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Abstract. Medium-sized lactones (eight- to eleven-membered rings) are efficiently formed b 
cu(bw)c1~cyclizationofvarious~yldi-andhichlaroace~s~tempaahnesbetween d 
and190’Cinlf~hbrathaneorbenzeneassolvents.Them~hanismofthealLeneadditionreaction 
is best wkstood as a chlorine atom transfer process through radical type intermediates. Exclusive 
endo-cyckation is ohwved in all cases. Ten and ckven-membaed lac~~mtiantd+le.by the 
‘rigidchain’~h,inwhichanallryne~allam~~isincarporated 
maction centrea thus reducing the flexibility of the molecule. 
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INTRODUCTION 

The synthesis of medium-sized lactones (8- to 1Zmembered ring systems) has recently received 

considerable attention1 because these lactones occur in the basic structure of various natural products with 

interesting biological activities.2 Among the methods developed, radical based techniques for the formation of 
lactones and other heterocycles are scarce.3 The so-called radical transfer process mediated by transition metal 
catalysts is successfully applied for the formation of S-membered lactones and lactams from ally1 di- and 
trichloroacetates and amides by a radical exe-cyclization onto a double bond.4 A number of C-C bond 
formations of this type is described using RuC12(PPh3)3 Pa,Sh CuCl in acetonitrile6 and Cu(bpy)Ck4b The 
successful Cu(I) and Ru(II) catalyzed exo-cyclizations of ally1 chloroacetates 1 and 2 to the Smembered 
lactcnes 3 and 4 am representative exampks:4a 

-0 CRClp 

T 

Cu(I)orRu(II) c1 R ” 
R=H 1 * ;t(- R=H 3 
R=C12 O 0 R=Cl4 

In addition, Fe and MO complexes are known to catalyze the formation of C-C bonds between activated 
halogen compounds and alkenes.4av5h This type of reaction is applied in industrial processes to produce 
herbicides of general application.7 

We set out to examine the activity of the Cu(bpy)Cl catalyst towards walkenyl chlomacetates to form 8-, 
9-, lo- and 1 l-membered lactones in view of our earlier successful work on intramolecular additions of glycine 
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derived radicals by this catalyst.* Our strategy is outlined in Scheme 1. We concentrated on the use of di- and 
trichloroacetates of various co-alkenols. readily obtained by simple eskrification via the acid chlorides. ‘Ihe 
esters were then treated with the Cu-catalyst under an appropriate set of conditions to yield cyclization 
productsP 

-OH clcocRclk +O’CRC,~ - 
fi(bpy)cl 

n=1-4 R=HorCl 

Scheme 1. Synthetic strategy 

In this paper we report on the formation of 8- to 1 l-membered lactones by Cu(bpy)Cl catalyzed atom 
transfer cyclization of co-alkenyl di- and trichloroacetates. We show that 8- and 9-membered rings are readily 
accessible from various unsubstituted and methyl- or phenyl-substituted alkenyl esters. For the larger rings it 
appears necessary to introduce a rigid element into the functional group connecting chain to reduce its flexibility. 

RESULTS 

Synrhesis of the cyclization precursors 

The di- and trichloroacetates 5-34 (Tables 1,2 and 4) were prepared by esterification of the alkenols by 
using 1.0 to 1.5 equiv of di- or trichloroacetyl chloride and 2.0 equiv of Et3N in CH2C12 at 0 ‘C! for 2 h.10 The 
products could be easily isolated and purified by flash chromatography and wa obtaimd in high yields (Tables 
1, 2 and 4). 

Many of the alkenols were commercially available. The remaining alkenols were synthesized as follows: 
6-Hepten-l-01 (entries 13, 14, Table 1) was prep& from 6-heptenoic acid by LiAlIQ reduction (100%). 
Racemic I-phenyl- and 1-methyl-4-penten-l-o111 (entries 1, 2, Table 2), as well as 2-methyl-5-hexen-2-0112 

(entry 3, Table 2) were obtained by Grignard addition of 1-bromo-3-butene to benzaldehyde, acetaldehyde or 
acetone, respectively. 2,2-Dimethyl-4-penten-l-0113 (entries 4.5, Table 2) was prepared by Lim reduction 
of the commercially available 2,2dimethyl-4-pentenal. Following a literature procedure 3.3~dimethyl-4-penten- 
l-0114 (entries 6, 7, Table 2) was prepared by Claisen orthoester rearrangement of 3-methyl-2-buten-l-01, 
followed by reduction of the resulting ethyl ester by LiAlI%$. 4-Methyl-Q-penten-1-0115 (entries 8,9, Table 2) 
was obtained by a Wittig reaction on ethyl levulinate, followed by LiAl& reduction. 5-Methyl-4-hexen-l-0116 
(entries 12, 13, Table 2) was prepared by copper mediated alkylation of ethyl acetate with 1-bromo-3-methyl-Z 
butene and subsequent reduction of the resulting ethyl ester by LiAlIQ 6-Hepten-3-yn-l-01 (entries 1,2, Table 

4) and 7-octene-4-yn-l-01 (entries 5,6, Table 4) were prepared by Cu-catalysed alkylation of 3-butyn-l-01 and 
4-pentyn-l-01 with ally1 bromide. 17 Reduction to (Z)-hepta-3,6-dien-l-01 (entries 3, 4, Table 4) was 
accomplished by NaBa with catalytic PdC12 in polyethylene glycol200 at - 10 “C. 18 

Cyclization of substrares with unsubstimted chains 
The 3-butenyl chloroacetates 5 and 6 were treated with 0.3 equiv of Cu(bpy)Cl in refluxing 1,2- 

dichloroethane (DCE, bp 83.5 “C) for 18 h (entries 1 and 2, Table 1). However, their cyclization in either the 6- 
en0 or the 7-e& mode failed completely. Only telomerization products could be detected in the crude reaction 
mix-s. The failure of these cyclizations might be related to the unwillingness of the ester group to adopt the s- 
trans-conformation during the cyclization reaction.%19 
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Table 1: Cyclizations of substrates with unsubstituted chains 

entry precursorCyieldfiantbealcobo1) condiW products. yield (dirrstaeomai mtio cis:mns) 

: 

-0LcI. 
R=H 5 (98%) 
R=Cl 6 (87%) 

Cu*, DCE, reflux, 18 h telomers 
Cu*, DCE, mflux, 18 h telomers 

0 

-O&W2 

rv’ 
tl rn( 
OCI R 

3 
4 
5 
6 
7 
8 
9 
10 

R=H 7 (100%) 

R=Cl 8 (100%) 

Cu*, DCE. reflux, 18 h 3Sa,b 75% (70:30)b 

Cu*, PhH, reflux, 18 h 3S,b 92% (70:30)b 

Cu*, PhH, 140 “C, 2 h 35a,b 90% (70:30)b 

Cu*, DCE, reflux, 18 h 38 60% 
Cu*, PhH, reflux, 20 h 38 39% 
Cu*, DCE, 130 ‘C, 2.5 h 38 58% 
CuCVMeCN, 130 ‘C, 3 d 38 24% (63% of s.m.) 
RuC12(PPhs)s, PhH, 140 ‘C, 5 h 38 21% 

0 

--O%RC12 

0 4.2 0 
Cl R Cl 

11 
12 

R=H 9(85%) 
R=Cl 10 (86%) 

0 

Cu*, DCE, reflux, 18 h 39a,b 57% (70:30)b 

Cu*. DCE, 190 ‘C. 2 h 41 59% 

13 
14 

-o%m, 
R=H 11(94%) Cu*. DCE. nzflux 
R=Cl 12 (66%) Cu*, DCE, reflux 

telomers 
telomers 

15 13 (85%) Cu*, DCE, reflux telomers 

16 R=H 14 (87%) cu*, DCE, reflux to 190 ‘C statting material and telomers 
17 R=Cl 15 (92%) Cu*, DCE, reflux to 190 “C starting material and telomers 

a) Cu*: 0.3 equiv of Cu(bpy)CI was employed. b) insegarable mixture. 

On the contrary, 4-pentenyl dichloroacetate (7) cyclixed under identical reaction conditions to give the 8- 

membered lactone 35 in 75% yield (entry 3, Table 1) as an inseparable (by column chromatography) mixture of 
diastereomers (70:30). The major isomer 35a was assigned by 1H NMR as the thermodynamically favoured 
cis-isomer for an 8membered lactone in a crown conformation.20 The cyclixation yield could be improved to 
92% by using refluxing benzene as solvent (entry 4). Alternatively, at higher temperature and with shorter 
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reaction time (140 ‘C. sealed tube, 2 h, entry 5) an almost identical yield (90%) was obtained. Other solvents 

could be used (THF, acetonitrile. CHzClz, acetone, toluene. xylene), but led to much lower yields (~50%). 
When ethers (THF, diglyme) wete used, the monochloroacetate (22-26%) could be detected in the reaction 
mixture. This latter product most probably arises if the rate of hydrogen abstraction from the solvent can 
compete with cycliz.ation.b 

The structure of 35 was proven beyond doubt by reduction of the diastereomeric mixture to the known 
unsubstituted derivative 3622 (60%) with HSnBq/AIBN (Scheme 2). Treatment of 35 with Zn dust in acetic 
acid= led to the monochloro derivative 37 (Scheme 2). 

n Cl 

0 9 
2.0 HSnBu3 equiv 
AIBN (cat) n 

* n=l35 cyclohexane, n=l36 (60%) 
0 ~1 n=2 39 reflux, l-6 h 0 9 0 n=2 40 (55%) 

Cl 1.1 equiv RI 
10 equiv Zn Cl 

acetic acid, 20 h, rt 
37 (63%) 

2.5 equiv HSnBu, 
AIBN (cat) 

PhI-I. reflux, 2 h 
44 45 (58%) 

Scheme 2. Reduction of lactones 

The trichloroacetate 8 (entry 6, Table 1) cyclized to the I-membered lactone 38 in 60% isolated yield, 
when treated with 0.3 equiv of the catalyst in refluxing DCE for 18 h. Alternatively the reaction was complete in 

2.5 h at 130 ‘C in DCE (58%, entry 8). In all cases, significant amounts of telomers were formed. This 
problem could not be suppressed by applying higher dilution. 

Substrate 8 was also treated with 0.3 equiv of C&l in acetonitrile at 130 ‘C for 3 d without the bipyridine 
ligand (entry 9). This procedure led to only 24% of the desired g-membered lactone 38 with 63% of starting 

ester remaining, showing the importance of the bipyridine ligand in the catalyst for the enhancement of the 
reaction rate. Similarly, 8 was treated with RuC12(PPh3)3 (entry lo), producing only 21% of 38, together with 
an extensive amount of telomeric side products. This Ru-catalyst has heen used for the formation of 5- 
membered rings from trichloroacetates.5 The present result indicates that it is not suited for the efficient 
formation of medium-sired lactones. 

Reaction of the 5-hexenyl chloroacetates 9 and 10 with Cu(bpy)Cl (entries 11 and 12) afforded the 
corresponding 9-membered rings. The dichloroacetate 9 reacted in a refluxing solution of DCE for 20 h to 39 
in 57% yield as an inseparable mixture of the two diastereomers 39a and 39b in a cis:trans ratio of 70:30. 
Lactone 39 was treated with HSnBu$AIBN to yield the parent nine-membered lactone 4022 (Scheme 2). 
Again, exclusive endo-cyclization occur&, no trace of the alternative 8-exe product beiig detectable. Similarly, 
the cyclixation reaction of the corresponding trichloroacetate 10 proceeded at 190 ‘C! in 2 h to give &tone 41 
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(59%) as a single mgioisomer. At 80 ‘C in DCE for 18 h, comparable yields could be obtained. In the case of 

ninemembaed rings more telomerlc material was formed than in the case of eight-membemd Systems. 
Next, we subjected the heptenyl chloroacetates 11 and 12 to our cycllxatlon conditions (entries 13 and 

14). In both cases only telomerixation products were formed by treatment with Cu(bpy)Cl in DCE at refhm. 
Undecenyl dichloroacetate 13 (entry 15) also led exclusively to telomers. As a rationale for these results, we 
assume that unfavourable entropy effects are more important when the chain is elongated. This conclusion can 
also be inferred from the larger amount of telomers formed in the case of nine-membered lactones. 

To complete this study of unsubstituted chains we subjected the 4-pentynyl chloroacetates 14 and 15 to 
our standard conditions (entries 16 and 17). The starting materials were left untouched or gave telomeric 
material, showing that alkynes are unsuitable substrates for this type of cyclixation. 

Cyclization of substrates with alkyd substituted chains 
In order to further study the scope of the cyclixation reaction methyl- and phenyl-substituted pentenyl 

acetates were used. The presence of substituents on the alkyl chain of the cyclization precursor should affect the 
conformation of the cyclixation substrates, and thus the cyclixation process. 

Dichloroester 16 cycliied to eight-membered lactone 42 ln 68% (see Table 2, entry 1) as a non-separable 
mixture of three diastemomers in the ratio of 70:20: 10. The cisdichlom isomer 42a was the major compound 
as implied from the characteristic signals of the C-4 methylene group in the IH NMR spectrum (vi& infra and 
see Table 3). For this ring closure a reaction temperature of 130 ‘C was necessary. At lower temperatures the 
starting material remained unchanged. 

The phenyl-substituted dichloroacetate 17 (entry 2). upon 
treatment at 180 ‘C for 2 h with Cu(bpy)Cl. cyclixed to a 68:18:13 
mixture of diastereomers of the eight-membered lactone 43 in 51% 

yield No reaction took place at 80 ‘C. No seven-membered product by 
exe-closure was detected. The major isomer 43a could be obtained 
pure by crystallixation from the product mixture (mp 7 l-76 ‘C) and was 
subjected to an X-ray analysis% (Figure 1, Table 5). The crystal 
structure determination proved the oxocan-2-one skeleton and revealed 
the cis-relationship between the chlorine substituents. The phenyl 

Figure 1. Crystal structure of 43a 
substituent was found tram with respect to the two chlorine 

(Chem 3Dm view) substituents. The plane of the aromatic ring is oriented perpendicular 
with respect to a plane through the eight-membered lactone ring. The 

lactone ring adopts a chair-chair (or crown) conformation and an s-tram-lactone geometry (dihedral angle 142”. 
Figure 2).*o In this way the three substituents can adopt pseudo-equatorial 
positions, which reflects the thermodynamically most stable product. 

Rl 

The 1.1~dimethyl substituted precursor 18 (entry 3) failed to cyclixe to the 
bqO s-trans 

R2 

desired lactone product, even at high temperatures (180 ‘C) for several hours. 
The harsh conditions necessary for the l-substituted precursors and the failure p+O s-cis 
of the cyclization of 18 points to steric hindrance by these subs&ems during R1 R2 

the ring closure. Figure 2. Ester geomeuie? 
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Following the above procedure the 2.2-dimethyl substituted dichloroacetate 19 afforded 81% of a 
diastereomeric mixture (75:25) of the eight-membered lactone 44 (entry 4). The mixture of diastereomers of 
lactone 44 was treated with HSnBu3/AIBN to yield the 7.7-dimethyl substituted oxocan-2-one 45 (Scheme 2). 
The &isomer 44a could be obtained pure by crystallization and was subjected to X-ray analysisw (Figure 

3. Table 5). The data show that the eight-membered ring has a crown conformation an s-rran.r-lactone geometry 
(dihedml angle 143”) andpseudo-equatorial positions of the cischlorine atoms. 

Figure 3. Crystal structure of 44a 
(Chem 3Dry view) 

Figure 4. Crystal structure of 46 
(Chem 3D” view) 

The corresponding trichloroacetate 20 gave the eight-membered lactone 46 (67%) as a crystalline product 
(entry 5). The X-ray structure of this compound% (Figure 4, Table 5) shows a crown conformation of the 
eight-membered ring almost identical to the corresponding dichlorolactone (Figure 3). The C-5 chlorine atom 
adopts thepser&-eqatorial position and the ring an s-trans-lactone geometry (dihedml angle 140’). 

The 1H NMR data of the cis-isomers 35a, 39~. 42a. 438 and 44a of the lactones exhibit a striking 
resemblance, especially in the splitting pattern of the C-4 methylene hydrogens (see Table 3). 

Table 3: Selected ‘H NMR data of H-3, HAax and H-4q of chlom substituted oxocanones 

compound H-3 ppm* EMax ppm’ H-W ppm’ 

35a 
35b 
39a 
39b 
42a 
43a 
44a 
44b 
47a 
47b 
49a 
49b 

4.48 (dd, 6.2, 11.5) 2.57 (ddd, 11.1, 11.5, 14.0) 
4.68 (dd, 4.4,6.5) 2.63 (ddd, 2.8.6.6, 14.1) 
4.46 (dd, 6.0, 11.8) 2.42 (ddd, 9.0, 11.8. 14.3) 
4.55 (dd, 3.2,5.6) 2.62 (ddd, 3.2.5.6, 15.4) 
4.50 (dd, 6.5, 11.5) 2.55 (dt, 11.3, 13.6) 
4.62 (dd, 6.5, 11.2) 2.66 (dt, 11.4, 13.6) 
4.52 (dd, 6.4, 11.7) 2.47 (dt, 11.5. 13.4) 
4.50-4.53 (m) 2.70-2.75 (m) 
4.55 (dd, 5.4, 12.0) 2.45 (ddd, 7.9, 12.0. 15.3) 
4.44 (dd, 3.0,5.1) 2.60 (ddd, 4.7,7.1, 15.2) 
4.28 (dd, 4.7, 11.4) 2.92 (dd, 11.5. 13.8) 
4.74 (dd, 4.2,9.9) 2.56 (dd, 9.9.14.6) 

2.91( ddd, 1.2.5.8, 14.0) 
2.88 (ddd. 4.4.9.1, 14.1) 
2.75 (ddd, 1.8.5.8, 14.4) 
2.72 (ddd. 3.2.8.0, 15.4) 
2.90 (dd, 6.4, 13.5) 
3.01 (dd, 6.4, 13.6) 
2.90 (dd, 6.3, 13.4) 
2.70-2.75 (m) 
2.71 (ddd, 1.0.5.4, 15.3) 
2.70 (ddd, 1.7.8.9, 15.2) 
2.67 (dd, 4.7, 13.9) 
2.71 (dd, 4.2, 14.6) 

a) measured in CDCl3, J in Hz. 

The pseudo-axial H-4 is found around 2.50 ppm as a double triplet or ddd with a geminal coupling of ca. 
13.5 Hz and two vicinal couplings of ca. 11 Hz. The pseudo-equatorial H-4 usually shows a double doublet at 
2.70-2.90 ppm with the geminal coupling of ca. 13.5 Hz and one vicinal coupling of ca. 6 Hz with H-3 
(alternatively a ddd with an extra small vicinal coupling with H-5 of ca. 1.5 Hz). Furthermore H-3 is a 
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Table 2: C&l&ions of substrates with alkyl substituted chains 

Me 

16 (84%) 

Ph 

17 (100%) 

18 (95%) 

20 (99%) 

21(87%) 

22 (85%) 

PhH. 130 “C, 
5h 

PhH, 180 “C, 
1.75 h 

PhH. 180 ‘C, 
5h 

PhH, 180 ‘C, 
1.5 h 

DCE. 125 ‘C. 
2h 

PhH, 120 ‘C, 
18h 

DCE, 110 ‘C, 
18h 

42a (70) 42b, 42c (20: 10)b 

phEx + phq 51% 

43a (69) 

no cyclization 

43b, 43c (18:13)b 

47a (70) 

81% + 

44b (25) 

67% 

+ 75% 

47b (30) 

50% 

a) 0.3 quiv of Cu(bpy)Cl was employed. b) imcprabk mixture. 
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Table 2 (continued) 

entry prec- cunditionsa products 
(yield from the alcohol) WsWeomerlc ratio) yield 

8 

9 

10 

11 

12 

13 

23 (87%) 49a (73) 49b (27) 

DCE, 120 “C, 
2h 

57% 

2”4 (92%) 

PhH, 120 “C, 
20 h 

48% 

25 (94%) 51a (60) Sib (20) 51c, 51d (lO:lO)b 

DCE, 170 “C, 
20 h 

33% 

PhH, 120-170 ‘C no cyclization 

27 (93%) 

DCE, 120-170 ‘C no cyclization 

XI (95%) 

PhH, 150 ‘C, 
lh 

a) 0.3 equiv of Cu(bpy)Cl was employed. b) inseparable mixture. 

characteristic double doublet around 4.50 ppm. In the C-3/C-5 fruns-isomers (e.g. 35b, 39b and 44b) the 

signals of the two C-4 hydrogens are less separated from each other. The vicinal couplings in the cis-isomers 
were in good agreement with the data from the Karplus equation for a solution conformation similar to the 
crown shaped conformation in the crystals. The pattern of the C-4 methylene group hydrogens therefore may be 
used for the assignment of the relative stereochemistry of the various diastereomers of the 8-membered 
dichlorolactones in a cmwn conformation. 

The dichloroacetate 21 having two methyl substituents at the 3-position of the alkenyl chain gave the 
eight-membered lactone 47 (75%. entry 6) as an inseparable mixture of the two diastereomers with a cis:rrms 
ratio of 70:30. The trichloroacetate 22 cyclized to the trichlorooxocan-2-one 48 as a single crystalline product 
(50%, entry 7). In both cases, reaction temperatures of 110-120 ‘C! were employed to achieve complete 
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conversion in 18 h. 
The dichloroacetate 23 cyclized readily at 150 ‘C ln 1 h to a diastereomeric mixture (73:27) of the eight- 

membered lactone 49 (entry 8). The relative low yield of 52% probably reflects the steric hindrance at the 
introduction of the chlorine atom on the tertiary C-S of the product. The major isomer 49~ showed upon 
irradiation of the C-S methyl substituent a NOE effect on H-3 and on one of the C-4 protons. Assuming a 
crown conformation, this means that the methyl substituent takes a pseudo-axial and the chlorine substituent on 
C-3 a pseudo-equatorial position, reflecting the cis-diastereomer of 49. The trichloroacetate 24 (entry 9) 
cyclized at 120 ‘C to lactone 50 in a 57% yield in which the methyl substituent occupies the pseudo-axial 
position in a crown shaped ring, as inferred from a NOE experiment. The splitting patterns in the ‘H NMR of 
the cis- and trans-isomers of lactones 47 and 49 show similar features as described above (see Table 3) for the 

other lactones. 
Q-4-Hexenyl dichloroacetate 25 cyclii in a slow process at 120 “C in 20 h to 48% of a mixture of the 

four possible diastereomers of the eight-membered lactone 51 (entry 10). The major isomer 51a could be 
isolated from this mixture by crystallization and was characterized from NOE experiments as pseudo-all- 
equatorial having the chlorine atoms in a relative cis-relationship to each other, and the methyl substituent trans. 

Remarkably the crystal structure of 51a (Figure 5, Table 5)24 did 
not show a crown conformation in the solid state, but instead a chair- 

boat arrangement in which C-5 is bent out of the crown leading to an S- 
cis-lactone geometry (dihedral angle 4”) and an axial C-5 chlorine 
substituent. The other two substituents on C-3 and C-4 occupy 
equatorial positions. In solution however, a crown conformation was 

Figure 5: Crystal structure of 51a 
(Chem 3D” view) 

observed: The vicinal coupling constant for the H-3/H-4 and the H-4/H-5 
pairs were both 9.7 Hz, which is expected for a crown conformation 

where the angles between these two hydrogen pairs am similar. In the 
crystal structure, however, these dihedral angles were 179” and 74” respectively. The isomer 51b could be 
separated by chromatography and was characterized as an epimer of the Fist diastemomer at C-3, leading to a 
relative trans-relationship between the chlorine substituents. The coupling constants of the H-3/H-4 pair is 3.5 
Hz, and for the H-4/H-5 pair 8.8 Hz. By NOE experiments on the C-4 methyl subtituent effects were observed 
on H-3, H-4, and H-5, respectively. In a crown shaped ring the small coupling constant for H-3/H-4 is 
obtained for a cis-relationship between the chloro and the methyl substituents (small dihedral angle) and the 
larger coupling constant for H-4/H-5 for a relative trans-relationship between the respective substituents (large 
dihedral angle). The other two inseparable diastemomers possess an eight-membered ring structme as seen from 
their lH NMR data. Of the two possibilities for ring closure only 8-e& cyclization took place. 

This regioselective ring closure is also found in the cyclization of the corresponding trichloroacetate 26 
(entry 11). Only one diastereomer is formed in a yield of 33%, characterized by NOE as the trans-isomer: 

Irradiation of the methyl group showed an enhancement of H-4 and H-5 (equatorial methyl group in a crown 
shaped ring). The coupling constant for H-4/H-5 is 10.0 Hz, which corresponds to a trans-relationship between 
H-4 and H-5 (large dihedral angle) and an equatorial C-5 chlorine substituent No seven-membered product was 
observed in agreement with the results of the cyclization of 25. The latter two cyclizations (entries 10 and 11) 

proceeded much slower as compared to the terminally unsubstituted alkenes. 



12424 F. 0. H. PIRRUNG et al. 

The dimethyl substituted alkenyl di- and tichloroacetates 27 and 28 were also treated with Cu(bpy)Cl. In 
both cases at temperatures between 120 and 170 ‘C, the starting materials remained unchanged (entries 12 and 
13). Terminal alkene substituents thus substantially reduce the cyclization rate and terminal disubstitution 
apparently renders the ring closure impossible. 

The application of the rigid chain approach 
The failure of the cyclization of the 6-heptenyl di- and trichloroacetates 11 and 12 as well as the lo- 

undecenyl dichloroacetate 13 (see Table 1) necessitated the development of a different strategy. The flexibility 
of the long carbon chain probably favours intermolecular addition over intramolecular reaction via entropy 
effects. Therefore a rigid element in the carbon chain might suppress such effects. 

Table 4: The rigid chain approach 

entry 
(yield ~:~MIo~) 

conditiona product 
(diastereomaic ratio), yield 

1 PhH, 80- 160 ‘C no cyclization 

DCE, 120 “C, 2 h 

3 

31(65%) 

0 
4 

OLb YJ 

32 (62%) 
- - 

5 C-J 
Ok CHClz 
0 

33 (98%) 
- - 

6 ( 
Ox_CC19 

0 34 (100%) 

PhH, 175 “C, 8 h 
0 

Cl Cl 

DCE, mflux, 3 d 
0 

PhH, reflux, 18 h 

DCE, 175 ‘C!, 3 h 

53,36% 

54,13% 

55,37% 

56.51% (67:33)b 

a) 0.3 equiv of Cu(bpy)CI was employed in all cases. b) inseparable mixture. 
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For this purpose an alkyne functionality was introduced into the alkenyl chain. Dichloroacetate 29 was 

treated with Cu(bpy)Cl (entry 1, Table 4). However, the starting material remained unchanged at temperatutes 
between 80 and 160 “C. 

At 120 ‘C the more reactive trichloroacetate 30 (entry 2) cyclized in the e&u-mode to a ten-membered 
system 53 in 36% isolated yield. The desired product was accompanied by various telomers, making 
purification by flash chromatography laborious. Higher dilution of the reaction mixture (0.03 M, 10 h at 120 
“C) did not suppress telomerization, but only 17% of the ten-membered ring could be isolated from an 
incomplete reaction. 

The dichloroacetate 31, having a Q-alkene functionality cyclized to the ten-membered lactone 54 (entry 

3). In addition, extensive telomerization took place. Only one diastereomer could be isolated from the reaction 
mixture. Its relative stereochemistry was assigned as cis, as could be inferred from the characteristic splitting 
pattern of H-4ax (dt, J = 11.9, 13.8 Hz) in the 1H NMR. Similar patterns were obtained for the 8- and 9- 

membered lactones (see Table 3). At lower temperatures the starting material remained unchanged. 
The trichloroacetate 32 afforded after reflux for 3 days 74% of crude cyclic material but only 37% of the 

ten-membered lactone 55 after purification. Attempts to cyclize 32 at temperatures between 125 and 140 ‘C 
were unsuccessful as only telomers were formed. 

Dichloroacetate 33 was treated with 0.3 equiv of Cu(bpy)Cl at various temperatures. Reflux in PhH gave 
51% of a mixture of two diastereomers of the eleven-membered lactone 56 in the ratio of 67:33, separated by 
chromatography. The relative stereochemistry of the two diastereomers could not be established by NMR 
techniques. Higher reaction temperatures (up to 175 ‘C) led to a decrease in yield and increasing telomer 
formation. 

The trichloroacetate 34 led to an eleven-membered system 57 at 175 ‘C, although the yield was poor. 
Telomerization was the predominant process. At reflux in DCE for 4 days the starting material remained 
unchanged. 

Although the yields of the cyclizations collected in Table 4 are rather low, lO- and 1 l-membered rings are 

accessible by incorporating a rigid element into the alkenyl chain. For this purpose alkyne and alkene 
functionalities ate suitable. All products formed are the result of endocyclization of the acetate precursor. 

DISCUSSION 

The catalyst Cu(bpy)Cl is prepared in situ from equimolar amounts of CuCl and the 2.2’-bipyridine 
ligand. Upon simple mixing of the two components in the reaction vessel containing solvent and reactant, an 
active catalyst is formed. It is assumed that this catalyst consists of a Cu(I) species which formally abstracts a 
chlorine atom from the starting material A (see Scheme 3) to furnish a carbon radical B and a Cu(II) species.hb 
The carbon radical B is stabilized by the captodative effect, which is a characteristic of our previous work and is 

believed to be crucial for its success .26 This stabilized radical attacks onto the alkene functionality leading to a 
new unstabilized carbon radical C, which abstracts a chlorine atom from the previously formed Cu(II) complex 
to give the product D &tone) and a Cu(I) species which can undergo another catalytic cycle. 
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Scheme 3. Catalytic cycle (R = H or Cl) 

The combination of equimolar amounts of CuCl and 2,2’-bipyridine in a solvent containing a 
dichloroacetate leads to the formation of a red-brown solution (probably due to the soluble Cu(bpy)Cl 
complex), which rapidly turns to a transparent green solution, when the reaction mixture is heated to 80 ‘C. On 
cyclization of trichloroacetates, the initial red-brown colour cannot be observed. The reaction mixtum turns 
gmen immediately at room temperature, due to tbe higher reactivity of this type of ester. When a solution of the 
catalyst in DCE is heated without substrate, the solution keeps its red-brown colour. The colour change can be 
ascribed to the C!u(I) + CuO oxidation by chlorine atom abstraction from the starting material. A few minutes 
after the addition of the catalyst a bright green insoluble material begins to precipitate, but no decrease of 
catalytic activity can be observed at this stage (the reaction mixture mainly contains starting material). The 
application of degassed solvents or an argon atmosphere does not prevent the formation of this green solid. 
Therefore, the formation of the green solid is not caused by 02. as reported earliefla and higher yields can not 
be achieved by working with camfitlly degassed solvents. 

The use of 0.3 equiv of Cu(bpy)Cl is essential for the success of the cyclization, as lower yields of 
product are obtained by lowering the amount of catalyst, which may be due to its gradual decomposition. The 
reaction is preferably carried out in a 0.07 to 0.2 M solution (standard 0.1 M) in order to suppress 
telomerization processes due to intermolecular additions. At higher concentration more telomers are obtained. 

More dilute reaction mixtures (up to 0.01 M) show suppression of telomerization, but considerable amounts of 
starting material remain unchanged and very low yields of products are isolated. In the latter case the 
concentration of catalytically active species is significantly lower and cyclization is not complete before total 
catalyst decomposition has taken place. In general, trichloroacetates tend to be more reactive towards 
telomerization, expressed in the lower yield of medium-sized lactones isolated compared to the dichloroacetates, 
and the larger amount of telomers detected. 

At temperatures below 80 “C cyclization becomes very slow and incomplete even after several hours of 
stirring. When the temperature is raised to 180 “C two effects are important: Fitly, the reaction is mom rapid, 
reducing the reaction time from 18 h at 80 ‘C to about 1 h at temperatures above 160 ‘C. Secondly, the higher 
temperature facilitates the reactions of sterically hindered chloroacetates. All starting esters subjected to 
temperatures of up to 180 “C! were thermally stable. Moreover, we did not observe decomposition of lactone 46 
when it was treated with the Cu-catalyst under standard conditions at 180 “C. 
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The en&mode of the cyclizations is supported by earlier observations and calculations on the radical ring 

closure to 8membered carbocycles.21 On the other hand we were unable to cyclize 7 using genuine free radical 
conditions. Thus, treatment of 7 with 1.1 equiv of HSnBu3 and a catalytic amount of AIBN in refluxing PhHL 
gave 34% of starting material 7.32% of reduced 7 (monochloroacetate) as well as telomeric material. We could 
not detect any lactone formation by using this cyclixation technique. 

Pyridyl amines and various 2,2’-bipyridines disubstituted at the 4-positions with methoxy, 

methoxycarbonyl and carboxylic acid groups were unsuccessful as ligands in the cyclization or gave very low 
yields of product. Without the bipyridine ligand present, no products could be observed in 1,2dichloroethane. 

The formation of C-C bonds catalyzed by the Cu(bpy)Cl system is generally believed to proceed through 
free or metal coordinated27 radicals, called ‘radical-pairs’, in which a radical interacts strongly with the metal 
centm. Thus the incipient radical can be bonded to the Cu(II) which is formed after formal oxidation of the 

catalyst by chlorine atom abstraction. 
Assuming radical-pairs the substrate is bonded intimately to the catalyst and therefore carbon-carbon bond 

formation takes place very close to or within the co-ordination sphere of the metal complex causing the carbon 

chain to fold in accord with the geometry of the complex. The following observations support this proposal of a 
template effect: 

1) the extremely selective endo-mode cyclization of the various alkenyl acetates. In this series the 
exclusive endo-cyclizations of 25 and 26 are remarkable. 

2) the inability to achieve g-membered ring formation of dichloroacetate 7 applying reductive radical 
cyclization with HSnBug. 

3) the slower reaction rate in the cyclizations of substituted alkyl chains, which results in higher 
temperatunes necessary for lactone formation. The failure to cyclize the l,l-disubstituted precursor 18 even at 
high temperatures is remarkable. The substituents probably interact sterically with the Cu-complex. This 

interaction becomes larger when the substituents are located closer to the ester function. 
4) best results are obtained for 8- and 9-membered lactones. The synthesis of lO- and 1 l-membered rings 

is possible by the introduction of a rigid element into the alkenyl chain, presumingly due to a better fit in the 
catalyst complex by decreasing the flexibility of the chain. 

In conclusion, the CuQ mediated cyclization of substituted alkenyl di- and trichloxoacetates is a versatile 
tool for the construction of 8- to 1 l- membered lactone systems. The cyclization is regioselective for en&-ring 
closure and the products obtained are often fonned in good yields. 
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EXPERIMENTAL 

General information. AU reactions were carried out under an inert atmosphere of dry nitrogen. Staadani syringe 

techniques were applied to transfer dry solvents. Infrared (W) spectra were obtained tiom CHC13 solutions using a Perkin-Elmer 
13 10 spectrophotometer and wavelengths (v) am reported in cm-l. Pmton nuclear resonance (1~ NMR) spectra were de&mined in 

CDC13. unless indicated otherwise using a Bruker AC 200 (200 MHZ), a Bruker WM 250 (250 MHx), a Bruker AMX 300 (300 
MHZ) or a Bruker AMX 400 (400 MHZ) spectrometer. These instruments were also used for 13C NMR (APT) spectra (50,63.75.5 
and 100.6 MHz respectively) in CDCl3 (unless indicated otherwise). Chemical shifts (8) are given in ppm downfield from 
tetramethylsilane. Mass spectra and accurate mass measurements were canied out using a Jeol SX/SX 102 A Tandem Mass 
Spectrometer, a Varian MAT 7 11 or a VG Micromass ZAB-2HP instrument. Elemental analysis were performed by Bornis u. 
Kolbe Mikroanalytisches Laboratorium, Mulheim an der Ruhr, Germany. Rf values were obtained by using thin-layer 
chromatography (TLC) on Sika g&XMtCd phStiC ~he~t.5 (Merck silica gel 60 F254) with the indicated solvent mixtme of ethyl 
acetate and hexanes of the given ratio (EtOAc:hexanes). Chromatogmphic puritication refers to flash chromatography2* (fc) using a 
solvent mixture of ethyl acetate and hexanes in the given ratio and Janssen Chhnica silica gel (0.030-0.075 mm). Melting points 
are uncorrected. CH2Cl2 and (CH2C1)2 were distilled from P205 and stored over MS 3A u&r an atmosphere of dry nitrogen. 

Benzene was distilled from 905 and stored over sodium-wire. Dry THP and Et2Cl were distilled from sodium benxophenone ketyl 
prior to use. CuCl was ~ttrified.~~ Reactions ‘in sealed tubes’ were carried out in thick-walled glass tubes (3 to 15 cm long and 0.5 
to 4 cm wide) equipped a thread, which could be screwed tight with a plastic cap. 

General procedure A for tbe esterification of olkenols to di- and trichloroacetatesz10 A solution of di- or 

trichloroacetyl chloride (usually 1.0-1.3 equiv) in a 0.3 M solution of CH2Cl2 was cooled in an ice bath. Hte alkenol(1 equiv) was 
added in one portion, followed by dropwise addition of EQN (2 equiv) as a 3 M solution in CH2C12 over 20 minutes. The r.m. was 
stirredfarlhatO’Candthenpouredintoanequalvolumeof2MHCl(aq).Theorganicphasewasseparated,andtheaqueousphase 
was extracted with 3 portions of CH2C12. The combined organic phases were dried on MgS04 or Na2SG4, concentrated in VUCZKJ 
and the residue was purified by fc. 

General procedure B for the C&catalyzed cyclization of di- and trichloroacetates to medium-sieed 

lactones: The di- or trichloroacetate was dissolved in 1,2dichlorcethane or benzene (0.1 M solution) in a flask under a N2 
atmosphere. Catalytic amounts of C&1(0.3 equiv) and of 2,2-bipyridine (0.3 equiv) were added simultaneously, and the mixture 

was immediately heated to teflux (80 ‘C). When the reaction was carried out at temperatures between 80 and 190 ‘C a seatable tube 

was used, charged with acetate and solvent, equipped with a stirring bar, placed under a N2 atmosphere, and closed after addition of 

the two ingredients of the catalyst. It was immersed into an oil bath preheated at the desired tempemture and stirred for several hours. 

When the conversion was complete (TLC-check, the tube was cooled in a water bath to r.t prior to opening and rinsed with N2 
before closing the tube to continue the reaction), the reaction mixture was concentrated in vucru and the green residue was directly 

purified by flash chromatography without further workup. The lactone products were sensitive to humidity and were therefore kept 

under a N2 atmosphere. 

Dichloroacetic acid but3.enyl ester (q30: According to the general procedure A, a solution of dichloroacetyl 
chloride (1.0 g, 6.7 mmol, 1.0 equiv) and J-buten-l-ol(483 mg. 6.7 mmol) in 20 mL of CH2Cl2 was treated with Et3N (1.36 g. 

13.4 mmol, 2 equiv) in 5 mL of CH2C12. The r.m. was stirted at 0 ‘C for 1 h. Work-up and fc (1:lO) afforded 5 (1.20 g, 6.6 
mmol, 98%) as a colourless oil. gf(l:8) 0.80; JR v 3180, 3oo0, 2980, 1760, 1740, 1635, 1460; lH NMR (200 MI-Ix) S 2.47 (dq, 

2 H, J = 1.3, 6.7 Hz, 2 H-2). 4.32 (t, 2 H, J = 6.7 Hz, 2 H-l), 5.05-5.20 (m, 2 H, 2 H-4), 5.70-5.90 (m, 1 H, H-3), 5.94 (s, 1 H, 

CHC12). 

Trichloroacetic acid but-3.enyl ester (6) 30: According to the general procedure A, a solution of trichloroacetyl 

chloride (689 mg, 3.79 mmol, 1.1 equiv) and 3-buten-l-ol(248 mg, 3.44 mmol) in 10 mL of CH2Cl2 was treated with Et3N (694 
mg, 6.88 mmol, 2 equiv) in 2 mL of CH2Cl2. The r.m. was stirred at 0 ‘C for 1 h. Work-up and fc (1:lO) afforded 6 (650 mg, 
2.99 mmol, 87%) as a colourless oil. Rf(l:lO) 0.90, IR v 3080, 2960, 1760, 1635, 1445, 1375, 1240, 1015,980, 915, 865, 825; 
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lH NMR (200 MHz) 6 2.52 (q. 2 H, J = 6.7 Hz, 2 H-2). 4.41 (t. 2 H, J = 6.7 Hz, 2 H-l), 5.10-5.25 (m, 2 H. 2 H-4). 5.81 (ddt, 1 
H, J = 6.7, 10.3, 17.1 Hz, H-3). 

Dichloroacetic acid pent-l-enyl ester (7)30: According to the general procedure A, a solution of dichloroacetyl 
chloride (1.0 g. 6.7 mmol, 1.0 equiv) and 4-penten-l-01(577 mg, 6.7 mmol) in 20 mL of CH2Cl2 was heated with EQN (1.36 g, 
13.4 mmol, 2 equiv) in 5 mL of CH2Cl2. The r.m. was stirred at 0 ‘C for 1 h. Work-up and fc (1:lO) afforded 7 (1.32 g. 6.7 
mmol, 100%) as a colourless oil. Rj (1:4) 0.80; IR v 3180, 3020, 2960, 2940, 2840, 1760, 1740, 1635, 1460, 1445; 1~ NMR 
(200 MHz) 6 1.82 (quintet, 2 H, J = 6.7 Hz, 2 H-2). 2.10-2.25 (m, 2 H, 2 H-3). 4.28 (f 2 H. J = 6.5 Hz, 2 H-l), 4.95-5.10 (m. 2 
H, 2 H-5). 5.70-5.90 (m, 1 H, H-4). 5.94 (s, 1 H, CHCl2): 13C NMR (50 MHz) 6 27.1 (CH2). 29.3 (CH2). 64.1 (CHCl2), 66.5 
(C-l), 115.4 (C-5). 136.6 (C-4). 164.1 (CO). 

Trichloroacetic acid pent-4.enyl ester (8)30: According to the general procedure A, a solution of tzichloroacetyl 
chloride (6.3 g, 34.8 mmol, 1.0 equiv) and 4-penten-l-ol(3.0 g, 34.8 mmol) in 100 mL of CH2Cl2 was heated with Et3N (7.03 g. 
69.6 mmol, 2 equiv) in 25 mL of CH2Ci2. The reaction was stirred for 3 h at rt. Work-up and fc (1:20) afforded 8 (8.06 g. 34.8 
mmol, 100%) as a colourless oil. Rf(l:6) 0.95; IR v 3070,2940,2840, 1760, 1630, 1460, 1440, 1250,970,820; 1~ NMR (200 
MHz) 6 1.88 (quintet, 2 H, J = 6.6 Hz, 2 H-2). 2.19 (q. 2 H,J = 7.3 Hz, 2 H-3). 4.38 (t. 2 H. J = 6.5 Hz, 2 H-l), 5.00-5.15 (m. 2 
H. 2 H-5), 5.81 (ddt, 1 H,J = 6.6, 10.3, 17.0 Hz, H-4); 13C NMR (50 MHz) 6 27.1 (CH2), 29.4 (CH2). 68.3 (C-l), 89.8 (CCl3). 
115.8 (C-5). 136.4 (C-4). 161.5 (CO). 

Dichloroacetic acid hex&enyl ester (9): According to the general procedure A, a solution of dichlomacetyl chloride 
(1.0 g. 6.7 mmol, 1.0 equiv) and 5-hexen-l-ol(671 mg, 6.7 mmol) in 20 mL of CH2C12 was treated with Et3N (1.36 g. 13.4 
mmol, 2 equiv) in 5 mL of CH2Cl2. The reaction was stirnzd 1 h at 0 ‘C. Work-up and fc (1:lO) afforded 9 (1.20 g, 5.7 mmol, 
85%) as a colourless oil. Rf(l:8) 0.65; IR v 3080,3020.2940,2860,1760,1740, 1635,1465,1455, 1435, 1386, 1~ NMR (200 
MHz) 6 1.40-1.50 (m, 2 H, 2 H-3). 1.60-1.80 (m. 2 H, 2 H-2). 2.00-2.15 (m, 2 H, 2 H-4). 4.26 (t, 2 H, J = 6.5 Hz, 2 H-l), 4.90- 
5.05 (m, 2 H, 2 H-6). 5.65-5.85 (m, 1 H, H-5). 5.93 (s, 1 H, CHCl2); 13C NMR (50 MHz) 6 24.8 (CH;?), 27.7 (CH2). 33.1 
(CH2). 64.3 (CHCl2). 67.5 (C-l), 115.1 (C-6). 138.0 (C-5). 164.1 (CO). 

Trichloroacetic acid hex-5enyl ester (10): According to the general procedure A, a solution of trichloroacetyl 
chloride (798 mg, 4.39 mmol, 1.1 equiv) and 5-hexen-l-01(400 mg, 3.99 mmol) in 12 mL of CH2Cl2 was treated with Et3N (806 
mg. 7.98 mmol, 2 equiv) in 3 mL of CH2Cl2. The reaction was stirred for 1 h at 0 ‘C. Work-up and fc (1:lO) afforded 10 (848 mg, 
3.45 mmol, 86%) as a colourless oil. Rf (1:lO) 0.75; IR v 3080.2940, 2860, 1760, 1635, 1245,990,910, 825; 1~ NMR (200 
MHz) 6 1.45-1.60 (m, 2 H, 2 H-3), 1.70-1.90 (m, 2 H, 2 H-2). 2.05-2.20 (m, 2 H, 2 H-4). 4.37 (I, 2 H, J = 6.4 Hz, 2 H-l), 4.90- 
5.10 (m, 2 H, 2 H-5). 5.79 (ddt, 1 H, J = 6.6, 10.2, 17.0 Hz, H-4); 13C NMR (50 MHz) 6 24.6 (CH2). 27.4 (CHZ), 32.8 (CH2). 
69.0 (C-l), 89.8 (CCl3). 115.0 (C-6), 137.6 (C-5). 161.5 (CO). 

Dichloroacetic acid heptd-enyl ester (11): To a suspension of 455 mg of LiAlHq (12 mmol, 8 equiv) in 5 mL of 
dry Et20 was added dropwise of Gheptenoic acid (200 mg, 1.5 mmol) in 15 mL of Et20 at r.t. The r.m. was refluxed for 6 hand 
quenched by addition of 2 mL of MeOH, followed by 30 mL of 5% H2SO4 and extraction of the aqueous layer with 4 portions of 
20 mL of Et20. The combined organic phases were dried on MgSO4 and concentrated in WCIW. The crude product was essentially 
pure 6-hepten-l-01 (171 mg, 100%). According to the general procedure A, a solution of dichloroacetyl chloride (221 mg, 1.5 
mmol, 1.0 equiv) and 6-hepten-l-ol(l90 mg, 1.5 mmol) in 5 mL of CH2Cl2 was treated with Et3N (303 mg. 3.0 mmol, 2 equiv) 
in 1 mL of CH2Cl2. The reaction was stirred 1 h at 0 ‘C. Work-up and fc (1:6) afforded 11 (316 mg, 1.4 mmol, 94%) as a 

colourless oil. Rf(l:6) 0.90; lH NMR (200 MHz) 6 1.35-1.55 (m, 4 H, 2 CH2). 1.65-1.85 (m, 2 H, CH2), 2.00-2.15 (m, 2 H, 2 
H-5). 4.27 (t. 2 H, J = 6.6 Hz, 2 H-l), 4.90-5.07 (m. 2 H, 2 H-7). 5.65-5.85 (m, 1 H, H-6). 5.94 (s. 1 H, CHCl2): l3C NMR (50 
MHz) 6 25.0 (CH2). 28.1 (CH2). 28.3 (CH2). 33.5 (CH2). 64.3 (CHCl2). 67.6 (C-l), 114.6 (C-7). 138.4 (C-6). 164.4 (CO). 

Trichloroacetic acid bept-6-enyl ester (12): According to the general procedure A, a solution of trichloroacetyl 
chloride (627 mg, 3.54 mmol, 1.1 equiv) and 6-hepten-l-01(368 mg. 3.23 mmol) in 10 mL of CH2Cl2 was treated with E13N 
(651 mg, 6.45 mmol, 2 e.quiv) in 2 mL of CH2Cl2. The reaction was stirred for 1 h at 0 ‘C and 18 h at rt. Work-up and fc (1:20) 
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afforded 12 (556 mg, 2.14 mmot, 66%) as a colourless oil. Rf(l:lO) 0.60, IR v 3010.2970, 2930.2850. 1760, 1630, 1220; 1~ 
NMR (200 MHz) 6 1.35-1.50 (m, 4 H, 2 CH2), 1.70-1.90 (m, 2 H, CH2), 2.00-2.15 (m. 2 H, 2 H-5). 4.36 (t, 2 H, J = 6.6 Hz, 2 
H-l), 4.90-5.07 (m, 2 H. 2 H-7). 5.79 (ddt, 1 H, J = 6.9, 10.2. 17.0 Hz, H-6): 13C NMR (50 MHz) 6 24.8 (CH2), 27.9 (CH2). 
28.1 W-Q), 33.3 (CH2)). 69.3 (C-l), 89.9 (CCl3). 114.6 (C-7). 138.2 (C-6). 161.8 (CO). 

Dichloroacetic acid uadec-10snyl ester (13): According to the general procedure A, a solution of dichtoroacetyl 
chloride (1.0 g. 6.7 mmol, 1.0 equiv) and IO-undecen-l-ol(l.14 g. 6.7 mmol) in 20 mL of CH2Cl2 was treated with Et3N (1.36 g, 
13.4 mmol, 2 equiv) in 5 mL of CH2C12. The reaction was stirred 1 h at 0 ‘C. Work-up and fc (1:lO) afforded 13 (1.60 g. 5.7 
mmot, 85%) as a colourless oil. Rf(l:lO) 0.70; IR v 3070.2920,2850,1760,1740, 1635,146o.l~ NMR (250 MHZ) S 1.20-1.45 
(m, 12 H, 6 CH2). 1.62-1.78 (m. 2 H. CH2). 1.95-2.08 (m, 2 H, 2 H-9). 4.25 (t. 2 H, J = 6.7 Hz, 2 H-l), 4.85-5.00 (m. 2 H, 2 
H-11), 5.70-5.90 (m, 1 H, H-10). 5.92 (s, 1 H, CHCl2); 13C NMR (50 MHz) 6 25.3 (CH2), 28.0 (2 CH2). 28.6 (CH2). 28.8 (2 
CH2). 29.1 (CH2). 33.5 (CH2). 64.1 (CHCl2), 67.2 (C-l), 113.9 (C-11). 138.6 (C-10). 164.1 (CO). 

Dicbloroacetic acid pent4-ynyl ester (14): According to the general procedure A, a solution of dichloroacetyl 
chloride (483 mg, 3.3 mmol, 1.0 equiv) and 4-pentyn-l-01(276 mg, 3.3 mmol) in 10 mL of CH2Cl2 was treated with Et3N (668 
mg, 6.6 mmol, 2 equiv) in 2 mL of CH2C12. The reaction was stirred for 1 h at 0 ‘C. Work-up and fc (1:4) afforded 14 (562 mg, 
2.9 mmol, 87%) as a light yellow oil. Rf (1:3) 0.60, IR v 3300, 2960, 2930, 2840, 2110, 1760, 1740, 1460, 1440. 1430, 1385, 
1370, 810; lH NMR (200 MHz) 6 1.85-2.05 (m, 3 H. 2 H-2, H-5). 2.34 (dt, 2 H, J = 2.6, 7.0 Hz, 2 H-3). 4.40 (t, 2 H, J = 6.2 
Hz, 2 H-l), 5.95 (s, 1 H, CHCl2); 13C NMR (50 MHz) 6 14.7 (C-3). 26.9 (C-2). 64.1 (CHCI2). 65.7 (C-l), 69.3 (C-4). 82.2 (C- 
5). 164.2 (CO). 

Trichloroacetic acid pent-Cynyl ester (15): According to the general procedure A, a solution of trichloroacetyl 
chloride (1.43 g, 7.8 mmol, 1.1 equiv) and 4-pentyn-l-ol(600 mg, 7.13 mmol) in 24 mL of CH2C12 was treated with Et3N (1.44 
g, 14.3 mmol, 2 equiv) in 8 mL of CH2Cl2. The reaction was stirred for 1.5 h at 0 ‘C. Work-up and fc (1:8) afforded 15 (1.51 g, 
6.56 mmol, 92%) as a colourless oil. Rf(k8) 0.65; IR v 3300, 3030.2960.2840, 1760, 1460, 1440. 1430, 1245, 1020,820, 1~ 
NMR (200 MHz) 6 1.90-2.07 (m, 3 H, 2 H-2 and H-5). 2.37 (dt, 2 H, J = 2.6.6.9 Hz, 2 H-3), 4.49 (t, 2 H, J = 6.1 Hz, 2 H-l); 
13C NMR (50 MI-Ix) 6 14.8 (C-3), 26.9 (C-2). 67.5 (C-l), 69.6 (C-4), 82.0 (C-5), 89.7 (CC13), 161.7 (CO). 

Dichloroacetic acid I-methyl-pent-4-enyl ester (16): A suspension of 531 mg of magnesium chips (22.1 mmol, 
1.1 equiv) in 3 mL of dry Et20 was treated with of 5-bromo-l-pentene (3.0 g. 20.1 mmol) in 30 mL of Et20 and the resulting 
Grignard reagent was mfluxed for 1 h. At 10 ‘C a solution of 10.9 g of acetaldehyde (0.25 mol. 12 equiv) in 10 mL of Et2G was 
added dropwise over 30 minutes, the reaction mixture was stirred for 2 h at rt and pouted into ice/15% H2SO4. The aqueous layer 
was extracted with Et20 (3 x 50 mL), the combined organic phases were dried (MgSOq), concentrated in vacua and purified by fc 
(1:5). This yielded 913 mg (10.8 mmol, 54%) of 5-hexen-2-01. According to the general procedure A, a solution of dichloroa&yl 
chloride (1.09 g, 7.15 mmol, 1.0 equiv) and 5-hexen-2-ol(602 mg, 7.15 mmol) in 20 mL of CH2C12 was treated with Et3N (1.44 
g. 14.3 mmol, 2 equiv) in 4 mL of CH2CI2. The reaction was stirred for 18 h at r.t.. Work-up and fc (1:3) afforded 16 (1.27 g. 6.0 
mmol, 84%) as a colourless oil. Rf (1:3) 0.75; IR v 3080, 2980, 2940, 2850, 2240, 1750, 1670. 1390, 1380, 1170. 900, 1~ 
NMR (200 MHz) 6 1.33 (d, 3 H, J = 6.2 Hz, CH3). 1.57-1.90 (m, 4 H, 2 H-3 and 2 H-4). 2.20 (sextet, 1 H, J = 6.5 Hz, H-2). 
4.95-5.05 (m, 2 H, 2 H-6) 5.75 (ddt, 1 H, J = 6.6, 10.1, 17.0 Hz, H-5). 5.92 (s, 1 H, CHC12). 

Dichloroacetic acid I-phenyl-pent-4-enyl ester (17): A suspension of 396 mg of magnesium chips (16.3 mmol, 
1.1 equiv) in 5 mL Et20 was treated with a solution of of 4-bromo-1-butene (2.0 g, 14.8 mmol) in 50 mL of Et20. The resuhing 
Grignard reagent was refluxed for 1 h, then cooled down to -10 ‘C, followed by the slowly addition of benraldehyde (1.65 g. 1.05 
equiv, 15.5 mmol) keeping the temperature below -5 ‘C. The r.m. was slowly brought to r.t. and poured into 100 g of ice and 15 
mL of H2SO4. I-Phenyl-4-penten-l-o111 was obtained by extraction with Et20 (3 x 50 mL), drying on Na2SO4, concentration in 
Y~CUO and purification by fc (1:3.5) as a colourless oil (1.49 g, 9.18 mmol, 62%). Rf (1:3.5) 0.40, IR v 3600, 3440, 3070, 3oo0, 
2930.2850, 1630, 1490, 1445,910; 1~ NMR (200 MHz) 6 1.63 (bs, 1 H, OH), 1.70-2.00 (m, 2 H, 2 H-2). 2.00-2.25 (m, 2 H, 2 
H-3). 4.70 (dd, 1 H, J = 5.9.7.3 Hz, H-l), 4.95-5.12 (m, 2 H, 2 H-5), 5.75-5.95 (m, 1 H, H-4). 7.20-7.40 (m, 5 H, Ar). According 
to the general procedure A, a solution of dichloroacetyl chloride (770 mg, 5.2 mmol, 1.2 equiv) and I-phenyl-4-penten-l-ol(705 
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mg, 4.3 mmol) in 15 mL of CH2Cl2 was treated with Et3N (870 mg, 8.6 mmol, 2 equiv) in 5 mL of CH2Cl2. The reaction was 

stirred for 2 h at 0 ‘C. Work-up and fc (1:8) afforded 17 (745 mg. 2.7 mmol, 63%) as a colourless oil. From the r.m. 280 mg of 

starting akohol was isolated, corrected for starting material the yield of esterification was 100%. Rf(l:8) 0.75; IR v 3060,3@0, 

2940, 1755.1630, 1490,1445,910,790; lH NMR (200 MHZ) 6 1.90-2.25 (m, 4 H, 2 H-2 and 2 H-3). 4.95-5.15 (m, 2 H, 2 H- 
5). 5.70-5.95 (m. 2 H, H-l and H-4). 5.95 (s, 1 H, CHC12). 7.25-7.45 (m, 5 H, Ar); 13C NMR (50 MHZ) 6 29.4 (C-3), 35.0 (C- 
2). 64.4 (CHCl2). 78.9 (C-l), 115.7 (C-5). 126.3, 126.3, 128.4, 128.5, 128.5, 136.7 (C-4). 138.7, 163.5 (CO). 

Dicbloroacetic acid 1,1-dimethyl-pent-4.enyl ester (18): According to the preparation of 17, 396 mg of 

magnesium chips (16.3 mmol, 1.1 equiv) in 5 mL of Et20 were treated with of 4-bromo-1.butene (2.0 g. 14.8 mmol) in 15 mL of 

Et2O. followed by 30 minutes of reflux. At r.t. 1.72 g of dry acetone (29.6 mmol. 2 equiv, 2.2 mL) in 10 mL of Et20 was added 

slowly to the r.m. and stirred for 5 h. After work-up 2-methyl-5-hexen-2-o112 (974 mg, 8.53 mmol, 52%) was obtained by fc (1:4) 

as a light yellow oil. According to the general procedure A, a solution of dichloroacetyl chloride (940 mg, 6.4 mmol, 1.0 equiv) and 

2-methyl-5-hexen-2-ol (731 mg, 6.4 mmol) in 20 mL of CH2C12 was treated with Et3N (1.3 g. 12.8 mmol, 2 equiv) in 5 mL of 

CH2C12. The reaction was stirred for 1 h at 0 ‘C. Work-up and fc (1:6) afforded 18 (727 mg, 3.2 mmol, 50%) as a colourless oil. 
From the r.m. 345 mg of starting alcohol was isolated, the corrected yield for starting material was 95%. Rf(l:6) 0.90; IR v 3170, 

2980,2920,2850,1800, 1750. 1635,1450.1380, 1365,910; lH NMR (200 MHZ) 6 1.52 (s, 6 H, 2 CH3). 1.85-2.00 (m. 2 H, 2 

H-2). 2.10-2.25 (m, 2 H, 2 H-3). 4.95-5.10 (m, 2 H, 2 H-5). 5.70-5.95 (m, 1 H, H-4), 5.83 (s, 1 H. CHC12): l3C NMR (50 

MHz) 6 25.3 (2 CH3), 27.8 (C-3). 39.5 (C-2). 65.1 (CHCl2). 86.7 (C-l), 114.7 (C-5). 137.6 (C-4). 163.2 (CO). 

Dichloroacetic acid 2,2-dimethyl-pent-4.enyl ester (19): According to the preparation of 11, 3.87 g of 2,2- 

dimethyl-4-genten-l-al (34.5 mmol) in 77 mL of Et20 was treated with of LiAlH4 (1.96 g, 51.8 mmol, 1.5 equiv). The r.m. was 

refluxed for 2 h and stirred overnight at r.t. Excess LiAlH4 was treated with 5 mL of MeOH. 200 mL of 5% H2SO4 was added to 

the mixture and extracted by Et20 (3 x 100 mL), the organic phases were dried (MgSO4) and concentrated in vacua. 2,2-Dimethyl- 

4-penten-l-ol13 was obtained essentially pure (3.53 g, 30.9 mmol, 90%). According to the general procedure A, a solution of 
dichlorcacetyl chloride (567 mg, 3.85 mmol, 1.1 equiv) and 2&dimethyl4-penten-l-01(400 mg, 3.51 mmol) in 10 mL of CH2Cl2 

was treated with EQN (709 mg, 7.0 mmol, 2 equiv) in 2 mL of CH2CI2. The reaction was stirred for 10 minutes at 0 ‘C. Work-up 

and fc (120) afforded 19 (790 mg, 3.51 mmol, 100%) as a tight yellow oil. Rf (1:8) 0.65; IR v 3070, 2960, 1760, 1740, 1640, 

1300, 1160, 990,910, 810; lH NMR (200 MHz) 6 0.96 (s, 6 H, 2 CH3). 2.09 (d, 2 H, J = 7.5 Hz, 2 H-3). 3.99 (s, 2 H, 2 H-l), 

5.01 (m, 2 H, 2 H-5). 5.85 (m, 1 H, H-4) 5.97 (s, 1 H. CHC12). 

Dichloroacetic acid 2.2.dimethyl-pent-4-enyl ester (20): According to the general procedure A, a solution of 

trichloroacetyl chloride (5.76 g, 31.5 mmol, 1.2 equiv) and 2,2dimethyl-4-penten-l-o1 (3.0 g. 26.3 mmol) in 90 mL of CH2C12 

was treated with Et3N (5.3 g. 52.6 mmol, 2 equiv) in 7 mL of CH2C12. The reaction was stirred for 1.5 h at 0 ‘C. Work-up and fc 

(1:lO) afforded 20 (6.78 g, 26.1 mmol, 99%) as a colourless oil. Rf(l:lO) 0.90: IR v 3070,296O. 1760, 1635, 1460, 1390, 1365, 

1250, 990, 835, 820; lH NMR (300 MHz) 6 0.99 (s, 6 H, 2 CH3). 2.10 (d, 2 H, J = 7.5 Hz, 2 H-3). 4.06 (s, 2 H, 2 H-l), 5.03. 

5.15 (m, 2 H, 2 H-5), 5.80 (ddt, 1 H, J = 7.6, 10.3, 16.8 Hz, H-4); 13C NMR (50 MHz) 6 23.9 (2 CH3), 34.6 (CH2). 43.1 
(CH2). 76.3 (C-l), 90.0 (CCl3). 118.3 (C-5), 133.6 (C-4). 161.8 (CO). 

Dicbloroacetic acid 3,3-dimethyl-pent-4.enyl ester (21): According to the general procedure A, a solution of 

dichhoacetyl chloride (1.26 8.8.6 mmol, 1.1 equiv) and 3,3-dimethy14-penten-l-o114 (700 mg, 7.8 mmol) in 26 mL of CH2Cl2 

was treated with Et3N (1.58 g, 15.6 mmol, 2 equiv) in 5 mL of CH2C12. The reaction was stirred for 2 h at 0 ‘C. Work-up and fc 

(1:lO) afforded 21 (1.52 8. 6.7 mmot, 87%) as a light yellow oil. Rf &IO) 0.55; IR v 3080, 2960, 2920, 2860, 1760, 1630, 

1460, 1410, 1380, 1360, 1300, 1160. 1000,970,915,810; lH NMR (400 MHz) 6 1.06 (s, 6 H, 2 CH3). 1.73 (t, 2 H, I = 7.3 

HZ, 2 H-2). 4.26 (t-2 H. J = 7.3 Hz, 2 H-l), 4.% (dd. 1 H, J = 1.0, 17.3 Hz, H-5 ovens), 4.98 (dd, 1 H, J = 1.0, 10.3 Hz, H-5 cis), 
5.77 (dd, 1 H, J = 11.0, 17.2 Hz, H-4). 5.91 (s. 1 H, CHC12). 

Tricbloroacetic acid 3,3-dimethyl-pent-4-enyl ester (22): According to the general procedure A, a solution of 

hichloroacetyl chloride (1.56 g, 8.6 mmol, 1.1 equiv) and 3,3dimethyl+enten-l-o114 (700 mg, 7.8 mmol) in 26 mL of CH2Cl2 

was treated with Et3N (1.58 g. 15.6 mmol, 2 equiv) in 5 mL of CH2Cl2. The reaction was stirred for 2 h at 0 ‘C. Work-up and fc 
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(1:lO) afforded 22 (1.71 g, 6.6 mmol, 85%) as a colourless oil. Rf(l:lO) 0.75: IR v 3080,2960,2920,2860, 1760, 1635, 1455, 

1410,138O. 1360, 1240, 1000,980,915,820,680; lH NMR (400 MHz) 6 1.08 (s, 6 H, 2 CH3). 1.79 (t. 2 H. J = 7.2 Hz, 2 H- 
2). 4.34 (t, 2 H, J = 7.2 Hz, 2 H-l), 4.98 (d, 1 H, J = 17.4 Hz. H-5 rrans), 4.99 (d. 1 H, J = 10.7 Hz, H-5 cis). 5.78 (dd, 1 H, J = 

11.1. 17.1 Hz. H-4): 13C NMR (50 MHz) 6 26.9 (2 CH3), 35.6 (CH2). 39.8 (CH2), 67.1 (C-l), 89.9 (CCl3), 111.7 (C-5). 146.5 
(C-4). 161.9 (CO). 

Dichloroacetic acid 4-methyl-pent-4-enyl ester (23): According to the general procedure A, a solution of 

dichkuoacetyl chloride (224 mg, 1.53 mmol, 1.1 equiv) and 4-methy14-penten-l-o11s (139 mg, 1.39 mmol) in 5 mL of CH2Cl2 

was treated with Et3N (281 mg, 2.78 mmol, 2 equiv) in 1 mL of CH2Cl2. Tlte reaction was stirred for 1 h at 0 ‘C. Work-up and fc 

(1:lO) afforded 23 (255 mg, 1.21 mmol, 87%) as a colourless oil. Rf (1:lO) 0.55; lR v 3060, 2960, 2930, 2840, 1760. 1640, 

1440, 1370. 1300, 1160, 1035,980, 890,810: lH NMR (400 MHZ) 6 1.73 (s, 3 H, CH3). 1.86 (quintet, 2 H, J = 6.9 Ha, 2 H-2). 

2.12 (t, 2 H, J = 7.7 Hz, 2 H-3). 4.28 (t. 2 H, J = 6.6 Hz, 2 H-l), 4.71 (s, 1 H, H-5), 4.76 (s, 1 H, H-5’). 5.94 (s, 1 H, CHC12). 

Trichloroacetic acid 4-methyl-pent-4.cay1 ester (24): According to the general procedure A, a solution of 
trichloroacetyl chloride (356 mg, 1.97 mmol. 1.1 equiv) and 4-methyl-4~penten-l-o115 (180 mg, 1.79 mmol) in 5 mL of CH2Cl2 

was treated with Et3N (362 mg, 3.59 mmol. 2 equiv) in 1 mL of CH2Cl2. llte reaction was stirred for 1 h at 0 ‘C. Work-up and fc 

(1:20) afforded 24 (405 mg, 1.65 mmol, 92%) as a colourless oil. Rf (1:lO) 0.60; IR v 3070, 2920, 2840. 1760, 1640, 1460, 

1~.1370,1~5,980,820,675; lH NMR (200 MHZ) 6 1.74 (s, 3 H, CH3). 1.92 (quintet, 2 H, J = 6.5 Hz, 2 H-2). 2.16 (t, 2 H, 

J = 7.0 Hz, 2 H-3). 4.37 (t, 2 H, J = 6.5 Hz, 2 H-l), 4.73 (s, 1 H, H-5). 4.78 (s, 1 H, H-5’): *3C NMR (50 MHz) 6 22.0 (CH3), 

25.9 (CH2). 33.3 (CH2). 68.6 (C-l), 89.8 (CCl3). 111.0 (C-5), 143.5 (C-4). 161.6 (CO). 

(R)-Dichloruacetic acid hex-4-enyi ester (25): According to the general procedure A, a solution of dichloroacetyl 

chloride (1.13 g. 7.69 mmol, 1.1 equiv) and (RF4-hexen-l-ol(700 mg, 6.99 mmol) in 20 mL of CH2Cl2 was treated with Et3N 

(1.41 g, 14.0 mmol, 2 equiv) in 5 mL of CH2C12. The reaction was stirred for 2 h at 0 ‘C. Work-up and fc (1:6) afforded 25 (1.39 

g. 6.59 mmol, 94%) as a colourless oil. Rf(l:8) 0.55: IR v 3010,2960,2940. 2920, 2850. 1760, 1460, 1445, 1435, 1385, 1375, 

1250, 1165, 960,810; lH NMR (300 MHZ) g 1.65 (dd, 3 H, J = 0.8.5.8 Hz, CH3). 1.77 (quintet, 2 H, J = 6.7 Hz, 2 H-2), 2.09 
(q, 2 H, J = 6.8 Hz, 2 H-3) 4.27 (t. 2 H, J = 6.6 Hz. 2 H-l), 5.35-5.52 (m, 2 H, H-4 and H-5). 5.94 (s, 1 H, CHCl2); 13C NMg 

(50 MHz) 6 17.7 (C-6). 27.8 (CH2). 28.3 (CH2), 64.2 (CHCI2). 66.9 (C-l), 126.1 (CH=). 129.2 (CH=), 164.4 (CO). 

(II)-Tricbloroacetic acid hex4-enyl ester (26): According to the general procedure A. a solution of trichloroacetyl 

chloride (1.40 g. 7.69 mmol, 1.1 equiv) and (R)-Q-hexen-1-ol(700 mg, 76.99 mmol) in 20 mL of CH2Cl2 was treated with Et3N 

(1.41 g, 14.0 mmol, 2 equiv) in 5 mL of CH2Cl2. The reaction was stirred for 2 h at 0 ‘C. Work-up and fc (1:6) afforded 26 (1.62 
g, 6.6 mmol, 94%) as a colourless oil. Rf(l:8) 0.75; JR v 2960, 2940, 2920, 2850, 1760, 1460, 1445, 1435, 1375, 1250, 1070, 

990. 910, 825; lH NMR (300 MHZ) 6 1.65 (dd, 3 H, J = 0.8.5.8 Hz, CH3). 1.83 (quintet, 2 H, J = 6.7 Hx. 2 H-2). 2.12 (q, 2 H, 

J = 6.8 Hz, 2 H-3). 4.36 (t, 2 H, J = 6.5 Hz, 2 H-l), 5.35-5.55 (m, 2 H, H-4 and H-5); l3C NMR (50 MHz) 6 17.5 (C-6). 27.6 

(CH2). 28.1 (CH2). 68.4 (C-l), 89.7 (CCl3). 126.1 (CH=), 128.9 (CH=), 161.6 (CO). 

Dichloroacetic acid b-methyl-hex-4-enyl ester (27): According to the general procedure A, a solution of 

dichbroacetyl chloride (570 mg, 3.9 mmol, 1.1 equiv) and 5-methyl-4-hexen-l-01(400 mg, 3.5 mmol) in 10 mL of CH2Cl2 was 

treated with Et3N (707 mg, 7.0 mmol. 2 equiv) in 2 mL of CH2Cl2. The reaction was stirred for 1 h at 0 ‘C. Work-up and fc 

(1:lO) afforded 27 (732 mg, 3.25 mmol, 93%) as a light yellow oil. Rf (1:lO) 0.55; IR v 2%0, 2920, 2840, 1755, 1440, 1370, 

13~,1160,980,905, 810; lH NMR (400 MHZ) 6 1.60 (s, 3 H, CH3). 1.70 (s, 3 H, CH3). 1.75 (quintet, 2 H, J = 7.3 Hz, 2 H- 
2). 2.09 (q. 2 H, J = 7.3 Hz, 2 H-3), 4.26 (1.2 H, J = 6.6 Hz, 2 H-l), 5.09 (tt, 1 H, J = 1.3, 7.3 Hz. H-4). 5.94 (s, 1 H, CHCl2); 

13C NMR (50 MHZ) 6 17.4 (CH3). 23.8 (CH2). 25.5 (CH3), 28.2 (CH2). 64.2 (CHCl2), 66.9 (C-l), 122.5 (C-4). 132.8 (C-5). 
164.3 (CO). 

Tricbloroacetic acid 5-methyl-hex&enyl ester (28): According to the general procedure A, a solution of 

trichloroacetyl chloride (709 mg, 3.9 mmol, 1.1 equiv) and 5-methyl-4-hexen-l-01(400 mg, 3.5 mmol) in 10 mL of CH2Cl2 was 

treated with Et3N (707 mg, 7.0 mmol. 2 equiv) in 2 mL of CH2Cl2. The reaction was stirred for 1 h at 0 ‘C. Work-up and fc 
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(1:lO) afforded 28 (858 mg, 3.31 mmol, 95%) as a colourkss oil. Rf(l:lO) 0.75; IR v 2960, 2920, 2840, 1760, 1440, 1370, 

1250,980.900.825,670; lH NMR (400 MHz) 8 1.61 (s, 3 H. CH3). 1.70 (s, 3 H, CH3). 1.80 (quintet, 2 H, J = 6.9 Hz, 2 H-2). 

2.12 (q. 2 H, J = 7.2 Hz, 2 H-3). 4.35 (t. 2 H, J = 6.4 Hz. 2 H-l), 5.10 (t, 1 H. J = 7.1 Hz, H-4); 13C NMR (50 MHz) 6 17.4 

(CH3). 23.8 (CH2). 25.5 (CH3). 28.1 (CH2). 68.6 (C-l), 89.9 (CCl3). 122.4 (C-4). 132.9 (C-5). 161.6 (CO). 

Dichloroacetic acid hept-6-en-3.yayl ester (29): To a solution of 3-butyn-l-o1 (2.36 g, 33.7 mmol) in 5.5 mL of 

DMF were added CuCl (152 mg, 1.53 mmol, 0.05 quiv), K2CO3 (6.34 g, 45.9 mmol, 1.5 equiv) and n-BuqNCl (861 mg, 3.1 

mmol, 0.1 equiv) and under vigorous stirring at 0.. allylbmmide (3.7 g. 30.6 mmol, 1.0 equiv) was added dropwise by syringe. 

The yellow r.m. WBS stirred for 18 h at r.t., as it turned green slowly. Et20 (30 mL) was added and the green suspension was filtered 

over Celite. The filter was rinsed with 50 mL of Et20 and the filtrate was washed with 50 mL of NaCl(aq), dried (Na2SOq), 

concentrated in vucuo and purified by fc (1:2.5) to afford hept&en-3-yn-l-o117 (3.49 g. 31.6 mmol, 94%) as a light yellow oil. Rf 

(1:2) 0.40; IB v 3580,3440,3080,3000,2940,2880, 1635, 1415,910; 1~ NMR (200 MHz) 6 1.91 (bs, 1 H, OH), 2.47 (m, 2 
H, 2 H-2). 2.95 (m, 2 H, 2 H-5), 3.70 (f 2 H, J = 6.2 Hz, 2 H-l), 5.10 (dd, 1 H, J = 1.4.9.9 Hz, H-7 cis), 5.30 (dd, 1 H, J = 1.5, 

16.9 Hz, H-7 rruns), 5.83 (ddt. 1 H, J = 5.3.9.9, 16.9 Hz, H-6): 13C NMR (75.5 MHz) 8 22.6 (CH2). 22.7 (CH2). 60.9 (C-l), 

78.1 (C-alkyne), 78.9 (C-akyne), 115.5 (C-7). 132.7 (C-6). According to the general procedure A, a solution of dichloroacetyl 

chloride (411 mg, 2.79 mmol, 1.0 equiv) and hept-6-enJ-yn-l-ol(307 mg, 2.79 mmol) in 5 mL of CH2Cl2 was treated with U3N 

(564 mg, 5.58 mmol, 2 equiv) in 2 mL of CH2Cl2 at 0 ‘C. ‘l%e reaction was stirred for 18 h at r.t.. Work-up and fc (1:lO) afforded 

29 (617 mg, 2.79 mmol, 100%) as a yellow oil. Rf(l:lO) 0.45; IR v 3080, 3000, 2900, 1760, 1635, 1460, 1415,910; lH NMR 

(200 MHz) 8 2.60-2.70 (m, 2 H, 2 H-2), 2.90-3.10 (m, 2 H, 2 H-5), 4.36 (t, 2 H. J = 6.9 Hz, 2 H-l), 5.10 (dq, 1 H. J = 1.6.9.9 

Hz, H-7 cis), 5.30 (dq, 1 H, J = 1.7, 17.0 Hz, H-7 tram), 5.80 (dt, 1 H, J = 4.9, 10.1, 17.0 Hz, H-6). 5.97 (s, 1 H, CHCl2). 

Tricbloroacetic acid hept-6-en-3-yoyl ester (30): According to the general procedure A, a solution of 

trichloroacetyl chloride (495 mg, 2.72 mmol, 1.0 equiv) and heptden-3-yn-l-ol(300 mg, 2.72 mmol) in 9 mL of CH2Cl2 was 

treated with Et3N (549 mg, 5.44 mmol, 2 cquiv) in 2 mL of CH2C12 at 0 ‘C. The reaction was stirred for 1 h at 0 ‘C. Work-up and 

fc (1:lO) afforded 30 (617 mg, 2.79 mmol. 100%) as a yellow oil. Rf(l:6) 0.75; IR v 3080, 2980, 2920, 1760, 1630, 1420. 

1240, 1005,990,820; lH NMR (200 MHz) 6 2.60-2.75 (m. 2 H, 2 H-2). 2.90-3.00 (m. 2 H, 2 H-5), 4.44 (t. 2 H, J = 6.9 Hz, 2 

H-l), 5.10 (dq, 1 H, J = 1.7,9.9 Hz, H-7 cis), 5.30 (dq, 1 H, J = 1.7, 17.0 Hz, H-7 rrons), 5.80 (ddt, 1 H, J = 5.2,9.9, 17.0 Hz, H- 

6). 

(Z)-Dicbloroacetic acid hepta-3,6-dienyl ester (31): To powdered NaBH4 (2.2 g, 58.1 mmol, 8 equiv) and WC12 

(121 mg, 0.68 mmol. 0.08 equiv) was slowly added 145 g of dry polyethylene glycol 2001*, followed by 80 mL of CH2Cl2. The 

mixture was cooled to -10 ‘C, when hept-den-3-yn-l-ol (gOO mg, 7.26 mmol, 1 equiv) in 1 mL of CH2Cl2 was added in one 
portion and stirred for 2 h allowing the temperature to rise slowly to r.t. in 2 h. The dark grey r.m. was pounzd into 300 mL of H20 

and extracted with CH2Cl2 (3 x 80 mL). The organic phases wem dried (MgSO4). concentrated and purifii by fc (1:2) to afford Q- 

hepta-3,6-dien-l-01 (780 mg, 6.95 mmol, 96%) as a colourless oil. Rf (1:2) OAO; IB v 3600, 3470, 3080, 3000, 2950. 2930, 

2870, 1630, 1045, 995,910; lH NMR (300 MHz) 6 2.29 (q. 2 H, J = 6.7 Hz, 2 H-2), 2.45 (bs, 1 H, OH), 2.80 (t, 2 H, J = 6.8 

Hz, 2 H-5). 3.59 (t. 2 H, J = 6.4 Hz, 2 H-l), 4.95 (dt, 1 H, I = 1.5, 10.2 Hz, H-7 cis), 5.02 (dq, 1 H, J = 1.7, 17.1 Hz, H-7 rrans). 

5.40-5.57 (m, 2 H, H-3 and H-4). 5.78 (ddt, 1 H, J = 6.2, 10.2, 16.9 Hz. H-6): 13C NMR (75.5 MHz) 8 30.5 (CH2). 31.4 (CH2). 

61.9 (C-l), 114.7 (C-7), 126.4 (CH=), 129.6 (CH=), 132.8 (C-6). According to the general procedure A, a solution of 

dichlomacetyl chloride (434 mg, 2.94 mmol, 1.1 cquiv) and (Z)-hepta-3,6-dien-l-01(300 mg, 2.67 mmol) in 9 mL of CH2C12 was 

treated with Et3N (539 mg, 5.3 mmol, 2 equiv) in 2 mL of CH2Cl2 at 0 ‘C. The reaction was stirred for 1 h at 0 ‘C. Work-up and 

fc (1:lO) afforded 31 (388 mg, 1.74 mmol, 65%) as a colourless oil. Rf (1:s) 0.65; lR v 3080, 3020, 2960, 2920, 2850, 1760, 

1635, 1445, 1300, 1165,990; lH NMR (200 MHz) 8 2.48 (q, 2 H, J = 6.8 Hz, 2 H-2). 2.82 (t. 2 H. J = 6.0 Hz, 2 H-5). 4.28 (t. 2 

H, J = 6.8 Hz, 2 H-l), 5.00 (d, 1 H, J = 11.6 Hz. H-7 cis), 5.04 (d, 1 H, J = 17.1 Hz, H-7 trans), 5.40-5.65 (m. 2 H, H-3, H-4), 

5.81 (ddt, 1 H, J = 6.1, 10.1, 17.1 Hz, H-6). 5.94 (s, 1 H, CHC12). 

(Z)-Trichloroacetic acid bepta-3,6-dienyl ester (32): According to the general procedure A, a solution of 

trichloroacetyl chloride (534 mg, 2.94 mmol, 1.1 e&v) and (Z)-hepta-3,6die~1-1-ol(300 mg, 2.67 mmol) in 9 mL of CH2Cl2 was 

treated with Et3N (539 mg, 5.34 mmol, 2 equiv) in 2 mL of CH2Cl2 at 0 ‘C. The reaction was stirred for 1 h at 0 ‘C. Work-up and 
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fc (1:lO) aff&d 32 (424 mg, 1.64 mmol. 62%) as a colourless oil. Rf(l:8) 0.80; IB v 3080, 3020, 2960, 2920, 2850, 1760. 
1630, 1460, 1250, 1170,990, 8u); lH NMB (200 MHz) 8 2.53 (q, 2 H, J = 6.8 Hz, 2 H-2). 2.84 (t. 2 H. .I = 6.6 Ha, 2 H-5). 4.36 
(t, 2 H. J = 6.8 Hz, 2 H-l), 5.00 (dd, 1 H, J = 1.5, 10.0 I-Ix, H-7 cis), 5.05 (dd, 1 H, J = 1.5, 16.7 Hz, H-7 rrans), 5.40-5.65 (m, 2 
H, H-3 and H-4). 5.81 (ddt. 1 H, J = 6.2, 10.4, 16.9 Hz, H-6). 

Dichloroacetic acid act-7-en4-ynyl ester (33): According to the preparation of 29, a solution of 4-pentyn-l-al 

(2.0 g. 23.8 mmol), CuCl (118 mg, 1.12 mmol, 0.05%). K2CO3 (4.93 g, 35.7 mmol, 1.5 equiv) and TBACl (661 mg, 2.38 
mmol, 0.1 equiv) in 4 mL of DMF was treated with allylbromide (2.61 g. 21.6 mmol. 0.9 equiv) and stirred at r.t. for 2 days.17 

After work-up and fc (1:4) act-7-en4-yn-l-01 was obtained (2.65 g. 21.34 mmol, 90%) as a light yellow oil. Rf(l:2) 0.40, IR v 

3610,3440,3080.3000,2950,2880, 1635, 1430, 1415, 1395,1050,990,910; lH NMB (200 MHz) 8 1.59 (bs, 1 H, OH), 1.76 

(quintet, 2 H, J = 6.5 Ha, 2 H-2). 2.25-2.40 (m, 2 H, 2 H-3), 2.80-3.00 (m, 2 H, 2 H-6). 3.76 (t. 2 H, J I 6.1 HZ, 2 H-l), 5.09 
(dd, 1 H, J = 1.5. 10.0 Hz, H-8 cis). 5.30 (dd, 1 H, J = 1.6, 17.0 Hz, H-8 ~axs). 5.80 (ddt, 1 H. J = 5.2, 10.0. 17.0 Hz. H-7). 
AcKadiflg to the general procedure A. a solution of dichlomacetyl chIoride (261 mg. 1.77 mmol. 1.1 equiv) and act-7-en-4-yn-l-01 
(200 mg, 1.6 mmol) in 5 mL of CH2C12 was treated with Et3N (323 mg, 3.2 mmol, 2 cquiv) in 1 mL of CH2Cl2 at 0 ‘C. The 

reaction was stimd for 2 h at 0 ‘C. Work-up and fc (1:8) afforded 33 (368 mg, 1.56 mmol, 98%) as a co1ourIes.s oil. Rf (1:lO) 

0.35; IR v 3080, 2960, 2840, 1760, 1740, 1635. 1460, 1415, 1385, 1350, 1300, 1165, 1015, 990, 910, 810; IH NMR (200 

MI-Ix) 6 1.92 (quintet, 2 H, J = 6.6 I-Ix, 2 H-2). 2.25-2.40 (m. 2 H, 2 H-3). 2.90-3.00 (m, 2 H, 2 H-6). 4.39 (t. 2 H, J = 6.4 Hx, 2 

H-l), 5.10 (dq, 1 H, J = 1.7.9.9 Hz, H-8 cis), 5.29 (dq, 1 H, J = 1.8, 16.9 Hz, H-8 rrans), 5.83 (ddt, 1 H, J = 5.3.9.9, 16.9 Hz, H- 
7), 5.95 (s, 1 H. CHCl2). 

Trlchloroacetic acid act-l-en-4ynyl ester (34): According to the general procedure A, a solution of trichkuoacetyl 

chloride (644 mg, 3.54 mmol, 1.1 cquiv) and oct=l-en4-yn-l-ol(400 mg. 3.2 mmol) in 10 mL of CH2Cl2 was treated with Et3N 
(646 mg, 6.4 mmol, 2 equiv) in 2 mL of CH2C12 at 0 ‘C. The reaction was stirred for 2 h at 0 ‘C. Work-up and fc (1:8) a&rded 
34 (862 mg, 3.2 mmol, 100%) as a colourless oil. Rf (1:8) 0.55; IR v 3080,2960,2840, 1760, 1635, 1455. 1415, 1380, 1350, 

1245,1015,990,910,895, 820; 1~ NMR (200 MHZ) 6 1.97 (quintet, 2 H, J = 6.6 Hz. 2 H-2), 2.30-2.45 (m, 2 H, 2 H-3). 2.90- 

3.60 (m. 2 H, 2 H-6), 4.48 (t, 2 H, J = 6.3 Hz. 2 H-l), 5.10 (dq, 1 H, J = 1.7.9.9 Ha, H-8 cis), 5.29 (dq, 1 H, J = 1.8, 16.9 Hz, 
H-8 rruns), 5.83 (ddt, 1 H, J = 5.2.9.9, 16.9 Hz, H-7). 

(3R*,5R*)- and (3R*,SS*)-3,5-Dichloro-oxocan-2.one (35): According to the general procedure B, acetate 7 (40 
mg, 0.203 mmol) in 2 mL of benzene was treated with 0.3 equiv of CuCl(6.1 x 10m5 mol, 6.0 mg) and 0.3 equiv of 2,2-bipyridine 
(6.1 x 10s5 mol. 9.5 mg) and refluxed for 18 h. Concentration in Y(ICUO and purification by fc (1:6) afforded 35 (37 mg, 0.188 

mmol, 92%) as a colourless oil. This consisted of au inseparable mixture of the cis and truns diastereomers in the ratio of 70330. Rf 

(1:6) 0.40: IR v 3000,29&k 1760, 1740, 1460, 1435; MS (El, 70 eV) m/z (relative intensity) 197 (M++l, 39), 1% (I@, 3). 181 

(8). 179 (16). 163 (17). 161 (54). 143 (lo), 125 (100). 115 (29). 103 (51). 100 (59), 79 (55). 69 (23). 68 (37). 41 (28); HRMS 

calcd for C7H@2Cl2 1%.0058, found 196.0055, calcd for C7HllO2Cl2 (M++l) 197.0136, found 197.0137. (3R+,SR*)-35a 
@is): lH NMR (300 MHz) 8 1.83-2.15 (m, 3 II), 2.33-2.45 (m, 1 H), 2.57 (ddd, J= 11.1, 11.5, 14.0 Hz, H-4). 2.91 (ddd, J = 1.2, 
5.8, 14.0 Hz, H-4), 4.10 (ddd, J = 4.1.4.9, 11.1 Hz. H-8). 4.17427 (m, H-8), 4.48 (dd, J = 6.2, 11.5 Hz, H-3). 4.754.88 (m, H- 

5); 13C NMB (50 MHz) 6 29.3 (CH2), 37.7 (CH2). 50.0 (C-4). 54.6 (CH), 58.6 (CH), 68.0 (C-8). 170.3 (C-2). (3R+,SS*)- 
35b (trans): lH NMB (308 MHz) 8 1.83-2.15 (m, 4 H, 2 CH2), 2.63 (ddd, 1 H, J = 2.8,6.6, 14.1 Hz, H-4). 2.88 (ddd, 1 H, J = 
4.4.9.1, 14.1 Hz, H-4’). 4.34445 (m, 2 H, 2 H-8), 4.68 (dd, 1 H, J = 4.4.6.5 Hz, H-3). 4.45-4.50 (m, 1 H, H-5); 13C NMB (50 
MHz) 8 26.7 (CH2). 34.1 (CH2). 46.8 (C-4). 54.3 (CH), 56.6 (CH), 69.0 (C-8), 170.3 (C-2). 

Oxncan-2-one (36)22: To a refluxing solution of HSnBu3 (148 mg, 0.5 mmol, 2 equiv) in 1.5 mL of cyclohexane was 
slowly added a solution of 35 (50 mg, 0.25 mmol) and AIBN (0.01 equiv, 0.4 mg) in 1 mL of cyclohexane. The r.m. was refluxed 
for 1 h, concentrated in wcuo and purified by fc (1:6). ‘Ibis afforded 36 (20 mg, 1.44 mmol, 60%) as a colourless oil. Rf (1:6) 
0.25. The spectroscopic data were in agreement with the hteratnre. 

5-Chloro-oxocan-2-one (37): Oxocan-Zone 35 (281 mg, 1.43 mmol) was dissolved in 7 mL of absolute acetic acid. 
To this mixture was added at r.t. KI (261 mg, 1.57 mmol, 1.1 equiv), followed by Zn dust (935 mg, 14.3 mmol, 10 equiv) in small 
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portions over 2 h. The r.m. was stirred for 20 h at r.t., poured into 50 mL of H20 and neutmlizd by slow addition of ux) mL of 

NaHCOg(aq). The aqueous phase was extracted with CH2Cl2 (3 x 70 mL), the combined organic phases were dried (MgSO4), 
concentrated in vacua and purified by fc (1:2) to afford 37 (147 mg, 0.904 mmol. 63%) as a colourless oil. Rf (1:4) 0.15; IR v 

2990.2940, 2850, 1715, 1480, 1440, 1385, 1360, 1350, 1330, 1265, 1135, 1120, 1095, 1085. 1005; lH NMR (300 MHz) 8 

1.90-2.00 (m, 2 H. CH2). 2.00-2.10 (m, 2 H. CH2). 2.20-2.40 (m, 2 H. 2 H-4). 2.48 (ddd, 1 H. I = 4.1.7.6, 13.3 Hz. H-3). 2.80 

(ddd. 1 H, J = 4.1.9.9, 13.3 Hz. H-3). 4.20-4.35 (m. 2 H, 2 H-8). 4.44 (ddd, 1 H, J = 3.7.8.6, 13.0 Hz. H-5): l3C NMR (75.5 

MHz) 6 27.4 (CH2). 28.1 (CH2). 32.0 (CH2), 36.8 (CH2). 59.1 (C-5). 67.2 (C-8). 175.2 (C-2): MS (EI, 70 eV) m/z (relative 

intensity) 134 (10). 132 (hi+-OCH2.32). 127 (16). 126 (17). 116 (lo), 98 (13). 97 (16). 90 (5). 85 (6). 81 (9). 68 (31). 55 (lOO), 
41 (26). 27 (14). 

3S,S-Trichloro-oxoenn-2-one (38): According to the general procedure B, acetate 8 (324 mg, 1.40 mmol) in 20 mL 

of DCE (O.Cn M) was treated with 0.3 equiv of CuCl(O.42 mmol, 41.6 mg) and 0.3 equiv of 2,2-bipyridine (0.42 mmol, 65.6 mg) 

and heated in a sealed tube at 130 ‘C for 2.5 h. Concentration in vczcuo and purification by fc (1:lO) afforded 38 (187 mg, 0.808 

mmol. 58%) as a colourless oil. Rf (1:lO) 0.50; IR v 2960, 1760, 1590, 1460, 1445, 1420, 1180, 1170, 1010: lH NMR (300 

MHz, dg-acetone) 8 1.70-2.20 (m, 4 H, 2 CH2). 3.07 (dd, 1 H, J = 3.6.15.4 Hz, H-4), 3.22 (dd, 1 H, J = 8.4, 15.4 Hz, H-4’), 3.70 

(t. 2 H, J = 6.2 Hz, 2 H-8), 4.40-4.50 (m. 1 H, H-5): 13C NMFt (75.5 MHz) 6 26.5 (C-7). 34.9 (C-6). 56.1 (C-5). 56.9 (C-4). 

70.8 (C-S), 80.9 (C-3). 168.7 (C-2). 

(3R*,SR*)- and (3R*,SS*)-3,5-Dichloro-oxonaa-29ae (39): According to the general procedure B, acetate 9 

(123 mg, 0.58 mmol) in 6 mL of DCE was treated with 0.3 equiv of C&1(0.17 mmol, 17 mg) and 0.3 equiv of 2,2-bipyridine 
(0.17 mmol, 27 mg) and refluxed for 18 h. Concentration in V(ICUO and purification by fc (1:lO) afforded 39 (70 mg, 0.33 mmol, 

57%) as a colourless oil. This consisted of a mixtllre of the cis and trans dk&reomers in the ratio of 70~30. Rf (1:6) 0.40; MS @I, 

70 eV) m/z (relative intensity) 211 (M++l, 15). 175 (26). 157 (11). 139 (27). 121(7), 97 (18). 93 (17). 83 (43). 82 (lOO), 81 (30). 

67 (35), 55 (52), 54 (40). 41 (27): HRMS calcd for CgH1202C12 210.0214, found 210.0210, calcd for CgH13O2Cl2 (M++l) 
211.0293, found 211.0287; (3R*,SR*)-39a (cis): IR v 3010,2940.2860. 1760, 1460, 1445, 1175, 1160; lH NMR (400 MHz) 

6 1.30-1.50 (m. 1 H). 1.65-2.05 (m, 4 H), 2.42 (ddd, 1 H. J = 9.0, 11.8, 14.3 Hz, H-4). 2.75 (ddd, 1 H, J = 1.8. 5.8, 14.4 Hz, H- 

4’). 4.04 (dt, 1 H, J = 4.0, 11.0 Hz, H-9). 4154.33 (m. 1 H, H-9’), 4.46 (dd, 1 H, J = 6.0, 11.8 Hz, H-3). 4.70-4.85 (m. 1 H, H- 

5); 13C NMR (63 MHz) 6 21.2 @X2), 26.6 (CH2), 39.8 (CH2). 46.5 (CH2). 54.4 (CH), 55.0 (CH), 65.8 (C-9). 169.7 (C-2): 

(3R*,SS*)-39b (trans): IR v 2940, 1730. 1460, 1370, 1280, 1175, 1040, 990. 905: 1~ NMR (400 MHz) 6 1.40-1.50 (m, 1 

H), 1.60-1.70 (m, 1 H), 1.80-1.90 (m, 2 H), 1.94 (q. 2 H, J = 6.2 Hz), 2.62 (ddd, 1 H, J = 3.2.5.6, 15.4 Hz, H-4). 2.72 (ddd, 1 H, 
J = 3.2,8.0, 15.4 Hz. H-4’). 4.33-4.40 (m. 1 H, H-5). 4.43-4.50 (m, 2 H, 2 H-9). 4.55 (dd, 1 H, J = 3.2.5.6 Hz, H-3); 13C NMR 

(63 MHz) 8 19.5 (CH2). 26.6 (CH2). 37.8 (CH2), 43.0 (C-4). 55.0 (CH), 55.7 (CH), 65.5 (C-9). 169.6 (C-2). 

Oxonau-2-oue (40)22: According to the preparation of 36, the nine-membered lactone 39 (37 mg. 0.18 mmol) was 

treated with HSnFtu3 (2 equiv, 0.36 mmol) and AIBN (5%) in 1 mL of refluxing cyclohexane for 6 h. Work-up aud fc (1: 10) yielded 

40 (14 mg, 0.1 mmol, 55%). Rf (1:lO) 0.50. The spectroscopic data were in agreement with the literature. 

3,3,5-Trichloro-oxonan-2-one (41): According to the general procedure B, acetate 10 (100 mg, 0.41 mmol) in 6.7 

mL of DCE (0.06 M) was treated with 0.3 equiv of CuCl(O.12 mmol, 12.1 mg) and 0.3 equiv of 2f-bipyridine (0.12 mmol, 18.7 

mg) and heated in a sealed tube at 190 ‘C for 2 h. Concentration in vocuo and purification by fc (1:12) tiorded 41(59 mg, 0.24 
mmol, 59%) as a colourless oil. Rf (1:lO) OAO; IR v 3030.2980.2890, 1770, 1470, 1440, 1385, 1300, 1270, 1~ NMR (300 

MHZ) 6 1.70-1.95 (m, 5 H), 2.00-2.15 (m, 1 H), 3.05 (dd, 1 H, J = 3.7, 15.1 Hz, H-4). 3.14 (dd. 1 H, J = 8.4, 15.1 Hz, H-4’). 

4.35-4.47 (m, 2 H, 2 H-9), 4.50-4.60 (m, 1 H, H-5); 13C NMR (75.5 MHz) 8 19.0 (CH2). 26.4 (CH2), 37.5 (CH2). 54.2 (C-4), 
55.2 (C-5), 67.1 (C-9). 81.6 (C-3). 165.8 (C-2). 

(3R*,SR*,8R*)-, (3R*,SS*,8R*)- and (3RC,SR*,8S*)-3,5-Dicbloro-8-methyl-oxocan-2.one (42): 

According to the general procedure B, acetate 16 (100 mg, 0.47 mmol) in 6 mL of DCE (0.08 M) was treated with 0.3 cquiv of 

CuCl (0.14 mmol, 14.0 mg) and 0.3 equiv of 2,2-bipyridine (0.14 mmol, 21.9 mg) and heated in a sealed tube at 130 ‘C for 4 h. 
Concentration in vucuo and purification by fc (1:5) afforded 42 (67 mg, 0.32 mmol. 68%) as a light yellow oil, which solid&d 
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upon standing. Ihe product consisted of a mixture of three diastemomers hi the ratio of 7Ozu):lO. Rf(l:s) 0.40; IR v 2920, 1755, 

1440, 1110, 990, 840; (3R*,SR*,ftR*)42a (major isomer): lH NM.8 (300 MHZ) 8 1.33 (d, 3 H, J = 6.3 Hz, CH3), 1.70-2.00 

(m. 3 H, 2 H-6, H-7). 2.39 (ddd, 1 H, J = 1.3,7.5, 10.0 I-Ix, H-7’). 2.55 (dt, 1 H, J = 11.3, 13.6 Hz, H-4), 2.90 (dd, 1 H, J E 6.4, 

13.5 I& H-4’). 4.18 (ddt, 1 H, J = 1.7.6.7, 11.1 I-Ix, H-S), 4.50 (dd. 1 H, J 3: 6.5, 11.5 I-Ix, H-3). 5.16 (ddq, 1 H, J = 3.7,6.3, 

10.1 I% H-8): 13C NMR (75.5 MHZ) 8 19.8 (CH3), 37.4 (CH2). 38.0 (CH2). 51.2 (C-4). 54.8 (CHCl), 59.0 (CHCI), 76.3 (C-8). 

171.6 (C-2): (3Rf,5S*,8RW2b (second isomer): *H NMR (300 MHx) 8 1.37 (d, 3 H, J = 6.2 HZ, CH3). 2.67 (dd, 1 H, H-4). 
5.0-5.10 (m. 1 H, H-8). rest of the signals obscured; 13C NMR (75.5 MHZ) 8 20.0 (CH3). 31.7 (CH2). 32.6 (CH2). 47.7 (C-4) 

55.5 OKI), 57.2 (CHCl), 76.7 (C-8). 171.6 (C-2): (3R*,5R*$S*)-42e (minor isomer): lH NM8 (300 MHZ) 8 1.43 (d, 3 H. 
J = 6.2 Hz, CH3). 4.75 (dd, 1 H, H-3). rest of the signals obscllred: 13C NMR (75.5 MI-Ix) 8 20.2 (CH3). 35.1 (CH2). 36.0 

(CH2). 45.7 (C-4). 53.4 (CHCl), 56.4 (CH), 78.4 (C-8). 171.6 (C-2). 

Table 5: Selected data of the crystal structures of lactones 43a, 44a, 46 and 51a 

lactone 143a 144a 146 ha 

monoclinic 

cz/c 

29.605(3) 

5.7972(6) 

19.787(l) 

128.610(S) 

2653.6(4) 

8 

1.37 

43.9 

1136 

293 

0.058 

2184 

monoclinic 

P21la 

10.3946(8) 

9.9835(6) 

11.469(2) 

111.933(8) 

1104.0(2) 

4 

1.35 

51.5 

472 

253 

0.061 

1705 

monoclinic 

W/n 

6.3772(9) 

11.3992(8) 

16.139(l) 

92.139(9) 

1172.0(2) 

4 

1.47 

70.44 

536 

247 

0.049 

2231 

P&/n 
6.467(3) 

10.862(2) 

13.464(2) 

95.47(2) 

941.5(5) 

4 

1.49 

60.01 

440 

247 

0.061 

1519 

4 kC3)-(C2)-(Ol)-(C8, 1142 143 140 

(3R*,SR*,8S*)-, (3R*,5SL,8S*)- and (3R*,SR*,8R*)-3,5-Dicbloro-8-phenyl-oxocan-2-one (43): 

According to the general procedure B, acetate 17 (100 mg, 0.37 mmol) in 1.8 mL of benzene (0.2 M) was treated with 0.3 equiv of 

CUCI (0.11 mmol, 10.9 mg) and 0.3 equiv of 2,2-bipyridine (0.11 mmol, 17.3 mg) and heated in a sealed tube at 180 ‘C for 1.75 

h. Concentration in vmw and purillcation by fc (1:8) afforded 43 (50.8 mg. 0.186 mmol, 51%) as a yellow solid, which consisted 

of three diastere~mers in the ratio of 69:18:13. Rf(l:8) 0.45; IR v 3060,301O. 2950,2920, 1760, 1490. 1445. 1350; The major 
cirdichloro, rruns-phenyl isomer could be isolated by crystallization from hexane. (3R*,SR*,gS*)-43a (major isomer): light 

yellow crystals, mp 71-76 ‘C (hexane); a sample of these crystals was subjected to an X-ray analysis (Figure 1, Table 5)24; 1~ 

NMR (300 MHz) 8 2.0-2.15 (m, 2 H, 2 H-6). 2.15-2.25 (m, 1 H, H-7). 2.45-2.55 (m, 1 H, H-7). 2.66 (dt, 1 H, J = 11.4, 13.6 Hz, 

H-4). 3.01 (dd, 1 H, J= 6.4, 13.6 I-k H-4’), 4.31 (ddt. 1 H, J= 6.5, 11.2 Hz, H-5),4.62 (dd, 1 H, J= 6.5, 11.5 I-Ix, H-3). 6.05 
(dd, 1 H, J = 7.0.7.6 I-Ix, H-8). 7.30-7.45 (m, 5 H, Ar): 13C NMR (50 MHz) 8 37.9 (CH2). 38.3 (CH2). 51.5 (C-4). 54.7 (CH), 

59.2 (CID, 80.6 (C-8). 125.9, 125.9, 128.3, 128.5, 138.0, 171.3 (C-2). MS (81.70 eV) m/r (relative intensity) 272 (I@, 25). 237 

(5). 200 (2). 169 (16). 168 (18). 167 (25). 166 (27). 140 (24). 138 (SO), 117 (74). 105 (60). 91 (30). 77 (22). 67 (9). 55 (100). 41 
(13); HRMS cakd for Cl3Hl402CI2 272.0371, found 272.0370; Anal Calcd. for Cl3Hl402Cl2: C, 57.16; H, 5.17; Cl, 25.96. 
Found C, 57.13; H, 5.26; Cl, 26.15: (3R*$S*,8S*)-43b (second isomer): 1~ NM8 (300 MI-Ix) 8 2.00-2.20 (m. 3 II), 2.82 

(m, 1 H), 2.65-3.01 (m, 2 H, 2 H-4). 4.30 (m, 1 H, H-5). 4.85 (dd, 1 H, J = 4.5.6.7 I-Ix, H-3), 5.96 (dd, 1 H, J = 3.5.9.2 Hx, H- 
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8). 7x-7.45 (m, 5 H. Ar); 13C Whir (50 MHz) 8 35.7 (CH2). 36.9 (CHZ). 48.2 (C-4). 54.0 (CH), 57.3 (CH), 80.7 (c-8). 125.7, 
125.9, 128.3, 128.5, 138.0, C-2 not observed: (3R*,5RS,8R*)-43c (minor isomer): 1~ NME (300 MHZ) 8 2.00-2.20 (m, 3 

H), 2.80-2.90 (m. 1 H), 2.65-3.01 (m. 2 H, 2 H-4). 4.05 (m. 1 H, H-5). 4.80490 (m. 1 H, H-3). 5.80 (dd, 1 H, J = 3.4.9.7 HZ, 
H-8). 7.30-7.45 (m, 5 H, Ar); 13c NME (50 MHz) 8 33.2 (CH2). 2 CH2 obscured, 52.0 (CH), 56.3 (CH), 82.6 (C-8). 125.9, 
126.1 128.3, 128.5, 138.0, C-2 not observed. 

(3R*,SR*)- and (3R*,SS*)-3,5-Dicltloro-7,7-dimctbyl-oxoean-Z-one (44): According to the general procedure 

B, acetate 19 (200 mg, 0.89 mmol) in 4.5 mL of benzene (O-2 M) was treated with 0.3 equiv of CuCl (0.27 mmol, 26.3 mg) and 
0.3 eqdv of 2,2-bipyridine (0.27 mmol. 42.2 mg) and heated in a sealed tube at 180 ‘C for 1.5 h. Concentration in wcuo and 

purification by fc (1:8) afforded 44 (162.5 mg, 0.72 mmol, 81%) as a white solii, which consisted of two diasteaeomets in the ratio 

of 70~30. Rf (1:8) 0.45; The major cis-isomer could be isolated by recrystallization from hexane. (3R+,SR*)-Ua (cis): white 

crystals. mp 78-81 ‘C (hexane), a sample of these crystals was subjected to an X-ray analysts (Figure 3, Table 5)9a; IE v 2960, 

2920.2870. 1750.1455, 1250.1140.1000.880.725; ‘H NM8 (300 MI-B) 8 0.86 (s. 3 H, CH3). 1.20 (s, 3 H, CH3). 1.91 (dd, 1 
H.J = 6.6, 16.4 Ha, H-6). 2.09 (d, 1 H,J = 16.4 Hz, Ha’), 2.47 (dt, 1 H,J = 11.5, 13.4 Hz, H-4). 2.90 (dd, 1 H, .I = 6.3, 13.4 

Hz, H-4’). 3.59 (d, 1 H, J = 11.0 Hz, H-8), 4.354.45 (m, 1 H. H-5). 4.52 (dd, 1 H, J = 6.4, 11.7 Ha, H-3). 4.58 (d. 1 H, J = 11.0 

Ha, H-8’): 13C NMB (75.5 MHz) 8 23.6 (CH3). 26.9 (CH3). 38.1 (C-7), 51.2 (CH2), 51.6 (CH2). 54.0 (CH). 54.5 (CH), 76.3 

(C-8). 171.6 (C-2); MS (EL 70 eV) m/z (relative intensity) 225 (M++l, 10). 207 (26). 206 (38). 191 (33). 189 (lOO), 170 (15). 

153 (61). 152 (67), 134 (48). 107 (38). 99 (lOO), 95 (40). 81 (36). 69 (44). 55 (70). 43 (56). 41 (47). 36 (42); HEMS calcd for 
C9H140235Cl @f+-Cl) 189.0682, found 189.0689, catcd for C9Hl40237Cl (M+-Cl) 191.0653, found 191.064~ Anal. Calcd. for 

C9Hl402Cl2: C, 48.02: H, 6.27; Cl, 31.50. Found C, 48.07; H, 6.34; Cl, 31.41; (3R*,SS*)-44b (rrans): IR v 2980, 2860, 

1740, 1460, 1365, 1290, 1260, 1155, 1040, 1030, 905. 945, 875; lH NMB (400 MHz) 8 0.90 (s, 3 H, CH3), 1.25 (s, 3 H, 

CH3). 1.91 (dd. 1 H, J = 7.4, 16.4 Hz, H-6). 2.10 (dd, 1 H, J = 1.2, 16.4 Ha, H-6’). 2.70-2.75 (m, 2 H, 2 H-4). 3.82 (d, 1 H, J = 

11.2 Ha, H-8). 4.48 (d. 1 H, J = 11.2, H-8’). 4.504.53 (m, 1 H, H-3). 4.56-4.61 (m, 1 H, H-5); 13C NMB (75.5 MHz) 8 23.5 

(CH3). 27.0 (CH3). 38.3 (C-7). 49.1 (CH2). 50.8 (CH2). 52.6 (Cl-I), 54.3 (Cl-I), 76.8 (C-8), 170.9 (C-2). 

7,7-Dimethyl-oxocan-2-one (45): To a refluxing solution of 44 (105 mg, 0.47 mmol) in 4.5 mL of benzene was 

added in small portions via a syringe pump a solution of HSnBu3 (339 mg, 1.17 mmol, 2.5 equiv) and AIBN (3.8 mg, 2.3 x 10-5 

mol. 0.05 equiv) in 3 mL of benzene over a period of 1 h. After one hour of reflux the solvent was evaporated and the residue taken 

up in 30 mL of CH2Cl2. This solution was shaken with 10 mL of KF(aq), the aqueous layer was separated and washed with 

CH2C12 (2 x 10 mL). After drying of the organic layers (Na2SO4) and concentration in vacua, the residue was pmitied by fc (1:3) 

affording 45 (42 mg, 0.27 mmol, 58%) as a colourtess oil. Rf(l:6) 0.u): JB v 2960,2930,2&O. 1770, 1480, 1450,1370, 1330, 

1310.1250, 1150, 1120.1060; lH NMB (250 MHZ) 8 0.91 (s, 6 H, 2 CH3). 1.20-1.40 (m, 3 H, 2 H-4 and H-5). 1.45-1.60 (m, 1 

H. H-5’), 1.70-1.85 (m, 2 H, 2 H-6), 2.45-2.55 (m, 2 H, 2 H-3), 3.90 (bs, 2 H, 2 H-8): l3C NMB (75.5 MHz) 8 22.1 (C-5). 25.1 

(CH3), 25.2 (CH3). 27.8 (CH2). 31.4 (CH2). 35.6 (C-7). 37.4 (C-3) 75.4 (C-8). 176.1 (C-2). 

3,3,5-tricbloro-7,7-dimethyl-oxoean-2-one (46): According to the general procedure B, acetate 28 (934 mg, 3.6 

mmol) in 18 mL of DCE (0.2 M) was treated with 0.3 equiv of CuCl(l.08 mmol, 107 mg) and 0.3 equiv of 2,2-bipyridine (1.08 

mmol, 169 mg) and heated in a seated tube at 145 % for 2 It. Concentration in MCIW and purification by fc (1:30) afforded a white 

solid, which was recrystallized from hexane to yield 46 (628 mg, 2.42 mmol, 67%) as white crystals, mp 68-69 ‘C, a sample of 

these crystaB was subjected to an X-ray analysis (Figure 4, Table 5).24Rf(l:10) 0.55; IB v 3020,2960, 1760, 1465, 1370, 1250, 

1070, 1030; lH NMB (300 MHz) 8 0.90 (s. 3 H, CH3), 1.27 (s, 3 H, CH3), 1.91 (dd, 1 H, J = 6.7, 16.5 Hz, H-6), 2.14 (dd, 1 H, 

J = 1.1, 16.5 Hz, H-6’). 2.98 (dd, 1 H, J = 10.7, 14.6 Ha. H-4), 3.23 (dt, 1 H, J = 1.3. 14.6 Hz, H-4’), 3.79 (dd, 1 H, J = 1.1, 10.7 

Ha, H-8). 4.55 (d, 1 H,.J = 10.7 Hz, H-8’). 4.56 (m. 1 H, H-5); 13C NMB (75.5 MHz, Q-acetone) 8 24.3 (CH3), 25.2 (CH3), 

36.3 (c-7). 48.0 @X2), 54.8 &X2). 56.1 (C-5). 71.2 (C-8). 84.4 (C-3). 166.6 (C-2); Anal. Calcd. for C9Hl302Cl3: C, 41.64, 
H, 5.05; Cl, 40.98. Found C, 41.78; H, 5.17; Cl, 40.88. 

(3R*,SS*)- and (3R*,5R*)-3,5-Dichloro-6,6-dimethyl-oxocan-2-one (47): According to the general procedure 

B, acetate 21(650 mg, 2.89 mmol) in 25 mL of benzene was treated with 0.3 equiv of CuCl(O.87 mmol, 86 mg) and 0.3 equiv of 
2,2-bipyridine (0.87 mmol, 136 mg) and heated in a sealed tube at 120 ‘C for 18 h. Concentration in vacua and purification by fc 



12438 F. 0. H. &UWNG et al. 

(1:20) afforded 47 (487 mg, 2.16 mmol. 75%) of a colourless oil, which consismd of two inseparable dmsmmomezs in the ratio of 

7030. Rf(l:lO) 0.25; IB v 2960. 2920, 1760, 1465, 1445, 1375, 1275, 1165, 1140, 1035, 965, 810; MS (EI, 70 eV) m/z 

(relative intensity) 225 (M++l, 6). 211 (3). 209 (3). 200 (4) 199 (4). 197 (6). 191 (3). 190 (3). 189 (lo), 172 (7). 170 (11). 166 

(7). 164 (30). 163 (8). 162 (QO), 161 (18), 150 (14). 125 (19). 103 (22). 90 (33). 83 (99). 75 (45). 69 (100). 55 (60). 41(77). 39 
(57); HEM8 calcd for CQH1502Cl2 (M++l) 225.0449, found 225.0438; for CQH1402Cl (M+-Cl) 189.0683. found 189.0653; 

(3R*,W)47a (cis): lH NME (400 MHz) 6 1.03 (s, 3 H, CH3), 1.20 (s, 3 H, CH3), 1.35 (dt, I H, J = 2.0, 16.1 Hz, H-7), 

1.96 (ddd, 1 H, J = 4.3.12.7.16.8 Hz, H-7’). 2.45 (ddd, 1 H, J = 7.9,12.0,15.3 Hz, H-4), 2.71 (ddd, 1 H, J = 1.0,5.4, 15.3 Hz, 

H-4’). 4.07 (ddd, 1 H, J = 2.1, 11.5, 13.5 Hz, H-8). 4.47 (dd, 1 H. J = 3.2, 8.1 Hz, H-5). 4.55 (dd, 1 H. J = 5.4, 12.0 Hz, H-3), 
4.64 (ddd, 1 H. J = 1.8.4.3, 11.5 Hz, H-8’); 13C NME (100.6 MHZ) 6 25.7 (CH3), 25.7 (CH3). 38.2 (C-7). 37.2 (C-6), 43.2 (C- 

4). 56.4 (CH), 65.7 (C-8). 67.0 (CH), 171.7 (C-2): (3R*,SR*)-47b (rrrms): 1H NMB (400 MHZ) 8 1.10 (s, 3 H. CH3). 1.16 (s, 
3 H. CH3), 1.30 (dt, 1 H. J = 3.2, 15.6 Hz, H-7). 2.29 (ddd, 1 H, J = 5.3, 12.0, 16.4 I-Ix, H-7’). 2.60 (ddd, 1 H, J = 4.7.7.1. 15.2 

Hz, H-4). 2.70 (ddd, 1 H, J = 1.7.8.9, 15.2 Hx, H-4’). 4.20 (dd, 1 H. .I = 1.8.6.0 Ha. H-5). 4.32 (dt, 1 H, J = 3.4, 11.2 Hz, H-8). 
4.44 (dd, 1 H, J = 3.0, 5.1 Hz, H-3). 4604.65 (m. 1 H, H-8’): 13C NMB (100.6 MHZ) 8 24.0 (CH3). 24.5 (CH3), 38.6 (C-7). 

38.3 (C-Q, 41.9 (C-4). 53.4 (CH), 65.3 (C-8). 67.1 (CH), 172.0 (C-2). 

3,3,5-Tricbloro-6,6-dimethylsxoenn-2-one (48): According to the general procedure B, acetate 22 (750 mg, 2.90 

mmol) in 26 mL of DCE was treated with 0.3 equiv of CuCl(O.87 mmol. 86 mg) and 0.3 equiv of 2,2-bipyridine (0.87 mmol. 136 

mg) and heated in a sealed tube at 110 l C for 18 h. Concenuation in vacua and purification by fc (1:20) afforded a light yellow 
solid, which was recrystatlixed from hexane to yield 48 (371 mg, 1.42 mmol, 50%) as white crystals. Rf(l:lO) 0.35; IE v 2960, 

2920, 1760, 1460, 1420. 1390, 1370.1240, 1180, 1150. 1060, 1040,995,975,920,895,845: lH NME (400 MHz) 8 1.03 (s, 3 

H, CH3), 1.23 (s, 3 H, CH3), 1.43 (dt, 1 H, J = 2.0, 16.2 Hz, H-7). 1.88 (dt, 1 H, J = 3.1, 16.0 Hz, H-7’). 2.86 (dd, 1 H, J = 7.7, 

16.3 Hz, H-4). 3.05 (d, 1 H, J = 16.3 Hz, H-4’). 4.22 (dt, 1 H, J = 2.2, 11.5 Hz, H-8). 4.66 (ddd, 1 H, J = 2.1,4.3, 11.4 Hz, H-8’). 

4604.70 (m, 1 H, H-5): 13C NME (100.6 MHz) 6 26.1 (CH3). 26.1 (CH3). 38.1 (C-6). 38.4 (C-7). 52.4 (C-4), 65.5 (C-5). 67.2 

(C-8). 82.6 (C-3). 167.7 (C-2): Anal. Calcd. for CgHl302Cl3: C, 41.64; H, 5.05; Cl, 40.98. Found C, 41.75; H, 4.99; Cl, 

40.82. 

(3R*,SR*)- and (3R*,SS*)-3,5-Dichloro-5-methyl-oxocan-2-one (49): According to the general procedure B, 

acetate 23 (164 mg, 0.78 mmol) in 7.8 mL of benzene was treated with 0.3 equiv of CuCl (0.23 mmol, 23 mg) and 0.3 equiv of 
2,2bipykiine (0.23 mmol, 36 mg) and heated in a sealed tube at 150 ‘C for 1 h. Concentration in wmw and purification by fc 

(1:25) afforded 49 (84.9 mg, 0.40 mmol, 52%) as a colourless oil, which consisted of two diastereomers in the ratio of 73:27. A 

pure fraction (47 mg, 0.22 mmol, 28%) of the major isomer could be isolated by fc (1:25). (3R*,5R*)-49a (cis): colourless oil; 

Rf (1:10)0.30; IEv3020,2960, 2920, 2835, 1760, 1745, 1460, 1440, 1375, 1365, 1310, 1260, 1160, 1100, 1040, 1020,990, 

%5,930,%5,855; lH NME (400 MHZ) 8 1.72 (s. 3 H, CH3), 1.92 (tt, 1 H,J = 5.9.9.7 Hz), 2.00-2.10 (m. 2 I-I), 2.18 (dd, 1 H, 

J = 10.2, 14.5 Hz, H-6), 2.67 (dd, 1 H, J = 4.7, 13.9 Hz, H-4). 2.92 (dd, 1 H, J = 11.5, 13.8 Hz, H-4’), 4.28 (dd, 1 H, J = 4.7, 
11.4 Hz, H-3). 4.40-4.50 (m, 2 H, 2 H-8): 13C NMB (100.6 MHZ) 8 26.8 (CH2). 30.8 (CH3). 40.3 (CH2). 52.3 (CH2), 52.6 (C- 

3). 69.7 (C-8). 70.6 (C-5), 173.0 (C-2): (3R*,SS*)-49b @runs): Rf (1:lO) 0.25; 1~ NME (400 MHz) 8 1.70 (s, 3 H, CH3), 

1.75-1.90 (m. 1 H), 1.92 (ddd, 1 H, I = 2.2, 11.0, 16.0 Hz, H-6), 2.07 (ddd. 1 H. J = 2.3.7.2, 15.6 Hz, H-6’). 2.05-2.15 (m. 1 H), 

2.56 (dd, 1 H, J = 9.9, 14.6 Hz, H-4). 2.71 (dd, 1 H, J = 4.2, 14.6 Hz, H-4’), 4.40 (ddd, 1 H, J = 4.9, 6.2, 11.3 Ha, H-8), 4.51 
(ddd, 1 H, J = 4.2.7.6, 11.7 Hz, H-8’). 4.74 (dd, 1 H, J = 4.2.9.9 Hz, H-3): 13C NMB (100.6 MHz) 8 26.9 (CH2). 36.1 (CH3), 

38.9 (CH2). 52.2 (CH2), 52.7 (C-3). 68.6 (C-8). 70.1 (C-5). 172.9 (C-2). 

3,3,5-Trichloro-S-methyl-oxocan-2-one (50): According to the general procedure B, acetate 24 (907 mg, 3.69 

mmol) in 36 mL of DCE was treated with 0.3 equiv of CuCl (1.11 mmol, 110 mg) and 0.3 equiv of 2,2-bipyridine (1.11 mmol, 

173 mg) and heated in a sealed tube at 120 ‘C for 2 h. Concentration in vucua and purifkation by fc (1:20) afforded a colourless oil, 

which solidified upon standing to yield 50 (516 mg, 2.10 mmol, 57%). Rf (1:lO) 0.35; IR v 2960, 2930, 1760, 1460. 1450, 

1380, 1365, 1290, 1250, 1190, 1165. 1150, 1120, 1110, 1090, 1060, 1035,990, 930,910, 870, 690; lH NMB (400 MHz) 8 
1.80 (s, 3 H, CH3). 1.80-1.90 (m, 1 H, H-7). 1.91 (dd, 1 H. J = 9.4, 16.5 Hz, H-6), 2.10-2.25 (m, 1 H, H-7’), 2.17 (dd, 1 H, J = 
6.7, 16.6 Hz. H-6’). 3.14 (d, 1 H, J = 14.9 Hz, H-4). 3.51 (d, 1 H, J = 14.8 Hz, H-4’), 4.37 (td, 1 H, .I = 4.4, 14.9 Hx, H-8). 4.67 

(dt. 1 H, J = 3.5, 10.6 Hx, H-8’): 13C NME (100.6 MHx) 8 26.1 (CH2), 33.5 (CH3). 39.8 (CH2), 59.5 (C-4). 70.7 (C-5), 71.2 
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(C-8), 80.2 (C-3) 169.3 (C-2); MS (FAB, 70 eV) m/z (relative intensity): 245 (h@+l, 3), 209 (M+-Cl, 5), 167 (16). 155 (31). 

149 (53). 139 (20) 138 (38), 137 (71). 136 (73). 121 (16). 107 (32). 97 (34), 95 (41). 83 (58). 81 (44). 71(42), 69 (67). 57 (6l.$), 

55 (69). 43 (43). 41 (37). 

(JR*,QS*,SR*)-, (3R*,4SL,SS*)-, (3R*,4RL,SR*)- and (3R*,4R*,5S*)-3,5-Dichloro-4-methyl- 

oxocan-tone (51): According to the general procedure B, acetate 25 (135 mg, 0.64 mmol) in 3.2 mL of benzene was treated 

with 0.3 equiv of CuCl(O.19 mmol, 19 mg) and 0.3 equiv of 2,2-bipyridine (0.19 mmol, 30 mg) and heated in a sealed tube at 120 

‘C for 20 h. Concentration in vacua and filtration over a short Si-column (1:20) afforded 51 (65 mg, 0.308 mmol, 48%) as a 

colourless oil, which consisted of four diastereomers in the ratio of 60:20:10:10. The major isomer 51a could be isolated by 

recrystallization from hexaoe. Isomer Sib could be separated by fc (1:20) (Rf (1:8) 0.25) from the mixture of the two minor 

isomers Sic and 51d (Rf (1:8) 0.22). which could not be separated from each other. (3R*,4S*,SR*)-51~: mp 96-98 l C, white 

crystals, a sample of these crystals was subjected to an X-ray analysis (Figure 5, Table 5$14; lB v 3020,2970,2940,2880,1760, 

1465,1380, 1365, 1300, 1240,1160,1020,970,955,910; lH NMB (300 MHz) 8 1.40 (d, 3 H, J = 6.6 Hz, CH3), 1.90-2.10 (m, 

3 H), 2.15-2.30 (m, 1 H), 2.43 (tq, 1 H, J = 6.6.9.7 Hz, H-4). 3934.02 (m, 1 H, H-5), 4.07 (d, 1 H, J = 9.5 Hz, H-3). 4.26 (ddd, 

1 H, J = 4.7, 5.1, 11.1 Hz, H-8). 4.78 (dt, 1 H, J = 6.7, 11.1 Hz, H-8’); l3C NMB (75.5 MHz) 6 19.6 (CH3). 26.8 (CH2). 35.7 

(CH2), 50.7 (C-4). 60.8 (CH), 65.4 (CH), 68.0 (C-8). 172.2 (C-2): MS (EI, 70 eV) mlr (relative intensity) 211 w+l, 5). 175 

(17). 161 (7) 139 (12). 135 (16). 117 (27). 110 (23). 108 (69). 89 (55), 83 (29). 82 (lOO), 81 (44). 67 (52). 55 (@I), 41 (44); 

HEMS calcd for C8Hl202Cl2 210.0214, found 210.0249: Anal. Calcd. for CgHl202Cl2: C, 45.52; H, 5.73. Found C, 45.42; H, 

5.76; (3R*,4S*,SS*)-Sib (second isomer): colourless oil; IR v 3020, 2960, 2940, 1740, 1460, 1450, 1380, 1290, 1265, 

1230, 1160, 1130, 1080,995, 980,%5,930,905,880; lH NMB (300 MHz) 8 1.29 (d, 3 H, J = 6.8 Hz, CH3). 1.70-2.30 (m, 4 

H, 2 H-6 and 2 H-7). 2.87 (ddq, 1 H, J = 3.5.6.8.8.8 Hz, H-4) 4.15 (dt, 1 H, J = 6.4.8.7 Hz, H-5), 4.35 (dd, 1 H, J = 5.0, 11.7 

Hz, H-8). 4.59 (ddd, 1 H, J = 4.1.8.8, 11.7 Hz, H-8’). 4.85 (d, 1 H, / = 3.5 Hz, H-3); 13C NMB (75.5 MHz) 8 16.4 (CH3), 25.9 

(CH2). 31.8 (CH2). 45.7 (C-4). 58.8 (CH), 63.3 (CH), 69.9 (C-8). 172.2 (C-2): (3Rf,4R+,5R’)-Sic and (3R*,4R*,SS*)- 

Sld: lH NMB (300 MHz) 8 1.25 (d, 3 H, J = 7.0 Hz. CH3) and 1.32 (d, 3 H, J = 6.9 Hz, CH3), the rest of tbe 1~ signals was 

obscuredi (3R*,4RL,5R*)-51~: 13C NMR (75.5 MHz) 6 17.8 (CH3). 26.8 (CH2). 29.6 (CH2). 48.7 (C-4). 59.2 (CH), 63.6 

(CH), 67.4 (C-8). 172.2 (C-2): (3R*,4R*,SS*)-51d: 13C NMB (75.5 MHz) 8 20.1 (CH3). 25.9 (CH2), 32.4 (CH2). 49.9 (C- 

4). 58.9 (CH), 63.3 (Cl-l), 68.0 (C-8), 170.4 (C-2). 

(4R*,5SS)-3,3,5-Trichloro-4-methyl-oxocan-2-one (52): According to the general procedure B, acetate 26 (165 

mg, 0.64 mmol) in 6.4 mL of BCE was treated with 0.3 equiv of CuCl(O.19 mmol, 19 mg) and 0.3 equiv of 2,2-bipyridine (0.19 

mmol, 30 mg) and heated in a sealed tube at 170 ‘C for 20 h. Concentration in vacua and puriiication by fc (1:30) afforded 52 (52.2 

mg, 0.213 mmol, 33%) as a colourless oil. Rf (1:lO) 0.35; lB v 3000,2960,2940. 1760, 1590, 1465, 1450, 1435, 1380, 1370, 

1360, 1350, 1300, 1230, 1085, 1073, 1010,%5,930.8%; lH NMB (250 MHz) 8 1.55 (d, 3 H, J = 6.4 Hz, CH3), 1.63 (dd, 1 H, 

J = 1.4,6.0 Hz, H-7). 1.70-1.80 (m, 1 H, H-7’). 1.86 @id, 1 H, J = 2.6,9.5, 17.3 Hz, H-6), 2.21 (ddd, 1 H, J = 3.3,8.9, 17.4 Hz, 

H-6’) 3.06 (dq, l H, J = 6.4, 10.0 Hz, H-4). 3.98 (ddd, I H, J = 2.9.3.9, 10.0 Hz, H-5), 4.35 (ddd, I H, J = 1.2, 5.9, 10.9 Hz, H- 

8). 4.77 (ddd, 1 H, J = 3.5, 11.0, 12.3 Hz, H-8’): 13C NMR (75.5 MHz) S 15.6 (CH3), 24.4 (CH2). 31.7 (CH2), 51.9 (C-4). 64.0 

(C-5). 71.6 (C-8) 86.8 (C-3). 170.6 (C-2). 

3,3,5-Trichloro-oxa-7-cyclodecyn-2-one (53): According to the general procedure B, acetate 30 (100 mg, 0.39 

mmol) in 3.9 mL of DCE was treated with 0.3 equiv of CuCl(O.12 mmol, 11.6 mg) and 0.3 equiv of 2,2-bipyridine (0.12 mmol, 

18.7 mg) and heated in a sealed tube at 120 ‘C for 20 h. Concentration in vucuo and purification by fc (1:lO) affotded 53 (36 mg, 

0.14 mmol, 36%) as a colourless oil. Rf(l:lO) 0.30: lB v 2980.2920.2840, 1745. 1590, 1460, 1420, 1370, 1180, 1075. 1030, 

990, 890, 820: lH NMB (300 MHz, CDC13) 6 2.35-2.50 (m, 1 H), 2.53-2.80 (m, 3 H), 3.13 (dd, 1 H, J = 3.5, 15.6 Hz, H-4), 

3.42 (dd, 1 H, J = 4.8, 15.6 Hz, H-4’). 4.05-4.15 (m. 1 H, H-5). 4.28 (ddd, 1 H, J = 2.8, 6.5, 10.3 Hz, H-10). 4.95 (dt, 1 H, J = 

5.1, 10.2 Hz, H-10’); 13C NMB (75.5 MHz, CDC13) 8 20.0 (CH2). 29.2 (CH2). 52.8 (C-5). 55.2 (C-4) 63.4 (C-lo), 81.1 (C- 

alkyne), 82.6 (C-alkyne), 83.0 (C-3). 165.8 (C-2). 

(3R*,5R*)-3,5-Dichloro-3,4,5,6,9,lO-hexahydro-oxecin-2-one (54): According to the general procedure B, 

acetate 31 (141 mg, 0.63 mmol) in 6 mL of benzene was treated with 0.3 equiv of CuCl(O.19 mmol, 18.8 mg) and 0.3 equiv of 
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2.2bipyridine (0.19 mmol, 29.7 mg) and heated in a Sealed tube at 175 ‘C for 8 h. Concentration in vuc~~~ and purification by fc 

WO) afforded cis-54 (18 mg, 0.08 mmol, 13%) as a colourleSs oil. Rf(l:lO) 0.50; IR v 302~2955, 2925, 2850, 1730, 1450, 

1445. 1370. 1320. 1300, 1275, 1265, 1175, 1160, 1150, 1080, 1035,990,920,845; lH NMR (300 MH~, CDCI~) Ij 2.00-2.20 

(m. 1 H. H-9). 2.35-2.50 (m, 2 I-I, H-9’ and H-6). 2.55-2.70 (m, 1 H, H-6’). 2.63 (ddd, 1 H, J = 3.2, 10.8, 15.7 HZ, ~-4). 2.77 (dt, 

1 H, J= 11.9. 13.8 fi, H-4’). 3.95410 (m. 1 H, H-10). 4.09 (dd, 1 H, J= 2.8, 11.4 Hz, H-3), 4.15-4.30 (m, 1 H, H-10’). 4.50_ 

4.65 (m. 1 H. H-5). 5.60-5.75 (m, 1 H. CH=), 5.86 (dt, 1 H, J = 4.1, 10.8 HZ, CH=); 13c NMR (75.5 MH~, mci3) 6 25.6 

CH2h 33.1 P-332), 43.0 (C-4). 53.9 WCI). 57.7 (CHCI), 63.3 (C-10). 127.4 (CH=), 127.5 (CHz), 169.1 (C-2); MS (~1.70 ev) 

m/s (relative intensity) 222 @f+. 5). 192 (7). 186 (9). 160 (16). 157 (23). 151 (16). 150 (53). 116 (15). 105 (9), 93 (31). 81 (34). 

80 (37)~ 79 (29). 67 (100). 55 (30) 41(29), 39 (27); BBbfS calcd for C9Hl3O2Cl2 (M++l) 223.0293, found 223.0286. 

3,3,5-Tricbloro-3,4,5,6,9,lO-hexahydro-oxecin-2-one (55): According to the general procedure B, acetate 32 

(106 mg. 0.41 mm00 in 4 mL. of DCB was treated with 0.3 e&v of CuCl(O.12 mmol, 12.3 mg) and 0.3 e+iv of 2,2-b@yridine 

(0.12 mnK& 19.4 mg) and refluxed for 3 days. Concentration in MCUO and t&ation ovex a shut Sicolumn (1:lO) yielded crude 55 

(78 mg. 74%). which was purified by fc (1:30) to afford 55 (38 mg. 0.15 mmol, 37%) as a colourless oil. ~j(l:lO) 0.50, IR v 

2960.2930,2850, 1755, 1450, 1435, 1420, 1370, 1335, 1270, 1255, 1240, 1180. 1070, 1035,990, 935, 890, 860; 1H NbfB 

(300 bB-f& Cf)Ct3) 8 2.00-2.15 (m, 1 H, H-9). 2.40-2.55 (m. 1 H, H-9’). 2.44 (dd, 1 H, J = 2.8, 10.5 Hz, H-6). 2.75-2.90 (m, 1 

H. H-6’). 2.88 (dd. 1 H, J = 2.9, 14.2 Hz, H-4). 3.24 (dd, 1 H, J = 11.7, 14.2 Ha, H-4’). 3.91 (ddd, 1 H. J I 3.0, 10.7, 12.5 Hz. H- 

lo), 4.50-4.60 (m. 1 H. H-5). 4.80 (ddd, 1 H, J = 1.9.5.1, 10.5 Ha, H-10’). 5.65-5.80 (m, 1 H, CH=), 5.90 (dt, 1 H, J I 5.1, 10.4 

Ha. CA=); 13C NbfB (75.5 b’fH& CfXl3) 8 25.3 (CH2). 31.8 (CH2). 51.5 (C-4). 56.7 (C-5). 65.3 (C-10). 82.0 (C-3). 127.4 

(CH=), 127.6 (CH=), 165.0 (C-2). 

(3R*,SR*)- and (3R*,5S*)-3,5-Dichloro-oxa-7-cyciottndecyn-2-one (56): According to the general procedure. 

B, acetate 33 (178 mg, 0.76 mmol) in 7.5 mL of benzene WBS treated with 0.3 equiv of CuCl(O.23 mmol, 22.5 mg) and 0.3 equiv 

of 2,2-bipyridine (0.23 mmol, 35.5 mg) and refluxed for 18 hours, later 0.3 cquiv of CuCl was &ted as some starting material was 

stilt present and the mixture was refluxed for 18 h. Concentration in vacua and purikation by fc (1:20) afforded 56 as two separated 

diastereomets in the ratio of 67:33 in total yield of 51% (90.8 mg, 0.39 mmol). Major isomer of 56: 60.2 mg (0.26 mmol, 34%). 

colourless oil Rf (1:lO) 0.30; IR v 3000, 2935, 2925, 2840, 1730, 1460, 1435, 1385, 1350, 1330, 1315, 1295, 1275, 1260, 

1220, 1175, 1155, 1085, 1045, 1010, 905; 1H NMR (300 MHz, CDCl3) 6 1.85-2.55 (3 x m, 3 x 2 H, 2 H-6.2 H-9.2 H-10). 

2.55-2.63 (m, 1 H, H-4). 3.05 (ddd, 1 H, J = 3.4, 12.2, 15.2 Hz, H-4’). 3.72 (ddt, 1 H, J = 3.5, 6.1, 11.4 HZ, H-5). 4.20 (ddd, 1 

H, J= 2.7.6.6, 11.4 Hz,H-lQ4.33 (dd, 1 H, J=2.9, 12.1 Hz, H-3),4.59 (ddd, 1 H, J= 2.5, 8.1, ll.OHz, H-11’); 13C NMR 

(75.5 MHz, CXl3) 6 17.3 (C-10). 26.7 (CH2). 29.5 (CH2). 44.7 (C-4), 54.2 (CHCl), 55.3 (CHCl), 66.4 (C-11). 76.9 (C- 

alkyne). 84.4 (C-akyne), 168.2 (C-2): Minor isomer of 56: 30.6 mg (0.13 mmol, 17%). colourless oil Rf (1:lO) 0.25; IB v 2960. 

2925.2840, 1740, 1455, 1430, 1385, 1360, 1350, 1335, 1325, 1305, 1290, 1220, 1180, 1170, 1160, 1085, 1040, 1020,990, 

905: lH NMB (308 MHx, CDCl3) 8 1.80-2.40 (2 x m, 5 If), 2.49 (ddt, 1 H, J = 2.5, 10.3, 16.8 Hz), 2.68 (ddd, 1 H, J = 3.0.6.5, 

15.1 Hz, H-4). 2.81 (ddd, 1 H, J = 4.7, 8.9, 14.9 Hz, H-4’). 4.00 (ddd, 1 H, J = 3.0, 8.1, 11.2 Hz, H-11). 4.17 (ddd, 1 H, J = 4.5, 

7.9, 14.8 Hz. H-5). 4.62 (dd, 1 H, J = 3.0, 8.9 Hz, H-3). 4.84 (ddd, 1 H, J = 3.0. 6.8, 11.3 Hz, H-11’); l3C NMR (75.5 MHz, 

CDCl3) 6 16.9 (C-10). 25.9 (CH2). 28.5 (CH2). 42.4 (C-4). 54.3 (CHCI), 55.4 (CHCI), 65.7 (C-l 1). 76.9 (C-a&me), 84.5 (C- 

alkyne), 168.6 (C-2). 

3,3,5-Trichloro-ma-7-cycioundecyn-2-one (57): According to the general procedure B, acetate 34 (193 mg, ct.72 

mmol) in 7.2 ml of DCE was treated with 0.3 quiv of CuCl (0.21 mmol, 21.3 mg) and 0.3 equiv of 2,2-bipyridine (0.21 mmol, 

33.6 mg) and heated at 175 ‘C for 3 hours. Concentration in vacua and purification by fc (1:20) to afforded 57 (20.1 mg, 0.075 

mmol. 10%) as a colourle.ss oil. Rf (1:lO) 0.40: JR v 3030,3000,2960,2930,2840,1745, 1590, 1460, 1430, 1415, 1389, 1360, 

1350. 1330, 1320, 1295, 1280, 1235, 1190, 1170, 1080, 1070, 1045, 1030,995,890; 1H NMB (200 MHz, CDC13) 8 1.85-2.60 

(3 x m. 3 x 2 H, 2 H-6, 2 H-9 and 2 H-10). 3.01 (dd, 1 H, J = 5.7. 15.6 Hz, H-4). 3.49 (dd, 1 H, J = 3.1, 15.7 HZ, ~-4’). 3.75- 

3.90 (m, 1 H, H-11). 4.15-4.40 (m, 1 H. H-11’), 4.75 (dad, 1 H, J= 3.3.7.3, 11.1 HZ, ~-5); 13c NMB (63 M~IZ, c~c13) 8 17.4 

(C-lo), 26.6 (CH2X 29.4 (CH2). 53.9 (CA), 54.1 (C-5), 68.6 (C-11). 76.7 (C-slkyne), 83.1 (C-alkyne), 83.7 (C-3). 164.8 (C-2). 
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