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1. Introduction

Development of efficient methodology to produce an optically pure enantiomer
is of fundamental importance, particularly for the synthesis of biologically
active natural products. Optically active compounds can be obtained by three
different approaches, that is, resolution of racemates, use of a chiral pool or
“chiron” (which are enantiomerically pure synthons), (1) or asymmetric
synthesis. Of these, one of the more challenging tasks involves asymmetric
synthesis, which may be carried out either enzymatically or nonenzymatically.
Whereas the nonenzymatic method enables us to introduce a chiral center
with either a stoichiometric or catalytic amount of a chiral compound, the
enzymatic method uses biological systems, such as microorganisms or
isolated enzymes, to create the center of asymmetry. (2-10) The purpose of
this chapter is to survey asymmetric synthesis via the production of
enantiomerically pure or enriched organic molecules by the enzymatic method
focusing on the use of a hydrolytic enzyme, pig liver esterase (PLE; Enzyme
Commission classification number, E.C. 3.1.1.1). (11)

Enzymes ake<classified into the following six groups based on the reactions
they catalyze:

1. Oxidoreductase (oxidation—reduction reactions).
2. Transferase (transfer of functional groups).

3. Hydrolase (hydrolysis reactions).

4. Lyase (addition to double bonds or the reverse).
5. Isomerase (isomerization reaction).

6. Ligase (formation of bonds coupled with pyrophosphate bond cleavage of
ATP).

Virtually all biochemical transformations are catalyzed in vivo by these six
groups, and the biochemical aspects of these enzymes have been studied in
detail. However, the practical utility of these enzymes in organic synthesis
remains to be further exploited and refined. For example, some enzymes
require cofactors, which are often expensive and must be regenerated in situ
to achieve a catalytic process. The ability of a substrate to associate with an



enzyme is also one of the most significant problems. In some cases, these
problems have been overcome and several enzyme reactions have been
successfully used on a large scale.

An enzyme reaction generally takes place when an intimate interaction
between the reactant and the chiral catalyst (enzyme protein) is realized. This
enzyme—substrate complex is designated as the Michaelis complex. Certain
amino acid residues of the enzyme form a three-dimensional structure as the
active site. This site often contains reactive groups of the amino acids such as
amino, mercapto, hydroxyl, carbonyl, carboxyl, guanidino, or imidazolyl. When
the substrate is bound to the active site in a specific orientation, enantiotopic
groups or faces of the substrate molecule are discriminated by the chiral
enzyme. This discrimination is sufficiently sensitive to differentiate between the
two hydrogen atoms in a methylene group. Thus the reaction proceeds
stereospecifically. (12) The enzyme can also distinguish among several
substrates competing for an active site. Such substrate specificity is
sometimes strict and sometimes broad. Synthetically useful enzymes should
accept a wide range of substrates and exhibit high stereospecificity. Many
enzymes meet these criteria, and PLE is one of them.



2. Scope and Limitations

2.1. Enantioselective Hydrolysis of Prochiral Diesters
In 1961 diethyl 3-acetamidoglutarate (1) was first hydrolyzed with an enzyme,
a -chymotrypsin (CHT), to afford the (R)-monoester 2 (Eqg. 1). (13)

NHCOCH, NHCOCH,
C,H,0,C \/'\/ CO,C,H; . HO;C CO,C H, 1)
1 2

There was no further report on such an enzymatic reaction until 1975, when
successful application of PLE to the asymmetric hydrolysis of dimethyl
3-hydroxy-3-methylglutarate (3) to monoester 4 with excellent enantiomeric
excess (ee) was reported (Eq. 2). (14) The use of CHT is not satisfactory for
this substrate because of the low hydrolysis rate and the requirement for a
stoichiometric amount of the enzyme. These results show that the constraint of
substrate specificity can be overcome by choosing an appropriate enzyme.
Although natural substrates for PLE have not been identified in biological
systems, it is now known that PLE cleaves a broad range of esters.

HO CH, ol HO_ CHs
cHy0,C. X _ CO.CH; ——— CHy0,C. X _.COH

ﬂ 4

(62%, 99% e6)

(2)

PLE-catalyzed hydrolyses of many substituted glutarate esters are reported
(Table 1). 3-(Protected amino) glutarates are efficiently hydrolyzed with
moderate to excellent enantioselectivity (Eqg. 3). (15, 16) Although an
unprotected 3-aminoglutarate is easily hydrolyzed, the optical yield of the
reaction is not high. The optical purity of the monoester decreases
considerably as the chain length of the acylamino substituent increases (5,

R' = CH3CONH, C2HsCONH, and n-C3H;CONH), and the absolute
configuration reverses with the pentanoylamino group (albeit ee is very low).
Hydrolysis of glutarates with bulky acylamino groups (5, R* = i-CsH;CONH,
t-C4HgCONH, and C¢H1:CONH, R? = H) affords the monoesters of S
configuration 6. Substrates with an unsaturated small group, such as
acrylylamino, are transformed to the (R) products 7, but with the crotonylamino
group the monoester of S configuration is slowly produced in almost 100% ee.
3-Aminoglutarates with urethane groups afford products with the S



configuration. 3-Alkylglutarates are also hydrolyzed with PLE in good yields
and moderate to good stereoselectivities. (17) The hydrolysis is pro-S
selective for the diesters with small C-3 alkyl substituents, and the hydrolyzed
ester reverses to pro-R group when the C-3 group is large.

R, R?
cn,o,c\'}"\/ CO,CH,

3)

R, R? R\, R?
cu,n,c\x_,cu,n or Hu,c\}'\/m,cn,
6 7

A remarkable reversal of the enantioselectivity is observed when
2,2-disubstituted malonates are hydrolyzed with PLE (Table II). (18)
Substrates with a methyl and a short alkyl group give the S enantiomer (Eq. 4),
whereas the one with a longer alkyl chain gives the R enantiomer (Eqg. 5).
Dimethyl ester substrates give much better enantioselectivity than the
corresponding diethyl esters.

CHy, CaHy PLE CHy, CaHs

c“!u'lc micﬁi Holl: CﬂlﬁH, (4)

D (73% ee)

CHy, CiHys-n PLE CHy, . CiHys-n
CH;0,C CO,CH, CHy0,C° 'COzH (5)
{88% os)

Enantioselective hydrolysis of diacylated glycerol derivative 8 can be carried
out with PLE, pig pancreatic lipase (PPL), lipase from Candida cylindracea, or
Baker's yeast. (19-21) PLE gives monoacetate 9 with approximately 40% ee
(Table 111). The antipode of 9 (88% ee) is obtained by use of PPL. (21)

OCH,CgHs BLE OCH,CgHs
GH;GO, D,GGH-. e — OH,CG,\J\,W



Sulfur-containing diester 10 can be hydrolyzed with PLE. Although the
absolute configuration of the hydrolysate 11 remains to be determined, the
enantiomeric purity is shown to be 82%, based on NMR measurement. (22)

0\ ; /—CO:CH, FLE . 5;— COgH
. \—CO,CHy \—CO,CH,
10 11
(82% ee)

2.2. Enantioselective Hydrolysis of meso-Diesters

Linear and cyclic meso-diesters are hydrolyzed with PLE to afford
enantiomerically pure or enriched monoesters. Various open chain meso
substrates, such as 2,4-disubstituted glutarates 12 and 2,3-disubstituted
succinates 14 and 15, are hydrolyzed with PLE in good chemical yields and
moderate optical yields (Table 1V). (23, 24)

CHy0;C._~_ C02CH, PLE HO,C_~_ CO:CH;

1 13
1] (B5%. 64% aa)

i
.
*
.

PLE
CH,0,C CO,CH, HO,C CO;CH,
14 (94%, 18% oe)
HO OH PLE HO OH
CH,0,C CO,CH, CH,0,C COzH
15 (92%, 48% ee)

Many cyclic meso-diesters can be hydrolyzed (Table V). In the hydrolysis of
dimethyl cis-cycloalkane-1,2-dicarboxylates, enantioselectivity is generally
very good except for the cyclopentane derivative 16 (n = 3) (Eq. 6). (24-26)
Change of the asymmetric recognition is observed depending on the ring size



of the cycloalkane moiety; whereas (1R,2S)-monoesters 17 are obtained from
cyclopropane- and cyclobutanedicarboxylates 16 (n = 1 and 2),
(1S,2R)-monoesters 18 are obtained from 16 (n = 3 and 4).

CH,),
(Cha) n=1,2

HO,C  CO,CH,
(CHa)n PLE 17

CHy0,C  CO,CHy (6)
16 n=34

On the other hand, PLE hydrolysis of the corresponding cyclic acetates,
cis-1,2-bis(acetoxymethyl)cycloalkanes (19), gives monoacetates 20 or 21 in
moderate chemical yields and low to moderate optical yields (Eq. 7, Table VII).
(27)

(CH3), {CH2), (CH3),

PLE
or

(7)

CH4CO, 0;CCH, HO 0,CCH, CH;CO, OH
19 20 21

[]

Dimethyl cis-cyclohex-4-ene-1,2-dicarboxylate (22) is efficiently hydrolyzed
with PLE to the synthetically useful monoester 23 in excellent chemical and
optical yields. (24, 28-30) However, the efficiency of PLE hydrolysis of the
corresponding cis-diacetate 24 to monoacetate 25 seems to depend on the
condition and the preparation of the enzyme. (27, 31)

Oco,cu, PLE CO,H
CO,CH, C :cu,r.:u:.
2 23
(94 - 89%, 85 - 99% e0)



0,CCH OH
L - LK
0,CCH, 0,CCHy
25
{78%, 96% ee)

24

In the 1,3-dibenzylimidazolidin-2-one system, the optical yield of
PLE-catalyzed hydrolysis of the cis-diacetate 26 (32) is much better than that
of the cis-diester 27 (33, 34) (Egs. 8 and 9). Thus PLE hydrolyses of a diester
and a diacetate are often complementary to each other in terms of optical
yield.

X

CeHsCHaN” ~NCH,CgHy CgHsCH N ~“NCH,CgHy

PLE
= T

CH4CO, 0,CCH, CH,CO, OH
26 {90% ee)

CsHsCHN” ™~ NCH,CeHs oLE CgHsCHzN” ~NCH,CgH, ©
e B ) .‘ 9
CH,0,C ;CH, HO,C  CO,CH,
27 (719, 38% ee)

Dimethyl cycloalkanediacetates 28, 30, and 32 are hydrolyzed with PLE, and
the corresponding monoesters are accessible in good chemical and optical
yields. (22) Cyclohexene derivative 29 and cyclopentanone derivatives 31 and
33 thus obtained serve as useful chiral synthons for natural product synthesis.
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30 31
(99%, B0% ee)
O 0
PLE
H H —_— H H
CH,0,C CO,CH, CH;0,C CO,H
32 33
(85%, B8% ee)

Cyclic cis-1,3-diesters are accepted as substrates by PLE. While dimethyl
cis-cyclopentane-1,3-dicarboxylate (34) gives (1S,3R)-monoester 35, (35) its
heterocyclic analogs 36 give the antipodal monoesters 37 upon PLE hydrolysis.
(35-37)

CH,0,C CO,CH PLE CH40,C CO.H
3 2 3 R 3V 2

34 35
(82%., 34% o)
CH:‘DSCN:UGQZGH, L HOEC‘O‘ Bﬂ:ﬂH:
36 ar

X=0 (98%, 42% ee|

X=5 (83%, 46% ee

X = NCH.CgHs (85%, B0% ea)®
(39%, 100% o)™



The optical yield in the hydrolysis of cis-1,3-diacyloxycyclopent-4-enes
depends on the chain length of the acyl group (Eg. 10) (Table VII). (38, 39)
While diacetate 38 is hydrolyzed to give the monoacetate 41 in about 80% ee,
propionate 39 and butyrate 40 are converted into the monoesters 42 and 43
with decreased optical yields.

aacanll

38 R=CH, 41 R =CH, (80.3% oe) (10)
39 A= CoHy 42 R=CHy (52%, 66% oe)
40 R=n-CyH, 43 R=1-CyH; (trace, 30% ee)

Nitro-containing cis-1,3-diacetate 44 is hydrolyzed with PLE to afford the
monoacetate 45 in a good chemical yield and an excellent optical yield. (40)

no, "o,
cu,co,\o’o,ccn, PLE HO\O’ 03CCHy
a4 45
(89%, 96% o0)

[]

7-Oxabicyclo[2.2.1]heptane-2,3-dicarboxylates are hydrolyzed with PLE to
give the corresponding monoesters (Table VI). Whereas the hydrolysis of
exo-diesters 46 and 48 gives the monoesters 47 and 49 with good to excellent
ee, (31, 41) endo-diester 50 is hydrolyzed less selectively to afford monoester
51 with 64% ee. (41)
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CO,CH COyH
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CO,CH,4 CO,CH;
48 49
(82%, 98% ee)
.CO;CH CO.H
@ FA PLE @ 2
*CO4CH,4 " CO,CH,
50 51
(B7%, B4% ea)

Bicyclic and tricyclic diesters containing an unsaturated maleate partial
structure can be hydrolyzed with PLE. Bicyclo diester 52 is hydrolyzed with
PLE to give monoester 53 in a moderate optical yield. (42) Tricyclic diesters 54,
56 (R = CHj3), and 58 give the corresponding monoesters 55, 57 (R = CHg),
and 59 with better optical yields of around 80% ee and quantitative chemical
yields. (43,@ In the hydrolysis of ethyl ester 56, the optical yield is improved
at the expe of chemical yield. (16)

@ CO,CH, i CO,H
CO,CH,

CO,CH,
52 53
(41% ee)
><o¢¢:¢": PLE o CO,;H
o CO,CH,y yﬂ CO,CH,
54 L]

{96%, 77% ee)



XA, —— XX

58 57
R = CHy, CjHy R = CHy (quant, 80% ea)
R = C3Hy ( 30%, 100% o)
CO,CH, - _ CO,H
oL, = KX
CO,CH, CO4CH,
58 59
{quant, 77% ea)

2.3. Kinetic Resolution of Racemates

Diastereomeric transition states are generated during the reaction of
enantiomeric substrates with a chiral enzyme. These transition states have
different energy values and the reaction proceeds faster through the favored
pathway of lower energy. Kinetic resolution is based on such differences in the
rate of enzymatic reaction of each enantiomer via the diastereomeric transition
states. Since the enzyme reaction of one enantiomer goes faster than that of
the other isomer, the products will be enriched with one enantiomer and most
of the other isomeric substrate will remain unreacted.

Several examples of kinetic resolution are reported. PLE preferentially
hydrolyzes the R enantiomers of several 3-hydroxy-3-methylalkanoic esters 60
to produce ﬂ—acid 61 and (S)-ester 60 (Table VIII). (45)

CHs PLE s THs
R!'—C-CHCOR? ——e R —C-CH;CO;H  + R'—C-CH,CO,R?

OH OH OH

(£)-60 (R)- 61 ( 5)- 80

PLE-catalyzed hydrolysis of trans-cyclopropanecarboxylates (+)-62 and (+)-64
at 50% conversions produces the optically active acids (1R,2R)-63 and
(1R,2R)-65, and the unreacted esters (1S,2S)-62 and (1S,2S)-64 (Table IX).
(46) The 1R enantiomers are preferentially hydrolyzed. The cis-isomers of the
two methyl esters 62 and 64 are not substrates for PLE and they can be
recovered unchanged.



PLE
'GD; CH, 50% Conversion
(+)-62 (1R2R)-63
PLE
b 50% Conversion .
CH40,C CO3CH, HO,C CO,CH,
(t)-64 (1R ,2R)E5

+ - \
‘COH >= CO,CH,

(15,25)-62

+

CH;0,C  CO,CH,

(15.25)-64

trans-Cyclohexane-1,2-dicarboxylates (x)-66 are hydrolyzed with PLE to give
(R,R)-monoester 67 and (S,S)-diester 66. (47) The best resolution of the two
enantiomers is achieved when the diethyl ester (+)-66 (R = C,Hs) is used as
substrate (Table XI). (47) Dimethyl trans-4-oxocyclopentane-1,2-dicarboxylate
[(x)-68] is similarly hydrolyzed with PLE to give (+)-monoester 69 and
(—)-diester 68 in excellent optical yields. (48) Resolution of methyl
()-cis-4-acetamidocyclopent-2-ene-1-carboxylate 70 with PLE affords
(+)-ester 70 and (—)-acid 71 in good chemical and optical yields. (49)

CO,R i CO,H
*CO;R “CO,R
(£)-66 (R, A}67
R = GHy, CoHg, 0 -CyHy
o
PLE
CHy0,C°  CO,CH, CH;0,¢° 'COH
(2)-68 (+)-69
(44%) 95% ee
CHsCONH, : ,CO,CH,  PLE
(£)-T0

CH;CONH : . CO,CHy

{+}-70
(B6%, 87% ee)

+

CO,R
" COzR
(S.5) 66
8]

+

CHy0,C°  CO,CH,

(- 68
(45%) 95% e

Hn,cguncocﬂ,

-7
(94%, 97% ee)



PLE-catalyzed kinetic resolution is successfully applied to epoxy esters. When
dimethyl (+)-3,4-epoxyhexanedioate (72) is incubated with PLE, (+)-diester 72
and (-)-monoester 73 are obtained in excellent optical yields. (50) Methyl

(£)-3,4-epoxybutanoate (74) is hydrolyzed with PLE at a somewhat slower rate
than (z)-72 to give (+)-ester 74 (74% ee) and hydrolyzed product 75 (97% ee).

c“=°=c_\f\_ PLE
CO,CH,4

{x)-72
cn,u,c—\i\_ cu,n,c—\a\_
i~
+
CO,CH, COH
(+}-72 -}-73
(40%, = 95% eg) (40%, = 95% ea)
0. 0. o
i o~ C02CH,y O _COCHy + | DN_COH
(£)-T4 (+)-T4 75

(409, 74% oa) (30%, 97% ea)

[]

The broad substrate specificity of PLE is shown by the hydrolysis of
ester-containing monomers and polymers. (51) Racemic
N-methacryloylalanine ethyl ester [(x)-76] is hydrolyzed with PLE to afford
(S)-acid 77 with recovery of (R)-76. Racemic copolymers (x)-78 and (z)-79
undergo ester hydrolysis with PLE to produce optically active species. (51) The
degree of optical rotation depends on the weight fraction of amino acid
containing monomer in the copolymer.
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2.4. Hydrolysis of Ester Groups in Labile Molecules

Many biologrplly active molecules contain labile groups that undergo facile
degradatio= fact, potent biological activities are often attributed to the
intrinsic high reactivity of the molecules. For the synthesis of such natural
products, it is frequently necessary to selectively hydrolyze ester groups in the
presence of other sensitive functional groups. This can often be best achieved
by an enzyme.

The instability of prostaglandin E; is due to its B -hydroxy ketone structure.
Whereas the usual chemical hydrolysis of ester 80 causes degradation, PLE
cleaves the ester group of 80 without destroying the rest of the molecule to
afford prostaglandin E; in good yield (Eqg. 11). (52)



HO OH
80 0
3 dhalairdid h
Ho OH
Prostaglandin E,
(B85%)

2-Azetidinone-containing carboxylic esters are also cleaved with PLE. Thus
methyl ester 81 is treated with PLE to afford a chiral synthon 82 for
carbapenem antibiotics in 70% yield (Eq. 12). (53) Attempted alkaline
hydrolysis of 81 results in a low yield of the acid, presumably because of the
anticipated ring opening. Methyl ester 83 is hydrolyzed with PLE to give
selenapenam 84 (Eq. 13). (54)

CO,CH, PLE COzH
"\ “-\
© SI{CHy);CyHy-t ° SICHy);CyHyet (12)

81 82

|:| (71%)

HoH H W
CH;0 - J:r:') PLE ::u,o-j_-i—j}
o N 4 [+ " 3 (13)
CO,H

CO,CH,
83 84

PLE-catalyzed cleavage of cyclopropyl acetate 85a at neutral pH results in a
mixture of cyclopropanol 85b and acetate, from which cyclopropanol can be
isolated by simple extraction. (55) Base-catalyzed hydrolysis or reductive
cleavage of cyclopropyl acetate afford considerable amounts of ring-opened
products.
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2.5. Enhancement of Optical Purity

Monoesters of high optical purity can be obtained even by using esterases of
low to moderate stereospecificity according to the following concept. (38, 56)
Suppose that prochiral diester S is converted into diacid or diol R via two
enantiomeric monoesters, P (fast forming) and Q (slow forming) (Eq. 14). If the
same stereochemical preference is maintained, the relative rate constants of
hydrolysis would be expected to follow the order k; >k, and ka > ks. It follows
that P is produced faster than Q and is transformed into R slower than Q.
Consequently, as the result of enantioselective hydrolyses and the inherent
consecutive kinetic resolution step, the concentration of the monoester P
increases as the enzymatic reaction from S to R proceeds.

"N

s \ R (14)
N
2 u i

Definition of the following kinetic parameters allows the prediction of the ee of
the monoester fraction and the optimization of optical and chemical yields. (38,
56)

a = klfrkz
E, = Kkil(ky + k)
E: = kg"l(kl + kj}

The concentrations of P, Q, and R and the ee are expressed as follows:
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Q=T 115(01 - E) [(55_0)5 B (S%)]
R=&yr 8 -0~
ee = (P - Q)/(P + Q)

The principle is illustrated by the following example. (38)
cis-3,5-Diacetoxycyclopent-1-ene (38) is hydrolyzed with PLE in 0.1 M
phosphate buffer (pH 7.0) to give the monoacetate 41 in 80.3% ee. The kinetic
constants for the hydrolysis of 38 are a =8.44 £ 0.56, E; = 0.06 £ 0.01, and

E> = 0.12 + 0.02. A computer-generated graph shows that the maximal
obtainable recovery of the monoacetate fraction is 83% with an ee of 81%.

2.6. Reaction Media

Generally enzyme reactions are carried out in aqueous solution, occasionally
with an organic cosolvent to dissolve the substrate. Organic cosolvents and
other additives can influence the rate and the enantioselectivity of
PLE-catalyzed hydrolyses of meso-diesters and diacetates. (31, 57) In the
hydrolysis of diacetate 24 (p. 7), addition of organic solvents to water results in
a decrease in the rate of hydrolysis and an increase of chemical and optical
yields. (31)fffje best result is obtained by using 10% of tert-butyl alcohol as a
cosolvent fé=this substrate. However, for the PLE-catalyzed hydrolysis of
other substrates, the effect on the enantioselectivity does not appear to follow
a general trend. (31) In the hydrolysis of dialkylated malonic diesters,
increasing the concentration of dimethyl sulfoxide results in the enrichment of
the R enantiomers of the monoesters. (57) Dimethyl
cis-N-benzylpyrrolidine-2,5-dicarboxylate (36, X = NCH,CgHs) is hydrolyzed
with PLE in an aqueous dimethyl sulfoxide medium to give optically pure
monoester 37 (X = NCH,CgHs) in 39% yield. (37) Optically active esters and
alcohols are produced from racemates by the esterase-catalyzed
transesterifications in biphasic aqueous—organic mixtures. (58)

2.7. Immobilized Enzyme

The efficiency of the enzyme reaction process is greatly facilitated by an
immobilization technique because the immobilized enzyme can be easily
recovered from the reaction mixture by simple filtration, making it reusable
many times. Covalent immobilization of PLE has been reported. (59)
Commercially available PLE is dialyzed against phosphate buffer and then
mixed with oxirane-activated acrylic beads to afford immobilized PLE (Eq. 15).



OH
|\/0,\/(.T " NH; - PLE ——— |\/n\)\_,m-|-rus (15)

The immobilized PLE retains excellent specific activity (68% of the soluble
enzyme) for several months when stored at 7°. Diacetate 38 is hydrolyzed with
immobilized PLE to afford the monoester 41 in 87% chemical yield and about
75% ee on a 500-mmol scale in one day. (59)

CH,CO, \Q,ﬂaﬂﬂ Hy Immobilized PLE m\g{}!m“’

38 L))
(87%, ~75% oa)

Optically active alkyl hydrogen (R or S)-3-aminoglutarates, such as 6 or 7
wherein R* = NH,, R? = H (p. 4), are produced by hydrolysis of dialkyl
3-aminoglutarates with esterase immobilized onto BrCN-Sepharose. (60)

2.8. Active Site Models

Whereas the topography of the active site of CHT has been intensively
investigatemttle is known about PLE. Based on the results of PLE-catalyzed
asymmetric hydrolysis of substrates having ester groups, the following
structural and stereochemical requirements for substrates are proposed. (24)

CH,

[a]

= Nucleophilic attack of the hydroxyl group
of the enzyme active site

Small to medium size groups
™~ - Mo or at most smak substituents

N

C-chains, with polar substituents
- prefarred in the lower parn

Onty small and non-polar / B
substituents (e.g. CHy)

The topography of the active site of PLE can be best inferred from its
interaction with rigid systems, such as tricyclic diester substrates. The active
site seems to be hydrophobic, and it is likely that a flat region which can easily



accommodate a six-membered ring is located near the catalytic serine residue
of PLE. The following working model of the active site of PLE is proposed to
reasonably explain the observed results. (61)

Pocket site {(am)

(Amide site)
Catalytic site =N _
(Nucleophilic site) S—— Hydrogen bonding region
B
Flat region v
(h-site) T

F - . 7 Hydrophobic site
ﬁ‘*._ : —
A1 1A

8= -60°

PLE-catalyzed hydrolysis of cyclopentanedicarboxylate 86a gives monoester
86b with >95% ee in 40-80% yield. (61a) This finding led to the proposal of a
new active site model for PLE having an extra hydrophilic site in addition to the
hydrophobic site, ester binding site, and catalytic site.

OH ul OH
CH304C N = HO CO;CH;3
BBa 86b

{40 - BO%, >95% ee)



3. Synthetic Applications

Symmetrical units are frequently present in the molecules of natural products.
The efficient construction of new chiral synthons with the desired asymmetric
centers and functional groups can be carried out catalytically by choosing an
appropriate enzyme. Whereas relatively simple natural products are
quasi-symmetrical and have obvious symmetry factors, some complex
molecules contain hidden symmetry. The strategy for synthesizing
complicated natural products and other compounds can be designed from the
following principles.
1. Symmetrization: retrosynthetic analysis to find a latent symmetry in the
complex target molecule leading to a simple starting diester having a o
symmetry in the prochiral or meso form.

2. Asymmetrization: enzymatic transformation of csymmetry to C1 symmetry;
creation of chirality in the symmetric diester by means of PLE-catalyzed
asymmetric hydrolysis.

3. Nonenzymatic procedures: conversion of the chiral monoester into the
target molecule by means of nonenzymatic operations.

Simplification by

Retrosynthetic Analysis  >Ymmetrization

1 RO,c” co.H
Target Ei} —» Q
Molecule| |=}— ar. -  Roc 0,8
| o Symmetry
HO,C COyR
C, Symmetry
Transtormation Asymmetrization
(Enzymatic)

This asymmetrization—symmetrization concept is based on the ability of PLE to
preferentially cleave one specific ester group of the two enantiotopic esters of
a substrate to afford an optically active monoester. The formal enantiomer
conversion of the monoester is easily achieved by the chemical step of formal
intramolecular transesterification. For instance, a chiral methyl monoester 87 is
transformed into the formally antipodal tert-butyl monoester 89 via a mixed
diester 88 (Eqg. 16). Thus both of the antipodes are in practice interchangeable
by a simple esterification—hydrolysis process.
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This characteristic of PLE is particularly advantageous for the flexible
generation of various chiral synthons. Enantioselective total synthesis of some
biologically active molecules is achieved by a combination of enzymatic and
nonenzymatic procedures based on the asymmetrization—symmetrization
concept.

3.1. Glutarate Derivatives
Chiral monoesters of glutarates serve as synthons for the highly functionalized
linear sequences of carbon atoms often found in various natural products.
(R)-Mevalonolactone (90) comprises a 3-hydroxy-3-methylpentane unit in
which the oxidation level at each carbon terminus is different. This synthon can
be made by a combination of enzymatic asymmetrization and selective
chemical trgrmgformation. A short synthesis of (R)-mevalonolactone (90) is
achieved by-HLE-catalyzed asymmetric hydrolysis of dimethyl
3-hydroxy-3-methylglutarate (3) followed by selective reduction of the ester
group of 4. (14)
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B -Amino acid derivatives are available in excellent optical yields by treatment
of 3-aminoglutarate derivatives with PLE. These are plausible precursors for
-lactams. Three representative carbapenems, all having the R configuration at
the bridgehead carbon, are synthesized from the PLE hydrolysate 91. (61, 62)
Cyclization of the B -amino acid is achieved by the condensing system
triphenylphosphine-2,2'-dipyridyl disulfide—acetonitrile. (63) (+)-Thienamycin,
a trans-carbapenem, is synthesized by acetylation of 2-azetidinone 92
followed by selective reduction of the ketone. (61, 64) The cis side chain of
(-)-carpetimycin A is constructed stereoselectively via the key lactone
intermediate 93. (65, 66) The olefinic side chain of (-)-asparenomycin C is
introduced into the 2-azetidinone 92 by a chelation-controlled Peterson
olefination. (66, 67)
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(+)-Negamycin is synthesized from the same monoester 91. The key feature of
the synthesis is the 1,3-asymmetric induction of chiral homoallylamine 94 to
afford the key cyclic intermediate 95 in an R:S ratio of 50:1 (Eq. 17). (68, 69)
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95 -
(+) - Negamycin

{74%) SR:55=50:1

PLE-catalyzed hydrolysis of dimethyl 3-methylglutarate (96) followed by
borohydride reduction gives the chiral lactone 97, which is further converted
into a chiral synthon 98 for isoprenoids (Eq. 18). (70)
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The value of the enzymatic methods in complex natural product synthesis is
demonstrated by a convergent synthesis of the putative biosynthetic triene

precursor 99 of monensin A. (71) Three important fragments of 99, namely,
alcohol 100, aldehyde 98, and monoester 101, are generated enzymatically.
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Chiral nonracemic glutarates are useful synthons for macrocyclic natural
products. Verrucarin A and 3 a -hydroxyverrucarin A are synthesized from a
component obtained by the hydroxylation of chiral monoester 102. (72, 73)

A=H Verrucarin &
R=0H 3a - Hydroxyvermucarin A

Monoester 103 is converted into a rifamycin S fragment epimeric at C-23. (74)
Pimaricin contains two molecules of antipodal 3-hydroxyglutarate units 104
and 105, which are generated by using PLE and CHT, respectively. (75)
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3.2. Bicyclo[2.2.1]hept-2-ene Derivatives

Synthesis of the optically active sugar moiety of nucleosides is carried out by
PLE-catalyzed hydrolysis of Diels—Alder adduct 106. This approach is feasible
because of the unusual decarboxylative ozonolysis of monoester 107,
furnishing the ribose skeleton of 109 via intermediate 108 (Eq. 19). (61)
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The usefulness of the chiral synthon 107 is extended by the enantiomer
interconversion of 55 into 111. Thus chiral nonracemic monoester 55 is
converted into either (—)-6-azapseudouridine or an unnatural L-ribose
derivative. (61, 66) On the other hand, the antipodal tert-butyl monoester 111,
obtained from 55 by the enantiomer interconversion through 110, affords a
D-ribose derivative or (+)-showdomycin. (43, 76)
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(-)-Cordycepin (3'-deoxyadenosine) is synthesized from epoxy monoester 59
(Eqg. 20). (43, 66, 76, 77) Monoester 57 with a methano bridge is a valuable
precursor for the unusual carbohydrate moiety of optically active carbocyclic
nucleosides, because neither the cyclopentylamine moiety of aristeromycin
nor the cyclopentenylamine part of neplanocin A is accessible by the
degradation of natural products (Eq. 21). (42, 44, 66, 78) This approach allows



the systematic synthesis of various neplanocin analogs including cytidine
derivative 112, which is highly active against mouse lymphoma L5178 cell in

vitro. (42, 69, 79, 80)
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3.3. cis-Cyclohex-4-ene-1,2-dicarboxylates

The bicyclic B-lactam 114 is generated as an intermediate for
cis-carbapenems (Eq. 22). (36) The Curtius rearrangement of the optically
active monoester 23 affords 3 -amino acid 113, which is cyclized to 114 with
triphenylphosphine—-2,2¢-dipyridyl disulfide—acetonitrile. Since racemic 114 is
known to be convertible into racemic cis-carbapenem, (81, 82) the successful
preparation of optically pure 114 constitutes a formal enantioselective
synthesis of 6-epi-PS-5, a cis-carbapenem antibiotic.



(22)
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A synthesis of (-)-fortamine, a unique 1,4-diaminocyclitol skeleton of an
antibiotic fortimicin A, is achieved starting with the same optically active
monoester 23. The introduction of each functional group on the cyclohexane
ring is accomplished with full stereocontrol via amino acid derivative 115,
bicyclic lactone 116, and epoxide 117. (83)
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Monoester 23 is also a synthon for substituted cyclopentanes. (84) Ring
contraction of the cyclohexene moieties of bicyclic lactones 118 and 119 is
performed by permanganate oxidation, esterification, and Dieckmann
condensation. The regioselective formation of the key intermediates 120 and
its enantiomer 121 allows facile access to cyclopentanoid natural products
such as prostaglandins, (85, 86) carbacyclin, (29, 30) brefeldin A, (29, 87) and
pentalenolactone. (29, 30)
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3.4. Miscellaneous

The chiral cyclopentenyl monoacetate 41 is a useful synthon for prostaglandin
syntheses. Claisen rearrangement of 41 affords the chiral bicyclic lactone 122,
which is known to be convertible to the “Corey lactone,” a key intermediate for
prostaglandins. (39, 88) On the other hand, the cyclopentenone 123 is a
versatile intermediate for cyclopentanoid natural products. (89) Development
of a three-component coupling procedure to introduce a - and o -appendages
into 123 or its equivalent allows facile access to the prostaglandins. (90, 91)
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The chiral cyclopentanecarboxylic acid derivative 69, obtained by kinetic
resolution of the corresponding trans-diester 68 (page 11), is converted into
the synthon for prostaglandin A,. (48)
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Bicyclic lactone 126, a known intermediate for the synthesis of (+)-biotin, is



synthesized by two different chemicoenzymatic approaches, either by the
reduction of monoester 124 (33) or, alternatively, by the oxidation of
monoacetate 125. (32) The optical yield of the monoacetate 125 (90%) is
better than that of the monoester 124 (75%).
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(R)-Monoester 128, a known precursor for L- a -methyldopa, is obtained by the
PLE-catalyzed hydrolysis of dialkyl malonate 127. Whereas the optical yield of
the monoethyl ester 128 (R = C,Hs) is 59%, (33) the corresponding
monomethyl ester 128 (R = CHs) is obtained in 93% ee. (92) Carboxylic acid
128 is converted into L- a -methyldopa via acyl azide formation followed by the
Curtius rearrangement.
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A building block of platelet activating factor (PAF) is synthesized via a
sequence involving PLE-catalyzed hydrolysis. Chiral monoacetate 9 obtained
in about 40% ee is converted into the known percursor 129 for PAF. (19)
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Chiral reagents of auxiliaries for organic synthesis are enzymatically prepared.
Multiple coupling reagents 130 and 131 (93, 94) are prepared from
enzymatically generated chiral nonracemic nitroacetate 45. (40) Several
synthetically useful chiral amino alcohols are also synthesized from 45. (40)
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Chiral auxiliaries for asymmetric synthesis, 133 and 135, are practically
prepared by enzymatic resolution. (95) Treatment of racemic trans-acetate 132
with powdered pig liver (pig liver acetone powder, PLAP) gives a nearly 1:1
mixture of (=)-alcohol 133 and (+)-acetate 132. Alkaline hydrolysis of (+)-132
affords (+)- hol 133. Recrystallization of (+)-133 and (-)-133 gives optically
pure materials. Resolution of racemic trans-acetate 134 proceeds similarly.
Although the resulting purified enantiomers are not crystalline at room
temperature, material of high ee is obtained by carrying the PLAP hydrolysis
past the point where the ratio of acetate to alcohol is 1:1. Alkaline hydrolysis of
unreacted acetate (—)-134 affords alcohol (+)-135 of high ee. The
enzymatically produced alcohol 135 enriched in the (-)-enantiomer is
reacetylated and carefully rehydrolyzed with PLAP to give alcohol (-)-135. The
optical rotations of the resulting alcohols (+)-135 and (-)-135 are equal in
magnitude and opposite in sign.
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4. Comparison with Other Methods

4.1. Other Hydrolytic Enzymes and Microorganisms

Formation of optically enriched molecules with enzymes other than PLE has
also been widely investigated, and there are several examples of results
superior to those of PLE-catalyzed hydrolysis. For instance. CHT-catalyzed
hydrolysis of dialkyl 3-hydroxyglutarates and diethyl 3-acetamidoglutarate (Egs.
1 and 2) proceeds stereospecifically to give (R)-monoester in higher ee than
that obtained with PLE. (13, 96) However, diethyl acetamidomalonate is
hydrolyzed with CHT with virtually no stereospecificity. (97) PPL-catalyzed
hydrolysis of cis-1,2-bis(acetoxymethyl)cycloalkanes results in better optical
yield than that obtained with PLE (Eq. 7). (98, 99) The meso-dibutyrate 136 is
also cleaved with PPL to afford alcohol 137 of 55% ee in 77% isolated yield.
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PPL-catalyzed hydrolysis of dimethyl cis-cyclohex-4-ene-1,2-diacetate 138
affords mo ster 139, the enantiomer of that obtained with PLE, in excellent
chemical a.m)ptical yields. (22) Ester 139 is converted into chiral bicyclic diol
140, a potential synthon for carbacyclin and isocarbacyclin. (101, 102)

H n
O:CQ:CHg PREL &CQ:CH,
CH COzH
H co! 3 H 2
138 139

(97%, 87% ea)

OH

Carbacyclin
Isocarbacyclin

-- OH —_—

140



Electric eel acetylcholinesterase is also a valuable enzyme for the hydrolysis of
certain diacetates. Treatment of cis-1,3-diacetoxycyclopent-4-ene (38) with
acetylcholinesterase affords monoacetate 141 in excellent chemical and
optical yields. (103) PPL is also successfully applied to the hydrolysis of 38.
(104) Bicyclic meso-diacetate 142 is hydrolyzed with electric eel
acetylcholinesterase to provide monoacetate 143 (80%) which is oxidized with
Jones reagent to enone (+)-144 (95%, 98% ee). (105)
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Hydrolysis with appropriate microorganisms is also possible. The diacetate 38
is also hydrolyzed with Bacillus subitillis var. Niger to afford chiral monoester 41.
(88) About 500 species of microorganisms have been screened for the
large-scale hydrolysis of dimethyl 3-[(benzyloxycarbonyl)amino]glutarate, and
Flavobacterium lutescens IFO3084 and IFO3085 hydrolyze the pro-R ester
group most specifically and effectively (better than 97% ee). (106) Whereas
the optical yield in the PLE-catalyzed hydrolysis of dimethyl
cis-2,4-dimethylglutarate (12) is not high, an alternative microbial hydrolysis
using Gliocladium roseum gives monoester 13 with an ee greater than 98%.
(23) Incubation of (+)-diacetate 145 with Trichoderma viride affords
(+)-diacetate 145 (85% ee), (—)-monoacetate 146 (15% ee), and (-)-diol 147
(100% ee) in a ratio of 49:10:41. (107)
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Kinetic resolution studies of racemic acetates and esters using Baker's yeast,
(108, 109) lipase, (110) Saccharomyces sp., (111) Bacillus subtilis var. Niger,
(112) Brevibacterium ammoniagenes, (113) Trichoderma konigi, (114)
Rhizopus nigricans, (115) and Klebsiella pneumoniae (116) are reported.
Resolution of racemic acids and alcohols by lipase-catalyzed hydrolysis,
esterification, and transesterification are reported. (58, 117) Kinetic resolution
studies of (x)-menthol and (x)-2-(p-chlorophenoxy)propionic acid using a
commercial Candida cylindracea lipase in biphasic media are reported. (118)

The maximum yield of one enantiomer is 50% in all of the conventional
resolution processes. However, it should be possible to transform a racemic
ester into one enantiomer product in up to 100% vyield if a reaction could be
conducted er conditions wherein the substrate may be racemized in situ
without racemization of the product. This concept is successfully applied to the
Streptomyces griseus protease-catalyzed hydrolysis of ester 148 to give
(—)-ketrolac in 92% isolated yield. (119)
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4.2. Oxidoreductases

An alternative to PLE-catalyzed hydrolysis is the use of oxidoreductases for
desymmetrization. Whereas esterase hydrolyzes one of the enantiotopic ester
groups (Eg. 23), oxidase discriminates between enantiotopic hydroxyl groups
to afford a chiral keto alcohol (Eqg. 24).
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Whereas (R)-mevalonolactone is synthesized via the PLE-catalyzed hydrolysis,
(S)-mevalonolactone is accessible using Flavobacterium oxydans which
oxidizes gem-hydroxymethyl compounds to the corresponding hydroxymethyl
carboxylic acids. (14) When prochiral triol 149 is incubated with lyophilized
cells of F. oxydans, (S)-mevalonolactone is obtained (Eq. 25). On the other
hand, treatment of (RS)-mevalonolactone with F. oxydans affords
(S)-mevalonolactone. These results suggest the following two possibilities: (1)
the pro-S hydroxymethyl group of 149 is preferentially oxidized with the
microorganism to afford (S)-mevalonolactone; or (2) nonspecific oxidation of
149 to (RS)-mevalonolactone takes place, followed by selective utilization of
the R isomer by the microorganism, leaving behind (S)-mevalonolactone.
3-Methyl-1 b-pentanediol is similarly converted into the corresponding chiral
lactone with the enzyme systems of Gluconobacter roseus. (120)
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Horse liver alcohol dehydrogenase (HLADH) has been most intensively
studied for application to organic synthesis. L-Glyceraldehyde is obtained via
the HLADH-catalyzed oxidation of pro-S hydroxyl groups of glycerol. (121, 122)
The efficiency of the oxidation is improved using flavin mononucleotide (FMN)
recycling of catalytic amounts of expensive NAD", the cofactor required for
HLADH oxidation. Thus 3-methyl-1,5-pentanediol (150) is oxidized to the chiral
lactone 151 in 70% chemical and 90% optical yields (Eq. 26). (123, 124) This



HLADH procedure is especially effective for the oxidation of
meso-cycloalkanedimethanols 152 to afford the corresponding bicyclic or
tricyclic lactones 153 in optical yields better than 97% (Eq. 27). (125-128)
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Fermenting yeast reduces carbonyl compounds to optically active alcohols,
(129) and is applied to synthetic studies on prostaglandins (130, 131) and
leucotrienes. (116)

4.3. Nonenzymatic Methods

The usual optical resolution of racemates inevitably produces the useless
enantioisomer theoretically in up to 50% yield. The “mesotrick method” (132) is
an alternative approach for asymmetrization starting with a symmetrically
functionalized meso compound to utilize the total amount of the material. The
functionalization of meso compound A with an equimolar amount of chiral
compound B* gives a mixture of the two diastereoisomers C and D, which then
can be separated from each other by chromatography or crystallization. As it is
possible to transform C or D into the antipodal compounds E or F by



conventional chemical manipulations, the total amount of A can be utilized to

produce E or F.
X-B*
O
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This concept is successfully applied to the preparation of optically pure
prostaglandin intermediates starting with cis-2-cyclopentene-1,4-diol (154).
(132) Treatment of meso-diol 154 with N-methanesulfonyl-L-phenylalanyl
chloride gives diester 155 (24%) and a mixture of monoesters 156 and 157
(51%). Fractional crystallization of the oily mixture of 156 and 157 affords
optically pure 156 and the mother liquid gives 157 contaminated with a small
amount
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of 156. The monoester 156 is converted into (+)-159 by the Claisen
rearrangement, hydrolysis, and lactonization. On the other hand, 156 is
transformed into the formally antipodal alcohol (-)-158, which affords lactone
(—)-159. Likewise, the other monoester 157 is transformed into either (-)-159
or (+)-159. (132)

This “mesotrick method” is further applied to cis-2-cyclohexene-1,4-diol 160,
and either (+)-161 or (-)-161 is similarly obtained. (133)

O

6 8 g

160 {+)-161 (161



Enantiomers of high optical purity can be obtained by virtue of enantiotopic
carboxyl group differentiation in the ring opening of cyclic anhydrides.
Symmetrically substituted glutaric anhydrides are treated with
(S)-phenethylamine, (134) I-menthol, (135) binaphthylamine derivatives, (136)
or (R)-phenethyl alcohol (137) to afford monoamide or monoester derivatives
of glutaric acid in a diastereoisomeric ratio of 54:46 to 4:96.
meso-Cycloalkanedicarboxylic anhydrides (such as 162) are esterified by the
diphenylboric ester of (R)-2-methoxy-1-phenylethanol (163) in the presence of
a catalytic amount of diphenylboryl triflate in a highly stereoselective manner
(Eqg. 28). (138) Enantiotopic differentiation is observed in the ring opening of
prochiral cyclic anhydrides with methanol in the presence of a catalytic amount
of cinchona alkaloids with the formation of monoesters in optical yield of up to
70%. (139, 140)
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The heterocycle (R)-4-methoxycarbonyl-1,3-thiazoline-2-thione (MCTT) is an
efficient chiral leaving group for the differentiation of the two enantiotopic
carboxyl groups in meso compounds. (141) 3-Methylglutaric acid (164) is
coupled with two equivalents of (4R)-MCTT to afford the optically active
diamide (165) in which the stereochemistry of the pro-S and the pro-R groups
is different. Excellent regioselectivity is displayed in the treatment of diamide
165 with a nucleophile Nu;. Second attack by another nucleophile Nu;
produces enantioisomeric products 168 and 169 from compounds 166 and
167. (141) This highly regioselective differentiation can also be applied to
meso-2,4-dimethylglutaric acid, (142) cis-5-norbornene-endo-2,3-diacetic acid,
(143) and cis-cyclohex-4-ene-1,2-diacetic acid. (144)
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Optically active y - and & -lactones 172 and 173 are obtained either by the
catalytic asymmetric hydrogenation of prochiral cyclic anhydrides 170 and 171
(145) or by the homogeneous catalytic dehydrogenation of prochiral diols 174

and 175 (1musing a Ru(ll) complex of

2,3-O-isop lidene-2,3-dihydroxy-1,4-bis(diphenylphosphino)butane (DIOP)
(Eq. 29).
R R R
o m o Cl o HDhDH
170 H, 172 t::¢|'|5"::"'-1:|‘|'|’..'H::“::|'|3 174
(CHz)y  PUCL(DIOP) o RusCly(DIOP), — (29)
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Selective acylation of prochiral diols and triols is accomplished by application
of tin chemistry. Optically active glycerol derivatives are obtained in up to 80%



ee by the selective acylation of Sn(ll) alkoxides by the use of a chiral diamine

as a ligand (Eqg. 30). (147) Cyclic Sn(IV) ethers of glycerol and meso-1,2-diols
are acylated with optically active acid chlorides in up to 90% de (Eq. 31). (148,
149)
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Sharpless asymmetric epoxidation of prochiral allyl alcohol 176 produces the
optically active epoxy alcohol 177 (Eq. 32). (150-152)

?H t -C HyOOH, TI{OCH;- 1 )2 ?H
W {+] - diethy! tartrate W (32)
176 177

These examples are indeed ingeniously designed and are thought to be
chemical counterparts of enzymatic asymmetrization. However, it should be
noted that most of the chemical asymmetrizations described above could in
principle be achieved enzymatically.



5. Experimental Conditions

Enzyme reactions are not used extensively by most organic chemists because of the
instability of enzymes under acidic or basic conditions, at high temperature, or in organic
solvents. Whereas organic reactions are often carried out in water-free organic solvents at
various temperatures from —100° to above 100°, enzyme reactions are performed in
aqueous solution at physiological pH and temperature. PLE hydrolysis is carried out in
phosphate buffer (pH 7-8). Good results are often obtained by maintaining the pH of the
solution around 7 or 8 using a pH stat and stopping the reaction when the calculated
amount of base is consumed. Solubility of the substrate diesters in the aqueous medium
is crucial. Good results are frequently obtained by the addition of a small amount of an
appropriate cosolvent, such as methanol, ethanol, tert-butyl alcohol, acetone, dimethyl
sulfoxide, N, N-dimethylformamide, or tetrahydrofuran. (31, 57) The reaction is carried out
in multigram scales using a round-bottomed flask equipped with an efficient stirrer.
Vigorous stirring with a mechanical stirrer increases the efficiency of the reaction.

Commercially available PLE [Sigma E3128, suspension in 3.2 M (NH,4),SO, solution, pH 8]
is employed in most of the enzymatic hydrolyses. In some reactions satisfactory results
are obtained by using crude preparations of the enzyme. (95) A large-scale preparation of
highly purified PLE from minced pig liver has been reported. (153)



6. Experimental Procedures

6.1.1.1. Preparation of Crude PLE (153)

Fresh pig liver mince (approximately 1 kg) was homogenized with 5 L of
redistilled acetone (=30 to —10°) in an explosion-proof Waring Blendor®. The
acetone was filtered through a large Buchner funnel (24 cm, Whatman No. 542
paper). The filter cake was washed with cold acetone (—30 to —10°) until the
filtrate was colorless. Excess acetone was removed by compressing the cake
with a rubber dam fitted over the Buchner funnel. The filter cake was then
finely divided and dried in vacuo (10°), the residual acetone being condensed
in two traps at —80°. Final traces of acetone were removed by evacuating the
powder over concentrated sulfuric acid (10°). The thoroughly dried preparation
was powdered by grinding in a Waring Blendor® and stored in air-tight jars at
4°.

6.1.1.2. Enzyme Assay (153)

Esterase activity was measured using an automatic titrator. The reaction was
initiated by the addition of a 100-pL aliquot of the enzyme solution to 10 mL of
0.0125 M ethyl butyrate at pH 7.5. This pH was maintained by the automatic
addition of 0.0100 N sodium hydroxide contained in a micrometer syringe
buret. The reaction mixture, in a stoppered tube (2.5 x 5.7 cm), was
equilibrated at 38 + 0.1° for 15 minutes before the addition of enzyme. Under
the conditions of the assay, no correction for spontaneous hydrolysis or for the
absorption of carbon dioxide was necessary. Further, butyric acid (pKa = 4.8)
is completely ionized. One unit of PLE activity is defined as the amount of
enzyme reed to catalyze the hydrolysis of 1 ymole of ethyl butyrate per
minute, under the assay conditions described above. Units of the commercial
PLE are shown on the label of the bottle.

6.1.1.3. Methyl Hydrogen (3S)-3-[(Benzyloxycarbonyl)amino]glutarate
(Enantioselective Hydrolysis of a Prochiral Glutarate with PLE) (69)

To a solution of dimethyl 3-[(benzyloxycarbonyl)amino]glutarate (465 mg,

1.5 mmol) in 1.5 mL of acetone and 45 mL of 0.05 M phosphate buffer (pH 8)
was added 0.22 mL (300 units) of PLE (Sigma, E3128 Type I). The mixture
was incubated for 7 hours at 25° and then acidified to pH 3.0 with hydrochloric
acid and extracted with dichloromethane. The organic layer was dried with
sodium sulfate, concentrated in vacuo, and purified by chromatography on
silica gel (eluted with diethyl ether) to afford 410 mg (93%) of monoester;

[al 5’ +0.69°(c 7.50, CHCI3). Optically pure monoester was obtained by

recrystallization (dichloromethane—n-hexane); mp 97.0-97.5°; Eh 0.72%¢c

7.5, CHCIly); IR ( KBr): 3330, 1740, 1725, 1705 cm™; *H NMR ( CDCl3) & : 2.70



(d, J =5.8 Hz, 4H), 3.64 (s, 3H), 4.37 (m, 1H), 5.08 (s, 2H), 5.66 (br d, 1H),
7.35 (s, 5H), 8.30 (br s, 1H); mass spectrum, m/e 295 (M").

6.1.1.4. Methyl Hydrogen (1S,2R)-Cyclohex-4-ene-1,2-dicarboxylate
(Enantioselective Hydrolysis of a meso-Diester with PLE) (24)

To 1.98 g (10 mmol) of dimethyl cis-cyclohex-4-ene-1,2-dicarboxylate
suspended in 50 mL of 0.1 M phosphate buffer (pH 8) was added 500 units of
PLE with vigorous stirring. The pH was kept within the range 7.5-8.0 by
addition of 1 N sodium hydroxide. After consumption of 1 mol-equivalent of
base the mixture was homogeneous. The pH was adjusted to 9, and the
aqueous phase was extracted with diethyl ether. The organic layer was
washed with water and the combined aqueous solutions were acidified to pH
2.5. The solution was again extracted with diethyl ether, dried, and evaporated
in vacuo to 6 : 2.0-2.8 (m, 4H), 2.8-3.2 (m, 2H), 3.7 (s, 3H), 5.65 (br s, 2H),
10.1 (br s, 1H).

6.1.1.5. (1S,4R,5R,6S)-5,6-Dimethylmethylenedioxy-3-methoxycarbonyl-7-ox
abicyclo[2.2.1]hept-2-ene-2-carboxylic Acid (Enantioselective Hydrolysis of a
meso-Diester with PLE) (77)

To a solution of dimethyl
exo-5,6-dimethylmethylenedioxy-7-oxabicyclo[2.2.1]hept-2-ene-2,3-dicarboxyl
ate (3 g, 10.6 mmol) in 30 mL of acetone and 300 mL of 0.1 M phosphate
buffer (pH 8) was added 3 mL (4140 units) of PLE. The mixture was incubated
for 4 hours at 32°, and then acidified to pH 4 with 2 M hydrochloric acid and
extracted with ethyl acetate. The organic layer was washed with water, dried
over sodium sulfate, and concentrated in vacuo to afford 2.73 g (96%) of

monoesterDWhite solid; [’ —37.1°(c 1.0, CHCly). It was dissolved in hot

carbon tetrachloride and the solution was allowed to stand at room
temperature. A small amount of solid material of very low optical purity
separated and was removed by filtration. The filtrate was concentrated and the
residue was recrystallized two times from carbon tetrachloride—n-hexane to

give optically pure monoester; mp 115.5-117.5° (25’ —49°(c 1.0, CHCly); IR

( KBr) 1725, 1650, 1622 cm™; *H NMR ( CDCls) & : 1.37 (s, 3H), 1.52 (s, 3H),
4.00 (s, 3H), 4.54 (s, 2H), 5.20 (s, 1H), 5.24 (s, 1H).

6.1.1.6. (1S,4R,5R,6S)-5,6-Epoxy-3-methoxycarbonyl-7-oxabicyclo[2.2.1]hept
-2-ene-2-carboxylic Acid (Enantioselective Hydrolysis of a meso-Diester with
PLE) (77)

To an emulsion of 51.1 mg (0.23 mmol) of dimethyl
5,6-exo-epoxy-7-oxabicyclo[2.2.1]hept-2-ene-2,3-dicarboxylate in 10 mL of
0.1 M phosphate buffer (pH 8) was added 50 pL (65 units) of PLE. The mixture
was incubated for 7 hours at 20°, and then acidified with 2 M hydrochloric acid
and extracted with ethyl acetate several times. Usual workup afforded 48.1 mg



(100%) of the monoester as a white solid; mp 120-122°; o]’ —23°c 0.52,

CHCIls); IR ( KBr) 3350, 1725, 1670, 1615 cm™; *H NMR ( CDCl3) 5 : 3.80 (s,
2H), 4.03 (s, 3H), 5.23 (s, 1H), 5.42 (s, 1H).

6.1.1.7. (1S,4R,5R,6S)-5,6-Dimethylmethylenedioxy-3-methoxycarbonylbicycl
0[2.2.1]hept-2-ene-2-carboxylic Acid (Enantioselective Hydrolysis of a
meso-Diester with PLE) (44)

To a solution of dimethyl
exo-5,6-dimethylmethylenedioxybicyclo[2.2.1]hept-2-ene-2,3-dicarboxylate

(3 g, 10.6 mmol) in 30 mL of acetone and 300 mL of 0.1 M phosphate buffer
(pH 8) was added 3 mL (4140 units) of PLE. The mixture was incubated for 5
hours at 30—32° and then acidified to pH 2 with 2 M hydrochloric acid and
extracted with dichloromethane. The organic layer was dried over sodium
sulfate and concentrated in vacuo to afford 2.84 g (99.6%) of monoester as a

white solid; mp 115-118°; [l —23.8°(c 1.17, CHCy): IR ( KBr) 3425, 2990,

2925, 2670, 1725, 1640, 1440, 1385, 1380 cm™; *H NMR ( CDCl3) & : 1.35
and 1.49 (2 s, 6H), 1.97 (m, 2H), 3.40 (m, 2H), 3.40 (m, 2H), 3.94 (s, 3H), 4.38
(d, J = 1 Hz, 2H).

6.1.1.8. (1S,4R)-4-Hydroxy-2-cyclopentenyl Acetate (Enantioselective
Hydrolysis of a meso-Diacetate with PLE) (39)

A suspension of cis-3,5-diacetoxycyclopentene (12.9 g, 70 mmol) in 0.1 M
phosphate buffer (140 mL, pH 7) was treated with 10 mg (1000 units) of PLE
(Boehringer) at 32°. The pH was kept constant by continuous addition of 1 N
sodium hyide. After consumption of 74 mL (1.05 eq) of sodium hydroxide
the mixture was extracted with diethyl ether. Workup and fractional distillation

yielded 8.6 g (86%) of the monoester; bp 82° (0.2 mm); [@l5’ —49.7°(c 0.86,
CHCIs). One crystallization from diethyl ether—petroleum ether (2 : 1) produced

crystalline monoacetate; mp 40-40.5°; o]y - 60.4°(c 0.27, CHCI5).

6.1.1.9. Diethyl (3R,4S)-3,4-Epoxyadipate and
(3R,4R)-3,4-Epoxy-5-methoxycarbonylpentanoic Acid (Kinetic Resolution of a
Racemic Diester with PLE) (50)

To 1.88 g (10 mmol) of dimethyl (+)-3,4-epoxyadipate suspended in 50 mL of
0.1 M phosphate buffer of pH 7.0 was added 500 units of PLE with vigorous
stirring. The pH was kept constant at 7.0 by adding 1 N sodium hydroxide.
After consumption of 0.5 equivalent of base, the rate decreased dramatically,
and the aqueous solution was extracted with ethyl acetate. Drying and
evaporation of the solvent yielded ca. 40% (80% of the theoretical amount) of
(+)-diester; (97%, GLC), (@b +28.4%¢ 1.27, C,HsOH ). The aqueous layer was
acidified with hydrochloric acid to pH 2.5, and the product was extracted with a



large amount of ethyl acetate to afford 40% (80% of the theoretical amount) of
(-)-monoester as a colorless oil; IR (film): 3500-2800, 3010, 2960, 1740, 1715
(sh), 1440, 1175, 960 cm™; *H NMR ( CDCl3) & : 2.55 (2 d, 2H x 2), 3.15 (br t,
J =5 Hz, 2H), 3.7 (s, 3H), 10.6 (br s, 1H). Esterification of the monoester with
diazomethane in diethyl ether yielded (-)-diester (97%, GLC), [alb —27.0°
1.48, C,HsOH ).



7. Tabular Survey

The following tabular survey is an attempt to cover all the literature to the end
of 1986 and some to the middle of 1987. The arrangement of the tables is
based on the structural characteristics of the substrates.

Table I. Enantioselective Hydrolysis of Prochiral Glutarates
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Table Il. Enantioselective Hydrolysis of Prochiral Malonates
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Table lll. Enantioselective Hydrolysis of Diacylated Prochiral Diols
|

L
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Table IV. Enantioselective Hydrolysis of Acyclic meso-Diesters
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Table V. Enantioselective Hydrolysis of Monocyclic meso-Diesters
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Table VI. Enantioselective Hydrolysis of Bicyclic meso-Diesters
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Table VII. Enantioselective Hydrolysis of Diacylated meso-Diols
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Table VIII. Kinetic Resolution of Racemic 3-Hydroxy-3-methylalkanoic
Esters
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Table IX. Kinetic Resolution of Racemic Cyclopropanecarboxylates
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Table X. Kinetic Resolution of
trans-4-Oxocyclopentane-1,2-dicarboxylate
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Table XI. Kinetic Resolution of trans-1,2-Cyclohexanedicarboxylic Esters
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1. Introduction

Allylsilanes and vinylsilanes usually react with electrophiles in the sense of Egs.
1 and 2 to give substitution. These reactions are conveniently understood as
the reactions of alkenes that have been significantly but only slightly modified
by the presence of the silyl group. In both reactions, substitution is favored
over addition, and both the site of attack and the site of the double bond in the
product are usually determined by the site of the silyl group in the starting
material.

RSi " EL, ANE (1)
A SR, £ AE 2)

In this review we discuss only the electrophilic substitution reactions of
allylsilanes, vinylsilanes, and allenylsilanes. We further restrict ourselves to the
reactions of tetraorganosilanes because they are synthetically the most
interesting in the laboratory. However, although they are not included in the
tables, allylsilanes and vinylsilanes that react by addition rather than
substitution or that are not tetraorganosilanes are referred to occasionally in
the text wherever their reactions illuminate the discussion. Many of the
features of the reactions discussed here are shared by the reactions of
arylsilanes, ethynylsilanes, propargylsilanes, cyclopropylsilanes, and
cyclopropylmethylsilanes. (1) The methods by which allylsilanes and
vinylsilanes are synthesized have been summarized in several places. (1-4)

Historically, the first electrophilic substitution of an allylsilane (Eg. 3) was
carried out in 1948 (5) and of a vinylsilane (Eg. 4) in 1954. (6) The first
electrophilic substitution using a heteroatom electrophile was sulfonation (Egs.
5 and 6) in the late 1960s. (7-9)
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The first camn electrophile was used in 1970 (Egs. 7 and 8), (10) and acid
a

chlorides other carbon electrophiles were introduced shortly afterwards.
(CH;J;SI-\/\\\ cnczlr:;;cn, NDCHl )
f/’;\Si{CHl}j cnz:::c:cu, 'ﬁﬁ‘»\\_/!‘JCHJi (8)

The first proof that an allylsilane reacted with allylic shift (Eq. 9) was published
in 1956, (11) and the regiospecificity of reaction by a vinylsilane was first
demonstrated (Eq. 10) in 1975. (12) Fluoride ion was introduced as a
nucleophilic catalyst (Eg. 11) in 1978. (13) The stereoselectivity of vinylsilane
reactions was first observed with bromination, which took place with inversion
of configuration (Eq. 12), (14) and with protodesilylation, which took place with
retention of configuration (Eq. 13). (15) The full stereospecificity was then



shown in 1973 (Eq. 14). (16) The first investigations of the stereochemistry of
the Sg2¢ reaction of allylsilanes were carried out with cyclic allylsilanes, which
showed both anti (Eg. 15) and syn (Eqg. 16) reactions. (17, 18) Stereochemical
studies of open-chain allylsilanes (Eqgs. 17 18) (19, 20) also showed both syn
and anti reactions. That the latter pattern is normal, and the former exceptional,
was then established firmly in 1982 with a wide range of electrophiles (Eq. 19).
(21-24) The first attempts to induce chirality in the products of electrophilic
attack using chiral silicon (25, 26) are illustrated in Egs. 20 and 21, and chiral
carbon has also been attached to silicon. (27)
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2. Mechanism and Stereochemistry

2.1. The Simple Picture

At its most simple, the mechanism of the substitution reaction involves
electrophilic attack on the p bond of the allylsilane 1 or vinylsilane 4 to
generate cationic intermediates 2 or 5, and a nucleophile then displaces the
silyl group with the formation of an alkene (3 or 6). Since the loss of a silyl
group is faster with oxygen or halogen nucleophiles than is the loss of a
comparable proton, (28) the position of the double bond is determined by the
atom to which the silicon is attached.

R,Si B )
1
PN — RS AE — 2 AF

1 2 3

[‘“Nu

The stepWiEInature of the reaction is demonstrated by the protodesilylation of
silanes 7 and 8, both of which are simultaneously allylsilanes and vinylsilanes.
Regardless of which silane is used, protodesilylation gives the same 4:1
mixture of the allylsilanes 10 and 11. (29) There must, therefore, be a common
intermediate, and the cation 9 is a likely candidate. Other evidence for a
cationic intermediate is found in the reaction of allyltrimethylsilane with
tetracyanoethylene, where the rate of the reaction is markedly dependent upon
solvent polarity. (30)
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The site of attack by the electrophile is controlled by the fact that cations 2 and
5 are stabilized by hyperconjugative overlap of the Si — C bonding orbital
with the empty p orbital. (31-33) The degree of this stabilization is high: the
silylethyl cation is calculated to be 38 kcal mol™ more stable than the ethyl
cation, (34) and experimentally the S* value of the trimethylsilylmethyl group is
—-0.6, (31, 35) comparable to an acetamido group and more negative than a
methyl group (-0.3). Since this makes a trimethylsilylmethyl group comparable
to two methyl groups, it is sometimes possible to achieve anti-Markovnikov
attack at the more substituted end of a double bond, as in the
deuterodesilylation of the allylsilane 12. Only one deuterium is incorporated
into the major product 13, and that is at the methine position, showing that
rapid and reversible attack at the less-substituted end of the double bond had
not taken plade. The product 14 of deuteronation at C-2 is isolated in this
reaction, b is a product of addition and is quite minor. (36) The
regioselectivity in this reaction can also be understood by looking at the
reactant side of the reaction coordinate: a MINDO-3 calculation (37) suggests
that the coefficient on C-3 in the HOMO of 3-methyl-2-butenylsilane is slightly
higher than that on C-2.

D
1 2
(CH?.}:SI\/'\\\F i o _,/..f\'L + (CHi]SSi\)\'L
D
12

O,CCF,
13 (83%) 14 (17%)

However, the site of attack by the electrophile does not always lead directly to
the silicon-stabilized cations 2 or 5, and, even when it does, the silyl group is
not quite always the electrofugal group. The problem is discussed in the
section Scope and Limitations, since the overall reaction is not the electrophilic



substitution of an allylsilane or a vinylsilane. However, one case in which the
overall reaction is such a substitution belongs here because it represents
merely an abnormal mechanism. The deuterodesilylation of the allylsilane 15
(in contrast to the deuterodesilylation 12 ® 13) gives the alkenes 18 and 20 in
a ratio of 2:3. (38) The initial site of attack is now evidently the Markovnikov
position C-2, giving at least in part the cation 16, which then undergoes a 1,2
shift of hydride or deuteride to give the cations 17 and 19, and hence the
alkenes 18 and 20. But for the choice of deuterium as the electrophile, this
pathway would have been invisible, for the overall reaction with a proton
appears quite normal. It is possible that other reactions of allylsilanes with this
substitution pattern may similarly involve Markovnikov attack followed by
migration of the electrophilic group. The migration step is well precedented for
hydride, for alkyl groups, and for phenyl groups. (39)
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(CH,};Sl\/\Y p*

CH,
15
D shift {CH3.}35|' R, /
D D
i B CH, CeHs
(CH,),Si s 17 "
EI CeH; D D
16 H shift (CHE.];]SIJY — 2\'/
s CeH, CeH
19 20

2.2. The Stereochemistry of Reactions of Allylsilanes

In most cases, open-chain allylsilanes react with electrophiles with anti
stereoselectivity. The first example of this (Eq. 18) (20) was followed by others
with deuterons, (40-42) protons, (43, 44) and several other electrophiles (Eq.
19). (21-24, 44) The simple explanation for the stereochemistry follows from
the probable conformation of the allylsilane. The preferred conformation 21
has the small substituent H more or less eclipsing the double bond. The picture
of a double bond as a pair of bent s bonds is a useful alternative, because it
emphasizes that there are regions of high electron population above and
below the plane of the C = C double bond, and that the region of maximum
electron repulsion does not necessarily lie along the line joining the two carbon



atoms. (45) The large and electropositive silyl group encourages attack by the
electrophile on the lower surface and only a 30° rotation is needed to get from
21 to 22. The hyperconjugative overlap in the intermediate 22 is probably
powerful enough for the configuration to be maintained, until the silyl group is
lost in the second step 22— 23, with the result that the double bond produced
in 23 is trans, and the overall reaction is stereoselectively anti. This picture
conforms to the general rule for electrophilic attack on a double bond adjacent
to a chiral center, if one assumes the silyl group to be the largest group. (46)

H, 5A
- R—(_<E

H
23

The precise conformation of any particular allylsilane, either in the ground state
or at the time of reaction, is not, of course, known. Allylsilane itself (21,

R = A = B = H) has a conformation in which the silyl group is tilted from the
vertical by 12—-14° (somewhat less than the 30° shown in 21), a range in which
calculations (47, 48) and experiments (49, 50) agree. At the transition state,
the angle will again be different. Nevertheless, for the purpose of discussion, it
is simple to use the conformation 21 to stand for all the subtle variations of
conformati lose to it. Furthermore, it is known that with large R groups, like
phenyl andTS0propyl, the three-bond coupling constant between the two
hydrogens illustrated is at the maximum level (11-12 Hz) for coupling between
hydrogens attached to adjacent trigonal and tetrahedral carbons, implying that
the two hydrogens have a dihedral angle close to 180° in the ground state. (51)

The simple picture of stereospecific anti attack with formation of a trans double
bond is not always followed. In the first place, the difference in size between
the substituents H and R in 21 is not always enough to guarantee only a trans
double bond in the product; an appreciable proportion of the reaction can take
place in the alternative conformation 24, as shown by the protodesilylation in
Eq. 22. (52) This problem is only serious when the substituent Ain 21 is a
hydrogen atom. This means that, for simple allylsilanes with a 1,2-disubstituted
double bond, the Z isomer is likely to react with cleaner stereochemistry than
the E isomer, as in the contrasting epoxidations of the allylsilanes (E)-25 and
(2)-25 with MCPBA (m-chloroperbenzoic acid). With the E isomer, it appears
that more attack takes place from the conformation 24, with the R group
eclipsing the double bond, than it did in the protodesilylation in Eq. 22. In this
conformation, the hydrogen is on the side of the
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double bond being attacked, and hydrogen offers less hindrance to the
electrophile than the R group does in conformation 21. Presumably the
electrophile in epoxidation is larger than that in protodesilylation. With
osmylation by osmium tetroxide in the presence of N-methylmorpholine
N-oxide (NMMO) (Eqg. 24), the electrophile is so much larger again that attack
on conformation 24 is now the major pathway with the E isomer, and is even
noticeable with the Z isomer (Z)-25. (53) In summary, there is a tradeoff in
unfavorable interactions between the R group and the A group in conformation
24 on the one hand, and the R group and the incoming electrophile in
conformation 21 on the other.
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A second problem is that the silyl group cannot be guaranteed to force
electrophilic attack entirely anti to itself. The size of the other group R will
clearly have an influence, not only on the relative concentration and reactivity
of the conformations 21 and 24, but also, when it does react in conformation
21, on the hindrance it exerts toward the incoming electrophile relative to the
hindrance exerted by the silyl group. The epoxidation of the allylsilane 26, with
either a phenyl or an isopropyl group on the chiral center, is more selective
than the epoxidation of the allylsilane (E)-25, with a methyl group. (51) This
implies that steric hindrance by the R group is more important in fixing the
conformation as 21 than it is in hindering the attack of an electrophile on that
conformatiqn.]Incidentally, it is not clear how much of the attack anti to a silyl
group is callSed by steric or electronic effects. Fortunately, the silyl group is
large, and the steric and electronic effects are usually in the same direction.

R
H

26
R, R
cﬁnsft:H;}zs.i—(é}/ + CﬁHs(CHQESiﬁ‘/cI}/
H H

R=CH, 61:39
R= CH, 8911
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Any groups on A or B in 21 that shield one or another surface of the double



bond may override the preference for attack anti to the silyl group. This is seen
in the protodesilylations of the allylsilanes 27 and 28. The former reacts cleanly
anti, because the lower surface is anti to both silyl groups and is unhindered,
but the allylsilane 28 gives more syn reaction than anti. (41) Other syn
stereoselective reactions (e.g., Eq. 16) are in bicyclo[3.2.0]heptanes and

Q’Si(mﬂa Q&(CH}}B
27
QSi(CH;)& O}

(CH,),Si

I{CHJJE I{CH] )3

D+
(CH,),Si"
67:33

bicyclo[3.3.0]octanes, where the ring system might reasonably be responsible
for overriding the normal preference for an anti reaction. Even in these
systems, there are some reactions (e.g., Eq. 25) (54) in which the anti
preference of the allylsilane controls the stereochemistry against the
constraints of the ring system. (54, 55)

. CO,CH CO,CH
(CH,),S A, u U,

CF,CO,D
(25)

A different problem arises with 3,3-disubstituted allylsilanes. Here the
conformation is as well controlled as it is in (Z2)-allylsilanes like (Z)-25, but now
the site of initial attack can be C-2, as it was with the allylsilane 15. This
causes a loss of stereochemical control. Thus the allylsilane 29 reacts with
acid to give the alkene 30 in a normal anti reaction, because axial attack is
favored by both the ring system and the orientation of the silyl group. However,
in the diastereoisomeric allylsilane 31, the preference for axial attack and
control by the silyl group are in opposition, and protodesilylation now gives a
mixture of 30 and 32. Clean anti stereospecificity is lost because 31 is first
protonated on C-2, as revealed by deuteration experiments. (44)
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Finally there is the problem of the stereochemistry in Eq. 17; this clean syn
stereospecific reaction, although the first to be studied in an open-chain
allylsilane, is anomalous, since it is now known that acylation is normally anti
stereospecific, both for allyltrimethylsilanes (21) and for
allylfluorodimethylsilanes. (56) A possible explanation (21) is that the
electrophile attacks anti to the trimethylsilyl group in the normal way, but that
the fluorodimethylsilyl group is lost from the intermediate cation after a 60°
rotation. In the protodesilylation of this allylsilane the proton mainly (70:30)
attacks ant m the trimethylsilyl group, and only the trimethylsilyl group is lost.
(43)

2.3. The Stereochemistry of Reactions of Vinylsilanes

The simple mechanism of electrophilic substitution is also consistent with the
retention of stereochemistry usually observed in the electrophilic substitution of
vinylsilanes. The initial attack takes place on the top (or bottom) face of the p
bond, as in 33, and the silyl group moves into position in order to stabilize the
intermediate cation 37. (16) The rotation from 34 to 37 is by a shorter path (60°)
than the rotation (120°) from 34 to 35. The drawing 34 represents a cation
formed after the attack of the electrophile but before the rotation that brings the
silyl group into place in 35; this cation is probably not formed as such, since
rotation will begin as the electrophile approaches. The cation 37, however, is
likely to be an intermediate, which, like the intermediate 22, retains its
configuration until the silyl group is lost 37 — 38. The overall result is then
retention of configuration.
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As with allylsilanes, the simple mechanism is not always followed, and
inversion of configuration is sometimes observed, notably with bromination
and chlorination, which are discussed in detail in the section on halogen
electrophiles.

2.4. The Less-Simple Possibilities

2.4.1.1. Addition before Substitution

The first complication that must be added to the simplified picture given above
is the possibility that the intermediate cations 2 and 5 may capture a
nucleophile before the silyl group is lost. If the capture of the nucleophile takes
place anti to the silyl group, the stereochemical outcome is unaffected, both for
allylsilanes and for vinylsilanes, because the subsequent elimination is
stereospecifically anti. There is no evidence, in most of the common reactions,



whether or not nucleophilic capture is a step on the reaction pathway. In some
reactions, however, it is clearly taking place, as in the historically important
examples cited in Egs. 3 and 4. It is also the cause of the anomalous
stereochemistry in the halogenation of vinylsilanes, (57) discussed in detail in
the section on halogen electrophiles. The reaction of allylsilanes and
vinylsilanes with peracids gives epoxides, and the overall electrophilic
substitution has to be completed in a second step. The stereochemistry of
these reactions is not necessarily anomalous. Nevertheless, they clearly have
quite different mechanisms from the simple picture above, and the stepwise
mechanism allows unusual stereochemical events to occur. These reactions
are discussed in the section on oxygen electrophiles.

2.4.1.2. Nucleophilic Catalysis

A second complication that must be added to the simple picture is that a
nucleophile may bond to silicon at any stage in the sequence. Thus any or all
of the intermediates shown in the simple mechanisms may, at the time of
reaction, have a nucleophile attached to silicon, which is then in a hypervalent
state. Thus the removal of the silyl group 2 — 3 or 5 — 6 may take place in a
stepwise manner by way of hypervalent intermediates. However, this is only a
detail, about which nothing is known except that the stereochemistry of attack
on the silicon takes place overall (Eq. 28) with inversion of configuration in the
protodesilylation of an allylsilane, but with retention in mercuridesilylation. (58)

(&
_-Si
Lo o4
CH;

"SIR (28)
S NG
C

>Si
Hy " vl

A more substantial complication is that a nucleophile may bond to silicon
before the electrophile attacks. This is what must be happening in the many
reactions of allylsilanes and vinylsilanes catalyzed by nucleophiles, as in the
reactions of the allylsilane 39 and the vinylsilanes 40 and 41 with
benzaldehyde, (13, 59) which are catalyzed by fluoride ion in the form of
tetrabutylammonium fluoride (TBAF). It is clear that the electrophile in this type
of reaction does not need to be as powerful as it is in the usual reactions:
benzaldehyde reacts without the usual Lewis acid catalysis. The intermediates
involved could be hypervalent silicon anions of the general type 42 or 44. The



hypervalent fluorotrimethylsilyl anion group will be more electron-donating than
a trimethylsilyl group. The reactivity should be greater, and it is therefore not
unreasonable that these intermediates react directly with electrophiles such as
benzaldehyde. It is even possible that a hexacoordinate silyl anion, produced
by complexation of the carbonyl group on the pentacoordinate species 42, is
an intermediate. Alternatively, the hypervalent silyl anions may fragment to
give the free allyl or vinyl anions 43 or 45 before the attack on the
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electrophile. It is not known which of these pathways is followed. Whatever the
intermediate, it retains the configuration of the vinyl group. In gas phase
reactions, stable pentacoordinate species 42 and 44 can be detected, and so
can free allyl and vinyl anions. (60) In related reactions of silyl enol ethers,
there is evidence for free enolate ions (61) as well as for hexacoordinate



intermediates. (62, 63)

In the reactions in Egs. 29-31, the fluoride ion is truly catalytic: fluoride ion is
regenerated by the attack of the oxyanion derived from benzaldehyde on the
trimethylsilyl fluoride released from the allylsilane. The silyl ether is hydrolyzed
in the workup. However, the word catalysis is used rather freely throughout this
chapter. It is applied to all those reactions in which an electrophile, typically a
Lewis acid, participates in the activation of a substrate, or in which a
nucleophile, typically fluoride ion, participates in the activation of a silyl group.
It does not necessarily imply that only a catalytic quantity is needed, although
in many cases that is all that is used. However, both with Lewis acids and with
fluoride ion, a molar or even an excess of catalyst is often used, and it may or
may not be unchanged in the course of the reaction.

One important consequence of nucleophilic catalysis is the loss of
regiospecificity in the reactions of unsymmetrical allylsilanes. In the reaction of
the allylsilane 46 with butyraldehyde, when Lewis acid catalysis is used, (64)
only the alcohol 47 is produced, but with fluoride ion catalysis, (13) both
alcohols 47 and 48 are produced. These results can be explained by either of
the plausible mechanisms: clearly the free allyl anion can react at either end,
but it is also known that the allylsilane 46 is allylically unstable (Eq. 33) in the
presence of fluoride ion. (65) Hypervalent silyl anions are definitely involved in
the reactions of vinylpentafluoro dianions such as 49, which can be isolated
before they are treated with electrophiles. (66-68) Because these compounds
are not tetraorganosilanes, they are not included in the tables.
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3. General Features of Reactivity

We discuss here those general features of the reactivity of allylsilanes and
vinylsilanes that are not specific to any particular electrophile, and draw
attention especially to the circumstances in which electrophilic substitution fails,
either through failure of regiocontrol or through failure of the silyl group to be
electrofugal enough.

3.1. Allylsilanes and Vinylsilanes Compared

The trimethylsilyl group is a o donor and a p acceptor

(o= —0.09 og”= +0.07) (69) In consequence, its effect on the ground
state of a double bond to which it is directly attached is uncertain, but some
calculations suggest that it is overall a mild donor. (70) Therefore, as far as the
reactant side of the reaction coordinate is concerned, a silyl substituent should
have a small activating effect on reactivity. On the product side, the silyl group
in a vinylsilane must move into conjugation (34 — 37) before it can stabilize
the intermediate cation. Again, this should lead the silyl group to have only a
small activating effect. In practice, the reactivity of vinylsilanes toward
electrophilic attack appears to be very similar to that of the corresponding
alkenes lacking the silyl group, although few direct comparisons have been
made. The only quantitative work has been on the reactivity of arylsilanes,
where it is well known that a silyl group activates the benzene ring to
electrophilic attack ipso to the silyl group. This activation is high for
protodesilylation (a factor of about 10%) and for bromodesilylation, lower for
sulfonation and absent (or possibly even negative) for nitration. (71) Direct
evidence fdrdctivation in vinylsilane reactions is more circumstantial. Thus the
protodesilylation of (E)-vinylsilanes (Eq. 34) (72) takes place cleanly when a
proper choice of acid is made. This implies that the protonation of the
vinylsilane is significantly faster than the protonation of the product, which, had
it taken place, would have caused stereochemical equilibration and double
bond shifts. Another example of the greater reactivity of vinylsilanes is in the
epoxidation of the diene 50, where the silyl-substituted double bond is
epoxidized about five times faster than the unsubstituted double bond. (73)
Other dienes are also epoxidized selectively on the silyl-substituted double
bond. (74, 75) Furthermore, silylcycloalkenes can be acylated under conditions
in which the corresponding cycloalkenes without the silyl group are unreactive.
(76) However, the balance between vinylsilane reactivity and the reactivity of
the corresponding alkene is a delicate one.
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In contrast, the trimethylsilylmethyl group is both a o and a p donor

(oy= —0.1; og”= —0.15) (69) The hyperconjugative overlap of the Si — C
bond with the C = C double bond of an allylsilane should raise the energy of
the HOMO, (33, 48, 77, 78) and there is evidence that it does. (70, 78-81)
Furthermore, only a 30° rotation or less about the C-1-C-2 bond is needed
before the intermediate cation is fully stabilized. Allylsilanes therefore can be
expected to be more reactive toward electrophiles than the corresponding
simple alkenes, and this appears generally to be true. Allyltrimethylsilane
reacts with the diphenylmethyl cation 30,700 times faster than propene, (82)
and there are many reactions (e.g., Eq. 9) in which the double bond produced
in the reaction might be expected to be reactive toward electrophiles, but is not
attacked as fast as the original allylsilane double bond. However, there are
problems n the alkene produced in the first step is more substituted than
the double d of the original allylsilane. This is the situation when
allylsilanes with the silyl group at the more-substituted end of the allyl system
react with electrophiles, as in Eq. 35, where the first-formed product 52 reacts
further to give the chloride 53 to a substantial extent. (83)
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Similarly, we can expect that allylsilanes will be more reactive than comparable
vinylsilanes. Thus allyltrimethylsilane reacts with dichloroketene to give a
cyclobutane, but vinyltrimethylsilane does not. (84, 85) Proper comparisons
using electrophilic substitution reactions have not been made, but the general
impression given by the large body of reactions known for these two classes of
compounds is that allylsilanes react under milder conditions or with weaker
electrophiles than the corresponding vinylsilanes. Comparisons are readily
made with systems that are simultaneously allylsilanes and vinylsilanes, like
the compound 54 (86) and allenylsilanes 55 in general. These react with
electrophiles as allylsilanes, not as vinylsilanes.
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AIIyIsiIanes@a also more reactive than vinylsilanes when nucleophilic
catalysis is USed, the usual pattern being that the rate is correlated with the
stability of the anion that is departing. Thus indenylsilanes are very readily
cleaved by alkali, (87) 3-phenylallyltrimethylsilane is cleaved by 0.64 M
aqueous methanolic alkali at 40°, (88) and allyltrimethylsilane is cleaved by
boiling methanolic potash. (5) On the other hand, vinylsilanes are not easily
cleaved by aqueous alkali unless they are vinyltrichlorosilanes (89, 90) or
vinyltrifluorosilanes. (91)

As far as ground-state stability is concerned, vinylsilanes appear to be more
stable than the corresponding allylsilanes, as shown by the equilibrium in Eq.
36. (92, 93) No doubt this thermodynamic difference also contributes to the
greater reactivity of allylsilanes. However, the balance is easily disturbed: the
metallic nature of silicon makes 5-trimethylsilylcyclopentadiene (94) and the
corresponding indene (93) the major isomers at equilibrium.

(CeHy)sSi __'“7. (CeHasSin A (2 keal) (36)
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3.2. The Effect of the Substituents on the Silyl Group

In most work with allylsilanes and vinylsilanes the trimethylsilyl group is the
obvious choice of silyl group. It is cheap and readily available, it contributes
only a sharp singlet to NMR spectra, and the byproducts, usually
hexamethyldisiloxane, are conveniently volatile. However, other groups are
sometimes used, either because they are easier to introduce or because a
different degree of reactivity is needed. Other reasons are that larger alkyl
groups can decrease the inconvenient volatility of the simplest silanes, phenyl
groups provide a chromophore as well as increasing the likelihood of getting
crystalline derivatives, and three different groups on silicon can give rise to
asymmetric induction. In general, the substituents on the silyl group not directly
involved in the reaction have only a small effect on reactivity, at least by
comparison with the effect of the same substituents bonded to carbon in
ordinary organic chemistry. They do, however, have a noticeable effect:
electron-donating groups increase the reactivity, and electron-withdrawing
groups decrease it. Quantitative data on arylsilanes provide a guide to the
relative reactivity of the corresponding vinylsilanes. Thus the relative rates for
protodesilylation of p-silylanisoles (p-R3SiCsH4OCHj3) are: Rz = (CHs)s (1000),
(C2H5)3 (490), (i-C3H7)3 (55), (CH3)2C6H5 (330), CH3(C6H5)2 (74), and (CGH5)3
(16), and the figures for bromodesilylation are very similar. (71) Hydrogen in
place of methyl groups appears, spectroscopically at least, to be relatively
electron-withdrawing. (95) Thus it appears that the trimethylsilyl group imparts
the greatest reactivity of these common groups, but there is one piece of
evidence t ggest that the pentamethyldisilyl group is a little more reactive:
vinylpenta yldisilane is epoxidized about twice as fast as
vinyltrimethylsilane. (96)

The same trends are present in allylsilanes: whereas
2-methyl-3-trimethylsilylpropene is more than 1000 times more reactive toward
diarylmethyl cations than isobutene itself, the corresponding allyltrichlorosilane
is approximately 1000 times less reactive. (97) For this reason, substitution
can be avoided with allyltrichlorosilanes, as in Eq. 37. (98) The rates of attack
by allyltrialkylsilanes on the p-methoxydiphenylmethyl cation increase as the
alkyl groups on the silicon atom are made larger in the series

methyl < ethyl < n-butyl, with relative rates of 1:1.6:2.5, respectively. However,
the most striking effect of having larger alkyl groups on silicon is that the silyl
group may no longer be the electrofugal group, as discussed in the section on
failure of the substitution reaction. Allyltriphenylsilane, on the other hand, is
less reactive, with a relative rate of 0.02 on the same scale. (97) In agreement
with this, the allylsilane 56 reacts with 95% selectivity for loss of the
trimethylsilyl group. (99)
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One complication that can arise when one of the groups on silicon is phenyl is
cleavage of that group. Thus the phenyl group is cleaved from
decyldimethylphenylsilane with tetrabutylammonium fluoride in tetrahydrofuran
and dimethyl sulfoxide at 80° for 30 minutes. (100) However, this is only a
problem with relatively unreactive allylsilanes or vinylsilanes.

In contrast to these trends, electron-withdrawing groups on silicon sometimes
increase the rate of nucleophilic removal of the silyl group. Thus fluoride ion
displaces a phenyldimethylsilyl but not a trimethylsilyl group from an
unfunctionalized vinylsilane (Eq. 38). (101) However, this is not always the
case: the cationic intermediate 9 loses a trimethylsilyl group to give 10
approximam four times faster than it loses a phenyldimethylsilyl group. (29)
Similarly, ali¥Ttriphenylsilane reacts with 2-acetylnaphthoquinone to give the
product 57, whereas allyltrimethylsilane gives the normal electrophilic
substitution product 58. (102) Evidently the triphenylsilyl group is not displaced
from the intermediate cation as fast as the trimethylsilyl group. However, in the
acylative desilylation in Eq. 17, the fluorodimethylsilyl group is the electrofugal
group, but in the corresponding protodesilylation the trimethylsilyl group is lost.
(43) Clearly no generalizations can safely be made at this stage, except
perhaps to say that when the groups on silicon are significantly hindered, as
with tert-butyldimethylsilyl and triisopropylsilyl, it is normal to find that the silyl
group is not the electrofugal group.

n’CmH!ljf\SHCH ):CHq _TRAE "'CmHz:\K (38)
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3.3. The Regioselectivity of Attack by Electrophiles

The site of attack is determined by factors on both sides of the reaction
coordinate, as usual. The first consideration is the relative stability of the
cations produced by attack at each end of the double bond, but it is likely that
the ground-state polarization of the double bond influences regioselectivity to
some extent, and there is some experimental support for the ground-state
polarizatio the HOMO. In the hydroboration of allylsilanes, for example, the
boron com ly attaches itself to C-3 unless the substitution pattern polarizes
the double bond in the opposite direction.
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Hydroboration does not take place by way of a cationic intermediate, and the
regioselectivity of attack is therefore likely to be affected more by the
ground-state polarization of the HOMO than by product stability. (103) The
arrows on the structures show the relative proportions of attack by boron at the
two sites in the hydroboration of some allylsilanes and vinylsilanes with
diborane. (104-111) Cycloaddition of allylsilanes to nitrones, which also takes
place without the formation of cationic intermediates, shows strong
regioselectivity in the same sense. (112) Furthermore, a silyl group
consistently causes an upfield shift of 2-3 ppm in the **C resonance of C-3
relative to its position in the corresponding hydrocarbon, whereas C-2 is
shifted downfield by about 1.5 ppm. (105, 113)

Although ground-state polarization plays some part, it is more usual to assess
the likelihood of clean electrophilic substitution in an allylsilane or vinylsilane
by looking at the two possible cations that can be produced, one in which the



silyl group is able to stabilize the cation by hyperconjugation and one in which
it is not. Although the silyl group exerts a considerable directing effect, other
factors can easily override this control. We have already mentioned how this
can come about with 3,3-disubstituted allylsilanes such as allylsilane 15, with
which the overall reaction is an electrophilic substitution. However, the more
usual result of electrophilic attack on the central carbon of an allylsilane is that
the silyl group remains in the molecule, as in Eq. 39, where the electrophile
attacks both the usual site, leading to the product 59, and at C-2, leading to the
lactone 60. (114) With an even more powerful
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donor, as in the enamine 61, the nitrogen directs electrophilic attack by
benzoyl chloride entirely to C-2, and the silyl group is ineffective. However,
with cesium fluoride as catalyst and benzaldehyde as the electrophile, the silyl
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group directs attack away from C-2; there is still the usual loss of regiocontrol
with respect to attack at C-1 and C-3. (115) The same problem can arise with
vinylsilanes whenever electrophilic attack on the atom to which the silyl group
is not attached would lead to a more stabilized cation than the usual 3 -silyl
cation, as when the silyl group is attached to C-2 of a terminal alkene (Eg. 40).
(116) The problem also occurs when the substituent attached to the same



atom as the silyl group is a more powerfully cation-stabilizing group than the
substituent attached to the other end of the double bond (Egs. 41 and 42).
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The phenylm;j the phenylthio groups are more influential in directing
electrophili ack away from the silyl group than is the silyl group in directing
attack to the atom to which it is bound. (117-119)

In cyclization reactions, the constraints of ring formation can be more powerful
in determining regiochemistry than the presence of a silyl group. An example is
the 6-endo-trig reaction in Eq. 43, (120) but it is not clear, in view of the low

yield, to what extent the expected 5-exo-trig reaction has actually taken place.
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3.4. Failure of the Electrophilic Substitution Because the Silyl Group is
not the Electrofugal Group



Sometimes, electrophilic substitution takes place but the silyl group is not the
electrofugal group. Thus an allylsilane or vinylsilane that carries a strongly
electrofugal group can lose that group rather than the silyl group (Eg. 44). (121)
There are many examples with even better electrofugal groups such as tin,
(122) boron, (123) copper, (124) aluminum, (125) magnesium, (126) and
lithium. (127) These reactions are useful in the synthesis of allylsilanes and
vinylsilanes, and they show how easily a silyl group can be carried through
synthetic steps before it is used.
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A more delicate balance exists between a silyl group and a proton as an
electrofugal group. The usual result is the loss of a trimethylsilyl group when
the nucleophilic counterion is a halide or oxygen nucleophile. With nitrogen
nucleophiles, a proton is removed as in the vinylsilane synthesis (Eq. 45). (128)
More hindered silyl groups, like tert-butyldimethylsilyl and triisopropylsilyl, are
not so readily lost, and are therefore frequently retained in the product.
(129-131) However, there are occasions when even halide nucleophiles do not
remove a trimethylsilyl group. In the reaction sequence in Eqg. 46, (132) the first
step is addition 62 ® 63. When this is followed by acid-catalyzed elimination
63— 66, the silyl group is not lost. Most probably the silyl group in the
intermediate Bromonium ion 65 is constrained by the presence of the
adamantylm to lie in a pseudoequatorial position, and the C — H bond is
then better conjugated with the p bond. The problem is overcome by treating
the oxetane 63 with fluoride ion, which cleanly removes the silyl group to give
the (2)-vinyl bromide 64. Evidently the balance of silicophilicity and basicity
makes a fluoride ion more selective for silicon than a chloride ion.
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This problem is unusual in open-chain silanes like 62, but it is common with
cyclic systems, where conformational constraints quite frequently prevent
effective overlap of the Si — C bond and hence the easy loss of the silyl
group. The allylsilane 67 undergoes a succession of normal protodesilylations,
but it appears that the first step is an isomerization (67 ® 69). (133) The



problem may well be that the silyl group on C-4 is equatorial (the
stereochemistry is not actually known), and it may be reluctant to become axial,
even in the intermediate
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cation 68. If this is the case, the C — H bond on C-4 will be axial, and it is
therefore the C — H bond that is broken. Similarly, epoxidation of the double
allylsilane 70 followed by treatment with p-toluenesulfonic acid (TsSOH) gives
the dienes 71 and 72 with retention of one or both of the silyl groups. (134) The
same problem is sometimes found when the silyl group is part of the ring: for
example, the sulfonation of the cyclic allylsilane 73 is not entirely selective for
the breaking of the Si — C bond. (135) Another manifestation of the same
phenomenon is that the vinylsilane epoxide 74 opens with aqueous acid, but
the diol 75 is unable to undergo the usual acid-catalyzed anti elimination step
because the silyl and hydroxy groups are cis. (136)
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Occasionally a trimethylsilyl group is not lost because the position the double
bond would then occupy is strained, as in Eq. 47. (137) The silyl group is not
lost for yet another reason in the reaction in Eq. 48, although it is overall an
electrophilic substitution. The seleno group (the electrophile) and the nitro
group (the nucleophile) add to the vinylsilane with the usual regiochemistry.



However, an oxidation step makes the seleno group the nucleofuge, and the
cycloelimination 76 then leaves the silyl group in the molecule. (138)
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Finally, there_are a number of pericyclic reactions in which the attack is
electrophili character but in which the cyclic transition state involves a
hydrogen atom rather than a silyl group. Thus the allylsilanes in Egs. 49-51
undergo Alder-ene reactions without transfer of the silyl group, even though in
the latter cases the nucleophilic atom is oxygen. (139-141) This pathway may
also be followed in some of those few Lewis acid catalyzed reactions in which
a silyl group is not lost, such as those in Egs. 249-251. The same selectivity
for hydrogen atom transfer is found in the reactions of allylsilanes with singlet
oxygen, (142, 143) diethyl azodicarboxylate, (139) N-phenyltriazolinedione,
(139, 144) and N-sulfinylbenzenesulfonamide ( CeHsSO2NSO ). (145) The silyl
group in these reactions may well be activating the adjacent hydrogen. (146)

O O
(CH,),Si (CH,),Si
L\ +| o= | o 49)
(6] O
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C,H,0,C”~ ~CO,C.H,

;

OH (50)

(CH,),Si CO,C,H;

CO,C,H,

X
(CH,),Si 100°
VOIS + BCTOCE, "ro calyst

51
Ol (51)

(CHQESi\/\)vCF} (86%)

7 CF,

3.5. Other Reactions of Allylsilanes and Vinylsilanes
Allylsilanes and vinylsilanes undergo reactions other than electrophilic
substitution, and a few of these are relevant to this chapter.

Allylsilanes| remarkably stable (in the absence of fluoride ion) to allylic
rearrangement in the sense of Eq. 33. The uncatalyzed [1,3]-sigmatropic shift
takes place at 500° intramolecularly with inversion of configuration at the silyl
group. (92) At higher temperatures (>580°), allyltrimethylsilane decomposes
by pericyclic (Eq. 52) and radical pathways. (147) There is possibly one
example of a 1,3 shift of a silyl group catalyzed by Pd(ll), (148) and certainly
one photochemical 1,3 shift. (149)

/AN
(CH,),Si) N\ =, [(CH,),Si==CH,] + .~ X\ (52)
ey

The geometry of the double bond of an allylsilane can be equilibrated by
catalysis with diisobutylaluminum hydride. (150) The corresponding
equilibration of vinylsilane geometry is possible with N-bromosuccinimide in
pyridine, (151) and photochemically in the case of styrylsilanes. (152)



In contrast to electrophiles and fluoride nucleophiles, radicals frequently attack
allylsilanes and vinylsilanes to give addition (Egs. 53-55). (6, 153, 154)
Evidently the loss of a trialkylsilyl radical from the intermediate (3-silylethyl
radical is not as easy as is the loss of a trialkylstannyl radical from the
corresponding tin compounds. (155) An alternative radical reaction is
hydrogen replacement (Egs. 56 and 57). (156, 157) However, substitution can
take place by a radical pathway when the chain-carrying step is a halogen
abstraction (Eq. 58) because this creates a [ -silylethyl halide 77, which
undergoes easy [ elimination in the usual way. (158) A similar reaction is
presumably involved in the C-allylation of the iodopyrimidone in Eq. 59, (159)
and in the substitution reaction (Eg. 60), which was actually the first to
establish carbon—carbon bond formation from an allylsilane. (160) In this type
of reaction, vinyltrimethylsilane simply undergoes addition (Eq. 61), and shows
little capacity for polymerization. (160)

CH,CHO + 2> Si(CH,), ~——2s CH,CO_~si(CH,), (53)
(CHy),Si 8, (CH,),Si._~~_-SCH, (54)
ZSi(CHy), —=— CHS_~\$i(CH,), (55)
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Br (57)
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4. Scope and Limitations

In this section we discuss, electrophile by electrophile (in order of the atomic
number of the electrophilic atom), the reactions of allylsilanes, vinylsilanes,
and allenylsilanes, describing the reaction conditions commonly used and
identifying the special features associated with each electrophile. Where
appropriate, nucleophile-catalyzed reactions are discussed after the
corresponding acid-catalyzed reactions.

4.1. Protodesilylation and Deuterodesilylation

The proton is one of the most frequently used electrophiles in both allylsilane
and vinylsilane chemistry. Protodesilylation is also frequently a major source of
side products when other electrophilic substitutions are being attempted,
(161-163) particularly those involving the use of molar proportions of Lewis
acids (164-166) or of fluoride ions. (167, 168)

4.1.1.1. Allylsilanes
It is usually possible to isolate the first-formed product of protodesilylation
before it is isomerized by further protonations and deprotonations, because the

o o o o o o o o

reaction conditions strong enough for the first step but not for the second. The
choice of acids is wide; in many cases it is idiosyncratic, but usually a brief trial
of the commonly used acids is enough to find one that works. Clearly the
choice of acid, of concentration, and of time and temperature are largely
determine the degree of substitution of the double bond in the allylsilane.

D

When the intermediate cation is tertiary, a fairly weak acid or mild conditions
can be used. Thus hot acetic acid is enough to protodesilylate the allylsilane in
Eqg. 9, and cold dilute aqueous hydrochloric acid is adequate in a similar
situation (Eq. 62). (169)

OCH, 0
1.3 M HCl, THF
—_—
mom temp

(62)
(CH,),Si

When the intermediate cation is secondary, several strong acids are effective,
no single one of which can be said to be the most popular. The boron
trifluoride—acetic acid complex in dichloromethane at room temperature (Eq.
63), (170, 171) trifluoroacetic acid in dichloromethane at room temperature (Eq.



64), (172) and liquid hydrofluoric acid at —20° (Eq. 22), (20) have all been
recommended.

C Si C.H, .- C.H, .-n
(CH,), '\/‘\\I/ skl3=n p— Hh/ﬂ'\r sty (63)
CH,Cl,, room temp
CsHs(CH,),Si SN MTFACO,
mom emp (64)

Other acids that have found favor in particular cases are p-toluenesulfonic acid
in refluxing benzene, (134) concentrated sulfuric acid in methanol at room
temperature, (55) methanesulfonic acid, (173) acetyl chloride in methanol,
(174) fluoroboric acid etherate, (175) pyridinium trifluoromethanesulfonate,
(176) and trifluoromethanesulfonic acid. (177) Difficulties in preserving the
double bond in the product can be expected when the intermediate cation is
secondary and the product is a 1,1-disubstituted alkene. So far, examples of
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When the intermediate cation is destabilized by a neighboring carbonyl group,
rather vigorous acidic conditions have to be used (Eg. 65). (178) In this

0 0
7 "CHgn BF,=2CH,CO.H. CCl, Q‘\Qﬂy'” (65)
reflux
Si(CH,),C.H,
78

example, it is possible that the ketone is enolized during protodesilylation, but
in Eqg. 66 enolization is impossible and the reaction still occurs. (179) A

CON(C,H,), CON(C,Hy),
= \
MSHCHE)S Hﬂﬁ:::gﬂ , W (66)
o o

mechanistic detail is revealed in the protodesilylation in Eq. 67, in which there
is no endo—exo isomerization of the neopentyl group in the allylsilanes 79 and
80 as the reaction proceeds. On the reasonable assumption that the cationic




intermediates 81 and 82 are in rapid equilibrium, this result shows that they
always lose a silyl group and never a proton. (180) The first step of the
protodesilylation mechanism is therefore effectively irreversible.

Protodesilylation of allylsilanes takes place stereospecifically anti, as
described in the section on mechanism. A different kind of stereocontrol is that
illustrated by the examples in Egs. 68 and 69, where the internal delivery of the
proton in a chairlike transition state accounts for the relative configuration
found for the major products 83 and 84 with 1,3- and 1,4-related stereocenters.

(181, 182)
50,
/ CHyt —— C,Hy-t
Si(CH,), ! SicH), N
79 81
“ C,Hy-t
HO,SOSi(CH,), (67)

*
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OH OH (69)
H CHet HC H,1



Deuterodesilylations can be carried out with deuterated trifluoroacetic acid (29,
41, 44) and with deuterated p-toluenesulfonic acid. (55)

Protodesilylation is also possible using nucleophilic catalysis. The detailed
mechanism of such protodesilylations is complex and far from fully understood.
(183) Reagents that are used with unfunctionalized allylsilanes are methanolic
potash, (28) potassium tert-butoxide in hexamethylphosphoramide (HMPA) at
60° for a few hours, (184) and cesium fluoride in dimethylformamide (DMF) or
dimethyl sulfoxide (DMSO) at 100° for an hour. (185-187) The protonation step
usually leads to the more-substituted alkene, regardless of the site of the silyl
group, so that acid and nucleophile-catalyzed protodesilylations can be
complementary (Eqg. 70). (185)

Nucleophile-catalyzed desilylation is easier when there are anion-stabilizing
groups like sulfur substituents present. The protonation takes place adjacent

COCH,
_HQL CHOH
Qooo0oooooooood DELQQ,I;D[]EE’EI OO0000000000000c
(CH,),Si — » {%%{}ZDCH (70)
[
(62%) (10%)

to the sulfur substituent. (188, 189) It is also easier when the nucleophile is
built into the molecule, as in Eq. 71. The product in this example is set up for
an oxy-Cope rearrangement. (190)

051(CH3;|3
(71)

S'1(CH3]3

In synthesis, acid-catalyzed protodesilylation is a powerful method for
controlling the position of an isolated double bond. With allylsilanes, it is used



in the synthesis of d -terpineol, (174, 185) dihydrojasmone (78), (178) some
cytochalasins, (187) some carbaprostacyclins, (176) € -muurolene and ¢
-cadinene, (185) and the Prelog—Djerassi lactone. (191) The protodesilylation
of allylsilanes and vinylsilanes is also used as a method of silylating alcohols
(Eq. 72). (177, 192-195) The

+-CHy(CH),Si - + HOR =255 1-CH,(CHy),SIOR + _A\_ (72)

method is particularly significant because it uses acidic conditions, in contrast
to the usual methods of silylating alcohols. Protodesilylation of allylsilanes and
vinylsilanes consumes protons, and it is implicit therefore that allylsilanes and
vinylsilanes could be used to remove protons completely from acidic reaction
media. This capacity does not appear to have been exploited. Finally,
protodesilylation of allylsilanes is a method for converting tetraorganosilanes
into triorganofluorosilanes, preparatory to carrying out the oxidative
rearrangement that converts a silyl group into an alcohol. (196) Most of these
reactions are not included in Tables | and Il because the product usually
isolated is the silyl ether or the silyl fluoride, not the propylene or ethylene that

i 1
The fluoride-catalyzed reaction in Eqg. 70 is used in a synthesis of a -terpineol,
just as the acid-catalyzed reaction is used in the synthesis of & -terpineol. (185,
186)

4.1.1.2. Vi ilanes

As with allxaanes the choice of acid to use for protodesilylation is a matter of
judging the stability of the intermediate cation, but for vinylsilanes the choice of
acid is more delicate, especially when the intermediate cation is tertiary. Thus

the product 87 from the protodesilylation

TsH, CH,CN, H,0
— .

room temp
| 0 0

(CH,),Si
86 87

of the vinylsilane 86 is sensitive to acid, and a careful choice of conditions has
to be made to avoid subsequent reactions. p-Toluenesulfinic acid (TsH) is
effective in this case, (197) but p-toluenesulfonic acid in
acetonitrile—water—tetrahydrofuran is effective for another exocyclic compound



(Eqg. 73), where the configuration and position of the double bond are
maintained. (198) Hydriodic acid,

TsOH, CH,CN, THF, F X (713%) (73)

H; 0, reflux

in the form of iodine in wet benzene, is similarly effective in another delicate
example (Eq. 74), (72) where a higher concentration of hydriodic acid causes
isomerization of the product.

Si(CH,),

/J"/’LQH“ M ncp, Ho /j/\(: sHy,-n (74)
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finding a suitable acid. Hydriodic acid in benzene at room temperature is
commonly used; the reaction is usually stereospecific, the reaction in Eq. 34
giving only 6% of trans product. (72) Fluoroboric acid in aqueous acetonitrile is
recommended, (175) and other acids like hydrochloric acid in chloroform (199)
and p-tolu ulfinic acid (197) are effective.

Deuterodesilylations can be carried out with iodine and deuterium oxide (72)
and with deuterium chloride in acetonitrile. (16)

With unsubstituted vinylsilanes, when the intermediate cation is primary,
relatively vigorous conditions have to be used. Tetravinylsilane, for example,
needs hydrogen chloride and aluminum chloride at 85°. (200) In less vigorous
conditions, addition is usually the first step (Eq. 4) because the subsequent
elimination to give ethylene itself is comparatively slow. When the silyl group is
on C-2 of a terminal alkene, addition sometimes takes place in the sense of Eq.
75, so that subsequent desilylative elimination is not possible. (6) Alternatively,
the reaction is simply low-yielding (Eq. 76). (197) In the absence of a

75
/’LSE(CHJJ! B CQ\SE(CHEIE (75)



C,EH-”_ / TsH, Tm,c: HyO CﬁHN
Si(CH,), (5%) (76)
88

good nucleophile for carbon, rearrangement takes place rather than simple
addition, as in the synthesis of tert-butyldimethylsilyl trifluoromethanesulfonate
(Eqg. 77), (201) which is based on a similar reaction giving the corresponding

1

{-__

yl\s_(cm HOSCF, > -SICH,), | — -C/Hy(CH,),Si0,SCF, (77)
R -0SO,CF, (66%)

sulfate. (202) The greater reactivity of terminal vinylsilanes relative to
vinylsilanes like 88, in which the silyl group is on C-2, is shown by the selective
protodesilylation of the terminal silyl group in the vinylsilanes 89. (203, 204)
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CH,COH, H,0, 110°
89

[]

As with allylsilanes, the reaction is slow but still possible when the intermediate
cation is conjugated with a carbonyl group (Eg. 78). (117) However, with the
vinylsilane 90, the deactivation by the ester groups is countered by activation
by the amino group. In this case, methanol alone removes the silyl group. (205)

The protodesilylation of vinylsilanes nearly always takes place with
preservation of the double bond and with a high degree of retention of
configuration, as discussed in the section on mechanism. Exceptions to this

rule are usually the result of the subsequent equilibration of the product olefin,
but

(CH,),Si

COCH COCH
reflux



CO,C,H, CO,C,H,

RNH. = Si(CH,), cion RNH. =
CO,C,H, CO,C,H,
90

the stereoisomeric vinylsilanes (E)-91 and (Z)-91 equilibrate faster than they
undergo protodesilylation. (197) Deuterodesilylation is therefore stereorandom.
In this exceptional case, it appears that the loss of a proton 92 ® 91 is faster
than the loss of the silyl group 92 ® 93.

n-CeH,, 7 Si(CH,),
(E)91 anay, m-CiHi g (CHy, > "CHu
Si(CH), 7z ' 93
n-CH,, . # 92
Z)-91
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Nucleophile-catalyzed protodesilylation of vinylsilanes is difficult unless the
putative vinyl anion is stabilized. When there is no anion stabilization,
trimethylsilyl groups can be removed with sodium ethoxide in dimethyl
sulfoxide a0°, (206) but a phenyldimethylsilyl group can be removed with
tetrabutylammonium fluoride in dimethyl sulfoxide at 80° (Eq. 38). A proton is
the only electrophile that can be used in this reaction. (101) However, anion
stabilization makes desilylation much easier. A halogen substituent, for
example (Egs. 79 and 80), allows warm sodium methoxide in methanol to work,

and
B 3 ;
' wam O\jr (74%) (79)
Z N Si(CH,), 7
Q\/SﬂCH,J, % (84%) (80)
/ Bl' / Br



configuration is cleanly maintained. (207) Cyano groups help the
protodesilylation even more, so that sodium methoxide in methanol at 0° is
now powerful enough. (208)

A suitably placed hydroxy group helps to remove the silyl group from
vinylsilanes. There are two ways in which such hydroxy groups can be used. In
one, the hydroxy group is probably functioning as a means of delivering
fluoride ion intramolecularly (Eq. 81). (209) In the other, the alkoxide ion itself
is an intramolecular nucleophile (Eq. 82). (210) In both cases, the reaction fails

CﬁHS OH cﬁHj OH

(CH,),NF, CH,CN
YT e Y -

MNaH, HMFA, THF
S p (88%) (82)
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without the hydroxy group. These reactions are useful because the bulk of the
silyl group is often helpful in controlling stereochemistry on both the double
bond and the neighboring chiral center. However, the double-bond geometry is
not preserved when the intermediate anion is phenyl-substituted (Eq. 83).

(211)
OH CH, OH

NaH cat, HMPA

e 1 83%
)\/J\Si{CHil ,CeH 05h /J\/\cﬁus B3%)  (83)

E:Z B9:11

The acid-catalyzed protodesilylation of vinylsilanes is used in the synthesis of
some insect pheromones (212, 213) and of 3 -agarofuran 87, (214) and the
base-catalyzed removal of a silyl group is used in a synthesis of the sex
pheromone of the codling moth (215) and in syntheses of vertinolide,
eldanolide, and protomycinolide IV. (126, 216, 217) Base-catalyzed reactions
of the type in Eqg. 82 are used in syntheses of (+)-blastimycinone,
corynomycolic acid, brevicomin, and isoavenaciolide. (218-221) The
regiocontrol of both allylsilane and vinylsilane protodesilylations is combined in
the sequence shown in Eq. 84: the sulfoxide



CHY N si(CHy),

: 94 (83%)
CGHS/Y\SI(CHG)E — . cH N —.
T9%
CH.SO CEH;IMSKCH;]; (19%)
95 (17%)

undergoes thermal elimination in both directions although more toward the silyl
group than away from it. However, both the vinylsilane 94 and the allylsilane
95 undergo protodesilylation to place the double bond specifically at the end of
the chain. (222)

4.1.1.3. Allenylsilanes

There are few reports on the reaction of allenylsilanes with protons. The
allenylsilanes 96 and 97 are sulfonic acid derivatives, and the sulfonic acid
group is the source of the protons. Allenylsilane 96 behaves as an allylsilane,
but 97 is anomalous in that a silyl shift takes place in addition

0 2 7 O i ] 0000000000c

9%
Si(CH,),
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{CH}:ISSI H,0
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97

0

to other steps. (223) Silyl shifts in allenylsilane reactions are quite common, as
in Egs. 193 and 246. The diastereoisomeric allenylsilanes 98 and 99 undergo
protodesilylation stereospecifically anti, but the yields are not high. (38)



/CH,

H C
’}C,C : ol

CZ  Si(CH,),CH, &
BFy»2CHCOH
Q CH,Q,, P Q‘ (‘1‘6%)
CH C,H3

98
H

J’ e
C CH s
’ BF,+2CH,CO,H CECCH} {46%]
CH,CL,, 0°

29

Nucleophilic removal of a silyl group from an allene appears to be easier than
from a vinylsilane; the products are mixtures of allenes and acetylenes (Eq.
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4.2. Carbon Electrophiles
4.2.1.1. The Choice of Lewis Acid or Nucleophilic Catalyst
Most uncharged carbon electrophiles are not powerful enough to react with
allylsilanes or vinylsilanes on their own; they usually need catalysis by Lewis
acids or nucleophiles. The choice of Lewis acid is often an empirical one, but
some guidance can be found in the sections that follow. There is no simple
order of Lewis acid strength, since it is dependent in part upon whether the
Lewis acid is complexing with nitrogen, oxygen, halogen, or sulfur. However, it
is commonly accepted that aluminum chloride and titanium tetrachloride are
powerful Lewis acids, that boron trifluoride etherate and stannic chloride are
moderately powerful, and that zinc halides and silyl halides are at the weak
end of the range. It is also commonly found that, for any given reaction, one
Lewis acid often works much better than any other, and it is not always the
same Lewis acid for any given electrophile, allylsilane, or vinylsilane. It is
always wise to try several Lewis acids if the first one does not succeed. (225)
One of the most common side reactions is protodesilylation. One solution to
this problem is to use trimethylsilyl trifluoromethanesulfonate, which often
works in catalytic amounts, unlike most Lewis acids, which have to be used
stoichiometrically. Another solution is to use alkylaluminum chlorides, since
they are inherently proton-free. (226) It is also possible to add dialkyltin
00000000 e S e AP IR T O RPN RO 0000000000
carbon electrophile. (227a) However, these devices do not always solve the
problem, because the offending reaction may be a metal-for-silicon exchange
rather than protodesilylation. Another occasional problem is equilibration of
alkene geometry by the Lewis acid before the reaction takes place. (228)

The choiceunucleophilic catalyst is relatively easy because of the high
selectivity of fluoride ion for attack at silicon rather than at carbon or hydrogen.
However, the choice of the fluoride ion source is still a matter for experiment,
and protodesilylation is again a common problem, particularly since most
fluoride ion sources are extremely difficult to dry thoroughly.
Tetrabutylammonium fluoride (TBAF) in tetrahydrofuran is notorious in this
respect, (227b) but there are occasions when it works only if it is slightly wet.
(227a) For a really dry fluoride ion source, trisdimethylaminosulfonium
difluorotrimethylsilicate (TASF) is recommended, (61) but for most purposes
tetrabutylammonium fluoride dried with molecular sieves is effectively
proton-free. (162) Benzyltrimethylammonium fluoride is another useful fluoride
ion source, as are cesium fluoride and other alkali metal fluorides.

A few electrophiles are strong enough to react directly without needing
catalysis, notably chlorosulfonyl isocyanate (CSl) and tetracyanoethylene
(TCNE), which are uncharged, and a few metal-stabilized cationic
electrophiles.

4.3. Carbon Electrophiles Needing No Catalysis



4.3.1.1.1. Allylsilanes
Chlorosulfonyl isocyanate is apt to give cycloaddition products with simple
alkenes, and does so with allylsilanes (Eq. 86). However,

SO,Cl
N

(CHG},Si\/\'/ asaNCo (CHl}ESi\YD .
- 307 temp

100 (86)
NSO,CI

f%kosucm}j _pyridine /XCN

101 102

substitution is favored by the presence of the silyl group, so that merely
warming the intermediate 100 gives its isomer 101, which can be converted to
the nitrile 102. (229) In some cases the intermediate lactam is not observed,
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loganin. (55)
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Dichloroketene usually reacts with allylsilanes to give cycloaddition products,
(55, 84) but in one case the cycloaddition product with a dialkylketene, formed
in an intramolecular reaction (Eq. 88), is so strained that it opens in the
presence of silica gel. The overall result is an electrophilic substitution on the

allylsilane p by an acylating agent. (230)

Tetracyanoethylene reacts with allyltrimethylsilane to give a mixture of
cycloaddition and substitution products (Eq. 89), the proportions of which are
very solvent-dependent. (30)

NC CN
CN NC CN
(CH,),Si - 1o (CH,),Si CN A CN
ud (89)
CN
CH,Cl, (> 95%) (< 5%)
CH,CO,C,H, (66%) (33%)
CH,CN (13%) (87%)

Allylsilanes react with nitrones in a cycloaddition reaction (Eg. 90), and



reduction of the cycloadduct 103 followed by acid- or base-catalyzed
elimination of the silyl and hydroxyl groups gives homoallylamines. (231, 232)

(CHy)Si . OxI;EfCHs o
C'EHS
O—NCH,
(CH3}3Si\/<)\CﬁHs (94%) St (90)
103
HNCH,
pr cq, 7P

The dithienium cation 104, (233) the cobalt-stabilized propargylic cation 105,
234) and iron-stabilized ciclohexadien | cations like 106 (235-237) react with
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can be removed from the products by oxidation.
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4.3.1.1.2. Vinylsilanes

{79%)
CGHS
Co,(CO),
e A
Scy
105 CBHS
. Co,(CO)
,,-"‘" C / r 5
Scn
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CO,CH,
s R CO,CH,
(95%)

As with allylsilanes, vinylsilanes react with chlorosulfonyl isocyanate to give
cycloaddition products that can be induced to open during workup (Eq. 91).
(238) They also undergo cycloaddition with aldehyde-derived

Si(CH,),

csi 0
CﬂH’wSi(CH,,Ja — C¢H; N 0 —> CﬁijCONHE (91)

$S0,Cl

nitrones, and the cycloadducts can be opened in an acid-catalyzed elimination
of the silyl group with breaking of the N — O bond to give eventually a,
-unsaturated aldehydes (Eqg. 92). (239) Alternatively, styryltrimethylsilane gives



a regioisomeric cycloadduct that can be reduced, and the product converted
stereospecifically into the cis or the trans allylamine (Eq. 93). (232)
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Simple iminium ions react with both allylsilanes and vinylsilanes. Although they
can sometimes be isolated, and would then properly belong in this section,
they are more frequently generated in situ. For this reason, they are all, with
the exception of the nitrones shown above, discussed in the section on
iminium ions, regardless of whether the iminium ion needs catalysis for its
generation or not.

4.3.1.2. Alkyl Halides, Alcohols, Ethers, Esters, Nitroalkanes, Alkenes, and
Arenes

Allylsilanes and vinylsilanes react not only with metal-stabilized carbonium
ions but also with carbonium ions generated in situ from suitable precursors.
Most of the substrates are therefore of the kind associated with Sy1 behavior,
but the electrophile may not always be a free cation.



4.3.1.2.1. Allylsilanes
Tertiary alkyl halides react stereospecifically and regiospecifically in the
presence of titanium tetrachloride (Eq. 94), (21) and the reaction

,CaHo-t

(CH:t}sSlm r{.n,ﬂ Ticl, \/\‘IL (94)

even works when two quarternary centers are bonded (Eqg. 95). (170)
Secondary benzylic or allylic halides or ethers react similarly. (240)
Unsymmetrical allylsilanes

00w Ogy
+ CH:ﬂz
=T8*

(95)

(98%)
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respect to the allylsilane-derived portion of the product, but not usually with
respect to the allyl halide or ether portion. (241) The deuterium label in Eq. 96,
however, shows that the integrity of the allylic system of the electrophile

D TiCl,

CH0,C.__ + "-CHO —

PO AN
(CH,),Si
(96)
Cszozc\/\/I\.f\
D
(60%)

is retained in this case and that a free allylic cation is not involved. (240)
Unsymmetrical allylic lactones (Eq. 97) react mainly at the less-substituted end
of the allylic system. (242) The catalyst in this case is Meerwein's salt, rather
than the usual Lewis acid.
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(CH3 )4 Si \/Q \M BF
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# CO,CH,

p -Allylpalladium cationic complexes are presumably involved in the
palladium(0)-catalyzed reactions of the allylic acetate in Eq. 98. (243) Some
polyhalogenated

NIFL'C Hylle
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primary alkyl halides react with allylsilanes with iron or ruthenium carbonyl
catalysts. (244) Tertiary allylic and benzylic nitroalkanes react in the presence
of stannic chloride with displacement of the nitro group (Eq. 99). (245)

OZN /\/\)\
Sn0l,
(CHS}SSIV/‘\\‘;‘_\ L 2 \\)(Cﬁl'[l}-ﬂ CHCL, -10* 2= Z CGHJJ-H (99)

(65%)

(97)

Alcohols, in contrast to ethers and esters, usually react with allylsilanes (and
vinylsilanes) in the presence of Lewis acids to induce protodesilylation and the
formation of silyl ethers. However, tertiary benzyl and cumyl alcohols react with
allylsilanes by alkylation (Eq. 100), although there is some difficulty

(CH;), COHCH,

CH.).Si BF,, CH,Cl,, O* | (56%) /E{XEHS

(CHy)8i - __| e i (100)
(C.H),C= CH,

BF,, CH,Cl



in preventing the concurrent oligomerization of the styrenes derived by
dehydration of the starting materials and in preventing the products from
reacting further. It is even possible to induce reaction of the tert-cumyl cation
derived from 1,1-diphenylethylene with allyltrimethylsilane, but it is not clear
whether this slow reaction is proton-initiated. (246)

Intramolecular proton-initiated alkylations are known: in the example in Eq.
101, the intermediate secondary alkyl halide 107 reacts with the allylsilane

/
! HQl ! Cl 250 4
CH)S, = CHYS{ = CI(CH,),Sf (70%) (101)
107

group intramolecularly without catalysis, (247) but intramolecular reaction is
much easier when the cationic center is tertiary (Eg. 102). (248) In reactions
like

Oo00oooooooon OO00000000000000000ao00o0aoonc
X

§nCl,, CH,CL,
(CH,),Si S S (102)
0 CO,CH,

CO,CH,

these where the group initiating cyclization is an alkene, there is a problem in
ensuring that it is attacked by the electrophilic catalyst faster than the
allylsilane group is attacked directly. In the example in Eq. 102, the
methoxycarbonyl group lowers the reactivity of the allylsilane. The problem
does not arise in the example in Eq. 103, where the allylsilane unit is
embedded



(CH,),Si (CH,),Si

AL T, PSS

OH |
108
[ (CH,),Si (103)

v

= -

(38%)

in the cationic unit 108 that initiates the cyclization. (249) The problem of
chemoselectivity is more generally solved in reactions like that in Eqg. 104,

where
Si(CH,),
Q000000000 OZU000000000000000000000000nc
“N\ CF,00.H, CHCL,

—40°

(104)
OH ]

(83%)

an allylsilane is a strikingly effective terminating group for polyene cyclization.
Here, acid leads to ionization of the tertiary allylic alcohol much faster than it
protodesilylates the allylsilane group. (250)

4-Chloro- B -lactams react with allylsilanes (Eq. 232), presumably by way of an
iminium ion. However, as mentioned earlier, iminium ions are available from
such a variety of sources that all their reactions with allylsilanes and
vinylsilanes are discussed later in a special section, regardless of the
functional group from which the ions are derived.

Oxygen- and sulfur-stabilized carbocations are usually generated from acetals
(g.v.) but they are also available from alkoxymethyl halides and from alkyl- and



arylthiomethyl halides. Thus a -alkoxyalkyl halides (Egs. 7 and 105) (10, 251)
and a -thioalkyl halides (Eqg. 106) (252, 253) react with allylsilanes in the

(CH,),5i i
NN + CICH,0CH,CH; %’N[}CHEC{,HS (105)
(78%)
(CH,),Si i
ok ™ + CICH,SCH, — ==
CO,C,H, (106)
CszDzC\f)\/CHzSCﬁHs

(52%)
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(CHy)Si o+ OBn — %=t
1 OHC
X" "o o

(107)

wp =10:1 (81%) from X = Cl
wph >20:1 (95%) from X = F

presence of a Lewis acid. Similarly anomeric sugar chlorides (254) and
fluorides (255) 109 can be used to prepare C-glycosides (Eq. 107). Two
equivalents of an allylsilane react with dichloromethyl methyl ether. (256)

The reactions of primary alkyl bromides 110 that are attached to
tetrahydrofuran and tetrahydropyran rings are more complicated. On treatment
with silver tetrafluoroborate, they give mixtures of products, of which one (113)
is derived from the cation 111, and the other (114) from a rearranged cation
112 (Eq. 108). On the whole, the tetrahydrofurans react primarily by
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(9] CeH,3-n
114
[ Pz 2 13114 0:100 8%

the former pathway, and the tetrahydropyrans by the latter. Open-chain 3
-alkoxyalkyl halides do not give clean reactions. (257)

Nucleophile-catalyzed alkylations are restricted to allylsilanes likely to give
well-stabilized anions and to the most reactive primary alkyl halides (Egs. 109
and 110). (258, 259) However, intramolecular removal of the silyl group makes

Wl

S S
R WL

(74%) (24%)

(109)

¥



KF, 18-crown-6

(CH,):Si X\ Cstls Taamprmr o CeHsCHn X -Cslls  (110)

it possible to alkylate some otherwise unfunctionalized allylsilanes (Egs. 111
and 112). (260, 190)

LiO, ,Si(CH,); oy PSi(CHy),
—_

83% (111)
C HW CﬁHW (85%)

675

OH i(CH,), OSi(CH,),
f " i 'M
Lt CH;n 4

2. n-CH,l

E (51%) (6%)
Z (28%)
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Arenes are not usually electrophilic enough to react with allylsilanes, but they
can become so on irradiation. Allylsilanes react with o- or p-dicyanobenzene
on irradiatige=-in acetonitrile; the cyano group is displaced regiospecifically, but
the allyl grm is incorporated with loss of regiocontrol (Eq. 113). Most
probably, the reaction involves electron transfer from the allylsilane

CN
. hv, CH,CN
(CHy,Si A~ + /@/ . CHON
NC

+ 3:2 (91%)
= =

to the photo-excited arene, followed by the loss of the silyl group from the
allylsilane radical cation; coupling of the two components and loss of cyanide
ion complete the sequence. (261)

The alkylation in Eq. 97 is the key step in a synthesis of sinensal, (242) and the
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cycloalkylation of allylsilanes is used in syntheses of steroids (Eq. 104), (250,
262, 263) of limonene (Eq. 114), (264) of 3-hydroxylabdadienoic acid, (265) of
albicanyl acetate and isodrimenin, (266) and of trixagol (from the product of Eq.
102). (248)

A
TiCl,, C,H,;NHCH, 114
] i S e (79%) (114)
Si(CH,), N

4.3.1.2.2. Vinylsilanes

Alkylation of a vinylsilane would make the product more reactive than the
starting material. Accordingly, useful alkylations are largely restricted to
intramolecular reactions like those in Egs. 115-118 where this

ooo DEDD | OO000000000c

: |
Si(CH,), R (85%) (115)

__/S{CH, _Si(CH,),
i (-CHMAICT [T
Si(CHy); ———— (116)
Br
6Hs 6Hs Mot oty
> Si(CH), Cl -
. SECHE)z ma | | N i(CHy), N Si(CHy), CI .

Ne|
1 fai



OCH, OCH,
0
cocl
ShCl,. CH,CL
| e (51%) (118)
= |
H

Si(CH,),C H,

problem does not arise. (267-270) The reaction in Eq. 118 is remarkable
because the attack on the vinylsilane group is from a secondary center, and
the overall stereochemistry at the vinylsilane double bond is, perforce,
inversion of configuration. It appears that a vinylsilane group, like an allylsilane
group, is likely to be an effective terminator for polyene cyclization.

Vinylsilanes react well with methoxymethyl chloride (Eq. 8) and with
dichloromethyl methyl ether (228) in the presence of titanium tetrachloride; in
the latter case, an aqueous workup gives the a, B -unsaturated aldehyde (Eq.
119). (256) The reaction is not stereospecific, the thermodynamically more
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CEHS
CzH,\:,/»I\ + C1,CHOCH, ;::g e o L8
Si(CH,),
119
|:| H, (119)
CMe g (73%)
CHO

product (usually E) being isolated. (256, 271) The reaction works on
cyclopentenylsilanes (272) and on 1-silylbutadienes. (273)

The reaction in Eq. 115 is a synthesis of (E)- y -bisabolene, (267) and the
reaction of a vinylsilane with dichloromethyl methyl ether is used in a synthesis
of nuciferal. (256)

4.3.1.2.3. Allenylsilanes

The allenylsilane 115 reacts as a vinylsilane with benzyl chloride in the
presence of aluminum chloride, an unusual pattern of reactivity for
allenylsilanes. (274)
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e
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4.4. Epoxides, Oxetanes, and Episulfonium Salts

4.4.1.1.1. Allylsilanes

Ethylene oxide reacts regiospecifically (Eq. 120) (170) and stereospecifically
(Eqg. 121) (24) with allylsilanes in the presence of titanium tetrachloride.

OH
(CH,),Si CH,,—n A (120)
\/\\I/ et / CH,n 93%)

(CH,),Si._
TiQ, CHG, T m.u. -78° {93%} (121)

22-25% ee

Oxetane reacts similarly (Eq. 122). (275) However, propylene oxide,
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and presumably other higher oxides, give uncharacterized mixtures of several
products. ltgsqems likely that Lewis acid catalyzed rearrangement of the oxide
to propion hyde is competing with the direct reaction, and the
propionaldehyde then reacts with the allylsilane. (276) This problem is avoided
when the reaction is intramolecular and 5-, 6-, and 7-membered rings are
made (Egs. 123-125). (277, 265, 278) In the last example, the choice of Lewis
acid is critical; the

HO
/\b 111:1.,_;!:{1: \j:> (55%) (123)
(CH,),Si

cisitrans 4:1



OH
O BF,-0(CH,),
——

(CH,),Si -56° (80%) (124)
CO,CH, CO,CH,
(CH,),Si
= m-‘,-_{:;,Haz (71%) (125)
0 OH

usual Lewis acid, titanium tetrachloride, gives the chlorohydrin from the
epoxide and causes protodesilylation of the allylsilane.

Alkenes react stereospecifically with sulfenyl chlorides to give 8 -chlorosulfides
by way of episulfonium ions. The 3 -chlorosulfides 116 and 117 react with

o o o o o o o o

\/[ cusa  C.H.S S~ ), CEnHSS
Znﬂrrmm X (126)

(92%)
| |
m cHsa  CH.S P CHS
Cl Zn.Brz.;;J“H,NG, =5 (127)
117 (40%)

to give the products of anti carbosulfenylation of the alkene, presumably by
way of the same episulfonium ions. With unsymmetrical alkenes, the allyl
group is introduced at the more-substituted end of the alkene (Markovnikov),
completely so with styrene and isobutylene, and predominantly so (55:35) with
propene. (279) Sulfenylation of the allylsilane is a minor pathway in these
reactions, but selenenylation is the only pathway in attempts to achieve the
corresponding carboselenenylation of alkenes. (279)

Reactions of allylsilanes with epoxides assisted by nucleophiles are found in



one special case. The alkoxide 118 is available from the reaction of
vinyl-magnesium bromide and the appropriate acylsilane. It appears to be in
equilibrium with its isomer 119, which is the result of a Brook rearrangement,

CeH, CeH;
1. CuC=CSi(CH,),
CH;, = C,H; 7z 2 0
(CHy,Si” "OMgBr (CH),Si0 MgBr N,
118 119

(128)

(CH,),SiO OH
(66%)

and this species, as its cuprate, reacts with epoxides (Eq. 128). (280) This
sequence is clearly related to the alkylation in Eq. 111.

The a I:krlatlon in Eg. 124 is the kelﬁSteh Iﬁnthesis of karahana ester
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4.4.1.1.2. Vinylsilanes
The vinylsilane 120 reacts intramolecularly with the epoxide group in the
presence of titanium tetrachloride to give a cyclopentanol (Eg. 129). (120)

{54%)
Z “Si(CH,), (129)

C H13 n Cﬁl{ 13'"
120

4.4.1.2. Aldehydes and Ketones

Aldehydes and ketones are among the most frequently used electrophiles with
allylsilanes, in both Lewis acid catalyzed and nucleophile-catalyzed reactions.
The high level of regiocontrol and stereocontrol available makes this a good
method for preparing homoallylic alcohols, which are versatile intermediates in
organic synthesis. Vinylsilanes and allenylsilanes are much less often used.

4.4.1.2.1. Allylsilanes
Very electrophilic ketones like hexafluoroacetone react with allylsilanes without
catalysis in an ene reaction (Eq. 51), (141) but a wide variety of aldehydes and



ketones react in the presence of Lewis acids to give substitution. Typically,
titanium tetrachloride is used at —78° for a few minutes, but reactions are
frequently carried out at 0°, or at room temperature when the conditions do not
need to be mild. Several other Lewis acids, notably aluminum chloride,
ethylaluminum dichloride, and stannic chloride are used. The reaction is
regiospecific (Egs. 130 and 131), (64) and stereospecifically anti with the
formation of a trans double bond, as usual (Eq. 132). (21)

OH
CHYSI s + oHCCH -7 —— N CiHrr (130)
(B7%)
CH,),Si 4
(CHy, ‘\l/\ + OHCCH,n === Cﬁ“ﬁ\/\‘)\QH?-n (131)
CaHs (54%)
O000000000000000000000000000000000o0000oooooac
C.H., TiCl,, CH,CL,
oHs + CH,0 "%, oy O
(CH;)SslolI/\/ 0 —= ‘ s\f\gl_': 132

BSE BO% ee

Frequently, and especially when aluminum chloride is the Lewis acid, the
first-formed product reacts with another molecule of aldehyde giving
4-chlorotetrahydropyrans (Eq. 133). It is possible to use two different
aldehydes in succession, and hence get unsymmetrical
chlorotetrahydropyrans. (281)

When the allylsilane has an extra double bond extending the conjugation,
reaction takes place at the terminus of the diene system remote from the silyl
group (Eqg. 134). (282)
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HO” “CgH,
Cl
(133)
CHs ©O CeH;
(T2%)
OH
Hy)sSic X\ iCl,, CH, /\/\)\
(CH,),Si "X + OHCCH, T\':I.jﬂ: N C,H, (134)
(79%)

[ o

first-formed product 52 is evidently close in nucleophilicity to the double bond
in the allylsilane 51. (83) Note also the lower yield in Eq. 131 than in Eq. 130,
which probably stems from the same cause. Comparable reactions with
acetals (g.v.) are less troublesome. There is also a problem when the hydroxy
group in th@oduct is highly activated, since it can ionize when the conditions
are harsh and hence undergo further attack by the counterion or by the
allylsilane (Eq. 135). (246)

; CeH, CeH;
(CH;),8i + OC(CH), Tiq, CHC, m (135)

reflux
(25%:)

Allylsilanes with suitably placed ester groups in the molecule give lactones
(Egs. 136-138) as a consequence of the cyclization of the first-formed
products. (252, 283-285)



CO,C,H;
(136)
Z
C,H,0,C._~# on + CHOC ~# e T
O 0
T76:14:10
CO,Si(CH,),
L. TiCl,, CHCI,
+ O Z78° 1 room temp
(CHj)SSi\/L =< LHa o
O (137)
I (80%)
Qo0000000000daoooooooood OO000000000000c
CO,C,H; I
(CHQSSi\EIJ% + OHCCHy-n _m_,f}z.
0O (138)
Q
(25%)
C,Hg-n

The reaction in Eq. 136 is notable in ensuring attack y to the carbonyl group (d*
reactivity), in contrast to the usual kinetically controlled reactions of lithium
enolates (d” reactivity). The ester in Eq. 139, however, appears to react with
unusual regiocontrol; the allylsilane first rearranges to the silyl dienol ether 121,
which then reacts with the aldehyde. (286) This reaction
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CO,CH,
| [Gj | Enj o
N N
—_—
= | — A
L (CH,),Si0” ~OCH,_ n-C;HY ~0” 7O
121 (49%)

is therefore not strictly the electrophilic substitution of an allylsilane, and
examples of it are not included in the tables. In contrast, the allylsilane 122

attacks aldehydes directly (Eq. 140). (287
O00000000000000aa0o ﬂl:ll:hjDhDDDDDDDDDDDDDDDDDDDD[
(CHLSL + OHCCH, —— >
CON(CH,), e
[ OH (140)
7 CH, (62%)
CON(CH,),

Aldehydes give somewhat better yields than ketones, and in aldehydoketones
(Egs. 141 and 142) it is the aldehyde that reacts. (288, 289)
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0}
OCH, (141)
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Cl 0

(24%)
(CHy),Si. -~ + OHC N T
: e
- (142)
7
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(100%)

Intramolec reactions with a wide variety of structures work well (Egs.
143-146). (290, 291-258)

(CH;,),Si 0
OH (143)
C;H,AIQL, wiuene
(CHl),Si—E clio
i T, OH (67%) (144)
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When the eIEsilane has a substituent at C-3, the reaction with aldehydes
gives largely the product 125 in which the substituents are syn on the carbon
chain (erythro in the alternative nomenclature) (see also Eq. 140). The

(E)-allylsilane is highly selective in this sense (>95:5) (Eq. 147), but the
(2)-allylsilane

TiCl,, CH{.’.‘I

H H
= Rt A~ R (147)
1

I
125 >05:5 126

(syn = erythro) (anti = rthreo)

(CH,Si.__~ + OHCR T2,



CH.),51 iCl,,
(CHy), l\/~\| + OHCR % 125 + 126 (148)
65:35

is much less so (~65:35) (Eq. 148). (293) When the allylsilane is, in addition,
chiral and resolved, the usual anti selectivity with respect to the allylsilane
stereochemistry is essentially complete, and syn (erythro) selectivity with
respect to the substituents remains (Eq. 149); it is even high with the
(2)-allylsilane when the aldehyde is heavily substituted (Eq. 150). (22)

TiCl,

CeHs + OHCC,H,-t =,
(Cﬂsissiw Hot o5
H H
CH (149)
65~ o~ C Hyt (47%)

>99:1
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CEH! " CHCL

+ OHCC ff —
(CHJ}lsim Hot g
H
OH (150)

D CﬁHj\/\/\Cqu'f (27%}

=>99:1

To explain these results, one school of thought prefers antiperiplanar transition
states A-D, and suggests that the transition states A and C are more favored
than the transition states B and D because of the steric interactions in the latter.
Another school of thought prefers synclinal transition states E-L, and suggests
that the transition states E or F and | or J are favored over G, H, K, and L
because of interactions from the Lewis acid bonded to the oxygen anti to the R
group in the aldehyde. Neither the antiperiplanar nor the synclinal pictures
explains well why (E)-allylsilanes are more syn (erythro) selective than
(2)-allylsilanes—the opposite result would seem to be more likely.
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Furthermore, the available evidence is inconclusive. In a cyclic reaction (Eq.
151) designed to test whether synclinal or antiperiplanar transition states are
preferred, the synclinal reaction is favored. Significantly, the nature of the
Lewis acid substantially affects the proportions of the reaction that follow

sl 5 +O,AH

ngf MX
XM ¥
.-""...-
Si(CH,), Si(CH,),
synciinal antiperiplanar
H OH i HO H (151)
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127 128
MX, 127:128
SnCl, 49:51
] (C,H,),AICI 66:34
FeCl, 70:30
BF,+O(C,H,), 80:20

the synclinal and the antiperiplanar pathways, (294) just as it does in the
cyclization of Eqg. 146. (258) However, in the cyclizations in Eq. 152, the Z and
E



CF,COH, CH,CL,, OF

CHO . (54%)
[ OH
SC + 130
5H5 )% (<2%)
Si(CH,), SCGHS
(152)
CHO A TG, Q\ (52%)
C.H.S | + 129
o ““ (<7%)
(CH,),Si sc ¢H

130

isomers give different products, the E isomer giving the cis product and the Z

isomer the trans. This is consistent with the synclinal transition states E
EIIZIIZIIZIIZIEIEIEIErIEIrErIéI hl@EHEHElﬁEIEIDDEIEIEIDE

either the antiperiplanar transition state D or the synclinal transition state K for

the latter. But this time, high selectivity is only observed with catalysis by a

protic acid; Lewis acids give mixtures of the stereoisomeric products, and any

explanation cannot now depend upon the size of the Lewis acid. Finally, in the

5—endo—trig|ization (Eqg. 153), in which both isomers give

tCH31]Si\(v
CHO

|y -7 (59%)
| ] (153)
(CH,),Si.. m OH
—_ >08% ee
CHO
132

131:132 8317

the same product, the stereochemical result is only consistent with the
antiperiplanar transition state A for the major E isomer 131 and the synclinal
transition state | for the minor Z isomer 132. (296) Clearly this is still a
confused area. A coherent picture of all the factors that control the



stereochemistry of reactions between two trigonal carbon atoms has yet to
emerge.

When the aldehyde or ketone contains a chiral center, diastereoface selectivity
in the attack on the carbonyl group is possible. Menthyl pyruvate, for example,
is moderately selective in its reaction with allyltrimethylsilane (up to 55%
diastereoisomeric excess), (297) but better designed chiral auxiliaries give
better control, phenylmenthyl glyoxylate giving 80% diastereoisomeric excess.
(298) Similarly, when the chiral center is not functional, as with
2-phenylpropionaldehyde, only the normal moderate degree of selectivity is
found (up to 76% diastereoisomeric excess). (299) However, when the chiral
center has an ether group a or 3 to the carbonyl group, very high
diastereoselectivity is observed (Egs. 154-156), consistent with attack by the
allylsilane from the less hindered side of a ring made up by chelation of the
Lewis acid between the ether and carbonyl oxygens. (299, 300) Some Lewis
acids cause dehydration or debenzylation of the product, and the precise order
of mixing the reagents is important. (301) Boron trifluoride, which has only one
coordination site, gives low and opposite stereoselectivity in the reaction in Eq.
154. (299) In the sugar aldehyde in Eq. 157, the choice of Lewis acid
determines the diastereoselectivity, titanium tetrachloride giving the product
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normal Felkin—Anh control. (302)

OHC H
OCHLH,
D SnCl, —78° l (81%)
OCH,C H, 50
(CHy),Si A _
uuc\( H
(CH,),Si OCH,C,H,
S e s (92%)  (155)

OCH,C H,



{CHS}}Siﬂ .

(156)

ﬂ o H  OCH,CH,
OHC P (85%)

TiCl, or SeCl,
antizsyn  95:5

OH
. H o
) Ticl, Z i OCH,
(CH,),Si S CHCL,, - 78
] i

O O 133134 20:1
(89%)

133

+
DDDDDDDDE@E@D[]DDDDDDD OO0000000080000000C
H
— OCH,

BF,«O(C;H,), =
CH, 1, -78°

]

1 o
[
134:133  90:1
(80%)

1M

Surprisingly, this is not the case in the reaction in Eq. 156, where boron
trifluoride gives the same result as the other Lewis acids. (301)

Nucleophilic displacement of the silyl group from allylsilanes works well for
protodesilylation (g.v.), but only a limited range of other electrophiles can be
used, among which aldehydes and ketones are the best. Protodesilylation is
only a minor pathway in most cases, in spite of the difficulties of preparing
reagents and solvents completely free of proton sources. The reactions are
usually carried out with tetrabutylammonium fluoride in tetrahydrofuran at room
temperature or at reflux, but benzyltrimethylammonium fluoride, (303) although
little used as yet, may be better. (304) Other fluoride ion sources and solvents
are cesium fluoride in dimethylformamide, (115, 305) potassium fluoride with
18-crown-6 in tetrahydrofuran, (259) and either potassium tert-butoxide or
tris(dimethylamino)sulfonium difluorotrimethylsilicate in polar aprotic solvents.



(306) The first-formed product is usually the silyl ether, which is hydrolyzed to
an alcohol during workup or, in more hindered cases, deliberately hydrolyzed

in a second step. The reactions are sometimes highly regioselective (Egs. 158
and 159), but not regiospecific (see Eq. 32), because

(CH,),Si F
F
135 T
or + OHCCH, —5— & CoH, (158)
"\.NJ"\NH" F F
(CH3)35]1;>(J\ £ HOL RO (100% from 135)
F
(58% from 136)
136

EIEIEIEIEIEIEIEIDI}EEHT_IEIEIEIEIEIEIEIEIDDDQBﬁ'tIDDDDDDDDDDDDDDDDE
vV

| | (159)
D + >=0 % (90%)

selectivity depends upon the ambident character of the intermediate anion.
(306, 167) When the intermediate anion is stabilized, the conditions can be
somewhat milder (Egs. 160 and 161). (258, 307) In the reaction in Eq. 161, the
ambident intermediate is attacked at the end of the allyl system away from the
silyl group. However, when the disilylated allyl group in the starting material
also has a highly hindering group at one end, as in 137, the ambident
intermediate can be attacked at the silicon-substituted end, and the product
then undergoes an easy Peterson elimination (Eq. 162). (227a)




OH (160)

L oy
%g;,U

TBAF, THF

(CH,),Si._~_-Si(CHy), + CH,CHO —;
OH

(161)
MSKCH});

(70%)
OO0000000000000oooobidoooodoodooooooodooodonoonoc
4
=

S -
BAF, | N
— e
temp

+ OHCC,H,
CH,0,C - SiCH),
CH.O,C
10, Si(CH,), 7&/\ (162)
137
CH,0,C P
i
CH,0,C CeHs
(T65)

The base-catalyzed reaction also works intramolecularly (Egs. 163 and 164).
(258, 166) The stereochemistry in Eq. 163 is opposite to that found for the
reaction catalyzed by Lewis acids (Eq. 146). The byproduct in Eq. 164 is
evidence for some competing protodesilylation.

The reaction of allylsilanes with aldehydes is used in syntheses of tagetol
(ipsenol) (138), (174, 308, 309) muscone, (310) and sesbanimide A. (311) The
reaction in Eq.



(CH,),Si

X

163
o 123 + 124 (163)
CHO 18:82
Si(CH,),
| TBAF, THF
(CH,),si CoH, ™™
0
(CH,),Si_~ CH,
+
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159 is used in the synthesis of vetispirene, (167) and the reaction in Eq. 165 is
used in a sﬁhesis of the Prelog—Djerassi lactone. (312)



/ OH
. T, 150°
+ OHCC,H,-i CH,CL,, 0 C,H.-i (100%)

(86%)

; =~
(CHy),Si + OHCC.H..; NG CHCL -T8° (30%)
/ ,H.,-I or TBAF, THF, room 1emp (?4%)

AN OH (165)
. C.H,-i

Si(CH,),

138
0
~.__CO,CH, (CH)S o
+ —
CHO k- d

OO000000ooOgdodonoooodooonn 0Ob000000000000C

(80%) sym:anti >9:1

4.4.1.2.2. \ulsilanes

Vinylsilanes react with chloral in the presence of Lewis acids (Eq. 166), but
there are very few other examples of this type of reaction. (313)

AICY, CH,CY,

S5 (CH,),Si ccl
i ” \/\/ > (166)

OH

(CH)Si\_A~sicn, + OHCCCL

Nucleophilic catalysis works when an anion-stabilizing group is present (Eq.
167), but not otherwise. (314) The usual byproduct in this reaction is that
derived from protodesilylation, which is a more severe problem with ketone
substrates than with aldehydes. The reaction is stereospecific (Egs. 30 and 31),
and can be used in ring synthesis (Eq. 168). (101)



CN

THAF, THF
n-CTHU\)\Si(CHﬂ! + OHCCH, ————
e (167)
n-CTH”\)\[/
OH
(70%)

SC,H,

Si(CH,), TBAF, THF @SC&HS (168)
| (60%)

441.2.3. Alleﬁlsnanes
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tetrachloride. Intermediate B -silylvinyl chlorides are sometimes observed, but
these can be converted to the acetylene with potassium fluoride in dimethyl
sulfoxide. With aldehydes, the reaction is moderately

D TiC,
(CHy,Si_~ Cﬁ + /O CH,Cl,
OHC

. 169
(CH,),Si xf.::-lso (81%) (169)
HC

Cl OH OH
syn:anti 4:1

selective in favor of syn products (Eq. 169), in the same sense but not to the
same degree as the corresponding reaction with allylsilanes (Eq. 147). (315)

4.4.2. a, B-Unsaturated Carbonyl Compounds and a, B8 -Unsaturated
Nitriles
4.4.2.1.1. Allylsilanes



Allylsilanes react with a , B -unsaturated aldehydes by direct attack at the
carbonyl group, (316) but they react with a , B -unsaturated ketones (Eq. 170)
by conjugate addition. (317, 318) The reaction is usually known as the

CeH
(CHa}SSixA\ + C&HWCOCH] __..“E'i';m /\)\/CDCH3 (170)
(80%)

Sakurai reaction. Occasionally, the intermediate cation is trapped
intramolecularly before the silyl group is lost (Eq. 171). (319, 320)

| CH,CO
(CHYSL X + E‘__;'ﬂ.

CH,CO
s L (CH)Si (171)
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The reaction works well with methyl vinyl ketone (170, 317) and other
open—chain@ones, acylcycloalkenes, (290, 319, 321) a
-alkylidenecycloalkanones, (319, 322, 323) cycloalkenones, (317, 322,
324-326) and bicyclic enones. (317, 327) There appears occasionally to be
some difficulty with cyclopentenones, notably 3-substituted cyclopentenones,
(328) but the presence of a 2-phenylthio substituent helps these reactions (Eq.
172) (329)

If the reaction mixture is not worked up, the intermediate is a titanium enolate.
Electrophiles can be added directly to this intermediate to establish two
carbon—carbon bonds in one pot (Eq. 173). (330)



CEHS
(CHy),Si Lo ™00 ma, = COCH

2. €, H,CHO

} (64%) (173)

cH{ ~OH

a, B -Unsaturated esters do not react with allylsilanes with Lewis acid catalysis.
This limitation is overcome by using either an a , 8 -unsaturated acyl cyanide
(Eqg. 174) (331) or an a , B -unsaturated acylsilane (Eq. 175). (332) Both the
acyl cyanides and the acylsilanes are versatile products that can be converted
into acids and esters. The hexenoyl cyanides undergo an intramolecular ene
reaction to give cyclohexenones, (333) and acylsilanes can be converted into
aldehydes, which eliminates the difficulty of a , B -unsaturated aldehydes
themselves reacting by attack at the carbonyl group. When there are two
conjugated double bonds, as with sorbyl cyanide, addition takes place almost
equally at the 8 and d positions. (331)

OO00000000doopooooondoooodoonoolooodoooOonoonc
=

=30F
(95%)

(CH,),Si
TiCl,, CH,CL,
\/Y + A/CDSi(CHs]a s
| (175)
> COSi(CH,),

(59%)

Silylpentadienes give some conjugate addition at the terminus of the diene
system, but the Diels—Alder reaction is now a competing process (Eq. 176).
(282)

Stereochemically, the reaction is moderately well controlled in open-chain
systems by a neighboring chiral center (Eq. 177), (299) and is unusual with



4-substituted cyclohexenones and cycloheptenones in giving largely the cis
product (Eq. 178), in contrast to cuprate reactions, which give largely the trans
product. (326) With 5-substituted cyclohexenones and cycloheptenones,
allylsilanes give the trans product, as usual for nucleophilic attack on these
systems, but the selectivity (> 98:2) is higher than that for comparable cuprate
reactions (~ 83:17). (326, 334)

(CH),Si "N\~ \ Tl
> i +-,Ja§,cocul——*

/\/\X/CUCHs o (176)

(35%) COCH,

(CH,),Si
(24%)

EIEIEIDDDDDDDDEIDDDDDEIDDDDDDDDDDBE[;IDDDDEIDDDDEIDDDE
{CHJJESLﬂ + COCH, ic,, cua,

-78
COCH
OCH,CH, \/\/ (177)

OCH,CH,

EI 4:1 (80%)

18]
(CH,)Si + _Ticl, CHCL |
% B (178)

n = 1, cisitrans 2:1 {76%)
n= 2, cis:arans 2:1 (71%)

The intramolecular Sakurai reaction shows many remarkable features. The
reaction is very sensitive to the choice of Lewis acid. Titanium tetrachloride
can be used (Eqg. 179), (335) but it quite frequently causes protodesilylation
instead. (168, 226) Ethylaluminum dichloride avoids this problem (Eq. 180),



(226) but it is not as powerful a Lewis acid. As with the reactions between
allylsilanes and aldehydes, it is not clear whether antiperiplanar or synclinal

transition
Ticl,. CH,Cl,
o = - (B0%)

179

cis:trans 3:1

Q“:Mﬂ:
“ohene, 78
- (77%) (180)

Si(CH,), 3:1 mixture of diasterecisomers
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(333, 336) the transition state appears to be antiperiplanar, but in the reaction
in Eqg. 180 it is synclinal.

The conjugate addition is thwarted in the reaction in Eq. 181, (337) because a
four-memb d ring would have been formed, but in the reaction in Eq. 182
two quaternary centers are bonded efficiently. (337) In these two examples,

Si(CH,),
Z
TiCl, / (45%) (181)
o =
HO
139
Si(CH,); ma, (78%) 182)



ethylaluminum dichloride is not powerful enough to induce reaction, but
fortunately titanium tetrachloride works well. The allylsilanes in Egs. 183 and
184 react at the terminus of the doubly conjugated dienone systems. (338,

339)
Si(CH),
\
o (55%) (183
o) A 0
140
Si(CH,),
7
N
184
Dzdc/r - o) Y
r
141

OO0000000000000oooobidoooodoodooooooodooodonoonoc

The Sakurai reaction can be catalyzed with fluoride ion (Eq. 185) but, in
contrast to the Lewis acid catalyzed reaction (Eq. 170), it gives mixtures of

TBAF, THF

(CH,),Si 2 + CH WCDCHa T
CH,

(24%0)
/\/l\/ COCH; (185)

4

/\><DH/\
CHY X (50%)

5

products because some direct attack at the carbonyl group takes place as well
as conjugate attack. (13) However, unlike the Lewis acid catalyzed reaction, it
works with a , B -unsaturated esters, amides, and nitriles (Eq. 186). (162) In
intramolecular



CﬁHﬁ
TBAF. DMF, HMPA

(CHs}SSIﬂ 53 CﬁHﬁ/Z room temp > N\/Z

Z = CO,CH, (90%)
Z = CON(C,H,), (80%)
Z = CN (65%)

(186)

reactions, nucleophilic catalysis frequently shows different selectivity from the
Lewis acid catalyzed reaction, as in the reactions in Egs. 187 and 188, (337,
338) which can be compared with the reactions in Egs. 181 and 184. Clearly
the differences in these pairs of reactions stem from the ability of the allylsilane
to react in the presence of fluoride ion without allylic shift. However, it is not
obvious why the fluoride-catalyzed reaction in Eq. 189 should give such
different products from those in Eq. 183. (339) The intramolecularly assisted
removal of the silyl group, already seen in Egs. 111 and 128, also works when
a, B -unsaturated carbonyl compounds are the electrophiles and copper
catalysis is used. (280)
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141 TBAF, DMF, HMFA @
(188)

BEEDDDDDDDDDMDDDDDDDD[

(33%) (23%)
TBAF, DMF, HMPﬁ. \
140 %\ (189)
HO
(5%)

(45%)



The Sakurai reaction is used in syntheses of lycopodine, (340) nootkatone,
(316, 323) ptilocaulin, (334) hirsutene, (341) and fawcettimine. (342)

4.4.2.1.2. Vinylsilanes

The only known intermolecular reaction (Eqg. 190) involves a vinylsilane that is
also an allylsilane. (320) Unusually, it reacts effectively as a vinylsilane;
perhaps the intermediate cation loses the silyl group with intramolecular
participation of the oxygen of the carbonyl group.

CH,CO |
(CH,),Si -~ _-Si(CHy, + \@ na,,

CH,CO (190)

(CH,)ESi\A/\D

(87%)
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The silicon-controlled Nazarov reaction (Eq. 191), although pericyclic in nature,
is formally the intramolecular reaction of a vinylsilane with an enone. Lewis
acids are needed and ferric chloride has been recommended, (343, 344)
although it idizing power sometimes makes it unsuitable. (345) Other Lewis
acids do wé#d notably boron trifluoride etherate and stannic chloride. (345,
131) The reaction is used in a synthesis of capnelline. (345)

O

| FeCl,, CH,Cl, (191)

(84%)
(CH,),Si

4.4.2.1.3. Allenylsilanes

Allenyltrimethylsilane reacts with acetylcyclopentene in the presence of
titanium tetrachloride to give 1-acetyl-2-propargylcyclopentane in low yield, but
the reaction with a , B -unsaturated acyl cyanides is better (Eq. 192). (331)
Allenylsilanes with more substituents, especially 1-alkylallenylsilanes, react in
a different way (Eq. 193): the intermediate cation 142, instead of simply losing
the silyl group, rearranges and then cyclizes to give the product 143 of



cyclopentene annulation. (346) The overall result is not an electrophilic
substitution, and these reactions are not included in the tables.

z i C COCN
(CH),Si C~ + N CoCN T2 @ /\(\ (192)

(60%)
0 OTiCl,
_ (CH)Si._~ /—
: Ti
(CH3}3$1TC + L E | —
142
(193)
0
(CH,),Si (85%)
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4.4.3. Quinones

Allylsilanes]refct with quinones in the presence of titanium tetrachloride very
much as they do with a , B -unsaturated ketones, the usual products coming
from attack at the C = C double bond (Eq. 194), (347) but occasionally attack
at the C = O double bond is seen (Eq. 195). (83, 347)

The reaction of methyl a -silyl-3-butenoate with a 2-acetylnaphthoquinone is
used in syntheses of nanaomycin A and deoxyfrenolicin. (348)

Q& 4
» TiCl,
4]

CH,C,, 75" ’ (194)

OH
(CH,), 81 (58%)



(CHYSi
0
cn,o’@omi,. 7O,

CH,CL,, -78° (195)
CH,0 OCH,
OH
74

(81%)

4.4.4. a, B-Unsaturated Nitro and Nitroso Compounds

Allylsilanes react with nitroalkenes in the presence of aluminum chloride or
titanium tetrachloride. The product is a nitronic acid derivative, but this is
comparatively unstable and it is best treated immediately with a reducing agent:
titanium trichloride gives the ketone by a Nef-type reaction (Eq. 196), (349)
and, when the nitroalkene is B -nitrostyrene, zinc gives the corresponding
nitrile (Eq. 197). (350)

O000000000acaa a0 DDI;IFEIEIEI HOOOOOOOOC
Z N on E— 0
(196)

(50%)
=zN /\)\
7z * OSi(CH,), < CN

Allylsilanes also react with nitrosoalkenes, generated in situ, to give
cycloadducts; an acid-catalyzed step opens the ring to complete an
electrophilic substitution reaction (Eq. 198). (351)



CO,C,H,

HON
(CH,),Si _NeO,
Y\ cu,cn,

o e (198)

(CH,),Si L H\/\/\H/C%CZHS
0

(33%)

4.4.5. Acetals and Ketals
4.45.1.1. Allylsilanes
Acetals and ketals are exceptionally good electrophiles for allylsilanes. The
reaction is typically catalyzed by stoichiometric amounts of titanium
tetrachloride in dichloromethane at —78° and is complete in a few minutes (Eqs.
199 and 200). (352, 83) Ketals require somewhat longer times than aldehyde
acetals. Other Lewis acids commonly used are boron trifluoride etherate,
00000000 EE N EEFd Efein e YO OO 0000000000000C
trifluoromethanesulfonate, (353, 354) trimethylsilyl iodide, (355)
triphenylmethyl perchlorate, (356) and montmorillonite clays. (357)
Hemiacetals also react cleanly, with replacement of the hydroxy group (Eq.
201). (358)

[]

(CH3}351\/ﬁ/ N j’\CHa ma, cu,
CH,0” “CHyn ™
OCH, (199)
/XLC‘H’_H (80%)
7<\ CH,0” “CHyn ™
OCH, (200)

(83%)
- CHy-n
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The reactions with acetals and ketals are often cleaner than with the
corresponding aldehydes and ketones, as in Egs. 200 202, and 203, (83, 252,
284) which can be compared with Egs. 35 136, and 138, respectively, in each
of which further reaction occurs.

(CH,),Si j)\ CH,0 (CH,),SIOSO,CF, \)\X
T CH,0 coy, s CHs0.C A OCH, (202)

CO,C,H; (83%) E:Z, 86:14
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CO,G,H, C,HOC  OCH,

DCH3
_ TiCl,, CH,CY,
(CH3)351\A + )\ o =~

CH,0” ~CHyn CH,n (203)

(85%)

Nevertheless, some reactions do go beyond the first-formed product (Eq. 204).
(227a) The corresponding reaction with aldehydes is not clean with Lewis
acids, although it is with nucleophilic catalysis (Eq. 162), which is actually the
best way to do this type of reaction.

o OCH, )
CH;DEC + (CH,),Si080,CF,
N_SICHy, | CHO™ T CH, e,
CHOC |
Si(CH,), _ (204)
CH,0,C P
=
CH,0,C oHls

(38%)



Since trimethylsilyl iodide and silyl ethers can be prepared by the reaction of
iodine with allyltrimethylsilane, and since acetals can be prepared from silyl
ethers and aldehydes in the presence of trimethylsilyl iodide, it is possible to
combine all three reactions (Eq. 205). (359)

OCH,
(CHs}JSi\/“\\Q + CH,0H + OHCCH, %‘ N\CEHS (89%) (205)

Chemoselectivity in the acetal 144 involves exclusive attack at the acetal
group, but chemoselectivity in acetal 145 depends upon the Lewis acid used
(Egs. 206 and 207): with aluminum chloride, attack takes place at the ketone
group, but with titanium tetrachloride, both functional groups are attacked. (360)
However, in the corresponding a -phenylthioalkyl halides (Eq. 208), attack
takes place only on the thioalkyl halide group, (361) and with sugar aldehydes
reaction takes ﬁlace at the aldﬁ/ﬁe ﬁrﬁjﬁather than at the anomeric position.

O0000000E&@00000000d O000000000000000000ac
CH,0 CH,0
(CHy),Si o + CHJD/I\/CDCHj e /\)\,cecm (206)

EI 144 (60%)

OCH,
no. e, 2 (o)
j‘sz 5 HO =
(CHy),Si + CH,0” COCH, — OCH, (207)
145 AlQL,, CH,CL, 80%
“irwe - CH;0 o

HO =



CHS CeH,S

q&,m, s, /‘;\)\/CDCHE,

(90%)
; 208
(CH3),Si "\ s CHS (208)
’ , 5001,
ook » & COCH,
(39%)

Allylsilanes with a second double bond react at the terminus of the pentadienyl
unit (Eq. 209), (362) just as they do with aldehydes.

: C,H,O
(CH3}351M + )\ TiC,, CH,QY,
C,H.0 C,H,-i -

C,H.0 (209)
F\F C Hyi
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Cyclizations with loss of an alkoxy group are possible (Egs. 210 and 211). (363,
364) Displ ent of the methoxyethoxy group is a general phenomenon with
this type of mixed acetal (Eg. 212), and presumably occurs because the Lewis
acid is complexed to the two oxygen atoms of the glycol ether group. (364)
Monothioacetals also react selectively with cleavage of the C — S acetal
bond when stannic chloride is used as the Lewis acid (Eq. 213). (365)

Si(CH
1) ﬁ co, (12%)
e (210)
CH,0’ "OCH, OCH,
(CH,),Si N oo, P
CH,O iR 211
3 \/\D/\O CGI-IH"H D C,;Hl-_;-ﬂ ( )

(96%)



CH,O(CH, ), OCH, O(CH, L, C.H,

i1, CH,CL,, — (93%)
(CH'_!);S.‘\A\ J - v L WCH?O{CH!JECEHS (212)
CH.).Si CH.,O(CH,),C.H
(CH,), lﬂ —l — mﬂ%} /ﬁ“\v ;0(CH,),C¢H; (213)

CH,SCHOMCH, ), CH,, room emp

When there is a substituent at C-3 of the allylsilane, mixtures of
diastereoisomers are produced. With aliphatic acetals, the syn isomer is
substantially the major product, whatever the geometry of the double bond in
the allylsilane. With aromatic acetals the double bond geometry affects the
stereochemistry, and the degree of stereospecificity is highest when the acetal
has an electron-withdrawing group conjugated to it (Eq. 214). (366) Merely

no0ooooofitiio0000000000000000000000000000000C

H, OCH,
(CH,)Sis "~ = . m
ﬂ BF,-O(CHy);
CH,0 CN CN
147 80:20 148

CN
146
{CH,),8i
, \Aﬁ . 147 + 148
BF,O{CyH),
20:80

the para substituent in 146 from cyano to methoxy removes the
stereospecificity altogether, and the products are then formed in a 45:55 ratio
from both allylsilanes. (336)

Allylsilanes attack cyclohexanone ketals axially (93:7), (353) and attack
2-phenylpropionaldehyde acetal with a degree of Cram selectivity that is
influenced by the choice of Lewis acid, stannic chloride giving the highest ratio



(3.5:1). (367) With B -alkoxyacetals, chelation control is not possible as it is
with the corresponding aldehydes (Eq. 156). Stereoselectivity is in the
opposite sense (Eq. 215) and depends upon the choice of Lewis acid, but even
at its best (2.8:1), it is not high. (367)

OCH, OCH,C,H,

(CH,)38i + CH,0 mot?; i

OCH, OCH,CH; (219)
P e W e

sym:anti 2.8:1

Anomeric sugar acetals and acetates react with attack on the ring (Eq. 216),

(254) but the corresponding halides (Eqg. 107) react somewhat faster and need
less catalyst. The reaction shows good to excellent stereoselectivity for a (axial)
attack because of the anomeric effect. (368, 369) It appears that the better the

leaving group, the more polar the solvent, and the mor werful the Lewis
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boron trifluoride etherate being notably effective. (370) Anchimeric

participation by a 3-acyl group does not take place. (368, 369)

L .
‘ RO., -OR
(CH3)351V/'% + (CH,),SI0SO,CF, (cat) _
; OR CH,CN j
CH,0" ™o

R = CHCH,

(216)

The acetals of optically active 1,2- and 1,3-glycols show striking
stereoselectivity, giving homoallylic ethers in high diastereoisomeric excess,
especially when titanium tetrachloride—titanium tetraisopropoxide mixtures are



used as the Lewis acid (Eq. 217). (225, 371) In this series, in contrast to the
sugar series above, an earlier Sy2-like transition state (149) is more likely than
a transition state with a free oxocarbonium ion. The ether product can be
converted to the free alcohol by oxidation and 3 elimination. Even noncyclic
acetals made from aldehydes and optically active 1-phenylethanol give
homoallylic ethers with high (80%) diastereoselectivity. (372)

\'\.\(Y HO
(CHs]’;Si\/I% + OYD TiCl,, TH{OC,H,-i), )\/{I}\
C.Hg-i

C,Hy-i

:‘-Cﬁﬁt:ﬂ&
0

149
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(217)

The reaction of allylsilanes with sugar esters is a key step in synthetic work
directed toward the synthesis of palytoxin; (369) the reaction in Eq. 217
creates onthe chiral centers in a synthesis of myoporone, (225) and a
similar reaction is used in a synthesis of calcitrol. (373)

Nucleophile-catalyzed reactions do not occur with acetals.

4.4.5.1.2. Vinylsilanes
In the reaction between acetals and vinylsilanes, the first-formed allylic ether
usually reacts further (Eqgs. 218 and 219). (374) The problem

GH,0. . OCH,
T men,
e = » C.H CH
CH,CL,, -78 10 ~20° 5 5\M/ 65
(218)

CﬁHS



CeHsn A~ Si(CH,),

CyH,0
¥‘ li\'m' _ \/\X (219)
room temp CE‘HS = Cl

(46%)

is partly solved by using monothioacetals, although the products are allylic
thioethers and the reaction is not stereospecific (Eq. 220). (375) Secondary
reactions are less of a problem in intramolecular reactions (Eq. 221), although

GH0 MoCl, CHC
&stSimHs}} 4 7 \( o0 B, {:&H,\//Y (42%)
ZorE SCH, SCEHS (220)

150mer E only

000000000000Q000EGHEEEQ0N00000000000000000000C
aio o, (221)
3 3 OCH,

(70% from £ isomer)
(55% from E isomer)

[]

even here it is necessary to choose Lewis acid and solvent with great care to
avoid decomposition of the product almost as fast as it is formed. (376) The Z
isomer reacts approximately twice as fast as the E isomer, presumably
because it is following the favored pathway with retention of configuration. The
cyclization in Eq. 43 appears anomalous, because the product isolated is not
the result of attack at the silicon-bearing carbon. It seems likely that in this
case the major product, an allylic ether, has decomposed, leaving a low yield
of the homoallylic ether. Endocylic attack on an acetal is also successful (Egs.
222 and 223), and the double bond exocyclic to the ring is set up
stereospecifically with retention of configuration. (377) Sometimes the
subsequent reaction of the first-formed product is desired, as in the arene
synthesis in Eq. 224. (378)



CAHQ'" C4H9-PI

= snCl,, CH,CY, =
—15°
Si(CH,), ‘ (222)
Gﬂﬂ/l\/mﬂg 0
> 98% E (57%)
seC1,, CH,CL,
s'J(:;H ?Hﬂ = = “CHyn
ity 223
> 08% Z (T1%)
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When the silyl group is on C-2 of a terminal double bond, the intramolecular
reaction still works to make medium-sized rings, but the regiochemistry, as

usual with this type of vinylsilane, is no longer determined by the silyl group
(Eq. 225). (379)

Si(CH,), Si(CH,),
5n03,
— +
-15 (225)
P OCH,
o’ Yo7 0 0
(51%) (10%)

Dithioacetals react comparatively cleanly in intramolecular reactions; the
choice of Lewis acid is critical, dimethyl(methylthio)sulfonium fluoroborate



having a remarkably selective thiophilicity. Even so, the product is unstable
with respect to allylic shift of the thio group (Eg. 226). (380)

C,H; SCH! H, CH
(CH,),3SCH, BF; SCH; ’
SCH, —rﬁﬁﬂrmmp — -
2 Si(CH,), (226)
SCH,
(64%)

4.4.5.1.3. Allenylsilanes

Allenylsilanes react with acetals in the presence of titanium tetrachloride to
give addition, but the substitution reaction can be completed by treatment with
fluoride ion (Eq. 227). (381)

CH,0
ey + 1. TiCl, CHCl,, —78°
DDDDDDDDﬁﬁﬁndhﬂﬂﬁﬁéﬁﬂﬁﬁﬁdﬁﬂﬁDDDDDDDDDDDDDDDDE
HC%C CH,0 (227)
CeHs
(75%)

[]

4.4.6. a, B-Unsaturated Acetals

Allylsilanes react with a, B -unsaturated acetals in the presence of Lewis acids.
The products, which are allylic ethers, frequently react again (Eq. 228). (382)
The secondary reaction can be prevented by using milder Lewis acids like the
mixture of titanium tetrachloride and titanium tetraisopropoxide (382) or
catalytic amounts of trimethylsilyl trifluoromethanesulfonate (Eq. 229). (353)

CH,0
(CH)Si o~ 4 : P!
CH,0 "

(228)

[ OCH, ]
/‘\)\/\ — /\/\/I\/\ %
% Z Z N N



CH,0
(CH,),Si A TiCL,, TKOCH,-),
VLN + )\/-\ T
CH,0 CH,

/\ﬁ\/\ 229)
— o,

A, R = CHi (81%)
B, R = CH, (78%)

Glycal 3-acetates are vinylogous acetals, and the cationic electrophile
generated from them has the same substitution pattern as the electrophile
derived from a , B -unsaturated acetals; they react well with allylsilanes to
introduce the allyl group axially at the anomeric position (Eqg. 230). (383, 384)

D’AC
;UAC TiCl,. ;DAC
- qa, CH.:CI.: /

(CH;,);Si + .
]| o n|E3(N BBooooc

(94%)

wp 16:1

In all these reactions, there is evidently a strong preference for the allylsilane
to react with the electrophilic species at the carbon atom having the oxygen
substituent.

The reaction in Eq. 230 is used in the synthesis of okadaic acid. (384)

4.4.7. Iminium Cations

Iminium ions are almost certainly the effective electrophiles in several
reactions of allylsilanes and vinylsilanes. Except for the nitrone cycloaddition
reactions discussed in the section on carbon electrophiles needing no
catalysis, they are all grouped together here, regardless of the way in which
they have been generated.

4.4.7.1.1. Allylsilanes

Allylsilanes react with acyliminium ions (Eq. 231), (385) generated in situ in a
variety of ways. The reaction can be used with 3 -lactams (Eq. 232) (386) and
in more conjugated systems (Eq. 233), where the selectivity
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i
qﬁ, n CHg-n
pozﬂcmﬁ?
\(\C()zcﬁﬂ-iNﬂz _ AgBF,
,——N P “ong,
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CO,CH,
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(69%)

D OH

(CHy):Si +] _SaCL, CH,Q,
N TR (233)

|
CO,C,H, CDQC,H
(90%)

is again for attack a to the heteroatom. (387) The reaction is especially
powerful in ring synthesis, where it is possible to use protic acids as well as
Lewis acids and to make 5-endo-trig reactions work (Egs. 234 and 235). (388,
389)
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The double bond produced in the reaction of an allylsilane with an acyliminium
ion is itself available for a second carbon—carbon bond-forming step when a
second acyliminium ion precursor group is present (Eqg. 236). (390)

[]

(CH);Si . + /& T, G, N 036)
CH,0” Ny © cl

(T7%)
OCH,

Simple iminium ions, generated in situ from the salts of secondary amines and
aqueous formaldehyde, react cleanly with allylsilanes (Eqg. 237). The
corresponding reaction with primary amine salts and formaldehyde does not
stop simply at substitution; the first-formed product reacts intramolecularly with
another iminium ion (Eq. 238). (391) This reaction, and the similar one in Eq.
236, revealingly illustrate the different ways in which an allylsilane and a
simple alkene react with electrophiles: the former by substitution and the



CH,),Si
CHISI N + o0 + cHNHCH,CH, 2 2" NCH,CH,

CH, (237)
(76%)

CHISIN + cH,0 + HNCHCH, 2

(238)

CH,CH,
(81%)

latter by addition. The same type of reaction taking place intramolecularly can
be used to make six-, seven-, and eight-membered rings (Eq. 239). (392)
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“SNHCH,C H, ben
2603
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The iminium ion 150 is not as reactive as the acyliminium ions or the simple
iminium ions in the reactions above, but it can be induced to react
photochemically (Eq. 240). The reaction takes place by electron transfer, loss
of the silyl group, and radical coupling, and the placing of the silyl group does
not therefore determine the regiochemistry of the allylic coupling. (393) This
reaction can also be used intramolecularly, where it works in one case that is
5-endo-trig at both ends. (394)

(CH,),Si N % /Q hv, CH,0H
CHs N




The only nucleophile-catalyzed reaction is of allyltrimethylsilane with pyridine
N-oxides. The products are 2-prop-1 -enylpyridines, the double bond having
moved into conjugation (Eq. 241). (395)

o =
(CHYSi__ + O o, /\/@
“*-li'& e Ry (241)

0 (56%)

The cyclization in Eq. 234 is used in syntheses of isoretronecanol and
epilupinine, (388) and a similar reaction is used in a synthesis of mesembrine.
(396)

4.4.7.1.2. Vinylsilanes
Vinylsilanes react intramolecularly with iminium ions (Eq. 242) (397) and
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CeH ¢Hs
CF,CO,H, CH,CN
-~ /& X (90%) (242)
Si(CHE H H
9] O
N N
b Bl Ll (63%) (243)
\HO X
Si(CH,), I
r

Br

sensitive to the geometry of the vinylsilane, the reaction in Eq. 242, for
example, failing with the E isomer. (397) However, in the reaction in Eq. 244,
the vinylsilane geometry is scrambled by the rapidity of the aza-Cope
rearrangements 151 — 152 — 153, with the result that the geometry of the
vinylsilane double bond does not affect the reaction. Strictly speaking, the
cyclization step 152 — 154 is an allylsilane reaction, not a vinylsilane reaction.
The reaction of the E isomer shown in Eq. 245 is stereospecific, with the Z
isomer giving the alternative geometrical isomer of the product, thus providing



N _CHn
H RO

CH,CN
Y Si(CH,), RSOH,
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SHEH), Si(CH,), Si(CH,),

N

(90%)
X
154

O NI:II:II:II:II:II:II:II:II:II:II:II:

(245)

(83%)

an elegant method for controlling the geometry of an exocyclic double bond.
(399) Intramolecular reactions of a vinylsilane with an iminium ion are used in
syntheses of elaeokanine (398) and epielwesine (397) and of three of the
pumiliotoxins. (400, 401)

4.4.7.1.3. Allenylsilanes

Allenyltrimethylsilane reacts with the acyliminium ion derived from 155 to give
both the substitution product 156 and the annelation product 157 (Eq. 246).
Substitution is completely supressed when a tert-butyldimethylsilyl group is
used in place of the trimethylsilyl group. (129)



: & TiCL,
(CH,),Si C A L.t
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H
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156 (59%)

(246)

157 (28%)

4.4.8. Acid Chlorides and Anhydrides

Acid chlorides are the most frequently used carbon electrophiles with
vinylsilanes, and along with aldehydes and acetals, also among the most
frequently used with allylsilanes.

Q 1
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aluminum chloride or titanium tetrachloride in dichloromethane at —78° for a
few minutes. Other Lewis acids used include stannic chloride at 0°, (55) zinc
chloride at room temperature, (402) and indium and gallium chlorides at
40-60°. (4Q3% The reaction with anhydrides is catalyzed with boron trifluoride
etherate, ( with titanium tetrachloride, (319) or even with a protic acid.
(405) The reaction is regiospecific (Eq. 247) (406) and stereospecifically anti
(Eqg. 248), (21) although one special example (Eq. 17) discussed earlier is
stereospecifically

0
o, y
(CHR}JSi\/\,\I/ + CICD\)\ o w (247)

(90%)

CHy, .~ + CICOCH, =% cH, o~/ COCH:
H H (248)
51% ee

85% ee



syn. (19) The products of these reactions are 3, y -unsaturated ketones, which
are very susceptible to enolization and hence to loss of configuration. When
3,3-disubstituted allylsilanes are used, the products are not susceptible to
enolization, and stereochemistry should be well controlled. However, with this
type of allylsilane there are frequently problems in controlling the site of attack
by the electrophile (Egs. 249 and 250). (38, 407) Protodesilylation is also a
source of byproducts, and the products of protodesilylation sometimes react
with the electrophile. The reactions in Eq. 251 show such interfering
protodesilylation as well as loss of regiocontrol in the site of attack on the allyl
system. (408)

(CH,),Si + ,U\R . g + (CH)S:
\/\I/ 249)

= CH, 100:0
R = CH, 75:25
R = 2-furyl 50:50
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C¢Hs(CH,),Si = _
\/\D + CICOCH, m; Eﬁ::m

N | o (250)
C,H,(CH,),Si
(65%)
COCH, H,
(CH,),Si C.H, R CH, CH,
+ CICOCH, = + (251)
R = Si(CH,), (19%) (32%)
R = H (32%)

Protodesilylation may not always be the cause of this problem. The byproduct



159 in the reaction in Eq. 252 looks like the result of protodesilylation followed
by acylation. However, when acylation is deliberately carried out on the
product of protodesilylation, there is very little of the product 159 in the
complex mixture produced. It seems likely that the competing reaction is not
protodesilylation but direct attack of titanium tetrachloride on the allylsilane, in
other words a metal-for-silicon exchange (qg.v.), the allyltitanium species then
reacting with the acid chloride. Consistent with this explanation is the
observation that the same reaction as that in Eq. 252 can be carried out by
premixing the acid chloride and the titanium tetrachoride before adding the
allylsilane; using this protocol, the product is 158 (77%), uncontaminated with
the regioisomer 159. (409) This protocol is generally recommended, as it is
also for the reaction of vinylsilanes with acid chlorides. (76)

CaHs(CHE.JzSi\/l%/LCH + CICOCH, =%,
e, T CHCO CH,
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Pentadienyfsifanes react with acid chlorides with less regiocontrol than with
other carbofTelectrophiles: there is substantial attack at the y position and at
the terminus (Eq. 253, compare Eq. 134). Attack at the y position is the major
reaction when the € position is substituted. (410)

TiCl,. cu,u,

fCH;}jSIM + CICOC,H,-t

MCD&H,—: + M (253)
4% COC,H,-t
(25%)

a -Functionalized allylsilanes are useful because of the extra functionality that
is attached to the double bond in the product. Ester groups allow an effective y
acylation of crotonate systems. The products isolated are mixtures of the y
-acyl a, B -unsaturated ester and the corresponding a -pyrone, formed by



cyclization. (252, 411) Phenylthio groups make the product an (E)-vinyl sulfide
(Eqg. 254). (412) Silyloxy groups are versatile because the first-formed

products
(CHahSi\I/\\\/ + CICOCH,-n =2 CﬁﬂiS\f\rCDC;HT-n (75%) 50
SCH,

are silyl (or titanium) enol ethers. These can be worked up directly to give
1,4-ketoaldehydes (Eq. 255), (413) or they can be treated with a second
electrophile (Eqg. 256). (330)

2% OHC™~COCHt (75%)
(CH,),Si - *+ CICOCH,t —I (255)

OSi(CH,),C,H,-t
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OSi(CH,),C,H,-t L (53%) (256)

2. CH,CH(OC,Hy),
OHC COC,H,-t

L]

The acylation of allylsilanes is used in syntheses of artemesia ketone (Eq. 247),
(406) myrcenone, (308) tagetone, (414) and dihydrojasmone. (415)

4.4.8.1.2. Vinylsilanes

Acid chlorides are the best carbon electrophiles for vinylsilanes, presumably
because the acyl group that is introduced lowers the nucleophilicity of the
double bond of the product relative to that of the starting material. With other
carbon electrophiles, the nucleophilicity of the double bond is less reduced, or
even enhanced, and electrophilic reaction cannot then be stopped as easily at
the first-formed product. The reaction is generally carried out with aluminum
chloride in dichloromethane at 0°, but other temperatures between —78° and
room temperature are common. Titanium tetrachloride and stannic chloride are
also used. The reaction is stereospecific with retention of configuration (Eq.
257), (271) unless subsequent isomerization of the double bond catalyzed by
the Lewis acid, or by addition of hydrogen chloride and subsequent elimination
occurs. (416, 417) The addition of hydrogen chloride to the double bond of the
product is a major source of byproducts in some cases. Treatment with base



during workup converts these compounds into the a , B -unsaturated ketones.
Occasionally there are advantages to an

CH,,-n CH,,-n
n-Ciobla (e, T CICOCH, S n-CyoHy, o COCH,
(257)
Si(CH,), COCH,
nCitla A~y + CICOCH, 22 nC gl A o

alternative workup, in which hydrogen chloride is deliberately passed through
the reaction mixture, so that 3 -chloroketones are formed. (117)

The regiocontrol in attack on unsymmetrical vinylsilanes is good (Eq. 10)
unless the asymmetry is considerable (Eq. 258 (418) and Egs. 40—-42).
(296-118, 119)
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Si(CH,),

The reactiomlorks well intramolecularly, both in 5-exo-trig (Eq. 259) (417) and
in 5-endo-trig reactions (Eq. 260). (419) Even four-membered rings can be
formed, but there are substantial amounts of byproduct from attack at the end
of the vinyl group away from the silyl substituent (Eq. 261). (116) When the

L RV

SHCHLYs s, cupio — (259)
R toa



cocl Lt (82%)
o) (260)
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Si(CH,),
0
- Si(CHy) N0
AICL,, CH,CL, + o1
CoCl o
62%
mixture of Z E only (38%) (62%)
and E

acid chloride is presented with two similar double bonds, one of which is a
vinylsilane and the other is not, it reacts with the vinylsilane (Eq. 262), but
when one of the double bonds can give a tertiary cation, it is that double bond

o o o o o o v o o o o

O
R=H
. D e

! CeHyy-n (262)
R 2" Si(CH,), 22
R CﬁH]}'n
cocl
X Zsi(CH,), —- o
R CgH,y-n (263)
Reon CH,y-n (50%)

The acylation of vinylsilanes is particularly useful when an a , 3 -unsaturated
acid chloride is used, because the first-formed product 160 can undergo a
Nazarov cyclization in situ. There are two ways of doing this reaction to make



bicyclic ketones: to use vinyltrimethylsilane and a cyclic a , B-unsaturated acid
chloride (Eg. 264), (421) or to use a cyclic vinylsilane and an open-chain a, 3
-unsaturated acid chloride (Eqg. 265). (76) The intermediate dienone can be
isolated in some cases (Eg. 265). When the vinylsilane carries a phenylthio
group, the reaction is still well-behaved, but different products are obtained
from 2-(phenylthio)vinyltrimethylsilane (161) and from
1-(phenylthio)vinyltrimethylsilane

Si(CHy), CICO
ﬁ . “I:DSQm@ |
20° (264)

(46%)
160

COCl  (CH,,Si

ff + g
0000000000000000000G00000000Q00000pR00000000C

| BF,»O(GHy)

D (44%)

(164). With the former (Eq. 266), the silyl and the phenylthio groups reinforce
each other, clean substitution takes place, and the first-formed product is the
dienone 162. Nazarov cyclization and shift of the phenylthio group then leads
to the a -phenylthioketone 163. (119) With 1-(phenylthio)vinylsilane



Si(CH), CICO

AlCY,
J e D
C.H.S

161

C,H.S H
162 163 (40%)

(164), however, the phenylthio group controls the regiochemistry of attack (Eqg.
267). Now the intermediate dienone 165 retains the silyl group, and the
Nazarov cyclization 165 — 166 is another example of a vinylsilane reacting
intramolecularly with an enone (qg.v.). (119)

CICO
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0 Q (267)
CeHsS™  "si(CH,), C(H,S
165 166 (35%)

The acylation of vinylsilanes is used in syntheses of naginata and isoegoma
ketones, (422) of hirsutene, (119) and of grandisol. (423)

4.4.8.1.3. Allenylsilanes
Allenylsilanes react with acid chlorides, but there is insufficient work to make
any generalizations. (274, 424)

4.4.9. Nitriles
Allylsilanes react with nitriles in the presence of boron trichloride to give 8,y
-unsaturated ketones (Eq. 268). (425)



] BOY,
(CHy),Si._~_~ + NCCCl, —=—= 7 -
3

(268)

(19%)

4.4.10. Orthoesters

4.4.10.1.1. Allylsilanes

Two equivalents of allyltrimethylsilane react with ethyl orthoformate (Eq. 269)
(352) and with dichloromethyl methyl ether (273) in the presence of titanium
tetrachloride. The allylsilane 167 reacts with methyl orthoformate to give the
aldehyde 168. This is the only reaction in which this allylsilane appears to react
directly with an electrophile rather than first rearranging to a silyl dienol ether
(see Eg. 139). However, the balance is a very delicate one, since the
corresponding pyrrolidino enamine is normal, the electrophile attacking at the y
position. (285)
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CO,CH, CO,CH,
¥
(CHy),5i” B + (CH,0),CH ——=—% 7 CHO (50%)
ENj ENJ
0 (0]
167 168

4.4.10.1.2. Vinylsilanes

2-Ethoxy-1,3-dithiolan reacts nonstereospecifically with (2)- or (E)- B
-trimethylsilylstyrene in the presence of boron trifluoride etherate, to give
(E)-2-styryl-1,3-dithiolan, but the yield is only 20%. (375) Formylation is more
usually carried out using dichloromethyl methyl ether (Eqg. 119).

4.4.11. Carbon Electrophiles at the Oxidation State of Carbon Dioxide
The most important electrophile in this class is chlorosulfonyl isocyanate,
which was discussed earlier because it does not need catalysis. The only other



reactions in this class are the fluoride-catalyzed reaction between phenyl
cyanate and the allylsilane 169, which is used in a synthesis of hinesol and 8
-vetivone, (167) and the reaction in Eq. 270, in which a chlorocarbonate is,
most unusually, an acylating agent on carbon. (426)

| Si(CH,), | CN
+ CHOCN ——— (69%)
169

I I
| |
3 0 SnCl,, CH,Q, > (270)
CH,),Si CISDCI o h
(CH,),Si =~ o
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4.5. Nitrogen Electrophiles

4.5.1.1.1. Allylsilanes

Triazolinediones and diethyl azodicarboxylate react with allylsilanes in an ene
reaction with loss of a proton rather than of the silyl group. (139, 142) The loss
of the silyl group is encouraged by polar solvents and lower temperatures (Eq.
271), presumably because ionic intermediates are involved to some extent in
place of the more concerted ene pathway. (427) The nitrosation of allylsilanes
is reported to give addition products, which are not very tractable. (428) The
subsequent elimination step is only rarely possible. (429, 430) Nitration of
allylsilanes is straightforward in simple cases (Eq. 272). (431)

0

(CH3}351 4 ?J;(KVC H, o
(0]
0 271)
in benzene,
DDDDDDDDDD@M@ED REROOCGE ﬂmﬁnﬁ‘nnnnnnnt
R= H (85%)

R = H or Si(CH,),

FerF;
NN
NO.

2

(272)

The radical-chain reaction described earlier (Eq. 58) achieves overall the effect
of an electrophilic substitution with a nitrogen electrophile.

4.5.1.1.2. Vinylsilanes

1-Trimethylsilylcycloalkenes are too unreactive toward mild nitrating reagents
for the synthesis of the corresponding nitroalkenes. (432) Nitrosation gives
only addition products, (428) but trimethylsilyl azide and vinylsilanes give
substitution as the overall reaction by way of cycloaddition, loss of nitrogen,
and a silyl shift from carbon to nitrogen (Eq. 273). (433)

. reflux
CH P sicony, T NSICHD, Gl A Nisicny,

(35%)

(273)



4.5.1.1.3. Allenylsilanes
Allenylsilanes also react with triazolinediones (Eq. 274), but without loss of the
silyl group. (145)

)

0
(CHa;,siW,.c)\ + E$C6H5 — CHYSICS, HE?NCEH, (274)
0 x o}

4.6. Oxygen Electrophiles

4.6.1. Allylsilanes

4.6.1.1.1. Peracid Epoxidation

Allylsilanes have long been known to react rapidly with peracids, (434, 435)

a8 T 6 b 0 W v e e T

sequence is completed by hydroxide ion. (436) Presumably the epoxide is
relatively stable because the C =0 bond and the Si —C bond in 171 are
badly aligned for the elimination step 171— 172. The allylsilane

O 0

OH
z 5 HO,CCHMNOp, (GHO NaOH, H,0 (‘/ ;
Sl k1 reflux

Si (C¢H,),SiOH
{Ceﬂs]z (CﬁH!}'l 172
170 171 (95%)

oxide 173 is also isolable for similar reasons, but it is unstable, hence the low
yield; on standing, it rearranges to the silyl ether of the alcohol 174. In practice,
it is usual not to try to isolate intermediate oxides, but to proceed directly to the
allylic alcohol by treatment with acid or fluoride ion. Thus, if the intermediate
epoxide 173 is not isolated, the overall yield of 174 is much improved (73%).
(55) Similarly, in the acidic conditions used with the allylsilane in Eq. 15, the
allylic alcohol is produced directly. (134)



(CH,),Si

0]
o) MCPBA, CH,Cl,
NaHCO,y, mom emp
ca <
(CH,),Si
(0] 0]
'_i' room temp
0-- ]
173 (18%) 174 (73%)

When the double bond of the allylsilane has a trans configuration, the
diastereoselectivity in the epoxidation step is less than in most other
electrophilic reactions, as discussed earlier (Eq. 23) and illustrated in Eq. 275.
The desilylative oen of the epoxide is cleanly anti, with the result that the
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configuratlons at the carbinol carbon and the double bond. (437,53) The
overall reaction is stereospecifically anti for both products, but the fact that a
mixture is obtained reduces the synthetic usefulness of this reaction. The
overall conversion of an allylsilane to an allylic alcohol, whether achieved by
epoxidatio by osmylation (see below), is a powerful transformation in
organic sy Sis.

CeH;

(CH.,).Si = 1. MCPBA, CH,CI,.G“_ =
DS _.]/\/ T cﬁus\/\,__ m,_o (275)

H

B1:19

However, allylsilane epoxidations are not completely reliable for the synthesis
of allylic alcohols. (438) Uncharacterizable mixtures are occasionally found,
and a number of recognizable side reactions can occur. When acid is used on
the epoxide 171, the reaction only goes as far as the chlorohydrin. (436) The
mixture of stereoisomeric allylsilane epoxides 175 gives the rearranged allylic
alcohol 176 as the major product, as well as an unusual byproduct 177. (408)
The chlorohydrin 178 reacts with base, presumably to give the epoxide 179.
However,



OH

C,H, HO\O/CEH,
) §]
(CH,),Si C.H, 176 (49%)
H,50,
HO OH
FOOm [emp

CH

175 s

177 (28%)

this is unstable and spontaneously undergoes an unexpected rearrangement
179 — 180. (438) Epoxidation of the allylsilane 181 is also anomalous. The

8 \)\
. Lit .
(CH3J351\>Q/C] TCHOR [(CHs:’aSi \/@I] — (CH,);Si CHO
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first-formed epoxide 182 is not observed; it opens and captures a nucleophile
B to the silyl group, but only after a rearrangement of the silyl group. The final
elimination step 183 ® 184 disguises these curious events because the overall
reaction anfd the high level of anti stereoselectivity are normal. (437) Clearly
the cleavage of the C — O bond B to the silyl group in the epoxides 179 and
182 is not concerted with the loss of the silyl group, and in each case cationic
rearrangements take place more rapidly than desilylation.

CH,),Si._
( 3}! 1 @ MCPBA {CHE,};SL_
NaHCO,

181 22-25% ee
182

Si(CH,),

m-ClCGH,CD,\O,DH @,ﬂﬂ
TBAF, THF
room temp

183 (7T8%) 184 19% ec (36%)



The epoxidation of allylsilanes is used in syntheses of dihydronepetalactone
(439) and sarkomycin. (440)

4.6.1.1.2. Other Oxygen Electrophiles

Osmium tetroxide reacts with allylsilanes stoichiometrically or catalytically, and
the products can be converted to allylic alcohols in three ways: by a Peterson
elimination (Eq. 276), (53) by acylation and treatment with fluoride ion (Eg.
277), (44) or by treatment with acid (Eq. 278). (441) The overall result is an
electrophilic substitution similar to that achieved by epoxidation. Osmium
tetroxide is stereochemically a more demanding electrophile than a peracid, as
shown by the clean attack exo to the bicyclic system in 185 (Eq. 279), whereas
the corresponding epoxidation sequence gives a mixture of both
stereoisomers at the carbinol carbon of 186. (442) However, the greater steric
demand of osmium tetroxide makes it less selective

A

LN 080, cat.
C"'HE{CHs}IS]ﬁ O(CH,CH,NCH,0,
(CH.,CO, room 1emp

H
O000000000000000000600000000000000&#e00000000C

\
, OH  xoca, _OH
CﬁHs(CHs]zsl%( Fr:::mw} <l
H

[]

CﬁHS{CHabSi‘
m 080,
_"}
H CHN
CIﬁHs om temp
OH
C(H,(CH,),Si OH (277)
\ 1. (CH,C0)0
(GHN =
DMAP
CeHs 1:;F$ CeHs

(94%) (80%)
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DSi(CHa}:C4H9-I DSi(CH,}zC,Hg-I
I/ 0 [)
| H H
1. 080, HO
2. (CH,C0)L0, CHN

186 (59%)

than epoxion in reactions (Eq. 24) where the stereocontrol stems from the

chiral center carrying the silyl group.

Hydrogen peroxide in the presence of fluoride ion converts the allylsilane in Eg.
280 into an allylic alcohol. (24) Although overall an electrophilic substitution,
this reaction is of a quite different kind from the others in this section. It is not
dependent upon the substrate being an allylsilane but requires a leaving group
attached to the silyl group. The peroxy anion attacks the silyl group, displacing
the leaving group, and a rearrangement with retention of configuration
establishes the C — O bond at the same atom as that to which the silyl group

was attached.

SO === 0

22-25% ce 16% ee

(280)



Palladium(ll) catalyzed reactions with allylsilanes in the presence of oxygen,
which lead to allylic alcohols and a , B -unsaturated carbonyl compounds, are
discussed in the section on metal electrophiles. A similar reaction with rhodium
catalysts and oxygen is a good method for converting allylsilanes into 8
-silylenones. (443) Singlet oxygen (142) leads to an ene reaction without loss
of the silyl group, and molecular oxygen in the presence of peroxides also
leaves the silyl group in the molecule.

Electrochemical oxidation of allylsilanes in hydroxylic media results in the
replacement of the silyl group by an oxygen nucleophile, but without
regiocontrol (Eq. 281). (444)

. electrode
(CHy)Si X -Cslls G CHO_xCeHls + _~ CeH,
37:63 (76%)
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The reaction in Eq. 278 is used in a synthesis of shikimic acid. (441)

4.6.2. Vinylsilanes

4.6.2.1.1. Peracid Epoxidation

Vinylsilaneg=ye easily epoxidized, usually with one equivalent of a buffered
peracid to md subsequent epoxide opening. (143) Proper comparisons have
not been made, but in general vinylsilanes react with peracids at much the
same rate as the corresponding alkenes without the silyl group, (96) or even a
little faster (see 50). (73, 74)

Vinylsilane epoxides are usually stable under the reaction conditions, and a
second step has to be carried out to complete the electrophilic substitution
reaction. In dilute aqueous acid, for example, the regioisomeric epoxides 187
and 192 are opened stereospecifically, and the diols 188 and 193 can be
isolated. In more concentrated acid the silyl group and the 8 -hydroxy group
undergo elimination to give the enols 190 and 195, respectively, thus
completing what amounts to an electrophilic substitution. (445-447)
Alternatively, the diols can rearrange by silyl shift to give (3 -silyl carbonyl
compounds 189 and 194, which subsequently lose their silyl groups to give the
same enols 190 and 195. The latter pathway is detected when
tert-butyldimethylsilyl groups are used, because the 3 -silylcarbonyl
compounds can then be isolated. (448) In either case, the enols 190 and 195
give the aldehyde 191 and the ketone 196, respectively,
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as the final products. The overall conversion of a vinylsilane to an aldehyde or
ketone (445) has found much use in synthesis because the position of the silyl
group determines the position of the carbonyl group. The conditions of the
acid-catalyzed hydrolysis are noticeably milder when a ketone group is nearby
(Eqg. 282), since it can participate in the opening of the epoxide. In this case,
the synthesis of the epoxide 197 and the opening step can easily be combined
in one operation, simply by not buffering the peracid used in the epoxidation.
(449)

HCO,H, room temp
—_—

282
(CH,),Si” \ O 0 (282)

197
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Any nucleophile that can open the epoxide usually attacks at the carbon atom
a to the silyl group, (73, 143, 450-452) creating a 8 -silyl alcohol that can
undergo elimination. The net result is that the atom which replaces the silyl
group arrives as a nucleophile, as in Egs. 283—-286, yet the overall result is the
same as that of an electrophilic substitution. This reaction, therefore, is
different from most of the others in this chapter, although the sequence of
events is essentially the same as that in halodesilylation. Because the opening
of the epoxide is stereospecific (inversion of configuration at C-1) and the
elimination

HEr = H-CIBH%BI‘

13

0
‘>\5:i(1t:1+13}3 — (283)

CH,,-n

C.H..- creoH  HO. . KH (284)
g h ok Si(CH,), — K\ OCH,
CeHyy-n Cetlyy-n
C;H;-n
i (n-CH,pculi - HO : KH A
Si(CH,), ——=— Si(CH,), — C,H,n
CH;-n C,H;-n \ C,H;-n
{‘D{C,H,,a (285)
CHyn
n-CH,__~

KH
Si(CH), — "'CE'H*“?IAQH,-H
OH
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{mc,ng, (286)

O
"'CBH’.’\I)\SHCHG]S IGHLQLI n-CEHTY\SiI:CHﬂa B "‘CsH'.'x.,_-ﬁ'f/\
OH

CHyn

C3HT‘H

of the silyl and hydroxyl groups is also stereospecific (syn with base, anti with
acid, Eqgs. 285 and 286), the overall reaction is stereospecific, and the result
can be either retention or inversion of configuration about the double bond.
(451, 453) Examples of all these reactions are included in the tables under the
heading “Oxygen Electrophiles,” even though the nucleophilic group that
eventually replaces the silyl group can be halogen (Eq. 283), oxygen (Eq. 284),
nitrogen, sulfur, or even carbon (Egs. 285 and 286).
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treated with Lewis acids (454) or are pyrolyzed. (455, 456) Rearrangement to
an a -silyl ketone or aldehyde, or a derivative thereof, occurs in some reactions
(Egs. 287-290), which are remarkable for producing mainly the carbonyl

compound
0]
Hlal,. (c-‘HJ;ﬂ' H-CSHTJ\/Si{CHs)B (93%}
0 Aok g (287)
Si(CH,),
C,H,-n
O

OSi(CH,),

|>\Si{tt:H3)3 (288)
57%
C3H?-ﬂ —|L n_C}H?)N ( }
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(289)

0
n-CH,

Si(CH,), —| o n-CH, A 0si(CH,), (%) (290)

+ CH X" 0Si(CH,), (26%)

or a derivative regioisomeric with that obtained by simple hydrolysis. In
contrast, the B, B -disubstituted vinylsilane epoxides 198 and 199 open
without nucleophilic participation; with boron trifluoride etherate, the carbonyl
derivative is produced with the normal regioselectivity, and the rearrangement

im0 om0 T e i

and rearrangement to an a -silylaldehyde can precede the attack of a Grignard
reagent (Eq. 292). (453)

O
CIHS\PQ(CHﬂzCeHS %—H_?i' QHS\]/\GSi(CﬂshCﬁﬂi
(69%)
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Another way of getting ketones from epoxysilanes involves the reduction of the
epoxysilane, followed by oxidation and hydrolytic removal of the silyl group (Eq.
293). (143) The product is again the ketone in which the carbonyl group is
produced at the carbon that did not bear the silyl group. This sequence is so
far from being a simple electrophilic substitution that examples are not
included in the tables.
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)

(70%) (293)

1. LiAlH,
—_—
2. Ng,Cr,0,

[]

With cyclic vinylsilane epoxides, the opening process leads to a 3
-hydroxysilane in which the silyl group and the hydroxyl group are cis and are
unable to undergo anti elimination except in large rings. (458) Thus the
reaction of trimethylsilylcyclohexene oxide (200) in methanolic acid stops with
the formation of the glycol monoether 201. However, syn Peterson elimination
is still possible (Eq. 294). (73) When the nucleophile is a hydroxy group, the
Peterson elimination occurs in low yield because the oxyanion geminal to the

H,50,. CH,0H Nall, DMF
T “room wmp
| Si(CHy), ™
SsiccHy), ‘oCH, > OCH, (294)
OH

200
201 (78%)



silyl group can remove it in a Brook rearrangement. (452) However, this
reaction can be made the major pathway by using sodium hydride in ether,
207 — 208 — 209, and it is a good, stereospecific synthesis of silyl enol ethers.
(459) Cyclic vinylsilane epoxides like 202 do not simply open: rearrangement
is encouraged in this system by the stabilization of the cation 203, and a furan
is produced. The electrophilic substitution is thus thwarted. (460)

H+

’a (CH,),Si
Si(CH,), HO
H;$0, H,0
zem | TN =N e
0 0 0
203

202

The vinylsilane 204 is also an allysilane, but it reacts abnormally in both
capacities. The epoxide 205 is formed and opens as usual for a
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group is similar to the hydride shift 179 ® 180 and to the silyl shifts 188 — 189
and 193— 194. Although the silyl group a to the carbonyl group in 206 is
inherently unstable with respect to solvolytic displacement, it nevertheless
survives in this case.

R R
(CHS}JSi\)\,smHE}, —_ (CHsjjsi\éySi(cﬂgs —
0

204

R = (CH,),COCH,S0,C.H, H
205
R R
(CH,),Si NCSSiCHy), —— (Cﬂahsll\/% Si(CH,)
¢ CHO
OH o

The epoxidation of vinylsilanes to make ketones or aldehydes is used in
syntheses of dihydrojasmone, (461) gymnomitrol, (462) three
pseudo-senoxydenes, (463) and quinghaosu. (464)



4.6.2.1.2. Other Oxygen Electrophiles

Vinylsilanes react with osmium tetroxide, which can be used catalytically in the
presence of trimethylamine N-oxide (Egs. 295 and 296). The diols are then
converted stereospecifically into silyl enol ethers by treatment with sodium
hydride, which induces simultaneously

H
_0s0,. (CH),NO | HO NaH
(\S[[CHL\I:; TC.H,OH, reflux SI(CHﬂj (CH0 *
C HI]'" Cﬁl'l”-ﬂ roOm 1emp
207
(295)
< Sl{CH ) (\DS“CHJh
343
C HIS_H ]3-n
ZI}‘!I > 99% Z (73%)
208
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(296)
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a Brook rearrangement and a 8 elimination 208 ® 209. (459) The use of
sodium hydride in ether is critical in making this reaction clean.

Ozonization of vinylsilanes forms a -hydroxycarbonyl compounds (e.g., Eq.
297), or masked versions thereof, but the reaction is not simply an electrophilic
substitution. (465) The reaction of singlet oxygen with allylsilanes and
vinylsilanes has been mentioned earlier. (142, 143) The products are allylic
alcohols, but the silyl group is retained. tert-Butyl hydroperoxide with copper(l)
chloride reacts with allylsilanes to give allylic hydroperoxides, again without
loss of the silyl group. (466) None of these reactions is included in the tables.

Si(CH.)
CGH,.”\"/ P ecomcong, BHE EY
2. (CH,)S, 20°

OH

(297)

(73%)



4.6.3. Allenylsilanes

The epoxidation of the allenylsilane 210 does not give substitution: the allene
oxide—cyclopropanone rearrangement 211 — 212 takes place, and the internal
nucleophile captures the latter intermediate. (467) The allene
oxide—cyclopropanone manifold is accessible in another way from vinylsilanes,
namely, by epoxidation of the vinylsilane 213 followed by fluoride-catalyzed
elimination (Eq. 298). (468) These reactions are not included in the tables.

(CH3}35i C H,0,
CHLCN
OH

210
0O
o o o o o ggﬁﬁﬁﬁé@ﬁnmunnnc
OH 9]
Cl
7 SiCHY), — o 1 Si(CHy)y —gg T>:
C,Hy-t CHCL, mllux 0 H-t room emp | C,Hy-t

4.7. Phosphorus Electrophiles
The only phosphorus electrophile to have been used on allylsilanes is
phosphorus pentachloride; it gives a mixture of products (Eq. 299), (469)

presumably derived by subsequent reactions of the product of electrophilic
attack.
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4.8. Sulfur Electrophiles

Arenesulfenyl chlorides add to allylsilanes (55, 134) and vinylsilanes, (421) but
the net substitution reaction can be completed with fluoride ion (Egs. 300 and
301). Benzenesulfenyl tetrafluoroborate, however, gives the substitution
product directly (Eq. 300). (134) Benzenesulfenyl chloride reacts with a
polymeric vinylsilane to give substitution. (470)

(299)

Methanesulfonyl chloride and benzenesulfonyl chloride react with allylsilanes
in the presence of copper(l) chloride. Although electrophilic substitution

_CO,CH, ) CH,S _CO,CH,
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“CO,CH, (60%) "“CO,CH,
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‘ ] C,H,SBE,, CH,NO, Itm}
- =23% o room emp
SCH,
i CH5C1, CHyCl, KF, THF
2 siCHy, SR Si(CHy, ~ = S 7 SCH: oy
04%) (93%)

is the overall result, it is possible that the reaction involves a radical chain. (471)
The more powerful electrophile trimethylsilyloxysulfonyl chloride reacts readily
with allylsilanes, vinylsilanes, and allenylsilanes (Egs. 302—-304). (8, 223)

Si(CH
(CHY,Si A\ Si(CHy, — 058, NP

S0,Si(CH,), (302)
(70%)
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Sulfenylation, assisted intramolecularly by a neighboring alkoxide, is also
possible (Eq. 305). (260)

. . 0Si(CH,)
N e /\/K/Z:
e 89%) (305)
C,,HW CH; N SCHS( )
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The sulfur electrophile N-sulfinylbenzenesulfonamide ( CsHsSO>NSO ) has
been discussed earlier; it reacts with allylsilanes in an ene reaction without
removing the silyl group. (145)

4.9. Selenim Electrophiles

Benzeneselenenyl chloride adds to allylsilanes, and a catalytic amount of tin(ll)
chloride or chromatography on florisil completes the substitution process (Eq.
306). (472) However, the allyl selenides produced are unstable with respect to
allylic rearrangement. In consequence, the only product isolated from
unsymmetrical allylsilanes has the selenenyl group at the less-substituted end
of the allyl system, regardless of which allylsilane (214 or 215) one starts with
(Eq. 307). (472, 473) This problem is much less severe with allyl sulfides than
with allyl selenides. (472) The allyl sulfides and selenides are particularly
useful in synthesis because they can be easily oxidized to sulfoxides and
selenoxides, and hence to allylically rearranged alcohols.

Cl
: 5S¢, CH,CL ; nClL,, CH,CL,, 0°
(CH)Si o 200, (Cp) i N SeCH, “CxiLr,

(306)
WSEC sHs
(90%)
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Selenium dioxide alone, or benzeneseleninic anhydride catalyzed by boron
trifluoride etherate, reacts with allylsilanes. The simple substitution products
such as 216 are not observed because they undergo rapid [2,3]-sigmatropic
shift. In the selenium dioxide reaction, a mixture of enal and acylsilane is

isolated (Eqg. 308). (474) In the benzeneseleninic anhydride reaction, the
0 ) o o o o o

(CHy),Si N\ _~\_-CiH; R\n/\/\,cﬁﬂ,

0 (308)
D R = Si(CH,), (13%)
R=H(27%)

is an allylic alcohol with the hydroxy group on the carbon atom to which the
silyl group was originally attached (Eq. 309). (405) This method avoids the
two-step sequence of sulfenylation followed by oxidative rearrangement.

?- ;
(CH,),Si 2
’ (C4H,5e0),0 eCgH,
B Ot 20
CH,CO +O(C;Hy),
B CH,CO; ]
o (309)
HO

CH3C02



4.10. Halogen Electrophiles

4.10.1.1. Allylsilanes

Bromine and chlorine initially add to allylsilanes, typically at —70°. The
subsequent elimination step is so fast that it is not usual to isolate the
intermediate, although it is possible with 3-silacyclopentenes (36) or with
allylsilanes having hindered silyl groups. (475) The usual product isolated is
simply the allyl bromide or chloride. Occasionally, addition of another mole of
bromine or chlorine to the allyl halide takes place, (5) but this can usually be
avoided by using only one equivalent of halogen.

1,4-Disilyl-3-butenes 217 react with one equivalent of bromine or with
N-bromosuccinimide (NBS) to give 1,3-dienes, which can be trapped by the
1,4 addition of bromine (Eq. 310) (476) or by dienophiles. (477) The initial
product of bromodesilylation loses trimethylsilyl bromide in a very fast 8
elimination.

(CH,),Si
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(CH,),Si
| (310)

COCH,

Br
(41%)

A similar reaction is the iodination of the disilylcyclohexadiene (Eq. 311), which
is mainly of interest as a source of iodotrimethylsilane. (478)

SiCH),
) TS, @ + 2(CH,),Sil (311)
(CH,),Si"



3-Silylcyclohexenes, however, are not always well behaved, presumably
because the silyl group is in an equatorial position much of the time. The
allylsilane 218 reacts with bromine or with NBS, but the first-formed product is
aromatized, and to some extent retains the silyl group. (408) Similarly the
bis(allylsilane) 70 gives silicon-containing products on bromination, (134) in
contrast to the analogous open-chain bis(allylsilane) 217.

(CH,),Si CH; e, cp, CH;  (CH,),Si C,H;
TOOm temp
or B NBS, CCI, O/ + \O/
reflux
218 A

72:28
B 58:42

lodosobenzene reacts with allylsilanes in the presence of boron trifluoride

etherate. An allyl-iodine(lll) intermediate is probably produced; in the
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umpolung of allylsilane reactivity (Eq. 312). (479) In the absence of an internal

nucleophile, the intermediate is attacked by another equivalent of

iodosobenzene, and the product is an enal (Eq. 313). (480)
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CHO

4.10.1.2. Vinylsilanes



The reaction of bromine or chlorine with vinylsilanes is more complicated.
Addition is almost always the first step, and, although the intermediates can be
isolated, it is usual to add fluoride ion or sodium methoxide to complete the
electrophilic substitution reaction (Eqg. 314). (481) If an amine base is used, the
silyl group is retained (Eq. 45). (128, 482) The complication is in the
stereochemistry: these electrophiles are anomalous in giving overall inversion
of configuration (Egs. 11 and 314). The distinctive feature about bromination
and chlorination is that the electrophile becomes bonded simultaneously to
both carbon atoms of the original vinyl group to give a bridged halonium ion
220. Furthermore, with the nucleophilic halide ion as the counterion, this
intermediate is opened to give the product 221 or 222 of anti addition. Whether
the incoming nucleophile attacks { to the silyl group to give 221 or a to it to
give 222 does not affect the argument; in most cases it is not known which
takes place, and obviously it depends upon the substituents at the a and 8
carbons. The intermediate dihalide is usually isolable in these reactions. The
desilylhalogenation is then brought about with alkoxide or fluoride ion, and is
an anti stereospecific process taking place in the conformations 223 or 224.
Both of these pathways lead to the vinyl bromide or chloride 225 that is the
product of inversion of configuration. (14, 481)
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Bromination with retention of configuration is possible by using cyanogen
bromide and a Lewis acid. (271) Presumably the absence of bromide ion gives
the intermediate 220 a longer life, and hence more opportunity to open
unimolecularly to an intermediate similar to 37. A further complication with
halogenati found in the special case of B -silylstyrenes 226. Here, the
addition of BrOmine to the double bond is stereospecifically syn, as shown by
the isolation of the crystalline intermediate 227a from the addition of bromine
to the styrene 226a. (483) The subsequent desilyloromination 227 — 228 is
anti, as usual, and the overall result is retention of configuration. (483, 484)
This seemingly unusual behavior is also found with styrylboranes. (485)
Presumably the syn addition takes place, both with the silanes and the
boranes, because the intermediate bromonium ion 229 can open, more or less
completely, to a cation 230 stabilized by both the metal-carbon bond and
overlap with the benzene ring. Such an intermediate can be expected to
capture the nucleophile from the direction anti to the metal group to give 231,
the result of syn addition.
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Another anomaly is in the bromination and chlorination of vinylsilanes that
have large substituents like tert-butyl on the double bond. With the cis isomer
(Eqg. 315), the anti addition of bromine is normal, but a problem arises in the
elimination step, because the silyl group and the halide can be anti only in a
conformation having a gauche interaction of the silyl and tert-butyl groups.
With sodium methoxide, anti elimination takes place from a lower-energy
conformation, in which a proton and the bromine are antiperiplanar and the
product retains the silyl group. The silyl group can be removed with fluoride ion,
but with syn stereochemistry in a conformation that avoids the gauche
interaction of the silyl group and the tert-butyl group (Eg. 316). The
corresponding trans vinylsilane is normal in giving anti addition and anti
elimination (Eq. 317), but only when the reaction is carried out in carbon
tetrachloride. In the usual solvent, dichloromethane, the major product is
contaminated with a product 234 from rearrangement and further bromination
(Eq. 318). (57)
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Bromination of cyclic vinylsilanes takes place perforce with retention of
configuration (Eq. 319), (486) but it is not easy to get high yields because the
elimination step is syn and therefore slow. Elimination is best achieved with
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fluoride ion. (487) With a medium-sized ring, both the syn and the anti
elimination steps are slow enough to allow a transannular hydride shift to take
place with the formation of an anomalous product (Eqg. 320). (488)
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Overall inversion of configuration is also found in iodination with iodine chloride,
(489, 490) and with iodine and silver trifluoroacetate. (491) lodination with
iodine itself (271, 491-493) usually takes place with retention of configuration
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vicinal diiodide always reverts to the iodonium ion. Terminal vinylsilanes are
exceptional in allowing the addition step to take place. Both the cis and trans
vinylsilanes 235 and 236 give the cis vinyl iodide 237, (490) and trans
1,2-bis(trimethylsilyl)ethylene gives a mixture of cis- and
trans-2-iodgvihyltrimethylsilane. (416) However, in the presence of Lewis acids
such as aluminum chloride, trans vinylsilanes give the trans vinyl iodide,
presumably because the chloride ion removes the silyl group before the vicinal
diiodide is formed. (494)

CH N SHCHy; hho, c#f‘\r'

CEHS
n-CHin A siCHy, o]
i i (321)
“% ¢ H,n
(f\Si{CHg, b G 237
CH,,-n

236



When iodination with iodine is carried out in the presence of other nucleophiles
like azide ion, intermediates can be isolated, but they are not easily
susceptible to the subsequent loss of the silyl group which is necessary to
achieve an electrophilic substitution reaction. (495, 496)

lodosobenzene reacts stereospecifically with some vinylsilanes in the
presence of Meerwein's salt (Eq. 322), except that acetylene formation takes
place when there is a hydrogen anti to the iodonium group. The vinyliodonium
ion products 238 can be converted with a wide variety of nucleophiles, mostly
cuprates, into vinyl halides, cyanides, sulfides, and nitro compounds. (497)
When boron trifluoride etherate is used in place of Meerwein's salt, acetylene
formation is the only reaction (Eq. 323), presumably taking place by 3
elimination of the first-formed iodonium ion. (498)
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The chlorination of a vinylsilane is used in the synthesis of mycorrhizin A, (499)
and iodination in syntheses of 2-tricosene and other pheromones. (494, 500)

4.11. Metal Electrophiles

Replacement of one metal bonded to carbon by another is a common reaction,
but replacement of a silyl group by another metal is comparatively rare.
Allylsilanes and vinylsilanes do not in general react with butyllithium by metal
exchange as the corresponding tin compounds do, although there is one report
of such a reaction. (501) The reactions that take place instead are
deprotonation with allylsilanes (115, 132, 502-505) and addition with
vinylsilanes. (506-509) Allylsilanes and vinylsilanes do not usually react with



metal halides, presumably because there is a limited range of metals for which
such a reaction is thermodynamically favorable. In special cases, however, it is
possible for a carbon—silicon bond to be replaced by a carbon—-metal bond (Eq.
128), (280) and the intervention of such exchange in allylsilane chemistry has
already been referred to as a cause of failure in some Lewis acid catalyzed
reactions. Certainly Lewis acids react (Eq. 324 and 325), (510, 511) although
in Eqg. 324 the allyl fragment is not identified and it could conceivably have
been removed by protodesilylation or fluorodesilylation. Lewis acid attack
followed by a B elimination is the most likely explanation for the reaction in Eq.
326, and initial attack by the metal followed by attack of the allylstannane on
the epoxide explains the anomalous regiochemistry in the reaction in Eq. 327.
(258) The reaction of allyltrimethylsilane with tungsten hexachloride (Eq. 328)
is probably the first step in the activation of that reagent as a metathesis
catalyst. (512)
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4.11.1.1. Palladation
Allylsilanes react with palladium(ll) salts with the formation of p -allylpalladium
complexes (Eq. 329). (513) The reaction is stereospecific (Egs.

(CHy),Si S, TN fT‘x\ (32%)

0° (329)
PdCl),

330 and 331) with palladium attacking anti to the silyl group. (23) The
substituents on the allyl framework of the isolated products are in the W
configuration regardless of the configuration of the original double bond, but
diastereofacial integrity is maintained.
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Palladium(ll) bistrifluoroacetate and oxygen react with allylsilanes to give allylic
alcohols (Eqg. 332). (514) When the allylsilane carries an electron-withdrawing
group, the oxidation goes further, giving an a , B -unsaturated aldehyde or
ketone (Eqg. 333). (514)
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When the allylsilane is also an allylic acetate, a reaction with palladium(0)
complexes leads to the trimethylenemethane complex 243, which adds to
electrophilic alkenes (Eq. 334). (515) Although the overall result is partly an
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acetate part of the molecule. This subject has been reviewed. (516)

CH,CO,

[P Mo /O\
(CH,),Si N - <o CO,CH, (334)
243

Vinylsilanes react with palladium(ll) salts to give electrophilic substitution in the
usual way (Eqg. 335). (517) The intermediate 244 is not isolated, but its
subsequent reactions identify it.
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Vinylsilanes also react (Eq. 336) with phenylpalladium cations, prepared from
phenyldiazonium cations and a Pd(0) complex. (518) The main pathway
appears to be syn addition of the benzene ring and the palladium to the double
bond, followed by competing syn and anti eliminations of the silyl and

alladium groups. The regiochemistry is not as well controlled as with most
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Heck reactions on vinylsilanes give styrenes (Eq. 337). (519) Remarkably,
when silver nitrate is included in the reaction mixture the silyl group remains in
the molecule (Eg. 338). (520)
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4.11.1.2. Mercuration

Allylsilanes (521, 522) and 2,2-disubstituted vinylsilanes (214) undergo
mercuridesilylation (Eqgs. 339 and 340), but less reactive vinylsilanes give
mainly addition products (Egs. 341 and 342). (523, 521)
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4.11.1.3. Thallation

Thallium(lll) salts, typically thallium tris(trifluoroacetate) (TTFA), react with
allylsilanes to give allylthallium(ll) intermediates. These are now electrophilic,
and an umpolung of reactivity has been achieved, similar to that found in the



reaction of allylsilanes with iodosobenzene. The nucleophile that attacks these
species is always included in the reaction mixture, so that the intermediates
are not detected. Nucleophiles that work include nitriles (Eq. 343), (524)
alcohols (Eq. 344), carboxylic acids (Eq. 345), (525) and aromatic
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rings (Eq. 346). (526) Because the allylthallium intermediates are not stable
with respect to allylic transposition, unsymmetrical allylsilanes give mixtures of
products (Eq. 347). (525)
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5. Comparison with Other Methods

The electrophiles that attack allylsilanes and vinylsilanes are, in general, those that attack
ordinary alkenes. However, silicon is more electropositive than carbon and is therefore a
metal with respect to carbon. Thus the electrophilic substitution reactions of allylsilanes
and vinylsilanes have many of the features of the electrophilic substitution reactions of
more conventional allyl-metal and vinyl-metal compounds. The difference is that the
electrophile has to be more powerful for the silanes than for other metal derivatives, and
there is a continuity of behavior, with allyltin and vinyltin reagents, for example, falling
between their silicon and lithium counterparts in reactivity.

Allylsilanes and vinylsilanes are useful in synthesis, not only because they often react with
electrophiles in a well-behaved and reasonably predictable way, but also because they
have enough stability to survive many reaction conditions. Unlike other metal derivatives,
they are stable to air and water, they can usually be purified by distillation, crystallization,
or chromatography, and they can be stored indefinitely. Unlike other allyl-metal
compounds, allylsilanes are stable with respect to 1,3-allylic rearrangement, with the
result that regiocontrol is more reliable with allylsilanes than with other allyl-metal
compounds. Although some regiostable allylstannanes and allylboranes are effective
reagents, neither is as widely reliable as allylsilanes for regiocontrol. Allylic stability also
confers upon allylsilanes a high degree of configurational stability when the silyl group is
attached to a chiral center.

The stability of allylsilanes and vinylsilanes relative to other metal compounds makes it
possible to these groups through several stages of a synthesis without the silicon
interfering. ( s long as powerful electrophiles are not used, the group will survive until
it is used in the reaction for which it was designed. Because allylsilanes and vinylsilanes
are only a little more reactive than the corresponding alkenes, it is easy to predict what
reaction conditions allylsilanes and vinylsilanes will survive: if the corresponding alkene is
likely to retain its stereochemistry and its position in the molecule, there is a fair probability
that the allylsilane or vinylsilane will survive.

The fundamental silicon-containing starting materials, such as chlorotrimethylsilane, are
abundant and relatively cheap. Tetraorganosilanes are rarely toxic. Reactions can be
followed easily by *H NMR spectroscopy, even in solvents like ether, because of
distinctive changes in the position of resonance of the methyl groups attached to silicon.
The silicon-containing by-products of the reactions, typically hexamethyldisiloxane, are
volatile, easily removed, and, as far as we know, harmless. Furthermore,
hexamethyldisiloxane can be converted back to chlorotrimethylsilane if need be. Finally,
silicon—carbon bonds can be made by a wide variety of methods. All these advantages
more than compensate for the need to use a relatively powerful electrophile at the point
when the substitution reaction is to be carried out. Furthermore, although the metallic
character of silicon is weak, allylsilanes and vinylsilanes are usually more reactive than



their simple alkene counterparts. Either for this reason or because protons are not
released in most allylsilane and vinylsilane reactions, silicon-containing alkenes usually
give better yields than the simple alkenes in similar reactions.

In general, there is a strong parallel between the reactions of allylsilanes and the reactions
of silyl enol ethers. The latter are somewhat more reactive, but the electrophiles that react
with silyl enol ethers (527) are almost exactly the same electrophiles that react with
allylsilanes. The outcome too is similar, except that silyl enol ethers give a carbonyl group
in the product where allylsilanes give a carbon—carbon double bond. In some cases, it is
particularly useful to introduce a future carbonyl group in masked form by an allylsilane
reaction, and to release the carbonyl group later by ozonolysis. (322)



6. Experimental Procedures

6.1.1.1. trans-1-Phenyl-4(E)-(1-propenyl)cyclohexane [Regiospecific
Acid-Catalyzed Protodesilylation of an Allylsilane] (Eq. 26) (44)

The allylsilane 29 (200 mg, 0.6 mmol) and the boron trifluoride acetic acid
complex (0.08 mL, 40% BF3 in CH3CO,H ) were stirred in 5 mL of
dichloromethane at 0° for 20 minutes and then at 20° for 40 minutes. Sodium
bicarbonate solution was added, the aqueous layer was extracted with hexane,
and the organic layers were combined, dried ( MgSQ,), and evaporated. The
residue was crystallized from methanol to give 110 mg (92%) of the alkene 30,
mp 43-44°. IR ( CCl,) 985 (trans CH = CH) cm™; 'H NMR ( CCls, 250 MHz)
5 0.9-2.6 (m, 10H), 1.6 (d, J = 5 Hz, 3H), 5.15-5.45 (m, 2H), 7.12 (s, 5H); *C
NMR ( CDCI3) 6 18.0 (q), 33.4 (t), 34.0 (t), 40.4 (d), 44.1 (d), 122.4 (d), 125.8
(d), 126.8 (d), 128.3 (d), 137.2 (d), 147.2 (d).

6.1.1.2. (2)-7-Tetradecene [Stereospecific Acid-Catalyzed Protodesilylation of
a Vinylsilane] (Eq. 34) (72, 528)

Constant boiling hydriodic acid (0.04 mL) was added to a solution of
(E)-7-trimethylsilyl-7-tetradecene (134 mg, 0.5 mmol) in 1 mL of benzene and
the mixture was stirred at room temperature for 15 minutes. Alkali treatment
and chromatography gave 89.5 mg (91%) of (2)-7-tetradecene; *H NMR & 0.9
(t, J =6 Hz, 6H), 1.1-1.8 (m, 16H), 1.8-2.4 (m, 4H), 5.20 (t, J =5 Hz, 2H);
identified also by comparison of its derived epoxide with an authentic sample.
GLC analysis indicated that the product was a 94:6 mixture with the E isomer.

6.1.1.3. (2) eutero-7-tetradecene [Stereospecific Acid-Catalyzed
DeuterodesTylation of a Vinylsilane] (72, 528)

Deuterium oxide (0.1 mL, 99% d;) and iodine (25.4 mg, 0.1 mmol) were added
to (E)-7-trimethylsilyl-7-tetradecene (268 mg, 1 mmol) in 2 mL of benzene and
the mixture refluxed for 1.5 hours. Sodium hydroxide solution was added, the
agueous layer was extracted three times with ether, the ether layers were
combined, dried ( Na;SO,), and concentrated. Chromatography on silica gel
eluting with hexane gave 177 mg (90%) of (Z)-7-deutero-7-tetradecene, which
was 89% monodeuterated, as determined by mass spectrometry.

6.1.1.4. (3S,4S)-4-Methyl-5-hexen-3-ol [Intramolecularly Assisted
Base-Catalyzed Protodesilylation of a Vinylsilane] (Eq. 82) (210)

Sodium hydride (0.33 g of a 50% dispersion in mineral oil, 6.44 mmol) was
added to a solution of (3S, 4R)-4-methyl-5-trimethylsilyl-5-hexen-3-ol (1.20 g,
6.45 mmol) in 3 mL of dry hexamethylphosphoramide. The mixture was stirred
at 30° for 2 hours, then slowly poured into 15 mL of aqueous 3 M hydrochloric
acid at 0°, and stirring continued for half an hour. The mixture was extracted
with a 1:1 mixture of light petroleum and ether (3 x 40 mL), and the combined
organic extracts were dried ( MgSO,) and evaporated. The residue was



chromatographed on silica gel eluting with a mixture of light petroleum and
ether to give 0.65 g (88%) of (3S,4S)-4-methyl-5-hexen-3-ol oy - 45.0°(c

0.95, CHCly). 'HNMR (CCly) 60.92 (t, J =7 Hz, 3H), 1.20-1.80 (m, 3H),
1.98-2.41 (m, 1H), 3.27 (dt, J = 4.5 and 8 Hz, 1H), 4.83-5.20 (m, 2H), 5.72
(ddd, J =7, 9, and 16 Hz).

6.1.1.5. 2,2-Dimethyl-3-butenonitrile [Reaction of an Allylsilane with
Chlorosulfonyl Isocyanate] (Eq. 86) (37)

Chlorosulfonyl isocyanate (4.8 g, 34 mmol) was added dropwise to a solution
of 3,3-dimethylallyltrimethylsilane (4.95 g, 35 mmol) in 10 mL of carbon
tetrachloride at 0°. At this stage, the (3 -lactam cycloadduct (100) was present;
IR ( CCly) 1815 (C = 0), 1410, 1175 (SO,) cm™; *"H NMR ( CCly) 5 0 (s, 9H),
1.2 (s, 3H), 1.25 (m, 2H), 1.3 (s, 3H), 4.0 (dd, J =4 and 11 Hz, 1H). The
solution was brought to room temperature for 1 hour and the solvent was
removed to give N-chlorosulfonyl-2,2-dimethyl-1-trimethylsilyloxy-3-butenimine
(101); IR (neat) 3080 ( = CH), 1640 (C = C), 1540 (C = N), 1370,
1170-1190 (SO,), 1255, 845 [ Si(CHs)s] cm™; *H NMR 5 0.48 (s, 9H), 1.32 (s,
6H), 5.1 (dd, J =17 and 1 Hz, 1H), 5.2 (dd, J =9 and 1 Hz, 1H), 5.8 (dd, J = 17
and 9 Hz, 1H). This was dissolved in 30 mL of ether, and pyridine (3 g,

38 mmol) was added dropwise at 0°. The pyridine—sulfur trioxide complex was
removed by filtration and washed twice with ether. The combined ethereal
layers were washed twice with ammonium chloride solution at 0°, dried

( MgSO0.), and evaporated. The residue was chromatographed on silica gel
eluting with dichloromethane to give 2.5 g (77%) of the nitrile 102; IR (neat)
3080 ( = (H>), 2240 (CN), 1640 (C = C), 990, 930 (CH = CH,) cm™, *H
NMR o -1. , 6H), 5.1 (dd, J =17 and 1 Hz, 1H), 5.2 (dd, J =9 and 1 Hz,
1H), 5.7 (dd, J = 17 and 9 Hz, 1H).

6.1.1.6. 3-Methyl-3-vinyl-1-nonanol [Reaction of an Allylsilane with Ethylene
Oxide] (Eqg. 120) (170, 276)

Titanium tetrachloride (0.6 mL, 5.5 mmol) in 5 mL of dichloromethane was
cooled in a dry-ice—acetone bath and transferred by syringe to a stirred
solution of 3-methyl-1-trimethylsilyl-2-nonene (1.06 g, 5 mmol) and ethylene
oxide (0.26 g, 6 mmol) in 8 mL of dichloromethane under nitrogen in a
dry-ice—acetone bath, and kept for 1 hour. The mixture was poured into 25 mL
of sodium bicarbonate solution and extracted with ether (3 x 50 mL), and the
organic phases were dried ( MgSO,) and evaporated under reduced pressure.
The residue was chromatographed on silica gel to give 0.86 g (93%) of the
alcohol; IR (film) 3350 (OH), 3080 ( = CH), 1640 (C = C) cm™; *H NMR
(CDCI3) 6 0.89 (s, 3H), 1.00 (s, 3H), 1.1-1.71 (m, 12H), 2.01 (s, 1H, OH), 3.63
(t, J =7 Hz, 2H) 4.79-5.08 (m, 2H), 5.75 (dd, J = 11.5 and 17.5 Hz, 1H).

6.1.1.7. 4(RS)-Methyl-5(SR)-phenylthio-1-hexene [Carbosulfenylation of an
Alkene] (Eq. 126) (279, 529)



Benzenesulfenyl chloride (2.93 g, 20 mmol) in 20 mL of dichloromethane was
added dropwise to (Z)-2-butene (1.40 g, 25 mmol) in 20 mL of
dichloromethane at —78° under argon and then allowed to warm to room
temperature. Solvent was evaporated to give the crude adduct 116; *H NMR

( CDCl3, 60 MHz) 6 1-2.5 (m, 8H), 3.1-3.46 (m, 1H), 3.8-4.12 (m, 1H),
7.15-7.5 (m, 5H). The crude adduct (0.41 g, 2 mmol) and allyltrimethylsilane
(0.25 g, 2.2 mmol) were dissolved in 4 mL of nitromethane, anhydrous
sublimed zinc bromide (0.113 g, 0.5 mmol) was added, and the mixture was
stirred for 16 hours at room temperature. The yellow solution was poured into
water, extracted with 10 mL of dichloromethane, and the organic layer was
dried ( MgSO,) and concentrated. The residue was chromatographed (silica
gel, 1% ether in light petroleum) on a radial chromatotron to give 0.37 g (92%)
of the adduct; IR (film) 3085 ( = CH), 1638 (C = C), 1580 (Ar) cm™, *H
NMR ( CDClI3) 6 0.98 (d, J =7 Hz, 3H), 1.21 (d, J = 6 Hz, 3H), 1.74-1.92 (m,
1H), 1.96-2.30 (m, 2H), 3.32 (dg, J =4 and 6 Hz, 1H), 5.00 (br s, 1H), 5.07 (d,
J =5 Hz, 1H), 5.64-5.92 (m, 1H), 7.14-7.48 (m, 5H); **C NMR ( CDCls) &
14.85, 15.79, 36.82, 39.07, 47.46, 116.18, 126.43, 128.78, 131.46, 135.97,
136.96; mass spectrum, m/z (rel. intensity) 206 (12), 165 (5), 97 (9), 96 (37),
56 (5), 55 (100).

6.1.1.8. (E)-1-Phenyl-1-hepten-4-ol[Regioselective Allylation of an Aldehyde
Catalyzed by Lewis Acid] (Eq. 131) (64)

Titanium tetrachloride (0.19 g, 1 mmol) was added dropwise from a syringe to
a solution of n-butyraldehyde (0.144 g, 2 mmol) in 3 mL of dichloromethane at
room temperature under nitrogen, and the mixture was stirred for 5 minutes.
1-Phenylalhdicimethylsilane (0.38 g, 2 mmol) was added rapidly and the
mixture wag. glirred for 30 seconds at room temperature. Water was added and
the mixture extracted with ether. The organic layer was washed with water,
dried ( NaxS0O,), and evaporated. The residue was chromatographed on silica
gel to give 0.205 g (54%) of (E)-1-phenyl-1-hepten-4-ol.

6.1.1.9. 6-Phenyl-1-hexen-4-ol [Fluoride lon Catalyzed Allylation of an
Aldehyde] (Eqg. 11) (13)

Tetrabutylammonium fluoride (26 mg, 0.1 mmol) and 4A molecular sieves

(50 mg) in 5 mL of dry tetrahydrofuran were added to a stirred mixture of
3-phenylpropanal (264 mg, 2 mmol) and allyltrimethylsilane (229 mg, 2 mmol)
in 5 mL of tetrahydrofuran at room temperature under argon, and the resulting
pale yellow mixture was refluxed for 4 hours. Methanol and hydrochloric acid
were added. The solvents were evaporated, and the residue was purified by
TLC to give 303 mg (86%) of the alcohol.

6.1.1.10. (E)-2-(1-Hydroxyethyl)dec-2-enenitrile [Fluoride lon Catalyzed
Reaction of a Vinylsilane with an Aldehyde] (Eq. 167) (314, 530)

A dry, 30 mL, three-necked flask equipped with a magnetic stirrer, a septum,
and a dropping funnel was charged with (E)-2-trimethylsilyldec-2-enenitrile



(223 mg, 1 mmol) and a solution of acetaldehyde (53 mg, 1.2 mmol) in 5 mL of
tetrahydrofuran under argon. The mixture was cooled to —20°, and a solution of
tetrabutylammonium fluoride in tetrahydrofuran (5.5 mL, 0.2 M) was added
dropwise slowly with stirring. After half an hour, the mixture was allowed to
warm slowly to room temperature and stirring continued for half an hour.
Hexane (50 mL) was added and the mixture was washed with saturated
sodium chloride solution (3 x 15 mL). The organic layer was dried ( MgSO,)
and concentrated on a rotary evaporator, and the residue was distilled
(kugelrohr) at 140° (26 mm) to give 137 mg (70%) of
(E)-2-(hydroxyethyl)dec-2-enenitrile; IR (film) 3410 (OH), 2210 (CN), 1635 (C
= C)cm™; "H NMR ( CDCl3)  0.85 (t, 3H), 1.1-1.6 (m, 10H), 1.44 (d,

J =6.7 Hz, 3H), 2.34 (dt,J = 7.7 and 7 Hz, 2H), 4.39 (q, J = 6.7 Hz, 1H), 6.43
(t, J = 7.7 Hz, 1H); *C NMR ( CDCl3) 5 68.5, 119.7, 147.4, and 116.0
(3JCN_H3 =10 HZ).

6.1.1.11. 4-Phenyl-6-hepten-2-one [Lewis Acid Catalyzed Intermolecular
Sakurai Reaction] (Eq. 170) (318)

Titanium tetrachloride (22 mL, 0.2 mol) was added slowly by syringe to a
stirred solution of benzalacetone (29.2 g, 0.2 mol) in 300 mL of
dichloromethane kept at —40° (dry-ice—methanol). After 5 minutes
allyltrimethylsilane (30.2 g, 0.26 mol) in dichloromethane was added dropwise
with stirring over 30 minutes, and the mixture stirred at —40° for a further 30
minutes. Water (400 mL) and 500 mL of ether were added and the combined
organic layers were washed with saturated sodium bicarbonate solution and
brine, dried ( Na,S0O4), and evaporated. The residue was distilled to give

29.2-30 g fetone (78-80%) bp 69-71° (0.2 mm) n3'1.5156; IR (film) 1710

(CO), 1630 (C = C)cm™; 'H NMR ( CDCls) & 1.97 (s, 3H), 2.35 (t, J = 7.5 Hz,
2H), 2.72 (d, J = 7.5 Hz, 2H), 3.27 (quintet, J = 7.5 Hz, 1H), 4.8-5.1 (m, 2H),
5.4-5.9 (m, 1H), 7.0-7.4 (m, 5H).

6.1.1.12. 1-Vinylspiro[4.5]decan-7-one [Lewis Acid Catalyzed Intramolecular
Sakurai Reaction] (Eq. 180) (226)
(2)-3-(6-Trimethylsilyl-4-hexenyl)-2-cyclohexenone (165 mg, 0.66 mmol) in
30 mL of dry toluene was added to ethylaluminum dichloride (0.1 mL,

0.73 mmol) at 0° and the mixture was stirred for 30 minutes. Ice water (10 mL)
was added, the aqueous phase was separated and extracted with ether

(2 x 30 mL), and the combined organic layers were dried ( Na,SO,4) and
evaporated. The residue was distilled (kugelrohr) at 60° (0.08 mm) to give
90.5 mg (77%) of the spirocyclic ketone as a 3:1 mixture of diastereoisomers.
The major isomer had IR (film) 1715 (CO), 920 ( = CH) cm™; *H NMR

( CDCls, 90 MHz) 8 1.1-2.5 (m, 15H), 5.1 (m, 2H), 5.7 (m, 1H); *C NMR &
21.4 (1), 23.5 (t), 29.7 (1), 35.8 (1), 41.2 (t), 47.0 (t), 50.2 (s), 54.4 (d), 116.4 (1),
138.5 (d), 212.4 (s).



6.1.1.13. Methyl 3-Phenyl-5-hexenoate [Fluoride lon Catalyzed Sakurai
Reaction with an a, B -Unsaturated Ester] (Eqg. 186) (162)
Tetrabutylammonium fluoride (20 mg) was kept at room temperature under
high vacuum (0.1 mm) for 30 minutes. The flask was then flushed with nitrogen,
2 mL of dry dimethylformamide was added, and the solution was transferred
by syringe onto 4A molecular sieves (300 mg, flame dried for 5 minutes under
high vacuum) and stirred for 30 minutes. A flask containing 4A molecular
sieves (100 mg) was flame dried under vacuum for 5 minutes and kept under
nitrogen. The solution of anhydrous tetrabutylammonium fluoride in
dimethylformamide was added, followed by methyl cinnamate (10 mg,

0.62 mmol) in 1 mL of dimethylformamide. Freshly distilled allyltrimethylsilane
(212 mg, 1.8 mmol) and hexamethylphosphoramide (331 mg, 1.8 mmol) in

2 mL of dimethylformamide was then added dropwise at room temperature.
Coloration occurred immediately. After 10 minutes, analysis by TLC revealed
that the reaction was complete. Methanolic hydrochloric acid (1 mL, 1 M) was
added, and the mixture was diluted with 20 mL of water. Workup and column
chromatography gave 101 mg (79%) of product; IR (film) 2960 (CH), 1740 (C
= 0), 990, 905, 752 (CH = CH, and C¢Hs) cm™; *"H NMR ( CDCl3) § 2.1-2.5
(m, 5H), 3.0-3.2 (m, 1H), 3.45 (s, 3H), 4.7-5.0 (m, 2H), 5.25-5.8 (m, 1H);
mass spectrum m/z 173 (M — 41).

6.1.1.14. cis-3a,4,5,6,7,7a-Hexahydro-1H-inden-1-one [Silicon Controlled
Nazarov Cyclization] (Eqg. 191) (343, 531)

Anhydrous ferric chloride (337 mg, 2.08 mmol) was added in one portion to a
solution of (E)-1-(1-cyclohexenyl)-3-trimethylsilyl-2-propen-1-one (456 mg,
1.98 mmol)dn. 27 mL of dichloromethane and the mixture stirred magnetically
for 4 hours °, by which time the starting material had been consumed.
Water (27 mL) was added, the mixture was diluted with 23 mL of ether, and the
agueous phase was separated and washed with ether (2 x 27 mL). The
individual organic extracts were washed with 16 mL of water and brine

(3 x 16 mL), combined, dried ( K,CO3), and concentrated. The residue was
purified by flash chromatography on silica gel (eluting with hexane—ethyl
acetate 3:1) followed by distillation, bp 100° (0.08 mm), to give 226 mg (84%)
of the indenone; IR ( CHCI3) 3010, 2940, 2860 (CH), 1705 (C = 0), 1585 (C
= C)cm™; '"H NMR ( CDCls, 360 MHz) 5 1.0-2.0 (m, 8H), 2.40 (q, J = 6.2 Hz,
1H), 2.94-3.0 (m, 1H), 6.14 (dd, J = 5.7 and 1.1 Hz, 1H), 7.64 (dd, J = 5.7 and
2.8 Hz, 1H); mass spectrum, m/z (rel. intensity) 135 (21), 118 (10), 108 (40),
107 (100), 95 (54), 94 (22), 93 (38), 91 (17), 81 (28), 80 (37), 79 (87), 77 (34),
67 (32), 53 (36).

6.1.1.15. (5 B )-6 a -Vinyl-1-azabicyclo[3.3.0]octan-2-one [Cyclization of an
Allylsilane on an Acyliminium lon] (Eq. 234) (388)

A solution of (Z)-5-hydroxy-N-(5-trimethylsilyl-3-pentenyl)pyrrolidone (140 mg,
0.6 mmol) in 2 mL of dichloromethane was added dropwise to a solution of
trifluoroacetic acid (0.2 mL, 2.6 mmol) in 10 mL of dichloromethane under



nitrogen and the mixture was stirred for 1 hour at 0°. The mixture was diluted
with 20 mL of dichloromethane, washed with saturated sodium bicarbonate
solution (2 x 25 mL), dried ( K2COs3), and concentrated. The residue was
chromatographed to give 64 mg (72%) of the product; IR ( CHCIz) 1675 (C =
0), 995, 925 (CH = CHy) cm™; *H NMR ( CDCls) & 1.75-2.10 (m, 3H), 2.32
(m, 1H), 2.55-2.7 (m, 2H), 3.07 (m, 1H), 3.61 (dt, 1H), 4.03 (br g, 1H),
5.0-5.15 (m, 1H), 5.5-5.7 (m, 1H); 3C NMR ( CDCls) 5 19.9, 31.7, 33.2, 39.1,
42.8, 63.2, 116.0, 134.5, 173.9. The stereochemistry of the product was
established by nuclear Overhauser difference experiments showing, among
other effects, enhancement of intensity from the allylic methine to the
bridgehead hydrogen.

6.1.1.16. (+)-Deplancheine [Stereospecific Intramolecular Reaction of a
Vinylsilane with an Iminium lon] (Eq. 245) (399)

A solution of
(E)-2,3,4,9-tetrahydro-1-[3-(trimethylsilyl)-3-pentenyl]-1H-pyrido[3,4-b]indole
(390 mg, 1.24 mmol) and d-camphorsulfonic acid (290 mg, 1.16 mmol) in

25 mL of acetonitrile was stirred with paraformaldehyde (1.08 g, 36 mmol) for
2 hours at 82°. The excess of paraformaldehyde was removed by filtration
through a plug of glass wool. A basic workup using dichloromethane and
drying ( Na;SO,), concentration, chromatography on silica gel (eluting with
chloroform-2-propanol-ammonium hydroxide solution 20:1:0.1), and
sublimation of 140° (0.3 mm) gave 260 mg (83%) of (+)-deplancheine mp 143°;
UV ( CH30H ) nm max 235, 273, 283, 290; IR ( CHCIz) 3440 (NH), 2840-2700
(Bohlmann bands) cm™; *H NMR ( CDCls, 250 MHz)) & 1.5-1.65 (m, 1H), 1.63
(d,J=6.8 3H), 1.93-2.05 (br t, 1H), 2.1-2.2 (m, 1H), 2.6—-2.85 (m, 3H),
2.95-3.1( H), 3.3-3.45 (m, 3H), 5.43 (br q, J = 6.8 Hz, 1H), 7.04-7.48 (m,
4H), 7.70 (br s, 1H); **C NMR ( CDCls) 5 12.9, 21.8, 26.1, 30.5, 53.1, 60.4,
63.7, 108.6, 110.9, 118.4, 119.5, 119.6, 121.5, 127.7, 134.3, 134.9, 136.3;
mass spectrum (Cl, isobutane), m/z (rel. intensity) 253 (100). GLC analysis
(25 m SE-30 glass capillary) showed that the product was a 95:5 mixture with
the Z isomer.

6.1.1.17. Artemesia Ketone [Acylation of an Unsymmetrical Allylsilane] (Eq.
247) (37, 406)

A mixture of senecioyl chloride (6.52 g, 55 mmol) and aluminum chloride
(6.68 g, 50 mmol) in 50 mL of dichloromethane was added over 30 minutes to
a stirred solution of 3,3-dimethylallyltrimethylsilane (7.1 g, 50 mmol) in 100 mL
of dichloromethane at —60°. The mixture was stirred for an additional 15
minutes at —60° and then poured slowly into a mixture of ice and ammonium
chloride cooled to —35°. The layers were separated and the aqueous layer was
extracted with ether (2 x 150 mL). The combined organic layers were washed
with sodium bicarbonate solution and ammonium chloride solution, dried

( Na2S0Og), and concentrated. The residue was distilled to give 6.84 g (90%) of
artemesia ketone, bp 87° (200 mm); IR (neat) 3080 (CH), 1690 (C = 0),



1630 (C = C)cm™; *H NMR ( CCly) 8 1.13 (s, 6H), 1.85 (d, J = 1.5 Hz, 3H),
2.08 (d, J = 1.5 Hz, 3H), 4.90 (m, 1H), 5.90 (m, 1H), 6.13 (m, 1H).

6.1.1.18. 1-Acetyl-4,4-dimethylcyclohexene [Regiospecific Acetylation of a
Vinylsilane] (Eqg. 10) (117)

4,4-Dimethyl-1-trimethylsilylcyclohexene (364 mg, 2 mmol) in 100 mL of
dichloromethane was added over 6 hours to a stirred mixture of acetyl chloride
(0.47 g, 10 mmol) and aluminum chloride (0.8 g, 10 mmol) in 20 mL of
dichloromethane at 0°. The mixture was stirred for an additional 15 minutes
and poured into 150 mL of sodium bicarbonate solution. The aqueous layer
was extracted with dichloromethane (3 x 20 mL) and the combined organic
layers were washed with sodium bicarbonate solution (2 x 50 mL), dried

( NazSO0g), and evaporated. The residue was purified by TLC on silica gel
eluting with dichloromethane to give 234 mg (77%) of the unsaturated ketone;
IR (CCly) 1670 (C = 0), 1640 (C = C)cm; 'H NMR ( CCl,) 5 0.88 (s, 6H),
1.4-2.2 (m, 9H including a singlet at 2.14), 6.6—6.76 (m, 1H); semicarbazone
mp 219-220°.

6.1.1.19. 4-Phenyl-3-buten-2-ol [Stereospecific Epoxidation of an Allylsilane
and Desilylative Opening of an Allylsilane Oxide] (Eq. 275) (437)
(R)(E)-1-Phenyl-1-trimethylsilyl-2-butene (0.622 g, 3.04 mmol, 81% ee) in

10 mL of dichloromethane was mixed with sodium bicarbonate (0.252 g,

2.99 mmol) and m-chloroperbenzoic acid (0.72 g, 80%, 3.34 mmol) in 15 mL of
dichloromethane and stirred at —78°. The mixture was stirred at 0° for 1 hour,
and the solvent was removed under reduced pressure. Methanol (12 mL) and
2 mL of acetic acid were added, and the solution was washed with 20%
sodium hyide solution (4 x 50 mL) and with water. The organic layer was
dried ( MgSO,) and concentrated, and the residue was purified by TLC on
silica gel eluting with chloroform to give 0.441 g (98%) of an 81:19 mixture of
the E and Z isomers of the allylic alcohols. These were separated as their silyl

ethers by GLC (silicone DC550) to give the pure E isomer [l —11.8°(c 2.4,

CeHs); "H NMR ( CCly) 6 1.31 (dd, J = 6 Hz, 3H), 1.35 (s, 1H), 4.38 (quintet,

J =6 Hz, 1H), 6.12 (dd, J = 6 and 16 Hz, 1H), 6.48 (d, J = 16 Hz, 1H), 7.0-7.4
(m, 5H); and the pure Z isomer; *"H NMR ( CCl4) 8 1.30 (d, J = 6 Hz, 3H), 1.39
(s, 1H), 4.63 (dg, J = 9 and 6 Hz, 1H), 5.58 (dd, J = 9 and 12 Hz, 1H), 6.38 (d,
J =12 Hz, 1H), 6.95-7.35 (m, 5H). The enantiomeric excess of each isomer
(73 and 72%, respectively) was determined using a chiral europium shift
reagent after hydrogenation of the separated alcohols.

6.1.1.20. (Z)-1-(Trimethylsilyloxy)-1-octene [Osmylation of a Vinylsilane and its
Stereospecific Conversion to a Silyl Enol Ether] (Eq. 295) (459)

A solution of osmium tetroxide in tert-butanol (0.3 mL, 2.5% w/v) was added to
a solution of (2)-1-trimethylsilyloctene (1.38 g, 7.5 mmol, 99% Z) and
trimethylamine N-oxide dihydrate (1.125 g, 10.2 mmol) in 0.6 mL of pyridine,



4 mL of water, and 15 mL of tert-butyl alcohol, and the mixture was refluxed for
24 hours. Aqueous sodium bisulfite solution (20 mL, 20%) was added at room
temperature, most of the tert-butyl alcohol was removed on a rotary evaporator
at room temperature, and the residue was saturated with sodium chloride and
extracted five times with ether. The ether was washed with brine, dried
(MgSO0,), and concentrated, and the residue was distilled (kugelrohr) at
95-100° to give 1.14 g (70%) of the diol 207; IR (film) 3400 (OH), 2950 (CH),
1250 ( SiCH3) cm™; *H NMR ( CDCls) 8 0.08 (s, 9H), 0.8-1.5 (m, 13H), 1.99
(brs, 2H, OH's), 3.40 (d, J = 3 Hz, 1H), 3.80 (m, 1H). Sodium hydride (144 mg
of a 50% dispersion in oil) was stirred under argon successively with two
portions of petroleum ether and the liquid was removed by pipet. Anhydrous
ether (15 mL) was added, followed by a solution of the diol (218 mg, 1 mmol)
in 5 mL of ether, and the mixture was stirred overnight. Saturated sodium
bicarbonate solution (5 mL) was added and the aqueous layer was extracted
with ether. The combined organic layers were washed with water, dried
(MgSO0,), and concentrated, and the residue was distilled (kugelrohr) at
60—65° to give 146 mg (73%) of the silyl enol ether; IR (film) 2950 ( = CH),
1650 (C =C), 1250 ( SiCH3), 1085, 840 (CH = CH) cm™; *H NMR ( CDCls)
6 0.13 (s, 9H), 0.6-2.3 (m, 13H), 4.3—4.65 (m, 1H), 6.13 (m, 1H). GLC analysis
showed the presence of octanal (1.5%) and the E isomer (0.5%).

6.1.1.21. (E)-2-Bromo-2-heptene [Stereospecific Bromodesilylation of a
Vinylsilane] (Eq. 314) (481)

Bromine (5.0 g, 30 mmol) in 15 mL of dichloromethane was slowly added to a
stirred solution of (Z2)-2-trimethylsilyl-2-heptene (4.3 g, 25 mmol) in 25 mL of
dichloromethgne at —78° under nitrogen. Methanol (25 mL) and sodium sulfite
(0.5 g) wer ded and the mixture was stirred vigorously until the red-orange
color became light yellow. The still cold (—78°) mixture was quickly poured into
10% sodium sulfite solution and shaken until all the color had disappeared.
The aqueous layer was thoroughly extracted with pentane, and the combined
organic layers were dried ( Na;SO,). The solvents were removed on a rotary
evaporator in the dark at room temperature to give 8.2 g (98%) of the crude
dibromide. Freshly prepared sodium methoxide in methanol (37.5 mL, 1 M,
37.5 mmol) was cooled to 0° and stirred with a solution of the crude dibromide
in 10 mL of methanol at 0° for 1 hour. The mixture was allowed to warm to
room temperature, stirred for a further 2 hours, mixed with water and pentane,
and separated. The aqueous layer was thoroughly extracted with pentane and
the combined organic layers were dried ( Na;SO,). The solvents were
removed by distillation at atmospheric pressure in the presence of solid
sodium carbonate, and the residue was distilled, again in the presence of
sodium carbonate, to give 4.1 g (91%) of the bromide, bp 63-66° (16 mm); IR
(neat) 2975, 2875 (CH), 846 ( = CH) cm™; *H NMR ( CCls, 60 MHz) 5 0.91
(brt,J =6 Hz, 3H), 1.33 (m, 4H), 2.0 (brq,J = 7.5 Hz, 2H), 2.18 (d, J = 1.5 Hz,
3H), 5.8 (tq, J = 7.5 and 1.5 Hz, 1H). GLC analysis (20% SF-96 on
Chromosorb Q) showed that the product was a 99:1 mixture with the Z isomer.



6.1.1.22. 3-Ethoxy-1-propene [Umpolung of Allylsilane Reactivity Using a
Thallium(lll) Salt] (Eqg. 344) (525)

Allyltrimethylsilane (0.114 g, 1 mmol) was added dropwise with stirring to a
solution of thallium tris(trifluoroacetate) (0.543-0.65 g, 1-1.2 mmol) in 5.8 mL
of ethanol under nitrogen, and the mixture was stirred at 0° for 30 minutes. The
mixture was poured into aqueous sodium bicarbonate solution and extracted
with ether. The ether layer was washed with water and brine and dried, and the
solution was analyzed by GLC after addition of an internal standard. The yield
was 86%. A pure sample of the allylic ether was isolated by GLC, bp 65-67°;
'H NMR ( CDCl3) 6 1.22 (t, J =7 Hz, 3H), 3.51 (g, J =7 Hz, 2H), 3.97 (d,
J =6 Hz, 2H), 5.1-5.4 (m, 2H), 5.7-6.2 (m, 1H).



7. Tabular Survey

We have attempted to cover the literature thoroughly up to the end of 1986, but
a few entries from 1987 are also included. References to additional papers
published through December 1988 are listed, table by table, in the addenda to
the tables.

The tables are arranged, as is the text, in order of the atomic number of the
electrophilic atom, and, for carbon electrophiles, in order of increasing
oxidation state at the electrophilic carbon. For each type of electrophile there
are separate tables for allylsilanes, vinylsilanes, and, when there are any,
allenylsilanes. Those compounds that are both allylsilanes and vinylsilanes are
listed under allylsilanes. Within each table, allylsilanes and vinylsilanes are
cited first in order of the number of connected carbon atoms in the allyl or vinyl
portion of the molecule, ignoring groups connected only by hetero-atoms.
Second, they are ordered by the number of hydrogen atoms attached to those
carbon atoms; this is opposite to the usual practice in Organic Reactions, but
has the effect here of putting the most simple allylsilanes and vinylsilanes first
in the table. Third, they are ordered by the atomic number of any heteroatoms
attached to the carbon chain; fourth, with linear chains ahead of branched; fifth,
with open-chain before cyclic molecules; sixth, by the size of the other groups
on the silicon atom; and seventh, with intermolecular reactions ahead of
intramolecular reactions. For each allylsilane or vinylsilane, the reactions are
listed first, where applicable, with aldehyde and acetal electrophiles ahead of
ketone andpkqtal electrophiles; second, where applicable, by the number of
connected a#bon atoms in the electrophile; third, by the molecular weight of
the electrophile; and fourth, with Lewis acid catalyzed reactions ahead of
nucleophile catalyzed reactions. Occasionally, a subtable departs from these
priorities in order to save space. Numbers in parentheses are yields, and a
dash indicates that no yield is reported. Where isolated yields and yields
determined by GLC are reported, we only give the former. Numbers without
parentheses are ratios of products.

A high proportion of the papers reporting electrophilic substitution reactions of
allylsilanes and vinylsilanes are preliminary publications, with the result that
many reactions that are described as taking place, for example, at —78°, are in
fact allowed to warm to room temperature before workup. It is not always
possible, therefore, to be thorough in identifying the temperature at which
reactions actually take place. Similarly, many reactions are carried out by
mixing the reagents at low temperatures, and then keeping them at higher
temperatures. In cases where the length of time at the lower temperature is not
reported, we record only the higher temperature and the time that the mixture
is held at this temperature. Also, the solvent, commonly dichloromethane, is



often used but not mentioned in the text; the absence of any mention of a
solvent in the tables cannot be assumed to mean that there was none. Finally,
workup may be more or less severe, in some cases, for example, cleaving silyl
groups from oxygen atoms and in some cases not. We largely omit details of
workup.

The following abbreviations are used in the tables:

Ac acetyl

acac  acetylacetonate

AIBN  azobis(isobutyronitrile)

Bn benzyl

Bz benzoyl

CSA  camphorsulfonic acid

CSlI chlorosulfonyl isocyanate
DBN  1,5-diazabicyclo[4.3.0]nonane
DBU  1,5-diazabicyclo[5.4.0lundecane
DCC  dicyclohexylcarbodiimide
DDQ  dichlorodicyanobenzoquinone
de diastereomeric excess

DMAP 4-N,N-dimethylaminopyridine
DME 1,2-dimethoxyethane

D N,N-dimethylformamide
D@J N,N¢-dimethylpropyleneurea
DMSO dimethyl sulfoxide

ee enantiomeric excess

GLC  gas-liquid chromatography
HMPA hexamethylphosphoramide
MCPBA m-chloroperbenzoic acid

NBS N-bromosuccinimide

NMMO N-methylmorpholine N-oxide
NMR  nuclear magnetic resonance
PCC  pyridinium chlorochromate

Py pyridine

TASF  tris(dimethylamino)sulfonium difluorotrimethylsilicate
TBAF tetrabutylammonium fluoride
TFA trifluoroacetic acid

THF tetrahydrofuran



THP tetrahydropyranyl
Ts p-toluenesulfonyl
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8. Addenda to the Tables

Listed below are references that have appeared in some of the major journals
since the tables were prepared. The cut-off date is December 1988, but a few
references from 1989 are also included.

Table I. Refs. 777-789
Table II. Refs. 790-801
Table IV. Ref. 802

Table V. Refs. 803, 804
Table VI. Refs. 805-818
Table IX. Refs. 819-822
Table XI. Refs. 823-851
Table XII. Ref. 852

Table XIV. Refs. 853-872
Table XV. Refs. 873-876
Table XIX. Refs. 877-895
Table XX. Refs. 896, 897
Table XXII. Refs. 898-915
Table XXIV. Refs. 916-922
Table XXVI.  Refs. 923-927
Table XXVII. Refs. 928, 929
D Table XXX. Refs. 930, 931
Table XXXII. Refs. 932, 933
Table XXXV. Refs. 934-936
Table XXXVI. Refs. 937-939
Table XXXVII. Refs. 940
Table XXXVIII. Refs. 941-945
Table XLII. Refs. 946-948
Table XLIII. Refs. 949-959
Table XLIV.  Refs. 960-962
Table XLV. Refs. 963-965
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