undergo elimination under the action of fluoride ion. Since allene 
182 and trimethylfiuorosilane evaporate from the heated reaction mixture this reaction 
method for protecting phosphorus acids.“74 

(Et0)2P(OXC’CH2~-CH2) 
Et4N”F” 

- MejSfF 
= CW2-C&H2 + (EtO),F(OkrNEt,+ 

SiMe__$ 

3a1 362 
- - 

Stereo- and regio-selective syntheses of El,)-dienes using the transformation of 
thi~arbamate 183 into the diene #&I induced by fluoride ion have been reported.‘75 

is a good 

the silyl- 

Kocienski uses 2-{phenyls~lphonyl)-alkylt~methylsilanes 185 to obtained terminal olefins 1W3’” 

This reaction was successfully used by him for the synthesis of polyene antibiotics.“7-379 This 
method produces double bonds in cyclic compounds 187 (5Q-70%).380*38i 

381 - 

1,~EIimination involving the silyl group which is induced by the fluoride ion ___ provides a new 
methodology for the generation of cl-quinodimethanes3”’ and u-quinone methide imines 188, whose 
Die&Alder reactions are useful for convenient synthesis of polycycles.383 

iB8 

a 

- X - CH2, Y I NR 

0 189 - x - CH2, Y . C-NR 

\ Y r90 X - CH 
2’ 

Y - c-o 

191 - 
X L CH2, Y - CH2 

~-~~-Alkylimino~~q~~~imethane 189 and ~-axis-q~n~imethane l!JO, structuraily related to 
191 and t88, have potentiat in organic synthesis because their Diels-Alder cyc~oad~tion~ produce 
functionali~ poly~ycles.~~~ The first synthesis of ~-~~-t-butyl~mino~~-quin~imethane 192 by I ,4- 
elimination of the silicon-containing group has been described.385 
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3) Me3SlCI l 

C=N 

‘But - N --But 

192 - 

{~-T~methyIsilylakyl)-~nzyit~methyla~o~um halides 193 form ortho-xylylenes I94 under the 
action of TBAF or CSF.~‘~ These compounds possess high reactivity and easily take part in the 
Diels-Alder reaction in the presence of olefins. 

l 

CH2KMe3F- 

CH2SIMe3 

+ Nhle3 + Me3S1F 

The pyridine analogue 195 was obtained by the same method.382 

CH2SiMe3 

195 - 

If the side chain of orrho-quinodimethane has a double bond, the intramolecular Diels-Alder 
reaction is observed. Thus, the reaction of TBAF in CH,CN with ~~r~~(l-t~methylsilyl)-6-heptyl- 
benzyltrimethylammonium iodide 1% leads to octahydrophenanthrene 197.386 

19G 197 (77%) 
- - 

2,3_Dihydronaphthalene 198 forms the substituted tetralin 199. 

CeFICH3CN 

198 199 - - 

This approach was used in the synthesis of a part of the skeleton of hepherotoxine.386 
Fluoride ion-induced 1 J-eliminations of activated benzylic systems such as 200 and 201 proceed 

under very mild conditions to liberate highly reactive o-quinomethides, which, under the proper 
conditions, can be trapped inter- or intra-molecularly. 383 This strategy now serves as the basis for 
the stereoselective synthesis of carbocyclic and heterocyclic natural products. 
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+ 
CH2NMe3C1- 

fiCNITBAF CN 

CH25iMe3 

201 
- 

The above examples show the practical importance of this method of generating orrho-quino- 
methanes and their nitrogen-containing analogues for the synthesis of polycyclic compounds by 
the intra- and inter-molecular Diels-Alder reactions. Its possibilities are not exhausted only by the 
generation of orrho-quinodimethanes : the reaction of -para-(trimethylsilyI)-methylbenzyltri- 
methylammonium iodide 202 with TBAF in CHCN leads to the 1,6-elimination product--para- 
quinodimethane 203. 387 

TBAF/CH?CN 0 - 
II - -(CH2 \ / -o- +&,- 

CH2SlMe3 

202 - 
203 
- 

204 (51%) - 

Compound 203 gives mainly poly-para-xylene 204 depending upon the temperature. 
Transformation of the tricyclic compound 205 into cis-hexahydroazulenone 206 may also be 

considered as an example of 1,4-addition induced by the fluoride ion.‘** 

KF 

18-crown-6 

200, 4h 

205 206 (78%) - - 

l&Elimination initiated by fluoride ion occurs in the transformations of Cphenylsulphonyl-l- 
trimethylsilyl-2-alkenes 207 into 1.3-dienes 208. 389 

TElAF/THF 
Me3SiCH2CH_CHCH(R)-SO2Ph 

207 
2o*c ,2omin. 

Mo3S1CHZCH-CHCH(R&+ + PhS02- - 

- 

- CH2-CHCH=CHR 

208 - 

R - penQ4 (83%) ; octyi (87%) ; benzyi (95%) : p-bromoctyi (99%) 

Boiling compound 209 with TBAF in CH$ZN leads to 2,2-2,Sfuranophane 21(k3*’ 

209 - 210 (73%) - 
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The substituted thiophene is converted into 2,2-5,5_thiophenophane 211.‘“’ 

L-l. I1 + 
Me,pCti2 S CH2NMe3 I- 

Two synthetic pathways affording a&-2,2( l,(i)-azufenophane 212 via fluo~de-indu~ 1,8-elim- 
ination compound 213 from trimethylsiiyl tetraalkylammonium salts are described.387 

TBAF 

i 

213 212 (1%) - - 

5.5. Other reactions 
Fluorides of alkali metals have been shown to be convenient reagents for the generation of 

nitrogen-, phosphorus-, and sulphur-containing ylides. Desilylation of a-trimethylsilyl onium salts 
by fluoride ion has been widely utilized in recent years as a convenient method for preparing 
nitrogen and sulphur ylides. 39’-396 A synthesis of olefins from thio-derivatives using diglyme as a 
solvent has been developed.39’ 

CH3CN CsF 
CgHliCH(SH)COOEt + Me35iCH2CYIY = C5HllCHCOOEt - 

20°C, 24h I+ 20°C, 16h 

- C5HllCHCOOEt - 

h+ki 

C4H9CH-CHCOOEt 

2 (6 1%) 

Treatment of the sulphonium salt 214 with fluoride ion in the presence of an aidehyde produced 
only the disubstituted rrans-epoxide 21S.‘97 

RCHO/F- 
PhCH2%(CH3)C.H2S1Me3 - 

/S 
PhCH-CHR 

214 215 - - 

R - Ph, F-C~H~, Fumnyt, Cinnamyt, C2H5, I-C3H7 

The reaction of triflate with dimethyl~yclodod~ylamine leads to fr~~yc~odod~ane as a result of 
[3,2]-sigmatropic shift in the yIide.39’ 

Desiiylation by fluoride ion is especially convenient for the generation of azomethines for 1,3- 
dipolar cycloadditions. For this purpose the trimethylsilylammonium salt is treated in the presence 
of dipolarophile.396*398.39Y 

Et0 

Ph 

Et0 
Me3SICH20S02CF3 

CeF 
Ph 

,: 0CH2 Me02CCICC02Me 

\ 
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The propensity of silicon to transfer to sifylophiles when bound to electronegative carbon raised 
the possibility of desilylation of an intermediate such as 216 as a method for generating azomethine 
ylides 217.3y* 

1) E+ 
R1C(XfNR2CH251Me3 - 

2) F- 
R’C(X$JR’-&2 

$ 

216 217 - - 

The CsF-induced desilylation reaction shows all the characteristics of a concerted cycloaddition, 
including stereospecificity when dimethyl fumarate and maleate are used as dipolarophiles. For 
example, treatment of ~-methyl~nzen~arboximidic acid ethyl ester with Me3SiCH20SOtCFI, 
CsF and dimethylacetylenedicarboxylate produced dimethyl iV-methyl-Zphenylpyrrole-3,4-dicar- 
boxylate (48%). 

The reaction of the azomethine ylide derived from ~-(3-methylthio-2-cyclohexen-l-ylidene)- 
ben~nemethanamine with CsF and dimethyl a~tylenedicarboxylate proceeds smoothly and affords 
the cycloadduct dimethyl l-benzyl-7-(methylthio)-l-~spiro[4,5]deca-3,6-dienes-3,4-dicarboxylate 
(80%). With methyl propiolate, the cycloaddition reaction proceeds with complete regioselectivity 
giving methyl 1-benzyl-7-(methylthio)-l-azaspiro[4,5]deca-3,6-diene-4-carboxylate (70%). 

CsF 
- Op? 

The caesium fluo~de-indu~d desilylation reaction of immonium salts derived from amides, thioam- 
ides and vinylogous amides provides access to reactive azomethine ylides in synthetically useful 
yields. 

Some phosphorus ylides are rather inert in the Wittig reaction. But the reaction of the ylides 218 
was shown to occur.4oo 

Ph PCR1R251Me 
CeF/DMF R3CH0 

3 3 1 ‘I‘ : - 

20% 

[Ph rzdR2 
3 1 R1R2C-CHR3 

The intermediate formation of the pentafluorophenyl radical was observed in the reaction of XeF, 
with pentafluorophenyltrimethylsilane in the presence of CsF. Decafluorobiphenyl and pen- 
taffuorobenzene are the final products. The use of CsF is absolutely necessary. Substitution of at 
least one methyl group by fluoride facilitates the reaction and allows it to proceed in the absence of 
CsF.“’ 

C6F5SiMe3 + XeF2 
CsF/CH$N 

o”c 

c C6HFg + 
C6F5C6F5 

2 : 1 

Organylfluorosilanes are converted to alcohols by reaction with oxidants, e.g. mchlo- 
roperoxybenzoic acid (MCPB). The number of fluorine atoms bonded with silicon is the main factor 
in this reaction4’* Thus, the relative reactivity of trifluorosilanes is higher than that of R, SiFz and 
R,SiF. RSiF, is oxidized by MCPB without KF. 

MCPBIKF 
R,S’F_ - ROH 

R- ” ‘C+pll * Ph, OEt; 

n- 1-3 

Theoretically, the difluorosilane derivatives can also be hydroxylated by MCPB, but in the 
absence of KF the reaction proceeds very slowly.403 The rate of hydroxylation of R$iF, increases 
rapidly when catalytic quantities of KF are added. Under these conditions, oxidative cleavage occurs 
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with a high yield and approximately 2 moles of KF are necessary to finish the reaction. 

MCPE3/2 KF 

(C8H1,)2PhS1F - 2 C8H170H + PhOH 
20°C, 5h 

(79%) (100%) 

MCPB, KFfDMF 

20°C, 5h 
- 2 CBHl? 

OH 

(95%) 

The salts of pentafluorosiliconium also take part in hydroxylation by MCPB.404 

MCPBIDMF 
PhOH 

(64%) 

The choice of solvent produces a considerable influence on the yields of products of fluorosilane 
hydroxylation with KF as a catalyst and pentafluorosilicate hydroxylation by MCPB. Thus, depend- 
ing on the solvents, the yields of octanol obtained from (n-&H, @iFZ (KF catalysis) were 15% 
(C,H,), 61% (THF) and 95% (DMF). Instead of the substituted fluorosilanes, the corresponding 
alkoxysilanes and chlorosilanes may react with MCPB and KF, but an excess of KF is required.402 

MCPB/KF 
4-Et00CC6H4CH2S1(OPr.1)3 - 

20°C, Sh 
4-Et00CC6H4CH20H 

(75%) 

Chlorosilanes are less able to react with MCPB-KF than alkoxysilanes even in the presence of a 
large excess of KF, possibly due to the side-reaction of cleavage of Si-C bonds by MCPB.405 

MCPBiKF 

(CeH17)2S’C’2 - 
20°c 

2 C8H170H 

(4 5%) 

in 219 by MCPB/KHF* in DMF, as well Direct oxidative cleavage of the alkenyl-silicon bond 
as by 30*/D H202/NaHCOj, gives 5-decanone 220 in high yie1ds.4”6 In contrast, treatment of 219 
with the equivalent of MCPB in CH2Clt resulted in the formation of the corresponding epoxide 221 
quantitatively, leaving the C-Si bonds intact. The carbon-silicon bonds in the epoxide were oxidized 
by 30% Hz02 in the presence of KHFz and KHC03 at room temperature forming 6-hydroxy-5- 
decanone 222 in high yield. 

i 

219 - 

220 - 

R - n-Bu (73-61%) 

R 

The guorosilanes 223 reacted with three or more equivalents of MCPB in the presence of KF giving 
the corresponding alcohols 224.407 
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SIMe2F 

I MCPB/KF P 

223 224 - - 

R’ - R2 - H (74969: 

!?I f H, R2 . P&e (70%): 

R’ - R2 I Me (75%9 

The use of peracids or peroxids is limited to the ?.#bstrates with functional gmups Wbh we not 

sensitive to such oxidizing reagents. Herein a novel G-Si bond cleavage reaction of organo-silanes 

225 with t~methylamine-~-oxide to afford alcohols 226 stereos~~~aliy has been reported.d08 

RSiMe(OEt)2 
Me3N+O/KHF2 

ROH 

The reactions of metald~i~ylation under the action of fluoride ions are based on the trans- 

formation of organylt~halosilanes into the salts of pen~~uorosiliconjum. C-Si bonds in the latter 

are easily cleaved by electrophilic reagents, including the salts of heavy metals. The reaction requires 

comparatively mild conditions and R = aikyi, alkenyl or aryl groups. The examples of silver- 

mercury-desilylationd*s are shown below. 

1 5bF3* H2?_ RaSb 

Ammonium methy~pen~flnorosi~i~te reacts with mercury dich~o~de at 25°C forming methyl- 

mercuric chloride and, at higher temperatures, dimethyl mercury. 

On the other band, the treatment of potassium ethenyl- and t~~uo~~tb~ny~~~tafluoros~li~tes 

with copper sulphate and water leads to organic radical dimeri~~~on and fo~ation of I ,3-butadiene 
and perfluoro-t .3-butadiene (87% and 49% yields respectivelyf.4 ‘* 

~es~~ylation of a~ky~pentafl~orosiii~ates of pota~j~rn ~*rR~~*C~~S~F~~ proceeds with a good 

yield but it leads to small amounts of terminal olefin.4’ ’ 

CONCLUSION 

Silylation and synthetic applicatiorrs of organosikon compounds show considerable advantages 
over the traditionally used reagents. They areconnected, first, witb conditions of the process and high 
stereo- and regio-selectivity of the reaction products. The anafysis of main theoretical approaches to 
the mechanisms of the reactions occurring under n~~leophi~i~ catafysis shows the ~~~rnen~ for 
further investigation. Some considerations on the mechanism of action of the iiuoride and cyanide 
ions has ailowed investigators to make predictions. This is especially important for the solution of the 
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key problem of organic synthesis-the creation of highly selective reagents. The use of nucleophilic 
catalysts is important from this point of view. The concept of participation of pentacoordinated 
silicon intermediates in the processes accompanying nucleophilic catalysis of organosilicon com- 
pounds proved to be suitable for the rationalization of the presented reactions. 

Possible appli~tions of silicon organic synthons in organic synthesis under nucleophilic catalysis 
conditions are far from exhausted. More new classes of compounds and types of reactions await 
discovery. 
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