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1. INTRODUCTION

DurING the last decade there has been a tremendous growth in the chemistry of organosilicon
compounds due to their role in organic synthesis.'"* Being the softest metal, silicon can generate
electrophilic and nucleophilic 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 silyl 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. * 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 importance. 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 organosilicon compounds makes this class of compounds one of the most synthetically
promising. Some of these aspects are covered in monographs and reviews.* 'S 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 isomerization 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).'® The use of this property
for protonolysis of Si—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 pentacoordinated silicon. Such pentacoordinate silicon intermediates have been isolated'*?!
and implicated as reactive intermediates in several cases.’? Although a non-basic pentacoordinate
organosilicon intermediate accounts for the remarkable selectivity demonstrated by various
reactions, the actual nature of the nucleophilic 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 important and
interesting it may be, can be performed in practice. The present review is concerned with the use of
organosilicon reagents for the protection of organic functional groups in the presence of fluoride
ion.

2. SILYLATION OF ORGANIC COMPOUNDS OF VARIOUS CLASSES UNDER NUCLEOPHILIC
CATALYSIS CONDITIONS

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, tetraalkylammonium
fluoride, and potassium cyanide.

2.1. Disilanes as silylating agents

Substituted disilanes 1 react at 20°C in the presence of the catalytic amounts of tetra-n-butyl-
ammonium fluoride (TBAF) in hexamethyl phosphoric triamide (HMPA) with aliphatic aldehydes
2, giving I-trialkylsilyl-1-hydroxyalkanes 3 after hydrolysis.'*
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TBAF {56 mol%) H, 0"
RCHO + MeJSISIR‘3 e RC Hen SiR'a el RCH—SIR'a
HMPA !

651Me3 OH

2 1 3

- - R R Yield, %
H Ph 38
n-C10H21 Me 67
n—Cionl Me 64
n-(.‘.aH7 Ph 60
i—C3H? Ph 61
L-C“Hg Me 30
L-Cqu Ph 33

Aromatic aldehydes react with disilanes in the presence of TBAF in a different way, giving a
mixture of d,/- and meso-1,2-diarylethanediols (~ 1: 1). The reaction was applied to various disilanes
1 and 1,3-butadienes 4 to produce 1,4-disilyl-2-butenes 5.

?

R 7
BAF 8
T
R'R2RIsisiRIRIRS + PP N  — =  rir%R3si N
AMPA 55,6
8 BIR'R™R
R 8
1 4 5

The E-isomers of § are produced with high selectivity. 1,2-Disilylation products were not formed
to any measurable extent. Aprotic polar solvents such as HMPA or 1,3-dimethyl-2-imidazolidinone
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.?’

Oligomerization of 1,3-dienes in this process takes place only to a minor degree.?*2¢ This 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; (i) high stereospecificity of the
reaction (£: Z = 90: 10) and (iii) high yields of end products (60-80%).

Aliphatic aldehydes and 1,3-dienes are silylated in the presence of TBAF by trisilane derivatives
6. 27

TBAF- GMFA

RCHO + Me Sl—SiMeznsiMe e Me3SIO-CHR-SiMez-CHR-OSiMe3

3 3 20°C
. s
HSO
——— RC‘SH-SiMeQ-(lLHR
OH OH
R » C.H C, .H Yields 63~ 68%

5711 710 21

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 electrophilic than the internal
one, The results also depend on the order of mixing of the reagents. Addition of the TBAF solution
in tetrahydrofuran 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
B).

route A /\/\/ Bi \/\/\
> R,Si = ! N SiR,

+
30- 38%
RIS siR
- 3T M RS‘\\/"\/\’ NN SR
=_ ' TN NI
— TBAF !
10%
route B

i
L - R8I TN Si-SiR
1

3
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In the presence of catalytic amounts of TBAF, the silylation reactions of geminal dimethyltetra-
chlorosilane di- and trichlorides can be achieved.”®
TBAF
PhCCi3 + MeSiC12_ SiCIzMe e PhCC12516l2Me
71%

2.2. Reactions of dimethylsilylacetates with carbonyl compounds

Ethyl(trimethylsilyl)acetate (ETSA) is widely used in organic synthesis as the deprotosilylating
and carbalkoxymethylating agent,?®-*® It reacts with the derivatives of acetylene, primary, secondary
and tertiary alcohols, phenols and thiols.>">* 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.>"

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

Me,SICH,COOEt  + o R "cazcoom + Me SIF

“CH,COOEt + R-H —— CH,COOEt + R
R™ Me SIF  ———#— RSIMe, + o

In the presence of a catalytic amount of TBAF, ETSA silylates ketones with excellent yields of
products.’?

TBAR

RRIC-O + MealeH‘?COOEi —":I::E;—» RR1CCH2COOEt
OsSiMe 5
acetophenone (98%)
cyclopentanone (74%)
cyclohexanone {98%)
cycioheptanone (94%)
cyclooctanone (86%)
cyclododecanane (94%)
3~phenylpropanol {9o2%)
dilsopropylphenylcarbinol (92%)

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 1), the kinetic control product.

The reactions with aldehydes or non-enoclizable 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.’'**
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 §-phenylpropional, only 24% of the adduct was
obtained.

Table 1. Silylation of unsymmetric ketones by ETSA-TBAF>!

Conditions Isomer ratio (%)
(temperature, "C, TBAF

Ketones time, h) equiv. % yield ™ 8°
2-Methylcyclohexanone -~ 78 (5) 1/30 — 20 80
0 (2) 17100 98 30 70
refluxing (1.5} 1/50 75 60 40
Methylisopropylketone 0 (2) 1/200 84 7 93
Methylisobutylketone 0 Q) 17200 79 10 90
Benzylacetone —30 (1.5) 1/100 88 38 62

* An isomer with the higher substituted olefin.
®The one with the less substituted olefin.
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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.?*

OSlMe3

O -
1 F 1
R \)‘\/R + Me,SiCH,CH,COOEt — R __~ + CH,COOEt

R = CH,, 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%). 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.

o . OSiMe, OgiMe
R \)k * Me SiCH,COOEt ==~ » R \)\ * R
3 2 - CH,COOEt %
9 10

R = n-Bu, n-CsH11

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: 51 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.

Basiceeo o o L{"":.O‘
Et
Et Et
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%.*
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 2,2,6,6-tetramethylpiperidide in this reaction raises the content of the E-isomer up to
84%.%¢

Kuwajima*? has suggested a mechanism for the catalytic reaction of ETSA with carbonyl

compounds (Scheme 1).
OSiMe

g Me ;SIX 3
——— CO,Et.n-Bu,N' —————= CO,Et
~r=Bu,N x~
1¢
TBAF - 3 Sc-o
Me,SICH,CO,Et ~—————e | CH,CO,Et , nBu N
-Me,SiF
* 13 ° . Me ,SIX OSiMe,,
1 )\ S )\
Me ;SICHCO, Et - Bu NH
16 15
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This mechanism involves the intermediate formation of the quaternary 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.'® (The carbanion for-
mation has earlier been postulated by Birkofer?**? to explain the mechanism of the reaction of
carbalkoxymethylation of aldehydes by ETSA in the presence of NaOH or K[AI(OCH3),).) First,
ethyl a,a-dimethyl(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 known’**! to give readily a mixture of E- and Z-isomers
of «,f-unsaturated ethers instead of the product of carbethoxymethylation.

>c-o + Me3SlCH(L1)COOEt el :C-CHCOOEt + Me, SIiOLi

Recently Kuwajima ef 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 * 18-crown-6 or KOCH;* 18-crown-6 at 0°C leads to the quantitative formation of
the silyl ether of acetophenone enol. These catalysts also initiate the reaction of deprotosilylation
of 1-hexanethiol. Acetophenone is quantitatively silylated in | 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.

Ph-C == CH

2
1 - +
PhC(OXH, + Me SICH, COOE —Lo K . PRC=CH, + CH,COOE
18- crown-6 OSlMes

An important factor that restricts the use of ETSA as a silylating agent is the acidity of the
substrate relative to ethyl acetate (pK, 24*%). For example, phenylacetylene (pK, 18.5*?) is easily
silylated (20°C, 26 h) by ETSA in the presence of the catalytic amount of TBAF.?"** However,
triphenylmethane (pK, 33*%) 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 islowered in the series n-C¢H | ;SH > PhCH,SH » PhSH. For 1-hexanethiol, the reaction rate
is ~ 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 carbalkoxymethylate anion of aldehydes and ketones having no
a-protons. Many known methods for the preparation 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. Reactions of hydrosilanes with carbonyl compounds

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
€V).*? Due to this, the silicon-bonded hydrogen can be withdrawn as a hydride anion.

Silane hydrides silylate hydroxyl-containing 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 catalysts.*® 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.*® 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 triisopropylsilane (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 >Si( FYOR and >Si(0R YR structures is
reported (Table 2).

CaF [ Im
rR'R%r%siH + ROH ———  glrR%R7siOR' + H,0

r1ar2-r3upn (17); Rl.nz-cxs, ®r3.ph (18); Rl-Rz-R3-02H5 (19):

3 3 3

R'ar%ar%micH, (20); R'=R%-Ph, R7-cH, (21); R'=R%wpn, R

3

=H (22);

RYaPh, R%« 1-Naphthyl, R« H (23); R'ecH,, R%=Ph, R« H (28);

-
R'ar®a iC H,, R H (25)

Andrianov er al. found that the route of alcoholysis of silane hydrides in the presence of fluoride
ion depends on the nature of the substituent at silicon.***® For example, O-silylation of methanol
by methyldibenzylsilane proceeds mainly by the removel of benzyl groups. Upon substitution of
methanol by some other alcohol, the relation between the Si—C and Si—H bond cleavages somewhat
changes.*’

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

R'OH + F~ e R'O™ ¢+ HF

RO + Me.SiH + RIOH -~ R*'OSIMe,  + R'O™ 4+ H,0

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

- R'OH

R'O™  + R3SiH —»= RO, ,.,8R,.,..H m———— RIOSiMe
3 - H2 3

This scheme suggests that the attack of the alkoxy anion on the silicon atom leads to the removal
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 presence of
CsF/imidazole in DMF at 20°C

Silane Alcohol Yields (%)
17 ¢-CH, ,OH 58
17 HO(CH,),N(CH,), 80
18 ¢-CH, OH 70
18 ¢-CH, CH,OH 79
18 HO(CH,),;N(CH,), 80
18 C.H,OH 75
19 i-C,H,OH 80
20 ¢c-CH,,OH 71
20 ¢-C¢H,,CH,0H 74
20 n-C H,OH 70
21 n-C H,OH 83
21 ¢-C,H,,OH 77

2 HO(CH ,),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.*” Corriu and his co-workers***’ 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 followed 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.*'

N
CH_NMe, ROH CH,NMe,
——
,sz;H ~H
R™H 2 $51- OR

Ry

In similar conditions PhSi(R)H, does not undergo alcoholysis.

Dene and Vol’pin showed in 1973%7%? 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 benzylhydroxytriethylsilane (30%) in 20 h (20°C, CH,CN) in the presence of the
equimolar amount of TBAF. In the presence of catalytic 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.

PhCHOC + F P —— PhCH(FL O

PhCH(F} O™ + R SIH + PhCHO  ——» PhCH(P)—OSlMe3 + PhCH2o"

+ PhCH_ O

PRCH,C" + R,SiH + PhCHO ———=  PhCH,CH,OSIR, 2

2

The second one was reported as proceeding by a hydride transfer process, this time catalysed by
pentavalent silicon (Scheme 2). Presumably the pentavalent anion is an excellent hydride transfer agent.
In a series of works,*"***7 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 NpSiH,,** H,SiPh,,** MeSiH(OEt),,*"**%® HSi(OEt),,*"**>" polymethylhydrosilane/
Me;SiO(HSiMeO),SiMe;.> %7 The activity of the silanes increases in the series H,SiPh,
< 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(OE), heating to 120°C for 3 h is
required and using HSi(OEt); a temperature of 25°C for 1 min is needed.>® 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 0°C, acetophenone does
likewise in 30 min at 0°C, and ethyl benzoate requires 30 min at 60°C.*' Carbonic acid amides and
chilorides are reduced extremely slowly in DMSO or DMF.?” Benkesez and his co-workers suc-
cessfully used CI,SiH to reduce tertiary aromatic amides in the presence of tertiary amines.**
Corriu®? used HCOOK, 0-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
jonic 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.

o

— = RCHecR?!

RCH=CRICHO + HSI

/N

-
CH2051 =

R~ Ph, Rl1-H; R,R'e _(CH=CHO}

This reaction examplifies high regioselectivity of the reduction of «,f-unsaturated carbonyl com-
pounds with hydrosilanes under nucleophilic catalysis conditions.*"***" The reaction gives exclus-
vely 1,2-adducts.

The NO, and Br groups and the C=C bond do not react with hydrosilanes under nucleophilic
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R,BIH  + T P r— RaslH(F‘)—
R351H(F‘)" + R,C=0 R,SIF + R,CH-O

R,CH-O + R SIF R2CH-055(F‘}’R3 s R,CH-O3iR, + F

Scheme 2.

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

2.4. Reactions of trimethylcyanosilane and trimethylsilylazide with carbonyl compounds

Trimethylcyanosilane is widely used in organic synthesis.%*® One of its main uses is in addition
reactions to heteroatom double bonds, such as C=0°%""7* and C=N,’*"’ 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,SiCN and
Me;SiN , to the carbonyl group of aldehydes and ketones.®'~** The catalytic amount (0.1-0.2 equiv.)
of cyanide ions quite suffices for cyanosilylation of carbonyl group.

As catalysts, KCN * 18-crown-6 and n-Bu, N"CN" complexes were used. The mechanism pro-
posed by Evans®® involves initial addition of the cyanide ion (X = CN) to the C=0 group to form
the alkoxy anion 28. Subsequent silicon transfer to 28 leads to the formation of trimethylisiloxynitrile
together with the X~ ion.

— ~ o 3 — 3
- — e c——
~C=0 + X — ,.Cxx [ ——— "‘"C”‘X

This catalytic model implies that cyanosilylation is initiated by the X~ ion which undergoes either
addition to the C=0 group or replacement of a ligand 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 known®® 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 Me,;SiCN under nucleophilic catalysis conditions considerably extends the appli-
cations of the cyanohydrin synthesis®' which is usually restricted to aldehydes.®"* Even the sterically
hindered systems (e.g., tert-butylphenylketone,®’® diarylketones,?* camphor and tetralone),** which
are not capable of forming cyanohydrins in the cyanohydrin synthesis, easily react with Me,SiCN
under catalytic conditions to yield quantitatively the corresponding silylated cyanohydrins.

The silylated cyanohydrins show higher thermal stability with respect to the non-silylated 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-CN o TC

X = H, SiMe,
AHg—AH,; = —39 to —49 kcal/mol®* Hence, the addition of Me;SiCN to the carbonyl group is
energetically more preferable than that of HCN.

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

CH_ CH _CHO + Me SiCN ——— CH,_ CH_CH.CN
3772 3 377725
OE‘.\iMe:3
(95%)

According to other authors,*? milder conditions (1 ~ 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



2684 G. G. Furin er al.

or acetophenone temperatures of 90°C and 140°C during 18 and 25 h respectively.* Reaction of
Me, SiCN with «,f-unsaturated carbonyl compounds shows considerable regioselectivity.®? 3-
Methyl-3-penten-2-one®* and 3,7-dimethyl-2,6-octadienal®® form only the 1,2-addition products.

The reaction of methylmesitylketone (29) with trimethylcyanosilane in THF, initiated by the
KCN - 18-crown-6 complex, leads to 1-mesityl-1-trimethylsiloxyethene 30.%° This probably involves
the formation of an ambident anion 31 and silane heterolysis by Me,SiCN.

o
= . Me ;SiCN
COCH3 o C—CHEH C-CH2
= ~ HCN
OSIMe3
29 ELE RIS £y 3 30

The reaction of Me;SiCN with acetylacetone (32) occurs by a more complicated route.?’ The
presence of catalytic amounts of KCN+ 18-crown-6 in diethy! 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 f-diketone. The formation of 33 involves the catalytic cyano-
silylation of the keto form 30a by Me,SiCN.

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

o] o) 2 MeaﬁiCN MeBSlO OS!.MG?:3
P o )
/' v K CN —M
NC CN
302 33

OH [o] 6 Me,SICN Me  Si0
AN AL e
N CN~ N

3o0b 34

Hence, the reaction of Me;SiCN with ketone 30 occurs regioselectively by the keto as well as the
enol routes.

A similar reaction of Me;SiCN with benzoyl acetone®® leads to 1-phenyl-1,3-bis(trimethylsiloxy)-
butane 35 (90%).

KCN CN (EN

- R et e - —
PhC(O)—CH2 c(OMe + 2 MealeN e oo r Ph (i‘, CH2 (% Me
Measlo OSIMe3

3s

1,3-Cyclohexanedione reacts in the same way forming 1,3-dicyano-1,3-bis(trimethylsiloxy)cyclo-
hexane (36, 77%).

KCN
+ 2 MessiCN R NC CN
o] [o] MeJSIO OSIMe3

36 (72%}

Trimethylsilylcyanohydrins were used as protective groups for a variety of p-benzoquinones.®'
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-g,j,z. But in the case of 37d,e, the steric factors become predominant
and cyanosilylation occurs at the less crowded carbony! 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.®*

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,SiN; in the presence of catalytic amounts of the KN - 18-crown-6 complex occur at room
temperature yielding quantitatively the products of addition to the C=0 group.

o
o NC_OSiMe.,
rR2 r? Me SIiCN. KCN R r? r% rl
SU———

4

R r* 18-crown-6, CCl, R r? R R
o o nc osime,,

37 awj,z 38 a-g,j,z 38 d,e

a. RlaMe, R2er3r%a 1 b, RleoCH,, RZarWRaH;
a
c. R'aR®a0CH,, R7«R*=H; g R!

d R'-R%ei-c H,, R7-RYH; e R

bed
i RiaMe, R“-RB-C4H4, R%-H; 2z, R'=0CH,, Rz-Rs-C4H4 , R H;
i R'R*-tBu, R%R%C H,

3 1,
“R2eMe, ROR%aH;
lur®e t-Bu, RO-R

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. >

Me;SiCN and Me,SiN; easily react with strongly electrophilic heteroatom double and triple
bonds. Thus, Me,SiN,; reacts with hexafluoroacetone under mild conditions even without a
catalyst.’® Me;SICN and Me;SiN;, are easily added to the C=N bond of trihaloacetonitriles in the
presence of Et;N as a catalyst.’""*?

Sl\\r‘le3
Et.N R = N !
3 3 NG
CX.CEN + Me,SiR ——— CX_C=N-SiMe, -——— CX.-C N
3 3 3 3 3

il i

Ne—=—N
X = Ci, F
R = CN, N

3

Acidic catalysts, such as Lewis acids, are ineffective in this reaction. Their use leads to polymerization
of trihaloacetonitriles.

Trimethylsilylmethyl azide has various reaction sites and is used as a synthon for the amination
of aromatic halides,”* 1,3-dipolar cycloaddition®® or heterocumulenes.®’ It has been shown that
treatment of an aromatic acid halide with trimethylsilylmethyl azide in the presence of KF and
crown ether gave triazide, methanediamine and benzamide derivatives.”®

1 trimerization

MGBSICHst + ArCO1 i [A:CON-CHZ] —-———————}

N
ArCONHCH NHCOAr + ArCONH, ArC(O)-N N-c(o)ar
(348%) (16%) N
C{C)Ar
Ar = CGHS (30%)

2.5. The use of trimethyipentafluorophenylisilane as a trimethylsilylating agent

Trimethylpentafluorophenylsilane was shown®™*® 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 1-phenyl-1-trimethylsiloxyethylene
(81%), 1-trimethylsiloxycyclohexene-1 (37%) and 3,3-dimethyl-2-trimethylsiloxybutene-1 (89%)
respectively.

The reactions of C(F,SiMe; with ketones give trimethylsilyl ethers of the enols.’® A possible
mechanism of this reaction is given in the following scheme.
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B _ RC(O)CH2R1
TR
CgFSIMe, + CN° e CF~ + Me,SICN
~-C_HPF
6 5
C_F_.SiMe
— R-.?(:CHRI 6.5 3. R-(’Z-CHRl + CFy
!
o OSJMeJ

R = t-Bu, RlaH; ReRYeo(CH,) - { RaC H_, R'=H; Rm CH_«CH, Rl Et
2’4 6 5 2 4

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

w _ PhCHO
e APSH{EFMe ———%  ArCH-OSiMe
Ph

39

ArSiMe

3 3

Ar = 3,5-ClL~2,4,6-F. C_ (68%), 3.Cl-2,4,5,6-F Cg {60%)

2

Protection of carbonyl groups is also possible in B-diketones.'?! The presence of KCN * 18-crown-
6 leads to the possibility of protection of the methine group of acetylene.'®!'%? N-Acetylacetamide
can also be easily silylated stepwise.'%*!?® C,F SiMe; was used to protect the NH function in 1-
methyl-2(3H)-benzimidazolinone (40) by the silyl group.'?*

N~H N-SiMe,
> X Me SIC F ) X

N KCN: 18«crown=-6 N

¢H3 CH,CN CH,

20

X = O (64%}, S (31%)

Anilines may also be silylated by C,F ;SiMe;, although only monosilylation occurs here.'%*

Me351C6F5
H2N CO‘::H3 CHJCO NHSIMe,
KCN

(85,5%)

3. DESILYLATION OF ORGANOSILICON COMPOUNDS 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.

3.1. Desilylation of compounds containing sp> carbon atoms
Desilylation of compounds containing a silicon substituent at an sp* carbon atom occurs readily
at room temperature. KF or CsF may be used as fluoride ion sources. These reagents easily remove

the trimethylsilyl group at the tertiary carbon atom in 41.'°¢19%
O O
Hon SIMe3 HoN
o Mnge T o Mﬁ“'

a1 (79%)
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Desilylation of the trimethylsilyl group at the carbon atom in the benzy! position occurs easily, '%%'!°
whereas for the derivatives of allylsilane the reaction is complicated by an allylic rearrangement.'"’
Thus, in the presence of KF the trimethylsilyl derivative of 4-acetylcyclohexene forms the me-
thylenecyclohexane together with the expected methylcyclohexene.

MeBSi/@ — \O ’ D\
Lol
cocu, PMSO, 120 12n cocH,

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

The replacement of the Me,Si group at the C-3 atom by hydrogen was shown by the conversion
of 3-trimethylsilyl-1,2,3-triphenylcyclopropene in the presence of TBAF in THF (65°C, 48 h). It is
not clear whether the double bond is shifted in this reaction or not.'!?

3.2. Desilylation of acetylene and ethylene derivatives

Desilylation of ethinylsilanes 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+H,0 for 20-30
min at 20°C. The yield is 80-95%.''* '3
KE H20

C=C-C=C&iMe ——e— C Hl

CeHya 3 6

6 C=C-C=CH

3
(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.''®

phe=csive; —SFe  phemcT 4+ Megsip B ppemcn
This procedure may be used to remove the protecting Me,Si group in terminal acetylenes. For
that purpose it is appropriate to use KF * H,0 in methanol''” or TBAF in THF'!* or DMF.''® The
use of KF in methanol to split the =C—Si bond in ethinylsilanes instead of the traditional K ,CO,
helps to avoid many complications associated with the side-reactions of acetylenes with bases.''®

KFP-2H,0
PR 2 =
Y PYoT chc(cs‘z)ac==c14
Me SICaC(C Pz)ec- CSIMe,
K,CO
2 3
(MeO)ZCHCH 2(CF2)8CH 2cu(owna)z +

+ (MeO)CH-CH(CF‘Z)eCH-CH(OMe)

This method was successfully employed to obtain polyacetylenes containing a triflate group from
the corresponding trimethylsilyl derivatives.'®®''® Deuterated acetylenes may be obtained when the
reaction is carried out in the presence of D,0 or CH,0OD.'?°

080, CF KF/D, O 050, CF
Me,cacl 23 ——2 Meyc.gl 27
(c®mC) SiMe, 20°%c (C=cC) D

n o= 1 (91%), 2 (90%)

Protection of the triple bond permits'?' the reaction of trifluoromethane sulphonic anhydride with
the carbonyl group yielding acetylenes 42.

KF
chnc(o)c:zuaCSiMe3 + (cx-‘ssoz)eo ——#- R, ,CeC.CE|CSiMe, —p—sre
OS0,CF,

—— R2C-Cl- Cms CH
OSOZCF
s2

3
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Desilylation may also be carried out using a water-methanol solution of KOH.'?? The stability of
the vinyl anion is known to be relatively low (pK, 36*). This fact explains the inactivity of
trimethylvinyl silane under nucleophilic catalysis conditions. Me;SiCH—CH, is stable against KF
in boiling ethanol''® and Me;SiCH=CHCH, does not react in hot aqueous alkali.'?* Removal of
the silyl group by ionic fluorides is facilitated by the introduction of hydroxyl in the S-position to
the silicon atom.'?* The OH group at the y-position has no influence on the rate of desilylation.
Investigation of the synthetic applications of vinylsilanes'?* revealed unexpectedly that the Si—C
bond in vinylsilanes containing the OH group at the B-sp> carbon atom undergoes cleavage under
the action of fluoride ions (TBAF, KF, Me,NF, CsF) in dipolar solvents (DMSO, DMF, CH;CN).

\ *32 SIR, 1) F~
R'-C—— C=CH,
b 2) H,0 OH

2
IR
R'-C-CHaCH, + R, SIOH

(62-90%)

2

ReMe, RlaH, Ph, RZ=H; Rlame, R%w ~(CH,),CH=C(CH,), ;

2

R!,R? = -(CH,);~, R= Ph, R'«Ph, R%H,Ph; R'an, R%- nC oMoy
Ph;SiCH=CH, and Me,;SiCH==CH, 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 sp®
carbon atom or the OH group occupies the y-position, e.g.

CH_SiMe
PhCHCiHCHz."E:iMeB 2 3 HOCHzc‘”‘z‘}"C”z
OH OH SiMe

3

Splitting of the Si—C bond does not occur when the OH group is replaced by the AcO group. On
the basis of these data the following cyclic transition state has been proposed. '

LFT
H SiMe,

~ /é- el
o/c\
In this case the heterolysis of the Si—C bond may be explained by the simultaneous 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. '

n-C__H Me TBAER n-C__ H Me
1ofay - 1ofto1,. -
H’C-C“SIMezph DMS3S" =Ty
{60%)
Some more examples are given below.'?’
RCF=CCISIMe, KE'H20 o gepecHC
DPMSO

R = nC.H , (75%, E/2 « 98/2), Ph (85%, EfZ = 98/2)

Replacement of hydroxyl groups by a more active leaving group (e.g., the trifluoroacetate group
or chlorine) facilitates p-elimination leading to the corresponding allenes.'?*!%*

’32 o
R‘-g:-c’:u..cn-cnz —_— lezc:--c-cw2 + Me,SIF + X~
20
X SIR; <

X = CiI, cpsc(o)o

The fluoride ion causes elimination of f-chlorovinylsilanes.'?®

TBAF

3 S————— rRlcmC-CH_-CH=CH

1
R SiMe
:Cuc: 2 2

i H
(57-84%)
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Hasan and Kishi have studied protodesilylation of some oxiranylsilanes by the fluoride ion (1.1
equivalents of Et,N*F~) and CsF.'?*® The reaction (DMSO or CH,CN, 20°C, 2 h) occurs with
quantitative formation of the corresponding oxirane without configuration changes at the carbon

atom,
o -
Ryt~ oy j—)-—f-»--» rirZc.cH—CH
rir?Con  © 2 HO o Yo :
33
Re Ph, RiaH, R%=Me, Ph;

RaMe, Riwph, R%aH;

1,2
RIR%e —(CH, )~

Caesium fluoride was found to be as effective as tetrabutylammonium fluoride for the elimination
of Me,Si group from a,f-epoxysilanes. Thus, treatment of «,f-epoxysilane with CsF in DMSO at
25°C for 2 h leads to the epoxyalcohol 45 (90%).%°

n*CSHzl 51Me»3 F n—ﬁﬁ}{” H
[s] H o] H
HO Me

HO Me
45 erythro
We B Me
H H
RGN . H 0 ><
Messi HO = Bu HO'ne Bu
45 ihreo

Chan'?""'3¢ has carried out detailed investigations of the heterolysis of the Si—C bond in oxi-
ranylsilanes initiated by the fluoride ion.

1 o - 1 0
r* P ou 13 rY O\
~ 4 ~
u® \C\sms NuR? B ONg?
uR

RiwH, RePh, R% M, D;

R ph, Ra CH,, r%H,D

Triphenyl oxirane reacts with KF in EtOH-DMSO to form Ph,SiF and ethylene oxide.
Similarly, trans-1-phenyl-trimethylsilyl oxirane, after stepwise treatment by TBAF in DMSO and
H,0, forms styrene oxide in quantitative yield. The same reaction carried out using D,O (DMSO-
dg, 20°C, | min) gave solely the trans-isomer of styrene oxide (R? = 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 (NuR?) to the carbanion centre.

By comparison of the reaction rates the authors found that splitting of the Si-C bond by the
fluoride ion occurs more easily in oxiranylsilanes than in vinylsilanes of corresponding structure.'?®
a-Trimethylsilyl epoxides are converted in TBAF to non-substituted derivatives.'?*'?* The existence
of the f-hydroxy effect upon the cleavage of the 8i—C bond by the fluoride ion has been dem-
onstrated in numerous observations.'3!!3¢

The protecting group may also be removed by the reduction of the peroxide,'% 137

SiMe 3 BiMe 3
e d B el
COH H

Desilylation of silylolefins is facilitated by the presence of electron-withdrawing substituents at the
carbon atom bonded to the silicon atom. For example, formation of the tert-butyl ester of 3-
methythexene-2-carboxylic acid (91%) from a trimethylsilyl derivative in the presence of TBAF in
wet THF was observed even at low temperatures, '8
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/coo(r.- Bu) TBAF
C H,,CHCH=C —ee——~  C_H_CHCH=CHC QO(t~ Bu)
37y NSiMe 78y -20% % 7
CH, 3 CH

Desilylation of E-difluoroalkenyltrimethylsilanes in the presence of KF occurs easily and shows a
high regioselectivity '*® which is not observed in the absence of fluoride.'*°

R F KF"HZO 23 B

~ Vd \ 4
- . -
#< C~51Me3 DMS O Py

R = Bu (85%), Me (86%), t-Bu (86%), Ph (76%), {so-Bu (90%)

The reaction of trans-o,f-difluorovinylsilanes with water initiated by the fluoride ion (KF, DMSO,
20°C, 3-5 h) leads exclusively to products of protodesilylation.'**

The reactions of E-2-trimethylsilylalk-2-enenitriles with electrophilic substrates occur via the
intermediate formation of carbanions.'*®'*' Protodesilylation of these silanes by fluoride ion
(TBAF) or OH ~ ions (NaOH/MeOH) occurs extremely easily (0°C, 1 h) yielding Z-alk-2-enenitriles
(up to 91% yield'*?).

< CN P R ,CN
~
’C-C\ ._—__——.5—-’_ /C-c\ FY NiessloH
H SiMe, Et,0, 0°C H H

R = n-Bu, n-C_H CeHyan Et(n-Bu)CH, PhCH_CH

57111 2CH, Ph, p--MeO:lGH4

3.3. Desilylation of silicon-aromatic compounds and the removal of protecting groups from oxygen
and nitrogen

Stereoselectivity of these reactions can reach 96-100%. This favourably distinguishes it from the
other known methods of synthesis of alk-2-enenitriles (e.g., from aldehydes'**"'*” with predominant
formation of E-isomers). Potassium alkylpentafluorosilicates K ;]JRCH ;CH,SiF ;] may be desilylated
in high yields, but the reaction products contain terminal olefin.'**® Desilylation of the derivatives of
I-trimethylsilyl-1-methoxy-1,2-propadiene by TBAF in the THF/methanol mixture and subsequent
hydrolysis of the reaction mixture leads to the formation of trans-a,f-unsaturated aldehydes. The
reaction occurs under mild conditions with a high regioselectivity and reasonably high yields
(92%).'4%

TBAF
Bucz-;-c—c(ocu3)51Me3 — - Bucm-cm_-::(O)c:H3

a-Trimethylsilyl triflates give rise to free electrophilic vinyl carbenes.'*® The presence of halogen
in the B-position leads to the elimination of Me;SiCl and the formation of a double bond.'*®!3!

Me 51 ° , o
? NafF 4
———— -
c R’Cl CHSOH/Hzo }cx
Ct <l
PhS Phs

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.'*?

In the series of aryl and heteroaryl silanes under the influence of fluoride ions, desilylation
reactions occur readily. Treatment of silylated indolizines with a | M solution of TBAF in THF
leads to the quantitative removal of their trimethylsilyl groups.'** The reaction of 2-trimethylsilyl-3-
(trimethylsilylethynyl)furan occurs similarly.'** 3-Trimethylsilyl-4-phenylpyrazole is converted in
the presence of fluoride ion to 4-phenylpyrazole (75%).'** Carbinol 46 gives the carbinol 47."%¢
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/ \ TBAF 1 \

R ° SIE, R o
OH OH

46 47

R = Ph (82%), PhCH=CH (57%), n-CgH, 5 (27%)
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.'’’

Cleavage of the aryl-Si bond in 2-methyl-5-methoxy-6-trimethylsilyl-N,N-diethylbenzamide
requires prolonged boiling with CsF in aqueous DMF.'? It is interesting to note that treatment of
acylsilanes with KF - 2H,0 in DMF or with TBAF in wet THF leads to aldehydes, the products of
desilylation.'%®

KF+2H,0
C_H_C(O)BiMe e B e C_ H_CHO
65 3 pmso, 20°C, 1h 65

The use of TBAF for cleavage of silyl ethers was reported in 1972.'%° 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 isopropyldimethoxysilyl
group was shown to undergo solvolysis 100-1000 times more slowly than Me,;SiO. 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.'*® All 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.'®'"'%* The removal of tert-butyldimethylsilyl protection by TBAF in THF is accompanied
in the above reactions by migration of the acyl group.'®*

OCOR OCOR OCOR OCOR
¢ TBAF -
OS!Mezau —E\’- (o] oo OXR e OCOR
OCOR OCOR [e] o o
R = neCyoHas ‘
OCOR OCOR
EOH 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.'®®!'$” Examples of
migration were also reported for other substrates (e.g., carbohydrates,'®® prostaglandins'®® and
nucleosides'’®!7"). Hence, the t-butyldimethylsilyl group should not be used for hydroxyl protection
when acyl migration is possible.

imidazaole, DMF

ROH  + CISiMez(t-Bu) S ROSiMez(t—Bu)
25°C, 1Ch, high yields
48
ROH ~ tertlary alcohols TBAF, THF nBu N’Cr/
4
25°C, 30 min, KF-2H,0
100% 7 25°C, ah,
95% 172

ROH
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t-Butyldiphenylsilyl ether 48 was used to protect the primary hydroxyl group in the synthesis of
thromboxane B, from D-glucose.'”*!"?

ROSlth(b- Bu)  e——— 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-butyldimethylsily! 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 phenolic hydroxyl groups.

(- Bu)Me,SICt, DMF 0,1M HK, 0,1M Nap

ATrOH ps - ArOSlMe2(b-Bu) ps = 49
25°C, 3h, 96% THF, 25°C, 2 days -

49

The 2-(trimethylsilyl)ethyl group'’® 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.’’%!”” Condensation of primary and secondary alcohols by the hemisuccinate 50 gave
the corresponding mixed succinate 51 in excellent yield. The deprotection 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.

CH,COOCH ,CH,SiMe , CH,COOCH,CH, SiMe,, H,COOH
+ ROH i R et
CH_,COOH CH,COOR CH,COOR
50 51 52
ROH Yield % 51 52
74
CH3(CH2)16<:H20H 93
(CH’&)JCOOH cls 91 76
trans 84 76
Cholesterol 85 81
Estrone g2 -
COOCH, 83 70
HO

The efficiency of different desilylating agents in the series of nucleotides and nucleosides has been
considered.'”® Other sources of fluoride ion have also been suggested, e.g. the A26 Amberlite ion-
exchange resin in the F~ form.'??

OSIPh,(Bu') OH
,:o S
A26 Amberlite
A————
HO OMe H OMe
(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.'®'
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SlMe3 S.U’\r‘h'::3

‘ TBAF/THF ‘
et
@‘ 250, 10 min. @

OSiMe, OH

Triorganylsilyl esters of alcohols, enols and phenols may also be desilylated. '82-184

r* g? , TBAF r* r? 5
Me Si0-C —C-COOR S Ho-a‘:—t’!:-coon
r% Rr? r? r?

The peculiarity of the fluoride desilylation of compounds containing the O-bonded trimethylsilyl
group is evident in the high chemoselectivity of the reaction. Even in the case of complex poly-
functional molecules it allows splitting of only the bonds, while other potential reaction centres
remain unchanged.'®%'#¢ Desilylation of tert-butyldimethylsilyl ethers of allyl alcohols by TBAF in
THF or by KF: 18-crown-6 in DMSO was shown to proceed in quantitative yield without iso-
merization or rearrangement.'®” Dramatic examples of the high selectivity of desilylation processes
have been found.'®® The optical purity of the substances remains unchanged.'#®

Some examples of desilylation of compounds containing the protective silyl group bonded with
hydrogen by the fluoride ion have been reported, e.g. the formation of 3-substituted pyrrols from
N-triisopropylsilyl derivatives.'®°

" TBAF/THE R
A [——j
‘ N | 20°, 5 min )
v ! ) 3
SiPr), H

R = Br {65%), NO, (100%), COOEt {100%)

Substituted thiazole is also quantitatively desilylized by TBAF in THF.'8*

N

PANN /N
;v - e -
N N-CH_SIMe, TBAF N” cH,

— ————
MeQOC COOMe MeQOC OOMe

Removal of the protecting group from the amino nitrogen atom should be mentioned.'*®

RRIK‘:CECCHQN(SiMes)z 10% KE, | RRl?CECCHZNHe
OSiMe MeOH oH

3

R = H, R} = Ph (78%); r = H, R! « EtCHaC(Me) (90%)

4. DESILYLATION AS A METHOD TO GENERATE ACTIVE NUCLEOPHILES

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

4.1. Alkylation and arylation of carbonyl compounds

The easy F ~-catalysed desilylation of organosilicon compounds containing a C—SiR ; bond has
been developed into a general method for the transfer of acyl, '®! alkinyl,'®*!?* benzyl, '°*!°° ally'®¢
and oxiranyl'*' carbanions to electrophilic 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 aldehydes
and ketones as the electrophiles. The ability of organosilanes to be cleaved by the fluoride ion with
formation of carbanions was used to introduce alkyl groups. For example, benzyltrimethylsilane

was found to be a convenient reagent for the benzylation of aldehydes and ketones in the presence
of fluoride ions.'%*!97.198
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SiOZI’I‘BAF
C.H_CHO + RSiMe ——=———= C_H_CH(OH)R
65 3  rHF, 20°%, 12n © °

R = 0-NO,C.H, CH - (70%), 3,5-C1,C H

H,N (80%)

CH - (70%), CgHgCH=CHCH - (50%),

3 5

4-CH2C5
1-Phenyl(nitrophenyl)ethane was obtained in 60% yield by the reaction of (2-nitrobenzyl)tri-
methylsilane with benzylbromide in the presence of F~ ions.'?*

SIOZ/TBAF

B ——
C6H5CHZBr + RS‘lMe3 CGHSCHZR

R =0-NO,C H,CH,_ (60%), 3,5-CI_C_H CH ~ (50%), CgH

6H4CH, 2CeH3 CH=CHCH - (40%)

5
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 (~ 80%) after hydroly-
sis. '%%

N//N “N-CH,SiMe

RCHO
—_—

MeO OOMe TBAF  peococ COOMe

2
R = Ph (77%), C H,CH=CH (82%), || || (8296),0 (83%)
)
o N

Benzyl, heteroaryl and allylsilanes react in the presence of CsF or silica gel/TBAF with electrophiles,
such as é-valero and e-caprolactone, and with cyclohexen-2-one under mild conditions.'®® 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,f-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 1,2-dimethylethane to give exomethylene
compounds 56 in variable yields together with different amounts of trisubstituted olefins 57.2°'

N
N’ “N-cH gHR
28

1 2

rRlcH=cHR
7 CsF ” 55 N 1
| cr,s0,— | _— o« RlcH, c=cH + RlcH=ccH
~t 3= 3 -t 2 2 3
N N DME 2 2
] -4 R R
i CH
CH_SiMe, 2
53 54 56 52

r!, R? = ~COOCH,, -COOC Hy~n, ~COC H,,
r! R?2 - .c—N—C-,-C—-N—-C-

,,,,, I THRT. 1
(o] [o] (o) o]

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
reported2°? for transfer of an ArCOCH group to electrophilic centres leading to a novel synthesis
of a variety of mono- or a,y and «,5-dicarbonyl compounds (some of them not readily available)
using the conventional routes. This method is based on the high reactivity of the aromatic f-
ketosilanes towards a number of carbon electrophiles in the presence of F ions.

-

E
R L
C6H5C(OX:H251Me3 CGHSC(OX:HZE

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,H ;COCH,SiMe, with eletrophiles in THF, catalysed by CsF?°?

Reaction

Electrophile Product time (h) Yield (%)
PhCHO PhCOCH=CHPh 4 90
CH,CH,CH,CH=CHC=0 PhCOCH,CHCH ,CH,CH,COCH, 6 80
PhCH,Br PhCOCH,CH,Ph 12 70
CH,—CHCH,Br PhCOCH ,CH ,CH=CH, + PhACOCH(CH ,CH=CH ), 15 30+30
PhCOCH ,Br PhCOCH ,CH,COPh 16 40
PhCOSiMe, PhCOCH=—CHPh + PhCOCH ,COPh 8 20+ 40
2-FurylCOSiMe, 2-FurylCH=CHCOPh + 2-Furyl COCH ,COPh 2 10+ 40

carbonyl derivatives, organic bromides interact with B-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.2?* 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'®® in 1978.
Allylsilanes were found to undergo addition to the C—0 group of aldehydes and ketones in mild
conditions (60°C, 448 h) under the influence of fluoride ions (5% molar TBAF) yielding the adducts
(60-90%).

F

Me3SlCRR1CH-CHRz + R%RYCa0 —» R2CH-CHCR1R2(i‘,R3R4 +
THE OSIMe
3
+ RrRlc-cucur?cr3r?
1
OSIMe

3

+ ReR%a H, RlacH, ;

ReR1ar%- H; R=rl-H, RZ-CH 5

3
R=R'eCH,, R®-H
In this reaction allylsilanes form the corresponding ambident allyl 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
Ph_CeO + Me_SICH_CH=C(CH,) —_— Ph_,CCH_CH=C(CH.).
2 3 2 372 2) MeOH [HCI 2 2 32
OH
(87%)

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 isomeric products.

E
Me35xcH(CH3)(:H-cH2 + CHJ(CH2)2CHO —_— cH3(CH2)2CH(0H)CH2CH-CHCH3+

(41%)
+ CHS(CH2)2CH(OHX:H(CH3)CH-CH2

(30%)

Table 4. Reaction of allylsilanes with carbonyl compounds catalysed by TBAF in THF at reflux'®®

Allylsilane Carbonyl compound Products Yield (%)
Me,SiCH,CH=—CH, CH,(CH,),CHO CH,(CH)),CH(OH)CH ,CH=—=CH, 83
CH,(CH),CHO CH,(CH,),CH(OH)CH ,CH—CH, 92
PhCHO PhCH(OH)CH ,CH—CH, 93
PhCOCH, PhC(OHXCH,)CH,CH—CH, 60

Me,SiCH,CH=C(CH,), PhCOPh Ph,C(OH)CH ,CH=C(CH ,), 87
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When the electrophile is an a,-unsaturated ketone then conjugate addition and 1,2-addition 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 1,2-addition products (59a and 59b) in 24 and 50% yields
respectively.'®®

(o) (o)
HO CH3
I SiMe ‘
N 3 _ . a
bttt ———— H
TBAF
= 5% 59

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.?®* Under fluoride catalysis conditions, only 1,4-conjugate addition was observed for
either a,f-unsaturated esters or nitriles.

Y
SiMe
3
j N
-— .
R TBAF R X

H

R = CoH., Y = COOCH, (90%); R = CgHy, Y=CN (65%); R = CgHg Y = CONEtz(ao%);

R=H, Y =COOCH,C H, (65%); R = COOCH,, Y = COOCH, (80%);
R=CH,,Y ~ COOEt (27%); R = (CH3)3C , Y = COOEt (80%);

R = (CH3)3C , Y = CN(65%); R =2-Furyl, Y = CN (91%); R = 2-Furyl , Y =« COOEt (83%);

R = 2-Furyl , ¥ = COOEt (83%).

This method also afforded exclusively the 1,4-adduct in allylation reactions with polyene esters and
nitriles.

R

R = CiHy, ¥ = CN (37%); R = CgHg, Y = COOEt (63%)¢

R = CH,, Y = COOEt (31%)

a3

The use of a,f-enones as electrophiles leads to the conjugate 1,4-addition as well as 1,2-addition.

Me,SiCH,CH=CH + phcw-cnc(o)mq3

3 5 CH3C(O)CH2CH(Ph)CH20H-CH 4

60°C, 5h 2
(24%)

+ PhCH-CHC(CHs)CHZCH-CH

OSlMe3

2

(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)-allyi-
trimethylsilane with carbonyl compounds in the presence of TBAF or CsF'®® leads to unsaturated
alcohols.
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CsF
+ RRCa0 —— cnz-c(cs*s)cnzcnnj(osm%)

CH_=C(CF,)XCH _SIMe
2 372 DMF

3

Re CH,, rla CgHg, CHy3 R=CoH, rl. C,H,, CH,CH,CH,

The reaction with pyridine N-oxide leads to 2-propenylpyridine (56%).2°* The proposed mech-
anism involves coordination of the silicon atom with the oxygen atom of the N-oxide group followed
by rearrangement of the dihydropyridine silyl ether.??*

AN P [ THF N
| +  Me,SiCH CH=CH, —— || + Me,SiOH
N7 5%, 1,6h N/ o

+

e} {56%)

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 1,2-adduct, further elimination of Me,;SiOH
and isomerization of 2-allylpyridine to 2-propenylpyridine. N-Oxides of 3-methyl- and 4-methyl-
pyridine react similarly.

The ability of allylsilanes to be added to the C=0 group under conditions of nucleophilic
catalysis provides the basis for the new method of intramolecular cyclization of some unsaturated
aldehydes. 296207

M H
CHO -
TBAF p o OSiMe 2 OSiMe,
e — +
'(/ 20°
H H
SiMe

3

o0

60b

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 60a. Thus, with SnCl, and BF;*Et,0 as Lewis acids, the ratios of the
isomers 60a (axial) and 60b (equatorial) 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.?%®

The presence of the pyrrolidino-substituent in compound 61 inhibits the reactions of electrophiles
activated by Lewis acids. Such deactivation was not observed in the case of f-amino-y-trimethylsilyl
crotonate esters.??® The formation of a stable amino-Lewis acid complex in this case leads to a lack
of reaction for compound 61.%'° Activation of compound 61 by CsF or TBAF promotes the reaction
with carbonyl compounds (Table 5).

2~ e, 4:;[ ] //\(:]

S,!Me3 2) H OIH R-(‘:-OH
1
R
61 62 63

Table 5. Reactions of compounds 61 with carbogxyl compounds (20°C) catalysed by fluoride

ion?'

Reaction Yield of Ratio
Carbonyl compounds Catalyst Solvent time (h) (62+63)(%) 62:63
PhCHO CsF DMF 0 55 2:3
PhCHO TBAF THF 72 53 1:1
(CH,);,CHCHO CsF DMF 30 30 2:3
(CH»,CO CsF DMF 30 40 3:2
Ph(CH,)CO CsF DMF 30 40 3:2
Ph(CH,CH ,)CO TBAF DMF 24 40 1:1
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In 1983 Sakurai and his co-workers carried out the isoprenylation reaction of a number of
aldehydes and ketones with 2-(trimethylsilyl)-methyl-1,3-butadiene in the presence of a catalytic
amount of TBAF.?"'!

1} B, THF
= sime.  * rrlceo s
e 2) MeOH/JH l
= HO R

In the case of isovaler aldehyde (20°C, 30 min) and 3-methyl-2-butenal {(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 allylsilanes with carbonyl
compounds, initiated by fluoride ion,'®® proceed by a mechanism analogous to the catalytic mech-
anism. Later,''! the same authors suggested an alternative autocatalytic mechanism on the basis of
the fact that isoprenylation of benzophenone takes place quantitatively even at 50°C (boiling point
of Me, SiF is 16.4°C) (Scheme 3).

The first stage is initiation (Reaction 1.1):

~ —
SiMe 4+ neBu, NPT . neBu,N' Reaction 1.1
3 4 4
i RN
N

The second stage is autocatalytic mechanism (Reaction 1.2):

/
rrIC-0 AN osiMe,
2 S / R

r?

Reaction 1,2

~N
& \
ol / SiMe.

1]

Scheme 3.

According to this mechanism (Scheme 3) the interaction (Sy2-Si-type reaction) of allylsilane and
fluoride ion leads to Me,SiF and the allyl anion. The latter then undergoes addition to the C=0
group to give the alkoxy anion 64. The alkoxy anion 64 then reacts with allylsilane to yield the final
product and regenerate the allyl anion. As follows from Scheme 3, the role of the fluoride ion
consists only in the initial generation of the allyl anion. In this process the fluoride ion forms Me,SiF
and so does not participate any further in the reaction. Thus, both the catalytic (Reaction 1.1.) and
autocatalytic (Reaction 1.2) mechanisms include the stage of allyl anion generation. The authors,'"’
however, do not preclude participation of the hypervalent allylsilicon intermediate of the {CH ,—CH
CH,Si(F)Me,]~ type as a nucleophile 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 allylsilane and can be used
for terpene synthesis.
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CaF[DMSO
— Limonene
130°, 3h
MeSS
- N
Ie)
65 KF/DMSO
- —_ - +
120°, 12n
N o o
{10%) {62%)

Further applications in terpene syntheses are illustrated below.

o
CsF‘/DMS
S‘lMe3 100
(79%) (15%)
Me3sxcH2MgC|/E¢20 MeMgBr/Et_O
35°, 3h 359, 3n
/J-Blsabolene (75%) o -1-Bisabolol (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.?'' The allyl anion is more
stable than the vinyl anion. This is indicated by the easy formation of the allyl anion in the reaction
of trimethylallylsilane with fluoride ion in the gas phase.?'? 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,,,)——Sl bond by the fluoride ion in compounds with
a protected silicon-containing group in comparison with the C,,~—Si bond makes it possible to
obtain unsaturated alcohols containing the SiR; substituent at the double bond.?'? The reaction
of these silanes with carbonyl compounds (THF, 25°C, 3-16 h) followed by protolysis of the reaction
mixture leads to E-1-trimethylsilylbut-1-en-4-ols.'*

P
1 OH
M€'3S‘I/v\SIME‘3 * RRC-O Me st\K
3 1
R
R

(45-90%)

1

R »« H, R - = .
' CHyy m=CgHy g0 ZeHg

1
RR" = -(CH2) -, -(CH2)5-

The reaction of the allyl carbanion with aldehydes may be regarded as the basis of an elegant method
for the synthesis of 3-alkylpyridines.?'?
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CH_Ar
2
ArCHO/TBAF ' AN (47-72%)
[ ———————
SiMe, z
Z | 1) L O
Y
2) Me.SICl
N
3 N Et,C=O/TBAF Ny CHE, (33%)
SiMe 2 - |l
3 -
N

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

SiMe 5 H__ _SiMe, iMe 4
F~ N RCHO ggﬁ/le
) = @ = (JEe —
<
N N N
)
SAMe3 66
SiMe

CHR - CHR CH2R
M 7,
~Me ,SiOH NZ N N

3

The reaction of aldehydes and ketones with carbalkoxymethyltrialkylsilanes is a route to f-oxy-
carbonyl compounds.?'¢?!”

) TBAF/THF L2
R%c-0 ————— Rr'rR%CcH,co0R
0°¢, 2-4h OSiMe
3

Me SICH,CH,COOEt + r?

2

1 2
R'= H, R C H CH=CH- (81%), C,H
1

2
=R°= C_H, (88%)

CH=CH- (82%), CH.CH=CH- (69%), Ph (76%);

9 3

R

Several 2-substituted pyridines are formed in the reaction of benzyltrimethylsilane with pyridine N-
oxide in the presence of TBAF.?'®

~ TBAF (2~

< | + 2 C H CH,SiMe, 24—°1;h S
' ' N~ “CH_C_.H
1 2765
o (70%)

Pyridine, 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 2-cyanopyridine (80%).%'*
4-Cyanopyridine is obtained in small amounts (~ 0.5%). Instead of Me;SiCN, a mixture of Me;SiCl
and NaCN may be used. [t 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.??°

CcN
’(\\Nlo Me ,SICN ,(\\N
—_—
2 A
R SNNPNCH, NEt, RINNPNCH,

(71~ 90%)

R = H, CHa» C6H5. OCH3

2-Me,;SiCH,CH ,COOMe undergoes cyclization with olefins in (Me;N);P—0 containing CsF to
give a-tetralones.??' TBAF initiates the reaction of (n°-cyclopentadienyl)(trimethylsilyl)iron with
benzylchloride and 1-bromobutane.???
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TBAP/THF
— e Y
Cp(CO)z(SlMe3)Pe + RHal cp(co)z(n)pe

RHal = C H_CHCI (50-89%), C HgPBr (45-85%)

Introduction of the propargyl group by this method is accompanied by isomerization of the inter-
mediate carbanion leading mainly to the formation of allene derivatives.?'® The reaction of pro-
pargyltrimethylsilane with acrolein and benzaldehyde yields vinylpropargylcarbinol and phenyl-
propargylcarbinol (20% and 30% respectively). At the same the corresponding allene-containing
alcohols may be obtained similarly with a 70-80% yield. Propargylcarbinols cannot be obtained
from aliphatic aldehydes (R' = Me, Et, Pr, Bu, t-Bu).

HCE=CCH, SiMe, + rRIR°Ce0 ——» cCH -C-CH(;,RIRZ + chccnzc':rzlnz

2
OH OH

This approach was used for the intramolecular cyclization ; formation of the cyclic compound takes

place simultaneously with elimination of the Me,Si group. '9%206.208
OH
O
TBAF
B e
SiMe
3
S0,Ph SO,Ph

Cyclization also takes place in the case of other basic agents, such as CaCQ,.?"*

C=CSIMe,
caco
—_—— |
NHCH_Ph DMF N

(73%)

Organosilicon reagents possess certain advantages over standard reagents. For example, tri-
methylsilyldiazomethane, which can be easily obtained from (chloromethyl)trimethylsilane, is much
more stable than diazomethane. It reacts with carboxylic acid chlorides forming intermediate a-
trimethylsilyldiazoketones. The latter are highly reactive: their protolysis leads to a-diazoketones
which yield benzyl esters of homologated acids by the Wolff rearrangement. 2?3224

NEt 1} HNO

Me, SICH,CI + KOCN — Me ,SICH NHC(ONH, ? Me,SICHeN, —»
DMF 2) oH~
rlc(o)xi . H,0 X
———— R <:(o)§;-x~:2 —E—m R c(o)c:H-N2

SIMes

1

R* = cuC_H CHGCH,CH, , CH, 1-Naphthyl, 2-Thiophenyl

611 76 5 2
Primary, secondary and tertiary alcohols, on treatment with Me,;SiCl in the presence of NaCN and
Nal, form the corresponding nitriles.??*

NaCN/Me,SICI/Nal
ROH — RCN
DMF, 60-65°C

(64~ 98%)

Re &C H_, n—C6H13CH(CH3)- ’ o—CGHll(CH3)-

The a-trimethylsilylisothiocyanate prepared from 67 via 68 yields 2-mercapto-5-phenyloxazole by
treatment with benzaldehyde and potassium fluoride.??¢
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N-Cl
ArCHO
e Pb(SCN)2 PhS
PhSCH,SiMe, ——e PhS(':HSiMeB e -c-s ——-»- [
ci MeJS iEH
67 [:]

The fluoride ion catalyst is assumed to work?®® in the polymerization of triethyl-
(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.

—»  ~(CF,CF-) ~—
(‘,‘!1‘2-<:F‘SJR3 —] SlR3 - _(CF-CP)x-(CFZ'?P)'y.n.

S(R3

3 [PCQCF‘]

Under similar conditions, trans-(1,2-difluorohexene-1-enyl)trimethylsilane undergoes addition to
the carbonyl group of pivalic aldehyde.'?’

I
n-Bu n-Bu.
“CF=CPR . + Me, CCHO R CF=CF.
SxMe3 K 20%¢ , 60h HCMe3
C)SlMe3

The reaction was supposed to occur through the formation of the intermediate srans-(1,2-difluo-
rinealk-1-enyl) anion. The reactions of E-(1-cyanalk-1-enyl)-trimethylsilanes with carbonyl sub-
strates (20°C, 30 min) initiated by TBAF are stereospecific and lead to E-2-(1-hydroxyalkyl)alk-2-
ene-nitriles.'*! In these reactions the authors postulate the intermediate formation of Z-(1-cyanalk-
1-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-1-cyano-l-alkenyl anion intermediates, which may be converted into Z-2-alkenenitriles
or E-2-(1-hydroxyalkyl)-2-alkenenitriles with retention of configuration.'*®'*' The authors of
Ref. 227 describe the formation of a-carbanions of t-butyl-2-alkenoates by a similar desilylation
and the reaction of these carbanions with aldehydes as electrophiles.

rR! _sime, TBAF . r%cHO s _CH(OH)R?
#S"ClcooBut ~TFEE | R CH"CooBu-t > RICH=C650Bu-t
rlor%. n-C H,CH(CH, > (75%):
rRl=n.c H LCH{CH, > "% . . Cq {77%)

3

The same situation is observed in the reaction between trans-1,2-difluoro-1-trimethylsilythexene
and the promoted form of 2,2-dimethylpropanal in DMSO leading to 2,2-dimethyl-4,5-difluo-
rononene-4-ol-3'*° with a good yield. At the same time the stereochemical result of alkenylation of
aldehydes by I-trimethylsilyl-1-carb(t-butoxy)alkenes-1 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-silane
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 benzaldehyde.'*!

TBAF

Clonl(CHJ)CnC(SiMe:,BPh + PhCHO  ————= C10H21(C“3)C'CH(SP") +
(20%)
SPh
+ C__H, (CH, )=C
107217737 NeH(oH PR

(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 2-cyanallyl alcohol derivatives by treatment of
substituted 1-trimethylsilyl-1-cyanoethylene and acetaldehyde with TBAF in mild conditions.'*!
Configuration of the initial olefinic fragment in this process remains unchanged.

CﬁH“‘c-c’CN TBAF | C H, C'C/CN CH,CHO C"H“‘c-c\’CN
H” i > H - H CH(OH)CH3

4.2. Reactions of ethinyl- and propargyl-silanes with carbonyl compounds

The reaction of ethinylsilanes with carbonyl compounds under conditions of nucleophilic cataly-
sis was first reported in 1976.2%® (Phenylethinyl)trimethylsilane was found to interact with ketones
and aldehydes in mild conditions in the presence of the catalytic amounts of TBAF,228.22°

P

PACE=CSIMe,  + RR'C«0 —— PnC=CRR(0SiMe,)

{60-90%)
1
ReH, R =Ph, I-Bu, n-C_H,, cu-c(cx-is)(cuz)zca-c(caa) 3
R ~Ph, R} = Ph, Et, CHaCHPh

1
RR = -(cnz)s..

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

PhCz=CcT rRicwo
Measir’ o~ Reaction 1,3
PRCECSIMe, /F™ i
PhC=C-CRRY
= 1
PhCECRR 69
OSIMe

3
20

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 C=0 group of the carbonyl compound gives
the alkoxy anion 69 which then participates in an Sy2-Si type reaction with Me,SiF 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;SiC=CPh. In this case, product 70 is formed
and the PhC==C carbanion is generated.

It is interesting that in the reaction of PhC=CSiMe,; with some ketones capable of enolization
(acetophenone, S-ionone, benzalacetone) the yield of product 70 decreases to 5-12%. The formation
of 70 is not observed at all in the reaction with pentanone, 2-cyclohexene-1-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.’?? 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 authors??? investigated the reaction between
ethyltrimethylsilane and 4-tert-butylcyclohexane initiated by TBAF. The reaction was shown to
produce a mixture of the isomers 712 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
isomeric ratio was observed in the reaction of 4-t-butylcyclohexanone with sodium acetylenide.?3°
On the other hand, the same reaction with bulkier nucleophiles than the hydride or acetylenide
anions leads only to the products of equatorial attack on 4-t-butylcyclohexanone.?’' Hence, the
authors?*! reached the conclusion that the reacting species is rather the relatively small “pure”
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il on

OH

1) I3 .
HCZCSIMe
2) H,O

710 715

]

acetylenide anion of the [RC=C]~ *NR{ complex than the bulky anion of the pentacoordinated
silicon complex [RC=CSi(F)Me,]” - NR}.

The gas-phase reactions of silanes with fluoride ion have been investigated.??"?*? The fluoride
ion was shown to react rather fast with ethynyl-, allyl- and benzyl-trimethylsilanes, with substitution
on the corresponding carbanions.

Me,SIR —E Me3Sl(F)R =

_Measlb‘
22

1 1
Re«(C™CR™, CH2CH-CHR N CH2C6H5

According to this scheme, Me;SiC=CCH; and Me,;SiC=CH form the isomeric CH;C=C" and
HC==C" 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, Eaborn and Valton?*? investigated the kinetics of the cleavage of the silylacetylenic
compounds (XC¢H,);SiC=CPh (X = p-F, p-OCH,;, p-Cl, m-CH;, m-Cl, H), R;SiC=CH (R = Me,
Et, Ph) by alkali in H,0-CH,OH at 30-50°C. The reaction rate shows first-order kinetics with
respect to the organosilicon compound. Cleavage of (phenylethinyl)-trimethyisilane proceeds 2 x 107
times faster than that of benzyltrimethylsilane and this may be rationalized in terms of the relatively
higher stability of the phenylethiny!l 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
process.

A
-——*—[RO....S!R’S..... %"“ —_— R"oss':; « R”
rlom & Rgsm2-
5 [rysior'r" —— [rlo....omp... ]“'

The common stage for both mechanisms is the fast interaction of the R~ carbanion with the solvent.
The reaction rate of Me,;SiC==CPh is 280 times higher than that of Et;SiC=CPh. 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 (XCsH,);SiC=CPh
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 octyltrimethylsilane with carbony! compounds, initiated by TBAF, occur more
slowly than in the case of (phenylethiny!)-trimethylsilane.?2%2%° This may also be explained in terms
of the stability of the corresponding carbanions. The inductive effect of the aliphatic chain in the
case of octyltrimethylsilane 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 (1-10 mol %) of the KF - 18-
crown-6 complex.

-
Me,Si(C ®C) SiMe,  + RR1Ca0 — RRIC(OSiMe,XC®C) SiMe, —=
73

1 -
RR.C=0.L grlc(osiMe,XC= c)’nc(ossz\zxe~3)fuz1
74

nei, 2; RmH, R'aPh, (~Pr; R=R's 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 formation of monoadduct 73 in the reaction
between benzaldehyde and bis-(trimethylsilyl)-acetylene was observed at a reagent ratioof 1: 1. 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.’?® 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'%-2%?

Me SICH, CWCR  + rR‘R%ce0 WE . cu wC=CRC(OHIRIR? + RCEmCCH c(ou)nip2

3 2)Ho
25 76 kid

2

R=H, CH,

This reaction was carried out in THF in the presence of the catalytic amounts (5 mol %) of TBAF.
The major reaction products are the «-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% (0°C, 1 h). Secondary aldehydes (of isostructure) are somewhat less reactive. Thus, the
reaction with isobutyraldehyde 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 (60°C, 16 h). Silane 75 reacts with acrolein (0°C, 4 h, yield 25%)
and benzaldehyde (50°C, 16 h, vield 45%) to form mixtures of isomeric alcohols (76 and 77) with
the relative content of acetylenic alcohol (type 77) 20% and 30% respectively.

Trimethylsilyl-1-butyne-2 75 is a less selective reagent in the same reactions.?** 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
silane 78 yields only the a-allenic alcohol 76 (12%).

Pentafluorophenylitrimethylsilane reacts with benzaldehyde in the presence of fluoride ion form-
ing phenyl(pentafiuorophenyl)trimethylsiloxymethane.?** On the basis of this evidence, Reutov
has postulated a nucleophilically-assisted mechanism, Sg1(N), for reactions of this type.?** 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 C4F,;SiMe; in ether in the presence of catalytic amount of the potassium cyanide-18-crown-6
complex in less than S h at room temperature. In the case of aryltrimethylsilanes containing
electron-withdrawing substituents in the ortho-position, the reaction is observed only under the
conditions of nucleophilic catalysis by KF or CsF.?**

The synthetic application of base-catalysed carbodesilylation of aryltrimethylsilanes is illustrated
by the reactions of 2-nitro- and 2<hloro-1-(trimethylsilyl)-benzene with aldehydes, ketones, acyl
fluorides and anhydrides of carbon acids.?*” The new method is a useful alternative to the normal
electrophilic substitution or the use of organometallic compounds for the synthesis of polysubstituted
benzenes.

CHO osiMe,

R
SiMe
™ Ea SACR 0
ri

R = NO
1

R4 Ci;

R’ = H, 4-Cl, 4.CH,, 4-CH,0, 2-Cl, 3-Cl

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.”® For example, the silane 78 (R = 0-CH,) gives the adduct 79 (81%) in 15 min. With the silane
78 (R = SiMe,) the obtained adduct 79 reacts with a second molecule of the carbonyl compound
yielding the product 80. The formation of 28-55% of n°-(benzoyl)-tricarbonylchromium as a by-
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SiMe, Rigil‘?mea Rlcs:czizM%
CsP R
Crco), + RIRZCe0 CHCO), —> crco),
R R R'R?COSiMe,
18 s 80
4-CH

R = H, 2-CHy, 2-C1, 3-CH,, 3
product is observed in the reactions of silane 78 with enolizable carbonyl compounds (together with
adducts of the 79 type). Thus, introduction of the Cr(CO), group into the aromatic ring of arylsilane-
containing electron-donor substituents increases the reactivity of the silane under nucleophilic
catalysis. Coordination of the arene ring with the Cr(CO}, group by z-orbitals acts similarly to the
introduction of an electron-withdrawing substituent. This makes the ring electron deficient which
counteracts the destabilizing effect of the electron-donating CH, group in silane 78.2%°

The influence of different bases on the cleavage of silicon-carbon bonds in aryl- and heteroaryl-
trimethylsilanes has been investigated using benzaldehyde as an electrophilic scavenger for the aryl
and heteroaryl anions which are formed in this process.?** The relative reactivity of various basic
catalysts has been examined for the reactions of 2-(trimethylsilyl)-benzothiazole (Table 6).

X cat, X
i s HFPh
@ >‘$:Mr§3 + PhCHO }? P
N (.)SII\'SE3

X = 5, NCH,

Attack of the base at the Si atom was suggested to be the first stage in this reaction, with
subsequent dissociation of the pentacoordinated intermediate as the rate determining step. The
rapidly forming carbanion reacts further with benzaldehyde giving the final product. Silane 81
undergoes addition to the C=0 group of benzaldehyde in the presence of 10 mol % CsF, TBAF
or KF - 18<crown-6 (THF, 20°C, 12 h).'**?*? 2.Trimethylsilylbenzothiazole 81a interacts with ben-
zaldehyde without a catalyst by heating at 160°C for 40 h (75%).%**

-

R$iMe, + PhCHO = PhCH(Q&M@B)R
81
R = PhCH,, o=NO,C H,CH,, 3,5.CL,CH CH,,

In 1970 Gilman?** discovered the “Grignard™ reaction of pentahalophenyltrimethylsilanes with
benzaldehyde (62-89%) under rather harsh conditions (170°C, 96 h).

ArSiMe; + PhCHO ——% PhCH(OSIMe JAr

Ar = CoFoy CeCly

Table 6. Influence of some catalysts on the reaction of ben-
zaldehyde with 2-(trimethyisilyl}-benzothiazole®**

Reaction
Catalyst temperature (°C) Yield (%)
KF 100 100 (1 h)
KC1 100 S (4h)
EtLNYF~<2H,0 ¢ 9 {30 min}
EtN*Br~ 100 i2h
LiF 100 2{9h)
CsF [t 98 (30 min)
MeCOK 0 19 (30 min)
MeCO;NBu, Q 44 {30 min)
Me,COK - 60 91 (15 min)
PhOK - 60 84 (15 min)

MeCOK 2 75 (15 min)
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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 = 3-chloro-2,4,5,6-tetrafluoro, 3,5-dichloro-2,4,6-
trifluoro-, 2,6-difluoro- and 2,6-dichlorophenyl) reacts at room temperature in the presence of
fluoride ion (KF-DMF, 3 h).?** ¢-, m-, p-F and p-NO,C(H SiMe;, corresponding to less stable
carbanions, do not react with benzaldehyde under these conditions.?** On the other hand, Effen-
berger and Spiegler,?*! showed XC H,SiMe; (X = 0-NO,, o-F, 0-PhO, 0-MeO, 0-PhSQ,, m-Cl, p-
Cl) to be active electrophilic reagents under nucleophilic catalysis. Thus, o-NO,C¢H SiMe; (—60°C,
1 h) and o-FCH SiMe; (20°C, 1 h) reacted with benzaldehyde (92 and 76% respectively) in the
presence of 510 mol % of +-BuOK in DMF. Harsh conditions are required for this reaction with
m- and p-CIC,H,SiMe; (30 mol %) of t-BuOK, hexamethylphosphotriamide, 100°C, 3-4 h);
alkylphenyl- or aminophenyl-trimethylsilanes seem to be inert in this reaction. The authors?*° note
(without presenting any experimental data) that CsF, KF and TBAF are active initiators, almost
as active as -BuOK. They also found that ketones, acid anhydrides and CO, 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 substituents?*? as is shown in the following series.?*'

CeHg (P, 43), 1,2,3-F,C M, (pK, 34), 1,2-H,C P, (pK,_ 1), CHF, (pK_25)

Evidently, the strongest influence is produced by ortho-fluoro substituents. C,HCI, has pK, = 31.
The inductive effect of fluoro substituents may be considered as the determining 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, 20°C), CF ;SiMe; in tetrahydrofuran yields a
polymeric product. This indicates the generation of the C¢F; anion.?*3

KCN-+18~-crown-6
CGFSSjMe

3 i, 20%C 1/n -(C6F4)n- + Me,SIF
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. C¢F;SiMe; is considered to be the most active and selective deprotosilylating
agent.®”?® 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¢FsSiMe; and (C4F;),SiMe, 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 C,HF s has a low b.p. These qualities allow us to consider
C4FSiMe, and (C,F ;5),SiMe, as possibly the most convenient of all the existing silylating agents.

4.3. Reactions of thio- and seleno-silanes with carbonyl compounds

One of the known properties of thiosilanes?**?® is their ability to undergo addition (rather
slow) to the C=0 group of highly reactive carbonyl compounds (e.g. trichloroacetaldehyde and
hexafluoroacetone) without catalysts.

(c P3)2C -0
= (CF‘B)ZC(OSIMea)SMQ
70°C, 36h
Me  SiSMe 1 (94%)
C1,CCHO
— CI3CCH(OSiMe3)SMe
809C , 43h
(77%)

The reaction of thiosilanes with less electrophilic carbonyl substrates (e.g. n-hexanal or iso-
butyraldehyde) requires more vigorous conditions.2*®
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120°C, 20h, (30%)
CHJ(CH2)4CHO + Me, SISEt

- CHS(CH2)4CH(OSIMe3)SEt
KCN*18~crown-6, 25% (82%)

In the same work,?*® Evans er al. 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 PhSSiMe,
react similarly giving the same product (81%). Evans suggested a mechanism (Reaction 1.2, X = SR)
for such reactions.

On the other hand,?*¢ aryl and alkylthiosilanes do not react with ketones (except the a,f-
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 «,f-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 1,4-addition was observed in all cases.?*®

100°C, 48h,

CH CH=CHCHO + PhSSiMe, - *  PhSCH(CH,)CH=CHOSIMe

KCN+18~-crown-6, 25°C

3
{90%)

In 1978 Liotta ef al.?*” investigated the reactivity of PhSeSiMe; with carbonyl compounds in the
presence of triphenylphosphine. PhSeSiMe; was found to form quantitatively an adduct with
isobutyraldehyde.

PPh3

CH CH2CH26HO + PhSeSiMe

3 CH,CH cuzcn(ossMea)Seph

3 o 3=
55°C, 14h

(100%)

«,B-Unsaturated aldehydes react faster with PhSeSiMe, than their saturated analogues and form
the 1,4-addition products. At the initial stage (30 min) of the reaction, however, the formation of
1,2- and 1,4-adducts in the ratio of 2:1 was observed. Then the relative amount of 1,4-isomer
increases with the simultaneous decrease of the amount of 1,2-isomer. Thus, the formation of 1,2-
adducts is kinetically controlled, whereas the 1,4-isomers are formed under thermodynamic control
conditions.

PhSeSiMe; reacts with a,8-unsaturated ketones to yield 1,4-adducts.

1,2
PPh SRR

“SePh

RCH=CRIR? + PnSesiMe, ——2 R(Me,SI0)C=CHC

R=CH.: R'aR%= H; Rer!?

2
3 wR - CHS

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.?*® Formation of 1,2-adducts was not observed
in this case, but this possibility with the further fast isomerization to the corresponding 1,4-adducts
cannot be excluded. The following mechanism for the reaction between PhSeSiMe; and unsaturated

aldehydes and ketones was proposed.*’
PhSe foslMes

@) o OSiMe,,
PPh PhSe”
@ 4 -
+ +
PPh, PPh,
82 83 OSiMe

SePh
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A similar mechanism had been postulated earlier®® 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 Ph;P and Me;SiCl. 5-Butyrolactone reacts
with (phenylseleno)trimethylsilane in the presence of KF in the 18-crown-6 medium to yield tri-
methylsilyl-4-phenylselenobutyrate. 24

The reactivity of PhSeSiMe, under anionic catalysis was investigated by Detty in 1978.7*% The
reactions occur in THF at 60-80°C or in CH;CN in the presence of a catalytic amount (0.05
mol %) of KCN or KF complex with 18-crown-6. Under these conditions, the reaction with
crotonaldehyde occurs (50%) and takes 18 h. Further treatment with diluted acid leads to a mixture
of products (1:1).

1} KFs18~crown-6

CH, CH«CHCHO + PhSeSiMe, -———————»  PhSeCH(CH, X HaCHOSIMe +
3 3 + 3 3
2) H20/H

+ PhSeCH(CHB)CHZCHO

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

1) KFs 18-crown-6
CH

-CH—CH,_, + PhSeSIMe
NI

5 Me ,SIOCH(CH SszsePh +

3 2)mo/?

+ CH3CH(OH)CH259Ph

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 Me;Si group. In this case the quantitative formation
of potassium phenylselenide takes place and this determines the reaction pathway.

18«crown. 6, THF

PhSeK + Me SIiF

F’hSeSiMe‘.3 + KF 3

60°C

Anionic catalysis seems to be effective for generating Me,SiS ~ anions formed in the reaction between
hexamethyldisilthiane and aldehydes initiated by the CN~ ion.?*® A catalytic amount (0.005 eq.) of
KCN - 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 S-diketones,
oximes,**® acids and amines.?®' The activity of these reagents decreases in the series
ROH > RNH, > 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.?’?

~
=si = Shi...0. OR = Si.0ses. OR
| ROH I :
—_— l R i ———» =SI0R
-5 ~S... H —Sreenne H  -HS™

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.?>3 In this case, the
reaction is supposed to be of the ligand-change type involving a four-centred transition complex.

4.4. Reactions of silylnitrates, a-silylalkylphosphonates, silyldialkylphosphonates, silyl-bis(dimethyl-
amino)phosphites and other compounds

Silylnitrates react with aliphatic and aromatic aldehydes under nucleophilic catalysis by TBAF
to form 2-silyloxynitroalkanes.?**
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+ OSiMe, PhCHO, TBAF + O
CH,(CH,,),CH=N] _ ———— phcu_cn-nso —
o -Me,SIF
o (CH2)4CH3
+ OSIMe
CHB(CHZ)‘}CH-N\O_. ?SIMeB . o . o
+~  PhCH-CH-N3, + CHJ(CH,—,)‘CH-NQ‘O
(CH2)4CH3

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

Kawashima showed in 19837°¢ that the Si—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—Hurner reaction).

P - rI1R%ce0
Me ,SICHRP(OXOMe) ———— CHRP(OYOMe), ———— R
3 2 2
-Meale

1n2c.cHR

84 85

The KF + 18-crown-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-methylistilbene
(R=R'=C(H,, R?=CH,) 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 authors?®
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, 80°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%), 1,1-diphenylethylene (20%) and dimethylmethylphosphonate (50%). The
carbanion 86, containing Me,Si and phosphoryl groups in the a-position, reacts with carbonyl
compounds forming vinylphosphonates 87.2%7

R'R%C-0 + LICH(SIMe,JP(OXOEL), ——————= RlRZC-CHP(OXOE!)a

~Me,S10L
86 87

Dimethyl-2,2-diphenyl-2-trimethylsiloxyethylphosphonate in the presence of CsF quantitatively
forms 1,1-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.

Me SICH,P(OXOMe), + CH,P(OXOMe), ———>— Me,SICHP(OXOMe), +
88 85 89

+ CH3P(OXOMe)2

Desilylation of a-silylalkylphosphonium salts has very recently been shown to be a useful synthetic
method for tri-substituted olefins.?°*

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-1-diethylphosphinosilacyclopentane 90 is easily added to the carbony! 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=0 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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Me Me

\ -
. - P =8 — B Me
A/M + RIRTCw) e : M P f=31 1.2
“pe : : ~ocr'r
) O=—=c— ]
~ PEtz

20

Much research on the reactions of trialkylsilyldialkylphosphites with carbonyl compounds?*® 27

has appeared recently. These reactions lead to the corresponding o-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.?¢"-?¢?

o
i
(RO),POSIRY, + RZR7Ca0 —= Ph—C-COOEt | —w (po)zp(o)c':r:zzn3
]
(E10), P-OSIR® OSIR! 5
2 3
o2 03 ot

The reactions of these compounds with aldehydes and ketenes are exothermic and with ketones they
occur by heating, 26%26°

Phosphite 92 (R = Et, R' = Me) forms diethyl-a-carbethoxy-a-trimethylsilylbenzylphosphate
with ethyl benzoylformate?®® in accordance with the route involving the phosphonate-phosphate
rearrangement of the initially generated dipole 93. Evidently, the favourabie conditions for the
phosphonate-phosphate rearrangement with further migration of the Me,Si group are created 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 a-trimethylsiloxy-a-
cyanobenzylphosphonate and a-trimethylsilyl-z-cyanobenzylphosphate.?*® The phosphonate-phos-
phate rearrangement 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.?8' The reactions of phosphites 92 with a,8-unsaturated carbonyl compounds often
lead to mixtures of the products of 1,2- and 1,4-addition.?¢"2** Thus, crotonaldehyde reacts with
trimethylsilyldimethylphosphite to form (90%) a mixture of 1,2- and 1,4-adducts in the ratio 3: 1.
Heating (200°C, 24 h) of each isomer does not lead to its transformation into the other.

55°C, 18n

CH,CHaCHCHO + MessiOP(OMe)z e (1\.*!e<>)2x=*(o)cch»i..c:m:,H3 +

+ (Meo)2p(o)cx~1(c1»«13)CH.<:H51Me3
The mechanism of formation of 1,2-adducts has been discussed above. 1,4-Adducts were shown to
be only Z-isomers.?®! Moreover, a,8-unsaturated ketones, having the fixed transoid-configuration

(e.g., cyclohexanone), do not form 1,4-addition products. These facts are in good accordance with
the suggested mechanism of 1,4-adduct formation through the intermediate oxaphospholene 94.2%°

R

[ 2 ?
CH_ =«CH-C{OR + (MeO) POSiMe, - g "’(Meo) §> R
2 2 3 /..OMe 2 \/‘Y
=
 Zo1 V]
]
OSiMe SiMe

3
94

Bis-(dimethylamino)triethylsilylphosphite 96 has a higher reactivity in the reactions with carbonyl
compounds thah 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 1,2-addition product 95 is formed.?%?

o°c, 0,5h

CH. CHw=CHCHO + (Mezn)zposwms ——— (MeZN)2P(OXZH(051Me3)CH-CHCH

3 3

96 95 {99%)
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1,1-Difluoro-2-oxyalkylphosphonates 97 were obtained in the reactions of carbonyl compounds
with 1-trimethylsilyl-1,1-difluoromethylphosphonate in the presence of a catalytic amount of CsF.?"!

P .
MeSSlCFZP(OXOEt)Z + C_H_CHO CSHSCH(OH)CPZP(OXOE!)Z

87

Acylsilanes react with methyl iodide and n-butyl iodide in the presence of fluoride ion to give
acetophenone (yield 55%) and valerophenine (35%).'*® The reaction of benzoyltrimethylsilane 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 resuiting benzyl anion and collapse of the resulting
geminal fluoro ether.”” The second mechanism involves initial nucleophilic 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 acy! anion forming a-oxycarbonyl compounds.

C H CHO
e e, ]
TBAR C6H5C{O)-CH(OH)Ph
ph(:(o)suxrvxe3 T (50%)
(cns)zc-o
L= 32", 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 of alkyl halides to the reaction mixture yields alkylarylketones.'®!

The behaviour of aroylsilanes and allied substrates as the source of nucleophilic acyl anions has
been studied.’”™?”® The authors?” investigated the reactions of pyrroyl, thienoyl and furoy! anions
(generated by fluoride ions and compounds 98) with various electrophiles.

1 e 1
x 7 ~COSiMe, X CoE

98 (10-68%)

X = 0, S, NCH,

E » PhCHO, CH3(CH2)2CHO, PhCOCHzBr, PhCH-CHCHZI

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 1,3-dimethylimidazolidin-2-one
as solvent.

The reactions of compounds 98 with ketones were unsuccessful. The reactions employing allyl
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 vinyltrimethylsilane with
Me,Sil elimination leads to vinyliodide. E-1,2-Bis-(trimethylsilyl)-ethylene reacts with iodine in CCl,
to give equal amounts of Z- and E-l-iodo-2-trimethylsilylethylene.>’* 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-1-
Trimethylsilylhexene under these conditions gives E-1-iodohexene.?’® ICl is alco effective in this
reaction leading mainly to Z-isomer.?”*

"“B“\ 1) 1 n~Bu N /’
Sm———— e el
\ 2) KF:2H,0 e Z:E = 95:5
SiMe

3

Treatment of vinylsilane 99 with ICI/KF leads to Z-vinyliodide 100 with a high yield.?”’
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R 1
lCl/KF‘ N\ /
‘SlMe

R = C“a(c”z)zz‘ + (CH,),CH{CH, ) -

100

Treatment of O-(trimethylsilyl)-acetohydroxamoyl chloride 101 or O-(trimethylsilyl)-benz-
hydroxamoyl chloride with KF in CH;CN containing various olefins resulted in the formation of
A’-isoxazolines 102.27%

1 2

KFfCH,CN + RICH=CHR R Ny
3 . 72
r:zc(cn)-Nc;suws-3 R RCEN~O ——— o
25°, 48h
1
R r2
101 102

1 2
R=Me, R'=H, R°~n-C,H,  (70%); R=Me, R'a 1, RZ- SiMe, (62%);
1
R-Me, R H, R%- Ph (76%); R- Me, R1- OCH,CH,, (20%);
1 2
R-Me, R'=H, R”- COOMe (88%); R= Me, RlaH, R2- CN (71%);

1
R=Me, Rl. Me, R% Me (44% cis, 47% trans); R = pPh, Rl-n, r% n-CgH o (72%);

1 2
R=Ph, R« H, R~ OCH,CH, (79%); R= Ph, R'=H, R%= CN (76%)

4.5. Reactions of silyl enolates

Silyl ethers of enols are widely used in organic synthesis?’***! 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 alkylations, 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 number?2%282-287
of investigations of the reactions of silyl ethers of enols with electrophilic substrates under conditions
of fluoride ion catalysis.

O%iMe @]
3 r

Direct evidence of this was obtained by Noyori er al.?®*?*" They found that the reaction of
tris-(diethylamino)-sulphonium difluorotrimethylsiliconate (TASF) with Z-trimethylsilyl ether of
benzylmethylketone enol leads to TAS Z-enolate 103 isolated by means of a high-vacuum technique.

+ . - > -
(EtzN)SS Me SiF, {Eg2N)35 3 + Me,SIF

—‘ +
(Et,N),S*F" 4+ PhCH=C(CH,)O0SIMe, ot p"‘\/o\(g’zmas + Me,SIF

The NMR and quantum-chemical calculation data indicate a negligible 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.??%?3%284287 The mechanism of this reaction may be represented by a
number of mobile equilibria. 285287
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o OSiMe
Me,SiF 3

-XF R
1 )ok/ok X
‘\:% x* + RCHO = R — OSiMe,

X o) OSiMe ?- -

/U\)\ + \
X = nBuN, (Et,N).S — R e
Scheme S.

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 103 with
aldehydes at — 78°C and further treatment by water. But addition of either Me;SiF 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 aldol products.?3%2%%

The aldol reactions initiated by fluoride ions produce mainly erythro-aldols independent of the
geometry (E or Z) of the silyl ether of enol. The erythro-selectivity is connected with the kinetic
control at the stage of formation of the aldol 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 threo-isomers (89:11) at —20°C. The transition state 104 was suggested?®¢ %8 to explain the
erythro-selectivity in the reactions initiated by the fluoride ion.

- l.M‘O
o r2
A\l
-
-
)
r! J
o rl
104 109

The erythro-transition state 105, being the result of the interaction between aldehyde and the E-
enolate anion, is more preferable than the threo one (106) because of the gauche-R,R*-interaction
in the latter. For the same reason the erythro-transition state 107 is more stable than the threo one
(108, Scheme 6). These reactions, however, are not always kinetically controlled. The erythro-
selectivity is always observed in the reactions of aliphatic aldehydes with silyl 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,?°®?°! indicating that the stage of aldol anion formation could be thermo-
dynamically controlled.

Stercoselectivity in the reactions between aldehydes and metal enolates directly depends on
configuration of the latter; Z-enolates form products enriched by erythro-aldols and E-enolates
form mainly threo-aldols. Stereoselectivity is determined by the relative stability of the corresponding
diastereomeric transition state of type 107.28%28%.292.293 The reactions of silyl ethers of enols catalysed
by fluoride ions occur regiospecifically.®?

osiMe o ©OH

3
R rl 28 R 3
+ PhCHO  ——— R

[
-
(=]
-
-
M
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Scheme 6.

For example, enoxysilanes 110a and 110b, when treated with benzaldehyde (— 30°C, 2 h, THF), are
converted to the adducts 111a (68% yield) and 111b (62%) respectively. Alkylation of the silyl ethers
of enols by alkyl halides in the presence of fluoride ion (TBAF, TASF) occurs similarly.?*>?*" Silyl
ethers of enols react with a,8-unsaturated aldehydes (—78°C, THF, TBAF) to form only the 1,2-
addition products.?*%2% Silyl 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.?** The yields of adducts, e.g., in the reactions (—25°C,
16-22 h, THF, TBAF) of silyl ethers of diisopropylketone and t-butylmethylketone enols with
benzaldehyde, reach 59%.2%* In some cases the formation of 1,2-adducts of enoxysilane with
the aldehyde is observed. Thus, the interaction between allyl ether of cyclohexanone enol and
benzaldehyde leads not only to the usual 1,1-adduct, but also to the 1,2-adduct.?®

Ph

SiMe (o] o]
o 3
SiMe, Me_SI0
[0 Ph
+ PhCHO ——e Pn *
(63%) {(37%)

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 %) or an excess of Me;SiF into the reaction mixture, In the
reaction between 1-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 C=0 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.

o  OSiMe,

- o]

- e~ A
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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, 60-100°C).?** The interaction of silyl ethers of enols with
ketones capable of enolization leads to a mixture of products.

1 2 3.4 5 1 2 3.4 5
RR'C-CR“0SIMe; + R'R CHC(OR® ——» RR'CHC(OJR“ + R"R'C=CR"OSiMe,,

The Si—O bond in silyl ethers of enols is cleaved in the benzylation reactions involving the catalysis
by AgClO, or fluoride ion,??¢ as well as in cyclization reactions.

(o}

CH_Ph
PhCH_Br 2
OSiMe AgClO4r

R=H,na=2

PhCHzfl PhCH2 o

PhCHzNMeaF‘ CHzph

R = PhCH,, n = ¢

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 1,2-additions. Some of these problems can

be overcome by the use of modified enolates or by the use of masked carbonyl functionality. Yet
297

another approach is to use silyl enol ethers as the functional equivalents of enolates.

SlMea
R OSiMe
.. 3
: k” + >__ < CsF ,"
- —_— :. —_—

113

With CsF catalysis, however, the valuable intermediate silyl enol ethers 114 can be isolated. Ketene
trimethylsilyl acetals 113 add to «,8-unsaturated ketones in the presence of catalytic amounts of
TASF to give 5-(trimethylsiloxy)-4-pentenoic acid esters 114 (R? = O-alkyl). The yields are high
and the addition proceeds exclusively in the 1,4-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, 282284297

OSiMe,

TASF

MesleH CO_Et +

2“2 (cH,), | (CH),

COZEt

n =.1 (90%); n =« 2 (62%)

The reaction of 1-(trimethylsiloxy)-cyclohexene with cyclohexanone (60°C, 11 h) with subsequent
treatment by water leads to 55% yield of 2-(1-cyclohexenyl)-cyclohexanone.?** 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 (100°C, 8 h) leads to a
75% yield of diphenyl-(diphenacyl)-methane.



Synthetic aspects of the use of organosilicon compounds 2717

Table 7. TASF-catalysed additions of trimethylsilyl ketene acetals to a,f-unsaturated

ketones®”’
Silyl ketene acetat Enone Products Yield, %
12 s
cyclopentenone 82
OCH3 Cone
O
OSIMe3
cyclohexenone 78
CO_Me
2
[
cyclopentenone 75
OCH3 Cone
o]
O‘ExiMe3
cyclohexenone C02Me 53
C
cyclohexenone 58
SiMe
3
[»]
2N
O o
methyl vinyl ketone (I/Y 74
[o]

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 1) CapP 1
RC(OSiMeS)-Cﬂz + R'CHO  ————w~  RC(OXCH=CHR
+*
2) H O/H
2 (75-95%)

R=Ph, t-Bu, R'=Ph, p-Brc H,, CeHy sy
The reaction with «,8-unsaturated aldehydes occurs similarly. The silyl ether of cyciohexanone
reacts with aldehydes (including the a,f-unsaturated ones) under the same conditions to form only
the 1,2-adducts.

031R3 [o]

ArC CHAr
+ ArCHO e

{70-90%)
SIR, = SiMe,, SlMez(OEt), 51Me(ot~:t)2

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

CsF

RC(OSIMe, mCHRY  + R2CH-CHC(OR® ——» RC(O)CHR1CHR2CH2C(O)123
116

R- Ph, t-Bu, RleH; RRa -(CH,),-

R2-r3- ph; RR3- ~(CH,),_ R%- Ph, R>= OEt

Corriu and his co-workers?®!-?°® have recently shown that tetraalkoxysilanes Si(OMe), 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 (a,B-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 3,3-dimethyl ethyl acrylate.

PhCOMe
PhCO CO Et

si(OMe)4
60°, ah (80%)
CO,Et

- PhCH,CN
SI(OEY), CO,Et
25°%, 1h

(85%)
Go CO,Et
L

51(01::)4
100°, 2h (55%)

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,8-
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 sp*-carbon atom.

,4h

(o]

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,B-unsaturated ketones under homogeneous fluoride

ion catalysis.?*®
2
r! OSiMe, o Me,Si G R
> < /u\/ TASF' WORS
_— + Z .
r2 or> al
o
o 2 (65-95%)
H,0 or?
—
1
R™ o
(58-82%)
2 2 3

1 3 . rl - .
R-H,R-R-CHB,R-R =R CH3,

1 2.3
R'=H, R°R"= -(CH,),-
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1,4-Addition gives the ethers of 5-(trimethylsiloxy)-4-pentenic 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.

1 .Si~-F
R _,0 o-)--- S
-~ o)

r? or? I ,._\l
117 118

CsF/Si(OCH ), was successfully used for the reaction of 1,4-addition to «,f-unsaturated amides.**°
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.??'-3?2
NO2
CH OsiMe
3 3 1) TASF
C_H_NO —_—
65 o2t 2) Br
CH3 OMe 2
CH3 CH3
C02Me
The following silicon organic compounds participate in this reaction:
S‘lMe3 OSiMe3
o SIMe3
O M93516H2C02Me =
CGHS

Nitronaphthalenes, nitroanthracene and various heterocyclic nitro compounds can also be used in
this reaction. With 1-nitronaphthalene and S-nitroisoquinoline the addition occurs predominantly
at the ortho position.

NO

OSiMe,, 2
1) TASF
CO,CH,
2) Br,

Although the conjugate addition of silyl ketene acetals to a,B-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 «,f-unsaturated esters,
ketones, nitriles and carboxamides has been described.*®* 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 methy! trimethylsilyl acetal as initiator.

OR CO,Me
MeQ_C —_—
= =< L =
* — 2
OSiMe
OSlMe C02Me 3

R02C
—_—
cH C OSiMe
CO Me

R = CH3, CHZCHZOSIMe s SlMe

Scheme 7.
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O-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, 1-2 h) with cycloalkanones in the presence of TBAF to form silyl ethers of enols of cycloal-
kanones and methylpropionate.

The O-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 1-2 h at 20°C (113) or
even within 2 h at —80°C (1131).%°2,

CH3CH-C(OSIMe3)0CH3/TBAE‘
121

R"c(o)c;-lzn2 121(051Me3)c-c1~m2
119 120
SiMe , OSiMe, 0SiMe
Ph 3
: - b. ) ' \— : d .
aim oSiMe,
OSiMes SiMe
N
e r'
s

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 O-silylated by reagent
121 and fluorotrimethylsilane.

- +
CHSCH-C(OSIMQB)OCHS + TBAF —& CH:,--CH—C-OCH3 n-Bu4N + Me3515‘

122

[
12 + Rlc:(o)(:HZR2 — RLC2CH-R? noBu,N* + CH CH,COOCH

4 3 3

123

Z-N,N-Dimethyl-S-(trimethylsilyl)-ketene-S, N-acetals undergo addition to the carbonyl group of
aldehydes in the presence of fluoride ion (TBAF).3%*

R SSiMe R
3 . s Ph
TBAF \ / N 1) PhCHO NMe,,
—_— ~- n-Bu,N —
Me, 2) H2O/H H
Me HO
2
R = CH,, (CH3)2CH (60-90%)

After treatment of the reaction mixture with water, f-hydroxythioamides mainly of the erythro-
configuration were obtained. The intermediate formation of the enolate anion is observed in the
reaction and the erythro-selectivity is connected with the acyclic transition state 124 similar to those
discussed above for the reactions of “‘pure’ enolate anions with aldehydes.

Silylnitronates react easily with aldehydes in the presence of TBAF to form mainly products of
erythro-structure, 26%3%¢
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F
rRICH=N(O)OSIMe, + RZCHO —= RZCH(051Me3)CHR1-N02

3
Rationalization of the erythro-selectivity is based upon the transition stage 124.2°%3°” Alcohols and
carboxylic acids were shown3°® to undergo alkylation and acylation by silyl ethers of enols under
fluoride ion catalysis. Alkenylphenylketone and 1,3-diketones were obtained.

RICH=CHCH,OH + PhC(OSIMe CH, —KF, R}CH=CHCH,CH,C(OPh

THE
(66—~ 72%)

1

R” w cis or trans-CH trane~Ph

3'
Trimethylsilyl ethers of enols react with carboxylic acids in the presence of KF and bis-(2,2,2-
trifluoroethoxy)-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.’*°

KpP

PhCOOH + Ph(0SiMe )CaCH, = PhC(O)CHZC(O)Ph
pms(oc:r»xzc:::‘a)3 R

20°C, 24h (B81%)

The fluoride ion (CsF or (C;HCH,)Me;N*F~) was shown?®'® to promote the reaction between
trimethylsilyl ethers of enols and aromatic and aliphatic sulphonyl fluorides, leading to enol sul-
phonates.

e
rlr%cec(osiMe R + R'so,p ——= r'r%c.c(oso,r*R>
2
-Me SiF
3
r? = c_H_, c,F_, CH
6Msr CaFgr CHy

The fluoride ion-catalysed reaction of F-alkylacetylenes with various silyl enol ethers leads®'! to
the corresponding F-alkinylated alcohols or 4-(1H-F-alkylidene)-1,3-dioxolane derivatives in good
yields. This type of reaction is generally applicable to the synthesis of F-alkyl-substituted propargy!
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.

RIRZC-CH(OSIMea)
TBAR 125 12
RPCF‘-CHP(OXOEt)z —tee [RFC'_'.‘CH] RFCECCH(OH)CHR R

1z 126

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.>'?

SlMea e}
TASE R

R = CH,, X =1 (95%); R @ neC_,H_, X = I (59%);

3t g
R = CoHgCH,-, X = Br (72%); R = CgHgCHaCHCH 4=, X = Br (61%):

R = MeOOCCH, , X = Br (83%)

The unsolvated fluoride and enolate ions under such conditions can behave as naked, super-
nucleophilic reagents: the overall C-alkylation reaction is accomplished at —78 to —30°C. It is
shown that the lithium enolate of S-t-butyl thioacetate adds to 2-cyclopentenone in the f-position
and that fluoride ions catalyse the 1,4-addition of the trimethylsilyl enol ether of S-t-butyl thioacetate



2722 G. G. FuriN e al.

Table 8. Synthesis of F-alkyl-substituted propargy! alcohols 126*'"

Alkenephosphonate Silyl enol ether 125 Product 126 Yield, %

(o3 3] c:s\ucsp(o)(or::)2 CHS(CH ) CHaCHOSIMe,, CF czccu(ou)(cn sCH, 34

3 3

e <}caosn\4e3 CcF c-ccn(oa)o 45

CFacFZCP-CHP(OXOEI}Z CH,CH, CH=CHOSIMe, CF,CF,C a.'CCH(QHXCHz)ZCH3 67
- CHS(CH 2)3CH-CHOSIM93 cs‘scz-*zcaccn(on)(ca 2) CH,y 67
- CH,«CHCH=CHOSIMe, CF,CF Ca CCH(OH)CH-CHCH3 28

i Q—oswe CR,CF,C=C —O 60
HO

- CH3(0H2)4CH-CHOSJMe3 CF,CF C= CCH(OHXCH2)5CH3 79

3

CF‘3(CF‘2)5CF‘-CHP(OXOEt)2 CH3(CH2)4CH-CH05iMe3 cps(cpz}scsccn(on)(CH 2)50:43 81

e O:cuossnaea CR,(CF,),Cm CCH(OH)O 85

c:!{,s(c:;“2)?(:1'-*--(:!*11:(0)(0&)2 CHB(CH 2)4cn-cuosm.a3 CF’S{CE‘ 2)7c-ccu(on)(c;-1 2)_,)(::»;:3 70

-t O=CH05iMe3 cs\3(c92)7c -CCH(OH)-O 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 trimethylsilyl 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.°"?
C)S.lMe-3
THP
_ Sc(CH,), s,\/g//‘/\\/o
d SC(CH ), 130
127
TBAF
(o} OSSMe3
128 129
sc(cn3)3
—_—— \
\/\O’I‘HP
O
131

4.6. Reactions of O- and N-substituted derivatives of silicon

Very interesting results were obtained by Corriu and his co-workers in the investigation of the
reactions between N, N-bis-(silyl)enamines and electrophilic substrates which are initiated by fluoride
ions.®%*'* N N-Dialkylenamines reacted easily with electrophiles to form the C—C bond whereas
N,N-bis-(silyl)enamines react as weak nucleophiles and do not interact with electrophiles in the
absence of catalysts. The N,N-bis-(silyl)enamine 132 does not react with PhCH ,Br and PhCOCl but
it reacts easily with carbonyl compounds in the presence of catalytic amounts (5 mol %) of CsF
{DMF, 80°C) or TBAF (THF, 20°C) 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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- h
/Nl Ph pncH-cHCOPK NN(mMes)z Ph_C=0

. N=<P
\\ CsF 122 Csk ///~§§'“I Ph

Ph (E:2 = 62:38)

133 (67%) / ‘ \ (80%)
|

PhCH=CHCHO/TBAF || || I TBAE PhCHO/CsF
o CHO

/ AN

—
/\/”fﬁ /\/N= I OI /\\/sz i

(E) (29%) (E) (23%) (e) (80%)

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 §-
elimination of (Me;Si),0. 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 authors,*'* the reaction is controlled
by disiloxane elimination.

N.N-Bis-(silyl)-enamines react even with N,N-dimethylformamide in the presence of methoxide
ions forming enamidines.*'*

NaOMe
RCH,CH=CHN(SiMe,), + HC(OWNMe, —— RCH,CH-CH-N=CHNMe,
(60-82%)

R =« H, SiMe,

The reaction of N,N-bis-(trimethylsilyl)-3-trimethylsilylpropan-1-ylamine leads only to formation

of the product of Si—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'?
THF-diglime

RNHSiMe + R'X + NaOMe ———————— 3 RNHR!
3 (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 amines using aminosilanes®'*

Temperature Time Yield of
Aminosilanes 138 Alky! halides “C) (h) 136 (%)
cyclo-C,H, ,NHSiMe, EtBr 40 15 64
n-PrBr 40 18 56
n-BuBr 40 18 53
CH,CHCH ,Br 40 15 68
PhCH,Br 40 18 67
PhNHSiMe, EtBr r.t. 20 43
n-PrBr 40 20 48
Etl 40 18 64
n-BuBr 40 18 55
CH,—CHCH,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.

- 1]
RNHS{Me, + NaOMe ——= RNH Nat —RX _  pNHR

—MesleMe

(N-Vinyl-N-phenyl)-aminosilanes 137 react with acyl chlorides in the presence of KF dissolved
in crown-ethers to yield 2-ketoimines 138.3!°

C61>\{5—N-S‘|Me3 C6H5

KF

+ RCOCI ——» COR

137 138
R = C,H, (90%), (CH3)2CHCH2 (B89%), t-Pr (93%),

n-C (92%), CH,CH=CH (81%), C,H,O (84%)

7H15 3

1-N-Trimethylsilyl- N-phenyl)-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.?'°

OSlMe3 0502C4F‘9

COOSlMe3 COOSlMe3
The role of the base is important. The use of CsF or Alk,N*F~ leads to the vinylsulphonate only.
However, in the presence of LiN(Pr-i),, NaN(Pr-i), all three possible products are obtained.

O

. PhS0,Cl (o3
OSiMe,, O - M
B~ -/
S— o
- _—
But Bul

Q

PhSOzF
—_— PhSO2

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-crown-6
complexes, to form vinyl esters of carboxylic acids. High regiospecificity is observed. The interaction
occurs under mild conditions and gives a high yield.>*

O‘51M93 OCOCH

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 - 18-crown-6 complex is insufficient.'?

KF.18=crown-6, 23h
Me,CaCHOSiMe, + PhSC(OF » Me _C=CHOC(O)SPh

2
(69%)
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Alkoxytrimethylsilanes react with benzenesulphony! fluoride in the presence of TBAF, forming
the corresponding benzenesulphonates (28-70%).%°7 Aryl esters of perfluoroalkanesulphonic acids
are obtained in higher yields by heating perfluoroalkanesulphonyl fluorides with alky-
loxytrimethylsilane in the presence of KF or CsF.*'¢ On the basis of the reactions of acy! halides
containing 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 carbonyl!
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 enols.>®® An enolate anion 140, generated from the trimethylsilyl
ether-KF system, readily attacked the alkoxysulphurane 139 forming compound 141,

on S/OCHZCPB
27NOR
P - 139 c
MegSlOscacy  —e | O3ec | ——=—> %ccla .+ emseo
R R ~CF,CH,0” R “ph
140 141

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,***3!7
allylic*'® and propargylic.*'® The reaction also occurs with less active electrophiles, such as methyl
iodide, buty! iodide and methyl bromoacetate. The following products were obtained from 1-
trimethylsiloxy-6-methylcyclohexene.

OSiMe o
THF CH,Ph
+ PhCHQBr ——
<
207, 1h  cis {9%)

50%, 30 min. trans (80%)

Cleavage of the Si—C bond in (a-chloromethyl)-oxyranylsilanes by fluoride ion is accompanied by
B-elimination of Me,SiCl and leads to the formation of the allenoxide—cyclopropanone 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-'3%

o
1]
o

150 2 = 140 2 terd enr?

RICH—C (8IR,) CHR?Cl] —= | RICH—CaCHR? ——w RYcH—CHR —
1428 142b

-Hae rlenpuuc(o)xH,r?

143

ReR! wPn, R2eH, ReMe, R H, Me, i-Pr, tBu, nC_ H RZm H;

107 °21°

Re Me, R'aH, R%anC H, 4 p-MeCgH, ;

10 6 4

X = CH,, O, NC{O)OMe ;

2 ]
Nu « CI,CCOO, HO, MeO, PhO, EtS, (1.pr)2n

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

§. FLUORIDE ION NUCLEOPHILIC CATALYSIS OF SOME CHEMICAL REACTIONS

S.1. Reduction

Organosilicon hydrides are frequently used as reducing agents toward electrophilic carbon
centres. The formation of alkoxysilanes from organosilicon hydrides and certain aldehydes and
ketones, as shown by Vol'pin and his co-workers, requires the presence of fluoride ion.’%¢!



2726 G. G. FuriN et al.

ch-o + R‘SSSH ——i-i" R'3SSOCHR2
Corriu ef 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.*"¢%¢3-¢¢ The
reduction of aldehydes and ketones with trialkylsilanes has been recognized as a usefu] synthetic
method for a number of years. Quite recently the reduction was shown to be catalysed by fluoride
ion under neutral conditions.*?° 1-Naphthylsilane is an even more active reducing agent and benzo-
phenone is reduced in the presence of CsF at 50°C into (1-naphthyloxy)-diphenylmethane in quan-
titative yield.®® 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.®® (EtO),MeSiH and polymethythydroxysiloxane have become widely used reagents
for reduction.

H
H—élll-OCZHs (CHa)ssi‘[' o..élx-o<]»51(cua)3
CH3 n

O('.32H5

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.**4*

(Eto)sgm jCsF (Eto)35m
—_—

PhCOOEL PhCH(OEtJOSHOEL), ——

60°C, 0,5hn

R PhCHOSi(OEt)3 + EtOSi(OE:t)3 —_— PhCH,OH + [(Eto)asi]zo

(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),_, 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,SiH,. 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 60°C.%°

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

H KF+2H,0
PhCOOEt + Me,SIO - Si SiMe; PhCH,OH
(‘:H pmso, 80°c, 6,5n
3n {(80%)

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.

(Eto)asm ;s KFP
——— e

C6H5CH20H

{100%)

€. H_CHO
63 25°C, 36h
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Table 10. Reduction of carbony!l compounds by silylation of
diethoxymethylsilane in the presence of KF**

Carbonyl Compounds Yield ,%
CGHSCHO 90
C6H5COCH3 78
(CaHs)zc'o 87
e C6H 1 3\;HO 85

68
CHO
[o]

)\)l\)\ i

o
o
>=/\/u\ 80
~ COCH,, 65
(CHZ)B
o]
77

The reduction of substituted aromatic aldehydes and ketones containing C—0 bonds, nitro and
amino groups, etc., occurs only at C==0 groups, the others being unreactive.

KF

%N02C6H4CH2OH

(80%)

4-NO_C_H,CHO + (EtO),SIH
2764 3 100°¢ , 2h

The carbonyl groups of a,f-unsaturated aldehydes and ketones are selectively reduced in the presence
of CsF.%43?!
K
PhCH=CHCHO + (EtO)SSIH -“-—*O——’- PhCH-CHCHZOH
25°C, 24h
(95%}

Silanes R,SiH, react with a,f-unsaturated carbonyl compounds in the presence of (Ph;P);RhCl
giving a mixture of the products of 1,2- and 1,4-addition. 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 fluorosilane molecule
to give the observed alkoxysilane product and the initial fluoride ion (9¢). In accordance with that
Scheme, the pentavalent silicon anion acts as an excellent hydride transfer agent.

RISIH + P . R’35IHE‘_ @)
R',SIHF® + R,C=0 ——# R'.SIF + R,CH.O (b)
R' SiF + R,CH- 0" R',SIOCHR, + F~ (<)

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.**?

- .4
R2C~O + R351H —— RzCH— O + RBSI

The authors>?® have made an attempt to identify the most probable route of reduction. They have
shown the catalytic effect of TBAF using ketones containing CF; groups as models. Thus, the
reduction of a,a,a-trifluoroacetophenone with phenyldimethylsilane in DMSO has been shown®?*
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-butylbenzoquinone (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
9a type is an excellent hydride reducing agent and even with moderate acceptors (i.e., a-fluo-
roacetophenone or cyclopropylphenyl ketone) acts as a single-electron transfer agent giving minor
amounts of radical-derived reduction products. a-Fluoroacetophenone under the action of silane/
TBAF (40°C, 12 h) gives a mixture of 2-fluoroethanol (73-89%) and acetophenone (0.6-3.5%),
the latter being formed as shown in the Scheme.

MH - D MH/SH
ArC(O)CH, X = wwm——pmm  ArC({OXCH X * ——s= Ar.C~CH, ———» ArC(O)CH
2 2 X" 2 3
H,O

ArC(OXCH, X + MH -~ ARCH-CH,X —2 ArCH(OH)XCH,X

o m*

The fluoride ion-promoted reaction of R-(+)-z-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.’??

Np(MePhSIH + ArC(OJR ~——e— Np(MeJPhSIOCHRAr ——————®— ArRCHOH

~Np{Me)PhSiH
145 146
Ar = C.Hy, R=CH, 16,4% (3), 6,6% (S}
Ar = 4-NO,C H,, R=CH, 11,3% (S}, 12,7% (S)
Ar = C.H .y R=CF, 13,2% (S), 11,2% (R)

Vorbruggen et al. and Hwu et al. have used hexamethyldisilane with TBAF in THF or in HMPT
for the reduction of N-oxides of pyridine derivatives.??-326

™ Lk TBAF P
| + Si_Me, ———n | +  (Me,SI)O
2Meg P 351,
l;: N

o]

Quinoline and isoquinoline N-oxides form the corresponding heteroaromatic compounds (72 and
92% respectively). One mechanism suggested’?' 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 disilylated intermediate 147 and fluoride ion.

)
N SiMe

OSiMe

3
3

147

The reduction of aromatic nitro compounds with hexamethyldisilane and fluoride ion in THF at 24°C
gives the corresponding azo- and azoxy-compounds in high yields.?*” Azoxybenzene is converted to
azobenzene in a 95% yield in a similar way.
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62
24°C , 3n

Me_ Si_/TBAF
s ——

PANO

5 PhN=NPh ———— Ph- I;J-N- Ph

o

Buiky ortho-substituents inhibit the reduction of 148 to the corresponding substituted azobenzenes.

Si,Me
NO, —2 b, N=N
TBAF
R
R R

148
R = C H,, SCH_, - l

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 4-nitropyridine N-oxide in N,N-dimethylimidazolin-2-one
as a solvent leads to the azoxy compound 149 (52%).

NO
2
BN Si_Me :—> <"": /\‘_> <—:
2 L] Ow N NaN N~»O + OeN NeN N R
O TBAF \ / \ Y, \ / \ /
150

149

0%z

a, R = O; b, R »:

As by-products, a mixture of 150a and 150b was obtained. Their formation is connected with the
dimerization of the intermediate nitrosopyridine N-oxide.

Selective reduction of the nitro group by the Si,MesTBAF system occurs in 4-nitropyridine N-
oxides.>?® The authors??® established that disilylperoxides in the presence of KF or CsF are easily
converted to symmetric dialkyltritetramethyldisiloxane at 20°C. Without nucleophilic catalysis this
reaction is observed only at 100°C.

MP /i PrOH
(4-XC6H4)Me2510051Me2(C6H4X— 4) o 60°C (a- XC H, Ne251051Me2(c6H4x. 4)

X = H, CI, Me, OMe

5.2. Synthesis of carbocyclic and heterocyclic compounds from organosilicon compounds under
nucleophilic catalysis 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.??* 1-Methoxy-2-silyloxy derivatives react with TBAF to form oxiranes
151.

CH

3

CHB CHG /v%
TBAF

oTr
_ .
MeO /er oTr THF CH, o
t
OSIMEzau (98%) 1_51

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

s s
< Ks“‘“s TBAF <
—_—
o S
S (CH2)3\¢\ 25%°, 30 min,
COCH,

COCH,
(64%)
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Spiroalcohols 152 are obtained in the same way.?*°

S SlMea TBAF S
——
3 CHO THPF =S
HO

152

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-ols-1 153 were
obtained. In the absence of anion-stabilizing substituents at the double bond, desilylation was
observed instead of cyclization.?3!

SPh

SPh
/=< TBAF/THF
€H,) SiMe ————
2'n 3 25° (cxy), oH
\—cHo

153

Intramolecular 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;SiF 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%).2°%

OH
(o}
TBAF
B ——
SiMe3

PhSO, SO,Ph

154

The cyclopentane fragment is obtained by the intramolecular Michael reaction of a,f-unsaturated
carbonyl compounds containing the SiMe; group in the 5 position.>*?

W2 i
( TBAF/DME
A et
[+
sive, 20%¢, 1h o

{63%)

A crucial step in the synthesis of (+)-drimenin was the reaction between TBAF and an allyl silyl
ether. This yielded the lactol 15§ which was oxidized to the corresponding lactone, ( + )-drimenin.?*3

CHO

|
osi ! TBAF
! —_—

", H

155 (78%)

Desilylation of tricarbonyl-n°-2-fluoro-(1-trimethylsiloxyprop-2-en-2-yl)benzene chromium 156
with TBAF in THF results in cyclization yielding the 3-methylene-2,3-dihydrofuran tricar-
bonylchromium complex 157.%3¢
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TBAFR
(co)ac;— o {co),cr

g OSiMe, THE o

156 157 (89%)

A method of synthesis of y-butyrolactone derivatives 158 (55-70%) from a,f-unsaturated aldehydes
and silylated phosphamide Et;SiP(O}NMe,), in the presence of TBAF and THF has been
developed.?**

TBAF
EIJSKﬁ(NMeE)z +  PhCH=CHCHO e o

Ph
1) Buli P(NMe
1
2) RRIC0 OSiMe., N oo
134

158

il
P(NMe2)2 J——

O%SiMe

Six-membered carbocycle formation was observed in the desilylation of 3-triethylsiloxydeca-1,3,7,9-
tetraene 159 by KF in methanol. The deca-1,7,9-trien-3-one is unstable under the reaction conditions
and intramolecular cycloaddition leads to bicyclodecenone 160.3%¢3%7

N KE = NF I
__..-—g.. D —
— -10 = N
0%iMe o] K
159 160 (78%)

N,N-Bis-(trimethylsilyl)-1-aminopropene-1, CH ;CH=CHN(SiMe,),, reacts with chalcone, PhCH-
==CHCOP, in the presence of CsF to form 5-methyl-2,4-diphenylpyridine.*'*

5.3. Formation of carbenes from organosilicon compounds and their reactivity

Carbenes are the highly reactive products of 1,1-climination (a-elimination) and organosilicon
derivatives are widely used for generating carbenes. For example, trimethyl-(trihalomethyl)-silanes
dissociate in the presence of KF to form carbenes which react with olefins giving derivatives of gem-
dichloro and dibromo-cyclopropanes in good yields.*** The reaction may be improved by adding
crown-ethers.

X = CI CHy
w CgHymC— CH, (56%)
H GeCH, + Me,SiCX, = cel,
CH, 257°C | X = Br ‘cna
- Ca”s‘c\""/c”z (73%)
CBr

2

A convenient reagent for the fluoride-induced generation of dichlorocarbene under extremely mild
conditions is (trichloromethyl)-trimethylsilane. >*®

Cl1
Me ,SICCl, + KF [diglyme
25°, 6h

Ci
(80%)

Strong bases (such as potassium t-butoxide, alkyllithium or lithium alkoxides) are usually used to
generate alkylidene carbenes from primary alkenyl halides or from alkenyl trifiates. In the case of
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base-sensitive intermediates, catalysis by TBAF should be used. Thus, (I-chloro-2-methyl-propen-
1-yl)-trimethylsilane 161 in the presence of TBAF in diglyme forms isopropylidene carbene which
reacts with unsaturated compounds.?3*34°

B

(CH_),CeCSIMe, —L——w  (CH,).C=C: + Me,SIF + X"
3/20¢ 3 o 28% 32 3
X
X = CI (161), CF,$0, (162)

Anionic cleavage of a-chlorovinyltrimethylsilane and a-(trifluoromethylsulphonyloxy)-vinyl-
trimethylsilane initiated by fluoride ion (KF:18-crown-6, PhCH,Me;N*F~, Me,N*F~) is
accompanied by a-elimination and leads to vinylidene carbene formation.**"*4? 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;SO; is a more
active leaving group. In both cases formation of 4-15% of (CH,),C=CHX is observed and this
product is formed as a result of the intermediate reaction of the (CH;);C—=CX"~ carbanion with
moisture in the reaction mixture.’*® 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 0°C, and in the presence of
benzyltrimethylammonium fluoride at 20°C.***34¢ [sopropylidene carbene reacts with isonitriles to
form amides of 2-methylcrotonic acid.’*” 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.’*?

O . (PhCHz)MeaN‘F"'
- (CHSJZC-C<>

163 {92%)

RNC, KF/H,0-CH,Cl,

H_O
162 [RN-c-c-c(CHa)z]——z—- RN=G-CH=C(CH,
OH

R = C Hg, CgH, (35~ 52%)

[(cns)zc-c: + R2C-C(SH)R1J —_—

)2

rRic(s)HR,, TBAF

——  R,C~CRI-S-CH=C(CH,)

2 2

R=H, Me; R} a1-Pr,t-Bu (25-40%)

Recently the possiblity of the formation of C—C multiple bonds by 1,2-dehalosilylation (see Ref.
347) involving the elimination of R,SiX (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 1-
phenylsulphonyl-1-chloro-2-trimethylsilylethanes at 20°C.>*®

TBAF{THF

Messicuzccz(n)sozph CHz-C(R)SOZPh

20°C, 10min,
(99%)

R = Et, Pr, Hex, Al, Bz

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

Me351 ,O , o
‘4
Nafp
Cl .. [———— / + MealeI
=~ Cl MeOH/Hao
Cl
PhS Cl

PhS Cl1
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Elimination of (Me,Si),O from carboiminophosphine 166 results in the formation of a stable
heteroallene, which contains tricoordinated phosphorus.**?

NaOH, THF, 23°C
t- BuP(SIMe )} C(OSiMe  }=N= Bu-t t- Buw PwCaN- Bu~t
3 3
—(Me3SI)2O

166

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.

KP'ZHZO
PhSCI  + Me3SlCH-CH2 - PhSCH(S!MeatzCl ———  PhSCHeCH

DMSO 2
167 168

5.4. Some chemical transformations of organosilicon compounds
Elimination of Me,SiCl rather than epoxide formation by HCl elimination occurs in the following
reaction.

TBAE
THF

CHZ-C(Sozph)CH(OH)R

(o0%)

Me3stH2cc1(sozph)cn(0H)R

R = Pr, i~Pr, Ph, i~C CH,=CH

GHll *

a,p-Unsaturated ketones are obtained by the reaction of NaF with carbonyl-containing f-
haloalkylsilane?*2333 a5 a result of Me,SiHal elimination.

o Br o
NaF
EtOH
SiMe3
This method has been used for the synthesis of cyclic a,f-unsaturated ketones containing exo-
methylene C—C bonds.?*? Even labile oxyketones may be obtained by this reaction.

HO Cl HO

TBAF/DMSO

[ — et
(o]
20°

Sll\«‘le3

The reactions between vinylsilanes containing halogen atoms at the sp® hybridized carbon atom and
fluoride ions lead to allenes.4"3%4

PhCHO
ph351c(Li)-CH2 E—d phcn(oa).c(smha)-cuz e phCch?-caz s
SiPh,
Me*N*P‘
——<———  PhCH=C=CH,
20°C, 10h

(100%)

The use of fluoride ion inhibits isomerization into alkynes which is a frequent side-reaction in the
synthesis of allenes in strong basic media.?**

1) RLt Csp
Me  SICH,CH, SO,Ph sy Me ;SICH,C(SO,Ph=CHR ——#= RCH=CaCH,

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

PhCHO
[ PhCH-N?HC‘CS!MeB e PhCH -NCH-C-CH2

SiEt
169 3 17
NH CH2C§ICH L o NHzC.HC"“CSlMe -t _ —_

S!E!

boeetees NH, CHCMRCH «~——w— PhCH=NCHC™CH

2
SIEt SIEt
120

3 3

Protodesilylation of imines 169, 170, induced by CsF, occurs in either THF/H ,0/18-crown-6 or
MeCN/H,0 (25°C, | h) and leads (70-85%) to 2-azatriene 171 and 2-azadiene 172.

PhCHO Cap Ph\ H
- - - - ~
NH2C|2HCH Cn2 w—— PHCH NFHCH CH2 R o H'C N‘CH-CHCHS + pﬁC_N‘CH-CHCH

3
SIEt 3 SIEt 5

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-dimethylpent-1-ene.?**3%7

or
w.\Me3 o Sive o
/:<: MXHB 3 Cshk
—— —— m—
o
Bu‘ HQCI CHC!3 Bu CHZCI triglyme, 20 But

B-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.?**

— Ofp

On

Fluoride ion catalysis converts l-trimethylsilyl-2-halogencyclopropane into cyclopropenes, which
are characterized by Diels—Alder adducts with 1,3-diphenylisobenzofuran.

X
X X

Sin:-3
The presence of electron-withdrawing substituents in the vinyl fragment leads to a considerable
increase in sensitivity of vinylsilanes towards nucleophilic reagents. Thus, B-chlorovinyltri-

methylsilane is cleaved by KF in DMSO medium giving acetylene.***

CICH=CHSiMe, ___F‘_“.:_ HCZCH + Me SIF + CF
DMS O, 25°C
trans-B-Chlorovinyltrimethylsilane reacts to 95% in 20 h, whereas the cis-isomer reacts only to 10%.
The authors suggest the E,-Si mechanism involving the simultaneous cleavage of Si—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.*%° 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.

Me. Si Me 51
3 \c-cj‘c" — KPP, pcmcn PP 3 Hc-c:gl
H ! Me, SO Me,SO

ast slow
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Cleavage of trans-f-chlorovinylmercury chloride by halogen anions*®' is accompanied by acetylene

elimination. Reutov et al.*® proposed an intermediate state structure similar to that of an Sgl-N
reaction : stabilization of the carbanion centre is provided by elimination of chloride ion from the
B-position thus leading to acetylene.

P
t u
IS, - Ci,. 4
HE*Copyger v O Nu e #-"Copgen

Nu

e HC¥E CH
~NuHgCl

The same method was later used for the synthesis of allylacetylenes. *%*

R SiMe —
TBAF
——— P m——— R— S5aB
a / THF

R = C Hy {57%), C {73%), CeHyg (84%)

5“11

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

SiMe3 -
. Alk4N &
l l ——n C_H_CI +
ci1 o 25° 6 'S

MeqN"P“ 12 31 (HMPA)
39 32 (Furane)
Et, N'F” 90 (HMPA)

o-Trimethylsilylphenyl triflate 173 generates the anionic intermediate 174 by fluoride-induced desil-
ation under neutral conditions.’** Elimination of the triflate group (giving benzyne) occurred in
preference to protonation of 174 because of the excellent leaving ability of the triflate group (Table

3
l ”. 366
Furan &
— | —
-OTf
SIM23 F‘- - fasat
— ]
ory  ~MegSiF ot
174

HS H
173 | S—

slow OTt
T - CP3502

Table 11. Reactions of triflate 173 with furan at room temperature’®*

Moler ratio Reaction Yields of

F~ reagents Solvents 173 :furan:F- time (h) 173 (%)
MeN*F - HMPT 1:4:2 4 42

furan 1:15:2 2.5 86-96

HMPT 1:4:2 St

furan 1:excess:2 114 76
KF HMPT 1:4:2 15 34
KF-{8<crown-6 benzene 1:4:2 22 No reaction
CsF HMPT 1:4:2 44 42
BuN*F~ CH,CN 1:4:1.5 35 61
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The formation of tropylidene 176 from the silyltropylium salt 175 demonstrates the high affinity of
the silicon atom towards the fluoride ion.>*’

SlMe3

CN
LA
_ TBAF NC/ CN
- BF‘4 i ————
CN
76

175

1,2-Dehalosilylation takes place in the reaction of CsF with trimethyisilylmethanesulphonyl chloride
to form sulphene 177.%¢

CSF‘/CH3CN Br2
Me SICH_ SO, Cl ~—— 3 [CH 50 ] ——2» BrcH so,c
3 2z 20°C , 2n LI Et,N*cr 2" "2

3-Methylsiloxy-3-cyano-1,4-cyclohexadienes 178 give cyclohexadienones 179 in the presence of AgF.

This is a useful method for the protection of quinonoid carbony! groups. %%
NC OSiMe
3 o}
B Br Br Br
AGF/THF
——e e

20°, 22n

HO * HO

COzEl COZEt
178 179 (77%)

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

NC O5iMen o] OH
NaF‘/’I‘HF‘ 13, 3l 7
25 , 3h
HO A -
{70%)

The synthesis of quinone methides 180 with electron-withdrawing groups R? is difficult but it can
be achieved by trimethylsily!l protection.’°

i8¢0

2
= COOR, 502C6H5, R = CH2C6H5

rl

(2-Acyloxyalkyl)-triorganylsilanes are easily converted by fluoride ion into alkenes (20°C). y-(1-
Acetoxyhexyl)-y-trimethylsilyl-butyrolactone reacted with TBAF in HMPA giving y-hex-
ylidenebutyrolactone.?’! B-Trimethylsilyl carbonates are cleaved by fluoride ion. S-Trimethylsilyl
carbonates are protecting groups for OH and NH,.?"?

TBAF [THF
ROH + Me,SICH,CH,0COCI ——7#— Me,SiCH,CH,0C00R —————+
20°C 20°C, 10 min,

i ROH + C:H2-C}-l2 + CO2 + Me3SIR

ROH = cholesterol (94%), timidine (88%), 3-nitrophenol (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
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removed by TBAF : ethylene and trimethylfluorosilane are formed together with carboxylic acid. It
is noteworthy that no racemization of the chiral centres of amino acids oceurs in this reaction. The
CO,CH,CH,SiMe; group is used for the protection of NH functions.?”* Besides the amine, only
gaseous products are formed (80-90%).

1) E14N+P—, 50°¢
4-CIC6H4NHCOOCH2CH251M03 e 4-CIC6H¢NH2 + CH2-CH2 +
2) H,0
+ {:02 + MeASi?
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 is a good

method for protecting phosphorus acids.*"*

P
Et,NYF
(Et0),P(OXOCH,C-CH,)) e CH_eC=CH,_ + (EtO) P(O)Y"NEL,”*
2 »  e.si 2 2 2 4
SiMe 3
181 182

Stereo- and regio-selective syntheses of E-1,3-dienes using the transformation of the silyl-
thiocarbamate 183 into the diene 184 induced by fluoride ion have been reported.’”’

CgH, WSiMe3 CsF/DMP CéHE’\/\N
Q

20
BC-N
i

5

183 184 (82%}

Kocienski uses 2-(phenylsulphonyl)-alkyltrimethylsilanes 185 to obtained terminal olefins 186.37¢

\/\/\/\1/\ SiMe, TBAR/THF NN

S0,Ph
185 186 {8086}

This reaction was successfully used by him for the synthesis of polyene antibiotics.’’”*"® This
method produces double bonds in cyclic compounds 187 (50-70%).35%-38!

Qu‘h@ B

187

1,4-Elimination involving the silyl group which is induced by the fluoride ion provides a new
methodology for the generation of o-quinodimethanes’®? and o-quinone methide imines 188, whose
Diels-Alder reactions are useful for convenient synthesis of polycycles.**?

188 X = CH,, Y = NR

!_?2 X-CH2,Y-C-NR
1980 X - CHZ ¢« ¥ » C=QO
¥ _1_,_9.3 X = CHZ + ¥ = CH2
a-(N-Alkylimino)-o-quinodimethane 189 and z-0xo-o-quinodimethane 190, structurally related to
191 and 188, have potential in organic synthesis because their Diels-Alder cycloadditions produce
functionalized polycycles.*®* The first synthesis of a-(N-t-butylimino}-o-quinodimethane 192 by 1 4-
elimination of the silicon-containing group has been described. ***
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+
2 CH NMe, CH, NMe,Br”
1) n-Bulid
)
2) BuNe \ Bu( N\But
3) Me-351C1 .

biMe3 divie

CsF —
o e — @\
t
Bu N--—But

(«-Trimethyisilylakyl)-benzyltrimethylammonium halides 193 form ortho-xylylenes 194 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.

.
CH_NMe F~
@ 23 TBAF/CH,CN + NMe, + MeSIF
o
CH_SiMe 20¢c

2 3
193 194

CHZNMe

The pyridine analogue 195 was obtained by the same method.*%?

+
CH_NMe  Br~
@ = CoF/CH,CN z
B
S ° S
N 55 C N
CH,SiMe
195

If the side chain of ortho-quinodimethane has a double bond, the intramolecular Diels-Alder
reaction is observed. Thus, the reaction of TBAF in CH,CN with ortho-(1-trimethylsilyl}-6-heptyl-
benzyltrimethylammonium iodide 196 leads to octahydrophenanthrene 197.%%¢

.
CH NMe, T TBAF/CHCN
————— ————
?HSlMe3

(CHZ)QCH-CH;,_

196 197 (77%)

2,3-Dihydronaphthalene 198 forms the substituted tetralin 199.

iMea
CsF‘/CH3CN
-l
+NMe f o
3
198 199

This approach was used in the synthesis of a part of the skeleton of hepherotoxine.**¢

Fluoride ion-induced 1,4-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.>®* This strategy now serves as the basis for
the stereoselective synthesis of carbocyelic and heterocyclic natural products.
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cH NMe cr
@ N cn/ TBAF
B
CH_SiMe,

@cu NMe SBr
N- SnMe3
\““M
o} [o]

The above examples show the practical importance of this method of generating ortho-quino-
methanes and their nitrogen-containing analogues for the synthesis of polycyclic compounds by
the intra- and inter-moiecular Diels-Alder reactions. Its possibilities are not exhausted only by the
generation of ortho-quinodimethanes: the reaction of -para-(trimethylsilyl)-methylbenzyltri-
methylammonium iodide 202 with TBAF in CH,CN leads to the 1,6-elimination product—para-
quinodimethane 203.%7

CH \lMe r
TBAF{CH CN cH o )
-t 2 2/n”
CH Si\/le
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.*%®

0S0,Me
KEP
18-crown-6
20°, 4n
OSiMe3 o
203 206 (78%)

1.4-Elimination initiated by fluoride ion occurs in the transformations of 4-phenylsulphonyl-1-
trimethylsilyl-2-alkenes 207 into 1,3-dienes 208.%°

TBAF [ THE

3 2
207

Me SiCH, CHeCHCH(R)~$0_ Ph p Me3SlCH2CH-CHCH(R)P + phsoz‘ —
- 207C ,20 min,

R CHZDCHCH=CHR
208
R = pentyl (83%); octyl (87%); benzyl (95%): B -bromoctyl (99%)

Boiling compound 209 with TBAF in CH;CN leads to 2,2-2,5-furanophane 210.%%7

o] + . TBAF/CH,CN
Me,SICH, A o AN CH, NMe,,I o ——

273 110°, 4h

209 210 (73%)
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The substituted thiophene is converted into 2,2-5,5-thiophenophane 211.°%’

II Il . TBAF/CH3CN —
e g -
Me SLCH2 s CH NMoal reflux 5

3 2

211
Two synthetic pathways affording anti-2,2(1,6)-azulenophane 212 via fluoride-induced 1,8-elim-
ination compound 213 from trimethylsilyl tetraalkylammonium salts are described.?®’

S.iMe

Et I\Me

212 {17%)

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.>®'*¢ A synthesis of olefins from thio-derivatives using diglyme as a
solvent has been developed.*®!

CH,CN CsF
CgH 11<:H(5H)<:Oox~:t + Me,SICH,OTf —=——> C H,  CHCOOEt ————w=
20°C, 24h 1y 20°C, 16h

MeSCH "EziME'3

— CSHI 1CHCOOE( M- C4H9CH-CHCOOE{

MeS- CH, (81%)

Treatment of the sulphonium salt 214 with fluoride ion in the presence of an aldehyde produced

only the disubstituted trans-epoxide 215.%7

+ RCHO/F™
PhCHZS(CHg)CHZSIMeB —_— PhCH—CHR

214 215

R = Ph, p-C,Hy, Furmanyl, Cinnamyl, C,Hg, i-C H,

8 * 275" 3
The reaction of trifiate with dimethylcyclododecylamine leads to trans-cyclododecane as a result of
[3,2]-sigmatropic shift in the ylide.>®!

Desilylation 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.?*398:3%%
EtO
AN Me  SICH,050,CF > / Me0,CCE=CCO, Me
—————v————-—-* ——————— i it
Ph/ \ CaF

MeO_C C02Me Me02C CO, Me

- EtOH

n
]
9]
g3

N

Ph

O
T
(Y
X
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The propensity of silicon to transfer to silylophiles when bound to electronegative carbon raised
the possibility of desilylation of an intermediate such as 216 as a method for generating azomethine
ylides 217.%%¢

1) et

- -
Rlc(x)mzcnzsnvma ———  RlgxMNRZ cH,
2) P !
E
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 N-methylbenzenecarboximidic acid ethyl ester with Me,;SiCH,080,CF,,
CsF and dimethylacetylenedicarboxylate produced dimethyl N-methyl-2-phenylpyrrole-3,4-dicar-
boxylate (48%).

The reaction of the azomethine ylide derived from N-(3-methylthio-2-cyclohexen-1-ylidene)-
benzenemethanamine with CsF and dimethy! acetylenedicarboxylate proceeds smoothly and affords
the cycloadduct dimethyl 1-benzyl-7-(methylthio)-1-azaspiro[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)-1-azaspirof4,5]deca-3,6-diene-4-carboxylate (70%).

CH

CH
SCH, 3 3 co,Me
Cap M602CCECCO Me
U .......___._...2..... oM
+,TH, A 2V®
> CHZSIM83

i

CHEPh CH2Ph CH2Ph
The caesium fluoride-induced 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.*%°

CaF/DMP ‘- r3cHoO
[ph3PCR1R251Me3 - [Ph p-cn"nz] e RIp2cacHR?
20°%¢ 3

218 EfZ = 58/42

The intermediate formation of the pentafluorophenyl radical was observed in the reaction of XeF,
with pentafluorophenyltrimethylsilane in the presence of CsF. Decafluorobiphenyl and pen-
tafluorobenzene 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.*%!

CsE‘!CH3CN
—_——
3 * XeF2 o0 CGHF‘S + C6P5C6F5

2 : 1

CGF‘SSEMe

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

MCPB/KF
— e
RnS‘Fg.n ROH
R = n«CgH ., 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.*%* The rate of hydroxylation of R,SiF, 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.

MCPB/[2 KP

(C8H17)2Ph515‘

2 C_H _OH + PhOH
20°C , 5h 817

(79%) (100%)

MCPB, KF/DMP

{C_H, , ) SIF ———eeeep 2 C_H, ,OH
81727 2 20%C, 5h 8717

(95%)

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

MCPB/DMF
Ky [PhSlF‘ﬁ] —— 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-C3H,,),SiF, (KF catalysis) were 15%
(C¢Hg), 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.*%?

MCPB/KF

Q-EIOOCCGH CH2SI(OPI‘\-[)3 4-EtOOCC H4CH20H

4 6

20°¢c, 5n
(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.*%*

MCPB/KF

(CgH;p),81C1,  ———F—+ 2 CgH, ,OH
20°%

{45%)

Direct oxidative cleavage of the alkenyl-silicon bond in 219 by MCPB/KHF, in DMF, as well
as by 30% H,0,/NaHCO,, gives 5-decanone 220 in high yields.*°® In contrast, treatment of 219
with the equivalent of MCPB in CH,Cl, 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% H,0, in the presence of KHF, and KHCO; at room temperature forming 6-hydroxy-5-
decanone 222 in high yield.

R
Mcpalxnpz R
e B
o
R\ R 220
=< ] R = n-Bu (?3-81%)
SiMe(OEt)
2 R
219 R R -
MCPB H,0,lF
e ot 2 2., RYL
CH_C1 [¢)
272 [e) 51Me(om)2 HO
221 222 (as%)

—

The fluorosilanes 223 reacted with three or more equivalents of MCPB in the presence of KF giving
the corresponding alcohols 224.4%
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SiMezF‘ H
MCPB/KEP
e ————
R} Ph r!
Pn =2 12
223 224
rl = R? = H (74%):

rY « u, R® » Me {To%h

13

RY - R? o Me (75%)

The use of peracids or peroxids is limited to the substrates with functional groups which are not

sensitive to such oxidizing reagents, Herein a novel C—Si bond cleavage reaction of organo-silanes
225 with trimethylamine-N-oxide to afford alcohols 226 stereospecifically has been reported.*%®

MeaN* OIKHE

m——vwwg

RSiMe(OEt)z ROH

22

o

226
R« CoH,, {06%), MeDOC(CHz)lg {79%), PhO(CH2)3 {79%), CI(CH2)5 (71%),

ph{cu3}:\f{csz)3 {72%}, phs(CH2}3 {46%}

The reactions of metaldesilylation under the action of fluoride ions are based on the trans-
formation of organyltrihalosilanes into the salts of pentafluorosiliconium. 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 = alkyl, alkenyl or aryl groups. The examples of silver-
mercury-desilylation*®® are shown below.

AgNOa
e RAg AgNO,

Hg{NO,), INH F

), {nm%} RHgNO,

Shi C

3ty

Rs‘Sb

Ammonium methylpentafluoresilicate reacts with mercury dichloride at 25°C forming methyl-
mercuric chloride and, at higher temperatures, dimethyl mercury.

=]

25°C
e CH_HgCI
HgC12
(NH4)2[CH3$1F‘5] —2 o0
L etcny),

On the other hand, the treatment of potassium ethenyl- and trifluoroethenylpentafluorosilicates
with copper sulphate and water leads to organic radical dimerization and formation of 1,3-butadiene
and perfluoro-1,3-butadiene (87% and 49% yiglds respectively).*'®

Desilylation of alkylpentafluorosilicates of potassium K ,[RCH,CH,SiF ] proceeds with a good
yield but it leads to small amounts of terminal olefin.*'’

Cu?2 or CuC I2

<, H

Kz[cmu:mca-cwﬁms] 16M33

CHuCH2

6. CONCLUSION

Silylation and synthetic applications of organosilicon compounds show considerable advantages
over the traditionally used reagents, They are connected, first, with conditions of the process and high
stereo- and regio-selectivity of the reaction products. The analysis of main theoretical approaches to
the mechanisms of the reactions occurring under nucleophilic catalysis shows the requirements for
further investigation, Some considerations on the mechanism of action of the fluoride and cyanide
ions has allowed 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 applications 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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