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I .  Introduction 

A. Scope of the Review 

The construction of cyclic systems by electrophile 
additions to  alkenes is a well-established, powerful 
strategy in organic synthesis.lv2 Although polyolefin 
cyclizations have been most extensively developed 
within the context of carbocyclic s y n t h e ~ i s , ~ ? ~  a variety 
of carbon-carbon bond-forming cyclizations have also 
been employed to prepare heterocyclic  system^.^ One 
continuing theme in the evolution of these cation-in- 

duced reactions has been the development of appro- 
priate functionality to initiate and terminate the ring- 
forming processes. Recently, vinylsilanes, alkynyl- 
silanes, allylsilanes, and propargylsilanes have emerged 
as particularly important functional groups for termi- 
nating cyclization reactions.s While intermolecular 
electrophilic substitution reactions of vinylsilanes have 
been studied for more than 30 years: the intramolecular 
variant had not been demonstrated prior to 1981.10-12 
This review will focus on vinyl- and alkynylsilane ter- 
minators whose chemistry is similar as a result of the 
direct attachment of the silicon atom to the partici- 
pating IT bond.13-15 The reader is referred elsewhere8,16 
for discussions of cyclization reactions of allylsilanes. 

B. Characteristics of Vinylsilanes That 
Commend Their Use as Cyclization Terminators 

Vinylsilane-terminated cyclization reactions have 
proven to be particularly well-suited for the synthesis 
of complex natural products. A t  the outset of this re- 
view, we will consider some of the features of vinyl- 
silanes that make them particularly attractive cycliza- 
tion terminators. 

First and foremost, the silicon substituent exerts a 
powerful influence on the outcome of the cyclization 
process, since the carbon-silicon bond is strongly po- 
larized due t~ the high electronegativity of carbon (2.35) 
relative to silicon (1.64).17 As a result, a carbonium ion 
center p to silicon is stabilized by hyperconjugation, i.e., 
overlap of the u orbital of a carbon-silicon u bond with 
the vacant p orbital of the adjacent carbocation (the 
so-called p effect, see 1) (Figure l ) . l 8 3 l 9  Since the 
carbonsilicon bonding u orbital is higher in energy than 
carbon-carbon or carbon-hydrogen bonding orbitals 
and also has a large coefficient on carbon, hyperconju- 
gative stabilization by a p-silyl substituent is more 
strongly stabilizing than that of an alkyl substituent or 
hydrogen. The consequences of the p effect were first 
observed by Ushakov and Itenberg who noted that the 
elimination of silyl halides to produce olefins was par- 
ticularly rapid for P-halogeno alkylsilanes 
(R3SiCHzCHzX).z0 Also as a result of silicon's electro- 
positive character, a-silyl carbocationsZ1 are destabilized 
relative to cations where the silicon substituent is re- 
placed by an alkyl group.lg 

One result of the ability of a carbon-silicon u bond 
to stabilize an adjacent carbocation is that the reactions 
of an electrophile with a vinylsilane are most often 
directed regioselectively to the silicon-bearing carbon. 
Loss of the labilesd silicon substituent from intermediate 
2 then affords the product of electrophilic substitution. 
Koenig and Weberzz were first to clearly demonstrate 
that electrophilic substitution reactions of this type 
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occur stereospecifically with retention of configura- 
ti~n;*~.*' they observed that the electrophilic suhstitu- 
tion reaction of (E)-  and (Z)-13-(trimethylsilyl)styrene 
with deuterium chloride occurred with complete re- 
tention of stereochemistry (eq 1 and 2). Retention 
results from the favored 60' rotation of the initially 

Ph PD 

L/ DCI + (21 
SI*., D 

formed cation 3 to provide the maximally stabilized 
Bsilyl cation 4, where the carbon-silicon u hond is co- 
planar with the adjacent vacant p orhital.2t Rotation 
of the initially formed cation 3 in the alternate sense 
is disfavored; for this isomerization to occur, the car- 
bonsilicon bond would rotate through a conformation 
in which the carbon-silicon bonding u orbital and the 
vacant p orbital would be orthogonal. Subsequent facile 
cleavage of the carbonsilicon hond is promoted by this 
u - p conjugation, thereby affording the alkene prod- 
uct.*; 

A second important factor in choosing vinylsilanes as 
the nucleophilic reaction components in cyclization- 
based synthesis strategies is that the silicon suhstituent 
can also he exploited to assist assemhly of the cycliza- 
tion substrate. In particular, silicon is ahle to stahilize 
an adjacent negative charge, by either u - o* overlap 
(see 5 )  or overlap of the carhanionic center with the 
relatively low-energy vacant 3d orbitals of silicon."''.Yfi 
a-Silylvinyl anions 6 can he generated by a variety of 
methods, such as hydroalumination" of or organo- 
cuprate addition" to silylacetylenes, and much infor- 
mation is available concerning the reactivity and con- 
figurational stability of these anion~.R.*~ 

A third feature of vinylsilanes, which is particularly 
important in the context of complex natural products 
total synthesis, is their stability toward a wide range of 
reagents. Towards electrophiles the reactivity of vi- 
nylsilanes is comparable to that of a corresponding 
alkene"I and significantly less than that of an allyl- 
silane."' Simple frontier M.O. arguments would suggest 
that vinylsilanes should he somewhat poorer r donors 
than alkenes as a result of r - u* delocalization (il- 
lustrated in 7); this is seen, perhaps, in the slightly more 
negative ionization potential of vinyltrimethylsilane 
than 3-methyl-1-butene (see Figure Z).'* As a result 
of the low reactivity of vinylsilanes toward electrophiles, 
nucleophiles, and oxidizing and reducing agents, many 
chemical reactions can he carried out in their presence. 
In our own work, we have found that vinylsilanes are 
completely stable to a variety of commonly used reag- 
ents, some of which are summarized in Figure 2. The 
chemical stability of the vinylsilane moiety allows it to 
he carried through several synthetic steps before its 
desired reactivity is triggered hy an intramolecular 
electrophile. 

C. Reaction Modes of Vinylsiiane Terminators 

Using the terminating alkene as a point of reference, 
two distinct modes of cyclization are possible: cycli- 
zations can occur in an endocyclic or exocyclic sense'? 
with respect to the vinylsilane terminator (see Figure 
3). Both modes of vinylsilane cyclizations have been 
well studied. In each case the silicon substituent con- 
trols the regiochemistry of the double bond in the 
product and in cyclizations occurring in the exocyclic 
sense, also its stereochemistry. The ahility of the silicon 
substituent to direct the initially formed cation along 
a single reaction pathway is a key feature in these re- 



Cyclization Reactions Chemical Reviews, 1986, Vol. 86. No. 5 859 

p- Effect ( 5  - P )  

I - 
Repiochemir l ry  - SUBSTITUTION 

2 - 
Stereochemistry- RETENTION 

Figure 2. 

S1Me3 endocycl ic  RtE+ - 
Figure 3. 

 action^.^' This control derives from several fact0rs.2~ 
Besides the stereochemical and regiochemical control 
discussed earlier, stabilization of the initially formed 
cyclic cation by the silicon substituent retards hydride 
or Wagner-Meerwein rearrangements of this interme- 
diate. Moreover, a 8-silyl substituent is typically lost 
from a carhocation more rapidly than a @-hydrogen and 
also more rapidly than a p-silyl cation is captured by 
a nucleophile? Thus, a single cyclization product is 
typically produced and this feature of vinylsilane and 
alkynylsilane-terminated cyclization reactions will be 
apparent in the examples that follow. 

A. Vinylsilane-Terminated Cyclizations. Acylium 
Ion-Initiated Cyclizatlons 

Bimolecular Friedel-Crafts acylation of vinylsilanes 
has been well s t ~ d i e d ? J , ~ ~  The first intramolecular 
variant of this reaction was reported by Burke" for the 
preparation of spiro[4,5]decadienones (see Scheme 1). 
Dimedone methyl ether 8 was treated with [p-(tri- 
methylsilyl)vinyl]lithi~m~~ to give dienone 9 with the 
vinylsilane moiety exclusively in the E configuration. 
Reduction to the allylic alcohol, followed by Claisen 
rearrangement provided carboxylic acid 10, after oxi- 
dation of the intermediate aldehyde with Jones reagent. 
Treatment of 10 with oxalyl chloride gave an acid 
chloride which was not purified, but directly treated 
with TiC14. The resulting acylium ion underwent cy- 
clization to give enone 11 in excellent yield, thereby 
completing the spiroannulation sequence. The entire 
sequence of reactions is highly efficient, converting 
dimedone methyl ether 8 into spirocycle 11 in 64% 
overall yield. Cyclizations of this type on up to 11 g of 
carboxylic acid 10 were reported, indicating the ease 
with which these procedures can be scaled-up. 

Kuwajima has reported similar cyclizations to give 
spirocycles 13a and 13b (see eq 3)?" The key role 
played by the silicon substituent is seen in the fact that 
intramolecular Friedel-Crafts acylation of acid chloride 
12c was much less clean and gave a mixture of enone 
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q0 
(31 

R 

13a and halogenated byproducts. 
Nakai later reported examples of the intramolecular 

acylation of vinylsilanes that occur in an exocyclic mode 
(see Scheme 2).38 Cyclization of acid chloride 14a 
proceeded, as expected, to  give alkylidenecyclo- 
pentanone 15a in excellent yield. Isomerization occurs 
under these conditions, probably after generation of the 
enone system, to give almost exclusively the (E)-enone. 
The shorter chain analogues 17a and 17b cyclize to give 
mixtures of alkylidene cyclobutanones 18 and 19, or in 
the case of 17c, exclusively cyclopentenone 19c. In this 
case cyclization to the alkylidenecyclobutanones intro- 
duces considerably ring strain into the product. A 
complete reversal of the reaction course one would 
predict based on the 0 effect is seen in the conversions 
of substrates 14b and 17c, where electrophilic attack 
occurs exclusively a t  the carbon p to silicon leading to 
the cyclic enones 16b and 19c, respectively. The au- 
thors postulate a mechanism (illustrated for 14b in 
Scheme 3) whereby the initially formed a-silyl cation 
20 undergoes a Wagner-Meerwein shift to give p-silyl 
cation 21 which proceeds to enone 16b after cleavage 
of the carbon-silicon bond. 

K ~ w a j i m a ~ ~  has also reported some competition 
studies, which along with the results of Nakai,38 serve 
to illustrate the limitations of the /3 effect as a tool for 
predicting the outcome of vinylsilane-terminated cy- 
clizations (see Scheme 4). Generation of an acylium 
ion from acid chlorides 23a and 23b lead to cyclo- 
pentenones 24a and 24b by the expected path of elec- 
trophilic attack on the vinylsilane substituent. How- 
ever, compound 23c led exclusively to cyclopentenone 
25, an outcome that was interpreted to result from 
chemoselective electrophilic attack on the trisubstituted 
alkene. followed by protodesilylation of the remaining 
vinylsilane appendage. However, it was not rigorously 
established that protodesilylation followed cyclization. 

Comparison of Kuwajima's and Nakai's results re- 
veals a reactivity pattern that is reasonably interpreted 
as being governed by the relative stabilities of the in- 
itially formed carbonium ion intermediates. Whereas 
cyclizations of 14a, 23a, and 23b proceed through sec- 
ondary /3-silyl cations, the analogous cyclizations of 14b 
and 17c would proceed through considerably less-fa- 
vored primary 0-silyl cations. As a result, intramolec- 
ular electrophilic attack of these latter substrates occurs 
p to silicon to generate tertiary a-silyl cations which, 
after rearrangement, proceed via secondary p-silyl 
cations to their respective products.39 The internal 
competition experiments of Kuwajima indicate that 
while secondary p-silyl cations are generated in pref- 
erence to secondary carbocations (reactions of 23a and 
23b), tertiary (trialkyl) carbocations are more stable 
than secondary @-silyl carbonium ions (reaction of 23c). 
A trend is apparent from these results, namely that in 

SCHEME 2 

Me,  AICI&H,CI, , @ R ' +  &' ER, 0°-+250C R 

AlCI,tCH,CI~ g:t SiMs, 0°-+250 ' 

SCHEME 3 

r 9  0 

21 14 b - 20 - - 

J 
16 b - - 2 2  

SCHEME 4 

the absence of stereoelectronic or other restrictions, 
vinylsilane-terminated cyclizations will occur preferen- 
tially to form carbocations in the following sequence: 
tertiary trialkyl > secondary p-silyl > tertiary a-silyl, 
secondary dialkyl > primary p-silyl cations. Much of 
the published34 and more recent*O work in our own 
laboratories supports this proposition. 

Denmark4' and K ~ w a j i m a ~ ~  have reported nearly 
identical routes to trans-hydrindendione 26 via the 
endocyclic mode of acylium ion-initiated vinylsilane- 
terminated cyclizations (see eq 4). Copper-catalyzed 

2_7 Me, SI I '  
2 8 a  X = O R  - - b X = C I  

26 - 

addition of the Grignard reagent derived from (E) - (2 -  
bromo~iny1)trimethylsilane~~ to  2-methylcyclo- 
pentenone (27) yields keto ester 28a after alkylation 
with an appropriate a-bromo ester. Conversion to the 
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SCHEME 6 

O ' a  

k 
2 9  - 3 3  H JCO,H 71 Z 

78 P 
- 

corresponding acid chloride 28b and treatment with 
AlC13 induces electrophilic attack on the vinylsilane to 
give compound 26; the yield for the cyclization reaction 
was 54%. 

Kuwajima also prepared alkylidene hydrindandione 
29 via a sequence in which the key cyclization occurred 
in the exocyclic sense (see Scheme 5).42 Copper-cata- 
lyzed addition of the Grignard reagent 30 derived from 
(E)-  1-bromo- 1- (trimethylsily1)propene to enone 3 14, 
afforded ketone 32. Cleavage of the tert-butyl ester 
with iodotrimethylsilane gave acid 33. After conversion 
to the acid chloride, treatment with AgBF, in nitro- 
methane provided the ethylidene dione 29 in 71 % yield 
as a single double-bond isomer. I t  is notable that the 
cyclization could be accomplished with AgBF, under 
conditions sufficiently mild that the less stable (2)- 
ethylidene stereoisomer could be isolated cleanly. The 
cyclization could be induced also with Tic&, but 
equilibration to a 1:l mixture of (E)-  and (2)-enones 
occurs. The preparation of trans-hydrindandiones 26 
and 29 indicates possible applications of this chemistry 
to the synthesis of the CD ring system of steroids. 

B. Vinylsilane-Terminated Cycllzatlons. 
Ketone-, Aldehyde-, Acetal-, and 
Thioacetal-Initiated Cyclizatlons 

There is only one report of the use45 of a ketone as 
a cyclization initiator. De Clercq has reported a one-pot 
synthesis of keto ester 3446 from diene 35 involving 
trapping of the enolate resulting from conjugate addi- 
tion of phenylmagnesium bromide with 3-chloro-2- 
(trimethyl~ilyl)propene,4~ followed by hydrolysis (see 
Scheme 6). Treatment of 34 with BF3.Et,0 in benzene 
gave a mixture of olefins 35a and 36a in 50% yield. No 
products arising from primary 0-silyl cation 37 were 
observed; the formation of this cation is disfavored not 
only on electronic grounds but also by the ring strain 
and severe steric congestion of bicyclo[3.2.l]octane in- 
termediate 37. The formation of bicyclic olefins 35a 
and 36a arises via intermediate tertiary a-silyl cation 
38. The mechanism by which the silicon was lost, 
presumably either by hydride shift to a secondary p-silyl 
cation followed by cleavage of the carbon-silicon bond 
or by protodesilylation of intermediate vinylsilanes 35b 
and 36b was not determined. 

There are also very few examples of the intramolec- 
ular reaction of vinylsilanes and aldehydes. Tius re- 
ported that treatment of vinylsilane aldehyde 39 with 
p-toluenesulfonic acid in refluxing benzene provided a 
mixture of tetralins 40 and 41 (53% yield) together with 
ca. 15% of enone 42 (see Scheme 7).48 He proposes 
that enone 42 arises from intramolecular l,&hydride 
transfer in intermediate a-silyl cation 43, although its 

I 
SiMe, 

34 - 

SiMe, 

- 37 

&Me, 

38 

1 

SCHEME 7 
SiMe, 
I SiMe, 

42  4 0  - 4 1  - - 39 - 

t 
43 - 

SiMe, 

G H O  

- 44 35 

formation by two consecutive 1,2-hydride shifts is also 
possible. Similar treatment of vinylsilane aldehyde 44 
produced the benzo compound 45, but in very poor 
yield. 

The related cyclization reactions of vinylsilanes and 
acetals occurs in better yields and is a key step in a 
synthesis of unsymmetrical biphenyls (see Scheme 8) 
developed by T i ~ s . ~ ~  Addition of (trimethylsily1)al- 
lyllithium (46)50 to /3-keto acetals 47 gave cyclization 
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SCHEME 8 

R Ye 
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SCHEME 9 

SiMe, 

Ar=p-  t 0 1  y I  
----+ /o = a - n a p t h y l  

Ar = p - e t h o x y p h e n y l  

5 1  - 

substrates 48 in good to excellent yield. Subsequent 
treatment with TiC14 affords biphenyls such as 51, 
perhaps via oxonium ion 49 and P-silyl cation 50, al- 
though the timing of the dehydration and methanol loss 
was not established. The method is limited in that it 
cannot be applied to the synthesis of benzoannulated 
aliphatic ketones.48 

In a related study, Fleming prepared the (2)- and 
(E)-vinylsilane acetals 52 and 53 and showed that both 
cyclized to give allylic ether 54 (see eq 5).51 The 

53 .- 54 - 52 

(2)-vinylsilane 52 cyclized twice as fast as the (E)-iso- 
mer 53 and, thus, in higher yield, since the yield in this 
case was compromised primarily by subsequent acid- 
catalyzed reactions of the labile allylic ether 54. 

As shown by Trost,12 thioacetals can also be utilized 
to promote vinylsilane cyclizations. Treatment of 55 
with the highly thiophilic reagent dimethyl(methy1- 
thio)sulfonium fluoroborate (DMTSF)52 produces not 
the expected product 56, but the rearranged allylic 
sulfide 57 instead (see eq 6). The transformation of 

57  - 56 52 - 

56 into the more stable alkene 57 can be attributed to 
a 2,3-sigmatropic rearrangement52 of sulfonium salt 58 
arising from reaction of the initially-formed 56 with 
excess DMTSF. 

. F; 
MeS-SMe 

d = 
Trost also reported the interesting experiments sum- 

marized in Scheme 9, in which attack on the initiating 
cation is set as a competition between two i~ nucleo- 
philes.12 With substrate 59, complete chemoselectivity 
is observed, not surprisingly, for attack by the more 
nucleophilic enol silane functionality on the interme- 
diate thionium ion. No products arising from the other 
possible adduct 62 were detected. However, cyclization 

DMTSF 

Me,Si 

60 - II 
0 

63 0 - 
,SiMe, r\ 

M 

of the corresponding ketone 60 afforded spirocycle 63. 
In this latter example cyclization must occur initially 
on the vinylsilane moiety, as neither ketone 61 nor en- 
one 64 yielded 63 upon treatment with DMTSF. 
However, no yield for the production of 63 was reported. 

C. Alkynyisilane-Terminated Cyclizations. 
Allylic Alcohols and Ketene Thioacetals as 
Cyclization Initiators 

In 1977, Heathcock reported that treatment of alky- 
nylsilane 65 with formic acid, followed by base cleavage 
of the enol formate product, gave bicyclo[3.2.2]none- 
none 66 in good yield.53 The decisive role played by this 
silicon substituent in this cyclization is dramatically 
illustrated by the fact that cyclization of alkyne 67 
occurred completely in the exocyclic sense to afford 
bicyclo[ 2.2.21octene 68. 

0 
O C H O  

- 68 - 6 5 .  R= 5 $Mel 

67, R=CH,  

Independently, Johnson investigated silylalkyne 
terminators for the formation of steroids and triterpenes 
by biomimetic polyene  cyclization^.^^^^ The stereospe- 
cific synthesis of tetracycle 75 using such a cyclization 
as the key step is summarized in Scheme 10. Aldehyde 
70, prepared via ortho ester-Claisen rearrangement of 
allylic alcohol 69, was condensed with phosphonium salt 
7155 using a modification of the Schlosser p r ~ c e d u r e . ~ ~  
Thioacetal hydrolysis and ketone reduction provided 
cyclization substrate 73. Treatment of 73 with tri- 
fluoroacetic acid under carefully optimized conditions57 
gave, after hydrolysis, tetracycle 74 in good yield. 
Similar treatment of allylic alcohol 76 provided tetra- 
cycle 77, albeit in poor yield (eq 8).54*58 

Y e s  

The course of these reactions again depends critically 
on the silicon substituent. Thus, cyclization of 78 af- 
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equivalent in this reaction. 

CF,CO,H 

x+p!Mea CF,CH,OH 76 % 

a. 

SCHEME 10 

Si Me, S iMe, 
I 

EJJ 3 steps, fl 3 s t e p s  

Et 0 5 9 %  HO 

69 - 70  - 
i Me, 

72  - 7 1  - 

75 74 - - 

fords the steroid-like derivative 79 containing a five- 
membered D-ring. The formation of 79 was attributed, 

I 
111 

78 - 7 9  - 
in part, to a transition-state preference for formation 
of linear vinyl cation 81b rather than the bent vinyl 
cation 80b which would be produced in an endocyclic 
cy~ l i za t ion .~~  Formation of 74 is governed, therefore, 
by generation of p-silyl cation 80a, which presumably 
leads to a-silyl ketone 82, a system known to undergo 

R 
I 

R =  SiMe, Q 
- b R= me - b 

SIMe, & a2 

- 
facile de~ i ly l a t ion .~~  It is not known whether the pre- 
dominant formation of 80a is due to a kinetic preference 
in the cyclization reaction, or results from subsequent 
Wagner-Meerwein rearrangement of a kinetically fa- 
vored linear cation 81a.60 

The use of ketene dithioacetals as initiators for silyl- 
alkyne terminated cyclizations was briefly investigated 
by Brinkmeyer (see eq Peterson olefination of 
aldehyde 7054 with the lithium anion of 2-(trimethyl- 
~ilyl)-1,3-dithiane~~ provided ketene thioacetal 83, which 
upon treatment with trifluoroacetic acid gave the 
monoprotected diketone 84 in good yield. The pro- 
tonated ketene dithioacetal functions as an acylium ion 

- 84 

D. Silicon-Directed Nazarov Cyclizations 

Extensive studies by Denmark have demonstrated 
the value of vinylsilanes in directing the course of Na- 
zarov-type  cyclization^.^^ Classical Nazarov reactions 
(eq 11) often give the more highly substituted cyclo- 

0 n 0 

78 % 7 8 :  22  

R 0 

33 8 4 %  Bh 
100 % c i s  

pentenone product and are occasionally complicated by 
competitive Wagner-Meerwein rearrangements. In 
contrast, the regiochemical outcome of silicon-directed 
Nazarov cyclizations is dominated by the effect (see 
eq 12). 

Treatment of 85 with commercial “anhydrous” FeC13 
provides cis-hydrindenone 86 in excellent yield as a 
single double-bond isomer. After surveying a wide 
range of Lewis acids, Denmark found commercial FeC1, 
to be far superior in effecting these transformations. 
Interestingly, treatment of 85 with rigorously dried 
FeC1, gave a complex mixture of products in which 86 
was present in, a t  best, trace amounts. The authors 
postulate that trace amounts of water are needed to 
immediately quench the intermediate cross-conjugated 
enolate 87, which otherwise decomposes via redox or 

lz 
nucleophilic pathways.63c The failure of other Lewis 
acids to successfully induce clean cyclization may be 
due, in part, to the anhydrous nature of these reagents 
(see, however, section IIIA). This kinetic quench may 
also account for the tendency of these reactions to yield 
cis-fused 4,5-dialkyl-2-cyclopentenones to a greater 
extent than that found a t  equilibrium (see eq 13).63byd 
The stereochemical consequences of remote chiral 
centers in these cyclizations have been studied in de- 

a l u m i n a ,  100Zttrans (13) 

c i s :  t r a n s  = 4 6 :  5 4  
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SCHEME 12 

SiMe, 

1) L - S e l e c t  r i d e  
2 ) T f z  N P h  

93 - 
6 5 %  9 2  - 

t o l u e n e  2) Ph,P=CH, 

25OC 

I I I .  Formation of Unsaturated Carbocycles: 
Applications to Total Synthesis 

A. Triquinane Sesquiterpenes: Capnellene and 
Hirsutene 

Stille has reported a highly efficient total synthesis 
of (f)-~l~(~~)-capnellene (96),64 which features the elegant 
use of palladium-catalyzed carbonylative coupling re- 
a c t i o n ~ ~ ~  and two silicon-directed Nazarov cyclizations 
(see Scheme 11). Palladium-catalyzed coupling of 
trimethyl[2-(trimethylsilyl)vinyl]stannane (88) with the 
vinyl triflate66 derived from 2,2,5-trimethylcyclo- 
pentanone (89) provided divinyl ketone 90. Surpris- 
ingly, treatment of 90 with FeC13 gave predominantly 
cyclopentadiene 91 and only traces of the desired Na- 

~ SiMe, 

zarov product 92. In contrast to Denmark's results, 
substrate 90 was cyclized successfully using BF3-Et20 
in refluxing toluene. Conjugate reduction of 92,@ fol- 
lowed by a repetition of the above reaction sequence 
provided divinyl ketone 93, which underwent clean 
Nazarov cyclization upon treatment with BF3-Et20 to 
give triquinone 94. By comparison, Paquette had shown 
earlier that the corresponding divinyl ketone 95 lacking 
the silicon substituent failed to undergo Nazarov ring 
closure when exposed to a wide range of Lewis and 
Bronsted acids.67 Tricyclic enone 94 was converted to 
(f)-Ag(l2)-capnellene (96) using a reaction sequence 
previously demonstrated by P a q ~ e t t e . ~ ~  This efficient 
scheme provided 96 in 9 steps and 16% overall yield 
from cyclopentanone 89. 

Magnus demonstrated the utility of 1-(trimethyl- 
sily1)-1-(pheny1thio)ethylene (97)68 for constructing 
Nazarov cyclization precursors (see Scheme 12) during 
his total synthesis of the sesquiterpene (f)-hirsutene 

- 100 97 - 50°C - 99 - 
38 % 

2 s t e p s  

56 % 
__* 

dH, - 103 

SCHEME 13 
,OMe 

/OMe f OMe 

3 s t e p s  O C l a i s e n  

6 7  X 3)5Zaq .  H C i  

P hMe, Si 4 )  Jones  

PhMe,Si 70 % 

- 1 0 7  LQB 

l)(COCI),,CH,CI,t - 7 8 ' ~  
2) SbCI, 

51 1 H 

m 

(98).69 In terms of stabilization of cationic character, 
the trimethylsilyl and phenylthio groups in reagent 97 
are electronically opposed. Not surprisingly (see section 
IIA), the initial reaction of reagent 97 with electrophiles 
is regiochemically directed by the phenylthio group. 
Thus, treatment of acid chloride 99 with reagent 97 in 
the presence of AgBF4 generated divinyl ketone 100 
which directly underwent silicon-directed Nazarov cy- 
~ l i z a t i o n ~ ~  to the afford bicyclic P-thiophenyl enone 101 
in moderate yield. Conversion to the &methyl enone 
followed by treatment with a cuprate reagent derived 
from 3-bromo-3-buten-1-01 gave compound 102 (R = 
SiMe2-t-Bu) as a single diastereomer. Conversion of 
silyl ether 102 into its corresponding tosylate and sub- 
sequent intramolecular alkylation provided tricyclic 
ketone 103. Reduction with NaBH, followed by re- 
moval of the resulting alcohol via the corresponding 
xanthate ester gave (A)-hirsutene in 9% overall yield 
from acid chloride 99. 
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B. Hydronapthaiene Portion of 
Dlhydrocompactin 

Burke has prepared the hydronapthalene portion of 
dihydrocompactin (104) via an interesting acylium 

I P  

V C P  i 
lm 

ion-initiated vinylsilane-terminated polyene cyclization 
(see Scheme 13).70 The sequence begins with the ad- 
dition of (phenyldimethy1~ilyl)lithium~~ to croton- 
aldehyde followed by acylation with 5-methoxy- 
pentanoyl chloride to give ester 105. Ester enolate 
Claisen rearrangement72 of 105 provided the (E)- 
vinylsilane 106 with high (42:l) selectivity. Conversion 
to a mixture of allylic alcohols 107, Claisen rearrange- 
ment to provide a single y,d-unsaturated aldehyde, 
Wittig homologation, and oxidation yielded cyclization 
substrate Generation of the requisite acid chlo- 
ride followed by treatment with SbC15 induced polyene 
cyclization to give the desired trans-octalone 109 in 
good yield. This conversion represents the first report 
of a polyene cyclization terminated with a vinylsilane. 

I V. Formation of Unsaturated Heterocycles: 
Scope and Methodology 

A. Iminium Ion-Initiated Cyclizatlons 

Iminium ions are comparatively weak electrophiles, 
usually requiring rather nucleophilic ?r bonds as reaction 
partners, as in, for example, the venerable Pictet- 
Spengler synthesis of electron-rich tetrahydroiso- 
quinolines (eq 14).74,75 Analogous cyclizations with 

C H 2 0  (mMe H C I ,  130'; <mN (14) 
88 % 'Me 

C H , O  
H C 0 , H  
l 0 O ' C  

4 1 %  1 3  % 

simple olefins were first reported by Cope76 (eq 15). 
However, the use of formic acid as the solvent in these 
studies led to mixtures of products since Eschweiler- 
Clarke m e t h y l a t i ~ n ~ ~  was often competitive with cy- 
clization. Acetic acid is a'better solvent, and Winter- 
feldt has reported several successful cyclizations of this 
general type in the indoloquinolizidine alkaloid area.78 

In contrast to the relatively harsh conditions previ- 
ously reported for iminium ion cyclizations with alkenes 
or arenes, we have shown that iminium ion-vinylsilane 
cyclizations can be accomplished under mild, near- 
neutral  condition^.^^ These cyclizations have been in- 
vestigated extensively and have significant utility for 
preparing five-, six-, and seven-membered nitrogen 
heterocycles containing both endocyclic and exocyclic 
unsaturation. 

Examples of iminium ion-vinylsilane cyclizations that 
occur in the endocyclic mode to form 1,2,5,6-tetra- 

TABLE 1. Tetrahydropyridine Synthesis 

I 
C H , C N ,  8 2 ' ~  

k 
110 - 

A 
111 - 

entry R R1 RZ time, h yield, % 
a Ph  H M e S i  0.75 61 
b p-MeOC6H4 H MejSi 0.5 85 
c p-MeOC6H4CHz H Me,Si 1.5 91 
d n-C3H7 H Me3Si 1.5 61 
e n-C3H7 Me3Sib H 1.5 71b 
f n-C3H7 Me3Si MeaSi 1.25 82 
g cyclohexyl H MeaSi 2.5 78" 
h i-C4H9 H MesSi 2.5 34" 

"In addition, two byproducts are produced; see text. *The 
product from this cyclization has R' = H, R = n-C3H7. 

hydropyridines are shown in Table l.79,80 Treatment 
of compounds 1 loa-f with paraformaldehyde and cam- 
phorsulfonic acid (CSA) afforded the expected tetra- 
hydropyridines 11 1 as single double-bond regioisomers. 
Notable is the synthesis of lllf which contains an al- 
kene double bond regioselectively functionalized for 
further elaboration, and the N-aryltetrahydropyridines 
11 la and 11 lb. Typically, N-arylpiperidines are dif- 
ficult to access since they are not generally available 
from pyridine precursors. 

While N-aryl and primary carbinyl N-alkyl deriva- 
tives undergo cyclization cleanly, secondary carbinyl 
N-alkyl derivatives (e.g. llOg and 110h) cyclize a t  a 
slower rate allowing Eschweiler-Clarke methylation to 
compete, once again, with cyclization. When substrate 
1 log was subjected to standard cyclization conditions, 
tetrahydropyridine 11 lg was generated in 78% yield 
accompanied by N-methylamines 112a and 1 12b;80 in 

k 
'NMe I 

n v 
112 3 R =  SiMe,, R1= H 

- b R = H , R 1 = S i M e ,  

this case reductive alkylation probably arises due to 
advantitious formic acid in the paraformaldehyde. 
Substrate 110h reacts to give analogous byproducts. 
This side reaction could be avoided by generation of the 
intermediate iminium ion, in the absence of reducing 
agents, from the reaction of the corresponding cyano- 
methylamine with silver(I)trifluoroacetate.79-81 2-A1- 
kyl-1,2,5,6-tetrahydropyridines can also be prepared by 
the reaction of 4-(trimethylsilyl)-3-butenamines with 
aldehydes (see eq 16).79 

I " "  
6 a  x Ph 

Two mechanisms for these cyclization reactions can 
be considered (see Scheme 14), the simplest being direct 
cyclization of iminium salt 113 to p-silyl cation 114 
which collapses to the observed product 115. Alterna- 
tively, 113 could undergo a charge-accelerated aza-Cope 
rearrangement (2-azonia- [3,3] -sigmatropic rearrange- 
ment)82 to allylsilane 116 which could then cyclize to 
tetrahydropyridine 115. Two experiments favor the 
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S i M e J  \ I  
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Figure 4. 

SCHEME 14 

01 

116 - 

latter i n t e r p r e t a t i ~ n . ~ ~  Under cyclization conditions, 
substrate 110h undergoes Eschweiler-Clarke methyla- 
tion with equilibration of vinylsilane geometry (vide 
supra); however, this isomerization does not take place 
in the absence of formaldehyde. In a second experi- 
ment, vinylsilane 117 was shown to cyclize to pyrrol- 
idine 120 (see Scheme 15) via intramolecular Mannich 
cyclization of intermediate 119. None of the corre- 
sponding tetrahydropyridine 121 was isolated. These 
experiments strongly suggest that cationic aza-Cope 
equilibration occurs more rapidly than cyclization. 

Iminium ion-vinylsilane cyclizations that occur in an 
endocyclic mode with respect to the vinylsilane and an 
exocyclic mode with respect to the iminium ion initiator 
exhibit a dramatic dependence of the reaction rate on 
the stereochemistry of the vinylsilane terminator (see 
Scheme 16).83 While the (2)-vinylsilane imine 122 

SCHEME 15 

S i M e 3  (CH,O)n,CSA HoYy - 1 
I 

E-C3H,  

117 - 
i 1 R 

la3 

underwent clean cyclization when treated with acid to 
give cis-hexahydroindole 123, attempted cyclization of 
the corresponding (E)-isomer 124 under identical con- 
ditions afforded no trace of 123. Reactions of 122 and 
124 conducted identically in C6D6 at 115 "C showed that 
the rate of cyclization of the (2)-isomer was at  least 
7000 times that of the (E)-isomer. This large rate 
differencea provides a strinking demonstration of the 
importance of u - p hyperconjugation (see section I) 
in the cyclization transition state. As illustrated in 
Figure 4, only a (2)-vinylsilane substituent can partic- 
ipate directly in a B - p delocalization with the de- 
veloping carbocation center. These substrates cannot 
undergo isomerization via a sigmatropic rearrangement 
analogous to that shown for iminium ion 113. More 
reactive cyclization initiators such as acylium ions'' and 
oxonium ions51 (see sections IIA and IIB) are less dis- 
criminant of the stereochemistry of the cyclization 
terminator. This result is not surprising, since with 
more reactive initiators the transition state should come 
earlier and involve less charge development at the 
carbon fl to silicon. 

Studies in progress in our laboratories show that five- 
and seven-membered ring unsaturated azacyclics can 
also be prepared by iminium ion vinylsilane cycliza- 
t i o n ~ . ~ ~ , ~ ~  

B. Acyliminium Ion-Initiated Cyclizations 

Acyliminium ions are powerful cyclization initiators 
and have been used in a wide range of cationic cycli- 

OH c,.,,, d I-- L3n7 

OH ci d I-- L3n7 

/// / 4'0 
Y 
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TABLE 2. Preparation of Dihydro-2H-pyrans 
I) e 

MODE 4 e:, - ( D E C L E R C Q )  

A/ 

Figure 5. Acetal-initiated cyclizations. A = alkyl group or Lewis 
acid. 

SCHEME 16 

1 2 4  - 123 122 - - 

zation proce~ses.~ It is not surprising that this moiety 
serves well in vinylsilane-terminated cyclizations. 
Several methods for generation of acyliminium ions 
from a variety of  precursor^,^ most notably from hy- 
d r o x y l a ~ t a m s , ~ ~ ~ ~  are now available. Use of trifluoro- 
acetic acid as solvent induced rapid cyclization of hy- 
droxylactams 125a and 125b to bicyclic lactams 126 in 
excellent yields (eq 17).'" These reactions provide a 
nice demonstration of the acid stability (see section I) 
of vinylsilanes. 

Me$ \ 

O ~ H  3 CF,COzH 2 5 0 c ,  15 m i n* '@ ( 1 7 )  

126 3 ( 9 3 % )  
a ( 9 1 % )  

C. Acet ai- I nitlated Cyclizations 

Acetal-initiated cyclizations of vinylsilanes that occur 
in an exocyclic mode with respect to the initiator to 
form carbocyclic products have been described, as noted 
earlier, by Fleming51 and T i ~ s . ~ ~ * ~ ~  The related cycli- 
zations that occur in an endocyclic sense with respect 
to the acetal initiator lead to cyclic ether products. Four 
modes of oxonium ion initiated cyclizations are thereby 
possible, depending on the orientation of initiating and 
terminating functions (see Figure 5) .  All of these re- 
action modes have been e ~ p l o r e d , ~ * ~ ~ ~ ~ ~ ~ ~  and examples 
of successful cyclizations have been reported for all but 
the last of these cyclization modes. 

Cyclizations of nucleophilic alkenes and alkynes with 
formaldehyde acetals and monothioacetals have been 
examined recently by Itoh, Kocienski, and Thomps~n.~ '  
In our laboratories, we have shown that formaldehyde 

MEMO 

SiMe. 

~~ ~ 

entry R R' Lewis acid temp, "C time, h yield, % 

a H H  SnC14 -20 1 71 
b H (CH2)3Ph SnC14 -20 1 65 
c Me H TiC13(OPr-i) -20 2 83 
d H Br TiC14 -60 2 I 8  

acetals, specifically (methoxyeth0xy)methyl (MEM) 
ethers,@ are well suited as initiators for cyclizations with 
vinylsilane terminatomM For example, 5,6-dihydro- 
2H-pyrans 128a-d have been prepared as single dou- 
ble-bond regioisomers from the reaction of vinylsilane 
acetals 127 with Lewis acids at  low temperature (see 
Table 2).&vS9 It is notable that the cyclization succeeds 
with 127d, since 1-bromo-1-(trimethylsily1)alkenes are 
weak nucleophiles due to inductive destabilization of 
the intermediate /3-silyl cation by the halogen. This 
cyclization provides cyclic ether 128d possessing an 
alkene regioselectively functionalized for potential 
further elaboration. 

Cyclizations that occur in the exocyclic mode with 
respect to the terminator have been used to prepare 
five-, six-, and seven-membered-ring cyclic ethers.86 
Cyclization of acetals 129a and 129b proceeded stereo- 
selectively to give alkylidene tetrahydropyrans 130a and 
130b with greater than 99.5% retention of double-bond 
geometrys6 (see eq 18). Similarly, seven-membered ring 

R R 
I 

R 
I .R 

1 3 2  a ( 7 1 % )  -- 
I! ( 5 7 % )  

131 a R =  t i ,  R1 :C-Eu  

I! R : ~ - B ~ , R ~ . H  

alkylideneoxacycles were prepared from vinylsilane 
acetals 131a and 131b, again with complete stereo- 
specificity (eq 19).86 These conversions represent the 
first stereocontrolled method for the preparation of 
3-alkylideneoxepanes. 

In contrast to the highly stereospecific reactions 
discussed above, cyclizations to form tetrasubstituted 
alkylidenetetrahydrofurans 134a and 134b provided 
mixtures of olefin stereoisomers (eq 20).86 The lack of 

t 
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139 - 
., 

136 
5 R = CHOH CH,CH,CH, 

_b R :  COCH,CH,CH, 

c R:Li 

- 

stereospecificity in these cyclizations may result from 
stereomutation of the cyclization precursors (e.g., via 
2-oxonia[3,3]sigmatropic rearrangements) or from the 
possibility that 0-silyl participation is less important 
in stabilizing (and locking the conformation) of a ter- 
tiary 0-silyl carbocation intermediate. 

Although vinylsilane acetal 133c underwent highly 
stereospecific cyclization of the (E)-alkylidenetetra- 
hydrofuran 134c, reaction of the corresponding ster- 
eoisomeric vinylsilane 133d afforded none of the an- 
ticipated five-membered ring product 134d. Instead, 
cyclization to the tetrahydropyran 135 (in 80% yield) 

1 3 5  - 

occurred rapidly even a t  -50 "C. This constitutes the 
first report that the stereochemistry of an alkene can 
completely control whether a cyclization occurs in an 
endo- or exocyclic mode with respect to that compo- 
nent. The rate of cyclization at the distal alkene carbon 
to form a six-membered ring product is suggested to be 
highly dependent on the orientation of the terminal 
alkene substituents. Specifically, we have suggested 
that a terminal substituent cis to the connecting atoms 
of a nascent ring system should, in general, disfavor 
cyclization in an endocyclic sense with respect to the 
terminator as a result of steric interactions between this 
substituent and the forming ring.34,86 

Although many experiments remain to be conducted 
in this area, it seems clear that acetal-vinylsilane cy- 
clizations are a valuable addition to the methods cur- 
rently available for preparing unsaturated cyclic ethers. 
In contrast, the related cyclizations to form carbocycles 
(section IIB) are of limited utility as a result of the acid 
sensitivity of the carbocyclic allylic ether products 
(Figure 5 ,  product of cyclization mode 1). The poor 
overlap that exists between the allylic C-0 bond and 
the alkene x bond in a five-, six-, or seven-membered 
allylically unsaturated cyclic ether (Figure 5, product 
of cyclization modes 2 and 3) is undoubtedly responsible 
for the stability of the unsaturated cyclic ether products 
described in this section. 

SCHEME 18 

142 - 1 4 1  

A, A r  

V. Formation of Unsaturated Heterocycles: 
Applications to Total Synthesis 

A. Elaeocarpus Alkalolds: Elaeocanines A 
and B 

An acyliminium ion-initiated cyclization was the key 
step in a short synthesis of the indolizinone alkaloids 
elaeocanines B (136a) and A (136b) reported from our 
labora t~r ies .~~ As summarized in Scheme 17, imide 137 
was prepared by Mitsunobu couplingg0 of succinimide 
and vinylsilane alcohol 13Kg1 Imide reductions5 and 
cyclization in trifluoroacetic acid at room temperature 
afforded the regioselectively functionalized bromo- 
indolizidine 139 in 63% yield. Reduction (LiAlHJ to 
the amine, lithium-halogen exchange (s-BuLi), and 
treatment with butanal gave elaeocanine B (136a) as 
a 1:l mixture of alcohol diastereomers in 58% yield 
overall from 139. It is noteworthy that vinyllithium 
136c was stable to 0-elimination. Oxidationg2 of 136a 
by Weinreb's procedureg2 provided elaeocanine A (136b) 
in good yield. 

B. Amaryllidaceae Alkaloids: Epielwesine 

Overman and Burk have reported a short synthesis 
of the amaryllidaceae alkaloid (f)-epielwesine (140), 
which uses an iminium ion-vinylsilane cyclization as a 
key ring-forming step (see Scheme 18).83 Cyclization 
substrate 141 was prepared by a two-pot sequenceg3 
involving dialkylation and reductive cyclization of 
3,4-(methy1enedioxy)phenylacetonitrile (142). Treat- 
ment of A'-pyrroline 141 in refluxing acetonitrile with 
one equivalent of trifluoroacetic acid gave the cis- 
hexahydroindole 143 in 90% yield. Subsequent oxy- 
mercuration was remarkably stereo- and regioselective 
and gave the requisite alcohol 144 as the sole product. 
Subsequent Pictet-Spengler c y ~ l i z a t i o n ~ ~  of this in- 
termediate provided (f)-epielwesine 140 in 22% overall 
yields3b from commercially available 142. 

C. Indole Alkaloids: Deplancheine 

The preparation of the indoloquinolizidine alkaloid 
(k)-deplancheine 145a using an exocyclic variant of an 
imiriium ion-initiated vinylsilane cyclization as the key 
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Figure 6. 

I G3" OH 

transformation has been reported by Overman and 
Ma10ne.~~ The synthesis begins with 1-(trimethyl- 
sily1)propyne (146), which was hydroaluminated and 
brominated by the procedure of Z ~ e i f e l , ~ ~ "  to give 
(E)-(  1-bromo-1-propeny1)trimethylsilane 147. Lithium 
halogen exchange29 followed by alkylation with iodide 
148 provided (2)-vinylsilane acetal 147b. Bromine atom 
catalyzed isomerizationg5 gave the thermodynamically 
more stable (E)-vinylsilane 149 which underwent Pic- 
tet-Spengler ~yc l i za t ion~~  to afford tricycle 150a. Im- 
inium ion-vinylsilane cyclization was effected by using 
a mixture of paraformaldehyde and CSA in refluxing 
acetonitrile to give (f)-deplancheine (145a) (95% 
isomeric purity) in 83% yield, 27% overall from silyl- 
alkyne 146. 

The (2)-vinylsilane 147b was also converted to the 
2 isomer 145b of deplancheine. Significantly, 150b 
underwent iminium ion-vinylsilane cyclization to give 
145b of greater than 98% isomeric purity. This series 
of experiments provides an additional illustration of the 
nearly total stereospecificity of vinylsilane cyclization 
reactions that occur in the exocyclic mode with respect 
to the vinylsilane nucleophile. 

D. Pumiliotoxln A Alkaloids: Pumlilotoxins A, B, 
and 251D 

A more demanding arena for exploring the iminium 
ion-vinylsilane cyclization approach to alkylidene aza- 
cycles is provided by the pumiliotoxin A alkaloids (see 
Figure 6),96 a large class of frog toxins that have the 
(2)-6-alkylideneindolizidine ring system in common. 
These compounds are of interest since they exhibit 
significant cardiotonic activity and are not readily 

SCHEME 19 

,Si Me, 

83 % 6 3 %  

m 

TR- q 
\'R 

\ 
I 

k l  
145 a R : H , R l : M e  -- b R:Me,R1=H 

1 4 8  - 
available from natural  source^.^^^^^ 

The enantioselective approach outlined in Figure 7 
has been successfully applied to the synthesis of three 
members of this alkaloid group: pumiliotoxin 251D 
(151a), pumiliotoxin B (151b), and pumiliotoxin A 
(151~). The basic strategy is to start with L-proline 
whose S stereocenter will become C-8a of the toxin 
target and utilize an iminium ion-vinylsilane cyclization 
to both elaborate the piperidine ring and establish the 
2 stereochemistry of the alkylidene side chain. 

The first reported intramolecular electrophilic sub- 
stitution reaction of a vinylsilane was the key cyclization 
step in the total synthesis of (f)-pumiliotoxin 251D 
(151a). This enantioselective synthesis is summarized 
in Scheme 20.'0999 The last step in this synthesis in- 
volved treatment of cyclopentaoxazolidine 152 with 1 
equiv of camphorsulfonic acid in refluxing ethanol to 
cleanly yield the natural pumiliotoxin (+)-251D (151a). 
Cyclopentaoxazolidine 152, in turn, was generated un- 
der neutral conditions from the reaction of amino al- 
cohol 153 with paraformaldehyde. When the cyclization 
was attempted directly on this amino alcohol, compe- 

G.r 
H "COOH 

L -  p r o l i n e  

Figure 7. 
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titive protodesilylation of the vinylsilane moiety was 
observed. Since simple trisubstituted vinylsilanes are 
stable to protodesilylation in the presence of amine 
salts,100 the observed side reaction must result from 
intramolecular participation of the protonated nitro- 
gensss 

Amino alcohol 153 was prepared in optically active 
form from methyl N- [ (benzyloxy)carbonyl] -L-prolinate 
(154). Sequential treatment of 154 with methyl- 
magnesium iodide, S0Cl2, and m-chloroperbenzoic acid 
afforded a 1:l mixture of epoxides 155 and 156.1°1 
Separation by chromatography on silica gel provided 
156 in 17% overall yield from 154. Silyl alkyne 157, 
prepared in 3 steps and 92% enantiomeric purity from 
l-heptyn-&one, was treated sequentially with i-Bu2AlH, 
methyllithium, and epoxide 156 to give carbamate 158 
and its C-11 epimer as a 13:l mixture in 41% yield. 
This one-pot reaction both establishes the critical 2 
stereochemistry of the vinylsilane terminator and joins 
the side chain and nuclear fragments. Basic hydrolysis 
of 158 furnished amino alcohol 153. The synthesis of 
(+)-pumiliotoxin 251D is convergent and furnished the 
natural product in 6.3% overall yield from L-proline 
derivative 154. 

A similar approach was employed by Overman and 
Ito9s to prepare (+)-pumiliotoxin B (see Scheme 21). 
This synthesis unambiguously established the complete 
stereostructure of this potentially important cardiac 
agent;s8 the stereorelationship of the side-chain diol and 
the indolizidine fragment had not been previously rig- 
orously established. The required silyl alkyne 159, was 
prepared in 93% enantiomeric purity from readily 
available nitrile 160 via a seven-step sequence (8% 
overall yield). Hydroalumination of 156, followed by 
conversion to the alanate and reaction with epoxide 156 
afforded bicyclic carbamate 161 in 70-77% yield from 
epoxide 156. Basic hydrolysis followed by reaction of 
the crude amino alcohol with aqueous formalin pro- 
vided cyclopentaoxazolidine 162 which was cyclized 

SCHEME 21 

7 s t e p s  1) *Bu,A I H /  hexane  
2 )  MeLv 

NC-o~n - Me,StC=c-OBn 
8 9  
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165 163 a R;CH,OBn - -  
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t i  AI  H, 
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directly with CSA in refluxing acetonitrile to give 
(2)dkylideneindolizidine 163a as a single double-bond 
stereoisomer in 50-65 % yield. Debenzylation and 
Swern oxidationlo2 provided aldehyde 163b which was 
allowed to react with the optically pure phosphorane 
164, to give the @)-enone 165 exclusively in 38% yield 

I I OSiPh,But 

164  - 
overall from 163a. Stabilized phosphorane 164 was 
preparedlo3 in five steps from ethyl L-lactate. Threo- 
selective reductionlo3 of the a'-alkoxy enone 165 with 
LiA1H4 was accompanied by silyl ether cleavage to give 
(+)-pumiliotoxin B (151b) as a separable 15:l mixture 
of syn and anti diastereomers, the former being the 
natural configuration to the target compound. This 
synthesis required 13 steps to convert 160 into pumi- 
liotoxin-B (0.8% overall yield), or 9 steps (1.8% overall 
yield) from proline derivative 156. Several active ana- 
logues of PTX-B were prepared also by using this 
synthesis approach.98 

The best illustration of the compatability of iminium 
ion-vinylsilane cyclizations with complex functionality 
is found in the enantioselective synthesis of (+)-pum- 
iliotoxin A (151~) reported by Overman and Lin in 
1985.1°4 The key cyclization step in this synthesis was 
carried out on a substrate with a fully functionalized 
side chain (see Scheme 22). Silyl alkyne 166, a key 
intermediate in this synthesis, was prepared in 8 steps 
and 34% overall yield from the @)-allylic alcohol 167, 
which was obtained in 95-98% enantiomeric purity by 
Sharpless kinetic res01ution.l~~ In a one-pot sequence, 
166 was hydroaluminated, converted to the corre- 
sponding alanate with methyllithium, and alkylated 
with epoxide 156 to provide the (2)-vinylsilane carba- 
mate 168. Hydrolysis followed by addition of excess 
formalin afforded the cyclization substrate cyclo- 
pentaoxazolidine 169. 
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that form two or more rings are obvious areas for future 
development. 

8 s t e p s  

34 z 8 
Me,Si’ 

166 - 167 - 

1 ) I-Bu, A I H 

2 )  MeLI 
3 )  156 

1) KOH 

2 ) a q .  
f o r m a l i n  

169 - 

1 7 0  - 171 - 

L I ,  NH, 

151c - 
Mild conditions were required to form iminium ion 

170, or else competitive solvolysis of the sensitive allyl 
benzyl ether group on the side chain complicated the 
desired cyclization reaction. This was best accom- 
plished by heating 169 in a methanolic pyridine-pyri- 
dinium tosylate buffer solution which gave (2)-alkyli- 
deneindolizidine 171 in 71 % overall yield from carba- 
mate 168. As should now be expected, the cyclization 
occurred with complete stereospecificity. Reductive 
debenzylation provided the natural product (+)-pum- 
iliotoxin A (1514, thereby rigorously establishing the 
previously unknown side-chain stereochemistry of this 
material. This convergent synthesis is, by far, the most 
efficient entry yet developed to the pumiliotoxin A 
alkaloids. The 13-step route from allylic alcohol 167 
proceeded in 5% overall yield and serves to highlight 
the utility of vinylsilane-terminated cyclizations in 
target-directed organic synthesis. 

VI. Concluding Remarks 

In a short 5 years vinylsilanes have emerged as un- 
usually useful reaction components for cyclization-based 
synthesis strategies. Vinylsilane-terminated cyclizations 
have been demonstrated to be of value for the synthesis 
of carbocycles as well as oxygen and nitrogen hetero- 
cycles. The utility of vinylsilanes for the synthesis of 
complex target structures, alkaloids in particular, has 
already been amply demonstrated. I t  is a reasonable 
expectation that future years will see a continued evo- 
lution of the useful cyclization chemistry of vinyl and 
alkynylsilanes. The combination of these 7 nucleophiles 
with other initiating electrophiles as well as the use of 
these organosilanes to terminate polyene cyclizations 
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