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Preface 

The application of silicon reagents in organic synthesis has 
grown at an increasingly rapid rate over the last twenty years. 
This has been the result of truly international interest. Signifi¬ 
cant contributions have been made by Japanese, Russian, Ger¬ 
man, French, English, American, Swiss and Canadian as well 
as by chemists from many other countries. This monograph 
attempts to comprehensively cover this field. Some seventeen 
hundred articles reporting contributions by over eighteen 
hundred scientists are summarized. Nevertheless, I have no 
doubt that interesting and important work has been left out. 
I welcome comments about such results which should be in¬ 
cluded in any future editions of this monograph. 

I would like to thank Robert Damrauer who first stimulated 
my interest in organosilicon chemistry. In addition, I thank 
a number of chemists who have shared my enthusiasm for 
silicon chemistry over the years: A Chihi, M.E. Childs, R.A. 
Felix, H. Firgo, T.Y. Gu, T.I.Ito, I.N.Jung, K.E. Koenig, 
H. Okinoshima, M.M. Radcliffe, B.I. Rosen, H.S.D. Soysa, 
K.P. Steele, R.E. Swaim, D. Tzeng, P.B. Valkovich, A.K. Will¬ 
ard, S. Wunderly, and present members of my research group. 
The opportunity to spend a quiet sabbatical leave at U.C.L.A. 
greatly assisted in the preparation of this book. Finally, I am 
indebted to Michelle Dea who typed the entire manuscript, 
to Jennifer L. Teller who prepared camera ready copies of 
all equations and figures and to John Carpenter who assisted in 
collecting literature references. 

Los Angeles, California U.S.A. 
August 1982 William P. Weber 
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1 Fundamental Considerations 

The goal of this monograph is to review the use of silicon reagents in 
organic synthesis. Activity in this area has grown by leaps and bounds in the 
past decade. The commercial availability of many of these silicon reagents 
should further encourage development of new chemistry in this area [1—6]. 
This topic has been the subject of several previous reviews [7—13]. In the 
present monograph, I have attempted to comprehensively cover this field with 
the exception of silylation, the protection of O-H, N-H, and S-H bonds as 
silyl ethers [11, 12]. This choice was dictated by the vast number of examples 
of the use of silylation whose comprehensive coverage would have easily 
doubled the length of this already sizeable monograph. 

Before beginning, a short summary of some of the physical bases under¬ 
lying all silicon chemistry is in order. These data will be compared to those for 
carbon since organic chemists are the intended audience of this book. 

The ground electronic configuration of silicon is ls22s22p63s23p2 whereas 
carbon is ls22s22p2. Both are usually tetracoordinate in their stable compounds 
and silicon, like carbon, uses four sp3 hydridized orbitals in its bonding. 
Suitable organosilicon compounds are capable of optical activity. Chiral 
compounds such as a-naphthylphenylmethylsilane have proved useful for 
the study of reaction mechanisms at silyl centers [14]. 

Silylenes are divalent silicon species, and like carbenes, are highly reactive 
intermediates. While research is active in this area [15], the use of silylenes 
in organic synthesis has yet to be reported. 

Unlike carbon, silicon shows little tendency to form stable compounds 
possessing multiple bonds. No reagents which possess multiple bonds between 
silicon and carbon or any other elements have yet been developed. This 
situation may change, however, since chemists interested in reactive inter¬ 
mediates have intensively studied this area for the past dozen years [16]. 

Because silicon forms bonds with orbitals of principle quantum number 3 
rather than 2, its bonds will be longer than the comparable ones of carbon. 
The atomic radius of silicon is 1.17 A while that for carbon is 0.77 A. In single 
bonds, carbon and silicon nuclei are 1.87—1.89 A apart while the carbon- 
carbon separation in ethane is 1.54 A [17]. This may reduce the steric bulk of 
a trimethylsilyl group, making it appear smaller than might be anticipated. 
For example, chloromethyltrimethylsilane undergoes Sn2 substitution reactions 
with greater facility than do neopentyl halides [18]. 

(CH3)3SiCH2Cl Ace?Jne * (CH3)3SiCH2I (1.1) 
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1 Fundamental Considerations 

Silicon, unlike, carbon, possesses comparatively low lying vacant 3d orbitals. 
Nucleophiles may associate with these empty orbitals and thus affect the 
regiochemistry observed in their reactions with organosilicon compounds. For 
example, a-trimethylsilyl epoxides undergo nucleophilic attack by dialkyl 
cuprate reagents at the carbon bearing the silyl group. This contrasts with 
the usual nucleophilic attack on epoxides at the less hindered carbon [19]. 

(c H 3) 3 s i 
OH 

(n-Bu)oCuLi (ch3)3st 

n-Bu 
AT 

/ (1.2) 

3d Orbitals may stabilize transition states as well as pentacoordinate reaction 
intermediates. These orbitals may provide low energy pathways for nucleophilic 
displacements in which bond making preceeds bond breaking. Compounds of 
the type R3SiX (X = halogen, etc.) undergo facile Sn2 nucleophilic displacement 
and solvolysis, while similar tertiary alkyl halides generally react by Snl 
pathways. 

Several types of compounds in which silicon is penta- and even hexaco- 
ordinate are known. These possess electronegative ligands which may cause 
contraction of the 3d orbitals [20—22]. Recently, dipotassium alkyl or alkenyl 
pentafluorosilicates have been extensively employed in organic synthesis [23] 
(See Chapter 10). 

Although many electronegativity scales exist and have minor differences in 
absolute values between them, all agree that silicon is more electropositive 
than either carbon or hydrogen. In all silicon is relatively close in electro¬ 
negativity to hydrogen. On Pauling’s scale carbon is at 2.5 while silicon is 
at 1.8. Hydrogen at 2.1 is intermediate [24]. The reactions of methyl lithium 
with triphenylsilane and triphenylmethane illustrate this difference [25]. 

P h 3 S i - H + C H 3 L i -► Ph3Si-CH3 + Li + H' (1.3) 

Ph3C-H + CH3Li -► Ph3C" Li+ + CH3-H (1.4) 

The success of ionic hydrogenation in which silanes serve as hydride donors 
to carbocations reflects these differences [26]. 

Ph3C+ BF4" + E13 S i - H -► Ph3C-H + Et3Si-F + BF3 (1.5) 

On the other hand, silanes, which possess Si-H bonds, may be compared to 
hydrogen. Hydrosilation and hydrogenation reactions have many common 
features [27] (see Chapter 10). 

HSicl3 

H 2 PtC16 

w 
H7 Si Cl 

(1 .6) 

Trimethylsilyl groups often react in a manner analogous to a proton. For 
example, HCN adds to the carbonyl group of aldehydes and ketones to form 
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1 Fundamental Considerations 

cyanohydrins, while trimethylsilyl cyanide in similar reactions yields tri- 
methylsilyloxynitriles. (See Chapter 2) 

(CH_)3SiCN \ 

-► NCV-OSi (CH3)3 (1.8) 
/ 

Recent work has determined many silicon bond dissociation energies. Sub¬ 
stitution appears to have much less effect on both Si-H and Si-C bond 
energies than it does on C-H and C—C bond energies. Most Si-H bond 
dissociation energies (kcal/mole) are about 89.5 whereas C-H bond dissociation 
energies vary from 104.8 for methane to 87.9 for the alpha C-H bonds of 
toluene. Silicon-carbon bonds are close to 88.5 kcal/mole in strength, whereas 
C—C bond energies vary from 88 in ethane to 82 for the C-C bond of 
neopentane [28]. Silicon forms very strong bonds with electronegative ele¬ 
ments such as fluorine and oxygen (see Table for Bond Energies). This has 
considerable synthetic implications (see Chapter 25). 

The strength of Si-0 bonds may result from partial double bond character; 
oxygen 2p lone pairs can overlap with empty 3d orbitals on adjacent silicon. 
Consistent with this view, the Si-O-Si bond angle of disiloxane is observed 
to be 144° [29, 30], 

HCN 
NC -OH 0.7) 

V,i44o^ 

(1.9) 

The fact that carbanions alpha to silicon are formed both by metallation of 
tetraalkylsilanes [31] and by addition of organometallics to vinyl silanes [32, 33] 
may reflect stabilization of such anions by overlap of the filled 2p orbital on 
carbon with the adjacent empty 3d orbitals on silicon (see Chapter 6). 

Ph3Si^^ + PhLi (1.10) 

However, the importance of 3d orbitals has been questioned [34, 35]. 
Finally, silicon has a definite stabilizing effect on beta carbocations in 

cases where the Si-C bond can achieve a trans-coplanar arrangement with the 
vacant 2p orbital of the carbocation center. /3-Bromoethyltrimethylsilane 
undergoes solvolytic elimination to yield ethylene and the elements of TMS-Br. 
This reaction is as sensitive to solvent polarity as is the ionization of t-butyl 
chloride [36]. This is unusual reactivity results from stabilization of the 
carbocation by hyperconjugation [37] with the Si-C bond or by bridging of 
the trimethylsilyl group [38]. 
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1 Fundamental Considerations 

(CH ),Si,( 

..,+6 Et0H -- (CHo)oSiOEt + CH?=CH + HBr (1.11) 
"■"•Br-6 3 J 

Bond Dissociation Energies (kcal/mole) [28] 

H3Si-SiH3 74 
(CH3)3Si-CH3 89,4 h3c-ch3 88 

(CH3)3Si-H 90.3 
(CH3)3Si-Cl 113 (CH3)3C-C1 80 
(CH3)3Si-Br 96 (CH3)3C-Br 64 
(CH3)3Si-I 77 (CH3)3C-I 51 
F3Si-F 160 cf3-f 130 
(CH3)3Si-OH 128 (CH3)3C-OH 91 
(CH3)3Si-NHCH3 100 (CH3)3C-NHCH3 80 
(CH3)3Si-SC4H9 99 (CH3)3C-S-C4H9 71 

These values are in general considerably higher than those for average bond 
energies given by Ebsworth [39]. 

Average Bond Energies (kcal/mole) [39] 

C Si 
H 98.7 76.5 
C 82.6 73.2 
N 72.8 87.3 (CH3)3Si-NEt2 
O 85.5 106 
F 116 142 
Cl 81 97.2 
Br 68 75.6 
I 51 56 

In particular chapters where it is pertinent, this minimal information will be 
supplemented. 
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2 Chemistry of Trimethylsilyl Cyanide 

2.1 Introduction 

Some of the fundamentals of silicon chemistry have been presented in 
Chapter One. We now consider one of the most versatile of the silicon reagents: 
trimethylsilyl cyanide (TMS-CN). Its reactivity effectively illustrates one 
of the fundamentals of silicon chemistry. Specifically, the trimethylsilyl 
group often reacts as if it were a proton. One might therefore expect TMS-CN 
to approximate the reactions and toxicity of hydrogen cyanide. 

2.2 Addition of Trimethylsilyl Cyanide to Polar Multiple Bonds 

TMS-CN reacts with ketones or aldehydes to yield trimethylsilyl ethers 
of the corresponding cyanohydrins [1—8]. Even sterically congested systems 
such as camphor and diaryl ketones, which fail to form cyanohydrins under 
normal conditions, react readily with TMS-CN [4]. 

A problem with the reagent is that it will also react with acidic hydrogens 
such as OH [9], SH, and NH [10] to yield the trimethylsilyl derivative and 
HCN. This dual reactivity of TMS-CN was used to advantage in a prostaglandin 
synthesis in which a ketone was converted to a trimethylsilyloxy nitrile group 
with simultaneous protection of an alcohol as its trimethylsilyl ether [9]. 

As might be predicted, dimethyldicyanosilane reacts exothermically with 
enolizable y3-diketones to yield six-membered heterocycles [11]. 
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2.2 Addition to Polar Multiple Bonds 

0 0 

+ (CH3)2Si(CN)2 
CH2C12 

-40° 

H3c. /CH3 

o"Skq 

(2.3) 

Trimethylsilyloxy nitriles have previously been prepared by the sulfuric 
acid catalyzed addition of HCN to trimethylsilyl enol ethers [12, 13] or by 
reaction of TMS-C1 with a cyanohydrin in the presence of tertiary amines [14]. 
These earlier methods suffered from experimental difficulties and limitations. 
The two most important advantages of the TMS-CN reaction with ketones 
or aldehydes are its generality, and high yields [4, 7]. 

(2.4) 

The increased reactivity of TMS-CN toward carbonyl groups compared to 
HCN has been attributed to the greater heat of reaction [4]. This results 
primarily from the fact that the Si-C (76kcal/mole) or Si-N bond (76kcal/ 
mole) [15] of TMS-CN is weaker than the H—C bond of HCN (111 kcal/mole) 
[16], rather than from differences in strength of the Si-0 (106kcal/mole) [15], 
and H—O (110kcal/mole) [16] bonds. Si-C and Si-N bond strengths must 
both be considered since TMS-CN is known to exist as an equilibrium 
mixture of cyanide and isocyanide forms [17—19]. Cyanosilylation may be 
initiated by alpha [3] addition of the isocyano form to the carbonyl group [4]. 

(CH3)3Si-C=N --=> (CH3) 3Si-N=C: (2.5) 

Both electrophilic (zinc iodide) [4, 5, 7] and nucleophilic catalysis by 
cyanide anion effectively promote the reaction between TMS-CN and ketones 
or aldehydes [1,3, 9]. Zinc iodide catalysis presumably involves coordination 
of the zinc cation with the carbonyl oxygen. The resulting increase in 
electrophilic character at the carbonyl carbon facilitates nucleophilic attack 
by the isonitrile form of TMS-CN. This may be followed by transfer of the 
trimethylsilyl group to oxygen. 

0^Zn 
++ 

/ R^^R' 

C 
('ll 

I 

HI + 
N + 

I 
Si(CH3)3 

0-Si (CHJ 

R-C-R' 
3' 3 

+ Zn 
++ 

(2.6) 

Zinc iodide catalyzed addition of TMS-CN to 4-Cbutyl cyclohexanone yields 
a 9:1 ratio of stereoisomers in which the axial cyano group predominates. 
This results from kinetic rather than thermodynamic control [4], 
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2 Chemistry of Trimethylsilyl Cyanide 

CN 

Nucleophilic catalysis requires an organic soluble form of cyanide ion. 
Both potassium cyanide/18-C-6 complex [1] and tetrabutylammortium cyanide 
are effective [1]. Cyanide catalysis is thought to occur by addition of cyanide 
to the carbonyl group. The resulting alkoxide ion reacts at silicon to yield the 
trimethylsilyloxy nitrile and regenerate cyanide ion. Consistent with this 
mechanism, azide ion is also an effective catalyst [1], 

TMS-CN also undergoes Lewis acid catalyzed addition to the C-N double 
bond of imines. a-Amino nitriles are obtained after hydrolysis. Ojima has 
shown that if the imine is formed from a chiral amine, such as a-phenethyl 
amine, asymmetric induction in the addition of TMS-CN occurs 22—58% e.e. 
[20, 21]. 

R-CH=N 
CH-Ph 
* 

(CH3)3SiCM 

ZnLp 
R—CH-N 

I 
CN 

CH,. 

^CH-Ph 

'"'Si (CH3)3 
(2.9) 

In the presence of triethylamine, TMS-CN will also add to the C-N triple 
bond of electron deficient nitriles to yield N-trimethylsilyl-a-cyano imines [22]. 

Et3N 
CX3-C=N + (CH3)3SiCN -— CX,-C=N/ 

3 l 
CN 

Si(CH3) 3 
(2.10) 
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2.3 Utility of Trimethylsilyl Ethers of Cyanohydrins 

2.3 Utility of Trimethylsilyl Ethers of Cyanohydrins 

Cyanohydrin trimethylsilyl ethers are extremely versatile intermediates. 
Cyanohydrins of ketones which are inaccessible by usual synthetic methods 
can be formed by use of TMS-CN. Acidic hydrolysis (3N HC1) of trimethyl¬ 
silyl ethers of cyanohydrins affords the corresponding cyanohydrin in excellent 
yields [23-25, 75, 76]. 

(EtO) 

0 
II 

2P-CH2 

0-Si(CH3)3 

-CH?-C-CH. HC1 
aq. 

0 OH 
/ x 11 I 
(EtO)2P-CH2-CH2-C-CH 

CN 
3 

(2.12) 

Hydrolysis with cone, sulfuric acid, on the other hand, gives the corresponding 
a-hydroxy amides [6]. 

0-Si(CH 3)3 

cone. 
h2so4 

(2.13) 

Dehydration of cyanohydrins is a practical way to transform ketones into 
a,yS-unsaturated nitriles. Likewise, the trimethylsilyl ethers of ketone cyano¬ 
hydrins may be converted into a,/3-unsaturated nitriles by treatment with 
phosphorous oxychloride and pyridine [26]. 

(2.14) 

The trimethylsilyl ethers of cyanohydrins can be reduced with LiAlH4 to 
yield /3-aminomethyl alcohols [4, 27, 28]. These can be used in the Tiffeneau- 
Demjanov reaction [29]. For example, 2,4-b/s-homobrendan-2-one was pre¬ 
pared from 4-homobrendan-2-one as outlined below (Eq. 2.15) [30]. 

LiAlH4/Et20 

NaN02/H+ *" 
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2 Chemistry of Trimethylsilyl Cyanide 

In a similar manner, 7,8,9,10-tetrahydro-6-(5 H)-benzocyclooctenone was 
prepared from benzosuberone [31]. This methodology was also utilized in the 
preparation of 8,9:13,14-diseco-18-norestradiol [32]. 2-Amino-l-o-bromo- 
phenylethanols, which can be converted to indoles, have been prepared from 
o-bromo-acetophenones (Eq. 2.16) [5]. 

/3-Aminomethyl alcohols have been previously prepared by reduction of 
cyanohydrins or /3-hydroxy nitroalkanes [33], 

In the presence of a catalytic amount of Lewis acid, TMS-CN adds regio- 
specifically in a 1,2 sense to a,(3-unsaturated ketones or aldehydes (Eq. 2.17) 
[4, 34, 35]. Hydrogen cyanide, nitromethane anion and TMS-CN with two 
equivalents of triethylaluminium [Eq. 2.18) give Michael addition products on 
reaction with a,/3-unsaturated ketones or aldehydes [36], 

(CH3)3SiCN 

cat. Znl^ 

0-Si(CH3)3 

(CH3)3SiCN 

2Et3Al * 

(2.17) 

(2.18) 

Organolithium reagents add twice to the cyano group of trimethylsilyl 
ethers of cyanohydrins to yield substituted /3-amino alcohols [37]. 

OSi(CH,), 

Ph-C-H 

! 
CN 

1) C H 3 L i 

2) H20/H0Ac ** 

HO NH0 

I I 2 
Ph-C-C-CH 

I I 
H CH3 

(2.19) 

Trimethylsilyl ethers of cyanohydrins can also be used to protect carbonyl 
groups. For example, TMS-CN adds in a 1,2-sense to the more electrophilic 
carbonyl group of both benzo- [3, 39] and naphthoquinones [38]. Selective 
protection of one of the two quinone carbonyl groups is thus achieved. 
Organometallic reagents such as Grignards, lithium alkyls [38] (Eq. 2.20) and 
lithium enolates [39, 40] (Eq. 2.21) add in a regiospecific 1,2-manner to the 
unprotected carbonyl group of the mono-cyanosilylated benzoquinone. Remo¬ 
val of the trimethylsilyloxy nitrile protecting group by treatment with silver 
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2.3 Utility of Trimethylsilyl Ethers of Cyanohydrins 

fluoride [38] or aq. sodium fluoride [39] yields p-quinols. The driving force for 
this reaction is the strength of the Si-F bond [15]. 

AgF 

(2.20) 

OCH. 

(2.21) 

1,2-Addition of allylic Grignard reagents to the unprotected carbonyl group 
of mono-cyanosilylated benzo- or naphthoquinones yields masked quinols. 
These then undergo a [3 + 3]-sigmatropic (Cope) rearrangement concurrent 
with removal of the trimethylsilyloxy protecting group [41, 42]. 
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2 Chemistry of Trimethylsilyl Cyanide 

Trimethylsilyl ether derivatives of aldehyde cyanohydrins are particularly 
useful intermediates due to the acidity of the former aldehydic proton. This 
proton can be removed by sterically hindered, non-nucleophilic bases such as 
LDA. The cyano-stabilized carbanion thus formed is an acyl anion equivalent 
which can be alkylated to yield ketones [34, 35, 43, 44]. It reacts with ketones 
or aldehydes to afford trimethylsilyl ether derivatives of a-hydroxy ketones 
via rearrangement of the trimethylsilyl group and loss of lithium cyanide 
[45, 46] (Eq. 2.23). a-Cyano-a-trimethylsilyloxy allylic anions, formed by 
deprotonation of the trimethylsilyl ethers of a,/3-unsaturated aldehyde 
cyanohydrins, react with alkyl halides regiospecifically at the a-position 
to yield trimethylsilyl ethers of a,/3-unsaturated ketone cyanohydrins [47] 
(Eq. 2.24). A particular advantage of these acyl anion equivalents compared 
to 1,3-dithianes is the ease with which the trirpethylsilyloxy nitrile protecting 
group may be removed. 

II p-Si(CH-). 

CX) ' -LiCN 

? 0-Si(CH ) 

CN 

3'3 

(2.23) 

0_Si(CH3)3 

LDA 

0-Si(CH )3 

CN 

(2.24) 

0-Si(CH3)3 

3-Cyano-3-trimethylsilyloxy-l,5-hexadienes undergo Claisen rearrangement 
on pyrolysis to yield l-cyano-l-trimethylsilyloxy-l,5-hexadienes. These react 
with methanol to yield methyl hex-5-enoates [48]. 
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2.4 Acyl Substitution Reactions 

2.4 Acyl Substitution Reactions of Trimethylsilyl Cyanide 

Acyl nitriles can be prepared by reaction of TMS-CN with acid chlorides 
[49, 50], These reactions may occur by addition of TMS-CN to the carbonyl 
group of acid chlorides to form unstable adducts which lose TMS-C1. This 
results in acyl substitution rather than addition. 

+ 2(CH3)3SiCN 

0 

CN 
CN 

+ 2(CH3)3SiCl (2.26) 

In the presence of pyridine, addition of a second molecule of TMS-CN to the 
carbonyl group of the acyl nitrile occurs to yield 1,1-dicyano-l-trimethylsilyl- 
oxyalkanes [50]. 

o 0 
|| (CH-kSiCN 11 (CH3)3SiCN 

R-C-Cl -—-► R-C-CN -—- 

0-Si(CH3)3 

R-C-CN 

CN 

(2.27) 

A similar sequence of reactions of TMS-CN with phosgene, oxalyl chloride 
and trifluoroacetylchloride yields respectively tricyanotrimethylsilyloxy- 
methane, l,l,2,2-tetracyano-l,2-to-(trimethylsilyloxy)ethane and 2,2-dicyano- 
1,1,1-trifluoro-2-trimethylsilyloxyethane [2]. 

S (CH3)3SiCN S (CH3)3SiCN jj 

Cl —'C ^— Cl -*■ C1^C^CN ' ^ NC-^C^CN 

(CH3)3SiCN j (2.28) 

(NC)3C-0-Si(CH3)3 
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2 Chemistry of Trimethylsilyl Cyanide 

In the case of carbonyl fluoride the initial product is stable [2]. TMS-CN also 
reacts with methyl and ethyl chloroformate to yield the corresponding alkyl 
cyanoformates [50, 51]. 

S (CH-kSiCN S 

CH30-'C'-C1 -—-CH30-C''CN + {CH3>3SiC1 <2-29> 

2.5 Reactions of Trimethylsilyl Cyanide with Polar Cumulenes 

TMS-CN reacts with the carbonyl group of ketenes to yield 1-cyano-l-tri- 
methylsilyloxy-l-alkenes. Ketenes can be generated in-situ in the presence 
of TMS-CN by dehydrohalogenation of the corresponding acid halides by 
triethylamine [52], 

.0 Et,N (CH kSiCN 0-Si(CH )_ 

CH--C( -—► CH?=C=0 --► H?C=C( 
J Cl CN 

(2.30) 

Alternatively, 1-cyano-l-trimethylsilyloxy-l-alkenes can be prepared by 
base catalyzed isomerization of l-cyano-l-trimethylsilyloxy-2-alkenes with 
amines [53]. 

(CH3)3SiCN 

CN 

°'Si(CH3)3 

CN 
(2.31) 

The reaction of TMS-CN with isocyanates [54, 55], isothiocyanates and 
carbodiimides [56, 57] results in formation of five-membered heterocycles by 
reaction of one equivalent of TMS-CN with two equivalents of the reactive 
cumulene. In the case of reactions of TMS-CN with carbodiimides, inter¬ 
mediates formed by addition of TMS-CN across one of the C—N double bonds 
of the carbodiimides can be isolated. These species will react further with 
a second equivalent of carbodiimide to yield the five-membered heterocycles. 

R-N=C=N-R 

(CH3)3SiCN 

A1C1 fN R1 — N=C=N—R' 
R-N-C=N-R -- 

(CH3)3Si 

N-R 
II 

R-N/C*VN-RI u 
HN N-R' 

(2.32) 
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2.6 Substitution Reactions 

2.6 Substitution Reactions of Trimethylsilyl Cyanide 

TMS-CN reacts with epoxides under A1C13 catalysis to yield 3-trimethyl- 
silyloxy propionitriles [50, 78], 

(CH3)3SiCN^r (CH3)3SiN=C: 

NC 
'Si(CH3)3 

+ A1 Cl 3 

(2.33) 

TMS-CN reacts with a-methoxyamides to yield a-cyanoamides and meth- 
oxytrimethylsilane. The reaction is catalyzed by Lewis acids, such as 
SnCl4 or BF3 • OEt2 [58]. 

C=N 

3 

(CH3)3Si0CH3 (2.34) 

TMS-CN and compounds which possess S-Cl single bonds undergo 
chloride-cyanide exchange. This leads to TMS-C1 and thiocyanates, which 
are uncontaminated by isomeric isothiocyanates [2, 50]. 

Cl-S-S-Cl + 2(CH3)3SiCN -► NCS-SCN + 2(CH3)3SiCl (2.35) 

This exchange reaction is useful for the preparation of aryl thiocyanates [61]. 

Ph-S-Cl + (CH3)3SiCN -► Ph-SCN + (CH^SiCl (2.36) 

Several phosphorothiocyanatidates and phosphinothiocyanatidates have been 
prepared in a similar fashion. Such thiocyanatidates rearrange easily to the 
thermodynamically more stable isothiocyanatidates [59, 60]. 

(ch3)3cv° 

pi/ nsci 

(CH3)3SiCN 

CH2C12 

-10° 

(CH3)3CV/0 
/p\ 

Ph SCN 
(2.37) 

TMS-CN also undergoes exchange with the methoxy group of methyl 
benzene sulfenate to yield phenyl thiocyanate and methoxytrimethylsilane [62], 
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2 Chemistry of Trimethylsilyl Cyanide 

Chloride cyanide exchange also occurs between N-trichloroisocyanuric acid 
and TMS-CN to yield fm-trimethylsilyl cyanurate and cyanogen chloride [63]. 

Cl 

cr'VSi 
0 

+ 3(CH3)3SiCN 

(CH3)3Si-0^^N^/0-Si (CH3)3 

0-Si(CH3)3 

(2.38) 

+ 3C1CN 

2.7 Synthesis of Trimethylsilyl Cyanide 

As the synthetic versatility and potential of TMS-CN has become evident 
over the last ten years, the methods available for its preparation have 
dramatically improved. One of the early preparations of TMS-CN involved 
the reaction of TMS-C1 with silver cyanide [64]. Dimethyldicyanosilane has 
also been prepared by this procedure [65]. The cost of silver is a problem. 

(CH3)2SiCl2 + 2AgCN ---► (CH^Si (CN)2 + 2AgCH (2.39) 

High yields of TMS-CN (88%) result from the reaction of TMS-C1 with 
thallium (I) cyanide. The toxicity of thallium salts limits the utility of this 
reaction [66]. 

Evans found that lithium cyanide would react with TMS-C1 in ether to yield 
TMS-CN [4, 77]. However, lithium cyanide is not commercially available and 
must be prepared by reaction of HCN with lithium hydride or n-butyl lithium 
or by reaction of lithium hydride with acetone cyanohydrin [77]. 

Durst’s report that TMS-CN could be prepared (40—50%) by reaction of 
TMS-C1 with potassium cyanide in acetonitrile catalyzed by 18-C-6 is an 
example of solid/liquid PTC and the first really economical synthesis of this 
reagent [67]. 

(CH3)3SiCl —8rcN-6*- (CH3)3SiCN (2.40) 

ch3cn 

For those who do not mind working with quantities of HCN, the report 
of Uznanski that TMS-C1 and HCN will react to yield TMS-CN (70%) in the 
presence of triethylamine and ether may be a useful synthetic method [68]. 

Anhydrous HCN will also react with p-dimethylamino phenyltrimethylsilane 
via a protodesilylation reaction to yield TMS-CN (89%) and N,N-dimethyl- 
aniline [69]. 
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2.7 Synthesis 

(2.41) 

Cyanogen bromide reacts with trimethylsilyl enol ethers to yield the 
corresponding a-bromo ketone and TMS-CN [70], The reaction involves 
addition of a bromonium ion to the C—C double bond of the trimethylsilyl 
enol ether to yield a carbocation stabilized by both the lone pairs of electrons 
of the adjacent oxygen and by hyperconjugation of the trimethylsilyl group. 
Attack by cyanide on the silyl center of this carbocation leads to fragmen¬ 
tation and formation of products. 

The simultaneous reports of Hiinig [71] and Rasmussen [72] that TMS-C1 
will react with sodium or potassium cyanide in dry N-methylpyrrolidone to 
give a 70% yield of TMS-CN constitutes an excellent procedure. The 
reaction with sodium cyanide requires catalysis by a small amount of 
quarternary alkyl ammonium salt (Adogen 1 %) while that with potassium 
cyanide does not. 

(CH3)3SiCl 

/ 

NaCN or KCN 

I 
ch3 

(CH3)3SiCN (2.43) 

6/s-Trimethylsilyl sulfate also reacts with potassium cyanide in dry N- 
methylpyrrolidone to yield TMS-CN in 96% yield [73]. 

Finally, both Evans and Rasmussen have developed methods to cyano- 
silylate ketones and aldehydes which do not involve independent preparation 
of TMS-CN. frans-Cyanosilylation of a-trimethylsilyloxy isobutyronitrile [1] 
with a less volatile ketone or aldehyde catalyzed by KCN/18-C-6, yields anew 
trimethylsilyloxy nitrile and acetone. Removal of acetone from the reaction 
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2 Chemistry of Trimethylsilyl Cyanide 

by distillation shifts the equilibrium to yield the desired trimethylsilyloxy 
nitrile. 

0-Si (CHg)3 0 HaCN . ?-Si<CH3>3 

H3C | CH3 + R'C"R' ^l8-C-6 r-C-R' 

C=N C=N 

Aromatic aldehydes react directly with TMS-C1 and potassium cyanide in 
acetonitrile or DMF to yield the corresponding trimethylsilyloxy nitriles. In the 
case of ketones, the formation of trimethylsilyl enol ethers is a significant 
side reaction [74]. 

Less than ten years ago TMS-CN was known only as an inorganic 
pseudo-halide of unusual structure (cyanide or (socyanide). In the intervening 
years this compound has rapidly found a valuable place in synthetic organic 
chemistry. Further utility of this reagent is probably only limited by our 
imagination and creativity. 

0 

+ CH3-C-CH3 (2.44) 
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3 Trimethylsilyl Iodide and Bromide 

3.1 Introduction 

Both trimethylsilyl bromide [1] and iodide [2, 3] have been known since the 
late 1940’s. 

U 
Ph-Si (CH3)3 -► Ph-I + (CH3)3Si-I (3.1) 

Nevertheless, it has only been in the last six years that their use as reagents 
in organic synthesis has been actively explored. 

3.2 Cleavage of Ethers 

TMS-I’s greatest utility is in the removal of ether, ester, and carbamate 
protecting groups. Key requirements for a protecting group are ease of 
reaction with the functional group to be protected and mild reaction conditions 
for removal after its protective function has been fulfilled [4]. The difficulty 
of cleaving methyl and ethyl ethers has limited their use as protecting 
groups. The chemistry developed with TMS-I during the last five years has 
changed this situation. Between 1948 when Whitmore prepared TMS-I and 
1976 when Jung and Olah simultaneously began work on its use in organic 
synthesis, there were at least three reports that TMS-I, would easily cleave 
ethers [5—7]. 

(CH3)3Si-I (3.2) 

In 1976 this situation changed. Voronkov found that tetrahydropyran 
reacts with TMS-I to yield l-iodo-5-trimethylsilyloxypentane [9]. Both Olah 
and Voronkov reported that TMS-I would cleave aryl methyl ethers under 
neutral conditions to yield methyl iodide and aryloxytrimethylsilanes [8]. 
The latter could be easily hydrolyzed to phenols [10, 11]. 
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3 Trimethylsilyl Iodide and Bromide 

(3.3) 

TMS-I, generated in-situ by reaction of trimethylphenylsilane with a 
10% molar excess of iodine at 110°C, reacts with aryl methyl ethers to give 
high yields (90%) of cleavage products. In the proposed cyclic six-membered 
ring transition state the hard acid silicon interacts with the hard oxygen 
of the ether, while simultaneously, the soft iodine interacts with carbon. 
Free TMS-I may not be involved [12, 13]. 

(3.4) 

This reactions is general. For example, TMS-I cleaves sterically congested 
aryl methyl ethers, such as 1,4-dimethoxyphenanthrene, to yield 1,4-dihydroxy- 
phenanthrene which is oxidized during work-up to 1,4-phenanthraquinone [14]. 

(3.5) 

Likewise, treatment of 2,4-dimethoxy-6-substituted pyrimidines with TMS-I 
followed by work-up yields 6-substituted uracils. Other methods of hydrolysis 
often result in loss of the 6-substituent in this system [15]. 

(3.6) 

Jung found that TMS-I would cleave trityl, benzyl, and f-butyl ethers 
much faster than methyl, ethyl, isopropyl or cyclohexyl ethers. The cleavage 
of unsymmetrical dialkyl ethers is often not regioselective. 

r-°~CH3 (CH j 
3'3 

Si I R-O-Si(CH3)3 + CH30-Si(CH3)3 + R-I + CH3I (3.7) 

However, methyl cyclohexyl ether reacts with TMS-I to yield predominantly 
methyl iodide and cyclohexanoxytrimethylsilane. 
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3.2 Cleavage of Ethers 

(CH3)3SiI O OSi(CH3)3 
CH3T (3.8) 

An alternative mechanism has been proposed to account for this specificity. 
Transfer of a trimethylsilyl group to the ether oxygen may form a dialkyltri- 
methylsilyloxonium/iodide ion pair. Sn2 nucleophilic attack by iodide on 
a methyl carbon would be favored over attack on a cyclohexyl carbon [16]. 
C-C double and triple bonds, ketone carbonyls, and aryl halides are stable to 
the reaction conditions [17]. 

0CH3 
(CH3)3SiI 

50° 
OH 

(3.9) 

Among the problems associated with TMS-I are its extreme hydrolytic 
instability and sensitivity to light. Freshly distilled, TMS-I (bp 106°C) is 
almost water white. It rapidly develops a pink color and further darkens on 
exposure to light. Its ease of hydrolysis suggests that HI may often be 
involved in reactions of TMS-I. 

Olah has found that TMS-C1 reacts with sodium iodide in acetonitrile to 
yield TMS-I. This reagent cleaves ethers at room temperature even more 
rapidly than TMS-I itself. Apparently, excess iodide acts as a catalyst [18]. 

TMS-I generated in-situ by reaction of TMS-C1 and sodium iodide in 
acetonitrile [18] cleaves enol and dienol methyl ethers [19]. Aq. work-up 
provides aldehydes or ketones in quantitative yield. This is noteworthy 
since such dienol methyl ethers are susceptible to acid catalyzed poly¬ 
merization. 

SPh 
(CH3)3SiCl 

Nal, CH3CN 

SPh 

(3.10) 

p-Phenylseleno cyclic ethers react with TMS-I, generated as above, to 
yield co-hydroxy alkenes [20] as outlined in Eq. 3.11. 
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3 Trimethylsilyl Iodide and Bromide 

3.3 Cleavage of Acetals and Ketals 

TMS-I reacts with dimethoxymethane to yield iodomethyl methyl ether [21]. 

CH30CH2-0CH3 
(CH3)3SiI ^ [). 

CH30-CH2-0CH3 

Si(CH3)3 i (3.12) 

CH30Si(CH3)3 + CH2=0CH3 —► ICH20CH3 

I" 

Iodomethyl methyl ether is not only a viable substitute for chloromethyl 
methyl ether, a restricted carcinogen, but also a valuable synthetic inter¬ 
mediate [22]. 

+ 

Ph3P + ICH20CH3 Ph3P-CH20CH3 
PhLi 

Ph3P=CH0CH3 

(3.13) 

R 

v XH 

,0CH, 

3 

Ketones and aldehydes are frequently protected by conversion to dimethyl 
or diethyl acetals and ketals. Deprotection and regeneration of the ketone 
or aldehyde functionality is normally carried out by treatment with aq. acid. 
Jung has found that both dimethyl and diethyl acetals and ketals can be 
converted back to aldehydes and ketones under neutral conditions by treat¬ 
ment with TMS-I in chloroform or CC14 [23]. 

I 

CO-CH 
(3.14) 

+ (CH3)3SiOCH3 + CH3I 

Unfortunately, TMS-I does not react cleanly with the ethylene ketal or the 
ethylene thioketal of cyclohexanone [23]. On the other hand, TMS-I reacts 

24 



3.4 Conversion of Alcohols and Alkoxytrimethylsilanes 

with 1,3-dioxolanes and 1,3-oxathiolanes to yield iodomethyl-2-trimethylsilyl- 
oxyethyl ether and iodomethyl-2-trimethylsilyloxyethyl sulfide respectively. 
Both of these are valuable alkylating agents [24, 25]. 

O^s (CH3)3SiI 

N/ ---► (CH3)3Si-0^^-^S'\CH2-I (3.15) 

The methyl ether of sesamol methyl ether is selectively cleaved by reaction 
with TMS-I in quinoline [26]. 

1) (CH3)3SiI 

2) H20 (3.16) 

TMS-I reacts with b/s(dimethylamino)methane to yield dimethyl(methylene)- 
ammonium iodide, a valuable synthetic intermediate [27,28], Other 6/s(dialkyl- 
amino)methanes react in a similar manner [27]. 

(CH3)2N-CH2-N(CH^) 
3'2 (CH3)3SiI 

Si(CH3)3 

(CH3>2^ChP'(CH3>2 (3.17) 

H2C=N(CH3)2 

(CH3)3Si-N(CH3)2 

3.4 Conversion of Alcohols and Alkoxytrimethylsilanes 

to Alkyl Iodides 

Red phosphorous and iodine or HI convert alcohols to alkyl iodides. TMS-I 
is also an excellent reagent for this purpose. TMS-I (2 equivalents) react with 
alcohols at 25 °C in methylene chloride, chloroform, or CC14 to yield alkyl 
iodides, HI, and hexamethyldisiloxane. The presence of HI makes this reaction 
unsuitable for alcohols which possess acid-sensitive functional groups [29]. 

(CH3)3Si I + (CH3)3SiOH (3.18) 

(CHj.Sil 

---► (CH3)3SiOSi (CH3)3 + HI 
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3 Trimethylsilyl Iodide and Bromide 

The reaction apparently proceeds largely by an Sn2 type process since treatment 
of optically active 2-octanol with TMS-I yields 2-octyl iodide whose configu¬ 
ration is 94% inverted. 

r (CH3)3Si I 

H. + Si(CH-) 

(T 

, , I 
CH, CH„ .C"“'*CH~ 

3 c b * 2 

/'l 
r - 

3 ;3 

(3.19) 

' s 
n 

Similar results have been obtained by treatment of primary, secondary, and 
tertiary, allylic and benzylic alcohols with TMS-C1 and sodium iodide in 
acetonitrile [18]. In fact, this in-situ method results in more rapid reaction. 
This acceleration may result from the difference in solvent. However, the 
reaction of TMS-I itself can be accelerated by the addition of sodium iodide. 

Alkoxytrimethylsilanes are cleaved regiospecifically by TMS-I under 
neutral conditions to yield alkyl iodides and hexamethyldisiloxane [30, 31]. 
This reaction is general for primary, secondary, and tertiary alkoxytrimethyl¬ 
silanes [29]. 

H 

, , I 
:h,(ch,)^»c.ch 

i 

(CH,),Si Cl 

PhCH2CH20H -—--► PhCH2CH2-0Si(CH3)3 

(CH3)3SiI 

(3.20) 

PhCH 2CH 21 + (CH^)^SiOSi(CH^) 3'3~ 3; 3 

Similar results were obtained with TMS-I generated in-situ by reaction of 
TMS-C1 and sodium iodide in acetonitrile [32]. 

TMS-I and aldehydes react in a 1:1 ratio to yield iodohydrin trimethyl¬ 
silyl ethers. Attempts to purify these compounds by distillation or chromato¬ 
graphy led to regeneration of the starting aldehyde. 

(CHo)oSi1/25° 
Ph-C-H J s 

A or silica gel 

0-31(013)3 

Ph-C-H 
I 
I 

(CH )3SiI 
-—-► PhCH12 

(3.21) 

+ (CH3)3SiOSi(CH3)3 

If a 2:1 ratio is used, the initial aldehyde iodohydrin trimethylsilyl ether is 
converted to a 1,1-diiodide and hexamethyldisiloxane [33]. This reaction is 
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3.5 Reaction of TMS-Br with Alcohols 

related to the cleavage of alkoxytrimethylsilanes by TMS-I to yield alkyl 
iodides. Phenylacetaldehyde is an exception. It undergoes slow reaction 
with excess TMS-I at 0°C to give 2,3,6,7-dibenzo-9-oxabicyclo[3,3,l]nona- 
2,6-diene [33], 

O-Trimethylsilyl hemithioacetals and ketals react with TMS-I to form 
a-iodosulfides and hexamethyldisiloxane. a-Iodosulfides were previously 
virtually unknown. They undergo facile dehydrohalogenation on treatment 
with triethylamine or with sodium hydroxide under PTC conditions to yield 
vinyl sulfides [34]. 

OSi(CHt)t 
1 (CH-USi I 

CH3CH2CH2-C-SCH2Ph -■■ 

H 

CH3CH2CH2-CH-SCH2Ph 

I 

Et3N 

(3.22) 

H 

I 
CH3-CH2—C-;c^SCH2Ph 

H 

a,a'-bis(Trimethylsilyloxy) sulfides react with TMS-I to give a,a'-diiodo 
sulfides as intermediates which undergo dehydrohalogenation with triethyl¬ 
amine to yuield divinylsulfides [35]. 

(CH3)3Si-S-Si(CH3)3 + (CH3)2CH-C^ 
.0 

H 

KCN 
18-C-6 

OSi(CH3)3 

(celUch-c-h 
8 | 

S-Si(CH3)3 

(ch3)2ch-c 
KCN 

18-C-6 

1) (CH-)-Sil 
(ch3)2c=ch^s/Ch=c(ch3)2 -TyTgf- (ch9)9ch-ch-s-ch-ch(ch,)9 

3 2, ( 32 

(CH3)3SiO OSi(C H 3)3 (3.23) 

' 3.5 Reaction of TMS-Br with Alcohols 

Unlike TMS-I, TMS-Br does not rapidly cleave esters of carboxylic acids 
carbonates, ethers, or alkoxytrimethylsilanes under mild conditions. This 
difference has been attributed to the lower electrophilicity of TMS-Br. Alco¬ 
hols are converted to bromides by reaction with two equivalents of TMS-Br. 
HBr is generated in the reaction. The reaction is rapid at 25 °C for tertiary, 
allylic, and benzylic alcohols but slower for primary and secondary alcohols 
which require heating at 50°C for several hours to effect reaction. This 
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3 Trimethylsilyl Iodide and Bromide 

difference permits the conversion of these more reactive alcohols to bromides 
in the presence of primary and secondary alcohols [36]. 

(CH9)9C-CH9-CH-CH 
3 2| 2 J 

OH OH 

(CH3)3SiSi(CH3)3 
(CHJ9C-CH9-CH-CH 

3 d\ 1 I 
Br OH 

(3.24) 

The reaction of TMS-Br with optically active 2-octanol proceeds with 94% 
inversion of configuration via an Sn2 type process [37]. TMS-Br, generated 
in-situ by reaction of TMS-C1 and lithium bromide in acetonitrile, reacts faster 
with alcohols. This acceleration has been attributed to catalysis by bromide 
ion. TMS-Br may also be generated in-situ by reaction of hexamethyldisilane 
with pyridinium perbromide at 25°C [36]. 

3.6 Reaction of Oxiranes with TMS-I — Conversion to Allylic 
Alcohols 

Epoxides react with TMS-I, which was generated by reaction of hexamethyl¬ 
disilane with iodine, to give 2-iodoalkoxytrimethylsilanes. These can be con¬ 
verted to allylic alcohols by treatment with tertiary amine bases, such as 
DBU or DBN, followed by hydrolysis [38]. 

Epoxides of terminal alkenes react with TMS-I to yield approximately 
a 4:1 ratio of l-iodo-2-trimethylsilyloxyalkanes [39] and 2-iodo-l-trimethyl- 
silyloxyalkanes [38]. l-Iodo-2-trimethylsilyloxyalkanes can be oxidized to 
yield a-iodo ketones. 

/°\ (CH )3Sil 
CH3-CH2-CH-CH2 -—-► CH3-CH2-CH-CH2-I + CH3-CH2-CH-CH2-0-Si(CH3)3 

0-Si (CH3)3 I 

84 : 16 (3.26) 

TMS-I reacts with an oxirane in preference to a methyl ester or ethylene 
ketal functional groups [40], Similar results have been obtained with t-butyl- 
dimethylsilyl iodide. The t-butyldimethylsilyl ethers of allylic alcohols are 
more stable to hydrolysis than the corresponding trimethylsilyl ethers. They 
can be hydrolyzed by treatment with tetraalkylammonium fluoride in moist 
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3.6 Reaction of Oxiranes with TMS-I—Conversion 

DM SO or THF or with potassium fluoride in the presence of a catalytic 
amount of 18-C-6 [41, 42], 

(CH3)3C-Si(CH3)2I 

CH0 
I 3 

0-Si-C(CH3)3 

ch3 

(3.27) 

The conversion of oxiranes to allylic alcohols has previously been accomplished 
by a variety of methods [43]. This transformation can be accomplished by 
treatment of the oxirane with equimolar amounts of trimethylsilyl trifluorome- 
thanesulfonate, DBU and 2,6-lutidine [44], 

The regiospecificity of this transformation with electrophilic TMS-I or tri¬ 
methylsilyl trifluoromethanesulfonate is different than that with nucleophilic 
sodium phenylselenide [43]. 

Reaction of epoxides with two equivalents of TMS-I in CC14 results in 
deoxygenation of the epoxide to yield an alkene with retention of stereoche¬ 
mistry. Thus c«-9,10-octadecene oxide reacts with TMS-I to yield cis-9,10- 
octadecene. Similar results have been obtained with trans-9,10-octadecene 
oxide [45]. This reaction probably proceeds by initial formation of 9-iodo- 
10-trimethylsilyloxyoctadecane. Cleavage of the C-0 single bond of 
this alkoxytrimethylsilane with a second equivalent of TMS-I yields 9,10- 
diiodooctadecane which is unstable relative to octadecene and iodine. 

(3.29) 

29 



3 Trimethylsilyl Iodide and Bromide 

3.7 Hydrolysis of Esters 

The hydrolysis of alkyl esters has been accomplished in a number of ways 
[46-49]. TMS-I rapidly cleaves methyl, ethyl, /-propyl, /-butyl, and benzyl 
esters in CC14 at 50°C to yield the corresponding trimethylsilyl esters and alkyl 
iodides. The wide generality of ester hydrolysis by TMS-I makes this method 
a major synthetic advance. Phenyl esters do not react. The reaction tolerates 
a large number of functional groups such as C-C double bonds. 

(3.30) 

The following reaction mechanism has been proposed. TMS-I reacts in a 
rapid reversible reaction with the carbonyl oxygen of the ester to yield 
trimethylsilyloxy alkoxy-stabilized carbocation/iodide ion pair. Rate limiting 
nucleophilic attack by iodide on the a-carbon of the alkoxy group yields 
alkyl iodide and the trimethylsilyl ester. In the presence of excess TMS-I 
the trimethylsilyl ester is converted to an acyl iodide (IR C = 0 1,830— 
1,800 cm ') and hexamethyldisiloxane [50], The fact that TMS-I is usually 
contaminated by traces of HI acid may account for the hydrolysis of /-butyl 
esters, since nucleophilic attack on a /-butyl group is improbable. 

0 
II 

R-C-0CH3 + (CH3)3SiI R< 
OSi(CH-) 3'3 

0CH, 

0 

R-'c-OSi (CH3)3 + CH3I 

(3.31 
(CH3)3SiI 

0 

(CH3)3SiOSi(CHq)^ + R-C-I 
3'3 

Similar results were obtained for ester hydrolysis with TMS-I generated in-situ 
by the reaction of trimethylphenylsilane [10,12] or hexamethyldisilane [51,52], 
with iodine or by reaction of TMS-C1 and sodium iodide in acetonitrile [18]. 

TMS-Br is ineffective in this reaction. 
An alternative molecular mechanism which involves a six-membered cyclic 

transition state has been proposed. The silyl center of TMS-I serves as a hard 
acid which may coordinate to the carbonyl oxygen of the ester while the soft 
iodide attacks the a-carbon of the alkoxy group [13]. 
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3.7 Hydrolysis of Esters 

CVyxCH7 
ii 3 

R\ 

y, 
(CH3)3Si-I 

0 
\ 

+ ch3i (3.33) 

si(CH3)3 

TMS-I and TMS-Br permit stereoselective iodination or bromination of 
anomeric glycosyl acetates. Under these conditions TMS-Br does not affect 
ether, ester, or acetal protecting groups [53, 54]. 

0 

(3.34) 

Trimethylsilyl esters of aromatic carboxylic acids can be reduced by 
trichlorosilane and tertiary aliphatic amines to benzyltrichlorosilanes which 
then can be cleaved by potassium hydroxide in methanol to yield the corres¬ 
ponding methyl aromatics. Alkyl esters of aromatic carboxylic acids, are not 
reduced under these conditions [55] (see Chapter 20). 

y-Lactones are cleaved by both TMS-I and TMS-Br [18, 56, 57]. 

(CH3)3SiI 

0-Si(CH3)3 

(3.36) 

TMS-I generated in-situ by reaction of TMS-C1 and sodium iodide in 
acetonitrile reacts with (3-phenylselenolactones to yield olefinic carboxylic 

acids [20]. 
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3 Trimethylsilyl Iodide and Bromide 

-Si(CFL) 
3'3 

(3.37) 

TMS-Br reacts with ortho esters [37]. 

HC(0CH3)3 + (CH3)3SiBr-► H-'C^0CH + CH3Br + CH30si(CH3)3 (3.38) 

Trimethylsilyl esters react with two equivalents of primary or secondary 
alcohols to yield the corresponding alkyl esters. This permits transesterifi¬ 
cation under neutral conditions [58]. 

0 
II 

Ph-C-0CH3 
(CH3)3SiI 

0 

Ph-C-OSi(CH-) 
CH3CH20H 

3'3 

0 
II 

Ph-C-0CH2CH3 (3.39) 

Trimethylsilyl trifluoromethanesulfonate/triethylamine does not react 
with methyl or benzyl esters but selectively converts f-butyl esters into 
trimethylsilyl esters [59]. This reaction may occur as outlined (Eq. 3.40). 

0 

^CH3)3C"°'C\ch/C°2CH3 

Et3N 

(CH3)3Si-0-S-CF3 

0 

+c/°-C(CH3>3 

< ''°-S1(CH3>3 

^"co2ch3 

0 
II 

"0-S-CF- 
II - 
0 

Et3N 

(3.40) 

Et3NH + 

0 
- II 
0-S-CF 

II 
0 

3 + (ch3)2c=ch2 

0 
II 

(CHn)oSiO-C /C0„CH 
J J ch2 i J 
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3.9 Hydrolysis of Dialkyl Phosphonates 

3.8 Hydrolysis of Carbamates 

Alkyl carbamates have been utilized to protect primary and secondary amine 
groups. TMS-I preferentially cleaves carbamates under conditions which do 
not affect peptide amide bonds, alkyl esters, or benzyl ether protecting 
groups [18, 52, 60]. 

(CH3)3C-0-C-NH-CH2-C-0-CH2-ph 
(CH3)3Si-S1(CH,),/I 

3'3' 2 
0 
II 

H2N-CH2-C-0-CH2-Ph 

(3.41) 

Extensive work on the removal of carbamate protecting groups from dipeptides 
by TMS-I has been reported [61]. 

3.9 Hydrolysis of Dialkyl Phosphonates 

Alkaline hydrolysis of dialkyl phosphonates to the corresponding phosphonic 
acids requires vigorous conditions which are not compatible with many 
functional groups. On the other hand, fr/s(trimethylsilyl) phosphonates are 
readily hydrolyzed by treatment with water. The problem of hydrolysis of 
dialkyl phosphonates hence becomes one of transesterification, converting 
a methyl or ethyl ester to a trimethylsilyl ester. 

Rabinowitz found that dialkyl phosphonates react slowly (one week) with 
TMS-C1 at 120° to yield ^//trimethylsilyl) phosphonates. The reaction may 
proceed in a manner similar to the Arbuzov reaction as outlined [62]. 

PhCH2-P. 

h OChLCPL 
11/ 3 3 (CH3)3SiCl 

och2ch3 

0Si(CH3)3 

PhCH9-P—0CHoChL 

h 23 
0CH2CH3 

L Cl' 

(3.42) 

0Si(CH3)3 

PhCH9-P-0CH9CH_ 
2 H 2 3 

0 

repeat 

process 

Analysis by McKenna led to the suggestion that the rate limiting step 
might be reaction of the phosphonium cation/chloride ion pair. On this basis, 
TMS-Br might be a more reactive reagent due to the increased nucleophilicity 
of bromide compared to chloride [63]. In fact, TMS-Br rapidly converts dialkyl 
phosphonates into bis (trimethylsilyl) phosphonates at 25°C [63, 64], C-C 
double and triple bonds, esters, ethers, benzoyl, and diazo functionalities 
are compatible with the reaction conditions. No halogen exchange is observed 
when diethyl iodomethyl phosphonate is treated with TMS-Br. 
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3 Trimethylsilyl Iodide and Bromide 

0 0 
ll H . 

ch3ch2o-c-p; 

/Och2ch3 

och2ch3 

2(CH3)3SiBr 

ch3ch2o-c-p. 

fj ° OSi (CH ) 

'OSi(CH 

3'3 

3;3 

(3.43) 

TMS-Br converts dialkyl phosphorochloridates, dialkyl phosphorobromi- 
dates, and dialkyl phosphoramidates to the corresponding b/s (trimethylsilyl) 
esters [65]. 

0 

Br-P-(0CH3)2 
2(CH3)3SiBr 

0 

Br-P-[OSi(CH3)3]2 (3.44) 

Transesterifications can also be achieved with TMS-I [66—69]. TMS-I 
reacts with dialkyl phosphonates in preference to dimethyl acetals, or methyl 
esters. 

il 2(CHJ3SiCl fi 

(CH30)2CH-P-(0CH3)2 -NaI/CH3CN ^ (CH30)2CH-P-[OSi(CH3)3)2 (3.45) 

Neither TMS-Br nor TMS-I reacts with dialkyl phosphonates to yield 
alkyl trimethylsilyl phosphonate intermediates. 

0 
, , II 

CH30 2p-r 
(CH )oSiBr 

— 
(CH3)3SiONS 

P-R 
ch3o 

(3.46) 

While TMS-I reacts more rapidly than TMS-Br with dialkyl phosphonates, 
both yield b/s(trimethylsilyl)phosphonates. However, only TMS-I permits 
transesterification of dialkyl thiophosphonates (P=S) to yield b/sftrimethyl- 
silyl)thiophosphonates (P=S) [65]. 

(CH3)3SiBr 

RO-j ii/OR 
p-o-pC 

RO OR 

(CH3)3Si I 

S 0 

(R0)2P-0-P-[0Si(CH3)3]2 

S 0 
II II 

[(CH )3Si0]2P-0-P-[0Si(CH ) ]2 

(3.47) 

(3.48) 

Reductions with TMS-I are considered in Chapter 20. 

3.10 Preparation of (3- and y-Iodo Ketones 

Zine iodide catalyzed reaction of TMS-I with cyclobutanones yields after 
hydrolysis ring opened /3-iodoketones [70]. This may occur as outlined below. 
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3.11 Preparation of TMS-Br and TMS-I 

^0 _ 
DSi(CH3)3 0Si(CH3)3' 

(CH3)3SiI 1 Zn 12 R 

l<r - 

OSi(CH3 )3 

I (3.49) 

/Modoketones undergo facile reaction with various nucleophiles, such 
as cyanide and phenylthiolate ions. /3-Iodoketones can also be prepared by 
Michael addition of TMS-I to a,/3-unsaturated ketones [71]. 

TMS-I reacts with a,/3-cyclopropylketones to yield y-iodoketones [71, 72]. 

TMS-I and TMS-Br undergo halogen exchange with acyl chlorides to yield 
respectively, acyl iodides and acyl bromides [73]. 

ph-C-CI + (CH3)3SiI -► Ph-C-I + (CH^SiCl (3.52) 

3.11 Preparation of TMS-Br and TMS-I 

TMS-Br, a water white liquid (bp 80°C) has been prepared by the reaction 
of hexamethyldisiloxane with phosphorous tribromide catalyzed by ferric 
chloride [1]. It reacts immediately with moisture but is*otherwise reasonably 
stable. Reaction of phenyltrimethylsilane with bromine at steam bath tempera¬ 
ture for one hour, results in an 85% yield of TMS-Br. Reaction of bromine 
with a mixture of l,2-/?/s(trimethylsilyl)-l,2-dihydronaphthalene and 1,4-bis- 
(trimethylsilyl)-l,4-dihydronaphthalene also yields TMS-Br [74]. TMS-Br has 

35 



3 Trimethylsilyl Iodide and Bromide 

also been generated in-situ. by reaction of TMS-C1 with lithium bromide in 
acetonitrile solvent or by reaction of hexamethyldisilane with pyridinium 
perbromide [36], 

+ (CH3)3SiBr 

(3.53) 

TMS-I has been prepared by reaction of hexamethyldisiloxane with iodine 
and aluminum powder [5, 75]. Freshly distilled TMS-I is a colorless liquid 
(bp 107 °C) which reacts rapidly with water. It is therefore usually contaminated 
with small amounts of HI. It rapidly darkens on standing in the light. TMS-I 
has been prepared by several in-situ reactions. Among these are the reaction 
of trimethylphenylsilane with iodine at 120°C [2, 12]. This reaction may be 
catalyzed by aluminium iodide [3, 76]. TMS-I results from in-situ reaction of 
allyltrimethylsilane with iodine. A problem is that allyl iodide is itself a 
reactive electrophile which may alkylate nucleophilic centers in the substrate 
or product. Further, only half the iodine atoms are productively utilized [77]. 

(C H 3) 3 S i I + 

(3.54) 

I 

The reaction of iodine with 3,6-Ms,(trimethylsilyl)-l,4-cyclohexadiene yields 
two molecules of TMS-I and benzene which can easily be removed from the 
reaction mixture [77]. However, the preparation of 3,6-6/,s(trimethylsilyl)- 
1,4-cyclohexadiene is time consuming [78]. 

(ch3)3 

(3.55) 

(CH3)3 

Reaction of a mixture of l,2-fr/s(trimethylsilyl)-l,2-dihydronaphthalene and 
1,4- bis (trimethylsilyl)- 1,4-dihydronaphthalene with iodine also yields TMS-I. 
The precursor mixture is easily prepared [79]. 
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(3.56) 

TMS-I has also been generated in-situ by the reaction of iodine with phenyl- 
seleno-trimethylsilane [80]. Phenylseleno-trimethylsilane (bp 110—115°C/ 
18 mm) has been prepared by reaction of phenylselenol, TMS-C1 and triethyl- 
amine [81] or by the reaction of sodium phenylselenide and TMS-C1 in 
THF [82], 

b 
2 PhSe-Si(CH3)3 - PhSe-SePh +2(CH3)3SiI (3.57) 

The reaction of iodine with hexamethyldisilane to yield TMS-I is most 
direct [38, 51, 52, 83, 84]. However, hexamethyldisilane is not easily prepared 
except by reaction of TMS-C1 with sodium-potassium alloy. 

(CH3)3SiCl Na/K - (CH3)3SiSi(CH3)3 2 » 2(CH3)3SiI (3.58) 

f-Butyldimethylsilyl iodide may be prepared by reaction of iodine with 
phenylseleno-f-butyldimethylsilane [41, 42]. Phenylseleno-f-butyldimethyl- 
silane may be prepared by reaction of sodium or lithium phenylselenide with 
t-butyldimethylchlorosilane [41, 42]. f-Butyldiphenylsilyl iodide can be pre¬ 
pared in a similar manner. 

In conclusion, it appears to us that for most reactions Olah’s procedure 
which involves reaction of TMS-C1 with sodium iodide in acetonitrile is the 
most economical and facile [18]. For TMS-I it appears that the simplest 
method really is best. 

<CH3>3SiC1 -CH^ (CH3>3S11 (3'59) 
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4 Silyl Azides 

4.1 Introduction 

Organosilyl azides have proved themselves useful as reagents in organic 
synthesis. On the basis of the analogy between a trimethylsilyl group and 
a proton, trimethylsilyl azide (TMS-N3) might be expected to demonstrate 
reactivity and toxicity similar to that of hydrazoic acid. 

4.2 Preparation and Properties of Organosilyl Azides 

TMS-N3, a colorless liquid boiling at 95—96°C/760mm, is more convenient 
to handle than hydrazoic acid. Organosilyl azides are considerably more 
thermally stable than organic azides [1—4]. For example, triphenylsilyl azide 
does not decompose in the vapor phase at 590°C [5]. The thermal stability has 
been attributed to dative dx-pw bonding between silicon and nitrogen which 
increases the bond order for the Si—N bond [2, 3]. Nevertheless, these com¬ 
pounds should be handled with care, since diazidodimethylsilane is reported to 
explode unpredictably [6]. Organosilyl azides also react rapidly with water to 
release toxic hydrazoic acid [2]. 

TMS-N3 has been prepared by reaction of TMS-C1 with lithium azide in 
2,4-lutidine [5] or THF [4], 

THF 
(CH3)3SiCl + LiN3 (4.1) 

or 2,4-Lutidine 

TMS-N3 can also be prepared by reaction of TMS-C1 with the more commonly 
available sodium azide in THF in the presence of A1C13 [7]. DMF [8], HMPT 
[8] or diethylene glycol dimethyl ether [1] can also be used as solvents for 
this reaction. 

These procedures are quite general and permit the preparation of a variety 
of organosilyl azides [9, 10]. However, they do not permit preparation of 
organosilyl azides possessing Si-H, Si-NH2 or C-C double bonds. Methyl- 
phenylsilyl azide has been prepared by an exchange reaction between TMS-N3 
and methylphenylchlorosilane [11, 12]. 

CH 

(CH3)3SiN3 + Ph-Si-CI ► (CH3) 3SiCl + Ph-Si-N3 

H 

(4.2) 

H 
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4.3 Cycloaddition Reactions 

A rather detailed comparison of synthetic methods for the preparation of 
organosilyl azides has been published [13]. A number of them are commercially 
available from Petrach [14]. 

4.3 Cycloaddition Reactions 

TMS-N3 undergoes [2 -f 3] cycloaddition reactions with acetylenes to yield 
2-trimethylsilyl-1,2,3-triazoles. These result from isomerization, via a 1,5- 
sigmatropic shift of the trimethylsilyl group, of the initially formed 1-tri- 
methylsilyl 1,2,3-triazoles [15-18]. 

The trimethylsilyl group of such 2-trimethylsilyl-1,2,3-triazoles can easily be 
removed by hydrolysis to yield 1,2,3-triazoles. 

TMS-N3 undergoes thermal [2 + 3] cycloaddition reaction with aryl nitriles 
to give mixtures of 5-ary 1-2-trimethylsilyl tetrazoles [11], 3,5-diaryl-2-tri- 
methylsilyl-1,2,4-triazoles and 3,6-diaryl-1,4-^^(trimethylsilyl)-1,2,4,5-tetra- 
zines [19]. The latter two products result from thermal decomposition of the 
initial 5-aryl-2-trimethylsilyl tetrazole to give nitrogen and a N-trimethylsilyl 
substituted nitrile imine [20]. Such reactive 1,3-dipolar species react with an 
additional molecule of aryl nitrile to yield 3,5-diaryl-2-trimethylsilyl-l,2,4- 
triazoles or dimerize to yield 3,6-diaryl-1,4- bis (trimethylsilyl)-1,2,4,5-tetrazines. 

ArCEN + (CH3)3SiN3 Ar \ /N-S-f(CH3)3 

N =N 
A 

(4.4) 

n2 + Ar^NxN/Si(CH3)3 

+ 

/ 
/ArCEN J 

Ar, 
N /=N 

Ar"^f XN-Si (CH,), (CH JoSi-N Vsi(CH,), 
33 

Ar Ar 
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4 Sily] Azides 

However, ferrocenyl nitrile reacts with TMS-N3 under A1C13 catalysis to 
yield exclusively 2-trimethylsilyl-5-ferrocenyl tetrazole (75%) [19]. 

TMS-N3 undergoes slow thermal [2 + 3] cycloaddition reactions with alkenes 
to yield l-trimethylsilyl-AM,2,3-triazoles. These lose nitrogen on heating at 
higher temperature or on photolysis to give N-trimethylsilyl aziridines [11,21]. 

(4.5) 

This reaction has been utilized in an unequivocal synthesis of N-substituted- 
1,4-dihydropyridines [22]. 

-N (4.6) 

4.4 Reactions with Aldehydes or Ketones 

TMS-N3 reacts with aliphatic aldehydes under both electrophilic catalysis 
by zinc chloride [23, 24] or anionic activation by potassium azide and 
18-C-6 [25] to yield a-trimethylsilyloxyalkyl azides. Catalysis by zinc chloride 
may involve coordination of zinc cation to the carbonyl oxygen increasing its 
electrophilicity. 
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4.4 Reactions with Aldehydes or Ketones 

-6 
Zn+2 

'-0 
|U 

(CH3)2CH-r 0 

^3)3 

:N-N=N 
- + 

Zn 
+2 

‘'O' Si (CHo) o 

I / 33 
(CH,)0CH-C-N-N=N 

3 2 | + 
H 

0-Si(CH3)3 

(CH„)9CH-C-Nq + Zn 
3 2 | 3 

+2 
(4.7) 

Anionic catalysis occurs by addition of azide ion to the carbonyl group to 
yield an alkoxide anion. This then reacts with TMS-N3 to give the product 
and regenerate azide ion. 

n KN., 0 (CH-KSiN,, 0-Si(CH3)3 

R-C-H 18-C-6 ^ R"^"H -—-—► R-C-H + K N3 (4.8) 

N. N, 

Higher yields are obtained with anionic activation. Recently it has been shown 
that aliphatic aldehydes or ketones react with TMS-C1 and sodium azide 
in DMF to yield a-trimethylsilyloxyalkyl azides directly [26]. Although TMS- 
N3 can be prepared under similar reaction conditions [8], it is not clear 
whether this reaction involves prior in-situ formation of TMS-N3 or not. 

o 0 + (CH3)3SiC1 + NaN 
3 DMF 

,0-Si(CH3)3 

(4.9) 

a-Trimethylsilyloxyalkyl azides undergo pyrolysis at 280° to yield N- 
trimethylsilyl amides and nitrogen [11, 24]. 

0-Si(CH3)3 

(CH.)9CH-C-N9 
3'2 I 3 

N2 + 

0-Si(CH3)3 

(CH.)„CH-C-N: 
3 2 | .. 

0 Si (CFL) 
/ 3; 3 

(ch3)2ch-c-n^ (4.10) 

a-Trimethylsilyloxyalkyl azides react with methanol to give the correspond¬ 

ing dimethyl acetal and hy dr azoic acid [24]. 
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4 Silyl Azides 

o-si(ch3)3 ch qh och3 

CH3-(CH2)2-C-H -—-► CH3-(CH2)2-C-0CH3 (4.11) 

N3 h 

a-Trimethylsilyloxyalkyl azides are reduced by LiAlH4 to yield after 
hydrolysis, primary alkyl amines (Eq. 4.12) [27]. 

0-Si(CH3)3 C?-Sl'(CH3}3 

Finally, a-trimethylsilyloxyalkyl azides react as organic azides in thermal 
[2 + 3] cycloaddition reactions with polar acetylenes to yield substituted 
triazoles [24]. 

0-Si(CH3)3 

(CH3)2CH-C-N3 CH302C-C=C-C02CH3 

,si<CH3>: 

(CH,),CH-CH-N—N 
3 Z / U 

CH302C 

co2ch3 (4.13) 

4.5 Reactions with Epoxides 

Cyclohexene oxide reacts with TMS-N3 in the presence of zinc chloride to 
yield tran,s-l-azido-2-trimethylsilyloxycyclohexane while styrene oxide yields 
2-azido-1 -trimethylsilyloxyphenylethane [24]. 

(ch3)3Sin3 (4.14) 

4.6 Reactions with Cumulenes 

Phenyl isocyanate reacts with TMS-N3 in a 1:1 ratio to give phenyl carbamoyl 
azide (32%) and l-phenyl-5-(4H)-tetrazolinones (62%) after hydrolysis as 
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4.6 Reactions with Cumulenes 

outlined in Eq. 4.15. If a 1:2 ratio is used, only l-phenyl-5-(4H)-tetrazolinone 
is obtained [55]. 

Ph-N=C=0 + (CH3)3SiN3 Ph-N-C=0 
h2o 

(CH3)3si 

0 

PhNH-C-N3 (4.15) 

0 

p\ A 
N NH 
I I 
N=N 

h2o 

0-Si(CH3)3 

Ph 
V \ 

I I 
N = N 

0-Si(CH„)3 
PhN=cY J 

N_ 

Benzoyl isocyanate reacts with TMS-N3 in a similar manner to yield 
initially l-benzoyl-5-trimethylsilyloxy-tetrazole. Loss of nitrogen yields a 
reactive 1,3-dipolar species which undergoes an intramolecular electrocyclic 
reaction with the carbonyl group to give 5-phenyl-3-trimethylsilyloxy-1,2,4- 
oxadiazole [55]. 

Ph-C-N=C=0 + (CH3)3SiN3 

0 0-Si(CHo)o ,i | 3 3 

Ph'-'^N-^N 
I I 
Nr=N 

0 O-Si(CH-), 
l|l * 

Ph-C-N-C=N 
+ 

Ph-^N ^CH3^3 

YT (4.16) 

0-N 

Carbodiimides react with TMS-N3 in an analogous manner [55]. 

Ph-N=C=N-Ph + (CH3)3SiN3 Ph-N=C 

Ph 

/N-Si(CH3)3 (4.17) 

Ph\N/Si(CH3)3 

Ph-N XN 
I I 
N = N 
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4 Silyl Azides 

Phenyl isothiocyanate, on the other hand gives 5-anilino-l,2,3,4-thiotriazole 
[26], 

4.7 Reactions with Phosphines 

Organosilyl azides react with tertiary aliphatic and aromatic phosphines to 
yield N-organosilyl tertiary phosphineimines and nitrogen [9, 28]. These can 
be hydrolyzed to tertiary phosphineimines. 

ChL0H/H+ 

Et3P + (CH3)3SiN3 -► Et3P=N-Si(CH3)3 ---► Et3P=N-H (4.18) 

N-Trimethylsilyltriphenylphosphineimines react with acid chlorides or an¬ 
hydrides to yield N-acyl triphenylphosphineimines [29]. 

Ph3P=N-Si(CH3)3 + Ph-C-Cl --► Ph3P=N-C-Ph (4.19) 

4.8 Reactions with Grignard Reagents 

Aryl Grignard reagents react with triorganosilyl azides via two competing 
pathways. This first results in magnesium bromide N-silyl amides and 
nitrogen. These can be hydrolyzed to give primary amines (Eq. 4.20). The 
second gives magnesium azide bromide and a tetraorganosilane (Eq. 4.21) [30]. 
The ratio of these two processes depends on solvent, triorganosilyl azide, 
and the organometallic reagent. Addition is favored by less polar solvents, 
triphenylsilyl azide compared to TMS-N3, and diphenyl magnesium rather than 
phenyl magnesium bromide. With phenyl lithium only substitution occurs 
[31, 32], 

p h 3 s i N 3 + PhMgBr 

Ph 

Ph3SiN/ + N 
^'MgEr 

Ph^Si + BrMgN3 

HO 
—-► PhNH2 (4.20) 

(4.21) 

4.9 Reactions with Acid Chlorides or Anhydrides 

TMS-N3 reacts rapidly with both aliphatic and aromatic acid chlorides to 
yield TMS-C1 and the corresponding acyl azide which undergoes loss of 
nitrogen. Rearrangement of the acyl nitrene intermediate thus formed gives 
high yields of isocyanate. TMS-N3 thus permits the Curtis degradation to 
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4.9 Reactions with Acid Chlorides or Anhydrides 

be carried out under mild neutral conditions (Eq. 4.22) [33, 34]. w-Bromo 
aliphatic acid chlorides are readily converted to co-bromo alkyl isocyanates 
[33, 35]. 

0 
II 
C-Cl 

C-Cl 
!| 
0 

+ 2(CH3)3SiN3 1^ v" 

Ca 
N=C=0 

N=C=0 

+ 2N2 + 2(CH3)3SiCl 

(4.22) 

While alkenes undergo [2 + 3] cycloaddition reactions with TMS-N3 [21, 22], 
TMS-N3 reacts with acid chlorides more rapidly. This permits the conversion 
of unsaturated carboxylic chlorides to the corresponding isocyanates [33, 34], 

0 
II 

CH2=CH-(CH2)8-C-C1 + (CH3)3SiN3 -► CH2=CH-(CH2)g-N=C=0 (4.23) 

aj-Methoxycarbonyl alkanoyl chlorides can be converted to ca-methoxycar- 
bonyl alkyl isocyanates in high yields [34]. On the other hand, reactive esters 
such as diketene and (3-propiolactone react with TMS-N3. Diketene yields 
a 1:1 mixture of 2-trimethylsilyloxy-2-propenyl isocyanate and 2-trimethyl- 
silyloxy-l-propenyl isocyanate while (3-propiolactone gives trimethylsilyl-3- 
azido propionate [36]. 

(CH3)3SiN3 

ch2-n=c=o 

0-Si(CH3)3 

ch3-c=ch-n=c=o 

0-Si(CH3)3 

(4.24) 

Cyclopropanoyl chloride reacts with diphenyldiazosilane to yield cyclo¬ 
propyl isocyanate [37]. However, catalysis by potassium azide and 18-C-6 
proved necessary in the reaction of 1-phenylcyclopropanoyl chloride with 
TMS-N3 [38], 

(4.25) 

Even perfluoroalkyl acid chlorides have been smoothly converted to the 
perfluoroalkyl isocyanates [39, 40] 

0 

CF3-(CF2)4-C^ + (CH3)3SiN3 -► CF3-(CF2)4-N=C=0 (4.26) 

Aryl chloroformates react with TMS-N3 in chloroform to yield aryl azido 
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4 Silyl Azides 

formates. Pyridine catalyzes the reaction at room temperature (Eq. 4.27). 
At higher temperatures (90°) aryl azido formates decompose to yield the 
corresponding nitrenes which react with solvent. Aryl azido formates react 
with triphenylphosphine as outlined below (Eq. 4.28) [29]. 

0 0 

Ph-O-C-Cl + (CH3 )3Si N3 -► Ph-0-C-N3 + (CH^SiCl (4.27) 

0 0 
11 11 , 

Ph-0-C-N3 + Ph3P -► Ph-O-C-N=P Ph 3 (4.28) 

Anhydrides react with TMS-N3 in a similar manner to acid chloride to 
give equal amounts of trimethylsilyl esters and isocyanates [34, 41, 42]. 

^ch3-(ch2)2 + (CH3)3SiN3 

0 
ii 

CH3-(CH2)2-C-0-Si(CH3)3 

(4.29) 

ch3-(ch2)2-n=c=o + n2 

Cyclic saturated anhydrides react with TMS-N3 to give w-trimethylsilyloxy- 
carbonyl alkyl isocyanates [42, 43]. 

0 

(^0 + (CH3)3SiN3 -► 0=C=N-(CH2)2-C02-Si(CH3)3 (4.30) 

0 

a,/3-Unsaturated cyclic anhydrides such as maleic and phthalic anhydride 
react with TMS-N3 to yield N-trimethylsilyl-l,3-oxazine-2,6-diones [41] as 
outlined below (Eq. 4.31). 

48 



4.10 Reactions with Lead Tetraacetate or Phenyliodosodiacetate 

Halogen, alkyl and aryl substituted maleic anhydrides react with TMS-N, to 
yield mixtures of 4 and 5 substituted N-trimethylsilyl-l,3-oxazine-2,6-diones. 
Surprisingly, the 4-substituted isomers are always predominant [45-48]. 

0 

(CH3 )3Si (CH3)3Si 

1 :9 

In a similar manner, c/s-l,3-pentadienyl isocyanate, prepared by reaction 
of sorboyl chloride with TMS-N3, undergoes intramolecular electrocyclic 
reaction to yield 3-methyl-2-pyridone [44], 

N-Butyl isomaleimide reacts with TMS-N3 to yield 3-butyl uracil after 
hydrolysis [41]. 

n-Bu-N 

0 

; 

r n-Bu-N 

(4.34) 

0 

4.10 Reactions with Lead Tetraacetate or Phenyliodosodiacetate 

The reactivity of lead tetraacetate has been modified by reaction with TMS-N3 
[56]. An exchange reaction results in formation of species, such as lead 
diacetate diazide and acetoxytrimethylsilane. 
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4 Silyl Azides 

Pb(0Ac)4 + 2(CH3)3SiN3 -► Pb(0Ac)2(N3)2 + 2(CH3)3SiOAc (4.35) 

This system reacts with activated alkenes, such as styrene, to yield mixtures 
of 1,2-diazido phenylethane, l-acetoxy-2-azido phenylethane and a-azidome- 
thyl phenyl ketone. This regiospecificity suggests an intermediate benzylic 
carbocation [49], 

Ph-CH=CH. Pb(0Ac)„ (N_) 
4-n 3'n (4.36) 

N0 N- 
I 3 | 3 

Ph-CH-CH, Ph 

0 
H 

-c-ch2n 

OAc 
I 

Ph-CH-CH2-N3 

Oxidation of norbornene with this system yields 5-exo-aceioxy-l-syn azido- 
norbornane. This result is consistent with a carbocation intermediate [50]. 

T 

(4.37) 

With disubstituted steroidal alkenes this system regiospecifically yields 
a-azido ketones. A mechanism, in which the initial a-azido carbocation loses 
a proton to form a vinyl azide which is further oxidized, has been sug¬ 
gested [51]. 

T 
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4.10 Reactions with Lead Tetraacetate or Phenyliodosodiacetate 

Trisubstituted steroidal alkenes undergo oxidative cleavage of the C-C 
double bond to yield g-keto nitriles. A mechanism involving ionic intermediates 
has been proposed. An azido epoxide intermediate may be involved in 
framentation of the C-C double bond [52], 

It should be noted that lead azides are explosive. This system has the 
obvious advantage of generating these species in-situ. 

The reactivity of phenyliodosodiacetate has also been modified by equili¬ 
bration with TMS-N3. Phenyliodosodiacetate/TMS-N3 reacts withdisubstituted 
alkenes to give a-azido ketones [53]. 

CH=CH, 

Phi(0Ac)2 

(CH3)3SiN3 CH3° \ // 

0 

-C-CH0-N 
2 ”3 

(4.40) 

With phenyliodosodiacetate/TMS-N3, trisubstituted alkenes undergo oxidative 
cleavage of the C-C double bond to give e-keto nitriles in slightly lower 
yields than with lead tetraacetate/TMS-N3 [54], 

'S} 2Ph I (OAc) 2 

\S 4(CH3)3SiN3 

An advantage of phenyliodosodiacetate/TMS-N3 is that it is potentially less 
hazardous since no explosive lead azides can be formed. 
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5 Silyl Nitronates 

5.1 Introduction — Physical and Spectroscopic Properties 

A limited amount of synthetic work has been parried out with silyl nitronates 
(silyl esters of nitronic acids). IR, UV, and variable temperature NMR 
spectra, as well as, a low temperature X-ray structure of a silyl nitronate have 
been reported [2]. The concentration independent variable temperature NMR 
behavior of these species is consistent with fast intramolecular migration 
of the silyl group between the two oxygens of the nitronate [2]. Although 

R. + 0 
''CH=N 

0-Si(CH )3 

R. + .0-Si(CH ) 
CH=N^ J J 

0" 

(5.1) 

silyl nitronates are more thermally stable than the corresponding alkyl nitro¬ 
nates [1, 2], they readily undergo hydrolysis to regenerate the nitroalkanes. 
f-Butyldimethylsilyl nitronates are less susceptible to hydrolysis than tri- 
methylsilyl nitronates [2]. 

5.2 Cycloaddition Reactions 

Silyl nitronates undergo thermal [2 + 3] cycloaddition reactions with alkenes 
substituted by electron withdrawing groups to yield regiospecifically 5- 
substituted-2-N-silyloxyisoxazolidines [1, 3, 4], 

+ .0-Si(CHj, 
CH?=N^ J + 

X0~ 
ch2=ch-co2ch3 

CH,0-C 
3 II 

0 

/N-0-Si(CH3)3 
(5.2] 

Such 2-N-silyloxyisoxazolidines undergo loss of trimethylsilanol on 
treatment with acid (HC1 or TsOH [3]) or heat [4] to yield 2-isoxazolines 
[1, 3], 

CH2CH3 

HC1 
(5.3) 
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5.3 Nitro-Aldol Reactions 

Treatment of 2-N-trimethylsilyloxyisoxazolidines with potassium methoxide 
in benzene, followed by acidic work-up, gives y-hydroxy oximes [1, 4]. 2-N- 
Trimethylsilyloxyisoxazolidines have been converted to 3-substituted isoxa- 
zoles and 1,3-substituted pyrazoles [3]. 

5.3 Nitro-Aldol Reactions 

Silyl nitronates react with aliphatic and aromatic aldehydes under nucleo¬ 
philic catalysis by TBAF to yield 2-silyloxy nitroalkanes [5], The reaction may 
proceed by fluoride ion attack on the silyl group to yield the nitro stabilized 
carbanion. This adds to the aldehyde carbonyl group to give an alkoxide anion 
which attacks the silyl center of another silyl nitronate molecule. Transfer of 
the silyl group yields the product and regenerates the nitro stabilized carbanion. 

+ 

ch3(ch2)4ch=n 
^O-Si (CH3)3 

Nr 

+ 

(n-Bu)4NF + 0 
CH3(CH2)4CH=n(^ + (CH3) 3SiF 

V° 
CH3(CH2)4CH=N\ 

0 
li 

+ Ph-C-H 
0 

I v° 
Ph-NCH/V 

H I 
0 

(ch2)4ch3 

O' 
I 

Ph-C 
l 

H 
'CH- 

V° 
-Nv 

+ CH3(CH2)4CH= 
+ °- 

-M ' 

(ch2)4ch: 

2'4“" "N 

(CH3)3Si 

osi(cH3)3 

Ph-C^ pu^-N/ 
I CH-"' +\Q 

H (ch2)4ch3 

(5.4) 

+ /0 
CH,(CHjdCH=N' 

Fluoride ion catalyzed nitro-Aldol reactions of t-butyldimethylsilyl 
nitronates with aliphatic aldehydes proceed diastereoselectively to yield 
practically pure erythro isomers. Lower diastereoselectivity is observed with 
benzaldehyde. The preferential formation of one diastereomer is consistent 
with a chair transition state which minimizes steric interactions [6]. 

N° 
ch,ch9-ch=nv 

J N0Si(CH3)2t-Bu 

H N=0 

f\( 
chNc 

+ CH3CH2CH2-C-H 
(n-Bu)4N F'/THF 

CFL CH? 0Sl ^3 2* Bu 
3 I 2 

CH9 
I 2 

CH3 

H. 

,Si(CH9)9t-Bu 
0 ^ 
M H + 

/N'^.0--N(n-Bu)4 

CH 

f CH 
CH N 

/ H2 CH 
I 2 
ch3 

(5.5) 
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5 Silyl Nitronates 

Unfortunately the reaction fails with ketones. 2-Silyloxy nitroalkanes are 
successfully reduced with LiAlH4 to 2-amino alcohols [5]. 

h-c-ch9-no9 

i z 
0-Si(CH3)3 

1) LiAlH4 

' Et^O A 

2) H20 
(5.6) 

5.4 Oxidation 

Secondary silyl nitronates undergo oxidative cleavage by ceric ammonium 
nitrate in acetonitrile to yield the corresponding ketones [7]. 

Ce(NH4)2(N03)6 

CH^CN 
(5.7) 

Nitroalkanes have been converted into the corresponding aldehydes or 
ketones by treatment with basic silica gel, followed by elution of the carbonyl 
compound with ether. The reaction may occur by interaction of the nitronate 
ion with the surface siloxane functionality of the silica gel to yield a surface 
bound silyl nitronate. Attack by absorbed hydroxide or silanoate on the 
silyl nitronate, converts it to the carbonyl compound and nitrogen oxides [8]. 

0 
/ \ 

Si Si 
^yJLV: 

V 
R-CH=N 

\ 

O' 

0 

0 
\+ 

N=CH-R 
/ 

0 

•jL. 

0 
I Si 

OH 

/.tv a 

/ 
Si 

0V OH 
\ I 

N-CH-R 

ox O' 
I 

Si 

(5.8) 

H„0 

0 
il 

R-C-H 

5.5 Preparation 

Trimethylsilyl nitronates have been prepared by reaction of primary and 
secondary nitroalkanes with N,0-fr/s(trimethylsilyl)acetamide [1,3]. 
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CH3-CH=N (5.9) 

X0-Si (CH3)3 

Nitromethane, -ethane and -propane can be converted to the corresponding 
trimethylsilyl nitronates by treatment with TMS-C1 and triethylamine [3]. 
Reaction of TMS-C1 with nitrocyclohexanes and lithium sulfide in acetonitrile 
provides an efficient route to the corresponding trimethylsilyl nitronates [9]. 

CH3-CH2-N02 
ChL-C=N-Si(CH.) 

3'3 

OSi(CH3)3 

(CH3)3SiCl/Li2S 

CH^CN 

/ 
0-Si(CH3)3 

Y 
(5.10) 

Perhaps the most general method involves reaction of the lithium nitronates, 
generated by treatment of primary and secondary nitroalkanes with LDA in 
THF at -78°, with the desired trialkylchlorosilane. t-Butyldimethylsilyl 
nitronates, as well as trimethylsilyl nitronates, have been prepared by this 
method [2]. 

CH- (5.11) 
I 0 

t-Bu-Si-Cl 

t-Bu 

Since silyl nitronates are now readily available, new chemistry with these 
interesting compounds may be forthcoming. 
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6 Peterson Reaction 

6.1 Introduction 

The Silyl-Wittig or Peterson reaction involves addition of a stoichiometric 
quantity of an a-silyl carbanion to the carbonyl group of a ketone or aldehyde. 
This yields a /3-silyl alkoxide which decomposes by alkoxide attack on 
silicon to yield an alkene and a silanoate. The ease of this decomposition is 
dependent on the cation. Potassium and sodium alkoxides decompose far more 
readily than the more covalent magnesium alkoxides [1]. 

(CH3)3SiCH2 + Ph2C=0 

^ ^3 3| 0" 
I 

CH„-C-Ph 
2 I 

Ph 

Pb 
(CH-,)oSi-0” + CH9=C^ 

J c Ph 

(6.1) 

The similarity of this reaction sequence to the Wittig reaction is apparent: 
a-trimethylsilyl carbanions are analogous to ylids, while /3-trimethylsilyl 
alkoxides are similar to betaines. Finally the trimethylsilanoate may be 
compared to triphenylphosphine oxide. The driving force for this reaction 
results from the formation of a strong Si-0 single bond. In fact, given a 
choice the alkoxide oxygen prefers to attack silicon rather than phosphorous. 
The Peterson reaction occurs in preference to both the Wittig [2] (Eq. 6.2) 
and the Wittig-Horner-Emmons reactions (Eq. 6.3) [3]. This permits synthesis 
of vinyl phosphonates. 

+ - 

Ph 3 P-CH-Si(CH 3)3 + Ph2C=0 

Ph 3 P-CH-Si(CH 3) 3 

Ph-C-0 
i 
Ph 

7T Ph2C=C 
/S,<CH3>3 

Wittig 

PhQP-C=CPh9 i?ase— 
3 2 Peterson 

Ph2C=0 

Ph3P-CH=CPh2 + (CH3)3Si0‘ 

Ph2C=C=CPh2 + Ph3P-0 (6.2) 
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6.2 a-Silyl Organometallics 

The Peterson reaction is successful with enolizable ketones while the 
Wittig reaction often fails. This is because alkylidenetriphenylphosphoranes 
may react as strong bases with enolizable ketones rather than undergoing 
nucleophilic addition to form betaines. a-Trimethylsilyl carbanions, on the 
other hand, add to such ketones as nucleophiles [4]. 

CH2=PPh3 
— --—► No reaction 

1) (CH3)3Si-CH2MgCl 

2) H0Ac/H20 

3:1 

(6.4) 

6.2 a-Silyl Organometallics 

The synthetic utility of the Peterson reaction has generated interest in 
a-silyl organometallics [5]. These have been generated in a number of ways. 
The ease of formation and the stability of carbanions alpha to silicon have 
been attributed to delocalization of the extra electron density centered in a 
2p orbital on carbon into an empty 3d orbital on silicon. 

(6.5) 
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6 Peterson Reaction 

A. tt-Silyl Grignard and Organolithium Reagents 

a-Haloalkyltrimethylsilanes or a-haloalkyltriphenylsilanes can be converted 
to Grignard or organolithium reagents [9, 10]. 

Mg/Et?0 
(CH3)3Si-CH2Cl -—► (CH3)3SiCH2-MgCl 

0 
N II 

1) CH3-C-H 

2) H20 

OH 
l 

(CH3)3SiCH2-CH-CH3 

(6.6) 

a-Trimethylsilyl Grignard reagents will add to ketones or aldehydes to 
yield after hydrolysis /3-hydroxyalkyltrimethylsilanes. This occurs because 
the intermediate magnesium /3-trimethylsilyl alkoxides do not easily undergo 
elimination [1]. Treatment of /3-hydroxyalkyltrimethylsilanes with sodium or 
potassium hydride converts them to sodium or potassium /3-trimethylsilyl 
alkoxides which lose trimethylsilanoate and form alkenes. 

B. Halogen-Metal Exchange 

Halogen-metal exchange between bromomethyltriphenylsilane and n-butyl 
lithium yields triphenylsilylmethyl lithium [11]. 

Ph3SiCH2Br —- Ph3SiCH2Li (6.7) 

Halogen-metal exchange has also been used to generate bromo-/?/s(trimethyl- 
silyl)methyl lithium [12] and fm(trimethylsilyl)methyl lithium [13]. 

Br 
[(CH3)3Si]2C<" 

Br 
—BUL1 - [(CH3)3Si]2C^ 

Br 

Li 
(6.8) 

C. Addition of Organometallics to Vinyl Silanes 

While Grignard reagents and organolithium compounds will not, in general, 
add to isolated C-C double bonds, they will add to the C-C double bond of 
vinyl silanes to form a carbanion adjacent to silicon [14—18]. 

PhgSi^^ + PhLi -—► Ph3Si^^/ (6.9) 

CH9 
I 3 

CH9=CH-Si-0-CH9CH 
d I 3 

CH3 

iProMgBr ^ 
CH9 
l 3 

(CHo)9CHCH9-CH-Si-0-CH9CH9 
6 c ^|| 2 o 

Mg CH0 
I 3 
Br 

(6.10) 
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6.2 a-Silyl Organometallics 

D. Metallation 

While tetramethylsilane can be metallated by n-butyl lithium/TMEDA [6—8], 
the reaction is more facile when a second carbanion stabilizing group is present. 
Ws(Trimethylsilyl)methane [19] and tr/s(trimethylsilyl)methane [13, 19] are 
easily metallated to yield carbanions stabilized by two and three adjacent 
trimethylsilyl groups respectively. 

[(CH3)3Si]2CH2 THF/HMPT 

t-BuLi 

-78°C 

[(CH3)3Si]2CHLi+ (6.11) 

Adjacent aryl, ester and nitrile groups stabilize carbanions. Both benzyl- 
triphenylsilane [20] and benzyltrimethylsilane [21] are readily metallated by 
reaction with n-butyl lithium. 2-(Trimethylsilylmethyl)pyridine is easily 
deprotonated by LDA in THF at -78 °C [22, 23]. 

CH2-Si(CH3)3 

LDA 

THF “ 
CH-Si(CH3 )3 (6.12) 

t-Butyl and ethyl esters of trimethylsilylacetic acid [24—27] and trimethylsilyl- 
acetonitrile [28, 29] can be converted to a-silyl carbanions by treatment with 
LDA. 

(CH3)3SiCH2C02-t-Bu «► (CH3)3SiCH-C02-t-Bu (6.13) 

Li+ 

2-Trimethylsilyl-l,3-dithiane and other such trimethylsilyl-substituted 
thioacetals are easily metallated [30]. 

LA 
sxs 
H"^Si(CH3)3 

n-BuLi LA 
S 

si(CH3)3 

(6.14) 

E. Displacement Reactions 

a-Trimethylsilyl carbanions have been formed by displacement reactions. 
tetrafc/s(Trimethylsilyl)methane reacts with sodium methoxide in HMPT to 
form tm(trimethylsilyl)methyl sodium and methoxytrimethylsilane [31]. The 
driving force for this reaction may be the formation of the strong Si—O single 
bond of methoxytrimethylsilane. Similar reactions occur with tm(trimethyl- 
silyljmethane and b/s(trimethylsilyl)methane, to yield the corresponding a- 
silyl carbanions via loss of one trimethylsilyl group as methoxytrimethylsilane 

[31]. 
CHoO"Na+ , 

[(CH3)3Si]2CH2 -(CH3)3SiCH2'Na + (CH3)3ST0CH3 (6.15) 

Displacement of phenylthiolate from 1-phenylthio-l-trimethylsilylalkanes 
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6 Peterson Reaction 

by reaction with lithium naphthalide yields a-trimethylsilyl alkyl lithium 
reagents [32], 

(CH0),CH 
3 3 | 

CH 

PhS^ NSi(CH3)3 

Li 
(CH.)0CH 

3 O 
-CH 

NSi(CH3)3 (6.16) 

Similarly, displacement of methyl selenide from methyl trimethylsilylmethyl 
selenide by n-butyl lithium yields trimethylsilylmethyl lithium [33], 

CH3SeCH2Si(CH3)3 -~"-uLl » n-BuSeCH3 + Li+ "CH2Si (CH3)3 (6.17) 

6.3 Stereochemical Control of Elimination 

The Peterson reaction is of synthetic interest, not only due to the wide variety 
of alkenes which can be prepared, but also because the reaction can be 
controlled to yield either cis or trans alkenes. Treatment of threo 5-trimethyl- 
silyloctan-4-ol with potassium hydride in THF yields exclusively trans-4- 
octene via a syn-elimination (Eq. 6.18). On the other hand, /3-hydroxyalkylsila- 
nes also undergo elimination under acidic conditions [9]. Treatment of this 
diastereomer with a catalytic amount of sulfuric acid in THF or BF3 • OEt2 in 
methylene chloride, yields m-4-octene via an anti-elimination (Eq. 6.19) 
[34, 35]. Trimethylsilyl groups stabilize developing beta carbocation centers 
when they can assume a trans-diaxial relationship to the leaving group (see 
Chapter 7). 
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6.4 Preparation of Substituted Alkenes 

The necessary f/ireo5-trimethylsilyloctan-4-ol is prepared by reduction of 
5-trimethylsilyloctan-4-one with DIBAL in pentane at -120°C. This stereo¬ 
selectivity is predicted by Cram’s rule [36] and thew assumption that the tri- 
methylsilyl group is larger than the n-propyl group. 

6.4 Preparation of Substituted Alkenes 

A. Ketene Thioacetals 

The Peterson reaction has been used to prepare ketene thioacetals [37—39]. 
a-Trimethylsilyl carbanions stabilized by two adjacent sulfur atoms are easily 
formed by metallation reactions. For example, 2-trimethylsilyl-l,3-dithiane 
reacts with n-butyl lithium to yield 2-lithio-2-trimethylsilyl-l,3-dithiane [42,43]. 
Reaction of this a-silyl carbanion with ketones or aldehydes yields ketene 
thioacetals. With a,/3-unsaturated ketones and aldehydes, only 1,2-addition 
is observed (Eq. 6.20) [30, 40, 44, 45]. /nT-(Methylmercapto)methane. bis- 
(phenylmercapto)methane, and fr/s(phenylseleno)methane react similarly 
[19, 40, 41]. 

Ph 

Vs 
si(CH3)3 

(6.20) 

Ketene thioacetals are valuable synthetic intermediates. They can be hydro¬ 
lyzed to yield carboxylic acids [39]. 

s s 
H?0 

RCHp-C0?H 
Hg 

(6.21) 

The C-C double bond of ketene thioacetals can be reduced by treatment with 
triethylsilane and trifluoracetic acid to yield thioacetals [46] (see Chapter 17). 

sO CF3C°2H Et3SiH. 
h2o 

0 
II 

RCH2-C-H 

(6.22) 

Ketene thioacetals can be metallated with n-butyl lithium to yield allylic 

carbanions [47, 48]. 

(6.23) 
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6 Peterson Reaction 

B. Vinyl Sulfoxides 

Trimethylsilylmethyl phenyl sulfoxide can be metallated to yield 1-trimethyl- 
silyl-l-phenylsulfinylmethyl lithium which reacts with ketones or aldehydes 
to yield 1-phenylsulfinyl alkenes [49]. 

0 
- ll 

Ph2C=0 + (CH3)3Si-CH-S-Ph Ph2C=C 

0 
ll 
S-Ph 

(6.24) 

The necessary sulfoxide was prepared by reaction of trimethylsilylmethyl 
magnesium chloride with methyl benzene sulfinate [50]. 

0 0 
II X ll 

(CH )3Si-CH2-MgCl + Ph-S-OCH -► Ph-S-CH2~Si(CH3)3 (6.25) 

C. Thio Enol Ethers 

Metallation of trimethylsilylmethyl methyl sulfide yields a carbanion which 
reacts with ketones or aldehydes to yield methyl vinyl sulfides [1, 3]. 

n RnM - /SCHR 
(CH3)3Si-CH2-S-CH3 »- (CH3)3Si-CH-SCH3 -p^-c=0 - Ph2C=C^ d 

(6.26) 

Thio enol ethers can be hydrolyzed to ketones, albeit under vigorous con¬ 
ditions [51]. 

Phenylthio trimethylsilylmethyl lithium reacts with N,N-dialkyl benzamides 
to yield 2-phenylthio-l-dialkylamino alkenes [52]. This lithium reagent reacts 
with 2-cyclohexenone in THF to give the expected vinyl sulfide (Eq. 6.27). 
On the other hand, in HMPT or DME, 1,4-coniugate addition occurs 
(Eq. 6.28) [53], 

(6.27) 

(6.28) 
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6.4 Preparation of Substituted Alkenes 

D. Sulfines 

The Peterson reaction has been used to prepare sulfines. a-Trimethylsilyl 
carbanions add to a S —O double bond of S02. Loss of trimethylsilanoate 
results in formation of a S-C double bond [54, 55]. 

(6.29) 

N-Sulfinylamines have also been prepared by reaction of lithium N-aryl-N- 
trimethylsilylamides with S02 in THF [56]. 

Ph-NH-Si(CH3)3 
1) n-BuLi/THF 
2) S02 =78^ 

0 
il 

- 

XN 0 
\ 
Si(<^3)3 ^ 

N=S=0 

(6.30) 

E. Allenes 

Allenes have also been prepared by the Peterson reaction. a-Bromotriphenyl- 
silylethylene undergoes halogen-metal exchange with n-butyl lithium to yield 
a-lithio-triphenylsilylethylene. This reacts with ketones and aldehydes to 
yield 2-triphenylsilyl substituted allylic alcohols. Unlike other /3-hydroxyalkyl- 
silanes, these do not undergo facile elimination on treatment with either acid 
or base [57]. However, reaction of the alcohol with thionyl chloride gives an 
allylic chloride which loses the elements of triphenylchlorosilane when 
treated with tetraethylammonium fluoride in DMSO [58]. 

The driving force for this elimination is the formation of a strong Si-F bond. 
Similar results are obtained with a-lithio trimethylsilylethylene generated by 
halogen-metal exchange of a-bromo trimethylsilylethylene with t-butyl 

lithium at -78° [59]. 
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6 Peterson Reaction 

F. Vinyl Silanes (see Chapter 7) 

Metallation of frw(trimethylsilyl)methane with methyl lithium yields a car- 
banion which reacts with formaldehyde to give l,l-fr/s(trimethylsilyl)ethylene 
[19, 60], 

[(CH3)3Si]3C"Li+ + CH2=0 —► [ (CH3) 3Si =CH2 (6.32) 

fr/s-(Trimethylsilyl)methyl sodium reacts with benzophenone to yield 1,1- 
diphenyl-2-trimethylsilyl ethylene [31]. 
One of the few cases where the Peterson reaction fails involves bromo-bis- 
(trimethylsilyl)methyl lithium. This reagent reacts normally with aldehydes 
to yield the expected a-bromo-trimethylsilylalkenes. However, it fails to add 
to enolizable ketones and reacts with benzophenone to give l,l-£/.s-(trimethyl- 
silyl)-2,2-diphenylethylene oxide [12]. 

50% 

(6.33) 

25% 

G. Vinyl Boronic Esters 

The Peterson reaction has been utilized to prepare vinyl boronic esters. 
Metallation of pinacol trimethylsilylmethane boronate with the sterically 
hindered base, lithium 2,2,6,6-tetramethylpiperidide, gives a carbanion which 
reacts with ketones or aldehydes to yield the desired pinacol alkenyl boronic 
esters [61]. 

(CH3)3Si-CH-B 
/ 

0 
II 

R-C-H R' H 
o- 

0' 

(6.34) 
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6.4 Preparation of Substituted Alkenes 

H. Cross Aldol Reaction—a,/3-Unsaturated Aldehydes 

The formal “cross-aldol” coupling of two aldehydes, RCHO and R'CH2CHO, 
to yield an a,/3-unsaturated aldehyde RCH=CR'-CHO has been achieved in 
several ways [62—64], The Peterson reaction provides a general method to 
accomplish this transformation. The necessary precursors, a-trimethylsilyl 
aldimines have been prepared by metallation of aldehyde-f-butylimines with 
LDA followed by addition of TMS-C1. 

C(CHL)n 
ch3ch2-ch=n/ 

1) lda 
2) (CH3)3SiCl 

c(chj3 

CH,-CH-CH=rr J 
J i 

Si (CH3)3 

(6.35) 

Metallation of a-trimethylsilylaldehyde-t-butylimines with LDA occurs 
readily. This carbanion reacts with ketones or aldehydes to yield the desired 
a,/3-unsaturated aldehydes after mild acidic hydrolysis of the f-butyl imine 
protecting group [65]. 

CHO 

.C(CH ). 
CH,-CH-CH=N/ 0 p 

J i 

si(CH3) 3 

1) LDA 

3) H02C-C02H/H20 (6.36) 

This methodology was recently utilized in Corey’s synthesis of (±) N-methyl- 
maysenine [66, 67]. 

Metallation of 2-trimethylsilylmethyl-4,4,6-trimethy 1-5,6-dihydro-1,3-oxa- 
zine with f-butyl lithium followed by reaction with ketones or aldehydes 
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6 Peterson Reaction 

yields a,/3-unsaturated oxazines [68]. These can be hydrolyzed to a,/3-unsatu- 
rated aldehydes. 

I. a,/3-Unsaturated Carboxylic Acids 

a,)8-Unsaturated carboxylic acids can be prepared by reaction of the dianion 
of trimethylsilyl acetic acid with ketones or aldehydes [69]. 

(CH3)3SiCH2C02H 2tLhDfA - (CH3)3SiCH-C02" 

J. a,fi-Unsaturated Nitriles 

(6.39) 

a-Trimethylsilylnitriles have been prepared by [Ph3P]3RhCl catalyzed hydro- 
silation of a,/3-unsaturated nitriles (Eq. 6.40) [28]. On the other hand, reaction 
of TMS-C1 with chloroacetonitrile and zinc in benzene/THF yields trimethyl- 
silylacetonitrile (Eq. 6.41) [29], 

CH2=CH-CN 

(CH3)3SiCl 

+ PhSi(CH3)2H 
[Ph3P]3RhCl 

+ Clch2-cn 
Zn 

WTHF 

H 
I 

► CHo-C-CN 
3 I 
/SiN 

ch3 | nch3 

Ph 

(CH3)3SiCH2CN 

(6.40) 

(6.41) 

Deprotonation of these a-silylnitriles with LDA gives carbanions which react 
with both ketones and aldehydes to yield a,/3-unsaturated nitriles. 

Ph 
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6.4 Preparation of Substituted Alkenes 

K. a,/3-Unsaturated Esters 

The synthesis of a,/3-unsaturated esters by the Peterson reaction requires 
a-trimethylsilyl esters as precursors. f-Butyl trimethylsilylacetate can be 
prepared by reaction of TMS-C1 with the lithium enolate of t-butyl acetate 
in THF at -78°C [70], 

CH^CC^-t-Bu + 

- + (6.43) 

(CELLSiCl 

CH2-C02-t-Bu ----► (CH3)3SiCH2C02-t-Bu 

Li + 

Ethyl trimethylsilylacetate has been prepared by a modified Reformatsky 
reaction of ethyl bromoacetate and TMS-C1 with zinc [71]. 

(CH3)3SiCl + BrCH2-C02Et Zn - (CH3)3Si-CH2-C02Et (6.44) 

Both t-butyl trimethylsilylacetate and ethyl trimethylsilylacetate are converted 
to a-trimethylsilyl lithium enolates by treatment at low temperature with 
LDA or lithium dicyclohexylamide. They react ketones or aldehydes to yield 
a,/3-unsaturated esters [25—27, 72]. Lithio-f-butyl trimethylsilylacetate is 
quite stable. 

LDA readily converts Lbutyl fr/5(trimethylsilyl)acetate to an enolate which 
reacts with aldehydes but not ketones to yield a-trimethylsilyl-a,/3-unsaturated 
esters. These are useful Michael acceptors [25]. 
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6 Peterson Reaction 

Si(CH3 )3 

Li+ "C-C09-t-Bu + CH9=0 (6.46) 

I 2 
si(CH3)3 

Li 
.+ 

h2c=c; 

,si(ch3)3 

'C02-t-Bu 

i) ch3ch2-c=cs 

CH' 
Si(cH3)3 

2) H20 
ch3ch2-c-ch-ch2-c-h 

CH. C02-t-Bu 

t-Butyl trimethylsilylchloroacetate has been prepared by reaction of the 
lithium enolate of t-butyl chloroacetate with TMS-C1. Deprotonation of this 
silyl reagent with LDA forms an ester enolate which reacts with ketones or 
aldehydes to yield a-chloro-a,/3-unsaturated esters [24]. 

Si(CH3>3 

Cl^'-xC02-t-Bu + 

0 
II 

(CH )2CH-C-H 

C0?-t-Bu 

(CHJ?CH-CH=C^ (6.47) 
J Cl 

L. a-Ylidene-y-butyrolactones 

a-Ylidene-y-butyrolactones have been prepared by Peterson reaction of 
aldehydes with the enolate anion generated from a-trimethylsilyl y-butyrolac- 
tones. 

(6.48) 

The necessary a-trimethylsilyl-y-butyrolactones were prepared by reaction 
of epoxides with the dianion of trimethylsilyl acetic acid (Eq. 6.49) [69]. 

(CH3)3SiCH-C02 

I 

(CH3)3Si 

(6.49) 

1) h2o 

2) TsOH/C6H6"~ 

a-Ylidene-y-lactones have also been prepared from y-trimethylsilyloxy- 
propionitriles. These can be deprotonated with LDA to yield cyano-stabilized 

70 



6.4 Preparation of Substituted Alkenes 

anions which react with aldehydes to give a-(l-hydroxyalkyl)-y-trimethyl- 
silyloxy nitriles. These undergo acidic hydrolysis to a-(l-hydroxyalkyl)-y- 
lactones which can be dehydrated to a-ylidene y-lactones [92]. 

OH 

a-Lithio trimethylsilylacetonitrile reacts with epoxides to produce y- 
trimethylsilyloxy propionitriles via a 1,4-shift of the trimethylsilyl group 
from carbon to the alkoxide oxygen [91]. 

(CH3)3SiCHCN 
(6.51) 

M. Silyl Reformatsky Reaction 

The Peterson reaction is not catalytic in base but rather requires one equivalent 
of a-silyl carbanion. In the presence of a catalytic amount of sodium 
hydroxide at 160—180°, ethyl trimethylsilylacetate reacts with aromatic alde¬ 
hydes to yield ethyl /3-aryl /3-trimethylsilyloxy propionates (Eq. 6.52) [90]. 

+ (CH3)3SiCH2C02Et 
NaOH 

cat. 

o2n 

0-51(013)3 

CH 

'xCH2C02Et 

(6.52) 

Likewise, trimethylsilylacetonitrile reacts with aromatic aldehydes in the 
presence of a catalytic amount of sodium hydroxide at 160—180° to give 
/3-aryl-/3-trimethylsilyloxy-propionitrile [90]. 
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6 Peterson Reaction 

(CH )^SiCH2- 
3'3 

CN f-at^NaOH , (Ch3)3S10H + CH2-CN (6.53) 

O' 
I 
c-ch9-cn 
I 1 

H 

N. a,($-Unsaturated Thiol Esters 

Deprotonation of t-butyl a-trimethylsilythioacetate with LDA yields an 
ester enolate which reacts with both ketones and aldehydes to give a,/3- 
unsaturated thio esters [73]. 

0 
, , II 

CH 3SiCH-C-S-t-Bu 
Ph 

H 
^C=0 

Ph 

H / 
t-Bu-S 

=0 
(6.54) 

O. a,-Unsaturated Amides 

N-Phenyl-3-alkylidene azetidin-2-ones have been prepared by the Peterson 
reaction [74]. 

P. Imines 

The reaction of the sodium salt of hexamethyldisilazane with non-enolizable 
ketones yields N-trimethylsilyl imines [75]. 

Ph2C=0 + NaV[Si(CH3)3]2 

O' Si(CH,)o 
I / 33 

Ph2C-N-Si(CH3)3 

Ph2C=N 
/Sl ^CH3^3 + 

(6.56) 

Na 
+ 

(CH3)3SiO 
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6.5 Related Reactions 

6.5 Related Reactions 

There are several related reactions which involve formation of either 
/3-hydroxyalkyltrimethylsilanes or /3-trimethylsilyl alkoxide intermediates by 
alternative routes. For example, Hudrlik found that (3-hydroxyalkyltrimethyl- 
silanes can be prepared regio- and stereospecifically by the reaction of di¬ 
alkyl cuprates with a-trimethylsilyl epoxides (see Chapter 7). Nucleophilic 
attack by dialkyl cuprates occurs on the backside of the carbon atom of the 
epoxide which bears the trimethylsilyl group and results in opening the epoxide 
ring. 

(6.57) 

n-Bu 

Di-n-propyl copper lithium reacts with cis- 1-trimethylsilylpentene oxide to 
yield eryt^ro-5-trimethylsilyloctan-4-ol and with trans- 1-trimethylsilylpentene 
oxide to yield //jra?-5-trimethylsilyloctan-4-ol. Both of these diastereomeric 
(3-hydroxyalkyltrimethylsilanes can be converted to either cis or trans-4- 
octene by the appropriate choice of conditions for the elimination step [76]. 

Pro 

n-Prc H 
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6 Peterson Reaction 

The addition of Grignard or organolithium reagents to /3-ketosilanes, 
also yields /3-hydroxyalkyltrimethylsilanes [77]. 

(CH3)3SiCH2-C-CH3 

0 

n-Pentyl-MgBr 

(CH3)3SiCH2 /(ch2)4ch3 HQAc 

/ \ru NaOAc 
HO CH3 

ch; 

(ch2)4ch3 

^C\ 
CH3 

(6.59) 

Organolithium reagents add to /3-keto silanes, such as 5-trimethylsilyldecan-4- 
one, to yield /3-hydroxysilanes with high stereoselectivity as predicted by 
Cram’s rule. These undergo syn elimination on treatment with potassium 
f-butoxide to yield tri-substituted alkenes of predominantly E-configuration 
whereas treatment with glacial acetic acid leads to alkenes of predominantly 
Z configuration via trans elimination [78, 79]. The necessary /3-keto silanes 
are easily prepared by treatment of 2-trimethylsilyl-2,3-dialkyl oxiranes with 
HI followed by reaction of the iodohydrins with one equivalent of methyl 
lithium in ether [79] or n-butyllithium in hexane/ether [80]. 

H\_/ St (ch3)3 MCpBA 

ch3(ch2)5/ '(ch2)5ch3 

0 
II 

CH3(CH2^5"C_CH^CH2)5CH3 

si(CH3)3 

H, 

ch3(ch2 ^5 ijVt, 
,..ST(CH3)3 

ch2)5ch3 

HI 

CH 3 L i H*. 

ch3 (CH2 )gT rV’ 
OH (CH 

(CH,) 
3;3 

(ch2)5ch, 

(6.60) 

a-Trimethylsilyl epoxides react with Grignard reagents to yield /3- 
hydroxyalkylsilanes. This reaction proceeds by initial rearrangement of the 
a-trimethylsilyl epoxides under the influence of magnesium bromide to 
a-bromo-/3-hydroxysilanes which react with additional magnesium bromide 
to give /3-silyl aldehydes or ketones [81]. a-Trimethylsilyl epoxides also rear¬ 
range to yS-keto silanes on treatment with magnesium iodide [82, 93], 

\ /Si(CH3)3 

CH3(CH2)f^(CH2)4CH3 

Mgl2 

Et20 

0 
II 

ch3(ch2)2-c-ch(ch2)4ch3 

Sl(CH3)3 

(6.61) 

^3-Silyl aldehydes react stereoselectively with Grignard reagents to yield 
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6.5 Related Reactions 

/3-hydroxyalkyl silanes [83]. The stereoselectivity of this addition is predicted 
by Cram’s Rule. 2-Trimethylsilyl-l-pentene oxide reacts with n-propyl 
magnesium bromide to yield a (3-hydroxyalkylsilane which undergoes a syn 
elimination on treatment with potassium hydride to yield m-4-octene or 
trans elimination on treatment with BF3 • Et20 to yield tran.s-4-octene [83]. 

cis-4-octene 

KH 

„ Si(CH3)3 

'n-Pro 
(6.62) 

BF3•OEt ^ 

trans-4-octene 

Dervan found that trimethylsilyl potassium would react with epoxides in 
a stereospecific manner to yield olefins of inverted geometry. For example, 
trans-3-hexene oxide reacts with trimethylsilyl potassium to yield cis-3- 
hexene. This result was explained as follows. Backside nucleophilic attack 
by trimethylsilyl potassium on the epoxide yields a /3-trimethylsilyl alkoxide. 
This must rotate about the 3,4 C-C single bond by 180° in order to achieve 
the necessary geometry for syn elimination of potassium trimethylsilanoate 
[84]. 

The required trimethylsilyl potassium can be prepared by reaction of hexa- 
methyldisilane with potassium methoxide in HMPT or THF/18-C-6 [85—87]. 
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6 Peterson Reaction 

K+ OCHo 

(CH3)3SiSi(CH3)3 THF/18-C-6 ** (CH3)3Si_K + (CH3)3SiOCH3 (6.64) 

Likewise, triethylsilyl potassium results from reaction of triethylsilane with 
potassium hydride in DME or HMPT [88]. 

Et3SiH 
KH 

DME or HMPT 
Et3Si" K+ (6.65) 

The deoxygenation of epoxides on treatment with TMS-C1 and magnesium in 
HMPT may be related [89]. 

(CH3)3SiCl 

Mg/TiCT 4 

HMPT 

(CH3)3^iOSi(CH3)3 (6.66) 
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7 Vinyl Silanes 

7.1 Introduction 

The material of this chapter has been divided into seven parts. The first 
six are concerned with synthetically useful reactions of /3-halosilanes, vinyl 
silanes, and a-silyl epoxides. The seventh deals with the preparation of vinyl 
silanes. 

First will be elimination reactions of ft-halosilanes. Second will be electro¬ 
philic substitution reactions of vinyl silanes and a-silyl epoxides. This often 
results in regio- and stereospecific formation of substituted alkenes. These 
reactions frequently proceed by electrophilic addition to the vinylsilane to 
yield a /3-halosilane followed by loss of the elements of trimethylhalosilane 
(TMS-X) from the intermediate (3-halosilane. Third will be regiospecific 
addition of carbanions to the C-C double bond of vinyl silanes to yield 
a-silyl carbanions. Touched on fourth will be vinyl silanes as masked carbonyl 
compounds. Fifth will be the 1,2-transposition of carbonyl groups and six 
cycloaddition reactions of vinyl silanes. 

7.2 Elimination of Trimethylhalosilanes from /?-Halosilanes 

/3-Halosilanes, such as /3-bromoethyltrimethylsilane, undergo facile Snl sol¬ 
volysis to yield alkenes with loss of the elements of TMS-X [1], This may result 
from the stabilization of the developing primary carbocation by hyperconjuga¬ 
tion with the C-Si sigma bond [2] or by bridging of the trimethylsilyl group. 

(CH-USi 

3 

(7.0) 

This latter hypothesis [3] is supported by the fact that 2-trimethylsilylethanol 
l,l-d2 reacts with phosphorous tribromide to yield 2-bromoethyltrimethylsilane 
in which the deuterium is scrambled. 

PBr- 
(CH3)3SiCH2CD20H -- 

oSi(CH3)3 

/+ \ 
CHpssfcDg 

Br" 

(CH3)3SiCH2CD2Br 

(7.1) 

(CH3)3SiCD2CH2Br 
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7 Vinyl Silanes 

This elimination reaction of /3-halosilanes has been exploited synthetically. 
Thus /3-trimethylsilyl ketones can be converted to a,/3-unsaturated ketones 
by a-bromination followed by loss of TMS-Br [4—6]. The loss of TMS-Br 
may be accelerated by fluoride ion attack on the silyl center. 

(7.2) 

/3-Trimethylsilyl ketones can be prepared by C-alkylation of the enolate 
anions of /3-keto-esters with iodomethyltrimethylsilane in HMPT. 

Jl^C02CH3 

Na 

(CH3)3SiCH2I 

HMPT 
p-dioxane 

co2ch3 

Si (CH 
3^3 

(7.3) 

1) NaH 
2) (CH3)2CHCH2I 

0 ,C02CH3 

Si(CH3)3 

Alternatively, j8-phenyldimethylsilyl ketones can be prepared by the conjugate 
addition of phenyldimethylsilyl lithium [7] to a,/3-unsaturated ketones under 
the influence of cuprous iodide [8]. 

This stabilizing effect of trimethylsilyl groups on a -carbocation has been 
utilized to direct carbocation rearrangements. Treatment of 3-trimethylsilyl- 
2-phenylthio substituted alcohols with acid leads to specific allylic phenyl 
sulfides. The trimethylsilyl group encourages the migration of the phenylthio 
group to the initial carbocation center to form a new carbocation located beta 
to the trimethylsilyl group. Nucleophilic attack on the silyl center leads to 
regiospecific C-C double bond formation [9, 10]. 
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7.3 Stereospecificity of Elimination 

—► PhS (CH3)3SiOTs 

(7.5) 

Likewise, 3-trimethylsilyl substituted undergo tertiary alcohols acid catalyzed 
rearrangement and loss of trimethylsilanol to yield particular alkenes [11]. 

(CH3)3si 

BF3-2CH3C02H 

ch2ci2 

+ (CH3)3SiNu - 

(7.6) 

7.3 Stereospecificity of Elimination 

Synthetic chemists were intrigued by the report that JS'-propenyltrimethyl- 
silane reacts with bromine to yield a single diastereomeric dibromide which 
then undergoes solvolysis with loss of TMS-Br to yield predominantly Z- 
bromopropene. These results could be accounted for by a trans-addition of 
bromine to E-propenyltrimethylsilane to yield eryt/ira-l,2-dibromopropyltri- 
methylsilane followed by trans-elimination of TMS-Br. The trimethylsilyl 
group must be trans coplanar to the bromide which is lost in order to 
stabilize the incipient primary carbocation. This causes stereospecific trans¬ 
elimination. Nucleophilic attack by solvent on the bridging trimethylsilyl 
group leads to products [3]. 
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7 Vinyl Silanes 

6-Substituted-l-trimethylsilyl cyclohexenes have been prepared by addition 
of iodine electrophiles (IN3) to 1-trimethylsilylcyclohexene followed by 
dehydrohalogenation of the initial adducts with DBU in benzene. The success 
of the reaction is dependent on the inability of the trimethylsilyl to achieve 
a trans coplanar orientation with the adjacent azide group [12]. 

7.4 Electrophilic Substitution Reactions 

A. Halogens 

Stereospecific trans addition of electrophiles to vinyl silanes followed by 
trans elimination of the elements of TMS-X permits the stereospecific pre¬ 
paration of a variety of substituted alkenes. Z-l-trimethylsilyl hexene reacts 
with either chlorine or bromine at —78°C to yield the respective threo-1- 
trimethylsilyl-l,2-dihalohexanes. These undergo trans elimination of the ele¬ 
ments of TMS-X on treatment with sodium methoxide in methanol, potassium 
fluoride dihydrate in DMSO or alumina in pentane to yield E-l-bromohexene 
or £-l-chlorohexene. Lower stereoselectivity is observed with alumina. 
Likewise, E-l-trimethylsilyl hexene reacts with chlorine or bromine to yield 
the respective eryt/iro-l-trimethylsilyl-l,2-dihalohexanes which undergo 
elimination under comparable conditions to yield Z-l-bromohexene or Z-l- 
chlorohexene [13, 15]. 

n-Bu Si(ch3)3 n-Bu 

ch2ci2 

•78° 

-■■y- 

... Si (CH3)3 

X 

n-Bu 

Si (CH 

CH2C12 

3'3 ■78° 

n-Bu 
n-Bu 

H~ X ji^CH3^3 
(7.10) 

Similar stereospecificity has been observed with Z- and £'-2-cyclohexyl-l- 
trimethylsilylethylene. Lower stereospecificity is observed with Z-2-t-butyl-l- 
trimethylsilylethylene. 

£-l,2-6w(trimethylsilyl)ethylene also reacts with chlorine or bromine 
to yield meso-1,2-dihalo-1,2-fr/s(trimethylsilyl)ethanes. These undergo eli¬ 
mination of the elements of TMS-X on treatment with potassium fluoride in 
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7.4 Electrophilic Substitution Reactions 

DMSO to yield Z-l-chloro-2-trimethylsilylethylene or Z-l-bromo-2-trimethyl- 
silylethylene, respectively [16]. 

(CH3)3Si (CH3)3si 

CH2C12 

Si(CH3)3 -78° Si<CH3>3 

KF 
DMSO 

(CH3)3S1WX 

(7.11) 

Trisubstituted alkenes have also been prepared in this manner. For example, 
Z-2-cyclohexyl- 1-ethyl- 1-trimethylsilylethylene reacts with bromine to yield 
a dibromide which loses TMS-Br in acetonitrile to give .E-l-bromo-2-cyclo- 
hexyl-1-ethyl ethylene. Likewise, E-2-cyclohexyl- 1-ethyl- 1-trimethylsilyl ethy¬ 
lene reacts with bromine to yield Z-l-bromo-2-cyclohexyl- 1-ethyl ethylene 
[17]. Similar results have been obtained with E- and Z-2-n-butyl-l-methyl-l- 
trimethylsilylethylene [18]. 

The reaction of iodine with vinyl trimethylsilanes followed by elimination 
of TMS-I to yield vinyl iodides is more complex. For example, E-l,2-bis(tri- 
methylsilyl)ethylene reacts with iodine in CC14 to give equal amounts of Z- and 
£’-l-iodo-2-trimethylsilylethylene [16]. On the other hand, Z-l-trimethylsilyl- 
hexene reacts with iodine in methylene chloride to yield Z-l-iodohexene [14]. 
The stereoselectivity of this reaction can be controlled by the use of silver 
trifluoroacetate and iodine followed by elimination with potassium fluoride 
in DMSO. Under these conditions Z-l-trimethylsilylhexene yields jF-l-iodo- 
hexene. However, iodine monochloride has proved more effective. £-1- 
Trimethylsilylhexene reacts with iodine monochloride in CC14 at 0° to give 
an adduct which loses the elements of TMS-C1 on treatment with potassium 
fluoride in DMSO to yield almost pure Z-l-iodohexene. While Z-l-trimethyl¬ 
silylhexene reacts with iodine monochloride to give predominantly FM-iodo- 
hexene [19, 20]. 

n-Bu. 
1) IC1 n-Bu A 

si(ch3)3 

2) KF-2H20 

DMSO 

Z:E 95:5 

(7.12) 

7-Bu Si (CH 
3;3 

1) ici 
2) KF-2H20 

DMSO 

n-Bu 
Z:E 23:77 

(7.13) 
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7 Vinyl Silanes 

B. Reactions of a-Trimethylsilyl Epoxides with Electrophiles 

a-Trimethylsilyl epoxides undergo acid catalyzed opening of the epoxide with 
simultaneous nucleophilic attack on the carbon bearing the trimethylsilyl 
group. For example, treatment of l-trimethylsilylcyclohexene oxide with aq. 
acid leads to 1-trimethylsilyl-Frans-1,2-cyclohexanediol. This a,/3-dihydroxy- 
alkyl trimethylsilane does not undergo acid catalyzed loss of trimethylsilanol 
since the trimethylsilyl group and the adjacent /3-hydroxyl group cannot achieve 
a Frans-coplanar arrangement [21]. 

(7.14) 

On the other hand, mild acid catalyzed hydrolysis of 2-trimethylsilyl-l,2- 
octene oxide yields 2-trimethylsilyl-l,2-octanediol. Treatment with stronger 
mineral acids results in elimination of trimethylsilanol and formation of 
2-octanone [22]. 

n-C6Hl3 

Si(CH3)3 

0 

dilute H+ 
aq. THF 

n-C 
si(CH3)3 

OH (7.15) 

n-C6H 

,3Y 
OH n_C6HmYCH3 nr 

0 

a-Trimethylsilyl epoxides also undergo acid catalyzed ring opening on 
treatment with HBr in ethyl ether to yield a-bromo-/3-hydroxyalkyl trimethyl- 
silanes. These Frans-bromohydrins undergo loss of trimethylsilanol on treat¬ 
ment with BF3OEt2 in methylene chloride. Thus Z-l-trimethylsilylpentene 
oxide reacts with HBr to give a bromohydrin which reacts with BF3 • OEt2 
to yield E-l-bromopentene. A similar reaction sequence starting with E-l-tri- 
methylsilylpentene oxide gives Z-l-bromopentene [23], 

OH ni- Br 

H 

n-C3H7 

0 
H 

Si (CH 

HBr 

i^3 

Et20 

-25° 
H' 

n- C 
1rf 
C3H7 Br 

.. H 

T*"* s^h3)3 

BF- 

CH2C12 

0° ,-c3h7 

n_C3H7 

Si(CH3). 
HBr 
Et20 

-25° 

OH 

H 

n-C^H 
- 

3 7 

^(^3)3 BF, 

CH2C12 

0° 
n_C3H7 

Br 

(7.17) 
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The stereospecific formation of enol acetates occurs when a-trimethylsilyl 
epoxides are treated sequentially with acetic acid and then a catalytic amount 
of BF3 • OEt2. Reaction of a-trimethylsilyl epoxides with methanol under 
acidic conditions permits the stereospecific preparation of methyl enol ethers 

C. /3-Silyl Styrenes 

trans-Addition of electrophiles to vinyl trimethylsilanes followed by trans 
elimination of TMS-X fails to account for the stereochemistry observed on 
reaction of Z and E-yS-trimethylsilylstyrene with bromine. E and Z-yS-tri- 
methylsilylstyrene react with bromine to yield dibromo adducts. Subsequent 
addition of acetonitrile leads to stereospecific elimination of TMS-Br. Z-y6- 
Bromostyrene from the dibromo adduct of results Z-yS-trimethylsilylstyrene.. 
Similarly the dibromo adduct of E-yS-trimethylsilylstyrene gives E-yS-bromosty- 
rene [24]. This retention of stereochemistry may result from cis addition of 
bromine followed by a trans elimination of the elements of TMS-Br. 

Ph 

(7.18) 

Br 

Similar results were obtained with Z and I?-y8-triphenylsilylstyrene. Evidence 
for cis addition of bromine to E-yS-triphenylsilylstyrene was obtained by X-ray 
crystallography [25], 

D. Protodesilylation of Vinyl Silanes 

Vinyl silanes undergo protodesilylation on treatment with acids. In those cases 
where stereochemistry can be determined, substitution of the trimethylsilyl 
group by a proton occurs with retention. For example, Z and E-yS-trimethyl- 
silylstyrene react with DC1 or DBr in dry acetonitrile to yield Z-y8-deu- 
teriostyrene and E-yS-deuteriostyrene, [26] respectively. This may result from 
protonation of the double bond and simultaneous rotation about the developing 
C-C single bond in a direction which permits the trimethylsilyl group to 
continuously stabilize the incipient benzylic carbocation center [2, 27, 28]. 
Attack by the nucleophilic anion then occurs on silicon to yield products. 
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u (7.19) 

Ph 

D 

(CH3)3SiCl 

Similar results have been observed in the protodesilylation of E-7-trimethyl- 
silyl-7-tetradecene with HI [29]. 

CH3-(CH2)5 

(CH3)3Si H 

(CH )5-CH 

H - 
CH3-(CH2)5 Cch2)5-ch3 

(7.20) 

The selective protodesilylation of the terminal trimethylsilyl group of £-1,2- 
frw (trimethylsilyl)-1-octene with acetic acid-O-d, also proceeds with retention 
[30], 

n"C6H13 .Si (CH3)3 

/—\ 

(CH3)3Si 

CH3-C02D 

D^O 

n"C6H13 

(CH3)3Si 

(7.21) 

p-Toluenesulfonic acid is also effective for protodesilylation of vinyl silanes 
[31]. 

(7.22) 

E. Friedel-Crafts Acylation Reactions 

Vinyltrimethylsilanes also undergo Friedel-Crafts acylation reactions in which 
an acyl group replaces the trimethylsilyl group [32]. 
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(CH3)3Si> 

Si(CH3)3 

ch3-c-ci 

A1 Cl 3 

-5° 

(7.23) 

Friedel-Crafts acylation of cyclohexenyl-l-trimethylsilanes provides an ef¬ 
ficient synthesis of 1-acetyl cyclohexenes [33-34], 

(7.24) 

Similar reactions of /3-trimethylsilylstyrene with either benzoyl chloride or 
phenylacetyl chloride have been carried out. These electrophilic substitutions 
proceed with retention [17]. 

0 
II 

■ Iru \ CH,-C-C1 1(CH .),. 3 

J J A1C13 

CH2C12 

H Et 

Friedel-Crafts acylation/desilylation of vinyl silanes is also successful with 
a,(3-unsaturated acid chlorides [35]. This procedure has been combined with 
the termally allowed acid catalyzed cyclization of penta-l,4-dien-3-ones to 
yield cyclopentenones [36—38], 

Vinyltrimethylsilane has been used as an ethylene equivalent in Nazarov-type 
reactions [39], Thus, a,/3-unsaturated carboxylic acid chlorides undergo Friedel- 
Crafts acylation/desilylation with vinyltrimethylsilane in the presence of 
SnCl4 to yield cyclopentenones directly [40, 41]. 
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7 Vinyl Silanes 

(7.27) 

F. Friedel-Crafts Alkylation 

Chloromethyl methyl ether reacts with vinyltrimethylsilane and A1C13 to give 
allyl methyl ether. 

Alc^ 
(CH^Si ^ + CH30CH2C1 —CHgOGH^ '^ (7.28) 

a,a-Dichloromethyl methyl ether reacts with iM,2-b«(trimethylsilyl)-ethylene 
to yield /3-trimethylsilylacrolein [35]. This reaction permits the synthesis of 
a,/3-unsaturated aldehydes from vinyl silanes. Unfortunately, this electrophilic 
substitution is not stereo specific [17]. 

(7.29) 

Yields in this reaction are greatly improved if TiCl4 is utilized in place of 
A1C13 [42]. This methodology has been used in an efficient synthesis of 
Nuciferal [43]. 

(7.30) 

Intramolecular reaction of iminium ions with vinylsilanes provides a new 
method for forming unsaturated nitrogen heterocycles [143]. This electro¬ 
philic substitution proceeds with retention of the stereochemistry of the 
vinylsilane. 
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G. Sulfenyl Halides 

Aryl sulfenyl halides add to vinyltrimethylsilane to give adducts. These 
undergo elimination of the elements of TMS-X on treatment with potassium 
fluoride dihydrate in DMSO to yield aryl vinyl sulfides [41]. On the other 
hand, treatment of these adducts with the tertiary amine bases such as 
DBU or DBN leads to 1-arylthio-l-trimethylsilylethylenes [41]. 

Ph SCI (CH 3)3S i - 

(7.33) 

H. Palladium Chloride 

£'-/3-Trimethylsilylstyrene undergoes reaction with palladium chloride in 
methanol to yield JEE-M-diphenylbutadiene. This reaction may involve 
£-/S-palladiostyrene as a reactive intermediate (Eq. 7.34) [44]. 
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7 Vinyl Silanes 

7.5 Addition of Carbanions to Vinyl Silanes 

Many examples of the addition of organometallics to vinyl silanes were 
considered in Chapter Six. Silyl groups not only stabilize adjacent carbanions 
but may prevent undesired reactions. For example, treatment of phenyl 
/3-styrenyl sulphone with n-butyl lithium does not result in addition to the 
C—C double bond to yield a sulphone stabilized carbanion, but rather in 
abstraction of the vinyl hydrogen adjacent to the sulphone group [45], 

Ph- Ph (7.35) 

This problem can be solved by use of a trimethylsilyl protecting group. 
Reaction of phenyl a-trimethylsilylvinyl sulphones with methyl or n-butyl 
lithium results in addition of the alkyl lithium and formation of a carbanion 
stabilized by both the adjacent phenyl sulphone and trimethylsilyl groups. 
After protonation, the trimethylsilyl group can be removed by treatment with 
potassium fluoride [46], 

(7.36) 

Such phenyl a-trimethylsilylvinyl sulphones have been prepared by the 
Peterson reaction [46, 47]. 

Regiospecific addition of enolate anions to methyl vinyl ketone fails in 
aprotic solvents. This problem has been overcome by the use of methyl a-tri- 
methylsilylvinyl ketone in place of methyl vinyl ketone. The enolate anion 
formed by the initial Michael addition is stabilized by the silyl group. With this 
reagent aprotic conditions can be applied successfully [48]. 

90 



7.5 Addition of Carbanions 

(7.37) 

5% CH30" Na+ 

ch3oh 

The silyl group is easily removed under the conditions of the subsequent cross- 
Aldol cyclization process. 

Organo-copper enolates also undergo Michael addition with methyl a-tri- 
methylsilyl vinyl ketone [49, 50], 

(CH3)2CuLi 

KOH 

ch3oh/h2o 

(7.38) 

This reaction sequence is also effective with a,(3-unsaturated cyclopentenones 

[51]. 

(7.39) 

Methyl a-trimethylsilylvinyl ketone has been prepared as outlined below. 
Addition of bromine at -78 °C to vinyltrimethylsilane yields the expected 
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7 Vinyl Silanes 

dibromide which undergoes dehydrohalogenation on treatment with diethyl- 
amine to yield a-bromovinyltrimethylsilane [52], a-Bromovinyltriphenylsilane 
has been prepared in a similar manner [53]. Reaction of the Grignard reagent 
prepared from a-bromovinyltrimethylsilane with acetaldehyde yields 3-tri- 
methylsilyl-but-3-en-2-ol. Jones oxidation of this alcohol yields the desired 
methyl a-trimethylsilylvinyl ketone [54]. 

Si(CH3)3 

D Mq/THF t 

2) CH3C^fj 

H(K 
CH-CH 

Si(CH 3) 3 

H2Cr04 

h2so4/h2o 

acetone 

(7.40) 

Bis-annelation reagents based on a-trimethylsilylvinyl ketones have 
been developed [55]. 0-t-Bu 

7.6 Masked Carbonyl Groups 

Vinyl silanes are equivalent to masked carbonyl functionalities. Epoxidation 
of vinyl silanes with peracids, such as MCPB A, yields a-trimethylsilyl epoxides 
[56, 57], 

(CH3)3si 

+ MCPBA 

(CH3)3Si> 

:.o -c-ph 

\.I 

(CH3)3si>^ 
+ PhC02H 

(7.42) 
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7.6 Masked Carbonyl Groups 

These undergo acid catalyzed ring opening to generate a carbonyl functional 
group at the carbon which formerly bore the trialkylsilyl group [58]. This may 
occur as outlined. 

This information may have led to the design of l-iodo-3-trimethylsily 1-2- 
butene as an ketone annulation reagent. C-Alkylation of lithium enolates by 
this allylic iodide yields 5-trimethylsilyl-y,5-unsaturated ketones. Subsequent 
treatment with MCPBA yields 5-trimethylsilyl y,5-epoxy ketones which are 
converted to 1,5-diketones by m-chlorobenzoic acid with loss of the trimethyl- 
silyl group [59]. 

(7.44) 

MCPBA 

l-Iodo-3-trimethylsilyl-2-butene has been prepared from 3-trimethylsilylpro- 

pyn-l-ol [60, 61]. 
Treatment of £-l-(2'-hydroxyalkyl)-2-trimethylsilylethylenes with 

MCPBA leads to a-trimethylsilyl epoxides. These react with BF3 • OEt2 in 
methanol to yield lactol methyl ethers which can be oxidized with Jones 
reagents to the corresponding y lactones [62]. 
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(7.45) 

V 

X 
0V^0CH3 

-V 

The conjugate addition of &/s(a-trimethylsilylvinyl)copper lithium to a,fi- 
unsaturated ketones is synthetically equivalent to a Michael addition of an 
acyl anion. This results from the fact that vinyl trimethylsilanes can be 
readily oxidized by MCPBA to a-trimethylsilyl epoxides which undergo 
acid catalyzed hydrolysis to yield ketones or aldehydes. This synthetic 
sequence permits the generation of 1,4-dicarbonyl compounds. Due to the low 
reactivity of vinyl silanes toward MCPBA, it may be necessary to protect the 
ketone prior to epoxidation to prevent competitive Baeyer-Villiger oxidation 
[63, 64]. 

^3^ ^ CuL 
Si(CH3)3 

r i 
HO OH/TsOH (7.46) 

1,5-Keto aldehydes have been prepared as outlined below (Eq. 7.47) [65]. 
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Si(CH3)3 
(7.47) 

1) MCPBA 
2) CH30H/H+ 

CHO 

An alternative approach to the synthesis of a-trimethylsilyl epoxides 
involves the reaction of ketones or aldehydes with a-chloro-a-trimethylsilyl- 
ethyl lithium [66, 67]. 

Cl 

(CH3)3Si-C-CH3 + 

Li 

(7.48) 

This methodology has been exploited in an efficient synthesis of R(+)- 
Frontalin [69]. a-Chloro-a-trimethylsilylethyl lithium has been prepared by 
metallation of a-chloroethyltrimethylsilane by sec-butyl lithium in THF at 
-78°. a-Chloro-a-trimethylsilylethane has been prepared as outlined (Eq. 7.49). 
This provides an example of a limitation in the ability of silicon to stabilize 
a /3-carbocation [68]. Thus HC1 adds in an anti-Markovnikoff sense to vinyl- 
trimethylsilane but in a Markovnikoff sense to the vinyltrichlorosilane. 

Cl3Si 

HC1 (7.49) 

Cl3Si 

3CH3MgBr 

Cl 

(CH3)3Si 
sec-BuLi 
-78°/THF * 

Cl 

I 
(CH3)3Si-C-CH3 

Li 

a-Trimethylsilyl epoxides have also been prepared by reaction of a-lithio- 
trimethylsilyldiazomethane with ketones. This reagent is formed by metallation 
of a-trimethylsilyldiazomethane with n-butyl lithium in THF/n-pentane at 
-100° [70], However, the preparation of a-trimethylsilyldiazomethane is rather 

difficult [71]. 
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7.7 1,2-Transposition of Carbonyl Groups 

Photochemically generated singlet oxygen undergoes regiospecific reaction 
with vinyl trimethylsilanes to yield 2-trimethylsilylallylic hydroperoxides. 
These can be reduced with NaBH4 to yield 2-trimethylsilylallylic alcohols 
(Eq. 7.50) [72]. The adjacent hydroxyl functionality facilitates removal of 
the trimethylsilyl group by fluoride ion in DMSO or acetonitrile (Eq. 7.51) 
[73]. 

(7.50) 

I 
OH 

I 
OH 

(7.51) 

Combining these reactions with the efficient synthesis of vinyltrimethyl- 
silanes from ketones (outlined below Eq. 7.52) permits the regiospecific 
conversion of ketones to allylic alcohols [72, 76]. The 1,2-transposition of 
the oxygen functionality in this process should be noted. 

+ H2NNH-Ts 

^L^N-NH-Ts 
1) .n-BuLi/TMEDA 
-1 
2) (CH3)3SiCl 

Si(CH3)3 

(7.52) 

1) NaBH. 

2) (n-Bu)4N+F‘ 

si(cH3)3 

An adjacent hydroxyl functionality also facilitates removal of trimethylsilyl 
groups from a-trimethylsilyl epoxides by fluoride [74, 75]. 

,,Q 

PhCH20 
ch2oh 

(n-Bu).NV 

CH 
3 Si'(CH3>3 

PhCH20 

DMF 

ch2oh 

(7.53) 

By comparison neither vinyltriphenylsilane nor vinyltrimethylsilane are 
desilylated under these conditions [73], 
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1,2-Transposition of a ketone carbonyl functionality can be efficiently 
achieved by the use of vinyl silanes. Epoxidation of vinyl trimethyl silanes 
with MCPBA followed by treatment of the a-trimethylsilyl epoxides with 
LiAlH4 yields /3-hydroxyalkyltrimethylsilanes [21, 77]. This results from 
nucleophilic attack by the hydride at the silyl substituted carbon of the 
epoxide ring [77]. Oxidation of the ^-hydroxyalkyltrimethylsilane with Jones 
reagent yields the desired ketone [76, 78]. Such 2-trimethylsilyl ketones 
easily suffer cleavage of the C—Si bond under acidic conditions [79, 80]. 

7.8 Cycloaddition Reactions 

Limited work has been done on cycloaddition reactions of vinyl silanes. 
Diels-Alder reaction of trichlorosilylacetylene with cyclopentadiene provides 
an efficient route to 2-trichlorosilylnorbornadiene. Similar reaction of tri- 
methylsilylacetylene with cyclopentadiene requires higher temperatures 
(270°) [81]. 

Vinyltrichlorosilane also undergoes ene reactions [82]. 

3 
(7.56) 

Ene reactions of allylic silanes with maleic anhydride, diethylazodicarboxylate, 
benzyne, formaldehyde, 4-phenyl-1,2,4-triazoline-3,5-dione and singlet oxygen 
provide efficient routes to functionally-substituted vinyl silanes [82—87]. 

97 



7 Vinyl Silanes 

(ch3)2s/^ + 02‘ Rose Bengal' (CH3)2Sf^ 

OOH 

(7.58) 

2-Triethylsilyl-1,3-butadiene undergoes Diels-Alder reactions with a variety 
of dienophiles. 

Et3Si 

C09CH, 
l 1 J 

C 
I 
C02CH3 

co2ch3 

C02CH3 

(7.59) 

Hydrosilation of l,4-dichloro-2-butyne with triethylsilane catalyzed by chloro- 
platinic acid followed by dechlorination with zinc dust in ethanol yields 
2-triethylsilyl-1,3-butadiene [88]. 

CH9C1 
I 1 
c 

Et3SiH + HI 
C 
I 
ch2ci 

H2PtC16 
EL ^CH2C1 

Et3SK CH2C1 
(7.60) 

Trimethylsilyl vinyl keterie also undergoes Diels Alder reactions with a 
variety of dienophiles [89], 

(CH3)3Si C=0 

ch3o2c 

C02CH3 

A 

toluene 

This ketene was prepared by dehydrohalogenation of Z-2-trimethylsilyl-3- 
butenoyl chloride with triethylamine [89]. 

7.9 Preparation of Vinyl Silanes 

The variety of stereo- and regiospecific transformations which can be ac¬ 
complished by use of vinyl silanes has led to considerable interest in methods 
to prepare these compounds with specific substitution patterns and defined 
stereochemistry. 

Industrially, vinyltrichlorosilane and vinylmethyldichlorosilane may be 
produced by heating either trichlorosilane, or methyldichlorosilane and vinyl 
chloride at 600° [90, 91]. A more convenient laboratory method is the atmo¬ 
spheric pressure hydrosilation of acetylene by trichlorosilane, triethoxysilane, 
methyldichlorosilane, or methyldiethoxysilane catalyzed by ruthenium, 
rhodium, or platinum complexes [92]. 
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RuCl?(PPh,)9 
HC=CH + HSiCl 3 ---~ 

H 

H 

\ c=c 
\ 

H 

Si Cl 3 
(7.62) 

tefrak/s(Triphenylphosphine) palladium (O) catalyzes the reaction of 
vinyl chloride with either sym-dichlorotetramethyldisilane or sym-tetra- 
chlorodimethyldisilane to yield vinyldimethylchlorosilane or vinylmethyl- 
dichlorosilane respectively [93]. 

|H3 EPh.PLPd 
Cl2Si-SiCl2 + CH2=CH-C1 ——:-—-— 

ch3 

Cl 
I 

CH9=CH-Si-CH, + CH,SiCl0 
2 | 3 3 3 

Cl 

(7.63) 

Based on the similarities between catalytic hydrogenation and hydro- 
silation, a direct synthesis of vinyl silanes would involve a catalytic reaction 
of a silane with an alkene to yield an alkylsilane as an intermediate which 
would lose hydrogen and give a vinyl silane as a final product. This concept 
has been demonstrated in practice for a few cases. Trialkylsilanes react 
both thermally [94] and photochemically [95] with alkenes to give a mixture 
of vinyltrialkylsilanes and tetraalkylsilanes under catalysis by iron penta- 
carbonyl. Similar results have been obtained with a rhodium catalyst [96]. 
Triethylsilane reacts with a-olefins under catalysis by a dimeric rhodium 
complex to give mixtures of alkyltriethylsilanes, alkenyltriethylsilanes, and 
allylic triethylsilanes. The desired alkenyltrimethylsilane is the predominant 
product at high ratios of olefin to triethylsilane [97]. Most recently, encouraging 
results have been reported when a ruthenium carbonyl cluster is used as 
catalyst [98]. 

Ru3(C0),2 /iEt3 
PhCH=CH2 + E13SiH -► /==/ + H (7.64) 

Ph 2 

A. E-l-Trimethylsilyl-l-alkenes 

E-l-trimethylsilyl-l-alkenes are readily prepared by the chloroplatinic acid 
catalyzed hydrosilation of terminal alkynes with either trichlorosilane or 
methyldichlorosilane followed by addition of methylmagnesium bromide [99]. 

(7.65) 

si(CH3)3 

£-l-Lithio-2-trimethylsilylethylene, prepared form E-l-bromo-2-trimethyl- 
silylethylene by halogen-metal exchange with t-butyl lithium [63] or by direct 
reaction with lithium [100, 101] permits the preparation of a variety of 
E-1 -trimethylsilylethylene derivatives. 

n-C4HgC=CH 
CH3SiC12H 

H 2 P t C1 6 

n~ C4Hg I 2CH3MgBr n'C4H9i 

Si Cl. 

CH, 
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(CH 3)3Si 1) CO, (CH3)3Sl • 

2) H+ (7.66) 

Li co2h 

Treatment of 1-trimethylsilylalkynes with DIBAL in hydrocarbon solvents 
followed by protonolysis leads to £-l-trimethylsilyl alkenes [102]. 

Ph-C=C-Si (CH_), , DI?A-L- ■ 
3'3 heptane 

Phs^Al(i-Bu)2 H30 

/-\ 
H Si(CH3)3 

Ph H 

M , . (7.67) 
H Si(CH3)3 

Metallation of allyltrimethylsilane with sec-butyl lithium in THF/TMEDA 
yields 1-trimethylsilylallyl lithium. This reagent reacts regiospecifically at its 
3-position with ketones or aldehydes to yield £-l-(2'-hydroxyalkyl)-2-tri- 
methylsilylethylenes [62, 103, 104]. 

1 ) sec- BuLi 
(CHo)oSi TMEDA (CHo)oSi 

J 2) ZnCl2 J J 

(7.68) 

F-1,2- bis(Trimethylsilyl)ethylene has been prepared by treatment of 
vinyltrimethylsilane with TMS-C1 and magnesium powder in HMPT [105]. 

(CH3)3Si-CH=CH2 
(CH3)3SiC1 

Mg/HMPT 
Fee, 3 

(CH3)3Si 

Si(CH3)3 

(7.69) 

£-l,2-6/s(Trimethylsilyl)ethylene has also been prepared by hydrosilation of 
trimethylsilylacetylene with dimethylchlorosilane catalyzed by chloroplatinic 
acid followed by addition of methylmagnesium iodide [106]. Reaction of 
£-2-trimethylsilyl vinyl magnesium bromide with TMS-C1 also gives £-1,2- 
Ms (trimethylsilyOetIry'lene. £-l-Bromo-2-trimethylsilylethylene is readily 
available by the addition of dry HBr to trimethylsilylacetylene under free 
radical catalysis by di-t-butyl peroxide [107, 108]. 

uDy> (CH«) nSi 
(CH3)3Si-C=CH TcH- ) r0.oc(cH ) * ^=\ (7.70) 

J J Jo Br 
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B. Z-l-Trimethylsilyl-l-alkenes 

A variety of methods permit preparation of Z-l-trimethylsilyl-l-alkenes. 
Among these is the low pressure catalytic hydrogenation of 1-trimethylsilyl 
alkynes over either Raney nickel [109] or a nickel boride catalyst (P-2-Ni) [15]. 

Ph-c=c-si(CH3)3 
Ph 

x. 
.Z 

/Si(CH3)3 

H 
(7.71) 

Hydroboration of 1-trimethylsilyl alkynes with dicyclohexyl borohydride [14] 
or disiamyl borohydride, followed by protonolysis of the sp2 hybridized C-B 
bond by acetic acid also yields Z-l-trimethylsilyl-l-alkenes. 

n-C4H9C=CSi(CH3)3 

1) ch3co2h 

2) H202 

(7.72) 

n_C4H9\/Si^CH3^3 

Treatment of 1-trimethylsilyl alkynes with DIBAL in ether [15, 110] or 
in heptane in the presence of one equivalent of tertiary amines [102] leads 
to Z-1-trimethylsilyl alkenes after protonolysis of the sp2 hybridized C-Al 
bond. 

Ph-C=C-Si(CH3)3 
DIBAL 

3 

or Et20 

Ph 

H 

H3° 

Ph 

H 

st(ch3)3 

AT (i-Bu), 

si(ch3)3 

(7.73) 

Such Z-1-trimethylsilyl alkenes undergo facile isomerization on irradiation 
with a sunlamp in pyridine with a catalytic amount of NBS (5 mole %) to 
yield E- 1-trimethylsilyl alkenes [110]. 

C. 2-Trimethylsilyl-l-alkenes 

2-Trimethylsilyl-l-alkenes have been prepared by a variety of methods. 
Chloroplatinic acid catalyzed hydrosilation of 1-trimethylsilyl alkynes with 
methyldichlorosilane, followed by addition of methylmagnesium bromide 
generally yields iM,2-fr/s(trimethylsilyl)alkenes [30]. l-t-Butyl-2-trimethylsilyl 
acetylene is an exception [111]. Protodesilylation with acetic acid/water 
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selectively removes the terminal trimethylsilyl group to yield 2-trimethyl- 
silyl-l-alkenes [30]. 

1) CbLSiCl9H/H?PtCl, n'C6Hl3 
n-Cf-H, -C=C-Si (CHQ)o -m.u m p 6 6^ 

6 13 3 3 2) CH3MgBr (c^s, 

CH3C02H 

/Si(ch3)3 

(7.74) 

”-C6",3\ CH 
(CH3)3Si / 

a-Bromovinyltrimethylsilane is an extremely versatile precursor for the 
preparation of 2-trimethylsilyl-l-alkenes. Addition of bromine to vinyltrichloro- 
silane, followed by dehydrohalogenation with quinoline or N,N-diethylaniline 
yields a-bromovinyltrichlorosilane. This reacts with excess methyl Grignard 
reagent to yield a-bromovinyltrimethylsilane [112]. 

Cl3Si-CH=CH2 

Br\ 
Br 

(7.75) 

Br 

CloSi-CH-CH„ 3 | | 2 

Br Br 
quinoline 

Cl3Si 

ChLMgBr 
(CH3)3si 

Alternatively, a-bromovinyltrimethylsilane can be prepared from vinyltri- 
methylsilane by addition of bromine, followed by dehydrohalogenation with 
diethylamine [52, 54]. The reaction of l,l-fr/s-(trimethylsilyl)ethylene with 
bromine [113] also yields a-bromovinyltrimethylsilane. 

a-Bromovinyltrimethylsilane undergoes coupling reactions with Grignard 
reagents catalyzed by fetra/us(triphenylphosphine) palladium (O) to yield 
2-trimethylsilyl-l-alkenes [20], 

(CH3)3Si 

Br 

CH3(CH2)7MgBr 

Pd(PPh3)4 

(CH3)3Si 

)=CH 

CH3(CH2)/ 
(7.76) 

a-Bromovinyltrimethylsilane can be converted to a Grignard reagent which 
will couple with primary alkyl iodides or tosylates (Eq. 7.77), or undergo 
conjugate addition to a,)S-unsaturated ketones in the presence of copper (I) 
salts (Eq. 7.78) [20], 

n C8H17I 
Si (CH 3 3 

(ch2)7ch3 

(7.77) 

(7.78) 
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Halogen-metal exchange between a-bromovinyltrimethylsilane and t-butyl 
lithium at -78 °C gives the expected vinyl lithium reagent. Reaction of this 
with cuprous iodide yields fr«(a-trimethylsilylvinyl)copper lithium which 
undergoes conjugate addition to a,/3-unsaturated ketones [63, 64]. 

a-Ethoxy-a-trimethylsilyl ethylene has been prepared by reaction of 
a-ethoxy vinyl lithium with TMS-C1 [114]. 

CH3CH20-CH=CH2 t-BuLi 
-50° A 

och2ch3 (CH3)3SiCl 

Li 

och2ch3 

Si(CH3)3 
(7.80) 

In a similar manner, reaction of 1-lithio-l-methoxy-1,3-butadiene with TMS-C1 
yields 1-methoxy-l-trimethylsilyl- 1,3-butadiene [115, 116]. 1-Methoxy-l-tri- 
methylsilylallene, prepared from 1-methoxyallene, can be converted to 
1-methoxy-l-trimethylsilyl-1,2-heptadiene (Eq. 7.81). This reacts with fluoride 
ion to yield E-2-heptenal [117]. 

H2C=C=C 
/0CH3 

Si (CH3)3 

1) n-BuLi 
2) ^-C4H9I 

n'C4H9\ c=c=c 
0CH3 

Si(ch3)3 

(7.81) 

1) TBAF 
2) H30+*" 

j4H9\ 

/ V 0 

D. 1-Cycloalkenyltrimethylsilanes 

Cyclic ketones can easily be converted to 1-cycloalkenyltrimethylsilanes. The 
ketone is reacted with PC15 to give a 1-chlorocycloalkene, which undergoes 
a Wurtz type coupling with TMS-C1 in the presence of sodium [33, 118, 119]. 

PCI5 _ (CH3)3SiC1 ' j^-Si(CH3>3 (7 82) 

An alternative method involves conversion of the ketone to a benzene or 
p-toluene sulfonyl hydrazone. Such hydrazones react with excess n-butyl 
lithium/TMEDA to yield the least substituted vinyl lithium reagent. This 
can be quenched with TMS-C1 to yield the corresponding vinyl trimethyl- 
silane [38, 78, 118, 120, 121]. 

103 



7 Vinyl Silanes 

Birch reduction (Eq. 7.84) or the related electrochemical reduction (Eq. 7.85) 
of aryltrimethylsilanes is not generally useful for the preparation of 1-tri- 
methylsilylcyclohexene derivatives because trimethylsilyl groups are often 
lost under the reaction conditions. Nevertheless, in specific cases good to 
excellent yields are achieved [122, 123]. 

Si(ch3)3 a 

Si(CH-) 
3'3 X 

NH3/EtOH 

Li added 
-78° 

electrochemical 
CH3NH2/LiCl 

Pt gauze 

(7.84) 

(7.85) 

E. E and Z-l,2-Dialkyl-l-trimethylsilyl ethylenes 

a-Lithiovinyl trimethylsilane reacts with aldehydes or ketones to yield 
2-trimethylsilyl allylic alcohols. These can be converted to 2-trimethylsilyl 
allylic acetates which undergo SN2' coupling with dialkyl copper lithium 
reagents to yield predominantly E-\,2-dialkyl- 1-trimethylsilylethylenes [124]. 

(CH3)3Si 

Li (7.86) 

1) ch3-c-ci 

2) (CH3)2CuLi‘ 

-78° 

H si(CH3)3 

‘ CH2CH3 

E: Z 94:6 
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On the other hand, treatment of 2-trimethylsilyl allylic alcohols with thionyl- 
chloride yields rearranged 2-trimethylsilyl allylic chlorides [124, 125], These 
undergo coupling with dialkyl copper lithium reagents to yield predominantly 
Z-1,2-dialkyl-1 -trimethylsilylethylenes [124]. 

Si(CH3)3 
(CH )„CuLi 

pij pi poom 
vtlrtL I I I 

2 temperature 

(7.87) 

Z-l,2-dialkyl-l-trimethylsilylethylene can be prepared from 1-trimethyl- 
silylalkynes. Hydroboration of 1-trimethylsilylalkynes withdicyclohexylborane 
proceeds in a cis manner regio specific ally to yield vinyl boranes in which 
both boron and silicon are bonded to the same carbon atom. Treatment of 
this intermediate sequentially with methyl lithium, cuprous iodide, triethyl 
phosphite in HMPT and finally a primary alkyl iodide yields the desired 
Z-1,2-dialkyl-1 -trimethylsilylethylene [126]. 

1) CH3Li 

2) Cul 

3) P(0Et)3/HMPT 

4) n-C4H9I 

n-C6Hl 3. 

> 
(ch3)3 

'n-C4Hg (7.88) 

Dialkylcopper magnesium halides add in a stereospecific cis manner to both 
trimethylsilylacetylene [127] and triphenylsilylacetylene [128] to yield regio- 
specifically intermediates in which both copper and silicon are bonded to 
the same carbon atom. These a-silyl vinyl cuprate reagents can be alkylated 
with primary alkyl iodides in HMPT (Eq.7.89) [127, 128]. The vinyl-copper 
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bond is cleaved stereospecifically with retention by cyanogen, bromine, 
iodine and NBS (Eq. 7.90) [128], 

(7.90) 

Both Z- and E-l,2-dialkyl-l-trimethylsilyl ethylenes can be prepared from 
1-trimethylsilyl alkynes. Reaction of 1-trimethylsilyl alkynes with DIBAL in 
hydrocarbon solvent proceeds regiospecifically [102] in a trans manner 
(Eq. 7.91). On the other hand, in the presence of a donor solvent such as ether 
or one equivalent of tertiary amine, the addition proceeds in a cis manner 
(Eq. 7.92) [15, 102, 110]. These vinyl aluminum reagents can be converted to 
ate complexes by reaction with methyl lithium. Reaction with alkyl halides 
occurs with retention of stereochemistry [129, 130]. 

DIBAL Ph\ /A1(i-Bu)2 

Heptane" Vi(CH3)3 

1 ) CH3Li Ph _/ (7.91 ) 

2) ^\CH2Br H/^Si(CH3)3 

PhC^CSi(CH3)3 

DIBAL 

Et20 w W 'A!(i-Bu)2 

1) C H 3 L i 

2) ^^/Br 

Ph Si(CH_)o 

v_/ 3 3 
H, 

\\ (7.92) 

These E-vinyl aluminum species react with bromine to give E-l-bromo- 
l-trimethylsilyl-2-alkyl ethylenes. These will undergo photoisomerization 
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in the presence of bromine to the corresponding Z-l-bromo-l-trimethyl- 
silyl-2-alkyl-ethylenes. Both of these vinyl bromides undergo halogenmetal 
exchange with retention of stereochemistry on treatment with sec-butyl 
lithium. Such E- or Z-l-lithio-l-trimethylsilyl-2-alkyl ethylenes couple 
efficiently with primary alkyl iodides to yield stereospecifically E- or Z- 1,2- 
dialkyl- 1-trimethylsilyl ethylenes [18] or Reaction with iodine yields similar 
results [75], 

n-C4HgCECSi(CH3)3 

1) DIBAL/Et20 

2) Br2 

n_C4H9 
Si(ch3)3 

Br 

Br2 n-C^Hg 

1) sec-BuLi/-78° 
2) EtI 

H Et 

Br 

Si (CH 
3 3 

1) sec-BuLi/-78C 
2) EtI 

(7.93) 

n-C^Hg 

>==< 
Et 

Si(CH3)3 

bis-Silyl lithium cuprate reagents add in a cis manner to terminal alkynes. 
The silyl substituted vinyl copper reagents thus formed are most versatile [131]. 
Some of their chemistry is summarized below [Eq. 7.94]. 

Ph-Si(CH3)2Li °'5 [ph-Si (CH3)2]2CuLi *LiCN 

ch3(ch2)3c=ch 

Cu Si(CHo)?Ph 

ch3(ch2)3 H 
(7.94) 

Si (CH3)2Ph 
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ds-Cyclopentadienyl titanium dichloride catalyzes the cw-addition of 
magnesium hydride across the C-C triple bond of 1-trimethylsilyl alkynes. 
Opposite regiospecificity is observed with aliphatic and aromatic 1-trimethyl- 
silyl substituted acetylenes (Eq. 7.95 and 7.96). It seems probable that the 
reaction proceeds by initial reaction of do-butylmagnesium bromide with 
the bd-cyclopentadienyl titanium dichloride to yield an /so-butyl titanium 
species which undergoes /3-hydride elimination. The titanium hydride species 
thus formed adds in a stereospecific ds-manner to the 1-trimethylsilyl alkyne 
to yield a vinyl titanium species which untergoes a metal-exchange with more 
do-butylmagnesium bromide to yield the vinyl magnesium product and 
regenerate the do-butyl titanium species [132]. 

PhC=CSi(CH3)3 + (CH3)2CHCH2MgBr- 

V ^'Ti /\ 
/ \ 

Cl Cl 

Phs 

BrMgx 

,si(cH3)3 

(7.96) 

F. 1,2-Disubstituted-1,2- b/s(trimethy lsily l)ethy lenes, 1,1 -Disubstituted- 
2,2-bi5(trimethylsilyl)ethylenes and 1,1,2-Trisubstituted-2-trimethyl- 
silyl ethylenes 

Reductive silylation with magnesium in HMPT of diphenyl acetylene [133] 
or trimethylsilyl phenyl acetylene [134] is successful. 

ch3 CH3 j*h 

PhCECPh + Cl'Si-Cl - Ph -r^Si(CH3)2 (7.97) 

ch3 CH. si-o7 

CH3 CH3 

Bromine has been reported to add to bd(trimethylsilyl)acetylene to 
yield £-l,2-dibromo-l,2-ds(trimethylsilyl)ethylene [135]. Zinc chloride also 
catalyzes the trans addition of both chlorine and bromine to frd (trimethyl silyl)- 
acetylene [106]. 

l,l-ds(Trimethylsilyl) alkenes have been prepared by the Peterson 
reaction. Thus, reaction of tm(trimethylsilyl)methyl sodium with non-enoliz- 
able ketones yields l,l-/)d(trimethylsilyl)alkenes [136]. 

/Si(CH ) 
[(CH_)_Si ]9C Na + Ph9C=0 -► Ph9C=C^ (7 98) 

J J 1 L XSi(CH )3 
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The following reaction sequence based on the reaction of trialkyl(tri- 
methylsilylethynyl)borates with electrophiles has been used to prepare 1,1,2- 
trialky 1-2-trimethylsilyl ethylenes [137, 139]. 

n-Pro 

(n-Pro)3B + ~C=CSi(CH ) 
3 3 (n-Pro)2B-C=C-Si(CH3)3 

TSyCH2CH2C-C(CH2U0THP 

n-Pr0xc=c/Si(CH3)3 

(n-Pro)2B^ X(CH2)2CeC(CH2)40THP (7.99) 

i2/oh" 

-rVSi(CH3>3 

n-Pro"'' X(CH2)2CeC(CH2)40THP 

Addition of TMS-C1 to sodium trialkylpropynylborates gives £,-2-trimethylsilyl 
vinyl boranes [138], 

, _ M Si(CHJ3 
Na [R.BCHCCH,] + (CHj-SiCl -► >=< J J (7.100) 

15 FT CH 

Such vinyl boranes can be converted to J5’-l,2-dialkyl-2-trimethylsilylethylene 
by protonolysis. 

A reactive methyl nickel species, generated by reaction of methylmagne- 
sium bromide in the presence of a catalytic amount of nickel (II) acetyl- 
acetonate and trimethylaluminium, adds in a cis manner to 1-trimethylsilyl 
alkynes. The addition is both stereo and regiospecific such that nickel and 
silicon are bonded to the same carbon. This intermediate reacts with water 
(D20), aldehydes, carbon dioxide, iodine, vinyl bromide, and alkyl bromide to 
yield a variety of specific trimethylsilyl substituted alkenes [140]. 

n-C6H13C5CSi(CH3)3 
CH3MgBr 

Ni(AcAc)2 

(013)3/11 

(7.101) 

n"C6H13v ^Si(CH3)3 n-C6Hl 3\_^(^3)3 

CH^ N CH20H 
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The reaction is limited to methylmagnesium bromide since with larger alkyl 
groups /3-hydride elimination occurs [141]. 

Finally, a-lithiovinyltrimethylsilane reacts with ketones to yield 2-tri- 
methylsilylallylic alcohols which can be converted to allylic acetates by 
treatment with acetyl chloride and silver cyanide. These will undergo SN2' 
coupling with dialkylcopper lithium reagents to yield predominantly £-1,1,2- 
trialkyl-2-trimethylsilyl ethylenes [142]. 

(CH3)2CHCCH3 + (CH3)3Si 

Li 
>= 

■ 78° 

OH CH 

J51<CH3>3 

V 

(CH3)2CH ch9ch 
N_/ 2 3 

CH3 Si(CH3)3 

(CH9)9CH Si(CH9) 
3;2 \ 

CH 

3'3 

3 CH2CH3 

(CH3)2CuLi 

0 
II 

ch3cci AgCN (7.102) 

Si(CH3)3 

(ch9)9ch^ 
3'2 X 

ch3cox xch3 

0 
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8 Aryl Silanes 

8.1 Introduction 

Electrophilic cleavage of aryl silanes result, in general, in specific substituted 
aromatic compounds in which the electrophile occupies the position to which 
the silyl group was previously bonded. Unlike normal electrophilic substi¬ 
tution reactions which involve loss of a proton, mixtures of isomers are not 
obtained. 

(8.1) 

8.2 Protodesilylation 

The first example of protodesilylation was reported by Kipping [1]. 

Ph4Si + H30+ -► P h 3 S i OH + PhH (8.2) 

The mechanism of this reaction has been extensively studied by Eaborn [2, 3]. 
The observations that protodesilylation of p-methoxyphenyltrimethylsilane 
occurs 1.55 times faster with HC1 in H20/p-dioxane than with DC1 in D20/ 
p-dioxane [4] and 7.3 times [5] as fast in CF3C02H/H20 as in CF3C02D/D20 
are consistent with a mechanism in which proton transfer to form the sigma 
complex is rate limiting. 

(8.3) 

h2o 

fast 
(CH3)3SiOH2+ 
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8.3 Halodesilylation 

Substituent effects on the rate of protodesilylation of aryltrimethylsilanes 
have been determined [6], The effect of two methyl groups in 2,4-dimethyl- 
phenyltrimethylsilane and 2,5-dimethylphenyltrimethylsilane is additive. 
However, 2,6-dimethylphenyltrimethylsilane undergoes protodesilylation 
significantly faster (~ 10 times). This acceleration is consistent with a decrease 
of steric strain in the sigma complex [7, 8]. 

Si(CH3)3 
(CH3)3SiT .... H 

TsOH 

HoAC 

(8.4) 

Although the C-Si bond is not broken in the rate determining step, 
phenyltrimethylsilane undergoes protodesilylation ten thousand times faster 
than benzene-d, undergoes dedeuteration in aq. sulfuric acid. This acceleration 
has been attributed to inductive electron release by the trimethylsilyl group [9]. 

From a synthetic viewpoint the reaction has been utilized to introduce 
deuterium into specific positions of aromatic nuclei [10, 11]. 

(CH3)3Si 

(CH3)3Si 

cf3co2d 

cd3co2d cci4 
(8.5) 

2-Trimethylsilylpyridine undergoes protodesilylation by water, methanol, 
or ethanol. The reaction has been proposed to occur by a four-center 
transition state which is stabilized by hydrogen bonding [12]. 

'N J Si(CHj 

H 
3'3 

OR 

(CH3)3SiOR (8.6) 

The large negative entropy of activation for the reaction (TH+ = 16, AS* 
= -29 e.u.) is consistent with this proposal. This type of protodesilylation 
does not occur with 3 or 4-trimethylsilylpyridines. 

8.3 Halodesilylation 

Although benzene can not be directly iodinated to yield iodobenzene, phenyl¬ 
trimethylsilane reacts with iodine to yield TMS-I and iodobenzene [13]. 
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8 Aryl Silanes 

r^(CH3J3S11 + 

rf^V1 
(8.7) 

Iodine and aluminium powder [14, 15] have also been utilized. Iodine mono¬ 
chloride has proved particularly effective. Aryl iodides and TMS-C1 are 
obtained. The reaction is successful even when the aromatic ring is substituted 
by strongly electron withdrawing groups, o-, m-, and p-Iodo nitrobenzenes, 
have been prepared [16]. 

(8.8) 

o-, m-, and p-b/s(Trimethylsilyl) benzenes have been converted to o-, m-, and 
p-diiodobenzenes, respectively, by reaction with iodine monochloride [17,18]. 

[Hydroxy(tosyloxy)iodo]arenes react with aryltrimethylsilanes in aceto¬ 
nitrile to yield diaryl iodonium tosylates [19, 20]. 

CH 

The reaction of bromine with tetraphenylsilane [21] or phenyltrimethylsilane 
[13, 22] yields bromobenzene and triphenylbromosilane [21] or TMS-Br, 
respectively, [13, 22]. 

Ph4Si + Br2 ---► PhBr + Ph3SiBr (8.10) 

Reaction of bromine with optically active a-naphthyl p-methoxyphenyl- 
phenylmethylsilane leads predominantly to a-naphthylphenylmethylbromosi- 
lane and p-bromo anisole. Inversion of stereochemistry at the silyl center is 
observed. This is consistent with electrophilic attack by a bromonium ion 
on the carbon bearing the silyl group to form a sigma complex. Backside 
attack of bromide ion on the silyl center yields the products [23, 25]. A four- 
center mechanism, on the other hand, would be expected to result in retention 
of stereochemistry at the silyl center. 
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8.3 Halodesilylation 

cn3 

Ph ►Si-* H 

aNp 

[a] 
D +33 

ch3o 
v 

Ret. 

gn3 

Ph»-$i-*PhOCH, 

aNp 

CH_ 
; 3 

Ph ► Si *+ H 

aNp 

[a]Q ='+30.9 

OCH, 

LiAlH 

Inv. 
Br ► Si Ph 

aNp 
(8.11) 

o-Ws(Trimethylsilyl)benzene undergoes monobromo-desilylation to yield 
o-bromophenyltrimethylsilane [15]. 

Si(CH3)3 Br 
Br, 

Si(CH3)3 CC14 Si(CH3)3 
(8.12) 

Sequential electrophilic desilylations of 4,5- [10] and 3,4- [11] fr/s(trimethyl- 
silyl)benzocyclobutenes, as well as 5,6-Ms,(trimethylsilyl)benzocyclopentene, 
and 6,7-b/s(trimethylsilyl)benzocyclohexene [10] by bromine, followed by 
iodine monochloride, yield the corresponding ortho bromo iodo aromatics. 

(CH3)3Si 

(8.13) 

With 3,4-b/.s(trimethylsilyl)benzocyclobutene, 4-bromo-3-iodo-benzocyclo- 
butene is obtained. This regiospecificity results from the fact that desilylation 
occurs at the 4-position 500 times faster than at the 3-position [11]. ortho- 
b/5(Trimethylsilyl)benzenes have a tendency to rearrange under acid catalysis 
to the corresponding meta isomers [26]. This results in relief of steric strain. 
Pyridine prevents this acid catalyzed rearrangement from competing with the 
bromodesilylation above. 
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8 Aryl Silanes 

(8.14) 

Unexpectedly, bromination of 2-n-octyl-4-trimethylsilyl furan with 
pyridinium bromide perbromide in THF gives 2-bromo-3-trimethylsilyl-5-n- 
octyl furan. Electrophilic substition apparently occurs in preference to bromo- 
desilylation [27]. 

The mechanism of chlorodesilylation of aryltrimethylsilanes has been 
studied [18, 22]. 

8.4 Metallo-desilylation 

Electrophilic desilylation of aryl silanes by mercuric was reported eighty- 
five years ago [28], 

((CH3)2N~^\3^SiC1 - ~~ (CH3)2N-^y^HgCl (8.15) 

The reaction of mercuric acetate with aryltrimethylsilanes in glacial acetic 
acid has been thoroughly studied. The mercuric acetate group in the product 
unequivocally assumes the position occupied by the trimethylsilyl group in the 
starting material [29]. 

(8.16) 

Aryltrimethylsilanes undergo regiospecific electrophilic desilylation on 
treatement with thallium (III) tm-trifluoroacetate in trifluoracetic acid to 
yield aryl thallium fr/s-trifluoroacetate derivatives. The reaction proceeds 
readily even with moderately electron withdrawing substituents on the aro¬ 
matic ring [30—32]. 

0 

T1(0-C-CF3)3 

CF3C02H 

0 
II 

T1(0-C-CF )2• 

CF 3 

(8.17) 

Lead tetrakis trifluoroacetate affects electrophilic desilylation of aryltri¬ 
methylsilanes in trifluoracetic acid to yield regiospecifically aryl trifluoroace- 
tates. The reaction may involve an aryl lead tm-trifluoracetate as an inter¬ 
mediate [33]. 
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8.5 Sulfo-desilylation 

Lead tetraacetate in acetic acid is not effective. 

F 0 

Pb(0-C-CF3)4 --- 0 “I 
/ \ I' 

p 
CF3C02H ** 

F- -4 j>-Pb(0-C-CF3)3 —► F' \ / 
0 
ll 

“0-C-CF, 

si(CH3)3 

Pb(0-C-CF,)„ 
ii 3 2 

(8.18) 

8.5 Sulfo-desilylation 

The reaction of tetraphenylsilane with sulfuric acid to yield benzene sulfonic 
acid and silica was reported by Kipping [1]. Similarly the reaction of sulfur 
trioxide with aryltrimethylsilanes regiospecifically yields trimethylsilyl 
benzenesulfonates. This reaction permits introduction of a sulfonic acid 
group at a specific position of the aromatic ring [34, 35]. o- [15], m- [35], and 
p- [34] Z?/s(Trimethylsilyl)benzenes react with sulfur trioxide to yield o-, m-, 
and p-trimethylsilyl trimethylsilylbenzenesulfonates, respectively. 

(CH3)3si 

Si(CH3 )3 
SO- 

CC1 

0=S-0-Si(CH 
3 3 

Si(CH,) 
3'3 

(8.19) 

Trimethylsilyl chlorosulfonate reacts with aryltrialkylsilanes to yield tri- 
alkylsilyl arylsulfonates and TMS-C1 [36]. 

o-, m-, and p-Nitrophenyltrimethylsilanes undergo electrophilic desilylation 
with trimethylsilyl chlorosulfonate to yield the corresponding o-, m-, and 
p-nitrobenzene sulfonic acids after aq. work-up [16]. 

(CH3)3Si 

(8.20) 

Treatment of o-, m-, or p-trimethylsilyl acetanilide with trimethylsilyl chloro- 
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8 Aryl Silanes 

sulfonate followed by aq. work-up gives the corresponding N-acetyl amino- 
benzene sulfonic acids [16]. 

/ \ SifTH 1 1) AcCl , 
/-^HUi3j3 2) ClSO3Si (CH3)3 

3) H20 
NH-C-CH, 

II J 

8.6 Acyl-desilylation 

Aryltrimethylsilanes undergo acyl-desilylation on treatment with acid chlorides 
in the presence of A1C13 [10, 37]. 

(8.22) 

Only one of the two trimethylsilyl groups of 1,2- [15] or l,4-/?w(trimethyl- 
silyl)benzene undergoes acyl-desilylation. 

( ch3 ) 3Si 

(8.23) 

Phenyltrichlorosilane undergoes acyl-desilylation with acetyl chloride and 
AICI3 to yield acetophenone and tetrachlorosilane [38]. 

8.7 Alkyl-desilylation 

A very limited number of alkyl-desilylation reactions have been reported. 
Phenyltrimethylsilane reacts with benzyl bromide and A1C13 to give diphenyl- 
methane [37]. While l,2-b/s(trimethylsilyl)benzene reacts with t-butyl chloride 
and AICI3 to give o-t-butylphenyltrimethylsilane [15]. 
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8.9 Nitrodesilylation 

^CH3^3 cx 
^^S1(CH3)3 

t-BuCl 

Si(CH3)3 

c(ch3)3 
(8.24) 

8.8 Diazo-desilylation 

Aryltrimethylsilane substituted by electron donating groups ortho or para 
to the trimethylsilyl group react regiospecifically with aryl diazonium salts 
via diazo-desilylation [39—41]. 

(CH 
3;3 

SiX y~N(CH,)„ + 
\_// 3 2 

NO 
2 \ // 

n2ci 
(8.25) 

(ch3)2n 

wetu-Dimethylaminophenyltrimethylsilane, however, undergoes normal diazo 
coupling [42]. 

8.9 Nitrodesilylation 

Nitration of aryltrimethylsilanes is rather complicated. The usual conditions 
(H2S02/HN03) can not be used due to competition from protodesilylation. 
Nitric acid in acetic anhydride or cupric nitrate trihydrate in acetic acid are 
successful [43—45]. The course of the reaction is highly dependent on tempera¬ 
ture and the conditions used to prepare the nitric acid/acetic anhydride 
mixture. For example, if nitric acid and acetic anhydride are mixed at low 
temperature and reacted with phenyltrimethylsilane between large 0°—10°, 
nitration principally occurs. Nitrodesilylation is the minor process. Similar 
results are obtained with cupric nitrate. From the distribution of o-, m-, and 
p-nitro-phenyltrimethylsilane products it appears that a trimethylsilyl group 
is a weak ortho/para director. 

(8.26) 

On the other hand, aryltrimethylsilanes have been reported to undergo 
nitrodesilylation on treatment with nitric acid (71%) and acetic anhydride at 
reflux [46], Likewise, l,4-fr/s(trimethylsilyl)benzene undergoes nitrodesilyla¬ 
tion on treatment with nitric acid in acetic anhydride [47]. 
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8 Aryl Silanes 

(8.27) 

Formation of p-nitrophenyltrimethylsilane does not result from protodesilyla- 
tion of l,4-b«(trimethylsilyl)benzene, followed by nitration of phenyltrimethyl- 
silane, because this would lead to a mixture of isomers. In a similar manner, 
/7-tolytrimethylsilane permits a clear distinction to be drawn between nitro- 
desilylation and protodesilylation followed by nitration. 

When nitric acid/acetic anhydride are heated briefly to 100° and then 
reacted with p-tolyltrimethylsilane at 15°, nitrodesilylation is the predominant 
process. Nitrodesilylation results from initial nitrosodesilylation, followed 
by oxidation. On the other hand, when nitric acid and acetic anhydride are 
prepared at 15° and reacted with p-tolyltrimethylsilane at this temperature, 
nitration and nitrodesilylation occur with almost equal facility [48], 

(8.29) 

The electrophile involved in nitrosodesilylation is highly selective for the 
C-Si bond. Nitrosodesilylation can be achieved by treatment of aryltrimethyl- 
silanes with isoamyl nitrite or sodium nitrite and trifluoroacetic acid. These 
nitroso aromatics can easily be oxidized to nitro aromatics with hydrogen 
peroxide [49, 74]. 

(CH3)3si 
NaN02 

cf3co2h 
(8.30) 
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8.10 Aryl Silanes as Organometallic Reagents 

8.10 Aryl Silanes as Organometallic Reagents 

On the basis of differences in electronegativity, the C-Si bond possesses 
12% ionic character. Silicon is the positive end and carbon is the negative 
end of the dipole. In a limited number of cases, aryl silanes react with 
aldehydes as if they were aryl Grignard or aryl lithium reagents. Both penta- 
fluoro and pentachlorophenyltrimethylsilane react with benzaldehyde to give 
the corresponding a-pentahalophenyl benzyl trimethylsilyl ethers [50], 

(8.31) 

In a similar manner, 2-trimethylsilyl pyridine [51, 52], l-methyl-2-trimethyl- 
silyl imidazole [53], and 2-trimethylsilyl benzthiazoles [54], react with 
benzaldehydes to give a-(2-pyridinyl), a-[2-(l-methylimidazolyl)] or a-{2- 
benzthiazolyl)benzyl trimethylsilyl ethers, respectively. 

0 
II 

Rh-C-H 0-Si(CH0)0 
| J O 

C-H 
I 
Ph 

(8.32) 

While phenyltrimethylsilane does not react thermally with benzaldehyde, 
aryltrimethylsilanes substituted with electron withdrawing groups in the ortho 
position react with benzaldehyde, under nucleophilic catalysis by potassium 
f-butoxide, potassium or cesium fluoride as outlined below [55]. 

(8.33) 
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8 Aryl Silanes 

Similar reactions occur with alkyl aryl ketones, acyl fluorides, anhydrides 
and C02. On the other hand, the reaction fails when the aryl nucleus is 
substituted by electron donating groups. This difficulty can be overcome by 
use of trimethylsilyl arene chromium tricarbonyl complexes. These undergo 
reaction with aldehydes or ketones under nucleophilic catalysis by cesium 
fluoride. Oxidative removal of the chromium tricarbonyl group by treatment 
with iodine followed by hydrolysis yields benzylic alcohols [75]. 

C r (CO) 6 

Si(C H 3) 3 

CsF 
Pirpr 

0 

(8.34) 

2-Trimethylsilyl pyridine undergoes acyl-desilylation on reaction with 
acid chlorides, anhydrides and ethyl chloroformate. These reactions do not 
require Lewis acids and presumably depend on the unusual polarity of the 
C-Si bond which is cleaved [52], 

P'Si(CH3>3 

0 
II 

Ph-C-Cl 
-C-Ph + (CH3)3SiC1 (8.35) 

Similar results have been obtained with l-methyl-2-trimethylsilyl imidazole 
and 2-trimethylsilyl benzthiazole [54, 56]. 

CH. 

Si(CH3)3 

0 
II 

+ EtO-C-Cl , -N 
// W 

'N' 
I 
CH, 

0 
H 
C-OEt (8.36) 

While l-methyl-2-trimethylsilyl pyrrole fails to react with benzaldehyde, it 
undergoes acyl-desilylation with acid chlorides, and anhydrides in the absence 
of Lewis acids [53]. 
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8.11 Preparation 

8.11 Preparation 

The preparation of aryl silanes has been recently reviewed [57]. Benzene 
reacts with trichlorosilane under the influence of Lewis acid catalysts to yield 
phenyltrichlorosilane [58]. 

(8.37) 

Aryl chlorides undergo thermal reaction with trichlorosilane to yield 
aryltrichlorosilanes and HC1. In a side reaction, the aryl chloride is reduced 
by trichlorosilane to the corresponding aromatic hydrocarbon and tetrachloro- 
silane [59, 60]. 

Free radical chain processes have been proposed to account for these results. 
Many aryltrimethylsilanes have been prepared by m-s/twGrignard reactions. 

These are carried out by addition of the aryl halide to a mixture of TMS-C1, 
ether and magnesium turnings [61]. 

Il^l (ch3)3s>ci ^ 

lNAcl Mg/THF • lNAs((c„3)3 <8-39> 

o-, m-, and /?-fr/s(Trimethylsilyl)benzene have been prepared by addition 
of the corresponding o-, m-, or p-dichlorobenzene to a mixture of TMS-C1 in 
HMPT and magnesium [62]. 

(CH3)3SiCl 

Mg / THF ' 

5-1(013)3 

Si(CH3)3 
(8.40) 

l,3,5-fm(Trimethylsilyl)benzene and 2,4,6-tm(trimethylsilyl) anisole have 
been prepared by in-situ Grignard reactions [63, 64], 

(CH3)3SiCl 

Mg/THF 

(CH3)3Si Si (CH 

Si(CH3)3 

3'3 

(8.41) 

Aryl trimethylsilanes have also been prepared by in-situ formation of aryl 
lithium or sodium derivatives in the presence of TMS-C1 [65]. 
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8 Aryl Silanes 

Li/THF 

(CH3)3SiC1 

Na/Toluene 
(CH3)3SiCl 

Si(CH3)3 

Si(CH3)3 
(8.42) 

tetrafc/s(Triphenylphosphine) palladium (O) catalyzes the reaction of aryl 
chlorides and bromides with hexamethyldisilane to yield aryltrimethylsilanes. 
Of particular note, this reaction is successful with nitrohalobenzenes [66—69]. 

02N 

(CH3)3SiSi(CH3)3 

[Ph3P]4Pd 

o2n 

(CH3)3SiCl (8.43) 

Trimethylsilyl lithium, sodium or potassium react with aryl halides to 
yield aryltrimethylsilanes. The necessary reagents may be prepared in-situ by 
reaction of hexamethyldisilane with methyl lithium, sodium methoxide or 
potassium methoxide in HMPT [70]. 

+ (CH3)3SiSi(CH3)3 

koch3 

HMPT ^ 
Si (CH 

3; 3 

(8.44) 

(C H 3)3 Si0CH3 

Aryltrimethylsilanes have also been prepared by transition metal catalyzed 
cycloaddition reactions of 1-trimethylsilyl alkynes (see Chapter 9). 

r" 
Si(CHJ 

l 3 
Hi 

% S i (C H 3) 

ir-co(co). 
Si (ch3)3 

Si(ch3)3 

(8.45) 

Dissolving metal reduction of aromatic hydrocarbons in the presence of 
TMS-C1 yields l,4-Ws(trimethylsilyl)-l,4-dihydroaromatics. These can be 
oxidized by air to yield l,4-b/s(trimethylsilyl) aromatics [71—73]. 

(ch3)3SiCl 

Li/THF 1 

V: Si(CH3)3 

I 
Si(CH3)3 

(8.46) 
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9 Silyl Acetylenes 

9.1 Introduction 

Silyl acetylenes have proved to be versatile reagents in a number of reactions. 
This chapter will be organized into five major sections: first, addition 
reactions to 1-silyL alkynes; second, electrophilic substitution reactions; 
third, the use of 1-silyl alkynes as protecting groups for terminal alkynes; 
fourth, cycloaddition reactions; and fifth, the preparation of these com¬ 
pounds. 

9.2 Addition Reactions 

1-Trimethylsilylalkynes undergo a variety of addition reactions to yield vinyl 
silanes. These have been discussed in chapter 7. Nevertheless we will 
summarize them here since they were previously organized from a different 
viewpoint. 

1-Trimethylsilylalkynes undergo both catalytic hydrogenation [1] and 
hydrosilation [2] reactions to yield vinyl silanes. HBr adds to trimethylsilyl 

n 

acetylene under the influence of peroxides to yield E-l-bromo-2-trimethylsilyl 
ethylene [3, 4]. Both chlorine and bromine add to frw(trimethylsilyl)-acetylene 
to yield E-l,2-dihalo-1,2-fr/s(trimethylsilyl)ethylene [2]. 

Dialkyl boranes undergo cis addition to 1-trimethylsilylalkynes to yield 
vinyl organometallic species in which the silicon and boron are bonded to 
the same carbon atom [5]. 

(9.2) 

Such vinyl organometallics are useful intermediates for the preparation of 
acyl silanes. Oxidation of trw-vinyl borane intermediates with anhydrous 
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9 Silyl Acetylenes 

trimethylamine oxide followed by hydrolysis affords acyl silanes in high 
yield [10]. 

C=CSi(CH3)3 

1) (ch3)3n+o 

2) H20 
(9.3) 

C/s-addition of DIBAL to 1-trimethylsilylalkynes occurs in ether solvents 
[1, 6, 8, 9] or in the presence of one equivalent of a tertiary amine [7]. Trans- 
addition is observed in hydrocarbon solvent [7, 8]. These vinyl alumium-silanes 
have proved to be synthetically useful (see Chapter 7.9). 

PhC=CSi(CH3)3 
DIBAL 

PhC=CSi(CH3)3 
DIBAL 

heptane 

Ph Al(i-Bu), 

>=< 2 
H Si(CH 3) 3 

Ph si(CH3)3 

H''A1(i-Bu)2 

(9.4) 

(9.5) 

The reaction of 1-trialkylsilylalkynes with isobutylmagnesium bromide 
catalyzed by b/s(cyclopentadienyl)titanium dichloride results in cis addition 
of magnesium hydride. This reaction regiospecifically yields a vinyl magnesium 
species with both the magnesium and silicon bonded to the same carbon (see 
Vinyl Silanes 7.9) [11]. 

n-C4HgC=CSi(CH3)3 
(CH3)2CHCH2MgBr n- C si(cH3)3 

MgBr 

(9.5) 

Magnesium dialkyl cuprate reagents also add in a cis manner to 1-trimethyl¬ 
silylalkynes to yield vinyl cuprates [12, 13]. 
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9.3 Electrophilic Substitution 

The same regiospecificity is observed in the nickel catalyzed addition of 
methyl Grignard reagent to 1-trimethylsilyl alkynes [14]. 

CH.MgBr 

C6H1 3C=CS'1 (CH3)3 Ni (AcAc) * 
AT(CH3)3 

si(ch3)3 

NiMgBr 
(9.8) 

9.3 Electrophilic Substitution 

The chemistry of 1-trimethylsilyl-1-alkynes, 2-alkynes, 1,2-dienes, and 2,3- 
dienes with electrophiles is similar in many respects and will therefore be 
considered together. All four types of compounds react with a variety of 
electrophiles. These reactions usually involve substitution of the trimethyl- 
silyl group by an electrophile. The reactions are often accompanied by 
rearrangement. 

H 
HC5CCH2Si(CH3)3 + E X" -► H2C=C=CX + (CH^SiX (9.9) 

A. Protic Acids 

l-Trimethylsilyl-2-nonyne reacts with trifluoroacetic acid in methylene chloride 
to give 1,2-nonadiene [15]. 

CF.COoH 
CH3(CH2)5C=CCH2Si(CH3)3 CH c] - CH3(CH2)5CH=C=CH2 (9.10) 

l,3-£/s(Trimethylsilyl)propyne reacts with methanesulfonic acid to yield 
trimethylsilyl methanesulfonate and the rearranged product, trimethylsilyl- 
allene [16]. This reaction may proceed by protonation of the C-C triple bond 
to yield a vinyl carbocation stabilized by a /8-trimethylsilyl group. Attack 
by methanesulfonate ion on the stabilizing silyl center leads to products. 

/ ch3so3h 
(CH3)3SiCH2C=CSi(CH3)3 —-—— 

0 
. il 
0-S-CH. 

II ' 
0 

(CH 3)3Si-...., + /H 
( CHsC=C 
W xSi(CH3)3 (9.11) 

+ H?C=C=CX 
xSi(CH3)3 

(CHq)QSi0-S-CH, 
3 J || 3 

0 
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9 Silyl Acetylenes 

On the other hand, l-trimethylsilyl-2-alkynes are stable to a variety of 
reagents and reaction conditions: mild acid hydrolysis (10% HC1/THF), 
propionic acid, basic hydrolysis (10% NaOH), alkylidenetriphenylphos- 
phoranes, LiAlH4, and methyl lithium. This stability permits incorporation of 
the propargyltrimethylsilane functionality into a variety of complex molecules 
[17]. 

1-Trimethylsilylalkynes are also stable to mild protic and Lewis acid 
conditions. For example, the diethyl acetal group of 5,5-diethoxy-l-trimethyl- 
silyl-l-pentyne can be removed by hydrolysis with 1,5% HC1 in THF without 
rearrangement to yield 5-trimethylsilylpent-4-yn-l-al [18], 

1.5% HC1/THF-H?0 
(CH3CH20)2CHCH2CH2C=CSi (CH3)3 -— 

0 
11 , . 

H-C-CH2CH2C=CSi CH3)3 

(9.12) 

Likewise, the aldehyde functional group of 3-trimethylsilylprop-2-yn-l-al can 
be converted to a 1,3-dithiane by use of the Lewis acid BF3 • OEt2 [19], 

(CH3) 3SiC=C-C-H 
BF3-0Et2 

HOAc 

A 
S S 

(CH3)3SiC.C-Y-H (9.13) 

1-Trimethylsilylalkynes are stable to thallium (III) nitrate in methanol, 
the conditions required to hydrolyze a 1,3-dithiane to the corresponding 
ketone [19]. 

B. Halogens 

l-Iodo-2-trimethylsilylacetylene, formed by reaction of iodine monochloride 
with Ws(trimethylsilyl)acetylene, is a valuable precursor for Castro coupling 
with aryl cuprate reagents [20, 21]. l-Trimethylsilyl-2-nonyne reacts with 
bromine or iodine to yield 3-halo-1,2-nonadienes [15]. 

Br„ CH (CH )5X 
CH3(CH2)5C=CCH2Si(CH3)3 • CH y » ^C=C=CH2 (9.15) 

2 2 Br 

l,3-fr«(Trimethylsilyl)propyne reacts with bromine in CC14 to yield 1-bromo- 
1-trimethylsilylallene as the major product [16]. This reaction may occur as 
outlined below. 
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9.3 Electrophilic Substitution 

(CH3)3SiCH2C=CSi(CH3)3 
CC14 

-78° 

^ Br' 

(CHj^Si-. + 

rcH2-c=c 
Si(CH3)3 

Br 
(9.16) 

I 

Si (CH )3 
H?C=C=C J + (CH-)oSiBr 

Br J 

3-Bromo-l-trimethylsilylpropyne has been prepared by reaction of 3-methoxy- 
1-trimethylsilylpropyne with boron tribromide [22]. 

BBr, 
CH3OCH2C=CSi(CH3)3 -^ BrCH2C=CSi(CH3)3 (9.17) 

C. Acyl Chlorides 

1-Trimethylsilylalkynes react with acid chlorides and A1C13 to yield conjugated 
alkynones [23]. This reaction probably proceeds by addition of the acylium ion 
to the C-C triple bond to yield a /3-trimethylsilyl stabilized vinyl carbocation. 
Attack by chloride on the silyl center causes loss of TMS-C1 and formation 
of product. The A1C13 catalyzed intramolecular electrophilic cyclization of 
15-trimethylsilylpentadec-14-ynoyl chloride yields 2-cyclopentadecynone [24], 

0 

(CH3)3SiCaC(CH2)12CCl 
A1 Cl 3 

CH2Cl2'r 
muscone (9.18) 

When /ns(trimethylsilyl)acetylene is subjected to similar conditions, only 
one of the two trimethylsilyl groups is replaced even in the presence of 
excess acid chloride [23, 25]. Apparently the electron withdrawing carbonyl 
group deactivates the triple bond toward further electrophilic attack by 
acylium ions. This difference provides a useful route to 1-trimethylsilyl 

alkyn-3-ones [23]. 
f 

(CH3)3SiCECSi(CH3)3 + 02N-Q-C-Cl A C 3-> 02N-^^-C-C=CSi (CH3)3 

(9.19) 

Similar electrophilic substitutions have been carried out with bis-l,4-(tri- 
methylsilyl)-l,3-butadiyne and aromatic acid chlorides to give l-aroyl-4-tri- 
methylsilyl-l,3-butadiynes in moderate yield [26]. Isobutyryl chloride, 1,4- 
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9 Silyl Acetylenes 

&js(trimethylsilyl)-l,3-butadiyne, and A1C13 react to give 6-methyl-1-trimethyl¬ 
silyl-l,3-heptadiyn-5-one [27]. 
l-Trimethylsilyl-2-nonyne reacts with acetyl chloride and A1C13 to give 3-acetyl- 
1,2-nonadiene [15]. 

CH3(CH2)5C^CCH2Si(CH3)3 A1C1 

0 
!! 

CH3-C-C1 CH3(CH2)5- 
:c=c=ch. 

o=c; 
(9.20) 

CH. 

Carbamyl chlorides react with 1-trimethylsilylalkynes in essentially the 
same way as acid chlorides [28]. 

n-C4HgC=CSi(CH3)3 + I N-C-Cl 
A1C1. 

n-C4HgC=C-C-N (9.21) 

D. Sulfonyl Chlorides — Sulfur Trioxide 

Arylsulfonyl halides react with fr/s(trimethylsilyl)acetylene under Friedel- 
Crafts conditions to yield l-arylsulfonyl-2-trimethylsilylacetylenes [29]. 

/=\ 2 
(CH3)3SiC=CSi(CH3)3 + CH3-h^ V-S-Cl 

'—x 0 

A1C1 

(9.22) 

Trimethylsilyl chlorosulfonate also reacts with 1-trimethylsilylalkynes to 
yield, in general, trimethylsilyl esters of ethynylsulfonic acids [30], 

0 

Ph C =CSi(CH 3)3 + Cl-S-OSi(CH3)3 

0 

0 

PhC=C-S-0Si(CH-), + 
II 3 J 
0 

(CH3)3SiCl 

(9.23) 

Similar results are obtained from the reaction of trimethylsilylacetylenes 
with the sulfur trioxide complex of p-dioxane [31]. 

Propargyltrimethylsilanes react with either trimethylsilyl chlorosulfonate 
or the sulfur trioxide complex of p-dioxane to yield rearranged trimethylsilyl- 
allene sulfonates [32]. l,3-b/s(Trimethylsilyl)propyne reacts under these 
conditions as a propargylsilane rather than an alkynylsilane to yield the 
rearrangement product: trimethylsilyl 1-trimethylsilylallene- 1-sulfonate [32], 
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9.3 Electrophilic Substitution 

(CH3)3SiCH9C=CSi(CH,) 
SO, 

3 3 

CH^CVS1(CH3'3 

(CH3)3Si SO, 

/ 

,Si(CHj? 
CH?=C=CC' 

o=s=o 
OSi(CH3)3 

(9.24) 

The reaction of trirnethylsilylallene with trimethylsilyl chlorosulfonate 
to yield trimethylsilyl propargylsulfonate may occur by a similar process [33], 

,H ClS03Si(CH_)_ j? 
H2C=C=C" -► HC=CCH„-S-OSi(CH-L 

^Si(CH3)3 2 jj 33 
(9.25) 

E. Aldehydes and Ketones 

Trimethylsilylacetylenes undergo Lewis acid catalyzed electrophilic substitu¬ 
tion reactions with ketones and aldehydes to yield propargyl alcohols [34, 35]. 

A1C1 
PhC=CSi (CH,L + CKC-C-H -^r- 

3'3 3 or GaCl. 

OH 
I 

PhC=C-C-CCl 
I 
H 

(9.26) 

The reaction may occur by Lewis acid coordination to the carbonyl group 
rending it sufficiently electrophilic to attack the silyl substituted acetylene. 

n-C4HgCECSi(CH3)3 + H-C-CC13 
A1C1 

H. /CC1. 
c / -j 

n_C4H9\„__/ X0A1C19 L L / — o 
+ '"V\ J 

.Si(CH3)3 

0S1(CH,), | J o 
n-C4HgC=C-C-CCl3 

(9.27) 

When a similar reaction is attempted on fr/s(trimethylsilyl)acetylene only one 
of the trimethylsilyl groups undergoes reaction [36]. 

1-Trimethylsilylalkynes also react with aldehydes and ketones under 
nucleophilic catalysis by TBAF [37] or potassium fluoride/18-C-6 [38] to yield 
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9 Silyl Acetylenes 

propargyl trimethylsilyl ethers. Presumably, these reactions are initiated by 
fluoride anion attack on the 1-trimethylsilylalkyne to form TMS-F. The 
resulting acetylide anion then reacts with the ketone. The alkoxide anion thus 
formed then attacks the 1-trimethylsilylalkyne affording the product and 
regenerating the acetylide anion [37]. 

PhC=CSi(CH3)3 + (n-C4Hg)4N+F (9.28) 

Propargylsilanes, on the other hand, undergo A1C13 catalyzed reactions 
with ketones and aldehydes to yield rearranged allenic alcohols [35], 

0 fllrl OH 
il A1C1. | 

HCECCH2Si(CH3)3 + CI3C-CH -^ H2C = C=CH-CH-CC13 (9.29) 

Propargyltrimethylsilanes react with aldehydes, ketones [39, 40] and acetals 
[41] in the presence of TiCl4 at low temperature to yield respectively rear¬ 
ranged allenic carbinols or ethers. If the allenic carbinol is desired, these 
reactions must be hydrolyzed at low temperature (-60°). Warming prior to 
hydrolysis yields 2-chloro-1,3-butadiene derivatives by reaction of the initial 
allenic trimethylsilyl ethers with TiCl4 [39, 40], 

Reaction between propargyltrimethylsilanes and aldehydes may also be 
catalyzed by TBAF in THF. In the case of aliphatic aldehydes, the products 
are isomerically pure rearranged allenic carbinols. With benzaldehyde, 
however, a mixture of the expected allenic carbinol and the unrearranged 
propargyl alcohol are obtained in a 70:30 ratio [42], 

HCSCCH2Si(CH3)3 

0 
II 

Ph-C-H 
(n-C4Hg)4N+F- 

H0. 

h2c=c=c^ 
CHPh 

H 

OH 
I 

HCECCH2-CH-Ph (9.30) 

Although b/s-l,3-(trimethylsilyl)propyne undergoes electrophilic reaction with 
chloral as a silylacetylene (Eq. 9.30) [35], it reacts as a propargylsilane with 
acetals under catalysis by TMS-I to yield l-alkoxy-2-trimethylsilyl-2,3-buta- 
dienes (Eq. 9.31) [43]. The reason for this difference is not clear at present. 
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0 
OH 

(CHn)7SiCH9C=CSi(CH,). 

Cl -C-C-H 

ATcTZ (CH3)3SiCH2CEC-C-CCl3 

H 

(9.31) 

\ PhCH(0CH ) ?CH3 

' (CHj'sil ” Ph-CH-C=C=CH2 

-78° Si^CH3^3 
(9.32) 

1-Trimethylsilylallenes react with ketones or aldehydes in the presence 
of TiCl4 to yield rearranged homopropargyl alcohols [44], 

Si(CH ) 
H?C=C=C/ J J + 

XCH3 

HO^ ^CH2C=CCH3 

Ti Cl 
(9.33) 

The TiCl4 catalyzed reaction of l-trimethylsilyl-2,3-dienes with aldehydes 
affords rearranged 2-(T-hydroxyalkyl)-1,3-butadienes [45]. 

H2C=C=C 
/CH2Si(CH3)3 

'V/2_C5H11 

Ti Cl 

n-CgH17CH0 

H0X 

n_C5Hl1\/CH-n-CgH17 (9.34) 

1-Trimethylsilylallenes react with a,/3-unsaturated ketones to yield trimethyl- 
silylcyclopentene products. This approach to cyclopentenes by [2 + 3]cyclo- 
annulation provides a unique regiospecific synthesis of such compounds. 
The sequence of events outlined in Eq. 9.35 has been proposed to account 
for these results [46]. 

Cl 

1-Trimethylsilylallenes react with a,/3-unsaturated acyl nitriles and TiCl4 in 
a conjugate 1,4-Michael-type reaction to yield rearranged products [47]. 
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9 Silyl Acetylenes 

(ch3)3si /CH3 

h'^ch3 

CH3\ /H 
J /C=C^ 
H C' 

II 
0 

.CN 

T.r, CH0 CH_ 
Ti Cl . 3\ / 3 

-—*► HCEC-C. ,CH0 CN 

I II 
CH3 o 

(9.36) 

F. Carbocations 

1-Trimethylsilylalkynes undergo intramolecular ring-closure with carbocations 
to yield cyclic ketones as outlined below [48], 

A 1-trimethylsilylalkyne has been used as a terminator in a biomimetic type 
cyclization to form D-homosteroids [18]. 

0 

CF.CO “ 

3 

(9.38) 
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9.4 Protection of Terminal Alkynes 

Methyl trimethylsilylacetylene N-carboethoxyglycinate has been prepared 
by reaction of fr/s(trimethylsilyl)acetylene withmethyl-2-chloro-N-carboethoxy 
glycinate and A1C13 in methylene chloride [49]. 

Cl 

(CH3)3SiC=CSi(CH3)3 + CH^C-C-H 
A1C1. C09CHo 

i 2 4 

NHC02Et 

(CH3)3SiCHC-C-NHC02Et 

H 
(9.39) 

Both trimethylsilyl groups of fr/.s(trirnethylsilyl)acetylene may be substituted 
by carbocations under electrophilic conditions [23]. 

Propargyltrimethylsilanes undergo intramolecular reaction with carboca¬ 
tions to yield vinylene cycloalkanes [50]. 

(9.40) 

Propargyltrimethylsilanes have also proved effective as terminators in bio- 
mimetic carbocation cyclization reactions as outlined below [17]. 

9.4 Protection of Terminal Alkynes 

Trimethylsilyl groups have been used to protect terminal alkynes from 
reduction during the hydrogenation of internal acetylenes to cw-alkenes [51]. 

(CH3)3Si-C=C-C=C-CH, 
Pd/CaCO, 

H H 
% I ! 

(CH3)3Si-C=C-C=C-CH3 (9.42) 
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9 Silyl Acetylenes 

This approach has been utilized in a highly stereoselective synthesis of 
a terminal cis-enyne. After partial reduction of the internal acetylene by 
catalytic hydrogenation, the trimethylsilyl protecting group was removed by 
treatment with TBAF in THF [52]. 

The conversion of 4,9-dimethyl-3,9-dodecadien-l,6,ll-triyne into 4,9-dimethyl- 
3,6,9-dodecatrien-l,ll-diyne was achieved in a similar manner. The terminal 
acetylenic groups were protected by deprotonation with ethyl Grignard reagent 
followed by addition of TMS-C1. The internal triple bond was then catalytically 
hydrogenated. Finally, the terminal trimethylsilyl groups were removed by 
treatment with silver nitrate in aq. ethanol followed by potassium cyanide in 
water [53]. 

CH. CH. 

(CH3)3SiC=CCH=C-CH9C=CCHc,-C=CHC=CSi (CH,) 
3'3 

(9.44) 

1 ) H2/Pd-BaS04 

2) AgN03/Et0H-H20 

3) KCN/H20 

CH, 
i J 

HC=CCH=C-CH 

H 

/ 
2 

C = C 
/ 

H 

ch2 

CH, 
I 3 

-C=CHC=CH 

It has been proposed that coordination of the silver cation with the triple 
bond facilitates attack by water on the silyl center which results in cleavage 
of the Si-C bond [53], 

(CH3)3SiTC=CR -► (CH3)3SiOH + Ag+ 'C^CR (9.45) 

This deprotection technique may be the mildest method yet developed for the 
cleavage of Si-C sp hybridized bonds. This procedure has been utilized by 
Corey [54] in a stereo specific synthesis of d,7-Clg-Cecropia juvenile hormone, 
Eq. 9.46 [55], as well as in the preparation of a-Santalol [56], 
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9.4 Protection of Terminal Alkynes 

1) Li+_CHpC= CSi (CHA.. 

2) Ag+/-CN 
(9.46) 

Trimethylsilyl groups have been utilized to protect terminal acetylene 
not only from reduction but in a number of other reactions. For example, 
it is not possible to prepare a Grignard reagent from p-bromophenylacetylene 
due to the acidity of the sp hybridized C —H bond. This difficulty has been 
overcome by trimethylsilyl protection. Carbonation of the protected Grignard, 
followed by aq. alkaline cleavage of the Si—C bond yields 4-ethynylbenzoic 
acid [57], 

1) EtMqBr 
2) (CH^SiCl 

^Si(CH3)3 

1) Mq/THF 
2) CO^ 

3) H20/0H 

(9.47) 

The trimethylsilyl group has been used to protect terminal alkynes in the 
synthesis of a-acetylenic amines and a-acetylenic a-amino acids. Methyl 
trimethylsilylacetylene-N-carboethoxyglycinate can be deprotonated with 
LDA in HMPT to yield a reactive anion which can be alkylated with allylic 
and benzylic bromides or primary alkyl iodides. This anion can also undergo 
Michael addition with methyl acrylate a-Acetylene glutamic acid has been 
prepared as outlined. The trimethylsilyl protecting group is removed by 
treatment with aq. KOH [58]. 

(CH3)3si 

<f^^C02CH3 

ch3o2c- tj;- 

(CH3)3fi 
c 
ill 
c 

I 
CHo0oC-C^ 3 2 

.COoCH- 

NHC02Et NHC02Et 

(9.48) 

H0?C-C'^n^-C02H 

NH2•HC1 

The alidimine (I) has been used to prepare a-acetylenic a-amino acids and 
a-acetylenic amines. For example, an a-acetylenic DOPA derivative was 
prepared as outlined below [59]. 
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9 Silyl Acetylenes 

(CH,kSi 
^ ° I 

C 
III 
c 

I 

(9.49) 

The first example of basic cleavage of a Si-C sp hybridized bond was 
reported by Gilman. He observed that the base-catalyzed cleavage of the 
Si-C bond of phenyl triphenylsilyl acetylene was qualitatively fast compared 
to the cleavage of benzyltriphenylsilane [60]. Quantitative data shows that 
methanolic sodium hydroxide cleaves the Si-C bond of phenyl trimethylsilyl 
acetylene 2 x 107 times faster than the Si-C bond of benzyltrimethylsilane. 
This may reflect the greater stability of an acetylide anion compared to a 
benzylic anion [61, 62]. 

The Si-C bond of both l-aroyl-2-trimethylsilylacetylenes and 1-aroyl- 
4-trimethylsilyl-1,3-butadiynes are cleaved on treatment with aq. borax and 
methanol to yield the corresponding aroyl acetylenes or 1-aroyl-1,3-butadiynes 
[26]. 

A \—C-C=C-Si (ChL)., 
o' 

CH30H 

h2o, oh- * (9.50) 

Potassium fluoride dihydrate in methanol will also cleave Si-C sp hybridized 
bonds [27]. 

0 
li 

CH 

CH 

,, 0-S-CF, 
3\ / II 3 

t=C 0 
/ \ 

NSi(CH3)3 

KF-2H20 

ch3oh 

0 

0-S-CF 
/ II 

==C 0 
3 

\ 

%C 

(9.51) 

Trimethylsilyl protecting groups permit the oxidative coupling of tri¬ 
methylsilyl acetylenes to yield a,&>-frw(trimethylsilyl)polyacetylenes. The Hay 
modification [64] of the Glaser reaction has proved effective in this respect. 
For example, treatment of trimethylsilylacetylene with cuprous chloride, 
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9.4 Protection of Terminal Alkynes 

TMEDA and oxygen yields 1,4-Ws(trimethylsilyl)-1,3-butadiyne. Similar 
treatment of l-trimethylsilyl-l,3-butadiyne yields, l,8-b/s(trimethylsilyl)- 
1,3,5,7-octatetrayne. 

(CH3)3SiCHC-CHCH — uC1^™EDA - (CH3)3SiC=C-CHC-C=C-CHCSi(CH3)3 (9.52) 

Reaction of these products with aq. methanolic alkali yields 1,3-butadiyne 
and 1,3,5,7-octatetrayne respectively [65], Triethylsilyl protecting groups have 
been used in the preparation of 1,3,7,9,13,15,19,21-octadehydro-24-annulene 
[67]. The rates of base catalyzed cleavage of Si-C bonds in trimethylsilyl- 
substituted poly acetylenes have been determined [66]. 

Likewise Cadiot-Chodkiewicz coupling [68] of l-bromo-2-trialkylsilyl- 
acetylenes with terminal acetylenes yields 1-trialkylsilyl polyacetylenes [65, 
69]. 

+ Et3SiC=CBr 
H2N0H, CuCl 

EtNH„ 

DMF (9.53) 

The reaction of phenylacetylene with l-bromo-4-triethylsilyl- 1,3-butadiyne 
yields l-phenyl-6-triethylsilylhexatriyne. The necessary 1-bromo or l-iodo-4- 
triethylsilyl-1,3-butadiyne was prepared from 1-triethylsilylbutadiyne. Reaction 
of 1-triethylsilylbutadiyne with N,N-dimethylamino-tri-«-butyltin gave 1-tri- 
«-butylstannyl-4-triethylsilyl-l,3-butadiyne which undergoes selective destan- 
nylation on treatment with bromine or iodine monochloride [70], 

(n-Bu)3SnN(CH_)? Tn 

Et3SiC=C-C=CH ---Et3SiC=C-C=CSn(n-Bu)3 U ■» Et3SiC=C-C=CI 

(9.54) 

The inverse reaction of an a-bromoacetylene with a trimethylsilyl acetylene 
fails under Cadiot-Chodkiewicz conditions. However, aryl trimethylsilyl 
acetylenes can be efficiently prepared by /?is(triphenylphosphine) palladium 
dichloride catalyzed coupling of aryl bromides or iodides with trimethylsilyl 
acetylene [71]. 

N02 

[Ph3P]2PdC12 

Cul, Et3N 
(9.55) 

The Castro coupling of aryl copper reagents with l-iodo-2-trimethylsilyl- 
acetylene to yield l-aryl-2-trimethylsilylacetylenes is closely related [20], 

+ IC=CSi(CH3)3 
\ A~C~CSi (CH3^3 

'CF, 

(9.56) 
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9 Silyl Acetylenes 

Trimethylsilyl groups have been used to protect terminal acetylenes while 
Castro coupling was carried out between an aryl iodide and a terminal 
acetylenic copper reagent [72]. 

9.5 Cycloaddition Reactions 

A. Diels-Alder Reactions 

Silylacetylenes undergo a variety of cycloaddition reactions. Diels-Alder 
reactions of silylacetylenes are valuable for the preparation of certain silyl- 
substituted aromatic compounds [73]. 

In a similar manner, ^/5(trimethylsilyl)acetylene undergoes a Diels-Alder 
reaction with a-pyrone in refluxing bromobenzene. The initial adduct de- 
carboxylates to yield l,2-fr/s(trimethylsilyl)benzene which readily undergoes 
acid catalyzed rearrangement to l,3-fr/s(trimethylsilyl)benzene. The driving 
force for this rearrangement probably is relief of steric strain. Addition of 
10 mole percent of triethylamine to the solvent prevents this rearrangement 
[74]. 

(9.58) 

Si(CH3)3 

"si(cH3)3 

S1" (CH3) 3 
Si(CH3)3 
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9.5 Cycloaddition Reactions 

Both mono- and bw-(trimethylsilyl)acetylene undergo Diels-Alder reactions 
with 3,6-/?/.s(carbomethoxy)-l,2,4,5-tetrazine to yield substituted pyrida- 
zines [75]. 

C02CH 

3 

3 

(CH3)3SiC=CSi(CH3)3 

N 
l 

N 

3 

Sl(ch3)3 

Si(CH3)3 

co2ch3 

(9.59) 

l-Arylsulfonyl-2-trimethylsilylacetylenes undergo Diels-Alder reactions with 
l-methoxy-3-trimethylsilyloxy-1,3-butadiene to yield 2-arylsulfonyl-3- 
methoxy-1 -trimethylsilyl-5-trimethylsilyloxy-1,4-cyclohexadienes. On treat¬ 
ment with acid in aq. THF, these lose methanol and hydrolyze to yield 4-aryl- 
sulfonyl-3-trimethylsilyl substituted phenols [76]. 

0 
OSi(CH 3) 3 

II 
Ph-S-C=CSi(CH,), 

ll J J 
0 

ch3o J \ 

(9.60) 

B. Silyl-ynamines 

Silyl-ynamines are prepared by the reaction of l-bromo-2-trimethylsilyl- 
acetylene with lithium amides. This reaction probably occurs by an additions - 
elimination sequence. 

(CH3)3SiCHCBr + Li+_NEt2 

(CH3)3Sf NEt2 

Br 

► (CH3)3SiC=CNEt2 

(9.61) 

145 



9 Silyl Acetylenes 

Silyl-ynamines undergo Diels-Alder reactions with a,/S-usaturated ketones, to 
yield 2-dialkylamino-3-trimethylsilyl pyran derivatives. The regiospecificity 
observed may result from the zwitterionic intermediates formed by Michael 
addition of the nucleophilic carbon of the silyl-ynamine to the a,/S-unsaturated 
ketone [77]. 

Silyl-ynamines react with diphenylketene to yield 3-silyloxy-3-buten-l- 
ynyl amines. Initial nucleophilic attack by fhe C-2 carbon of the silyl- 
ynamine on the carbonyl carbon of the ketene leads to a zwitterionic inter¬ 
mediate. Migration of the silyl group from carbon to the negatively charged 
oxygen yields the product [78]. 

(CH3)3Si 

C 
111 
C 

I 
Et2N: 

(CH3)3SiO 

Ph 

(9.63) 

On the other hand, silyl-ynamines react with ketene to yield 3-amino-2-silyl-2- 
cyclobuten-l-ones and 2-silyl-2,3-butadieneamides [79]. The reaction may pro¬ 
ceed as indicated. The reason for the different behavior of the two ketenes 
is at present unknown. 

(CH,),Si 0 3 3 | || 
C . C 
in + ii 

c c 
I /\ 

Ph 2 N H H 

(CH3) 3Si 

Ph2N' 

(9.64) 

(CH3)3Si 

Ph2N' 
f 

(CH3)3Si 
* 

ph2r 0 
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9.5 Cycloaddition Reactions 

The reaction of silyl-ynamines with dimethyl acetylenedicarboxylate 
probably involves a similar zwitterionic intermediate [80]. 

(CH3)3Si 

C 
I 

Et2N: 

(CH,),Si C0,CH- 
j o | | c i 

C 
II III 
c c 
11+ I 

Et2N C02CH3 

co2ch3 

co2ch3 

1 
(CH3)3Si C02CH3 

Et2N 
CO 2 C H 3 (9.65) 

C. Cobalt-Catalyzed Cycloadditions 

Dicobalt octacarbonyl catalyzed trimerization of trimethylsilylacetylene 
provides an efficient route to l,2,4-fm-(trimethylsilyl)benzene [81]. 

(CH3)3SiC=CH (9.66) 

A dicobalt hexacarbonyl complex of trimethylsilylacetylene, which is formed 
in the reaction, is also an effective catalyst [82]. 

H\_/Si(CH3)3 

\ 
(C0)3Co~.-.•Co(C0)3 

(9.67) 

rf-Cyclopentadienyl cobalt dicarbonyl catalyzes cross-trimerization reac¬ 
tions between silylacetylenes and a,w-diynes [83—85]. 

Si (CHq 
I 3 

+ in 

% 

1 
Si(CH3 

Co(CO), si(CH3)3 

Si(CH3)3 
(9.68) 

Benzocyclobutenes undergo thermal electrocyclic ring opening to reactive 
ortho-quinone methides which can participate in Diels-Alder reactions [84]. 
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9 Silyl Acetylenes 

(CH3)3Si 

(CH3)3si 

(9.69) 

This approach has been utilized in the synthesis of 2,3-£/s(trimethylsilyl)- 
estra-l,3,5-(10) trien-17-one as outlined below'[86]. 

if-Cyclopentadienyl cobalt dicarbonyl catalyzes the reaction of 3-trimethyl- 
silyloxy-l,5-hexadiyne and an excess of bw(trimethylsilyl)acetylene to yield 
2,3,6,7- tetrakis (trimethylsilyl)naphthalene [87]. 

D. [2 + 2] and [2 + 3] Cycloadditions 

Trimethylsilylacetylene undergoes benzophenone triplet sensitized [2 + 2] 
photocycloaddition reaction with maleic anhydride to yield 1-trimethyl- 
silylcyclobutene-3,4-dicarboxylic acid anhydride [88]. 

(9.71) 

[2 + 3] Cycloaddition reactions between silylacetylenes and a variety of 
1,3-dipolar species provide a reasonable synthetic route to silyl-substituted 
five-membered aromatic heterocycles. 
For example, nitrile oxides react regiospecifically with silyl substituted ace¬ 
tylenes to yield 5-silyl isoxazoles [89]. 
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9.5 Cycloaddition Reactions 

CH. 

CH. C5N±0' + (CH3)3SiC=CH 

CH. 

Si (CH,) 
3'3 

(9.72) 

Likewise, diazomethane slowly reacts with silylacetylenes to yield 3- 
silylpyrazoles. 

PhC=C-Si(CH 3)3 + CH2N2- 

Ph Si(CIL), 

u 

H-WN 
I 

H 
(9.73) 

Ethyl diazoacetate reacts with /?/s(trimethylsilyl)acetylene to yield 3,4-bis- 
(trimethylsilyl)-5-carboethoxypyrazole [90, 91]. Although French workers 
have obtained similar results [92], they assign the N-H hydrogen to nitro¬ 
gen-2. Which assignment is correct is not certain at this time. 

On the other hand, reaction of diazomethane with methyl 2-trimethylsilyl- 
acetylenecarboxylate yields a mixture of 3- and 4-trimethylsilylpyrazole 
isomers. Similarly, a mixture of 3- and 4-trimethylsilylpyrazoles was obtained 
with 3-trimethylsilylpropynal [92]. Reaction of methyl 2-trimethylsilylacetyl- 
enecarboxylatewithdimethyldiazomethaneyields5,5-dimethyl-3-trimethylsilyl- 
4-carbomethoxypyrazole, which loses nitrogen on photolysis to give 3,3- 
dimethyl-l-trimethylsilyl-2-carbomethoxycyclopropene [92]. 

The inverse reaction of /?w(trimethylsilyl)diazomethane with dimethyl ace- 
tylenedicarboxylate initially yields dimethyl 5,5-/?w(trimethylsilyl)-3,4-pyrazo- 
ledicarboxylate. Migration of a trimethylsilyl group from carbon to nitrogen 
results in the formation of either dimethyl l,3-£>/s(trimethylsilyl)-4,5-pyrazole- 
dicarboxylate or dimethyl l,5-fr«(trimethylsilyl)-3,4-pyrazoledicarboxylate 
[93, 94], N-Trimethylsilyl groups are easily removed by hydrolysis. 

/ [(CH3)3Si]2CN2 + CH302C=CC02CH3 

CH302C 

CH302C 

Si(CH3)3 

si(CH3)3 
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9 Silyl Acetylenes 

Silylacetylenes undergo [2 + 3] cycloaddition reactions with TMS-N3 to 
yield initially 1,5 or l,4-b/s(trimethylsilyl)-l,2,3-triazoles which rearrange by 
a 1,2-shift of the trimethylsilyl group to yield 2,4-&/s(trimethylsilyl)- 1,2,3- 
triazoles [23, 95] (see 4.3). 

PhCHCSi(CH3)3 + (CH3)3SiN 

Ph Si(CH3)3 Ph Sl'(CH3)3 

or 

N N-Si(CH-), ,ru , c. iu 
-v ' 3 3 (CH3)3Si-NnN^N 

Ph Si(CH3)3 

// W 
.N 

N 
I 
H 

ch3oh 

Ph Si(CH3). 

n \ 
N N 

Si(CH3) 3 

(9.75) 

Phenyl-2-trimethylsilylacetylene reacts with phenylazide to yield 1,5- 
diphenyl-4-trimethylsilyl-1,2,3-triazole. This regiospecificity is opposite 
that observed in the reaction of phenyl azide with phenylacetylene [23]. 

9,6 Preparation of Silylacetylenes 

Since 1-trialkylsilyl-1,2-dienes, 2,3-dienes, 1-alkynes, and 2-alkynes are 
versatile synthetic intermediates, a variety of methods to prepare these 
compounds have been developed. Certain experimental conditions, such as 
high temperature lead to mixtures [96, 97]. 

A. 1-Trialkylsilylalkynes 

1-Trimethylsilylalkynes may be prepared by reaction of alkali metal acetylides 
with TMS-C1 [54, 98], 

CH3C=C"Li+ + (CH3)3SiCl -- CH3C=CSi(CH3)3 (9.76) 

The inverse reaction of trimethylsilyl-substituted acetylide anions with 
primary alkyl halides, is also effective. For example, l,4-b/s-(trimethylsilyl)- 
1,3-butadiyne reacts with methyl lithium to yield 1 -lithio-4-trimethylsilyl-1,3- 
butadiyne and tetramethylsilane. This lithium reagent reacts efficiently with 
primary alkyl iodides to yield l-trimethylsilyl-l,3-alkadiynes [38, 99]. 
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9.6 Preparation of Silylacetylenes 

(CH3)3SiC = C-CHCSi(CH3)3 
CHJ t 

- » (CH3)3SiC = C-C = C"Li + 

(CH3)4Si (9.77) 

EtI/THF-HMPT 

-► (CH3)3SiCsC-CsC-Et 

l-Lithio-2-trimethylsilylacetylene reacts with ketones and aldehydes to 
yield 3-trimethylsilylprop-2-yn-l-ols. In the presence of the chiral chelating 
ligand (2S,2'S)-2-hydroxymethyl-l-[(l-methylpyrrolidin-2-yl)-methyl]pyrroli- 
dine [100], this reaction gives propargyl alcohols of high e.e. [19, 101], 

l-Alkyn-3-ols can be used to prepare 1-trimethylsilylalkynes. Deprotona¬ 
tion of l-alkyn-3-ols with n-butyl lithium followed by addition of TMS-C1 yields 
after aq. work-up l-trimethylsilylalkyn-3-ols. Treatment of these alkynols with 
acetic anhydride affords the corresponding propargyl acetates. These undergo 
Sn2 displacement with dialkyl copper lithium reagents [102, 103]. 

1 ) Ac?0 

(CH3)3SiC=CCH-n-C5H11 2) (CH ) CuLi *" (CH3)3SiC=CCH-/2-C5H1 ] (9.79) 

OH 3 Z CH3 

Metallation of 1-trimethylsilylpropyne with n-butyl lithium/TMEDA 
followed by addition of primary alkyl iodides or allylic bromide gives 1- 
trimethylsilylalkynes [54—56, 104]. 

CH3C=CSi(CH3)3 
n-BuLi 
TMEDA 
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9 Silyl Acetylenes 

3-Lithio-l-trimethylsilylpropyne reacts with epoxides to yield 5-trimethylsilyl 
pent-4-yn-l-ols. The reaction of this reagent with the mono-epoxide of cyclo- 
pentadiene was utilized in a general synthesis of prostaglandins [105]. 

+ 2Li+"CH2C=CSi(CH3)3 

OH 

..•■CH9C=CH 
\ £ 

Ketones and aldehydes react with 1-trimethylsilylpropargylzinc bromide 
[22] to yield 4-trimethylsilylbut-3-yn-l-ols [106]. 

Cuprous bromide dimethyl sulfide complex facilitates the conjugate addition 
of 1-trimethylsilylpropargylmagnesium bromide to a,/3-unsaturated ketones 
[107], 

1) (CH3)3SiC=CCH2MgBr 

CuBr-S(CH3)2 

2) CH3I/HMPT 

1-Trimethylsilylalkynes can be prepared from 3-phenoxy-l-trimethyl- 
silylpropyne. Metallation with n-butyl lithium/TMEDA yields a propargyl 
lithium species which reacts with trialkylboranes to give propargyltrialkyl- 
borates. Treatment of these with acetic acid in HMPT yields 1-trimethylsilyl- 
alkynes. In this process, one of the alkyl groups migrates from boron to 
carbon [108]. 

(CH3)3SiC=CCH20Ph 
1) n-BuLi/TMEDA 
2) R3B 

(CH3)3Si C: 
;br3 

;cch 
\ 

OPh 
(9.84) 

HOAc 
HMPT 

(CH3)3SiC=CCH2R 
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9.6 Preparation of Silylacetylenes 

B. 1-Trialkylsily 1-2-alky nes 

l-Trimethylsilyl-2-alkynes can be prepared by reaction of l-bromo-2-alkynes 
with magnesium in ether in the presence of TMS-C1. Isomeric allenes are 
found in small yield in these reactions [109]. 

Reaction of lithium acetylides with either trimethylsilylmethyl trifluoro- 
methane sulfonate or chloromethyltrimethylsilane in HMPT [116] yields 1-tri- 
methylsilyl-2-alkynes [110]. The reaction of sodium acetylides with iodo- 
methyltrimethylsilane [17] is also effective. 

(CH3)3SiCH2Cl 
THF 

HMPT 

(9.85) 
0. 0 

'lCH2)3C=CCH2Si (CH7). 
3'3 

1,3 b/s(Trimethylsilyl)propyne can be easily prepared by a dissolving 
metal reaction of ether methyl or trimethylsilyl propargyl ethers with TMS-C1 
and lithium in THF [111]. 

HC=CCH20CH3 + (CH3)3Si Cl - (CH3)3Si C=CCH2Si (CH3)3 (9.86) 

C. l-Trialkylsilyl-l,2-dienes 

1 -Trialkylsilyl-1,2-dienes have been prepared by insertion of vinylidene carbenes 
into the Si-H bond of trialkylsilanes [96, 112]. 

n-C7H7 /H 

3 7xC=C=C\ 

h' Br 

(ch3)3c-o K+ 

C6H6 

n-C0H7 
3 /' 

C=C=C: E13 S i H (9.87) 

n_C3H7\ 
C=C=C 

HX ^SiEt- 

Metallation of allene with one equivalent of n-butyl lithium in THF at 
-50° yields allenyl lithium which reacts with TMS-C1 to yield trimethyl- 
silylallene On the other hand, treatment of allene with two equivalents of 
/j-butyl lithium yields a dianion which reacts with TMS-C1 to yield 1,3-bis- 
(trimethylsilyl)-propyne [113], 

CH2=C=CH2 
n-BuL i 

THF 
-50° 

h2c=c=cx 

H (CH3)3Si Cl 

Li 

h2c=c=c^ 
H 

Si(CH3)3 
(9.88) 

n-BuLi 

THF 
d i a n i o n 

(CH3)3SiCl 

(CH3)3SiCH2C=CSi(CH3)3 

1-Methoxy-l-trimethylsilylallene can be prepared by metallation of 
methoxyallene with «-butyl lithium followed by addition of TMS-C1. Further 
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metallation of 1-methoxy-l-trimethylsilylallene with n-butyl lithium followed 
by reaction with primary alkyl halides yields 1-methoxy-l-trimethylsilyl-1,2- 
dienes. These react with trifluroacetic acid to yield a,/3-unsaturated acyltri- 
methylsilanes or with TBAF to give a,/3-unsaturated aldehydes [114]. 

/OCH0 i\ n i • 
i, r_r_r/ 3 I ) ii-BuLi 

2 XS((CH3)3 2> 

l-Bu 

H 

\ 

(9.89) 

cf3co2h 
n-Bu 

■Si(CH 3) 3 

Metallation of 3-phenoxy-l-trimethylsilylpropyne yields a propargyl 
anion which reacts with trialkylboranes to yield propargyltrialkylborates. 
Treatment of these with sodium methoxide gives 1-trimethylsilyl-1,2-dienes 
in which an alkyl group has migrated from boron to carbon [115]. 

tru \ c•r—rru nnk 1) n-BuLi/TMEDA (CH3)3STC=CCH2OPh -2^-- 
/ BR3 

(CH _),SiC=CCH 
J J v0Ph 

(9.90) 

Na+'0CH. 
(CH3)3SiCH=C=CHR 

Treatment of the methanesulfinate esters of l-trimethylsilylalkyn-3-ols with 
magnesium dialkyl cuprates in THF [46,116] yields 1-trimethylsilyl-l,2-dienes. 

(CH3)3SiC=CCH20Sx 
vO/7CUBr'H9Br '“3>3St \ 

CH. 
THF 

C=C=CH? (9.91) 

Conjugate 1,6-addition of 1-trimethylsilylpropargyl cuprates to alkyl 2,4- 
pentadienoates yields alkyl 6-trimethylsilyl-3,6,7-octatrienoates [117]. 

(CH3)3SiC=CCH9Li+ 1 ) 

(CH^Si 

-78° C02Et 

2) 
'C02Et (9.92) 
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1-Trimethylsilyl- 1,2-dienes result from treatment of the tosyl hydrazones 
of 3-trimethylsilyl alkynones with an excess of sodium cyanoborohydride in 
DMF/sulfolene [44]. 

N-NHTs 
II 

PhCH2CH2-C-C=CSi(CH3)3 
NaBH3CN 

DM? 

sulfolene 

N 
A 

;N- 

PhCH0CH0-C^^CSi(CH3)3 
2 2 

H 

PhCH2CH2CH=C=CHSi(CH,) 
3' 3 

(9.93) 

Reaction of 3-bromo-l-trimethylsilylpropyne with aluminum yields an organo- 
metallic reagent which reacts with ketones and aldehydes to yield rearranged 
products: l-(l'-hydroxyalkyl)-l-trimethylsilylallenes [106]. 

(CH3)3SiC=CCH2Br 
1) A1 / Et20 

(CH3)3Si 
(9.94) 

As previously mentioned, the corresponding zinc reagent reacts with ketones 
and aldehydes with no rearrangement (Eq9.82). The reason for this difference 
in regiospecificity between the zinc and aluminum reagents is not clear. 

D. l-Trimethylsilyl-2,3-dienes 

l-Trimethylsilyl-2,3-dienes can be prepared by reaction of trimethylsilyl- 
methylmagnesium cuprates with propargyl acetates or tosylates [45], 

(CH,)oSiCHoCuMgBr CH?Si (CH,K ,q qtn 
(ch3)2cc=ch ---THF--► (ch3)2c=c=c^ 1 ' 

OCCH, H 
li J 
0 
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10 Tetraalkylsilanes, Alkylpentafluorosilicates 
and Alkenylpentafluorosilicates 

10.1 Introduction 

This chapter is concerned with the synthetically useful chemistry of tetra¬ 

alkylsilanes and dipotassium alkyl-and alkenylpentafluorosilicates. 

10.2 Electrophilic Cleavage of Tetraalkylsilanes 

Like vinyl silanes many reactions of tetraalkylsilanes involve electrophilic 
cleavage of C-Si bonds. 

A. Protic Acids 

Reaction of chloromethyltrimethylsilane with sulfuric acid yields methane and 

chloromethyldimethylsilyl sulfate [1]. Similar reactions with 4-trimethylsilyl- 
2-butanone and 3-trimethylsilylpropionic acid yield methane and the corre¬ 

sponding silyl sulfate [2, 3]. 

h?so4 
(CH3)3SiCH2CH2C02H ——-► CH4 

0 CH, 
il I J 

+ H0-S-0-Si-CHoCH9C0oH 
[i | £ £ 
o ch3 

(10.1) 

Cyclopropyltrimethylsilane reacts with HBr or sulfuric acid to yield cyclo¬ 

propane [4]. 

S>^S1(CH3)3 [> . (CH3)3SiBr (10.2) 

However, reaction of substituted cyclopropyltrimethylsilanes with HC1 or 

TiCL, results in cleavage of a C-C bond of the cyclopropane rather a C-Si 

bond. The ratio of electrophilic cleavage of C-C bonds adjacent to the trime- 

thylsilyl group compared to scission of the remote C—C bond of the cyclopro¬ 

pane varies with structure of the substrate and the electrophile [5], 
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B. Acylium Ions 

Acylium ions formed by reaction of acid chlorides and A1C13 cleave terminal 
C-Si bonds of octamethyltrisilane and hexamethyldisilane to yield methyl 
ketones and 1,3-dichlorohexamethyltrisilane [6] and pentamethylchlorodisilane 
[7] respectively. 

0 
ll 

CH3CH2-C-C1 + (CH,),SiSi(CH,) 
A1C1 

3'3~ '3y3 

0 
II 

CH3CH2-C-CH3 + 

CH. 
I ■■ 

(CH_),Si-Si- 
3 J | 

CH- 

Cl 

(10.5) 

This reaction was probably not widely appreciated due to the necessity to 

prepare either octamethyltrisilane or hexamethyldisilane. Recently, electrophilic 
cleavage of tetraalkylsilanes by acylium ions has been utilized in two related 
ketone syntheses [8, 9]. Unfortunately, only one of the four C-Si bonds of 
tetraalkylsilanes undergoes electrophilic cleavage by acylium ions [9]. Cyclo- 
propyl alkyl ketones are efficiently prepared since the cyclopropyl group 
is selectively cleaved from cyclopropyltrimethylsilane [8]. The jr-character 
of the cyclopropyl group may increase its susceptibility to electrophilic 
attack. 

f ... ' \ A1 Cl 

D^Sl'(CH3)3+ M -ch^cTJ 

Cl 

On the other hand, 2-methylcyclopropyltrimethylsilane reacts with acid 
chlorides and A1C13 via opening of the cyclopropyl ring and loss of the tri- 
methylsilyl group to yield 2-butenyl ketones [10]. The reaction is stereospecific: 
ds-2-methylcyclopropyltrimethylsilane yields li-2-butenyl ketones while the 
trans isomer gives Z-2-butenyl ketones. 
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(CH3)3C-C-C1 

"•'Si(CH3)3 

(10.7) 

(10.8) 

Likewise, cyclopropylmethyltrimethylsilane reacts with aliphatic acid chlorides 
and A1C13 with cleavage of the cyclopropyl ring and loss of the trimethylsilyl 
group to yield /3,y-unsaturated ketones [11]. 

CH^Si (CH3)3 + (CH3)2CH-C-C1 
A1C1. 

(CH3)2CH' (10.9) 

C. Carbocations 

Carbocations also cleave C —Si bonds. Thus 3-bromopropyltrimethylsilane 
and a catalytic amount of A1C13 undergoes an intramolecular reaction to yield 
TMS-Br and cyclopropane [12]. 

A1C1 
(CH3)3SiCH2CH2CH2Br - 

A related intramolecular electrophilic cleavage reaction provides a reasonable 
synthesis of 1,1-dimethylsilacyclopentane [13]. 

|H3 A1CA / \ 
(CH3)3Si(CH2)3-Si-CH2Cl -—► (CH^SiCl + y (10.11) 

Ch(S\h3 

Recently, intermolecular examples of carbocation cleavage of sp3 hybridized 
C—Si bonds have been observed. Protonation of tri- and tetra-substituted al- 
kenes by trifluoroacetic acid yields tertiary carbocations. Tetramethylsilane 
reacts with these to transfer a methyl group from silicon to the tertiary carbo¬ 
cation centers [14]. 

(CH3)4Si ^ CH CXCH 00,2> 
CH3 

(CH3)3SiBr (10.10) 
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D. Halogens 

Tetraalkylsilanes undergo reaction with iodine catalyzed by aluminium iodide 
to yield trialkyliodosilanes and alkyl iodides [15]. Cyclopropyltrimethylsilane 
reacts with iodine monochloride to give cyclopropyl iodide and TMS-C1 [16]. 

si(ch3)3 IC1 + (CH3)3SiCl (10.13) 

On the other hand, cyclopropyltrimethylsilane reacts with bromine with or 
without assistance from aluminium bromide to yield a mixture of products 
resulting from scission of C-C bonds of the cyclopropane ring [16], 

E. Trimethylsilyl Chlorosulfonate 
\ 

Tetraalkylsilanes react with trimethylsilyl chlorosulfonate to yield trimethyl¬ 
silyl alkylsulfonates and trialkylchlorosilanes [17]. 

0 0 
II II 

Et4Si + Cl-S-OSi(CH3)3 —► Et3SiCl + Et-S-OSi(CH3) 3 (10.14) 

0 0 

Cyclopropyltrimethylsilane is cleaved by trimethylsilyl chlorosulfonate to 
yield trimethylsilyl cyclopropylsulfonate and TMS-C1 [18]. 

Si(CH,) 
3'3 

0 
li 

+ Cl -S-OSi (CH,)., 
II J J 

S-0Si(CH3)3 (CH3 )3SiCl 

By contrast, 2-methylcyclopropyltrimethylsilane reacts with trimethylsilyl 
chlorosulfonate to yield trimethylsilyl 2-butenylsulfonate [10]. 

10.3 Preparation 

Excellent methods exist to prepare alkyl silanes. Hydrosilation of alkenes 
can be carried out by a free radical chain process or by catalysis with chloro- 
platinic acid [19]. This latter method is generally regiospecific. For example, 
reaction of trichlorosilane with either 1- or 2-pentene catalyzed by chloro- 
platinic acid yields essentially pure 1-pentyltrichlorosilane [20]. This reacts 
with excess methyl Grignard reagent to yield n-pentyltrimethylsilane. 

Cyclopropyltrimethylsilane is readily prepared by treatment of trimethyl- 
vinylsilane with Simmons-Smith reagent [21]. 

(CH3)3Si^^ ch2i2 Zn-Cu 
(CH^Si (10.16) 

Alternatively, cyclopropyltrimethylsilanes may be prepared by addition of 
trimethylsilyl carbene to appropriate olefins. 
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a-Elimination of lithium chloride from a-chloro-a-lithiomethyltrimethyl- 
silane yields trimethylsilyl carbene, which reacts stereospecifically with 
alkenes, to give cyclopropyltrimethylsilanes [22]. Chloromethyltrimethyl- 
silane can be deprotonated by lithium 2,2,6,6-tetramethylpiperidide to yield 
a-chloro-a-lithiomethyltrimethylsilane. 

(CH3)3SiCH2Cl + Si(ch3)3 s1(ch3)3 

21 221 

(10.17) 

Metallation of chloromethyltrimethylsilane with sec-butyl lithium in TMEDA/ 
THF does not yield trimethylsilyl carbene [23, 24]. 

Copper (I) catalyzed addition of trimethylsilyldiazomethane [25, 26] to ole¬ 
fins also yields trimethylsilylcyclopropanes [25, 27, 28], 

. + (CH3)3SiCHN2 
Cu2Cl2 

-Si(ch3)3 

(10.18) 

The ylid, dimethyltrimethylsilylmethylene sulphurane, reacts with a,/S-un¬ 
saturated ketones to give trimethylsilylcyclopropyl ketones [29]. 

(CH3)3SiCH2S(CH0) 
sec-BuLi 

3'2 
(CH3)3SiCH=S(CH3)2 

(10.19) 

10.4 Alkylpentafluorosilicates 

While the C-Si bond of alkyltrichlorosilanes is not easily cleaved by 
electrophiles, Kumada has found that the C-Si bond of the corresponding 
dipotassium alkylpentafluorosilicates is [30], These are easily prepared by 
reaction of alkyltrichlorosilanes with potassium fluoride. Silicon can expand 
its coordination number beyond four by utilization of empty 3d orbitals to 
coordinate ligands such as fluoride. It is reasonable that alkylpentafluoro- 
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silicates which have a double negative charge should be readily attacked by 
electrophiles. One might, in fact, imagine that they would possess carbanionic 
character. However, unlike organolithium reagents or Grignard reagents, 
dipotassium alkylpentafluorosilicates are air stable, crystalline solids which 
can be isolated by filtration. 

R-Si Cl 3 aq-‘- KF - K2[R-SiF5] (10.20) 

While the water solubility of dipotassium alkylpentafluorosilicates is very 
limited, the solubility of ammonium alkylpentafluorosilicates is considerably 
greater [31, 32]. PTC by quaternary alkyl ammonium salts or crown ethers 
capable of chelation to potassium tions might overcome this solubility pro¬ 
blem. 

10.5 Reaction of Alkylpentafluorosilicates with Halogens 

1-Alkenes have been converted to 1-haloalkanes as outlined below. This 
constitutes a method to add the elements of HX to an alkene in a regiospecific 
anti-Markovnikoff manner. Such reactions are much less efficient with 
secondary alkylpentafluorosilicates. 

HSiCl, 

n"C6H13CH = CH2 H0PtCl, 

Cl2/ci4 

n-C6H13CH2CH2SiCl3 

KF 

K2*-n"C6H13CH2CH2SiiV 

Br2 /or NBS 

(10.21) 

n"C6H13CH2CH2C1 
n-C6H13CH2CH2Br n-CgH^ 3CH2CH2I 

The reaction of alkylpentafluorosilicates with NBS to yield 1-bromo alkanes 
tolerates esters, as well as C-C double bonds [33]. 

(10.22) 

This procedure permits efficient synthesis of R-(-)-a-curcumene (Eq. 10.23) 
It should be noted that NBS preferentially cleaves the primary sp3 C-Si bond 
rather than brominates the benzylic C-H bonds [34]. 
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10.5 Reaction of Alkylpentafluorosilicates with Halogens 

Alkyl pentafluorosilicates also undergo electrophilic cleavage by anhydrous 
cupric chloride or bromide to yield respectively alkyl chlorides or bromides. 
The reaction is synthetically useful with primary alkyl and arylpentafluoro- 
silicates; but not with secondary alkylpentafluorosilicates [35].. 

Stereochemistry has been used to probe the mechanism of these reactions. 
Hydrosilation of 2-norbornene with trichlorosilane catalyzed by chloroplatinic 
acid yields exclusively m?-2-trichlorosilyl norbornane (Eq. 10.24). Preparation 
of endo-2-trichlorosilyl norbornane is more complicated. A Diels-Alder reaction 
of vinyltrichlorosilane and cyclopentadiene yields a mixture of exo- and 
mrfo-2-trichlorosilyl-5-norbornene, which can be separated by fractional 
distillation. Catalytic hydrogenation of emfo-2-trichlorosilyl-5-norborneneover 
Pd/C yields ^nd'o-2-trichlorosilylnorbornane. Both exo and em/o-2-trichloro- 
silylnorbornane react with potassium fluoride to yield the corresponding 
norbornylpentafluorosilicates with retention of configuration. These react 
with bromine or NBS in polar solvents such as methanol or THF to yield 
2-norbornyl bromides of inverted (at least 95%) stereochemistry (Eq. 10.25 
and 10.26). Reaction of <?xo-2-norbornylpentafluorosilicate with cupric 
bromide in methanol, on the other hand, yields 2-norbornyl bromide with 
predominant retention of configuration [36]. 

+ HSiC13 H2PtCl6*r 
Si Cl 3 

(10.24) 

Si Fr 

(10.25) 

(10.26) 

Asymmetric hydrosilation of prochiral olefins with trichlorosilane can be 
achieved by use of chiral catalysts such as menthyldiphenylphosphine, neo- 
menthyldiphenylphosphine [37], or dichloro [(R)-N,N-dimethyl-l-(S)-2-(di- 
phenylphosphine)ferrocenyl] ethyl amino Pd(II) [38]. Reaction of optically 
active exo-trichlorosilyl norbornane with potassium fluoride followed by 
NBS in methanol yields endo-norbornyl bromide [a]^°= -9.1,53% e.e. [39]. 
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+ HSiCl 
3 

Si Cl 
3 

(10.27) 

‘H and 29Si NMR chemical shifts indicate that organosilatranes and alkyl¬ 
pentafluorosilicates both have high charge density at the silyl center. Both 
primary alkyl and aryl organosilatranes react with NBS to yield the correspond¬ 
ing bromides [40]. 

(10.28) 

While organosilatranes are readily prepared [41, 42] (see Eq. 10.29), they 
should be handled with care since certain of them have high mammalian 
toxicity [43]. 

R SiH 3 + Co2(C0)8 + (H0CH2CH2)3N 

(10.29) 

RSi(OEt)3 + (H0CH2CH2)3N 

10.6 Reaction with m-Chloroperbenzoic Acid 

The following sequence permits the anti-Markovnikoff addition of water 
to 1-alkenes. Hydrosilation of 1-alkenes with trichlorosilane regiospecifically 
yields 1-alkyltrichlorosilanes which react with potassium fluoride to yield 
1-alkylpentafluorosilicates. These undergo oxidative cleavage by MCPBA 
to yield alcohols. 

r- mCPBA 

K2[n"C6H13CH2CH2SiF5] -DMT-—n"C6Hl3CH2CH20H (10.30) 

MCPBA reacts faster with the sp3 hybridized C-Si bond of alkylpentafluoro¬ 
silicates than with disubstituted C-C double bonds to yield epoxides [44]. 

Si F OH 

K 
2 

(10.31 ) 
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10.7 Reaction with TCNE 

Oxidation of optically active exo-2-norbornylpentafluorosilicate, gives 
optically exo-2-norboranol in 50% e.e. with retention of configuration. 

(10.32) 

Primary alkyl and aryl organotriethoxysilanes and organosilatranes also under¬ 
go oxidation by MCPBA to yield primary alcohols or phenols [40]. 

10.7 Reaction with TCNE 

Unlike the previous reactions, the reaction of alkylpentafluorosilicates with 
TCNE is not stereospecific. m>2-Norbornylpentafluorosilicate reacts with 
TCNE to give a 1: 1 ratio of exo and endo products [45]. This result has been 
accounted for in terms of an initial one electron transfer from the alkylpenta- 
fluorosilicate to TCNE to give an alkylpentafluorosilicate monoanion radical 
and the TCNE anion radical. Loss of configuration of the alkyl group in such 
a radical anion species is expected. In fact, on mixing exo-2-norbornylpenta- 
fluorosilicate and TCNE in acetonitrile at -40°C, the ESR spectra of the TCNE 
anion radical can be observed. 

TCNE 
ch3cn 

Si Fr 

Si Fr 

TCNE 

(10.33) 

10.8 Reduction 

Alkylpentafluorosilicates react with protic acids to yield alkyl trifluorosilanes. 
On the other hand, they react with cupric fluoride dihydrate in the solid state 
to yield the corresponding alkanes [46]. 

:[n cn2H25Si Fs] 

CuF2-2H20 

il'C12H26 
(10.34) 
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10.9 Exchange 

Ammonium methylpentafluorosilicate reacts with mercuric chloride to yield 
methyl mercuric chloride or at higher temperatures dimethyl mercury [47, 48]. 
This reaction may occur by electrophilic attack of +HgCl on the C-Si bond 
of methylpentafluorosilicate. 

r -i H2° 
HgCl 2 + (NH4)2[cH3SiF5j 25oC» CH3HgCl (10.35) 

HO 
CH3HgCl + (NH4)2[CH3SiF5]T0QOC-» CH3HgCH3 (10.36) 

Alkylpentafluorosilicates react with cuprous chloride at 250 °C to yield 
virtually equal amounts of the corresponding alkene and alkane. These may 
result from disproportionation of an alkyl copper (I) species [46]. 

K2[cH302C(CH2)1QSiF5] 2CgUQC0^- CH302C(CH2)10H + CH302C(CH2)gCH = CH2 

56% 44% (10.37) 

10.10 Alkenylpentafluorosilicates 

Z or E alkenyltrichlorosilanes react with potassium fluoride to yield Z or E 
alkenylpentafluorosilicates. Hydrosilation of alkynes by trichlorosilane can be 
controlled to yield either Z-or E-alkenyltrichlorosilanes. Hydrosilation of term¬ 
inal alkynes with trichlorosilane catalyzed by chloroplatinic acid yields E-\- 
alkenyltrichlorosilanes (Eq. 10.38). On the other hand, hydrosilation of terminal 
alkynes catalyzed by peroxides yields predominantly Z-l-alkenyltrichlorosila¬ 
nes (Eq. 10.39). Finally, hydrosilation of internal alkynes with trichlorosilane 
catalyzed by chloroplantinic acid yields E-alkenyltrichlorosilanes (Eq. 10.40) 
[49-51], 

HSi Cl 3 CH3(CH2)2x h 

H PtCl 
2PtU6 H XSiCl. 

100% 

CH,CH0CFLC=CH 
O L. L 

(10.38) 

| HSi Cl 3 CH3(CH2)2x ^Si Cl 3 

peroxides 
H H 

+ 

79:21 

CH3(CH2^2\ /H 

XSiCl. (10.39) 

HSiCl CH^ CH_ 
OH C=CCH3 J > /C=< 

H2PtL 6 H XSiCl 
(10.40) 

Most of the work so far has been done with E-l-alkenylpentafluorosilicates. 
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10.11 Electrophilic Cleavage of Alkenylpentafluorosilicates 

10.11 Electrophilic Cleavage of Alkenylpentafluorosilicates 

£-l-alkenylpentafluorosilicates undergo electrophilic cleavage by NBS, 
cupric chloride or cupric bromide to yield the corresponding vinyl bromides 
or chlorides with retention of stereochemistry [52]. 

ph\ 
/c=cC 

Hx ^SiFc 

CuBr^ 

or NBS 
Br 

(10.41 ) 

Alkenylpentafluorosilicates react with cupric thiocyanate to yield alkenyl 
thiocyanates, with retention of stereochemistry [53—56]. The reaction tolerates 
ether, cyano, and ester functional groups. 

nec(ch2)2och h Cu(SCN)2 N=C(CH2)20CH2^ 

DMF /C=C\ 
H SCN 

(10.42) 

£-1-alkenylpentafluorosilicates are converted regio- and stereo specifically 
to the corresponding E-alkenyl ethers by treatment with a catalytic amount of 
cupric acetate in a primary alcohol solvent under an oxygen atmosphere. 
Cyano and ester functional groups are tolerated. Similarly, E-l-alkenyl penta- 
fluorosilicates react with water in acetonitrile in the presence of a catalytic 
amount of cupric acetate to yield aldehydes [57]. 

CH302C(CH2)8x h 

/C=CN 
H Si Fc 

ch3oh ch3o2c(ch2)8 H 

Cu(0Ac)2 \QCH (10.43) 

£-l-Alkenylpentafluorosilicates react with silver salts in homogeneous 
solution [31] or with cuprous chloride in the solid state [58] to yield sym¬ 
metrical E,E- 1,3-dienes. Thus, vinyl pentafluorosilicate yields 1,3-butadiene 
on treatment with silver fluoride. The highest yields are obtained with silver 
fluoride in acetonitrile or silver nitrate in water [59]. The heterogeneous 
reaction of £-l-alkenylpentafluorosilicate with cuprous chloride is carried 
out between 200° and 300 °C under vacuum. The product, E,E- 1,3-diene, 
distills out as it is formed [58]. Ether and ester functional groups are unaffected 
by this reaction. 

(10.44) 
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E-l-Alkenylpentafluorosilicates react with palladium chloride and allyl 
chloride to yield 1,4-dienes [60-63]. The reaction probably occurs by transfer 
of the E-l-alkenyl group from silicon to Pd(II) as outlined. 

CH3°2C(CH2W 

XSiFc 

PdCl 

DMF 

h2o/o2 

ch3o2c(ch2)6 H 

h/ " XPdCl 

^^CH2C1 
(10.45; 

CH,09C(CHo)(- M 
HC1 + 3 2 2 6>=cf + Pd(0) 

H 

,H :H907C(CH„)fi 

>*< , CH„C1 
n -\ 

Pd Cl • 

Likewise, £'-l-alkenylpentafluorosilicates react with CO (1 atm) in metha¬ 
nol under catalysis by palladium chloride to yield methyl-E-a^-unsaturated 
esters [64]. The reaction may be analogous to that of vinyl mercurials 
with CO and methanol catalyzed by Pd(II) to yield acrylate esters [65]. 
While the chemistry may be similar, alkenylpentafluorosilicates are less toxic 
than organo-mercurial compounds. 

CH3(CH2)5 H 

y^ XSiFr 

co/ch3oh CMCHJ 

PdCl2/NaOAc 
2'5- 

H 
/ 

C = C 
'C02CH3 

(10.46; 
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11 Ally lie Silanes 

11.1 Introduction 

Ally lie trimethylsilanes are highly versatile synthetic intermediates. We will 
consider five aspects of their chemistry in this chapter. First will be electro¬ 
philic substitution reactions; second, cycloaddition reactions; third, synthesis 
of allylic silanes; fourth, reactions of silyl substituted allylic anions, and fifth, 
the chemistry of boron substituted allylic silanes. 

11.2 Electrophilic Substitution 

Many reactions of allylic trimethylsilanes involve electrophilic substitution 
with allylic rearrangement and loss of the trimethylsilyl group. These reactions 
often occur by addition of the electrophile to the C-C double bond to yield 
a carbocation which is stabilized by a /3-trimethylsilyl group. Nucleophilic attack 
on silicon by the associated anion or solvent results in loss of the silyl group 
and formation of products. On the other hand, addition of the anion to the 
carbocation center results in electrophilic addition. 

(CH3)3si. + E 

(C H 3) 3 Si < 

(CH3)3Si 

(CH3)3SiX + 

(11.1) 

A. Protic Acids 

Both HBr and HI add to allyltrimethylsilane in an anti-Markovnikoff sense. 
On the other hand, HC1 reacts with allyltrimethylsilane to yield TMS-C1 

Br 

(CH3)3Si\^^ + HBr —*■ (CH3)3Si\^\ 

and propene. Electrophilic substitution results from attack by chloride ion 
at the silyl center rather than at the carbocation center [1]. 

173 



11 Allylic Silanes 

In such electrophilic-substitution reactions of allylic trimethylsilanes, the 
position of the C-C double bond shifts. For example, treatment of the Diels- 
Alder adduct of 1-trimethylsilyl- 1,3-butadiene and maleic anhydride with 
TsOH results in loss of the trimethylsilyl group and a specific 1,2-shift of 
the C-C double bond [2]. 

0 
II 

(CH3)3SiOTs 

(11.3) 

In a similar manner, 4-methylene cyclohexanones have been prepared by 
treatment of l-methoxy-4-trimethylsilylmethyl-l,4-cyclohexadienes with HC1 
in THF and methanol. Protodesilylation of the allylic trimethylsilane and 
hydrolysis of the methyl enol ether occurs simultaneously [3]. 

(11.4) 

Protodesilylation of 2-methyl-1,4-/7«-(trimethylsilyl)-2-butene with HC1 
yields 2-methyl-4-trimethylsilyl butene. This selectivity results from protona¬ 
tion of the C-C double bond to yield the more stable tertiary carbocation 
intermediate [4]. Boron trifluoride/acetic acid has proved highly effective for 
protodesilylation of allylic trimethysilanes [5]. 

(11.5) 

Protodesilylation of l,3-b/s-(trimethylsilyl)-l-alkenes yields allylic trimethyl¬ 
silanes. This selectivity results from the preferential reaction of the allylic 
trimethylsilane functionality [6]. 

Allyltrimethylsilane reacts with alcohols and a catalytic amount of TsOH 
to yield trimethylsilyl ethers and propene as outlined [7]. 
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11.2 Electrophilic Substitution 

Allyltrimethylsilane and allyl-tTmtyldimethylsilane react with primary or 
secondary alcohols under catalysis by HI to yield trimethylsilyl or f-butyldi- 
methylsilyl ethers, respectively. Trimethylsilyl iodide or t-butyldimethylsilyl 
iodide are intermediates [8]. This provides a method to silylate alcohols under 
acidic conditions. 

B. Halogens 

Allyltrimethylsilane reacts with bromine to yield allyl bromide and TMS-Br [1]. 
This reaction has been used to prepare 1-bromo-indene, a previously poorly 
characterized compound [9, 10]. In a similar manner, allyltrimethylsilane 
reacts with iodine to yieid allyl iodide and TMS-I [11]. 

+ (CH3)3SiBr (11.9) 

i(CH3)3 Br 

C. Acid Chlorides 

Allylic trimethylsilanes react with acid chlorides in the presence of Lewis 
acids to yield rearranged allylic ketones. For example, pivaloyl chloride reacts 
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11 Allylic Silanes 

with allyltrimethylsilane in the presence of gallium trichloride, indium tri¬ 
chloride or A1C13 to yield allyl t-butyl ketone. While l,4-Ws-(trimethylsilyl)-2- 
cyclooctene, reacts with acetyl chloride and A1C13 to yield 3-acetyl-4-tri- 
methylsilyl cyclooctene [12]. 

X 

y 
(CH3)3SiCl 

Li/THF * 

Si(ChL) 
3'3 

Si(CH3)3 

Reaction of y,y-dimethylallyltrimethylsilane with y,y-dimethylacryloyl chlo¬ 
ride and AICI3 provides an efficient synthesis of L’Artemisia ketone [13], 

(11.11) 

The observation that a-pinenyltrimethylsilane reacts with acetyl chloride 
in the presence of A1C13 to yield acetyl-/3-pinene [14], attests to the mild 
reaction conditions. 

Similar regiospecific reactions of allylic trimethylsilanes with acid chlorides 
have been reported [5, 15], 2,3-fr/s,(Trimethylsilyl)cycloalkenes possess both 
allylic and vinylic trimethylsilane functionalities. Preferential electrophilic 
desilylation of the allylic trimethylsilane occurs with acetyl chloride and A1C13 
[16]. 

Reaction of 2-trimethylsilylmethy 1-1,3-butadiene with acid chlorides and 
TiCl4 yields isopropenyl ketones [17]. 
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(CH3>3S1 

0 
, . II 

+ CH3 2ch-c-ci 
Ti Cl 

CH(CH3)2 
(11.14) 

A similar reaction of 5-trimethylsilyl-l,3-pentadiene with pivaloyl chloride 
leads to a mixture of products formed by electrophilic attack by the acylium 
ion on both the 1 and 3 carbons of the pentadienyl system [18]. 

CH,),C-C-C1 
3 3 II 

0 

+ (CH3)3Si 

Ti Cl 

(11.15) 

(CH3)3C - 

0 

(ch3)3c-c 

The reaction of l-chloro-3-trimethylsilyl propene with acid chlorides cata¬ 
lyzed by A1C13 provides an efficient route to a-chloro-/3,y-unsaturated ketones. 
Reduction of these with NaBH4 or LiAlH4 followed by cyclization of the 
chlorohydrin product with sodium hydroxide gives vinyl substituted epoxides 

[19]. 

0 0 

1-Trimethylsilyloxyallyltrimethylsilane reacts with acid chlorides under 
the influence of TiCl4 to yield 4-keto trimethylsilyl enol ethers. These can be 
hydrolyzed to yield 4-keto aldehydes [20]. 

Si(CH3)3 

(11.17) 

0 

(ch3)2ch 

0 

Si(CH3)3 

Si (CH3)3 

0 

+ (CH3)2CH-C-C1 
T i Cl 

(ch3)2ch-' 

h3° 

a-Trimethylsilylallyl phenyl sulfides undergo regiospecific acylation with 
acid chlorides and A1C13 to yield y-phenylthio /3,y-un saturated ketones [21]. 
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CH,. / 

1) LDA CH3'y^ CH3-C-Cl CH3 

PhS^ 
2) (CH3 ) 3 S i C1 I A1C1- 

PhS ^Si(CH3)3 J PhS 

CH¬ 

OI.18) 

Metallation of allyloxytrimethylsilane yields an organo-lithium reagent 
which reacts regiospecifically with ketones to yield l,2-dihydroxy-3-alkenes 
[22]. 

HO 
OH 

♦ rr 
-Si(CH-), 

01.19) 

Homoallylic trimethylsilanes react with acid chlorides under the influence 
of TiCl4 to yield mixtures of /3-chloro ketones, cyclopropyl carbinyl ketones, 
and homoallylic ketones. The j6-chloro ketones result from secondary reaction 
of the cyclopropyl carbinyl ketones with TiCl4 [23]. 

0 
II 

Ph-C-Cl + 

1,2 hydride 
migration 

Ph- 
.^Si(CH 3)3 

(11.20) 

D. Sulfonyl Chlorides 

Under catalysis by cuprous chloride, allyltrimethylsilane reacts with benzene 
sulfonyl chloride or methane sulfonyl chloride to yield TMS-C1 and allyl 
phenyl sulfone or allyl methyl sulfone, respectively. 

0 

(CH3)3Si/^\?^ + PhS02Cl ■cCHuCc1N- (CH3)3SiCl + Ph-S"\_^ (11.21) 

" 3 0 

In a similar manner, trimethylsilyl chlorosulfonate reacts with allylic silanes 
to yield trimethylsilyl allylsulfonates and TMS-C1 [25]. 

Reaction of trimethylsilyl chlorosulfonate with l,3-£/s-(trimethylsilyl) 
propene yields trimethylsilyl 1-trimethylsilylallylsulfonate. The product results 
from preferential electrophilic attack on the allylic silane [25]. 
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(CH3)3SiO-S-Cl 
II 
0 

0 
II 

U-O-VJ 

(CH3 )3Si-0 

Si (CH3) 
3 

Cl 

(11.22) 

o=s=o 
0-Si(CH3)3 

E. Transition Metal Complexes 

Allylic trimethylsilanes undergo electrophilic substitution reactions with 
certain transition metal complexes. For example, trimethylsilyl 3-trimethylsilyl- 
methyl-3-butenoate reacts with palladium chloride in methanol to yield 
the l-carbomethoxy-2-methyl-jr-allyl palladium chloride dimer [26]. 

Cyclohexadienyl iron tricarbonyl cations react with allylic trimethylsilanes 
regiospecifically at the least hindered end to yield an allyl substituted cyclo- 
hexadiene iron tricarbonyl complexes [27]. 

(11.24) 

Propargyl Co2(CO)6 cations react with allylic trimethylsilanes to yield 
hex-l-en-5-yne Co2(CO)6 complexes. Removal of the Co2(CO)6 protecting 
group by oxidation with ferric nitrate yields hex-l-en-5-ynes [28]. No isomeric 
allenic by-products are formed. 

(11.25) 
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11 Allylic Silanes 

F. Sulfenyl Halides 

Low temperature reaction of benzene sulfenyl chloride with allylsilane (I) 
gives an addition product which undergoes fluoride induced elimination to 
yield the rearranged allyl phenyl sulfide [2, 10, 29]. 

NaF 

ch3oh/h2o 

G. Carbocations 

(11.26) 

Carbocations react with allylic trimethylsilanes to yield rearranged allyl 
substituted alkanes. Thus adamantyl chloride reacts with allylic trimethyl¬ 
silanes to yield 1-allyl adamantane derivatives [5, 30, 31]. 

The use of allyl trimethylsilanes as terminators in biomimetic polyene 
cyclizations has been explored. 

Mixtures of epimeric products at C-17 were obtained. The stability of the 
allylic trimethylsilane towards a variety of reaction conditions, permits its 
incorporation into complex molecutes [32]. 

Chloromethyl methyl ether reacts with allylic trimethylsilanes under 
SnCl4 catalysis to yield rearranged homoallylic methyl ethers [10, 29]. This 
reaction has been used as a key step in the preparation of a precursor [33] to 
prostaglandin A and F. 
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0 

Cl 

CH30CH2C1 

SnCl 4 (11.29) 

The reaction of allyl trimethylsilanes with ethylene oxide under the influence 
of TiCl4 provides an efficient route to 4-penten-l-ols [5]. 

(11.30) 

H. Ketones, Aldehydes, Acetals, and Ketals 

With A1C13 or gallium trichloride, allylic trimethylsilanes undergo regiospecific 
reaction with aldehydes or ketones to yield rearranged homoallylic alcohols 
[34—37]. These reactions probably proceed by coordination of the Lewis 
acid to the carbonyl oxygen rendering the carbonyl carbon sufficiently electro¬ 
philic to attack the nucleophilic C-C double bond of the allylic silane. 

0 
A1 Cl 3 

0-Si(CH3)3 0-A1 Cl 2 

A1 Cl 3 -— + (CH3)3SiCl (11.31) 

When an equivalent amount of TiCl4 was used as Lewis acid in these 
reactions, significantly higher yields of homoallylic alcohols were obtained at 
lower temperatures [381. 

(CH3)3Si 

0 
II 

+ CH3(CH2)2C-H 
Ti Cl 

4ch2)2ch3 (11.32) 

OH 

Allylip trimethylsilanes also react with acetals or ketals under Lewis 
acid activation by TiCl4 to yield homoallylic ethers [39]. Higher yields have 
often been obtained from comparable reactions of an allylic trimethylsilane 
with an acetal or ketal rather the corresponding aldehyde or ketone. 
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11 Allylic Silanes 

This reaction probably involves Lewis acid assisted heterolysis of a C-0 
bond of the ketal or acetal to yield an alkoxy stabilized carbocation which 
attacks the C-C double bond of the allylic trimethylsilane. A wide variety 
of ketones, aldehydes, acetals, or ketals react with allylic trimethylsilanes 
under these conditions [15]. 

Rearrangement of the allylic group occurs during the reaction. Thus 
a,a-dimethylallyltrimethylsilane reacts with aldehydes under Lewis acid 
catalysis by TiCl4 to yield y,y-dimethylallyl (prenyl) carbinols [40]. 

(CH2)2CH3 

H 

(11.34) 

In a similar manner, 2-trimethylsilyl methylene cyclobutane reacts with 
aldehydes, or ketones and TiCl4 to yield cyclobutenylmethyl carbinols. The 
cyclobutene ring of such alcohols will undergo a thermally allowed electrocyclic 
conrotatory opening to yield isopropenyl substituted carbinols [41]. 

■f 

\ 

0 
II 

R-C-H 
Ti Cl 

Si(ChL) 
Ef 

OH 

CH9-C-R 
2 I 

H 

3'3 

OH 
I 

(11.35) 

Intramolecular reactions of aldehydes or ketones with allylic silanes 
under Lewis acid catalysis yields cyclic homoallylic alcohols. 3-Trimethyl- 
silylallyl alcohol undergoes acid catalyzed exchange with ethyl vinyl ethers to 
yield 3-trimethylsilylallyl vinyl ethers. On heating, Claisen rearrangement 
occurs to yield a-(l-trimethylsilylallyl) ketones. These undergo electrophilic 
cyclization/desilylation on treatment with TiCl4 to yield cyclopent-3-en-l-ols 
[421. 
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11.2 Electrophilic Substitution 

3-Trimethylsilylallyl alcohol has been prepared from propargyl alcohol as 
outlined [42]. 

HC=CCH20H 
1) 2CH3MgBr 

2) 2(CH LSiCl 

3) H20 

L1A1H. 
(CH3)3SiC=CcH20H -- 

(CH3)3Si 

H,A1 
2 

n 
■H 

ch2 

h2o 
(11.37) 

(CH0)3Si 
vj v) 

OH 

Intramolecular cyclization reactions of 7-methyl-8-phenylthio-8-trimethyl- 
silyl oct-6-en-l-al (II) have been carried out with SnCl4, BF3 • OEt2 or TBAF 
catalysis. With these catalysts both Z and E isomers of II yield mixtures 
of stereoisomeric 2-(3'-phenylthio-propenyl)cyclohexanols. On the other hand, 
stereospecific cyclization occurs with trifluoroacetic acid. E-II yields cis-2- 
(3'-phenylthio propenyl) cyclohexanol while the corresponding Z-II yields 
trans-2-(3'-phenylthio propenyl) cyclohexanol [43]. 

Lewis acid facilitated intramolecular reactions of 5-trimethylsilylmethyl- 
hex-5-en-l-als provide an efficient route to 3-methylene cyclol\exanols. The 
ratio of axial to equitorial alcohols depends on the catalyst [44]. 
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11 Allylic Silanes 

Catalysis by TBAF may occur as outlined below. The TBAF catalyzed 

reaction of allylic trimethylsilanes with aldehydes or ketones to yield 
homoallylic alcohols is not regiospecific [45]. This reaction is probably 
related to the isomerization of allylic trimethylsilanes with this catalyst 
system [92]. 

(CH3)3si + ch3(ch2)2-c-h (11 .42) 

(n-Bu)4N+F' 

~THF ch3(ch2,2 

OH 
, . I 

+ ch3(ch2)2ch 

Dimethylacetals of 5-trimethylsilylmethyl 5-hexen-als also undergo Lewis 
acid cyclization to yield 3-methylene- 1-methoxy cyclohexane [46, 107]. 

Trimethylsilyl-3-trimethylsilylmethyl-3-butenoate reacts with ketones 
under the influence of TiCl4 to yield 5-hydroxy-3-methylene carboxylic acids. 
These can be cyclized to yield a,/3-unsaturated-<5-lactones on treatment 
with HC1 [47]. 
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(11.44) 

3-Trimethylsilylmethyl-3-butenoic acid has been prepared by a nickel 
chloride catalyzed addition of trimethylsilylmethyl magnesium chloride to 
diketene. Base catalyzed isomerization of this acid with lithium &is(trimethyl- 
silyl) amide in TMEDA stereospecifically yields E-3-methyl-4-trimethylsilyl- 
2-butenoic acid. On the other hand, isomerization of trimethylsilyl ester with 
the same base yields predominantly Z-3-methyl-4-trimethylsilyl-2-butenoic 
acid after hydrolysis [48]. 

(CH3)3SiCH2MgCl 

Ni Cl „ <>° 
(CH3)3si C02H 

Li+"N[Si(CH3)3]2 

co2h 

si(cH3)3 
(11.45) 

(CH3)3Si 
Li+"N[Si(CH ) ] (CH3)3SE 

C02Si(CH3)3 -- 33 > C02H 

Lewis acid catalyzed reaction of trimethylsilyl-a-trimethylsilylmethyl 
acrylate with dimethyl acetals yieldsthecorresponding y-methoxy-a-methylene 
esters. These react with TMS-I to yield a-methylene--^lactones [49]. 

+ PhCH(0CH3)2 

1) (CH3)3Si I 

2) CH30H (11.46) 
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11 Allylic Silanes 

The necessary trimethylsilyl-a-trimethylsilylmethyl acrylate was prepared as 
outlined below. 

(CH3)3SiCl + "CH(C02Et)2 

l 
(CH3)3SiCH2CH(C02Et)2 2j ^Br 

2U' 2 

^CH2 
(CH^)^SiCH?-C<f 

C-0Si(CH,)„ 

II 3 3 
0 

(CH3)3SiCl 

(CH3)3SiCH2C(C02Et)2 

CH2Br 

KOH/EtOH 
h2o 

(11.47) 

.co2h 

(CH,),SiCH?-C^ 
' J XCH 

Isopropenyltrimethylsilane reacts with aldehydes or dimethylacetals under 
the influence of TiCl4 to yield isopropenyl substituted carbinols or the corres¬ 
ponding methyl ethers, respectively (Eq. 11.48) [17]. Isopropenyltrimethyl¬ 
silane has been prepared by a nickel catalyzed coupling of 2-chloro-1,3- 
butadiene with trimethylsilylmethyl magnesium chloride. 

Ph (CH 
2'2 

0 
II 
C-H 

C H 2 Si(CH3)3 

/ ^ 
Ti Cl 

OH 

CH?CH(CH 
2'2 

Ph (11.48) 

5-Trimethylsilyl-l,3-pentadiene reacts with dimethyl acetals under catalysis 
by BF3 • OEt2 or TiCl4 as outlined [50, 51]. 

(C H 3) 3 S i + PhCH(0CH3)2 
BF3•0Et2 

PhCH' 
I 
OCH. 

(11.49) 

Similar reactions with aldehydes or ketones [52] under catalysis by TiCl4 
yield 1,3-pentadienylic carbinols. 

0 

(CH3)3C-C-H 
Ti Cl ^ 

CII2C1 2 

-40° 

OH 

(11.50) 

The reaction of allylic trimethylsilanes with acetals as usually carried out 
requires a stoichiometric amount of TiCl4. Recently, two new procedures 
have been reported which only require a catalytic amount of Lewis acid. Both 
trimethylsilyl trifluoromethanesulfonate [106] and TMS-I [53] have proved 
effective catalysts for such reactions. TMS-I is particularly convenient since 
it can be generated in-situ by addition of a small amount of iodine to a slight 
excess of the allylic trimethylsilane. 
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OH 

Allyltrimethylsilane reacts with p-quinone and TiCl4 to yield 2-allyl 
hydroquinones. Allyl p-quinol is a probable intermediate [54]. 

I. a,(i -Unsaturated Ketones and Aldehydes 

Allylic trimethylsilanes react with a,/3-unsaturated ketones and TiCl4 to 
yield <5,£-enones as outlined in Eq. 11.53. This is equivalent to a Michael 
addition of the rearranged allyl group. 

This reaction permits the introduction of an allyl group at the angular position 
of a fused cyclic a,/3-unsaturated enone [11, 55]. 
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11 Allylic Silanes 

(11.54) 

l-Acetyl-2-methyl cyclopentene reacts with allytrimethylsilane and TiCl4 to 
give a 6:4 mixture of Z.E l-acetyl-2-allyl-2-methyl cyclopentanes. 

[56] However, reaction with acetyl cyclohexene proved to be more compli¬ 
cated [52]. 

This regiospecific Michael addition of allylic groups to «,)S-unsaturated 
ketones has been utilized in the synthesis of (+) Nootkatone [57, 58], The 
key allylation step is outlined in Eq. 11.56. 

Allylic trimethylsilanes also react with a,/3-unsaturated ketones under 
catalysis by TBAF to yield both 1,2- and 1,4-addition products [45]. 

Reaction of 2-methylallyltrimethylsilane with a,/3-unsaturated ketones 
which are activated by TiCl4 or BF3 • OEt2 yields <5,e-enones. The C-C double 
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bond of these can be cleaved with ozone, followed by a reductive work-up 
to yield 1,5-dicarbonyl compounds [59]. 

0 0 

cyclohexenone to yield /3-(2-chloromethyl allyl) cyclohexanone. Treatment of 
this with strong base results in an intramolecular C-alkylation of the ketone 
enolate by the allylic chloride. This sequence permits the [3 + 2] annulation of 
a five membered ring onto the C—C double bond of cyclic a,/8-unsaturated ke¬ 
tones [60]. 

The necessary reagent, 2-chloromethy 1-allyItrimethylsilane has been prepared 
from iodomethyltrimethylsilane as outlined in Eq. 11.60. 

(C H 3)3 SiCH ^I + Na+"CH(C02Et)2 -► (CH3)3SiCH2CH(CO2Et) 2 (11.60) 

1) NaH 
2) LiA1H4 

(CH3) 3SiCH2CH(CH20H)2 

1 ) CH3S02Cl/Et3N 

2) LiCl/DMF 
3) collidine 

(CH3)3SiCH2-C 
\ 

ch2 

C H 2 C1 

t 

[2 + 3] Annulation of a five membered ring onto ketones has also been 
achieved by use of allylic silane reagents. The reaction of the enolate anion of 
cyclic-/3-keto sulfones with 2-trimethylsilylmethyl prop-2-enyl methane- 
sulfonate yields a-phenylsulfonyl-a-(2-trimethylsilylmethylpropenyl) ketones. 
Treatment of these with TBAF in THF results in cyclization. This involves an 
allylic anion intermediate formed by fluoride ion attack on the silyl center 
[108]. The initial product often undergoes fragmentation under these conditions 
to yield a three carbon ring expanded product. 
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11 Allylic Silanes 

(11.61) 

Allylic trimethylsilanes react with a,/3-unsaturated ketones under the 
influence of TiCl4 to yield <5,e-unsaturated trimethylsilyl enol ether or 8,e- 
unsaturated titanium trichloride enolates as the initial reaction products. These 
can be utilized synthetically, since such enol ethers react with electrophiles 
(acetals, aldehydes, or ketones) un the presence of TiCl4 to yield a substituted 
S,£-unsaturated ketones [61] (see Chapter 12). 

By comparison, a,/3-unsaturated dimethylacetals react at the acetal carbon 
with allylic trimethylsilanes under the influence of TMS-I [53]. 
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a,)8-Unsaturated acyl cyanides undergo reactions with allylic trimethyl- 
silane and TiCl4 to yield <5,f>unsaturated acyl cyanides [62], 

(CH3)3Si CN 

(11.64) 

J. a-Nitro Alkenes 

In the presence of A1C13, allylic trimethylsilanes undergo a Michael reaction 
with a-nitro olefins to yield reactive y,S-unsaturated nitronic acids. Treatment 
of these with titanium trichloride yields y,<5-unsaturated ketones [63]. 

K. a- and j3-Keto Acetals and a-Keto Esters 

Reaction of allylic trimethylsilanes with /3-keto acetals and TiCl4 occurs 
preferentially at the acetal carbon [64]. 

o 
Q^Si(CH3)3 + CH(OCH3)2 

(11.66) 

With a-keto acetals the site of reaction is determined by the particular Lewis 
acid chosen. Thus, with A1C13 reaction occurs exclusively at the carbonyl 
carbon, while with TiCl4 reaction occurs at both the carbonyl carbon and the 

acetal carbon [64]. 

CH3H (11.67) 
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11 Allylic Silanes 

Allyltrimethylsilane reacts with the ketone carbonyl of pyruvate esters in 
the presence of TiCl4 to yield y,5-unsaturated-a-hydroxyvalerates [65]. 3-Tri- 
methylsilyl cyclopentene reacts similarly with ethyl pyruvate and ethyl phenyl 
glyoxalate [15]. 

si(CH3)3 

0 0 
ll 1' Ti Cl n CH, 

CH3-C-C-0CH3 
ch2ci2 

OH 

(11.68) 

COoCH 
2Ln3 

(-)Menthyl pyruvate reacts with allyltrimethylsilane at -75°C to yield 
(-)menthyl 2-hydroxy-2-methyl-pent-4-enoate. Asymmetric induction results 
in a 55% e.e. (S) at the new chiral center [65]. 

11.3 Cycloaddition Reactions of Allylic Silanes 

A. [2 + 2] Cycloaddition Reactions 

[2 + 2] Cycloaddition reaction of 5-trimethylsilylcyclopentadiene with dichloro- 
ketene yield exclusively 7,7-dichloro-4-exo-trimethylsilylbicyclo[3,2,0]hept-2- 
en-6-one (Eq. 11.69) [10, 29]. On the other hand, TCNE reacts with allyltri¬ 
methylsilane to yield a mixture of l,l,2,2-tetracyano-3-trimethylsilylmethyl 
cyclobutane and l,l,2,2-tetracyano-4-pentene [66]. 

Cl 

Hexafluoroacetone reacts with allyltrimethylsilane to yield a mixture of 
2,2-b/s-(trifluoromethyl)-4-trimethylsilylmethyloxetane and l,l-/7«-(trifluoro- 
methyl)-4-trimethylsily 1-3-buten-1 -ol [34]. 
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Allyltrimethylsilane undergoes [2 + 2] photocycloaddition with naphtho¬ 
quinone [67]. 

Chlorosulfonyl isocyanate undergoes a [2 + 2] cycloaddition reaction with 
'^'y-dimethylallyltrimethylsilane at 0° to yield 4,4-dimethyl-3-trimethylsilyl- 
methyl-N-chlorosulfonyl (3 lactam. At 25° this compound rapidly rearranges 
to oc,o!-dimethylallyl trimethylsilyloxy-N-chlorosulfonyl imine [68]. 

Si(CH3)3 + Cl-S-N=C=0 

Si(CH3)3 

NN 
O' so2ci 

0 
II 

Cl-S-N 
li 

0 

S' 

OSi(CH3)3 

(11.72) 

Treatment of these adducts with pyridine yields the corresponding nitriles 
[68], 

OSi(CH3 )3 

V 
S02C1 

(11.73) 

Such allylic trimethylsilyloxy-N-chlorosulfonyl imines can also be converted 
to allylic esters [69]. 

B. [3 + 2] Cycloadditions 

2-Acetoxymethyl-3-allyltrimethylsilane undergoes Pd(O) catalyzed reaction 
with alkenes substituted with electron withdrawing groups to yield methylene 
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cyclopentane derivatives. These reactions may involve formation of a tri¬ 
methylene methane palladium complex as an intermediate [70]. 

(CH3)3St OAc 
C02CH3 

Pd(PPh,)a/THF 
sJ ^ D PPh, 

C°2CH3 

PdL, 
(11.74) 

(CH3)3Si-CH2 

Ac0'\^ J 
A' 

;???r\C02CH3 

^^o2ch3‘ 

i 
Pd L ^ +jdL2 

Pd L 2 

2-Trimethylsilylmethyl jr-allyl palladium Lf complexes, can be trapped 
by nucleophiles [71]. 

► (CH3)3Siv^JJv^CH(C02Et)2 

(11.75) 

2-Acetoxymethyl-3-allyltrimethylsilane can be prepared from a-methylallyl 
alcohol by metallation with two equivalents of n-butyl lithium/TMEDA 
followed by the addition of TMS-C1. Hydrolysis of the trimethylsilyl ether, 
followed by acetylation gives the desired reagent. 

Si(ch3)3 

+PdL, 

CH(C02 Et)2 

C. Diels-Alder Reactions 

Isopropenyltrimethylsilane undergoes Diels-Alder reactions with various 
dienophiles to yield 1-trimethylsilylmethyl cyclohexenes [41, 72]. 

Isopropenyltrimethylsilane has been prepared by thermally allowed conrota- 
tory electrocyclic ring opening of—trimethylsilylmethyl cyclobutene [17, 41, 
73], 

1-Trimethylsilylbutadiene undergoes Diels-Alder reactions with dienophiles 
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to give mixtures of regioisomers. The ortho adducts are usually predominant 
[74]. 
(CH3)3Si 

co2ch3 
(11.77) 

11.4 Preparation 

A. Direct Synthesis 

Allyltrichlorosilane has been prepared by the direct synthesis. Thus reaction 
of allyl chloride with copper-silicon powder (10:90) at 250° yields a mixture 
of allyldichlorosilane, diallyldichlorosilane, and allyltrichlorosilane in which 
the latter product is predominant [75]. Allylic trichlorosilanes can be con¬ 
verted to allylic trimethylsilanes by reaction with an excess of methyl 
magnesium bromide [75] or by reaction with methyl chloride and zinc in 
N-methyl pyrrolidone [76], 

A more practical laboratory synthesis of allyltrichlorosilane involves the 
room temperature reaction of trichlorosilane with allyl chloride and triethyl- 
amine catalyzed by cuprous chloride [77], 

+ HSiCl3 Et-,NHC1 
Et3N 3 

Et20 

(11.79) 

/ 

B. Catalytic Reactions of Disilanes 

Nickelocene catalyzes the reaction of allylic chlorides, silicon tetrachloride 
and a mixture of syra-tetrachlorodimethyldi silane and 1,1,2-trichloro-1,2,2- 
trimethyldisilane to yield methyltrichlorosilane and allylic trichloro silanes 
[78]. Unfortunately the reaction is not regiospecific. Both y,y-dimethylallyl- 
chloride and a,a-dimethylallylchloride yield y,y-dimethylallyltrichloro silane. 
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+ stci4 + 

CH, 
i J 

(11.80) 

2CH3Si Cl 3 

Hexamethyldisilane, sym-dichlorotetramethyldisilane or sym- tetra- 
chlorodimethyldisilane react with allyl chloride under catalysis by tetrakis- 
(triphenylphosphine) palladium (O) to yield allyltrimethylsilane, allyldimethyl- 
chlorosilane, or allylmethyldichlorosilane, respectively [79]. 

Hexamethyldisilane, as well as methoxy and chloro substituted disilanes 
undergo palladium (O) catalyzed addition to allene to yield 2,3-fr/s(silyl)- 
propene [80]. 

CH. 

h2c=c=ch2 

Cl Cl 
i I 

CH9-Si-Si-CH9 
j i i 3 

Cl Cl 

Pd(PPh 
3;4 

Cl - Si - Cl Cl 
1 1 

H0C=C-CH9-Si-CH, 
2 2 | 3 

Cl 

(11 .81) 

C. Pyrolysis 

Allyltrimethylsilane has been prepared by the flash vacuum pyrolysis of 
cyclopropyltrimethylsilane [81]. 

D. Hydrosilation Reactions 

Hydrosilation of alkenes usually yields alkyl silanes. However, free radical 
catalyzed hydrosilation of /3-pinene with trichlorosilane yields 4-isopropyl- 
1-trichlorosilylmethyl cyclohexene [14]. 

Transition metal catalyzed hydrosilations of 1,3-dienes occurs predominantly 
in a 1,4-manner to yield allylic silanes [15]. 

ci 
! 

ChL-Si-H 
3 I 

(PhCN)2PdCl. 

2Ph3P 
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Under the catalytic influence of tetrafcw-(triphenylphosphine) palladium(o), 
chloro substituted disilanes react with alicyclic 1,3-dienes to yield Z-\,A-bis- 
(silyl)-2-butenes [82], 

Cl3Si-Si Clj 
(Ph3P)4Pd 

(11.84) 

E. Dissolving Metal Reductions 

Dissolving metal reductions of aromatic hydrocarbons [83], 1,3- [4] and 1,2- 
dienes [16], allylic methyl ethers [84, 85], allylic trimethylsilyl sulfides [14, 86] 
a,y3-unsaturated ethylene thioacetals or ketals [6] with TMS-C1 have proved 
useful for the synthesis of allylic trimethylsilanes (see Chapter 19). 

Hw Si (CH3) 3 

f J) (11.85) 

H Si(CH3)3 

F. Wittig Reactions 

The Wittig reaction of 2-trimethylsilylethylidene triphenylphosphorane with 
aldehydes or ketones [5, 87] regiospecifically yields allylic trimethylsilanes. 
The precursor phosphonium salt, 2-trimethylsilylethyl triphenylphospho- 
nonium iodide, is prepared by reaction of iodomethyltrimethylsilane 88—90] 
with methylene triphenylphosphorane. 

+ 
Ph3P=CH2 + (CH3)3SiCH2I -► Ph3P-CH2CH2Si(CH3)3I“ 

Li/THF 
(CH USiCl 

3'3 

(11.86) 

With sterically hindered ketones better yields are obtained with 2-dimethyl- 
silylethylidene triphenylphosphorane [87]. 

2-Cyano-3-trimethylsilyl alkenes have been prepared by a Wittig-Horner- 

Emmons reaction [91]. 

0 
jl 

(EtO)2PCHCH2Si(CH3)3 

CN 

1) NaH/THF (11.87) 
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11 Allylic Silanes 

G. Allylic Organometallics 

Generally, unsymmetrical allylic organometallic reagents react with TMS-C1 
to yield both possible isomeric allylic trimethylsilanes [41]. 

f^silctuk |—S 
3 3 I_[ (11.88) 

Si(CH 3)3 

40 : 60 

— 

n-BuLi 
(CH3)3SiCl 

TMEDA ’■ ^78° 

Treatment of isomeric mixtures of allylic trimethylsilanes with a catalytic 
amount of TBAF in THF at reflux results in isomerization of the mixture to 
the more thermodynamically stable isomer. Allylic anions may be intermediates 
in this equilibration [92]. 

Si (CH3)3 
(n-Bu)4N+F" 

THF, A Si(CH3)3 
(11.89) 

In certain cases, the regiospecificity of reaction of allylic organometallic 
reagents with chlorosilanes can be determined by the choice of the chlorosilane. 
For example, 3-methylbut-2-enyl magnesium chloride reacts with TMS-C1 to 
yield ^y-dimethylallyltrimethylsilane (Eq. 11.90), while it reacts with tri- 
chlorosilane to yield a,a-dimethylallyldichlorosilane (Eq. 11.91). This latter 
product can be converted to a,a-dimethyallyltrimethylsilane [40]. 

(CH3)3SiCl 
Si(ch3)3 

HSiCl3 CH3MgBr 

(11.90) 

(11.91) 

The particular metal cation associated with an allylic anion may also 
determine the regiospecificity of coupling with TMS-C1. Pentadienyl lithium, 
reacts with TMS-C1 to yield 5-trimethylsilyl-l,3-pentadiene [52]. On the other 
hand, pentadienyl potassium reacts with TMS-C1 to yield a mixture of 5- 
trimethylsilyl-l,3-pentadiene and 3-trimethylsilyl-l,4-pentadiene [18], 

Li 
.+ 

+ (CH3)3SiCl -► (CH3)3Si- (11.92) 

+ (CH3)3SiCl -► (CH3)3Si- + (CH3)3Si 

2 : 1 
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11.5 Silyl Substituted Allylic Anions 

Substituted allylic anions may react regiospecifically with TMS-C1. For 
example, a,a-dichloroallyl lithium reacts with TMS-C1 to yield 1,1-dichloro- 
l-trimethylsilyl-2-propene [93], 

Cl3C-ch=ch2 
n-BuLi 

THF * 

H 
I 

Cl2C=C-CH2PbPh3 

(CH3)3SiCl 
Cl 

(CH^Si-C'"^ 

Cl 

(11.94) 

a-(N-methyl-N-phenylamino) allyl anion reacts with TMS-C1 to give 3- 
trimethylsilylpropenyl-N-methyl aniline [94], 

Ph. 

CH. 

n-BuLi 

(ch3)3co-k+ (11.95) 

(CH3)3SiCl 

Si(CH3)3 

Metallation of allyloxytrimethylsilane with sec-butyl lithium in THF/HMPT 
yields a-trimethylsilyloxyallyl lithium. This undergoes a Brook rearrangement 
where the trimethylsilyl group migrates from oxygen to the adjacent carbon. 
This rearrangement converts the allyl anion to an alkoxide anion. Quenching 
the reaction with TMS-C1 yields a-trimethylsilyloxyallyl trimethylsilane [20]. 

nc'fru ^ sec-BuLi . 
•UbULH3J3 (CH3)3C0"K+ 

THF/HMPT 

Si (013)3 

Si(CH3)3 

OSi(CH3)3 

(11.96) 

11.5 Silyl Substituted Allylic Anions 

The regiospecificity of reactions of silyl substituted allylic anions is in¬ 
fluenced by the associated cation. a-Triphenylsilylallyl lithium reacts regio¬ 
specifically at the y position with aldehydes [95, 96], ketones [76—78], methyl 
iodide [76, 77], or TMS-C1 (Eq. 11.97) [95-97]. However, it reacts at both 
the a and y position with carbon dioxide, ethylene oxide, or water [95, 96], 
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11 Allylic Silanes 

Similar regiospecificity has been observed in the reactions of a-trimethylsilyl- 
allyl lithium with ketones [98, 99]. 

Ph3Si 

n-BuLi 

TMEDA 

(11.97) 

a-Triphenylsilylallyl Grignard reagent reacts with either carbon dioxide or 
ethylene oxide, predominantly at the a-position but with either benzophenone 
or TMS-C1 at the y position. 

NBS 
(11.98) 

1) Mg/Et20 

co2h 

5.5:1 

Addition of magnesium bromide to a-trimethylsilylallyl lithium prior to 
reaction with ketones or aldehydes at -78° alters the regiospecificity of 
this reagent. The predominant reaction at the a position occurs with ketones to 
yield 2-trimethylsilylbut-3-en-l-ols. These can be converted to 1,3-dienes 
by reaction with thionyl chloride. 1,3-Dienes also result from treatment of 
the corresponding acetate with fluoride ion [100]. 

a-Chloro-a-trimethylsilylallyl lithium shows a delicate balance between 
a and y reactivity with various substrates. It reacts with methyl iodide at 
both the a and y positions to yield a mixture of 2-chloro-2-trimethylsilyl- 
3-butene and 1-chloro-l-trimethylsilyl-l-butene (4:1). Likewise, it reacts with 
ketones or aldehydes to yield a mixture of products. Reaction at the ex¬ 
position yields 2-chloro-1,3-dienes via a Peterson reaction, while reaction at 
the y-position yields 4-chloro-4-trimethylsilyl-but-3-en-l-ols [101]. 
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11.6 Boron Substituted Ally lie Silanes 

11.6 Boron Substituted Ally lie Silanes 

1 Alkynes can be converted specifically either to 3-trimethylsilyl-l-alkenesorto 
Z-2-alkenyltrimethylsilanes. Hydroboration of 1-alkynes with disiamyl borane 
yields a vinyl borane which can be metallated with lithium 2,2,6,6-tetramethyl- 
piperidide. This boron stabilized allylic anion reacts regiospecifically with 
TMS-C1 at the y-position. This may be due to steric hinderance at the ex¬ 
position from the bulky disiamyl group (Eq. 11.101) [102]. Likewise, hydro¬ 
boration of 1-alkynes with 9-BBN yields a vinyl borane. This can be metallated 
as above to give a boron stabilized allylic anion which reacts specifically with 
TMS-C1 at the a position, possibly due to the smaller steric size of 9-BBN 
group (Eq. 11.102) [103]. These vinyl boron bonds can be cleaved by hydrolysis 
to give allylic silane regiospecifically. 

r-ch9 h 

2x 
H B(disiamyl)3 

Si(CH3)3 

i 
H 

B(disiamyl)2 

(CH3)3Si Cl 

Si(CH3)3 

R-(f "'“'^-B(disiamyl )2 
H 

(11.101 ) 

R-CH?. /H 
^ Y=r 
/ \ 

i) Li 
. + 

B^) 2) (CH3)3SiCl 
> 

s1(Ch3)3 

/CH\c 

‘H 

h2o 

R\ /CH2Si(CH3)3 
c=c. 

n 

(11 .102) 
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11 Allylic Silanes 

a-Trimethylsilyl crotyl 9-BBN reacts with aldehydes under the influence 
of pyridine or n-butyl lithium to yield homoallylic alcohols in which the 
stereochemistry of the four consecutive carbon atoms is controlled. This 
may result from the favored geometry of the six membered cyclic transition 
state [104]. 

(11 .103) 

Alternatively, reaction of pinacol-£'-l-trimethylsilyl-l-propenyl boronate with 
aldehydes diastereoselectively yields (±)-(R*, S*) 3-trimethylsilyl 4-hydroxy- 
1-alkenes. These can be converted selectively to Z or E dienes [105]. 

Dimethyl ii-l-trimethylsilyl-l-propenyl-3-boronate was prepared by reaction 
of a-trimethylsilylallyl lithium with trimethylborate at -78°. This was con¬ 
verted to pinacol-E-l-trimethylsilyl-l-propenyl-3-boronate by treatment with 
pinacol hydrate. 
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12 Electrophilic Reactions of Silyl Enol Ethers 

12.1 Introduction 

The electron rich C-C double bond of silyl enol ethers is extremely susceptible 
to attack by electrophiles. Electrophiles regiospecifically attack the C-C 
double bond of trimethylsilyl enol ethers to yield a trimethylsilyloxy stabilized 
carbocation. Usually, the nucleophilic anion associated with the electrophile 
attacks the silyl center of this intermediate to yield a substituted ketone in 
which the electrophile is bonded to the a position. 

(12.1) 

12.2 Carbocations 

Tertiary alkyl halides which ionize to carbocations on treatment with a Lewis 
acid, such as TiCl4, react regiospecifically with trimethylsilyl enol ethers to 
yield a-Calkyl ketones and TMS-X [1], 

(CH3)3CC1 

ttci4 

-40° 

0 

+ (CH3)3SiCl (12.2) 

(CH-UCCl 

-TTETT 
-40° 

+ (CH3)3SiCl (12.3) 

If one considers the problems associated with alkylation a to a carbonyl 
group, trimethylsilyl enol ethers and enolate anions compliment each other. 
Enolate anions react efficiently with primary alkyl halides whereas trimethyl- 
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12.1 Introduction 

silyl enol ethers react with tertiary alkyl halides [2, 3,4]. Enolate anions usually 
react with alkyl halide by an Sn2 process and hence yield products with 
inversion of configuration. By comparison, reactive alkyl halides, which are 
known to solvolyze stereoselectively by Snl processes due to anchimeric 
assistance, react with silyl enol ethers in the presence of TiCl4 with retention 
of configuration [5]. 

/0Si(CH3)3 

xCH2CH3 

0 
I! 
C-CH2CH 

3 

(12.4) 

Secondary benzylic and allylic halides react with trimethylsilyl enol ethers in 
the presence of zinc bromide [6]. 

OSi(CH.)t 

6- 

Br 
I 

PhCH-CH3 

ZnBr2 (12.5) 

Cumyl chloride and trimethylsilyl enol ethers react in the presence of zinc 
chloride to yield a-cumyl ketones [7]. 

The formation of 2,2,5-trimethylcyclohept-4-en-l-one by intramolecular 
electrophilic cyclization of an allylic carbocation with a trimethylsilyl enol 
ether is an interesting example. The trimethylsilyl enol ether was generated 
regiospecifically by reduction of the corresponding a- bromo ketone with zinc 
dust in the presence of TMS-C1 [8], 

Alkyl trimethylsilyl ketene acetals also react with tertiary alkyl halides in 
the presence of TiCL, to yield a-t-alkyl esters [9, 10]. 
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\ 

/ 
C=C 

/0CH3 

\ 
OSi(CH 

3 3 

Trimethylsilyl enol ethers react regiospecifically with 1,3-dithienium tetra- 
fluoroborate to yield a-(l,3-dithianyl) ketones [19]. 

02.8) 

The 1,3-Dithienium cation also reacts with 1-trimethylsilyloxy-1,3-dienes or 
1-alkoxy-l-trimethylsilyloxy-l,3-dienes predominantly at the 4-position. This 
procedure permits the introduction of a masked carbonyl functional group 
[20], 

Regiospecific uriedoalkylation of ketones has been achieved by reaction of 
methyl (N-chloromethyl, N-methyl) carbamate with trimethylsilyl enol ethers 
in the presence of TiCl4 [21]. 

(12.9) 

12.3 a-Methylene Ketones 

There has been considerable interest in the preparation of a-methylene 
carbonyl compounds since many of these have high biological activity. Three 
methods to prepare such compounds based on silyl enol ethers have been 
reported. 

Electrophilic attack by chloromethyl methyl ether, in the presence of an 
activated zinc couple (Zu-Cu) [11] or TiCl4 [6], on trimethylsilyl enol ethers 
yields the corresponding a-methoxymethyl ketone. Pyrolysis of these with 
KHS04 at 160—180°C gives the a methylene ketone. 
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12.3 a-Methylene Ketones 

Likewise, trimethylsilyl enol ethers react regiospecifically with dimethyl- 
(methylene)ammonium iodide [12] to yield a-dimethylaminomethyl ketones 
[13, 14]. Similar results have been obtained by treating silyl enol ethers with 
a combination of chloroiodomethane andN,N,N',N'-tetraethyldiaminomethane 
in DMSO [15]. Further reaction with methyl iodide converts the tertiary 
amine to an alkyl trimethylammonium iodide which undergoes elimination on 
treatment with DBU to yield the desired a-methylene ketone [14]. 1-Trimethyl- 
silyloxy-1,3-dienes react regiospecifically with dimethyl(methylene)ammonium 
iodide at the y rather than the a position. 

(12.11) 

We have previously compared enolate anions, which react readily with 
primary alkyl halides by Sn2 displacement reactions, with trimethylsilyl enol 
ethers, which react easily with benzylic, allylic and tertiary alkyl halides. The 
use of a-chloroalkyl phenyl sulfides overcomes this limitation of trimethyl¬ 
silyl enol ethers. a-Chloroalkyl phenyl sulfide reacts with trimethylsilyl enol 
ethers, in the presence of TiCl4 or zinc bromide, to yield a-(a'-phenylthio- 
alkyl) ketones. Raney nickel desulfurization removes the phenylthio group to 
yield an a-alkyl ketone [16, 17]. 

Cl 

+ PhS-CH-C(CH3)3 

Oxidation of these with sodium periodate yields a sulfoxide which undergoes 
facile elimination on heating to yield a-alkylidene ketones [16, 17]. 

a-Methylene lactones are a key feature in many cytotoxic sesquiterpenes. 
Trimethylsilyl ketene acetals of lactones can be prepared by treatment of 
lactones with LDA followed by addition of TMS-C1. Chloromethyl phenyl sul¬ 
fide and zinc bromide react with lactone trimethylsilyl ketene acetals to yield 
a-phenylthiomethyl lactones [18]. 

(12.13) 
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12 Electrophilic Reactions of Silyl Enol Ethers 

12.4 Cationic Iron Tricarbonyl Complexes 

Trimethylsilyl enol ethers react with cationic cyclohexadienyl iron tricarbonyl 
iron complexes as outlined below. Removal of the iron tricarbonyl group by 
treatment with ferric chloride and dehydrogenation with DDQ gives a-aryl 
ketones [22]. 

1,2 b/s(Trimethylsilyloxy) cyclopentene reacts with the cationic 3-methoxy- 
cyclohexa-2,4-dien-l-yl iron tricarbonyl hexafluorophosphate complex to 
yield after oxidation 5-(2'-cyclopentenone) cyclohex-2-enone [23]. 

(12.15) 

12.5 Halogens 

Halogens react regiospecifically with trimethylsilyl enol ethers to yield a- 

halo ketones and TMS-X. Trimethylsilyloxycyclohexene reacts with chlorine, 
[24, 25] anhydrous cupric chloride or ferric chloride [26] to yield a-chloro 
cyclohexanone. Bromine [24, 25], cyanogen bromide [24], or NBS [27, 28] 
reacts with trimethylsilyloxycyclohexene to yield a-bromo cyclohexanone. 

OSi(CH 3)3 

NBS B 
THF 

0 

2-Trimethylsilyloxy- 1,3-dienes react with bromine preferentially at the C-C 
double bond of the trimethylsilyl enol ether [29]. 
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12.6 a-Halo Acyl Silanes 

02.17) 

a-Bromo aldehydes can be prepared by reaction of appropriate trimethylsilyl 
enol ethers with bromine in CC14 [28, 29]. 

H Br 

l,3-fr/s(Trimethylsilyloxy)-l-methoxy-l,3-butadiene reacts with one equi¬ 
valent of bromine to yield methyl-4-bromo-3-keto butanoate. Apparently, 
a trimethylsilyl enol ether is more reactive than the alkyl trimethylsilyl ketene 
acetal [30]. 

Bromine reacts with l,2-Ws(trimethylsilyloxy)alkenes to yield 1,2-diketones 
[31]. l,2-fr/s(Trimethylsilyloxy)cyclobutenes react with bromine to yield 1,2- 
cyclobutanediones which undergo a spontaneous benzylic acid rearrangement 
to give a-hydroxy cyclopropane acids [32]. 

°Si(cH3)3 

OSi(CH3)3 

OH 

co2h 
(12.19) 

Treatment of trimethylsilyl enol ethers sequentially with silver acetate and 
iodine followed by triethylammonium fluoride yields a-iodo ketones. Direct 
reaction of trimethylsilyl enol ethers with iodine is not successful [38], 

1) AgOAc/I2 

2) Et3+NH F- 
(12.20) 

12.6 a-Halo Acyl Silanes 

a-Trimethylsilyl trimethylsilyl enol ethers react with bromine or chlorine in 
CC14 to yield a-bromo or a-chloro acylsilanes respectively [33]. 

,0Si(CHo)o X, n 
n-C4H9CH = < -TcT-** *-C4H9-CH-C-Si(CH3)3 (12.21) 

Si(CH3)3 4 x 

a-Halo acylsilanes can also be prepared by treatment of 1,1-bis(trimethylsilyl) 

alkan-l-ols with NBS or NCS [34]. 
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12 Electrophilic Reactions of Silyl Enol Ethers 

Si (3)3 jj 

PhCH2CH2-C-0H NCS—- PhCH2-CH-C-Si(CH3)3 (12.22) 

Si(CH3)3 Cl 

a-Halo acyltrimethylsilanes react with Grignard reagents to yield /3-keto- 
alkyltrimethylsilanes. These undergo reduction to -hydroxyalkyltrimethyl- 
silanes if the Grignard reagent possesses a ^-hydrogen [35]. 

PhCH,-CH-C-Si(CH0), 
2 | 3 3 

Cl 

CLLMgBr 

_ MgBr 

V 
PhCEL-CH-C-CH, 

2.1 M 3 
(Cl SE(CH3)3 

PhCH,-CH-C-CH. 
2 i 3 

(ch3)3'Si 

(12.23) 

In a similar manner, a-halo acyltrimethylsilanes react with lithium alkoxides 
to yield a-trimethylsilyl esters [36]. 

PhCLL-CH-C-Si(CEL) 3J3 
Cl 

EtO Li 
-78° 

THF 

. + 0 
il 

PhCH9-CH-C-OEt 2 i 
Si 

(12.24) 

(ch3)3 

a-Chloro acyltrimethylsilanes react with lithium enolates of ketones to yield 
a-trimethylsilyl 1,3-diketones [37]. 

12.7 Pseudo Halogens, Sulfenyl and Selenyl Halides 

A variety of pseudo halogens react with trimethyl silyl enol ethers. Thiocyano- 
gen reacts with 3,3-dimethyl-2 trimethylsilyloxy-1-butene to yield 3,3-dimethyl- 
l-thiocyanoto-2-butanone [24]. Phenylsulfenyl chloride reacts with trimethyl- 
silyl enol ethers to yield a-phenylthio ketones [39, 40]. 

Phenylselenyl chloride or bromide reacts with trimethylsilyl enol ethers to 
ethers to yield a-phenylthio acyltrimethylsilanes. Oxidation of the sulfide to 
a sulfoxide with MCPBA followed by heating gives a,/3-unsaturated acyltri¬ 
methylsilanes [41]. 
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12.8 Nitrosonium and Nitronium Cations 

PhCH2CH=C 
,0Si<CH3>3 

si(CH3)3 

PhSCl 
CC14 

-20° 

Ph-S 
I 

PhCH„-CH-C 
C \ 

si (Cl^3)3 

1 ) MCPBA 
2TA ** 

(12.26) 

Phenylselenyl chloride or bromide reacts with trimethylsilyl enol ethers to 
yield a-phenylseleno ketones. Oxidation of the selenium to a selenoxide by 
MCPBA or hydrogen peroxide leads to facile syrc-elimination of phenyl 
selenous acid. This converts the trimethylsilyl enol ether into an a,/3- 
unsaturated ketone [42, 43] (see Chapter 13). 

(12.27) 

Carbon tetrachloride, carbon tetrabromide, trichloroacetonitrile or ethyl 
trichloroacetate add to trimethylsilyl enol ethers under catalysis by cuprous 
chloride [44]. 

12.8 Nitrosonium and Nitronium Cations 

Nitrosyl chloride reacts with trimethylsilyl enol ethers to yield TMS-C1 and 
an a-nitroso carbonyl intermediate. 1,3-Tautomerization of a proton from 
carbon to oxygen yields a-oximino ketones. In those cases where there is 
no a-hydrogen, a-nitroso ketones are obtained [45]. 

OSi(CH 3) 3 

Ph. 
N0C1 (CH3)3SiCl 

(12.28) 

Alkyl trimethylsilyl ketene acetals also react with nitrosyl chloride to yield 
a-oximino esters which may be converted to a-amino acids. 

OSi(CH-), 

6" 

N0C1 (12.29) 
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12 Electrophilic Reactions of Silyl Enol Ethers 

Nitronium tetrafluoroborate reacts at low temperature with trimethylsilyl 
enol ethers to yield a-nitroketones [46]. 

^yOsi(CH3)3 
N02+BF4 

(12.30) 

12.9 Mercuric Salts 

A mixture of mercuric acetate and mercuric oxide reacts with trimethyl silyl 
enol ethers to yield a-mercuri-ketones [47, 48J. 

0Si (CH )3 H O fj 

phA* * "9° + H9(0Ac)2 (P"-C-CH2)2Hg (12.31) 

12.10 Acid Chlorides 

The combination of an acid chloride and TiCl4 reacts with trimethylsilyl enol 
ethers to yield 1,3-diketones. In some cases TiCl4 is not necessary [30, 
49, 50]. 

CH3-C-C1 

i(CHj?-t-Bu Ti C14 
-78° 

The reaction of trimethylsilyl enol ethers with oxalyl chloride provides the first 
general synthesis of 2,3-furandiones [51]. 

Ph 

(CH3)3SiO 
)=tci'JV Cl 

3-Carboethoxy-l-ethyl-l-trimethylsilyl ketene acetal reacts readily with 
acid chlorides to yield diethyl acul malonates [52]. 
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12.10 Acid Chlorides 

0 
il - 

(EtOC)2CH + (CH )3SiCl 

0 
ll 

EtOC OEt 
>=< 

H AJSKCH )3 

0 
ll 

PhCCl 
0 C09Et 
II / 2 

PhC-C-H 

X02Et 

(12.34) 

Ethyl t-butyldimethylsilyl ketene acetal reacts with acid chlorides in the 
presence of triethylamine to yield f-butyldimethylsilyl enol ethers of /3-keto 
esters [53, 54]. 

+ CH ,=C 
x0Si (CH3 

X0Et 

2*t-Bu 

(12.35) 

tm-(Trimethylsilyloxy)ethylene reacts with acid chlorides under SnCl4 
catalysis or heat to yield trimethylsilyl a-trimethylsilyloxy-/3-keto esters. 
These can be hydrolyzed to a-hydroxy-/3-keto acids which undergo decarb¬ 
oxylation to yield a-hydroxy ketones. This transformation has been previously 
carried out by reaction of acid chlorides with an excess of diazomethane. 
tm-(Trimethylsilyloxy)ethylene has been prepared from a-hydroxy acetic 
acid [55]. 

HW°Si(CH3)3 
0^ X0Si(CH3)3 

Si(CH 3) 3 

2-Hetero substituted b/s(trimethylsilyl)ketene acetals react similarly with acid 
chlorides to yield a-hetero methyl ketones. For example, 2-methylthio-l,l- 
fr/s(trimethylsilyloxy)ethylene reacts with acid chlorides to yield after hydro¬ 
lysis and decarboxylation, a-methylthiomethyl ketones [56]. 

l,3-fr/s(Trimethylsilyloxy)-l-methoxy-l, 3-butadiene reacts with acetyl 
chloride to yield methyl hexa-3,5-dionoate [30], 
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12 Electrophilic Reactions of Silyl Enol Ethers 

OSi(CH3)3 

,0CH. 

)Si(CH3)3 

0 
il 

ch3-c-ci 
(12.37) 

Acetyl cyanide reacts with trimethylsilyl enol ethers and TiCl4 to yield 
j8-cyano-/3-hydroxy ketones [57]. 

Sulfonyl chlorides [58] or carbomethoxylsulfamoyl chlorides [59] react 
with trimethylsilyl enol ethers to yield /3-keto sulfones or /3-keto carbo- 
methoxy sulfonamides, respectively. 

n. „ 0 0 0 
Ph M || II || 

">C=CC + Cl-S-NH-COoCH, -►v Ph-C-CH-S-NH-C09CH (12.38) 
(CH3)3SiOX NCH3 Jj 23 / { 23 

CH3 

12.11 Aldehydes and Ketones 

The specific cross Aldol condensation of two different aldehydes or ketones is 
potentially an extremely valuable synthetic reaction [60, 61]. Unfortunately, 
the formation of self-condensation, as well as, di- and polycondensation 
products frequently limits the utility of this reaction. The reaction of tri¬ 
methylsilyl enol ethers with ketones or aldehydes, facilitated by TiCl4 reported 
by Mukaiyama, provides a solution to this problem. The reaction requires 
a stoichiometric amount of TiCl4 and methylene chloride as solvent. 

Other Lewis acids, such as SnCl4, BF3 • OEt2, or boron trichloride, are less 
effective. The reaction proceeds extremely rapidly with aldehydes at -78°, 
whereas with ketones the reaction is best run at 0°. This reaction may occur 
by interaction of TiCl4 with the silyl enol ether to yield TMS-C1 and a trichloro 
titanium enol ether, which in turn reacts with the ketone or aldehyde to give 
the cross Aldol product [62]. 

An alternative possibility is that TiCl4 coordinates to the carbonyl oxygen of 
ketone or aldehyde making it highly susceptible to nucleophillic attack by the 
electron rich C-C double bond of the trimethylsilyl enol ether. A cyclic 
transition state leading directly to products has been suggested. 
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12.11 Aldehydes and Ketones 

(12.40) 

Cross Aldol condensation reactions between silyl enol ethers and formalde¬ 
hyde (trioxane) are successful. 

PhCH=C^ 
OSi(CH3)3 

CH3 

(hcho)3 h2o 

TiCl4 ** 

•CH2C12 

0 

Ph-CH-C-CH 

ch2oh 
3 (12.41 ) 

Isomeric trimethylsilyl enol ethers undergo regiospecific cross Aldol conden¬ 
sation reactions [63]. 

1) TiCl4 

2) H20 * 

29% Erythro 
f 

In cross Aldol reactions zirconium enolates give a higher erythro to 
threo ratio of /3-hydroxy ketones than do trimethylsilyl enol ethers [64]. 

Dialkyl boron enolates also provide greater stereo and regiochemical 
control than do silyl enol ethers [65]. Z-Trimethylsilyl enol ethers react 
with di-n-butyl boranyl trifluoromethane sulfonate to yield trimethylsilyl 
trifluoromethane sulfonate and the corresponding di-«-butyl boron enolate 
stereospecifically. Removal of solvent and the volatile trimethylsilyl trifluoro- 
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12 Electrophilic Reactions of Silyl Enol Ethers 

2% Axial Erythro 55% Axial Threo 

methane sulfonate prior to reaction of the di-n-butyl boron enolate with 
benzaldehyde at -78° yields cross Aldol products with high stereospecificity 
(erythro : threo 95 :5) [66, 67], 

1-Trimethylsilyloxycyclohexene reacts with 9-bromo-9-borabicyclo [3,3,1] 
nonane to yield the corresponding boron enolate and TMS-Br. Such dialkyl 
boron enolates react with benzaldehyde to yield cross Aldol products [68]. 

12.12 Silyl-Reformatsky 

Alkyl trimethylsilyl ketene acetals and £/s-(trimethylsilyl)ketene acetals 
undergo a slow thermal reaction with aromatic aldehydes to yield /3-trimethyl- 
silyloxy esters [69, 70], 

Ph 

H 

H 

C=0 

N.J/J UCH3>3 
c«cN 

CH x OC'U 

Ph 0Si(CH3)3 

w 
h/|'^co2ch3 

CH0 

(12.45) 
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12.13 Acetals and Ketals 

Silyl-Reformatsky reactions can be carried out under much milder conditions 
with TiCl4 catalysis [71]. 

CH3\r r/0CH3 

CH, X0Si(CH 
3'3 

PhCH2CH2-Cx 
Ti Cl 

OH 

PhCH?CH?-C-H 
I 

CH3-C-CH3 (12.46) 

ch3o-c=o 

The reaction of 2-trimethylsilyloxy furans with aldehydes under the influence 
of SnCl4 has been utilized in the synthesis of the macrolide antibiotic 
(±) -A26771B [72]. 

o 8 
H 0-C-CH, 

»-c-™3 „ ^ Sncy I 3 J=y 
CH3/|'(CH2)g-C-H ^A-OSi(CH3)3 '-"-f 0 

OH 

(12.47) 

The cross Aldol reaction of 2,5-/?/s(trimethylsilyloxy) furan with ketones or 
aldehydes permits the facile synthesis of b/s-lactone ligands [73]. 

12.13 Acetals and Ketals 

Trimethylsilyl enol ethers also undergo cross Aldol reactions with acetals, 
ketals, or trimethyl ortho formate activated by TiCl4 to yield /3-alkoxy ketones 
or /3-keto acetals, respectively. It seems probable that these reactions proceed 
by TiCl4 promoted ionization of a C-0 bond of the acetal to yield an alkoxy 
stabilized carbocation which attacks the trimethylsilyl enol ether [74]. 

'CH3 

0 (12.49) 
II 

h-c-ch3 
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12 Electrophilic Reactions of Silyl Enol Ethers 

2-Trimethylsilyloxy furan reacts as a silyl enol ether with ketals or triethyl 
ortho acetate under Lewis acid activation to yield 4-substituted-2-buten-4- 
olides [75]. 

Similarly, reactions of trimethylsilyl enol ethers with acetals have been 
carried out with catalysis by trimethylsilyl trifluoromethane sulfonate [76—78], 

aOSi(CH3)3 

+ PhCH(0CH3)2-q- 

(CH ) Si 0-S-CF 
j J ll 

0 93:7 

Erythro:Threo 

Reaction of a-bromo acetals or ketals with trimethylsilyl enol ethers pro¬ 
moted by TiCl4 yields /3-alkoxy-y-bromo ketones. On heating, these undergo 
cyclization and elimination to yield furans [79, 80]. 

(12.51 ) 

Trimethylsilyloxyallenes also react with acetals and TiCl4 to yield a- 
(1-alkoxyalkyl) a,/Lunsaturated ketones [81]. 

a-Trimethylsilyl trimethylsilyl enol ethers react with acetals and BF3 • OEt2 
at -78° to yield /3-alkoxy acylsilanes. On treatment with a catalytic amount of 
tetra-«-butylammonium hydroxide in acetonitrile these are converted to a,(3- 
unsaturated aldehydes [82]. 

CH3CH=C-0Si(CH3)3 

, , ..Si 
(ch3)3 

(n-Bu)4N+0H ch3cn 

0 
II 

n-C3H7CH=C-C-H (12.52) 

[h3 

Such behavior is expected since acylsilanes yield aldehydes under mild basic 
conditions [83, 84]. 
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12.14 a,/3-Unsaturated Ketones, Ketals and Acetals 

0 
n 

Ph^C ^SiPh, 
OH' 

0 
I 

Ph-'-'j'^SiPh, 

OH 

0-SiPh., 
I 3 

0 ^ Ph—C~ 

OH 
(12.53) 

h2o 
OSiPh. 
I 

Ph-C—H 
I 
OH 

0 
II 

Ph-C-H 

Cross Aldol reactions of 1-trimethylsilyloxy-l,3-butadiene [85] with acetals 
activated by a mixture of TiCl4 and titanium tetraisopropoxide, occur ex¬ 
clusively at the 4-position to yield 5-alkoxy-a,/3-unsaturated aldehydes [86,87]. 

12.14 a,/?-Unsaturated Ketones, Ketals and Acetals 

Trimethylsilyl enol ethers undergo Michael type reactions with a,/3-unsaturated 
ketones activated by TiCL, to yield 1,5-dicarbonyl compounds [88]. 

(12.54) 

Trimethylsilyl enol ethers also undergo Michael reactions with a,/3-unsaturated 
acetals or ketals on activation by TiCl4 [89]. 

°si(ch3)3 
Ti Cl 

-CH(0CH 
3'2 Ti[0C(Et)3]4 

CH(0CH3)2 

(12.55) 

Michael reaction of 1-trimethylsilyloxy-l-cyclopropyl ethylene [90, 91] with 
a,/3-unsaturated ketones activated by TiCl4 yields 1-cyclopropyl-l,5-diketones. 
These undergo an intramolecular Aldol condensation and dehydration on 
treatment with potassium hydroxide in methanol to yield /3-cyclopropyl a,(3- 
unsaturated ketones. 
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12 Electrophilic Reactions of-Silyl Enol Ethers 

An intramolecular Michael reaction of a trimethylsilyl enol ether with an 
a,/3-unsaturated ketone activated by TiCl4 is a key step in an efficient synthesis 
df Seychellene [92]. 

(12.57) 

Alkyl trimethylsilyl ketene acetals undergo TiCl4 promoted Michael 
reactions with a,/3-unsaturated ketones to yield 5-keto esters [93]. 

(12.58) 

Such Michael reactions of a,/3-unsaturated ketones with alkyl trimethylsilyl 
ketene acetals can also be carried out thermally in acetonitrile at 55° to yield 
the trimethylsilyl enol ether of the 5-keto esters [94]. 

Si(CH3)3 

Hc/0CH3 
OSi (CH.,) 

ch3cn 

3'3 

CH-COoCH, 
I 2 3 
CH0 

(12.59) 

12.15 a-Nitro Alkenes 

Trimethylsilyl enol ethers also undergo Michael type reactions with a-nitro- 
alkenes under the influence of SnCl4 or TiCl4 to yield derivatives of nitronic 
acids. These can be hydrolyzed to yield 1,4-diketones [95]. 
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12.17 Hydroboration 

(12.60) 

12.16 Relative Reactivities 

Phenyl glyoxal undergoes selective cross Aldol condensation with silyl enol 
ethers at the more reactive aldehyde carbonyl group. 

Ph 0Si(CH3)3 

h'Sh3 
Ph 

TiCl 4 

0 
II 

PhCH-C-CH, 
I 3 
CH-C-Ph 
i ii 

OH 0 

(12.61) 

Similarly, ketone carbonyl groups react in preference to ester carbonyl 
groups [96]. 

The cross Aldol reaction of trimethylsilyl enol ethers with a-keto esters of 
optically active alcohols such as (-)menthyl pyruvate and (-)menthylphenyl- 
glyoxylate gives 2-hydroxy-4-oxo-butyrates. High asymmetric induction (50% 
e.e.) at the new chiral center is observed [97]. 

(12.62) 

Alkyl trimethylsilyl ketene acetals react with the keto group of ar-keto 
esters of optically active alcohols to yield a-hydroxy succinic acid derivatives 
in which the new chiral center is generated with high e.e. [98]. 

12.17 Hydroboration 

Hydroboration of cyclic trimethylsilyl enol ethers leads to cyclic trans-/3- 
trimethylsilyloxy organoboranes. The trimethylsilyloxy group directs the boron 
almost exclusively to the (3 carbon. Oxidation of these with alkaline hydrogen 
peroxide followed by hydrolysis leads to cyclic trans- 1,2-glycols [99, 100]. 
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12 Electrophilic Reactions of Silyl Enol Ethers 

OSi(CH_) o 
! 3 3 

H3B-THF H202/0H 
(12.63) 

On the other hand, hydroboration of alicyclic trimethylsilyl enol ethers 

leads to jS-trimethylsilyloxy organoboranes which undergo facile yyn-elimi- 
nation of trimethylsilyloxyborane to yield alkenes. Thus, an excess of Z-1- 
phenyl-2-trimethylsilyloxypropene reacts with borane to yield predominantly 
z-/S-methylstyrene [100, 101]. 

Ph^ /0Si(CH3)3 B2H6 
/C=CX 

CH3 

BH, 

f XCH3 
Si(CH3)3 

BH? 

(CH3)3Si0XPh'C.H 

CH^CnH 

Ph X /CH3 
>< 

H XH (12.64) 

Apparently, the reason cyclic fra«5-jS-trimethylsilyloxy organoboranes are 

stable is that they cannot achieve the necessary geometry for spontaneous 
syn-elimination of trimethylsilyloxyborane. Nevertheless, cyclic-trans-(3-tn- 
methylsilyloxy organoboranes will undergo regiospecific elimination on 

treatment with acids, such as BF3 • OEt2 or aq. HC1 to yield specific alkenes 
[102], 

OSi(CH ) 

& 1) H3B-THF 

2) aq. HC1 IJ (12.65) 
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13 Oxidation of Silyl Enol Ethers 

13.1 Introduction 

A number of useful synthetic transformations are based on the selective 
oxidation of the electron rich C—C double bond of trimethylsilyl enol ethers. 

13.2 Preparation of a,/3-Unsaturated Ketones 

Several methods have been developed to regiospecifically convert trimethyl¬ 
silyl enol ethers into a,/3-unsaturated ketones. For example, treatment of 
trimethylsilyl enol ether with DDQ and collidine yields a,/3-unsaturated 
ketones. This reaction may proceed by hydride abstraction from the silyl enol 
ether to yield a trimethylsilyloxy stabilized allylic carbocation/DDQ hydro- 
quinone anion pair. Nucleophilic attack on the silyl center by the hydroquinone 
anion yields the a,/3-unsaturated ketone [1, 2]. 

OH 

The reaction of trityl tetrafluoroborate (BF4) with trimethylsilyl enol 
ethers to yield a,/3-unsaturated ketones is mechanistically closely related. 
Presumably, the trityl carbocation abstracts a hydride from the trimethylsilyl 
enol ether to yield triphenylmethane and a trimethylsilyloxy stabilized allylic 
carbocation/BF^ pair. Nucleophilic attack by the BF4~ ion on the silyl center 
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13.3 Preparation of 1,4-Diketones 

yields TMS-F, the a,/3-unsaturated ketone and BF3 [3]. Jung has used trityl 
BF4 to oxidize trimethylsilyl ethers of secondary alcohols to ketones [3, 4, 5]. 

0-Si(CH3)3 

Ph3C+BF4' 

ch2ci2 

(^-SKCH )T^ 
W BF„ 

+ Ph3CH 

(13.2) 

+ (CH3)3SiF + BF, 

Oxidation of trimethylsilyl enol ethers with palladium acetate in acetonitrile 
gives high yields of a,/3-unsaturated ketones [6]. The reaction may occur by 
formation of an intermediate oxo-ar-allyl Pd(II) complex. /?-Elimination of 
hydride from this complex yields the a,/3-unsaturated ketone, Pd(O) and acetic 
acid. Unfortunately, reoxidation of Pd(O) to Pd(II) is a problem. The highest 
yields are achieved with stoichiometric amounts of palladium acetate. 
Conceptually, this reaction may be considered to be the reverse of the 
transition metal catalyzed 1,4-hydrosilation of a,/3-unsaturated ketones to 
yield trimethylsilyl enol ethers [7]. 

0-Si(CH3)3 

Pd(OAc). 

ch3cn 

(13.3) 

Pd(0) + HOAc 

13.3 Preparation of 1,4-Diketones 

Trimethylsilyl enol ethers react with silver oxide in DMSO to yield sym¬ 
metrical 1,4-diketones [8], This reaction may involve a silver (I) enolate 
intermediate. One electron transfer from the enolate anion to silver (I) would 
lead to an enol radical and silver (O). Dimerization of such enol radicals 
would yield the 1,4-diketone products. 

Ag-0 

^—OSi(CH3)3 DMSO 
(13.4) 

229 



13 Oxidation of Silyl Enol Ethers 

13.4 Preparation of a-Acyloxy and a-Hydroxy Ketones 

Oxidation of trimethylsilyl enol ethers with lead tetraacetate yields 1,2- 
diacetoxy-l-trimethylsilyloxy alkanes which hydrolyze to yield a-acetoxy 
ketones [9]. 

(13.5) 

Oxidation of trimethylsilyl enol ethers with lead tetrabenzoate permits 
the preparation of a-benzoyloxy aldehydes, as well as a-benzoyloxy ketones. 
The initial 1,2-dibenzoyloxy-l-trimethylsilyloxy alkanes are converted to 
a-benzoyloxy aldehydes by treatment with triethylammonium fluoride [10]. 

Treatment of five and six-membered cyclic trimethylsilyl enol ethers with 
silver carboxylates and iodine in a 2:1 ratio, followed by addition of triethyl¬ 
ammonium fluoride regiospecifically yields a-acyloxy ketones. With larger 
cyclic trimethylsilyl enol ethers the formation of 2-iodo ketones becomes 
important [28]. 

0 
II + 

1) 2Ph-C-0'Ag n2 

2) Et3N+HF' 

(13.6) 

Oxidation of 2-methyl-5-trimethylsilyloxyfuran with lead tetraacetate yields 
4-acetoxy-2-penten-4-olide which can be hydrolyzed to 4-oxo-2-pentenoic 
acid [11]. 

Oxidation of trimethylsilyl enol ethers with MCPBA yields a-trimethyl- 
silyloxy ketones which can be hydrolyzed to a-hydroxy ketones [12—14]. 
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13.4 Preparation of a-Acyloxy and a-Hydroxy Ketones 

OSi(CH3)3 
si(CH3)3 

0 
MCPBA 

Ph Ph 

Si(CH3)3 

h- 
OH 

-H+ cl (13.8) 

Si(CH3)3 

0 0 
II I 

Ph-C-C — 

Oxidation of trimethylsilyl enol ethers with a catalytic amount of osmium 
tetraoxide with N-methyl morpholine oxide [29] as a stoichiometric reoxidant 
regiospecifically yields a-hydroxy ketones [30]. 

<CH3>3SiX 

(13.9) 

0 OH 
II I 
C-C-CHo 

l J 
CH3 

2-Trimethylsilyloxy-1,3-dienes are oxidized by MCPBA to yield a'-hydroxy- 
a,/3-unsaturated ketones. This regiospecificity results from the preferential 
oxidation of the trimethylsilyloxy substituted C-C double bond of the diene 
system [15]. 

(13.10) 
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13 Oxidation of Silyl Enol Ethers 

Similarly oxidation of frw-trimethylsilyl ketene acetals with MCPBA yields 
a-hydroxy carboxylic acids after hydrolysis [16]. 

Ph 0-Si(CH3)3 

w MCPBA 

^CH3^3 

PhJ /°-Si(CH3^3 H3°H 

H/ 0-Si(CH3)3 H 0 

Ph-CH-C09H 
I 1 

OH 
(13.11) 

13.5 Baeyer-Villiger Oxidation of a-Trimethylsilyloxy Ketones 

Treatment of trimethylsilyl enol ethers with two equivalents of MCPBA in 
ether solvent results in a Baeyer-Villiger oxidation of the initial a-trimethyl- 
silyloxy ketone. The trimethylsilyloxy-substituted carbon selectively migrates 
to the electron-deficient oxygen generated in this reaction [17]. 

13.6 Ozonolysis of Silyl Enol Ethers 

Trimethylsilyl enol ethers undergo regiospecific ozonolysis (Eq. 13.13). This 
can be explained if fragmentation of the primary ozonide to a ketone or 
aldehyde and a carbonyl ylid occurs so that the positive end of the 1,3-dipolar 
carbonyl ylid is stabilized by the trimethylsilyloxy group. 
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13.7 Reaction of Singlet Oxygen 

The high reactivity of the C—C double bond of trimethylsilyl enol ethers 
toward electrophilic reagents compared to other C—C double bonds has been 
utilized in a synthesis of Vernolepin. At —78°C, selective ozonolysis of a 
trimethylsilyl enol ether in the presence of a terminal vinyl group has been 
achieved [18—20]. 

{/ f 

(CH_ )_Si-0—| 1 1} 03/-78° 0^ 
7 /N. 

3 3 \ II J 2) NaBH4 

H 3) H30+ 
0^ 

H 

The C—C double bond of silyl enol ethers can be selectively cleaved by 
Mo02 (acac)2 and f-butyl hydroperoxide [31]. 

0-Si(CH3)3 

MoO^AcAc)^ 

(CH^C-OOH 

co2h 

(13.15) 

13.7 Reaction of Singlet Oxygen with Silyl Enol Ethers 

Trimethylsilyl enol ethers react with photochemically generated singlet oxygen 
via two competing ene reactions. The first is a normal ene reaction in which 
an allylic hydrogen becomes bonded to oxygen to yield an allylic hydroperoxide. 
The other involves transfer of a trimethylsilyl group from one oxygen to 
another to yield an a-trimethylsilylperoxy ketone [21—23]. 

0-Si(CH3) 

■Ph 

0 

Ph3P 

(13.16) 

(13.17) 

This reaction has been utilized to prepare a-peroxy-a-lactones, which are 
synthetically inaccessible by other routes. a-t-Butyl-l-peroxy-a-lactone emits 
light on decomposition to carbon dioxide and pivaldehyde [24-27]. 
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13 Oxidation of Silyl Enol Ethers 

(CH3)3C 0 
1) CH30H 

(CH3)3C 

H ' q 0-Si(CH3)3 

N0-Si(CH3)3 

2) DCC 
-78°C 

A-r' 
0_0 

(13.18) 
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14 Cyclopropanation of Silyl Enol Ethers, 

Chemistry of Trimethylsilyloxycyclopropanes 

14.1 Introduction 

The electron rich C-C double bond of silyl enol ethers readily reacts with 
electrophilic carbenes to yield silyloxycyclopropanes. These are highly reactive 
compounds due to the cyclopropyl ring strain. 

14.2 Preparation of Trimethylsilyloxycyclopropanes, Regiospecific 
Conversion to Methyl Ketones 

The electron rich C-C double bond of trimethylsilyl enol ethers readily 
undergoes cyclopropanation with the Simmons-Smith reagent [CH2I2/Zu-Cu] 
[1, 2], or with methylene iodide and the more reactive zinc-silver couple in 
ethyl ether to yield trimethylsilyloxycyclopropane derivatives [3]. Trimethyl¬ 
silyloxycyclopropanes can be hydrolyzed in acidic methanol to yield cyclo¬ 
propanols (Eq. 14.1) [4, 5]. Treatment of these with methanolic sodium 
hydroxide yields a-methyl ketones (Eq. 14.2) [6]. 

(14.1) 

(14.2) 

The fact that trimethylsilyl enol ethers can be prepared regiospecifically 
from unsymmetrical ketones permits specific mono-methylation at either the 
a or a' position of the ketone [6]. 
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14 Cyclopropanation of Silyl Enol Ethers 

(C H 3) 3 S i C1 

Et3N/DMF 

0 

1 ) LDA 
2) CH3)3SiCl 

Pyridine, which is added during work-up of the reaction, precipitates the 
Lewis acid zinc iodide from the ethyl ether solution as a /7/5-pyridine 
complex. 

Trimethylsilyloxycyclopropanes can be converted to the corresponding 
cyclopropyl acetates by reaction with acetyl chloride and zinc iodide [7]. 

! ch3); Si 0 
0 
11 

CH3-C-C1 

Zn 12 
(14.5) 

Trimethylsilyloxy substituted dienes can be prepared from a,/3-unsaturated 
ketones. For example, methyl vinyl ketone can be converted to 2-trimethyl- 
silyloxy-1,3-butadiene by treatment with TMS-Cl/triethylamine in DMF [8], 
2-Trimethylsilyloxy-1,3-cyclohexadiene can be prepared from 2-cyclohexenone 
by treatment with LDA followed by TMS-C1. The trimethylsilyloxy sub¬ 
stituted C-C double bond of these dienes is much more nucleophilic than the 
other C-C double bond and hence undergoes selective cyclopropanation [9]. 

3'3 
NaOH 

ch3oh 

(14.6) 
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14.3 Acid Catalyzed Rearrangement of 1-Vinyl- 1-trimethylsilyloxycyclopropanes 

Treatment of testosterone with TMS-Cl/triethylamine in DMF yields a 
3-trimethylsilyloxy-3,5-diene derivative, whereas treatment with LDA and 
TMS-C1 yields a 3-trimethylsilyloxy-2,4-diene derivative. Cyclopropanation 
of both derivatives occurs from the less hindered a face of the steroid nucleus. 
Subsequent treatment with methanolic sodium hydroxide yields 4-methyl- 
testosterone and 2-a-methyltestosterone, respectively [9]. 

14.3 Acid Catalyzed Rearrangement of 1-Vinyl-l-trimethyl 

silyloxycyclopropanes 

1- Vinyl-l-trimethylsilyloxycyclopropanes, formed by cyclopropanation of 
2- trimethylsilyloxy-1,3-dienes undergo rearrangement to yield alkyl substituted 
cyclobutanones on treatment with HC1 in THF [10, 11]. 

0-Si(CH )3 

( - vci 

1 

\ 

(14.9) 

(CH3)3SiCl 
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14 Cyclopropanation of Silyl Enol Ethers 

14.4 Pyrolysis of 1-Vinyl-1-trimethylsilyloxycyclopropanes 

1-Vinyl-l-trimethylsilyloxycyclopropanes rearrange on pyrolysis to 1-tri- 
methylsiloxycyclopentenes [11—13]. 

1) CH2I2/Zn-Ag 

2) pyridine 
-► 

3) CH30H/Na0H 

(14.10) 

Alternatively, 1-vinyl-l-trimethylsilyloxycyclopropanes have been prepared by 
the sequential reaction of oxaspiropentanes with lithium diethylamide and 
TMS-C1 [11]. 

si(cH3)3 

1) E t ^ N - L1+ 

2) (CH3)3SiCl 

(14.11) 

1-Cyclopropyl-l-trimethylsilyloxyethylenes undergo pyrolysis to yield, after 
acidic hydrolysis, cyclopentanones [14]. 

(14.12) 

14.5 Reaction of Electrophiles with Trimethylsilyloxycyclopropanes 

Trimethylsilyloxycyclopropanes are isomerized to a-methylene trimethyl¬ 
silyloxy alkanes by zinc iodide [15, 16]. Diethyl zinc and methylene iodide 
can be used to achieve cyclopropanation of silyl enol ethers in aromatic 
solvents. Zinc-copper or zinc-silver couples are only effective in ether solvents. 
Cyclopropanation of trimethylsilyl enol ethers in benzene leads to extensive 
rearrangement of the initial trimethylsiloxycyclopropane due to the greater 
Lewis acidity of zinc iodide in hydrocarbon solvents [17]. 
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(CH3)3SiO 

14.5 Reaction of Electrophiles with Trimethylsilyloxycyclopropanes 

(CH3 )3Si0 (CH3)3SiC 

CH212 k\ 
Zn-Cu 
Et20 

Znl, 
(14.13) 

Trimethylsilyloxycyclopropanes react with bromine in methylene chloride 
at —78° to yield /3-bromo ketones. Electrophilic attack by bromine on the 
cyclopropane ring probably leads to C-Br bond formation, cyclopropane ring 
opening, and formation of trimethylsilyloxy stabilized carbocation. Attack by 
bromide at the silyl center leads to TMS-Br and the /3-bromo ketone [19]. 

Trimethylsilyloxycyclopropanes react with mercuric acetate and PdCl2 to 
yield a,(3-unsaturated ketones. The following sequence of reactions may 
explain this result. Trimethylsilyloxycyclopropanes react with mercuric 
acetate to yield /3-acetoxy mercuric ketones and acetoxytrimethylsilane. Metal 
interchange with Pd(II) gives /3-palladio-ketones which undergo reductive 
elimination of Pd(0)/HCl to yield a,/3-unsaturated ketones. The reaction can 
be made catalytic in Pd by reoxidation of Pd(O) to Pd(II) with cupric chloride 
[20], 

(CH3)3si0 HgOAc PdCl 

1 
Hg(OAc)2 

/ \ 
X Pd C12 

\ / \ / ̂ 0 \ / 
(14.15) 

+ Pd + HC1 

\_ 

1-Trimethylsilyloxybicyclo[n,l,0] alkanes react with lead tetraacetate in 

acetic acid to yield w-unsaturated carboxylic acids [21]. 
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14 Cyclopropanation of Silyl Enol Ethers 

HOAc 
Pb( OAc) ^ 

(14.16) 

1-Trimethylsilyloxybicyclo[n,l,0] alkanes react with ferric chloride, by a 
series of one electron transfers, to yield 3-chlorocycloalkanones. These undergo 
dehydrohalogenation on treatment with sodium acetate to yield 2-cyclo- 
alkenones [22]. 

Cl 

Cyclopropanation of l,2-b/s(trimethylsilyloxy) cyclotetradecene with di¬ 
ethyl zinc and methylene iodide gave l,14-Ws(trimethylsilyloxy) bicyclo- 
[12,l,0]pentadecane. Reaction of this with ferric chloride in DMF gave cyclo- 
pentadecan-l,3-dione [18]. 

14.6 Reaction of Silyl Enol Ethers with Other Carbenes 

Silyl enol ethers react with other electrophilic carbenes. For example, 1-tri- 
ethylsilyloxycyclotetradecene reacts with dichlorocarbene to give a 1,1-di- 
chloro-2-triethylsilyloxycyclopropane derivative. Treatment of this with acid 
yields a-chlorocyclopentadecanone [23]. The precursor triethylsilyl enol 
ether was prepared by hydrosilation of a mixture of 2-cyclotetradecenone 
and 3-cyclotetradecenone. Isomerization of the /3,y-unsaturated ketone to 
the a,/3-unsaturated ketone occurs faster than the 1,4-hydrosilation reaction. 
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In a similar manner, dibromocarbene reacts with trimethylsilyl enol ethers 
to yield l,l"dibromo-2-trimethylsilyloxycyclopropanes. These undergo reaction 
with methanolic HC1 to yield a-bromo-a:,/3-unsaturated ketones or aldehydes 
[24]. 
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opening and formation of y-keto esters, or y-aldehydo esters [28]. 
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15 Cycloaddition and Electrocyclic Reactions 

of Silyl Enol Ethers 

15.1 Introduction 

The electron rich double bonds of silyl enol ethers and silyloxy dienes 
undergo a variety of cycloaddition and electrocyclic reactions. 

15.2 [2 + 2] Cycloaddition 

Trimethylsilyl enol ethers undergo regiospecific [2 + 2] cycloaddition with 
dichloroketene [1—3]. The regiospecificity results from a 1,4-z witter ionic inter¬ 
mediate comprised of trimethyl silyloxy stabilized carbocation and an a,a- 

dichloro enolate anion. 

H 0-Si(CH3)3 

CH3 CH3 

0 
II 

CC13-C-C1 

Zn-Cu 

Si(CH,), 
I o o 

(15.1) 

(CH3)3Si-0 Cl 

CH; 

CH, 

Cl 

0 

Consistent with this proposal, a-trimethylsilyloxy styrene reacts with di¬ 
chloroketene to yield l,l-dichloro-2-trimethylsilyloxy-4-phenyl-but-l-en-4- 

one [1]. 
1-Trimethylsilyloxy-1,3-butadiene undergoes regiospecific [2 + 2] cyclo¬ 

addition with dichloroketene to yield 2,2-dichloro-3-[2'-(trimethylsilyloxy)- 

vinyl cyclobutanone [4]. 
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(CH3)3SiO 

V 
0 
II 

Cl2CH-C-C1 

On the other hand, dichloroketene reacts with 2-trimethylsilyloxy-l,3-cyclo- 
pentadiene to yield two products. Both result from an initial 1,4-zwitterionic 
intermediate [4], The reason for the difference between the two systems is 
not clear. 

Trimethylsilyl enol ethers of a-tetralone and a-indanone undergo regio- 
specific triplet sensitized [2 + 2] photo-cycloaddition reactions with a,(3- 
unsaturated carbonyl compounds such as ethyl acrylate, acrylonitrile and 
methyl vinyl ketone, to yield 1-trimethylsilyloxy-2-substituted cyclobutanes. 
These undergo ring opening on treatment with aq. acid to yield products of 
Michael addition of the trimethylsilyl enol ethers to the a,j8-unsaturated 
carbonyl compounds [5, 41). 

Photo-reaction of trimethylsilyl ethers of 1- and 2-naphthol with acrylo¬ 
nitrile yields similar results [6]. 
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15.3 Diels-Alder, [4 + 2] Cycloaddition 

TiCl4 causes silyl enol ethers to undergo [2 + 2] cycloaddition reactions 
with alkynes and alkenes which are substituted with electron withdrawing 
groups [7]. 

0-Si(CH_)„t-Bu 

6 
C02CH3 

C02CH3 

t-Eu (CH3 )2SiO ,C02CH 

Ti Cl 

3 

C02CH3 (15.5) 

E and Z-l-trimethylsilyl propene undergo stereospecific [3 + 2] cyclo¬ 
addition reactions with acetonitrile oxide to yield stereoisomeric 5-trimethyl- 
silyl isoxazolines. These undergo vacuum pyrolysis with loss of acetonitrile 
and formation of trimethylsilyl enol ethers with retention of stereochemistry 

[8]. 
CH. Si(ch3)3 

+ CH3C=N-»0 

H H 

+ CH3CN 
ch3 Vsi(ch3)3 

15.3 Diels-Alder, [4 + 2] Cycloaddition 

Enolizable 1,3-dicarbonyl compounds, such as acetyl acetone, are readily 
converted into 1,3- Ms-(trimethylsilyloxy)- 1,3-dienes by reaction withTMS-Cl 
and triethylamine in the presence of a catalytic amount of zinc chloride 
[9, 10]. Such dienes readily undergo Diels-Alder reactions with suitable 

dienophiles [9]. 
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a,/3-Unsaturated ketones can be converted to 2-trimethylsilyloxy- 1,3-dienes 
by reaction with TMS-C1 and triethylamine in DMF [11], TMS-I and hexa- 
methyldisilazane [12], or with LDA in THF, followed by addition of TMS-C1 
[13]. 2-Trimethylsilyloxy-l,3-cyclohexadiene has been prepared from 2-cyclo- 
hexenone by treatment with TMS-C1 and triethylamine in DMF or with LDA 
and TMS-C1 in THF. These dienes have proved useful in Diels-Alder reac¬ 
tions [11, 13]. 

0 

(CH3)3SiCl/Et3N 

DMF ~~ 

1) LDA/THF Si (CH3)3 

2) (CH3)3SiCl 

0 

si(c H3)3 

(15.8) 

trans-l-Methoxy-3-trimethylsilyloxy-l,3-butadiene has been prepared by 
reaction of frans-4-methoxy but-3-en-2-one with TMS-C1, triethylamine and 
zinc chloride [14]. 

(15.9) 

This diene undergoes Diels Alder reactions with a variety of dienophiles, and 
has been utilized in the synthesis of complex molecules. 

(15.10) 

Reaction of this diene with methacrolein provides a one-step synthesis of 
4-methyl-4-formyl cyclohex-2-en-l-one. 

(15.11) 

Reaction of frans-l-methoxy-3-trimethylsilyloxy-l,3-butadiene with methyl 
cyclohexene carboxylate leads to m-lO-carbomethoxy-l-A'-S-octalone after 
work-up [15] 
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15.3 Diels-Alder, [4 + 2] Cycloaddition 

4-Methyl-4-carbomethoxy-2,5-cyclohexadienone has been efficiently 
prepared by a Diels-Alder reaction of trans-l-methoxy-3-trimethylsilyloxy-l,3- 
butadiene with /3-phenylsulfinyl methyl methacrylate [16, 17]. 

l-Phenylseleno-2-trimethylsilyloxy-4-methoxy-1,3-butadiene undergoes a 
Diels-Alder reaction with methacryloyl chloride. Treatment of the adduct with 
methanol in pyridine followed by oxidation with hydrogen peroxide gives 
4-methyl-4-carbomethoxy-2,5-cyclohexadienone. 

(15.14) 
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The necessary diene was prepared by reaction of l-methoxy-3-trimethylsilyl- 
oxy-1,3-butadiene with phenylselenyl chloride to give l-phenylseleno-4- 
methoxy-but-3-en-2-one. This was silylated by treatment with TMS-C1, triethyl- 
amine and zinc chloride [18]. 

(CH3)3SiCl 

Et3N 
ZnCl „ 

(15.15) 

l,l-Dimethoxy-3-trimethylsilyloxy-l,3-butadiene has also proved useful 
as a diene for the construction of complex molecules [19, 20]. 

The preparation and Diels-Alder reactions of ii-l-methoxy-2-methyl-3- 
trimethylsilyloxy- 1,3-butadiene, i}-l-methoxy-3-trimethylsilyloxy-l,3-penta- 
diene, and E,Z-trans-1 -methoxy-3-trimethylsilyloxy-4-phenylseleno-1,3-buta¬ 
diene have been described [21]. 
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15.3 Diels-AIder, [4 + 2] Cycloaddition 

Intramolecular Diels-Alder reactions of 5-(3'-butenyl)-2-trimethylsilyl- 
oxycyclopentadiene and related systems have been studied [22, 23], 

(15.18) 

Retro Diels-Alder reactions of trimethylsilyl enol ethers of 2-norboranones 
provide an efficient route to cyclopentenones [24], 

1) LiV[si(CH3)3]2 

2) (CH3)3SiC1 " 

(15.19) 

/3,y-Unsaturated y-lactones can be converted into 2-trimethylsilyloxy furans 
by treatment with TMS-C1 and triethylamine. The Diels-AIder reaction of 
5-methyl-2-trimethylsilyloxyfuran with maleic anhydride yields an adduct 
which can be converted regiospecifically to 7-hydroxyphthalide [26], 
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Succinic anhydride reacts with TMS-C1 and triethylamine in the presence 
of zinc chloride catalyst in acetonitrile to yield 2,5-b/s-(trimethylsilyloxy) 
furan. Diels-Alder reaction of this furan with dimethylacetylene dicarboxylate 
yields, after hydrolysis, 3,6-dihydroxydimethylphthalate [27]. 

0-Si(ch3)3 

(^0 1) CH,0?C-C=C-C0?CH 

M X 2) H,0+ .. 
0-Si(CH3)3 j 

Silyl enol ethers can also serve as the dienophile component in Diels- 
Alder reactions. 3-Trimethylsilyloxy-3-buteh-2-one undergoes Diels-Alder 
reactions with a number of dienes [25]. 

15.4 [3 4- 4] and [3 + 2] Cycloaddition Reactions 

Reaction of 2,4-dibromo-2,4-dimethyl-3-pentanone with a zinc-copper couple 
and TMS-C1 in the presence of anthracenes yields 12-oxo-9,10-propano 
anthracenes [28], This reaction may occur as outlined (Eq. 15.23). 
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15.5 Electrocyclic Reactions of Silyl Enol Ethers 

In a similar manner, 3-bromo-3-methyl-2-trimethylsilyloxy-l-butene under¬ 
goes zinc chloride assisted ionization to a 2-trimethylsilyloxy substituted 
allylic carbocation which reacts with 1,3-dienes [42] and a-methyl styrene [42]. 

(15.24) 

3-Bromo-3-methyl-2-trimethylsilyloxy-l-butene was prepared by reaction of 
3-bromo-3-methyl-2-butanone with LDA in THF followed by addition of TMS- 
Cl. 

Likewise, 3-chloro-3-methyl-2-trimethylsilyloxy-1-butene undergoes silver 
ion assisted ionization to yield a 2-trimethylsilyloxy substituted allylic carbo¬ 
cation which undergoes cycloaddition with 1,3-diene [43]. 

(ch3)2c. 

Cl 

0-Si(CH3)3 

AgCl0, 

3-Chloro-3-methyl-2-trimethylsilyloxy-l-butene was prepared by reaction of 
3-chloro-3-methyl-2-butanone with TMS-C1 and triethylamine in DMF. 

15.5 Electrocyclic Reactions of Silyl Enol Ethers 

Allyl f-butyldimethylsilyl ketene acetals undergo Claisen [3,3]-sigmatropic 
rearrangement under mild conditions to yield f-butyldimethylsilyl y,8- 
unsaturated esters [29, 30, 31]. 

1) LDA/-78° 
2) t-Bu(CH3)2SiCl A 

0-Si(CH3)2t-Bu 

(15.26) 

0-Si (CH3)2t-Bu 

Allylic acetates can be converted to allyl t-butyldimethylsilyl ketene acetals 
by treatment with LDA at -78°C followed by addition of t-butyldimethyl- 
chlorosilane. 

2,3-&«(Trimethylsilyloxy)-l,3-butadiene can be prepared by a conrotatory 
electrocyclic ring opening of l,2-fr/,s(trimethylsilyloxy)-cyclobutene [12]. 
Alternatively, this interesting diene can be prepared by treatment of 2,3- 
butanedione with trimethylsilyl trifluoromethane sulfonate [12]. 
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CF3S03Si(CH3)3 

Et^N 

0-Si(CH3)3 

0-Si(CH3)3 

/0-Si (CH3)3 

^0-Si(CH3)3 

(15.27) 

l,2-b/s(Trimethylsilyloxy) cyclobutene is prepared by the silyl acyloin reaction 
with diethyl succinate [32]. 

There are several regiospecific methods to prepare trimethylsilyl enol 
ethers based on rearrangement reactions. For example trimethylsilyl /3-keto 
carboxylates undergo pyrolysis with transfer of the trimethylsilyl group from 
the ester to the keto functional group with simultaneous decarboxylation to 
yield trimethylsilyl enol ethers [33—35], This is analogous to the thermal 
decarboxylation of jS-keto acids. 

(15.28) 

Trimethylsilyl enol ethers of /3-keto allyl carboxylates undergo a silyl- 
Carrol reaction on gas phase pyrolysis to yield specific allyl substituted 
trimethylsilyl enol ethers and carbon dioxide [33], 

(15.29) 

Thies has developed a valuable two carbon ring expansion reaction based 
on the silyloxy-Cope rearrangement [36—40]. Cyclic /3,y-unsaturated ketones 
react with vinyl Grignard reagent to yield a magnesium alkoxide which reacts 
with TMS-C1 to give the expected trimethylsilyl ether. Pyrolysis of such 
compounds largely occurs via a [l,3]-sigmatropic silyloxy-Cope rearrangement 
to yield a cyclic trimethylsilyl enol ether which possesses two additional 
carbon atoms [36—40]. The competing [3,3] sigmatropic process is less impor¬ 
tant. 
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16 Preparation of Silyl Enol Ethers 

16.1 Introduction 

Due to the wide range of useful reactions which silyl enol ether undergo, 
numerous methods have been developed to prepare them. We will consider 
these methods in this chapter. Certain of these have been previously discussed 
(see Chapter 14 and 15). 

16.2 Rearrangement of j3-Silyl Ketones 

/3-Trimethylsilyl ketones have been prepared by reaction of trimethylsilyl- 
methyl magnesium chloride with anhydrides [1], or by reaction of diazomethane 
with a-silyl ketones [2]. 

/ 0\ 0 
/ "i II 

(CH3)3SiCH2MgCl + lCH3-C-Lo -(CH3)3SiCH2-C-CH3 (16.1) 

/3-Trimethylsilyl ketones easily rearrange to the isomeric trimethylsilyl 
enol ethers. This rearrangement can be catalyzed by Lewis acids such as 
mercuric iodide or bromide. Under these conditions, the rearrangement is not 
completely intramolecular [3]. On the other hand, the rearrangement can also 
be carried out by heating /3-trialkylsilyl ketones to between 160—200°C. Under 
these conditions, the rearrangement is strictly intramolecular. The thermal 
rearrangement of an optically active /3-silyl ketone to the corresponding silyl 
enol ether occurs with complete retention of configuration at the silyl 
center [4—6]. 

A 

Lithium dialkyl cuprates undergo regiospecific Sn2' coupling with 1-chloro- 
2-trimethylsilyloxy propene to give trimethylsilyl enol ethers as outlined [7]. 
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(CH3)3SiCH2MgC1 + Icich2-c 

0 
ll 

(CH3)3SiCH2-C-CH2Cl (16.3) 

0-Si(ch3)3 

.C 
H2C^ nCH2C1 

(CH3)2CuLi (CH3)3SiO 

X 
H2C^ XCH2CH3 

The reaction of /3-trialkyltin ketones or esters with trialkylhalosilanes 
yields trialkylsilyl enol ethers or alkyl trialkylsilyl ketene acetals, respectively 
and trialkyltin halides [8]. 

16.3 Brook Rearrangement, a-Silyl Ketones 

a-Silyl ketones react with diazomethane via a 1,4-dipolar intermediate to 
yield mixtures of silyl enol ethers and /3-silyl ketones [2]. The rearrangement 
of silicon from carbon to the negatively charged oxygen with formation of a 
carbanion is related to the Brook rearrangement [9]. 

0 
II 

O' 
i 

Ph-SiO 
•j i 

Ph3Si-C-Ph + CH2N2 -► Ph,Si-C-Ph TT*- "C-Ph 
1 + 
ch2n2 Ch2n2+ 

,, (16.4) 

0 OSiPh, 
ll I 3 

Ph-jSi CH9-C-Ph + N, + N 
3 3 2 H2C/ XPh 2 

The addition of methylene triphenylphosphorane to a-silyl ketones yields 
a similar 1,4-dipolar intermediate. Aryl a-silyl ketones yield silyl enol ethers, 
while alkyl a-silyl ketones yield vinyl silanes via a Wittig reaction. The stabiliz¬ 
ing effect of an aryl group on an adjacent carbanion may account for this 
difference [10]. 

0 
ii 

O' ' P h 3 S i 0 

Ph3Si-C-Ph + Ph3P=CH2 -► Ph.Si-C-Ph 
-f—■ fH2 

CH?PPh 
L ^ + JJ 

Ph PPh3 

| (16.5) 

Ph3Sl' °\ 

C=CH2 + pph 

Pn 
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16.3 Brook Rearrangement, a-Silyl Ketones 

Benzyl-trimethylsilyl ketone reacts with a-lithioethyl phenyl sulphone 
to yield l-phenyl-2-trimethylsilyloxy-2-butene and lithium phenyl sulfinate. 
This trimethylsilyl enol ether cannot be prepared from benzyl ethyl ketone 
either under the normal kinetic (LDA/TMS-C1) or thermodynamic (TMS-C1 / 
Et3N) conditions [11]. 

0 
n - 

PhCH9-C-Si(CH.), + Ph-S-CH-CH0 
Ml 6 J I] 3 

0 0 . ,+ 
Li 

PhS02" Li+ + 

(°H 3) 3s i^O 

I h 
PhCH^C^M 

V 
■CH, 

PhCH2J/Si(CH3)3 

0 fH ll/CH 

Ph-f ^CH3 
0 

PhCH 

0^(013)3 

Ph- 

2'C"Li + 

VK CH, 

(16.6) 

The addition of vinyl magnesium bromide to a-trimethylsilyl ketones yields 
a-trimethylsilyl allylic alcohols. The corresponding these lithium alkoxides 
undergo the Brook rearrangement. Reaction of these trimethylsilyloxy 
substituted allylic anions with alkyl iodides occurs stereo- and regiospecifically 
at the y-position to yield Z-trimethylsilyl enol ethers [12, 13]. 

0 
II 

CH3(CH2)2-C-Si(CH3)3 
MqBr 

0 

CH3(cH2)2-j:^^ 

Si(ch3)3 

(16.7) 

OSi(CH3)3 

-d— ch3(ch2)2-c<^> 

/ 

n-Bu I (CH3)3Si0\c=c/n-Bu 

CH3(CH2)2^ vh 

The addition of 2-lithio furans to a-trimethylsilyl ketones yields a-lithio- 
a-trimethylsilyloxy furans via a Brook rearrangement. Ring opening gives 
an enolate anion which reacts with TMS-C1 to give 1,5-6/s(trimethylsilyloxy)- 

1,2,4-trienes [14]. 
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CH Li 

0 

+ PhCH2CH2-C-Si(CH3)3 

CH Cv ,0Si(CH3)3 
V 

"CH2CH2Ph 

-78° 

OSi(CH 
3;3 

CH2CH2Ph 

(CH3)3SiCl 

'f 

CH3-OV0Si(CH3)3 

0 C 
I xCH2CH2Ph 

si(ch3)3 
(16.8) 

1-Trimethylsilyl propargyl alcohols undergo Brook rearrangement on 
treatment with a catalytic amount of n-butyl lithium to yield trimethylsilyloxy 
allenes. These undergo hydrolysis to yield a,y8-unsaturated aldehydes 
(Eq. 16.9). If a stoichiometric amount of n-butyl lithium is used, l-lithio-3- 
trimethylsilyloxy allenes result. These will react with alkyl iodides specifically 
at the 1-position [15]. 

0 
n-C3H7-C-Si(CH3)3 + BrMgC=CPh 

(CH3)3SiO \ 

OH 
I 

n-C,H7-C-C=CPh - 
3 7 | 

Si(CH3)3 

Vh 

cat. -BuLi 
OSi(CH7) 

3'3 

C=C=C 

n“C3H/” 
OH 

n-C7H7-C-C=CPh 
3 / | 

n-C7Hy-C-C=CPh 

U + 

(CH3)3SiO' \ Ph 

Si(cH3)3 

0 

n-C3H7-C-CH=C 
VH 

(16.9) 
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16.4 Preparation of a-Silyl Ketones 

16.4 Preparation of a-Silyl Ketones 

These methods obviously depend on the availability of a-silyl ketones. One 
of the best methods to prepare a-silyl ketones utilizes 1,3-dithiane. A major 
problem is hydrolysis of the 2-alkyl-2-trimethylsilyl-1,3-dithiane to the a-tri- 
methylsilyl ketone [16, 17]. Chloramine T3 may be a more effective hydrolysis 
catalyst than mercuric chloride [11]. 

1) n-BuLi 
s S ~2) (CH3)3SiCl * S s 
H CH2Ph (CH3)3Si"CHpPh 

h2o 

HgCl 2 

0 
II 

PhCH2-C-Si(CH3)3 

(16.10) 

a-Silyl ketones have also been prepared by reaction of 1-ethoxyvinyl 
lithium with chlorosilanes. The resulting 1-ethoxyvinyl silanes are relatively 
easy to hydrolyze [18]. 

CH2=CH0CH2CH3 t'BuLl - 
.0CH?CH. 

CH? = C^ J 
xLi 

(16.11) 

(CH3)3SiCl 0CH?CHo H,0 S 

---► CH?=C^ CH,-C-Si(CH,), 
XSi(CH3)3 J B J 

In a similar manner, a-trimethylsilyl-a',/3'-unsaturated ketones have been 
prepared from 1-methoxy-l,3-butadiene [75, 76], or 1-methoxy allene [77]. 

OCH, 1) t-BuLi/-78° 

2) (CH3)3SiCl * — 
OCH, h3o 

Si(CH3). (CH3)3S( 

(16.12) 

Triphenylsilyl lithium reacts with aliphatic acid chlorides and a stoichio¬ 
metric amount of cuprous iodide to yield a-triphenylsilyl ketones [19]. 

+ ^ Cul l! 
Ph3Si Li + CH3CH2-C^ Ph3Si-C-CH2CH3 

0 

(16.13) 

Lithium l,l-to(trimethylsilyl) alkoxides react with benzophenone in non¬ 
polar solvents to yield lithium diphenylmethoxide and a-trimethylsilyl tri- 
methylsilyl enol ethers. These can be easily hydrolyzed to a-trimethylsilyl 
ketones [20]. 
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Si{CH 3)3 

PhCH,CHo-C-0"Li+ 
2 2 I 

+ Ph2C=0. 

Si(CH3)3 

(CH3)3SiO 

(CH3>3S1fVL1 (S 
PhCH^H^^ C-Ph (16.14) 

(CH )3SiOx H 

-C=C + Ph„CH0"Li 
(CH )3Si xCH2Ph 

0 
ii 

(CH3)3Si-C-CH2CH2Ph 

Oxidation of l,l-to(trimethylsilyl)alkan-l-ols\ with t-butyl hypochlorite also 
yields acyl silanes [21]. 

^CH3^3-Si 
I (CH )3C0C1 

PhCH„CH,-C-OH -- 2 2 | 

(ch3)3 

(CH3}3‘si 
l 

PhCH2CH2-C-OCl 

(ch3)3 
-Si 

(16.15) 

0 
II 

(CH3)3SiCl + PhCH2CH2-C-Si(CH3)3 

Acyl silanes can also be prepared from a-trimethylsilyloxy allyl silanes. 
These undergo Pd/C catalyzed isomeration to yield a-trimethylsilyloxy vinyl 
silanes. These are easily hydrolyzed to acyl silanes [22]. a-Trimethylsilyloxy 
allyl silanes can be prepared by metallation of trimethylsilvl allyl ethers with 
s£C-butvl lithium followed by reaction with chlorosilanes [23]. 

.OSi(CH 3'3 
1) sec-BuLi 
2) (CH3)3SiCl * 

Si(ch3)3 

OSi(CH3)3 

(16.16) 

1) Pd/C 
2) CH30H 

0 

CH3CH2-C-Si(CH3)3 

a-Phenylthio trimethylsilyl enol ethers undergo reductive silylation to 
yield a-trimethylsilyl trimethylsilyl enol ethers [24] (see Chapter 19). 
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16.5 Conjugate Addition/Generation of Specific Lithium Enolates 

/ \ ^/0Si(CH3)3 Na/(CH3)3SiCl 

\_/ XSPh - rw OSi(CH 
3'3 

C6H6 W Si(CH3)3 

H20 
(16.17) 

'Si(CH3)3 

Methyl benzoate undergoes reductive silylation to yield a-methoxy-a- 
trimethylsilyl-a-trimethylsilyloxytoluene which can be hydrolyzed to yield 
benzoyltrimethylsilane [25] (see Chapter 19). 

0 

Ph-C-OCH. 

Mg HMPT (16.18) 

0 
I 

Ph-C-OCH, 
(CH3)3SiCl 

0Si(CH3)3 

Ph-C-OCH 1) Mg, HMPT 
3 2) (CH3)3SiCl 

OSi(CHo), 
| o o 

Ph-C-0CH3 

Si(CH3)3 

N-Phenyl pivalimidoyl chloride reacts with magnesium and TMS-C1 in 
THF/HMPT to yield the C-trimethylsilylimine. On hydrolysis this gives 
pivaloyltrimethylsilane [26]. 

(CH3)3C-C=NPh ^TH'F-""7 - ‘'W WPh 
3 3 ^ (CH3)3SiCl (CH3)3Si/ 

(16.19) 

Benzoyltrimethylsilane has been prepared by reaction of benzoyl chloride 
with hexamethyldisilane catalyzed by a palladium complex [79]. 

Ph-C-Cl + (CH3)3SiSi(CH3)3 [(n3C3H5)PdCl ]2 ph'C'Sl(CH3)3 + (CH3)3SiCl 

0 0 
(16.20) 

16.5 Conjugate Addition/Generation of Specific Lithium Enolates 

from Silyl Enol Ethers 

Conjugate addition of organo cuprate reagents to a,/3-unsaturated ketones 
yields specific enolate anions which can be quenched with TMS-C1 to give 
trimethylsilyl enol ethers [27, 28]. 
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16 Preparation of Silyl Enol Ethers 

Analysis of the substitution pattern of prostaglandins suggests that such 
compounds might be prepared from appropriate cyclopentenone derivatives 
by conjugate addition of a vinyl cuprate reagent to the a,/3-unsaturated ketone 
followed by alkylation of the enolate anion. The low reactivity of copper 
enolate anions in alkylation reactions constitutes a problem. However, copper 
enolates react with TMS-C1 to yield specific trimethylsilyl enol ethers. These 
can be converted to reactive lithium [29] enolates by reaction with methyl 
lithium or lithium amide in liquid ammonia [30, 31]. 11-Desoxyprostaglandins 
have been prepared by such a sequence. 

(CH3)3SiCl (16.22) 

A similar sequence was used by Stork in the syntheses of lycopodine [32]. 
The generation of lithium enolates by reaction of methyl lithium with 

trimethylsilyl enol ethers has been extensively studied [33]. 

Ph\c=c/CH3 CH3Li 

HX X0Si(CH3)3 

Ph CH3 

>=< + + (CH ) Si 
hr x0 Li J 

(16.23) 

Formaldehyde has been condensed with regiospecifically generated lithium 
enolates formed by reaction of methyl lithium with trimethylsilyl enol ethers 
[34], 
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16.6 Hydrosilation of Ketones 

16.6 Hydrosilation of Ketones 

Ketones can be catalytically hydrosilated to yield silyl ethers. (See Chapter 18.) 
Nevertheless, ketones and aldehydes react with silanes in the presence of 
certain catalysts to yield silyl enol ethers and hydrogen rather than silyl 
ethers. Ketones [35] and aldehydes [36] react with triethylsilane and a catalyst 
prepared from nickel chloride and diethyl sulfide or nickel sulfide to give 
a mixture of triethylsilyl enol ether and alkyl triethylsilyl ether. 

Similarly, ketones react with phenyldimethylsilane in the presence of 
a catalytic amount of Co2(CO)8 and triethylamine or other bases to yield an 
equilibrium mixture [27] of phenyldimethylsilyl enol ethers [37]. 

PhSi(CH3)2H 

Co2(C0)g 

Et3N 

(16.26) 

/3-Keto esters or /3-keto nitriles react with triethylsilane under catalysis 
by [Ph3P]3RhCl and a small amount of phenylthiotriethylsilane to yield the 
corresponding triethylsilyl enol ethers and hydrogen [38]. 

OSiEt0 
I 3 

C^C-CN (16.27) 
\ 

H 

E13 S i H 

Ph-C-CH2CN C Ph3PJ3RhC1 

Et3SiSPh 
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16.7 Silyl-Hydroformylation 

The silyl-hydroformylation reaction of cycloalkenes with CO and triethyl- 
silane catalyzed by Co2(CO)8 yields triethylsilyloxymethylene cycloalkanes 
[39, 40], 

While all the steps in this catalytic reaction are not certain, it is well known 
that trialkylsilanes react with Co2(CO)8 to yield tetracarbonylcobalt hydride 
and trialkylsilylcobalt tetracarbonyl [41]. 

HSiEt3 + Co2(C0)8 -► HCo(C0)4 + Et3SiCo(C0)4 (16.29) 

The catalytic reaction of 1-alkenes, CO, and diethylmethylsilane unfortunately 
yields mixtures of isomeric silyl enol ethers [42]. Similar product mixtures 
are obtained with Co2(CO)8 and triphenylphospine or with (Ph3P]2RhCl and 
triethylamine as catalysts. 

Co2(CO)8 catalyzes the reaction of aldehydes with diethylmethylsilane 
and CO to yield mixtures of E and Z l,2-/?/s(diethylmethylsilyloxy)-l-alkenes 
[43], 

0 
, , II 

CH3(CH2)4-C-H + 2Et2SiH 

ch3 

Co2(C0)Q 

-RPh^- 

CO 

CH_ 
I 3 

E12 Si 

CH, 
I 3 

OSiEt, 

ch3(ch2)^ 
c=c + e - isomer 

(16.30) 

16.8 1,4-Hydrosilation of a,fi-Unsaturated Carbonyl Compounds 

A particularly useful method to prepare specific silyl enol ethers is the 
catalytic 1,4-hydrosilation of a,/3-unsaturated ketones or aldehydes. bis(Cyc\o- 
octadienyl)nickel, [Ph3P]3RhCl as well as a diplatinum complex are effective 
catalysts. The 1,4-hydrosilation of citral is outlined below. Hydrolysis 
of the triethylsilyl enol ether gives an aldehyde [44—46]. In this sense, the 
reaction is not only a synthesis of silyl enol ethers but also a selective 
reduction procedure. 

(16.31 ) 
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16.8 1,4-Hydrosilation of a,/3-Unsaturated Carbonyl Compounds 

With certain a,/3-\msaturated ketones, both 1,2-and 1,4-hydrosilation are 
observed. The ratio of these two processes depends on the particular silane 
[44-46], 

R3SiH 

LPh3PJ3RhCl * 

(16.32) 

R3SiH 1,4 1,2 

Ph(CH3)2SiH 91 9 

Et3SiH 44 56 

Et2SiH2 0 100 

Hydrosilation of a,/3-unsaturated ketones with a chiral cationic rhodium 
complex-Rh[(R)-benzylmethylphenylphosphine]2H2S2 CIO4 yields after hy¬ 
drolysis ketones which possess a chiral beta carbon. Only moderate asym¬ 
metric induction is observed (e.e. 15% or less) [78]. 

CH 

Ph\ /H 

zc< c=o 
CH- 

+ HSi (CH3)2Ph ^b*-1 

CH, 
I 3 / 

PhCHCH=Cx 

ch3 

OSi(CH3)2Ph (16.33) 

H,0 x CH, 0 
2 i J 11 

PhCHCH7-C-CH 
-Jr ^ 

fr/.s-(Cyclooctadienyl) nickel is particulary effective for the 1,4-hydro¬ 
silation of a,/3-unsaturated aldehydes with trialkoxysilanes [47]. 

HSi(0Et)3 

Ni[C0D]2 " 0 S i E13 
+ 

(16.34) 

brs-Platinium complexes catalyze the 1,4-hydrosilation of a,/3-unsaturated 
ketones or aldehydes. No competing 1,2-addition is observed [48]. 

PhSi (CH3)2H j-pt_pt-| ► 
(16.35) 
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16 Preparation of Silyl Enol Ethers 

16.9 Catalytic Isomerization of Allyloxyltrimethylsilanes 

Allyloxytrimethylsilanes may be prepared by the reaction of allylic alcohols 
with TMS-C1 in the presence of pyridine. Both Pd/C [49] and ruthenium 
complexes, such as H2Ru(PPh3)4, [50] are effective for the catalytic isomeri¬ 
zation of allyloxytrimethylsilanes to trimethylsilyl enol ethers. 

•OSi (CFL) 

H2Ru(PPh3)4 

3'3 

(16.36) 
\ 

16.10 Dissolving Metal Reduction (see Chapter 19) 

Dissolving metal reductions are useful for the preparation of silyl enol ethers. 
Esters are reduced with TMS-C1 and sodium in toluene to yield alkoxyltri- 
methylsilanes and l,2-/?«(trimethylsilyloxy)alkenes [51]. 

C02Et Na/(CH3)3SiCl 

rn r. Toluene 
L uo i ( un^ ) ^ 

UJ I \ cIIq ) 
3;3 

2(CH3)3Si0Et (16.37) 

Dissolving metal reduction of a,/3-unsaturated ketones with lithium in 
ammonia and t-butanol yields specific lithium enolates which can be quenched 
with TMS-C1 and triethylamine to generate trimethylsilyl enol ethers [52]. 

1 ) Li/NH3-t-BuOH 

2) (CH,),SiCl/Et,N 
J J 3 (CH3)3SiO 

Birch reduction of dimethylisopropylphenoxysilanes or t-butyldimethyl- 
phenoxysilanes with lithium in liquid ammonia, THF, and t-butanol yields 
the corresponding isopropyl or t-butyldimethylsilyloxy-l,4-cyclohexadienes. 
Hydrolysis of these with THF and TBAF gives the corresponding cyclohex- 
3-en-l-ones [53]. 

CH 
I 3 

0-Si-t-Bu 

CH. 

Li/NH3-THF 

t-BuOH (16.39) 

h2o/thf 

(n-Bu)4N+F“ 
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16.11 Non-Nucleophilic Bases 

Dissolving metal reduction of a-bromo ketones yields specific enolate 
anions which react with TMS-C1 to give trimethylsilyl enol ethers [54, 55]. 

(16.40) 

Br 

Reduction of dialkyl disubstituted malonates in the presence of TMS-C1 
yields alkyl trimethylsilyl ketene acetals and CO [56], 

(16.41 ) 

16.11 Non-Nucleophilic Bases 

Trimethylsilyl enol ethers can be prepared by the treatment of ketones with 
strong non-nucleophilic bases to generate the corresponding enolate anions 
which can be quenched with TMS-C1. In order to prevent Aldol condensa¬ 
tions, the ketone must be instantaneously converted to its enolate anion. This 
is achieved by the slow addition of the ketone to a solution of strong base. 
Sodium b/s(trimethylsilyl)amide [57] or LDA in DME, have been frequently 
used. Kinetic trimethylsilyl enol ethers are formed in this way. Treatment of 
2-methylcyclohexanone with LDA followed by TMS-C1 yields exclusively 
l-trimethylsilyloxy-6-methylcyclohexene [58]. Similar results can be achieved 
by reaction of 2,6-dibromocyclohexanone with lithium dialkyl cuprates followed 
by addition of TMS-C1 [59]. Reaction of l-trimethylsilyloxy-6-methylcyclo- 
hexene with TMS-C1 and triethylamine in DMF [58], or with a catalytic 
amount of TsOH [27] yields a 4:1 mixture of l-trimethylsilyloxy-2-methyl- 
cyclohexene and l-trimethylsilyloxy-6-methylcyclohexene. 

(16.42) 

When 4-testosterone-17-tetrahydropyrannyl ether is treated with lithium 
£«(trimethylsilyl)amide, a 2,4-dienolate anion is formed which can be trapped 
by TMS-C1 [60] 

Tj (C H 3) 3 S i C f 

1) Li+N'[Si(CH3)3]2 

(CH3)3SiO 

(16.43) 

0' 
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16 Preparation of Silyl Enol Ethers 

Non-nucleophilic strong bases, such as lithium cyclohexylisopropylamide, 
have been used to generate ester enolates which subsequently react with 
chlorosilanes to yield alkyl silyl ketene acetals. A significant problem is that 
C-silylation can occur in competition with the desired O-silylation. For 
example, reaction of methyl acetate with lithium cyclohexylisopropylamide 
at -78° followed by addition of TMS-C1 yields methyl trimethylsilyl ketene 
acetal (65 %) and methyl trimethylsilylacetate (35 %). Selectivity for O-silylation 
can be achieved by use of t-butyldimethylchlorosilane and a mixed solvent 
system of THF and HMPT [61]. 

(16.44) 

Treatment of ketones with sodium or potassium hydride in p-dioxane [62] 
or potassium hydride in THF [63] and TMS-C1 yields predominantly tri¬ 
methylsilyl enol ethers. 

OSi (CH )3 0Si(CH3)3 0Si(CHA3 0Si(CH,), 
i J J J J i 3 3 | 33 

4% 1% 48% 27% 

(16.45) 

The reaction of ethyl trimethylsilylacetate with ketones catalyzed by 
FBAF yields trimethylsilyl enol ethers and ethyl acetate as outlined below. 
This procedure can be carried out at -78°C in which case, the kinetic tri¬ 
methylsilyl enol ether is obtained. This method is extremely convenient since 
the by-product, ethyl acetate, is highly volatile [64]. Ethyl trimethylsilylacetate 
can be easily prepared by reaction of ethyl bromoacetate with TMS-C1 and 
zinc [65] 

(CH3)3SiCH2C02Et + (n-Bu)4N + F‘ — ► (CH3)3SiF + ["C^CO^t] +N(n-Bu)4 

KH 
(CH3)3SiCl' 

p-dioxane 

0 0" 

(CH3)2CH-C-CH3 + ["CH2C02Et] -► CH3C02Et + [(CH3)2CHC = CH2] (16.46) 

0" 

[(CH3)2CH-C=CH2] + (CH3)3SiCH2C02Et -► (CH3)3CH-C=CH2 + ['CH2C02Et] 

OSi(CH3)3 
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16.12 TMS-Cl/Triethylamine/DMF 

.E-trimethylsilyl enol ethers may be obtained by treatment of ketones with 
non-nucleophilic amide bases followed by TMS-C1, while yields Z-trimethyl- 
silyl and ethers the reaction of ketones with ethyl trimethylsilylacetate and 
TBAF [66]. 

TBAF 

16.12 TMS-Cl/Triethylamine/DMF 

and Related Systems 

Perhaps the most widely used method to prepare trimethylsilyl enol ethers 
is the reaction of ketones with TMS-C1 and triethylamine in DMF. Under 
these conditions, mixtures which approach the thermodynamic equilibrium 
of silyl enol ethers are formed [27, 58, 67], t-Butyldimethylsilyl enol ethers, 
which are hydrolytically more stable than trimethylsilyl enol ethers can be 
prepared in this manner [27]. 

(16.48) 

The combination of TMS-C1, lithium sulfide and triethylamine is particularly 
effective [68]. 

(16.49) 

Treatment of ketones with TMS-I and hexamethyldisilazane directly yields 
the thermodynamic equilibrium mixture of trimethylsilyl enol ethers [69]. 
Reaction of dimethylaminotrimethylsilane with ketones yields the corres¬ 

ponding trimethylsilyl enol ethers [73]. 
a-Trimethylsilyl epoxides can also be converted to trimethylsilyl enol ethers 

[74]. 
Trimethylsilyl enol ethers of aldehydes can be prepared by reaction with 

TMS-C1 and triethylamine [70] or TMS-I and hexamethyldisilazane [69]. 
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16 Preparation of Silyl Enol Ethers 

While TMS-C1 and triethylamine fail to convert camphor to its trimethylsilyl 
enol ether [54], trimethylsilyl trifluoromethane sulfonate and triethylamine 
are effective [55], 

(16.50) 

Esters and S-alkyl thioesters react with trimethylsilyl trifluoromethane 
sulfonate and triethylamine to yield alkyl trimethylsilyl ketene acetals [71] 
and 1-alkylmercapto-l-trimethylsilyloxy alkenes [72], respectively. 

(16.51 ) 
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17 Ionic Hydrogenations 

17.1 Introduction 

Many reactions of silicon reagents may be classified as reductions. In this 
Chapter we will consider reactions in which hydrogen is added to an unsa¬ 
turated functional group stepwise as a proton and a hydride ion. Major 
contributions to our understanding of this reaction have been made by 
Kursanov’s group. 

H2C=CH2 H3C-CH2 H3C-CH3 (17.1) 

It should be noted that the hydrosilation reaction of alkenes and alkynes 
which bears a strong analogy to catalytic hydrogenation has been previously 
considered (see Chapters 7 and 10). 

17.2 Ionic Hydrogenation of Alkenes — Reduction of Carbocations 

The reaction of methylcyclohexene, trifluoroacetic acid and triethylsilane in 
methylene chloride to yield methylcyclohexane and trifluoroacetoxytriethyl- 
silane is an example of an ionic hydrogenation [1], 

+ Et3SiH 

Similarly, methylcyclopentene, 2-methyl-2-butene, 2-methyl-1-butene, 2-me- 
thyl-l-pentene [2], A9A0 octalin and 3-methyl-2-chloestene [3] are reduced 
under these conditions. Whereas, cyclohexene, 1-hexene, and 2-hexene are not. 
The reaction is a two-step process. The first step is the formation of a carbo- 
cation center. This can be accomplished by protonation of a substituted alkene 
by trifluoroacetic acid. The stability of triethylsilane to acid limits the reaction 
conditions. Triethylsilane is stable to trifluoroacetic acid, (H0 = -3.15) but 
not to stronger mineral acids such as sulfuric, or cone. HC1. Hence the 
reaction is limited to alkenes which can be protonated to yield carbocations by 

CF3C02H 

+ Et3SiO-C-CF3 (17.2) 
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trifluoroacetic acid. Substituted alkenes which yield tertiary carbocations on 
protonation are reduced, whereas alkenes which yield secondary carbocat¬ 
ions ions are, in general, not. Alternatively, the carbocation center can 
be generated by ionization of a covalent precursor. The second step involves 
transfer of a hydride from a silane, usually triethylsilane, to the carbocation 
center [4]. This affects the addition of a molecule of hydrogen to a C-C double 
bond, as a proton and a hydride ion. The anion associated with the carbo¬ 
cation ion, often trifluoroacetate becomes covalently bonded to silicon. 

Ionic hydrogenation permits the facile specific mono or di-deuteration of 
alkenes, by the use of either triethylsilane-d,, or trifluoroacetic acid-d, or a 
combination of these reagents [5, 6]. 

07.3) 

The thermodynamic driving force for the transfer of a hydride from a silane 
to a carbocation results not only from the greater strength of the C-H bond 
formed compared to the Si-H bond broken [7] but also from the formation of 
a strong Si-0 bond [8]. The reaction of trimethylsilane with f-butyl carbo¬ 
cation is exothermic by 8kcal/mol on the basis of appearance potential 
data [7]. 

The first examples of transfer of hydride from a silane to a carbocation 
were reported by Whitmore over thirty years ago. He found that when n-hexyl 
chloride was treated with triethylsilane and a catalytic amount of A1C13, 
n-hexane and triethylchlorosilane were formed. The fact that neopentyl 
chloride gave isopentane under these conditions provides additional evidence 
that carbocation intermediates are involved [9], 

(CH3)3C-CH2C1 

+ 

(CH3)3C-CH2 

CH, 
I J 

TJ—► CH3-C-CH2CH3 

AT Cl 4" 

E13 S i H 
ChL 
I J 

3 | 2 3 

H 

Reduction of secondary carbocations by silanes is competitive with their 
rearrangement to tertiary carbocations. Thus reaction of cycloheptyl bromide 
with triethylsilane and a catalytic amount of A1C13 yields a mixture of 
cycloheptane and methylcyclohexane. A similar reaction with the less reactive 
H-butylsilane yields methylcyclohexane and only a trace of unrearranged 
cycloheptane [10]. 
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(17.5) 

Alkyl halides which ionize to carbocation/halide ion pairs are reduced 
by silanes in the absence of A1C13. Thus, triphenylmethyl chloride is reduced 
by either triphenylsilane or triethylsilane to triphenylmethane in methylene 
chloride, a solvent in which triphenylmethyl chloride dissociates to a triphenyl¬ 
methyl carbocation/chloride ion pair. On the other hand, the reduction does 
not occur in solvents such as benzene or cyclohexane in which triphenyl¬ 
methyl chloride does not dissociate. The rate of this reaction depends to the 
first order on both the concentration of the silane and triphenylmethyl 
chloride [11]. Although a four-center transition state in which the triphenyl¬ 
methyl carbocation/chloride ion pair reacts with a silane to simultaneously 
form new Si-Cl and C —H bonds is attractive, careful study with optically 
active a-naphthylphenylmethylsilane does not support this suggestion. Reten¬ 
tion of configuration at the chiral silicon center is predicted for such a four- 
center transition state. However, in a variety of solvents significant racemiza- 
tion of a-naphthylphenylmethylchlorosilane is observed [12, 13]. 

Cl 
I 

► a-Np-^Si^ + Ph3CH (17.6) 

Ph "'CH3 

Prochiral carbocations are reduced by chiral silanes to optically active 
alkanes (2—3 % e.e.). For example, the 2-phenyl-2-butyl carbocation, generated 
from either R, or S-2-phenyl-2-butanol or from 2-phenyl-1-butene by treatment 
with trifluoroacetic acid, is reduced by R-a-naphthylphenylmethylsilane to 
optically active 2-phenylbutane (2—3% e.e. R). Likewise, this carbocation is 
reduced by S-a-naphthylphenylmethylsilane to optically active 2-phenylbutane 
(2-3 % e.e. S). This is consistent with a tight transition state for transfer of 
hydride from the chiral silane to the symmetrical prochiral carbocation 
[14, 15]. 

Carey has studied the reduction, by triethylsilane, of a wide range of 
triarylmethyl, diphenylmethyl and benzyl carbocations. These have been 
generated by treatment of the corresponding alcohols with trifluoroacetic 
acid. Carbocations whose stability is between that of tm-(2,6-dimethoxyphe- 
nyl)methyl carbocation (pKR 6.5) and 2,4,6-trimethylbenzyl carbocation 
(pKR- 17.4) are reduced. The rate of these reductios depends on the con¬ 
centration of both the silane and the carbocation. As might be expected, 
triarylsilanes substituted with electron donating groups are more reactive 
reducing agents than those substituted with electron withdrawing groups 
[Ar3Si-H, p=-1.84, Ar(CH3)2Si-H, p = —1.01]. The small isotope effect 

Cl' •CPh. 

a- N p i.H 

Ph 'CH3 
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observed for breaking the Si-H bond (Ph3Si-H/Ph3Si-D = 1.5 to 1.89) in 
these reactions [16] is consistant with a non-linear transition state [17]. 
While benzyl and cinnamyl alcohols are not reduced under these conditions 
[18], compounds which ionize to form secondary benzylic carbocations are 
reduced. Thus treatment of 1-trifluoroacetoxy-l-phenylethane with tri- 
fluoroacetic and triethylsilane leads to phenylethane [19, 20], The triethyl- 
silane reduction of a diphenylmethyl carbocation formed by ionization of a 
phthalide ester has been recently reported [21], 

CF3C02H 

E13 S i H 
(17.7) 

In the case of ionic hydrogenation of alkenes in which two stereoisomeric 
products can be formed, the product or ratio of products obtained does not 
depend on the stereochemistry of the precursor. For example, exo and endo 
2-phenyl-2-norbornanol as well as 2-phenyl norbornene yield endo-2-phenyl 
norbornane on treatment with trifluoroacetic acid and triethylsilane in methylene 
chloride. Apparently, exo addition of hydride to the 2-phenyl norbornyl 
carbocation (pKR= -13) is highly favored [22]. 

(17.8) 

This is consistent with a reaction which involves a common carbocation 
intermediate. On the other hand, the stereochemistry of the product or the 
ratio of stereoisomers produced depends on the nature of the silane reducing 
agent, in particular on its steric bulk. For example, reduction of the 4-t-butyl- 
1-phenylcyclohexyl carbocation (generated from either cisor trans-4-t-butyl-\- 
phenylcyclohexanol or 4-t-butyl-l-phenylcyclohexene) gives a mixture of 
cis and trans-4-f-butyl-1-phenylcyclohexane which depends on the silane 
reducing agent. The ratio of trans to cis is 2 for triethylsilane while it is 4.5 for 
diethylsilane [23]. The steric effect of a series of alkyl silanes on a ratio of 
cis to trans decalin produced by ionic hydrogenation of T910 octalin has been 
studied. Sterically hindered trialkylsilanes favor formation of c/s-decalin [24]. 
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Et3SiH 42 
(sec-BuhSiH 72 
(t-Bu)3SiH 93 

(17.9) 

17.3 Stability of Functional Groups to Ionic Hydrogenation 

Ionic hydrogenation tolerates a variety of functional groups. Carboxylic 
acids, esters, amides, nitriles, nitro groups, sulfonic esters, as well as most 
aromatic nuclei are not reduced under ionic hydrogenation conditions [4]. 
This permits the selective reduction of substituted C-C double bonds in the 
presence of a variety of functional groups [6, 25, 26]. 

CH3-C-N 

A ° sK ii 
N-C-CH. 

h3c 
H 

(CH9),-C0,Et 

E13 S i H 

CF3C02H 

0 
ii 

CFL-C-tTN-C-CFL 

3 .A-U 
«3C 

H H 
(CH2)4-C02Et 

(17.10) 

While both C—C double bonds of alkyl substituted conjugated 1,3-dienes 
are reduced under ionic hydrogenation conditions, it is possible to selectively 
reduce a non-conjugated tri-substituted alkene in the presence of a mono- 
substituted alkene [27]. 

cf3co2h 

E13 S i H 
(17.11) 

CF3C02H 

E13 S i H 

(17.12) 

17.4 Ionic Hydrogenation — Reduction of Non-Classical 

Carbocations 

2-Norbornene is reduced, albeit, in poor yield (3.5%) on treatment with 
triethylsilane and trifluoroacetic acid. This probably results from the unusual 
stability of the 2-norboryl carbocation. Treatment of m?-6-methyl-2-norbor- 
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nene with trifluoroacetic acid gave endo-2-methylnorbornane. Deuterium 
labeling was used to determine the nature of the carbocation reduced. Treat¬ 
ment of £xo-6-methyl-2-norbornene with triethylsilane-db gave endo-2-mzi\\y\- 
norbornane-2-di. Clearly, the initial secondary carbocation is converted to 
a tertiary carbocation, probably by a 1,6-hydride shift prior to reduction 
[28], 

(17.13) 

The unusual stability of the cyclopropyl carbinyl carbocation permits the 
reduction of vinyl cyclopropane under ionic hydrogenation conditions to yield 
ethylcyclopropane [29, 30]. Ring opened products have been observed only 
with cyclopropyl carbinyl carbocations which possess multiple carbocation 
stabilizing groups [31]. 

CF3C02H 

E13 S i H " (17.14) 

17.5 Ionic Hydrogenation of Sigma Bonds 

There are a few types of sigma bonds which are protonated by trifluoroacetic 
acid. These undergo heterolysis to yield carbocations which are reduced 
under the conditions of ionic hydrogenation. For example, alkyl substituted 
cyclopropanes which can open on protonation to yield tertiary carbocations 
are reduced on treatment with trifluoroacetic acid and triethylsilane [32, 33]. 
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17.6 Reduction of Ketones 

Ethylcyclopropane is not, however, reduced under these conditions since it can 
only form secondary carbocations on protonation and ring opening [34], 
Isopropylcyclopropane, however, undergoes reduction to yield 2-methylpen- 
tane. Reduction with triethylsilane-dj has served to clarify this apparent 
contradiction. With triethylsilane-di, 2-methylpentane-2-d, is formed ex¬ 
clusively. Opening of the cyclopropane ring and 1,2-hydride migration to 
form a tertiary carbocation may occur simultaneously [35-37]. 

(17.16) 

Aliphatic and many aromatic disulfides can be reduced to the correspond¬ 
ing thiols under ionic hydrogenation conditions. The reaction may proceed 
by initial protonation of one of the sulfur atoms. Cleavage of the S-S sigma 
bond then yields a thiol and a sulfenium cation which is reduced by hydride 
transfer from triethylsilane [38]. 

CF-C0?H EtoSiH 
n-BuS-S-n-Bu --—I—► n-BuSH + [_n-BuS J ---► n-BuSH (17.17) 

Similarly, ethers, which on protonation of oxygen, can undergo C-0 bond 
heterolysis to yield stable carbocations, undergo reduction. For example, 
t-butyl ethyl ether reacts with trifluoroacetic acid and triethylsilane to yield 
isobutane and ethanol. &/s-Diphenylmethyl ether is reduced to diphenyl- 
methane [39, 40]. 

17.6 Reduction of Ketones 

Kursanov’s also reported the ionic hydrogenation of ketones [2, 41]. Thus 
cyclohexanone reacts with triethylsilane in the presence of trifluoroacetic 
acid to yield trifluoroacetoxycyclohexane. The reaction most probably 
proceeds by initial protonation of the oxygen of the carbonyl group to yield 
a hydroxy stabilized carbocation which reacts with triethylsilane to yield 
cyclohexanol. Cyclohexanol does not undergo further reduction. On the other 
hand, acetophenone and benzophenone are reduced initially to 1-phenyl- 
ethanol and diphenylmethanol, respectively. These undergo further reduction 
under the reaction conditions to phenylethane and diphenylmethane [41, 42]. 

(17.18) 
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0 
II 

Ph-C-CH- 
cf3co2h 

OH 
I 

Ph-C-CH. 
+ 

E13 S i H 
OH 

I 
Ph-C-CH, 

I - 
H 

07.19) 

cf3co2h 
Ph-C-CHo 

I 3 
H 

Et3SiH 
- -» PhCH2CH3 

The reduction of 1,1-dibenzoylethane to 2-methyl-1,3-diphenyl propane, 
however, proved complicated [43]. 

17.7 Reduction of Aldehydes 

Treatment of aldehydes with triethylsilane and trifluoroacetic acid yields 
a mixture of alcohols and symmetrical ethers. For example, benzaldehyde 
yields dibenzyl ether. The formation of ethers occurs by reaction of the 
initially formed alcohol with additional aldehyde to yield a hemi-acetal. 
Protonation of the hemi-acetal leads to loss of water and formation of a 
stabilized carbocation which is reduced by triethylsilane, to yield the ether. 
Consistent with this hypothesis, treatment of a mixture of n-pentanal and n- 
butanol with trifluoroacetic acid and triethylsilane yields n-amyl n-butyl ether 
[44, 45], 

8 CF^COoH ?h 
CHo(CH„)o-C-H + CH,(CH0)9CH9OH --—CH-riCHj.-C-H 

3 23 3 22 2 3 23 I (17.20) 
o ch2 3ch3 

cf3co2h 

E13 S i H 
ch3(ch?) ch2 

0(CH2)3CH3 

The diethylketal of cyclohexanone undergoes reduction with triethylsilane 
in trifluoroacetic acid to yield cyclohexyl ethyl ether [46]. 

Ketals and acetals can also be reduced to ethers by treatment with trimethyl- 
silane and a catalytic amount of trimethylsilyl triflate [47]. 

17.8 Reduction of N-Alkyl Nitrilium and N-Acyliminium Salts 

N-Alkyl nitrilium ions are reduced by triethylsilane to yield N-alkylaldimines 
which can be hydrolyzed to aldehydes [48, 49]. 
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17.9 Reduction of a,/3-Unsaturated Ketones 

Evidence for the intermediacy of N-acyliminium ions in a 2-aza Cope 
rearrangement has been obtained by their reduction in-situ with triethylsilane 
and trifluoroacetic acid [50]. 

f* : 
17.9 Reduction of a,/?-Unsaturated Ketones 

Ionic hydrogenation of a,/3-unsaturated ketones and aldehydes results in 
preferential reduction of the C-C double bond. Reaction of methyl vinyl 
ketone or benzalacetophenone with one equivalent of triethylsilane in the 
presence of a large excess of trifluoroacetic acid yields 2-butanone or 1,3- 
diphenyl- 1 -propanone, respectively [51]. Likewise, 2-benzyiidene -1,3-indane- 
diones are reduced to 2-benzyl-1,3-indanediones on treatment with triethylsilane 
and trifluoroacetic acid [52]. 

0 0 

E13 S i H 

CF3C02H 

o 0 

With excess triethylsilane, a,/3-unsaturated ketones under further reduction 
to saturated alcohols. For example, mesityl oxide is reduced to 4-methyl-2- 
pentanol while benzalacetophenone yields 1,3-diphenylpropane [53]. 
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The reduction of quinones is related to the ionic hydrogenation of a,(3- 
unsaturated ketones. Treatment of benzoquinone with triethylsilane and 
trifluoroacetic acid yields hydroquinone. On the other hand, naphthoquinone 
and 9,10-anthraquinone are reduced to tetralin and 9,10-hydroanthracene, 
respectively [54], The extent of reduction may depend on the stability of 
the initially formed hydroquinones. 

The ionic hydrogenation of mixed carboxylic trifluoroacetic anhydrides 
yields trifluoroacetoxyalkanes [55]. 

(ch3)3c-c^0 

0 
II 
C-CF3 

Et3SiH 

cf3co2h * 

0 
II 

(CH )3CCH20-C-CF3 (17.25) 

17.10 Reduction of Heteroaromatic Nuclei-Thiophenes 

While aromatic nuclei are not in general reduced under ionic hydrogenation 
conditions, certain heterocyclic aromatic nuclei are reduced. The reduction of 
substituted thiophenes is important. Thiophenes cannot be reduced to tetra- 
hydrothiophenes or thiophanes under usual catalytic hydrogenation condi¬ 
tions because the product sulfide poisons the Nobel catalyst. The reduction 
may occur by initial protonation of the thiophene ring at the two or the 
five positions. The delocalized allylic carbocation thus produced is reduced 
by hydride transfer from triethylsilane. The product, a 2,3-dihydrothiophene, 
then undergoes further reduction to the thiophane [56]. 

A number of phenyl substituted thiophenes have been reduced under ionic 
hydrogenation conditions to phenyl substituted tetrahydrothiophanes [57], 
2,2'-£w-Thiophene [1] has been reduced to 2,2'-octahydro-Z?/s-thiophane [1] 
on treatment with triethylsilane and trifluoroacetic acid [58], while 2-acetyl 
thiophene yields 2-ethyltetrahydrothiophane [59]. 

Et3SiH 

cf3co2h ?H 
CH-CH. 

Et3SiH 

w^(>c„2 

E13 S i H 

cf3co2h 

(17.27) 

CH2. 
CH3 
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17.11 Reduction of Organometallic Complexes 

The reduction of thiophenes under the usual ionic hydrogenation conditions 
is quite slow. The addition of a catalytic amount of BF3 • OEt, accelerates the 
reaction [59—61], 

Et^SiH 

CF3C02H *■ 

Et3SiH/CF3C02H 

BF3-0Et2 

20 h at 50° 

10 minutes at 20° 

(17.28) 

Reduction of the C C double bond of 3-(/3-methylallyl) benzothiophene 
occurs in preference to reduction of the thiophene nucleus. 

(17.29) 

On the other hand, the thiophene nucleus of 2-allyl-benzothiophene and the 
furan nucleus of 2-allyl-benzofuran are preferentially reduced [62]. 

Et3 S i H 

CF3C02H (17.30) 

In a similar manner, the pyrrole nucleus of indole is selectively reduced 
under ionic hydrogenation conditions [63, 64], 

(17.31) 

17.11 Reduction of Organometallic Complexes 

Ionic hydrogenation has been utilized to reduce a number of transition metal 
organometallic complexes. a-Ferrocenyl alcohols, acetyl ferrocenes and vinyl 
ferrocenes are reduced under ionic hydrogenation conditions to yield alkyl 
substituted ferrocene derivatives. The rate of these reduction depends on 
the concentrations of both the a-ferrocenyl carbocation and triethylsilane 
[65-68]. 
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Et3SiH 

cf3co2h ^ 

ch2ch3 

(17.32) 

In a similar manner, acetyl, benzoyl, and formyl cyclopentadienyl manga¬ 
nese tricarbonyl complexes are reduced respectively to ethyl, benzyl, and 
methyl cyclopentadienyl manganese tricarbonyl complexes [69]. 

0 

H-C- 

Mn(CO). 

Et3SiH 

cf3co2h 
CH 

Mn(CO) 3 

(17.33) 

Acylidynetricobalt nonacarbonyl complexes are reduced under ionic hydro¬ 
genation conditions to alkyltricobalt nona carbonyl complexes [70, 71]. 

0 

(CO)3Co —^Co(C0K 

<C0)3 

Et3SiH 

cf3co2h,‘ 

ch3-ch2- 

(C0)3Co 

fH2 

|—;Co(C0)3 

Co(C0)3 

(17.34) 

A benzylic alcohol 7r-anisole chronium tricarbonyl complex has been reduced 
to an alkyl or-anisole chronium tricarbonyl complex [72], 

Et3SiH 

cf3co2h 

(ch2)3ch3 (17.35) 

With the exception of the formyl manganese tricarbonyl complex just 
discussed, primary alcohols are not reduced under ionic hydrogenation con¬ 
ditions. However, N-hydroxymethyl groups are reduced on treatment with 
trifluoroacetic acid and triethylsilane to N-methyl groups [73]. 

E13 S i H 

CF3C02H*' 
(17.36) 
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17.12 Improved Procedures 

The rate accelerating effect of BF3 • OEt2 on ionic hydrogenation of thiophene 
has been mentioned. It has been reported that BF3 • H20 can be substituted 
for trifluoroacetic acid to yield a more powerful reducing system. The acidity 
of BF3 • H20 may comparable to anhydrous sulfuric acid. Ketones such as 
2-admantanone are reduced to adamantane, while polycyclic aromatic hydro¬ 
carbons such as anthracene are reduced to 9,10-dihydroanthracene by this new 
system [74]. The use of BF3 in place of trifluoroacetic acid permits the 
reduction of aromatic [75] as well as aliphatic ketones [75], and secondary 
alcohols [76] to the corresponding alkanes. 

OH 

CH3(CH2)5-ch-ch3 
Et3SiH 

~BF, * CH3(CH2)6CH3 (17.37) 

Another practical improvement involves the use of polymethylsiloxane or 
polyethylsiloxane in place of triethylsilane. This may facilitate separation of 
the product [77]. 

7 , Et0Si 0-,-Si-OHSi Et- J-t-O I 

Vt 
or 

n 

(CH3)3Si0 si(ch3)3 

n 

(17.38) 
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18 Reduction of Polar Multiple Bonds by Hydrosilation 

18.1 Introduction 

The reduction of ketones to alcohols by heterogeneous catalytic hydrogena¬ 
tion over noble metal catalysts is well-known. The discovery that olefins 
could be hydrogenated in the presence of the homogeneous catalyst 
[Ph3P]3RhCl, stimulated the search for similar catalysts which would permit 
the reduction of ketones [1]. While homogeneous catalytic hydrogenation of 
ketones has not developed, the homogeneous catalytic hydrosilation of ke¬ 
tones to yield alkyl silyl ethers has blossomed. These can be easily hydrolyzed 
to alcohols. 

18.2 Hydrosilation of Ketones and Aldehydes 

Platinum, ruthenium, rhodium, and nickel catalysts have all proved effective 
for the hydrosilation of ketones and aldehydes. A catalyst formed by reaction 
of nickel (II) chloride and triethylsilane facilitates the hydrosilation of ali¬ 
phatic aldehydes. A mixture of alkyl triethylsilyl ethers, dialkyl ethers, and 
hexaethyldisiloxane is obtained [2]. 

0 

(CH3)2CH-C-H 

E13 S i H Ni Cl ^ 

(CH3)2CH-CH2OSiEt3 + (CH3)2CH0CH(CH3)2 + Et3SiOSiEt3 (18.1) 

The ratio of triethylsilane to aldehyde as well as the reaction temperature 
effects the ratio of products. Hydrosilation of ketones with triethylsilane with 
this catalyst yields predominantly alkyl triethylsilyl ethers. Modification of 
the catalyst by addition of phenyl thiol yields principally triethylsilyl enol 
ethers [3]. 
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18.2 Hydrosilation of Ketones and Aldehydes 

0SiEt3 

11% 08.2) 

NiCl? 

-► 11% 84% 
PhSH 

Wilkinson’s catalyst, [Ph3P]3RhCl, has proved exceptionally active for the 
hydrosilation of aliphatic ketones with triethylsilane. The reaction is complete 
in minutes at 0°C. Hydrosilation of alkyl aryl ketones is slower, aceto¬ 
phenone requires heating at 60 °C for 15 minutes [4]. 

[Ph3P]3RhCl 
(18.3) 

The reaction is fast with dihydro- and trihydro silanes. Thus, the reaction of 
diethylsilane with acetophenone is exothermic at 0°C [5, 6]. In the hydrosila¬ 
tion reaction of aldehydes or ketones, the analogous ruthenium complex 
RuCl2(PPh3)2 is less active than Wilkinson’s catalyst [7, 8]. With Wilkinson’s 
catalyst, dihydrosilanes such as diphenylsilane, or a-naphthylphenylsilane 
yield only diarylalkoxysilanes [7]. 

CH~ 
[Ph PARhCl | J 

Ph2SiH2 + (CH3)2C=0 ----*► H-C-0-SiPh2 (18.4) 

A yellow complex, (Ph3P)2RhHCl(SiEt3) is formed on mixing triethylsilane 
and [Ph3P]3RhCl. This may result from oxidative addition of triethylsilane to 
coordinately unsaturated /?/s(triphenylphosphine)rhodium chloride formed 
by dissociation of a bulky triphenylphosphine ligand in solution [4, 6]. This 
complex has been suggested to be critical in the catalytic reaction sequence. 

[Ph3P]3RhCl catalyzes the 1,4-hydrosilation of a,(3-unsaturated ketones and 
aldehydes to yield silyl enol ethers. These undergo hydrolysis with methanolic 
potassium hydroxide to the corresponding ketones (see 16.8). 

/ 

0 

[Ph3P)LRhCl 
+ E13 S i H --- (18.5) 

A number of studies have been done to -elucidate the mechanism of hydro¬ 
silation of ketones by [Ph3P]3RhCl. Hydrosilation of acetone with optically 
active a-naphthylphenylmethylsilane catalyzed by [Ph3P]3RhCl gave optically 
active isopropoxy-a-naphthylphenylmethylsilane. This was reduced with 
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18 Reduction of Polar Multiple Bonds of Hydrosilation 

LiAlH4 to yield a-naphthylphenylmethylsilane of almost identical rotation to 
that of starting silane. Since LiAlH4 reduction of alkoxysilanes is known to 
proceed with retention of configuration, the rhodium catalyzed hydrosilation 
of ketones must also proceed largely with retention of configuration at the 
silyl center [9]. 

a-Np > 

Ph 

•Si¬ 

ft 

•CH- 

Mn = +34.6 

(ch3)2c=o 

[Ph3P]3RhCl 

Li AT H, 

a-Np* 

Ph 

-Si- CH- 

o-ch(ch 
3'2 (18.6) 

[“]D = +30.0 

The steric requirements of the transition state have been explored by hydro¬ 
silation of stereochemically rigid ketones such as camphor and menthone. 
The ratio of diastereomeric alkyl silyl ethers formed in these reactions de¬ 
pends on the silane used [10]. 

R 3S i H 

E12 S i H 2 91 : 9 

PhCH3SiH2 75 : 25 

Et3SiH 30 : 70 

Hydrosilation of alkyl substituted cyclohexanones has been studied with 
[Ph3P]3RhCl and an analogus heterogeneous rhodium catalyst [11]. 

RhCl 

3 

(18.8) 

Similar stereoselectivities were observed with both heterogeneous and homo¬ 
geneous catalysts [11]. 

Dichloro-Ms(dimethylphenylphosphino) di-^-chloro diplatinum is also 
effective for the hydrosilation of alkyl aryl ketones with methyldichloro- 
silane or dimethylchlorosilane [12, 13]. 
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18.3 Catalytic Asymmetric Hydrosilation of Aldehydes and Ketones 

0 
H 

PhX NCH3 
(CH ) SiHCl 

[PhP(CH3)2PtCl2]2 

0-Si(CH3)2C1 

Ph-C-CH_ 
I 3 
H 

08.9) 

18.3 Catalytic Asymmetric Hydrosilation of Aldehydes and Ketones 

A variety of transition metal complexes with chiral tertiary phosphine ligands 
have proved effective for the catalytic asymmetric hydrosilation of prochiral 
ketones. These reactions permit the preparation of chiral alcohols. Kumada, 
found that both dichloro bis [R(+)benzylmethylphenylphosphine]-di-(x-chloro 
diplatinum [R(+)BMPPt] and dichloro bis[R(—)methyl-n-propylphenylphos- 
phine] di-/r-chloro diplatinum [R(—)MPPPt] were effect asymmetric hydro¬ 
silation catalysts for alkyl aryl ketones. However, the optical yields (e.e.) of 
the product alcohols were relatively low [12, 13]. 

8 [RR'R"P*PtCl9]9 
R-C-Ph + CH3SiCl2H -AA 

OSiCH3C12 

Rp— C —H 

:Ph 

1 ) 2 C H 3 L i 

2) H20 

OH 

Rp-P — H 

f>h 

(18.10) 

R Catalyst Chemical Yield Optical Yield Configuration 

ch3 R(+)BMPPt 81 7.6 S 
f-Bu R(+)BMPPt 33 18.6 S 

ch3 R(—)MPPPt 71 5.5 R 

A chiral cationic rhodium complex prepared from optically active R(+)ben- 
zylmethylphenylphosphine R(+)BMP is effective for the asymmetric hydro¬ 
silation of prochiral ketones with dialkyl or trialkylsilanes [14]. The extent 
of the asymmetric induction as well as the configuration of the predominant 
alcohol produced are dependent not only on the structure of the prochiral 
ketone but also on the particular silane used. The different alkyl groups of the 
silane may effect the asymmetric reduction process due to differences in 
stability of the two diastereomeric a-silyloxyalkyl rhodium intermediates. 
Reductive elimination by transfer of hydrogen from rhodium to carbon in 
this intermediate yields the product [15]. 

p 

R-C-Ph 

R' 3 S i H 

RhLR(+)BMPJ2H2S2+C104" 

OSiR13 

R»- C — H 

Ph 

(18.11) 
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18 Reduction of Polar Multiple Bonds of Hydrosilation 

R Silane Chemical Yield Optical Yield Configuration 

ch3- PhSi(CH3)2H 97 31.6 S 
(CH3)3C- PhSi(CH3)2H 84 61.8 S 
ch3- (CH3)3SiH 100 5.1 s 
(CH3)3c- (CH3)3SiH 70 28.0 R 

Chiral rhodium (I) complexes related to Wilkinson’s catalyst have also 
proved effective. These have been prepared by substitution of R(+)benzyl- 
methylphenylphosphine R(+)BMP or S(-)benzylmethylphenylphosphine 
S(-)BMP for triphenylphosphine. The optical yield and configuration of the 
product alcohol are dependent on the structure of the prochiral ketone as 
well as on the silane utilized. Prochiral dialkyl ketones as well as alkyl aryl 
ketones undergo asymmetric reduction. Analysis of the relative size of the 
various groups in the diastereomeric a-silyloxyalkyl rhodium intermediates 
permits prediction of the configuration of the predominant silyl ether product 
[16-18], 

Si = 
^P* Cl 

\ / 
Rh _ 

/I-0 
:p* H 

S' 
R' R" 

HP* 
Cl 0-Si= 

Rh- 

/I / \ 
:p* H R' R" 

0-SiH 

I 
H-C* + 

/ R, 

:p* 

HP* 

Rh-Cl 

(18.12) 

Sin 

HP* 

Rh 

Cl 

0 

A 1 A 
R" R' 

Cl 0-S i = 

Rh- 

/ I / \ 
= P* I R" R' 

H 

0-S i = 
1 

H-C. 

R" K 

HP* 

HP* 

'Rh-Cl 

Catalyst R' R" Silane Chemical 
Yield 

Opt. 
Yield 

Config. 

S(-)BMP Ph ch3 PhSi(CH3)2H 92 44 R 
Ph (CH3)2CH 95 56 R 
Ph (CH3)2CH Et2SiH2 98 23 S 

R(+)BMP Ph (CH3)3c EtSi(CH3)2H 97 56 R 
Ph (CH3)3c PhSi(CH3)2H 92 54 S 

Ph o PhSi(CH3)2H 90 58 S 
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18.3 Catalytic Asymmetric Hydrosilation of Aldehydes and Ketones 

Catalytic asymmetric hydrosilation reactions have also been carried out 
with chiral rhodium complexes prepared from (-) or (+) 2,3-O-isopropyli- 
dene-2,3-dihydroxy-1,4-b/s(diphenylphosphino)butane, (-) or (+) DIOP. 
Hydrosilation of unsymmetrical ketones with prochiral silanes leads to asym¬ 
metric induction at both carbon and silicon of the alkoxysilane product. Hy¬ 
drosilation of methyl ethyl ketone with a-naphthylphenylsilane catalyzed by 
a (—) DIOP rhodium complex leads to a chiral alkoxysilane. Reaction of this 
alkoxy silane with methyl Grignard yields both optically active (-) a-naphthyl- 
phenylmethylsilane (40% e.e.) and (-) 2-butanol (42% e.e.) [19, 20], 

RhCl + 

a-Np 

I 
Ph-SiH 2 

0 
Ph 

► a-Np 

0 

Et^C — CH3 

H 

OH Ph 

+ a-Np^-Si —■H 

fi ch3 

1 ) CH3MgBr 
^- 

2) H20 
(18.13) 

Both soluble chiral DIOP rhodium complexes and the analogous polymer bound 
chiral DIOP rhodium complexes yield similar results in catalytic asymmetric 
hydrosilation reactions of prochiral ketones [21, 22], 

H 

\/°4^pph2 

X0J^PPh2 RhC1 (18J4) 

H 

polymer bound soluble 

H 

Catalyst Silane Ketone Chemical Yield Optical Yield 

polymer H2SiPh2 Ph-C-CHj 90 29% S(-) 

soluble H2SiPh2 II 100 28% S(-) 

soluble H2Si-Ph 
a—Np 

0 76 53% S(-) 

Catalytic hydrosilation of optically active ketones [(+) camphor and (-) 
menthone] with prochiral dihydrosilane such as a-naphthylphenylsilane has 
been studied. Both chiral and achiral rhodium complexes have been used as 
catalysts. The optically active diarylalkoxysilanes products were reacted with 
Grignard reagents to yield chiral silanes in up to 80% optical purity [23]. 
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18 Reduction of Polar Multiple Bonds of Hydrosilation 

Ph 
I 

ct-Np-Si + 

Ph 

(18.15) 

H R 82% 

Chiral 2,2'-Ws(diphenylphosphinomethyl)-l,T-binaphthyl rhodium (I) com¬ 
plexes have also proved effective in the catalytic asymmetric hydrosilation of 
prochiral ketones [24]. 

18.4 Asymmetric Hydrosilation of a-Keto Esters 

Catalytic asymmetric hydrosilation of a-keto esters such as n-propyl pyruvate 
or ethyl phenylglyoxylate, have been carried out with chiral rhodium com¬ 
plexes. The keto carbonyl group is preferentially reduced to yield chiral 
a-hydroxy esters. High asymmetric induction is observed [25], 

0 0 
II II 

CH^-C-O-O-nPro 

Ph2SiH2 h2o 

R( + ) n-propyl 1actate 60% e.e. 
[R(+)BMP]2RhSCr 

Ph2SiH2 h2o 

s(-) n-propyl 1actate 75% e.e. (+)DI0P-Rh ** 

a-NpPhSiH^ h2o 

R(+) n-propyl 1actate 85% e.e. (-)DIOP-Rh 

(18.17) 

Catalytic asymmetric hydrosilation of (-) menthyl benzoylformate with 
chiral rhodium catalysts yields chiral a-hydroxy menthyl esters (Eq. 18.18 
and 18.19). The asymmetric induction results from both the chiral rhodium 
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18.5 Hydrosilation of Imines and Pyridines 

complex and the chiral menthyl group. To estimate the contribution of each, 
two experiments were done. First chiral menthyl a-keto esters were hydro- 
silated with Wilkinson’s catalyst (Eq. 18.20). Second hydrosilation of cyclo¬ 
hexyl benzoylformate was catalyzed by the chiral rhodium complex (Eq. 18.21) 
[26, 27], 

Ph ^ S i H ^ 

(+)DI0P-Rh *■ 

Ph2SiH2 

(-)DIOP-P.h * 

P h. 2 S i H 2 

[Ph3PJ3RhCl * 

Ph2SiH2 

(+) DI OP- Rh *■ 

hydrolysis 

hydrolysis 
-► 

hydrolysis 

hydrolysis 

OH ! 

H02C*^C-«Ph 

fi 

OH 

Ph»-C-^C02H 

ft 

OH 

H02Cfc-C-^Ph 

H 

OH 

H02C^C-—Ph 

ft 

60% e.e. S 

(18.18) 

37% e.e. R 

(18.19) 

32% e.e. S 

(18.20) 

42.5% e.e. S 

(18.21) 

While the rationalization of these results is complex, nevertheless, catalytic 
asymmetric hydrosilation of a keto ester provides a new method to prepare 
chiral a-hydroxy acids. 

18.5 Hydrosilation of Imines and Pyridines 

Imines can also be reduced to AT-silyl amines by catalytic hydrosilation. 
[Ph3P]3RhCl is most effective with dihydrosilanes, while PdCl2 works well 
with trimethylsilane [28]. 

Ph-CH=N 

/Ch3 Et3SiH2 

[Ph3P]3RhCl 

f 

PhCH2N 
xSiEt„ 

I 2 
H 

(18.22) 

Catalytic hydrosilation of prochiral imines with chiral rhodium complexes 
such as (+) DIOP Rh(I) yields after hydrolysis chiral secondary amines [29]. 

1) Ph2SiH2 

(+) DIOP-Rh 

2) H20 

Ph 

CH?Ph 

NHX * S 50% e.e. 

(18.23) 
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18 Reduction of Polar Multiple Bonds of Hydrosilation 

Trimethylsilane adds to pyridine in the presence of Pd/C to yield a mixture 
of N-trimethylsily 1-1,2 and 1,4-dihydropyridines and N,N'-fr«(trimethylsilyl)- 
l,l-dihydro-4,4'-bipyridine. The ratio of products is dependent on time and 
other reaction conditions [37, 38], 

Pd/C 

(CH3)3SiH 
I 
Si(CH3)3 

(18.24) 

18.6 Hydrosilation of Isocyanates and Carbodiimides 

Catalytic hydrosilation of aryl isocyanates with triethylsilane over Pd/C 
or with PdCl2 gives N-a-aryl-a-silyl formamides. The opposite regiospecificity 
is observed with aliphatic isocyanates. 

Both products react with methanol to yield formamides or with acetyl 
chloride to give N-acetyl formamides [30, 31]. Similar catalytic hydrosilation 
of dialkyl carbodiimides by PdCl2 or [Ph3P]3RhCl gives N,N'-dialkyl-N-silyl 
formamidines [32]. 

(18.26) 

18.7 Silyl-Rosenmund Reduction 

Like the Rosenmund reduction of acid chlorides by hydrogen over Pd [33], 
silanes react with acid chlorides over Pd/C [34] or in the presence of rhodium (I) 
complexes [35] to yield aldehydes and chlorosilanes. Yields are often higher 
than are obtained with lithium aluminum tri-t-butoxy hydride [36]. 

Et3SiH + n-C7H]5-C^ ■ -P~^- - n-C^-C^ + Et3Si Cl (18.27) 
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19 Dissolving Metal Reductions 

19.1 Introduction 

The products formed in dissolving metal reductions are often determined 
by the presence or absence of a proton source, as well as by other experi¬ 
mental conditions such as the particular metal and solvents used [1—3]. 
These differences may result from protonation of the initial anion radicals 
to yield radical intermediates, as well as from the ability of the proton 
source to limit the basicity of the media. Based on the analogy between 
a trimethylsilyl group and a proton, it is not surprising that TMS-C1 is able 
to influence the course of dissolving metal reductions. 

This chapter will be organized by functional groups. Often several dif¬ 
ferent combinations of reagents and solvents have been applied to reduce 
a single functional group. These may lead to diverse results. Solvent, metal, 
temperature, as well as the ratio of substrate to TMS-C1 influence the course 
of these reductions. Despite this number of variables, a coherent picture of 
these reductions may be possible. 

French workers have made major contributions to our knowledge of 
dissolving metal reductions of unsaturated functional groups in the pre¬ 
sence of TMS-C1. They have utilized TMS-C1 with either lithium in THF (A) 
or magnesium in HMPT (B) as reduction systems. 

19.2 Ketones and Aldehydes 

Ketones and aldehydes undergo dissolving metal reduction in the presence 
of a proton source to yield alcohols, while in the absence of a proton source 
pinacol dimers are the usual products [4]. Reduction of ketones which have 
a-hydrogens with magnesium in HMPT or TMU and TMS-C1 leads to a mix¬ 
ture of products: fr/.s-l,2-(trimethylsilyloxy)alkanes, and equal amounts of 
alkoxytrimethylsilanes and trimethylsilyl enol ethers. Formation of these 
products can be accounted for as follows. Initial electron transfer to the 
ketone forms a ketyl (anion radical) which reacts with TMS-C1 to yield a 
a-trimethylsilyloxyalkyl radical. Dimerization of such radicals yields bis-1,2- 
(trimethylsilyloxy)alkanes, while radical disproportionation results in equal 
amounts of alkoxytrimethylsilanes and trimethylsilyl enol ethers [5]. 
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19.2 Ketones and Aldehydes 

n Mg 
7CH3)~SiCl 

HMPT 

— O' 

\r. 
Si(CH3)3 

17% 

(CH3)3SiCl 

"Si(CH3)3 

(19.1 

Vo 
vSi(CH3)3 

(CHj.SiO 0Si(CHj 
17% j j J ^ 

With cyclohexanone only the disproportionation products, cyclohexanoxy- 
trimethylsilane and trimethylsilyloxycyclohexene are found [5]. 

On the other hand, benzophenone and t-butyl phenyl ketone react with 
B to yield diphenyl trimethylsilyl trimethylsilyloxymethane and t-butyl phenyl 
trimethylsilyl trimethylsilyloxymethane, respectively. These products result 
from a second electron transfer to the initial diphenyltrimethylsilyloxymethyl 
or t-butyltrimethylsilyloxybenzyl radicals to yield the corresponding carban- 
ions which react with a second equivalent of TMS-C1. Carbanion formation 
is probably favored by the phenyl groups. Dimerization of these radicals to 
form pinacol produqts may also be disfavored due to steric hinderance [6, 7]. 

Ph r=n —^9— 
™2L U HMPT 

P h ^ C - 0 _] 

(CH3)3SiCl 
► [ph2C-0Si (CH3)3] (19.2) 

[ph2C-0Si(CH3)3] 
(CH-),SiCl 

Si(CH3)3 

Ph-C-Ph 
i 
0, 
^(ch3)3 

Addition of THF to the HMPT or TMU solvent favors formation of pinacol 
products with benzophenone. Electron transfer to the silyloxy radicals may 
be slower in THF due to its decreased cation solvating ability [8]. 

With the reduction system (B), the ratio of benzaldehyde to TMS-C1 
influences the distribution of products. A 1:1 ratio favors l,2-diphenyl-l,2- 
£>/s(trimethylsilyloxy)ethane whereas a 2:1 ratio of TMS-C1 to benzaldehyde 
favors formation of a-trimethylsilyl-a-trimethylsilyloxytoluene [9]. 

Ph-C-H 
II 
0 

Mg 

(CH3)3SiCl 

HMPT 

Ph-C-H 

0Si(CH3)3J 

Si(CH3)3 

(CH3)3SiCl 
Ph-C-H 

0Si(CH3)3 

Ph^{./0Si(CH3)3 

I 
/C. 

Ph^ OSi (CH3)3 

(19.3) 
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19 Dissolving Metal Reduction 

Chloral reacts with B to yield predominantly l-chloro-l-trimethylsilyl-2- 
trimethylsilyloxy ethylene. Electron transfer to the trichloromethyltrimethyl- 
silyloxy methyl radical may yield a carbanion which loses chloride to give 
l,l-dichloro-2-trimethylsilyloxy ethylene as an intermediate. Under similar 
conditions hexachloroacetone gives l,l,3,3,3-pentachloro-2-trimethylsilyloxy 
propene [10]. 

Reduction of ketones or aldehydes with A yields a mixture of 1,2-bis- 
(trimethylsilyloxy) alkanes, alkoxytrimethylsilanes, trimethylsilyl enol ethers, 
and a-trimethylsilyl-a-trimethylsilyloxy alkanes [11—13]. 

0 

U/THf| (CH3)3SiCl 

v/Si(CH3>3 

/X0Si(CH3)3 Q- 

(CH3) 3^#i 

42% 14% 21% 14% 

Apparently lithium in THF is a more powerful reducing agent than magne¬ 
sium in HMPT. Reduction of the a-trimethylsilyloxy radical yields a carbanion 
which reacts with TMS-C1 to give C-silylated product. Formaldehyde is re¬ 
duced by A at -50° to yield trimethylsilyloxytrimethylsilylmethane [14]. 

09.4) 

0> OSi(CH3) 
Si(CH3)3 

»— OSi (CH3)3 

H2C=0 
Li/THF 

(CH3)3SiCl 

-50° 

(CH3)3SiCH20Si(CH3)3 
(19.5) 

The Clemmensen reduction of ketones to alkanes utilizes ’zinc-amalgam 
and HC1. Based on the analogy between a proton and a trimethylsilyl group, 
it is not surprising that the combination of TMS-C1 and zinc amalgam in 
ether reduce aliphatic cyclic ketones to cyclic alkenes. Cyclohexanone gave 
cyclohexene, while cyclooctanone gave cyclooctene and bicyclo [3.3.0] octane 
[15]. This latter product may indicate that a carbene intermediate is involved. 

x~\ 

\_ 

Zn/Hq 

(CH3)3SiCl 

Et20 
(19.6) 

2:1 

The reaction is quite selective, 3-keto groups are reduced in preference to 
keto groups in other positions of steroid nuclei [16], Thus 5-a-cholestan-3- 
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19.3 a,/3-Unsaturated Ketones and Aldehydes 

one was reduced to 5-a-cholest-2-ene, while 5-a-cholestan-3,6-dione gave 
5-a-cholest-2-en-6-one under these conditions. 

On the other hand, aromatic ketones, such as acetophenone, gave bis(trime- 
thylsilyl) ethers of the pinacol dimers [15]. 

A zinc-copper couple and dimethyldichlorosilane react with ketones to yield 
products which may arise from carbene intermediates. For example, benzal- 
dehyde gives benzyl phenyl ketone and diphenylacetaldehyde. These products 
may result from zinc chloride catalyzed rearrangement of stilbene oxide, 
formed by reaction of phenyl carbene with benzaldehyde. Evidence in favor 
of this intriguing proposal is the observation that reaction of benzaldehyde 
with these reagents in the presence of cyclohexene yields phenylnorcarane 
[17]. Carbene intermediates have been previously proposed in the Clemmensen 
reduction of ketones to hydrocarbons [18]. 

Aliphatic ketones undergo reductive condensation in the presence of 
dimethyldiiodosilane and zinc in methylene chloride [19]. 

jj (CHj?SiI? S ,H3 
(CH3)3C-C-CH3 ---Zn-- » (CH3)3C-C-CH2-C-H (19.8) 

CH2C12 C(CH3)3 

19.3 a,f}-Unsaturated Ketones and Aldehydes 

a,/S-Unsaturated ketones or aldehydes undergo reduction by A or B to 
yield mixtures of products. Initial electron transfer to the a,(3-unsaturated 
carbonyl compound yields an anion radical which reacts with TMS-C1 to give 
an a-trimethylsilyloxyallylic radical. This can undergo symmetrical dimeriza¬ 
tion at the a position to yield 3,4-Ks(trimethylsilyloxy)-1,5-dienes (pinacol 
dimer). Symmetrical dimerization of the a-trimethylsilyloxy allylic radical 
at the y-position gives 1,6-Ws(trimethylsilyloxy)- 1,5-dienes (3,3-dimer). Sur¬ 
prisingly no unsymmetrical dimer products have been detected. Further 
reduction of the a-trimethylsilyloxyallylic radical yields an a-trimethylsilyl- 
oxyallylic anion which reacts with TMS-C1 to yield predominantly 1-trimethyl- 
silyloxy-3-trimethylsilyl-l-alkenes (1,4 product) and 1-trimethylsilyloxy- 
l-trimethylsilyl-2-alkenes (1,2 product). Product distribution data for reduction 
of a number of a,/3-unsaturated ketones and aldehydes is given in Table 1. 
In these examples pinacol dimers are not found. 
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19 Dissolving Metal Reduction 

Table 1. 

a,p-Unsaturated 1,4 1,2 Pinacol 3,3-Dimer Reduction Reference 
Ketone or Aldehyde Dimer System 
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19.3 a,/MJnsaturated Ketones and Aldehydes 

R-CH 
i 

(CH3)3si 

R-CH-CH2-C-R■ 

Si(ch3)3 

(19.9) 

Hydrolysis of l-trimethylsilyloxy-3-trimethylsilyl-l-alkenes yields /3-trimethyl- 
silyl substituted ketones or aldehydes. 

a- and /S-Ionone both give unusual product distributions on reductive 
silylation. Reduction of a-ionone with B gives a 50% yield of pinacol dimer, 
while with (3-ionone the 1,4-reduction product is predominant [20, 25]. 

0 0Si(CH,), 

(C H 3) 3 S i Cl 

Mg/HMPA ' 

(C H 3) 3 S i 0 

In a similar manner, 2-alkynones undergo reduction by B to yield 1-tri- 
methylsilyl-3-trimethylsilyloxy-allenes as the major products. These undergo 
hydrolysis to yield /3-trimethylsilyl a,/3-unsaturated ketones [26, 27]. 
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19 Dissolving Metal Reduction 

(CH,)qSiC=CCC(CH,) 

0 

(CH3)3SiCl 
[(CH,),Si]9C=C< 

,C(CH 
3'3 

3y3 |j 3 3 Mg/HMPT L ' 3'3 J2 " \nc. 
(19.11) 

OSi(CH3 )3 

CELOH/H (CH-USi. .H 
3 33 N-c=C(f C (CH,) 

(CH3)3Si/ " V 

19.4 Esters/Silyl-Acyloin Reactions 

Esters are reduced with TMS-C1 and sodiuhi in toluene to yield alkoxytri- 
methylsilanes and l,2-fr/s(trimethylsilyloxy) alkenes [28, 29]. These latter 
compounds undergo hydrolysis to yield a-hydroxy ketones (acyloins). 

There are a number of advantages to the silyl acyloin reaction compared 
to the usual acyloin reaction. In the conventional acyloin reaction the media 
becomes increasingly basic as the reaction progresses due to formation of 
sodium alkoxides (Eq. 19.12). This permits competitive Claisen and Dieckman 
condensations to occur. In the silyl acyloin reaction, on the other hand, the 
reaction media remains neutral. Alkoxytrimethylsilanes and sodium chloride 
are formed instead of sodium alkoxides (Eq. 19.13). 

0 
I' 

CH3CH2-C-0Et 

Na Toluene 

r oi 
i 

CH3CH2-C-0Et 

0 
II 

CH3CH2C0Et 

0* 
1 

CH,CHo-C-0Et 
3 2 | 

0* 
1 

ChLCEL-C-OEt 3 3 l 
CHoCH„-C-0Et 

3 2 | chqch0-c=o 
L J <- 0" J 

+ Na+"0Et 

ch3ch2-^.c^o' 

ch3ch2" 

2Na 
ch3ch2-c^- 

CH3CH2-^0 

+ EtO"Na+ 

Na 

CHQCHo-C-0Et 
3 3 l 

ch3ch2-c=o 

(19.12) 

Na 
CH3CH2-C-0Et (cH^sid 

toluene 

CH3CH2^c^OSi(CH3)3 
II 

CH3CH2^C"'0Si (CH3)3 

+e-isomer 

+ 2EtOSi(CH3)3 + 4NaCl 

(19.13) 
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19.4 Esters/Silyl-Acyloin Reactions 

For example, treatment of diethyl pimelate with sodium under conventional 
acyloin conditions gives a mixture of Dieckman and acyloin products 
(Eq. 19.14). Whereas, under silyl acyloin conditions only 1,2-W.s(trimethylsilyl- 
oxy)cycloheptene is formed (Eq. 19.15) [30], 

The silyl acyloin reduction conditions eliminate competitive (3-elimination 
reactions. (3-Alkoxy, (3-alkylmercapto and (3-dialkylamino esters undergo the 
silyl acyloin reaction successfully [31]. 

CH3CH2SCH2CH2C02Et 
Na/(CH3)3SiCl 

Toluene 

CH3CH2SCH2CH2\c^0Si (CH3)3 

II 
CH3CH2SCH2CH2'^C'^0Si(CH3)3 

+ 

e-isomer 

(19.16) 

Medium sized l,2-&/s-trimethylsilyloxy alkenes possessing (3 heteroatoms 
such as oxygen, sulfur, nitrogen, or phosphorous can be prepared. The 
normal acyloin reaction fails in these cases [32]. 

.CH?CH_C0?-n-Bu 
Ph-P^ d c 

XCH2CH2C02-n-Bu 

Na/(CH3)3SiCl 

Toluene 

0Si(CH3)3 

OSi(CH3)3 

(19.17) 

However, with ethyl (3-chloropropionate reduction of the C-Cl bond apparent¬ 
ly occurs preferentially. This leads to 1 -ethoxy- 1-trimethylsilyloxycyclopro- 
pane [29], 

The neutral conditions of the silyl acyloin reaction permit successful 
reaction with ethyl phenylacetate [29]. In general the silyl acyloin reaction 
provides higher yields with alicyclic esters than the conventional acyloin 
reaction [33, 34]. With cc,co-diesters higher yields of cyclic products are ob¬ 
tained in the silyl acyloin reaction [28]. This is particularly useful for the pre¬ 
paration of medium and large sized cyclic compounds. 
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(CH 
'C02L't Na/(CH3)3SiCl 

vL^C02Et T°1Uene 

(ch2)8 

OSi(CH3) 3 

OSi(CH3)3 

(19.18) 

The silyl acyloin reaction has also proved useful for the preparation of 1,2- 
fris(trimethylsilyloxy) cyclobutenes [30, 35, 36], 

C02CH3 

Na/(CH3)3SiCl 

Toluene 

co2ch3 

OSi(CH3)3 

X^0Si(CH3)3 

(19.19) 

The sequence of reactions, proposed by Bloomfield, outlined below accounts 
for most of the experimental results. Of particular note, this sequence does 
not involve an a-diketone intermediate [37]. 
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19.4 Esters/Silyl-Acyloin Reactions 

Treatment of diethyl disubstituted malonates with sodium and TMS-C1 
yields alkyl trimethylsilyl ketene acetals as outlined below [38]. 

(CH3)3SiOEt 

(CH3)3SiCl | 

C0?Et 
' / 

O' I r o i II 
Na 

CH, COEt 3^ /. 
CH,""" ^COEt 

3 l! 

CH3xc/C- OEt 

CH^ XC02Et 
(CH3)3Si Cl "■ 

L o J 

■CO (19.21) 

CH 

CH 
3>c=c 

,0Et 

T)Si(CH 3) 3 

(CH3)3SiCl CH \ OEt 
J >C=C 

ch3' ^0 

Na CH3\* 

CH, COEt 
J II 

0 . 

On the other hand, in solvents like THF or DME, the reduction of esters 
with lithium or sodium and TMS-C1 yields l-trimethylsilyloxy-l,l-Ws(trime- 
thylsilyl) alkanes [13, 39, 40]. This has been attributed to reaction of the 
initial ester anion radical with TMS-C1 rather than another molecule of 
ester. TMS-C1 reacts more efficiently with ketyls in more polar solvents. 
The a-alkoxy-a-trimethylsilyloxy alkyl radical undergoes further reduction 
to the corresponding anion which then reacts with TMS-C1 to yield 1-alkoxy- 
1-trimethylsilyl-l-trimethylsilyloxy alkanes. At low temperature these are 
relatively stable (Eq. 19.22) [13]. However, at higher temperature (refluxing 
THF), they undergo loss of alkoxytrimethylsilane and formation of acyl- 
trimethylsilanes. These undergo further reductive silylation to yield 1-tri- 
methylsilyloxy-l,l-£/s(trimethylsilyl) alkanes (Eq. 19.23) [39, 40]. 

(CH3). 

0 

CH-C-OCH 
3 

' Li/THF 
(CH3)3SiCl 

0° 

CH,0 
3| 

(CH3)2CH-C-Si(CH3)3 

OSi(CH 3)3 

38% 

Si(CH3)3 

(CH3)2CH-C-Si (CH3)3 

OSi(CH3)3 

(ch3)2chx /ch(ch3)2 

(CH3)3SiO/ N0Si(CH3)3 

48% 9% 

(19.22) 
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19 Dissolving Metal Reduction 

(CH3)2CH-C-0Et 
Na/(CH3)3SiCl 

THF A 

O' 
I 

(CH3)2CH-C-0Et (CH3)3SiCl 

osi(ch3)3‘ 

(CH3)2CH-C-0Et 

OSi(CH3)3 

(CH3)2CH-C-0Et ■* (ch ) Si Cl 

si(CH3)3 

OSi (CHJ 

;CH3)2CH-C-0Et 
3'3 

A -(CH3)3"SiOEt 

0 
Na 

(CH3)2CH-C-St(CH3)3 (CH3)3SiCl 

. OSi(CH3)3 

(CH3)2CH-C-Si(CH3)3 

Si(CH3)3 

Na/THF 

(19.23] 

Consistent with this proposed mechanism, acyltrimethylsilanes are reduced 
under these conditions to 1 -trimethylsilyloxy-1,1-£/s(trimethylsilyl) alkanes [41]. 
These can be hydrolyzed to l,l-fr/s(trimethylsilyl) alkanols. Alkoxides of 
these sterically hindered tertiary alcohols have proved to be highly selective 
bases (see Chapter 24). 

Reductive silylation of ethyl-2-furoate by sodium and TMS-C1 in THF 
yields l-trimethylsilyloxy-3,5-Ws(trimethylsilyl) pent-4-yn-l-ene as outlined 
below [42]. 

.C02Et O- 

(CH3)3SiCl 

a 

Na 

0Si(CH3)3 

C-OEt 

ii(CH3)3 

/==\^^Sl (CH 3)3 

(ch3)3 

\W 

s\ (ch3)3 

(CH3)3SiOEt IT 3^C-Si(CH 

Na 
"(CH3)3SiCl 

H —1/ H 

3'3 

Na/(CH3)3SiCl 

t 

[j—A 0Si(ch3)3 

i n>-C-Si(CH3)3 

Si(CH3)3 

= ~Si(CH,) 
3'3 

OSi(CH3)3 

(19.24) 
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19.5 a,P-Unsaturated Esters, Amides, and Acid Chlorides 

a,(3-Unsaturated esters undergo reduction with B [20, 43, 44] or A [45] to 
give l-alkoxy-l-trimethylsilyloxy-3-trimethylsilyl-l-alkenes and 1,6-dialkoxy- 
l,6-fr/.s(trimethylsilyloxy)-l,5-hexadienes. These dimers result from combina¬ 
tion of the a-alkoxy-a-trimethylsilyloxy allylic radicals at the sterically less 
congested y-end. 

CH, 
I 3 

H2C^ XC02-n-Bu 

Li/THF (CH3)3SiCl 

1' 

fH 
O-n-Bu 

PH \ 
2 OSi(CH-), 

H3C^ ^0-n-Bu + 

SiCH2^C = C^0Si(CH3)3 
CH2^c=c^0S1 ^CH^3 
CH^ X0-n-Bu 

(19.25) 

The ratio of these products formed with A depends on reaction temperature. 
Dimer products are favored by higher temperatures [46]. Methyl crotonate, 
on the other hand, is reduced by A to yield l,3-b/s(trimethylsilyl)-l-trimethyl- 
silyloxy-1-butene [45]. 

(19.26) 

-CH30Si(CH3)3 

Si(CH3)3 

,_Li__ 
(CH3)3SiCl 

0Si(CH3)3 

(CH3)3Si Si(CH3)3 

The electrochemical reduction of a,(3-unsaturated esters in the presence 
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19 Dissolving Metal Reduction 

of aliphatic ketones or aldehydes and TMS-C1 leads to formation of y-lac- 
tones [47]. 

C02CH3 e DMF 
(CH3)3SiCl 

Et4N+ “OTs 

(19.27) 

The presence of TMS-C1 is essential for the reaction although its exact role 
is not clear. Similar reactions occur with a,/3-unsaturated nitriles to yield 
y-hydroxynitriles. 

The reductions of «-butanoic anhydride, dimethyl carbonate and methyl 
cyclopropanecarboxylate with B have been studied [46]. 

N,N-Dialkyl a,(3-unsaturated amides undergo reduction by B to yield 
l-dialkyl-amino-l-trimethylsilyloxy-3-trimethylsilyl-l-alkenes as major pro¬ 
ducts [20, 48]. 

Si(cH3)3 

PhCH-CH=CCT 
NEt2 

OSi(CH3)3 

PhCH 

+ I 
PhCH 

CH=C^ 
OSi(CH3)3 

CH=C 
\ 

NEt2 

NEt2 

0Si(CH3)3 

75% 5% (19.28) 

a,(3-Unsaturated acid chlorides react with B to yield l,3-b/s(trimethylsilyl)- 
1-trimethylsilyloxy-l-alkenes. An a,[3-unsaturated acyltrimethylsilane may 
be involved as an intermediate which undergoes further reduction [49, 50]. 
As predicted, the reaction requires three equivalents of TMS-C1 and two of 
magnesium for every mole of a,(3-unsaturated acid chloride reduced. Such 
1,3-Ms-trimethylsilyl-l-trimethylsilyloxy-l-alkenes undergo hydrolysis to 
3-trimethylsilyl acyltrimethylsilanes [20], 

19.6 Amides 

N,N-Dimethylbenzamide reacts with B to yield a mixture of deoxygenated 
products. The ratio of these products varies with solvent. HMPT, TMU, and 
THF have been studied. Initial electron transfer yields an anion radical 
which reacts with TMS-C1 to give the a-dimethylamino a-trimethylsilyloxy- 
benzyl radical. Further electron transfer to this radical yields the anion which 
reacts with TMS-C1 to yield a-dimethylamino a-trimethylsilyloxybenzyltri- 
methylsilane. This undergoes fragmentation to a trimethylsilanoate anion/imi- 
nium cation pair. All products may arise from further reduction of the iminium 
cation [51]. 
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19.8 1,3-Dienes 

8 
Ph-C-N(CH3)2 _ 

^CH3 3 Si Cl 

_ (j>S1<™3>3 

Ph-C-N(CH,)0 
| 3'2 

Mg 
(CH3)3SiCl * 

Ph-C-N(CHA9 
|C 32 

OSi(CH3)3 si(ch3)3 

(CH3)o$iO- 
J 7 

Ph 

(CH3)3Si 

(CH3)3Si 

19.7 a,[J-Unsaturated Nitriles 

a,P*Unsaturated nitriles are reduced by B [50, 52] or A [46] to yield 1,2- 
/?/s(trimethylsilyl)alkylnitriles. 

PhCH=CHCN 
Mg 

(CH3)3SiCl 
[PhCHCHCN] 

(CH3)3SiCl 

Si(CH,) 

PhCHCHCN 
3'3 

(19.30) 

Mg_ 
(CH3)3SiCl *“ 

Si(ch3)3 

PhCHCHCN 

(cH3)3Si 

19.8 1,3-Dienes 

1,3-Dienes undergo dissolving metal reductions with alkali metal and TMS-C1 
in THF to yield l,4-b«(trimethylsilyl)-2-butenes. The ratio of Z : E products 
is determined by the particular alkali metal. Lithium leads predominantly 
to the E isomer whereas sodium or lithium naphthalide gives predominantly 
the Z isomer. These results have been accounted for in terms of two compet¬ 
ing reaction pathways. An allylic anion radical prefers a cisoid conformation 
due to tight ion pairing and leads to Z isomer. Whereas an allylic dianion 
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19 Dissolving Metal Reduction 

adopts a conformation to minimize repulsion between the two negative charges 
and gives E isomer [53]. 

Si (CH3)3 

Metal %Z 1,4 %E 1,4 

Isoprene Na 95 5 
Li 15 85 

Li + G 0 81 19 

Similar reduction of 1,3-dienes with B leads to both Z and E l,4-b/s(trimethyl- 
silyl)-2-butenes in a 60:40 ratio [54]. Cyclic 1,3-dienes have also been reduced 
with B [55]. 

(CH3)3SiCl 

Mg/HMPT ** 

SMCH3)3 

Si(ch3)3 

(19.32) 

Dissolving metal reduction of cyclic allenes with A yields 2,3-fr/s(tri- 
methylsilyl) cycloalkenes [56], 
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19.11 Aromatics—Silyl Birch Reduction 

19.9 Acetylenes 

Aryl acetylenes are reduced by B to £-l,2-fr/.s(trimethylsilyl) alkenes. A sili¬ 
con analogue of diethyl stilbesterol was prepared by treatment of bis(p-metho- 
xyphenyl)acetylene with B [57], 

CH30 
\ // 

CH3 

l-Phenyl-2-trimethylsilyl acetylene was reduced, in a similar manner, to 
yield 1 -phenyl-1,2,2-fm(trimethylsilyl)ethylene [58]. 

On the other hand, treatment of aryl acetylenes with lithium in THF with¬ 
out TMS-C1 leads to dimerization of the initial anion radical intermediate to 
give 1,4-dilithio-1,3-butadienes [59]. 

19.10 Styrenes 

Aryl substituted alkenes undergo reduction with B to yield aryl substituted 
1,2-Ms(trimethylsilyl) alkanes [60]. 

Ph2C=CH2 
Mg_ 

(CH3)3SiCl * 

• ~ , Sl'(CH3)3 

Ph2C-CH2 
(CH3)3SiCl “ 

Ph2C-CH2 (19.34) 

(CH,),Si Si(CH-), 
Mq J i 3 3 

(CH3)3SiCl Ph2C CH2 

In the absence of TMStCI, aryl substituted alkenes undergo reductive dimeri¬ 
zation to yield 1,4-diaryl-1,4-dilithio butanes [61]. 

19.11 Aromatics-Silyl Birch Reduction 

Reduction of anisole with A gives l-methoxy-3,6-Ws(trimethylsilyl)-l,4-cyclo- 
hexadiene. On hydrolysis, this gives 5-trimethylsilyl-cyclohex-3-enone [62,63]. 
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19 Dissolving Metal Reduction 

The trimethylsilyl group adjacent to a carbonyl group is easily lost under either 
acidic or basic conditions by processes related to enol or enolate anion forma¬ 
tion. 

.OCH 
3 Li/THF 

Ich^sTcT^H 

Si(ch3)3 

0CH- 

Si (CH3)3 

0 

Si(CH3)3 

(19.35) 

Reductions of benzene with A slowly yields 3,6-b/s(trimethylsilyl)-l,4- 
cyclohexadiene [64], 

sKch3)3 

(19.36) 

Similar reductions of benzene [65], toluene [66], xylene isomers [66] or 
tetralin [67] have been reported. 

Dissolving metal reduction of naphthalene with sodium and TMS-C1 oc¬ 
curs more rapidly to yield a mixture of l,2-fr/s(trimethylsilyl)-l,2-dihydronaph- 
thalene and l,4-Ws(trimethylsilyl)-l,4-dihydronaphthalene [68, 69]. Similar 
reduction of 1-trimethylsilyloxynaphthalene and 2-trimethylsilyloxynaphtha- 
lene yields 1-trimethylsilylnaphthalene and 2-trimethylsilylnaphthalene, res¬ 
pectively. The formation of 1-trimethylsilylnaphthalene may involve l,2-bis(tn- 
methylsilyl)-l-trimethylsilyloxy-l,2-dihydronaphthalene as an intermediate 
which loses hexamethyldisiloxane to yield the product [70], 

(19.37) 

+ (CH3)3SiOSi(CH3)3 
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19.13 Epoxides 

Similarly, l,5-/?/s(trimethylsilyl)naphthalene has been prepared by reduction 
of l,5-b/s(trimethylsilyloxy)naphthalene [71]. 

Treatment of acenaphthylene with B gives 1,2-dihydro-1,2-/?/,?(trimethyl- 
silyl)acenaphthylene [72]. Oxidation of this with DDQ yields 1-trimethylsilyl- 
acenaphthylene. While treatment of this compound with n-butyl lithium/ 
TMEDA yields a dianion which can be oxidized with cadmium chloride 
[73, 74] to give l,2-fr/s(trimethylsilyl)acenaphthylene (see 8.11). 

Dissolving metal reduction of aryl nitriles with B appears to involve 
simultaneous reduction of the nitrile and the aromatic system [15, 76]. 

19.12 Allylic and Benzylic Ethers 

Benzylic and allylic trimethylsilyl ethers undergo dissolving metal reduction 
with B or sodium, TMS-Cl/toluene to yield benzylic or allylic trimethylsilanes. 
With B, transition metal salt (TiCl4, FeCl3) catalysis may be necessary. Allylic 
trimethylsilyl ethers are also reduced by A to allylic trimethylsilanes. Reduc¬ 
tive silylation is favored by TiCl4 or dicyclopentadienyl titanium dichloride 
catalysis. The reaction probably occurs by initial electron transfer to the ben¬ 
zylic or allylic trimethylsilyl ether resulting in scission of a C-0 bond to yield 
a benzylic or ailylic radical and a trimethylsilanoate anion. Trimethylsilanoate 
anions react with TMS-C1 to yield hexamethyldisiloxane. Subsequent electron 
transfer to the benzylic or allylic radical yields the corresponding anion which 
reacts with TMS-C1 to yield product. Consistent with this mechanism, both 
a- or y-methylallyl trimethylsilyl ethers yield similar mixtures of E- and 
Z-y-methylallyltrimethylsilanes and a-methylallyltrimethylsilane [77—81]. 

(19.38) 

0Si(CH3)3 55% 

19.13 Epoxides 

Epoxides undergo deoxygenation on treatment with B to yield alkenes [82]. 

(19.39) 

HMPT 
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19 Dissolving Metal Reduction 

Styrene oxide yields 1 -phenyl-1,2-b/s(trimethylsilyl)ethane under these con¬ 
ditions. This product may result from initial deoxygenation to styrene which 
then is further reduced [60], 

19.14 Carbon-Sulfur Bonds 

Scission of C-S bonds under dissolving metal reduction conditions is well- 
known. a-Phenylthio trimethylsilyl enol ethers undergo dissolving metal 
reduction with sodium and TMS-C1 in benzene to yield a-trimethylsilyl tri¬ 
methylsilyl enol ethers [83]. 

OSi(CH3)3 

SPh 

Na 
(CH3) 3Si Cl 

rw 
OSi(CH 3)3 

Si(ch3)3 

(19.40) 

These undergo facile hydrolysis to acyltrimethylsilanes. 
Allylic trimethylsilyl sulfides undergo reductive silylation on treatment 

with A to yield allylic trimethylsilanes [84, 85]. 

.Si(CH3)3 

SSi(c H 3)3 Li/THF ^ Li/THF 

(CH3)3SiCl * (CH3)3Si 

a,/3-Unsaturated ethylene thioacetals or ketals undergo reductive silylation 
to yield mixtures of 3,3-Ms(trimethylsilyl)-l-alkenes and 1,3- bis (trimethyl¬ 
silyl) alkenes [86]. In certain cases selectivity is observed. 

Li/THF 
(CH3)3SiCl 

(CH3)3Si 

(CH3)3Si 
(19.42) 

Li/THF 

(CH3)3SiCl si(CH3)3 (19.43) 

The combination of TMS-C1 and zinc in moist ether has been used to 
remove a-phenylthio groups from ketones. Apparently the phenylthio group 
is more easily reduced than the ketone carbonyl under these conditions [87]. 

316 



References 

0 SPh 0 

(CH3)3SiCl " 

Et20/H20 

Zn 

0Si(CH3)2t-Bu OSi(CH3)2t-Bu 

(19.44) 

Reduction of disulfides with sodium in the presence of TMS-C1 yields 
alkylthiotrimethylsilanes [88], 

(19.45) 2RS-Si(CH3)3 

19.15 a-Nitroalkenes and Oximes 

Steroidal nitroalkenes and oximes are converted to the corresponding ketones 
by reaction with zinc and TMS-C1 in ether [89]. 
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20 Miscellaneous Reductions 

20.1 Introduction 

In addition to ionic hydrogenations, dissolving metal reductions and hydro- 
silation reactions which we have previously considered, there are a number 
of reduction reactions which utilize organosilicon reagents. These have been 
divided into seven sections: 1) tin hydride mediated reductions, 2) reductions 
which utilize silyl radicals, 3) reductions with trichlorosilane (Cl3SiH)/tertiary 
amines, 4) reductions of phosphine oxides, 5) reductions of sulfoxides, 6) reduc¬ 
tions of amine oxides, and 7) reductions of a-halo ketones. The organizing 
principle of the first three sections is the combination of reagents used or the 
reactive intermediates involved. The latter four sections are concerned with 
reductions of specific functional groups. 

20.2 Tin-Hydride Mediated Reductions 

Trialkyltin hydrides, such as tri-rc-butyltin hydride have been utilized to 
carry out a number of reduction reactions [1]. Tri-n-butyltin hydride has 
been prepared by treatment of tri-n-butyltin chloride or £/s(tri-«-butyltin) 
oxide with LiAlH4 [2]. One of the problems is that tin hydrides are air 
sensitive and hence difficult to store. Polymethylsiloxane will reduce bis(tri- 
/i-butyltin)oxide as well as polymeric di-n-butyltin oxide to yield tri-n-butyltin 
hydride and di-n-butyltin dihydride, respectively (IR: Sn-H 1814 cm-1) [3]. 
Monomeric silanes will also reduce tri-n-butyltin alkoxides [4]. 

Ph3SiH + (n-Bu)3SnOCH3 —► Ph3SiOCH3 + (n-Bu)3SnH (20.1) 

The mechanism of this reaction has been studied. Optically active a-naph- 
thylphenylmethylsilane reacts with tri-n-butyltin methoxide to give tri-n- 

butyltin hydride and optically active a-naphthylphenylmethylmethoxy- 
silane with 99% retention of configuration at the silyl center. Further, the 
rate of reaction depends on the concentration of both the silane and the 
tin alkoxide. The effect of isotopic substitution of a Si-D bond for Si-H 
bond on the reaction rate was determined by use of triphenylsilane-d! in 
place of triphenylsilane: kH/kD = 1.64 ± 0.08 at 25 °C [5—8]. These facts 
as well as the activation parameters for the reaction: AH+= 16.2kcal/mol 
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and AS+= -32 ±3.6 e.u. are consistent with a four-center SN1 — Si reaction 
mechanism. 

H 

a-Np<V.CH, + ("-Bu)3SnOCH3 

Ph J 
a-Np*' 

a-Np*' 

H.Sn(n-Bu)3 

ii.OCHo 
I 3 
Ph XH3 

J 
OCHo 

I 3 
+ HSn(n-Bu) lm3 

Ph 
3 

(20.2) 

The combination of polymethylsiloxane and fr/s(tri-n-butyltin)oxide is 
effective for the reduction of alkyl or aryl bromides to the corresponding 
hydrocarbons. n-Heptyl bromide yields n-heptane, while ortho-bromo- 
toluene gives toluene. 1,1-Dibromocyclopropanes are reduced to bromocyclo- 
propanes [9], while 1-chloro-l-nitroethane is reduced to nitroethane [10]. 
These reactions can be carried out thermally or photochemically [9]. 

[(n-Bu^Sn^O (20.3) 

Polymethylsiloxane reacts with b/s(tri-n-butyltin)oxide to yield tri-n-butyltin 
hydride which in turn is involved in reducing the carbon-halogen bonds. 

Lipowitz and Bowman have utilized a polymethylsiloxane to generate 
tin hydrides by in-situ-reduction of tin oxides. They found that fr/s(dibutyl- 
acetoxytin)oxide was reduced in protic solvents. The tin hydride thus formed 
reduces ketones or aldehydes to the corresponding alcohols [11]. 4-Methyl- 
cyclohexanone was reduced to a 3:1 mixture of cis and trans-4-methylcyclo- 
hexanol [9], Only a catalytic amount (2%) of b/s(dibutylacetoxytin)oxide is 
needed since a tin alkoxide which can be reduced again by polymethylsiloxane 
is formed in the reaction. 

OAc 
(ji-Bu^Sn^ 0 

2 
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On the other hand, nitrobenzene, benzonitrile, benzyl chloride, ethyl acetate, 
5-butyrolactone, 2-ethyl hexanoic acid, and DMF were not reduced under 
these conditions [11]. 

The combination of b/s(tri-n-butyltin) oxide and polymethylsiloxane reacts 
with propargyl sulfides to yield allenic tin compounds [12]. 

20.3 Silyl Radicals 

Silyl radicals have often been generated by homolytic cleavage of Si—H 
bonds. This can be accomplished by photolysis, gamma radiation or hydrogen 
abstraction from silanes by alkoxy radicals such as t-butoxy radicals [13]. 
Industrially, the free radical hydrosilation of alkenes is an extremely valuable 
method to form C—Si bonds. The free radical catalyzed addition of Cl3SiH 
to styrene is outlined below. 

Cl 3Si H + In- -► C13Si' + InH 

Cl3Si- + CH2=CHPh —► Cl3SiCH2CHPh (20.5) 

Cl3SiCH2CHPh + Cl3SiH —► Cl3SiCH2CH2Ph + Cl3Si* 

A. Reduction of Alkyl Halides 

The high affinity of silyl radicals for halogen atoms is the basis of a number 
of useful reduction reactions. For example, the benzoyl peroxide catalyzed 
reaction of triethylsilane with CC14 yields chloroform and triethylchloro- 
silane [14]. Silyl radicals abstract chlorine from sp2 as well as sp3 hybridized 
carbons. For example, triphenylsilyl radicals react with chlorobenzene to 
yield triphenylchlorosilane and biphenyl [15]. A detailed kinetic study of 
such reactions in the gas phase indicates that abstraction of chlorine from 
the alkyl chloride by a silyl radical is the rate limiting step [16, 17]. 

Considerable selectivity is observed in the reduction of alkyl halides 
by silyl radicals. The ease of reduction of alkyl halides: RBr>RCl>RF 
is consistent with increasing C-X bond energies. The order of reduction 
-CC13 > CHC12> -CII2C1 results from the known stabilizing effect of 
chlorine atoms on carbon radical centers to which they are bonded [18]. 

/ Et3SiH 

C1CH,CHC1, -r-—-7-j- 
2 2 benzoyl peroxide 

cich2ch2ci 100% (20.6) 

E13 S i H 

Cl 2HCCC13 benz0yi peroxide CHC12CHC12 + CH2C1CC13 

98% : 2% (20.7) 
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FC12CCF2C1 

PhSi(CH3)2H 

benzoyl peroxide 
fcihccf2ci 100% (20.8) 

PhSi(CHj?H 
Br(CH2)4Cl J c 

benzoyl peroxide CH3(CH2)4C1 + CH3(CH2)4Br 

98% : 2% 

(20.9) 

This selectivity permits the reduction of 1-bromo-l-fluorocyclopropanes to 
the corresponding fluorocyclopropanes. With di-n-butylsilane complete re¬ 
tention of configuration is observed. 

Br 

(n-Bu)2SiH2 

AIBN 

(20.10) 

Apparently the rate of hydrogen abstraction from di-n-butylsilane is fast 
relative to inversion of the cyclopropyl radical [19]. 

B. Reduction of Chloroformates 

Primary and secondary chloroformates are reduced to alkanes by reaction 
with tri-n-propylsilane and a catalytic amount of di-t-butyl peroxide at 140°C. 
Since primary and secondary chloroformates are readily prepared by reaction 
of corresponding alcohols with phosgene, this reaction provides a method 
to reduce these alcohols to the corresponding alkanes. The reaction may 
occur as outlined below [20]. 

CFL-C-(CH„),0-C-C1 
8 II 2 8 

(n-Pr)3SiH 

0 (CH3)3C0-0C(CH3)3 « 

ch3-c-(ch2)2ch3 (major) 

(n-Pr)3Si (n-Pr)3SiH 

ch,-c-(ch,),o-o" 
8 || 2 8 || 

— 
~CH3-C-(CH2)2CH2. 

0 0 0 

(20.11) 

(n-Pr)oSiH 
CH,-C-(CH„)o0-C-H (minor) 

8 || 2 8 || 

0 0 

C. Reduction of Acyl Fluorides 

The reduction of acyl fluorides to esters with triethylsilane catalyzed by 
the radical initiator AIBN may result from the following sequence of reac- 
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tions. A triethylsilyl radical abstracts a fluorine atom from the acyl fluoride 
to yield triethylfluorosilane and an acyl radical. This reacts with triethyl- 
silane to yield an aldehyde and regenerate the triethylsilyl radical. After suffi¬ 
cient aldehyde has been formed, the acyl radical reacts competitively with it 
to yield a carbon radical, which abstracts a hydrogen atom from triethyl- 
silane to yield the ester product and regenerate the silyl radical. Consistent 
with this proposal, a mixture of pentanoyl fluoride and hexanal are reduced 
by triethylsilane to yield n-hexyl pentanoate [21]. 

CH3(CH2)3C 
:0 [Et3Sf] 

CH3(CH2)3C* + E13 S i F 

CH3(CH2)3C^ + [e13Si 

E13 SiH CH3(CH2)4C=0 

H 
0 H 

, x II 1 
CH3 ch2 3C-0-C*^ 

(CH2)4CH3j 

E13 S i H (20.12) 

[Et3Si‘] + CH3(CH2)3C-0-CH2(CH2)4CH3 

0 

Reduction of perfluoroacyl fluorides with trimethylsilane gives 1,1-dihydro- 
perfluoroalkyl perfluorocarboxylates [95]. 

(CH3)3SiH 

A (20.13) 

D. Reduction of Esters and Lactones 

Esters and lactones are reduced to ethers by Cl3SiH. This free radical reac¬ 
tion can be initiated by gamma, UV irradiation or di-f-butyl peroxide. The 
overall reaction involves two radical chain processes (Eq. 20.14 and 20.16) 
and a thermal exchange reaction (Eq. 20.15). Alkyl trichlorosilyl acetals under¬ 
go exchange with Cl3SiH to yield pentachlorodisiloxane and a-chloro ethers 
(Eq. 20.15) [22-24]. 

(20.14) 
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(20.16) 

20.4 Reduction with Trichlorosilane and Tertiary Amines 

Benkeser’s work [25] has elucidated much of the chemistry of Cl3SiH and 
tertiary aliphatic amines. Polyhalogenated alkanes are selectively reduced on 
treatment with Cl3SiH in the presence of tertiary aliphatic amines, such as 
triethylamine. For example, CC14 is reduced to chloroform while methyl 
trichloroacetate yields methyl dichloroacetate [26]. The related reaction of 
sym-tetrachlorodimethyldisilane with CC14 has been reported [27], When the 
reduction of CC14 with Cl3SiH was carried out with dicyclohexylmethylamine, 
trichloromethyltrichlorosilane was obtained along with dicyclohexylmethyl- 
ammonium chloride. Trichloromethyltrichloro silane reacts with tri-n-butylam- 
monium chloride to yield chloroform and tetrachlorosilane. These results 
led to the proposal that the reaction involves deprotonation of Cl3SiH by 
the tertiary amine to form a trichlorosilyl anion/trialkylammonium cation 
pair. Nucleophilic attack by the trichlorosilyl anion, on CC14 yields trichloro- 
methyltrichlorosilane and chloride ion. Chloride attack on the silyl center of 
trichloromethyltrichlorosilane yields silicon tetrachloride and a trichloro- 
methyl anion which is protonated by the trialkylammonium ions to give 
chloroform and regenerate the tertiary amine. 

(20.17) 

+ 

Cl3 C SiC13 + (n-Bu)3NHCl" --► Cl3CH + SiC14 + (n-Bu)3N 

This combination of reagents reacts with benzylic chlorides to yield benzylic 
trichlorosilanes and trialkylammonium chlorides. Benzyl chloride gives ben- 
zyltrichlorosilane while benzal chloride gives a,a-b/s(trichlorosilyl) toluene 
[28], 

Tertiary amine/chlorosilane complexes are well-known [29]. Spectroscopic 
evidence in support of the intermediacy of the trichlorosilyl anion in these 
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reactions has been obtained. Thus the 'H nmr resonance of Cl3SiH occurs 
at S 6.25 in acetonitrile. On addition of tri-w-propylamine, this resonance 
disappears, and a new resonance at 8 11.03, consistent with a N-H resonance 
of the tri-7j-propylammonium cation grows in. In the presence of excess 
Cl3SiH, rapid exchange between the Si-H of Cl3SiH and the N-H of 
tri-n-propylammonium cation occurs. Consistent with the intermediacy of 
the trichlorosilyl anion, Cl3SiH undergoes isotopic exchange of Si-H for 
Si-D in the presence of tri-n-propylammonium-N-d, chloride [30, 31]. 

Cl3SiH and tertiary aliphatic amines have been utilized to reduce germa¬ 
nium tetrachloride to tertiary amine complexes of germanium trichloride. 
These exist as trichlorogermanyl anion trialkylammonium cation pairs. These 
react with primary alkyl halides to yield alkyltrichlorogermanium compounds. 
This constitutes a valuable Ge-C bond-forming reaction [32, 33], 

Of more general synthetic interest, aromatic ketones, aldehydes, and acid 
chlorides react with Cl3SiH and aliphatic tertiary amines to yield deoxygenated 
products. A hydrogen and a trichlorosilyl group are bonded to the carbon 
in place of the double bonded oxygen of the starting material. Reaction of 
benzophenone with this pair of reagents yields diphenylmethyltrichloro- 
silane [34]. N,N-dialkyl benzamides are also reduced [35], 

C —Si bonds of such benzylic-trichlorosilanes are readily cleaved by aq. 
alcoholic base [36]. Thus treatment of a-(N,N-dimethylamino)benzyltrichloro- 
silane with ethanolic potassium hydroxide yields N,N-dimethylbenzylamine 

[35], 
The reduction of aromatic carboxylic acids to methyl aromatics is a general 

reaction. The first step involves reaction of the aromatic carboxylic acid 
with Cl3SiH to yield a silyl ester. Treatment of the ester With additional 
Cl3SiH and an aliphatic tertiary amine yields a benzylic trichlorosilane [37]. 
Finally, cleavage of the benzylic C-Si bond with base yields a methyl-sub¬ 
stituted aromatic. This one-pot reaction sequence constitutes a unique pro¬ 
cedure to convert aromatic carboxylic acids to methyl groups [38]. 

0=C-0SiCl 
3 

(20.19) 

Consistent with this reaction sequence, alkyl benzoates are not reduced, 
whereas trimethylsilyl benzoates are reduced [39]. The reaction tolerates 
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ether, aliphatic esters, and dimethylamino functional groups [39]. A number of 
methyl substituted aromatic compounds have been prepared by this method: 
4-methylfluorene [40], 2-fluoro-8-methylnaphthalene [41], l-fluoro-5-methyl- 
naphthalene [42], and 2-methylnaphtho [l,2,b] thiophene [43]. 

20.5 Reduction of Phosphine Oxides 

Optically active tertiary phosphines are important not only for mechanistic stu¬ 
dies but also as chiral ligands for catalytic asymmetric reactions. Optically 
active tertiary phosphine oxides can be prepared by reaction of Grignard or 
organolithium reagents with optically active dialkyl menthyl phosphinates [44], 
The critical step in the preparation of chiral tertiary phosphines is the 
stereospecific reduction of the corresponding chiral tertiary phosphine oxides. 
Several silicon reagents are effective for the reduction of tertiary phosphine 
oxides to tertiary phosphines. By the appropriate choice of silane these re¬ 
ductions can be carried out stereoselectively either with retention or inversion 
of configuration at phosphorous. 

Fritzsche showed that a variety of triaryl phosphine oxides, trialkyl phos¬ 
phine oxides, and cyclic phosphine oxides could be reduced to the corres¬ 
ponding tertiary phosphines by treatment with polymethylsiloxane or phenyl- 
silane [45]. 

Trichlorosilane-tertiary amines/hexachlorodisilane 

The combination of Cl3SiH and triethylamine reduces optically active acyclic 
tertiary phosphine oxides to the corresponding tertiary phosphines with net 
inversion of configuration. On the other hand, Cl3SiH and pyridine or N,N- 
dimethylaniline reduces optically active tertiary phosphine oxides to tertiary 
phosphines with net retention of configuration [46]. These results were 
explained in terms of initial coordination of the Cl3SiH to the oxygen of the phos¬ 
phine oxide to yield a 1,3-zwitterionic species. In the presence of weak bases 
such as pyridine, this zwitterion undergoes an intramolecular transfer of 
hydride from silicon to the phosphonium center with simultaneous scission 
of the P-0 bond to yield a trichlorosilyloxy anion/tertiary phosphonium cation 
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pair. Proton transfer from the phosphonium cation to the silyloxy anion is 
the final step. 

CH3,p^° 
Pi/'' vCH2Ph 

Cl3SiH 
CH3'..+/0SiC13H CH3'--. H 

Plr CH2Ph 
JP. OSiCln 

Ph^ NCH2Ph J 

- 

(20.22) 

3^P + HOSiCl 
Plr XCH2Ph 

In the presence of triethylamine, backside attack by hydride on the initial 
1,3-zwitterionic complex occurs. This causes inversion at phosphorous. 

Cl3§iH CH^Ph 

Cl CH3-.„ 

Ph</ 

VH n ^ 

'CH2Ph 
OSiCl3 (20.23) 

/ 

The mechanism of these reductions with Cl3SiH was studied in detail by 
Mislow. He found that with strong tertiary nitrogen bases (pKb g 5) inversion 
of configuration at phosphorous occurs. Whereas with weaker tertiary amine 
bases (pKb>7), retention at phosphorous was observed. In the presence of 
triethylamine, Cl3SiH undergoes equilibration to form perchloropolysilanes. 
These were proposed to be the active reducing agents [47], In support of this 
proposal, Mislow found that hexachlorodisilane and octachlorotrisilane re¬ 
duce chiral tertiary phosphine oxides with complete inversion of configura¬ 
tion. The reduction may occur by the following reaction sequence. Attack 
by the oxygen of the phosphine oxide on hexachlorodisilane yields a trichloro- 
silyl anion/trichlorosilyloxy-substituted phosphonium cation pair. Nucleophilic 
backside attack by the trichlorosilyl anion on the phosphonium cation leads 
to inversion at phosphorous and formation of trichlorosilyloxy anion/trichloro- 
silyl-substituted phosphonium cation. Attack by the trichloro silyloxy anion 
on the silyl center yields hexachlorodisiloxane and the inverted tertiary phos¬ 
phine [48]. 

(20.24) 

ch3 

Ph / \ CH2Ph 
3 

CH-, 
JxP + Cl 3Si OSi Cl 

Plr XCH2Ph 
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By comparison, hexachlorodisilane reduces chiral tertiary phosphine sulfides 
with retention of configuration [67]. 

Optically active b/s(oanisyl phenylphosphinyl) ethane has been reduced 
with Cl3SiH and tri-n-butylamine in acetonitrile solvent to give the chiral bis- 

tertiary phosphine. Inversion at both asymmetric phosphorous atoms occurs 
during reduction [49]. This chiral ligand has been used in rhodium catalyzed 
asymmetric hydrogenation of a-acylamido acrylic acids. Commercially this 
chemistry is critical to the synthesis of L-Dopa. 

(20.25) 

Optically active 2,2'Ws(diphenylphosphinomethyl)-l,r-binaphthyl, a chiral 
tertiary phosphine possessing an axial element of chirality [50] has been pre¬ 
pared by reduction of the corresponding fr/s-phosphine oxide with Cl3SiH 
and triethylamine. 

HSiCl3 
(20.26) 

However, Cl3SiH and triethylamine or hexachlorodisilane reduce four 
membered cyclic phosphine oxides to cyclic phosphines with retention of 
configuration at phosphorous. This may be consistent with Mislow’s mechan¬ 
istic proposals, since Sn2 displacement at phosphorous in a four membered 
ring is expected to be disfavored by angle strain [51, 52]. 

Si 2^1g (20.27) 

On the other hand, phenylphosphahomocubane oxide, a compound in which 
phosphorous is in five membered rings, is reduced by hexachlorosilane or 
Cl3SiH and triethylamine to phenylphosphahomocubane with inversion at 

phosphorous [53—55], Reduction of diazaphospholene oxide with Cl3SiH and 
triethylamine is not stereospecific. This results from stereomutation of the 
starting material by hexachlorodisiloxane [56]. 
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HSiCl3 
cis and trans (20.28) 

A series of macrocyclic b/s-phosphine oxides were reduced by treatment 
with Cl3SiH. m-fr/s-Phosphine oxides were reduced to ds-ds-phosphines 
while frans-ds-phosphine oxides gave the corresponding trans-bis-phos¬ 
phines [57]. Hexachlorodisilane reduces 1-halophospholene oxides to the 
corresponding 1-halophospholenes [58]. 

.CH3 CH~ 

CS rt (20.29, 
p. \px 

Cl^^O Cl 

B. Phenylsilane 

While hexachlorodisilane is an excellent reagent, it is rather expensive. Some 
racemization occurs on reduction of cyclic chiral tertiary phosphine oxides 
with Cl3SiH and triethylamine. On the other hand, such cyclic chiral tertiary 
phosphine oxides are reduced by phenylsilane to the corresponding tertiary 
phosphines with complete retention of configuration [59—62]. In only one 
case has racemization been reported [63]. 

(20.30) 

Phenylsilane permits the selective reduction of 3,4-epoxyphospholane oxides 
to the corresponding 3,4-epoxyphospholanes [64, 65]. 

CH3 
PhSiH 3 (20.31) 

Despite the fact that little mechanistic work has appeared concerning reduc¬ 
tions of tertiary phosphine oxides with phenylsilane, it is probably the reagent 
of choice. Phenylsilane may be prepared by treatment of phenyltrichlorosilane 
with UAIH4 [66], After filtration to remove excess LiAlH4, it is critical that 
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the ether or THF solution of phenylsilane be extracted with water prior to 
distillation. If this is not done, vigorous decomposition during distillation 
will ensue. 

Phenylsilane, diphenylsilane, and polymethylsiloxane reduce a variety 
of phosphorous oxygen functional groups to P-H bonds. For example, diethyl 
u-butylphosphonate has been reduced by polymethylsiloxane to yield n-butyl- 
phosphine [68]. 

CH3 

(20.32) 

20.6 Reduction of Sulfoxides 

Cl3SiH reduces diaryl sulfoxides to the corresponding sulfides [69]. 

The mechanism of this reaction has been studied [70], The first order de¬ 
pendence of the reaction rate on the concentration of both the diaryl sulfoxide 
and Cl3SiH, the large negative entropy of activations (AS+ = 31 e.u.) as well 
as the small isotope effects kH/kD = 2.1—2.4 are all consistent with a four- 
center transition state [70]. 

Ph9S+ '0 
2I I 

H Si Cl3 

„ (20.34) 

Ph2S + HOSiCl3 

The reduction of dibenzyl sulfoxide with Cl3SiH results in a mixture of di¬ 
benzyl sulfide and the benzyl mercaptal of benzaldehyde [69]. 

TMS-I has also proved useful for the reduction of sulfoxide to sulfides 
[71, 72]. Dibenzyl sulfoxide is reduced to dibenzyl sulfide in high yield. TMS-1 
may be generated in-situ by reaction of trimethylphenylsilane [72] or hexa- 
methyldisilane with iodine [72] or by reaction of TMS-C1 with sodium iodide 
in acetonitrile solvent [73]. The latter method is faster, possibly due to a com¬ 
bination of a favorable solvent effect and iodide ion catalysis. The following 
mechanism has been proposed. Nucleophilic attack by the sulfoxide oxygen 
on the silyl center of TMS-I leads to a dialkyl trimethylsilyloxy sulfonium 
cation/iodide ion pair. This may collapse to an intermediate which possess 
a tetra-coordinate sulfur atom (sulfurane). Iodide ion attack on the iodine 

Ph2S-0 + HSiCl3 
+ 

Ph9S-0 
L | 

_► 

H-SiCl3 
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atom bonded to sulfur leads to the products. Catalysis by iodide and other 
soft anions such as cyanide, methyl thiolate, and thiocyanate is consistent 
with this proposal. 

(CH ) Si I 
PhCH9-S-CH9Ph -—- 

2 l 2 
0 

I 
l> 

PhCH9-S-CH9Ph 
2 15 2 

OSi(CH3)3j 
(20.35) 

[phCH2]2S + I2 + (CH3)3Si0~ 

TMS-I has been utilized to reduce a sulfoxide to a sulfide in the synthesis 
of PGI2 a prostacyclic analog [74]. 

TMS-Br also reduces sulfoxides to sulfides. However, with diphenyl 
sulfoxide ring brominated diphenyl sulfides are isolated [72], TMS-Br generated 
in-situ by reaction of TMS-C1 with sodium bromide in acetonitrile also reduces 
sulfoxides to sulfides. With ethylene present as a halogen scavenger, the 
problem of aromatic bromination can be eliminated [75], Diphenyldichloro- 
silane reacts with DMSO to yield hexaphenylcyclotrisiloxane and dimethyl 
sulfide. The generality of this reaction has not been explored [76]. Aliphatic 
and aromatic sulfoxides are readily reduced to the corresponding sulfides 
by TMS-C1 and zinc in THF [77], 

Diaryl, alkyl aryl, and dialkyl sulfoxides are reduced by disilthianes to 
yield sulfides, siloxanes, and elemental sulfur [78]. This reaction may occur 
as outlined below. 

0 
' I 

Ph-S-CH2C1 
L(CH3)3Si]2S 

Phx + 
J^S-OSi(CH_)o 

ch9 j 
I 2 
Cl SSi(CH3)3 

+ E(CH3)3Si]20 

(20.37) 

v 

Ph-S-CH2C1 + Sg 
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The combination of TMS-C1 and benzene thiol reduces sulfoxides to sulfides. 
In the process, benzene thiol is oxidized to diphenyl disulfide [79]. 

Phenylselenotrimethylsilane is also high effective for the reduction of 
sulfoxides and sel'enoxides [80]. 

i 
o 

The combination of Cl3SiH and tri-n-propyl amine reduces sulfenyl, sul- 
finyl, and sulfonyl chlorides as well as sulfenate and sulfinate esters to the 
corresponding disulfides [81]. 

Ph-S-Cl 

0 
II 

Ph-S-Cl 

0 
ll 

Ph-S-Cl 
II 
0 

Ph-S-0CH3 

0 
ll 

Ph-S-0CH3 

HSiCl3 

(n-Pr)3N 
PhSSPh (20.39) 

Trimethylsilyl iodide also reduces sulfonyl chlorides and bromides to disul¬ 
fides [82]. The fact that alkyl sulfinate esters, sulfinyl chlorides and sulfenyl 
chlorides are reduced by TMS-I to disulfides is consistent with reaction se¬ 
quence proposed. 

OSi(CH-)- o 
n 

Ph-S-O-Si(CH3)3 + Cl I 

(CH3)3Si I (20.40) 

0 
I! 

Ph-S-I + [(CH3)3Si]20 

(CH3)3SiI 

I2 + PhSSPh (CH3) 3Si 0~ + Ph-S-I + 
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20.7 Reduction of Amine Oxides 

Sulfinic acids are also reduced to disulfides by the combination of thiols and 
TMS-C1 [83]. 

n (ch3)3sici 
p-Ch^Ph-S-OH n-BuSH ^ P-CHgPhSS-n-Bu + n-BuSS-n-Bu (20.41) 

Thiabenzene- 1-oxides are reduced by Cl3SiH. l-Methyl-3,5-diphenylthia- 
benzene-1-oxide gives a mixture of 2H- and 4 H-3,5-diphenylthiopyrans [84], 

20.7 Reduction of Amine Oxides 

Both the combination of Cl3SiH and tertiary aliphatic amines, as well as, hexa- 
chlorodisilane reduce a variety of N—O bonds. Tertiary amine oxides are 
reduced by hexachlorodisilane to the corresponding tertiary amines [47]. 
The combination of Cl3SiH and triethylamine has proved effective for 
reduction of nitrobenzene to aniline [32]. Thermal reaction (250 °C) of 2- 
nitrobiphenyl with hexamethyldisilane leads to carbazole, 2-amino biphenyl, 
and hexamethyldisiloxane [85]. The formation of carbazole may implicate 
a nitrene intermediate [86]. 

A number of aromatic heterocyclic N-oxides have been effectively re¬ 
duced by treatment with hexachlorodisilane [87]. 

Si^C1g 

CHC13 * (20.44) 

Nitrones are reduced by hexachlorodisilane to the corresponding imines. 
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Phvc=+N/Cf Phv^C=N (20.45) 

HX ^Ph Ph 

Pyridine-N-oxides have been reduced by reaction with phenoxypentamethyl 
disilane [88]. 

Hexachlorodisilane reduces cyclic cis-azoxy compounds to corresponding 
azo compounds, which often spontaneously lose nitrogen under the reduction 
conditions [89—91]. Hexachlorodisilane also reduces cyclic cis-azo dioxides, 
C-nitroso dimers, first to the cis-azoxy derivatives and then to the azo com¬ 
pounds [90, 92]. 

Sl2C16 
-^-1 

(20.46) 

20.8 Reduction of a-Halo Ketones 

TMS-I reduces a-halo ketones to ketones [93, 94]. 
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21 Silicon-Sulfur 

21.1 Introduction 

Silicon-sulfur and selenium compounds have proved to be valuable synthetic 
reagents [1]. The preparation of both vinyl thio ethers [2, 3] and vinyl sulfinyl 
ethers [4] by the Peterson reaction has been discussed [2], as well as re¬ 
ductions of sulfoxides by silyl sulfide [5] and silyl selenide [6] reagents 
(20.6). 

Methylthiotrimethylsilane may be thought of as the combination of hard 
acid, the trimethylsilyl group, with a soft base, the methylthio group. The 
relative strength of Si—S single bonds (~99kcal/mol) [7, 8] compared to 
that of Si-0 single bonds (~128kcal/mol) [8] may account for the facility 
with which these reagents react with a variety of oxygen functional groups. 

21.2 Epoxides and Oxetanes 

Methylthiotrimethylsilane reacts with epoxides and oxetanes under Lewis 
acid catalysis by zinc chloride to yield (2-methylthioethoxy)trimethylsilanes 
and (3-methylthiopropoxy)trimethylsilanes, respectively [9]. 

+ C H 3 S Si(CH3)3 
ZnCl 2 

0Si(CH„) 
3'3 

(21.1) 

Propylene oxide reacts under these conditions to yield (l-methylthio-2-pro- 
poxy)trimethylsilane. This regiospecificity is expected if the formation of the 
C-S bond has the characteristic of an Sn2 nucleophilic reaction. 

The regiospecific reaction of the S-trimethylsilyl derivative of glutathione 
with methyl-E-S^-epoxy-Ej^^Z-T^TLM-eicosatetraenoate is a key step in 
the synthesis of A-leukotriene [10]. 
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0^C'CF3 (21.2) 

The combination of methylthiotrimethylsilane, zinc iodide and tetra-n- 
butylammonium iodide has proved valuable for the cleavage of methyl and 
benzyl ethers to yield alkoxytrimethylsilanes and dimethylsulfide or benzyl 
methyl sulfides, respectively [11]. Unlike TMS-I this combination of reagents 
results in neither competitive formation of alkyl iodides nor in cleavage of 
acetates or benzoates (Chapter 3). 

(CH3)3SiSCH3 

Znl2 

0CH3 (n-Bu)4N+ "I 

+ CH3SCH3 (21.3) 

OH 

Phenylselenotrimethylsilane likewise reacts stereo- and regiospecifically 
with epoxides to yield fra«s-2-phenylselenoalkoxytrimethylsilanes either under 
Lewis acid catalysis by zinc iodide [12] or nucleophilic catalysis by potassium 
fluoride/18-C-6 [13]. 

V—A PhSeSi (CH-T, . 
\/XCH2Cl -ZnI - Cl^^Y^-SePh (21.4) 

2 0Si(CH3)3 

21.3 Aldehydes and Ketones 

Phenylthiotrimethylsilane reacts thermally with easily enolizable ketones 
such as methyl acetoacetate or benzoylacetonitrile to yield trimethylsilyl 
enol ethers and phenylthiol [16]. 
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21.3 Aldehydes and Ketones 

0 osi(ch3)3 

CH3-C-CH2C02CH3 + PhSSi(CH3)3 -► CH3-C=CHC02CH3 + PhSH (21.5) 

These results are related to the reaction of alkylthiotrimethylsilanes with alco¬ 
hols to yield alkoxyltrimethylsilanes and thiols. 

Although aldehydes undergo slow thermal reaction with methylthiotri- 
methylsilane, most ketones do not react. This reaction can be catalyzed by 
addition of Lewis acids or by anionic activation. Phenylthiotrimethylsilane 
or methylthiotrimethylsilane reacts readily with aldehydes in the presence 
of a catalytic amount of potassium cyanide/18-C-6, or tetra-«-butylammonium 
cyanide to yield O-trimethylsilyl hemithioacetals [17, 18]. 

o OSi(ch3)3 

(CH3)2CH-C-H + PhSSi (CH3)3 -[ff.g - (CH3)2CH-C-H (21.6) 

SPh 

In the presence of imidazole or other weak bases and zinc iodide, methythio- 
trimethylsilane adds to aldehydes or ketones to yield O-trimethylsilyl hemi¬ 
thioacetals or ketals [18]. 

0 

CH3SSi(CH3)3 (21.7) 

Hexafluoroacetone [14] or chloral [15] react with methylthiotrimethyl¬ 
silane to yield the corresponding O-trimethylsilyl hemithioketal. No catalyst 

is required. 
Ketones or aldehydes react with methylthiotrimethylsilane in the presence 

of zinc iodide to yield b/s(methylthio) ketals or acetals directly [17, 18], 
The fact that 1-trimethylsilyloxy-l-methylthiocyclohexane is converted to 
l,l-/ns(methylthio)cyclohexane on treatment with zinc iodide, supports the 
hypothesis that the O-trimethylsilyl hemithioketal is an intermediate in this 

reaction. 

A high level of carbonyl differentiation is observed in these reactions. 
Sterically unhindered ketones are preferentially converted to thioketals [17]. 
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(21.9) 

Prior preparation of the alkylthiotrimethylsilane is not essential. Thus ad¬ 
dition of a thiol to a solution of an aldehyde or ketone, TMS-C1 and pyridine 
yields the O-trimethylsilyl hemithioketal or acetal directly [19]. The reaction 
apparently involves in-situ formation of the alkylthiotrimethylsilane [18]. 

PhN 

xc=0 + (CH3)3SiCl + EtSH 

0Si(CH3)3 

Ph-C-H 
I 
SEt 

(21.10) 

Similarly, reaction of thiols, benzaldehyde, hexamethyldisilazane and a cata¬ 
lytic amount of imidazole or potassium cyanide/18-C-6 yields the O-tri- 
methylsilyl hemiacetals directly [20]. Aldehydes or ketones react directly 
with two equivalents of thiols and one equivalent of TMS-C1 to yield thio- 
acetals or thioketals [21]. HC1 generated in this reaction is critical for the 
conversion of the intermediate O-trimethylsilyl hemithioacetals or ketals to 
thioacetals or ketals. Esters, amides, and C-C double bonds are not affected 
by these reaction conditions. 

Ph-C-H + EtSH 

?H (CH )-SiCl 
Ph-C-H -—- 

I 
SEt 

OSi (CH3)3 

Ph-C-H 
I 
SEt 

+ 

Ph-C-H 
I 
SEt 

EtSH 
SEt 
I 

Ph-C-H 
I 
SEt 

(21.11) 

O-Trimethylsilyl hemithioketals and acetals resist hydrolysis by 5% NaOH 
or sodium carbonate and are stable in methanol/water, pyridine, HMPT, 
and other common organic solvents. They are, however, rapidly hydrolyzed 
to regenerate the ketone or aldehyde by dilute HC1 [19]. Solvents effect the 
reaction of alkyl lithium reagents with O-trimethylsilyl hemithioketals or 
acetals. In ether or THF alkyl lithium reagents react at the silyl center 
(Eq. 21.12). However, in HMPT or THF/TMEDA solvents alkyl lithium rea¬ 
gents react at the central carbon (Eq. 21.13). 
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21.3 Aldehydes and Ketones 

OSi(CH3)3 

Ph-C-H 
i 
SEt 

CH3Li/THF 
0 
II 

Ph-C-H + (CH3)4Si + Li+~SEt 

CH.Li/HMPA 
OSi(CHo)n 

i J J . 
Ph-C-H + Li 'SEt 

ch3 

(21.12) 

(21.13) 

The sensitivity of O-trimethylsilyl hemiacetals to Lewis acids has been 
exploited. Reaction of O-trimethylsilyl hemiacetals with a mixture of LiAlH4/ 
A1C13 gives sulfides [20]. 

0Si.(CH3)3 

Ph-C-H 

SPh 

Li A1H4 

A1 Cl 3 
PhCH2SPh (21.14) 

Alkyl or aryl trimethylsilyl sulfides react with a,(3-unsaturated ketones or 
aldehydes in a 1,4-conjugate manner either under nucleophilic activation or 
electrophilic catalysis by zinc iodide [17, 18]. 

PhSSi(CH3)3 
KCN 

18-C-6 

Ph 

OSi(CH3)3 (21.15) 

Neither methylseleno-nor phenylselenotrimethylsilane react with alde¬ 
hydes at room temperature. However, in the presence of magnesium bromide, 
zinc chloride or zinc iodide reaction occurs to give O-trimethylsilyl hemiseleno- 
acetals (Eq. 21.16) [22, 23]. Use of the stronger Lewis acid, A1C13 leads to 
selenoacetals (Eq. 21.17). O-Trimethylsilyl hemiselenoacetals or ketals can 
also be prepared directly by reaction of ketones or aldehydes with phenyl- 
selenol and TMS-C1 in pyridine [22]. 

H 

n_C6H13"C"0Si(CH3)3 (21.16) 
SeCH3 

SeCH, 
I J 

n-CgH^-C-H (21.17) 

SeCH3 

MgBrv 

/ /0 
n-CCH,?C' + CH-SeSi(CH,) 

'6 1 3 \ 3'3 

A1C1. 

Phenylselenotrimethylsilane adds in a conjugate manner to a,(3-unsaturated 
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ketones or aldehydes under the catalytic influence of triphenylphosphine, 
zinc iodide [23] or potassium fluoride/ 18-C-6 [13]. 

+ PhSeSi(CH3)3 
Ph3P 

OSi(CH3)3 

SePh 

(21.18) 

21.4 Esters 

Ethyl a-mercapto cinnamates esters have been efficiently prepared by reaction 
of ethyl S-trimethylsilyl-thioglycolate with aromatic aldehydes and sodium 
hydride followed by an acidic work-up [74]. 

(CH3)3SiS 

CHoC0oEt 
I 2 2 1) NaH/THF 

2) Ph-C-H 
II 
0 

O' SSi(CH,), 
II 22 

Ph-CH-CH-C02Et 

OSi(CH3)3 

Ph-CH-CH-C09Et 
I 2 

"S 

tuo+ 

SH 

PhCH=C-C02Et 

(21 .19) 

Ethylthiotrimethylsilane reacts with /3-propiolactone to yield trimethyl- 
silyl 3-ethylthiopropionate [24]. Ethylthio or phenylthiotrimethylsilane reacts 
with alicyclic esters under the influence of A1C13 to yield thioesters [25]. 

V 
C|]2 

A1'^ 

PhCH9-C 
2 i 

OEt 
I 

Et 

'Si(ch3)3 PhCH9 /0A1 Cl 9 2\ / 2 
/ \ 

EtO SEt 

\ (21.20) 

(CH3)3SiCl \ 

PhCH |? 
c C-SEt + (CH3)3SiOEt + A1C13 

On the other hand, Breslow reports that methyl-m-iodobenzoate reacts with 
ethylthiotrimethylsilane and A1C13 to yield triethyl-m-iodo-orf/io-thiobenzoate 
[26]. 
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21.5 Cumulenes 

Phenylselenotrimethylsilane reacts with alkyl acetates under catalysis 
by zinc iodide in CC14 or toluene to yield alkyl phenyl selenides and acetoxy- 
trimethylsilane. These weakly acidic reaction conditions provide a novel 
route to such compounds. 

S PhSeSi(CH )3 J 
PhCH20-C-CH3 -—-► PhCH2SePh + (CH3) 3S i 0-C-CH 3 (21.21) 

cci4 

The fact that both crotyl and 1-methylallyl acetate react with phenylseleno¬ 
trimethylsilane to yield crotyl phenyl selenide is suggestive of catonic inter¬ 
mediates [27], 8-Butyrolactone reacts with phenylselenotrimethylsilane under 
catalysis by potassium fluoride/18-C-6 to yield trimethylsilyl 4-phenylseleno- 
butyrate [13]. 

PhSeSi(CH3)3 
KF 

18-C-6 
PhSe 

OSi(CH3)3 (21.22) 

21.5 Cumulenes 

Ethylthiotrimefhylsilane reacts with phenyl isocyanate to yield N-phenyl-N 
trimethylsilyl S-ethyl thiourethane [24, 28], 

(CH3)3Si-SEt + Ph-N=C=0 
80c 

Ph 
\ 

(CH3)3Si 

0 
II 

N-C-SEt (21.23) 

21.6 Ally lie Acetals and Benzylic Acetates 

Allylic acetals react with phenylthiotrimethylsilane or ethylthiotrimethylsilane 
and AICI3 to yield y-alkoxy allyl sulfides, a,(3-unsaturated thioacetals or 
a,(3-unsaturated 0-alkyl hemithioacetals. The particular products formed are 
dependent on the silyl sulfide, as well as, the allylic acetal utilized [29]. 

Furfuryl acetates react with phenylselenotrimethylsilane and TiCl4 to yield 
furfuryl phenyl selenides. It seems likely that these reactions involve carbo- 
cation intermediates. Such furfuryl phenyl selenides react with «-butyl lithium 
to yield furfuryl lithium which undergoes ring opening. Acidic work-up yields 
a,/3,y,<5-dienones [30, 31] (see 6.2E). 
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n'C8H17 

r|| jTV H PhSeSi(CH3)3 

CH3^0^| H TiCl. 
0-C-CH, 4 

ii J 

0 

n-C8Hi7 

CH3-C^f-H 
SePh 

CH n-C 8H17 
h2o 

TsOH 
(21.24) 

21.7 Silyl-Pummerer Rearrangements 

Trimethylsilylmethyl phenyl sulfoxide was shown by Brook to rearrange 
thermally at 60 °C to yield trimethylsilyloxymethyl phenyl sulfide. This silyl- 
Pummerer rearrangement may occur by migration of the trimethylsilyl group 
from carbon to oxygen to yield an ylid which fragments to a trimethylsilanoate/ 
methylene phenyl sulfonium ion pair which recombine to yield the 0-trimethyl- 
silyl hemithioacetal [32]. 

(CH3)3SiCH2-S- Ph 
+ .Ph 

(CH-),SiO-S^ 
J ^ XCH 

(CH3)3Si0" CH2=SPh 

(21.25) 

(CH3)3SiOCH2SPh 

The facile acid catalyzed hydrolysis of such O-trimethylsilyl hemithioacetals 
to regenerate aldehydes has been previously discussed. The silyl Pummerer 
rearrangement is the basis for a number of aldehyde syntheses. 

Trimethylsilylmethyl phenyl sulfoxide was initially prepared by reaction 
of trimethylsilylmethyl magnesium chloride with methyl benzene sulfinate [32]. 
Vedejas found that addition of phenylsulfinyl methyl lithium to TMS-C1 also 
gave trimethylsilylmethyl phenyl sulfoxide. This order of addition is critical 
to the success of the reaction [33]. 

0 

Ph S CH 3 
LDA 
thT*~ 
-78° 

0 
I - 

Ph-S-CH 
add to 

2 (CH3)3SiCl 

0 

Ph-S-CH2Si(CH3)3 (21.26) 
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21.7 Silyl-Pummerer Rearrangements 

A. Synthesis of Aldehydes 

Metallation of trimethylsilylmethyl phenyl sulfide [34, 35] with n-butyl lithium 
in THF followed by alkylation with primary alkyl bromides or epoxides 
yields 1-phenylthioalkyltrimethylsilanes. Oxidation of the sulfide to a sulfoxide 
with MCPBA at —15° followed by a silyl-Pummerer rearrangement and hydro¬ 
lysis of the O-trimethylsilyl hemithioacetals gives the desired aldehydes [36, 
37]. By comparison, l,3,dithianes are often difficult to hydrolyze. 

1 ) MCPBA 
2) A 

(21.27) 
SPh 

B. Synthesis of Ketones 

While it is possible to metallate 1-phenylthioalkyltrimethylsilanes, it has not 
been possible to get such anions to react with alkyl halides. Hence this me¬ 
thodology is not generally useful for the preparation of ketones. The prepara¬ 
tion of alkyl phenyl ketones is an exception. Alkylation of (phenylthio)phenyl- 
(trimethylsilyl)methyl lithium followed by oxidation with MCPBA and silyl- 
Pummerer rearrangement yields 1-phenylthio-l-trimethylsilyloxy 1-phenyl- 
alkane which undergoes facile acid catalyzed hydrolysis to yield the alkyl 
phenyl ketone [38]. 

PhCH2-S-Ph 

1) ii-BuLi/TMEDA -78° 

2) (CH3)3SiCl 

Ph-C-S-Ph 

H 
I (21.28) 

0 
II 

Ph-C-CH(CH3)2 

2)H30 
+ 
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21 Silicon-Sulfur 

C. Preparation of 1-Phenylthioalkyltrimethylsilanes 

Alkyl lithium reagents will add to either phenyl vinyl sulfide or vinyl tri- 
methylsilane in ether/TMEDA to yield a-lithioalkyl phenyl sulfides or a-lithio- 
alkyltrimethylsilanes, respectively. 1-Phenylthioalkyltrimethylsilanes result 
from reaction of either a-lithioalkyl phenyl sulfides with TMS-C1 (Eq. 21.29) 
or a-lithioalkyltrimethylsilanes with phenylsulfenyl chloride or diphenyl di¬ 
sulfide (Eq. 21.30) [39], 

^-SPh 
RLi 

tmeda" 
Et20 

(C H 3) 3 S i C1 

Si(CH3)3 

(21.29) 

Si^CH3^3 
RLi 

TMEDA1 
Et20 

Si (CH3)3 

Li 

PhSCl or 
PhSSPh 

f (21.30) 

An alternative approach to 1-phenylthioalkyltrimethylsilanes utilizes phenyl 
vinyl sulfide [39, 41]. 1-Phenylthio-l-trimethylsilyl ethylene can be oxidized 
by MCPBA to 1-phenylsulfinyl-l-trimethylsilyl ethylene [40]. 

LDA 
THF 

HMPT 

(CH3)3SiCl 
Si(CH3)3 (21 . 31) 

1) RLi/TMEDA 
2) H20 ' 

PhS .5i(CH3)3 

D. Synthesis of Aldehydes/Selenium-Silicon Reagents 

Trimethylsilylmethyl phenyl selenide has also proved useful for the prepara¬ 
tion of aldehydes. Metallation with LDA followed by alkylation with primary 
alkyl bromides or iodides yields 1-phenylselenoalkyltrimethylsilanes. Oxida¬ 
tion of these with 30% hydrogen peroxide gives the corresponding selenoxide 
which can undergo a silyl-Pummerer rearrangement to an O-trimethylsilyl 
hemiselenoacetal. Hydrolysis of these compounds gives the desired aldehyde. 
The necessary precursor has been prepared by reaction of sodium phenyl 
selenide with chloromethyltrimethylsilane [42]. 

PhSeCH2Si(CH3)3 
1) LDA/THF 
2) CH3(CH2)3CH2Br 

PhSeCHSi(CH3)3 

(ch2)4ch3 (21.32) 

0 
l 

PhSeCHSi (CH3)3 PhSeCHOSi (CH3)3 

(ch2)4ch3 (ch2)4ch3 
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21.7 Silyl-Pummerer Rearrangements 

Attempts to prepare alkyl phenyl ketones by this procedure proved more 
complicated. Deprotonation of benzyl phenyl selenide with LDA followed by 
reaction with TMS-C1 gives a-phenylselenobenzyltrimethylsilane. Metalla- 
tion of this compound followed by reaction with methyl iodide gives a-methyl- 
a-phenylselenobenzyltrimethylsilane. However, on oxidation with MCPBA 
the selenoxide undergoes not only the silyl-Pummerer rearrangement but also 
.syn-elimination of phenylselenous acid. Syn-elimination is much more facile 
for selenium than for sulfur [43], 

, 4 JK + [PhSeOH] 
(CH3)3Si Ph 

H 
I 

PhSeCPh 

(CH3)3Si 

1) LiNEt, 

2) CH3I 

CH, 
l J 

PhSeCPh 
MCPBA 

Si(CH3)3 

0 
I 

PhSe-C 
/ 

CH0 

/Si ^CH3^3 
Ph (21.33) 

(CH kSiO SePh H?0 J 
J X —► PhCCH- 

CH3/ Ph 

Oxidation of allylic systems such as 1-phenylseleno-l-dimethylphenylsilyl- 
3-methyl-2-butene leads to 2-methyl-4-dimethylphenylsilyl-3-buten-2-ol. 
Clearly the silyl-Pummerer is not competitive with the[2,3]-sigmatropic re¬ 
arrangement of allylic selenoxides [44], 

(21.34) 

Ph(CH3)25i H 

"Or 
' OH 
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21 Silicon-Sulfur 

E. Synthesis of a,(S-Unsaturated Aldehydes 

3-Trimethylsilylallylic alcohols can be converted to a,(3-unsaturated aldehydes 
by reaction with phenylsulfenyl chloride and triethylamine. This results from 
a [2,3]-sigmatropic rearrangement of the initial adduct to yield an a,/3-unsa- 
turated O-trimethylsilyl hemiacetal [45], 

CH3CN 

The required 3-trimethylsilyl allylic alcohols can be prepared by LiAlH4 
reduction of 1-(1'-hydroxyalkyl)-2-trimethylsilyl acetylenes. 

Si(CH 3)3 

1) LiA1 H4 

2) THF 
(21.36) 

Ylides formed by deprotonation of allyl methyl trimethylsilylmethyl sulfo- 
nium salts with n-butyl lithium, undergo [2,3] sigmatropic rearrangement 
to yield homoallylic a-methylthio trimethylsilanes. These can be oxidized with 
MCPBA to the corresponding sulfoxides which undergo silyl-Pummerer re¬ 
arrangement to yield (3,y-unsaturated aldehydes after hydrolysis [46]. 
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21.8 Exchange Reactions 

21.8 Exchange Reactions 

Silyl sulfur reagents undergo exchange reactions with halogen containing 
substrates: such that one of the products possesses a Si-X bond while the 
other has a sulfur bonded to the substrate where the halogen was bonded in 
the starting material. The thermodynamic driving force for these reactions 
may, in general, be the strength of the Si-X bond which is formed (Si—Cl 
— 113 kcal/mol) [7], 

A. Synthesis of Sulfides 

Alkyl halide react with n-butylthiotrimethylsilane to yield alkyl n-butyl sul¬ 
fide and TMS—X. As expected on the basis of bond energies, primary with 
the following order of reactivity is observed alkyl halide RI > RBr > RC1 [75]. 

B. Synthesis of Polysulfides 

Sulfenyl chlorides react with alkylthiotrimethylsilanes to yield TMS-C1 and 
unsymmetrical disulfides [47]. 

CH2SSi(CH3)3 + ClSCH3 (CH3)3SiCl 

(21.38) 

In a similar manner, l,3-fr/s(trimethylsilylthio)propane or 2,2-dimethyl-2-sila- 
1,3-dithiocyclohexane [48] reacts with sulfur dichloride to yield 1,2,3-trithiocy- 
clohexane. l,4-6/s(Trimethylsilylthio)butane reacts with sulfur dichloride to 
yield 1,2,3-trithiocycloheptane [49]. This procedure is the most direct approach 
to such cyclic polysulfides. 

(CH3)3SiSCH2CH2CH2CH2SSi(CH3)3 + SCI2 

_—O 

xs 
( J. + 2(CH3)3SiCl 

(21.39) 

C. Synthesis of S-alkyl Thiocarboxylates 

Alkylthiotrimethylsilanes react with acid chlorides to yield S-alkyl thiocar¬ 
boxylates [76]. 

Ph-C-Cl + (CH3)3SiSCH2C02CH3 -► Ph-jj-SCH2C02CH3 (21.40) 

0 0 

2,2-Dimethyl-2-sila-l,3-dithiocyclopentane [50] reacts under high dilution 
conditions (10“2 molar solutions) with a,w-diacid chlorides to yield macrocyclic 
tetrathiolactones [50, 51]. 
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21 Silicon-Sulfur 

<CH3>2SVsJ 

Phenylsetenotrimethylsilane reacts in an analogous manner with acid chlorides 
to yield Se-phenyl selenocarboxylates [52]. Sulfinyl chlorides react with 
alkoxytrimethylsilane to yield sulfinate esters and TMS-C1 [47]. 

Cl' 

0 
II 
'C\ 

(ch2)3' 'Cl 

c=o 

(CH2)3 (21.41 

C=0 

EtOSi(CH 3)3 (CH3)3SiCl (21.42) 

This reaction is analogous to the exchange reaction between carboxylic acid 
chlorides and alkoxytrimethylsilanes which yield esters and TMS-C1 [54]. 
Reactions are also observed between methyl benzene sulfenate and TMS-C1 
or TMS-CN to yield methoxytrimethylsilane and benzene sulfenyl chloride 
or phenyl thiocyanate, respectively [47]. 

D. Sulfur Transfer Reagents 

A number of useful sulfur transfer reagents have been prepared by use 
of organosilicon reagents. For example, 1,1-thiocarbonyl di-imidazole has 
been prepared by reaction of N-trimethylsilyl imidazole and thiophosgene. 
Related heterocyclic thiocarbonyl transfer reagents based on benzimidazole, 
benzotriazole and pyrazole have also been prepared [56]. 

s 
N'^'N-Si (CEL)o [I 
\_/ J + Cl ^C1 

S 

N^N"C-N N 

Y=/ w (21.43) 

In a similar manner sulfenyl chlorides react with N-trimethylsilyl succini- 
mide to yield N-alkylthio or N-arylthio succinimide [57]. 

N-Trimethylsilyl heterocycles react with sulfur dichloride or sulfur mono¬ 
chloride to yield a series of mono or disulfur transfer reagents. These react 
with thiols to regenerate the heterocycle and yield tri-or tetrasulfides respect¬ 
ively [58], 
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21.9 Miscellaneous 

(21.45) 

21.9 Miscellaneous 

N-(Trimethylsilyl)thioformamide has been prepared by reaction of thioform- 
amide with hexamethyldisilazane [59]. Metallation of N-alkyl thioformamides 
followed by reaction with TMS-C1 yields N-alkyl-N-trimethylsilyl thioform¬ 
amides. These exhibit temperature dependent dynamic NMR behavior [60]. 

N,N-fr/s(Trimethylsilyl)thioformamide has been utilized to prepare N,N- 
bis (trimethylsilyl)enamines [61]. 

jj 1) Li+‘N[Si(CH3)3]2 jj 

EtO'^C'^H 2) (CH3)3SiCl H^CvN[Si (CH3)3]2 (21.46) 

1) RCHJi SSi (CH 3) 3 

2) (CHjoSiCl* H*|'CH2R 
J N[Si(CH3)3]2 

R\ /H L = L 
XN[Si(CK3)3]2 

Reductive cleavage of the C-S bond of a-methylthio trimethylsilyl enol 
ethers with sodium or sodium/potassium alloy in the presence of TMS-C1 
yields a-trimethylsilyl trimethylsilyl enol ethers [55]. These can be easily 
hydrolyzed to acyl trimethylsilanes. 

0 
il 

PhCH2CH2-C-SCH3 
1) LDA 
2) (CH3)3SiC1 

PhCH2CH=C 
/OSi (CH3)3 

xsch3 
(21.47) 

Na/K 
(C H 3) 3 S i Cl 

PhCH9CH=C 
2 \ 

OSi(CH3)3 

si(cH3)3 

All of the silicon-sulfur reagents we have considered thus far have pos¬ 
sessed organic groups on either silicon or sulfur or both. Silicon sulfide is, 
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21 Silicon-Sulfur 

in this regard, unique. It is virtually insoluble in all common organic solvents, 
except DMSO with which it reacts. Silicon sulfide reacts with ketones pos¬ 
sessing electron releasing groups in refluxing chloroform to convert the car¬ 
bonyl to a thiocarbonyl group [53]. 

21.10 Preparation 

Alkylthiotrimethylsilanes have been prepared by reaction of TMS-C1 with 
metal mercaptides [62]. 

(CH,),SiCl 
CH3-MgI + CH3S-H -► CH3~S-MgI -— -  - CH3S-Si (CH^ (21.49) 

Lithium trimethylsilylacetylide reacts with sulfur to yield lithium 2-trimethyl- 
silylethynylthiolate. This ambident anion reacts with TMS-C1 to yield bis(tri- 
methylsilyl)thioketene and with TMS-Br to yield l-trimethylsilylthio-2-tri- 
methylsilyl acetylene. This difference may result from the hard-soft nature 
of the leaving groups. 

s 
(CH3)3SiCiC_ —^[(CH3)3SiC=CS'] —► [(CH3)3SiC=C=s] 

(CH3)3SiBr |(CH3)3SiCl (21.50) 

(CH3)3SiCECSSi(CH3)3 (CHJ,SL 

J J c=c=s 
(CH3)3Six' 

fr/s(Trimethylsilyl)thioketene like di-t-butyl thioketene does not dimerize or 
polymerize [63]. 

Sodium phenyl selenide, formed by the reduction of diphenyl diselenide 
with sodium in THF, reacts with TMS-C1 to yield phenylselenotrimethyl- 
silane [64, 65]. 

Na + (CH3)3SiCl 
PhSeSePh - «► PhSe'Na --► PhSeSi(CH3)3 (21.51) 

Magnesium-p-tolyl selenide, prepared by reaction of p-tolyl magnesium bro¬ 
mide with selenium, reacts with TMS-C1 to yield p-tolylselenotrimethylsilane. 
This approach has also been used to prepare p-tolyltellurotrimethylsilane [66], 
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The reaction of trimethylsilylamines with thiols yields alkylthio- and aryl- 
thiotrimethylsilanes [67]. Deprotonation of the thiol to yield a thiolate by 
N-trimethylsilyl imidazole may be an essential step in the reaction [68]. 

The reaction of hexamethyldisilazane with thiols can be catalyzed by imida¬ 
zole [69]. 

[(CH3)3Si]j NH h2s 
Imidazole 

[(CH3)3Si]2S NH, (21.53) 

Likewise phenylselenotrimethylsilane can be prepared by reaction of phenyl- 
selenol with TMS-C1 in the presence of trimethylamine. The preparation and 
purification of phenylselenol is, however, difficult [70], 

Alkylthio- and arylthiotrialkylsilanes can be prepared by reaction of tri- 
alkylsilanes with thiols catalyzed by [Ph3P]3RhCl [71, 72]. 

[Ph3P]3RhCl 
PhSH + Et3SiH -—-► E13 S i -SPh (21.54) 

Dissolving metal reduction of symmetrical disulfides in the presence of 
TMS-C1 yields alkylthiotrimethylsilanes [73]. 
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22 Silicon-Phosphorous 

22.1 Introduction 

A number of silicon-phosphorous compounds have proved to be useful 
reagents in organic synthesis. Among these are at least four major types: 
trimethylsilyl phosphines, Ph2PSi(CH3)3; trimethylsilyl phosphites, 
(CH3)3SiOP(OEt)2; trimethylsilyl phosphates, [(CH3)3Si0]3P=0, and trime¬ 
thylsilyl hypophosphites, [(CH3)3SiO]2P-H. In general all four react with a 
single functional group in similar ways and so their chemistry will be 
examined together. 

We have previously considered the preparation of vinyl phosphonates as 
well as the reaction of trimethylsilyl bromide with dialkylphosphonates (see 
6.1 and 3.9). 

fi 2(CH ) SiBr jj H O fl 
H2C=CH-P-(0Et)2 ■ ■ -► H2C=CH-P-[OSi(CH3)3]2 -► H2C=CH-P-(0H)2 

(22.1) 

22.2 Alkyl Halides — Arbuzov Reactions 

Ms(Trimethylsilyl) alkylphosphonates can be prepared by the Arbuzov reac¬ 
tion of primary alkyl halides with tris(trimethylsilyl) phosphite [1, 2]. 

[(CH3)3Sio]3P + PhCH2Br PhCH2-P-[0Si(CH3)3]2 

0 o 
(CH3)3Si 

v-Br' 
(22.2) 

* 
PhCH2-P-[0Si(CH3)3]2 + (CH3)3SiB 

Arbuzov reaction of d,/-3-iodo-l,2-distearoyl propane with tris (trimethylsilyl) 
phosphite gives after hydrolysis d,/-2,3-distearoyl propylphosphonic acid 
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22.3 Acid Chlorides 

which was converted to 2,3-distearoyl propylphosphonyl choline derivatives 
[3, 73], 

Trimethylsilyl phosphinites undergo Arbuzov reaction with alkyl iodides 
to yield tertiary phosphine oxides [4]. 

CHoI 
(n-Bu)2P0Si(CH3)3 -— (n-Bu + (CH3)3Si I (22.3) 

Arbuzov reaction of bis(trimethylsilyl) trimethylsilyloxymethyl phosphinate 
with 3-chloropropionitrile yields 2-cyanoethyl(hydroxymethyl)phosphinic 
acid after hydrolysis [5], 

f) (CH,),SiNEt? 
H0CH2-P-0H -^ (CH3)3Si0CH2P[0Si(CH3)3]2 (22.4) 

H 3 

1) cich2ch2cn 3 
2) H 0-► H0CH2-P-CH2CH2CN 

OH 

Trimethylsilyl phosphines react with chloroacetonitrile to yield cyanome- 
thyl phosphines and TMS-C1 [6]. 

Ph2PSi(CH3)3 + ClCH2CN -► Ph2PCH2CN + (CH3)3SiCl (22.5) 

Trimethylsilyl phosphines also react with organogermanium chlorides and 
organotin chlorides to yield TMS-C1 and organogermanium or organotin 
phosphines, respectively [7, 8], 

[(CH3)3Si]3P + 3(CH3)3SnCl -► E(CH3)3Sn]3P + 3(CH3)3SiCl (22.6) 

22.3 Acid Chlorides 

A. Acyl Phosphonates 

Acid chlorides react with silyl phosphites to yield acyl phosphonates. This 
reaction has been carried out with fm(triethylsilyl) phosphite, ethyl bis(tri- 
ethylsilyl) phosphite and diethyl triethylsilyl phosphite [9], 

8 Et?0 J 0SiEt3 
EtOP(OSiEt,)9 + CH,-C-C1 -=—*► EtO-P + Et.SiCl (22.7) 

J d J ^CCH, 
ii J 
0 
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22 Silicon-Phosphorous 

B. Acyl Phosphates 

Acyl phosphates are a type of mixed anhydrides. They have been prepared 
in two ways. Acyl b/s(tri-n-butylstannyl)phosphate reacts with TMS-C1 to 
yield acyl b/s(trimethylsilyl)phosphate. 

(ChLKSi Cl 
[(n-Bu)-,Sn0]9P-0-C-Ph -—-► [(CH,),Si0]9P-0-C-Ph (22.8) 

3 2„ || 3'3 21| |, 
0 0 0 0 

Alternatively, tri-n-butyltin methoxide reacts with tm(trimethylsilyl)phos- 
phate to yield trimethylmethoxysilane and tri-n-butylstannyl 6/s(trimethyl- 
silyl)phosphate which reacts with acid chlorides to yield acyl b<s(trimethyl- 
silyl)phosphates [10]. These easily undergo hydrolysis to yield the desired 
acyl phosphates. ' 

0 

[(CH3)3Si0]3P=0 + n-Bu3SnOCH3 —► n-Bu3Sn0-P-[0Si(CH3)3]2 + (CH3)3Si0CH3 

'CHo-C-Cl 
o II 

(22.9) 

CHn-C-0-P-[0Si(CH_)9]9 + n-BuoSnCl 
o || || 3 o 2 j 

0 0 

C. Acyl Phosphines 

Silyl phosphines also react with acid chlorides to yield acyl phosphines and 
silyl chlorides [11—13]. 

Cl 

Silyl phosphines react with sulfonyl chlorides in a more complex manner 
[12]. 

22.4 Ketones and Aldehydes 

Trialkylsilyl phosphites react with ketones or aldehydes to yield 1-trialkyl- 
silyloxyalkyl phosphonates. The reaction of acetaldehyde, TMS-C1 and tri- 
methylphosphite also yields dimethyl (l-trimethylsilyloxyethyl)phosphonate 
[14]. 

0 (CH )9Si0 0 
li 3 3 | || 

CH3-C-H + (CH3)3SiCl + (CH30)3P —► CH3-CH-P(0CH3)2 + CH3C1 (22.11) 
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22.4 Ketones and Aldehydes 

In a thorough study, Evans showed that this reaction does not involve prior 
formation of dimethyl trimethylsilyl phosphite [15]. An alternative possibility 
involves nucleophilic attack by phosphorous on the carbonyl carbon of acet¬ 
aldehyde to yield a zwitterionic intermediate. The negatively charged alkoxide 
anion attacks the silicon of TMS-C1 to give a trimethoxy(l-trimethylsilyloxy- 
ethyl)phosphonium/chloride ion pair. Chloride attack on a methyl group in an 
Arbuzov reaction gives methyl chloride and the product. 

(CH30)3P + CH3-C^ ch,-c-p(och,), 
3 | C 3 3 

(22.12) 

(CH3)3SiCl 
H 

CH,-C-P(0CH,)9 
3 | |l 32 

(CH3)3SiO 0 

The reaction of dialkyl trimethylsilyl phosphites with ketones or alde¬ 
hydes also proceeds by nucleophilic attack by phosphorous on the carbonyl 
carbon to yield a zwitterionic intermediate. 1,4-Intramolecular rearrangement 
of the trialkylsilyl group from an oxygen bonded to phosphorous to the 
alkoxide oxygen yields the product. Intramolecular migration of trialkylsilyl 
groups via front side displacement with retention of configuration at the silyl 
center is well-known [16]. 

(EtO)2POSi(CH3)3 + 

0 
n 

PhCH 

0 OSi CHJ0 
t | 3'3 

Ph-C-P-OEt 
I 1 + 

H OEt 

OSi (OH.), 
| O O 

Ph-C-P(OEt), 
l II 3 

H 0 
(22.13) 

As predicted by this mechanism, no crossover products were observed when 
diethyl trimethylsilyl phosphite, dimethyl t-butyldimethylsilyl phosphite and 
benzaldehyde were reacted in a 1:1:2 molar ratio [15]. 

Numerous examples of this reaction have been reported. Much of the 
original work was done by Russian chemists. Diethyl trimethylsilyl phosphite 
reacts with aldehydes or ketones to yield diethyl (1-trimethylsilyloxyalkyl)- 
phosphonates [17, 18]. These are easily hydrolyzed to yield diethyl (1-hydroxy- 
alkyl)phosphonates [17, 18]. 

(EtO)2POSi(CH3)3 

0Si(CH3)3 

•j(0Et). 

OH 

h2o 

P(0Et)2 

0 

(22.14) 
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22 Silicon-Phosphorous 

The reaction of diethyl trimethylsilyl phosphite with aromatic aldehydes 
has been studied [20]. The effect of substituents on reaction rate is consistent 
with the importance of nucleophilic attack by phosphorous on the carbonyl 
carbon. 

tris(Trimethylsilyl) phosphite reacts with aldehydes or ketones to yield 
Ws(trimethylsilyl) 1-trimethylsilyloxyalkyl phosphonates [29, 30]. These can 
be readily hydrolyzed to yield a-hydroxyalkyl phosphonic acids. 

0 OSi(CH,)o u n HO 0 
|| I 3 3 H?0 | || 

Ph-C-ChU + [(CH,hSiO],P -► Ph-C-P[0Si (CH~),]9 ——*► Ph-C-P-OH 
O OOJ | || i i C || 

H3C 0 H3C oh 

(22.15) 

to(Trimethylsilyl) phenyl phosphinate reacts with aldehydes to yield tri¬ 
methylsilyl (1-trimethylsilyloxyalkyl) phenyl phosphinate [30]. 

0 

PhP[0Si(CH3)3]2 + CH3-C-H 

(CH3)3Si 
0 Ph 
I I 

CHo-C-P-OSi(CH_), 
3 | || 33 

H 0 

(22.16) 

Likewise, £/s(trimethylsilyl)hypophosphite reacts with aromatic aldehydes 
or ketones [31]. 

HP[0Si(CH3)3]2 

(22.17) 

+ 

+ H3NPh 

Trimethylsilyl-N,N,N',N'-tetraethylphosphorodiamidite reacts with aroma¬ 
tic aldehydes [32] to yield the expected 1:1 adducts: N,N,N'N'-tetraethyl-P- 
[a-trimethylsilyloxybenzyl]phosphonic diamides. 

0 0 0S1(CH,), 
II || | 3'3 

[Et2N]2P-0-Si(CH3)3 + H-C-Ph —► [Et2N ]£P-C-Ph (22.18) 

H 

Diethyl trimethylsilyl phosphite reacts with ketene to yield diethyl 
(l-trimethylsilyloxyvinyl)phosphonate which can be hydrolyzed to yield 
acetyl diethyl phosphonate [17, 19] (see 22.3 A). 

(Et0)2P0Si(CH3)3 + CH2=C=0 

0 
II 

(EtO)2P-C=CH2 

OSi(CH3)3 

0 0 
II II 

(EtO)2P-C-CH3 

(22.19) 
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22.4 Ketones and Aldehydes 

Reaction of diethyl trimethylsilyl phosphite with 2,3-butanedione yields 
diethyl (l-methyl-l-trimethylsilyloxyacetonyl)phosphonate [21]. 

0 0 0 0 

(EtO)2POSi(CH )3 + CH3-C-C-CH -► (EtO)-P-C-C-CH- . 
3 J 3 3 2 ^ 3 (22.20) 

CH3 0Si(CH3)3 

This is surprising since trialkyl phosphites react with a-diketones to yield 
cyclic 1:1 adducts [22, 23]. On the other hand, diethyl trimethylsilyl phosphite 
reacts with benzil to yield diethyl-[l,2-diphenyl-2-trimethylsiloxyvinyl]phos- 
phate [20], 

0 0 
, , , II II 
(Et0)2P0Si(CH3)3 + Ph-C-C-Ph 

Similarly, tm(trimethylsilyl) phosphite reacts with 2,3-butanedione to 
yield bis (trimethylsilyl) (1,2-dimethyl-2-trimethylsilyloxyvinyl)phosphate [24]. 
The reason for the difference in behavior of diethyl trimethylsilyl phosphite 
and tns(trimethylsilyl)phosphite toward 2,3-butanedione is not obvious. 

Diethyl trimethylsilyl phosphite reacts with both hexafluoroacetone [25,26] 
and chloral [27] at low temperature to yield diethyl (1-trifluoromethyl-l-tri- 
methylsilyloxy-2,2,2-trifluoroethyl)phosphonate and diethyl(l-trimethyl- 
silyloxy-2,2,2-trichloroethyl)phosphonate, respectively. These rearrange on 
heating at 140—160 °C to yield diethyl-(2,2-difluoro-l-trifluoromethylvinyl)- 
phosphate and diethyl-(2,2-dichlorovinyl)phosphate [26]. 

(Et0)2P0Si(CH3)3 

0 
II _25° 

+ cf3-c-cf3-^- 

0 OSi(CH-), 
ill 33 

(Et0)2P-C-CF3 

CF0 

(22.22) 

CF- 
0 
11 3 

(Et0),P-0-CC" + 

d ^cf2 

(CH3)3SiF 

363 



22 Silicon-Phosphorous 

The thermal decomposition of dimethyl [a-methyl-a-trimethylsilyloxy- 
benzyl]phosphonate to yield dimethyl trimethylsilyl phosphite and acetophe¬ 
none is closely related [28]. 

22.5 Benzoquinones 

Both diethyl trimethylsilyl phosphite [20, 33] and fmftrimethylsilyl) phosphite 
[24] react with p-benzoquinones to yield diethyl-4-trimethylsilyloxyphenyl 
phosphates or Ws(trimethylsilyl)4-trimethylsiloxyphenyl phosphates, res¬ 
pectively [33]. 

OSi(CH3)3 (22.23) 

22.6 a-Keto Esters and a-Keto Nitriles 

Diethyl trimethylsilyl phosphite reacts with methyl pyruvate and pyruvo- 
nitrile to yield 1:1 adducts: diethyl [1-carbomethoxy-l-trimethylsilyloxy- 
ethyl) phosphonate and diethyl [1-cyano-l-trimethylsilyloxyethyl] phospho- 
nate, respectively [34], 

00 0 0Si(CH9)9 
li il II l 2 J ( 

(Et0)2P0Si(CH3)3 + CH3-C-C-0CH3 -► (Et0)2P-C-C02CH3 (22.24) 

ch3 

tns(Trimethylsilyl) phosphite and ^/^(trimethylsilyl) phenyl phosphinate 
react with pyruvonitrile in a similar manner to yield /?/s(trimethylsilyl)-[l- 
cyano-l-trimethylsilyloxyethyl] phosphonate and trimethylsilyl [1-cyano-l- 
trimethylsilyloxyethyl] phenyl phosphinate [30]. 

Diethyl trimethylsilyl phosphite reacts with ethyl phenylglyoxylate to 
yield diethyl [a-carboethoxy-a-trimethylsilylbenzyl] phosphate. Stabiliza¬ 
tion of the carbanion by adjacent ester and phenyl groups may facilitate the 
critical rearrangement step which converts a 1,3-phosphonium/alkoxide zwit- 
terionic intermediate into a 1,3-phosphonium/carbanion zwitterionic inter¬ 
mediate [34]. 

0 0 

(Et0)2P0Si(CH3)3 + PhC-COEt 

0 
l 

Ph-C-C09Et 
I . 2 

(Et0)2P-0Si(CH )3 

i 
Ph -C-C09Et 

I 2 
0, 

(Et0)2P+-0Si(CH3)3 

(22.25) 

Si(ch3)3 

Ph-C-C09Et 
I 2 

° / P(0Et) p 
0^ l 
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22.7 a,/3-Unsaturated Carbonyl Compounds 

bis(Trimethylsilyl) hypophosphite reacts in a similar manner with methyl 
pyruvate [35]. 

o 
[(CH3)3SiOD2P“H + CH3-C-C02CH3 

(CH3)3SiO 

H 

0 Si(CH,), 
\|| I 3 3 

.p-o-c-co9ch, 
/ I L 6 

CH3 

(22.26) 

The reaction of b/s(trimethylsilyl) hypophosphite with methyl 3,3-dime- 
thyl-2-ketobutyrate is more complicated [36], 

22.7 a,(J-Unsaturated Carbonyl Compounds 

Dimethyl trimethylsilyl phosphite reacts with a,(3-unsaturated aldehydes to 
yield mixtures of 1,2 and 1,4-adducts (Eq. 22.27). Significantly, trimethyl 
phosphite and TMS-C1 [14] react regiospecifically with a,(3-unsaturated alde¬ 
hydes to yield only 1,2-adducts (Eq. 22.28) [15,37]. a,/8Unsaturated ketones 
yield only 1,4-adducts with either reagent (Eq. 22.29). 

+ (CH30)2P0Si(CH3)3 

0 

P(0CHJ„ 
H J z 

0Si(CH3)3 

47 

(22.27) 

0>S1(CH3>3 
0=P(0CH3)2 

+ (CH30)3P + (CH3)3SiCl >99 

(22.28) 

(CH30)2P0Si(CH3)3^^ 

(CH30)3P + (CH3)3SiCl 
o-p(och3)2 

(22.29) 

Based on NMR coupling constants, the stereochemistry of these 1,4-adducts 
has been determined to be exclusively Z. a,(3-Unsaturated ketones which can¬ 
not adopt a cisoid geometry, such as 2-cyclohexenone do not react. These 
facts suggest that the 1,4-adducts may be formed via a cyclic intermediate [15]. 
Since 1,2 and 1,4 adducts do not interconvert thermally, the ratio of these 
products must be kinetically controlled. 
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22 Silicon-Phosphorous 

CH3 

+ (CH30)2P0Si(CH3)3 

(22.30) 

CH, 

OSi(CH3)3 

' P(0CH )? 

32 
Diethyl trimethylsilyl phosphite reacts in a 1,4 manner with 5-benzyldiene 

barbituric acid [38]. 

(EtO)2POSi(CH3)3 + 
PhCH 

0 

NH 

N^O 
I 
H 

(22.31) 

Diethyl trimethylsilyl phosphite reacts with a,(3-unsaturated esters such as 
ethyl acrylate to yield mixtures of adducts [19]. 

(EtO)2 POSi(CH 3)3 + H2C=CHC02Et (22.32) 

X 
C0„Et 

l 2 
(EtO)9PCH9CH 

2ii 21 

I ^OEt 
(EtO)9PCH9C=C, 

Si (CH 
3;3 

0 OSi(CH 
3;3 

tm(Trimethylsilyl) phosphite reacts regiospecifically with a,(3-unsaturated 
aldehydes to give 1,2-adducts while it reacts with a,(3-unsaturated ketones 
or esters to give 1,4-adducts [29]. 

/us-(Trimethylsilyl) hypophosphite reacts with acrylonitrile to yield a 
mixture of trimethylsilyl hydrogen [2-cyano-2-trimethylsilylethyl] phosphonite 
and ^w(trimethylsilyl) 2-cyanoethyl phosphonite. Heating converts the mix¬ 
ture to the latter product exclusively [39, 40]. 

[(CH3)3SiO]2PH + CH2=CHCN 

366 

(CH 
c.n 0 Si CH, , 3;3S1°XII | 3'3 

J ,P-CH?-CHCN 
H 

A 

V 

[(CH3)3SiO]2PCH2CH2CN 

(22.33) 



22.8 a-Haloketones 

Z?/s(Trimethylsilyl) hypophosphite reacts with styrene to yield b/s(trimethyl- 
silyl) 2-phenylethyl phosphonite [39], 

22.8 a-Haloketones 

The reaction of fri.s(trimethylsilyl) phosphite with a-halo ketones occurs by 
three possible pathways [41]. The first is the Arbuzov reaction which yields 
fr«(trimethylsilyl) 2-oxoalkyl phosphonates. Second is the formation of 1:1- 
adducts: fri\s(trimethylsilyl) (2-halo- 1-trimethylsilyloxyalkyl) phosphonates. 
Third is the Perkow reaction which results in formation of /?/s(trimethylsilyl) 
vinyl phosphates. These latter two reactions may involve a common initial 
zwitterionic intermediate. 

R1 0 

f 8 [(CH3)3SiO]3P [(CH3)3SiO]2P-C-C-R3 

R-|R2C-CR3 o r~ 

[(CH3)3SiO]3P 

I I \ OSiCCHj)3 
R,RkC-C- p. 

' 2 I, ^[0Si(CH3)3]2 

' V 
RiR2c^ri^si(cH3)3 

1,3 Pv[0Si(CH3)3]2 

Arbuzov 

(22.34) 

X OSi(CH3)3 

R3 R2C-(j:-P[0Si (CH3)3]2 

r3"° 

1:1 Adduct 

R.R„C=C ( n 
1 2 X0P[0Si(CHA3]2 

II J J 
0 

Perkow 

With aliphatic a-haloketones or aldehydes the 1:1 adducts predominate. Thus 
chloroacetone reacts with ta's(trimethylsilyl) phosphite to give fr/s(trimethyl- 
silyl)-(2-chloro-l-methyl-1-trimethylsilyloxy ethyl) phosphonate. This com¬ 
pound can be converted to the corresponding epoxide which is related to the 
antibiotic phosphonomycin [41, 42]. 

0 

[(ch3)3Si0 3 3 P + cich2cch3 

! 

OSi(CH3)3 

CH3-C-CH2C1 

0=P[0Si(CH3)3]2 

(22.35) 

1) NaOCH3/-78° 

2) (CH3)3SiCl ^ 

0 

P[0Si(CH3)3l2 

CH. 
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Phenacyl bromide reacts with tm(trimethylsilyl) phosphite to yield a 
mixture of Arbuzov (14%) and Perkow (61%) products (Eq. 22.36) [41, 43]. 
a-Haloesters yield exclusively Arbuzov products. 

0 
[ (CH3)3Si0]3P + Ph-C-CH^Br (22.36) 

0 0 D. 

II II /ph 
[(CH,),SiO],PCH,,-C-Ph + H?C=C 

J J 6 * '0P[0Si(CH3)3d2 

0 
Diethyl trimethylsilyl phosphite reacts with bromoacetone to yield a 

mixture of Arbuzov (24%) and Perkow (65%) products while chloroacetone 
yields only 1 : 1 type adducts. This difference has been attributed to the 
increased nucleophilicity of the phosphorous of diethyl trimethylsilyl phosphite 
compared to tm(trimethylsilyl) phosphite and to the relative strength of a 
C-Br bond compared to a C-Cl bond [41]. 

(Et0)2P0Si(CH3)3 

(Et0)2 POSi(CH 3) 3 

0 
II 

+ BrCH2-C-CH 

0 
II 

+ cich2-c-ch3 

00 0 CH, 
N II || | J 

—► (Et0)2P-CH2-C-CH3 + (Et0)2P-0-C=CH2 

(22.37) 

0 OSi(CH,), 
II I 3 3 

-► (EtO)2P-C-CH2Cl (22.38) 

ch3 

bis (Trimethylsilyl) hypophosphite reacts with chloroacetone to yield ap¬ 
proximately equal amounts of 1:1 adduct (37,6%) and Perkow reaction 
product (41,5%) [44]. 

Phosphoenol pyruvate possesses a high energy phosphate bond, [AG° 
= -14.8kcal/mole on hydrolysis]. It can be prepared in an one pot reaction 
sequence (Eq. 22.39) [45]. 

n 2(CH.),SiBr 
CH,=C-C-0Si(CH,),  -—- 

2 | 3 3 

0 0 

BrCH2-C-C-0Si(CH3)3 + (CH^SiBr 

(CH30)2P0Si(CH3)3 

Perkow reaction 

0 
II 

CH,=C-C-0Si(CH,), 
2 | 3 3 

0 

0=P[0Si(CH3)3]2 

0 

0=P(0CH3)2 (22.39) 
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22.9 Carbon-Carbon Bond Formation/Acyl Anion Synthons 

Enol phosphates have been prepared as outlined [46], 

0 
II 

PhCCH^Cl 

(22.40) 

EtOH, PhNH2 Ph 

I 
0=P-0H 
J + 

0 PhNH3 

Ph 

> 

p(°CH3)3 

(CH3)3SiBr Ph 

> 
0=C(0CH3)2 0=P[0Si(CH3)3]2 

22.9 Carbon-Carbon Bond Formation/Acyl Anion Synthons 

Benzaldehyde can be converted to diethyl (a-trimethylsilyloxybenzyl) phos- 
phonates (Eq. 22.13), which can be metallated with LDA. This anion reacts 
with primary alkyl iodides or bromides to yield diethyl [a-alkyl-d-trimethyl- 
silyloxybenzyl] phosphonates. Treatment of these with base gives alkyl aryl 
ketones [37, 47]. 

0si(CH3)3 

Ph-C-H 

0=P(OEt)2 

1) LDA 
2) n-Prl ** 

„'S1<CH3>3 

Ph-C-CH0CH„CH~ 
I 2 2 J 

°=P(0Et)o 

(22.41) 

0 
Ph-*C- CH2CH2CH3 + (Et0)2P0_ + (CH3)3SiOH 

Diethyl [a-lithio-a-trimethylsilyloxybenzyl] phosphonate also reacts with 
ketones or aldehydes to yield a-hydroxy ketones [48, 49], 

0 Ph 
II l 

(EtO)2P-C-OSi(CH3)3 

Li 

(Et0)~P-C-0-Si (CEL)-, 
v 2w| • 3 o 

H-C-0'-^ 

ch3 

(22.42) 

Si(CH3)3 

H 

(Et0)2P-0"Li+ 
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Diethyl trimethylsilyl phosphite reacts with a,/3-unsaturated aldehydes to 
yield 1,2-adducts. Metallation of these yields allylic carbanions which react 
regiospecifically with primary secondary alkyl iodides at the -/-position 
to yield diethyl (2-alkyl-l-trimethylsilyloxyvinyl) phosphonates. These undergo 
acidic hydrolysis to yield esters [50]. 

OSi(CH 3) 3 

(EtO)2P0St (CH3)3 H\ xCHP(°Et)2 1 ) LDA/THF -78° 

Ph^ "H 0 2) (CH3)2CHI 

OSi(CH3)3 
Ph 0 0 

CHCH„-C-P(0Et)?-«-ffl- (CHJ9CHCHCH=C. 

(CH3)iH J>h fOEt) 
, 0 

EtOH 

(ch3)2ch 

HH 

(22.43) 

HCCH,C0oEt 
I 2 2 
Ph 

22.10. Oxidation of Trimethylsilyl Phosphites 

tm(Trimethylsilyl) phosphite reduces 5'-azido-5'-deoxyribonucleosides to 
5'-amino-5'-deoxyribonucleosides as outlined below. The phosphite is oxi¬ 
dized to a phosphoramidate in the process [51]. 

OSi(ch3)3 

[(CH3)3SiO]3P 
[[(CH3)3SiO]3P~N=N-N-R] 

(CH3)3SiO OSi(CH3)3 

-N, 

[(CH3)3SiO]3P=N-R 

h2o 

[(CH3)3SiO]3P-N-R 

N=N 

(22.44) 
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22.10 Oxidation of Trimethylsilyl Phosphites 

This procedure has been used to prepare 3',5'-dinucleoside phosphorami- 
dates. 

(CH_)oSi0CH„ 
3 3 '2,0 

jh 

o 
P[0Si(CH3)3]2 Si(CH3)3 

Trimethylsilyl phosphinites react with sulfur to yield trimethylsilylthio- 
phosphinates [4]. ^(Trimethylsilyl) phenyl phosphonate reacts with sulfur 
to yield 0,0-/?/s(trimethylsilyl) phenyl phosphonothioate [52, 53]. 

S 

(n-Bu)2P0Si(CH3)3 + Sg —► (n-Bu)2P0Si(CH3)3 (22.46) 

In a similar manner, alkyl bis (trimethylsilyl) phosphites react with diaryl 
disulfides to yield arylthiotrimethylsilanes and alkyl S-aryl trimethylsilyl thio- 
phosphates. This methodology has proved useful for the oxidation of nucleo¬ 
side phosphites [53, 54, 74], 

CH- 

OSi(CH3)3 

[(CH3)3SiO]2POCH2 0 

(CH3)3SiO 

(22.47) 

^ ,0Si(CH3)3 

(Ch3)3Si 

OSi(CH 3)3 

DMSO also oxidizes fr/s-(trimethylsilyl) nucleoside phosphites to bis-(tn- 
methylsilyl) nucleoside phosphates [75]. 
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Likewise tns(trimethylsilyl phosphite is oxidized by methyl phenyl sulfoxide 
to tns(trimethylsilyl) phosphate [75]. On the other hand, tm(trimethylsilyl) 
phosphite reacts at 130° with 2-nitrobiphenyl to yield carbazole and tris- 
(trimethylsilyl) phosphate. \ 

(22.49) 

22.11 Miscellaneous Reactions 

Under nucleophilic catalysis by potassium phenylthiolate/DC-18-C-6, phenyl- 
thiotrimethylsilane reacts with trimethylphosphate to yield first dimethyl 
trimethylsilyl phosphate and then more slowly methyl fr/s(trimethylsilyl) 
phosphate and finally tris(trimethylsilyl) phosphate. The half-life for the first 
exchange is significantly shorter than that for the second which in turn is 
shorter than the third (t, = 7.5min, t2 = 55min, and t3 = 455min at 30 °C). 
This difference permits isolation of intermediate products [55]. TMS-Br, 
while effective for such reactions, is not selective. 

(CH30)3P=0 + PhSSi(CH 3)3 
PhS~K+ 

DC-18-C-6 “ (CH30)2P\ 

0 

OSi(CH 3) 3 

(22.50) 

PhS'K+ 11 
DC-18-C-6 “ ch30PC0Si(CH3)3J2 

Trimethylsilyl polyphosphate may be prepared by addition of P205 to 
hexamethyldisiloxane. Unlike polyphosphoric acid, it has good solvent prop¬ 
erties and will dissolve a number of organic substrates at room temperature 
[56]. It has been utilized for the Beckman rearrangement to convert oximes 
to amides [56, 57], 
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22.12 Preparations 

OEt 

(22.51) 

2-Trimethylsilylprop-2-enyl esters of phosphoric acid can be used as a 
protecting group since they are relatively stable to acidic and basic condi¬ 
tions [58], They are, however, removed by hydrogenolysis over Pd/C or by 
treatment with tetraethylammonium fluoride. 

0 
II 

EtO-P- >--0 CH0-C 
2 i 

^CH2 

Si(CH3)3 

-pd/C -■ EtO-P(OH)2 (22.52) 

They may be prepared by reaction of 2-trimethylsilylprop-2-enol [59] with 
phosphorodichloridates in pyridine. 

22.12 Preparations 

Diethyl trimethylsilyl phosphite has been prepared by reaction of diethyl- 
phosphite with TMS-C1 and triethylamine [60, 61]. 

(EtO)2P 
\ 

+ 
Et.N 

(CH3)3SiCl -► (Et0)2P0Si(CH3)3 (22.53) 

Dimethyl trimethylsilyl phosphite [62], and dimethyl triethylsilyl phosphite 
[62] have been prepared by analogous reactions [62], Dimethyl trimethylsilyl 
phosphite has been prepared by reaction of dimethyl phosphite with hexame- 
thyldisilazane [63]. 

Dialkyl phosphites also react with dialkylaminotrialkylsilanes to yield di¬ 
alkyl trialkylsilyl phosphites [64], Dimethyl t-butyldimethylsilyl phosphite has 
been prepared by reaction of dimethylphosphite with sodium hydride and 
t-butyldimethylchlorosilane [15]. 

(ch30)2p^ 
0 

H 

NaH 
THF*' 

(CH30)2P0'Na+ 
t-Bu(CH3)2SiCl 

(CH30)2P0Si(CH3)2-t-Bu 

(22.54) 

Detailed instructions for the preparation of tm(trimethylsilyl) phosphite 
by reaction of TMS-C1 with phosphorous acid and triethylamine have been 
published [41]. 
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M (CHj,SiCl 

H-P(0H)2 Et,N ~ 
C(CH3)3SiO]3P (22.55) 

Ws(Trimethylsilyl) hypophosphite has been prepared by reaction of hy- 
pophosphorous acid with TMS-C1 and trimethylamine or with 6«(trimethyl- 
silyl)acetamide. NOTE: It is inflammable and burns in air [31]. 

0 OSi(CH,), 
II | 3 3 

H2P0H + CH3-C=NSi(CH3)3 HP[0Si(CH3)3J2 (22.56) 

/?/s(Trimethylsilyl) hypophosphite can also be prepared by reaction of hypo- 
phosphorous acid with two equivalents of dimethylaminotrimethylsilane [65]. 

frzs(Trimethylsilyl) phenyl phosphinate has been prepared by reaction of 
phenyl phosphonous acid with hexamethyldisilazane [30]. 

n.OH 
Ph-P^ + E(CH3)3Si ]2NH 

H 
PhP[0Si(CH3)3]2 (22.57) 

Phenyl phosphonous acid also reacts with triethylsilane under catalysis by 
nickel to yield bzs(triethylsilyl) phenyl phosphinate [66]. 

Trimethylsilyl N,N,N',N'-tetraethylphosphorodiamidite has been prepared 
by reaction of magnesium bromide N,N,N',N'-tetraethylphosphorodiamidite 
with TMS-C1 [67], 

[Et2N]2P0"MgBr + (CH^SiCl 
3'3' 

[E13N]2 POSi(CH,) 
3'3 (22.58) 

Reaction of N,N,N',N'-tetramethylphosphorodiamido chloride with so¬ 
dium triethylsilanoate yields triethylsilyl N,N,N',N'-tetramethylphosphorodi- 
amidite [15]. 

E13SiOH Na-H»- Et3SiO~Na+ + [(CH3)2N]2PCI —► E13Si0P[N(CH3)2]2 (22.59) 

Secondary phosphine oxides react with alkali metals in aprotic solvents 
with evolution of hydrogen. The anion thus formed reacts with TMS-C1 to 
yield trimethylsilyl phosphinites [4]. 

/0 . , (CH )3SiCl 

Ph2P\ Ph2p°_K - ■ - - - Ph2P0Si(CH3)3 (22.60) 
H 

Pis(Trimethylsilyl) phosphate can be prepared by reaction of TMS-C1 
with phosphoric acid. Triethylbromosilane also reacts with triethylphosphate 
to yield ethyl bromide and frzs(triethylsilyl) phosphate [68]. 
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(m(Trimethylsilyl) phosphine undergoes oxidation by nitrogen dioxide 
to yield fm(trimethylsilyl) phosphate [69]. 

[(CH3)3Si]3p + N02 -[(CH3)3Si0]3P=0 (22.61) 

Silyl phosphines [70] have been prepared by reaction of alkali metal phos¬ 
phides and chlorosilanes [69—71], 

PhPK2 + 2(CH3)3SiCl -- PhP[Si(CH3)3]2 (22.62) 

Trimethylsilyl diphenyl phosphine has been prepared by Wurtz type 
reaction of diphenylphosphinous chloride, TMS-C1 and sodium [72] or mag¬ 
nesium [7] in ether solvents. 

fm(Trimethylsilyl) phosphine, 6-butyl /?/s(trimethylsilyl) phosphine and 
di-f-butyl trimethylsilyl phosphine have been prepared by Wurtz type reac¬ 
tion of TMS-C1 and phosphorous trichloride, t-butyl dichloro phosphine or 
di-f-butyl phosphinous chloride respectively with magnesium in THF [8]. 

(CH3)3CPC12 + 2(CH3)3SiCl Mg/THF ^ (CH3)3CP[Si(CH3)3J2 (22.63) 

Experimental details of the reaction of aldehydes with TMS-C1 and tri¬ 
alkyl phosphites have been published [15, 49]. 

0 OSi(CH0)0 
II I 3 3 

Ph-C-H + (EtO)3 P + (CH3)3SiCl -► Ph-C-H (22.64) 

0=P(0Et)2 
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23 Silyl Oxidants 

23.1 Introduction 

While there are numerous silyl reduction reactions, there are just a few 
silicon based oxidizing reagents. Oxidation of silyl enol ethers and the modi¬ 
fication of lead tetraacetate by TMS-N3 have been previously considered. 

23.2 6/s(TrimethyIsilyl) monoperoxysulfate 

Ws(Trimethylsilyl) monoperoxysulfate is a silyl derivative of Caro’s acid. 
Soluble in aprotic non-polar solvents such as methylene chloride, it has 
proved useful for Baeyer-Villiger oxidation of ketones to the esters [1]. 

0 0 
I! II 

Ph2C=0 + (CH3)3Si0-S-00Si(CH3)3 -► PhO-C-Ph (23.1) 

0 

fris(Trimethylsilyl) monoperoxysulfate is prepared by reaction of sulfur tri¬ 
oxide with fr/s(trimethylsilyl) peroxide. 

Baeyer-Villiger oxidations of (3-trimethylsilyl ketones yield esters of 
(3-hydroxyalkyltrimethylsilanes. Migratory aptitude in Baeyer-Villiger oxida¬ 
tion, may be related to the propensity of the migrating group to bear positive 
charge. The 2-trimethylsilylethyl group has a migratory aptitude between 
that of tertiary and secondary alkyl groups [2]. 

(23.2) 

23.3 Ms(Trimethylsilyl)peroxide and f-Butyl Trimethylsilyl 
Peroxide 

Ws(Trimethylsilyl)peroxide might be considered to be analogous to hydrogen 
peroxide. It oxidizes sulfides to sulfoxides and sulfones, phosphites to phos¬ 
phates and tertiary phosphines to tertiary phosphine oxides [3, 4]. 
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23.4 Silyl Hydroperoxide 

Ph3P + (CH3)3Si00Si (CH3)3 -► Ph3FM) + (CH^SiOSi (CH3)3 (23.3) 

It also reacts with Grignard and organolithium reagents to yield alkoxy- or 
aryloxytrimethylsilanes and trimethylsilanoate [3, 4]. 

n-BuLi + (CH3)3SiOOSi(CH3)3 -► n-BuOSi(CH3)3 +Li+ ~0Si(CH3)3 (23.4) 

Si-Si and Si-H bonds have also been oxidized by Ws(trimethylsilyl)per- 
oxide [5]. b/s-Trimethylsilyl)peroxide may be prepared by reaction of TMS-C1 
with 90% hydrogen peroxide or by reaction of the 1,4-diazo bicyclo [2,2,2] oc¬ 
tane/hydrogen peroxide complex with TMS-C1 [6]. 

t-Butyl trimethylsilyl peroxide also oxidizes tertiary phosphines to tertiary 
phosphine oxides and phosphites to phosphates [7]. Photolysis of f-butyl 
trimethylsilyl peroxide results in homolytic fission of the 0-0 bond to yield 
t-butoxy and trimethylsilyloxy radicals [8]. These are able to initiate vinyl 
polymerizations [9]. 

23.4 Silyl Hydroperoxides 

Trimethylsilyl hydroperoxide/HCl, generated in-situ, by reaction of TMS-C1 
with aq. hydrogen peroxide, reacts with alkenes to yield chlorohydrins. An 
intermediate oxirane has been proposed [10]. 

+ 30% H202 
(CH3)3SiCl 

THF 
(23.5) 

Consistent with this prosposal, triphenylsilyl hydroperoxide [11] was found 
to epoxidize alkenes [12]. 

The older literature on silyl peroxides and hydroperoxides has been reviewed 

[13]. 

23.5 Silyl Chromate 

6/s(Triphenylsilyl) chromate oxidizes alkenes to ketones or aldehydes in 
non-polar solvents such as CC14 or heptane [14]. It is also a useful catalyst 
for polymerization of ethylene [14]. 

Ph 

+ 
0 

0 ̂ Cr 

0-SiPh3 

0-SiPh3 
CC14 

0 
II 

2Ph-C-H (23.7) 

Ph 
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23 Silyl Oxidants 

23.6 Ms(Silyl) Bromamine 

fr/s(Trimethylsilyl) bromamine reacts with hydrocarbons to yield alkyl brom¬ 
ides and hexamethyldisilazane via a free radical mechanism. The 6w(trimethyl- 
silyl)aminyl radical is similar in reactivity to an alkoxy or succinimidyl ra¬ 
dical [15]. 

CH3-C-CH3 + [(CH3)3Si]2N-Br - CH3-C-CH2Br + [(CH3)3Si 12NH 

ch3 CH3 (23.8) 

b/s(Trimethylsilyl)bromamine has been prepared by reaction of hexamethyl¬ 
disilazane with NBS [16]. 

23.7 Silica Gel Mediated Oxidations 

A number of selective oxidations of substrates absorbed on silica gel by 
ozone have been reported. Tertiary C-H bonds of hydrocarbons undergo 
hydroxylation by ozone under these conditions [17]. 

This procedure has been utilized in an efficient synthesis of 1-a,25-dihydroxy- 
vitamin D3 [18]. Treatment of steroids absorbed on silica gel with ozone 
results in selective hydroxylation at C-25 [19]. 
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Primary amines are oxidized to nitro compounds under these conditions 
[20]. Reaction of 1,2-alkenes absorbed on silica gel with ozone results in 
exclusive formation of ozonides. If the silicon gel contains 5% water a 1:1 
mixture of aldehyde and carboxylic acid is obtained [21]. 

0 

silica gel 
5% H20 

O °3 
silica gel 
anhydrous 

-78° (23.11 ) 

Chromic acid adsorbed on silica gel has been found to be an effective 
reagent for the oxidation of primary and secondary hydroxyl groups to 
aldehydes and ketones, respectively [22, 23]. Pyridinium chromate adsorbed 
on silica gel permits selective oxidation of primary and secondary alcohols 
which possess acid labile functional groups, such as a cyclopropane ring or 
ketal protecting groups [23]. 

(23.12) 

It would appear that much work remains to be done in the area of silyl 
oxidants. 
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24 Silyl Bases 

24.1 Introduction 

Trimethylsilyl substituents affect the reactivity, solubility, and selectivity 
of both alkoxide and amide bases. Since this is one of the last chapters in 
this monograph certain examples of the use of lithium and sodium £/s(trimethyl- 
silyl) amide bases have been previously discussed [see: (16.11)]. This chapter 
is not comprehensive, rather illustrative examples will be presented. 

24.2 Lithium 1,1-^(trimethylsilyl) alkoxides 

Lithium 1,1-^(trimethylsilyl) alkoxides have proved to be extremely select¬ 
ive bases. Their basicity is apparently intermediate between those of tertiary 
alkoxides and lithium amide bases. This has been attributed to the inductive 
electron releasing effect of the trimethylsilyl groups. Lithium \,\-bis(trimethyl¬ 
silyl) alkoxide bases permit the selective generation of kinetic enolate anions 
of methyl ketones in the presence of aldehydes. This results in the regio- 
specific cross-aldol reactions between methyl ketones and aldehydes [1]. 

(24.1) 

OH 0 

I II 
n-C5H11-C-CH2-C-CH2CH(CH3)2 

H 

Lithium-l,l-£/s(trimethylsilyl)-3-methyl-l-butoxide permits the selective 
generation of ester enolates in the presence of aldehydes [2]. This reaction 
yields /3-hydroxy esters. This provides a viable alternative to the Reformatsky 
reaction. 

/° /0 
CH.JCH + (CH„)?CHCH?C<f 

-40°/THF 
Si(CH L 

I I 
(CH3)2CHCH2CO-Li+ 

Si(CH3)3 
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24 Silyl Bases 

0 0 
II II 

CH3CH2-0-C-CH3 + PhCH2CH2-C-H 

-30°/THF 
Si(CH3)3 

(CH3)2CH-CH2-C-0"Li+ 

Si(CH3)3 

(24.2) 

OH 0 

I II 
Ph-CH2CH2-C-CH2-C-0-CH2CH3 

H 

Lactone enolates of y-butyrolactone and 5-valerolactone can be generated 
in the presence of aldehydes or ketones by use of lithium l,l-b«(trimethyl- 
silyl) alkoxide bases. 

OH 

(ch3)2ch-c-h 

(CH )2CH-CH2-C-0-Li+ 

Si(CH3) 3 

The enolate anion of succinic anhydride can also be generated in the pre¬ 
sence of aldehydes or ketones by reaction with lithio-l,l-fr/s(trimethylsilyl)- 
3-methyl-l-butoxide. This provide a facile method to prepare /3-carbomethoxy- 
y-substituted- y-butyrolactones [3]. 

0 

PhCH CH2-U-H 

C02CH3 

1) H + 

2) CH2N2 

(24.4) 

The preparation of the necessary l,l-fr/s(trimethylsilyl) alcohols has been 
previously discussed in connection with dissolving metal reductions of esters 
(see Chapter 19). 
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24.3 Alkali Ms(trimethylsilyl) Amides 

The first work with sodium and lithium /?/s(trimethylsilyl) amides was re¬ 
ported by Wannagat and Rochow [4—9]. Both are distillable low melting 
solids. They are prepared as outlined below. 
[(CH3)3Si]2N~Li+ bp 115°/lmm mp 70—72 
[(CH3)3Si]2N'Na+ bp 170°/2mm mp 165—167° 

(CH3)3SiCl + NH3 -► [(CH3)3Si]2NH 

(24.5) 
, NaNH„ . 

[(CH3)3Si]2N'Na --— [(CH3)3Si]2NH —[(CH3)3Si]2N'Li + 

A. Ketone Enolate Anions 

Both lithium and sodium /?/s(trimethylsilyl) amides have proved highly ef¬ 
fective bases for the generation of kinetic enolate anions from ketones. Both 
are soluble in most non-polar solvents. In certain cases different ratios of 
enolate anions are obtained with lithium Ws(trimethylsilyl) amide than with 
sodium 6/T(trimethylsilyl) amide. This results from the more facile isomeriza¬ 
tion of sodium enolates compared to lithium enolates in the presence of 
unionized ketone [10, 11]. 

f 

1) [(CH3)3Si]2N"M+/THF 

Na+ 1:2 

Li+ 100 : 0 
(24.6) 

Alkali metal enolates of ketones generated by reaction with lithium bis(tri- 
methylsilyl) amides have been utilized as ketone protecting groups during 
metal hydride reductions [12]. 
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24 Silyl Bases 

A4-3-Keto steroids yield kinetic 2,4-dienolate anions on treatment with 
lithium b/s(trimethylsilyl) amide. These can be alkylated by additions of 
methyl iodide or trapped as silyl enol ethers by addition of f-butyldimethyl- 
chlorosilane [13]. 

0-THP 
0-THP 

On the other hand, A4-3-keto steroids undergo alkylation with potassium- 
t-butoxide in t-butanol and methyl iodide to give 4,4-dimethyl A5-3-keto 
steroids. This results from alkylation of the thermodynamically more stable 
3,5-dienolate anion [14]. 

Enolate anions of hexamethyl-2,4-cyclohexadienone have been generated 
by treatment with lithium friAftrimethylsilyl) amide [15]. 

(24.9) 

Sodium ^w(trimethylsilyl) amide has proved a particularly effective base 
for intramolecular condensation reactions. This methodology has proved 
useful in the synthesis of sesquiterpenes [16, 17]. 
The solubility of sodium frw(trimethylsilyl) amide in benzene or DME is 
probably critical to the reaction’s success. 
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B. Ester Enolate Anions 

Sodium fris(trimethylsilyl) amide has proved effective for the preparation 
of large ring ketones via Dieckman condensation. Such reactions are usually 
only useful for the preparation of five and six membered ring compounds [18]. 

3 
+ 

(24.11 ) 

3 

Sodium b/s(trimethylsilyl) amide quantitatively converts a-bromo esters 
to the corresponding ester enolates. Addition of aldehydes or ketones to a so¬ 
lution of a-bromo ester enolate gives high yields of glycidic esters [18]. 
The Darzens condensation usually fails with aldehydes due to competing 
base catalyzed self-condensation reactions [19]. 

i 

BrCH2C02Et 

C. Cyano-Stabilized Anions 

Intramolecular cyclization of protected 3-chloropropionaldehyde cyanohy¬ 
drins and 4-chlorobutyraldehyde cyanohydrins by treatment with sodium 
b«(trimethylsilyl)amide yields cyanohydrins of cyclopropanones and cyclo- 
butanones, respectively [20]. 
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Cl-CMCH,) 
2'2 

•C-CN 
i 

r°r 
Na+N'[Si(CH3)3]2 

ci-ch2(ch2)2- C-CN 

rr 
(24.13) 

Epoxynitrile cyclizations leading to cyanocyclobutylcarbinols have been 
carried out with potassium or lithium b/,s(trimethylsilyl)amide [21]. 

CN K+N~[Si(CH3)3]2 CN 

H 
(24.14) 

Intramolecular cyclization reactions of a-bromo or a-chloro ketals are suc¬ 
cessful (24.15). These involve Sn2 displacement of halide by a cyano stabilized 
carbanion. These anions have been generated by deprotonation with potassium 
or lithium frw(trimethylsilyl)amide in benzene [22], The particular cation can 
have a dramatic effect on the stereochemistry of cyclization (24.16) [23]. 
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D. Ylids 

Sodium b/s(trimethylsilyl)amide is a useful base for the generation of 
lithium, salt free alkylidene triphenylphosphoranes in THF or HMPT. Under 
these conditions, Wittig reactions with aldehydes lead stereoselectively to 
Z-alkenes [24—26]. 

n-C4Hg-CH2-PPh3 

Br" 

1) NaV[Si(CH3)3]2 

THF/-780 

2) CH302C-(CH2)8-C-H 

0 

CH302C^ (ch2)8\c=c^ 
H 

(ch2)3ch3 

H 

Z:E 98:2 

(24.1 7) 

E. Carbenes 

Sodium b/s(trimethylsilyl)amide has proved useful for the in-situ generation 
of monobromo [27, 28] and monochlorocarbene [29] by deprotonation of di- 
bromomethane and methylene chloride, respectively. 

(24.18) 

Chloromethylcarbene has been generated by deprotonation of 1,1-dichloro- 
ethane with sodium fr/s(trimethylsilyl)amide [30]. 

H\ 
c=ch9 

Ph^ 

+ Cl2hc-ch3 

NaV[Si(CH3)3]2 
(24.20) 
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25 Silicon-Fluorine 

25.1 Introduction 

The formation of a Si-F bond (142kcal/mol) is usually a highly exothermic 
process. This provides the driving force for a number of useful synthetic 
reactions. Since this is the last chapter, many of these have been previously 
considered. Reactions of fluoride ion with organosilicon compounds probably 
proceed by initial attack of fluoride ion on one of the empty 3d orbitals of 
silicon to form a pentacoordinate negatively charged species. The fate of this 
intermediate depends on the other groups bonded to silicon. Alkyltrichloro- 
silanes react with fluoride ion to form alkyl pentafluorosilicates. This results 
from sequential loss of chloride ion, a relatively good leaving group, and 
association of additional fluoride ions (see Chapter 10). 

F 
R-SiCl3 

(25.1) 

Cl 

25.2 Generation of Carbanions and Enolate Anions 

Reactions of many types of organotrimethylsilanes with fluoride ion result 
in formation of trimethylfluorosilane (TMS-F) and loss of the organic group 
as an anion. For example, 1-trimethylsilyl alkynes react with fluoride ion to 
yield TMS-F and relatively stable acetylide anions [1]. 

Ph-C=C-Si (CH3)3 EtK0FH ► Ph-C=C~ + (CH3)3SiF Ph-C=CH (25.2) 

This methodology has been used to remove trimethylsilyl protecting groups 
from terminal acetylenes. Both potassium fluoride dihydrate in methanol [2] 
and TBAF in THF [3] have proved effective. 
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The reaction of 1-trimethylsilyl alkynes with ketones or aldehydes under 
nucleophilic catalysis by TBAF [4] or potassium fluoride/18-C-6 [5] to yield 
propargyl trimethylsilyl ethers, involves acetylide anions as intermediates 
(see 9.3 E). 

Ph-C=C-Si(CH3)3 + 

cat. (n-Bu)^N+F 

THF 

0-Si(CH3)3 

C=C-Ph 

(25.3) 

Allylic trimethylsilanes also react with fluoride ion to generate TMS-F 
and allylic carbanions. Fluoride ion catalyzes reaction of allylic silanes with 
aldehydes or ketones to yield homoallylic trimethylsilyl ethers [6—8] (see 
II. 2 H). 

OH' 

+ (CH3)3SiF (25.4) 

Ph 

The reaction of aliphatic and aromatic aldehydes with propargyl trimethyl- 
silane to yield rearranged allenic trimethylsilyl ethers is also catalyzed by 
TBAF [9] (see 9.3 E). 

Vinylsilanes do not in general react with fluoride ion to yield fluorosilanes 
and vinyl carbanions [10]. However, (3-hydroxy groups accelerate the rate 
of cleavage of Si-C sp2 bonds by fluoride ion. A cyclic transition state has 
been proposed in which the fluoride ion is both hydrogen bonded to the ad¬ 
jacent hydroxyl group and bonded to the silyl center [10]. 

Ph 

OH c-nu i St Ph0 
r 1 3 

H "CH2 

(ch3)4n+f' 

CH3CN or DMSO 

(25.5) 

OH 
I 

Ph-CH-CH = CH2 + P h 3 SiF 

Adjacent hydroxy groups also accelerate the cleavage of C-Si bonds of 
a-silyl epoxides [11]. An oxaranyl anion has been proposed as an inter¬ 
mediate in this reaction. The anchimeric assistance of an adjacent hydroxyl 
group does not, however permit cleavage of most Si-C sp3 bonds by fluoride 
ion. 

Fluoride ion induced desilylation of trimethylsilylmethylsulfonium, ammo¬ 
nium, immonium, and phosphonium salts leads to formation of ylids [12]. 
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25.2 Generation of Carbanions and Enolate Anions 

These reactions are synthetically important in cases where the molecule 
contains base sensitive functional groups or acidic C-H bonds. These ylids 
undergo their characteristic reactions. For example, the desilylation of tri- 
methylsilylmethyl iminium salts leads to azomethine ylids which may be 
trapped via [3 + 2] cycloaddition reactions. 

0 

PhCH=N-CH3 + (CH3)3SiCH20-S-CF3 (25.6) 

0 

\ 
+ 

PhCH=N-CH, 
I 3 
ch2 

(CH3)3sf 

co2ch3 

The necessary salts have been generated by reaction of trimethylsilylmethyl 
triflate with amines, imines, sulfides, or phosphines. 

Dithianyl anions can be generated by treatment of 2-trimethylsily 1-1,3- 
dithianes with TBAF in THF [13]. This methodology has been used to prepare 
spiro alcohols by intramolecular addition of the dithianyl anion to w-aldehyde 
functional groups. 

OH 

The dithianyl anion also undergoes intramolecular 1,4-conjugate addition to 
<x,(3-unsaturated ketones. Neither aldehydes nor a,(3-unsaturated ketones are 
compatible with the usual basic conditions needed to generate dithianyl anions. 

Benzoyl trimethylsilanes react with potassium fluoride in moist DMSO 
or HMPT or with TBAF in moist THF to yield benzaldehyde. If this reaction 
is carried out in the presence of alkyl halides [49] alkyl aryl ketones are formed. 
With ketones or aldehydes, the reaction yields a-hydroxy ketones [14]. 
These reactions may involve direct fluoride attack on the silyl center to form 
a benzoyl anion. 

(25.8) 
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An alternative mechanistic possibility involves a Brook rearrangement. 

0-Si(CH 3)3 

'Si(CH3)3 P oi(CH 3) 3 

Fluoride ion catalyzes regiospecific aldol condensations between trimethyl- 
silyl enol ethers and aliphatic or aromatic aldehydes [15]. 

(25.10) 

Nitro aldol reactions have also been carried out by reaction of silyl nitro- 
nates with fluoride ion (see 5.3) [16,17], 

In a similar manner, tetraalkylammonium enolates have been generated 
regiospecifically by reaction of trimethylsilyl enol ethers with benzyltrime- 
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thylammonium fluoride in THF. These enolate anions may be alkylated with 
allylic or benzylic bromides or methyl iodide [18]. 

tm(Diethylamino)sulfonium difluorotrimethylsiliconate reacts with tri- 
methylsilyl enol ethers to yield TMS-F and fns(diethylamino)sulfonium eno¬ 
late ions pairs. These enolates can be C-alkylated by primary alkyl iodides, 
allylic or benzylic bromides or a-bromo esters [19]. 

(CH3)3Si0 

:Et2N:3S+(CH3)3SiF2 
(25.12) 

Y y 8 
CH0I ' rMX 

Ketone enolate anions generated by reaction of trimethylsilyl enol ethers 
with fluoride ion undergo O-acylation by ethyl fluoro formate or carbamoyl 
fluorides to yield enol carbonates or enol carbamates, respectively [20]. 

0 
li 

(25.13) 

Photocycloaddition reactions of 2-trimethylsilylcyclopentenones with sim¬ 
ple alkenes proceed in a highly regiospecific manner to yield head to tail 

cycloadducts. 
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hv 

0 Si(CH ). 

£b_ (25.14) 

X>3400A major minor 

The trimethylsilyl group can be removed by desilylation with potassium 
fluoride dihydrate in DMSO. This probably involves formation of the enolate 
anion of the ketone and TMS-F [21, 22]. 

Similar directing effects were observed in the photocycloaddition reactions 
of 5-trimethylsilyl uracil with alkenes [22]. 

HN 

cAn 
I 

H 

0 

Xi si(CH3)3 

\ CH. 

(25.16) 

The conversion of ketones to trimethylsilyl enol ethers by reaction with 
ethyl trimethylsilylacetate and a catalytic amount of TBAF depends on the 
generation of ester enolates by reaction of fluoride ion with ethyl trimethyl¬ 
silylacetate. 

(CH3)3SiCH2C02Et ---►(CH3)3SiF + [" CH2 - C02 Et] 

(25.17) 

On the other hand, reactions of ethyl trimethylsilylacetate with aldehydes 
yields (3-trimethylsilyloxy esters. This difference results from the greater 
reactivity of aldehydes toward nucleophilic addition. The ester enolate serves 
as a base towards ketones but reacts as a nucleophile with aldehydes [23]. 
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+ (CH3)3SiCH2C02Et (25.18) 

cat. (n-Bu)4N+F 
0-Si(CH3)3 

JL ^C02Et 

Ethyl trimethylsilylacetate also reacts under fluoride ion catalysis with non- 
enolizable ketones or aldehydes to yield /3-trimethylsilyloxy esters [24]. 

Intramolecular Williamson ether syntheses have been carried out under 
fluoride ion activation. Silyl ethers react with fluoride ion to yield reactive 
alkoxide ions and silyl fluorides. This procedure has proved effective for 
the synthesis of O-2-isocephams [25]. 

(25.19) 

Potassium phenylselenide has been generated by treatment of phenyl 
trimethylsilyl selenide with potassium fluoride (see eq. 21.22) [26]. 

25.3. Generation of Carbenes, a-Elimination 

Trihalomethyltrimethylsilanes react with potassium fluoride/18-C-6 in diglyme 
to yield TMS-F and potassium cation trihalomethyl anion pairs. These undergo 
a-elimination to yield dihalocarbenes [27]. 

1-Halo-l-trimethylsilyl-2-methyl propene undergoes a-elimination on 
treatment with fluoride ion in diglyme to yield isopropylidene carbene. This 
reacts in-situ with olefins to yield isopropylidene cyclopropanes [28, 29]. 

Similar a-eliminations occur under milder conditions (-20° to 0°) on treat¬ 
ment of a-trimethylsilylvinyl triflates with potassium fluoride/18-C-6 or an¬ 
hydrous TBAF or by PTC. Alkylidene carbenes, generated in this way, 
add to C-C double bonds, to give vinylidene cyclopropanes [30]. They also 
undergo a-addition to the carbon of isonitriles to yield alkadienylidenamines 
which undergo hydrolysis to give vinylamides [31]. 
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O-SOoCF, 

H 
si(cH3)3 

r* 

KF Vc: PhN=C:B 

PhCH2N+(n-0ct)3 Cl“ / 
PTC 

C=C=N 
\ 

Ph 

h2o (25.22) 

0 

PhNH-C-C 

Insertion of alkylidene carbenes into the S-H single bonds of enethiols pro¬ 
vides an efficient route to divinyl sulfides [32]. 

The necessary a-trimethylsilylvinyl triflates can be prepared by reaction of 
acylsilanes with triflic anhydride and pyridine in methylene chloride [30]. 

SH 

A 
o-so2cf 

\s. (ch3)3 

25.4 1,2-, 1,4- and 1,6-Elimination Reactions 

Fluoride ion also promotes 1,2-elimination reactions of alkyltrimethylsilanes 
if the alkyl group is substituted with a leaving group in the (3-position. 
For example, 2-trimethylsilylethyl esters function as carboxyl protecting 
groups which may be selectively removed by fluoride ion [33, 34]. 

(3-Trimethylsilylalkyl phenyl sulfones react with TBAF ■ 3 H20 in THF 
to yield TMS-F, phenyl sulfinate ion and an alkene. The facile formation 
and alkylation of carbanions alpha to a phenylsulfonyl group combined with 

398 



25.4 1,2-, 1,4- and 1,6-Elimination Reactions 

this fluoride ion mediated elimination reaction provides a new method to 
prepare terminal olefins [35], 

(CH3)3Si 
1) n-BuLi/THF/-78° 
2) n-CgH17Br 

(CH3)3Si- 

2X 
Ph‘5jXn"C8H17 

0 

(25.25) 

(CH-.)oSi F + Ph-S' 
J U 

^ + n-C8H{f^ 

Such (3-trimethylsilylalkyl phenyl sulfones can be prepared by reaction of 
iodomethyltrimethylsilane with phenylsulfonyl stabilized carbanions. 

(25.26) 

2-Triphenylsilyl allylic alcohols do not readily undergo elimination of 
triphenylsilanol or triphenylsilanoate (see 6.4 E). However, they can be 
converted to 2-triphenylsilyl allylic chlorides by reaction with thionyl 
chloride. These undergo elimination on treatment with tetraethylammonium 
fluoride in DMSO to yield allenes [36, 37]. 

P h 3 S i 

■> 
Li 

+ Ph2C=0 

Ph3Si P h 3 S i 

Ph0C 

S0C1, 

ph2c 
Et4N+F' 

DMSO 
Ph9C=C=CH, 

OH Cl 

(25.27) 

399 



25 Silicon-Fluorine 

Allene oxides-cyclopropanones have been prepared by fluoride induced 
elimination from a-chloromethyl-a-silyl epoxides. These reactive inter¬ 
mediates have been trapped in-situ by cycloaddition reactions with cyclo- 
pentadiene and furan [38, 39]. 

0 1 

1-Halo-cyclopropenes have been generated by fluoride promoted (3-eli- 
mination of l,l-dihalo-2-trimethylsilyl cyclopropanes [40], 

(CH3)3Si-CH=CH2 
PhHgCCl2Br (CH3)3Su Cl 

X 
Cl 

(25.29) 

CsF 
diglyme (CH3)3SiF + Cl 

Fluoride ion promotes (3-elimination of both cis and trans (3-chlorovinyltri- 
methylsilanes to yield acetylene and TMS-F. As expected, the trans isomer 
reacts considerably faster than the cis [41]. 

(CH0)0Si Cl 

DMSO ** 
•(CH3)3Si F ► HC=CH + CT 

(25.30) 

orffto-Halophenyltrimethylsilanes undergo loss of the elements of TMS-X 
on treatment with trimethylammonium fluoride or potassium-f-butoxide in 
HMPT to yield benzyne as a reactive intermediate. This may be trapped in-situ 
by reaction with furan [42]. 
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(25.31) 

Fluoride ion induced 1,6-elimination of [p-(trimethylsilylmethyl)benzyl]- 
trimethylammonium iodide provides a convenient route to p-quinodimethane. 
This reactive intermediate may dimerize to yield [2,2]-paracyclophane or poly¬ 
merize to poly-/?-xylylene depending on reaction conditions [43]. 

o-Xylylene reactive intermediates have been generated by fluoride ion 
induced 1,4-elimination from orf/io-(a-trimethylsilylalkyl) benzyltrimethyl- 
ammonium halides. o-Xylylene undergoes in-situ [4 + 2] cycloaddition reac¬ 
tions with alkenes and alkynes substituted with electron withdrawing groups 
to yield tetrahydronaphthalene and dihydronaphthalene derivatives, respect¬ 
ively [44]. 

' CH2Sl ^CH^3 

CH2N(CH3)3 

CT 

C02CH3 

(25.33) 
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0rtfto-[Trimethylsilylmethyl]benzyldimethylamine can be converted to ortho 
[a-trimethylsilylalkyl]benzyldimethylamine by metallation with n-butyl li¬ 
thium followed by reaction with primary alkyl iodides [44]. This methodology 
has been utilized in an efficient stereoselective synthesis of estrone as out¬ 
lined [45]. 

0 
I 

CH 

CH2Si(CH3)3 

ch2n(ch3)2 

1) 

2) 

n-BuLi/THF-HMPT 

d,l-ll-a-Hydroxyesterone methyl ether has been prepared by a closely 
related intramolecular cycloaddition reaction. The reactive ortho-quinodi- 
methane was formed by a fluoride ion induced 1,4-elimination of a 2-trime- 
thylsilylmethyl styrene oxide derivative as outlined below [46], 
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I 
+ 

(25.36) 

Flash vacuum pyrolysis of o-trimethylsilylmethyl benzoyl chlorides at 

600° results in elimination of TMS-C1 and formation of benzocyclobutenones 
[48], 

(CH3)3SiCl (25.37) 
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