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a-Methylene-y-butyrolactone rings have been constructed by bis(benzonitri1e)paUadium dihalide or Pd- 
(OAc)&X catalyzed cyclization reaction of haloallylic 2-alkynoatea A mechanism involving a tram halopalladation, 
followed by intramolecular insertion of a carbon-carbon double bond to a carbon-palladium bond and subsequent 
dehalopalladation, is briefly discussed. 

Introduction 
Recently, much attention has been focused on transition 

metal(0) catalyzed ring construction.'-' However, the 
transition metal(0) catalyzed cyclization of a,&unsaturated 
acid allylic esters that would lead to lactones has not been 
studied, probably due to the possibility of allylic carbon- 
oxygen bond cleavage by the low-valent transition metal 
catalysts.6 

The a-methylene-7-butyrolactone ring is an integral 
building block of many natural products, especially the 
sesquiterpene lactones in which the conjugated exocyclic 
double bond is considered to be responsible for their in- 
teresting biological properties.6 Since the discovery of 
several naturally occurring cytotoxic or antitumor agents 
(e.g., eupurotin, elephantin, vernolepin, etc.) that possess 
the a-methylene lactone ring, much interest has been 
shown in this class of compounds. Several reviews dealing 
with the synthesis of a-methylene lactones have been 
published.' Generally, the a-methylene lactones are 
synthesized by a-methylenation of preformed lactones, by 
oxidation of a-methylenecyclobutone and @-methylene 
tetrahydrofuran, or from functionali i  acyclic precursors. 
This lactone ring can also be built up by radical cyclization, 
albeit in poor yield.* There are reports in the literature 
of palladium-catalyzed cyclocarbonylation of hydroxy- 
substituted vinyl halides: cyclization of homoallylic car- 
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Table I. Bis(benzonitri1e)pnlladium Dibromide Catalyzed 
Cyclization of 4'-Bromo-2'(E)-butenyl2-Propynoate (la) in 

Different Solvents' 

fBr H 

0 
Jot 5% PdBr2(PhCN)zc 

solvent, f l  
0 

l a  2a 

isolated 
entry solvent reaction time (h) yield (%) 
1 benzene 96 lob 
2 EtOH 24 40 
3 CHSCN 24 55 
4 CHSNOZ 24 30 
5 THF 24 50 
6 DMF 18 60 
7 HOAc 1 70 

OThe reaction was monitored by TLC on silica gel. b50% of la 
was recovered. 

bonochloridates,1° and the reaction of alkynyl alcohols with 
nickel carbonyl to construct the a-methylene-ybutyro- 
lactones." Thus, it is of interest to study the transition 
metal catalyzed cyclization of allylic 2-alkynoates to the 
a-methylene-y-butyrolactone ring. In this approach, the 
lactone ring is constructed by a carbon-carbon bond for- 
mation reaction of an acyclic ester and would provide a 
new methodology for the formation of the a-methylene 
lactone ring (eq 1). 

Generation of a low-valent metal complex that would 
lead to the allylic carbon-oxygen bond cleavage of the 
allylic esters must be avoided. In the literature, where a 
divalent palladium complex is the catalytically active 
species, zero-valent palladium is usually formed during the 
reaction and is reoxidized by oxidants to complete the 
catalytic cycle.12 In some cases, the divalent palladium 
complex is used in stoichiometric amount.13 Kaneda et 
al. reported the bis(benzonitri1e)palladium dihalide cata- 
lyzed codimerization of alkynes and allylic halides in which 
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Table 11. Cyclization of 4'-Chloro-2'( 2)-butenyl 
2-Propynoate (la) with Different Catalysts in Acetic Acid 

H 

l b  2b 

isolated 
entry catalyst reaction timeo (h) yield (9%) 

1 PdCla (PhCNh 1 81 
2 PdC1; 96 86 
3 PdC12-5LiCl 8.6 93 

6 Pd(dba)* 35 43 

4 PdCl&PPh& 144 -b 
6 Pd(0Ac)s 24 64 

a The reaction was monitored by TLC on silica gel. * lb was 
completely recovered. 

the divalent palladium was regenerated by dehalo- 
palladation." Thus, it occurred to us that it might be 
possible to form a-methylene-y-butyrolactones from 
molecules that incorporate both a carbon-carbon triple 
bond and an allylic halide. In a preliminary communica- 
tion, we have reported the bis(benzonitri1e)palladium di- 
halide catalyzed cyclization of 4'-halo-2/-alkenyl 2-alky- 
noates to form a-(2)-(halomethy1ene)-y-butyrolactone 
derivatives stereoselectively.16 In this paper, we describe 
this reaction in detail and report a more efficient procedure 
than the original one. 

Results and Discussion 
Effect of Solvent. Table I shows the results of cycli- 

zation of 4/-bromo-2/(E)-butenyl2-propynoate (la) under 
the catalysis of bis(benzonitri1e)palladium dibromide in 
different solvents. The most suitable solvent is acetic acid 
in which this reaction finished within 1 h to give a-(bro- 
momethylene)-@-vinyl-y-butyrola&ne (2a) in good yield. 
GC-MS analysis showed two peaks with the same mo- 
lecular ionic peak, indicating that 2a was a mixture of two 
geometrical isomers referred to the exocyclic double bond. 
The lH NMR spectra showed signals at b 7.60 and 6.80 
ppm with a ratio of 397. The configuration of the exocyclic 
double bond in the main isomer was determined to be 2 
on the basis of the literature data that higher field chemical 
shift was assigned for the 2 isomer.16 

Effect of Catalysts. Several palladium complexes were 
tried for the cyclization of 4'-chloro-2'(E)-butenyl 2- 
propynoate (lb) (Table 11). Palladium dichloride cata- 
lyzed this reaction slowly (Table 11, entry 2), probably due 
to its low solubility in acetic acid. However, when 25% 
of lithium chloride was added, the reaction was faster 
(Table 11, entry 3). Strangely, bis(tripheny1phosphine)- 
palladium dichloride did not catalyze this conversion 
(Table 11, entry 4). 

Cyclization of 4~-Balo-2'-alkenyl2-Alkynoates (1). 
The results of the cyclization reaction using bis(benzo- 
nitri1e)palladium dihalide as the catalyst (method A) are 
shown in Table III. 4~-Hal~2'-butenyl2-propynoates gave 
the a-(Z)-(halomethylene)-8-vinyl-y-butyrolactones ste- 
reoselectively, while with substituted 2-alkynoates the 
reaction was slower with poor stereoselectivity. 

In the case of 4t-iodo-2/(E)-buteny1 2-propynoate (ld), 
1 equiv of lithium iodide was added to dissolve the in- 
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soluble palladium diiodide, and the reaction was carried 
out at 20-60 "C. In addition to lactone 2d, another product 
characterized as 4~-iodo-2~-butenyl3(Z)-iodopropenoate (3) 
was isolated. In the absence of PdI,, the reaction of lithium 
iodide with Id in acetic acid at  60 O C  afforded 4'-acet- 
oxy-2'-butenyl B(Z)-iodopropenoate (4) exclusively in 67% 
yield," indicating that 3 might be formed by the nucleo- 
philic addition of lithium iodide to the electron-deficient 
carbon-carbon triple bond in ld.18 

Using method A, it can be seen that with different 
halogen atom in the allylic moiety in 2-alkynoates (I), 
different palladium dihalides were desired. Thus, it oc- 
curred to us that it would be more convenient to use the 
same palladium(II) complex in combination with ditYerent 
halide salta as the catalysts. Since it has been found that 
the reaction of lb catalyzed by P ~ ( O A C ) ~  afforded 2b in 
64% yield in 24 h, without any a-(acetoxymethy1ene)-8- 
vinyl-y-butyrolactone (5) being detected (Table 11, entry 
5), P ~ ( O A C ) ~  was chosen to meet this requirement. Ad- 
dition of the less soluble sodium chloride as the halogen 
source catalyzed lb to 2b in 86% yield in 10 h, while when 
lithium chloride was added, the reaction became homo- 
geneous immediately and finished within 1 h with quan- 
titative yield. The results using P ~ ( O A C ) ~ - L ~ X  as the 
catalyst are shown in Table I11 (method B). Comparison 
of the results of methods A and B in Table 111 shows that 
both the reaction rate and yield of cyclization are greatly 
improved by using method B. 

From Table III, it can also be seen that the configuration 
of the allylic double bond does not influence the reaction 
(compare entries 2 and 3). With the tetrasubstituted allylic 
double bond in le, both methods A and B gave the cyclized 
product in poor yield. 

Stereoselectivity. The exocyclic double bonds were 
formed highly stereoselectively with the unsubstituted 
2-alkynoates (I), while with substituents on the carbon- 
carbon triple bond, both methods A and B afforded 2 with 
low stereoselectity. When more lithium halide was added, 
the stereoselectivity improved (compare methods A and 
B of entry 6 in Table 111). The effect of lithium halide on 
the stereoselectivity was demonstrated by the cyclization 
of lg as shown in Table IV. The reaction occurred highly 
stereoselectively in the presence of 4 equiv of lithium 
bromide. This may be due to the fact that addition of 
lithium halide favors the trans halopal ladat i~n.~~J~ 

Mechanism. The present reaction might occur through 
a mechanism similar to that of the codimerization of 
acetylenes and allylic halides proposed by Kaneda et al." 
This would involve an intramolecular insertion of the al- 
lylic carbon-carbon double bond into the carbon-palla- 
dium bond in the vinylpalladium intermediate formed by 
the halopalladation of the carbon-carbon triple bond, 
followed by dehalopalladation to yield a-methylene-y- 
butyrolactone derivatives 2 and the catalytically active 
divalent palladium species (Scheme I). 

Using 5 mol % of PdC12(PhCN)2 as the catalyst, the 
cyclization of la afforded 2a in 70% yield while when 50 
mol % of PdC12(PhCN), was used, both 2a and 2b were 
isolated in 35% and 19% yields, respectively. This fact 
illustrates that the bromine atom comes from the allylic 
bromine atom in la, i.e., as won &s the reaction is initiated, 
the palladium bromide species formed during the reaction 
plays the main role and enters the catalytic cycle together 
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Table 111. Cyclization of I'-Halo-2'-butenyl2-Alkynoater (1) 

1 2 

10 method An method Be 
entry R' RS X 2 time yield (46) Z I P  time yield (%) ZIP 

1 H H Br (la) 2a 3 h  86 9713 1 h 98 9713 
2 H H C1 (lba) 2b l h  81 >97/3 1 h 100 >97/3 
3 H H Cl(1c) 2c = 2b 1 h 75 >97/3 1 h 100 >97/3 
4 H H I (la) Za 6 d  53 88JlP 6 d  24 97/$ 

6 n-C$ii1 H Br (If) 21 24 h 71 55/45 1 h 88 87/1Y 
7 Me H B r ( W  2g 30 h 56 56/4ih 24h 75 58/42 
8 Ph H Br(1h) 2h 9 d  36 40160' 23 h 86 67/3$ 

#The allylic double bonds in 1 are in the E confiat ion except in Ib, which is in the Z configuration. bMethod A: PdX,(PhCN)2(5%), 
HOAc (0.2 M), rt. eMethod B Pd(OA& (6%), LiX (26%), HOAc (0.2 M), rt. dThe ratios of Z / E  isomer referred to the exo double bond 
determined by 90-MHz 'H NMR spectra, except in 2f, 2g, and ah, in which the two isom6rs were isolated by preparative TLC on silica gel. 
'Besides 2d, 3 was isolated in 31% yield. fPdI, + LiI waa added aa catalyst; 64% of Id waa recovered. 'One equivalent of LiBr waa added. 
*12% of Ig waa recovered. i50% of lh waa recovered. ]Four equivalenta of LiBr waa added. 

5 H Me Br (le) 28 6 d  <5 9 d  <5 

Table IV. Effect of the Amount of Lithium Halide on the 
Stereorelectivity of the Exocyclic Carbon4arbon Double 

Bond in 21 

I f Br CH3 aof 0 
5%PdBrp(PhCN)p 

LBr, HOAc, rt 0 

lithium 
bromide addeda reaction 

entry (equiv) time (h) yield (9%) Z / E  
1 0.6 6 68 78/22 
2 2 2 82 89/11 
3 4 1 82 >95/5 
'Based on lg. 

Scheme I 

RX 

with the minute amount of the orginally added palladium 
dichloride to complete the catalytic process. When only 
6% of PdC12(PhCN)2 was used, no 2b could be isolated 
(Scheme 11). 

Halopalladation of unsaturated carbon-carbon bonds 
has been extensively 5t~died. l~ The addition of lithium 
halide and use of polar solvente usually favor trans halo- 
p a l l a d a t i ~ n , ~ ~ J ~  which is in accordance with the results 
shown in Tables 111 and IV. But in our case, even the 
sluggish reaction in benzene afforded the trans halo- 

Scheme II 
l a  

PdCh(PhCN)z intermediate 

2a 2b 

palladation product 2a stereqeelectively (Table I, entry l), 
indicating that the high stereoselectivity might also be 
attributed to another factor. Thus, coordination of pal- 
ladium with the carbon-" multiple bonds in l to form 
a palladium-enyne complex is suggested. Similar com- 
plexes such as palladium-diynes or -dienes appear in 
several publications.20 The formation of a palladium- 
enyne complex favors the attack of halide anion from 
outside of the coordination sphere, which would be ex- 
pected to give trans h a l ~ p a l l a d a t i o n . ~ ~ ~ ~ ~  The fact that 
bis(tripheny1phosphine)palladium dichloride failed to 
catalyze this cyclization (Table II, entry 4) is probably due 
to the stronger coordination ability of triphenylphoaphine 
compared to that of benzonitrile. Thus, the formation of 
a palladium-enyne complex is crucial to this reaction. 

The stereochemistry of the exocyclic carbon-carbon 
double bond and the formation of the five-membered ring 
2 as the sole product showed that the halopalladation 
process is both highly stereo- (trans) and regioselective. 
The ester group directed the palladium to the a-carbon 
of the a lkyn~a te s ,~~  which led to the five-membered ring 
instead of a six-membered ring (eq 2). 

R' R' 
x - 3  j o r x  Pd2+_ ";y4 (2) 

0 
7 6 

Regioselective exo intramolecular insertion of the allylic 
carbon-carbon double bond to the carbon-palladium bond 
in 7 formed a new palladium intermediate 8, which af- 
forded 2 through dehalopalladation. The possibility of 

(20) Wt, B. M. Tetrahedron 1977,93,2616. Hoeokawa, T.; Mori- 
tani, I.; Nbioka, S .  Tetrahedron Lett. 1969,3853. C h t t ,  J.; Vallarino, 
L. M.; Venanzi, L. M. J.  Chem. SOC. 1967,3413. 

(21) Herry, P. M. Acc. Chem. Res. 1978,6, 16. 
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Scheme III 
R' Pdn 

ex0 xu dehalooaliadation 

insertion elimination 

H 

0 

R' f X  R' f X  "*XJ Or "5 + HPdX 
0 0  0 0  

Scheme IV 
H Pdn 

7b 8b 

intermoiecuiaf - 
insertion 

CIPd" I- 
10 

dehalopalladation might also be one of the factors con- 
trolling the direction of insertion. The endo insertion 
would form a six-membered intermediate 9, including a 
carbon-palladium bond incapable of dehalopalladation 
(Scheme III), thus, a catalytic cycle could not be formed. 

When the PdC&(PhCN),catalyd cyclization of lb was 
carried out in the presence of 1.2 equiv of allylic chloride, 
2b was still isolated as the sole product, indicating that 
the regioselective intramolecular insertion of the allylic 
carbon-carbon double bond into the carbon-palladium 
bond in 7b is favored due to the entropy effect (Scheme 
IV). Only when 14 or 24 equiv of allyl chloride were 
added, the intermolecular insertion product 10 was isolated 
(19 and 37%, respectively) along with the main product 
2b (eq 3). 

5% PdCi*(PhCN)2 

lb  + HOAc,rt -- 
H 

2b + cl%yc' (3) 

10 

The stereochemistry of dehalopalladation was studied 
by the cyclization of 4'-chloro-2'(E)-pentenyl2-propynoate 
(li). Irradition of the signal at  6 1.76 ppm (methyl protons) 
of the product 21 led to the observation of two groups of 
Hb with coupling constants of 10.0 and 14.0 Hz, respec- 
tively, implying that the product 2i was a mixture of two 
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geometrical isomers referred to the propenyl carbon-car- 
bon double bond, the ratio of which was determined by 
200-MHz 'H NMR spectra (eq 4). The results indicate 
that the dehalopalladation is nonstereoepecific and ten& 
to favor the formation of a carbon-carbon double bond in 
the E configuration. 

H H 

11 (4-21 (a-2' (4) 

catalyst yield (YO) UZ ratio 
P&lp( PhCN)p 42 7822 
Pd(0A~)~bLiCl 95 6733 

Experimental Section 
GC-M!3 spectra were taken on a 5% XE60 column (3 m X 0.3 

mm, 100-200 "C (5 "C/min)). 
Materials. The catalysts PdC12(PhCN)2,22 PdBr2," PdBrS 

(PhCN)2,aa Pd12,u PdClz(PPhs)2,u Pd(OAc)2," and Pd(dba)* 
were prepared according to the literature methods. (E)-ZButenyl 
1,4dibr0mide,~ (E)- or (Zb2-butenyl 1,4-di~hloride,~ 2,3-di- 
methyl-2-butenyl dibromide,m 2-propynoic acid,8l 2-butynoic 
acid,= phenyl 2-propynoic acid, and 2-octynoic acida were also 
prepared from the literature methods. 

Synthesis of 2-Alkynoates. Typical Procedure: 4'- 
Bromo-2'(E)-butenyl 2-Propynoate (la). To a solution of 
2-propynoic acid (3.50 g, 50 mmol) in DMF (25 mL) was added 
in portions powdered NaHCOg (8.40 g, 100 mmol). After an 
additional stirring at rt for 0.5 h, 2(E)-buteny11,4dibromide (16.00 
g, 75 mmol) was added. The reaction was stirred at rt for 24 h. 
Water (25 mL) was then added, and the mixture was extracted 
with ether (3 X 25 mL). The extracts were dried over &SO4, 
and the product l a  was purified by chromatography on silca gel 
using petroleum ether/ethyl acetate (101) as the eluent; yield 
4.0 g (39%). The analytic sample was further purified by Ku- 
gelrob distillation at ot M-88 O C  (2 "Hg): IR (neat) 3300,2100, 
1710,1210,985 cm-'; 'H NMR (60 MHz, CClJ S 5.90 (m, 2 H), 
4.60 (d, J = 4.4 Hz, 2 H), 3.85 (d, J = 6.0 Hz, 2 H), 2.80 (8, 1 H); 
MS m/e  (%) 135 ( M T B r )  - C3H02, 5.821, 133 (M+(Wr) - 
CaHO2,5.76), 123 (M+ - Br, 100.0). Anal. Calcd for C7H7Br06 
C, 41.41; H, 3.47. Found C, 40.87; H, 3.40. 

The following compounda were prepared similarly. Unless 
otherwise stated, the solvent used was DMF. 

4'-Chloro-2'(Z)-butenyl 2-propynoate (lb): yield 3.76 g 
(47%); ot 74-76 "C (1.8 " H g ) ;  IR (neat) 3300,2100,1710,1210 
cm-I; 'H NMR (60 MHz, CDCls) S 5.83 (m, 2 H), 4.77 (d, J = 4.7 
Hz, 2 H), 4.10 (d, J = 7.2 Hz, 2 H), 2.93 (8, 1 H); MS m / e  (%) 
161 (M+(%l) + 1,0.18), 159 (M+(%l) + 1,0.57), 158 (M+(%l), 
0.01), 123 (M+ - C1,36.79), 54 (CaH20+, 100.00). Anal. Calcd for 
C7H,C102: C, 53.02; H, 4.45. Found: C, 52.51; H, 4.35. 
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Wiley: New York, 19& Collect. Vol. III, p 312. Sweeting, 0. J.; Johneon, 
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4'-Chloro-2'(E)-butenyl 2-propynoate (IC): yield 1.00 g 
(44%); ot 76-78 'C (1.8 " H g ) ;  IR (neat) 3300,2100,1710,1210, 
985 cm-'; 'H NMR (60 MHz, CCl,) 6 5.90 (m, 2 H), 4.65 (m, 2 
H), 4.00 (d, J = 5.0 Hz, 2 H), 2.80 (8, 1 H); MS m / e  (%) 161 
(M+(Wl) + 1,0.32), 160 (M+("Cl), 0.14), 159 (M+(*l) + 1,0.37), 
158 (M+(%Cl), 0.10), 123 (M+ - C1, 100.00). Anal. Calcd for 
C,H7C102: C, 53.02; H, 4.45. Found C, 52.61; H, 4.40. 
4'-Bromo-Y~-dimethyl-Y-butenyl2-propynoate (le): yield 

1.46 g (44%); ot 85-87 "C (2 mmHg); IR (neat) 3300,2100,1710, 
1210 cm-'; 'H NMR (60 MHz, CCl$ 6 4.60 (m, 2 HI, 3.95 (d, J 
= 6.6 Hz, 2 H), 2.73 (8, 1 H), 1.80 (8, 6 H); MS m / e  (%) 233 
(M+(81Br) + 1, 0.49), 231 (M+(79Br) + 1, 0.61), 163 (M+(81Br) - 
C3H02, 4.34), 161 (M+('@Br) - CSHO2,4.62), 152 (M+ + 1 - Br, 
3-88], 151 (M+ - Br, 46.52),53 (C3HO+, 100.00). Anal. Calcd for 
C&,Br02: C, 46.78; H, 4.80. Found: C, 46.49; H, 4.74. 
4'-Bromo-Y(E)-butenyl 2octynoate (If): yield 1.55 g (40%); 

ot 138-140 "C (0.50 mmHg); IR (neat) 2200,1705,1220,1090,985 
cm-'; 'H NMR (60 MHz, CCl,) 6 5.90 (m, 2 H), 4.55 (d, J = 4.0 
Hz, 2 H), 3.85 (d, J = 6.0 Hz, 2 H), 2.25 (m, 2 H), 1.40 (m, 6 H), 
0.90 (t, 3 H); MS m / e  (%) 135 (M+(81Br) - C&1102, 13.81), 133 
(M+(Wr) - C8H1102, 9.31), 123 (M+ + 1 - Br - CsHll, 13.81), 53 
(C3HO+, 100.00). Anal. Calcd for CI2Hl7BrO2: C, 52.76; H, 6.27. 
Found: C, 52.32; H, 6.28. 
4'-Bromo-Y(E)-butenyl2-butynoate (lg): yield 2.95 g (56%); 

ot 88-90 "C (1 mmHg); IR (neat) 2225,1705,1250,1090,985 cm-'; 
'H NMR (60 MHz, CCI,) 6 5.93 (m, 2 H), 4.60 (m, 2 H), 3.93 (m, 
2 H), 2.00 (8, 3 H); MS m / e  (%) 219 (M+PBr) + 1, 6.461, 217 
(M+(%r) + 1, 5.96), 151 (M+ - C4H30, 8.44), 138 (58.281, 137 
(11.53), 135 (0.071, 133 (9.60),68 (C,H40+, 100.00). Anal. Calcd 
for C8H&02: C, 44.27; H, 4.18. Found: C, 44.30; H, 4.36. 
4'-Bromo-2'(E)-butenyl3-phenyl-2-propynoate (lh): sol- 

vent HMPA; yield 1.50 g (39%); ot 146-148 "C (3 mmHg); IR 
(neat) 2200,1705,1290,1190,985,780 cm-'; 'H NMR (60 MHz, 
CCI,) 6 7.40 (m, 5 H), 5.93 (m, 2 H), 4.66 (m, 2 H), 3.90 (m, 2 H); 
MS m/e  (%) 281 (M+(81Br) + 1,2.99), 280 (M+(8'Br), 0.49), 279 
(M+mr)  + 1,3.36), 278 (M'wr), 0.23), 200 (M+ + 1 -Br, 72.72), 
199 (M+ - Br, 24.10), 131 (22.05), 130 (M+ + 1 - O C 4 w r ,  l00.00), 
101 (M+ - C4H,J3r - COz, 6.59). Anal. Calcd for Cl3Hl1Br02: C, 
55.94; H, 3.97. Found: C, 55.81; H, 3.93. 
4'-Chloro-2'(E)-pentenyl2-propynoate (li): solvent HMP4 

yield 0.37 g (10%); ot 80-82 OC (4 mmHg); IR (neat) 3300,2100, 
1705,1150,985 cm-'; 'H NMR (60 MHz, CCl,) 6 5.80 (m, 2 HI, 
4.65 (m, 2 H), 4.50 (m, 1 H), 2.80 (m, 1 H), 1.27 (d, 3 H); MS m/e  
(%) 175 (M+("Cl) + 1,1.37), 174 (M+("Cl), 0.71), 173 (M+(Wl) + 1, 3.50), 172 (M+(%Cl), 1.09), 53 (100.00). Anal. Calcd for 

4'-Iod0-2'(E)-butenyl 2-Propynoate (ld). A mixture of 
4'-chloro-2'(E)-butenyl2-propynoate (IC) (300 mg, 1.89 mmol) 
anhydrous ZnC1, (100 mg, 0.74 mmol), and anhydrous NaI (570 
mg, 3.80 mmol) in CS2 (2 mL) was stirred at rt for 11 h. After 
filtration and removal of the solvent, the pure product Id was 
obtained via chromatography on silica gel and distillation: yield 
0.42 g (89%); ot 117-120 "C (1.5 mmHg); IR (neat) 3300,2100, 
1710,1210,980 cm-'; 'H NMR (60 MHz, CC,) 6 5.80 (m, 2 H), 
4.75 (d, J = 5.2 Hz, 2 H), 4.10 (d, J = 7.0 Hz, 2 H), 2.85 (e, 1 H); 
MS m / e  (%) 251 (M+ + 1, 91.00), 250 (M+, 5-46), 181 (M+ - 
CIH02, 100.00). Anal. Calcd for C,H7102: C, 33.63; H, 2.82. 
Found: C, 33.00; H, 2.58. 
Effect of Solvent. General Procedure. To a solution of 

PdBr2(PhCN)2 (6 mg, 0.0125 mmol) in a solvent (0.5 mL) was 
added la (0.25 mmol) dropwise at room temperature with mon- 
itoring by TLC on silca gel. After the reaction was over, the 
reaction mixture was submitted to preparative TLC on silca gel 
(eluent: petroleum ether/ethyl acetate, 101) to give the product 
2a (Table I). 
Effect of Catalyst. General Procedure. To a solution of 

lb (0.5 mmol) in HOAc (2.5 mL), LiCl or NaCl (if needed) and 
the catalyst (0.025 mmol) were added subsequently. After the 
reaction was over, ether (30 mL) was added. The mixture was 
then washed with water (3 X 5 mL), saturated NaHC03 (3 X 5 
mL) solution, and saturated NaCl (5 mL) solution and dried 
(MgSO,). Preparative TLC on silica gel (eluent: petroleum 
ether/ethyl acetate, 101) afforded the product 2b in pure form 
(Table 11). 
Cyclization of I'-Halo-2'-butenyl GAlkynoates (1). Typical 

Procedure: Method A. To a solution of la (100 mg, 0.50 "01) 

CaH&lO2: C, 55.67; H, 5.26. Found C, 55.05; H, 5.41. 

Ma and Lu 

in HOAc (2.5 mL) was added bu(bemnitde)paUadium dibromide 
(13 mg, 0.025 mmol) with stirring. After the reaction was carried 
out at rt for 3 h as monitored by TLC, ether (30 mL) was added. 
The mixture was then washed with water (3 X 5 mL), saturated 
NaHC03 (3 X 5 mL) solution, and saturated NaCl(5 mL) solution 
subsequently and dried (MgSO,). Preparative TLC on silca gel 
(eluent: petroleum ether/ethyl acetate, 101) afforded the product 
2a in puie form. 
Method B. To a solution of la (100 mg, 0.50 "01) in HOAc 

(2.5 mL) and LiBr (10 mg, 0.13 mmol) was added Pd(OA& (5 
mg, 0.025 mmol) with stirring. The reaction was carried out at 
rt for 1 h (monitored by TLC). Similar workup as in method A 
gave product 2a. 

The following compounds were prepared using both methods 
(Table 111). The spectra data of compounds 2a, 2b, 2d, and 2f 
were recorded in ref 15. 
a-(Bromomethy1ene)-@-vinyl-y-butyrolactone (2a): ot 

132-134 OC (2 mmHg). Anal. Calcd for C7H7BrO2: C, 41.41; H, 
3.47. Found: C, 41.55; H, 3.41. 
a-(Chloromethy1ene)-@-vinyl-y-butyrolactone (2b): ot 

96-98 "C (3 mmHg). Anal. Calcd for C,H,C102: C, 53.02; H, 
4.45. Found C, 52.88; H, 4.71. 
a-(1odomethylene)-@-vinyl-y-butyrolactone (2d): HRMS 

calcd for C7H7102 249.9489, found 249.9486. 
ri'-Iodo-2'-butenyl(Z)-3-iodopropenoate (3): ot 160-165 "C 

(6 mmHg); IR (neat) 1710,1600,1190,1160,980 cm-'; 'H NMR 
(60 MHz, CCl,) 6 7.55 (d, J = 8.6 Hz, 1 H), 6.90 (d, J = 8.6 Hz, 
1 H), 5.90 (m, 2 H), 4.75 (m, 2 H), 4.10 (m, 2 H); MS m / e  (%) 

- C3H2O2, 100.00). Anal. Calcd for C,H81202: C, 22.25; H, 2.13. 
Found C, 23.75; H, 2.17 (this compound is readily decomposed). 
a-( 1'-Bromohexy1idene)-8-vinyl-y-butyrolactone (26. Z 

isomer: ot 170-172 "C (0.5 mmHg); HRMS d c d  272.0412 w r ) ,  
274.0392 (81Br), found 272.0441 (%r), 274.0392 (81Br). Anal. 
Calcd for C12H17Br02: C, 52.76; H, 6.27. Found C, 53.28; H, 
7.00. 

E isomer: ot 140-142 "C (1 mmHg). Anal. Calcd for 
C12H1,Br02: C, 52.76; H, 6.27. Found C, 52.59; H, 5.92. 
e-( 1'-Bromoethy1idene)-@-vinyl-y-butyrolactone (2g). Z 

isomer: ot 154-156 OC (3.5 mmHg); IR (neat) 1760,1640,1210, 
1130 cm-'; 'H NMR (90 MHz, CDClJ 6 6.00-5.60 (m, 1 H, ==CHI, 
5.26-5.00 (m, 2 H, =CH2), 4.34 (dd, J = 7.6 Hz, J = 7.7 Hz, 1 
H, OCH), 4.02 (dd, J = 7.6 Hz, J = 2.6 Hz, 1 H, OCH), 3.78 (m, 
J = 7.7 Hz, 1 H, OCCH), 2.48 (d, 3 H, CH3); MS m / e  (%) 220 
(8.62), 219 (M+(81Br) + 1, 70.92), 218 (MVBr),  18-09), 217 
(M+('Qr) + 1, 70.99), 216 (M+('Qr), 11.52), 200 (10.32), 198 
(10.05), 137 (M+ - Br, 20.43), 107 (M+ - Br - OCH2, 49.72), 93 
(20.32),91 (24.04),79 (100.00), 77 (47.16); HRMS calcd 215.9786 
(79Br), 217.9766 (81Br), found 215.9778 ('Qr), 217.9779 (81Br). 
Anal. Calcd for C8H@02: C, 44.27; H, 4.18. Found C, 44.76; 
H, 4.27. 

E isomer: ot 140-142 "C (3.5 mmHg); IR (neat) 1750, 1620, 
1215,1135 cm-'; 'H NMR (90 MHz, CDC13) 6 6.00-5.60 (m, 1 H, 
=CHI, 5.30-5.00 (m, 2 H,=CH2), 4.38 (dd,J  = 7.6 Hz,J  = 7.7 
Hz, 1 H, OCH), 4.12 (dd,J = 7.6 Hz,J  = 2.6 Hz, 1 H, OCH),3.79 
(m, J = 7.6 Hz, 1 H, OCCH), 2.86 (d, 3 H, CH3); MS m/e  (%) 
220 (1.05), 219 (M+(81Br) + 1, 10.78), 218 (M+(8'Br), 10.45), 217 
(M+(7sBr) + 1, 11.58), 216 (M+(7eBr), 10.58), 200 (14.42), 198 
(15.31), 137 (M+ - Br, 69.95), 107 (M+ - Br - OCH2, 38.25), 93 
(21.23), 92 (10.50), 91 (64.57), 79 (lOO.OO), 77 (96.19). Anal. Calcd 
for C8H9Br02: C, 44.27; H, 4.18. Found C, 44.53; H, 4.20. 
a- (1'-Bromobenzy1idene)-8-vinyl-y-butyrolactone (2h). 2 

isomer: mp 78-80 "C; IR (KCl) 1760,1645,1200,1100 cm-'; 'H 
NMR (90 MHz, CDC13) 6 7.37 (8, 5 H, Ph), 5.86-5.44 (m, 1 H, 
=CH), 5.04-4.68 (m, 2 H, =CH2), 4.34 (dd, J = 7.6 Hz, J = 7.7 
Hz, 1 H, OCH),4.02 (dd ,J  = 7.6 Hz,J  = 2.6 Hz, 1 H,OCH),3.74 
(m, J = 7.6 Hz, 1 H, OCCH); MS m/e  (%) 282 (7.58), 281 
(M+(81Br) + 1,49.83), 280 (M+(81Br), 23.48), 279 (M+(7sBr) + 1, 
58.43), 278 (M+(%r), 17.43), 276 (M+(%r) - 2, 8.23), 263 
(M+(81Br) - OH, 2.77), 261 (M+(Wr) - OH, 2.751, 250 (M+PBr) 
- OCH2, 2.47), 248 (M+(%r)- OCH2,4.42), 247 (3,231,199 (M+ 
- Br, 21.61), 155 (M+ - Br - COP, l00.00), 154 (39.52), 153 (32.22), 
152 (13.07), 142 (18.30). 141 (M+ - Br - COz - CH2, 87.571, 129 
(M+ - Br - COB - C2H2, 19.65), 128 (M+ - Br - CO2 - C&, 23.87), 
127 (12.00), 115 (M+ - Br - C02 - C3H4, 72.78); HRMS calcd 

378 (M+, O S ) ,  377 (M+- 1,0.51), 376 (11.56),3Mi (M+-Cs&O2, 
12.35), 252 (M+ + 1 - I, 4.12), 251 (M+ - I, 72.74), 181 (M+ - I 
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277.9942 (?gBr), 279.9922 (81Br), found 277.9918 (%), 279.9886 
(81Br). Anal. Calcd for ClsHIIBrOz: C, 55.94; H, 3.97. Found 
C, 55.32; H, 3.77. 

E isomer: mp 70-72 O C ;  IR (KCl) 1760,1640,1220,1200,1100 
cm-'; 'H NMR (90 MHz, CDCld 6 7.37 (m, 5 H, Ph), 6.16-5.72 
(m, 1 H, N H ) ,  5.44-5.20 (m, 2 H, -CHz), 4.50 (dd, J = 7.6 Hz, 
J = 7.7 Hz, 1 H, OCH), 4.20 (d, J = 7.6 Hz, J = 2.6 Hz, 1 H, OCH), 
3.96 (m, J = 7.6 Hz, 1 H, OCCH); MS mle (%) 282 (l. lO),  281 
(M+(81Br) + 1, 11.44), 280 (M+PBr), 63.35), 279 (M+(%r) + 1, 
17.88),278 (M+(%r), 53-35), 277 (M+(%r) - 1, 7.881, 199 (M+ 
- Br, 19.60), 155 (M+ - Br - CO?, l00.00), 141 (M+ - Br - C02 
- CHz, 95.911, 129 (M+ - Br - COz - CzHz, 21.27), 128 (22.32), 
127 (16.40), 115 (M+ - Br - COz - CsH4,76.77). Anal. Calcd for 

a-(Chloromethy1ene)-8-( l '-propenyl)-y-butyr~~ne (2i): 
ot 120-122 OC (8 mmHg); IR (neat) 1760,1620, 1090 cm-'; 'H 
NMR (90 MHz, CDCld 6 6.55,6.49 (d, J = 2.8 Hz, 1 H, =CHCl), 
5.94-5.60 (m, 1 H, =CHI, 5.34 (m, 1 H, =CHI, 4.45 (t, J = 8.0 
Hz, 1 H,OCH),4.18,3.80(m, J =  8.0& J =  2.8Hz, 1 H, OCCH), 
3.95 (t, J = 8.0 Hz, 1 H, OCH), 1.75 (m, 3 H, CHg; MS mle (%) 
176 (3.16), 175 (M+("Cl) + 1, 27.391, 174 (M+( 7Cl), 4-05), 173 
(M+(WI) + 1,73.79), 172 (M+(Wl), 8.85), 157 (M+(37Cl) - OH, 
3.56), 156 (1,19), 155 (M+(Wl) - OH, 10.55), 145 (4.20), 144 

ClaH11BrO2: C, 55.94; H, 3.97. Found: C, 55.52; H, 3.78. 

(M+CCl) - OCH2,17.53), 143 (9631,142 (M'(W1) - OCHZ, 45.86), 
137 (M+-Cl, 22291,131 (M+("Cl) + 1 -COz, 1.36), 130 (M+("Cl) 
- C02,2.95), 129 (M+("Cl) - 1 - COz, 5.87),128 (M'(86Cl) - COS, 
7.75), 127 (M+(Wl) - 1 - COZ, 14,721,116 (M'("C1) - C02 - CHz, 
7.77), 115 (6.19), 114 (M+(Wl) - Cop - CH2,20.86), 79 (100.00). 
Anal. Calcd for CaHgC106 C, 55.67; H, 5.26. Found: C, 55.27; 
H, 5.40. 

Cyclization of 4~-Chloro-2'(E)-butenyl2-Propynoate (lb) 
in the Presence of Allyl Chloride. A mixture of l b  (80 mg, 
0.50 mmol), allyl chloride, and PdCl2(PhCNZ (10 mg, 0.025 "01) 
in acetic acid (2.5 mL) was stirred at room temperature. Workup 
as above afforded the products 2b and 10 in pure form. Allyl 
chloride added, reaction time, and yields of 2b and 10, respectively, 
are as follows: 0.6 mmol, 3 h, 57%, 0%; 7 mmol,21 h, 57%, 19%; 
12 mmol, 24 h, 41%, 37% (22% of l b  was recovered). 

4'-Chloro-2'-butenyl2-allyl-3-chloropropnoate (10): ot 
95-97 "C (1.5 "Hg); IR (neat) 3080,1710,1620,1600,1200,1110, 
1100 cm-'; 'H NMR (200 MHz, CDC1,) 6 6.42 (t, J = 1.4 Hz, 1 
H), 5.82 (m, 3 H), 5.18 (m, 1 H), 5.10 (m, 1 H), 4.83 (d, J = 6.0 
Hz,2H),4.19(d,J=7.2Hz,2H),3.10(m,J=6.6Hz,J=1.4 
Hz, 2 H); MS mle (%) 235 (M+(Wl) + 1, O W ,  202 (M+("Cl) + 1 - C1,2.59), 201 (M+(,'Cl) - C1,21.92), 200 (M+(Wl) - HC1, 
10.33), 199 (M+(Wl) - 2 - C1,79.32), 131 (M+(Wl) - C1- OC &, 
28-84), 130 (7.99), 129 (M'(W1) - C1- (324% 95.26), 103 (M+@Cl) 
- C1- COZ - C4&, 4.80), 102 (3.20), 101 W ( W 1 )  - C1- COz - 
c4&, 10.27), 100 (3.96), 66 (Cfi', 27.231, 65 (c6H6+, 100.00), 53 
(C4H6+, 85.20). And. Calcd for C&1zC12O2: C, 51-09, H, 5.14. 
Found C, 51.67; H, 5.07. 
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The addition reaction of iododifluoroacetates to alkenes is initiated by copper powder (10-20 mol %I  at 50-60 
"C. Both terminal and internal alkenes give good yields of adducta. The reaction is also applicable to alkenes 
containing a variety of functional groups, such as epoxy, hydroxy, ketone, eater, and phoephonate moieties. This 
reaction can be carried out either neat or in solvents such as hexane, benzene, acetonitrile, DMF, DMSO, and 
HMPA and is suppressed by p-dinitrobenzene and di-tert-butyl nitroxide. A single electron transfer initiated 
radical mechanism is proposed. In the presence of nickel dichloride hexahydrate, reduction of the adducta with 
zinc in moist THF provide8 the corresponding a,a-difluoro esters in good yields. 

Introduction The most widely utilized method for the introduction 
of such types of functionality has been the Reformatsky 
reaction using halodifluoroa~etates~ and halodifluoro- 
methyl ketones." More recently, difluoroketene silyl 

The introduction of fluorine into an organic molecule 
causes dramatic change in biological activities.' The 
change is mainly due to the high electronegativity of 
fluorine, the strong carbon-fluorine bond, and increased 
h i d  solubilitv. In recent veara. fluorinated ketones have 
b k n  widely employed aa inhibitors.2 Therefore, 
the syntheaia of compounds containing a difluoromethylene 
group adjacent to a carbonyl group has attracted much 
attention. 
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