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Seven differently substituted primary and secondary propargylic alcohols are shown to react with (aryl- 
sulfmy1)vinylic chloride la at 100 "C for 1 h sequentially via a [3,3] sigmatropic rearrangement and then a [2,3] 
sigmatropic rearrangement to form 4-oxo-2-alkenoates 8a-80 and Sa and 9b in 52-80% yields. This one-flask, 
intramolecular carbon-carbon bond-forming process represents a simple and convenient method not only for 
regiospecific y-attachment onto a propargylic alcohol of a two-carbon (ethoxycarbony1)methylene unit but also 
for a - fl  transposition of oxygen. The synthetic utility of this procedure is illustrated further by eqs 2 and 
3 for preparation of regiospecifically functionalized carbocycles and heterocycles. Also, two different primary 
allenic allylic alcohols are shown to produce directly two-carbon extended %(hydroxyalkyl)-2,4-pentadienoates 
(E)-18 and the corresponding unsaturated lactones (23-18 in 37-41% yields. 

Introduction 
In  connection with our design, synthesis, and use of a 

new sulfiiyl orthoester for one-flask conversions of allylic 
alcohols into 2-carbon-extended dienoate esters,l we have 
discovered (1) t h a t  l-chloro-l-ethoxy-2-(arylsulfinyl)- 
ethylenes 1 are easily prepared2 and (2) that  the sulfi- 
nylethylene 1 with Ar = 4-ClPh is a relatively stable com- 
pound that, among the aryl derivatives studied, rea& most 
efficiently with propargylic alcoholates to form 2-carbon- 
extended 4oxo-2-alkenoate esters 5 (eq 1). This one-flask 
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sequence proceeds most likely via [ 3,3]-sigmatropic rear- 

(1) Posner, G. H.; Crouch, R. D.; Kinter, C. M.; Carry, J.-C. J. Org. 
Chem., in press. 

(2) For a review of related (organothio)chloroacetylenes, see: Mir- 
skova, A. N.; Seredkina, S. G.; Voronkov, M. G. Sulfur Reports 1984,9, 
75. 
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Table I. TwRa-Carbon Chain Extension According to eq 1 
with Ar = 4-ClPh 

~~~~ 

product 
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rangement of intermediate allylic propargylic ethers 2 and 
subsequent [ 2,3]-sigmatropic rearrangement of interme- 
diate j3-allenic aryl sulfoxides 3. Herein is reported a full 
account of this new synthetic method, including some 
applications and limitations, as well as some similar 
transformations of allenic allylic alcohols. 

Results and Discussion 
Although primary and secondary propargylic alcohols 

did react with sulfinyl orthoacetate PhS(O)CH&(OEt)B 
under acidic conditions' to  produce 4-oxo-2-alkenoates, 
consistently and considerably better results were obtained 
under basic conditions using l-chloro-l-ethoxy-2-(aryl- 
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sulfiny1)ethylenes 1. For example, in the synthesis of 
product 8a (see Table I) an improvement of 15-3470 of 
the overall yield was observed on going from sulfinyl 
orthoacetate PhS(0)CH2C(OEt), to l-chloro-l-ethoxy- 
2-(arylsulfinyl)ethylenes 1. 

Such heteroatom-rich trisubstituted ethylenes were 
prepared on gram scale in a straightforward manner as 
shown in Scheme I, illustrated with Ar = 4-ClPh. 4- 
Chlorophenylsulfinyl trichloride 6 is a white solid stable 
to storage at room temperature for at least 1 year; likewise, 
solid dichlorovinylic sulfoxide 7 has a good shelf life. The 
E stereochemistry of chloroethoxyvhylic sulfoxide la  was 
ansigned by 4oo.MHz 'H NMR spectroscopy in comparison 
with the corresponding diethoxyvinylic sulfoxide; the 
proximity of the ethyl methylene group to the sulfinyl 
oxygen atom in E isomer la caused that CH2 group to be 
shifted to 6 4.3 and to appear as a multiplet rather than 
as a simple quartet. 

Of several different aryl derivatives examined (phenyl, 
4-chlorophenyl, 3-chlorophenyl, 4-fluorophenyl, 4-nitro- 
phenyl, and 2,8dimethylphenyl), [(l-chlorophenyl)- 
sulfinyllethylene la  consistently gave the highest yields 
(52-80%) for rapid conversion (i.e., 1-h reaction time) of 
both primary and secondary propargylic alcohols into the 
corresponding 2-carbon-extended and a - j3 oxygen- 
transposed 4-oxo-2-alkenoate esters Sa-& and 9a and 9b 
as a mixture of E and 2 geometric isomers (Table I). Of 
special note is the convenience of this protocol to prepare 
in good yields highly functionalized keto ester silyl-prot- 
ected alcohol 8d and keto ester allylic chloride &. Re- 
giospecific formation of allylic chloride 8e represents a 
striking success of this intramolecular carbon-carbon 
bond-forming process in sharp contrast to intermolecular 
nucleophilic substitution that would consume the reactant 
propargylic chloride functionality and would give mainly 
allenic substitution products via SN2' displacement of 
~hloride.~ These enedicarbonyl products are compact and 
versatile synthetic building blocks capable of many sub- 
sequent, useful chemical manipulations. For example, 
room-temperature Lewis acid-catalyzed intermolecular 2 
+ 4 cycloaddition of highly electron-deficient alkene Sa 
with 2,3-dimethyl-l,3-butadiene produced pentasubsti- 
tuted cyclohexene 10 in quantitative yield as a single 
stereoisomer with a cis relationship between the tertiary 
hydrogen atom and the adjacent methyl group as shown 
by an NOE experiment (eq 2): For another example, keto 

(3) (a) Gelin, R.; Gelin, S.; Albrand, M. Bull. SOC. Chim. France 1971, 
4146. (b) Pasto, D. J.; Chou, S.-K.; Waterhouse, A,; Shults, R. H.; Hen- 
nion, G. F. J. Org. Chem. 1978, 43, 1385. (c) Jeffery-Luong, T.; Lin- 
strumelle, G. Tetrahedron Lett. 1980, 21, 5019. 

ester allylic chloride 86 reacted with anhydrous hydrazine 
in ethanol at reflux to form 3,4,5-trisubstituted pyrazole 
11 in 50% yield (eq 3).5 
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A tertiary propargylic alcohol, l,l-dimethyl-2-butynol, 
was inert to sufinylethylene la as well as to sulfinyl 
orthoacetate PhS(0)CH2C(OEt)3. 

These one-flask conversions (eq 1) involve four discrete 
steps without isolation of intermediates: (1) propargylic 
alcoholate replacement of chloride in sulfinylvinylic 
chloride la; (2) [3,3] sigmatoropic (orthoester type)8 re- 
arrangement producing p-allenic sulfoxide 3; (3) [2,3] 
sigmatropic rearrangement of the allylic sulfoxide moiety 
to produce an enol sulfenate ester 4; and finally (4) collapse 
of enol sulfenate 4 into the corresponding ketone 5. Each 
of these steps deserves comment. 

Replacement of chloride in sulfinylvinylic chloride la 
by propargylic alcoholate can occur in principle via an 
addition-elimination sequence or conversely via an elim- 
ination-addition sequence. Although literature precedent 
favors an elimination-addition path2p7v8 and the E stereo- 
chemistry of chloroethoxyvinylic sulfoxide la is consistent 

1 1 , 5 0 %  
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(4) For a closely related reaction, see: Kowalski, C. J.; Lal, G. S. J. Am. 
Chem. SOC. 1988,110, 3693. 

(5) (a) Kitaev, Y. P.; Buzykin, B. I. Rum. Chem. Rev. 1972,41,495 and 
references cited therein. (b) Elguero, J.; Guiraud, G.; Jacquier, R. Bull. 
SOC. Chim. Fr. 1966,3727. 

(6 )  (a) For a review of Claisen rearrangements involving triple bonds, 
see: Viola, A,; Collins, J. J.; Filipp, N. Tetrahedron 1981,37,3765. See 
also: (b) Crandall, J. K.; Tindell, G. C. J. Chem. SOC., Chem. Commun. 
1970, 1411. (c) Bennett, G. Chem. Lett. 1975, 939. (d) Ficini, J.; Lum- 
bromBader, N.; Pouliquen, J. Tetrahedron Lett. 1968,4139. (e) Schuijl, 
P. J. W.; Bos, H. J. T.; Brandsma, L. Red. Trav. Chim. 1969, 597. (0 
Ishino, Y.; Nishiguchi, I.; Kim, M.; Hirashima, T. Synthesis 1982, 740. 

(7) (a) Truce, W. E.; Boudakian, M. M.; Heine, R. F.; McManimie, R. 
J. J. Am. Chem. SOC. 1956, 78, 2793. (b) Flynn, J., Jr.; Badiger, V. V.; 
Truce, W. E. J. Org. Chem. 1963,28, 2298. 

(8) For an example of an addition reaction to an a,@-unsaturated 
phenyl sulfoxide being helped by a p-chloro substituent on a phenyl ring, 
see: Mandai, T.; Ueda, M.; Hasegawa, S.; Kawada, M.; Tsuji, J. Tetra- 
hedron Lett. 1990, 31, 4041. 
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Scheme I1 
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with antiaddition of ethanol to the corresponding chloro- 
sulfinylacetylene, several experiments were done to provide 
evidence for this sequence proceeding through such an 
acetylenic sulfoxide intermediate. [ (2,6-Dimethyl- 
phenyl)sulfinyl]vinylic chloride lb was prepared and was 
shown to be inert to propargylic alcoholates associated with 
lithium, sodium, or potassium counterions, suggesting that 
steric hindrance around the sulfinyl group was preventing 
abstraction of the neighboring vinylic hydrogen atom and 
thus thwarting &elimination of HC1. Furthermore, 1,l- 
dichloro-2-(phenylsulfinyl)propyZene was prepared and 
was found to be inert to lithium, sodium, and potassium 
ethoxides whereas the corresponding sulfinylethylene 
underwent replacement of one chloride by ethoxide in- 
stantaneously even at  -78 "C. Use of silver tetrafluoro- 
borate to assist loss of chloride ion from the 2-sulfinyl- 
propyleneg or use of a potassium instead of a lithium 
counterion for the alcoholate, even in the presence of 18- 
crown-6 etherlo to make the alcoholate more nucleophilic, 
did not effect replacement of chloride. These results 
support an elimination-addition path. 

Ample precedent exists generally for successful [3,3] 
sigmatropic rearrangements of propargylic vinylic ethers * 

such as 2.6 At the s t a r t  of this project, however, it was not 
clear what effect(& if my, the sulfinyl group in propargylic 
vinylic ether 2 would have on the [3,3] sigmatropic rear- 
rangement. Analogy with successful [ 3,3] sigmatropic 
Carroll rearrangements of allylic and especially of pro- 
pargylic 8-keto esters, however, was considered to be en- 
~0uraghg.l~ It was gratifying therefore to find the sulfinyl 
group to be a noninterfering passenger carried along this 
structural reorganization path. 

Although [ 2,3] sigmatropic rearrangements of allylic 
sulfoxides into allylic sulfenate esters and of propargylic 
sulfenates into a-allenic sulfoxides have ample preced- 
ents,12 to our knowledge no publication has exploited this 

(9) Use of silver tetrduoroborate to convert a vinylic halide into the 
corresponding vinylic carbonium ion has been achieved by: Hanack, M.; 
Harder, I.; Bofinger, K.-R., Tetrahedron Lett. 1981,22, 553. 

(10) (a) Sam, D. J.; Simmons, H. E. J. Am. Chem. SOC. 1974,96,2252. 
For reviews see: (b) Pedersen, C. J. Aldrichimica Acta 1971, 4 ,  1. (c) 
Gokel, G. W.; Durst, H. D. Ibid. 1976,9,3. (d) Christensen, J. J.; Eatough, 
D. J.; Izatt, R. M. Chem. Rev. 1974, 74, 351. 

(11) Kimel, W.; Sax, N. W.; Kaiser, S.; Eichmann, G. G.; Chase, G. 0.; 
Ofner, A. J. Org. Chem. 1958, 23, 153. 

(12) For reviews see: (a) Evans, D. A.; Andrew, G. C. Acc. Chem. Res. 
1974, 7,  147. (b) Braverman, S. In The Chemistry of Sulphones and 
Sulphoxides, Patai, S., Rapporport, Z., Stirling, C. J. M., Eds.; John 
Wiley: New York, 1988; pp 717-757. 
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functional group manipulation in the context of 8-denic 
 sulfoxide^.'^ This one-flask transformation of interme- 
diate 0-allenic aryl sulfoxides 3 into 4-oxo-2-alkenoates 5 
is presumed to proceed via intermediate dienol sulfenate 
4. Unsuccessful attempts were made to intercept diene 
4 either intermolecularly or intramolecularly. For example, 
lithium 2-butynoate was treated with sulfinylvinylic bu- 
tenyZ ether 12 in the hope that intermediate triene 13 
would undergo intramolecular cy~loaddition'~ to form 
bicycle 14. The only product isolated, however, was 4- 
oxo-2-alkenoate 15 (Scheme II). It remains unclear exactly 
how dienol sulfenates5 like 4 (e.g., dienol sulfenate 13) are 
transformed in situ into the corresponding methyl ketones 
5 (e.g., 15) even in the absence of thiophiles12 or aqueous 
workup. A control experiment run in an NMR tube with 
THF-d8 as solvent showed that a singlet at 6 2.1 charac- 
teristic of product methyl ketone appeared even after only 
1 h at 100 "C without any workup. The operational sim- 
plicity and the good yield in which highly functionalized 
dienedicarbonyl compound 15 is formed via Scheme I1 
suggest that this protocol could be used to prepare con- 
veniently and directly versatile 4-oxo-2-alkenoates carrying 
other unsaturated (and otherwise functionalized) groups 
using appropriately unsaturated analogues of sulfinyl- 
vinylic ether 12. 

also reacted with [(chloro- 
phenyl)sulfinyl]ethylene la at 100 "C to form directly 
2-carbon-extended 3-(hydroxyalkyl)-2,4dienoates (Scheme 
111). Presumably, intermediate 8-allenic vinylic ether 16 
underwent [3,3] sigmatropic rearrangement and the re- 
sultant allylic sulfoxide 17 then underwent [2,3] sigma- 
tropic rearrangement to form the product dienoates as a 
roughly 1:l mixture of E and 2 isomers; spontaneous cy- 

Primary allenic 

(13) For [2,3] sigmatropic rearrangements of related 6-allenic sulfo- 
nium ylides, see: (a) Grieco, P. A.; Meyers, M.; Finkelhor, R. S. J. Org. 
Chem. 1974,39,119. (b) Pourcelot, G.; Veniard, L.; Cadiot, P. Bull. SOC. 
Chim. Fr. 1975, 1281. 

(14) For reviews see: (a) Brieger, G.; Bennett, J. N. Chem. Rev. 1980, 
80, 63. (b) Taber, D. F. Intramolecular Diels-Alder and AlderEne 
Reactions; Springer-Verlag: New York, 1983. (c) Ciganek, E. Org. React. 
1984,32, 1. (d) Fallis, A. G. Can. J .  Chem. 1984,62, 183. (e) Lipshutz, 
B. H. Chem. Rev. 1986,86,795. (0 Craig, D. Chem. SOC. Rev. 1987,16, 
123. 

(15) (a) Ficini, J.; Pouliquen, J. Compt. Rend. Acad. Sci. (C)  1969,268. 
(b) Huch6, M.; Cresson, P. Bull. SOC. Chim. Fr. 1974,2040. (c) Bertrand, 
M.; Viala, J. Tetrahedron Lett. 1978, 2575. (d) Egert, E.; Beck, H.; 
Schmidt, D.; Gonschorrek, C.; Hoppe, D. Tetrahedron Lett. 1987,28,789. 
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clization of the 2 hydroxy ester gave labile lactones (2)-18. 
About 15% better yields in this three step, one-flask 
process were obtained using sulfinyl orthoacetate PhS- 
(O)CH,C(OEt), under acidic conditions;' for example, in 
this way (E)-18 and (n-18 were isolated and purified in 
37% and 41% yields for R = H and Et, respectively. No 
advantage was found using chlorine-substituted sulfinyl 
orthoester 4-C1PhS(O)CH2C(OEt),. Although secondary 
allenic alcohol 1,2-hexadien-3-01 also reacted with sulfiiyl 
orthoester PhS(O)CH,C(OEt),, two-carbon extended 
products like 18 were isolated in only 20% yield. 

Posner et al. 

Conclusion 
In summary, [ (chlorophenyl)s~iyllfinylic chloride la 

is an easily prepared, stable reagent able to transform 
diverse primary and secondary propargylic alcohols rapidly 
at 100 OC in one flask without isolation of any interme- 
diates into richly functionalized 4-oxo-2-alkenoate esters. 
This intramolecular carbon-carbon bond-forming process 
is a new, convenient, and efficient synthetic method ac- 
complishing globally regiospecific y-attachment of a two- 
carbon (alkoxycarbony1)methylene unit and also 1,2- 
transposition of oxygen from the a- to the @-position of 
the reactant propargylic alcohol. Diverse synthetic ap- 
plications of this protocol can be envisioned besides those 
shown in eqs 2 and 3 for preparation of regiospecifically 
substituted monocycles.16-18 

Experimental Section 
General Experimental Data.' Tetrahydrofuran and diethyl 

ether were distilled from benzophenone ketyl prior to use. 
Methylene chloride, triethylamine, benzene, and ethanol were 
distilled from calcium hydride prior to use. Methanol was distilled 
from magnesium. Commercially available alcohols were distilled 
from calcium hydride prior to use. All other alcohols were pre- 
pared according to literature procedures and were distilled from 
calcium hydride prior to use. n-BuLi was titrated with 2,5-di- 
methoxybenzyl All other reagents and solvents were 
used as received. 

mL, 11.2 g, 0.20 mol) gave 3-(trimethylsilyl)-2-propyn-l-ol(23.1 
g, 90%) as a colorless oil: bp, 74-76 OC (lit.% bp,, 64-67 "C); 
IR (CHC13, cm-') 3331 (br), 2167; 'H NMR (CDC13) 6 0.18 (8,s 
H), 1.68 (8,  1 H), 4.27 (8, 2 H). 

4 4  (tert -Butyldimethylsilyl)oxy]-2-butyn-l-01?~ 2-Bu- 
tyne-1,l-diol (392.0 mg, 4.51 m o l )  gave 4-[ (tert-butyldi- 
methylsilyl)oxy]-2-butyn-l-ol(313.8 mg, 35%) as a yellowish oil: 
IR (CHC13, cm-') 3613; 'H NMR (CDC13) 6 0.12 (s,6 H), 0.91 (8, 

3-(Trimethyl~ilyl)-2-prop~-l-ol.208.~ Proparg~l alcohol (11.6 

(16) 4-Oxo-2-alkenoate esters have been used in: (a) Robinson annu- 
lation reactions: Wijnberg, J. B. P. A.; Jongedijk, G.; deGroot, A., J. Org. 
Chem. 1986,50,2650. Miyashita, M.; Yamaguchi, R.; Yoshikoshi, A., J. 
Org. Chem. 1984, 49, 2857. (b) 2 + 3 Cycloaddition reactions: El- 
Ghandour, N.; Henri-Rousseau, 0.; Soulier, J. Bull. SOC. Chim. Fr. 1972, 
2817. (c) As dienol silyl ethers in Diels-Alder cycloadditions: Orem, J.; 
Demuth, M.; Fuchs, B., Synthesis 1987,850. 

(17) 4-Oxo-2-alkenoates have been used in total synthesis of natural 
products: (a) Tetrahydrocannabinol: ref 4. (b) Antibiotic anthra- 
cyclinones: Ashcroft, A. E.; Davies, D.-T.; Sutherland, J. K. Tetrahedron 
1984,40,4579. (c) Anthelmimtics: Dixon, S.; Wggins, L. F. J. Chem. SOC. 
1964, 594. (d) Bacteriostatic sulfanilamides: Overend, W. G.; Wiggins, 
L. F. J. Chem. SOC. 1947,549. 

(18) The 4-oxo-2-alkenoate structural unit is found in some natural 
products, for example, in antibiotica pyrenophorin and vermiculine: (a) 
Hase, T. P.; Ourilla, A.; Holmberg, C. J. O g .  Chem. 1981,46,3137. (b) 
Boeckman, R. R.; Fayos, J.; Clardy, J. J. Am. Chem. SOC. 1974,96,5954. 

(19) Winkle, M. R.; Lansinger, J. M.; Ronald, R. C. J. Chem. SOC., 
Chem. Commun. 1980, 87. 

(20) (a) Danheiser, R. L.; Carini, D. G.; Fink, D. M.; Basak, A. Tet- 
rahedron 1983,39,935. (b) Ahmed, M.; Barley, G. C.; Hearn, M. T.  W.; 
Jones, Sir E. R. H.; Thder,  V.; Yates, J. A. J. Chem. SOC., Perkin Trans. 
1 1974, 1981. 

(21) Corey, E. J.; Cho, H.; Rikker, C.; Hua, D. H. Tetrahedron Lett. 
1981, 3455. 

9 H), 1.56 (8, 1 H), 4.30 (t, J = 1.6 Hz, 2 H), 4.35 (t, J = 1.6 Hz, 
2 H). 

4-Chloro-2-butyn-l-01?~*~ Propargyl chloride (5.3 mL, 5.3 
g, 71.8 "01) gave 4chlor~2-butyn-l-ol(3.8 g, 55%) aa a colorless 
oil: bplo 102-103 "C (lit.2" bp, 95 "C); IR (CHCl3, cm-') 3601, 
3460 (br); 'H NMR (CDC13) 6 1.66 (m, 1 H), 4.18 (t, J = 2.0 Hz, 
2 H), 4.33 (at, J = 6.0, 2.0 Hz, 2 H). 

2J-Butadien-l-oLW 4Chlom2-butyn-l-ol(3.8 g, 35.9 m o l )  
gave 2,3-butadien-l-ol(l.6 g, 64%) as a colorless oil: bp, 48 "C 

bp12 38 "C); IR (CHC13, mi1) 3601,3436 (br) 1964, 'H NMR 
(CDC13) 6 1.55 (m, 1 H), 4.15 (m, 2 H), 4.86 (dt, J = 6.6, 3.0 Hz, 
2 H), 5.35 (m, J = 6.6 Hz, 1 H). 

Hexa-l&dien-rl-ol. 3-(Tetrahydropyran-2-yloxy)prop-l- 
yne.Wb Propargyl alcohol (2.1 mL, 2.0 g, 35.7 mmol) gave 
3-(tetrahydropyran-2-yloxy)propl-yne (2.9 g, 58%) as a colorleaa 
oil: bplo 83-84 "C; 'H NMR (CDC13) 6 1.50-1.85 (m, 6 H), 2.41 
(t, J = 2.4 Hz, 1 H), 3.51-3.56 (m, 1 H), 3.81-3.87 (m, 1 H), 4.23 
and 4.28 (AB, dd, J = 15.6, 2.4 Hz, 2 H), 4.82 (t, J = 3.2 Hz, 1 
HI. 
1-(Tetrahydropyran-2-yloxy)hex-2-yn-4-01?3b 3-(Tetra- 

hydropyran-2-y1oxy)prop-1-yne (3.6 g, 26.0 "01) gave 1-(tetra- 
hydropyran-2-yloxy)hex-2-yn-4-01(4.9 g, 96%) as a yellow oil: IR 
(CHC13, cm-') 3601, 3425 (br); 'H NMR (CDC13) 6 1.00 (t, J = 
7.4 Hz, 3 H), 1.51-1.81 (m, 9 H), 3.52-3.55 (m, 1 H), 3.81-3.83 
(m, 1 H), 4.24-4.35 (m, 3 H), 4.81 (t, J = 3.4 Hz, 1 H). 

Hexa-lf-dien-4-01.~.~ l-(Tetrahydropyran-2-yloxy)hex-2- 
yn-Col(2.6 g, 13.2 "01) gave hexa-l,2-dien-4-01 as a colorless 
oil: bplo 57 O C ;  IR (CHC13, cm-') 3601; 'H NMR (CDC13) 6 0.95 
(t, J = 7.4 Hz, 3 H), 1.59 (dq, J = 7.6,6.4 Hz, 2 H), 1.70 (8, 1 H), 
4.10 (m, 1 H), 4.85 (ddd, J = 6.4,2.4, 1.2 Hz, 2 H), 5.23 (9, J = 
6.4 Hz, 1 H). 

Hexa-2,a-dien- 1-01, 3- (Tetrahydrop yran-2-y1oxy)pent- 1- 
yne.23a,b 1Bentyn-3-01 (2.8 mL, 2.7 g, 31.8 "01) gave 3-(tet- 
rahydropyran-2-y1oxy)pentrl-yne (2.9 g, 54%) as a colorless oil, 
bp,, 95-97 "C. Inseparable mixture of two diastereomers: 'H 

H), 1.50-1.67 (m, 8 H), 1.67-1.87 (m, 8 H), 2.37 (d, J = 2.0 Hz, 
1 H), 2.43 (d, J = 2.0 Hz, 1 H), 3.50-3.56 (m, 2 H), 3.79-3.84 (m, 
1 H), 3.99-4.05 (m, 1 H), 4.24 (td, J = 6.4,2.0 Hz, 1 H), 4.36 (td, 
J = 6.4, 2.0 Hz, 1 H), 4.75 (t, J = 3.4 Hz, 1 H), 4.98 (t, J = 3.4 
Hz, 1 H). 
4-(Tetrahydropyran-2-yloxy)hex-2-yn-l-ol?~~b 3-(Tetra- 

hydropyran-2-y1oxy)pnt-1-yne (2.9 g, 17.3 "01) gave C(tetra- 
hydropyran-2-yloxy)hex-2-yn-l-ol(3.4 g, 99%) as an amber oil. 
Unseparated mixture of two diastereomers: IR (CHCl,, mi') 3601, 
3413 (br), 3295; 'H NMR (CDC13) 6 0.99 (t, J = 7.6 Hz, 3 H), 1.03 
(t, J = 7.6 Hz, 3 H), 1.4ih1.65 (m, 8 H), 1.67-1.86 (m, 10 H), 
3.50-3.54 (m, 2 H), 3.77-3.80 (m, 1 H), 3.97-4.00 (m, 1 H), 4.27-4.31 
(m, 5 H), 4.37-4.39 (m, 1 H), 4.74 (t, J = 3.2 Hz, 1 H), 4.96 (t, 
J = 3.2 Hz, 1 H). 

Hexa-2,3-dien-l-01?~~*~ 4-(Tetrahydropyran-2-yloxy)hex-2- 
yn-1-ol(2.9 g, 14.8 mmol) gave hexa-2,3-dien-l-ol as a yellowish 
oil: bplo 72-74 "C; IR (CHC13, cm-') 3613,3472 (br), 3295; 'H 
NMR (CDC13) 6 1.01 (t, J = 7.4 Hz, 3 H), 1.51 (s, 1 H), 2.04 (m, 
2 H), 4.11 (br s, 2 H), 5.36 (m, 2 H). 

2,2&Trichloroethyl 4-Chlorophenyl S ~ l f i d e . 2 ~ ~ 9 ~  4- 
Chlorothiophenol (11.5 g, 79.6 mmol) gave 2,2,2-trichloroethyl 
4chlorophenyl sulfide (11.2 g, 51%) as a yellow oil: bp0.5 120-140 
"C; IR (CHC13, cm-') 3002,1472,1202,1096,1008,908; 'H NMR 

22-Dichlorovinyl 4-Chlorophenyl Sulfide.26 4-Chloro- 
thiophenol (13.6 g, 94.2 mmol) gave 2,2-dichlorovinyl 4-chloro- 
phenyl sulfide (14.8 g, 66%) as a yellowish oil: bp0.5 145 "C; IR 

NMR (CDC13) 6 1.00 (t, J = 7.4 Hz, 3 H), 1.04 (t, J 7.4 Hz, 3 

(CDCl3) 6 4.05 (8, 2 H), 7.30 and 7.48 (AB, J = 8.6 Hz, 4 H). 

(22) (a) Brandsma, L.; Verkruijsse, H. D. Synthesis of Acetylenes, 
Allenes and Cumulenes; Elsevier: New York, 1981; p 65. (b) Schoop, 
A,; Brandsma, L.; Arens, J. F. Recl. Trau. Chim. Pays-Bas 1965,84,1200. 
(c) Brandmna, L.; Verkruijese, H. D. Synthesis of Acetylenes, Allenes and 
Cumulenes; Elsevier: New York, 1981; p 188. (d) Bailey, W. J.; Pfeifer, 
C. R. J. Org. Chem. 1966,20, 1337. 

(23) (a) Miyashita, N.; Yoshikoshi, A.; Grieco, P. A. J. Org. Chem. 
1977,42,3772. (b) Cowie, J. S.; Landor, P. D.; Landor, S. R. J. Chem. 
SOC., Perkin Tram. 1 1973,720. 

(24) (a) Nagashima, E.; Suzuki, K.; Sekiya, M. Chem. Pharm. Bull. 
1981, 29, 1274. (b) Anzeveno, P. B.; Mathews, D. P.; Barney, C. L.; 
Barbuch, R. J. J. Org. Chem. 1984,49, 3134. 

(25) Cristol, S. J.; Jarvis, B. B. J. Am. Chem. SOC. 1966, 88, 3095. 
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Table 11. Characteristic NMR Data 
'H (6) 

ArSCHRCC13 
Ar = Ph, R = H 4.09 (s, 2 H), 7.30 (m, 3 H), 7.55 (dd, J = 6.8, 1.2 Hz, 2 H) 
Ar = 2,6-MezPh, R = H 2.60 (8, 6 H), 3.84 (a, 2 H), 7.11-7.17 (m, 3 H) 
AI 4-OzNPh, R = H 4.21 (8, 2 H), 7.59 (d, J = 9.0 Hz, 2 H), 8.18 (d, J = 9.0 Hz, 2 H) 
Ar = Ph, R = Me 1.75 (d, J = 6.9 Hz, 3 H), 3.96 (q, J = 6.9 Hz, 1 H), 7.23-7.36 (m, 3 H), 7.49-7.57 (m, 2 H) 

Ar = Ph, R = H 4.05 (d, J = 3.6 Hz, 2 H), 7.58 (m, 3 H), 7.75 (dd, J = 8.0, 2.0 Hz, 2 H) 
Ar = 2,6-MezPh, R = H 2.66 (s, 6 H), 4.21 (d, J = 13.9 Hz, 1 H), 4.50 (d, J = 13.9 Hz, 1 H), 7.11 (d, J = 7.6 Hz, 2 H), 7.29 

AI = 4-OzNPh, R = H 4.10 (s, 2 H), 7.89 (d, J = 8.8 Hz, 1 H), 7.95 (d, J = 8.8 Hz, 1 H), 8.44 (dd, J = 13.6, 8.8 Hz, 2 H) 
Ar = Ph, R = Me 1.34 (d, J = 6.8 Hz, 3 H), 3.87 (9, J = 6.8 Hz, 1 H), 7.54-7.58 (m, 3 H), 7.75-7.77 (m, 2 H) 

AI = Ph, R = H 6.67 (8, 1 H), 7.57 (m, 3 H), 7.70 (m, 2 H) 
Ar = 2,6-Me2Ph, R = H 2.73 (s, 6 H), 5.39 (s, 1 H), 7.19 (d, J = 7.4 Hz, 2 H), 7.38 (t, J = 7.4 Hz, 1 H) 
AI = 4-0zNPh, R = H 6.66 (8, 1 H), 7.89 (d, J = 9.0 Hz, 2 H), 8.42 (d, J = 9.0 Hz, 2 H) 
Ar = Ph, R = Me 1.87 (8 ,  3 H), 7.51-7.54 (m, 3 H), 7.65-7.67 (m, 2 H) 

ArS(=O)CH=CCl(OR') 
Ar = Ph, R' = Et 1.44 (t, J = 7.2 Hz, 3 H), 4.29 (m, 2 H), 5.74 (s, 1 H), 7.50 (m, 3 H), 7.65 (m, 2 H) 
Ar = 2,6-MezPh, R' = Et (lb) 1.35 (t, J = 7.0 Hz, 3 H), 2.61 (8, 6 H), 4.14-4.23 (m, 2 H), 6.16 (8, 1 H), 7.05 (d, J = 7.6 Hz, 2 H), 

Ar = Ph, R' = CHzCH2CH=CH2 (12) 2.55 (qm, J = 6.8 Hz, 2 H), 4.20 (M, J = 6.8, 2.4 Hz, 2 H), 5.18 (dd, J = 12.0, 1.6 Hz, 1 H), 5.22 

ArS(d)CHRCC& 

(t, J = 7.6 Hz, 1 H) 

ArS(=O)CR=CC12 

7.22 (d, J = 7.6 Hz, 1 H) 

(dm, 17.2 Hz, 1 H), 5.72 (8 ,  1 H), 5.87 (ddm, J = 17.2, 10.4 Hz, 1 H), 7.47-7.51 (m, 3 H), 
7.62-7.64 (m, 2 H) 

(CHC13, cm-l) 1567, 1478, 1390,1091; 'H NMR (CDClJ 6 6.45 
(8,  1 H), 7.30 and 7.49 (AB, J = 8.6 Hz, 4 H). 
2,2,2-Trichloroethyl4-Chlorophenyl Sulfoxide (6a). To 

11.23 g (40.69 "01) of 2,2,2-trichloroethyl Cchlorophenyl sulfide 
in 9.0 mL of methylene chloride maintained at -20 "C was added 
dropwise a solution of m-CPBA (12.89 g, 41.10 "01) in 65.0 mL 
of methylene chloride. After complete addition, the reaction 
mixture was warmed to rt and stirred for 1 h, upon which it was 
poured into 75 mL of saturated aqueous sodium bicarbonate. The 
aqueous layer was extracted three times with 30 mL of diethyl 
ether. The organic phases were combined and dried over mag- 
nesium sulfate. The solvent was evaporated to afford 11.22 g of 
a yellow oil which was purified by short-path column chroma- 
tography (silica gel, eluting solvent diethyl ether/hexanes (1:4), 
then CH2C12) to yield 2,2,2-trichloroethyl khlorophenyl sulfoxide 
(6a) (6.05 g, 51%) as a white solid: mp 102.5-103.5 OC; IR (CHC13, 
cm-') 1091; 'H NMR (CDC13) 6 4.01 and 4.05 (AB, J = 14.0 Hz, 
2 H), 7.57 and 7.69 (AB, J = 8.6 Hz, 4 HI. Anal. Calcd for 
C&.OSCb: C, 32.91; H, 2.07; S, 10.91; C1,48.56. Found: C, 32.92; 
H, 2.12; S, 10.91; C1, 48.49. 

2,2-Dichlorovinyl 4-Chlorophenyl Sulfoxide (7a). The 
above procedure, using 14.8 g (62.0 mmol) of 2,2-dichlorovinyl 
4-chlorophenyl sulfide in 14 mL of methylene chloride and 12.8 
g (63.2 "01) of m-CPBA in 150 mL of methylene chloride yielded 
2,2-dichlorovinyl4-chlorophenyl sulfoxide (7a) (5.9 g, 37%) as 
a white solid along with recovered sulfide (8.2 g, 52%). 

Following the procedure described in the literature,248 sulfoxide 
6a (5.8 g, 19.8 "01) gave product 7a (2.2 g, 52%) as a yellowish 
solid mp 81-82 OC; IR (CHC13, c d )  3013,1584,1478,1390,1219, 

136.1 (2 C), 137.8, 141.3. Anal. Calcd for C8H50SC13: C, 37.73; 
H, 1.96; C, 12.49; C1,41.49. Found: C, 37.60; H, 1.97; S, 12.55; 
C1, 41.62. 

2-Chlor0-2ethoxyvinyl 4-Chlorophenyl Sulfoxide (la). To 
0.172 mL (2.93 m o l )  of ethanol in 5.8 mL of THF at -78 "6 was 
added dropwise 2.09 mL (2.93 "01) of methyllithium, 1.4 M in 
diethyl ether. The resulting mixture was stirred at -78 "C for 
15 min and was then cannulated into a solution of 748.8 mg (2.93 
mmol) of 2,2-dichlorovinyl4-chlorophenyl sulfoxide (7a) in 5.8 
mL of THF at -78 "C. The reaction mixture was allowed to warm 
to rt. The solvent was then evaporated to afford a brown oil. 
Subsequent purification via shorbpath column chromatography 
(silica gel, eluting solvent diethyl ether/hexanes (32)) yielded 
2-chloro-2-ethoxyvinyl4-chlorophenyl sulfoxide (la) (574.6 mg, 
75%) as a yellow oil: IR (CHCl,, cm-') 1606,1249,1089,1071; 
'H NMR (CDClJ 6 1.43 (t, J = 7.0 Hz, 3 H), 4.26-4.33 (m, 2 H), 
5.69 (s, 1 H), 7.48 (dt, J = 8.8, 2.0 Hz, 2 H), 7.58 (dt, J = 8.8, 2.0 

914; 'H NMR (CDCl3) 6 6.64 (8,  1 H), 7.54 and 7.63 (AB, t, J 
8.8, 2.0 Hz, 4 H); 13C NMR (CDCl3) 6 125.2, 129.7 (2 C), 132.1, 

Hz, 2 H); "C NMR (CDC13) 6 14.4, 69.1, 115.1, 125.4 (2 C), 129.5 
(2 C), 136.9,143.6, 152.4; HRMS calcd for M - 48 Cl&loCl~Oz 
216.0109, found 216.0111. 

For characteristic NMR data of related compounds, see Table 
11. 

Ethyl 3-Methyl-4-oxo-2-pentenoate (Sa). To 52.9 mg (0.200 
mmol) of 2-chloro-2-ethoxyvinyl4-chlorophenyl sulfoxide (la) 
in 0.15 mL of THF at -78 "C was added 0.282 mL (0.166 "01) 
of a 0.589 M solution of lithium alkoxide of 2-butyn-1-01 in THF 
at -78 OC. [The latter was generated via addition of 0.119 mL 
(0.166 mmol) of methyllithium, 1.4 M in diethyl ether, to 12.7 
pL (0.166 "01) of 2-butyn-1-01 in 0.15 mL of THF at -78 "C 
and subsequent stirring at -78 "C for 15 min.] The reaction 
mixture was stirred at -78 OC for 1 h, upon which it was allowed 
to warm to rt. It was then transferred under nitrogen into an 
hydrolysis tube equipped with a Teflon screw cap, THF (0.4 mL) 
was added, and the tube was sealed (by screwing ita cap tightly) 
and then maintained at 100 "C for 1 h. The reaction mixture was 
then cooled to rt and concentrated to afford a brown oil. Sub- 
sequent purification via short-path column chromatography (silica 
gel, eluting solvent diethyl ether/pentane (1:199,1:49,1:9,1:4)) 
yielded ethyl (E)-3-methyl-4-oxo-2-pentenoate (Sa) (14.3 mg, 55%) 
as a yellow oil: IR (CHC13, cm-l) 1719,1684; 'H NMR (CDClJ 
6 1.33 (t, J = 7.2 Hz, 3 H), 2.21 (d, J = 1.6 Hz, 3 H), 2.39 (a, 3 
H), 4.25 (q, J = 7.2 Hz, 2 H), 6.57 (9, J = 1.5 Hz, 1 H); '3c NMR 

calcd for CBH1203 156.0786, found 156.0789. 
Ethyl 3-Phenyl-4-oxo-2-pentenoate (8b). The above pro- 

cedure, using 52.2 mg (0.197 mmol) of 2-chloro-2-ethoxyvinyl 
Cchlorophenyl sulfoxide (la) in 0.1 mL of THF, 0.117 mL (0,164 
mmol) of methyllithium 1.4 M in diethyl ether, 20.1 pL (0.164 
mmol) of 3-phenyl-2-propyn-1-01 in 0.1 mL of THF, and 0.4 mL 
of additional THF, yielded ethyl 3-phenyl-4oxo-2-pentenoate (8b) 
(20.4 mg, 57%) as an inseparable mixture of stereoisomers (7:1), 
yellow oil: IR (CHC13, cm-') 1755, 1708; 'H NMR (CDClJ 6, 
stereoisomer 1, 1.32 (t, J = 7.2 Hz, 3 H), 2.44 (8, 3 H), 4.23 (9, 
J = 7.2 Hz, 2 H), 6.15 (8, 1 H), 7.42 (m, 5 H); 13C NMR (CDC13) 
6 14.1,30.4,61.0,115.4,126.8,129.1 (2 C), 130.5 (2 C), 132.8,158.1, 
165.4,204.4; HRMS calcd for C13H1403 218.0943, found 218.0939; 
'H NMR (CDClJ 6, stereoisomer 2,1.32 (t, J = 7.2 Hz, 3 H), 2.30 
(8,  3 H), 4.23 (9, J = 7.2 Hz, 2 H), 6.20 (s, 1 H), 7.31 (m, 5 H). 

Ethyl 3-(Trimethylsily1)-4-0~0-2-pentenoate (8c). The 
above procedure, using 34.7 mg (0.131 mmol) of 2-chloro-2-eth- 
oxyvinyl4-chlorophenyl sulfoxide (la) in 0.1 mL of THF, 0.095 
mL (0.133 mmol) of methyllithium, 1.4 M in diethyl ether, 12.2 
mg (0.095 "01) of 3-(trimethylsilyl)-2-propyn-l-o1 in 0.1 mL of 
THF, and 0.4 mL of additional THF, yielded ethyl 3-(tri- 
methylsilyl)-4-oxo-2-pentenoate (8c) (10.7 mg, 52%) as an inse- 

(CDCl3) 6 13.0, 14.2, 26.6, 60.8, 126.5, 150.4, 166.2, 199.9; HRMS 
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parable mixture of stereoisomers (81), yellow oil: IR (CHC13, cm-') 
1719, 1 W ,  'H NMR (CDC13) 6, stereoisomer 1,0.24 (s,9 H), 1.31 
(t, J = 7.2 Hz, 3 H), 2.27 (8, 3 H), 4.22 (q, J = 7.2 Hz, 2 H), 6.37 

165.7,166.2,207.0; HRMS calcd for M - 15 ClJI1803Si 199.0790, 
found 199.0787; 'H NMR (CDC13) 6, isomer 2,0.19 (s,9 H), 1.31 
(t, J = 7.2 Hz, 3 H), 2.27 (s,3 H), 4.22 (q, J = 7.2 Hz, 2 H), 6.33 
(8,  1 HI. 

Ethyl 3-[[( tert-Butyldimethylsilyl)oxy]methyl]-4-oxo-2- 
pentenoate (8d). The above procedure, using 69.5 mg (0.262 
mmol) of 2-chloro-2-ethoxyvinyl4-chlorophenyl sulfoxide (la) 
in 0.1 mL of THF, 0.150 mL (0.211 mmol) of methyllithium, 1.4 
M in diethyl ether, 42.2 mg (0.211 mmol) of 4-[(tert-butyldi- 
methylsilyl)oxy]-2-butyn-l-ol in 0.1 mL of THF, and 0.4 mL of 
additional THF, yielded ester 8d (48.5 mg, 80%) as a nonsepated 
mixture of stereoisomers (41), yellow oil: IR (CHC13, cm-') 1719, 
1684. Isomer 1: 'H NMR (CDC13) 6 0.06 (8, 6 H), 0.87 (8, 9 H), 
1.30 (t, J = 7.2 Hz, 3 H), 2.39 (s,3 H), 4.22 (q, J = 7.2 Hz, 2 H), 
4.90 (d, J = 1.2 Hz, 2 H), 6.29 (d, J = 1.2 Hz, 1 H); HRMS calcd 
for M - 15 C14H2604Si 271.1366, found 271.1362. Isomer 2: 'H 
NMR (CDC13) 6 0.08 (e, 6 H), 0.91 (8,  9 H), 1.28 (t, J = 7.2 Hz, 
3 H), 2.38 (s,3 H), 4.18 (q, J = 7.2 Hz, 2 H), 4.32 (d, J = 2.0 Hz, 
2 H), 5.91 (t, J = 2.0 Hz, 1 H). Anal. Calcd for C14H2604Si: C, 
58.70; H, 9.15. Found: C, 58.61; H: 9.14. 

Ethyl 3-(Chloromethyl)-4-oxo-2-penten~~ (&). The above 
procedure, using 66.2 mg (0.250 "01) of 2-chloro-2-ethoxyvinyl 
Cchlorophenyl sulfoxide (la) in 0.1 mL of THF, 0.146 mL (0.205 
mmol) of methyllithium, 1.4 M in diethyl ether, 21.4 mg (0.205 
mmol) of 4-chloro-2-butyn-1-01 in 0.1 mL of THF, and 0.5 mL 
of additional THF, yielded ester 8e (29.9 mg, 77%) as an inse- 
parable mixture of stereoisomers (5:1), yellow oil, along with 
recovered 4chloro-2-butyn-l-o1(2.4 mg, 11%): IR (CHC13, an-') 
1719, 1690. Isomer 1: 'H NMR (CDC13) 6 1.35 (t, J = 7.2 Hz, 
3 H), 2.44 (8,  3 H), 4.30 (q, J = 7.2 Hz, 2 H), 4.78 (8,  2 H), 6.65 

164.8,197.2; HRMS calcd for M - 15 C8H1103C1 175.0162, found 
175.0163. Isomer 2: 'H NMR (CDC13) 6 1.29 (t, J = 7.2 Hz, 3 
H), 2.46 (8, 3 H), 4.20 (d, J = 1.2 Hz, 2 H), 4.21 (q, J = 7.2 Hz, 
2 H), 6.02 (t, J = 1.2 Hz, 1 H); '% NMR (CDClh 6 14.1,33.7,43.8, 
61.4,120.1, 148.4, 186.0, 198.0. Anal. Calcd for C18H1103Cl: C, 
50.41; H, 5.82. Found: C, 50.43; H: 5.87. 

Ethyl 3-Methyl-4-0~0-2-heptenoate (Sa). The above pro- 
cedure, using 52.7 mg (0.199 mmol) of 2-chloro-2-ethoxyvinyl 
4-chlorophenyl sulfoxide (la) in 0.1 mL of THF, 0.118 mL (0.166 
mmol) of methyllithium, 1.4 M in diethyl ether, 18.7 pL (0.166 
"01) of 4hexyn-3-01 in 0.1 mL of THF, and 0.3 mL of additional 
THF, yielded crude ethyl 3-methyl-4-0~0-2-heptenoate (Sa) as 
an amber oil. Subsequent purification via short-path column 
chromatography (silica gel, eluting solvent diethyl ether/pentane 
(1:199, 1:49)) followed by purification via PTLC (1 X 500 pm, 
eluting solvent diethyl ether/hexanes (1:1), extraction solvent 
methylene chloride) yielded ethyl 3-methyl-4-oxo-2-heptenoate 
(Sa) (20.1 mg, 66%) as an inseparable mixture of stereoisomers 
(1.31), yellow oil: IR (CHCla, cm-') 1719,1684; 'H NMR (CDC13) 
6, isomer 1, 0.94 (t, J = 7.4 Hz, 3 H), 1.33 (t, J = 7.0 Hz, 3 H), 
1.66 (m, J = 7.4 Hz, 2 H), 2.23 (d, J = 1.2 Hz, 3 H), 2.68 (t, J = 
7.2 Hz, 2 H), 4.24 (q, J = 7.2 Hz, 2 H), 6.54 (d, J = 1.2 Hz, 1 H); 
13C NMR (CDC13) 6 11.7, 14.2, 14.3, 23.7,53.2,60.8,129.3, 150.6, 

'H NMR (CDC13) 6, isomer 2, 1.02 (t, J = 7.4 Hz, 3 H), 1.31 (t, 
J = 7.0 Hz, 3 H), 1.66 (m, J = 7.2 Hz, 2 H), 2.29 (d, J = 1.6 Hz, 
3 H), 2.68 (t, J = 7.2 Hz, 2 H), 4.21 (q, J =  7.2 Hz, 2 H), 6.36 (d, 
J = 1.2 Hz, 1 H). Anal. Calcd for C10H1603: C, 65.19; H, 8.75. 
Found C, 64.64; H, 8.57. 

Ethyl 3-Ethyl-4-0~0-2-heptenoate (9b). The above proce- 
dure, using 52.9 mg (0.200 mmol) of 2-chloro-2-ethoxyvinyl 4- 
chlorophenyl sulfoxide (la) in 0.1 mL of THF, 0.119 mL (0.166 
mmol) of methyllithium, 1.4 M in diethyl ether, 19.1 mg (0.166 
mmol) of 4-heptyn-3-01 in 0.1 mL of THF, and 0.4 mL of addi- 
tional THF, yielded crude ethyl 3-ethyl-40x0-2-heptenoate (Sb), 
as an amber oil. Subsequent purification via short-path column 
chromatography (silica gel, eluting solvent diethyl ether/pentane 
(1:199, 1:49)) followed by purification via PTLC (1 X 500 pm, 
eluting solvent diethyl ether/hexanes (l:l), extraction solvent 
methylene chloride) yielded ethyl 3-ethyl-40x0-2-heptenoate (9b) 
(25.2 mg, 77%) as an inseparable mixture of stereoisomers (1:3), 

(8, 1 H); 13C NMR (CDC13) 6 -0.7 (3 C), 14.1, 29.8, 61.0, 130.9, 

(8, 1 H); 13C UMR (CDC13) 6 14.1, 26.4, 34.6, 61.6, 128.6, 148.4, 

165.9,197.2; HRhfs d c d  for c1&1603 184.1099, found 184.1098; 

Posner et  al. 

light yellow oil: IR (CHCl,, cm-') 1713,1684; 'H NMR (CDClJ 
6, isomer 1, 0.94 (t, J = 7.4 Hz, 3 H), 1.02 (t, J = 7.4 Hz, 3 H), 
1.32 (t, J = 7.2 Hz, 3 H), 1.65 (m, J = 7.4 Hz, 2 H), 2.66 (t, J = 
7.2 Hz, 2 H), 2.77 (q, J = 7.4 Hz, 2 H), 4.24 (9, J = 7.2 Hz, 2 H), 
6.45 (s, 1 H); HRMS calcd for C11H18O3 198.1256, found 198.1256; 
lH NMR (CDC13) 6, isomer 2, 1.01 (t, J = 7.2 Hz, 3 H), 1.07 (t, 
J = 7.4 Hz, 3 H), 1.31 (t, J = 7.2 Hz, 3 H), 1.65 (m, J = 7.4 Hz, 
2 H), 2.66 (t, J = 7.2 Hz, 2 H), 2.77 (q, J = 7.4 Hz, 2 H), 4.13 (q, 
J = 7.2 Hz, 2 H), 6.28 (s, 1 H). Anal. Calcd for C11H1803: C, 66.62; 
H, 9.16. Found C, 66.30; H, 8.79. 

Ethyl 2,4,5-Trimethyl-2-(oxoethyl)-4-cyclohexene-l- 
carboxylate (10). Ethyl 3-methyl-4oxo-2-pentenoate (8a) (46.9 
mg, 0.30 mmol), 2,3-dimethyl-l,3-butadiene (348.4 pL, 252.9 mg, 
3.0 mmol), and 0.50 mL of methylene chloride were combined 
under argon. A solution of titanium tetrachloride, 1 M in CHzC12 
(120.1 pL, 0.12 mmol), was then added dropwise at rt. The 
reaction mixture was then stirred at rt for 18 h, upon which it 
was diluted with CH2C12 and washed with water. The aqueous 
phase was extracted three times with CH2Cl2, and the combined 
organic phases were washed with brine, dried over magnesium 
sulfate, and filtered. Concentration afforded a yellow oil which 
was purified via short-path column chromatography (silica gel, 
eluting solvent diethyl ether/hexanes (1:4)) to yield product 10 
(76.4 mg, quant) as a yellow oil: IR (CHC13, cm-I) 1719, 1696; 
'H NMR (CDC13) 6 1.21 (8, 3 H), 1.23 (t, J = 7.2 Hz, 3 H), 1.62 
(8,  3 H), 1.64 (s, 3 H), 1.77 (d, J = 16.8 Hz, 1 H), 2.10-2.30 (m, 
3 H), 2.21 (s, 3 H), 3.04 (dd, J = 10.8, 6.0 Hz, 1 H), 4.10 (qd, J 
= 7.2,1.6 Hz, 2 H); 13C NMR (CDC13) 6 14.1,16.5, 18.5,19.0,25.6, 
31.5,42.0,44.4,48.9,60.4,122.7,123.5, 174.0,212.9; HRMS calcd 
for Cl4H2203 238.1569, found 238.1570. 

Ethyl 4,S-Dimethylpyrazole3-carboxylate (1 1). To alke- 
noate 88 (24.4 mg, 0.128 mmol) in 0.5 mL of ethanol at rt was 
slowly added under argon a solution of anhydrous hydrazine (16.2 
pL, 16.4 mg, 0.512 mmol) in 0.5 mL of ethanol. The reaction 
mixture was then heated at reflux for 4 h, upon which it was cooled 
to rt  and concd to afford a yellow oil which was purified via 
short-path column chromatography (silica gel, eluting solvent 
diethyl ether/hexanes (1:2.3,1:1.5,1:1)) to yield product 11 (10.8 
mg, 50%) as a white solid mp 81-82 OC; IR (CHCl,, cm-') 1713; 
'H NMR (CDC13) 6 1.39 (t, J = 7.2 Hz, 3 H), 2.22 (8, 3 H), 2.24 
(s,3 H), 4.37 (q, J = 7.2 Hz, 2 H), consistent with literature data.5b 
3-Butenyl3-Methyl-4-oxo-Zpentenoate (15). The procedure 

described for alkenoate 8a, using 204.5 mg (0.796 "01) of reagent 
12 in 0.4 mL of THF, 0.474 mL (0.664 "01) of methyllithium, 
1.4 M in diethyl ether, 50.7 yL (0.664 mmol) of 2-butyn-1-01 in 
0.4 mL of THF, and 0.8 mL of additional THF, yielded ester 15 
(85.9 mg, 71%) as an inseparable mixture of two stereoisomers 
(41), yellow oil: IR (CHCl,, cm-') 1719,1684, 'H NMR (CDCl3) 
6, isomer 1, 2.21 (d, J = 1.6 Hz, 3 H), 2.39 (8, 3 H), 2.45 (qt, J 
= 6.8, 1.4 Hz, 2 H), 4.25 (t, J = 6.8 Hz, 2 H), 5.10 (dm, J = 10.4 
Hz, 1 H), 5.14 (dm, J = 18.0 Hz, 1 H), 5.81 (m, 1 H), 6.67 (q, J 

126.3, 133.7, 150.6, 166.1, 199.8; HRMS calcd for C10H1403 M - 
15 167.0708, found 167.0710; 'H NMR (CDC13) 6, isomer 2, 2.24 
(d, J = 1.6 Hz, 3 H), 2.39 (s,3 H), 2.45 (qt, J = 6.8, 1.4 Hz, 2 H), 
4.25 (t, J = 6.8 Hz, 2 H), 5.10 (dm, J = 10.4 Hz, 1 H), 5.14 (dm, 
J = 18.0 Hz, 1 H), 5.81 (m, 1 H), 6.48 (q, J = 1.6 Hz, 1 H). 

Ethyl 3-(Hydroxymethyl)-2,4-pentadienoata ((E)-18a) and 
Corresponding Lactone (Z)-18a. l-(Phenylsulfinyl)-2,2,2- 
triehoxyethane' (176.0 mg, 0.615 mmol), 2,3-butadien-l-ol(20.4 
mg, 0.291 mmol), and 2,4,6-trimethylbenzoic acid (0.96 mg, 5.8 
pmol) were combined under Nz in an hydrolysis tube equipped 
with a Teflon screw cap. Methylene chloride (0.5 mL) was then 
added and the tube was sealed (by screwing ita cap tightly). The 
reaction mixture was subsequently maintained at  100 "C for 1 
h, upon which it was cooled to rt and concd to afford a crude 
mixture of (&-Ma and (z)-l8a (1:l) as a yellow oil. Subsequent 
purification via short-path column chromatography (silica gel, 
eluting solvent diethyl ether/pentane (1:199, 1:49,1:9, 1:4,1:1.5)) 
followed by purification via PTLC (1 X 500 pm, eluting solvent 
diethyl ether/hexnnes (1,5:1), extraction solvent methylene 
chloride) yielded compounds (&-18a (14.5 mg, 32%) as a colorless 
oil and (2)-18a (1.7 mg, 5%) as a yellow oil. Ester (E)-18a: IR 
(CHC13, c d )  3613, 3483 (br) 1702; 'H NMR (CDC13) 6 1.29 (t, 
J = 7.0 Hz, 3 H), 1.77 (t, J = 5.4 Hz, 1 H), 4.19 (q, J = 7.2 Hz, 
2 H), 4.47 (d, J = 4.0 Hz, 2 H), 5.42 (dd, J = 11.4, 1.3 Hz, 1 H), 

= 1.6 Hz, 1 H); 13C NMR (CDC13) 6 13.1, 26.2, 32.9,63.9, 117.4, 
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5.53 (d, J = 18.2 Hz, 1 H), 6.05 (8,  1 H), 7.64 (dd, J = 18.0, 11.3 

151.6,166.3; HRMS d c d  for C8H,,0, 156.0786, found 156.0783. 
Lactone (Z)-l8a: 'H NMR (CDC13) 6 4.99 (dd, J = 1.8,0.5 Hz, 
2 H), 5.61 (d, J = 11.0 Hz, 1 H), 5.62 (d, J = 17.7 Hz, 1 H), 5.98 
(m, 1 H), 6.70 (ddd, J = 17.8, 10.9, 0.7 Hz, 1 H), consistent with 
literature data.% IR and HRMS could not be taken, due to the 
instability of this compound. 

Ethyl 3 4  l-Hydroxypropyl)-2,4-pentadienoate (( E)-l8b) 
and Corresponding Lactone (Z)-lBb. The above procedure, 
using 796.0 mg (2.78 mmol) of l-(phenylsulfinyl)-2,2,2-trieth- 
oxyethane,' 137.5 mg (1.40 "01) of hexa-2,3-dien-l-ol, a catalytic 
amount of 2,4,6-trimethylbenzoic acid, and 2.0 mL of methylene 
chloride, yielded a crude mixture of (E)-l8b and (Z)-18b (31) as 
a brown oil. Subsequent purification via short-path column 
chromatography (silica gel, eluting solvent diethyl ether/ pentane 
(1:199,1:49, 1:9,1:4)) followed by purification via PTLC (2 X 1500 
pm, eluting solvent diethyl ether/hexanes (1.51), extraction 

Hz, 1 H). '3C NMR (CDCl3) 6 14.2,60.0,62.5, 116.1,119.5, 131.5, 
solvent methylene chloride) yielded compounds (Q-18b (74.2 mg, 
29%) as a yellow oil and (2)-18b (23.7 mg, 12%) a~ a yellow oil. 
Ester (E)-18b IR (CHCI,, cm-') 3601,3519 (br), 1702; 'H Nh4R 

(m, 2 H), 1.80 (m, 1 H), 4.18 (qd, J = 7.2,2.3 Hz, 2 H), 4.61 (m, 
1 H), 5.43 (ddd, J = 11.6,1.5,1.0 Hz, 1 H), 5.55 (d, J = 18.1 Hz, 
1 H), 6.06 (8,  1 H), 7.61 (dd, J = 18.6, 11.6 Hz, 1 H); 13C NMR 
(CDClJ 6 10.2,15.5,30.4,60.3,66.1,116.1,119.8,132.1,156.2,166.8; 
HRMS calcd for C10H1,j03 184.1099, found 184.1103. Lactone 
(Z)-18b IR (CHC13, cm-'1 1749; 'H NMR (CDC13) 6 0.93 (t, J 
= 7.4 Hz, 3 H), 1.67 (m, 1 H), 2.11 (m, 1 H), 5.15 (m, 1 H), 5.64 
(d, J = 11.2 Hz, 1 H), 5.67 (d, J = 17.8 Hz, 1 H), 5.98 (8, 1 H), 
6.57 (dd, J = 17.8, 11.1 Hz, 1 H). 
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The photolysis of 2-azido-1-methoxyphenazine (la) and its ethoxy homologue (lb) takes an unusual course. 
It involves the addition of a singlet nitrene or one of its cyclic tautomers to the ground-state azide to form the 
N-phenazinyl iminoether Sa (from la) and a 2-oxazolo[5,4a]phenazinyl derivative of a quinoxalinylpropenenitrile 
(10, from both la and lb). Products derived from the triplet nitrene are formed as well. The effects of varying 
some of the experimental conditions were determined. A mechanism for the photolysis is proposed. 

Introduction 
For several years we have been interested in the pho- 

tochemical decomposition of heterocyclic azides, in par- 
ticular, azidophenazines. Depending on the reaction 
conditions, such compounds give high yields of either, from 
the singlet nitrene, products of trapping by nucleophiles 
or, from the triplet nitrene, dimers and products of trap- 
ping by radical scavengers.' In contrast, the photolysis 
of carbocyclic aromatic azides usually gives poor yields of 
such products.2 

We earlier reportedla some results of the photolysis of 
2-azido-1-methoxyphenazine (la). Besides the oxazole 2a 
and the amine 3a, which were derived from the triplet 
nitrene (Scheme I), another major product a r ae  from what 
appeared to be the coupling of two molecules of the sub- 
strate. We assigned an iminoazepine structure (formula 
4) to this compound and postulated that it was formed by 

~ 
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the 1,3-dipolar cycloaddition of the ground-state azide to 
the dehydroazepine 5, a cyclic isomer of singlet nitrene 
(Scheme 11). 
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