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1. INTRODUCTION

The chemistry of a-silyl carbonyl compounds began in the early 1950s.
It has been reviewed four times.'™ As will hopefully become apparent
in the subsequent pages, the chemistry of this interesting structural entity
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is varied, wide, and useful. The author has taken the liberty of using
abbreviations. Although these are in common usage and for the most part
well known, a list of the abbreviations used are as follows:

9-BBN 9-Borabicyclononane
BOMO Benzyloxymethoxy
DCM Dichloromethane
EE Diethyl Ether
HMPA Hexamethylphosphoric Triamide
LDA Lithium Diisopropyl Amide
LiDMAN Lithium Dimethylaminonaphthalene
PCC Pyridinium Chlorochromate
TES Triethylsilyl
THF Tetrahydrofuran

2. SPECTROSCOPY

It was pointed out early on that the stretching frequency of trimethylsilyl
acetone occurred at shorter wavelengths than that for the rers-butyl
analog.’ This was argued to be the result of an intramolecular interaction
between the oxygen of the carbonyl and the electropositive silicon atom.
This effect could, however, be explained by the electron-donating (+1)
effect of the trimethylsilylmethyl group on the carbonyl. The carbonyl
stretching frequency of a-silyl esters is some 20-25 cm™' lower than that
of normal esters, again a result of the inductive effect of the silylmethyl
group.®

The stretching frequency of the carbonyl in methyl triethylsilylacetate
in various solvents was studied.” In nonpolar solvents the stretching
frequency is near 1735 cm™' whereas in polar solvents it falls between
1715 and 1724 cm™'. Some values along with the solvent are: cyclohex-
ane (1738), decalin (1735), benzene (1724), carbon tetrachloride (1734),
dichloromethane (1718), chloroform (1716), nitromethane (1724), ace-
tonitrile (1723), and pyridine (1711).

Several aryldimethylsilyl acetones were prepared from the corre-
sponding aryldimethylsilylmethylmagnesium chloride and acetic anhy-
dride and the spectral properties reported.? It was found that the carbonyl
stretching frequency of the a-aryldimethylsilyl ketones appeared at 1695
cm™ and the C=C stretch in the silyl enol ethers at 1640 cm™.

Musker and Ashby® showed that the ultraviolet spectrum of trimethyl-
silyl acetone gave a higher extinction coefficient for n — ©t* transition
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than that for the zert-butyl analog. They argued that this was evidence
for a possible orbital interaction between the d-orbitals of the silicon and
carbonyl group resulting in a mixing of the s- and np-orbital character of
the carbonyl group.

Mass spectra were recorded for a number of 1-(aryldimethylsilyl)-2-
propanones and their corresponding enol silyl ethers.'® The fragmenta-
tion patterns of the a-silyl ketone and the corresponding enol silyl ether
were in all cases very similar. The use of normal mass spectrometry to
distinguish the keto from the enol structure would not be reliable.

The natural abundance *Si NMR spectra of a wide variety of or-
ganosilanes were first published by Scholl, Maciel, and Musker."' Some
of the data pertinent to this article are shown below.

{Me3SiCH2)2(Me)SiCH2CO2Et (—81.39 ppm); (Me3SiCH2)(Me)2SiCH>CO2Et
(—81.42 ppm); Me3SiCH>CH2COZEt (—81.37 ppm); EtMe2SiCH2CO2Et (—83.67
ppm); EtzMeSiCH2COZEt (—85.60 ppm); Me3SiOMe2SiCH2COzEt (—87.39

ppm).

The X-ray crystal structures have been reported for the a-silyl car-
bonyl compounds 1'2, 2'3, 3", and 4"°.

H
O,
’ SiPh,Me
H
2

H slpthe

!\ SiPpMe 0
OO OE MePhN s.\)J\
t |
KA epmpsi A,
o 4

3. SYNTHESIS OF a-SILYL ALDEHYDES

The direct synthesis of a-silyl aldehydes has been slower than some of
the other a-silyl carbonyl systems due to their increased instability and
reactivity, making their isolation and purification more difficult. Steri-
cally demanding groups either in the silyl moiety or in the rest of the
molecule near the carbonyl can impart added stability to these systems.
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3.1. a-Silyl Aldehydes from Organometallic Reagents

An excellent entry into fert-butyldimethylsilylacetaldehyde has been
reported starting from the trimethylsilyl enol ether of bromoacetaldehyde
which was lithiated and the lithium reagent silylated with fers-butyldi-
methylchlorosilane in good yield.'® Careful acid hydrolysis of the result-
ing trimethylsilyl enol ether provides rert-butyldimethylsilyl-
acetaldehyde. This reaction was shown to occur with rearrangement of
the silyl group when the silyl group is trimethylsilyl or triethylsilyl, as
can be seen from the examples below.!” The reaction of the B-trimethyl-
siloxyvinyllithium reagent with tert-butyldimethylchlorosilane provides
the tert-butyldimethylsilyl enol ether of trimethysilylacetaldehyde. The
reaction of the tert-butyldimethylsiloxyvinyllithium reagent with
trimethylchlorosilane, however, gives the same product with migration
of the tert-butyldimethylsilyl group, presumably due to its greater steric
bulk. Treatment of the trimethylsiloxyvinyllithium reagent with ters-
butyldimethylsilyl triflate gives either the rearranged or unrearranged
product depending on the purity of the triflate with freshly distilled
triflate providing unrearranged product and commercial triflate rear-
ranged product.

Me;SiO Br  1)'BuLi i iMe,! + O
3 _ ) ‘BuLi Me;SiO i SiMe, Bu H;0 B s'\)J\
2) TBSOTf - - uMepst H
‘BuMe,SiCl
Li OSiMe; Me;Si 0SiMe,'Bu
— Me;SiCl
. . ' —_— /" \
L OSiMe, Bu Me;Si  0SiMe,Bu

‘BuMe,SiOTf _

Li OSiMe; Me;Si 0SiMe,'Bu o ‘BuMe,Si 0OSiMe;

The a-tert-butyldimethylsilyl hydrazone 5 was deprotonated and
alkylated to give 6, which can then be deprotonated and carboethoxylated
or alkylated to give 7 or 8, respectively. Ozonolysis of the hydrazone
gives the aldehyde 9 or the acid 10."®

Lithiation-trimethylsilylation of 1,1-dibromoethoxycyclopropanes
gives 1-trimethylsilyl-1-bromo-2-ethoxycyclopropanes which upon
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-N 1) LDA/EE/-50 °C N

o . !
OMe 2) R'V-100 °C R HoSOMe

TBS TBS 4
5
72-99% R = n-alkyl

1) MeLi/-100 °C

N
Lol | | |
2) CICO,Me R or R
MeO,C H OMe R H OMe

or R
TBS ) TBS 8

32-62 % de 90-98%
[0}

1\1 O5/pet ether R!
L
R‘})\ b NoMe MeOsC H

TBS

TBS 9
ee 90-98%

[¢]

N
NI 1) MeLi/-100 °C R]>’)j\
1 T S
R \’)\ OMe 2) R R OH

3) Oy/pet ether TBS]O

ee R' = Me, R® = E1 (85%)
R' = Bu, R = Et (93%)

treatment with potassium carbonate in an alcohol provide the acetal or
ketal of an a-silyl-a,B-unsaturated aldehyde or ketone. Hydrolysis of the
acetal or ketal gives rise to the a-silyl-a,-unsaturated carbonyl deriva-
tive.!®

E0 EtO EtO_ OEt
A<Br 1) BuLi A(SiMe; KOH/EtOH H>ﬂr SiMe;
B D MesiCl o 70°C
¢H3O’
0

SiMe
H)Hr Me,

2-Trimethylsilylacrolein was synthesized and converted to 2-
trimethylsilylbut-1-ene-3-one by treatment with methylmagnesium io-
dide and pyridinium chlorochromate.?’ This implies that the silylated
acrolein could be an excellent precursor to a number of different a-silyl-
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a,B-unsaturated enones. (See Section 5 for a discussion of a-silyl
enones.)

OEt OEt

1) "BuLi \')\
_—
YKOE‘ 2) Me;SiCl Ot
Br SiMe,
o o)
TsOH VL 1) MeMgl YJ\
—_— H [E———.
H,O . 2) PCC
SIMC3 SiMC3

The a-bromovinylsilane 11 was converted via its Grignard reagent to
a-silyl aldehyde 12, which in turn was used to synthesize sila-$-ionone
as a potential sila perfume.?' The lithium reagent was also converted to
the a-silyl acid 13. Similar chemistry was used to prepare 2-trimethyl-
silyl-3-methylbut-2-enal.??

Me, Me,
Si MgBr N Si CHO
| + | — @
o
N7 NMeCHO
1 "
82 Me
Si CHO Me,CO/KOH or 1e;
LJ; (EtO,P(0)CH,COMe/NAH Si I XN
Me, Me,

Si Li

Cco, Si COH
L —
13

3.2. a-Silyl Aldehydes from Rearrangements

Eisch and Trainor? were the first to show that the isomerization of an
a,B-epoxysilane could rearrange to the a-silyl aldehyde. Thus, they
synthesized triphenylsilylacetaldehyde in good yield from the corre-
sponding epoxide. This rearrangement was later shown to occur via
opening of either the C,—O or the C,—O bonds, whereas the reaction with
HCI leads to triphenylchlorosilane and acetaldehyde.** Wilt and
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Kolewe? demonstrated that triphenylsilylacetaldehyde does not react
with radicals in the same manner as its carbon analog, choosing to
eliminate carbon dioxide instead.
PhySi,_ O MgB
PN 82 L phSICH,CHO
73%

Physi_ O MgBr, 4 .
>Q —— ~ » PhSiCHDCHO + PhSICH,CDO
D 50% 50%
‘BuO0Bu
Ph,SiCH,CHO ———— PhCH, + CO,
150 °C

The rearrangement of an epoxysilane was used to prepare 2-trimethyl-
silylbut-3-enal.*® Thus palladium(0) was found to rearrange vinyl o.,p-
epoxy tert-butyldimethylsilanes to B,y-unsaturated a-silyl aldehydes.
The carbonyl could be reacted, although in only poor yields, with
nucleophiles.

. 2
PA(OAC) SiMe, Bu

‘BuMe,Sis, A\ oH N
L\é P(OPr); o=/ \=

85%

The thiyl radical-induced fragmentation of unsaturated epoxysilanes
can be used to afford a-trimethylsilyl aldehydes.?”’” The aldehyde 14 was
shown to react stereospecifically with methylmagnesium bromide.

o—y SMe; 0SiMe,
Me;Si~__CHO |
PhSH (0.1 equiv) 80 °C
> —_—

AIBN (0.1 eq)/GHg 1524 h
R R R° R "R
R=H /15 h or 80 °C/0.5 h 14
R=Me 80°C/8 h

Me,Si~__CHO |
1y MeMgBr
THF 78 50°C
R* R 2) HOAc

14
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The a-hydroxy-B,y-epoxysilanes 15 and 17 were shown to undergo
acid-catalyzed rearrangement to the unstable a-silyl aldehydes 16 and
18, respectively.?®

%~ o Cﬁ* d - OH(”)\
Aci
NS W —_— NS w
" S{BuMe; )\/\/§\ H
Si'BuMe,

15

16
Acid

SiBuMe, Si'BuMe,
18

The epoxidation—rearrangement of vinylsilane 19 gives the o,f-
bis(trimethylsilyl)aldehyde 20 in quantitative yield.”

I SiMey CHO
; mCPBA Me,Si
Me;Si SO,Ph - T 31 ' SO,Ph
SIMC:;
6] 6]
19 20

A silapinacol rearrangement was employed for the synthesis of the
elusive a-silyl aldehydes.® In the trimethylsilyl example the stability
was aided by the bulky zerz-buty! group in the a-position. The approach
also works for the synthesis of B-ketosilanes. When the silyl group is
tert-butyldimethylsilyl the stability is greater and the products are easier
to isolate.

HO OH CF3,CO,H ‘Bu slowly ,
E— CHO ——» BuCHO

By SiMe, MesSi

HO, OH CF;CO,H ‘Bu
>—< _— >—CHO

By SiMe,'Bu '‘BuMe,Si

85%
I
RogOH 2 CRCOM T
. —e
‘BuMe,Si o R! R
H "OH

2
R'=H, R*="C4H,;
R'=Ph, R®=H
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3.3. ‘In Situ’ Generation of a-Silyl Aldehydes

Hudrlik and co-workers®' showed, in an example of the generation of
an a-silyl carbonyl for the purpose of further reaction, that a, 3-epoxysi-
lanes when reacted with magnesium bromide generate a-silyl ketones or
aldehydes. These were then trapped with nucleophilic reagents leading,
in the case of their reaction with Grignard reagents, to olefins of defined
stereochemistry.

O

O sime MeBn ) /u\rSiMe3 EMgr  HO  SiMe
VAN > e
CeHy3 CeHy3 Et CeHis
HO  SiMe .
—_— - ==\
Et CeHis Et Ce¢His

\ BF;0E% Et
—_— N—

CeH)3

1,3-Bis(trimethylsilyl)propylene oxide reacts with magnesium hal-
ides present in a Grignard reagent to give 2,3-bis(trimethyl-
silyl)propanal, which reacts with the Grignard reagent to give a
B-hydroxysilane, which can be eliminated in a Peterson fashion to either
the (E)- or the (Z-allylsilane depending on whether the elimination is
carried out with base or with acid.*®> The stereoselectivity is reasonably
high.

Me;Si_ O, MgX, Q RMgX

e —_—
\Q\; _ HJ\/\SiMe3 R/K(\ SiMe,
SiMe; .
SiMe; SiMes
)V \KH
H R
x .
R/K(\&Mq H)\’/\SiMq
H

stereoselectivity >89:11
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3.4. Miscellaneous Syntheses of a-Silyl Aldehydes

The alkylation of the lithium anion of allyltriisopropylsilane was
shown to occur predominantly at the y-position.*® The resulting vinylsi-
lanes could be treated with m-chloroperbenzoic acid and the epoxide
rearranged to the a-triisopropylsilyl aldehyde in nearly quantitative
yields. Interestingly, the vinylsilane 21 was subjected to the Sharpless
epoxidation and this epoxide converted as shown to the optically active
a-silyl aldehyde.

0 1) BuLyTMEDA A y
A SiPry R/\/\Si‘PQ + /\r Si'Pry
2)RX i
1) mCPB 0
m A
/\/\ i —_——
R S
PB ) sioga R H
Si'Pr;
Pr,Si
1) 'BUOOH/L(+)DET % H o}
HO N i, JPOOTREPET »  w XOH
Ti(O'Pr), i e
'y o Pr3Si H
21 2) TsCl/Py
3) Nal

The N-chlorosuccinimide oxidation of 2-tri-n-propylsilylethanol
gives tri-n-propylsilylacetaldehyde, which upon heating rearranges to
the silyl enol ether of acetaldehyde.** The photolysis of 2.,4-
bis(trimethylsilyl)furan gives the a-trimethylsilylallenyl aldehyde 22.%

OH i OSi"Pry
"Pr;Si/\/ '—_—> PI'3SI\)1\ ——» #

Me;Si 0

hv H H
N, e e
i 0 °C/80 min . .
o’ SiMe CsHy Me;Si SiMe;
22

The hydroformylation of vinylsilanes was reported and it was found
that with the trimethylsilyl derivatives the o:3 ratio was nearly 1:1 for
either the cis- or the trans-isomers, but that the larger silyl groups gave
more of the B-product.*® The hydroformylation of vinyltrimethylsilane
and vinyltrimethoxysilane with a variety of catalysts was studied and
shown to give a mixture of the a- and B-carbaldehyde products.®’
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Me,Si H,/CO CHO Me;Si .
— Rh > Me;Si ,, + \’/\ Bu
”BU [ ] BU CHO
50% 50%
MC3Si ”BU H./CO
=/ — 50% 50%
[Rh]
R3Si 'Bu H-/CO
=/ — 50% 50%
[Rh]
R3Si = ‘BuMe,Si 70% 30%
PhySi 90% 10%
‘BuPh,Si

96% 4%

3.5. Species Related to a-Silyl Aldehydes

Several protected versions of «-silyl aldehydes have been reported.
Chloral was reacted with trimethylchlorosilane/magnesium in HMPA
solvent to give the silyl enol ether of (trimethylsilyl)chloroacetaldehyde
and of bis(trimethylsilyl)acetaldehyde.*® Treatment of the chloro deriva-
tive with magnesium in HMPA gave the reduced material, 1-trimethyl-
siloxy-2-trimethylsilylethylene, the trimethylsilyl enol ether of
trimethylsilylacetaldehyde.

Mg Me,Si 0SiMe; Me,Si 0SiMe
. - — _
CLCCHO + MeSiCl  —ppm > +
cl H Me;Si H
60-70% 94
Mg/HMPA
Me,Si OSiMe;
H H

The Grignard reagent of 1-bromovinyltrimethylsilane was reacted
with formaldehyde and the resulting allyl alcohol oxidized to the alde-
hyde.*

Me;Si H,CO Me;Si COyHSOpq - MesSi

=

BrMg HO -10°C/3 h OHC

The fert-butyl imines of aldehydes are readily deprotonated—silylated
to provide the a-silyl derivative. These derivatives show excellent prom-
ise for the vinylogation of aldehydes as illustrated.*
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i
/Bu N Bu 0 OTBS
N 1) LDA/THF | 1) *BuLi z

\/“\ _ —_ ~
H 2)E4SiCl H OTBS
Et;Si OHC._A~
3 2) \'/\/ 7%

3)H0°

Other related species to the a-silyl aldehydes have appeared. Car-
bonylation of 1-trimethylsilylmethyllithium reagents gives rise to a-
trimethylsilyl acyllithium intermediates which undergo a rearrangement
to the lithium enolate of an acylsilane, which could be trapped with
aldehydes.*!

6]
Li OLi
CO/15 °C
\( Lo e o %Li _O_» \/k .
Me;Si : SiMe,
3 Me351
OH O
1) PhCHO
2) H,0 Ph SiMe,
52%

Miller and Zweifel*? showed that the hydroboration—oxidation of
bis(trimethylsilyl)acetylene provides trimethylsilylacetyl trimethylsi-
lane in good yield. In a related paper, bis(trimethylsilyl)acetylene was
hydroborated with borane methylsulfide complex to give the trisubsti-
tuted borane, oxidation of which with trimethylamine oxide gave
(trimethylsilylacyl)trimethylsilane. Deprotonation—alkylation of this
material gave the substituted systems 23, which could be deprotonated
and condensed with aldehydes to give a,B-unsaturated acylsilanes.

0
H;BSMe;  Me,Si SiM
Me;Si SiMe; ————- " IW e SiMe
3
Me;Si
0
1) LDA/THF R! 1) LDA/THF H .

SiMe, ]—» SiMe; - 1 — 2SxMe;

Messi 2)R'X Me;Si 2) R’CHO R R

23

Tris(trimethylsilyl)methyllithium was reacted with ethyl thioformate
to give tris(trimethylsilyl)thioaldehyde and the ethyl enol ether of a,a.-
bis(trimethylsilyl)acetaldehyde. Photolysis of 24 gives tris(trimethyl-
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Me;Si OFEt
MessincLi + M ——  (Me;SipccHS + AN,
H™ OBt 16% 9 MesSi H
y \i 25%
MesSi __  SiMe; Me;Si,_ SSiMe
M€3Si H MC}Si H
25
o Q _ A Me;Si OSiMe;
MessincLi + M — (MesinccHO  —Sm =
crm OEt MeSi H
26
lhv

(Me;Si);CH

silyl)ethylene, whereas thermolysis gives the thioenol ether 25. In con-
trast, reaction of ethyl formate with tris(trimethylsilyl)methyllithium
gives the tris(trimethylsilyl)acetaldehyde which, upon photolysis, gives
loss of carbon monoxide. Thermolysis gives the expected enol silyl ether
26.4

4. SYNTHESIS OF a-SILYL KETONES

4.1. Synthesis of a-Silyl Ketones from
a-Silyl Organometallic Reagents

The reaction of a-silyl organometallic reagents with carboxylic acid
derivatives has been used to provide a-silyl ketones. Hauser and Hance**
were the first to show that the reaction of trimethylsilylmethylmagne-
sium chloride with acetic anhydride gives trimethylsilyl acetone.

(0]
Et,0 '
Me;SiCHMgCl + A0 ———» Messl\/u\

54 %

Chan and co-workers*® showed that the reaction of acid chlorides with
trimethylsilylmethylmagnesium chloride could be used to give methyl
ketones via trimethylsilylmethyl ketones. Thus, the trimethylsilylmethyl
unit is used as a hindered methyl group stopping the addition to the
carbonyl at one. Protiodesilylation of the initially formed a-silyl ketone
occurs readily upon acid workup of the reaction mixture. The reaction
was extended to a-lithiobenzyltrimethylsilane as well.
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(0] - O

H;0
Me;SiCHMgCl + RCOCI —_— R)J\/SiMq — /”\

R CH,4

[¢] . 0

MesSi . Hs;0

&;SiICHLiPh + PhCOCI — Ph =27
Ph Pk Ph
SiM€3

A series of B-ketosilanes was prepared by the reaction of trimethyl-
silylmethyllithium, available from transmetalation of trimethyl-
silyl(tributylstannyl)methane, with acid chlorides, acids, or esters.*®

0
Me;SiCH,Li + RCOX =~ ——— R)J\/SiMeg
R = Cl, OH, OMe

Trost and Schneider*” synthesized 1-trimethylsilyl-3-acetoxy-2-
propanone by the reaction of trimethylsilylmethylmagnesium chloride
with acetoxyacyl chloride, and in better although still moderate yield
with acetoxyacetic anhydride. The reaction of the more hindered di-
methylphenylsilylmethylmagnesium chloride with the anhydride gives
1-(dimethylphenylsilyl)-3-acetoxy-2-propanone in excellent yield.

o 0
Aco\)J\CI + MeSiCHMgCl ~ ——— aco M sime,
34%
Q o
Aco\/U\OAC + MeSiCHMgCl ~ ——— aco I sime,
56%

0 0
Aco\/U\OAC + PhMeSiCHMgCl ~ ——» aco._J_ sipnme,

89%

Haider*® reacted trimethylsilylmethylmagnesium chloride with chlo-
roethyl oxalate to give initially the a-silyl ketone which, being a rela-
tively nonhindered ketone, adds a second equivalent of the Grignard
reagent. A Peterson-type elimination of this adduct provides {2-ethoxy-
carbonylallyl)trimethylsilane, a potential synthon for the preparation of
2-methylene-4-alkanolides. This sequence indicates that trimethylsilyl-
methyl ketones will react faster with trimethylsilylmethyimagnesium
chloride than will the ester group.



120 GERALD L. LARSON

o 0
EtO/“\WCI + MesSiCHMgCl  ———» EtO/U\HASiMeJ
0 0
quSiCHZMgCl
Q SOCl, or It
EtO/“\”/\SiMe3 ‘m:_ Etoi?@?%?

BF;0Et,
53% overall

A similar approach to allylsilanes was used by Anderson and Fuchs*
who converted acid chlorides and esters to allylsilanes from trimethyl-
silylmethyl organometallic reagents by the double addition—elimination
sequence shown,

1) MesSiCH,M

0
Me;SiCH,M + RCOX  —— )J\/SiMe3 —_— SiMe
R 2) Me;SiCl R

A trimethylsilylmethyl ketone was used by Masamune and co-work-
ers>® in the construction of precursors for the formation of macrocycles.

(0]

Me;SiCH,Li

EE/-78 — 25 °C

‘BuS

1) LIN(SiMey),
—_—

THF
Et Me
2) H= -
TESO CHO

95%

The reaction of secondary or tertiary methyl or ethyl esters with
trimethylsilylmethyllithium was used to prepare a-trimethylsilyl ke-
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tones.”! It was shown that the sterically hindered a-trimethylsilyl ketone
reacts with the lithium reagent to give the enolate rather than to give
addition to the carbonyl. The thusly generated enolate could be trapped
with alkylating agents providing the more highly substituted a-
trimethylsilyl ketone. Alternatively, the a-silyl ketones could be
protiodesilylated to provide methyl ketones.

(0]
Me_ CO;Me Me SiMey Me
@ Me;SiCH,Li H,0"
—_— —_—
pentane/0 °C

92% isolated

¢}
OLi

Me;SiCH,Li
j/lkOMe e3S1CH, L1 \(U\/SIM% Me;SiCH,Li W/K/SiMeS
0]
W)‘\(SiMe}
y D
0]

SiMey

Me
NS
a o,
\(Kgsm;
|
The reaction of trimethylsilylmethylmagnesium chloride with an ester
was used to convert the ester 27 to a methyl ketone.>? The large steric
effect of this Grignard reagent allows the reaction to stop at the monoad-
dition stage with only a moderate amount of the bis-addition product.

Subsequent removal of the trimethylsilyl group gives the methyl ketone.
SiMe;

OLj
2 SiMe;

CO,Et
2 SlM€3 HO SiMC3

C/\t0>< Me;SiCHzMgCI o
0 Et,0 >< o><
)V@ )Y' )V

80% 20%

e}

Oy,
Oy
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The o-trimethylsilyl-a-boryllithium reagent 28 was reacted with
methyl esters to give a-silyl ketones via the boron enolate.*® The products
proved difficult to purify when prepared by this procedure, however.

0
/04? 724,'3 : 0
MesSin_ B~ 0" BTN __ SiMe 15,07 )
&3 IT o + RCOMe —» O>_{ B e R)J\/SlMe}
R H

Li
28

The reaction of trimethylsilylmethylmagnesium chloride with an ester
to form a trimethylsilylmethy! ketone was employed in the synthesis of
a trimethylsilylacyl rhenium complex.>* Thermal isomerization provides
the enol silyl ether.

< < =

. toluene R
Re + Me;SiCH,MgCl  ——» AN —_— Re.
ON/)\\PF% 3 Mg EE/10h ON %PPh; ON//QPPM
07 OMe o Me;SiO

65% SiMe 59%

Masamune and coworkers® reacted lithium bis(trimethylsilyl-
methyl)cuprate with 2-pyridylthio ester 29 to give the trimethylsilyl-
methyl ketone 30, which was used in a synthesis of the aglycone of
tylosin. Trimethylsilylmethyllithium was reacted with the aldolactone

31 to give the trimethylsilylmethyl ketone in equilibrium with the
1.5

hemiaceta

\\\\\ Me;Si
w0, (Me;SICH,),Culi
>~OMe >
s EE/-78 — 25 °C
2h
““OTBS 'BuS
29
0
><O O><O Me,SiCH,Li >< ;><O
o1 1
ool g ——— 9 |pn ©
THF/-70 °C SiMe;

30 min

31
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A very convenient entry into o-(methyldiphenylsilyl) ketones was
shown to be the reaction of the readily prepared a-(methyldiphenylsilyl)
ester with an excess of a Grignard reagent. This reaction only proceeds
with primary Grignard reagents and results in the formation of the
magnesium enolate of the a-silyl ketone regioselectively on the side
opposite to that bearing the bulky methyldiphenylsilyl group.®*’ Inter-
estingly the addition of vinylmagnesium bromide results in the addition
of two equivalents of the Grignard reagent, the second being the Michael
addition to the enone produced in the first addition. (See Sections 11.2
and 12.2 for the reactions of a-silyl ketones and a-silyl esters with
nucleophiles.)

The reaction of a-nitro ketones with two equivalents of trimethylsilyl-
methylmagnesium chloride results in trimethylsilylmethyl ketones.*®
When the a-nitro ketone is a cyclic ketone the product is a nitroalkyl-
trimethylsilyl ketone.

0 o
/O/\k( 2 Me;SiCH;MgCl /©/U\rSiM€3
a NO, THF/-30 °C ol
o o
NO, 2 Me;SiCH,MgCl SiMe,
THF/-30°C NO,

Trimethylsilylmethoxylithium can be reacted with carbon dioxide to
give the lithium salt of the corresponding carbonate, deprotonation of
which gives the a-silyllithium reagent.*® This in turn can be reacted with
esters, amides, acid chlorides, or nitriles to give a-silyl ketones as
intermediates on the way to a-hydroxy ketones, which were isolated in

good overall yields. The trimethylsilylmethoxylithium thus represents a
methanol dianion equivalent.

. ‘BuLi MesSi__O.__OLi
MeSICHOLI + CO,  ——  Me;SiCH,OCOLI —2iipm M3 ’\( NG !
Li---0
RCOzi/
o) HO* Me;Si~__OCO,Li
0 R
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Trimethylsilylmethylmagnesium chloride was reacted with the car-
bonyl ligand of complex 32 to give the trimethylsilylacetyl complex 33.°
The X-ray crystal structure showed it to be a heptavalent oxirane com-
plex of molybdenum.

EE
MoCL(COR(PMey); + Me;SiCH,MgCl ———  MoCl({COCH,SiMe;)(CO)PMay);
32 33
60-70%

Wiemer and co-workers®' showed that the enolates of a-bromoke-
tones could be O-trimethylsilylated and the resulting bromosilyl enol
ethers reacted with butyllithium giving rise to a rearrangement and
a-silyl ketones upon hydrolysis.

0
] /u\/Br 1) (MeSipNLi RiSIO__ Br
R 2) RSiCl B '

R? R R
R;SiO B " LiO, SiM NH,Cl 7
1 T 2 "BulLi 1 1lVie: 2
DI0 i uLi N : 3 Q R
R' R? R R? H,0
SiMC3
R = Me, Et

4.2, Synthesis of a-Silyl Ketones by Direct Silylation

Only one report of the direct C-silylation of the lithium enolate of a
ketone has been reported and it is to be found in highly sterically
demanding taxol systems. Thus, treatment of the lithium enolate 34 with
trimethylchlorosilane results in the formation of the a-silyl ketone 35.42
This highly unusual reaction is likely due to the steric hindrance found
in the O-silylated product.

2-Bromocyclohexenone was reacted with lithium dimethylcuprate
and then acetic anhydride to give the enol acetate, which upon treatment
with a combination of methyllithium and fers-butyllithium gave the
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2-lithio lithium enolate in a regiospecific manner.** Trimethylsilylation-
hydrolysis of this dianion lead to the o-trimethylsilyl cyclohexanone.

o OAc Me;SiO
ij/ Br 1) Me,CuLi Br |y MeLi SiMe,
_— [
2) A0 2) 'BuLi

0
H,0 il:l/\sm[e3
—_—
O 1) LiN(SiMa), OSiMe;  H'/MeOH 0
2)'Buli
3) 2 MeSiCl SiMe SiMe,

The trimethylsilyl enol ether of a-phenylseleno ketones can be con-
verted to the vinyllithium reagent by way of metal-metal exchange. The
resulting lithium reagent can then be trimethylsilylated and hydrolyzed
to produce a-trimethylsilyl ketones in good yields.*

0 OSiR; OSiR,
R SePh |y | DA/THF R SiRy R SiRs

2) RySICUTHE-HMPA ¥

OSiRy o

R SePh .
\é/ 1) LIDMAN/THF R SiR
— e R
2) H,0

Lithiation of optically active hydrazones followed by silylation with
either tert-butyldimethylchlorosilane or thexyldimethyichlorosilane
gives the a-silylated hydrazone with high diastereomeric excess.®® Treat-
ment of the a-silylated hydrazone with ozone yields the a-silyl ketone
with high enantiomeric excess.

N'N 1) LDA/THF N'NQ
- | OMe
Ny

OMe 2) RMe,SiOTf

W——-
/
o ®

2
R SiMe,R
de > 96%
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N o
N O3 2
)|\(R2 OMe ————— ]! R
1
R SiMe,R

SiMe;R
ee > 96%

R =Buy; Thexyl

Reaction of the dianion of ethyl acetylacetonate with trimethylchlo-
rosilane gives ethyl trimethylsilylacetylacetonate.®® The reaction of
trimethyl- or triethyliodosilane with enol ethers in the presence of an
amine is reported to give B-silyl enol ethers, the enol ether of an a-silyl
ketone.®’

o 0

Li H
= + Mesictl ——=  Mesii I
Na¢ CO,Et OFt
OR! Et;N . I
— e Rl D . RSi(_ OR
R? DCM R?

R! = H, alkyl; R = alkyl; RsSi = Me;Si, ESi

Benzoyl sulfonium ylide was reacted with trimethylchlorosilane to
give an a-silyl-a-sulfonium ketone, which underwent reaction with the
chloride ion present to give ultimately hexamethyldisiloxane and the
trimethylsilyl-free sulfonium salt.®®

0 a g
+
-30°C +
CS\/U\”‘ + MeySiCl Cs o
: DCM

SiMe,

4.3. Synthesis of a-Silyl Ketones by Oxidation Reactions

Peddle® showed that 2-triphenylsilylcyclohexanone could be synthe-
sized by the oxidation of the corresponding trans-2-triphenylsilylcyclo-
hexanol, prepared by the reaction of triphenylsilyllithium on
cyclohexene oxide.

Oj .
—_ =
OH o

Ruden and Gaffney” showed that trimethylsilylmethyllithium in
ether would react with aldehydes to give B-hydroxysilanes, which could



a-Silyl Carbonyl Compounds 127

be oxidized with Collin’s reagent to give the a-silyl ketone in good
yields. They also showed that the reaction of a carboxylic acid with two
equivalents of the lithium reagent provides the trimethysilylmethyl
ketone.

HO o
CHO _
_— SIMes oy SiMe;
+ Meg;SiCH,Li ——» »
DCM

86% 62%

0
CO,H SiMey
+ 2 MeSICHLI  ————

41%

Hudrlik and Peterson’' showed that the reaction of a-trimethylsilyl
acid chloride with dialkylcuprates gives a-silyl ketones. They were also
the first to show the successful oxidation of B-hydroxy silanes with
Collin’s reagent, a reaction that has subsequently been utilized in the
preparation of many other a-silyl ketones.

1% 0

Me;Sxﬁ/u\Cl + PrCuli . MeJSi%Cﬁh
CsH, CH,
64%
OH
MeJSiY“ + CHLCHO ——» Messi\)\q}[_ €5 Me;Si oty
CH, oty " pyridine CiHs

The addition of ethyllithium to vinyltrimethylsilane gives an a-silyl-
lithium reagent, which was reacted with carbon dioxide to give the
a-silyl acid or with butanal and then oxidation to give the a-silyl
ketone.”

Me,Si €O Me,Si

\— + EtLi — Me;SiY\/ E—

Li CO,H

1y PrCHO
2) Cro,
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The synthesis of cyclic a-trimethylsilyl ketones was accomplished by
the epoxidation of cycloalkenyltrimethylsilanes, opening of the epoxide
with lithium aluminum hydride and Collin’s oxidation of the resulting
B-hydroxysilane.”

SiM .
(T T hmeras M croypy
—_—

OH

SiMe;
0

Paquette and co-workers’ showed how the 1,2-transposition of a
carbonyl group can be accomplished through a 3-ketosilane as an inter-
mediate. Thus, the ketone is subjected to a Shapiro reaction and the
lithium reagent trimethylsilylated to give the least substituted vinylsi-
lane, which is epoxidized and reacted with lithium aluminum hydride to
provide the B-hydroxysilane. This is oxidized with concomitant desily-
lation to give the transposed ketone. Careful oxidation with pyridinium
chlorochromate gives the a-silyl ketone.

SiMe; SiMe,
\é 1) TsNHNH, 1) mCPBA OH
_—
2)3 ”Bqu 2) LiAlH,
3) Me;SiCl
PCC
Jones Reagent
EE/H,0
SiMe,
o

UO
Davis and co-workers’® showed that cis-2-trimethylsilylcyclohexanol
could be readily oxidized to 2-trimethylsilylcyclohexanone with Collin’s

reagent. The material could be successfully distilled below 98 °C. The
a-methoxy derivative of the above was also oxidized to the a-silyl

O:SlMe; CrOy/py (:\ESlMe;
—_—
OH ¢}
SiMe; SiMi
7 CrOypy 2 1Me3 A OMe
OMe — ~ ~ 4 OMe —»
OH 0 .

OSiMe;



a-Silyl Carbony! Compounds 129

ketone, which was isomerized to the methoxy trimethylsiloxycyclo-
hexene upon distillation.

A clever oxidation of B-hydroxysilanes utilizing an enone as the
oxidant and hydridotetrakis(triphenylphosphine) as a catalyst gives a-
trimethylsilyl ketones in good yields.”

SiMe; SiMe;

R?. R~ R* HRh(PPhy), : R R®
R! + \/\n/ - R’ , \/\[r
CeHe
OH O o O
Enones used were 3-buten-2-one and cyclohexenone 5 examples 23 - 97%

The monohydroboration of bis(trimethylsilyl)butadiyne followed by
oxidation produces the a-trimethylsilyl ketone 36.7

o}

1) Sia,BH
ThMe,Si———=——S8iMg;Th ——————————» ThMeQSi\)J\__ .
* & 2) H,0,/NaOAc ==—SiMe,Th
Th = thexyl; Sia = siamyl 82% 6

Soderquist and co-workers™ have shown that 1-silyl acetylenes,
where the silyl group is sufficiently sterically hindered, in particular the
triisopropylsilyl group, are hydroborated with 9-BBN to place the boron
on the B-carbon. Alkaline hydrogen peroxide oxidation provides the
a-silyl ketone in excellent yields.

o 9-BBN Q/B H H0, Q B
R——SiPr; ———» — —_— )K/ SiPry
R Sipr, NaOH R

R =Me 90%, Pr 83%

The reaction of 1,1,4,4-tetrakis(trimethylsilyl)butatriene, 37, with
m-chloroperbenzoic acid gives the epoxide on one of the terminal double
bonds. This material reacts with the m-chlorobenzoic acid present in the
reaction mixture to give the o, a-bis(trimethylsilyl) ketone 38.7

Me;Si SiM f Me
€351 iMe; PBA .
c=c mC Me;Si = SiMe,
Me;Si SiMe; 60% 5
37 Me;Si >_Q
o}
38 Cl

The osmium tetroxide-catalyzed dihydroxylation of cis-vinylsilanes
followed by Swern oxidation leads to a-ketoacylsilanes, 39, an unusual
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a-silyl ketone system. Oxidation with chromium trioxide and pyridine
gives only the aldehyde with desilylation.®* Sodium borohydride reduc-
tion occurs selectively at the acylsilane carbonyl.

0s04(cat) HQ  OH (cocn, 9 9
PN —_— -
R SiMe;  Me;N-O . SiMe, DMSO/DCM/-60 °C R SiMe;
39
deep crimson color
o 9 TBAF/THE/0.1N HCl Q R
R SiMe, R H
39
)
? 'BuOOH/MeOH 03 /(0
PH SiMe; Ph OMe
o] O NaBH, 0] OH
[ ——
Me SiMe; ~ MeOH/-78°C Me SiMe,

Ethynylsilanes can be hydrosilated with trichlorosilane to give the
B-trichlorosilylvinylsilane, 40, which can be fluorinated and oxidized to
provide trimethylsilylmethyl ketones in good yields.*'

H,PtCl, R SiMe,
—=—SiMe, + HSiCh, ———— —

R—=
CLSi H
40
R SiMe; 1) CuF, or ZnF, o
— — M sime
CLSi H 2) mCPBA/DMF/-50 °C R
48-82%

A mild oxidation of acetylenes to 1,2-diketones was reported. This
was used to prepare the a-silyl ketone 41.%2

0
_ . NalOy/RuG, 5
"y, —==—SiMe; T nC”HN/U\”AslMe3
CCl/CH;CN/H,0 o
4h 95%

41
4.4. Synthesis of a-Silyl Ketones from Silyl Ketenes

Bis(trimethylsilyl)ketene reacts with n-butyllithium or methyllithium
to give bis(trimethylsilylmethyl)ketones in moderate yields. These were



a-Silyl Carbony! Compounds 131

rearranged to the silyl enol ethers, 42, under the influence of mercuric
iodide.®

(¢]

R,Si R;Si R' H0 .
Nc=p + RLi —> 3 = i Rssl%Rx

R,Si R;Si OLi SiMe,

i Hgl, H R! H,0 Q

B 2
R3SI%R1 - — 2 . R3Si\/U\R,
SiMe, R;Si OSiR,
42

Bis(trimethylsilyl)ketene was shown to react with butyllithium in the
normal fashion, whereas trimethylsilylketene is deprotonated.*

o
Me;Si "BuLi/THF .
4 c=0 MesSi "Bu
MesSi SiMe;
85%
Me,Si 1) "BuLi/THF Me,Si
>:C= 0O —>» c=0
H 2) Me;SiCl Me;Si
80-90%

Silyl ketenes were shown to react with alkyldichlorocerium reagents
to give a-silyl ketones in good yields.®* If the intermediate is reacted with
an alkyl halide in the presence of HMPA rather than simply protonated,
the substituted o-silyl ketone is isolated. This work was expanded to
include the electrophilic reaction of the a-stannyl-o-silyl esters with
aldehydes and aldimines leading to (E)- or (Z)-o,[-unsaturated esters
and o-silyl-B-amino ketones.®® This latter conversion was used in the
preparation of cyclic carbamates.

1) R%CeCly/THF o
R,Si -78°C/1.5h ,
>: c=0 > M€3Sl\)J\R2
H 2) NH,Cl,q
53-99%
1) R%CeCl,/THF

R;Si _ 78°C/1.5h , Q
>=C=0 >  MesSi ,
H 2) R*X/HMPA \ R

R
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SnBu
, 1 R’CHO
BuMe,Si COR TiCl,
OH
R CO,R'  NaH/THF
SiMe,'Bu
OH
) co,R!  BF;0Eh
R
SiMe;Bu  DCM-20°C

GERALD L. LARSON

OH OH
R2 COR' R2 A_COR!
SiMe,'Bu SiMe,'Bu
syn anti
Q2 A COR'

100% (E); 95% yield

98% (E); 97% yield

SnBu:
A 3 + j\fn TiCl, NHBn
PhMe,Si~  "CO,Me Ph 78 °C - 1t Ph CO,Me

SiMe,Ph

NHB /l(J)\

n
i .Bn
- CO,Me 1) LiAlH, . o N

SiMe,Ph 2) N,N'-carbonyldiimidazole/NaH o
SiMe,Ph

The enol silyl ethers of a-trimethylsilyl ketones were prepared di-
rectly from the reaction of lithium reagents with trimethylsilyl ketenes.
The enol silyl ethers are hydrolyzable to the a-trimethylsilyl ketones.*’

Me3Si 1) :/Ll
>=C=0

Et 2) Me;SicCl

MC}Si

OSiMey H,O0 Me,Si o)
—_—

= "

The silylated ketene 43 was reacted with 1-diethylaminopropyne to
give a-silyl ketone 44 in addition to two other adducts.®®
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The reaction of trimethylsilyl ketene with trimethylsilyldiazomethane
gives cis-2,3-bis(trimethylsilyl)cyclopropanone. Treatment of this with
benzyl alcohol gives the benzyl hemiacetal 45.%

Me;Si

M€3Si M€3Si
>=C=0 + MeSiCHN, —»
H 0
Me3Si
PhCH,0H Me;Si \A<03n

OH
45

The reaction of ketene, trimethylsilylketene, and the acetone adduct
of diketene with trimethylsilyl triflate in the presence of triethylamine
provide the corresponding a-trimethylsilyl carbonyls.*

Me;SiOTf
H,C=C=0 ————  Me;SiCH=C=0
E[}N
Me,SiOTf
Me;SICH=C=0 ————  (MeSi),C=C=0
EtN
}/O O MesioTt }/O 0
_—
Oz O .z
H E6N SiMes
0.__0
>r HX o 9
_
o x SiMe, - acetone X
SiMe;

X = OMe, NMe,, SPh

Triethylsilylacetyl chloride was reacted with diazomethane to give the
diazomethyl ester, which was reacted with bromine to give dibro-
momethyltriethylsilylmethyl ketone, with triphenylphosphine to give
adduct 46, and with acetic acid to give the a-acetoxyketone. The reaction
with trimethylsilyl azide gives the acyl azide, which rearranges to the
acyl isocyanate. This was reacted with methanol to give the correspond-
ing carbamate.”!
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) i CHN, 9
S G- T
7

-5°C

Br, 0

— Et;Si
3 ‘\/U\CHBrZ
e}

O
~ PhyP
Etssl\/U\CHNz I EI3Si\/U\7N\N¢PPh3

46
HOAc Q
—_——

Egsiu_JL__0Ac

Me;SiN; 0
E,Si N, T Et;Sl\/U\N3 — > E4SiCH,NCO

The reaction of trimethylsilyl ynamines with ketenes can provide both
the silyl enol ether and the a-silyl ketone.*

Me
Et;N—=——SiMe; + C=C=0 —»
Me
Me

Me
Me SiMe;

O
EtzN%(\\ Me EQN%%<

OSiMe,

Trimethylsilyl ketene reacts with tetraalkoxyethylenes to give 2-
trimethylsilylcyclobutanones in addition to the product of elimination of
trimethylalkoxysilane, namely the cyclobut-2-en-1-one.”

. Me;,Si 0 O
R;Si RO, OR 9095 °C o
>=C:O + >=< — - + OR
H RO OR RO OR RO
RO OR OR

Trimethylsilylketene was reacted with bromine to give the a-
trimethylsilyl-a-bromoacy! bromide, 47, which upon treatment with
triethylamine gives the trimethylsilylbromoketene.® The a-silyl acid
bromide 47 was reacted with an imine to give the silylated -lactam.

. €]
R}Sl Brz

\Fczo _— Me;Si
H Br

Br
47
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(0]
. E3N R.Si
Me;S 3 3
3 [\KU\ Br > >=c=0
Br Br
47
(6] Br 0
. Ei;N ]
Me;&%gr + PhC=NBu Me,Si :/(
Ph—
Br ’Bu
47 H

The reaction of trimethylsilylketene with aldehydes catalyzed by
MABR leads to o-trimethylsilyl-B-lactones with the cis-diastereomer
predominating, except in the case of pivaldehyde.*

Me;Si MABR Me,Si Me;Sx
>=c 0 + RCHO

major minor
MABR = Br
Bu Me ‘Bu

The reaction of trimethylsilyl (or tert-butyldimethylsilyl) ketene with
imines provides a-trimethylsilyl (or ferz-butyldimethylsilyl) ketones in
addition to aromatics.”®

<N> (e} (0]
RsSi _ conditions SiR, OSiRs
H>:C_O ’ o +/or

OSiR;
R3Si = Me;Si or ‘BuMe,Si R3Si = 'BuMe,Si

4.5. Synthesis of a-Silyl Ketones from Epoxysilanes

The magnesium iodide ring opening of trimethylsilyl oxiranes can
lead to a-trimethylsilyl ketones when the stereochemistry of the oxirane
is E.°" The Z-isomers lead to the trimethylsilyl enol ethers. Both reaction
pathways involve migration of a hydrogen.

H SiMe;
PR Mgl
R TR 84 - RI%RZ
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0O

H R .
SR Mgl MeSio_ H
Ri=r=siMe, 82, R\_A, L, N
0 RV OR?
Me;Si

a,B3-Epoxysilanes were shown by Hudrlik and co-workers to react
with magnesium bromide to give B-ketosilanes and silyl enol ethers
depending on the structure of the starting epoxide.”® They argued for an
a-silyl ketone in the thermolysis of epoxysilanes to enol silyl ethers and
O-silylated allyl alcohols as well.*

(6]
MeSi_ O CH, °5¢aMgBy
e\ s DT Me;SivU\
SiMe;,
5 eq MgB
S
SiMe3

A SlMe; S'MeB
0O — —
0SiMe;

SlMe3

Utimoto and co-workers'® reported the magnesium iodide promoted
rearrangement of epoxysilanes obtained from (F)-vinylsilanes to give
good yields of B-ketosilanes. The rearrangement of the epoxysilane
obtained from (Z)-vinylsilanes, however, gave low yields of the ketosi-
lane. (For a similar example see Section 3.3 and ref. 31.)

@]
H SiMe; mcppa ~ H_Q SiMe Mgl
>.—__< » >( §< R
— R
R R R R EE .
SiMe;
high yields
. . 0
R __SiMes  eppa R_Q SiMe; Mgl Rj)J\
H R H R EE R
SiMe,

low yields
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The magnesium bromide-catalyzed rearrangement of a-trimethylsilyl
epoxides has been shown to give a-trimethylsilyl ketones. It was further
shown that the iodohydrin resulting from the reaction of a-trimethylsilyl
epoxides with hydroiodic acid reacts with a mixture of methylmagne-
sium iodide and magnesium iodide or with butyllithium to give o-
trimethylsilyl ketones.'®'” The original configuration of the
epoxysilane and therefore the iodohydrin has an influence on the reac-
tion.

A HI/EE/0 °C 0
AN 1) E/Q °
CeHi3" “'CeHi3 > CH /IS/C(,HU
H  SiMe 2) MeMgl/Mgl, 61013 _
or BuLi SiMe;
92% MeMgl/Mgl,
90% BuLi
o [¢]
} o 1) HI/EE/0 °C C¢H Me;SiO, CeH
CeH 3¢\ ""SiMe; ) » C6H13/U\/ e 3 — 63
H Gy 2)MeMgliMglh SiMe, H CeHis
29% 43%

4.6. Synthesis of a-Silyl Ketones by Rearrangement Reactions

Corey and Ruecker'® have shown that triisopropylsilyl enol ethers are
rearranged to a-triisopropylsilyl ketones with a combination of butyl-
lithium/potassium ferz-butoxide. The least substituted a-silyl ketone is
preferred. The diisopropylmethylsilyl group also rearranged in this man-
ner, but the less hindered trimethylsilyl group did not.

0Si'Pr, 0

2Bl g
2.5KOBu
OSi'Pr
2 "BuLi SiPry Si'Pry
+
2.5 KO'Bu
Bu ‘Bu ‘Bu

OSi'Pr; OSiPry  5rguri 0 '
M * M e )\/U\/ SiPr3
2.5KO0Bu
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The trialkylsilyl enol ethers of a-phenylseleno ketones can be con-
verted to their lithium reagents via metal-metal exchange.'® The result-
ing B-siloxyvinyllithium reagent then undergoes a rearrangement to the
lithium enolate of the a-silyl ketone. Wiemer and co-workers®' employed
a variation on the Brook rearrangement to prepare o-trimethylsilyl
ketones.

RsSi0 R3SiO
SePh . U
Li-DMAN
e _C>_>
THF
LiO o

SiR H,0 SiR,
_—

Four approaches to vinyl silane phosphonates, the thermodynamic
phosphonate ester of a-trimethylsilyl ketones, were worked out and
reported by Wiemer and co-workers.'% The first of these, building on the
chemistry first developed by Kowalski,® involves the use of a.-bromoke-
tones. The second utilizes an a-trimethylsilyl-a,-unsaturated ketone
and conjugate hydride addition to generate the enolate of an a-trimethyl-
silyl ketone. The third approach simply deprotonates an a-trimethylsilyl
ketone. This approach is limited by the relative steric situation on either
side of the carbonyl group. The fourth approach starts with an enol
phosphonate which is deprotonated and trimethylsilylated.

0 : .
/U\/ 5 U LDA/THF Me,8i0 1) BuLi Me;Si0
— B —————
Ph 2) Me;SiCl Ph " 72) (PhO),PO)CI oy X OP(O)(OPh),
1 . OP(O)OPh),
SiMe; . ;
1) L-selectride SiMe;
_— =
2) (PhO),P(O)CI

0 OP(O)(OPh),

1) LDA/THF
‘Bu \/U\/ SiMe; DIDAVIE \)\/ SiMe;

2) (PhO),P(0)Cl1

1) LDA/THF
2) Me,SiCl
OP(O)(OPh), OP(O)(OPh),

SiMe;



a-Silyl Carbonyl Compounds 139

tert-Butyldimethylsilyldibromomethyllithium, (48) was reacted with
aldehydes to generate initially the B-alkoxysilane, which undergoes
rearrangement to the a-fert-butyldimethylsilyl-a-bromoketone, 49, in
moderate yields.' These interesting a-silyl ketones were converted to
the regiospecifically generated lithium enolates and condensed with
aldehydes to ultimately give enones in good yields. The reaction of the
enolate with aldehydes also leads to bis-addition of the aldehyde, one
equivalent to the lithium enolate and the second to the a-silyl ketone,
which can react like a silyl enol ether. The yield of the bis-adduct
increased with an increase in the amount of aldehyde added.

Br O
EE Lio, Br
'BuMe,SiCBr, + RCHO ————» % SRLENG SiMe, Bu
L -18°C R SiMe,'Bu R
1 H Br
48 A

(R = Ph, PhCH=CH, "C¢H3, c-C¢H, ;, ‘C,Hy; yields 42 - 76 %) 49

O O0SiMe, Bu
0 0

SiMe,Bu 1) "BuLi R’/léfk R?
R)j* - / 5
Br 2) RCHO R'/LK/\ R )
H R OH
3) HOAc main product 80 - 85 %

Treatment of o-chloroacyl trimethylsilanes with Grignard reagents
gives a-trimethylsilyl ketones in good yields as a result of migration of
the trimethylsilyl group.'”” Grignard reagents that contain B-hydrogens
first give reduction with trimethylsilyl group migration and an interme-
diate a-silyl aldehyde, which then undergoes attack of a second Grignard
reagent leading to a B-hydroxysilane. This sequence is marked by the
Cram addition of the second equivalent of Grignard reagent to the a-silyl
aldehyde as evidenced by the elimination of the B-hydroxysilane which
with base leads to the Z-olefin via a syn-elimination and with acid leads
via anti-elimination to the E-olefin.

O 0
Ph . Ph
SiMe; + MeMgl —m——— Me
Cl
MC3Si
98%
0 OH
PhCH, . Phcnz\/'\
SiMe; + 2 CHjsMgCl ———» T CeHys
cl :

MC}S

96%
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a-Chloroacylsilanes were shown to react with lithium ketone enolates
to give, after protiodesilylation, substituted 1,3-diketones.'%

0 O 0O O
R . + R
SiMey .
Cl i

Li Me;Si .
¢H3O

NSy

The reaction of acylsilanes with sulfur ylides in THF produces the
enol silyl ethers and the B-ketosilanes.'® The silyl enol ethers are favored
under salt-free conditions and the B-ketosilanes in the presence of
inorganic salts.

0 0SiMe; 0
\P/lksiMeg + Mei-CHz e + \’>/”\/51Mez
Yield
salt-free.  75% 70 % 30%
added LiCl 70 % 18% 82 %

Cunico and Kuan''® used a Tiffeneau—Demjanov reaction to prepare
a-trimethylsilyl ketones from acyltrimethylsilanes. Thus, they reacted
the acyltrimethylsilane with trimethylsilyl nitrile to provide the
trimethylsilylated cyanohydrin, which was reduced to the $-aminoalco-
hol. The B-aminoalcohol was then subjected to diazotization to give the
a-silyl ketone.

O

Q 1) Me;SiCN OH
. )J\ T e /{\/NH diazotization Me
R}Sl Me 2) LiAlH, R.‘S] 2 3
Me MePh,Si

R;Si = ‘BuMeSi NaNOy/HOAc
R3Si = Me;Si isoamylnitrite/CHCh

Brook and co-workers!!' showed that acylsilanes would react with
diazomethane to insert a methylene group between the silicon and the
acyl groups. A mixture of the a-silyl ketone and the silyl enol ether was
obtained.
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O 0

RSSi/U\RI + CHN, — R3$i\/U\Rl + H>_<— OSiRs

H R

Sato and co-workers''>'"* have shown that the rhodium(T)-catalyzed
isomerization of 2-trimethylsilyl-1-ene-3-ols leads to a-silyl ketones,
which can then be thermally isomerized to silyl enol ethers. This reaction
was extended to 4-trimethylsilyl-1-en-3-ols as well.!'* A full report of
these rearrangement approaches to a-silyl ketones has been published.'!?

SiMe. .
R! SiMe; HRh(PPhs), " \/'\[;RZ _/_<oslrv1e3
— —_— . —
\_37]{2 benzene R! R?
(6]
OH
56-96%
Me;Si 1
. 1 2 3
MesSi R __ R HRK(PPh,), R .
—_—
R? dioxane R’
OH ¢}
60-97%
SiMe; .
HRh(PPhy), SiMes
sty dioxane CsHyj
OH o

97 %

o-Trimethylsilylmethylbenzoy! chlorides were shown to give benzo-
cyclobutanones upon thermolysis at low pressure.''® When the benzyl
position was substituted with two trimethylsilyl groups an a-trimethyl-
silylbenzocyclobutanone was obtained.

COoCl! o}
590610 °C @:ﬁ
_—-
SiMes 1672 mmHg )
. SiMey
SiMe;

Condensation of the boron enolate 50 with acetaldehyde leads to the
a-silyl-B-hydroxy ketone with excellent stereospecificity.'!’

OBBu,
= + MeCHO ——»

H O

wi

min

"BuMe,Si
50

SiMe, Bu
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The reaction of trimethylsilyldiazomethane with aldehydes in the
presence of magnesium bromide gives trimethylsilylmethyl ketones in
good yields when worked up with water.'*® If the workup is carried out
under acidic conditions protiodesilylation occurs to give the methyl
ketone.

0 MgBr,/EE 0
£y
M+ MesicHN, > R)J\/SiMe3
R”H

0 °C/30 min
then rt/4 h R ="C4H,q; 4-"BuCgHy
Q 10% MeOH 0
. o Mg aq
R/U\/ SIMC3 > )L

5. SYNTHESIS OF a-SILYL ENONES

Lithiation-trimethylsilylation of the 1,1-dibromocyclopropane provides
the a-bromosilane 51, which upon treatment with potassium carbonate
in an alcohol and then acid, gives the a-silyl enone 52."

MeO MeO 0
Br KOH/MeOH OMe o .
SiMe; 70 °C SiMey, ——» SiMe;
51 %

The m-chloroperbenzoic acid oxidation of 1-trimethylsilylcyclo-
propenes produces 2-trimethylsilylbuten-3-ones in good yields.'”

SiMes

A mCPBA/DCM \%YO
SiMe; 20 °C/10 min
73%
SiMey R
mCPBA/DCM o o
—_— +
: 20 °C/10 mi

R SIM€3 min R SiMe3
R ='Bu, ‘Pr

Thermolysis of the cyclobutenone 53 produces the trimethylsilyl-sub-
stituted quinone 54.'%°
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O
MeO O ;
138 °C MeO. SiMe;
———S8iMe; p-xylene .
MeO . MeO SiMe;
OSi MC3 55% o
53 54

1,3-Bis(trimethylsilyl)propynes, when treated with acetyl chloride in
the presence of aluminum chloride, yield a-trimethylsilylallenyl ke-
tones.!?!

_ . ) AlCh H SiMe;
MeSiCH,———SiMe; + AcCl ——————» >=C
DCM/-60 °C y
0]
60%
Me
AlChL Me SiM
. J— . &
Mes—’———SM + AcCl @ ———————
> e ¢ DCM/-60 °C Me> Cj}/
Me
(¢]

5%
+
Q

>_Z\\jsuwe3

35%

The synthesis of 3-(trimethylsilyl)-but-3-en-2-one, which has been
shown to be an excellent Michael acceptor has been reported in Organic
Synthesis.'?

HO, Ie)
MgBr Me  CrOy/
gy, CH,CHO ———» el Me

SiMes SiMey SiMe,

a-Silyl-o.,B-unsaturated ketones can also be synthesized by the reac-
tion of 1-silyl-1-lithio (or halomagnesio) ethylenes with acid anhy-
drides.'? This reaction was first reported by Hauser and Hance.*
2-Trimethylsilylacrolein was synthesized and converted to 2-trimethyl-
silylbut-1-ene-3-one by treatment with methylmagnesium iodide and
pyridinium chlorochromate.?® This implies that the silylated acrolein
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could be an excellent precursor to a number of different a-silyl-a,3-un-
saturated enones.

PhsSi Ph;Si
D= + (RCORO —» _
Li Ph R Ph
O
R = Me, Ph

2-Trimethylsilyl allyl alcohols have been shown to be readily oxidized
to the important 2-trimethylsilylbut-2-enones in very high yields.'*
1-Trimethylsilylvinyltrimethyltin was cross-coupled with acetyl chlo-
ride to give 2-trimethylsilylbuten-3-one.'?

SiMe; Me,SeNCS SiMe;
Ph » Ph
toluene/DBU
OH 25 °C/4h o
100%
0
SiMe, CH;COCI
SnMe; (PhCH,)CIPd(PPhs), SiMe
3
reflux/24h

a-Lithiovinylsilanes have been reacted with amides to give a-silyl-
a,B-unsaturated ketones.'?® The vinylsilyl group can be useful in direct-
ing the stereochemistry of the reduction of the keto functionality.
Reaction of Z-isomeric a-lithiovinylsilane 55 with amide 56 gave the
o-trimethylsilyl enone 57.'%" The reaction of a-trimethylsilylvinyl-

MesSi
D 3Li>=/\osn

[¢] [¢)
2) H,SO
NEt, ) 3% - A-0Bn
EEO 3) MsCI/E4N/DCM MsO SiMe;
O
BnOCH,—O, Li
NMe; + —
EEO H SiMC3
55 56
O
THF/EE/Hexane pZ OCH,0Bn
-100 °C
EEO SiMe;

57
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lithium reagent 58 with the hydroxyamide 59 was shown to give the
a-trimethylsilylenone 60.'%

0 (¢]
\’)J\NMB . BOMO\/\rLi 1)-100 °C . W\/OH
2 . 2) H,S0,/dioxane .
OH SIMe3 OH S]MC3
58 59 60

The palladium-catalyzed cross-coupling of a-alkoxyorganozinc re-
agents with a-trimethylsilylvinyl iodides provides a-trimethylsilyl-a,[3-
unsaturated ketones in good yields.'?

CHy _ SiMe

CsHy SiMe; ZnCl  PdCI(PPhs),
< + H,C=C= —_—
H ! 2 :OMe 2 DIBAL H o

75%

A one-pot synthesis of a-silyl enones via the photooxygenation of
vinylsilanes was reported. The yields are moderate to good.'*

SiMe;R Oy, hv, TPP SiMe;R
A0, py, DMAP
% U, Py . O e
Rl R? MeOAc, -5 °C, 424 h R R
49-71%

The hydrosilation of methylethynyl ketone with triethylsilane and
chloroplatinic acid gives a 55:45 mixture of the o-triethylsilyl- to B-
triethylsilyl-a.,3-unsaturated ketone.'*!

o SiEt, Et,Si
EySiH + @ H—=< :SrMe + WMe
Me
6] O
55% 45%

Negishi and co-workers'*? have demonstrated that a-iodovinylsilanes
of a suitable structure for cyclizations can lead to a-silyl-a,-unsaturated

ketones upon metal-halogen excharnge cyclization.
0

MesSi, NEt, 2 'BuLi @/SiMq
:}_/\/\n/ T e
1

o}



146

GERALD L. LARSON

o-Trimethylsilyl vinyl ketene was prepared starting from 1-trimethyl-
silylpropyne as outlined below. This ketene was cycloadded to electron
deficient olefins to give a-trimethylsilylcyclohexenones.'*

__ 1) DIBAH SiMe;
CH;—==—"S5iMg, > =
2) MeLi H COK
3)CO,
4)KOH

1) CO,Cl,
2) EuN/CSH

. ]
Me;Si
x>

o}

O .
Me;Si CO,Me Me;Si CO,Me
N e
SN

The cyclization of 6-enylethynylsilanes with a zirconium catalyst
followed by carbonylation results in a-silyl-a,-unsaturated cyclopen-

tenones. %133

SiMe,

——SiMey ClLZtCp/Mg Cé
—_— ZrCp,
X

Bu_ :/: 1) CLZrCpy/BuLi
——SiMe;  2)CO

SiMe,
1y CO
2)H;0°
14 examples 55-65%

o}

— O

SiM€3

The reaction of 1,6-diynes with terz-butyldimethylsilane in the pres-
ence of a rhodium catalyst provides cyclic a-silyl cyclopentenones and

136

cyclopentanones.
‘BuMe,SiH SiMe, Bu SiMe, Bu
== Rhy(CO)y,
— 4
X > 0O + X (6]
E C6H6 or CH;CN
95 °C
CH, 60 0
C(COMe), 14 0
NBn 8 31
0 35 0
CH,CH, 0 0
‘BuMe,SiH SiMe,Bu
— Rhy(CO)iz =
_ > Ts-N 6]
PISN — 7 CeHlg or CH,CN P

95 °C

72%
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B.y-Unsaturated acyl chlorides were reacted with trimethylsilylacety-
lene to give a-trimethylsilyl-a,3-unsaturated ketones as the predominant
products.'*’

cocl AICk Q
+ H—=—SiMe; ——> SiMe
3

The 1-trimethylsilyl-1-bromo-2-methoxycyclopropane 61 when
treated with alkaline methanol and then acidified gives the 2-trimethyl-
silylcycloheptenone in good yield.'*®

Br Q siMe
SiMe; 1y MeOH
~N —_—
OMe K,CO,

2) H;O"
61 57%

a-Trimethylsilyl-a-allenic alcohols can be isomerized to a-trimethyl-
silyl-a,B-unsaturated ketones with silver nitrate in moderate yields.'*

o}
Me;Si R 1) AgNO, Me;Si R’
: C:< —_— l
R H 2)H,0 1 ,
rRY bOH R R
24-48%

The acetylenic trimethylsiloxycyclobutenones 62 can be thermolyzed
to the trimethylsilylated quinone 63.'*° When the R group of the ethynyl
substituent is electron withdrawing such as a carboethoxy group or a
phenyl group the alkylidene cyclopentanedione 64 is formed.

MeO, 6]
Bsec SiMe,
OSiMey p-xylcne +lor
MeO SiMe;

R ="By, PhCHz, Me;SiOCH, R = coza, Ph

Trimethylsilylethoxyacetylene was reacted with dichloroketene to
give the cycloadduct, which is the ethyl enol of the a-silylcyclobu-
tanedione.'*!
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Me;Si—=—OEt  +

Cl

1
>=c=0 —»

GERALD L. LARSON
Me;Si OEt
a

O ¢
53%

Trialkylsilylethoxyacetylenes were reacted with acyl chlorides or
trifluoroacetic anhydride to give a-silyl-a,B-unsaturated ketones.'#?

R;Si—=—0Et + R'COX

O
Rl OEt

—_—

R;Si X

R = Me, Et; R' = CCl,, CHCl,, CH,Cl, CF3; X = Cl, 0,CCF,

R;Si OFt
] EtN
R;Si—==—0Et + R'COX ——» a
o
For R' = CHC}, or CH,Cl H(C)

The dicobalt octacarbonyl-catalyzed carbonylation of 65 provided the
a-trimethylsilyl enones 66.'** These a-silyl enones were reacted with
lithium dimethylcuprate and then protiodesilylated with double bond

migration,
\ H
1) Coy(COY
MesSi—=—7—0Q )
O>)\R 2) TMANO/Qy/rt ‘o
12-16 h {0
R Me,Si
R S
65
66
H H
Me,CuLi/EE
O O,
Q o 0 o)
Me;Si )
3 o )/LR Me;Si . A/LR
66 86%
H
Me,CO, p-TsOH
o 0
56°C, 16h
o 3
{Q
Me;Si N )A\R 70%
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Zhao and Tidwell'** were able to prepare a stable bis-ketene viaaroute
that proceeds through the intermediacy of a bis trimethylsilyl cy-
clobuten-1,2-dione.

Me;Si 0] Me,Si
CLCOC! 3! H,S0, &St o
Me;Si—=—SiMe; >
Zn/Cu ) Cl  55°C/12 min
Et,O/DME MesSii Me;Si e}
Me;Si 0 . o)
Me;S
Aorhv & ‘IC
_—
Me;Si 0 .C7 TSiMe;
o)

An asymmetric synthesis of dihydropyridones, which are also a-silyl-
a,B-unsaturated ketones, was reported.'*®

OMe

Si'Pr- 1) (-)-8-phenylmenthyl chloroformate 0
X ’ toluene/-23 °C/15 mi SiP
[ oluene min iPrs
N 2) PhMgBr/THF/-78 ¢C/1 b - |
3) 10% HCI PHT N
COR
R = (—)-8-phenylmenthyl 88%

Deprotonation of fert-butyl a,a-bis(trimethylsilyl)acetate followed
by condensation with and aldehyde results in the formation of the
a-trimethylsilyl-a.,B-unsaturated ester in high yield and with high E
stereoselectivity. These a-trimethylsilyl-o,B-unsaturated esters can be
condensed directly with aldehydes under the influence of fluoride ion.

ooou RCHO R COOBu
Me;Sin = , E——— —
Yko Bu VAR
SiMe; s
yield 81-97%
E:Z 62-97:38-3
R COOBu TBAF R COOBu
—_— —
H  SiMe R'CHO H R!

HO
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6. SYNTHESIS OF a-SILYL CARBOXYLIC ACIDS

6.1. a-Silyl Carboxylic Acids from a-Silyl Organometallic
Reagents

Sommer and co-workers'®” were the first to report the synthesis of
trimethylsilylacetic acid, which they prepared by the simple reaction of
trimethylsilylmethylmagnesium chloride with carbon dioxide. Other
silylacetic acids were prepared in the same general fashion. All were
found to be less acidic than pivalic acid as a result of the greater +I effect
of the silylmethyl group.

RMe,SiCHMgCl + CO,  ———» RMe,SiCH,CO,H
(R = Me, Me;SiO, Ph)

The selenide 67 was converted to the lithium reagent, which was in
turn added to vinyltrimethylsilane, resulting in an a-trimethylsilyl-
lithium reagent which was carboxylated to give the a-trimethylsilyl acid
68.148

Ph>< SePh 1) Buli Ph CO-H
___._—» -
R = R
Me 2) Na: Me SiMe
7 SiMe;
6 3G, 68
HH R = H (64%): Et (61%)

The nickel-catalyzed addition of Grignard reagents to ethynylsilanes
gives the a-bromomagnesiovinylsilane, which can be reacted with carb-
on dioxide to give an a-silyl-a,B-unsaturated acid.'*’

Ni(acach CeHiz _ SiMe;

CeHyy—==—"S5iMg; -
Mqu/MeMgBr H MgBr

Co, CeHy; |, SiMe
—_— —_—
H CO,H

6.2. a-Silyl Carboxylic Acids from Lithiated Carboxylic Acids

Cyclopropane carboxylic acid reacts with two equivalents of lithium
diisopropy! amide and the dianion trimethylsilylates to give the a-
trimethylsilyl acid as its trimethylsilyl ester in high yield.”**"*" The
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cyclobutyl homolog, however, gives a mixture of the C-silylated and
O-silylated products.

Acon DA L q/cozsuvle3
2) 2 Me;SiCl
SiMe3
ol 1)2 LDA
+
COH  2)2MeSiCl g—cozsnwe} N 4
SiMe; OSiMe,
Me;SiO

It was found that reaction of the dianion of acetic acid with trimethyl-
chlorosilane gives a mixture of trimethylsilyl trimethylsilylacetate, the
o-trimethylsilyl ester of the trimethylsilyl ester of acetic acid, and
bis(trimethylsilyl)ketene acetal. However, if the enolate is formed in a
mixture of ether and THF and refluxed for 24 h prior to quenching with
trimethylchlorosilane a 70% yield of the a-silyl ester is achieved.'*
Hydrolysis of the silyl ester 69 provides trimethylsilylacetic acid. Bel-
lassoued and Gaudemar'** have shown, however, that the deprotonation—
trimethylsilylation of trimethylsilylacetate gives exclusively the
C-trimethylsilylated product when the lithium enolate is allowed to stand
at —70 °C overnight prior to the trimethylchlorosilane quench. Alterna-
tively, if the enolate is immediately quenched at—20 °C the O-trimethyl-
silylated ketene acetal is obtained in moderate yield. Employment of the
sodium enolate gives the O-silylated derivative exclusively.

0O

1) LDA/THF-EE/-78 °C
CH}COzH ) : Me3Si \)J\ .
2) reflux/24 h OSiMey
3) Me;SiCl/-78 °C 69
70%
0

— > MesSi

The dianions of several carboxylic acids were treated with
methyldiphenylchlorosilane to give the a-silyl carboxylic acid after hy-
drolysis."* The a-silyl acids could be alkylated via their dianions as well.

1) 2 LDA/THF/50 °C
CH;CO,H

Y

. MePh,SiCH,CO,H
2) 2 MePh,SiCl/-70 °C

3) H;O"
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CO,H . CO,H
[r 1) 2 LDA/THF/50 °C N [j—SithMe
2) 2 MePh,SiCl/~70 °C
3)H,0°
. 1)2 LDA/THF/0 °C
MePh,SiCH,CO,H > MePh,SiCHCO,H
2) EtBr |
3) H3O + Et

The reaction of either allenic or propargylic acid with four equivalents
of LDA followed with trimethylsilylation provides the trimethylsilylated
allenic acid 70 in moderate yield.'>®

H 1)4 LDA Me;Si SiMe;

H,C= C=< R c
coH ) MesiCl Me;Si CoMH

60% 70

The polylithiation of 2-butynoic acid followed by trimethylsilylation
leads to 71 in good yield. This same product can be obtained by a similar
sequence on 2,3-butadienoic acid.'*®

1) 6 BuLi/TMEDA Me;Si CO,SiMe;
» C

Me—==—CO,H . >
2) 4 Me;SiCl Me;Si SiMe;
70% 71
H =<C02H 1)4LDA Me;Si CO,SiMe;
=cC —_— c
H H 2) 4 Me;SiCl Me;Si SiMe;
60% 71

6.3. Miscellaneous Syntheses of a-Silyl Carboxylic Acids

Trialkylsilylacetic acids were reacted with ketene to give the mixed
anhydride, which upon thermolysis gives trialkylsilylacetic anhy-
dride.'”” This reacts with thionyl chloride to give the acid chloride and
with trimethylsilylmethylmagnesium chloride to give trimethylsilyl-
acetic acid anhydride.

. CH,=C=0 R A
R3Sl \)LOH —2—> R3SKCH2C02AC w (R3S!CH2CO)20
-Acy

R3Si = MeEt,Si, MePr,Si
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Bis(trimethylsilyl)ketene and trimethylsilyltrimethylgermylketene
react with water to give the corresponding a,a-dimetalated acetic acid.'*®

M€3M MC3M
c=0 + H,0 —_— OH
MC;M'
MC;M'

M=M'=Sior Ge; M=Si,M=Ge

It was shown that although the hydrosilylation of methyl acrylate or
methyl crotonate with tris(trimethylsilyl)silane occurs to give primarily
the B-silyl product, tris(trimethylsilyl)silane was shown to hydrosilylate
maleic anhydride and N-methylmaleimide under free radical conditions
to give the a-silyl carbonyl system in good yields."

(Me;SipSiH (Me;Si);Si

AIBN/toluene
X =0, 89%; NMe, 83%

The bis(trimethylsilyl)ketene acetal of trimethylsilylacetic acid, pre-
pared in 91% yield by deprotonation—trimethylsilylation of trimethyl-
silyl trimethylsilylacetate, reacts with aldehydes to give B-trimethyl-
siloxy-a-trimethylsilyl carboxylates, which are hydrolyzed to a.,3-un-
saturated acids.'®

SiMe;
Me;Si OSiMe; RCHO/ZnBp R H,0 MesSi( _
= _— CO,8iMe; ———»
OSiMe, THF Me;Si0 CO.H

52-97%

The deprotonation—carboxylation of [1-'*CJtrimethylsilylacetic acid
was used to prepare [1,3-*C,]malonic acid diethy] ester.®!

1) LDA/THF
2) Bco, _PCooE

» H
3) HCV/H,0 L,
4) EtOH/TsOH/CHC, COOE!

Me,SiCH,'>COOH
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Photolysis of the trisilylated cyclobutenedicarboxylic acid anhydride
gives the silylated bicyclobutane derivative 72.'°? Interestingly, treat-
ment of this material with tetrabutylammonium fluoride serves to re-
move the two trimethylsilyl groups that are B to the carbonyl groups.
Basic hydrolysis both opens the anhydride and removes the a-trimethyl-
silyl group.

Me;Si

Me;Si 7 Me,Si SiMes SiMe,
o . Mesi o 2 TBAF 0
Me;Si 0 0
0 Nai)H/
0
7 CO,Na
CO;Na

7. SYNTHESIS OF a-SILYL ESTERS

7.1. Synthesis of a-Silyl Esters from a-Silyl Organometallic
Reagents

Reaction of trimethylsilylmethylmagnesium chloride with ethyl chlo-
roformate gives ethyl trimethylsilylacetate.'®® They also reported on the
acid and base sensitivity of this ester as well as its reaction with bromine
to give trimethylbromosilane and ethyl bromoacetate.

Me;SiCH,MgCl + CICOEt  ——®  Me;SiCH,CO,Et

Reaction of the a-trimethylsilylzinc reagent 73 with methyl chlo-
roacetate gives the a-silyl ester 74 in good yield and with moderate
stereoselectivity.'s

"CeH;3  SiMe "CeH;;  SiMey
= + CICOMe ——» —
ZnBr 73% OMe

/ VAR

73 74

7.2. Synthesis of a-Silyl Esters from Ester Enolates

Employing the optically active sulfoxide 75 and methyl
lithio(trimethylsilyl)acetate, Posner and Asirvatham'®® prepared (-)-
methyl jasmonate with the highest optical rotation yet reported.



a-Silyl Carbonyl Compounds 155

0 0 o
S Me;Si
Crim oo
Li
75
9 o 0
i
S 3 steps “\J/
Tol TN
—_—
CO,Me
Me,Si  SiMes CO:Me
falp=-93°

As part of a study showing the benefits of activating zinc with
trimethylchlorosilane in the Reformatsky reaction it was found that ethyl
bromoacetate reacts with trimethylchlorosilane-activated zinc and then
with trimethylchlorosilane to give ethyl trimethylsilylacetate in good
yield.'¢ Hance and Hauser'®’ reported the preparation of the sodium
enolate of ethyl isobutyrate and its reaction with trimethylchlorosilane
to give ethyl trimethylsilylisobutyrate, but it is likely that the O-silylated
material was isolated instead.

1) Zn/Me;SiCl{act)

BrCH,CO,Et : > Me;SiCH,CO,Et
2) Me;SiCl

Ainsworth and co-workers'®® found that the lithium enolate of methyl
cyclopropane carboxylate was both C- and O-trimethylsilylated with the
C-silylated product predominating.

/\_come DIDATHF CoOMe «
2) Me;SiCl I OMe
1
e 0SiMe,
major minor

The alkylation of a-(methyldiphenylsilyl)esters with methyl iodide
and allyl bromide was shown.® Helmchen and Schmierer'® used the
alkylation of fert-butyl trimethylsilylacetate in the chain extension of
esters. Hudrlik and co-workers'”° showed that the alkylation of zers-butyl
trimethylsilylacetate leads to substituted a-silyl esters.

"CsHi7n_-COEt 1) LDA/THF/-78 °C "CeH 7~ _ CO,E
2) Mel/HMPA MePhySi” CH;

MePh,Si
95%
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o 0
1) LDA/THF R .
—_——
O'Bu 2) RX OBu
Me;Si Me;Si
R =Me 92%

R ="Pr 40-50%

Larson and Fuentes'’' reported that the direct C-silylation of the
lithium enolates of esters with methyldiphenylchlorosilane is possible.
For example, trimethylsilylation of the lithium enolate of ethyl acetate
gives predominantly the O-silylated ketene acetal, quenching of the
enolate with dimethylphenylchlorosilane gives a 50:50 mixture of the C-
and the O-silylated products and quenching with methyldiphenylchlo-
rosilane gives exclusively the C-silylated product. This C-diphenyl-
methylsilylation is also possible with a-substituted acetates, but not with
a,a-disubstituted acetates. The reaction was shown to occur with inver-
sion of configuration at silicon and to also occur with lactones.®

R._CO,Et 1} LDA/THF R CO,Et
iCl
2) MePh,SiC SiPh,Me
THF

(R)-1-NpPhMeSi*Cl + LICH,COEt ——————® (5)-1-NpPhMeSi*CH,CO,Et
inversion

H H
-0, 1) LDA/THF :-0
0 —— o)
5 2) MePh,SiCl ~/
H H ' "SiPh,Me

The lithium enolate of methyl cyclopropylcarboxylate is trimethyl-
silylated primarily at carbon.'”

A\ _coMe D2LDA A/cone
2) 2 MeySiCl N\
SiMey OMe
OSiMe,

Fessenden and Fessenden'” showed that under Reformatsky-type

conditions a-bromo esters could be C-silylated.

. 5 Me;SiCl/Zn
R'CHCOR® ————» R'CHCOR?
Et,0/CqHs |
Br SiMe;

33-713%
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The reaction of several a-bromo esters with a zinc—copper couple and
trimethylchlorosilane in the presence of TMEDA was studied and the
results were the formation of the silyl ketene acetals, except in the case
of ethyl bromoacetate which gave a small amount of the a-silyl ester.'*
This is in contrast to the reaction in the absence of TMEDA in which the
a-silyl esters are observed.

O

Zn(powder) Et OSiM
Et iMey
\I/U\OEt TMCS/TMEDA =

Br H OEt

The O- to C-migration of the trimethylsilyl group of trimethylsilyl
ketene acetals can be brought about with a catalytic amount of lanthanoid
trifluorosulfonates.'”

OSMe;  yyoth, 0
= ———— > Mesi
OFt DCM/rt/5 min OEt

94%

The sodium enolate of the monothiomalonic ester was reacted with
trimethylchlorosilane to give the light sensitive C-trimethylsilylated
ester.!’

EtO Me;SiCl EtO
Na  —— SiMe,

EtO EtO
0 o}

24%
Katzenellenbogen and Christy'”” reported the C-trimethylsilylation of

the lithium enolate of 76 to give 77 along with the Claisen rearrangement
product 78. When the sequence shown below was carried out the Claisen

product was obtained in 80% yield.

CH
j *  )LDATHF-78°C jCH3 (\[CHs
.
"yt 2) MesSiCl g, oM S
78

CH;CO; Me381CH2CO2
3)70°C2 h

76

Deprotonation-trimethylsilylation of fert-butyl trimethylgermy-
lacetate gives the a-germyl-a-silyl ester as does the reverse sequence of
germylation of tert-butyl trimethylsilylacetate.'’®
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Q 1)LDA Q
MC3GC\)L0Er IMesicl Mcﬁe%om

SiMe;

79%

v S‘\)OJ\ 1)LDA O
o OBt 2) MeyGeCl MeﬁeYu\OEt

SiMe;

83%

Rathke and Sullivan'” reported the lithium enolates of various ace-
tates to give the C-silylated acetate. The bulkier the alcohol group of the
ester the greater the amount of C-silylation, presumably due to steric
reasons. Also the use of HMPA as a cosolvent with THF leads to more
C-silylation.

OR
LICHCOR + MeSiCl  —2M o e SICH,COR
-18°C 0SiMey
R Solvent Yield (%)
Me THF 35 65
Me THF/HMPA 40 60
Et THF 40 60
Et THF/HMPA 90 10
'Bu THF 98 2
gy THF/HMPA 99 <1

The deprotonation—trimethylsilylation of methyl prop-1-ynoate pro-
duces methyl 2-trimethylsilylallenoate in moderate yield.'®

1) LDA/THF H CO,Me
Me — COZMe e >:C
2 MeSiCl H SiMe;

40%

Triethylsilyl iodide was shown to react with bis(carbomethoxy-
methyl)mercury to give methyl triethylsilylacetate.'®! This reaction was
shown to be solvent-dependent giving the C-silylated material in chlo-
roform and the O-silylated product in benzene or carbon tetrachloride.
The O-silylated ketene acetal can be isomerized to the silylacetate with

mercuric iodide.

CHCl4
EuSil + (MeG,CCH,),Hg — > E4SiCH,COMe

THglz

CCl, or CeH OSiEL,
EuSil + (MeOCCHHg =~ ————— e =<
OMe
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7.3. Synthesis of a-Silyl Esters via Direct Silylation

Simchen and Emde'®? showed that the reaction of esters and certain
lactones with trimethylsilyl triflate and triethylamine gives the o-
trimethylsilyl ester or lactone. O-silylation is sometimes seen, however.

O Et;N Q
! i —_
R \/U\ORZ + MeSIOTF  ——— R \Hj\ oR?

SiMe3

0 Me;SiO

f Et;N 0SiM
0 + MeSiOTf ———— O ®
0-5 °C

0]

ExN

3 .
OEt 0T —_— OSiM

. /U\/W + M€3SIO f . . k/\/ 1Viey

0 650, OSiMe

The reaction of dialkyl ketene acetals with trialkylsilyl iodides gives
a-silyl acetates in nearly quantitative yields.'®?

OMe
= + RySil  ——»  R;SiCH,COMe
OMe

R =Me, Et

The reaction of trimethylsilyl triflate with esters and thioesters in the
presence of triethylamine was shown to give a mixture of C- and
O-silylated products depending on the structure of the ester.'®

O . O 1 R
Me;SiOTf R'X OSiMe;
R'X —_— > R'X —_
\/U\OR2 EtN \')J\ORZ = ,
SiMe; H  OR

(X=5,0)

The reaction of trimethylsilyl triflate with esters was shown to lead to
either the silyl ketene acetal or the a-silyl ester depending on the
conditions of the reaction and the structure of the ester.'®® The equilibra-
tion of the silyl ketene acetal/a-silyl ester mixture with trimethylsilyl
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triflate was demonstrated. The more rapid hydrolysis of the silyl ketene
acetal allows for the isolation of the pure a-silyl esters.

o) i 0
R! 2+ RySIOTE _IeN H)=<OSIR1 R'
OR E0/0-25°C i 2 OR?

SiR;

The reaction of dimethylsilylditriflate with esters in the presence of
triethylamine provides the ketene acetal 79, which in the presence of
excess silyl triflate isomerizes to the mixture of 80 and 81.'%¢

2 EGN

Me,Si(OSO,CFy), + R'CH,CO.R —e Me,Si (O_FZCHRL)
OR
79
) Me,Si(0SO,CF3), CHR'CO,R?
Me,Si (o—gzcmz‘) > Me,Si + Me,Si(CHR'CORY),
orR> 2 0-C=CHR'

OR? 81
80

7.4. Synthesis of a-Silyl Esters via Hydrosilation

The hydrosilation of a,3-unsaturated esters with different silanes and
various catalysts was shown to give mixtures of the a- and the B-silyl
esters.'¥” The hydrosilation of methyl acrylate with methyldichlorosilane
catalyzed by platinum on charcoal gives the a-silyl ester.'®® This same
reaction was also reported to give a mixture of the a- and the B-silyl
derivatives.'®*® Sommer and co-workers'*’ also reported this reaction to
occur to place the silyl group at the a-position. A similar study was
carried out by Ojima and Kumagi'®' who also looked into the hydrosila-
tion of o,f-unsaturated nitriles.

COM
MeChsi + ="M _PvC

MeCIZSiYcone

Disilanes, especially those of strained cyclic structure, were shown to
add to dimethylacetylene dicarboxylate under the influence of palla-
dium(II) catalysts.'”? Hexamethyldisilane reacts only poorly.
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COzMC
Me.SiSiM I (Ph3P),PdCl MeO,C COMe
€33131M€; + P—
3 ’ CeHy23 h Me,Si SiMe;
COMe
- 3.5%
COMe gez
<:§iMe2 . H (Ph3P),PdCI, Icone
—_—
SiMe, CsHg23 h A CoMe
CO,Me iie 2
2
83.4%
ph CO,Me g?ez
= SiMe H (PhyP),PdCl, Ph / CO,Me
—_—
- SiMe,
Ph ) Cefig23 b PN\ _ 7 COMe
bh CO,Me Si
Ph Mg

72.7%

(Trimethylstannyl)trimethylsilane was shown to add to ynoates to
place the trimethylsilyl group on the a-carbon to the ester group.'®* The
addition is not stereospecific.

Pd(PPhy), Ph CO,Et
Ph—=—=—CO,Et + Me;SnSiMgg —— —
Me;Sn SiMe;
Pd(PPhy), Bu CO,Et Bu SiMe;
Bu———CO,Et + Me;SnSiMgg ——— — + —
Me;Sni SiMe; Me;Sn CO,Et

Doyle and co-workers'** prepared a-silyl ketones and esters by the
rhodium-catalyzed reaction of a-diazo ketones and esters with silanes.
The carbene insertion mechanism accounts for the retention of configu-
ration at silicon in the reaction. Rijkens and co-workers'* first showed
the reaction of ethyl diazoacetate with triethylsilane to give ethyl triethyl-
silylacetate in 40% yield.

. Rhy(OAc)
EySiH + NCHCOR ~ —————»  ESiCH,COR
DCM
R = OEt, Ph, PhCH,, C;Hs, ‘Bu

0o 0
) Rhy(OAc){cat) ‘y
IBU + EtJSlH _— lBu SiEt3

\ DCM
2 88%



162 GERALD L. LARSON

) Rhy(OAc)q(cat)
(S)-(+)-1-NpPhMeSiH + N,CHCGEt T» (R)-(-)-NpPhMeSiCH ,CO,Et

Seyferth and co-workers'®® showed that chloro(carbomethoxy)car-
bene and bromo(carbomethoxy)carbene could be inserted into the Si—H
bond to give the corresponding a-silyl ester in moderate yield.

PhHgCCLCO,Me + ExSiH ——  E4SIiCHCICOMe
47%

PhHgCBnCOMe + EgSiH —  E4SiCHBrCOMe
35%

The reaction of 1,1,1-trifluoropropylsilanes with ethyl diazoacetate
give the corresponding a-silyl ester.!’ The reaction of an Si—H bond with
ethyl diazoacetate was studied as a function of the groups attached to
silicon.'” It was found that the presence of a phenyl group enhanced the
reaction of the carbene with the Si—H bond. Even dialkylamino substi-
tuted silyl hydrides react with ethyl diazoacetate at the Si—H bond.'*’

. C
(CF;CH,CH,),Me,, SiH + N,CHCO,Et ﬁ (CF;CH,CH,),Mes.,SiCH,CO,Et

n=1,2
12 . Cu
R'R*MeSiH + N,CHCO,Et ——  R'R’MeSiCH,COEt
90 °C
R'=Et,N; R? = Me
R'=R*=EpN

Although the reactions of n-hexyldimethylsilylacetylene and
phenyldimethylsilylacetylene with methyl diazoacetate were shown to
give the methyl 4-silylbut-3-ynoate, the reaction of methyl diazoacetate
with n-hexyl- or phenylmethylsilylacetylene gives the a-silyl acetate
instead.?® It has also been shown that the Si—H bond is more reactive
towards the ethoxycarbony carbene than are double bonds.?’! A related
paper studied the effect of the ethynyl groups on the reaction.?®

RMeHSi———H + N,CHCO,Me —  RMeSi———H

R= C6H13, Ph CH2C02MC

The asymmetric insertion of a metal carbene into the Si—H bond was
demonstrated by the use of metal carbene complexes derived from
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optically active a-diazo esters.?*® The diastereomeric a-silyl esters were
converted to diols of moderate enantiomeric excess.

N2 R3Sl
1 + RSIH catalyst
3Si —_—
R™ COR* DCM/rt R'” COR*

1) DIBAH (2 equiv)/-65 °C OH
> 1/K/OH
2) H,0,/KF/KHCO, R

or Hg(OAc)/HOAC

R;=Me, iBu, Bn, CHZCOZ'BU; R* = (—)-menthyl, (+4-menthyl, 2-phenylcyclohexyl;
catalyst = RIn(OAc),, Cu(acac),, Cu(OTf),, Cu(OTf)/sparteine.

The insertion of carboethoxycarbene, generated from ethyl dia-
zoacetate, into the Si—H bond was shown to occur with retention of
configuration at silicon and was used to prepare (+)-ethyl (1-
naphthyl)phenylmethylsilylacetate by the reaction of (+)-(1-
naphthyl)phenylmethylsilane with ethyl diazoacetate in 21% yield.?**

(8)-(+)-1-NpPhMeSiH + N,CHCO,Et ﬂl—»
(R)-(+)-1-NpPhMeSiCH,CO,Et
21%
The synthesis of a-(alkoxydialkylsilyl)acetates was accomplished by
the reaction of ethyl diazoacetate with dialkylchlorosilanes followed by

alkoxylation.?®® These o-silyl esters were alkylated, reduced, and oxi-
dized to give terminal diols.

0
1) Rhy(OAc),/DCM
R,CISiH + N,CHCO,Et > OFt
2) R'OH/base
R,(R'0)Si
62—78%
o 1) LHMDS/THF

2) allyl bromide

’/lk OFEt - WOH
3) LiAIH/EE

Me,(PrO)Si 4) H,0,/KHCO,/KF OH
MeOH/THF/w/12 h 59% overall




164 GERALD L. LARSON

7.5. Synthesis of a-Silyl Esters from Silyl Ketenes

Ruden®® reported the reactions of trimethylsilylketene with diiso-
propylamine, tert-butanol and carboxyethyldimethylsulfonium ylide.
The reaction with tert-butanol is very slow in the absence of a catalyst,
but very fast in the presence of boron fluoride etherate.

0
Me;Si } ccl . ‘
>=c=0 + PpNH ———> Me381\/U\N'Pr2
H fast
M BF,0E 0
e;Si t "
N—c=0 + BUOH —— > M%Sl\/u\ozBu
H
O +
Me,Si .
TN=c=0  + MeS=CHCOEt — —— MeS - SMe,
H COEt

tert-Butyl bis(trimethylsilyl)acetate, when deprotonated and allowed
to react in the absence of other reagents, loses lithium zers-butoxide and
forms bis(trimethylsilyl)ketene in excellent yield.?” This ketene reacts
with ethanol to give ethyl bis(trimethylsilyl)acetate as expected.

O

. Me;Si
Me3Sl\|)J\O/Bu _LIDATHE . " (=0 + ‘BuOLi
-78—-25°C Me;Si
M€3Si
85%

O

Me;Si MesSi
=0 EtOH €351 OEt

Me3Si Me3Si

The reaction of trialkylsilyl ketenes with trialkylmethoxytin gives the
a-silyl a-stannyl ester.2®

R.SiC=C=0 + RSnOMe ——  R!SiCHCOMe

R' = Me, Et; R = Et,"Bu R3Sn
a-Trialkylstannyl esters react with chlorosilanes to give both the O-
and the C-silylated products.?” In the reaction with trimethylchlorosi-
lane the C-isomer was obtained, but with trimethyl- or triethylsilyl iodide
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the O-isomer was found, possibly due to isomerization of the C-iso-
mer.?'? Triethylsilylacetyl chloride was used as the starting material for
a variety of a-triethylsilyl carbonyl systems.?!

OSiR’
RiSnCH,CO,SIR; + R'SiX, —_— } —— RISICH,COSIR?
’ OSiR}, ’
R'=Me, Et; R* = Me, Et
Me;N(Me)COX \/ﬁ\
X =H,OMe.OEt EuSi N(Me)COX

(o]

Et,Cd
Et;Si
) - 3 ‘\/U\Et
EI}Si \)kcl

o]
Bu;SnOMe
> Et;Si
3 '\)J\cone

Bu,SnCH,COCH; 0
Et;Si\)]\O \/
Me

Y

o-Trimethylsilyl-B-butyrolactones were prepared from trimethylsilyl
ketene and aldehydes.?'?

6351

CHO Me,Si o
Me3s‘>=c o+ _MABRIDCM et
T78°C/ hihen

-40°C/1.5h
88% 90:10

7.6. Synthesis of a-Silyl Esters from Rearrangements

Tajima and co-workers?'® have shown that trimethylsilyl acetic acid
reacts readily with mercaptans to give the corresponding thioester, which
in turn can be reacted with trimethylsilyl triflate to give the thermody-
namically more stable thio trimethylsilyl ketene acetal in equilibrium
with the a-silyl mercaptoester. a-Chloroacyltrimethylsilanes were re-
acted with lithium ethoxide to give a-trimethylsilyl esters in good
yields.2'
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166
i 0 OTf OTMS
. RSH T™MS
Me;S i ——
€3 I\/U\OH — Messl\)kSR =<SR
O O
R . LiOEYTHF/0°C R
SiMe, > OEt
Cl SiMC3
4 examples 83—87%
O o)
SiMe;  LiOEYTHF/O°C OEt
Cl > SiMe;

The O- to C-migration of the trimethylsilyl group to produce a-
trimethylsilyl esters directly from trimethylsilyl ketene acetals is cata-

lyzed by trialkylaluminum reagents.?"?

H OSiMe;  Me;A/DCM

O

Me3Si\)J\OR

H OR -20°C/d4 h

R = CeH,; (90%), GH, (73%), GHs (84%)

The zinc chloride-catalyzed reaction of alcohols with silyl ketenes
was used to prepare a-silyl esters containing functional groups.*'® These
functionalized a-silyl esters can then be employed in cyclization reac-
tions. The photolysis of 2-trimethylsilylcyclopropene carboxylic esters
gives a-trimethylsilyl allenates.?'”

O
O
OH Me;Si ZnCl -
Ph)H/ + S=c=0 2 Me;SI\/lk o Ph
H O
0.1 CsF P
MegSl\)J\ CqUIV 3 n
or 1.2 equiv NaH o)
(6]
SiMe;
><( hv/CsH, s SiMe,
> “C0O,'Bu

COQ’BU
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Yamamoto and co-workers reported the rearrangement of trimethyl-
silyl ketene acetals to a-trimethylsilyl esters under high pressure.?'®

O
Me, - OFEt 10 kbar Me
> _< D C_M > OEt
H OSiMG_; SiMeA

7.7. Synthesis of a-Silyl Esters from Unsaturated Silanes

The reaction of silylynamines with ynoates gives a-silyl-a,B-unsatu-
rated esters.”’® Trialkylsilyl ethoxyacetylenes react with aldehydes and
ketones to provide the a-silyl ketene acetals of butyrolactones.??

H
EN—==—SiMe; + H—=—COMe ——2 N p poN-—=
Ny—coMe
Me;Si
RySi OEt
R'S—=—O0FEt + R'R’C0 ——» =
2
R*——0
R3

The hydroethoxycarbonylation of ethynylsilanes under catalysis by
palladium(IT) gives predominantly the (E)-B-ethoxycarbonylvinylsi-
lane??! ester, with only small amounts of the a-trimethylsily! ester when
palladium(Il) catalysts are employed, but greater amounts of the o-
trimethylsilyl ester when dicobalt octacarbonyl is used as the cata-
lyst.222223 These reactions apply also to the synthesis of B- and
a-trimethylsilylacetic acids and to a-substituted - or a-trimethylsilyl
esters.

PdCl,(PPhs), SiMe, SiMe,
J— - —
H—=——SiMe; —->CO/EIOH — +
EtO,C CO,Et

59%

The carbonylation of vinyltrimethylsilane was shown to give primar-
ily the B-trimethylsilyl ester.

° 0
catalyst
—
Me;Si EtOH/CO MesSi/\)J\OE‘ v \)\OEI
Me;Si

PACI,(PPhy), 98% 2%
PACl,(PhCN), 95% 5%
Co,(CO)g .

% 93%
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7.8. Miscellaneous Syntheses of a-Silyl Esters

The addition of the silylphosphine 82 to methyl acrylate provides the
a-silyl ester 83.2%

o)
Mesi—B_ ||+ H)C=CHCOMe ——» &(P/\(U\OMe
SiMe3
83

82

Ethyl trimethylsilyldiazoacetate was reacted with disulfides under the
influence of light to give insertion into the C—S bond resulting in an
o-trimethylsilyl a-thio ester.??® The reaction proceeds via the sulfur ylide
84 as shown by low temperature NMR.

0 9
Messi\rHJ\OEt + MesMe — Me381>(U\OEt
MeS Me
N,
30%
MesSi, . + Me °
S
EtO,C Me
84

The ethyl diazoacetate generated carboethoxycarbene was shown to
insert into the Si—O bond of alkoxytrimethylsilanes to give an o-alkoxy-
a-trimethylsilyl ester.??

h
N,CHCO,Et + Me;SiOR ——

0
M63Si\KU\OEt + ROCH,CO,Et + MczsiiCH2CHzCOZEt
OR OR
R=Me 28% 5% 10%
R=Et 31% 14% 14%

The photolysis of ethyl diazotrimethylsilylacetate in the presence of
an alcohol leads to a-alkoxy-a-trimethylsilyl esters along with a-di-
methylalkoxysilyl esters, which are thought to come from a silene
intermediate.??’
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o

Me;Si hv
© ‘\”/U\om —
ROH
N, 60-90%

O 0 0
Me;Si i MeOMe;Si
? \‘)J\OEt +Me381j/lk0R groe l\ru\om
OR OR

The dirhodium tetraacetate-catalyzed deoxygenation of epoxides with
diazo esters was reported. When this was carried out with propylene

oxide and 85 the silyl keto ester 86 was formed.?*
0 . Ny Rhy(OAc), 0
AN —_—
Me;Si” “CO,Et CeHy/A MesSi” ~CO,Et
85 78% 86

Seyferth and Woodruff?” reported the insertion of car-
bomethoxymethylfluorocarbene, generated by the mercurial route, into
the Si-H bond of triethylsilane to provide methyl fluoro(triethyl-
silyl)acetate.

(0]
CgHg/135 °C  Me;,Si R
PhHgCCIFCO,Me + Et3SiH e 5 %OMe + PhHgCl + Hg
sealed tube/60 h F
72% 63% 25%

Whereas enol silyl ethers were shown to react with ethyl propiolate
to give [2+2] cycloaddition products, the reaction of the enol silyl ether
of camphor gives o-silyl esters in a noncyclization process.?*

0OSiMe,"Bu 0
SiMe, Bu

+ H—=—COEt —»
CO,Et

In a study of the preparation of some (E,E)-cyclohexadienes, struc-
tures such as 87 were subjected to a tandem Cope—Claisen rearrange-
ments.?! There is a C- to O-migration of the zert-butyldimethylsilyl
group involved after the Cope rearrangement, however, that therefore
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does not allow for the desired subsequent Claisen rearrangement. In the
case of the ketene acetal of the isobutyrate unit there is some of the
tandem Cope—Claisen product.

\\\\ x
O/U-OTBS o
% o 7~
70%
— | ‘ 0
BuMesz/\n/
87 e}
64 pts

36 pts 20 pts 10 pts

OTBS

Ethoxytrimethylsilylacetylene has been used as the anhydride of ethyl
trimethylsilylacetate in a facile synthesis of acid anhydrides.?*

0
0 ,—COH 0
Me,Si—=—OEt + [: ><: - [ O+ MesSiCH,CO,E
0 \—coH o
o

The trimethylsilyl ketene acetal of ethyl trimethylsilylacetate was
reacted with phosphorous trichloride to give the a-trimethylsilyl-a-di-
chlorophosphinylacetate, which was eliminated with DABCO to the

phosphaalkene 88.7
0
Me;Si, __ OSiMe, -35°C Me;Si
>_< + PClL T» OEt

H OEt CLP

. DABCO/-60 °C SiMe;
Me;Si OBt — > CI—P

15 min CO,Et

CLP
z 88
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Trimethylsilylketene acetals were shown to react with cyclo-
hexenones and cyclopentenones under the influence of titanium tetra-
chloride to give Michael addition to the enone and trapping of the
trimethylsilyl group to the ester group rather than at the oxygen of the
ketone enolate.?** Potassium fluoride in methanol serves to remove the
trimethylsilyl group.

Q ) 0
OSiMe;  TiC
@ + —_—< .__—14> L
OMe DCM CO,Me MeOH CO,Me

SiMe;

0
— Et OSiMe;  TiCly
-
OMe DCM

SiMe;

Bis(ethyl)diazoacetoxymercury was shown to react with bis(tri-
methylsilyl)sulfide to give mercuric sulfide and ethyl diazotrimethylsily-
lacetate, which upon photooxidation yields the acylsilane 89, which is
also an a-silyl ester.?’

Np
MesSi),S +  Hg(CN,CO,Et —_—
(MesSi), &(CNCO,E, MeJSi)J\COZEt + Hgs
N 0] o]
2 hv/0, -
—_
Me;Si” ~CO,Et Me,Si” CO,Et Me;Si0” ~CO,E!
64% 89 24%

The reaction of chromium complex 90 with benzy! alcohol results in
the formation of benzyl trimethylsilylacetate in poor yield.**®

O

ONMe,
(CO)5Cr_{ + BnOH ——» Me;Si\)J\OB
n

SiMe;
90

Some reactions of ethyl trimethylsilyl(diazo)acetate lead to a-
trimethylsilyl esters.*” For example, the reaction with bromine gives the



172 GERALD L. LARSON

a,a-dibromo acetate, and the reaction with ethyl acrylate gives the
cyclopropane.

0] 0
. Br .
Me;S 2 Me;S
e I\H/LLOEt — e ’)(Lkom
N, Br Br
O 0 CO,Et
Me;Si CO,Et
€3 l\”/U\OEt + -:/U\OEt . A< 2
N, SiMe,

The reaction of propargyl alcohols with 3-chloro-3-trimethylsilyl-1-
propene and nickel tetracarbonyl provides the lactones 91 and 92.7*

HO, —  Ni(CO
=M + C _Niccon
SiMe;
HO
COOMe COOMe
+

SiMC3 OH o SiMe;

91 24% 92 8%

The intramolecular, palladium-catalyzed cyclization of 3-ethynyl car-
boxylic acids provides 4-pentene-4-olides in excellent yields.”*® When
this reaction was carried out with the a-silyl acid 93, the enolide 94 was
obtained in 63% yield. The reaction of bis(trimethylsilyl)mercury with
tetrakis(carboethoxy)ethylene gives the trimethylsilylated ester 95.>°

. SiMey PACL(MeCN), S
H==">"Coon Et;N/THF 7({'&\0
03 63% o
. E0,C  COEt vesi 4 ‘
(Me;SipHg + — —_— 3 OSiMe;
E0,C  COE % E‘(%fozc .

95
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Me,Si SiMe
(Mg SiyHg + H——CO,Me L» N ?

H COMe

8. SYNTHESIS OF a-SILYL AMIDES
8.1. Synthesis of a-Silyl Amides from Enolates

Trimethylsilylacetamides were deprotonated and the anion quenched
with trimethylchlorogermane or trimethylchlorosilane to give the a,o-
bismetallo derivatives.?*!

0 0
1) LDA/THF
Me3Si\)J\ DIDATHE Me;,Si
NR;  2) Me;MClI NR;
MMC3

M=Si; R;N=N > (31%)

M =Ge; RN = Me,N (95%); RN =N ) (87%)

0
o 1) LDA/THF ,
Me3Ge\/U\ ——————>  Me;Si
NMe;  2) Me;SiCl NR,
GeMe;

50%

The condensation of ethyl bromoacetate with enimines promoted by
zinc-trimethylchlorosilane gives B-lactams, with concomitant trimethyl-
silylation at carbon.??

1) Z/MesSiCl MesSi,

Ph
benzene/reflux
Ph._ A No + BrCH,CO,Et >
CgHsOMe 2) LDA/THF .
3) Me;SiCl o CeHsOMe

90%

The deprotonation—trimethylsilylation of 1,4-disubstituted f-lactams
occurs to place the trimethylsilyl group on carbon cis to the 4-substituent.
The cis-isomer converts to the frans-isomer, however.*® The C-
trimethylsilylated B-lactam was reacted with acyl chlorides and alde-
hydes.



174 GERALD L. LARSON

R 1)LDA Me;Si, Me;Si
. > —O——->
N . 2)MgSiCl
R2

o)

Treatment of the bis-trimethylsilylated acetidinone 96 with lithium
diisopropylamide results in a 1,4-O — C migration resulting in the
a-trimethylsilylacetidinone 97 after workup.?** This material can be
reacted with potassium fluoride in the presence of the electrophile
acetaldehyde to give the nitrogen adduct with loss of silicon 98. Lead
tetraacetate treatment of 97 gives 99 which can be reacted with nucleo-
philes to give the substituted acetidinones 100.

CO,SiMe; MesSi
)/:7/ 1)LDA-78°C &S, sCOMe
N > !
o7 siMe 2) CH;N; 7
96 97
. Vv
Me;Siv, CO,Me KF/CH,CHO CO,Me
—_—
/J;N\ CH,CN N
o H ’ &
97 98 OH
MesSiz,, COMe Me;Sis, OAc : SPh
LTA = Nasph  MesSie.
—_— — =
N, N, N
O H 0 H a \H
97 99 100

Amide 101 was C-trimethylsilylated via its lithium enolate in good

d245
@[ l _LDATTHE @:SISM&;
2) Me,SiCl
) MesSi NS0
Me

yield.
101

It has been shown that N,N-dimethylacetamide is directly C-
trimethylsilylated as is the pyrrolidine amide.?*

0O

)
P 1) LDA/THF (U\NM
DAt o e
NMe; 9y Mesicl SiMe,
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0
1) LDA/THF

N 2) Me;SiCl
SlMe3

8.2. Synthesis of a-Silyl Amides via Direct Silylation

|

The reaction of the GlcNAc peracetate, 102, with trimethylsilyl tri-
flate and triethylamine results in a mixture of three products as shown.
The predominant formation of the trimethylsilylated amide, 103, or the
bis-silylated, 104, can be accomplished.?*’

OAc Me;Si
O OAc
1) TMSOTSF
AcO “INHAc 2) EuN AcO “IN
OAc

)\/SxMe; )\/SlMQ

102 103 104
. (6]
MC3SI
O._ ~OAc
+ {minor)
AcO “NHAc
OAc
105
Qac OAc
0. ~OAc ) o OAc
1) TMSOTS (2.2 equiv)

AcO “’NHAc 2) EgN AcO Coa

Ohe 85% Ohe D~ SiMe:

102 103
O
Qe Me;Si
0. ~0Ac
1) TMSOTf(2.2 equiv) 0. .~OAc

AcO “/NHAc 2) E4N AcO "INH

Ohc SiMe;

75% OAc O)\/

102 104

The reaction of dimethyl (or diethyl)trichloroacetamide with
trimethylchlorosilane in the presence of tris(dimethylamino)phosphine
gives the a-silyl-o,a-dichloroacetamide.?®
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CICCONR, + MesSiCl + P(NMg); ————» C12|CCONR2

R = Me, Et SiMe,

8.3. Synthesis of a-Silyl Amides by Miscellaneous Methods

Ruden®® reported the reactions of trimethylsilylketene with diiso-
propylamine, tert-butanol, and carboxyethyldimethylsulfonium ylide.
The reaction with zert-butanol is very slow in the absence of a catalyst,
but very fast in the presence of boron fluoride etherate.

0
Me;Si , CCly A _
>=C:O + 'Pr,NH T MeBSI\)J\N'PrZ
H fast
BF,0E Q
MC3Si 3 t2 .
S=c=0 + BuOH ———» Me;Sl\/U\O,Bu
H
O +
Me;Si .
N=c=0 + MeS=CHCOEt  ——» Mo&Si _SMe,
! CO,Et

Thermal rearrangement of 106 provides the cyclic and bicyclic a-
trimethylsilyl lactams 107 and 108.%°°

Me

o Me O Me,SiMe 0
210°C MesSi
NAr _— NAr + o NAT
Me;Si 0 o 0
106 107 21% 108 57%

Trimethyltribromoacetoxysilane was reacted with triphenyl-
phosphine and trimethyl(diethylamino)silane to give N,N-di-
ethyl(trimethylsilyl)dibromoacetamide, along with trimethylbromo-
silane and triphenylphosphine oxide, in good yield.?*'

MC:;SiOzCCBI':; + Ph3P + Me3SiNEt2 —

Et,NCOCBr,SiMe; + Me;SiBr + PiyPO
77% 95% 97%
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Phosphino- and aminotrimethylsilanes were shown to react with
ketene to give the a-silyl carbonyl system.??> The reaction of the ami-
nosilanes was shown to give initially the O-silylated product. which then
isomerized to the C-silylated isomer.

0

Me;SiPPh, + H,C=C=0Q0 —» (U\pph2
Me;Si
H OSiM i

. 1
Me;SiNR, + H,C=C=0 —» >:< € _A_> KU\NR
2

H NRy SiMe,

Dialkylaminosilanes react with ketene to give initially the O-silylated
ketene aminal, which rearranges to the C-silylated isomer or reacts with
a second equivalent of ketene.?>
OSiR}

lo: 2
RISINR + CH=C=0 — = ——  R!SICH,CONR

NR?
R!=Me, Et; B = Me l

and Rj = -(CH,),0(CH,),- CH,CONR,

- = =< -
OSiR;

Bis(dimethylamino)boryltrialkylsilyl ketenes react with dimethy-
lamine to give the a-boryl-a-silylamide.** (For the synthesis of the bory]
ketene see ref. 255.) The reaction of ethyl trialkylsilylacetates with
dialkylamino halides gives the corresponding a-trialkylsilyl amide.?*®
The reaction of silylketenes with diphenylphosphine gives diphenyl-
trimethylsilylacylphosphine.”®” The reaction with dialkylphosphites
leads directly to the O-silylated derivatives instead.

0
(Me,N),B Me,NH Me,N),B
. o - (Me;N), NMe,
RSi RsSi
R = Me, Et
RiSICH,CO,Et + RNX, ——  RISICH,CONR,,

R' = Et, Pr,"Bu; R? = Et, Pr, and R = -(CHy)s-

R3S

0
_ EtN . 150 °C
H>=c_o + PPH ——— R3sl\/lkpph2 Bme, <

OSiR,

PPh,
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9. SYNTHESIS OF a-SILYL KETENES

Trimethylsilylethoxyacetylene, a material much more thermally stable
than ethoxyacetylene itself, was reacted with boron trihalides to give
addition of B—X to the triple bond with the boron adding to the carbon
containing the trimethylsilyl group.?*® Hydrolysis of the adduct leads to
a-dihaloboryl silylketenes 109. Reaction of this ketene with methanol
leads to methyl trimethylsilylacetate.

RSi—==—0Ft + BX; —» | 3 >—<OE‘ , RS S—c=0
X,B X X,B

R =Me; X =Br, Cl 109

R=Et; X=Br

(Trimethylsilyl)vinylketene was prepared from 1-trimethylsilyl-
propyne and found to be a stable vinylketene and, at the same time, a
reactive enophile in [4+2] cycloadditions with activated olefins.?

. SiMe

1)DIBAL  Me SiMe. Et;N = 3
Me—==—siMe, _JDBAL eSS AN o /Y
2)CO, H COCl  pentane ¢
3)KOH o}

4} oxalyl chloride

O

SiMe; Me;Si COM

= MeO,C €391 e
/ir . _ .

S COMe “ICO,Me

62%

Treatment of trimethylsilyl acetic acid with dicyclohexylcarbodi-
imide gives trimethylsilylketene in good yield.?®® It was shown that
1-tert-butoxy-2-silylethynes thermally eliminate isobutene to give silyl
ketenes. This allows the “in situ” generation of silyl ketenes in the
presence of nucleophiles.?’

0
DCC/EtN Me;Si
Et,0/0 °C »=c=0
Me;Si 2 H
63%
. R;Si
RSi—=—0Bu —1%0C _ = + = D=c=0
H
0
Ph;NH
Me;Si—=——0'Bu > NPh
CHCL/50-55 °C/11 h
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10. REACTIONS OF a-SILYL ALDEHYDES

tert-Butyldimethylsilylacetaldehyde was deprotonated and the lithium
enolate reacted with trimethylchlorosilane or benzaldehyde.?®?

O
‘BuMe,Si
u eql\/U\H

o)
'BuMeZSi\/U\H

Bu'Me,Si

0SiMe,

Ph\/\n/H

o}

Hudrlik and co-workers®' showed that o,3-epoxysilanes are precur-
sors to a-trimethylsilyl ketones and aldehydes. These key materials can
be generated in the presence of Grignard reagents, which then trap them.
The presence of magnesium bromide brings about the rearrangement of
the epoxysilane to the a-silyl carbonyl isomer. The reaction of epoxide
110 with ethylmagnesium bromide/magnesium bromide gives addition
of the ethylmagnesium bromide to the aldehyde in a Cram manner
leading to the erythro B-hydroxysilane. This undergoes elimination to
either the Z- or E-olefin depending on the conditions.

O  siMe;  EtMgBr .
Q< P — SiMe;
MgBr, H
CeHy3

110

CeHi3

Et
90% yield 97% E

TBF;OEtz
EtMgBr HOQ, SiMe;
—_—
Et CeHi5
erythro
lKH
Et H
N JCeHi3

90% yield 98% Z
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N-Chlorosuccinimide oxidation of 2-tri-n-propylsilylethanol gave tri-
n-propylsilylacetaldehyde, which thermally rearranged, as expected, to
tri-n-propylsilyloxyethylene.”*

, OSi{"P
"PrySiCH,CH,OH _Nes "Pr,SICH,CHO —2 o — /0

The tert-butylimine of 2-trimethylsilylpropionaldehyde was lithiated
and reacted with decalone 111 to give the corresponding a,f3-unsaturated

aldehyde.?®
CH,
Li)(\ Bu (ij%‘cm
N —
SiMe; A
i

Optically active allylsilanes, 112, can be prepared by the reaction of
alkylidene triphenylphosphoranes with a-silyl aldehydes.?®* Conversion
of the allylsilane back to the starting a-silyl aldehyde confirmed that the
Wittig reaction occurs without racemization.

: mn%
Qo
+

0 H__R
Rl R,CH=PPh, I
_— 1
H "Tur/78°C R H
MePhySi MePh,Si
12

Hudrlik and Kulkarni®®® demonstrated that the cyclohexyl imine of
acetaldehyde could be deprotonated and terr-butyldimethylsilylated and
that the resulting a-silyl imine could be carefully hydrolyzed to give
tert-butyldimethylsilylacetaldehyde. An alkylation—hydrolysis sequence
led to substituted a-silyl aldehyde 113. Reaction of the tert-butyldi-
methylsilylacetaldehyde with the lithium enolate of rers-butyl acetate or
of cyclohexanone lead to the corresponding B,y-unsaturated ester and
vinylcyclohexanone, respectively.

N|© 1) LDA/0 °C Nl/O HOAC/H,0 0
. - ‘
2) ‘BuMe;SiCl ,)\ H DCM B“M%S‘\)LH

CHy” "H
Si'BuMe,
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A A ;

i 1) LDA/-78 °C CH | HOAC/H)O C6H13
H 2) CgH3Br o H .
DCM SiBuM
SiIBUMt‘Q Si’BuMeq e
113
i I) LICHZCO [BU /\)OJ\
' . 2
BuMe,Si >
\)J\ H ) BROE4/DCM Z O'Bu

OLi BROEYDCM 0
'BuMqu\)J\ _

11. REACTIONS OF o-SILYL KETONES

11.1. Reactions of the Enolates of a-Silyl Ketones

Kishi and co-workers®®’ used a diastereoselective B-alkoxy ester
synthesis in a practical preparation of 11-deoxydaunomycinone and
related materials.

SiMey SiMe,

1) Me;SiCH(Li)COEt
H  2)SnCL/CH;CN
0 20°C/2h o oH

OHOHOO\: OHOHO\:

85-90% plus 5% epimer

The regioselectivity of the deprotonation of trimethyisilylmethylsilyl
ketones was studied. It was found that lithium dialkylamides, with the
exception of lithium hexamethyldisilazide, give greater deprotonation
on the side containing the trimethylsilyl group.?%® The difference found
with the lithium hexamethyldisilazide could stem from the longer Si—C
bond in the substrate and the longer SN bond in the base providing
more steric hindrance on that side of the molecule in this case. Both
1-trimethylsilylhexyllithium and 1-trimethylsilylethyllithium give very
high regioselectivity with deprotonation on the trimethylsilyl side of the
molecule. The resulting a-trimethylsilyl enolate ions react with alde-
hydes to give a,B-unsaturated ketones in good yields.
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B .
Bu/\ﬂ/\SiMe3 1) Base BU'HH . u>=ﬂ1/~ SiMey

o} 2) MesSiCl Me,Si0 SiMe, H 0SiMe;
Base
RNLi 80-89% 11-20%
(Me;Si)NLi 24% 76%
Me;SiCHLIR 96-98% 2-4%
Bu H R
H + RCHO ———» Bu/\ﬂ/\/
LiO SiMe, o

It was shown by Kuwajima and co-workers®®’ that a-trimethylsilyl
ketones can be used to generate enolate chemistry from either side of the
carbonyl group by taking advantage of the bulk of the trimethylsilyl
group to permit selective deprotonation in the one case and utilizing the
trimethylsilyl group to produce the enolate chemistry in the other.

0 O OH

R! R 1) LDA/THF R! .
2)R’cHO R

Me;Si Me;Si

‘ O , HO O

R w/U\/ R BF;0Et, . )\’/LK/ R?
R’CHO :

Me;Si R

The enolate of trimethylsilylacetyltrimethylsilane was reacted with
aldehyde 114 in the preparation of some prostaglandins such as 115.27°

AcQ
- RN NN
N CO,Me AcQ
> R
Q Me;SiCH(LDCOSiMeg 3 CO,Me
N CHO I
THPO THF R = SiMe;
68% THPO

It was found that the formation of the kinetic silyl enol ether of
trimethylsilylacetone gives a reagent that can be used as the synthetic
equivalent of the a,a'-dianion of acetone.?’' The reagent can be prepared
either by the isomerization of 1,3-bis(trimethylsilyl)-2-propanone, or the
silylation of the kinetic enolate of trimethylsilylacetone. The preferred
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reagent, 2-trimethylsiloxytrimethylsilylpropene, was shown to react
with electrophiles in the presence of a Lewis acid catalyst to give the
bis-adduct. The example with benzaldehyde is shown. It was shown that
the reaction is sequential with the reagent reacting as a silyl enol ether
first and then as an a-trimethylsilyl ketone.

) 0
EE
RI\/lLCl + MeSICHMgCl  ———= R siMe,
R'=H, MgSi
0 MesSiO

Hgly/rt
Me;Si\)J\/ SiMe, —o20 o )\/sm@

i 1) LDA/THF RsSIO
M sime,  DEPATHE L siMe,
2) R;SiCl
R;Si = Me;Si 84%
R;Si ='BuMe,Si 14%
Me;SiO
. BF,0Et, OH O OH
SiMe; 4+ PhRCHO
DCM Ph Ph

63%

(R)-(—)-2-(tert-Butyldimethylsilyl)-3-pentanone was converted to its
boron enolate in a regiospecific manner on the side opposite to that
bearing the bulky silyl group and this boron enolate condensed with
aldehydes and then desilylated to yield optically active B-hydroxy ke-
tones in high optical purity.?’? Here the silyl group is an excellent tool
for the asymmetric induction and for the regiospecific enol formation.
This approach was used to synthesize sifophilure.

1) Bu,BOT{/Pr,EN/
o ) B, 2 o OH

\)j\/ CH,Cly/-10 °C

2)RCHOL78°C R
'BuMeQSi 'BuMe,ZSi-
O OH O OH
1) chromatography
v R > R
: 2) HBFyH,O/THF
. z
BuMe;Si de = 92-98%

ee =>98%
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o-Trimethylsilyl ketones were shown to be very useful in directing
the site of aldol condensations of the ketone.?”? Deprotonation of the
a-silyl ketone with LDA occurs on the side opposite to the bulky
trimethylsilyl group and hence condensation of the anion with aldehydes
occurs away from the trimethylsilyl group. On the other hand, Lewis
acid-catalyzed condensation of the a-silyl ketone with aldehydes occurs
at the o-position containing the trimethylsilyl group. The steric effect of
the trimethylsilyl group in the absence of another substituent is not
enough to direct the deprotonation to the opposite side of the molecule
as is seen below.

O RI 0 RZ
R[\(UV R®  1)LDA/THF/-78 °C
2) R°CHO 3
Me;Si HO” "R
7 examples 72-95%
Q I 7 2
1 2 Lewi id R R
R R + RCHO ewis aci
3
Me;Si HO R
Lewis acid = TiCl, SnCl, BF;0Et, 7 examples 73-87%
0
Q Ph
Ph PhCHO/TBAF 2 mol %)
THF/-40 °C
. HO” “Ph
M€3Sl
59%
0 0

/\)J\/S‘M 1) LDA/THF/-15 °C/15 min /\/U\/\
i —
Ph s Ph Ph

2y PhCHO (10 5)
48%

a-Trimethylsilyl tert-butylimines were deprotonated and the enolates
reacted with ketones and aldehydes to give unsaturated ketones after
hydrolysis of the imine to the ketone.”’* An interesting feature is that
substantial Z-product is obtained.

N/'Bu
- CHO
Me;Si%\ + MR
————-
R Li
o

R=H E:Z=62:38
R =Me E:Z=41:59
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Enders and Lohray®”® showed that the enantioselective synthesis of
a-silyl ketones and aldehydes was possible via the metalated SAMP
(-)-(S)-1-amino-2-(methoxymethyl)pyrrolidine or RAMP (+)-(R)-1-
amino-2-(methoxymethyl)pyrrolidine hydrazones. The diastereoselec-
tivity of the formation of the «-silyl hydrazones is high as is the
enantioselectivity of the corresponding a-silyl ketones or aldehydes. It
was further shown that the formation of the trimethylsilyl enol ether of
the a-silyl ketone could be converted to the a-silyl-o/-trimethylsiloxy
ketone, which could, in turn be desilylated to the optically active a-hy-
droxyketone.

{
.N
N'QOMC I\{ QOMe

P _bLbA AL SiMeR
2) RMgSiOTf RK, \
R? R
de =96 %

R ='Bu, Thexyl; R' = Et, Ph, 2-Np, 2,4-diMeOGH;, H; R* = Me, Ph, Bn,"C¢H .

O 1) LDA/THF/Me;SiCl or o
\H]\/ Me,SiCH,CO,EVTBAF/THF
, . 2) m-CPBA/hexane or o
BuMe;Si oxaziridine/CHCH/A 'BuMe,Si  OSiMe;
o 0
HBF,/THF/H,0 \/LH/
‘BuMe,Si OSiMe; OH

ee > 98%
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A silicon-directed diastereo- and enantioselective Mukaiyama—Mi-
chael addition/aldol condensation sequence was employed using a single
enantiomer of an a-silyl ketone as shown below.?’®

OSiMe, 2
O R O R
Ph,C*CIO
= 3
\/kr D .. w
1 .
BuMe,Si antizsyn = 98:2 - 88:12 SiMe,Bu
HBE;aq
THF/20 °C
0
R'=Me; R®=Ph
R'=R%=Me >95%ee
0SiMe; 0
\/K‘/ . B0,
‘BuMe,Si ( n
SiMe, Bu
HBF4aq
THF/ZO °C

o

The thermal rearrangement of 1-(methyldiphenylsilyl)cyclopropyl
ketones was shown to lead to an unstable cylopropylidene enol silyl
ether, which further rearranges to a vinyl cyclopropane and ultimately
give the enol silyl ether of a cyclopentanone.?”’

SiPh;Me wsc OSiPhMe OSiPh,Me
D%/\ — -
"CsHy, "CsHy \

"CsHy
H
OSiPh,Me

"CsHyy
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The enol silyl ethers of trimethylsilylmethylphenyl ketone and
trimethylsilylacetone were prepared by a variety of methods.?”® A mix-
ture of regio- and stereoisomers was obtained where possible.

11.2. Reactions of a-Silyl Ketones with Nucleophiles

The mechanism of the hydrolysis of various aryl silylmethyl ketones
was studied under neutral- and base-catalyzed conditions.”” It was
determined that under neutral conditions a transition state involving a
water molecule acting as both acid and base (electrophile and nucleo-
phile!) was involved as illustrated in 116. Under basic conditions attack
of hydroxide on silicon is postulated as shown in 117.

o 9
8]
Ao, W ANSRy
OH
116 117

Larson and Cruz de Maldonado?®® showed that the introduction of the
diphenylmethylsilyl group to esters allowed for the simple preparation
of various deuterated olefins as shown below.

1) PhMgBr(xs)/THF Ph D
MePh;SICD,COB  ———0 > >_—-<
) BE;OEt, PH D
67%
1) LIAID "CgH;; D
nCgH,CHCO,Et ——— e
2) BF;0Et,
SiPh,Me H D

57%

Utimoto and co-workers?®! showed that 5-trimethylsilyldecan-4-one,
118, prepared by the reaction of 1-trimethylsilylhexyllithium and butyryl
chloride, could be reacted stereoselectively with methylmagnesium bro-
mide or better with methyllithium to give B-hydroxysilanes, which could
be eliminated syn or anti to provide E- or Z-olefins. Larson and Hernan-
dez** showed that the diphenylmethylsilyl group gives greatly improved
stereoselectivity in this reaction sequence.
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o 0
Me;Si Li Me Si%
—_— 3
Y Pr/U\Cl Pr

CsHpy CsH))
0 Me;Si OH
1) MeLi €301 KO'B CsH Me
Me,Si Pr \\‘} ':// u sHy
2) Hzo CsH”\ Me H p
CsHyy H Pr r
74% 919
118 % 91% E
CSHI L Pr
H Me
69% 88% Z

Hernéndez and Larson®®? further showed that the reaction of a-sub-
stituted and o, c-disubstituted ethyl(diphenylmethylsilyl)acetates react
sequentially with a Grignard reagent, a lithium reagent, and then potas-
sium fert-butoxide to give tri- and tetrasubstituted olefins, respectively.
In one case ester 119 was reacted with n-propylmagnesium bromide,
methyllithium, and then eliminated in base to give essentially pure
(E)-4-methyl-4-dodecene. Acid catalyzed elimination gave a 70:30 E:Z
ratio of olefins probably due to a syr elimination of the f-silyl lithium
atkoxide intermediate prior to the acid addition. These results are to be
compared with those of Utimoto and co-workers shown above and of
Hudrlik and co-workers.*!

0
"C 1) MeM "CgHy5
SH”%OEt ) MeMgBr _Me
SiPhMe 2 MCILI H: :Me
3) KO'Bu
54%
O
M
Me>‘)\ OEt 1) BuMgBr Me, . Bu
e .
; 2) BuLi
SiPh,Me ) Me; :Bu
3) KOBu
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o)
"CeH,, op; 1) PrMgBr CsHig | _ Me
SiPh,Me 2) MeLi H Pr
3) KOBu
119 ) 52% E:Z=99:1

o-Trialkylsilyl-B,y-unsaturated aldehydes were shown to be formed
by the Pd(O)-catalyzed rearrangement of a-silyl-B-vinyloxiranes. The
a-silyl aldehydes are only isolable when there are sterically demanding
tert-butyl or isopropyl groups on the silicon; otherwise the corresponding
enol silyl ether is formed. The a-silyl aldehyde was reacted with Grig-
nard and organolithium reagents to give B-hydroxysilanes in high dias-
tereomeric excess. The reaction can also be carried out with the “in situ”
generation of the a-silyl aldehyde.?®

SiRs
RsSi. Q Pd(0) J R;SiO
\Zi —_— o= —_— + _\‘11—x

R3Si = ‘BuMe,Si; ‘PrsSi; Me;Si; Et;Si; PhMe,Si

SiRs SiRy

RMgX or RLi HO W
_—
o= Al

Hp

R;Si= 'BuMezSi; iPr3Si; yields = 63-94%; de = 54-98%

Trimethylsilyl acetone was shown to react with lithium or Grignard
reagents to give the corresponding olefin after elimination.?®*

(0]

1) RLi or RMgBr/EsO
Me3Si\/U\ >
2) HOAc/NaOAc H CH,

)

R ="CH,, "CsH,, Ph

Jenkins and co-workers? used the reaction of trimethylsilylmethy!-
lithium with aldehydes followed by oxidation to prepare a.-silyl ketones.
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These were in turn reacted with vinylmagnesium halides or vinyllithium
reagents and the B-hydroxysilane so produced eliminated to provide
dienes.

OH CrOy/2 py Q
RCHO + MeSiCHLI — 4 R)\/SiMe3 “Doem R/U\/SiMes
o H,C=CHMgBr OH R
A SiMe ————> SMe,  _HOAcNaOAc (
R
N\ X

An a-silyl ketone was used to generate a 1,3-butadiene for a key
intramolecular Diels—Alder step in an approach to the ring system of
taxane, 120.2%

H .
1) MesSiCHMgel V&St
O — 0O
< 2) CrOy/py S
H H
OTBS OTBS
Me,Si
€3 1) CH,=CHMgBr
o -
: 2) HOA¢/NaOAc
7 1h
OTBS

3 steps

1-Trimethylsilylvinylmagnesium bromide was reacted with acetalde-
hyde and this product then oxidized to give 2-trimethylsilylbut-1-en-3-
one.?®” This was subjected to the Shapiro reaction and the lithium reagent
trimethylsilylated to give 2,3-bis(trimethylsilyl)-1,3-butadiene, which
can be used as a substituted diene in Diels—Alder reactions.
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SiMe; 1) CH,CHO N SiMe;
MeBr 2)CrOyH; SO,
)
SiMe; 1) TsNHNE, SiMe,
2) BuLi
3) Me,SiCl SiMe

32%

Trimethylsilylmethyl ketones, prepared by the reaction of trimethyl-
silylmethylmagnesium chloride with acid chlorides, were reacted with
ethyl bromozinc acetate and the resulting B-hydroxy silane eliminated to
give B-methylene esters in good yields.?®®

0 Me,Si o
R)J\/SiMea + BrZnCH,CO,Et — M

R OEt
OH

BF,0Et, lDCM

0
50-97% M
R OEt

Treatment of the a-silyl ketone 121 with the anion of 122 was used
to prepare the labeled diene 123.%%°

N NLiSOAr o A Ph _
| + SlMC}
A — .
DyC” TCD,Li DiC X
121 122 D
123

By using the SAMP/RAMP technique, Enders and Nakai*®® were able
to silylate with the isopropoxydimethylsily! group, which could later be
oxidized to the hydroxy! function. In this way they were able to convert
chiral a-silyl ketones to diastereomeric diols in good yields and high
diastereoselectivity.

9 OH oH

\/U\/ L-selectride \/'\/ KF/KHCO; \/‘\/
: —_——— —_ .
toluene : 30% HO, z

‘PrOMe,Si PrOMe,Si MeOH/THF OH
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The lithium—aluminum hydride reduction of a-allyl-a-silyl esters
provides the B-hydroxysilane, which upon treatment with electrophiles
produces the 4-silyl tetrahydrofurans 124.%°! It also proved possible to
react the a-silyl ester with a Grignard reagent followed by the reduc-
tion/cyclization sequence to give the tetrahydrofurans.

SiMe,R SiMeR RMe,Si

LiAlH, £
—_— OH —Z E
= COEt  En0fo°C Z o
124
R = Me, Ph, OiPr, 4-methylthiophenyl; E = PhSeCl, NIS, Hg(OAc),
Hg(TFA), Hg(NO3),
SiMe,R SiMe,R RMe,Si
EtMgBr 1) LiAlH, !
_— Et : HgBr
=~ COEt THF/A & 2) Hg(OAc)/CaCO; By

o 3)KBr

Trialkylsilylcyclopropanones were reacted with a variety of reagents,
which give addition to the carbony! group. The resulting carbonyl
adducts underwent ring opening upon heating.?*?

O

. E-N . .
R3SI\Z\ U RS \A<E A R3slj/“\Nu
(0] Nu E

R;Si = Me;Si, Et;Si; E-Nu = MeOH, MgNH, (—)-menthol, O, Et;SiOH,
Et;SnOMe, BiySnOMe, Me;SiNMe,; Et;SnNMe,, Me;SiP(O)(OEt)

Trimethylsilylcyclopropanones were shown to react with methoxy- or
aminosubstituted silanes, germanes or stannanes to give addition to the
carbonyl group.?

Me;Si A RsMX Me;Si \A<OMR3 A Me3siﬁ/u\x
X

(o]
R = Me, Et, Bu; M = Si, Ge, SnX = MeO, Mg)N, Er)N

Trimethylsilylcyclopropanone was shown to react normally with lith-
ium aluminum hydride or organolithium reagents to give the B-hy-
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droxysilane, which, of course, does not undergo a facile elimination as
do other B-hydroxysilanes.?**

Me;,Si A LiAlH, or Me,Si LLA<0H
—_—
o RLi H(R)

Trimethylsilylcyclopropanone reacts normally with trimethylsilyl ni-
trile to give the silylated cyanohydrin in good yield. Reduction provides
the ethanol amine.?*®

Me;Si MeSiCN  MesSi 0SiMe, Me;Si 0SiMe,
L ey .
CN

0 NH,
85% 76%

Trimethylsilylcyclopropanone was reacted with water, alcohols, sec-
ondary amines and triethylsilanol to give the adduct of the carbonyl
group.”® These derivatives upon further heating gave ring opening and
3-trimethylsilylpropionic acid derivatives. In addition the reaction of
2-trimethylsilylcyclopropanones with a variety of nucleophiles was re-
ported.?’

o

Mc;SiA ROH Me3Si\A<OH A
——- —_—
OR Me;Si/\)J\OR

R = OH, MeO, MeN, Et;SiO

o}

11.3. Electrophilic Reactions of a-Silyl Ketones

The electrophilic bromination of a-silyl ketones was used in the
preparation of 1,3-diene epoxides.?®

The reaction of a-silyl ketones with bromine or with thionyl chloride
provides good yields of the a-halo ketone.?

O O

Bry/CCl
Me;Si I i SE—
3 \/U\R or SOCL/DCM X\)J\R
X = Br 55-90%
X = Cl 64-89%

Johnson and co-workers*® found that trimethylsilyl acetone reacts
equally as the silyl enol ether with acetals derived from (R,R)-2,4-pen-
tanediol. These reactions give diastereomer 125 predominantly.
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R
A 0 . 6_ o
0O (o} TiCl
/‘\) i /U\/ SiMe; —
DCM HO
125

R ="CgH, 7 c-CgH;,, H,C=CHCH,CHy; 92-93% yields;
diastereoselectivity >97:3.

The reaction of 1-trimethylsilyl 2-butanone directly with chiral acetals
derived from (R,R)-2.3-butane diol in the presence of tin tetrachloride to
give the corresponding B-alkoxy ketone with moderate diastereoselec-
tivity.>"!

H (6}
X 0 / i/r
'CH;CN
O + Me;Si\)k/ Snc}d i + R
O; ,OH

o =

)_4_ -40 or-15°C

O”n

1 ptto 16 pts 1 pt

Formation of the silyl enol ether of the kinetic enolate of trimethyl-
silylacetone leads to a reagent, which can react with electrophiles in both
the a- and o'-positions.>*

0
/U\ + Me;SiCHMgCl %» SiMe;
cl
)J\/SM D LDATHE M"ssj’\/
iMe: iM
; 2) Me,SiCl SiMe;
Me;SiO

PRCH(OMe) MO O OMe
TiICLUDCM  Ph Ph
69%

SiMe;

Trimethylsilylmethyl ketones were electrophilically reacted with
methoxyhalomethyltrimethylsilane under the influence of zinc bromide
to give B-methoxy-B-trimethylsilyl ketones, which upon elimination
give B-trimethylsilyl a,B-unsaturated ketones.**
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O 0  SiMe
. ZnBr, 3
Me;SiCHXOMe + Messl\)LR —— /U\)\

DCM/0 °C R OMe
o}
Me;SiONa R H
—_—— —
DCM/0 °C " SiMe,

a-Silyl-a,B-unsaturated ketones containing an o’-mesyl group were
shown to undergo a reductive rearrangement with migration of the
vinylsilyl group and inversion at the o’-position.>*

O Bu
MeYU\‘/\B 1) DIBAL/-78 °C -~ |
" Y 2)EnAlorELAICI  Mesi” % “OH
MsO H SiMe; : 2 M’ “H
77% — >95%ee

It has been shown that a.-silyl ketones react with carbon electrophiles
under the influence of fluoride ion catalysis.*®® The electrophiles reacted
were benzaldehyde, cyclohexenone, benzyl bromide, allyl bromide,
phenacyl bromide, benzoyltrimethylsilane, and 2-furoyltrimethylsilane.

e} o}
: TBAF or CsF
SiM _—
Pk M& 4+ E - E
O 0

80%

The bromination of 2-trimethylsilylhex-3-one provided the 2-bro-
moketone directly.*%

SiMe, Br
BI'Z
I S
DCM/-78 °C
o 0

Ito and co-workers®”” have found that the reaction of optically active
enamines with 3-trimethylsilylbuten-2-one gives cyclohexenones in
relatively good enantiomeric excess.
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M€3Si
OSiMe; o 120°C/1sh
—_— [e]
* 2) H,0/Si0, > < >

50% yield 53% ee (S)

'vun

The tosylhydrazone of 2-trimethylsilylbut-3-one was used in a
Shapiro reaction to prepare 2,3-bis(trimethylsilyl)buta-1,3-diene, which
was, in turn, used as a Diels—Alder diene in its reaction with various
dienophiles.’%

Me;Si . Me;Si
1) BuLi/TMEDA/-78 °cMes
+ H,NNHTs—» )\”/ ) Buli Bc
2) Me;SiCl
s

SiMe;

Kishi and co-workers®"'»% utilized the Lewis acid condensation of
1-trimethylsilyl 2-butanone with aldehyde 126 or better with the acetal
127 in a practical total synthesis of ()-aklavinone and aklavin.

COMe CO:Me
0
TICWDCM

O‘O C s A TR O‘O

CHO -20°C F
OH © OH © 0

126
COMe

CO,Me

o
0
CLXL e b 25
Me 40 °C
OH O OH OMe OH O OH OMeO

127
In a procedure, which employs an a-trimethylsilyl ketone as a substi-

tute for a regiospecifically generated enol silyl ether, Ryckman and
Stevens were able to prepare piperidine 129 from 128.2'°

Q
(6]
Mgy  ——
% L\~
Me "Me
128 129
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Two equivalents of trimethylsilyl acetone react with acetyl chloride
at 100 °C to give acetone, trimethylchlorosilane and 2-acetoxy-3-
trimethylsilylpropene.®!!

O Me;Si
2 Mesii L AL ? ¥ + Me;SiCl + CH;COCH,
CH; 100°C AcO

a-Trimethylsilyl ketones were shown to be very useful in directing
the site of aldol condensations of the ketone.?’> Deprotonation of the
a-silyl ketone with LDA occurs on the side opposite to the bulky
trimethylsilyl group and hence condensation of the anion with aldehydes
occurs away from the trimethylsilyl group. On the other hand, Lewis
acid-catalyzed condensation of the a-silyl ketone with aldehydes occurs
at the a-position containing the trimethylsilyl group. The steric effect of
the trimethylsilyl group in the absence of another substituent is not
enough to direct the deprotonation to the opposite side of the molecule
as is seen below.

0 0
1 2
Rl\ru\/ R® 1)LDATHF-78°C R j(uv R
2) R°CHO 3
Me,Si HO® R
7 examples 72-95%
0
7 R! R?
R‘Yj\/ R? + RCHO Lewis acid
3
Me;Si HO® R
Lewis acid = TiCl, SnCl, BF;0Et, 7 examples 73-87%
o]
9 Ph
Phw/u\ PhCHO/TBAF (2mol %)
' THF/-40 °C oo™ ph
Me;Si

59%

o 0

/\/U\/SiMq 1) LDA/THF/-15 °C/15 min /\/LK/\
Ph " Ph Ph

2) PhCHO (10 s)
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In order to circumvent the problems of a- versus y-attack of the enolate
ions prepared from a,B-unsaturated esters, Katzenellenbogen and Al-
baugh-Robertson®!? turned to the use of a-trimethylsilyl-B,y-unsaturated
esters, prepared by the nickel-catalyzed vinylation of ethyl trimethylsily-
lacetate. These esters react as allylsilanes with double bond transposition
to give the y-substituted product with excellent regioselectivity.

0
)\\/U\ BucOCl OB
+ L —_— —
OEt DCM BUQ_J
SiM
1Vigy 0
i o
L
X\Hkoa o=
SiMe, Br  [Ni] OFt
SiMe,

Triethylsilylacetone was shown to react with acety! chloride in the
presence of mercuric chloride to give the enol acetate of acetone.'* Enol
silyl ethers also give enol acetates under the same conditions, thus it is
not clear whether the silyl ketone is reacting or if it is first isomerized to
the enol silyl ether prior to reacting.

0
. AcCl/HgCh OAc
Etsslx)J\CH — = + EfSicl
3 CH,
OSiR, R2COCI 0,CR?
= —— =< + RySiCl
R! HgCl R!

A derivative of the Katzenellenbogen ester, methyl 2-phenyldimethyl-
silylbut-3-enoate, was deprotonated and then reacted with quinone 130

to give the product of allylation 131.3!3
o i 7
;’/“\OR + O‘ ‘ Z COMe
Bu Bu
SiPhMe, 83%
MeO o O MeO OH

130 131



o-Silyl Carbonyl Compounds 199

12. REACTIONS OF a-SILYL ESTERS

The first order, thermal elimination of ethyl a-silylacetates was studied
kinetically.>'* It was found that the substitution of a phenyl group for a
methyl group of the trimethylsilyl group resulted in a slightly faster rate
due to the favorable electronic effect, but that the substitution of two or
three of the methyls by phenyl groups hindered the rate due to steric
factors.

o}

rU\OEt M, R;SiOEt + H,C=C=0
R;Si

12.1. Enolate Reactions of a-Silyl Esters

Larson and co-workers®'® studied the stereochemical manifestations
of changes in the steric requirements of the ester group of the reaction
of lithium enolates of a-(methyldiphenylsilyl) esters with isobutyralde-
hyde. It was found that more of the E-isomer is formed at—78 °C than at
0 °C at which temperature the Z-isomer predominates. More Z-isomer is
also obtained when the reaction is carried out in the presence of 12-
crown-4, N.N,N',N'-tetramethylethylenediamine or HMPA. It is argued
that the lack of stereoselectivity is a result not of the mode of addition of
the enolate to the aldehyde, but rather of the mode of elimination in which
a carbonyl stabilized intermediate which can rotate is involved.

pr i
MePh,SiCH,CO,R D FDA/ solvent —=_ s P COR
2) ‘PrCHO COR

Larson and co-workers®!® were able to prepare a-substituted-o.,B-un-
saturated esters via the reaction of the lithium enolates of a-
(methyldiphenylsilyl) esters with aldehydes. The reaction showed only
moderate stereselectivity in favor of the Z-isomer.

1) LDA/THF "C¢H,; CO,Et
nCgH;7CHCO,Et —_— —
| 2) Heptanal n
SiPhhMe H CgHyy

62% yield ZZE=71:29
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The reaction of the lithium enolate of ethyl trimethylsilylacetate with
monoprotected p-quinones was used for the arylation of anions as shown
below.*!’

o H.__COzEt CO,Et
|
1) Hy/Pd-C
+ Me;SICH(LI)CO,Et —
2)-MeOH
MeO OMe MeO OMe 68% OMe

Snider and Beal*'® utilized the lithium reagent of ethyl trimethylsilyl-
propionate as a part of their intramolecular ketene cycloaddition ap-
proach to seychellene. The Horner—-Emmons approach to the necessary
o, B-unsaturated esters was not successful.

Me (o] Me Me
Me Me;Si Et0,C N
€351
o 3 OEt ——»
z Li Me Me 2
Me Me

The reaction of ethyl trimethylsilyl(lithio)acetate with ketone 132 was
used in a synthesis of (—)-retigeranic acid. Unfortunately, the ratio of Z-
and E-isomers was not given.*'?

o}

MesSi THF
e3 1\(u\o& —

Li

132

The condensation of the trimethylsilylketene acetal of 2-trimethylsilyl
y-butyrolactone with acetaldehyde leads to stereospecific formation of
the B-hydroxysilane, which can be eliminated to give predominantly the
(Z)- or the (E)-a-ethylidene-y-butyrolactone.3?°

OSiMC3 O HQ H O CH3
Oé/SiMes CH,CHO O\bA BF;0Et, o Ny
TiCl, “SiMe; >

Z:E=95:5
O H

LiN(SiMey), O\b/k CH,

Z:E=1793
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Methyl trimethylsilylacetate was used to provide 134 from ketone
133. The reaction proceeds in good yield. A small amount of lactone 135
is also obtained.*!

/COZMC

o

\ MesSi OLi

Y e

Y H OMe

OTHP 0
/COzMC

133 Me0O,C

MesSi o

OBn +
MeO,C
e OBn

OTHP H
OTHP

135

134

tert-Butyl trimethylsilyl(lithio)acetate was shown to react with the
4-oxo-piperinoxyl 136 to give the olefination product in excellent
yield.??

O CHCO,'Bu
+ Me;SiCH(L)CO/Bu ~ ——»

N N

0- o.

136 90.5%

The reaction of 3-substituted cyclopentenones with ethyl trimethyl-
silyl(lithio)acetate was shown to give the dienoic ester as an E/Z mix-

ture 323
H
D:o + MegSiCH(L)COEt ———» =

R R CO,Et

Ethyl trimethylsilyllithioacetate was reacted with butyroyl chloride to
give the a-keto ester.’? The reaction of the lithium enolate of ethyl
trimethylsilylacetate with o-ketophenylhydrazones leads to 3-(2H)-
pyridazinones.’?

o 0O 0
1) LDA/THF
Me,Si —_
sis Ao, A,

2) PrCOCl
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0
1 R? . "BuLi/THF/-78 °C P R?
R | + Me;SiCH,COsE! - E©O
40-45°C/8 h |

N. -
NHPh PhN

The reaction methyl trimethylsilyl(lithio)acetate with cyclobutanone
137 gave only the Z-diastereoisomer in a synthesis of (+)-grandisol.*?°

OSi'BuPh, Me;SiCH(LI))COMe .

OS{BuPh,
N\ CO,Me

el
e}

137
100%

Azasuccinic acid anhydrides were reacted with methyl trimethyl-
silyl(lithio)acetate to give y-amino-B-keto esters.*”’

P o 0

Ph
+ MeSiCHLI)COEt —» 0 OMe

N
NHPh
(e}

P

Trimethylsilylacetyl chloride was reacted with fers-butylthiol to give
the thioester. This was deprotonated and the resulting enolate reacted

with cyclohexanone to give the a,B-unsaturated ester.***
O 1
. BuSH/25 °C
Mos g B o I
u

. S.\)?\ 1) LDA/THF 7
&;Si >
3 S'Bu  2) cyclohexanone 0
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The reaction of ethyl trimethylsilyl(lithio)acetate with 138 provides
139 as the only isomer.>?”’ The corresponding Horner—Emmons reagent
gives the Z-isomer and the axial propargyl derivative in a 6.1:3.3 ratio.

PN 0 Me;SICH(LICOE PO g

r

0 OMe / OMe

Vi EOC g/

139

138

It was shown that the reaction of methyl a-(thiophenoxy)ketones with
the lithium enolate of ethyl trimethylsilylacetate gives a mixture of the
isomeric o,-unsaturated esters with the Z-isomer predominating.**

— — O MesSiCH(L)COEL
THF/-20°C/2 h

SPh then 20 °C/2 h

CO,Et
SPh

70% Z:E = 88:12

Shimoji and co-workers®' were the first to show that the enolate of
ethyl trimethylsilylacetate would react in a Peterson fashion to give
o,B-unsaturated esters. The stereospecificity of this reaction is not good,
however. The reaction provides an improvement over the Horner—Em-
mons procedure for the readily enolizable ketones such as cyclopen-
tanone.

0
. 1) (cCgH,1);NLi CO,Et
Me}SI\/U\OEt P O:/

2) cyclopentanone
81%

tert-Butyl trimethylsilylacetate was deprotonated and reacted with
aldehydes and ketones to give the a,B-unsaturated ters-butyl esters in
excellent yields.**
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_ ) 1) LDA/THF/-78 °C R! CO,Bu
Me:;SlCHzCOZ Bu =2 Ly —
2) R'RACO " K
94-97%

tert-Butyl bis(trimethylsilyl)acetate was prepared by trimethylsilyla-
tion of the lithium enolate of ters-butyl trimethylsilylacetate.*** This
product was accompanied by about 30% of the silyl ketene acetal.
Deprotonation of the bis(trimethylsilyl)acetate is accomplished in the
normal fashion and condensation of this enolate with aldehydes, but not
ketones, which are deprotonated, gives a-trimethylsilyl-o,-unsaturated
esters. In one example tert-butyl-2-trimethylsilylacrylate was shown to
be a Michael acceptor, although the yield of the adduct was a modest
37%.

. 1) LDA/THF Me,Si OSiM
Me;SiCH,CO,Bu "~ m MeiSi By + BN %
3 2LO, 2 Mesicl (Me;Si),CHCO,Bu H>_<O’Bu
70% 30%
1) LDA/THF
(Me;Si),CHCO, By —> > \slm%
2) R
CO,’Bu
SiMe,  Et OLi THF Q Q
: + > — < t
CO,'Bu H Me Et OBu
Me SiMe,
37%

Ethyl trimethylsilyl(lithio)acetate was used successfully to convert
the pyrenyl ketone 140 to the a,B-unsaturated ester 141.%3* Unfortu-
nately, the E:Z ratio was not reported. Both the Wittig and Horner—
Emmons approaches performed poorly in this transformation.

(I D s A, (I
MC},Siﬁ/U\
o UL

-
0 Li Et0,C

140 ' 141
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The substituted acetophenones 142 were converted to their a,f-
unsaturated esters.*** The best reagent proved to be fert-butyl trimethyl-
silyl(lithio)acetate. The Horner—Emmons approach worked well for R =
Me and Et and the Reformatsky approach worked well only for R = Me.

Me R o Me R
CO,B
0 Me;Si ) THF X0, Bu
+ OBu >
) -78 °C
Li
142

R = Me (58%), Et (60%),Pr (52%)

Larcheveque and Deval**® deprotonated some trimethylsilylacetates
with lithium diisopropylamide and then converted the lithium enolate to
the bromomagnesium enolate. The condensation of the bromomagne-
sium enolate with aldehydes gave only a single diastereomeric -hy-
droxysilane. Dehydroxysilylation of the diastereomerically
homogeneous f-hydroxysilane with boron trifluoride etherate gave the
(E)-a,B-unsaturated esters in good yield and high selectivity. On the
other hand, the elimination under basic conditions with sodium
bis(trimethylsilyl)amide gave an E:Z-isomer ratio of only 70:30. Straight
thermolysis of the intermediate B-bromomagnesiumalkoxy silane in
HMPA gives an E: Z-ratio of 15-29:85-71. This implies the intermediacy
of an enolate anion which could rotate as an intermediate in the base-
promoted elimination.

I

O H R
1) LDA/THF = BF.OEt 2
MC}Si\)k i )—'_—» Me:Si OH #» R —_—
OR"  2)MgBn, €351 2"/H |
3) RECHO R COR
4) H,0 E:Z98:2
R' = Me, Et, ‘Pr; R? = Bu, Ph, 'Pr)
1
B R o _(MesSi,NNa R
. ———-
MC3S! 27 1
g H CO,R
E:Z70:30

The geometric control of the reaction of the enolates of tert-butyl
bis(trimethylsilyl)acetate with aldehydes to give 2-trimethylsilyl-3-sub-
stituted acrylates was investigated as a function of the counterion of the
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enolate and the aldehyde.®®” It was found that lithium and potassium
enolates give a high degree of the E-isomer, but magnesium and alumi-
num enolates tend to give more of the Z-isomer. The arguments in this
work do not consider, however, the possibility of enolate formation
during the elimination step.

Me;,Si OLi THF/-78 °C H SiMe; H COO'Bu
i + ReHO ————> >=< +
MesSi O'Bu R COO'Bu R SiMe;
R="BuyM =Li" OrK* >99 <1
R ="Bu;M" = BrMg" 30 1
R ='Bu; M = Et,Al” 1 9

The reaction of trimethylsilyl ketene acetal of methyl trimethylsily-
lacetate was used in a study of the stereoselectivity of the conversion of
aldehydes to a,B-unsaturated esters.**® Best results for the generation of
the E-geometry were obtained with aluminum chloride in carbon tetra-
chloride and zinc chloride in benzene. The best reagent for the generation
of the Z-diastereomer was titanium tetrachloride in dichloromethane.

Me;Si OMe reagent R R CO,Me
3 >={_‘: + RCHO ——» \; + 2
H OLi CO,Me
AICL/CCl, 96 4
ZnCl/CeHg 96 4
TiCly/DCM 5 95

The reaction of ketone 143 with ethyl trimethylsilyl(lithio)acetate
provides an 88:12 Z/E ratio of unsaturated esters 144.>*

— )= 0 MeSiCHLICOE CO,Et
THF/-70 °C/2 h >:\_>=\_2_;
SPh then20°C2h
SPh

143 144
70% yield Z/E = 88:12

In an approach to brefeldin-A, ethyl trimethylsilyl(lithio)acetate was
reacted with o,a-bis(methylthio)aldehyde 145 to give 146.34°
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OMe
H (0]
M€3Si%
+ _»
B SMe L O Teew SMe
I SMe ! SMe
CHO
CO,Et

OTBS OTBS
145 146

The a,o-bis(methoxy)ketone 147 was reacted with rers-butyl
trimethylsilyl(lithio)acetate to give 148, predominantly as the Z-dias-
tereomer.**! The condensation of ethyl trimethylsilyl(lithio)acetate was
used in a synthesis of retinal and rhodopsin analogs.>*?

o

O

O
/K/\)\/\/\E‘/\/U\(om Me;SiCHLICO/Bu

OMe

&

jao)

147

Whereas the sodium Hormer—Emmons reagent gives essentially only
the E-isomer in its reaction with 149, the ethyl trimethylsilyl(lithio)ace-
tate gives a 57:43 mixture of (E)- to (2)-a, B-unsaturated esters.**

o H,_.COOEt

Me,; SiCH(L))COOEt |
HJ\/\/Y\ > . N

149 E:Z=5743

Ethyl trimethylsilyl(lithio)acetate was reacted with acrolein deriva-
tives in order to produce ethyl dienoates. The stereoselectivity was not
high, however.>*
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OAc O OAc CO,Et
Me;Si \/l\/\)
\:/l\/\CHO*' €3 I%OEt—> g N
OH Li OH
ZE=21

The stereoselectivity of the addition of the Peterson type olefination
versus the Horner-Emmons methodology for the formation of a,p-un-
saturated esters was tested in their reactions with the dimethylacetals of
a-ketoaldehydes.>** The Horner—Emmons reagent gave only very poor
yields, whereas the lithium enolate of a-trimethylsilylesters gave good
yields and very good stereoselectivity for the Z-isomers.

0
Me;,Si OLi
Rl\/“\rOMC + 3 >:< THF
5 H OR? -78 °C
Me
2
] CO,R R20,C
! +
R OMe RI\J\(OMe
OMe OMe
R' R? Yield
H Me 56 44 55
H ‘Bu 89 11 63
Bu 'Bu 84 16 79
CH; ‘Bu 90 10 71

tert-Butyltrimethylsilyl(lithio)acetate was reacted with cyclohex-
anones as part of a synthesis of chiral cyclohexylidenepropenes by
Duraisamy and Walborsky.>*® Both the a-silyl ester and the Horner—
Emmons approaches gave the E-diastereomer selectively, with the o-
silyl ester providing a slightly higher percentage of the E.

H
(6]
O = t
% + Me;Si , _— M CO;Bu
] OBu I
Li

EZ=4:1
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The olefination of 4-methylcyclohexylidene carbaldehyde with ethyl
trimethylsilyl(lithio)acetate gives a mixture of E- and Z-diastereomers
with the E-isomer predominating slightly.*’

O

CHO Me,Si
3
= - o
Li
CO,Et
/ COzEI /
74 . 4

55-57% 43-45%

In a further study on the stereochemistry of the Peterson approach to
a,B-unsaturated esters, a-tert-butyldimethylsilyloxycycloalkanones
were reacted with both ethoxycarbonylmethylenetriphenylphosphorane
and ethyl trimethylsilyl(lithio)acetate with the phosphorus system giving
high yields of the E-diastereomer and the trimethylsilyl reagent the
Z-diastereomer as the major product.**® It is argued that the Wittig
approach is under thermodynamic control, whereas the trimethylsilyl
ester reaction is under kinetic control. This finding was put to use in the
synthesis of fused butenolides.**®

o} EtO,C CO,Et
PhyP=CHCO,E!
O1BS Toluene/PhCOH | OTBS l OTBS
or Me;SiCHLICO,EVTHF +
" n n
A =PhP=CHCO,Et poomemod 3 vies
B = Me;SiCHLICO,Et 0 B 33 67 64
1 A 96 4 80
1 B 14 86 68
2 A 94 6 27
2 B 8 92 50

OTBS 0
HF o
X COEt CH;CN S

H 100%
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The stereoselective alkoxycarbonylmethylenation of substituted cy-
clohexanones was realized by their reaction with the lithium or potas-
sium enolate of a-trimethylsilyl esters. Here again the Horner—Emmons
approach gave poor results.**® Examples of the results from the reaction
with 2,3-epoxycyclohexanone are given.

CO,R  RO,C
I Me;Si OR | 2 2 |
€391
o + == — o + 0
H OLi

M R Yield
Li Bu 73 2 60
(EtOLP(O)CHNaCOEt 50 50 70

The reaction of the lithium enolate of terz-butyl trimethylsilylacetate
with 2-allylcyclopentanone gives a mixture of the (Z)- and (E)-a,3-un-
saturated esters, which upon saponification with trifluoroacetic acid gave
the unsaturated acid in a Z:E ratio of 2:1.%%!

'Bu0OC
i |

é/\/ 1) Me;SiCHLICO;Bu
THF/-25 °C "

2) NH,Cl,/-25 °C

\

The reaction of ketone 150 with ethyl trimethylsilyl(lithio)acetate
provides the corresponding a.,B-unsaturated ester in good yield.*** Simi-
lar results were obtained in the reaction of the extended ketone 151.%%

CF; CF,
NNy MeSiCHLICOE NN
THF CO,Et
150 98% 1:1 E:Z
CF,
N NN

151
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The reaction of terr-butyl trimethylsilyl(lithio)acetate with ketone 152
gives a 95% yield of the a,B-unsaturated ester 153, which was shown by
NMR to be greater than 95% Z-isomer.***

MeO. OMe

O Me;SiCHLICO,'Bu
THF - MeO. OMe

152 x . CO,Bu

153

95% yield >95% Z by NMR

Ethyl trimethylsilyl(lithio)acetate was reacted with o.a-di-
methylthioaldehydes to give very high (E)-a,B-unsaturated esters.>>

OMOM OMOM
z O z
MC:;Si
+ OEt ——»
CHO Li - COEt
MeS SMe Mes SMe

87%

The lithium enolate of methyl trimethylsilylacetate was reacted with
steroidal ketone 154 to give a 4:1 E:Z mixture of a,B-unsaturated esters
155 in excellent yield.**® The reaction of 154 with the Wadsworth—Em-
mons reagent gave only a 30% conversion to 155, probably due to
enolization of the ketone.

CO,Me

Me;SiCHLICO;Me
THEF/-78 — 25 °C
87% yield E:Z = 4:1

154 155

The reaction of the lithium enolate of ethyl trimethylsilylacetate with
the substituted ketone 156 gives a 1:2.3 Z:E mixture of a,B-unsaturated
esters.®’
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EtO0C

2 RO Me;SiCHLICO,Et | RO
OTBS > OTBS
THF
156 R = CHySCH, ZE = 122.3

The lithium enolate of fert-butyl 2-trimethylsilyl-3-methylbut-3-
enoate was used to prepare dienoate 157 as a 2:1 mixture of £- and
Z-diastereomers.>*

o__0 Ol O\ CO,'Bu
CHO OLi
P ~
* O'Bu -
SiMe3
157

The reaction of aldehyde 158 with the Horner—Emmons—Wittig re-
agent gave only poor yields of the desired a,B-unsaturated ester, but the
Peterson olefination approach with ethyl trimethylsilyl(lithio)acetate
provided a good yield of an approximate 50:50 mixture of the dias-

tereomeric unsaturated esters, 159.3%°
H. _CO,Et
i |
S \éAr 0 S Ar
i CH(O
CH(OMe), +Me351ﬁ/lk oft —THF (OMe),
S {; -78 °C 8
1
158 159

The lithium enolate of methyl trimethylsilylacetate was used to pre-
pare the dienes 160 and 161, which were used as dienes in the construc-
tion of aklavinones. This procedure, however, was discarded in favor of
a Wittig procedure due to the difficulty in obtaining the enol ethers.**

MeOOC
O
pZ it OMe 85% P * &
O'Bu O'Bu O'Bu
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Acylsilanes were reacted with the lithium enolates of a-trimethylsilyl
esters to give the B-silyl-a,B-unsaturated esters in moderate yields.**

0 o
/U\ Me;SICH(LI)COEt  Me H Me CO,Et
: > — + —
R;S == =
1 Me  THFHMPA o CO,Et R4Si H
278 —30°C
(RsSi = Me;Si, PhMe,Si) major rmer
Q Me;SICMe(L)COEt M M M CO,E
3 e e e t
Me Si/u\M THEHMPA = * >="
3 e Me,Si COEt  MesSi Me
78 - 30°C
73% 27%

Deprotonation—trimethylsilylation of ferz-butylchloroacetate gives
tert-butyl chloro(trimethylsilyl)acetate, which can in tum be depro-
tonated and reacted with aldehydes and ketones.*** This was done by
Chan and co-workers, who were thusly able to prepare a-chloro-a,B-un-
saturated esters. The elimination of the 3-alkoxysilane is not as facile as
in other systems and is best carried out by the addition of thionyl chloride.
The stereoeselectivity favors the Z-isomer.

0
cl 1) LDA/THF R' Cl
\’/U\O,BU T‘» >:<
2)RR°CO R? CO,'Bu

Me;Si
3) SOCh
17 - 55% yields
Z:F=51:49-82:18

Zweifel and co-workers*®® were able to deprotonate (E)-o-trimethyl-
silyl-a,B-unsaturated esters and convert them to B3,y-unsaturated esters
and o-trimethylsilyl-B,y-unsaturated esters. The E-isomers required
LDA in the presence of HMPA for deprotonation, whereas the Z-isomers
could be deprotonated with LDA in THF alone. Deuteration experiments
showed that the initial protonation occurs on the a-carbon followed by
protiodesilylation. Alkylation of the anion of the a-trimethylsilyl-a,f-
unsaturated esters gives the a-alkylation product, which when treated
with tetrabutylammonium fluoride provide the (E)-a,3-unsaturated es-
ter.
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R SiMe; 1) LDA/THF/HMPA/-78 °C
—3=< 3 ) - R%
H CO,Me  2)MeOH H COMe
3) NH,CVH,0 2
R ="Pr, Ph 98% isomeric purity
R3=<SiMes 1) LDA/THF/HMPA/-78°C
H CO,Me  2) MeOH R -
3) Me;SiCl o ) R H
n OSlMe’J 5% HCI —
R ="Pr, Ph —_— e O
Me;Si OMe .
Me;Si OMe
R—>=<SiMez 1) LDA/THF/-78°C R CO,Me
H CO,Me  2) MeOH .
3) NH,CI-H,0 H SiMe;
98% isomeric purity
R¥<SiMez 1) LDA/THF/-78°C
H CO,Me  2) MeOH
1 R H
3HR'X —
O 1)TBAF RMRI
Me,si R' OMe 2 O H COMe
R'=Me.Bu

Methyl trimethylsilyl(lithio)acetate was reacted with 3-valerolactone
to give the cyclic enol ether.>%

O
6} (0] O
Me;Si THE Z “COMe
+ €3 I\I)J\OMe - 02
-78 °C
Li

The cyclic trimethylsilyl ketene acetal 165 was reacted with aldehydes
in the presence of trimethylsilyl triflate to yield a-oxo carboxylic acids.*¢’

Ph
Me;Si OSiMe;, o o
— Me;SiOTf 1) NaOH
O + PhCHO Ph OH
2) 1 NHCI
H CCL " “cey o
165

Trimethylsilylacetyl chloride was reacted with thiols to give the thiol
esters. This was in turn converted to a,B-unsaturated thiol esters in good
yields by simple deprotonation followed by condensation with an alde-
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hyde or ketone.*®® The stereoselectivity of the reaction was very high in
favor of the E-isomers.

(6] 0}

250 )
Me3Si\/u\Cl + RsH 2C o MC3SI\/U\SR

0]
1) LDA/THF/-78 °C Ph H
Me3Si\/U\ - >=<
EZ=955

In order to bring about clean y-substitution of an o, 3-unsaturated ester
Katzenellenbogen and Albaugh-Robertson resorted to the use of ethyl
2-trimethylsilylbut-3-enoates, which react with electrophiles as allyl-
trimethylsilanes with double bond transformation resulting in introduc-
tion of the electrophile in the y-position.*®® The 2-trimethyl-
silylbut-3-enoates were synthesized by vinylation of ethyl trimethyl-
silyl(lithio)acetate, a Peterson olefination with rer¢-butyl bis(trimethyl-
silyl)acetate, followed by deprotonation—protonation of the
2-trimethylsilyl 2-butenoates.

O
. BuLi/NiBp,
Me3SlW/U\OEt—__> )\/COZEI

Li i
Br SIM€3
R
. 2) Mel or H'
SiMe; SiMe,
R=Me,H
0O
Me;Si .. 1)LDA/THF
OBu -
. 2) CH;CH,CHO g
SiMe; CH, Et CO,Bu  Me CO,'Bu
3) LDA/THF < + M >
. H SiMe, H SiMe:
4)H ?
1 part 2 parts
%/COzEt PhSCH,(CI /\)\/COZEt
T-» PhS
SiMe; Ticl

Aldehydes and acid chlorides were also reacted
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The reaction of ethyl trimethylsilyl(lithio)acetate with epoxyketone
166 was reported.’” This gives a Z:E ratio of a,B-unsaturated esters of
78:22. When this conversion was carried out with triethyl sodium phos-
phonoacetate the Z:F ratio was 55:45. Related chemistry was reported
for the a-trimethylgermyl acetates.’”!

o H. _COEt  EO,C. _H
@O - > o + 0
166
Me;SiCH(Li)CO,E 78% 22%
(EtO),P(O)CH(Na)CQE! 55% 45%

Welch and Herbert*” reported the reaction of the lithium enolate of
2,4,6-trimethylphenyl trimethylsilyl(fluoro)acetate, prepared by direct
trimethylsilylation of the lithium enolate of the ester, in good yields with
aldehydes and in poorer yields with ketones to give a,3-unsaturated ester
with Z:E diastereomeric ratios of as high as 50:1.

\Hk DBuli
2) Me,ch
Me;Sl
0
DLDATHF F o
2) RCHO !
R” "H

The lithium enolate 167 was reacted with aldehyde 168 to give the
(2)-a,B-unsaturated ester 169 along with 30% of the E-isomer.”

(¢] t
R 1) LDA/THF CO, Bu
- R
O'Bu )Cisz/u\/ R)\/\/\(

Me;Si 2 :
esSi ) g CHO g0  COBu

167 168 73% yield; 70% (2)

Me3S1

Y
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The conversion of cyclopentenone to (+)-methyl jasmonate was ac-
complished by the Michael addition of the lithium enolate of methyl
o-(methyldiphenylsilyl)acetate to cyclopentenone and trapping of the
enolate ion with cis-1-bromopent-2-ene and finally protiodesilylation
with potassium fluoride in methanol.*™ The ethyl ester also works well
in this sequence and both of these a-(methyldiphenylsilyl)acetates are
better than the trimethylsilyl derivatives.

O

‘ 1) "BuLi/THF/-78 °C _
MePh,SiCH,CO,Me -
2) cyclopentenone .

Br Et 7— COMe
3) _>=< MePh,Si
H H
0 0
Et Et
— KF/MeOH —
% —CO,Me “— COMe

MePh,Si

The reaction of tert-butyl trimethyl(lithio)acetate on ketone 170 was
used in the synthesis of neopatulin.’”® The reaction gave a high degree
of Z selectivity, whereas the Wittig approach gave greater than 80% of
the E-isomer. This is somewhat consistent with the results of Larson and
co-workers. 48349

0 i 0
Me0—<__>:O + Me}SI\HJ\OEt — MeOO;
Li CO,'Bu

< >

88% yield Z:E = 88:12

i
st

O.
O‘|\\
O

1760

The dianion of trimethylsilylacetic acid was reacted with alkyl halides
to give a-substituted trimethylsilyl acids with aldehydes and ketones to
give o,B-unsaturated carboxylic acids and with epoxides to give, after
treatment with acid, 3-trimethylsilyl 5-substituted-y-butyrolactones.’
These lactones could be deprotonated and condensed with aldehydes to
give a-alkylidene-y-butyrolactones.
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0
2 LDA/THF Me;Si OLi RX i
Me;SiCH,CO,H ————» == 2, MesSi OH
H OLi
R zO: R'R’CO :
\\
O i
R H
SiMe; —
Q RY  CoH
R
O o)
o SiMe; |y LDA/THF o7 N\ CH,
2) CH;CHO
R R

Ethyl 2-trimethylsilyl 3-butenoate was condensed with allyl butyl
ether 171 to give the equivalent of y-alkylation of the ester enolate as a
result of double bond transposition of the allylsilane.*”’

CHje = OBu COE TiCly CHy = =
3\/§( + /\r 3VY\/\CO2EI
D

DCM/-78 °C
CH; D Me;Si CH,
171

In a variation on the reaction of the lithium enolate of «-silyl esters
with aldehydes, the trimethylsilyl ketene acetal of methyl trimethylsily-
lacetaté was reacted with aldehydes leading to o,3-unsaturated esters as
well.*7® This reagent reacts with enones to give addition of the trimethyl-
silylacetate group to the B-position. This adduct with acyclic enones can
lead to a-alkylidene lactones.

Me;Si OMe + RCHO 1) TiCL/DCM R COMe
— ’ N\ —
H 0SiMe; 2) €Oy
O 0
MesSi,  OMe . 1) TiCl/DCM
_
H 0SiMe; 2) K,COy CO,Me
1) TiCl/DCM SiMe;
Me;Si O
e8i,  OMe . \)J\ 2) K,CO4 . =~ R
H OSiMe, 3) NaBH,/EtOH o o
4) 2 LDA/THF

5) RCHO
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A highly enantioselective synthesis of (—)-methyl jasmonate was
accomplished by employing the stereospecific conjugate addition of
methyl bis(trimethylsilyl)lithioacetate to the chiral sulfoxide 172 as the
key step.’” The silyl groups were conveniently removed with fluoride
ion.

O 0
i 0 Me;Si OLi E
€331 1 i "
g s s,
s Me;Si OMe T
Me;Si~ |~ CO,Me COMe
172 Me;Si -

In an attempt to prepare E:Z dienoates methyl trimethyl-
silyl(lithio)acetate was reacted with a,B-unsaturated aldehyde 173. This
reagent gave the best stereoselectivity for the E:Z diastereomer.**°

CHO
=
H——0Ac | MeSiCHLICOMe —»
H OAc
CH,0Ac CO,Me
173 Z Z~CO,Me
Pz =
H OAc + H OAc
H OAc H OAc
CH,0Ac CH,0Ac
50% 50%

tert-Butyl trimethylsilylacetate can be deprotonated and stannylated
to give the a-silyl a-stannyl derivative. Deprotonation of this interesting
organometallic species followed by reaction of the enolate with an
aldehyde or ketone gives the a-stannyl-a,B-unsaturated ester via beta
elimination of trimethylsilanol rather than of tributylstannol.3*?

0
y S'\/ﬁ\ DLDATHF
’ OBu  2)Bu,SnCl - O'Bu

Bu;Sn
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222 GERALD L. LARSON

o o}
- SiMePh, 1) 2 LDA/THF > O YN
2) OHC(CHy),(CHO
lNi(Ra)
o 0
o / 10

ancepsenolide

12.2. Reactions of a-Silyl Esters with Nucleophiles

The reaction of a-(methyldiphenylsilyl)lactones with organomagne-
sium reagents results in 4-oxo carboxylic acids, 4-oxo ketones, or 4-0xo
aldehydes, depending on the substitution of the lactone.'?%

0
O\b/ siphMe ) EMeBr » HOC
2) N32Cr207/H2804 \/Y

0
73%
:y/ sipmve _DBIMEBr e Bu

2) HCl
3) PCC/DCM O

62%

o
SiPhhMe

1) PhMgBr /U\/\”/ Ph
2) EY -
3) PCC/DCM O

63%

Larson and co-workers*®* demonstrated that 1,3-dienes could be read-
ily prepared by the reaction of organomagnesium, but not organolithium
reagents, with a-silyl-B,y-unsaturated esters followed by elimination.

"CeH3

ﬂ/COZEt 1) "C¢H;3MgBr(xs)/THF /\/L
> P
‘ = CsHis

SiR, 2) KO'Bu

R,Si=Me;Si  62%
R3Si = MePh,Si 51%
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The reaction of ethyl !-(diphenylmethylsilyl)cyclopropane carboxy-
late with organolithium and organomagnesium reagents results in the
synthesis of the corresponding o-silyl ketone and, in the case of a
bis-addition of the organometallic reagent, a Peterson-type olefination
to cyclopropylidene derivatives.*®’

A_COsE ) LDATTHE/-100 °C o
- Hkt
2) MePhSiCl
SiPh,Me
92%
o
COZEI ”C6H] 3MgBr
SiPh,Me THFD "CHli
SiPh,Me

68%

A(cozﬁt 1) PhM/THF/A
, > X Ph
SiPbMe  2) KOBu
Ph
PhLi 34%; PhMgBr 60%

The reduction—cyclization of 176 gives the pyran 177 with a high
degree of stereospecificity.**

Ph SiMe;
MesSi { SiMe;  Liam, 10
. Al
Et0,C COM L _Ph
0 2vie HO =
176 SlMC3
)"BuLi  MeSi _ Ph
__—> '/ .
2) MsCl 'SiMe;
o
3)"BuLi
177

Larson and Hernandez*®® showed that the reaction of ethyl diphenyl-
methylsilylacetate with Grignard reagents in refluxing THF followed
by elimination leads to 1,1-disubstituted olefins in good yields. This
reaction requires high purity magnesium to avoid numerous side
reactions.



224 GERALD L. LARSON

0 1) RCHMgX/THF CHR
Messin I\ - :
3 T
OEt  2) H,SO,/THF CH,R
or BF30E[2/DCM

A number of o-silyl esters were reacted with primary Grignard
reagents to give, after careful workup with moist ether, the a-silyl
ketones in good to excellent yields.*****! The o-silyl ketones can be
readily desilylated with potassium fluoride in methanol. The intermedi-
ate a-silyl ketones are deprotonated by excess Grignard reagent as
evidenced by methylation of the magnesium enolate. Vinylmagnesium
bromide was found to add to give the intermediate a,B-unsaturated
ketone, which undergoes a Michael addition of the second equivalent of
vinylmagnesium bromide. The methodology of converting an ester to its
a-diphenylmethylsilyl ester and that to a ketone was used in a very short
synthesis of a component of the sex pheromone of the Douglas Fir
Tussock Moth. This reaction was extended to the synthesis of monopro-
tected 1,4-57° and 1,5-diketones.*™

O 0
! 1) R*CH,MgX/THF/A R
R OF Mg | ,
t —I- H.R
2) moist ether CH,
MePh,Si MePh,Si
30 examples 22-94%
0 O
CaHy, 1) Gy MgBr/THE/A Can\/lH/QH?
OEt 2) Mel e
MePh,Si 3) KF/MeOH
0 0
Me 1) CH=CHMgBr Me /
Me OEt —
. 2)E
MePh,Si 3) KF/MeOH Me E
E'=H"78%
E"=Mel 75%
0
CoH

CsH CH,CH,CH,MgCl 9719 1) THF/A

sty LH U UHME + OEt

MePh,Si 2) KF/MeOH
CsHine= Cioty

80% O
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The trimethylsilyl ketene acetals of a-trimethylsilyl esters was re-
acted with phosphorous trichloride to give the a-dichlorophosphinyl
derivative.®* The a-trimethylsilyl N,N-dimethylacetamide reacts to give
replacement of the trimethylsily! group by the dichlorophosphinyl group.

MesSi, _ OSiMe THF or EE
>—< , + PCl —_—
R OR -30 OC O
M€3Si 2
R! OR™ 4 MessicCl
PCl
0
Me,Si s DABCO SiMe;
e B
CO,R?

PCl,

0 0
PClL
Me3Si\/u\ or?  — c12P\/U\OR2 + MaesSiCl

12.3. Reactions of a-Silyl Esters with Electrophiles

Treatment of a-trimethylsilyl-a-tributylstanny! esters with boron hal-
ides gives the a-trimethylsilyl boron ketene acetal via elimination of
tributyltin halide.***

O
; Bu,BCI
Me;Si OMe

SnBuy

Me;Si OBBuw,

(-BySnCl) H OMe

o-Trimethylsilyl N,N-dialkylacetamides were reacted with dialkyl-
bromoboranes to give 4-oxo-1,2-oxaborato-5-cyclohexenes or the cor-
responding open-chain compound depending on the substitution of the
amide.** Evans and Gauchet-Prunet used the Katzenellenbogen ap-
proach to 5-hydroxy esters, which were subsequently used to dias-
tereoselectively prepare 1,3-diols.**?
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Me O. ,R3

Bl 4

— » ] BFx
-0

0

152

Me;Si\/U\N,Rl + RRBBr ——— NRR
|
RZ

Me< O - R®
— | TR
0
152

The trimethylsilyl ketene acetal of methy! trimethylsilylacetate has
been Michael added in high yields to cyclic enones. This was used in a
high-yield synthesis of methyl jasmonate.**

Me,Si OMe 1) TiClyDCM/-78 °C
+ — >
H 0SiMe; 2 KoCO4 CO,Me
SiMe;
0
Me;Si OMe 1) TiClL/DCM/-78 °C
é/\z/\ + p——14 ) L -
H 0SiMe; 2) KyCOs
95%
i 0
KF
vy
\—_——_/\ MeOH PN
—_— —
COzMC 89%
Me,Si CO,Me

tert-Butyldimethyl(or diphenyl)silylketene was shown to react with
tributylalkoxytins providing a-silyl a-stannyl esters.®***” These interest-
ing species react with aldehydes or imines under the influence of titanium
tetrachloride catalysis to give a-silyl-B-hydroxy(or amino)esters in good
to excellent yields.

R'Me,Si R'Me,Si
>=C=0  + Bu;SnOR? —— €251 OR

H Bu3Sn
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e} R! ;
R'Me,Si ) 3 TiCl, v
OR + R°CHO —_— RZOZC

R3
Bu;Sn OH
41-89% yield: syn = 52-96 de
e 0 T R'Me,Si
R €9 i 2 3 = 4 R3
%OR + R7CH=NBn —_— R202C
Bu;Sn NHBn

64-94% yield: syn 296 de

13. REACTIONS OF a-SILYL CARBOXYLIC ACIDS

Trimethysilyl acetyl chloride reacts with trimethylsily! cyanide to give
the a-cyanotrimethylsilyl vinyl ether.’*® Similar compounds are obtained
by the addition of trimethylsilyl nitrile to silyl ketenes.

0
OTMS
Mesii L.+ Mesion  —— =
X
CN
R;Si R,Si OTMS
>=C=0 + MeSicN — 0 =
H H CN

R;Si = MeySi, Et;Si

The reaction of trimethylsilylmethylmagnesium chloride with *C-la-
beled carbon dioxide gave the labeled trimethylsilylacetic acid. This was
used to prepare diethyl malonate labelled at each carboxy! carbon.**

Me;SiCHMgCl + °CO,  ——  Me,SiCH,*COH

1) LDA/THF

2) co,
3)HCl
4) EtOH/TsOH

H,C(*CO,Et),

The reaction of trimethylsilylacetic acid with optically active thiols
178 produces the a-trimethylsilyl thioesters 179, which were reacted
with acetidinones to give 180.°° These are useful intermediates in the

synthesis of carbapenums.
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0 0
Me,Si + /C —— /C\N\
3 \/U\OH HS Neponz \/U\s PNZ
479

478
OR
H

0 y OAc

Me3Si /C\ N + .
\/lks “PNZ NSiMe,

0
479

PNZ = p-nitrobenzoyl
H// OR S‘C‘
Me;SiOTf /J;(\\< NoPNE
_ o
NSiMe,
O

480

It was shown that the anion of trimethylsilylacetic acid rearranges to
the enolate ion of acetoxytrimethylsilane in the gas phase and that this
enolate decomposes by two pathways, one generating ketene and
trimethylsiloxide ion and the other providing trimethylsilanol and the
deprotonated ketene.*"!

Me;SiCH,CO, —O—> Me;Si0,CCH,

/N

Me,SiO0 + H,C=C=0 H—=——0 + Me;SiOH

Paquette and co-workers*? found that it was possible to produce the
B-trifluoroacetate of 1-trimethylsilylcyclobutane carboxylic acid and
bring about the [-elimination to the methylenecyclobutane. Such a
sequence proved not possible with the corresponding cyclopropyl sys-
tems.

SiMe; SiMe;
COOH 1) BHyTHF TBAF
.———>
2) (CE;COY 0:LCFs - pvso
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The reaction of the bis(trimethylsilyl)ketene acetal of trimethylsilyl
acetic acid was also shown to react with aldehydes to give o,-unsatu-
rated acids directly when titanium tetrachloride was used as the cata-
lyst, 403

Me;Si 0SiMe, RCHO/TiCl, Me;Si __
— —_— > N\
OSiMe; DCM R COH
73-86%

The trimethylsilyl ketene acetal of ethyl trimethylsilylpropionate was
shown to give a,B-unsaturated esters upon reaction with aldehydes in
the presence of titanium tetrachloride.***

MeSi,  OSiMe 1) RCHO/TICl, R, COEt
”‘ OEt DCM H Me
2) NaHCO;4
43-72%

14. REACTIONS OF a-SILYL AMIDES

a-Silyl acetamides were shown to be reduced with lithium aluminum
hydride to the corresponding $-aminosilanes.*®®

0
. LiAlHy/A Me-Si
Me;S T e €351
€3 1% NMe, Y\ NMe,
Et,0
MMe, MMe;

M=Si, Ge

N,N-Dimethyltrimethylacetamide was deprotonated and the resulting
lithium reagent reacted with acetyl chloride, but this gave a poor yield
of the desired B-ketoamide. Included among the products was N,N-di-
isopropylacetamide resulting from reaction of the diisopropylamine
present from the LDA.*% The reaction of the enolate with ethyl acetate
gave only a 11% yield of the o,B-unsaturated amide. On the other hand,
reaction with amides gives B-enamino amides in moderate to good
yields.
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O o O
1) LDA/THF
MeSi I o +
11%
0

. 0
Me351\)j\ +
NMe, MC3SI\/U\N!-Pr
2

0,
50% 10%

o) O
. 1) LDA/THF Me
MC3S]\/U\NM _— — NMC/Z
€ 2) EIOAC EtO H
11%
0 O
. 1) LDA/THF H
Me3Sl\/U\NM P >=(lk NMe,
@  2)RCONMe;  \eN H
50-75%

The reaction of the lithium reagent of N,N-dimethyl(trimethyl-
silyl)acetamide with 181 did not proceed as desired, but with 182 it
reacted nicely.*’” In a similar vein the amide 183 was deprotonated and
condensed with 182 to give the adduct 184 in good yield.

MeO_ ,OM
Me;SiO_ CN  MeO_ OMe = ¢
Q Q Me;SiCH(Li)CONMe,
o 0 MﬁzN
181 182 Y
MeO_ OMe

MeO O .
j@\j’/\sm’i@s 1) LDA/THF
N . ———————-
MeO Me 2)182

183

Me
Me

O. El 20
D\/N*
O Me
184
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Rathke and Woodbury*®® studied the reaction of the enolate anions of
several amides with trimethylchlorosilane. They found that a tert-
butyldimethylchlorosilane quench favors O-silylation, smaller groups on
the nitrogen atom favor C-silylation, larger groups on the a-carbon tend
to favor O-silylation, and that thermal isomerization of the O-silylated
to the C-silylated tautomer is possible.

o] O !
1) LDA/THF R OSiR:
Rl\/U\NRZZ _—‘—‘») - RI%NR 2 + ) —— ¢ 23
2) R;SiCl _ 2 H NR,
SIR3
0
R OSiMe; 9 R OSiMe
150 ¢C R 3
= — \’/U\NMez + =
H NMe, 48 h SiMe; H NMe,
R=H 100% 0%
R =Me 82% 18%

Woodbury and Rathke*” formed the lithium enolate of N,N-di-
methyl(trimethylsilyl)acetamide with ketones, aldehydes, and epoxides.
The reaction with carbonyl compounds provides the expected o,p-un-
saturated amides in good yields and the reaction with epoxides produces
the trimethylsilyl ethers of 4-hydroxyamides.

. O O
Me;Slﬁ/u\NMq + )j\ Me, H
M~ M > =
Li y ¢ Meé CONMe,
82%
0
Me;Si 0 1) THF/25 °C/2 h QsiMes
® I\HLNMCZ + /A ) » /K/\WNM%
Li HHO"
o}

75%

The reaction of the lithium enolates of N,N-dimethyltrimethylsilyl-
acetamide and ethyl trimethylsilylacetate with nitrones gives a mixture
of products with acyclic nitrones, including the o, B-unsaturated carbony!
compound and diazenes.*'® With cyclic nitrones, aziridines and their
rearranged products are formed.
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15. MICHAEL ADDITIONS TO
a-SILYL-a,B-UNSATURATED CARBONYLS

The 2-trimethylsilyl enone 185 was reacted with the enolate of 186 in a
synthesis of estrone.*"!

SiMe; KO Bu
BuOH
186

The a-trimethylsilyl enone 187 was reacted with enolate 188 as a key

step into steroid systems.*'?
- o/\lo
w
. + —_—
SiMes o
O H
187 188

The utility of 3-(trimethylsilyl)-3-buten-2-one as a Michael acceptor
was demonstrated by the following example.*'

1) Me,CuLi
_—
0]
o o)

2) Me

SiMe;
3) KOH/H,0
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3-Trimethylsilylbut-3-en-2-one was used as the Michael acceptor in
a synthesis of 4,4-ethylenedioxy-2,3-dimethylcyclohexanone, a key in-
termediate in the synthesis of sesquiterpenes of the eremophilane—valen-
cane family, after desilylation.**

0
Qi SiMe; O
+ X .
o Yo 0 <( SiMe;
(-

O

Trapping of the enolate of 189, generated by lithium reduction of the
enone, with ethyl a-trimethylsilylvinyl ketone gave the Michael adduct
190, which was not isolated, but directly desilylated to 191.%'5

1) Li/NHy(1)

-

SiMe;,

P =S

190

not isolated, identified by IR

The use of 3-trimethylsilylbuten-2-one as a Michael acceptor was
employed in a synthesis of A’-progesterone.*'¢

OMEM 1) LDA/THF-HMPA
-78°C
or KN(SiMe;)/Et;B
THEF/-78 °C

H,C=C(SiMe3)CH;
2) TBAF/THF




234 GERALD L. LARSON

LDA 50% yield 3:2 ratio
KN(SiMes), 63% yield 1:1 ratio

Methyl 2-trimethylsilylacrylate was reacted with 1-benzenesulfonyl-
2-(N,N-diisopropyl)carboxamidoallyllithium to give the cyclization
product, which is also an a-silyl ester, in 57% yield.*"

Li Q )

. N'Pr,
=<SlMe3 . PhSO, | ,- - .
CO,Me NPr,

X Me;Si” COMe
Methyl-2-trimethylsilylacrylate was employed as the acceptor and
nucleophile in a new annulation sequence as illustrated.*'® The a-silyl
ester produced was readily desilylated with aqueous base. Ene diones
were synthesized using the Michael acceptor ability of an a-trimethyl-

silylenone.*'

MeO _Br
j@(\/ 1) BuLi-100 °C/THF MO CO,Me
MeO Br SiMe; SiMe;

2) MeO
COzMC 80%
-100 - 25 °C
. EtO.
EtO SiMe;
Kj )\”/\ %
+ —_—
LiO 0
(o]
SiMe;
EtO
NaOMe
—_—

MeOH

50%
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The a-trimethylsilyl enone concept was utilized by Boeckman and
co-workers*? in a Michael addition of a regiospecifically generated
enolate in a synthesis of gascardic acid.

O Lit OCu
é/ s \l/\/\rCu =——C;H,
N\
OCu
SiMe; OMe
+
OMe
(0}
N\ H
N
NaOMe
MeOH
6]
OMe
OMe

Boeckman, Jr.“*! was the first to show the reactivity of a-trimethylsilyl
enones with a regiospecifically generated copper enolate.

o}
@ 1) Me,CuLi/0 °C/1 h é:\’)l\
2 SlMe; MeOH

EL,0/-78 — 20 °C
3) NH(Cl,,

In order to circumvent the problem of polymerization encountered
with the Michael addition of enolates with methyl vinyl ketone and
similar substrates, Stork and Ganem®*?? turned to the a-silyl-o,3-unsatu-
rated ketones as Michael acceptors. This turned out to be an excellent
solution to the problem, due most likely to the ability of the silyl group
to stabilize an o-anion and to its greater steric bulk, which would
discourage polymerization. This concept has now been employed by
several workers in Michael additions.
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1) KO'Bu/BuOH O/>
PO

0
SiEty 2) NaOH/PrOH
0

-
3%

The selectively generated enolate of a cyclopentanone was trapped
with 3-trimethylsilyl 2-butenone. Concomitant annulation and desilyla-
tion gives the AB ring system 192.%3

Cu
SiMe "
2)
192 56%
0
3) KOH
4HH0"

An o-trimethylsilylenone trapping of a radical formed by radical
cyclization was illustrated by Stork and co-workers

OEt
1

424

Q"“O

OEt

1) BuySnCl/NaBH,CN
SiMes
R 2)
ButMe,S'O R
0 ButMe,S'O
[}

Kende and Chen**

used the a-trimethylsilylenone Michael reaction
in a synthesis of (+)-8-deoxyanistatin

74
1) Me,CuLi/E(0/-30 °C
SiM o
2) s o
(6]
(6]

3) KOH/EtOH/A
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Michael addition of 3-trimethylsilyl 2-butenone on enolate 193 was
used by Holton in a synthesis of the taxane ring system. The trimethyl-
silyl group is lost upon workup.**® The Michael acceptor ability of
o-trimethylsilylenones was also used in the trapping of a lithium enolate
generated from an enone and lithium in liquid ammonia.*?’

1Me/5

MOM:™ MOM»

Methyl 2-trimethylsilylacrylate was used in a sequential Michael-Mi-
chael—aldol cyclization procedure introduced by Posner and co-workers
for the formation of polyfunctionalized cyclohexanols.*?

MeOzC\( CO,Me
\[/ Me,i CO,Me CO,Me

Me,Si SiM .
oo OO HO SiMey

THF/-78 °C/1 h
© 54%
NO,

NO, Q 1) TASF
Me,Si Bl
Ej o \)J\OMe 2) B,
CO,Me
CO,Me

10% 37%

Y

The vinylborane resulting from the iodoboration of terminal alkynes
with B-iodo-9-BBN can be stereospecifically Michael-added to 3-

trimethylsilyl 2-butenone.*?
5

C6HI3%H + I—-B —_— _—
\ CH,;; H
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I\, :S SiMe, I 0

____» —
C6H13 H C6Hl3 H

52% yield 99% Z

The Michael addition of a ketone lithium enolate with an a-trimethyl-
silyl enone was used in the synthesis of adrenosterone by Stork and
co-workers.**° The Michael acceptor ability of 3-trimethylsilyl-2-
butenone was used in the synthesis of glycinoeclepin A.**! The enhanced
Michael acceptor ability of the a-trimethylsilyl o, B-unsaturated ketones

was employed by Monti and Yang**? in the synthesis of stachenone.

1) MeLi/DME
SiMe;

2)

o) 65%
3) NaOMe/MeOH

Cooke, Jr.*** showed that not only a-silyl-a,3-unsaturated ketones are
good Michael acceptors, but that this concept can be used in the conjugate
addition to a,B-unsaturated acids as well.

. Bu SiMe; Bu OH
BuLi + = —_—

H CO,Li Bu O

87%

The reaction of 2-(trimethylsilyl)enones or acrylates with nitrile ox-
ides has been reported to give good yields of the cycloadducts 194 in an
improvement on the reaction with the protiodesilylated derivatives.***
The reaction of organocuprate 195 with the Michael acceptor, 3-
trimethylsilyl 2-butenone, gave a-trimethylsilyl ketone 196.4%

SiM€3 +
R + Ph—=N-Q0 ——>»
° N
_ Ph— o HY Ph /N\
= Mo ONe con. —= " P

194 SiMes
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///,’ _ 2, ., SiMC3
Cu%*— OMe SiMe, /
= 0

OTBS OTBS
195 196

The reaction of 1-trimethylsilylvinylmagnesium halides with isocy-
anates produces N-substituted a-trimethylsilyl-o,-unsaturated amidate
anions, which have been found to be excellent Michael acceptors with
organolithium and Grignard reagents.**

H L PRCNO H  CONHPh
—_—

Bu SiMe; Bu SiMe;
10 examples 49-83% 69%

Some mesogenic tercyclohexyl derivatives were prepared employing
the Michael addition of the enolate of a methylcyclohexyl ketone with
2-trimethylsilyl-3-butenone.*’

O 1)LDA
”Pr _—> nPr
Q 0
:k O

2)
SiMe,
3) KOH

Structures 198 and 199 were prepared by the reaction of the corre-
sponding lithium enolate of the cyclopentanone with the a-trimethyl-
silyl-a,B-unsaturated ketone 197, where the presence of the

M€3 Si

MeO OMe

MeO
197 198 199
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trimethylsilyl group aids in the Michael addition.**® This chemistry was
used in a total synthesis of (—)-Norgestrel, an important oral contracep-
tive,

The reaction of methyl 2-trimethylsilylacrylate with Grignard re-
agents results in the formation of Michael addition of the Grignard to the
acrylate followed by addition of the resulting anion to another acrylate
molecule.**® The sequence was shown to occur with high stereoselectiv-
ity. Reduction and cyclization gives the tetrahydropyran, 200.

SiMe,
R OMgX
B N CoMe R =
CO,Me Me;Si OMe Me;Si COMe
19-87%
Me;Si (0] 1) LiAIH,
Fh OMe 2) "BuLi/TsCl Me;Si U.\\\SIM%
Me;Si et »  PhCHy"
> CoMe 3) "BuLi 2 5
200

Methyl 2-trimethylsilylacrylate reacts with organolithium or Grig-
nard reagents to give 1:1 and/or 1:2 adducts. The reaction with enolates
proceeds in a like manner.*%

SiMe, R OLi R SiMey
+ — e
CO,Me o OEt EtO,C CO,Me
and/or
COzMe
R SiM€3
CO,Me
EtO,C .
SiMe;

Methyl 2-trimethylsilylacrylate was shown to nicely react with the
ketone enolate of an acyl cyclohexene to give annulation providing 201,
desilylation of which was carried out with sodium methoxide in metha-
nol.*!
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o)

MeO,C 0,
o . O, LDA/THF/-80°C
Me;Si
Q/O 3 </O
Mesim  COMe
201

l NaOMe/MeOH

O
ﬁ/o
CO,Me

o-Trimethylsilyl enone 202 was used as a Michael acceptor to show

the validity of a route to pentacyclic triterpenes.**? Enolate 204 was
added to enone 203 in good yield.**
SiMes
M, o =< e
0 MgBr 0. °
H 2) PCC o

SiMe;

202

[ 0
O O
+
SiMes MeQ
202
DME
-78 - 25°C
. O
o) OL1 O
+ —_—
MeO SlM€3 MeO H

203 204
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Another use of the Michael acceptor ability of 3-trimethylsilyl-2-
butenone is to be found in the annulation of a cyclopentanone derivative
used in the synthesis of a chiral steroid CA-ring system.***

A new annulation methodology which involved the addition of dior-
ganocuprate to an a,B-unsaturated ketone and then reacting the resulting
enolate with a-trimethylsilylvinyl ketones was first presented by Boeck-

man.*?

-20 °C
54%

In a nice application of the advantage of employing an a-trimethyl-
silyl-a,-enone in the Michael addition of enolates to the enone is shown
in the construction of the C and D rings of the steroid skeleton.**

oS s N

90%
+

10%
The use of the Michael addition of an enolate to 3-trimethylsilylbut-
3-en-2-one was utilized in a key step in the synthesis of clavularin B,

which is the trans-isomer of 205.44

LiO o o
SiMe;

205
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Acyl selenides can be reacted with 1-trimethylsilylvinyl copper re-
agents to give a-silyl-a,B-unsaturated ketones, which in turn can be
reacted with lithium vinylcuprates to give addition and loss of the
trimethylsilyl group leading to y,8-unsaturated ketones with the stereo-
chemistry of the vinylcuprate reagent.**

0 SiMe; Q
PR . (S HMPA/THF/MeS o SiMe,
CHys SeMe CuMgBr -50°C s

96%

i SiM CH;; \CuLi 0
1 6113 ul.l >
C7H15/U\”/ By :)2 C7H15/U\/\=/C6H13
98%

16. REACTION OF a-SILYL CARBONYL SYSTEMS WITH
FLUORIDE ION

The reaction of a-trimethylsilyl enones represent a 1-acylethenyl anion
equivalent when reacted with aldehydes under the influence of fluoride

ion.*4?

SiMe; Ph OH
TBAF/THF
)\r Ph 4 PhcHO X »> Ph
-78 °C/30 min
0 o]
6 examples 39-76% 76%

Ethyl trimethylsilylacetate in conjunction with fluoride ion reacts with
ketones to give (Z)-silyl enol ethers in good yields.**

o Et

Me;SiCH,CO,Et + \/U\/ % >___\g
MesSiIO Me

Treatment of trimethylsilyl a-trimethylsilyl esters with fluoride ion
and benzaldehyde was shown to give the f-hydroxyacids with a prefer-
ence for the erythro-diastereomer.*!
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RI\()OJ\OSiM + PhCHO 1) CsF <ir TBAF -
SiMe; N 2O
OH O OH O
Ph)\ru\OH * Ph/'\;_/u\OH
OH OH
erythro threo

erythro:threo = 70:30 — 81:19

Kuwajima and co-workers*? have shown that treatment of ethyl
trimethylsilylacetate with tetrabutylammonium fluoride in THF in the
presence of a ketone leads to both regio- and stereoselective formation
of trimethylsilyl enol ethers. This is a very important transformation due
to the tremendous synthetic utility of the trimethylsilyl enol ethers.
Kinetic control is argued to account for the results.

0 Me;SiO

M€3 SlCHzCOZEt
\/\)K/\/ - \/M

0 °C/1 mol% TBAF/THF

0SiMe

0]
/\/\)J\ Me:;SiCHzCOzEI
- w

0 °C/1 mol% TBAF/THF

OSiMe;

Ethyl trimethylsilylacetate was shown by Kuwajima and co-work-
rs*3 to be an excellent silylating agent for alcohols and ketones to form
the silyl ethers and enol silyl ethers, respectively. The regioselectivity in
the formation of the enol silyl ethers favors the kinetic isomers. This
reagent will also silylate terminal acetylenes.
OSiMe; OSiMe;

(6]
TBAF
+ .
Mejsl\)J\OEt THE/25 °C \© \©

20% 80%

o _ TBAF L
Pr—=="H* MC3S‘\/U\OE: THF/25°C . [P —  SiMes
88%
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The use of ethyl trimethylsilylacetate to trimethylsilylate a tertiary
alcohol in the presence of an enolizable ketone was accomplished.*>

MOMO 0SiMe; MOMO. OSiMe;

Me3S lCHzCOzEt
TBAF/THF J

Y

Methyl trimethylsilylacetate was used as the source of the enolate of
methylacetate in the reaction with o-dinitrobenzene.*>> Methyl trimethyl-
silylacetate was reacted with o-chloronitrobenzene under the influence
of fluoride ion to give the ester 206 after oxidation. A similar reaction

with B-nitronaphthalene provided 207.45%457
NO, ‘o,
“ 1) TASF Cl
+ Mez_;SlCH2C02MC B ——— COzMC
2) DDQ
206
COzMe
NO
’ 1) TASF NO,
+ MeSiCH,COMe  ————
2) DDQ
207

The nucleophilic addition of the enolate of methyl acetate was accom-
plished by the reaction of methyl trimethylsilylacetate with fluoride ion
in the presence of nitroaromatic substrates.**® In the example shown the
trimethylsilyl ketene acetal of methyl trimethylsilylacetate gave the
same product in 77% percent yield. This approach was utilized in an
approach to indoles, 2-indolinones, and arylacetic acids.

NG, NO,

+ MeSiCH,COMe — —ASE COMe

79%
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Ethyl trimethylsilylacetate was successfully conjugate-added to cy-
cloalkenones under the influence of fluoride ion in a methodology based
on earlier work by Kuwajima and co-workers.*’ The initial adduct was
trapped as the enol sily! ether.

0
0
Me}Si\/u\OEt + ﬁ»
e
0SiMe; O
H,0
( CO,Et ( COEt
n
n=1 90% 85%
n=2 6% 87%

It was shown that a-trimethylsilyl ketones react, as do their isomeric
enol silyl ether counterparts, with aldehydes under the influence of
fluoride ion.* It is unclear whether isomerization of the a-silyl ketone
to the enol silyl ether takes place prior to reaction.

O

O
)H/\ Ph + PhCHO ﬂ»
THF Ph

SiMe;
Ph” “OH

Silica supported tetrabutylammonium fluoride was shown to be an
effective catalyst for the reaction of ethyl trimethylsilylacetate with
ketones.*°

O OSiMe; OSiMe;
Me;SiCH,CO,Et
> +
TBAF/SiO,
24% 76%

a-trimethylsilyl ketones were shown to react with various electro-
philes in the presence of fluoride ion to give direct electrophilic replace-
ment of the trimethylsilyl group.*®!
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O
.
Ph/U\/ SiMe, E*/CsF £

Ph

0
0
- SiMe, + _GCsF 0

80%

/loj\/ . /[O]\ CsF Q O O
Ph SIMEs + o SiMe, Ph/u\/\Ph * Ph/u\/U\Ph

Ph

Cyclopropyl anions were generated “in situ” in the presence of car-
bonyl compounds by treatment of 1-trimethylsilylcyclopropyl esters,
nitriles, and ketones with fluoride ion. This entry into aldol condensa-
tions of cyclopropyl systems was even carried out with a vinylogous
system 208.46

Rl
A<SiMe3 TBAF A2< R
—_—
Y Y

R'R¥cO
Y = CO,Me 45-90%
Y=CN  43-83%
Y=Ac  58-63%

0 Q OH
TBAF
=\ SiMey ————— = Ph
PhCHO
45%
208

The reaction of the monoprotected dialdehyde 209 with ethyl
trimethylsilylacetate and fluoride ion gives three products derived from
the enolate of ethyl acetate.*5®

Me;SiCH,CO,Et
TBAF

CHO CH(OMe),
Me;SiO CH(OMC)Z

209 CO,Et
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+

\ CH(OMe)
OMe [0) OMe

Et0,C

a-Silyl ester 210, prepared by the reaction of trimethylsilylketene on
the alcohol, was used as an “in situ” source of the ester enolate for
intramolecular reaction with the aldehyde group by treatment with
fluoride ion.*¢*

O
H oL SiMe;
CHO
1) TBAF/THF

-78 °C/3 min

) =5
O MeO

MeO MeO
35%

N

MeO

210

Ethyl trimethylsilylacetate was used to bring about the condensation
of ethyl acetate with the carbonyl of the sugar 211.%°

o1, A
TBAF
/4 + MeSiCHCOEt  ——» Ph/( R
Ph 5

OMe O OMe
0 OH

211 R = CH,CO,Et

a-Silylcycloalkenones were photoadded to olefins to give B-ketosi-
lanes, which could be protiodesilylated with fluoride ion in DMSO
containing a small amount of water,*6

1% 0
; 0
| SiMe; | SiMes - |
—_——— —_—
H,C=CR, R DMSO/K0 R
R R

a-Silyl esters and ketones were reacted with 1,3,5-trinitrobenzene
under the influence of fluoride ion to give attack of the enolate on the
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benzene ring to form the potassium salt.*” A similar reaction occurs with
acyl-, benzyl-, allyl-, or ethynylsilanes as well.

H R

ON NO, O,N NO,
18-C-
+ RSiMe, KE8C6 K 18-C-6
THF

NO, NO,
R = CH,CO,Me, CH,CO,Et, CH,COEt

The reaction of zert-butyl a,a-bis(trimethylsilyl)acetate with fluoride
ion in the presence of an aldehyde gives the Peterson reaction corre-
sponding to that of the enolate of fert-butyl trimethylsilylacetate.**®

0
Me;Si TASF or TBAF ‘Bu H
W/U\OIBU or - : - :
‘BuCHO/THF H CO,'Bu

MeSi

65%; 100% (E)

The bis(trimethylsilylated)acetidinone 212 gives a 1,4-C to O migra-
tion upon deprotonation to provide the C-trimethylsilylated material
213.%° The ester of this material reacts with acetaldehyde under the
influence of fluoride ion to give reaction at the nitrogen.

CO,SiMe;

1)LDA Me35i':J;]/COzH CHN, MesSis,__ ,COMe
N —_ = 7 .
“si 2 H,0 N 2) HMDS N
(@) SlMO} 2 g \SiMe3 g \SiMe3
212 213
MesSiy,, CO,Me KE/CH,CHO MejSis, COMe
_—
N, L
o SiMe; g Y
OH

17. REARRANGEMENTS OF a-SILYL CARBONYL
SYSTEMS

The thermal rearrangement of triethylsilyl urea derivatives was ob-
served.*”°

0o OSiEt

‘ 160 - 180 °C
Et,Si _160-180°¢
i \/LLN(Me)COX N(Me)COX

X =H, OMe, OEt
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The thermolysis of a-trimethylsily] aldehydes requires only 10 min-
utes at 140 °C for completion.'”

"CsHin 140 °C/10 min "
ﬁ/\o - CsH, I\/\OSiMeg
SiMe3

E:Z=285:15

The thermolysis of a-trimethylsilylcyclopropyl ketones such as 214
was employed in the preparation of fused bicyclic systems including
hydroazulenes.*”!

TBDPSO SiMe; TBDPSO P
SPh
1) LDBB o SiMe;
2) crotonic anhydride
n n
214
TBDPSO TBDPSO TBDPSO
SiMe; 1) nglyme/D
2) 5% NaOH
n=1 70% 6%
n=2 71% 4%
[} 0 TBDPSO
SiMe; 9} Dnglyme/D
DswHC ( * \
n n Ie)
=1 59% 5%
n=2 52% 16%

Kwart and Barnett*’? studied the thermal rearrangement of o-silyl
ketones to silyl enol ethers using *’Si-enriched material and determined
that Si—O bond formation is very important and that the reaction occurs
with initial attack of the oxygen on silicon to form a pentacoordinate
intermediate, which then rearranges. This is in contrast to the mechanism
put forth by Brook and co-workers*’ and Larson and Fernandez*"* who
felt that the reaction was basically concerted based on the absence of a
strong solvent effect.

Matsuda and co-workers*”® have shown that the isomerization of

a-trimethylsilyl ketones to silyl enol ethers can be accomplished in a
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stereoselective fashion with thermolysis and Wilkinson’s catalyst both
leading to the E-isomer as the major component and trimethylsily] triflate
and trimethyliodosilane both leading to the Z-isomer and the major
component. The stereoselectivity of these processes, however, do not
approach that of the thermolysis in acetonitrile employed by Larson and
co-workers. 476

O
i H
MC%C . H _ OSiMe, . _ CeHys
6113 /\ ‘/\ ; : .
Me OSiMe
Me;Si Me CoHlis 3
Conditions
175 °C/15 min\neat 93 7
HRO(CO)(PPh;)s/CgHy/105 °C/12 h 75 25
Me;SiOT/HMDS/DCM/0 °C/5 min 28 72
Me;Sil/HgL,/ HMDS/DCM/25 °C/15 h 18 82

The trimethylsilyl enol ether of a-phenylseleno ketones can be con-
verted to the vinyllithium reagent by way of metal-metal exchange. The
resulting lithium reagent can then be trimethylsilylated and hydrolyzed
to produce a-trimethylsilyl ketones in good yields.*”’

o OSiR, OSiR,
R SePh 1) LpA/THE R SePh R ScPh
2) R;SiCUTHF-HMPA +

OSiR, 0

R SePh |y | iDMAN/THF R SiRy
2) H,0 o

The thermal and base-catalyzed rearrangement of silylacetic acids
was reported by Brook and co-workers.””® As expected based on the
a-silylketone to silyl enol ether rearrangement, the products are the
corresponding acetoxysilanes.

0 0
217°C
i PhySi
Ph35’\)k0H T I\O/U\Me
100%
o

0
. Et;N(cat)
Ph;Si 3 .
— e Ph Ph
%OH 25 °C/4 WEE 3SI\o)]\/

Ph
100%
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Brook and co-workers*” showed that the insertion of diazomethane
generated carbene into the silicon—acyl bond occurs with retention of
configuration at silicon to give the a-silyl ketone and, furthermore, that
the a-silyl ketone to silyl enol ether rearrangement occurs with retention
at silicon in a four-centered, intramolecular process.

0
CH,N,

O
(=12 h ——— -1 H
(RI)-1NpPRMeST P e (RY)-1NpPhMesi

A| retention

OSiMePh1-Np

H
®e =
H

Ph

Paquette and co-workers*? prepared optically active a-trimethylsilyl
ketones and used them to study the Haller—Bauer cleavage. This was
shown to be with retention of configuration at carbon. This was turned
into an asymmetric synthesis of chiral C-centered a-trimethylsilyl ke-
tones.*®' The approach was also applied to cyclic systems to prepare
chiral substituted trimethylsilylcyclopentanes. 2

0
MNH, N
Ph R —»CH %R
sHe/A Me;Si¥ Me

Me;SiY Me

(M = Na, K; R = PhCH,, Me,C=CHCH,, PhCH,CH,, CsH))

O
Oy H\<:/[/
_— R
MeZS l\\

MC3S

Ph™ ™\
Me3SiQ

The reaction of ethyl(phenylmercuri)fluorochloroacetate with
triethylsilane provides the a-triethylsilyl-a-fluoroester.**

. 110°C
PhHECFCICOEt + EgSiH —— ——» Ei;SiCH,CHFCO.E!

71%
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Certain iridium, rhodium, palladium, and platinum catalysts were
found to bring about the rearrangement of 3-chloro-1-(trimethyl-
silyl)propan-2-one.*%*

O 0SiMey

Messio 1 2 A_a

catalyst = IrH(CO)(PPhy)s, trans-[IrC1(CO)(PPhy)],, RhH(PPhy),,
Pd(PPhy),, Pt(srans-stilbene)(PPhs),, Pt(n’-CH,COCH,)(PPhy),

The ketoxime of trimethylsilylmethyl ketones shows a reversible
1,4-migration of the silyl group from oxygen to carbon. An intermediate
of syn geometry, 215, is postulated to account for the migrations.*

N O 100 °C N~ OSiRs
sk hiame AL
SiRs 1) LDA/-78 °C R” > CH
R 2) H,0 3
R3Si = Me;Si, ‘BuMe,Si
o+
,O\- Li
N\ SiMe;

R
215

1-Trimethylsilyl-3-chloro-2-propanone, prepared from the Grignard
procedure, was thermally isomerized to give the regiospecifically gen-
erated enol ether, which as an allyl chloride was reacted with lithium
dialkylcuprates to give substituted silyl enol ethers.*®

Q Me;SiO R,CuLi  MesSiO

Messio a1, Ao —— AR

Silylmethyl ketones were prepared from silylmethylmagnesium chlo-
ride reaction on acid anhydrides as per the Hauser procedure,®” which
showed them to rearrange upon treatment with either mercuric iodide or
trimethylsilyl iodide in an intermolecular reaction.
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0

R,SiCH,MgCl + (R'C0O)0 — R

R,Si
0 .
Hgl, or Me;Sil OSiRy
RI > )\ 1
| R
R3S|

1-Trimethylsilyl-3-chloropropanone was shown to isomerize to the
enol silyl ether upon treatment with palladium or platinum(0).*®® This
enol ether was reacted with tris(triphenylphosphine)osmium dicarbony!l
to give complex 216. Similar complexes were obtained from the reaction
of the enol ether with tetrakis(triphenylphosphine)platinum(0) and
tetrakis(triphenylphosphine)iridium dicarbonyl.

(¢]
OSiM
Me3Si\/U\/ c1 _Pd(0) or Pt(0) - =&1 €
Cl

PhyP

0SiMe, oc ,
+ Os(COR(PPhy); — 3 o
QO =

=&CI

PhyP
216

The silacyclopentane, 1,1-dimethyl-1-silacyclopent-3-one, was
shown to thermally rearrange to the enol silyl ether 217.%%

5 e f

Me’ Me

The reaction of tris(trimethylsilylmethyllithium with O-ethylthiofor-
mate gives tris(trimethylsilyl)ethanethial as pink-red crystals.*®® Ther-
molysis of this material at 80 °C gives the thioenol ether whereas
photolysis results in the formation of tris(trimethylsilyl)ethylene in
addition to the thioenol ether. This contrasts with the photochemistry of
tris(trimethylsilyl)ethanal, which eliminated carbon monoxide and gives
tris(trimethylsilyl)methane.



a-Silyl Carbonyl Compounds 255

S S .
(Me;SikCLi +H )J\OE—> Me;Si, _ OFt
t .
(Me;SijC OEt Me;Si H
i Me;Si SSiM
MorSinG 80 °C €SI iMey
(MesSi Me,Si H
S . .
)J\ hv Me3SI _ SIM63 Me3Si SS]MQ_:,
Me;SixC OEt + —
(Me;Si)y; Me;Si - MesSi ’

N-Trimethylsilyl enamines, which are slow to equilibrate with their
isomeric a-trimethylsilyl imines, react with acrylonitrile or methyl acry-
late to give an adduct of the a-trimethylsilyl imine which reacts faster
than the silylated enamine.**! This reaction was carried out in an enan-
tioselective fashion as well.

“ “,. Ph “, Ph %, Ph
/< /( /( N SiMe;,

Me N Me N Me
1) ‘PrtMgCU/THF SiMe,

Y
+

2) Me3SicCl

1) H,C=CHCO,Me
2) KH,PO,

15-60% ee
CO,Me
The deprotonation-trimethylsilylation of 1,4-disubstituted -lactams
occurs to place the trimethylsilyl group on carbon cis to the 4-substituent.
The cis-isomer converts to the trans-isomer, however.*?> The C-
trimethylsilylated B-lactam was reacted with acyl chlorides and alde-
hydes.

! MesSi, Me;Si

R
N 1) LDA O
;N\ 3 2) MqSlCl ; ):-l
O R
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18. MISCELLANEOUS a-SILYL CARBONYL CHEMISTRY

Deprotonation—trimethylsilylation of dimethylhydrazones at—78 °C pro-
vides the mono-a-trimethylsilylhydrazone.* The reaction at 0 °C, how-
ever, gives the bis-trimethylsilylated derivative.

,NMeZ ,NMCQ ,NMez
N[ 1) E,NLi NI Nl
—_— or .
1\/[6/k R 2) MC3SIC1 K‘\R MC3SI\'/kR
SiMe; SiMe;
at-78 °C a1 -0 °C

The reaction of anisole with lithium and trimethylchlorosilane in THF
provides the methyl enol ether of an a-trimethylsilyl ketone.**

OMe OMe
. SiMC3
Li(powder)
——-
Me;SiClI/THF Me,Si

tert-Butylacetaldimine was converted to o,a-bis(trimethylsilyl)-terz-
butylacetalimine by either two sequences of deprotonation—trimethyl-
silylation or by reaction of the aldimine with 2 equivalents each of
lithium diisopropylamide and trimethylchlorosilane.*”® This silylated
aldimine reacts with aldehydes in the presence of zinc bromide to give
a,B-unsaturated aldimines and, upon hydrolysis, o,-unsaturated alde-
hydes.

By 1) LDA/THF/-60 °C 1) LDA/THF/-60 °C Me;Si
[ —— N, —_—

"
AR 2) Me,SiCl Mezsi/\/-NBu 2) Me,SiCl Me,Si ~—NBu
81% 75%
\ 2 LDA/THF/-60 °C /
2 Me;SiCl
84%
Mefli\/_N,Bu o/_\o ZnBr, (10%)THF o/_\o
Me;Si T > _CHo 25°C = XA CHO

97%

The thermal rearrangement of a-silyl ketones to the regiospecifically
generated silyl enol ethers was utilized in the 6-endo-trig cyclizations of
the unsaturated a-silyl ketones, 218, as shown.**
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Q 0SiPh,Me
= o,
140 °C/1 b y _
SiPh,Me
218
0
OSiPh,Me Q
. Pd(OAc)
Z — + +
CH;CN
. J
Y OAc
60%
13%
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