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Abstract: A facile synthesis of 2-(acyloxy)-3-methylene-4-(trimethylsilyl)butyric acids evolves from the use of tris(pheny1- 
thi0)acetaldehyde as a practical glyoxylic ester equivalent. Introduction of the bifunctional donor of a [3 + 21 cycloaddition 
proceeds simply by esterification of an alcohol possessing TMM-PdL2 acceptor units. The synthetic flexibility of the sulfone 
leads to the choice of a,@-unsaturated sulfones as the acceptors. Palladium-catalyzed cycloadditions proceed smoothly at 
temperatures as low as room temperature. Depending upon the substitution pattern and especially the conformation of the 
substrate, tethering the ester containing the bifunctional TMM unit at the carbon allylic to the acceptor provides substrates 
that predominantly to exclusively undergo cycloaddition rather than processes dominated by an alternative Pd(0)-catalyzed 
ionization. Since the ester linkage is easily cleaved, this sequence serves as a convenient strategy for controlled TMM-PdL2 
cycloadditions. For example, the diastereofacial selectivity of this intramolecular process involves attack syn to the allylic 
oxygen in a six- or seven-membered-ring acceptor but anti to this oxygen in an intermolecular process. A diastereocontrolled 
cyclopentenone annulation is developed. Interestingly, the intramolecular cycloaddition of eight- and twelve-membered rings 
proceeds anti to the allylic oxygen. As an aside, the indefinite shelf life of the crystalline tris(pheny1thio)acetaldehyde makes 
it a convenient glyoxylate synthon. 

Extension of the benefits of intramolecular additions to in- 
termolecular processes requires the development of a cleavable 
tether.'J In evaluating this concept, we focus on an ester linkage 
as the cleavable functionality since the resultant functional groups 
are synthetically useful and the substrates should be easily as- 
sembled in a convergent manner, as outlined in eq 1. While choice 

of the ester group may cause concern considering difficulties 
experienced in some intramolecular Diels-Alder  reaction^,^ its 
successes4 and practicality induced us to pursue such an inves- 
tigation. In this paper, we report our successful development of 
this concept for palladium-catalyzed [3 + 21  cycloaddition^.^ 
Development of Conjunctive Reagents 

Our demonstration that an acyl group facilitates [3 + 21 cy- 
cloadditions led us to select the carboxylic acid 1 as the preferred 
conjunctive reagent to introduce the bifunctionality necessary for 
trimethylenemethane (TMM) cycloaddition into a host of ac- 
ceptors. Our studies initiated with the retrosynthesis "a" because 

a) R I OCH3 
b) R - OCHzCF, 
C) R - C H 3  

of the ready availability of the aldehyde 2.6 The anion derived 
from tri~(methylthio)methane'*~ readily forms the desired adduct 
3 (eq 2). Unfortunately, attempts to hydrolyze this ortho thioester 

CICOzCH3 CIC02CH3 k O p C H 3  

4 

failed. Anticipating that the ortho phenyl thioester might be more 
easily hydrolyzed, we examined the reactions of tris(pheny1- 
thi~)methyllithium,'*~ but this anion gave only conjugate addition.I0 

We have previously prepared esters of the acid 1 by the re- 
trosynthetic path "b" using glyoxylates.Il The problems of ol- 
igomerization and hygroscopicity of such glyoxylates made them 
unattractive as crucial intermediates for a convenient conjunctive 
reagent. Our success in adding 3-(trimethylsilyl)-2-propenyl- 
lithium to ketodithianesI2 suggested that tris(pheny1thio)acet- 
aldehyde 5, readily available in two steps in 75% yield (eq 3), may 
be a convenient glyoxylate synthon. The fact that aldehyde 5 is 
a stable crystalline solid that has at long shelf life makes it a very 
attractive glyoxylate synthon. I 

The aldehyde 5 smoothly undergoes carbonyl additions at  low 
temperatures without the complications of either the sulfur 
analogue of the haloform reaction" or de~ulfenylat ion.~~ If the 
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C. H. J .  Org. Chem. 1986, 51, 1150. Shea, K. J.; Fruscella, W. M.; Carr, 
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intermediate alkoxide is allowed to warm to 0 O C  before 
quenching, then the conjugate adduct 4 is observed as a contam- 
inant, indicating a haloform-type cleavage followed by conjugate 
addition at the higher temperatures. 

(TMS 

Trost and Crese 

7 6 
R - CHfiF3 R - CH3 

Hydrolysis of the ortho thioester proved remarkably difficult. 
Mercury and copper reagents led to substantial decomposition 
of the bifunctionality. However, silver t r i f l u o r o a ~ e t a t e ~ ~ J ~  in 
refluxing dioxane produced the desired carboxylic acids la-c in 
54-67% yields. 

Synthesis of Substrates 
The synthetic versatility of the sulfones, the excellent acceptor 

properties of vinyl sulfones, and the easy access to hydroxylated 
unsaturated sulfones focussed our attention on such substrates. 
DCC in the presence of DMAP-promoted esterification of primary 
(eq 5) and secondary (eq 6) alcohols with acid la. The ready 

a) R-OCH3 b) R-CH, 

8 

availability of y-hydroxy-a,@-unsaturated sulfones like 10 and 12 
from allyl sulfides and sulfones by oxidation to the epoxy sulfone 
followed by base-catalyzed ring openingI7,l* or from aldehydes 
by hydroxylative Knoevenagel condensati~n'~ made such substrates 
particularly attractive (eqs 7 and 8). 

1 1  1 0  

a) R'.F?-H b) R' - CH,, R? - H C) RI - R~ I CH, 
R I CH3 67 % R - CH, 74 %, R - CHpCF, 83 % R-CH, 43% 

OH 0 .l&/TMS 

1 2  1 3  
a ) n - 1  b ) n - 2  c ) n - 3  d ) n - 4  e ) n - e  

78% 98% 81 Ph 66% 92% 

On the other hand, such substrates introduce a major liability. 
Exposure to Pd(0) can initiate formation of the desired TMM- 

(14) Cf. Trost, B. M.; Mao, M. K. T.; Balkovec, J. M.; Bulhmayer, P. J .  
Am. Chem. Soc. 1986, 108, 4965. 

( I  5) For thioester hydrolysis, see: Masamune, S.; Hayase, Y .; Schilling, 
W.; Chan, W. K.; Bates, G. S. J .  Am. Chem. Soc. 1977, 99,6756. 

(16) For hydrolysis to thioesters with silver salts, see: Smith, R. A.; Keng, 
G. J.  Tetrahedron Lett. 1978, 675. 

(17) (a) For a review, see: Fuchs, P. L.; Braish, T. F. Chem. Reu. 1986, 
86, 903. Also see: (b) Hardinger, S. A.; Fuchs, P. L. J .  Org. Chem. 1987, 
52, 2739. (c) Eisch, J. J.; Galle, J. E. J .  Org. Chem. 1979, 44, 3277. 

(18) Trost, E. M.; Seoane, P.; Mignani, S.; Acemoglu, M. J .  Am. Chem. 
SOC. 1989, 111,7487. 

(19) Trost, B. M.; Grese, T. A. J.  Org. Chem. 1991,56,3189. Dominguez, 
E.; Carretero, J .  C. Tetrahedron Lett. 1990, 2487. 

PdL2 (eq 9a) but also can promote an alternative ionization mode 
(eq 9b), which precludes cycloaddition. In fact, the better co- 

+EWG 

+EWG 

"*;;;"EWG 
I 

LpPd e 

ordinating ability of an electrondeficient olefin with Pd(0)" argues 
in favor of this nonproductive pathway. Choosing substrates that 
vary the intrinsic reactivity of the two carboxylate leaving groups 
and that vary the geometrical accessibility of the nonproductive 
ionization probes these issues. 
Cycloaddition 

In considering the carbonate as the leaving group, we were 
cognizant of complications that might arise with our substrates. 
For example, our initial test substrate 8a can undergo base-cat- 
alyzed @-eliminations or transesterifications with the liberated 
methoxide. Exposing this substrate to our standard conditions 
of 5 mol % of palladium acetate and 30 mol % of triisopropyl 
phosphite21 (henceforth referred to as "the catalyst") in T H F  at  
room temperature led to the disappearance of starting material 
but no cycloadducts. Raising the temperature to 60 "C produced 
a 1 .O: 1.2 mixture of 14 and 15 (eq 10). The acetate 8b  under 

'S0,Ph 
1 4  1 5  

identical conditions led only to protodesilylation-rearrangement 
product 1622 in addition to recovered starting material. On the 
other hand, exposing acetate 8b to the catalyst a t  100 "C in 
dioxane in the presence of BSA gave a 72% yield of a 1.0:7.2 ratio 
of 14 and 15. The use of these latter conditions with the carbonate 
8a did not improve its yield of cycloadduct. 

The structure of 15 was assigned on the basis of infrared ab- 
sorbances at  1710 and 1650 cm-' for the unsaturated six-mem- 
bered ring lactone and an allylic methyl singlet a t  6 2.14 in the 
IH N M R  spectrum. As with our previous results, the stereo- 
chemistry of the starting material was assumed to translate to 
the product, in accord with literature precedent for E acceptorsa 
For 14, the nonconjugated lactone infrared absorption occurred 
at  1730 cm-I, and singlets a t  6 5.11 and 4.94 in the 'H N M R  
spectrum signalled the presence bf the exo-methylene unit. A 
6.9-Hz coupling constant for the bridgehead protons at  6 3.78 and 
2.77 (assigned definitively via homonuclear decoupling experi- 
ments) indicated the cis ring fusion. The ready accessibility of 
the cycloadduct 15 suggests that this type of intramolecular cy- 
cloaddition should prove to be a valuable strategy to iridoids like 
neonepatalactone 17.24 

0 .  

1 7  
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dioxane, but the cyclododecenyl substrate underwent cycloaddition 
at room temperature. 

1) LDA 

Table I. Eauilibria of Methvlenecvclopentanes' 
starting 
olefin solvent exocvc1ic:endocvclic 

~~ ~ ~ 

19 dioxane 1.0:1.4 
21 THF 1.0:2.2 
24 dioxane onlyb 
27 THF 5.0:2.0 

'All reactions were performed at the reflux temperature of the in- 
this case, only un- dicated solvent in the presence of triton B. 

changed starting material was observed. 

13b - 
62 x 

At the outset, the chances of achieving cycloaddition of acyclic 
substrates in which the TMM-carboxylic acid was attached to 
the allylic carbon of the acceptor seemed remote. The presence 
of a second allylic carboxylate moiety would likely interfere with 
the selective ionization of the TMM precursor and lead to substrate 
decomposition. Furthermore, the electron-deficient vinyl sulfone 
was expected to be a more attractive coordination site for palla- 
dium(O), thus directing ionization away from the TMM precursor. 
Nevertheless, cycloaddition of lla provided 16% of bicyclic lactone 
18a, and 11 b provided a 5.6: 1 diastereomeric mixture of lactones 
18b in 20% yield, although dimethyl substrate llc gave no cy- 
cloaddition product under any conditions (eq 11). The use of 
higher temperatures (refluxing diglyme) resulted in easier product 
purification, due to the polymerization of olefin side products, but 
gave no significant yield enhancements. 

1 8  

a) R ' - R 2 = H  b) R '=CH3 R2-H c) R ' - ~ = C H J  

The structure of 18s was assigned on the basis of the infrared 
absorbance at  1775 cm-l, characteristic of a butyrolactone, and 
the exo-methylene signals a t  6 5.41 and 5.14 in the 'H N M R  
spectrum. The stereochemistry was assumed on the basis of 
precedent and ring strain arguments. Lactone 18b displays similar 
characteristics, with the isomeric ratio determined by the relative 
integration of the exo-methylene signals a t  6 5.13 (major) and 
4.99 (minor) in the IH N M R  spectrum. The stereochemistry of 
the major adduct has not been determined; however, it is expected 
that the sterically more accessible isomer, having the methyl group 
syn to the sulfone and on the convex face of the bicyclic system, 
should predominate. 

An attempt to improve the leaving-group ability of the carbonate 
unit by recourse to the trifluoroethyl ester as in llb (R = CH,CF,) 
failed, apparently due to the inability of trifluoroethoxide ion to 
effect desilylation of the intermediate. Addition of tetra-n-bu- 
tylammonium acetate as an exogenous silylophile resulted in rapid 
consumption of the starting material, but no cycloadduct was 
observed. 

Although the yields obtained with these acyclic substrates are 
not outstanding, the fact that any cycloaddition occurs is indeed 
remarkable. The results in these simple systems indicate that the 
rate of ionization of the T M M  precursor is competitive with 
ionization at  the tether and imply that structural modification 
may allow discrimination in the desired direction. 

Initial efforts to effect differentiation between tether cleavage 
and cycloaddition involved cycloalkenyl sulfones as the substrates.'* 
The geometrical restrictions leading to a decreased rate of ioni- 
zation exhibited by cycloalkenyl carboxylates, in comparison with 
their acyclic counterparts, should minimize the tether cleavage 
by palladium-catalyzed i o n i z a t i ~ n . ~ ~  

This strategy proved to be extremely successful. As summarized 
in eqs 12-1 5, subjecting substrates 13b-1% to the catalyst provides 
the structurally interesting tricyclic cycloadducts. The cyclo- 
hexenyl, cycloheptenyl, and cyclooctenyl systems required refluxing 

(25) Trost, B. M.; Verhoeven, T. R.  J .  Am. Chem. SOC. 1980,102,4730. 

SOgh 

+ @  

1.7 : 1.0 

1 0  2 0  

3.6 : 1.0 
2 1  - 2 2  23 

32 1 

1) I D A  

0 n 

1 2  1 0  
2 4  - 2 5  2 6  

In each and every case, the stereoselectivity with respect to the 
tether was excellent. As expected, the cyclohexenyl substrate gave 
the syn adducts 19 and 20 exclusively, and the cycloheptenyl one 
gave the syn adducts 21 and 22 predominantly. Interestingly, the 
cyclooctenyl and cyclododecenyl systems provide the anti adducts 
24 and 25, and 27 and 28 predominantly to exclusively. Each 
substrate gave a mixture of exocyclic and endocyclic double bond 
isomers. exo-Methylene products were clearly identifiable by the 
presence of two one-proton multiplets between 6 4.8 and 5.5 ( J  
< 3 Hz) in their 'H N M R  spectra. The endocyclic double bond 
isomers each exhibited a three-proton resonance between 6 1.63 
and 2.01 for the allylic methyl group. 

Interconversions establish that the products are of the same 
stereochemical series and differ only in the position of the double 
bond. Table I summarizes equilibrations of the exocyclic to 
endocyclic isomers, which establish that both compounds belong 
to the same stereochemical series in the case of the six-, seven-, 
and twelve-membered rings. Since no equilibration was observed 
under these conditions for the eight-membered ring, this reaction 
does not permit a correlation. 

An alternative correlation involves deconjugation of the en- 
docyclic isomers. While enolization by deprotonation at  the 
y-methylene group (which would lead to elimination) might have 
been anticipated to compete with deprotonation of the methyl 
group, treatment of the endocyclic olefin 20 with LDA followed 
by quenching with acetic acid smoothly produced the exocyclic 
isomer 19 in 82% yield. By using this protocol, the eight-mem- 
bered endocyclic isomer 25 was converted to the exocyclic isomer 
24 in 83% yield, allowing the isolation of an exocyclic isomer in 
good overall yield and providing evidence that both 24 and 25 
belong to the same stereochemical series. 

The stereochemical assignment of the exo-methylene cyclo- 
adducts rests upon several arguments. The ring fusion between 
the two five-membered rings (ring BC) reflects thermodynamic 
factors. The high strain of a trans-bicyclo[3.3.0]octyl system 
supports the notion that this ring fusion must be cis.26 The NMR 
data summarized in Figure 1 supports the remaining stereo- 
chemical assignments. 

For the six-membered ring 19, a 2% NOE for H, and an 8.9% 
NOE for Hb upon irradiation of Ha supports an all cis arrangement 
for these protons. The cycloheptenyl system 21 exhibits similar 
effects, i.e. a 2.7% enhancement of H, and an 11 . I %  enhancement 

(26) Baneth, J.  W.; Linstead, R. P. J .  Chem. SOC. 1935,436. Engler, E. 
M.; Andose, J .  D.; Schleyer, P. v. R.  J .  Am. Chem. SOC. 1973, 95, 8005. 
Bailey, W. F.; Khanolkar, A. D. Terrohedron Lcrr. 1990, 31, 5993. 
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Figure 1. NMR data for methylenecyclopentane cycloadducts. 

of Hb upon irradiation of Ha, which suggests a similar cis ar- 
rangement of these protons. 
On the other hand, for the eight-membered ring 24, the NOE 

for Hb was considerably smaller (2.3% vs 9-1 1%) upon irradiation 
of H,. Alternatively, a 5.0% NOE was observed for He. These 
observations require Ha to be trans to Hb but cis to the cyclopentyl 
ring. The twelve-membered ring 27 showed the same behavior 
and thereby required the same stereochemical deductions. 

The stereochemistry of the minor adducts, 23 in the cyclo- 
heptenyl system and 26 in the cyclooctenyl system, have not been 
rigorously determined due to the small amounts obtained. The 
similarity of their ’H NMR spectra, however, supports the 
proposition that they exhibit identical stereochemical relationships 
(see Figure 2). The most unusual feature of their spectral data 
is an anomolously large vicinal coupling constant for Hb-H, ( 1  7.1 
Hz in 23 and 16.6 Hz in 26), assigned by decoupling experiments 

H, 4.83 

He 3.61 

He 2.47 

H, 2.22 

Hb 3.71 

Hd 2.69 

HI 2.09 

H. 4.78 
Hi  3.89 
H, 3.78 
Hi  2.26 
He 2.50 

H, 2.10 
HI 2.25 

H, 4.24 

H, 3.69 

He 2.51 

Ha 1.7 

Hb 3.62 

Hd 3.01 

HI 2.30 
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J 

a-b 8.4 Hz 
a-f 2.9 Hz 
a-g 2.9 Hz 
b-c 8.8 Hz 
d-e 17.6 Hz 

a-b 
a-f 
a-g 
b-c 
d-e 

a-b 
a-f 
a-g 
b-c 
d-e 

H, 4.52 

H, 3.50 a-b 
Hd 2.95 a-f 
He 2.52 a-g 
HI obscured b-c 
Ha obscured d-e 

Hb 3.38 

7.9 Hz 
small 
7.9 Hz 

10.2 Hz 
16.8 Hz 

8.4 Hz 
11.3 Hz 
8.2 Hz 
8.6 Hz 

19.1 Hz 

6.6 Hz 
9.5 Hz 
1.6 Hz 
8.8 Hz 

18.6 Hz 

as the bridgehead protons of the B,C ring juncture. A coupling 
constant of this magnitude can only be explained by an anti- 
periplanar arrangement of the protons, indicating, therefore, a 
trans-fused bicyclo[3.3.0]octane. Although several trans-bicy- 
clo[3.3.0]octane structures have been reported, none have described 
a ring-juncture coupling constant of this magni t~de .~’  Never- 
theless, the rigidity of these systems, imposed by the presence of 
two sp2 carbons in the 5,Ssystem as well as the third ring, forces 
the dihedral angle between Hb and H, to be nearly 180O. In- 
terestingly, a natural product, epoxydictymene, has been isolated 
that demonstrates a similar trans-fused bicyclo[3.3.0]octane 

(27) Van Hijfte, L.; Little, R.  C.; Petersen, J.  L.; Moeller, K. J .  Org. 
Chem. 1987, 52,4647. Funk, R. L.; Bolton, G. L.; Daggett, J. V.; Hansen, 
M. M. M.; Horcher, L. H. M. Tetrahedron 1985, 41, 3479. Shibasaki, M.; 
Mare, T.; Ikegami, S. J .  Am. Chem. Soc. 1986, 108, 2090. 
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H, 5.27 ppm 5.26 ppm 
Hb 2.81 ppm 2.59 ppm 
H, 4.29 ppm 4.65 ppm 
Hd 3.61 ppm 3.52 ppm 
H, 2.64 ppm 2.48 ppm 

Figure 2. Chemical shift data from NMR spectra of methylenecyclo- 
pentane cycloadducts. 

Table 11. Calculated and Observed Coupling Constants for Minor 
McthvlenccvcloDcntancs 

23 26 
J (Hz) calcd obsd obsd calcd 

a-b 10.8 1 1 . 1  10.5 10.8 
a-f 10.1 7.8 8.0 11.2 
a-g 6.1 4.5 4.7 4.9 
b-c 13.4 17.1 16.6 13.4 
d-e 18.1 18.3 

system, annulated to an eight-membered ring. Unfortunately, 
the IH N M R  data for the bridgehead protons have not been 
published.28 

1.0 : 1.0 
2 7  2 8  

Molecular modelingB suggests a trans fusion of the lactone ring 
to the seven- and eight-membered rings since the large coupling 
constants for H,-Hb ( 1  1.1 Hz for 23 and 10.5 Hz in 26) could 
only be accommodated by a trans A,B ring fusion (see Table 11). 
The remaining ring-juncture stereochemistry is assigned as trans 
in order to explain the large downfield shifts observed for H, and 
H,. For the all-trans stereochemistry, both are held rigidly co- 
planar with the phenyl sulfone and would therefore be expected 
to experience considerable de~hielding.'~ However, it should be 
noted, that, for the isomers epimeric a t  the sulfone center, the 
MM2 estimated coupling constants were approximately the same. 

The exocyclic olefin substrate 9, as well as the cyclopentenyl 
substrate 13a, failed to undergo cycloaddition under any conditions. 
Apparently, the initial cyclization to form the bicyclo[3.3.0]octane 
system was too energetically unfavorable, and competing processes 
took precedence. At moderate temperatures, both systems gave 
slow decomposition, while a t  elevated temperatures, complex 
mixtures of products resulted that could not be easily identified. 

The type of functionality present in the cycloadducts and its 
juxtaposition make them quite versatile intermediates. Versatility 
also dictated the choice of the vinyl sulfone as the acceptor. 
Reductive des~lfonylation~' is of course possible. Perhaps more 
useful is the recognition of this sequence as a cyclopentenone 
annulation.I8 The increasing number of natural products with 
5.8-fused ring systems led us to illustrate this point with cyclo- 
adduct 24. Ozonolysis primes the substrate for facile base- 

(28) Enoki, N.; Furusaki, A,; Suehiro, K.; Ishida, R.; Matsumoto, T. 
Tetrahedron Lrtr. 193, 24, 4341. 

(29) We are grateful to Professor W. C. Still for graciously providing 
Macromodel v.3.0, which we employed for all of our molecular mechanics 
calculations. 

(30) Schmuff, N. R. Ph.D. Thesis, University of Wisconsin, Madison, WI, 
1982. 

(31) Trost, B. M.; Arndt, H .  C.; Strege, P. E.; Verhoeven, T. R. Tetra- 
hedron Lett. 1916, 3411. 

epoxydiclymene 

catalyzed elimination to give the cyclopentenone 29 (eq 16). 
Performing the reaction in methanol provides the cyclopentenone 
in 66% yield, but the reaction does not go to completion. Use of 
methylene chloride-methanol allows the reaction to go to com- 
pletion but in a slightly lower 60% yield. 
Discussion 

The ester-tethered bifunctional moiety constitutes an excellent 
substrate for intramolecular palladium-catalyzed cycloadditions. 
The ability of the [3 + 21 cycloaddition to dominate in substrates 
having the ester tether at the position allylic to the acceptor vividly 
demonstrates the efficacy of this cycloaddition. Furthermore, 
successful cycloadditions of the cyclooctenyl and cyclododecenyl 
substrates contrasts with the intermolecular  version^'^*^^ wherein 
both systems resisted cycloaddition. Indeed, as with other cy- 
cloadditions, processes that fail intermolecularly may succeed if 
converted to an intramolecular reaction. 

While the ester linkage has a beneficial effect on the cyclo- 
addition, it appears to be not as activating as a simple ketone.I2 
The ester substrate 8a required a temperature of a t  least 60 OC 
to undergo cycloaddition, whereas the corresponding ketone 
analogue underwent cycloaddition at  room temperature. The 

3 0  31 

raising of the transition-state energy for the ester cycloaddition 
may result from destablization associated with the syn ester ge- 
ometry that 31 required compared to the normally preferred anti 
conformation of 30. Apparently, the latter leads to the rearranged 
protodesilylation product 16 as well as decomposition products 
from 8b at  60 OC, whereas a t  lop O C ,  the transition state for 
cyclization is attainable. 

The less satisfactory behavior of the carbonate compared to 
the acetate in the case of substrate 8 likely derives from base- 
catalyzed elimination reactions. The fact that the carbonate was 
effective as the leaving group in the cyclic substrates 13 supports 
this contention. The stereochemistry observed for the reactions 
of cyclohexenyl and cycloheptenyl acceptors is consistent with the 
rationale proposed for intermolecular  cycloaddition^.^^ For the 

'Nu * $ = PhS01 

intramolecular case, a transition state that places the carbalkoxy 
group in the pseudoequatorial position allows stereoelectronically 
favorable axial attack. The rigidity of the cyclohexenyl ring 
imposes geometrical restrictions that prevent the nucleophile from 
attaining the proper trajectory for trans attack." Similar results 
have been described for nucleophilic additions to cyclohexenyl and 
cycloheptenyl sulfones in which the nucleophile is chelated to an 
allylic a1koxide.l' 

This stereochemistry complements that which we obtained in 
the intermolecular cycloadditions.'* A diastereocontrolled cy- 
clopentenone annulation anti to the y-hydroxy group was pre- 
viously developed (eq 17). By tethering the T M M  precursor to 
the y-hydroxy group, annulation syn to this group is now available. 

(32) Seoane, P. Unpublished observations in these laboratories. 
(33) Houk, K .  N.; Rondan, N. G.; Schleyer, P. v. R.; Kaufmann, E.; Clark, 

T. J .  Am. Chem. SOC. 1985, 107, 2821. 
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For the more flexible cyclooctenyl and cyclododecenyl systems, 
the geometric restrictions are relaxed, while steric interactions 
with the ring become more important. Examination of the pre- 
ferred conformation for ~ y c l o o c t e n e ~ ~  reveals that one face of the 
olefin is considerably shielded by interaction with transannular 
hydrogen atoms. A nucleophile tethered at  either position 1 or 
2 could achieve the proper trajectory for attack on the exposed 
face, while one tethered at  3 or 4 would undergo considerable 
geometric strain to do so. For the present case, attachment a t  
either 1 or 2 provides the observed trans-fused isomer. The 
inversion of stereochemical results that occurs between the cy- 
cloheptenyl and cyclooctenyl substrates is consistent with the 
results of peracid epoxidations and Simmons-Smith cyclo- 
propanations of cyclic allylic alcohols, wherein chelated reagents 
provide predominantly syn addition to 2-cycloheptenol but anti 
addition to 2-~yclooctenol.~"*~~ Similar anti additions to other 
medium- and large-ring allylic alcohols have also been noted.36 

3 

Trost and Grese 

. PdLf 

The isolation of mixtures of exocyclic and endocyclic products 
from each reaction requires further comment. Efforts to induce 
isomerization of the exocyclic olefin with base sometimes required 
forcing conditions or failed completely, arguing against the 
possibility of base-catalyzed isomerization under the cycloaddition 
conditions. Reexposure of the cycloaddition products to the re- 
action conditions, as well as extended reaction times, did not 
change the product ratios. These results imply that isomerization 
is not taking place after cycloaddition. 

Equation 18 offers an explanation to account for this phe- 
nomenon for the cyclohexenyl system. If a syn-like geometry of 
approach is assumed in which the T M M  moiety is positioned exo 
to the ring in order to minimize nonbonded interactions, and 
nucleophilic attack occurs from the axial orientation as suggested 
above, two stereochemical alternatives are available. In transition 
state A, initial bond formation results in cis stereochemistry for 
the bond that will become the B,C ring juncture, and ring closure 
provides the observed product 19. For transition state B, the 

t 1 9  

L 

1 0 

I ASO,Ph 

2 0  

(34) (a) Poulter. C. D.; Friedrich, E. C.; Winstein, S. J .  Am. Chem. Soc. 
1%9,91,6892. (b) Umehara, M.; Hishida, S.; Okuda, M.; Ohba, S.; Ito, M.; 
Saito, Y. ;  Zen, S. Bull Chem. Soc. Jpn. 1990, 63, 2003, 

(35) Chan, J. H.; Rickborn, B. J .  Am. Chem. SOC. 1968, 90, 6406. 
(36) Vedejs, E.; Gapinski. D. M. J .  Am. Chem. SOC. 1983, 105, 5058 and 

references therein. 

analogous trans stereochemistry results, and closure to the 
trans-fused bicyclo[3.3.0]octane system is not possible due to ring 
strain. Deprotonation-reprotonation of the initial cyclization 
product therefore takes precedence, and ring closure provides 20. 
Similar arguments are valid for the other cycloalkenyl acceptors. 
For the cycloocteny! and cycloheptenyl systems, the formation 
of small amounts of the trans-fused products is indicative that 
initial cyclization providing that Stereochemistry is indeed taking 
place to some extent. The apparent inversion of stereochemistry 
at the sulfone center demonstrates that the normal 'concerted-like" 
mechanism for T M M  cycloadditions is being derailed to some 
degree, and that a pathway such as that described above may be 
intervening. 

The intramolecular TMM cycloadditions of compounds con- 
taining ester groups in the tether provide access to a variety of 
bicyclic lactone structures. As a simple extrapolation, cyclic 
substrates provide rapid access to skeletons with possible appli- 
cations for iridoids or n e p e t a l a c t o n e ~ . ~ ~ . ~ ~  Substrates containing 
cycloalkenyl acceptors provide opportunities toward a variety of 
[5.6], [5.7], or [5.8] ring systems. Further, substrates that may 
be unreactive in intermolecular reactions may participate in in- 
tramolecular ones. Clearly, the range of functionality, rapid 
assembly, and stereochemical control embodied in these tricyclic 
frameworks imply a wide range of synthetic applications. 

Experimental Section 

Preparation of 2,2,2-Tris(pbenylthio)ethanol. Formaldehyde, formed 
by cracking paraformaldehyde (26.5 g, 882 mmol) by heating to 140-150 
"C, was carried by a stream of nitrogen into a -78 O C  solution of tris- 
(pheny1thio)methyllithium formed by adding 116 mL (1.52 M, 176 
mmol) of a solution of n-butyllithium in hexane to tris(phenylthi0)- 

(50.0 g, 147 mmol) in 750 mL of THF. When the addition 
was complete, the colorless solution was allowed to warm to room tem- 
perature, diluted with 1.5 L of ether,;and washed with 1 L of saturated 
aqueous ammonium chloride. The aqueous layer was extracted with two 
500-mL portions of ether, and the combined organic extracts were dried 
over magnesium sulfate, filtered, and the solvents removed in vacuo. 
Recrystallization from hexane/ether yielded 43.8 g (80%) of the title 
compound as a white powder: mp 84-86 OC; IR (CDCI,) 3550, 1580, 
1470, 1440 cm-I; 'H NMR (300 MHz, CDCI,) b 7.63 (dd, J = 6.6, 1.7 
Hz, 6 H), 7.35 (m, 9 H), 3.50 (d, J = 6.7 Hz, 2 H), 2.40 (t, J = 6 Hz, 
1 H); I3C NMR (75 MHz, CDCI,) 8 136.8, 130.3, 129.8, 76.5, 66.7; 
exact mass calcd for CZ0Hl6S3 (M - HzO)+ 352.0422, found 352.0418. 

Preparation of 2,2,2-Tm(phenyltMo)acetaldehyde (5). Oxalyl chloride 
(1 8.0 g, 12.4 mL, 142 mmol) was added to a -78 OC solution of DMSO 
(20.3 g, 18.4 mL, 260 mmol) in 400 mL of methylene chloride. After 
stirring for 15 min, a solution of the above alcohol (43.8 g, I18 mmol) 
in 160 mL of methylene chloride at -78 OC was added via cannula. After 
an additional 30 min at -78 OC, triethylamine (33.4 g, 46.1 mL, 330 
mmol) was added and the mixture allowed to warm to room temperature. 
The cloudy solution was diluted with 2 L of ether and washed with 1.5 
L of water, 1 L of saturated aqueous copper(I1) sulfate, and 1 L of water, 
successively. The organic layer was dried over magnesium sulfate and 
filtered, and the solvent was removed in vacuo, leaving a white solid. 
Recrystallization from hexane/ether yielded 40.7 g (94%) of the title 
product as colorless prisms: mp 104 OC; IR (CDCI,) 1710, 1580, 1470, 
1440 cm-I; 'H NMR (300 MHz, CDCI,) 8 9.20 (s, 1 H), 7.54 (d, J = 
7.8 Hz, 6 H), 7.2-7.4 (m, 9 H); I3C NMR (75 MHz, CDCI,) b 187.3, 
135.8, 129.6, 129.0,78.3; exact mass ca ld  for CI4HllOSZ (M - C6H5S)+ 
259.0251, found 259.0242. Anal. Calcd for C20H160S3: C, 65.18; H, 
4.38. Found: C, 65.22; H, 4.15. 

Preparation of l,l,l-Tris(pbenyltbio)-2-[(methoxycar~nyl)oxy]-3- 
[(trimetbylsilyl)methyl]-3-butene (6, R = CH,). 1 -(Trimethylsilyl)-I- 
b r ~ m o e t h e n e ~ . ~ ~  (15.8 g, 14.7 mL, 81.6 mmol) dissolved in 625 mL of 
ether at -78 OC was treated with 81 mL of a 1.79 M solution of tert- 
butyllithium (145 mmol) in pentane. After this solution was stirred for 
30 min at -78 O C ,  a -78 OC solution of aldehyde 5 (25.0 g, 68 mmol) 

(37) Sakan, T.; Murai, F.; Hayashi, Y.; Honda, Y.; Shono, T.; Nakajima, 
M.; Kato. M. Tetrahedron 1961. 23, 4635. For reviews, see: Boros, C. A,; 
Stermitz, F. R. J .  Nar. Prod. 1990, 53. 1055. Buzogany, K.; Cucu, V. 
Farmacia (Bucharest) 1983, 31, 129. El-Naggar, L. J.; Beal, J. L. J .  Nar. 
Prod. 1980, 43, 649. 

(38) Trost, B. M.; Grese, T. A.; Chan, D. M. T. J .  Am. Chem. Soc. 1991, 
113,7350. 
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in 125 mL of THF was added dropwise via cannula. During the addition, 
the solution became bright yellow, with the color slowly dissipating over 
the course of the addition. After an additional 1.5 h at -78 OC methyl 
chloroformate (27.4 g, 22.4 mL, 290 mmol) was added and stirring 
continued at -78 OC for 1.5 h. The cloudy solution was poured into 1.5 
L of ether and washed with 750 mL of saturated aqueous sodium bi- 
carbonate, and the aqueous layer was washed with two 250-mL portions 
of ether. The combined organic extracts were dried over magnesium 
sulfate and filtered, and the solvents were removed in vacuo. Flash 
chromatography (silica gel, 2 0  1 hexane/ether) gave a white solid, which 
was recrystallized from hexane to yield 31.5 g (86%) of the title product 
as large white pellets: mp 76-78 OC; IR (CDCI,) 1750, 1630, 1580, 
1480, 1440 cm-I; 'H NMR (300 MHz, CDCI,) 6 7.67 (dd, J = 8.0, 1.7 
Hz, 6 H), 7.2-7.4 (m, 9 H), 5.34 (s, 1 H), 5.22 (s, I H), 5.02 (s, 1 H), 
3.62 (s, 3 H), 2.01 (d, J = 14.7 Hz, 1 H), 1.85 (d, J = 14.7 Hz, 1 H), 
-0.04 (s, 9 H); 'IC NMR (75 MHz, CDCI,) 6 154.2, 14i.7, 136.1, 132.3, 
129.1, 128.5. 117.8, 83.5, 77.2, 54.6, 24.0, -1.5; exact mass calcd for 
C22H2703S2Si (M - C6H5S)+ 431.1171, found 431.1197. 

Preparation of 1,1,1 -Tris(phenylthio)-2-acetoxy-3-[ (trimethylsily1)- 
methyll-3.butene (7). 1-(Trimethylsily1)-1-bromoethane (1.2 g, 1.12 mL, 
6.5 mmol) dissolved in 50 mL of ether at -78 OC was treated with 6.7 
mL of a 1.79 M solution of ferf-butyllithium (12 mmol) in pentane. 
After 30 min at -78 OC, 1 h at 0 OC, and recooling to -78 OC, a solution 
of aldehyde 5 (2.0 g, 5.4 mmol) in 10 mL of THF at -78 OC was added 
dropwise via cannula. During the addition, the solution became bright 
yellow, with the color slowly dissipating over the course of the addition. 
After an additional 1.5 h at -78 OC, the mixture was poured into 75 mL 
of saturated aqueous ammonium chloride and extracted with 150 mL of 
ether. The aqueous layer was washed with 50 mL of ether, and the 
combined organic extracts were dried over sodium sulfate, filtered, and 
concentrated in vacuo to give 2.87 g (- 100%) of the alcohol as a yellow 
oil. The crude material was not further purified due to instability, de- 
composing completely in 6 h at room temperature: 'H NMR (300 MHz, 
CDCI,) 6 7.65 (m, 6 H), 7.30 (m, 9 H), 5.45 (s, 1 H), 5.04 (s, 1 H), 4.06 
(d, J = 2.5 Hz, 1 H), 2.95 (d, J = 2.5 Hz, 1 H), 1.89 (d, J = 13.6 Hz, 
1 H), 1.65 (d, J = 13.6 Hz, 1 H), -0.10 (s, 9 H). 

The crude alcohol (2.87 g, 5.4 mmol) obtained above dissolved in 15 
mL of pyridine at 0 OC was treated with acetic anhydride (5.4 g, 5.0 mL, 
53 mmol) and DMAP (61 mg, 0.5 mmol). The mixture was allowed to 
warm to room temperature and stirred for 48 h. The solvent was re- 
moved in vacuo and the residue dissolved in 200 mL of hexane and 
washed with 50 mL of water. Drying over magnesium sulfate, filtration, 
and concentration in vacuo gave 2.18 g (77%) of the title product as a 
yellow oil: IR (CDCI,) 1740, 1640, 1580, 1480, 1440, 1420, 850 cm-I; 
'H NMR (300 MHz, CDCI,) 6 7.69 (dd, J = 7.7, 1.7 Hz, 6 H), 7.32 
(m, 9 HI, 5.42 (s, 1 H), 5.25 (s, 1 H), 5.04 (s, 1 H), 1.98 (d, J = 14.2 
Hz, 1 H), 1.89 (d, J = 14.2 Hz, I H), 1.69 (s. 3 H), -0.06 (s, 9 H); I3C 

1 17.0, 79.9, 24.7, 20.2, -1.4; exact mass calcd for CZ2Hz7O2Si (M - 
C6H$)+ 415.1221; found 415.1226. 

Preparation of 24  (Methoxycarbonyl)oxy)-3-[ (Mmethylsilyl)methyl]- 
I b u t d c  Acid (In). To a solution of ortho thiocster 6 (R = CHI) (10.0 
g. 18.5 mmol) in 440 mL of dioxane and 90 mL of water was added 
silver(1) trifluoroacetate (24.5 g, I 1  1 mmol) in one portion. A large 
volume of white precipitate was generated immediately, and the resultant 
slurry was vigorously stirred while warming to reflux. After 6 h at reflux, 
the gray-brown slurry was filtered through Celite, and the layers were 
separated. The aqueous layer was washed with three 50-mL portions of 
chloroform, the combined organic layers were dried over magnesium 
sulfate and filtered, and the solvents were removed in vacuo. Flash 
chromatography (silica gel, 4:l hexane/ethyl acetate, 1 % acetic acid), 
with rechromatography of impure fractions and azeotropic removal of 
t r a w  of acetic acid by evaporation with carbon tetrachloride, yielded 2.9 
g (64%) of the title product as a waxy, white solid: mp 46-47 OC; IR 
(CDCIJ 3300-2800, 1750, 1730,1440,850 cm-I; 'H NMR (300 MHz, 

(d, J = 14.2 Hz, 1 H), 1.60 (d, J = 14.2 Hz, 1 H), 0.03 (s, 9 H); 13C 

-1.8; exact mass calcd for C8HI,o2Si (M - CH30C02H)+ 170.0763, 
found 170.0763. 

Preparation of 2-Acetoxy-3-[(trimethylsilyl)methylJ-3-butenoic Acid 
(IC).  TO a solution of ortho thioester 7 (2.12 g, 4.04 mmol) in  40 mL 
of acetonitrile containing IO mL of water was added silver(1) trifluoro- 
acetate (5.34 g, 24.2 mmol) in one portion. A large volume of white 
precipitate was generated immediately, and the resultant slurry was 
vigorously stirred while warming to reflux. After 24 h at reflux, the 
grey-brown slurry was diluted with 500 mL of ether and filtered through 
Celite. The biphasic mixture was washed with eight 100-mL portions 
of saturated aqueous sodium bicarbonate, and the combined aqueous 
layers were carefully brought to pH 2 with solid sodium bisulfate. The 

NMR (75 MHz, CDCI,) 6 168.8, 142.1, 135.9, 132.8, 129.1, 128.5, 

CDCI3) 6 5.22 (s, 1 H), 5.17 (s, 1 H), 4.97 (s, 1 H), 3.81 (s, 3 H), 1.69 

NMR (75 MHz. CDCI,) 6 174.6, 155.2, 138.9, 114.9, 78.5, 55.2, 22.4, 
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mixture was washed with six 100-mL portions of methylene chloride, the 
combined organic layers were dried over magnesium sulfate and filtered. 
and the solvents were removed in vacuo to give 502 mg (54%) of the title 
product, pure by 'H NMR spectroscopy. A sample was further purified 
via flash chromatography (silica gel, 1 :I hexane/ethyl acetate, 5% 
methanol): IR (CDCI,) 3300-2800, 1740, 1730, 1640, 1420,850 cm-I; 

H), 2.13 (s, 3 H), 1.68 (d, J = 14.8 Hz, 1 H), 1.59 (d, J = 14.8 Hz, 1 
H), 0.03 (s, 9 H); 'IC NMR (75 MHz, CDCI,) 6 174.8, 170.8, 139.7, 
114.2, 76.3, 22.6, 20.4, -1.7; exact mass calcd for CloH180,Si (M+) 
230.0974, found 230.0982. 

Preparation of (E)-4-(PbenylsulfonyI)-3-butenyl 2-[(Metboxy- 
carbonyl)oxyl-3-[( trimethylsilyl)metbyl~3-butenonte (8s). A solution of 
acid la (100 mg, 0.41 mmol) in 2 mL of methylene chloride was treated 
sequentially with (E)- 1 - (phenylsulfonyl)- 1 -buten-4-01 (87 mg, 0.4 1 
mmol), DMAP (6.1 mg, 0.45 mmol), and NJ'-dicyclohexylcarbodiimide 
(92.8 mg, 0.45 mmol). Dicyclohexylurea precipitated almost immedi- 
ately, the suspension was stirred at room temperature for 2 h and filtered 
through Celite, and the solvent was removed in vacuo. Flash chroma- 
tography (silica gel, 1:l hexane/ether) yielded 138 mg (76%) of the title 
product as a clear, colorless oil: IR (CDCI,) 1740, 1630, 1440 cm-l; 'H 

J = 7 . 3 , 1 . 4 H z , I H ) , 7 . 5 2 ( t , J = 7 . 0 H z , 2 H ) , 6 . 9 2 ( d t , J =  15.3,6.7 
Hz, 1 H), 6.40 (dt. J = 15.1, 1.5 Hz, 1 H), 5.09 (s, 1 H), 5.02 (s, 1 H), 
4.84 (s, 1 H), 4.27 (t, J = 6.3 Hz, 2 H), 3.80 (s, 3 H), 2.57 (q, J = 6.2 
Hz, 2 H), 1.55 (s, 2 H), 0.01 (s, 9 H); 'IC NMR (75 MHz, CDCI,) 6 
168.4, 155.2, 141.7, 140.4, 139.1, 133.6, 133.0, 129.4, 127.8, 114.4, 78.8, 
62.5, 55.1, 30.2, 22.4, -1.8; exact mass calcd for CmH21O7SSi (M+) 
440.1367, found 440.1346. Anal. Calcd for CmHZB07SSi: C, 54.51; H, 
6.42. Found: C, 54.55; H, 6.58. 

Preparation of (E)-4-(Pbenylsulfonyl)-3-butenyl 2-Acetoxy-3-[ (tri- 
methylsilyl)methyl]-3-butenoate (8b). Ester 8b was prepared from acid 
IC and (E)-l-(phenylsulfonyl)-l-buten~4-olJ9 on a 0.41-mmol scale by the 
method described above. Flash Chromatography (silica gel, 2:l hex- 
ane/ether) yielded 89 mg (54%) of the title product as a clear, colorless 
oil: IR (CDCI,) 1750, 1740, 1630, 850 cm-I; 'H NMR (300 MHz, 
CDCI,) 6 7.86 (dd, J = 7.0, 1.7 Hz, 2 H), 7.61 (m, J = 7.3 Hz, 1 H), 
7 . 5 2 ( t , J = 7 . 2 H z , 2 H ) , 6 . 9 2 ( d t , J =  1 5 . 1 , 6 . 7 H z , l H ) , 6 . 4 0 ( d t , J  
= 15.2, 1.5 Hz, I H), 5.14 (s, 1 H), 5.00 (s, 1 H), 4.83 (s, 1 H), 4.24 
(t, J 6.3 Hz, 2 H), 2.56 (q, J = 6.4 Hz, 2 H), 2.11 (s, 3 H), 1.55 (s, 
I H), 1.53 (s, 1 H), 0.01 (s, 9 H); I3C NMR (75 MHz, CDCI,) 6 170.5, 
168.6, 141.8, 140.4, 139.5, 133.6, 133.0, 129.4, 127.8, 114.2. 76.3,62.3, 
30.2,22.5, 20.4, -1.7; exact mass calcd for CmH,06SSi (M+) 424.1376, 
found 424.1361. Anal. Calcd for C Z O H Z ~ O ~ S S ~ :  c ,  56.57; H, 6.66. 
Found: C, 56.72; H, 6.71. 

Preparation of (E)+(  Phenylsulfonyl)-2-propenyl 2-[(Methoxy- 
carbonyl)oxy~3-[(trimethylsilyl)metbyl]-3-butenoate (1 la) .  The title 
compound was prepared from acid l a  on a 0.41-mmol scale by the me- 
thod described for 8s. Flash chromatography (silica gel, 2:l hexane/ 
ether) gave 116 mg (67%) of the product as a clear, colorless oil: IR 
(CDCI,) 1752, 1639, 1445 cm-I; 'H NMR (300 MHz, CDCI,) 6 7.86 
(dd, J 7.1, 1.6 Hz, 2 H), 7.62 (t, J = 7.3 Hz, 1 H), 7.53 (t, J = 7.4 
Hz, 2 H), 6.94 (dt, J = 15.3, 3.8 Hz, 1 H), 6.55 (dt, J = 15.3, 2.0 Hz, 
1 H), 5.16 (s, 1 H), 5.08 (s, 1 H), 4.89 (s, 1 H), 4.85 (m, 2 H), 3.74 (s, 
3 H), 1.53 (d, J = 4.4 Hz, 2 H), -0.01 (s, 9 H); 'IC NMR (75 MHz, 

114.7, 78.6, 61.9, 55.0, 22.2, -1.9; exact mass calcd for C19H2607SSi 
(M+) 426.1168, found 426.1197. Anal. Calcd for C19H2607SSi: C, 
53.49; H, 6.16. Found: C, 53.53; H, 6.10. 

Preparation of (E)-4-(Phenylsulfonyl)-3-buten-2-yl 2-[(Methoxy- 
carbonyl)oxy]-3-[(trimethylsilyl)methyl]-3-butenoate (1 Ib, R = CH,). 
The title compound was prepared from acid 1s and alcohol on a 
1.22-mmol scale by the method described for 8a. Flash chromatography 
(silica gel, 2:l hexane/ether) gave 399 mg (74%) of the product as a 
clear, colorless oil, a 1:l mixture of diastereomers: IR (CDCI,) 1751, 
1624, 1445 cm-'; 'H NMR (300 MHz, CDCI,) 6 7.85 (m, 2 H), 7.62 
(m, 1 H), 7.53 (m, 2 H), 6.90 (dd, J = 15.1, 3.9 Hz, 0.5 H), 6.87 (dd, 
J = 15.1, 4.2 Hz, 0.5 H), 6.57 (dd. J = 15.1, 1.7 Hz, 0.5 H), 6.42 (dd, 
J = 15.1, 1.7 Hz, 0.5 H), 5.57 (m, 1 H), 5.12 (s, 0.5 H), 5.09 (s, 0.5 H), 
5.08 (s, 0.5 H), 5.03 (s, 0.5 H), 4.89 (s, 0.5 H), 4.85 (s, 0.5 H), 3.75 (s, 
1.5 H), 3.71 (s, 1.5 H), 1.54 (s, 1 H), 1.46 (s, 1 H), 1.41 (d, J = 6.8 Hz. 
1.5 H), 1.37 (d, J = 6.7 Hz, 1.5 H), 0.00 (s, 4.5 H), -0.02 (s, 4.5 H); 

140.0, 139.4, 139.0, 133.8, 133.7, 130.7 (2), 129.5, 129.4, 127.9, 127.7, 
114.9, 114.4, 78.8, 78.7, 69.1, 69.0, 55.0, 22.4, 19.0, 18.8, -1.8. Anal. 

'H NMR (300 MHz, CDCIj) 6 5.27 (s, 1 H), 5.12 (s, 1 H), 4.90 (s, 1 

NMR (300 MHz, CDCIj) 6 7.86 (dd, J 7.0, 1.6 Hz, 2 H), 7.61 (tt, 

CDCI,) 6 167.6, 155.0, 139.8, 138.9, 138.7, 133.6, 131.4, 129.3, 127.7, 

"C NMR (75 MHz, CDCIj) 6 167.5, 167.4, 155.3, 155.2, 143.5, 143.4. 

(39) From 3-(terf-butyldimethylsiloxy)propanal (ref 40) and diethyl 
[(phenylsulfonyl)mcthyl]phosphonatc (ref 41) as described in the appendix. 

(40) Harnden, M. R.; Jarvest, R. L. J .  Am. Chem. Soc. 1988,110,5995. 
(41) Shahak, 1.; Almog, J. Synthesis 1970, 145. 
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Calcd for CmHZ8O7SSi: C, 54.51; H, 6.42. Found: C, 54.55; H, 6.56. 
Preparation of (E)-4-(PhenylsulfonyI)-2-methyl-3-buten-2-yl 2- 

[(Metboxycrrbonyl)oxy~3-[(trimetbylsilyl)metbyl~3-butenoate ( I lc) .  
The title compound was prepared from acid la and alcohol IOd9 on a 
0.81-mmol scale by the method described for 8a. Flash chromatography 
(silica gel, 3:l hexane/ether) gave 92 mg of the product as a clear, 
colorless oil and 82 mg of recovered alcohol (43% yield, based on 55% 
conversion): IR (CDCI,) 1750, 1607, 1445 cm-I; 'H NMR (200 MHz, 
CDCI,) 6 7.84 (m, 2 H), 7.56 (m, 3 H), 7.01 (d, J = 15.2 Hz, 1 H), 6.39 
(d, J = 15.3 Hz, 1 H), 5.03 (s, 2 H), 4.87 (s, 1 H), 3.72 (s, 3 H), 1.57 
(s, 3 H), 1.56 (s, 3 H), 1.53 (s, 2 H), 0.01 (s, 9 H); I3C NMR (50 MHz, 

114.3, 80.3, 76.4, 50.0, 25.7, 22.8, -1.7; exact mass calcd for C21H30- 
0,SSi (M+) 454.1481, found 454.1471. 

Preparation of 3-(Phenylsulfonyl)-2-cyclobexen-l-yl 2-[(Methoxy- 
carbonyl)oxyl-~[(Mmethylsilyl)methyll-J-butenorte (13b). The title 
compound was prepared from acid la  and alcohol 12b18 on a 0.5-mmol 
scale by the method described for 89. Flash chromatography (silica gel, 
1:l hexane/ether) gave 224 mg (96%) of the product as a clear, colorless 
oil, a 1:l  mixture of diastereomers: IR (CDCI,) 1750, 1630, 1480, 850 
an-'; 'H NMR (300 MHz, CDCI,) 6 7.85 (m, 2 H), 7.63 (t, J = 7.3 Hz, 
1 H), 7.54 (m, 2 H), 6.89 (m, 0.5 H), 6.83 (m, J = 1.7 Hz, 0.5 H), 5.48 
(m, 1 H), 5.15 (s,O.5 H), 5.12 (s, 0.5 H). 5.10 (s, 1 H), 4.93 (s, 0.5 H), 
4.91 (s, 0.5 H), 3.80 (s, 1.5 H), 3.79 (s, 1.5 H), 2.1-2.4 (m, 2 H), 1.5-2.0 
(m, 6 H), 0.03 (s, 4.5 H), 0.02 (s, 4.5 H); I3C NMR (75 MHz, CDCI,) 
6 167.8, 155.2, 145.3, 145.2, 139.1, 139.0, 138.4, 133.8, 133.5, 133.2, 
129.3, 128.3 (2), 114.5, 114.3. 78.7, 68.1, 55.0, 26.5, 26.4, 22.5, 22.4, 
18.4, -1.9; exact mass calcd for C22H3007SSi (M+) 466.1481, found 
466.1464. Anal. Calcd for C22H300,SS~: C, 56.62; H, 6.49. Found: 
C, 56.67; H, 6.37. 

Preprratioa of 3-(PhenyLsulfonyl)-2-cyclobepten-l-yl 2-[(Metboxy- 
carbonyl)oxyE3-[(Mmylsilyl)metbyl]-3te (I&). The title 
compound was prepared from acid la  and alcohol 1 2 ~ " ~  on a 0.4-mmol 
scale by the method described for 8a. Flash chromatography (silica gel, 
2:l hexane/ether) gave 147 mg (8 1%) of the product as a clear, colorless 
oil, a 1:l mixture of diastereomers: IR (CDCI,) 1749, 1622, 1446 cm-I; 
'H NMR (300 MHz, CDCI,) 6 7.83 (m, 2 H), 7.60 (m, 1 H), 7.52 (t, 
J=7.6Hz,2H),7.14(bs,0.5H),7.03(bs,0.5H),5.58(m,I H).5.18 
(s, 0.5 H), 5.15 (s,O.5 H), 5.12 (s, 1 H), 4.94 (s,O.S H), 4.93 (s,O.S H), 
3.81 (s, 3 H), 2.49 (m, 1 H), 1.8-2.0 (m, 2 H), 1.5-1.7 (m, 3 H), 1.61 
(s, I H), 1.60 (s, 1 H), 1.16 (m, 1 H), 0.04 (s, 9 H); I3C NMR (75 MHz, 

(2), 139.1, 133.5, 129.3, 128.3, 114.7. 114.4, 79.0, 78.9,74.1,74.0, 55.0, 
31.2, 31.1, 27.2, 26.3, 25.1, 22.7, 22.6, -1.7; exact mass calcd for C23- 
H320,SSi (Mt) 480.1638, found 480.1645. Anal. Calcd for 
C23H320,SSi: C, 57.46; H, 6.72. Found: C, 57.20; H, 6.66. 

Preparation of 3-(Pbenylsulfonyl)-2-cycloocten-l-yl 2-[(Methoxy- 
carbonyl)oxy~l[(trimethylsilyl)methyl]- (13d). The title 
compound was prepared from acid In and alcohol 126'" on a 2.4-mmol 
scale by the method described for 89. Flash chromatography (silica gel, 
4 1  hexane/ether) gave 798 mg (66%) of the product as a clear, colorless 
oil, a 1:l mixture of diastereomers: IR (CDCI,) 1749, 1615, 1445 cm-I; 
'H NMR (300 MHz, CDCI,) 6 7.84 (m, 2 H), 7.60 (t, J = 6.6 Hz, 1 
H), 7.51 (m, 2 H), 6.94 (d, J = 7.3 Hz, 0.5 H), 6.82 (d, J = 7.7 Hz, 0.5 
H), 5.57 (m, 1 H), 5.17 (s,O.5 H), 5.15 (s, 0.5 H), 5.12 (s, 1 H), 4.95 
(s, 0.5 H), 4.93 (s, 0.5 H), 3.81 (s, 3 H), 2.2-2.5 (m, 2 H), 2.00 (m, I 
H), 1.3-1.8 (m, 7 H), 1.60 (s, 2 H), 0.04 (s, 9 H); I3C NMR (75 MHz, 

133.5, 129.2, 128.2, 128.1, 114.7, 114.3,78.8,78.6,72.9,72.8, 54.9,34.1, 
34.0, 28.4, 25.3, 25.0, 22.6, 22.4 (2), -1.9; exact mass calcd for C24- 
H3,07SSi (M') 494.1794, found 494.1798. Anal. Calcd for 
CZ4H3,O7SSi: C, 58.26; H, 6.94. Found: C, 58.23; H, 6.73. 

Preparation of 3-(Pbmylsulfonyl)-2-cyclododecen-l-yl 2-[(Methoxy- 
carbonyl)oxy)-3-[(trimetbylsilyl)methyl]-3-butenoate (13e). The title 
compound was prepared from acid la  and alcohol 12e on a 0.25-mmol 
scale by the method described for 89. Flash chromatography (silica gel, 
4:l hexane/ether) gave 127 mg (92%) of the product as a clear glass, a 
1:l mixture of diastereomers: IR (CDCI,) 1750, 1740, 1640, 1440,850 
cm-I; 'H NMR (300 MHz, CDCIJ 6 7.79 (m, 2 H), 7.4-7.7 (m, 3 H), 
6.84 (d. J = IO Hz, 0.5 H), 6.74 (d, J = 10.1 Hz, 0.5 H), 5.60 (s, 1 H), 
5.11 (s, 1 H), 5.06 (s, 0.5 H), 5.01 (s, 0.5 H), 4.90 (s, 0.5 H), 4.89 (s, 
0.5 H), 3.80 (s, 1.5 H), 3.78 (s, 1.5 H), 2.72 (m, I H), 2.04 (m, 1 H), 
0.8-2.0 (m, 18 H), 0.03 (s, 9 H); I3C NMR (75 MHz, CDCI,) 6 168.3, 
155.2, 155.1, 145.0, 144.6. 139.4, 139.3 (2), 139.2, 138.0, 137.7, 133.5, 
133.3, 129.3, 128.1, 114.2,78.7 (2), 68.6, 55.1, 55.0, 30.5, 30.4, 26.2 (2), 
25.8. 25.6, 24.0, 22.8 (2), 22.4, 22.3, 21.8, 21.7, 20.9, -1.8; exact mass 
calcd for C28H420&3 (M') 550.2421, found 550.2434. 

Preparation of Standard Catalyst Solution. A standard catalyst so- 
lution was prepared on a scale 1-5 times that required for the reaction. 
Palladium acetate was dissolved in the appropriate solvent (THF, diox- 

CDCI,) 6 166.9, 155.2, 148.6, 140.2, 139.3, 133.6, 129.4, 128.7, 127.8, 

CDCI,) 6 167.8, 167.7, 155.3, 155.2, 143.9, 143.7, 142.5, 142.3, 139.3 

CDCIj) 6 167.8, 167.7, 155.1, 141.7, 241.6, 139.1, 139.0 (2), 138.8, 

Trost and Grese 

ane, or diglyme) to a concentration of 5 X IO-, M. Six equivalents of 
triisopropyl phosphite was then added via syringe and the mixture stirred 
for IO min. An aliquot of this solution was added via syringe to the 
substrate, such that the substrate concentration was 0.1 M. The reaction 
mixture thus produced contained 5 mol % palladium acetate and 30 mol 
% triisopropyl phosphite relative to the substrate. 

Preparation of (6R *,7R *)-9-Metbyl-7-(pbenyIsulfonyl)-3-oxa-2-oxo- 
bicyclo[4.3.0]non- I-ene (15) and (IS*,6R *,7R *)-9-Methylene-7-(pbe- 
nylsulfonyl)-3-oxa-2-oxob~cycl~4.3.O~~ne (14). Cycloaddition of 89. 
A I-mL aliquot of the solution prepared above in THF was added to 89 
(5.7 mg, 0.10 mmol) and heated at 60 OC for 2 h. The solvent was 
removed under a stream of nitrogen and the residue purified via flash 
chromatrography (silica gel, 4: 1 hexane/ethyl acetate, then 1 : 1 hexane/ 
ethyl acetate) to yield 4.5 mg of 14 and 5.3 mg of 15 (9.8 mg, 34% 
overall). 14: white powder, mp 269-273 "C dec (hexane/ether); IR 
(CDCI,) 1730, 1650, 1450 cm-'; ' H  NMR (400 MHz, CDCI,) 6 7.88 
(d, J = 7.6 Hz, 2 H), 7.65 (t, J = 7.4 Hz, 1 H), 7.56 (t, J = 7.7 Hz, 2 
H), 5.1 1 (s, 1 H), 4.94 (s, 1 H), 4.78 (dt, J = 11.6, 2.9 Hz, 1 H), 3.93 
(td, J = 10.2, 8.0 Hz, 1 H), 3.78 (d, J = 6.8 Hz, 1 H), 3.64 (t, J = 11.5 
Hz, 1 H), 2.77 (dddd, J =  12.49.4, 7.0, 1.5 Hz, I H), 2.63 (dd, J =  17.3, 
7.8 Hz, 1 H), 2.53 (dd, J = 17.6, 9.5 Hz, 1 H), 2.33 (d, J = 14.8 Hz, 
1 H). 2.03 (dtd, J = 15.4, 12.2, 2.9 Hz, 1 H); 13C NMR (75 MHz, 

43.7, 33.1, 29.3; exact mass calcd for CI5HI6OS (M+) 292.0769, found 
292.0771. 15: white powder, mp 123 OC (hexane/ether); IR (CDCI,) 
1710, 1650, 1440 cm-I; 'H NMR (300 MHz, CDCI,) 6 7.91 (dd, J = 
7.1,1.6Hz,2H),7.71(m,J=7.5Hz,1H),7.59(t,J=7.4Hz,2H), 
4.36 (ddd, J = 11.7,4.8, 2.1 Hz, 1 H), 4.22 (td, J = 12.0, 2.8 Hz, 1 H), 
3.54 (q, J = 8.7 Hz, 1 H), 3.50 (m, J, = 3.6 Hz, 1 H), 3.00 (ddm, J = 
18.0, 9.0 Hz, 1 H), 2.44 (ddm, J = 15.8, 8.6 Hz, 1 H), 2.14 (s, 3 H), 
2.00 (dm, J = 13.1 Hz, 1 H), 1.66 (dq, J = 12.4,4.6 Hz, 1 H); I3C NMR 
(75 MHz, CDCI,) d 162.8, 155.4, 138.6, 134.4, 129.8, 128.5, 123.0, 68.8, 
67.8, 43.3, 39.5, 30.0, 16.0; exact mass calcd for CI5HI60,S (Mt) 
292.0770, found 292.0790. 

Cycloaddition of 8b. A 2.1-mL aliquot of the solution prepared above 
in dioxane and containing BSA (42.7 mg, 51.9 mg, 0.21 mmol) was 
added to 8b (90 mg, 0.21 mmol) and heated to 100 OC for 1 h. The 
solvent was removed in vacuo and the residue purified via flash chro- 
matography (silica gel, 1:l hexane/ether) to yield 5.4 mg of 14 and 38.7 
mg of 15 (44.1 mg, 72% overall). 

Cycloaddition of 11% Preparation of ( ISZ,5S*,6R *)-8-Methylene- 
6-(phenylsulfonyl)-3-oxa-2-oxobicyclo[3.3.O~tane (Ma). A 3.9-mL 
aliquot of the solution prepared above in dioxane was added to l l a  (165 
mg, 0.39 mmol) and heated to 100 OC for 2 h. The solvent was removed 
in vacuo and the residue purified via flash chromatography (silica gel, 
3:l hexane/ethyl acetate) to yield 21.9 mg of 189 (16%) as a white 
powder: mp 104-106 OC (ether); IR (CDCI,) 1775, 1631, 1448, 1152, 
1087, 1045 cm-I; 'H NMR (300 MHz, CDCI,) 6 7.88 (dd, J = 7.3, 1.6 
Hz, 2 H), 7.71 (t, J = 7.4 Hz, 1 H), 7.60 (t, J = 7.5 Hz, 2 H), 5.41 (m, 
1 H), 5.14 (q, J = 1.9 Hz, 1 H), 4.39 (dd, J = 10.1, 6.4 Hz, 1 H), 4.21 
(dd, J = 10.0, 1.9 Hz, I H), 3.58 (m. J = 8.8, 2.1 Hz, 2 H), 3.41 (dt, 
J = 10.0,7.6 Hz, 1 H), 2.85 (ddt, J = 16.3, 10.0, 2.7 Hz, 1 H), 2.56 (dd, 
J = 16.5, 7.0 Hz, I H); ',C NMR (75 MHz, CDCI,) 6 175.6, 141.0. 
138.0, 134.6, 129.8, 128.6, 112.8,70.2, 67.1,47.9, 41.4, 35.5; exact mass 

Cycloaddition of l lb :  Preparation of ( 1S*,5Sf,6R *)-%-Methylene 
64 phenylsulfonyl)-4-metbyl-3-oxa-2-oxobicyclo[3,3.O~ctane ( 18b). A 
3.0" aliquot of the solution prepared above in diglyme was added to 
I l b  (133.5 mg, 0.30 mmol) and heated at 160 OC for 30 min. The 
mixture was poured onto a plug of silica gel and eluted with 1:l hex- 
ane/ether. Rechromatography (silica gel, 3:l hexane/ethyl acetate) 
yielded 17.2 mg of 18b (20%) as a clear, colorless oil, a 5.6:l mixture of 
diastereomers based on the relative integration of 'H NMR resonances 
at 6 5.13 and 4.99, respectively: 1R (CDCI,) 1771, 1448, 1151, 1087, 
1031 cm-I; 'H NMR (300 MHz, CDCI,) 6 7.88 (dd, J = 7.1, 1.7 Hz, 
2 H), 7.70 (t, J = 7.3 Hz, 1 H), 7.60 (t, J = 7.2 Hz, 2 H), 5.39 (q, J 
= 2.2 Hz, I H), 5.13 ( q , J  = 2.3 Hz, 1 H), 4.43 (qd , J  = 6.4, 2.0 Hz, 
1 H), 3.64 (d, J = 9.2 Hz, 1 H), 3.42 (dt, J = 9.3, 7.5 Hz, 1 H), 3.19 
(ddd,J = 9.3, 7.4, 2.9 Hz, 1 H), 2.86 ( m , J  = 9.3 Hz, 1 H), 2.58 (ddd, 
J = 16.6, 7.7, 1.6 Hz, 1 H), 1.33 (d, J = 6.4 Hz, 3 H); minor isomer 6 
5.30 (m, 1 H), 4.99 (m, I H), 3.81 (d, J = 7.7 Hz, 1 H), 3.12 (m, 1 H), 
2.48 (dd, J = 10.0, 8.0 Hz, 1 H), 1.30 (d, J = 6.2 Hz, 3 H); ')C NMR 
(75 MHz, CDCI,), major isomer 6 175.1, 141.2, 134.6, 134.5, 129.8, 
128.7, 112.6, 79.6, 67.0, 48.1, 48.0, 35.2, 21.1; minor isomer 6 137.9, 
134.6, 128.8, 128.5, 77.5, 50.6, 16.8; exact mass calcd for C9HI002 (M 

Preparation of (1S*,4S2,8R*,11S*)-10- 
Methylene-8-(phenylsulfonyl)-2-oxo-3-oxatricyclo[6.2.1.0'~' 'Iundecane 
(19) and (4S*,8R *,11S*)-lO-Methyl-8-(phenylsulfonyl)-2-oxo-3-oxa- 
tricyclo[6.2.l.O4~'l]undec-l-ene (20). A 2.2" aliquot of the solution 

CDCI,) 6 171.8, 145.0, 139.2, 134.1, 129.6, 128.5, 111.4, 66.4, 65.2, 55.6, 

caicd for C8H90 (M - C6H$02)' 137.0603, found 137.0617. 

- C,jH$02)+ I5 I .0759, found I5 I .076l. 
Cycloaddition of 12b: 



Cycloadditions with a Cleavable Tether 

prepared above in dioxane was added to 1% (100.6 mg, 0.216 mmol) and 
heated at 100 OC, inducing vigorous gas evolution. The resulting yellow 
solution darkened slowly over 1 h and was then concentrated in vacuo. 
Flash chromatography (silica gel, I :I hexane/ether) yielded 15.5 mg of 
20 and 26.9 mg of 19 (42.4 mg, 62% overall). 20: white powder, mp 
202-205 OC (hexane/ether); IR (CDCI,) 1750,1690, 1440, 1140, 1070 
cm-I; 'H NMR (300 MHz, CDCI,) 6 7.89 (dd, J = 7.1, 1.4 Hz, 2 H), 
7.70 (tm, J = 7.4 Hz, 1 H), 7.59 (tm, J = 7.5 Hz, 2 H), 4.59 (q, J = 
8.1 Hz, 1 H), 4.38 (m, 1 H), 3.84 (dq, J = 16.9, 1.6 Hz, 1 H), 2.37 (dd, 
J =  16.9, 1.2 Hz, 1 H), 2.18 ( d d , J =  14.0, 2.8 Hz, 1 H), 2.08 (m, 1 H), 
2.01 (d, J = 3.0 Hz, 3 H), 1.45 (m, 2 H), 1.26 (m, 2 H); I3C NMR (75 

71.5,54.3,48.1,30.1,29.1, 18.5, 14.7;exactmasscalcdforCl1H1,O2 
(M - C6H5S02)+ 177.0915, found 177.0916. 19: white powder, mp 
136-138 OC (hexane/ether); 1R (CDCI,) 1770, 1450, 1140, 1080, IO00 
cm-'; 'H  NMR (300 MHz, CDCI,) 6 7.84 (dd, J = 7.2, 1.4 Hz, 2 H), 
7.69 (t, J = 7.5 Hz, 1 H), 7.55 (t, J = 7.7 Hz, 2 H), 5.07 (dd, J = 1.5, 
1.3 Hz, 1 H), 4.89 (t. J = 1.3 Hz, 1 H), 4.83 (dt, J = 7.9, 2.9 Hz, 1 H), 
3.71 (t, J = 8.7 Hz, 1 H, 8.9% NOE with irradiation at 6 4.83), 3.61 (dd, 
J = 9.0, 1.2 Hz, 1 H, 2.0% NOE with irradiation at 6 4.83), 2.69 (d, J 
= 17.7 Hz, 1 H), 2.47 (dd, J = 17.5, 1.5 Hz, 1 H), 2.22, (d, J = 13.4 
Hz, 1 H, 3.1% NOE with irradiation at 6 4.83), 2.09 (m, 1 H, 3.4% NOE 
with irradiation at 6 4.83), 1.70 (m, 3 H), 1.46 (m, 1 H); NMR (75 

1 1  1.5, 76.3, 71.1, 53.4, 40.0, 27.1, 26.3, 13.5; exact mass calcd for CI I -  

Preparation of (1S*,4S*,9R*,12S*)-ll- 
Methylene-9-( pbenylsulfonyl)-2-oxo-3-oxatricycl~7.2.l.O'J2)dodecane 
(21), (4S*,9R*,12SSS)-1 l-Metbyl-9-(pbenybulfonyl)-2-oxo-3-o~~cy- 
cl0[7.2.1.0~~~~]dodec-l-ene (22), and (1R*,4R*,9R*,12R*)-11- 
Methylene-9- (phenylsulfonyl)-2-oxo-3-oxatricyclo(7.2.1 .0'J2)dodecane 
(23). A 1.1-mL aliquot of the solution prepared above in dioxane was 
added to 13c (52.2 mg, 0.109 mmol) and heated at 100 OC. The resulting 
yellow solution slowly became colorless over 1 h and was then concen- 
trated in vacuo. Flash chromatography (silica gel, 1 : 1 hexane/ether) 
yielded 17.4 mg of 2L4.8 mg of 22, and a trace (<0.6 mg) of 23, which 
could not be fully purified (22.8 mg, 63% overall). 21: white powder, 
mp 78-83 OC (pentane/ether); IR (CDCI,) 1770, 1602, 1448, 1145, 
1083, 1012 cm-I; 'H  NMR (400 MHz, CDCI,) 6 7.87 (dd, J = 7.3, 1.5 
Hz, 2 H), 7.69 (t, J = 7.5 Hz, 1 H), 7.58 (t, J = 7.7 Hz, 2 H), 5.48 (q, 
J = 2.3 Hz, 1 H), 5.1 1 (q, J = 2.1 Hz, 1 H), 4.78 (t, J = 7.9 Hz, 1 H), 
3.89 (dd, J 10.1, 8.2 Hz, 1 H, 11.1% NOE with irradiation at 6 4.78), 
3.78 (dm, J = 10.3, 1.8 Hz, 1 H, 2.7% NOE with irradiation at 6 4.78), 
3.26 (dd, J = 17.0, 1.7 Hz, 1 H), 2.50 (m, J = 16.7 Hz, 1 H), 2.25 (dd, 
J = 12.3. 10.3 Hz, 1 H, 3.0% NOE with irradiation at 6 4.78), 2.10 (m, 
1 H. 1.4% NOE with irradiation at 6 4.78), 1.92 (m, 1 H), 1.80 (m, 2 
H), 1.65 (dd, J = 14.1, 8.9 Hz, 1 H), 1.50 (m. 2 H); NMR (75 

81.0, 75.6,49.5,48.0., 32.0, 30.7, 24.5, 23.0; exact mass calcd for CI2- 
HI502 (M - C ~ H J S O ~ ) '  191.1072, found 101.1063. 22: white powder, 
mp 157-9 'C (pentane/ether); IR (CDCI,) 1753, 1703, 1448, 1435, 
1146, 1083, 1045 cm-I; IH NMR (300 MHz, CDCI,) 6 7.70 (dd, J = 
7.1, 1.6 Hz, 2 H), 7.69 (t, J = 7.4 Hz, 1 H), 7.58 (t, J = 7.6 Hz, 2 H), 
4.67 (td, J = 8.1, 3.1 Hz, 1 H), 4.56 (dq, J = 8.4, 2.8 Hz, 1 H), 3.79 
(dd, J = 17.5, 2.8 Hz, 1 H), 2.44 (d, J = 17.5 Hz, 1 H), 2.00 (bs, 3 H), 
1.4-1.9 (m, 8 H); "C NMR (75 MHz, CDCI,) 6 147.5, 136.3, 134.4, 
130.2, 129.5. 127.0, 80.7, 75.5, 52.7, 52.1, 30.2, 28.9, 21.7, 19.4, 14.1; 
exact mass calcd for C12HI5O2 (M - C6HSS02)+ 191.1071, found 
191.1073. 23 viscous oil; IR (CDCI,) 1783, 1602, 1141, 1089 cm-'; IH 
NMR (300 MHz, CDCI,) 6 7.90 (dd, J = 7.1, 1.5 Hz, 2 H), 7.70 (m, 
1 H), 7.59 (m, 2 H), 5.41 (q, J = 2.4 Hz, 1 H), 5.27 (ddd, J = 1 1 . 1 ,  7.8, 
4.5 Hz, 1 H), 5.05 (q, J = 2.3 Hz, 1 H), 4.29 (dt, J = 17.0, 1.6 Hz, 1 
H), 3.61 (ddd, J = 18.1, 2.2, 1.6 Hz, 1 H), 2.81 (dd, J = 17.2, 11.1 Hz, 
1 H), 2.64 (dq, J = 18.2, 2.0 Hz, 1 H), 2.30 (m, 1 H), 1.2-1.8 (m, 7 H). 
Cycloaddition of 13d: Preparation of (IS*,4S*,lOR*,13SS)-12- 

Methylene- lo-( phenylsulfonyl)-2-0~~3-oxatricycl~8.2.1 .0'J3]tridecane 
(24), (4R*,10R*,13S*)-12-Metbyl-lO-(pbenylsulfonyl)-2-0~0-3-oxa- 
tri~yclo(8.2.1.O'*'~]tridec-l-ene (25), and (1Rt,4R*,10R *,13R *)-12- 
Methylene- lo-( phenylsulfonyl)-2-oxo-3-oxa tricyclo(8.2.1 .O'~~~]tridecane 
(26). A 4.1-mL aliquot of the solution prepared above in dioxane was 
added to 13d (203.7 mg, 0.412 mmol) and heated at 100 OC. The 
resulting yellow solution slowly became colorless over 40 min and was 
then concentrated in  vacuo. Flash chromatography (silica gel, 5:l hex- 
ane/ethyl acetate, then 2: 1 hexane/ethyl acetate), with recycling of 
mixed or impure fractions, yielded 56.5 mg of 24,49.1 mg of 25, and 6.4 
mg of 26 (112 mg, 78% overall). 24: white solid, mp 151-154 OC 
(ether); IR (CDCI,) 1771, 1445, 1145, 1081, 1019 cm-I; IH NMR (400 

1 H), 7.56 (t, J = 7.8 Hz, 2 H), 5.18 (d, J = 2.7 Hz, 1 H), 4.96 (d, J 
= 1.5 Hz, I H), 4.28 (ddd,J = 11.3, 8.2, 3.1 Hz, 1 H), 3.69 (dd , J  = 

MHz, CDCI,) 6 164.6, 147.6, 136.3, 135.5, 130.0, 129.7, 126.6, 75.3, 

MHz,CDCI,) 6 176.4, 142.9, 135.2, 134.5, 130.6, 134.5, 130.6, 129.4, 

Hi302 (M - C6HsS02)' 177.0915, found 177.0918. 
Cycloaddition of 13c: 

MHz, CDCI,) 6 175.2, 141.8, 135.9, 134.4, 130.5, 129.5, 129.4, I 1  1.3, 

MHz, CDCI,) 6 7.89 (dd, J = 7.1, 1.5 Hz, 2 H), 7.68 (t, J = 7.4 Hz, 
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8.6, 2.3 Hz, 1 H), 3.62 (t, J = 8.6 Hz, 1 H, 2.3% NOE with irradiation 
at 6 4.28), 3.01 (d, J = 19 Hz, 1 H), 2.51 (dq, J = 19.2, 2.9 Hz, 5.0% 
NOE with irradiation at 6 4.28), 2.30 (m, 2 H, 4.6% NOE with irradi- 
ation at 6 4.28), 2.03 (dt, J = 16.2, 4.0 Hz, 1 H), 1.97 (m, 1 H), 1.84 
(m, 1 H), 1.6-1.8 (m, 3 H, 10.9% NOE with irradiation at 6 4.28), 1.45 
(m, I H), 1.30 (m, 1 H); NMR (75 MHz, CDCI,) 6 175.1, 141.8, 
136.1, 134.5, 130.4, 129.4, 111.2, 81.1, 75.3, 51.9, 50.4.42.9, 35.6, 29.3, 
25.5, 24.3, 21.4. Anal. Calcd for CI9HUO4S: C, 65.86; H, 6.41. Found: 
C, 65.84; H, 6.45. 25 white needles, mp 209 "C (ether/trace methylene 
chloride); IR (CDCI,) 1764, 1698, 1448, 1443, 1081, 1043, 1017 cm-'; 
'H NMR (400 MHz, CDCI,) 6 7.90 (dd, J = 7.2, 1.4 Hz, 2 H), 7.64 
(t, J =  7.5 Hz, 1 H), 7.53 (t, J =  7.7 Hz, 2 H), 4.24 (ddd,J = 11.3.9.7, 
4.0 Hz, 1 H), 3.95 (dt, J = 9.6.2.4 Hz, 1 H, 2.4% NOE with irradiation 
at 6 4.24), 3.48 (d, J = 20.1 Hz, 1 H), 2.48 (ddd, J = 20.0, 2.0, 1.2 Hz, 
1 H), 2.30 (dt, J = 15.0, 3.6 Hz, 1 H, -1.3% NOE with irradiation at 
6 4.24), 2.15 (m, 2 H, 3.5% NOE with irradiation at 6 4.24), 2.04 (dtd, 
J = 15.1, 9.7, 3.7 Hz, 1 H), 1.87 (m, 2 H, 6.1% NOE with irradiation 
at 6 4.24), 1.75 (m, 1 H), 1.63 (d, J = 2.2 Hz, 3 H), 1.57 (m, 3 H); 

129.2,83.0, 71.5, 57.0, 55.5, 33.3, 32.7, 25.6, 24.7, 20.7, 13.6;exact mass 
calcd for CI3HI7O2 (M - C6H5S02)+ 205.1228, found 205.1227. 26: 
whitesolid, mp 176-178 OC (ether); IR (CDCI,) 1783, 1140, 1081, 1018 
cm-I; 'H NMR (400 MHz, CDCI,) 6 7.90 (dd, J = 7.1, 1.4 Hz, 2 H), 
7.69 (t, J = 7.2 Hz, 1 H), 7.58 (t, J = 7.7 Hz, 2 H), 5.42 (q, J = 2.5 
Hz,IH),5.26(ddd,J=10.5,8.0,4.7~Hz,IH),5.00(dt,J=2.5,2.1 
Hz, 1 H), 4.65 (d, J = 16.6 Hz, 1 H), 3.52 (dd, J = 18.3, 1.2 Hz, 1 H), 
2.59 (dd, J = 16.6, 10.5 Hz, 1 H), 2.48 (dq, J = 18.3, 1.9 Hz, 1 H), 2.28 
(m, 1 H), 2.05 (m, 1 H); NMR (75 MHz, CDCI,) 6 170.4, 137.1, 
136.7, 134.5. 130.1, 129.4, 108.6,80.2, 67.7, 58.1, 51.7,49.0, 38.6, 34.4, 
30.1, 24.7, 21.8; exact mass calcd for CI3Hl7O2 (M - C6H5S02)+ 
205.1229, found 205.1253; exact mass calcd for C,,HI6O2 (M - 
C6HSSO2H)+ 204.1 150, found 204.1 166. 
Cycloaddition of 13e: Preparation of (IS*,4R*,14R*,17S*)-16- 

Methylene- 144 phenylsulfonyl)-2-0xo-30xnMeyclo(l2.2.1.O'~~~]heptade- 
cane (27) and (4R *,14R *,17S*)- 16-Metbyl-l4-( pbenylsulfonyl)-2-oxo- 
3-oxatricyclo(12.2.1.04~"]heptadec-l-ene (28). A 1.5-mL aliquot of the 
solution prepared above in THF was added to 13e (83.6 mg, 0.15 mmol) 
and stirred at room temperature. The colorless solution slowly yellowed, 
eventually became bright yellow, and then slowly returned to colorless 
over a 4.5-h period. The mixture was concentrated in vacuo and the 
residue purified via flash chromatography (silica gel, 2: 1 hexane/ether, 
with reshromatography of mixed fractions, 4:l hexane/ether) to give 23.7 
mg of 27 and 14.8 mg of 28 (38.5 mg, 64% overall). 27: white solid, 
mp 150-152 OC (hexane/ether); IR (CDCI,) 1766, 1602, 1470, 1448, 
1143, 1082 cm-'; 'H  NMR (400 MHz, CDCI,) 6 7.85 (dd, J = 7.2, 1.3 
Hz, 2 H), 7.68 (t, J = 7.4 Hz, 1 H), 7.55 (t, J = 7.7 Hz, 2 H), 5.10 (d, 
J = 1.6 Hz, 1 H), 4.90 (s, 1 H), 4.52 (ddd, J = 9.5, 6.4, 1.6 Hz, 1 H), 
3.50 (dd, J = 8.9, 2.2 Hz, 1 H), 3.38 (dd, J = 8.8, 6.8 Hz, 1 H, 1.7% 
NOE with irradiation at 6 4.52), 2.95 (dd, J = 18.6, 1.1 Hz, 1 H), 2.52 
(dq, J = 18.6, 2.7 Hz, I H, 3.6% NOE with irradiation at 6 4.52 ppm), 
1.95 (t, J = 12.2 Hz, 1 H), 1.2-1.9 (m, 17 H); 13C NMR (75 MHz, 

49.5,40.9, 35.2, 32.2, 27.3, 26.7, 25.4, 24.0, 23.8, 23.1, 22.4;exact mass 
calcd for C17H25O2 (M - C6H5S02H) 260.1776, found 260.1770. 28: 
white solid, mp 164-166 OC des (hexane/ether); IR (CDCI,) 1750, 1720, 
1700, 1680, 1460, 1440, 1140, 1080, 1030 cm-I; 'H NMR (400 MHz, 

(t, J = 7.7 Hz, 1 H), 4.60 (t, J = 9.9 Hz, 1 H), 4.05 (dq, J = 9.5 Hz, 
1 H), 3.76 (ddd, J = 17.7, 2.8, 1.5 Hz, 1 H), 2.35 (dd, J = 17.7, 1.4 Hz, 

(m, 18 H); I3C NMR (75 MHz, CDCI,) 6 164.9, 147.2, 136.5, 134.4, 
130.1, 129.5, 128.0, 79.8, 75.0, 55.4, 54.0, 33.1, 32.2. 28.5, 27.8, 26.1, 
25.1 (2), 23.1, 14.1; exact mass calcd for C17HZSO2 (M - C6H5S02) 
261.1854, found 261.1848. 
Isomerization of 20 to 19. Cycloadduct 20 (6.5 mg, 0.02 mmol) in 

400 p L  of THF at -78 OC was treated with 50 pL of a 1.0 M solution 
of LDA (0.05 mmol) in THF, generating a yellow solution. After 30 
min, the reaction was quenched rapidly with acetic acid (30.0 mg, 29.1 
pL, 0.5 mmol). The mixture was filtered through a short column of silica 
gel, eluting with 1:l  hexane/ether, and the solvent was evaporated to give 
5.3 mg (82%) of a 7.8:l mixture of 19/20 by integration of 'H NMR 
resonances at 6 5.1 1 and 4.67, respectively. 
Isomerization of 25 to 24. Cycloadduct 25 (7.0 mg, 0.02 mmol) in 

200 pL of THF at -78 "C was treated with 50 pL of a 1.0 M solution 
of LDA (0.05 mmol) in THF, generating a yellow solution. After 30 
min, the reaction was quenched rapidly with acetic acid (30.0 mg, 20.1 
rL, 0.5 mmol). The mixture was filtered through a short column of silica 
gel, eluting with 2:l hexane/ether, and the solvent was evaporated to give 
5.8 mg (83%) of a h20:I mixture of 24/25 by integration of 'H NMR 
resonances at 6 3.01 and 3.95, respectively. 

NMR (75 MHz, CDCI,) 6 164.9, 146.9, 136.7, 134.2, 130.2, 129.7, 

CDCI,)G 175.8, 142.8, 136.2, 134.5, 130.4, 129.4, 111.5,78.?,77.1, 51.0, 

CDCl,)67.9I(dd,J=7.5,1.5H~,2H),7.69(t,J=7.5H~,I H),7.60 

1 H), 2.04 (t, J = 13.3 Hz, 1 H), 1.95 (dd, J = 1.5, 1.3 Hz, 3 H), 1.2-1.9 
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Preparation of ( 1 S * , 4 R  *,13R *)-2,12-Dioxo-3-oxatricyclo- 
(8.2.1.(r,13~dec-10-ene (29). Ozone was bubbled into a solution of 24 
(8.0 mg, 0.023 mmol) in 1.2 mL of methanol at -78 OC until a blue color 
persisted. Excess ozone was removed by bubbling nitrogen gas through 
the mixture, and the ozonide was reduced at room temperature by the 
addition of 0.5 mL of dimethyl sulfide in 0.5 mL of methanol. The 
solvent was removed under a stream of nitrogen, and the residue was 
treated with a solution of triethylamine (100 pL) in 500 pL of methylene 
chloride. After IO min of stirring at room temperature, the solvent was 
removed in vacuo and the residue purified via flash chromatography 
(silica gel, 1 : I  hexane/ether) to give 1 . I  mg of starting material and 2.7 
mg (6696, based on 86% conversion) of 29, which solidified to a white 
solid upon trituration with ether: mp 128-130 OC (ether/pentane); IR 
(CDC13) 1783, 1712, 1611, 1457, 1429 cm-'; 'H NMR (400 MHz, 

J = 7.3 Hz, 1 H), 3.58 (d, J = 7.5 Hz, 1 H), 2.96 (dd, J = 15.0, 7.0 Hz, 
1 H), 2.40 (dd, J = 14.7, 10.1 Hz, 1 H), 2.23 (ddt, J = 16.9, 7.7, 3.6 
Hz, I H), 2.15 (m, I H), 1.3-2.0 (m, 6 H); 13C NMR (100 MHz, 

CDCII) 6 5.86 (s, 1 H), 4.44 (ddd, J 11.1, 7.1, 3.8 Hz, 1 H), 3.63 (t, 

CDC1-J 6 197.4, 180.7, 168.3, 128.2, 83.9, 54.1, 50.7, 34.7, 32.4, 26.4, 
26.3, 25.1; exact mass calcd for CI2HI4O3 (Mt) 206.0943, found 
206.0950. 
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Abstract: The utility of intramolecular anodic olefin coupling reactions for effecting carbon-carbon bond formation has been 
examined. All of the successful cyclizations studied utilized either an alkyl or silyl enol ether as one of the participating olefins. 
The enol ethers could be coupled to simple alkyl olefins, styrenes, and allylsilanes in isolated yields ranging from 57 to 84%. 
The reactions were found to be effective for generating both five- and six-membered rings. The best conditions for cyclization 
utilized a reticulated vitreous carbon anode, constant-current conditions in an undivided cell, and a lithium perchlorate in either 
50% methanol/tetrahydrofuran or 20% methanol/dichloromethane electrolyte solution. The use of an allylsilane as one of 
the participating olefins allowed for the regiospecific formation of olefinic products. In addition to the olefinic products, these 
reactions produced a small amount of a cyclized ether product in which the silyl group had not been eliminated. Deuterium-labeling 
studies showed that at least half of this ether byproduct arose from intramolecular migration of the methoxy group that was 
initially part of the starting enol ether to the carbon j3 to the silyl group. Intramolecular migration reactions of this type were 
found to participate in a number of the reported cyclization reactions. 

The discovery of new, useful means for constructing carbon- 
carbon bonds is essential for the continued growth of synthetic 
organic chemistry. These reactions are important because they 
allow not only for the accomplishment of specific transformations 
within a synthetic sequence but also for the development of entirely 
new synthetic strategies. One method that appears ideal for 
initiating new carbon-carbon bond-forming reactions is oxidative 
organic electrochemistry. Oxidative organic electrochemistry 
would appear to have the ability to selectively generate highly 
reactive radical cation intermediates and initiate carbon-carbon 
bond formation under neutral conditions and at  preset potentials.' 
This technique appears particularly attractive when one considers 
the growing importance of oxidative cyclization  reaction^.^.^ It 

(1) For a general overview, see: (a) Baizer, M. M. Organic Electrochem- 
istry: An Introduction and a Guide, 2nd ed.; Baizer, M. M., Lund, H., Eds.; 
M. Dekker: New York, 1983. For overviews of anodic electrochemistry, see: 
(b) Torii, S. Elecfroorganic Synthesis: Methods and Applications: Part I - Oxidations; VCH: Deerfield Beach, FL, 1985. (c) Yoshida, K. Elecfro- 
oxidation in Organic Chemistry: The Role of Cafion Radicals as Synthetic 
fnfermediutes; John Wiley and Sons: New York, 1984. (d) Ross, S. D.; 
Finkelstein, M.; Rudd, E. J. Anodic Oxidation; Academic Press: New York, 
1975. (e) Schaefer, H. J .  Angew. Chem., fnf. Ed.  Engl. 1981, 20, 911. 
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Scheme 1' 
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Yield = 6573% (Ratio 2/3=5.3) 

(a) PhjPCHPh, THF, 0 OC-RT. (b) Swern oxidation; styrene iso- 
mers were separated by silica gel chromatography. (c) Ph,PCHOMe, 

is tempting to suggest that anodic electrochemistry might provide 
a mild, generally useful method for initiating oxidative cyclization 

THF, 0 OC-RT. 
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