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277.9942 ("Br), 279.9922 (*!Br), found 277.9918 ("Br), 279.9886
(®!Br). Anal. Calcd for C,sH;;BrOy: C, 55.94; H, 3.97. Found:
C, 55.32; H, 3.77.

E isomer: mp 70-72 °C; IR (KCl) 1760, 1640, 1220, 1200, 1100
em™; 'H NMR (90 MHz, CDCl,) é 7.37 (m, 5 H, Ph), 6.16-5.72
(m, 1 H, =CH), 5.44-5.20 (m, 2 H, =CH,), 4.50 (dd, J = 7.6 Hz,
J=177Hz,1H,0CH),420(d,J =76 Hz,J = 26 Hz, 1 H, OCH),
3.96 (m, J = 7.6 Hz, 1 H, OCCH); MS m/e (%) 282 (1.10), 281
(M*(®Br) + 1, 11,44), 280 (M*(®'Br), 53.35), 279 (M*("Br) + 1,
17.88), 278 (M*(""Br), 53.35), 277 (M*("Br) ~ 1, 7.88), 199 (M*
- Br, 19.60), 155 (M* - Br - CO,, 100.00), 141 (M* - Br - CO,
- CHj, 95.91), 129 (M* - Br - CO, - C;H,, 21.27), 128 (22.32),
127 (16.40), 115 (M* - Br - CO, - C3H,, 76.77). Anal. Caled for
CmHuBl’Og: C, 55.94; H, 3.97. Found: C, 55.52; H, 3.78.

a-(Chloromethylene)-8-(1’-propenyl)-y-butyrolactone (2i):
ot 120~122 °C (8 mmHg); IR (neat) 1760, 1620, 1090 cm™; *H
NMR (80 MHz, CDCl,) 6 6.55, 6.49 (d, J = 2.8 Hz, 1 H,=CHC)),
5.94-5.60 (m, 1 H, =CH), 5.34 (m, 1 H, =CH), 4.45 (t, J = 8.0
Hz, 1 H, OCH), 4.18, 3.80 (m, J = 8.0 Hz, / = 28 Hz, 1 H, OCCH),
3.95 (t,J =8.0Hz,1 H,O0CH), 1.75 (m, 8 H, CHg); MSm/e (%)
176 (3.16), 175 (M*('C]) + 1, 27.39), 174 (M*(*'C}), 4.05), 173
(M*(3Ch) + 1, 73.79), 172 (M*(%Cl), 8.85), 157 (M*(*'Cl) - OH,
3.56), 156 (1.19), 155 (M*(3Cl) - OH, 10.55), 145 (4.20), 144
(M*(¥'C1) - OCH,, 17.53), 143 (9.63), 142 (M*(¥Cl) - OCH,, 45.86),
137 (M* - C}, 22.29), 131 (M*(¥C)) + 1 ~ CO,, 1.36), 130 (M*+(*"C])
- C0,, 2.95), 120 (M*(¥C]) - 1 - COQ,, 5.87), 128 (M*(35C]) - CO,,
7.75), 127 (M*(3C) - 1 - CO,, 14.72), 116 (M*(*'C]) - CO, -~ CH,,
7.77), 115 (6.19), 114 (M*(3Cl) - CO, - CH,, 20.86), 79 (100.00).
Anal. Caled for CgHoClOy: C, 55.67; H, 5.26. Found: C, 55.27;
H, 5.40.

Cyclization of 4-Chloro-2’'(E)-butenyl 2-Propynoate (1b)
in the Presence of Allyl Chloride. A mixture of 1b (80 mg,
0.50 mmol), allyl chloride, and PdCl,(PhCN), (10 mg, 0.025 mmol)
in acetic acid (2.5 mL) was stirred at room temperature. Workup
a8 above afforded the products 2b and 10 in pure form. Allyl
chloride added, reaction time, and yields of 2b and 10, respectively,
are as follows: 0.6 mmol, 3 h, 57%, 0%; 7 mmol, 21 h, 57%, 19%;
12 mmol, 24 h, 41%, 37% (22% of 1b was recovered).

4’-Chloro-2’-butenyl 2-allyl-3-chloropropenoate (10): ot
95-97 °C (1.5 mmHg); IR (neat) 3080, 1710, 1620, 1600, 1200, 1110,
1100 cm™; 'H NMR (200 MHz, CDCl,) 6 6.42 (t,J = 1.4 Hz, 1
H), 5.82 (m, 3 H), 5.18 (m, 1 H), 5.10 (m, 1 H), 4.83 (d, J = 6.0
Hz,2H),4.19(d,J=72Hz,2H),3.10(m,J =66 Hz,J = 14
Hz, 2 H); MS m/e (%) 235 (M*(3*Cl) + 1, 0.06), 202 (M*(*"Cl)
+ 1-Cl, 2.59), 201 (M*(*Cl) - Cl, 21.92), 200 (M*+(35Cl) - HCI,
10.33), 199 (M*(3Cl) - 2 - Cl, 79.32), 131 (M*(*'Cl) - C1 - OC H,,
28.84), 130 (7.99), 129 (M*(®C) - C! - OC,H,, 95.26), 103 (M*("Cl)
- Cl-CO, - CH,, 4.80), 102 (3.20), 101 (M*(3C]) - C1- CO, -
C,H,, 10.27), 100 (3.96), 66 (CsHg", 27.23), 65 (CgH,*, 100.00), 53
(C‘H5+, 85.20). Anal. Calced for CIDHIZCI2O2: C, 51.09; H, 5.14.
Found: C, 51.67; H, 5.07.
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The addition reaction of iododifluoroacetates to alkenes is initiated by copper powder (10-20 mol %) at 50-60
°C. Both terminal and internal alkenes give good yields of adducts. The reaction is also applicable to alkenes
containing a variety of functional groups, such as epoxy, hydroxy, ketone, ester, and phosphonate moieties. This
reaction can be carried out either neat or in solvents such as hexane, benzene, acetonitrile, DMF, DMSO, and
HMPA and is suppressed by p-dinitrobenzene and di-tert-butyl nitroxide. A single electron transfer initiated
radical mechanism is proposed. In the presence of nickel dichloride hexahydrate, reduction of the adducts with
zinc in moist THF provides the corresponding a,a-difluoro esters in good yields.

Introduction

The introduction of fluorine into an organic molecule
causes dramatic change in biological activities.! The
change is mainly due to the high electronegativity of
fluorine, the strong carbon-fluorine bond, and increased
lipid solubility. In recent years, fluorinated ketones have
been widely employed as enzyme inhibitors.2 Therefore,
the synthesis of compounds containing a difluoromethylene
group adjacent to a carbonyl group has attracted much
attention.

(1) Biochemical Aspects of Fluorine Chemistry; Filler, R., Kobayashi,
Y.,82Eds.; Elsevier Biomedical Press and Kodansha LTD: Amsterdam,

1982,
(2) Welch, J. T. Tetrahedron 1987, 43, 3123.

The most widely utilized method for the introduction
of such types of functionality has been the Reformatsky
reaction using halodifluoroacetates® and halodifluoro-
methyl ketones.t More recently, difluoroketene silyl

(3) (a) Hallinan, E. A.; Fried, J. Tetrahedron Lett. 1984, 25, 2301. (b)
Gelb, M. H.; Svaren, J. P.; Abeles, R. H. Biochemistry 19885, 24, 1813. (c)
Trainor, D. A.; Stein, M. M. Eur. Pat. Appl. 1985, 0 204 571, (d) Tha-
isrivongs, S.; Pals, D. T.; Kati, W. M,; Turner, S. R.; Thomasco, L. M.
J. Med. Chem. 1985, 28, 1563. (e) Thaisrivongs, S.; Pals, D. T.; Kati, W.
M.; Turner, S. R.; Thomasco, L. M.; Watt, W. Ibid. 1986, 29, 2080. (f)
Burton, D. J.; Easdon, J. C. J. Fluorine Chem. 1988, 38, 125. (g) Lang,
R. W.; Schaub, B. Tetrahedron Lett. 1988, 29, 29043, (h) Hertel, L. W_;
Kroin, J. S.; Misner, J. W.; Tustin, J. M. J. Org. Chem. 1988, 53, 2406.
(i) Takahashi, L. H.; Radhakrishnan, R.; Rosenfield, R. E., Jr.; Meyer,
E. F., Jr.; Trainor, D. A. J. Am. Chem. Soc. 1989, 111, 3368.
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acetates® have also been used for the synthesis of com-
pounds bearing the carbalkoxydifluoromethyl group.
However, these methods could not be applied for the direct
preparation of a,a-difluoro esters.®

Although fluorination” of a-keto esters with sulfur tet-
raflucride was used to synthesize a,a-difluoro esters, this
reaction has limited application due to the volatility and
high toxicity of sulfur tetrafluoride. In addition, the
fluorination reaction has poor chemical selectivity; some
functionalities could not be tolerated under the reaction
conditions. Kobayashi® has developed a somewhat better
methodology for the preparation of a,a-difluoro esters
using (carbomethoxydifluoromethyl)copper from methyl
iododifluoroacetate and copper in aprotic coordinating
solvents. Although the reaction of this copper reagent with
aryl, alkenyl, and allyl halides gave good yields of the
coupled products, the reaction with butyl halide required
elevated temperature in HMPA, and only a modest yield
of a,a-difluorohexanoate was obtained.

More recently, the atom-transfer reaction of methyl
iododifluoroacetate with alkenes has been reported by
Kiseleva®™ and Taguchi.®® However, the radical cyclization
of allyl iododifluoroacetate using organotin reagents gave
none of the desired product and only iododifluoroacetate
was recovered.!?

In a preliminary paper,!! we briefly described the ad-
dition of iododifluoroacetates to alkenes in the presence
of copper. This methodology provides a new approach to
a,a-difluoro functionalized esters in good yields. We now
wish to report detailed results.

Results and Discussion
Iododifluoroacetates were easily prepared from the
commercially available bromodifluoroacetates. When
bromodifluoroacetates reacted with acid-washed zinc in
the presence of a catalytic amount of mercury dichloride
(5%) in triglyme at room temperature for 2-3 h,'2 19F
NMR analysis of the reaction mixtures indicated the
formation of the Reformatsky reagents in 70-90% yields.
Upon treatment of the zinc reagents with iodine at 0 °C
to room temperature, the corresponding iododifluoro-

acetates were isolated in 58-73% yields.

HgCly I
BrCF,COR + Zn ~——+ BrZnCF;COR ——=

ICF,CO,R

la:R = CHj, 58%
1b:R = Csz, 64%

1e: R = CH(CHj),, 73%

(4) Ishihara, T.; Yamanaka, T.; Ando, T. Chem. Lett. 1984, 1165.
Kuroboshi, M.; Ishihara, T. Tetrahedron Lett. 1987, 28, 8481, Kuroboshi,
M.; Ishihara, T. Bull. Chem. Soc. Jpn. 1990, 63, 428,

(5) Burton, D. J.; Easdon, J. C. 190th National Meeting of the Am-
erican Chemical Society, Chicago, IL, Sept 1985; Abstract FLUO 016.
Burton, D. J.; Easdon, J. C. 12th International Symposium on Fluorine
Chemistry, Santa Cruz, CA, Aug 1988, Abstract 110. Kitagawa, O.; Ta-
ﬁchi, T.; Kobayashi, Y. Tetrahedron Lett. 1988, 29, 1803. Taguchi, T.;

itagawa, O.; Suda, Y.; Ohkawa, S.; Hashimoto, A.; litaka, Y.; Kobayashi,
Y. Ibid 1988, 29, 5291,

(6) Morikawa, T.; Nishiwaki, T.; Nakamura, K.; Kobayashi, Y. Chem.
Pharm. Bull. 1989, 37, 813.

(7) Bloshchitsa, F. A.; Burmakov, A. I.; Kunshenko, B. V.; Alekseeva,
L. A,; Bel'ferman, A. L.; Pazderskii, Yu. A.; Yagupol'skii, L. M. J. Org.
Chem., USSR, Engl. Transl. 1981, 17, 1260.

(8) Taguchi, T.; Kitagawa, O.; Morikawa, T.; Nishiwaki, T.; Uehara,
H,; Endo, H.; Kobayashi, Y. Tetrahedron Lett. 1988, 27, 6103.

(9) (a) Kiseleva, L. N.; Dostovalova, V. L; Velichko, F. K.; Cherstkov,
V. F.; Sterlin, 8, R,; Savicheva, G. L; Kurykin, M. A.; Germen, L. C. Izv.
Akad. Nauk. SSSR Ser. Khim. 1988, 2132. (b) Kitagawa, O.; Miura, A.;
Kobayashi, Y.; Taguchi, T. Chem. Lett. 1990, 1011,

(10) Barth, F.; O-Yang, C, Tetrahedron Lett. 1990, 31. 1121.

(11) Yang, Z. Y.; Burton, D. J. J. Fluorine Chem. 1989, 45, 435.

(12) Easton, J. C. Thesis, University of Iowa, 1988,
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Table 1. Copper-Initiated Reaction of 1 with Alkenes

ICF,CO,R + R!CH=CHR? —2—+ RICHICHRICF,CO,R
no. product yield (%)
2 n-BuCHICH,CF,CO,Me 75
3 n-CgH,CHICH,CF,CO,Me 85
4 Me3SiCHICchFQCOQMe 83
5  n-BuCHICH,CF,CO,Et 65
6 n-CsH“CHICHZCFZCO,Et 76
7 n-C¢H,CHICH,CF,CO,Et 83
8  Me,SiCHICH,CF,CO,Et 70
9 n-C;HCHICH,CF,CO,Pr 76
10 Me,SiCHICH,CF,CO,Pr 72
1t A 80

CHoCH(CH,),CHICH,CF,CO, Et

12 HO(CH,);CHICH,CF,CO,Et 92
14  EtO,CCHMeCH,CHICH,CF,CO,Et 90
i5  (EtO),P(0)CH,CHICH,CF,CO,Et 7
16  (Et0);P(0)CF,CH,CHICH,CF,CO,Et 88
17 C[I 8

CF,CO.Me
18 C’:‘ 75
CFCO,Et
19 n'CsH'yCHICH(n'CaH'y)CFgCOzEt 72

The addition of 1 to terminal alkenes in the presence
of copper gave the corresponding products at 50-60 °C.
For example, in the case of the reaction of 1a with 1-hexene
and 15 mol % of copper powder in the absence of solvent
at 55 °C, methyl 2,2-difluoro-4-iodooctanoate 2 was isolated
in 75% yield.

ICF,CO,R + R'CH=CH, ——

50-60 °C

R’CHICH,CF,CO,R
65-92%

A variety of funtionalities on the alkenes can be tolerated
under the reaction conditions. This method easily pro-
vided the precursors for the preparation of the a,a-difluoro
functionalized esters. For example, upon treatment of 1b
with 9-decenol, neat, in the presence of 20 mol % of
amount of copper at 55 °C for 3 h, the corresponding
adduct was isolated in 92%. Similarly, other functional
groups, including trimethylsilyl, epoxy, ester, ketone, and
phosphonate on the alkenes did not interfere with the
reaction. These results are summarized in Table L.

All the adducts exhibited a typical AB pattern signal in
the °F NMR spectra. For example, 9F NMR of 3 ex-
hibited two doublets of multiplets at ~102.4 ppm and at
-107.4 ppm. The lower field signal is a doublet of doublet
of doublets with J = 264, 17.1, and 14.7 Hz. The higher
field signal is a doublet of triplets, with J = 264 and 17.1
Hz, respectively.

The addition reaction could also be successfully applied
to internal alkenes. Upon reaction of 1b with trans-3-
octene and copper, adduct 19 was isolated in 75% yield
as a mixture of diastereoisomers in a 1:1 ratio. The re-
action with cyclohexene gave the corresponding trans and
cis isomers in a 2:1 ratio. The structures of the isomers
:ere 1gssigned based on their ¥F NMR and 'H NMR

ata.

Previous reports by Coe!* and Chen!*'? documented
that the addition of perfluoroalkyl iodides to alkenes can

(18) Brace, N. O. J. Am. Chem. Soc. 1962, 84, 3020.

(14) Coe, P. L.; Milner, N. E. J. Organomet. Chem. 1972, 39, 395.

(156) Chen, Q. Y.; Yang, Z. Y. J. Fluorine Chem. 1985, 28, 399,

(16) Chen, Q. Y.; Yang, Z. Y. Acta Chim. Sin. (Chin. Ed.) 1988, 44, 265.

(17) Chen, Q. Y.; Yang, Z. Y.; He, Y. B. J. Fluorine Chem. 1987, 37,
171.
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CiHy cuw CaHy C3H;
Sc=c{  +ICFCOEt —= SCH—CH d
H” (N - CF,CO,E
19
72%
c I
U
@ + ICF,COR ——m
55°C
CF,.COR
R = Me 78%
R = E175%

be initiated by copper. A single electron transfer mecha-
nism has been proposed in the addition reactions.1+16
Accordingly, we propose that reaction of 1 with alkenes
may also involve a single electron transfer (SET) process.

ICF,CO,R + Cu —= ICF,COR*~ + Cu*

1 — Cul

*CF,.COR + I-
*CF,CO,R + ==—R —= RCHCH,CF,CO,R
R'GHCH,CF,CO0,R + ICF,CO,R —= R'CHICH,CF,CO;R + *CF,CO,R

The initiation step is likely to be an electron transfer
from copper to 1 to produce a radical anion. The radical
anion rapidly decomposes to the carbalkoxydifluoromethyl
radical, which adds to the alkene, and then abstracts iodine
from 1 to give the adduct and the carbalkoxydifluoro-
methyl radical, continuing the chain process. Evidence
congistent with the proposed mechanism is that the re-
action could be inhibited by both an electron scavenger
and a radical inhibitor. For example, when 1b was reacted
with 1-octene and 20 mol % of copper in the presence of
20 mol % of p-dinitrobenzene at 55 °C for 4 h, no reaction
was observed by F NMR analysis; only 1b was detected.
Similarly, di-tert-butyl nitroxide completely suppressed
the addition reaction under the same conditions.

Another recognized way to gain insight into the mech-
anism of the addition reaction is to conduct a ring closure
reaction in the exo mode from the 5-hexenyl radical.'’® In
order to test for the intermediacy of a radical, we reacted
1 with 1,6-heptadiene in the presence of copper. Upon
reaction of 1b with diallyl ether in the presence of copper
at 60 °C, the tetrahydrofuran derivative 20 was formed.
This result is similar to that obtained by Chen, who re-
ported the reaction of perfluoroalkyl iodide with diallyl
ether initiated by copper.}®

N 7 Cu I CF2002E1
+ ICF,COEt —
o 60°C 0
20

82%

Remarkable solvent effects on the reaction of per-
fluoroalkyl iodides with copper have been observed by
Chen et al.’5!7 In coordinating solvents such as HMPA
and DMSO, the (perfluoroalkyl)copper was proposed as
the intermediate, which could be trapped by iodobenzene
to give the (perfluoroalkyl)benzene. However, a per-
fluoroalkyl radical was suggested as a reactive intermediate
for the reaction of perfluoroalkyl iodide with copper in
poorly coordinating solvents, such as hexane and benzene.
This radical reacted with alkenes to afford the corre-
sponding adduct. Recently, Kobayashi'® reported that

(18) Beckwith, A. L. J.; Easton, J. C.; Lawrence, T.; Serelis, A. K. Aust.
J. Chem. 1988, 36, 6545.
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when methyl iododifluoroacetate reacted with copper in
either DMSO, DMF, or HMPA, (carbomethoxydifluoro-
methyl)copper was observed by *F NMR spectroscopy.
It remained to be investigated whether or not similar
solvent effects in the reaction of 1 with copper would take
place.

We conducted the reaction of 1b with alkenes and
copper in a variety of solvents. As illustrated in Table II,
the addition of 1b to alkenes could be carried out in both
poorly coordinating solvents and stronger coordinating
solvents. For example, upon reaction of 1b with copper
and 1-octene in benzene, hexane, and acetonitrile at 55 °C,
the corresponding adduct was obtained in 78, 81, and 92%
of yields, respectively, When HMPA, DMSO, and DMF
were employed as solvents, the reaction of 1b with copper
(Cu/1b = 2) and 1-octene at 55 °C gave good to excellent
yields of adduct. No (carbalkoxydifluoromethyl)copper
was observed in the 1*F NMR spectrum of the reaction
mixture. In contrast, only (perfluoroalkyl)benzene was
obtained in the reaction of perfluoroalky! iodides with
copper, 1-heptene, and iodobenzene in HMPA at 100 °C,
which implies a (perfluoroalkyl)copper intermediate.!” In
DMSO, although some adduct was observed, the major
product was still (perfluoroalkyl)benzene.l” The difference
in the reactivity between perfluoroalkyl iodides and 1 can
be ascribed to the weak carbon-iodine bond of 1, due to
the stabilization of the resulting carbalkoxydifluoromethyl
radical by the adjacent carbonyl group. Thus, in the ad-
dition reaction of 1 with terminal alkenes, the initiation
step or the efficiency of the chain propagation steps could
be enhanced, resulting in a faster overall conversion of 1
to adducts instead of the formation of (carbalkoxydi-
fluoromethyljcopper.

The competitive reaction between addition and forma-
tion of (perfluoroalkyl)copper depends on the reactivity
of the alkene employed in the reaction of perfluoroalkyl
iodide with alkene and copper.l” When less active (relative
to attack by radical) alkenes were used as substrates, the
quantity of the copper reagent was increased.” One would
anticipate that if a less active alkene reacted with 1 and
copper in a stronger coordinating solvent, the addition
reaction would become less favorable, and thereby (carb-
alkoxydifluoromethyl)copper would be generated. We used
cyclohexene as a less active substrate. Upon reaction of
cyclohexene with 1b and excess copper in HMPA at 55 °C
for 1 h, 656% of 18 and 4% of (carbethoxydifluoro-
methyl)copper (-44.5 ppm vs CgH;CF3)® were observed
by 1¥F NMR analysis of the reaction mixture. This result
suggests that a radical intermediate is also involved when
the (carbethoxydifluoromethyl)copper is formed.

It is well-documented that the reaction temperature can
influence the distribution of products in a competitive
reaction. At room temperature (carbomethoxydifluoro-
methyl)copper!® was readily prepared from the reaction
of la with copper in either HMPA or DMSO or DMF.
When we reacted 1b and 1-octene in the presence of excess
copper in HMPA at 25 °C, 86% of 7 and 8% of (carb-
ethoxydifluoromethyl)copper were formed. When the
same reaction was carried out in DMSO at 25 °C for 45
min, 65% of 7 and 26% of the copper reagent were ob-
served by YF NMR analysis of the reaction mixture.
Addition of iodobenzene to this mixture gave ethyl 2-
phenyl-2,2-difluoroacetate in quantitative yield. p-Di-
nitrobenzene failed to inhibit the reaction in DMSO under
the same conditions. However, a radical inhibitor, di-
tert-butyl nitroxide, completely suppressed the reaction,

(19) Kitagawa, O.; Taguchi, T.; Kobayashi, Y. Chem. Lett. 1989, 389.
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Table II. Reaction of 1 with 1-Octene and Copper in

Solvents®
adduct® CuCF,CO.R®
no. R solvent t (min) (%) (%)
1 Pr neat 200 76° 0
2 Pr benzene 200 80° 0
3 Pr hexane 800 73¢ 0
4 Et CHCN 240 92 0
5 Et DG 180 87 0
6 Et DMF 150 92 0
7 Et DMSO 30 94 0
8 Et DMS0O¢ 45 65 26
9 Et HMPA 60 86 0
10 Et HMPAf 180 86 8

¢At 55 °C in all cases except entries 8 and 10. °Yields were
determined by *F NMR vs C,H;CF;. °Isolated yields. ¢Reaction
at 25 °C.

and neither adduct nor copper reagent was observed by
15F NMR spectroscopy. These results further imply that
a radical intermediate may also be involved during the
formation of (carbethoxydifluoromethyl)copper. In the
presence of an alkene, the radical attacks the double bond
faster than it couples with copper metal to form the copper
reagent. Thus, adducts are major products in both poorly
coordinating solvents and stronger coordinating solvents.

In order to prepare a,a-difluoro esters, we needed to
remove iodine from the adducts. A number of methods
for the reduction of carbon-halogen bonds employing
transition-metal catalysts have been reviewed.® A mixture
of metal hydrides with transition-metal salts such as
COClz,21 Ni(.‘/].g,22 CUCI,28 09013,24 RhCla,25 and TiCl3% are
effective in removal of halogen from organic halides.
However, these reagents serve effectively for a relatively
constrained range of substrates, since they are also capable
of reducing many other functionalities. Although radical
dehalogenation with organotin hydrides?” has proved
particularly versatile, offering generally high yields and
excellent selectivity in the presence of many other types
of functionalities, they do suffer from some disadvantages.
The tin reagents are relatively expensive, their use nor-
mally requires elevated temperatures, and the tin halide
byproducts often require careful chromatographic sepa-
ration from the desired products.

Colon? developed the reduction of organic halides with
zinc in the presence of catalytic amounts of bis(tri-
phenylphosphine)nickel chloride in DMF and at 50-70 °C.
We found that the iodine atom of the adducts was reduced
by zinc in presence of catalytic amounts of nickel chloride
hexahydrate® in moist THF at room temperature. When

R'CHICHR”CF,CO,R + Zn —aiort0

, It
R'CH;CHR"CF,CO,R

(20) Pinder, A. R. Synthesis 1980, 425.

(21) Satoh, T.; Suzuki, S.; Suzuki, Y.; Miyaji, Y.; Imai, Z. Tetrahedron
Lett. 1969, 4556. Chung, S.-K., Han, G. Synth. Commun. 1982, 12, 903.

(22) Lin, 8. T.; Roth, J. A. J. Org. Chem. 1979, 44, 309. Back, T. G.;
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Table I1I. Reduction of Adducts with Zinc and Nickel
Chloride

R/CHICHR'CF,CO;R + Zn ——=~2~ R"CH,CHR'CF,CO,R

no. product yield (%)

5b n-BuCH,CH,CF,CO,Et 87

6b n-C5HucHchchQCOQEt 85

7b n'CQHmCHzCchFQCOQEt 81

9b n-CeH13CH20H2CF2C02'Pr 79

10b  Me,SiCH,CH,CF,CO,Pr 72

12b HO(CH,);,CH,CH,CF,CO,Et 71

14b  EtO,CCHMeCH,CH,CH,CF,CO.Et 88

15b (Et0O),P(0)CH,CH,CH,CF,CO,Et K

18b O\ 85
CFCOEt

the reaction was monitored by °)F NMR, the typical AB
pattern signal of the adducts changed to simple triplets
after 45 min to a few hours. For example, after a mixture
of zinc and 5 mol % of nickel dichloride hexahydrate and
moist THF was stirred for 10 min, 7 was added and the
mixture was stirred at 25 °C for 45 min. ¥F NMR analysis
indicated that only 7b (-106.4 ppm, t, 3Jpy = 17.2 Hz) was
present and no 7 remained. As illustrated in Table III,
a variety of functional groups, such as trimethylsilyl, hy-
droxy, ketone, ester, and phosphonate, could be tolerated
under the reaction conditions. The isolated yields are good
to excellent.

In conclusion, the reaction of 1 with a variety of alkenes
gave the corresponding adducts in good yields in the
presence of copper. The addition reactions can be con-
ducted either neat or in a solvent and a SET-initiated
radical mechanism is proposed. It is also suggested that
the formation of (carbalkoxydifluoromethyl)copper may
involve a radical intermediate in DMSO or in HMPA.
Removal of iodine in the adducts was readily accomplished
with zinc in the presence of nickel chloride in moist THF.
The two step addition-reduction reaction provides a novel
and practical synthesis of a variety of a,a-difluoro esters.

Experimental Section

General. All the reactions were performed in an oven-dried
apparatus that consisted of a two- or three-necked flask equipped
with an addition funnel, a Teflon-coated magnetic stir ring bar,
and a reflux condenser connected to a nitrogen source and mineral
oil bubbler. All boiling points were determined during fractional
distillation using a partial immersion thermometer and are un-
corrected. °F NMR, 'H NMR, *C NMR, and 3P NMR spectra
were recorded on 90-MHz multinuclear and AC-300-MHz spec-
trometers. All chemical shifts are reported in parts per million
downfield (positive) of the standard. *F NMR spectra are ref-
erenced against internal CFCl;, 'H NMR and *C NMR spectra
against internal tetramethylsilane, and 3P NMR against external
H;PO,. FT-IR spectra were recorded as CCl, solutions using a
solution cell with 0.1-cm path length. GC-MS spectra (m/e) were
performed at 70 eV in the electron impact mode. GLPC analyses
were performed on a 5% OV-101 column with a thermal con-
ductivity detector.

Materials. Ethyl bromodifluoroacetate was obtained from
PCR Co. Methyl bromodifluoroacetate and isopropyl bromo-
difluoroacetate were prepared by the literature procedure.¥
Nickel chloride hexahydrate, zinc, iodine, and all alkenes were
obtained from Aldrich Chemical Co. except diethyl 1,1-di-
fluoro-3-butenylphosphonate®! and diethy! allylphosphonate and
used without purification. Copper was prepared by the literature

(30) Paleta, O.; Liska, F.; Posta, A. Collect. Czech. Chem. Commun.
1970, 35, 1302,
(31) Burton, D. J.; Sprague, L. G. J. Org. Chem. 1989, 54, 613.
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procedure.’? THF, acetonitrile, benzene, hexane, diglyme, and
dioxane were used without purification, DMF and DMSO were
purified by distillation from calcium hydride.

General Procedure for the Preparation of Iododifluoro-
acetates: Ethyl lododifluoroacetate (1b). A flask fitted with
a stir ring bar and a N inlet was charged with 19.5 g (0.3 mol)
of Zn, 3.3 g (0.012 mmol) of HgCl,, and 250 mL of triglyme. Then
50.8 g (0.25 mol) of ethyl bromodifluoroacetate was added slowly
via syringe with stirring at 25 °C over 30 min. After the addition
was completed, the reaction mixture was stirred for 3h. A 101.6-g
(0.4-mol) portion of I, was added and the solution stirred over-
night. The reaction was flash distilled (<70 °C (0.1 mmHg)) to
give a dark mixture of 1b and solvent, which was poured into a
beaker with Na,SOj, solution. The light yellow organic lower layer
was separated, washed with water, dried over molecular sieves,
and distilled to give 41.3 g (64%) of 1b, GLPC purity 98%: *F
NMR (CDCly) -57.9 (s); 'H NMR (CDCly) 4.40 (q, *Jyy = 7.0
Hz, 2 H), 1.38 (t, %y 4 = 7.0 Hz, 3 H); FT-IR (CCl,) 2986 (m),
1774 (s), 1289 (s), 1162 (s), 1116 (s), 930 (s) cm™1; MS 250 (M*,
21.51), 177 (33.63), 127 (34.93), 123 (100), 51 (20.20).

Esters 1a and 1b were prepared similarly.

Methyl iododifluoroacetate (1a): yield 59%; *F NMR
(CDCl,) -517.7 (s); 'H NMR (CDCly) 3.96 (s); FT-IR (CCl,) 2959
(m), 1793 (s), 1778 (s), 1292 (s), 1163 (s), 1157 (s), 1106 (s) cm™;
MS 236 (M*, 42.51), 177 (43.71), 127 (43.71), 109 (100), 59 (62.28).

Isopropyl iododifluoroacetate (lc): yield 73%; %F NMR
(CDCly) -58.1 (s); 'H NMR (CDClg) 5.18 (hept, 3Jyy; = 6.3 Hz,
1 H), 1.37 (4, *¥Jyy = 6.3 Hz, 6 H); FT-IR (CCl,) 2987 (m), 1771
(8), 1767 (), 1378 (m), 1290 (s), 1165 (s), 1099 (8) cm™!; MS 264
(M*, 1.98), 177 (23.10), 127 (13.05), 43 (100), 41 (29.11).

Representative General Procedure for the Preparation
of 2,2-Difluoro-4-iodo Esters: Methyl 2,2-Difluoro-4-iodo-
octanoate (2). A heterogeneous mixture of 0.2 g (3.2 mmol) of
copper, 1.6 g (20 mmol) of 1-hexene, and 2.6 g (20 mmol) of 1a
was stirred at 55 °C under nitrogen for 6 h. The reaction mixture
was distilled at reduced pressure to give 2.6 g (75%) of 2, bp 95-96
°C (3.4 mmHg): "F NMR -101.9 (dt, 2JFJ- = 264 HZ, stfH = 14.6
Hz, 1 F),-107.7 (dt, 2Jpy = 264 Hz, %Jpy = 17.1 Hz, 1 F); 'TH NMR
4.21 (m, 1 H), 3.89 (s, 3 H), 2.96-2.70 (m, 2 H), 1.16-1.38 (m, 6
H), 0.91 (t, %Jyy = 7.1 Hz, 3 H); 1*C NMR 163.93 (t, %Joy = 31.9
Hz), 115.28 (t, 'Jop = 252.3 Hz), 53.54, 45.44 (t, °Jcp = 23.3 Ha),
40.26, 31.57, 23.06 (t, *Jcp = 3.8 Hz), 21.71, 13.89; i"l‘rT-IR (CCl)
1045 (s), 1164 (s), 1213 (s), 1767 (s), 1774 (s), 2934 (s), 2960 (s)
em™}; MS 193 (M* -1, 25.4), 131 (21.3), 127 (36.7), 93 (19.5), 77
(25.2), 59 (100), 41 (32.4).

Methyl 2,2-Difluoro-4-iodononanoate (3). Similarly, 3 was
prepared from 2.0 g (20 mmol) of 1-heptene, 2.4 g (10 mmol) of
1a, and 0.1 g (1.6 mmol) of copper. Distillation of the reaction
mixture gave 2.62 g (65%) of 3, bp 102-103 °C (3.2 mmHg): °F
NMR (CDCly) -102.4 (ddd, %Jpp = 264 Hz, °Jpy = 14.7 Hz, ¥y
=17.1Hz, 1 F), -107.4 (dt, 2Jpp = 264 Hz, ¥Jpy = 16.0 Hz, 1 F);
!H NMR (CDCl;) 4.26-4.18 (m, 1 H), 3.90 (s, 3 H), 2.95-2.69 (m,
2 H), 1.83-1.68 (m, 2 H), 1.53-1.32 (m, 6 H), 0.90 (t, 3Jyy = 6.4
Hz, 3 H); FT-IR (CCl,) 1079 (s), 1163 (s), 1200 (s), 1769 (s), 1778
(8), 2933 (s), 2958 (s) cm™!; MS 207 (M* -1, 12.6), 175 (14.2), 145
(17.9), 127 (27.3), 77 (30.1), 59 (100), 55 (27.3), 43 (22.70), 41 (42.9).

Methyl 2,2-Difluoro-4-iodo-4-(trimethylsilyl)butanocate (4).
Similarly, 4 was prepared from 1.0 g (10 mmol) of trimethyl-
vinylsilane, 1.2 g (5 mmol) of 1a, and 0.05 g (0.8 mmol) of copper.
Distillation of the reaction mixture gave 1.4 g (83%) of 4, bp 88-91
°C (3.1 mmHg): *F NMR (CDCl;) -102.4 (dt, 2Jpp = 260 Hz,
aJpJ; =124 HZ, 1 F), -108.7 (ddd, 2JFH = 260 HZ, JF,H =15.1
Hz, %Jpy = 17.9 Hz, 1 F); '"H NMR (CDCl,) 391 (s, 3 H), 3.12-3.08
(m, 1 H), 2.68-2.89 (m, 2 H), 0.19 (s, 9 H); %C NMR (CDCl,) 16397
(t, %Jyc = 25.0 Hz), 115.67 (1, }Jpc = 252.8 Hz), 53.40, 39.09 (t,
2Jr,c = 22.4 Hz), 4.37, -2.66; FT-IR (CCl,) 1023 (m), 1094 (), 1202
(s), 1254 (s), 1769 (s), 1778 (s), 2957 (s) cm™!; MS 336 (M*, 1.8),
189 (33.4), 185 (87.8), 117 (100), 98 (70.3), 89 (86.4), 77 (69.4), 73
(78.4), 59 (73.6), 43 (23.5).

Ethyl 2,2-Difluoro-4-iodooctanocate (5). Similarly, § was
prepared from 0.82 g (10 mmol) of 1-hexene, 1.25 g (5 mmol) of
1b, and 0.1 g (1.5 mmol) of copper. Distillation of the reaction

(32) Brewster, R. Q.; Groening, T. Organic Syntheses; Wiley: New
York, 1943; Collect. Vol. II, p 446.
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mixture gave 1.1 g (65%) of 5, bp 102-104 °C (3.4 mmHg): °F
NMR (CDCla) ~-102.2 (ddd, 2Jp_p = 264 Hz, st,H =171 Hz, 3JF.H
= 14.7 Hz, 1 F), -107.6 (dt, 2Jpp = 264 Hz, %Jpy = 17.1 Hz, 1 F);
IH NMR (CDCly) 4.34 (q, %oyt = 7.1 Hz, 2 H), 4.22 (m, 1 H),
2.96-2.69 (m, 2 H), 1.84-1.70 (m, 2 H), 1.56-1.27 (m, 4 H), 1.37
(t, %y = 7.1 Hz, 3 H), 0.98 (t, 3/ = 6.9 Hz, 3 H); )C NMR
163.43 (t, 2J¢ ¥ = 32.0 Hz), 115.24 (tJe ¢ = 251.6 Hz), 63.18, 45.43
(t, zJC,p = 23.2 Hz), 40.21, 31.63, 23.22 (t, 3Jc,p = 4,1 Hz), 22.27,
21.71, 13.88; FT-IR (CCl,) 1079 (s), 1191 (s), 1288 (s), 1301 (s),
1764 (s), 1774 (s), 2963 (8) cm™1; MS 289 (M* - OE}, 1.3), 207 (75.4),
113 (45.3), 77 (57.3), 69 (80.7), 55 (56.1), 43 (86.8), 29 (100).

Ethyl 2,2-Difluoro-4-iodononanoate (6). Similarly, 6 was
prepared from 1.0 g (10.1 mmol) of 1-heptene, 1.25 g (5 mmol)
of 1b, and 0.08 g (1.3 mmol) of copper. Distillation of the reaction
mixture gave 1.3 g (76%) of 6, bp 112-114 °C (3.4 mmHg): ¥F
NMR (CDCly) -102.1 (ddd, %Jpp = 264 Hz, 3Jpy = 17.2 Hz, 3Jy
= 14.7 Hz, 1 F), -107.6 (dt, %Jp 5 = 264 Hz, 8Jey=172Hz,1 F{
'H NMR (CDCly) 4.35 (q, 3y = 7.1 Hz, 2 f-’I.l) 4.22 (m, 1 H),
2.96-2.70 (m, 2 H), 1.85-1.72 (m, 2 H), 1.54-1.24 (m, 6 H), 1.38
(t, %Jyy = 7.1 Hz, 3 H), 0.90 (t, 3y = 6.7 Hz, 3 H); )C NMR
(CDCl,) 163.90 (t, 2Jpc = 32.7 Hz), 115.28 (t, !Jy ¢ = 252.0 Hz),
53.55, 45.40 (t, %Jpy = 23.1 Hz), 40.50, 30.74, 29.12, 23.18, 22.46,
14.00; FT-IR (CCl,) 1080 (s), 1114 (s), 1203 (s), 1763 (8), 1774 (8),
2960 (s) cm™'; MS 303 (M* - OEt, 1.4), 221 (100), 175 (97.8), 131
(77.3), 83 (80.3), 77 (85.0), 43 (39.7), 41 (55.2).

Ethyl 2,2-Difluoro-4-iododecanoate (7). Similarly, 7 was
prepared from 2.85 g (256 mmol) of 1-octene, 5.0 g (20 mmol) of
1b, and 0.2 g (3.1 mmol) of copper. Distillation of the reaction
mixture gave 6.1 g (85%) of 7, bp 96-98 °C (0.4 mmHg): F NMR
(CDCl,) -102.1 (dt, 2Jpp = 266.1 Hz, %Jpy = 17.1 Hz, 1 F), ~107.6
(dt, 2Jpy = 266.1 Hz, %Jpy = 17.1 Hz, 1 15‘1;; !H NMR (CDCly) 4.34
(q, 3Jyy = 7.2 Hz, 2 H), 4.21 (m, 1 H), 3.01-2.65 (m, 2 H), 1.75
(m, 2 H), 1.51 (m, 1 H), 1.37 (t, 3Jg 4 = 7.2 Hz, 3 H), 1.30 (m, 6
H), 0.89 (t, *Jyy = 6.7 Hz, 3 H); ¥C ffJI'MR (CDCly) 163.41 (t, ¥Jpc
= 32.9 Hz), 115.24 (t, WJpc = 251.5 Hz), 63.17, 45.43 (t, %Jyc =
23.2 Hz), 40.51, 31.63, 29.48, 28.25, 23.31, 22.59, 14.04, 13.90; FT-IR
(CCl,) 2959 (s), 1773 (s), 1762 (s), 1375 (s), 1291 (s), 1188 (s), 1079
(s) cm™; MS 363 (M* + 1, 0.02), 235 (17.96), 189 (30.83), 151
(53.88), 99 (31.55), 69 (39.81), 57 (100), 43 (87.86).

Ethyl 2,2-Difluoro-4-iodo-4-(trimethylsilyl)butanoate (8).
Similarly, 8 was prepared from 1.0 g (10 mmol) of vinyltri-
methylsilane, 1.25 g (5 mmol) of 1b, and 0.08 g (1.25 mmol) of
copper. Distillation of the reaction mixture gave 1.2 g (70%) of
8, bp 97-99 °C (1.8 mmHg): **F NMR (CDCly) -102.3 (ddd, %Jpy
= 261 Hz, %Jpy = 14.6 Hz, 3Jpy = 12.2 Hz, 1 F), -108.6 (dt, %Jpy
=73=111Hz 1F);'H NME (CDCly) 4.36 (q, 2Jyy = 7.1 Hz,
2 H), 3.11 (t, *Jyu = 6.6 Hz, 1 H), 2.64 (m, 2 H), 1.38 (t, 3Jy
= 7.1 Hz, 3 H), 0.18 (s, 9 H); 3C NMR (CDCl,) 163.77 (t, 2Jpc
= 31.9 Hz), 115.74 (t, !Jpc = 252.6 Hz), 63.19, 39.16 (t, %Jpc =
24.2 Hz), 13.94, 4.41 (t, *Jpc = 4.2 Hz), -2.42; FT-IR (CCl,) 1095
(8), 1191 (s), 1254 (s), 1761 (8), 1774 (s), 2960 (m) cm™!; MS 350
(M*, 2.3), 185 (54.5), 103 (100), 84 (25.7), 77 (53.7), 73 (78.0).

Isopropyl 2,2-Difluoro-4-iododecanoate (9). Similarly, 9 was
prepared from 2.3 g (20 mmol) of 1-octene, 2.6 g (10 mmol) of
1c, and 0.2 g (3.1 mmol) of copper. Distillation of the reaction
mixture gave 3.0 g (79%) of 9, bp 135-137 °C (1.4 mmHg): ¥F
NMR (CDCls) -102.4 (ddd, zJp,F = 261 HZ, aJp,H =122 HZ, aJF_H
=155 Hz, 1 F), -108.3 (ddd, %Jg s = 261 Hz, %Jy y=17.1Hs, Jpn
= 14,7 Hz, 1 H); 'H NMR (CDCl,) 5.15 (hept, %Jy 4 = 5.8 Hz, 1
H), 4.23 (pent, 2Jyy; = 5.9 Hz, 1 H), 3.08-2.56 (m, 2 H), 1.74 (m,
2 H), 1.38-1.31 (m, 14 H), 0.88 (m, 3 H); FT-IR (CCl,) 1080 (s),
1129 (s), 1212 (8), 1377 (8), 1758 (s), 1769 (s), 2830 (m), 2959 (s)
em™l; MS 317 (1.04), 207 (24.29), 189 (15.07), 77 (9.04), 57 (55.32),
43 (100).

Isopropyl 2,2-Difluoro-4-iodo-4-(trimethylsilyl) butanoate
(10). Similarly, 10 was prepared from 1.5 g (15 mmol) of tri-
methylvinylsilane, 2.1 g (8 mmol) of l¢, and 0.1 g (1.5 mmol).
Distillation of the reaction mixture gave 2.1 g (72%) of 10, bp
98-100 °C (3.5 mmHg): ¥F NMR (CDCly) ~102.9 (dt, 2Jp_p =261
HZ, 3JF,H =146 HZ, 1 H), -107.9 (dt, 2J H= 261 HZ, st’H = 16.6
Hz, 1 H); "H NMR (CDCly) 5.16 (hept, *Jy 4 = 6.2 Hz, 1 H), 3.10
(t, %y y = 6.8 Hz, 1 H), 2.61 (td, *Jp = 16.4 Hz, *Jyy 54 = 6.8 Hz,
2 H), 1.35 (d, 3Jyuy = 6.2 Hz, 6 H), 0.16 (s, 9 H); FT-IR (CCly)
1087 (s), 1185 (s), 1208 (s), 1253 (8), 1755 (s), 1770 (s), 2970 (m),
2984 (s); MS 364 (M*, 0.5), 230 (30.6), 195 (100), 185 (57.4), 103
(55.9), 77 (45.6), 73 (71.7), 43 (51.6).
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Ethyl 2,2-Difluoroc-4-iodo-7,8-epoxyoctanocate (11), Simi-
larly, 11 was prepared from 1.0 g (10 mmol) of 5,6-epoxy-1-hexene,
1.3 g (5 mmol) of 1b, and 0.6 g (1 mmol) of copper. Distillation
of the reaction mixture gave 1.4 g (80%) of 11, bp 100-101 °C
(0.05 mmHg): 'H NMR (CDCly) 4.35 (q, %Jy 4 = 7.1 Hz, 2 H),
4.27 (m, 1 H), 2.96-2.90 (m, 2 H), 2.78-2.74 (m, 2 H), 2.54-2.48
MS 1 H), 2.16-1.78 (m, 4 H), 1.37 (t, %Jyu = 7.1 Hz, 3 H); ¥F
NMR (CDCly) ~101.8 (dm, 2/ 1 3o 264 Hz, 1 F), -107.7 (dt, %Jer
= 264 Hz, %Jpy = 17 Hz, 1 F); °C NMR (CDCl,) 163.24 (t, ?Jp ¢
= 32.0 Hz), 115.12 (t, 'WJpc = 252.1 Hz), 63.27, 51.35, 50.39, 46.81,
46.66, 45.28 (t, %Jpc = 23.2 Hz), 45.19 (t,%Jpc = 23.2 Hz), 37.02,
36.53, 32.61, 32.12, 22.14, 21.95 (t, *Jpc = 4.0 Hz), 13.87; FT-IR
(CCL,) 2985 (m), 1773 (s), 1763 (s), 1445 (m), 1375 (m), 1210 (s),
1190 (s), 1075 (s) cm™; MS 349 (M* + 1, 0.01), 221 (25.74), 155
(37.50), 103 (44.49), 79 (44.12), 55 (100), 41 (48.90).

Ethyl 2,2-Difluoro-4-iodo-12-hydroxydodecanoate (12). A
mixture of 0.8 g (5 mmol) of 9-decenol, 1.3 g (5 mmol) of 1b, and
0.06 g (1 mmol) of copper was stirred at 60 °C for 2 h. Column
chromatography of the reaction mixture on silica gel (hexane:ethyl
acetate = 2:3) gave 1.9 g (92%) of 12: 'H NMR (CDCl,) 4.35 (q,
%Jyy = 7.2 Hz, 2 H), 4.17 (m, 1), 3.64 (t, %Juy = 6.4 Hz, 2 H),
2.90~2.65 (m, 2 H), 2.05 (s, 1 H), 1.46-1.18 (m, 19 H); YF NMR
(CDCly) ~102.1 (dt, 2Jpp = 259 Hz, %Jpy = 12 Hz, 1 F), -107.7
(dt, %Jpyp = 264 Hz, *Jpy = 12 Hz, 1 H); *C NMR (CDCl,) 163.44
(t, %Jpc = 32.0 Hz), 115.20 (t, *Jyy = 253.7 Hz), 63.24, 62.67, 45.31
(t, #Jpc = 23.3 Hz), 40.40, 32.68, 29.43, 29.32, 28.45, 25.72, 23.30
(t, 3Jpc = 4.1 Hz), 20.98, 13.88; FT-IR (CCl,) 3638 (w), 2933 (s),
1772 (s), 1762 (s), 1239 (s), 1185 (s), 1075 (s) cm™%; MS 407 (M*
+ 1, 0.03), 215 (14.05), 97 (14.05), 83 (46.28), 69 (81.82), 55 (100),
41 (55.37).

Ethyl 2,2-Difluoro-4-iodo-7-oxooctanoate (13). Similarly,
13 was prepared from 0.5 g (5 mmol) of 5-hexen-2-one, 1.3 g (5
mmol) of 1b, and 0.06 g (1 mmol) of copper. Column chroma-
tography of the reaction mixture on silica gel (hexane:ethyl acetate
= 2:3) gave 1.2 g (62%) of 13: *H NMR (CDCly) 4.35 (t, *Jy
= 7.1 Hz, 2 H), 4.26 (m, 1 H), 3.01-2.61 (m, 5 H), 2.18 (s, 3 H),
2.15-1.92 (m, 1 H), 1.37 (¢, SJS"H = 7.1 Hz, 3 H); ¥F NMR (CDCly)
-102.1 (dt, 2Jp,p = 264.0 HZ, JF,H =17 Hz, 1 F); -107.3 (dt, ZJF.H
= 264.0 Hz, %Jpy = 17.1 Hz, 1 F); 3C NMR (CDCl,) 206.92, 163.24
(¢, *Jpc = 32.3 Hz), 115.06 (t, 'Jpc = 254.0 Hz), 63.34, 45.30 (t,
3pc = 23.2 Hz), 43.41, 34.12, 30.05, 22.26 (t, *Jpc = 4.5 Hz), 13.87;
FT-IR (CDC)y) 2985 (m), 1773 (s), 1762 (s), 1722 (s), 1186 (8), 1093
(8) cm™'; MS 350 (M*, 0.01), 221 (52.74), 129 (2.19), 99 (5.17), 58
(15.81), 43 (100).

Diethyl 2,2-Difluoro-4-iodo-6-methylheptane-1,7-dioate
(14). Similarly, 14 was prepared from 0.7 g (5 mmol) of ethyl
2-methyl-4-pentenoate, 1.3 g (6 mmol) of 1b, and 0.06 g (1 mmol)
of copper. Column chromatography of the reaction mixture on
silica gel (hexane:ethyl acetate = 4:1-3:2) gave 1.8 g (90%) of 14:
'H NMR (CDCly) 4.34 (q, 3/ y = 7.2 Hz, 2 H), 4.25-4.07 (m, 3
H), 2.90-2.64 (m, 3 H), 2.28-2.04 (m, 1 H), 1.85-1.65 (m, 1 H),
1.36 (t, %Jyy = 7.2 Hz, 3 H), 1.26 (m, 3 H), 1.21 (d, 3Jy 5 = 7.0
Hz, 3 H), 1.13 (d, 3%Jyu = 7.0 Hz, 3 H); ¥F NMR (CDCl,) -101.8
(dm, %Jpy = 254.0 Hz), -108.2 ((dm, %Jpp = 254.0 Hz); FT-IR
(CCly 2983 (m), 1775 (s), 1760 (s), 1741 (s), 1374 (s), 1185 (s), 1095
(s) cm™; MS 393 (M* + 1, 0.15), 265 (83.23), 191 (100), 171 (86.23),
143 (43.71), 115 (20.1), 99 (36.4), 55 (35.93).

Ethyl 2,2-Difluoro-4-iodo-5-(diethoxyphosphinyl)penta-
noate (15). Similarly, 15 was prepared from 0.9 g (5 mmol) of
diethyl allylphosphonate, 1.3 g (5 mmol) of 1b, and 0.06 g (1 mmol)
of copper. Column chromatography of the reaction mixture on
silica gel (hexane:ethyl acetate = 2:3) gave 1.65 g (77%) of 15:
IH NMR (CDCl,) 4.24 (m, 3 H), 4.03 (m, 4 H), 2.98 (m, 1 H), 2.75
(m, 1 H), 2.52 (ddd, BJH =19.6 Hz, SJH =172 HZ, ‘JH,H =19
Hz, 2 H), 1.26 (m, 9 H): BF NMR (CDCly) ~102.7 (dt, %Jip = 266
Hz, %Jpy = 17.0 Hz, 1 F), ~107.9 (dt, My = 266 Hz, gy = 17.0
Hz, 1 F); 3'P NMR (CDCl,) 24.8 (s); ¥*C NMR (CDCl,) 163.22
(t, an,c = 32,0 Hz), 114.94 (t, IJ[.-,C = 254 Hz), 63.30, 62.32 (d, 2Jpc
= 7.2 Hz), 44.85 (dt, %Jp g = 402 Hz, %WJgc = 17.2 Hz), 38.94 (d,
!Jpc = 136 Hz), 16.39 (d, °Jpc = 5.9 Hz), 13.88, 7.75; FT-IR (CCl)
2985 (m), 1770 (s), 1763 (s), 1302 (m), 1254 (s), 1183 (s), 1074 (s)
cm™l; MS 301 (M* -1, 4.67), 227 (93.94), 199 (52.02), 171 (100),
149 (54.55), 81 (51.52), 65 (34.60).

Ethyl 2,2,6,6-Tetrafluoro-4-iodo-6-(diethoxyphosphinyl)-
hexanoate (16). Similarly, 16 was prepared from 1.1 g (5 mmol)
of diethyl (1,1-difluoro-3-butenyl)phosphonate, 1.3 g (5 mmol)
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of 1b, and 0.06 g (1 mmol) of copper. Column chromatography
of the reaction mixture on silica gel (hexane:ethyl acetate = 3:2)
gave 2.1 g (88%) of 16: 1H NMR (CDCly) 4.49 (pent, %Jyy = 6.7
Hz, 1 H), 4.36 (q, 3Jyy = 7.2 Hez, 2 H), 4.29 (m, 4 H), 3.03-2.84
(m, 4 H), 140 (t, *Jyu = 7.1 Hz, 6 H), 1.38 (t, *Jyyu = 7.1 Hz, 3
H); °F NMR (CDCly) -102.5 (dt, 2Jpy = 266.1 Hz, 3Jpy = 14.7
Hz, 1 F), -107.6 (dt, 2Jp'§ = 266.1 Hz, 3Jpy = 14.7 Hz, 1 F‘sl, ~112.3
(ddd, 2Jgp = 105.0 Hz, *Jpy = 41.5 Hz, °Jpy = 19.5 Hz, 2 F); #P
NMR (CDCly) 552 (¢, }gp = 105.0 Hz); BC NMR (CDCly) 163.16
(t, %Jgc = 33.0 Hz), 12152 (td, 'Jgc = 262.4 Hz, 'Jpc = 215.0 Hz),
115.84 (d, WJpc = 210 Hz), 64.90 (d, 2Jpc = 7.0 Hz), 63.35, 44.97
(t, Wy = 23.2 Hz), 44.72 (t, %Jpc = 19.6 Hz), 16.39, 13.83, 5.26;
FT-IR (CCl,) 2986 (m), 1774 (s), 1762 (s), 1276 (8), 1179 (s), 1097
(s), 981 (s) cm™%; MS 479 (M* + 1, 3.08), 351 (85.57), 267 (100),
163 (44.3), 109 (51.80), 81 (59.02), 65 (55.15).

Methyl 2,2-Difluore-2-(2-iodocyclohexyl)acetate (17).
Similarly, 17 was prepared from 0.8 g (10 mmol) of cyclohexane,
1.2 g (5 mmol) of 1a, and 0.1 g (1.5 mmol) of copper. Distillation
of the reaction mixture gave 1.25 g (78%) of 17, which is a mixture
of trans and cis isomers, bp 105-108 °C (3 mmHg): *F NMR
(DMSO) trans -105.7 (dd, %Jgr = 263.7 Hz, 3Jpy = 12.2 Hz, 0.7
F),-112.7 (dd, %Jyp = 263.7 Hz, %Jgy = 17.1 Hz, 0.7 F); cis -110.6
(d, %Jpy = 12.2 Hz, 0.3 F), -110.8 (g, 3Jpy = 17.1 Hz, 0.3 F); 'H
NMR (CDCly) trans® 4.32 (ddd, Jy y = 15.5 Hz, 3Jy 4 = 8.4 Hz,
8Jyyu = 4.0 Hz, CHI, 0.7 H); cis!® 4.66 (br, CHI, 0.3 H), 3.89 (s,
3 H). 272 (m, 0.7 H), 2.38-1.32 (m, 8 H); %C NMR (CDCly) 164.19
(t, 2Jp-'c = 32.9 Hz), 163.98 (t, 2J1:~c = 33.0 Hz), 116.48 (t, lJp’c =
257.6 Hz), 115.45 (t, 'Jpc = 255.3 Hz), 53.48, 48.26 (t, 2/pc = 21.1
Hz), 47.00 (t, ¥Jpc = 22.8 Hz), 39.50, 37.30, 28.94, 26.72, 25.93,
25.25 (t, %Jp o = 3.5 Hz), 25.09, 24.69, 24.61, 23.49, 22.29, 22.17;
FT-IR (CCl,) 1086 (s), 1170 (s), 1201 (s), 1247 (s), 1764 (s), 1769
(8), 1774 (s), 1780 (s), 2940 (8), 2950 (s) cm™'; GC-MS trans 318
(M*, 2.6), 191 (51.0), 171 (98.9), 127 (49.8), 91 (48.2), 81 (25.9),
77 (59.5), 59 (100), 39 (43.2); cis 259 (M* - CO;Me, 1.3), 191 (57.1),
171 (100), 127 (36.0), 91 (43.8), 81 (26.9), 77 (50.1), 59 (80.3), 39
(32.6).

Ethyl 2,2-Difluoro-2-(2-iodocyclohexyl)acetate (18). Sim-
ilarly, 18 was prepared from 1.24 g (15 mmol) of cyclohexene, 2.5
g (10 mmol) of 1b, and 0.1 g (1.5 mmol) of copper. Distillation
of the reaction mixture gave 2.5 g (75%) of 18, which is a mixture
of cis and trans isomers, bp 110 °C (1.4 mmHg): *F NMR
(DMSO) trans -106.0 (dd, ZJF'F = 263.7 HZ, sJF,H =122 HZ, 1
F), -112.3 (dd, %Jpp = 263.7 Hz, stp =12.2 Hz, 1 F); cis -110.9
(. Jgp = 17.0 Hz, 1 F), ~1113 (4, gz = 12.2 Hz, 1 F); 'H NMR
(CDCly) 4.66-4.29 (m, 3 H), 2.75-2.65 (m, 1 H), 2.35~1.47 (m, 8
H), 1.38 (t, %Jyy = 7.1 Hz, 3 H); FT-IR (CCl,) 2942 (s), 1774 (s),
1760 (s), 1288 (m), 1176 (s), 1083 (8) cm™; GC-MS trans 332 (M*,
0.02), 205 (58.63), 185 (36.14), 157 (100), 131 (45.78), 81 (50.20);
cis 332 (M*, 0.26), 205 (49.59), 185 (35.12), 157 (100), 131 (42.51),
81 (39.67).

Ethyl 2,2-Difluoro-4-iodo-3-propylheptanocate (19). Sim-
ilarly, 19 was prepared from 1.2 g (10 mmol) of 3-octene, 1.3 g
(5 mmol) of 1b, and 0.08 g (1.25 mmol) of copper. Distillation
of the reaction mixture gave 1.3 g (72%) of 19, which is a dia-
stereoisomeric mixture, bp 114-116 °C (3.4 mmHg): ¥*F NMR
(CDCly) -113.8 (d, %Jpy = 17.1 Hz), -114 (d, %Jpy = 12.2 Ha); 'H
NMR (CDCly) 4.49-4.26 (m, 3 H), 2.71 (m, 1 Pflil, 2.06 (m, 1 H),
1.78-1.24 (m, 10 H), 0.94 (m, 6 H); *C NMR (CDCl,) 163.89 (t,
WJypc = 32.9 Hz), 116.61 (t, YWy = 257.0 Hz), 63.12, 50.77 (t, Wrc
= 20.4 Hz), 48.05 (t, 2Jpc = 21.8 Hz), 41.78, 37.55, 33.39, 33.34,
32.26 (t, 8JF‘C = 4.6 Hz), 32.20, 31.97, 31.90, 28.14, 28.06, 23.90,
23.06, 21.65, 21.56, 14.25, 14.09, 14.01, 13.94, 12.97, 12.93; FT-IR
(CCl,) 2964 (s), 1770 (s), 1764 (s), 1294 (s), 1189 (s), 1097 (s), 1053
{s) cm™; GC-MS (a) 289 (M* — CO,Et, 1.1), 235 (100), 187 (23.0),
121 (25.5), 77 (40.3), 29 (36.3); (b) 289 (M* - CO,EL, 0.8), 235 (100),
187 (19.4), 121 (19.7), 77 (43.2), 29 (40.1).

Reaction of 1b with Diallyl Ether and Copper. Similarly,
a mixture of 1.0 g (10 mmol) of diallyl ether, 1.25 g (5§ mmol) of
1b, and 0.08 g (1.25 mmol) of copper was stirred at 55 °C for 3
h. Distillation of the reaction mixture gave 1.43 g (82%) of 20,
which is a 1:3 mixture of geometrical isomers, bp 115-119 °C (1.5
mmHg): *F NMR (CDCly) -101.5 to -109.0 (m); 'H NMR
(CDCly 4.32 (q, *Jyyy = 7.1 Hz, 2 H), 4.05~8.15 (m, 6 H), 2.73-2.07
(m, 4 H); IR (CCl,) 2985 (s), 1775 (s), 1773 (s), 1769 (s), 1761 (s),
1308 (s), 1192 (s), 1097 (s), 1073 (8) cm™%; MS (a) 348 (M*, 1.06),
221 (76.60), 191 (86.17), 143 (65.43), 97 (78.72), 77 (100), 55 (68.09);
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(b) 348 (M*, 0.24), 221 (25.37), 191 (26.49), 97 (58.96), 77 (89.55),
55 (97.01), 41 (100).

Reaction of 1b with 1-Octene and Copper in Presence of
Inhibitor. A mixture of 0.032 g (0.5 mmol) of copper, 0.084 g
(0.5 mmol) of p-dinitrobenzene, 0.45 g (4 mmol) of 1-octene, and
0.75 g (3 mmol) of 1b in 5 mL of hexane was stirred at 60 °C for
4 h. F NMR indicated that no reaction occurred; only 1b was
detected.

Similarly, after a mixture of 0.75 g (3 mmol) of 1b with 0.45
g (4 mmol) of 1-octene, 0.032 g (0.5 mmol) of copper, and 0.07
g (0.5 mmol) of di-tert-butyl nitroxide was stirred at 60 °C for
4 h, F NMR indicated no reaction.

Reaction of 1b with 1-Octene and Copper in Solvent. A
mixture of 0.45 g (4 mmol) of 1-octene, 0.5 g (2 mmol) of 1b, and
0.26 g (4 mmol) of copper in 4 mL of solvent was stirred at 25-55
°C for 30 min to 5 h. The yields of 7 and {carbethoxydifluoro-
methyl)copper!® were determined by °F NMR (vs C¢H,CF,). All
results are summarized in Table IL

Reaction of 1b with Cyclohexene and Copper in Solvent.
A mixture of 0.33 g (4 mmol) of cyclohexene, 0.5 g (2 mmol) of
1b, and 0.26 g (4 mmol) of copper in 4 mL of HMPA was stirred
at 55 °C for 1 h. ¥*F NMR analysis indicated 65% of 18, 9% of
ethy! difluorcacetate, and 4% of (carbethoxydifluoromethyl)-
copper!? (-44.5 ppm vs CgH,CF5).

Representative General Procedure for the Reduction of
the Adducts: Ethyl 2,2-Difluorodecanoate (7b). A flask fitted
with a stir ring bar and a condenser topped with a N, inlet was
charged with 0.65 g (10 mmol) of Zn, 0.12 g (0.5 mmol) of Ni-
Cly6H,0, 1 drop of water, and 10 mL of THF. The resultant
mixture was stirred at 25 °C for 15 min, and then 1.8 g (56 mmol)
of 7 was added and stirred for 45 min. The reaction mixture was
then poured into NH,Cl solution and extracted with ether (2 X
50 mL). The combined ether layers were washed with water and
dried over MgSO,. After evaporation of the ether, the residue
was distilled to give 0.95 g (81%) of 7b, bp 96-97 °C (1.8 mmHg):
P NMR (CDCly) ~106.4 (1, 3Jpy = 17.2 Hz); 'H NMR (CDCl,)
4.31 (q, *#Jy u = 7.2 Hz, 2 H), 2.15-1.96 (m, 2 H), 1.46 (m, 2 H),
1.34 {t, %Jyy = 7.2 Hz, 3 H), 1.28 (m, 9 H), 0.88 (t, 3y = 7.0
Hz, 3 H); 15C NMR (CDCl,) 163.41 (t, 2Jp ¢ = 33.0 Hz), 115.23
(t, Jpc = 249.0 Hz), 63.46, 45.41 (t, %Jpc = 23.2 Hz), 4049, 31.60,
29.47, 28.23, 23.30 (t, aJm = 3.8 Hz), 22.58, 14.00, 13.85; FT-IR
(CCl,) 2957 (s), 1772 (s), 1761 (s), 1304 (s), 1229 (s), 1184 (s), 1085
(8) cm™1; MS 236 (M*, 0.42), 193 (32.91), 179 (46.33), 157 (32.91),
129 (32.63), 101 (35.59), 57 (100), 43 (94.79).

Ethyl 2,2-Difluorooctanoate (5b). Similarly, b was isolated
in 87% vield: 1°F NMR (CDCl;) ~106.4 (t, *Jpy = 17.0 Hz); 'H
NMR (CDCl,) 4.32 (q, *Jyy = 7.2 Hz, 2 H), 2.10-1.96 (m, 2 H),
1.49-1.41 (m, 2 H), 1.34 (t, 3Jgu = 7.2 Hz, 3 H), 1.38-1.31 (m,
6 H), 0.89 (t, *Jyy i = 7.0 Hz, 3 H); 13C NMR (CDCly) 164.53 (t,
pc = 33.22 Hz), 11649 (t, 'Jpc = 251.2 Hz), 62.71, 34.58 (t, W
= 23.3 Hz), 31.67, 28.98, 22.64, 21.53, 14.06, 13.99; FT-IR (CCl,)
2933 (s), 1773 (8), 1763 (8), 1305 (m), 1190 (s), 1072 (s) cm™; MS
207 (M* - 1, 1.62), 141 (25.88), 139 (58.77), 111 (29.39), 69 (28.51),
43 (100).

Ethyl 2,2-Diflucrononanoate (6b). Similarly, 6b was isolated
in 85% yield: 'H NMR (CDCl,) 4.32 (q, ®Jyy = 7.1 Hz, 2 H),
2.08 (m, 2 H), 1.35 (t, 3Jyu = 7.1 Hz, 3 H), 1.58-1.28 (m, 8 H),
0.89 (¢, *Jyy = 69 Hz, 3 H); F NMR (CDCly): -106.4 (t, 3Jp 1
=17.1 Hz); 3C NMR (CDCl,) 164.53 (%, 2Jp ¢ = 35.0 Hz), 116.49
(t, \Jpc = 249.2 Hz), 62.71, 34.59 (t, 2Jpc = 23.1 Hz), 3167, 29.11,
28.98, 22.65, 21.53, 14.06, 14.00; FT-IR (CCl,) 2983 (m), 1774 (s),
1764 (s), 1305 (s), 1206 (s), 1188 (s), 1079 (s) cm™1; MS 194 (M*
- C,H,, 0.37), 193 (M* - Et, 2.77), 115 (12.66), 101 (12.08), 57
(43.67), 43 (100), 41 (58.23).

Isopropy! 2,2-Difluorodecanoate (9b). Similarly, 9b was
isolated in 79% yield, bp 96-98 °C (1.4 mmHg): ¥F NMR (CDCl,)
-106.5 (t, 3Jpy = 17.1 Hz); 'H NMR (CDCly) 5.14 (hept, *Jyu
=6.2Hz, 1 H), 2.10-1.96 (m, 2 H), 1.45-1.38 (m, 2 H), 1.32-1.01
(m, 16 H), 0.88 (t, 3Jyy = 7.1 Hz, 3 H); 18C NMR (CDCl;) 163.98
(t, %Jpc = 33.1 Hz), 116.41 (t, !Jpc = 250.0 Hz), 70.87, 34.55 (4,
g c = 23.2 Hz), 31.84, 29.26, 20.12, 22.69, 21.54, 14.09; FT-IR
(CCL) 2984 (s), 2924 (s), 1769 (s), 1759 (s), 1377 (s), 1182 (s), 1082
(s) cm™; MS 207 (M* - C3H,, 0.62), 119 (1.33), 69 (8.46), 57 (43.75),
43 (100), 41 (36.40).

Isopropyl 2,2-Difluoro-4-(trimethylsilyl)butanoate (10b).
Similarly, 10b was isolated in 72% yield, bp 60 °C (1.5 mmHg):
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1H NMR (CDCly) 5.15 (hept, %y u = 6.3 Hz, 1 H), 2.00 (m, 2 H),
1.32 (d, 3Jyy = 6.3 Hz, 6 H), 0.59 (m, 2 H), 0.02 (5,9 H); ¥F NMR
(CDCl) -108.0 (t, 3Jpy = 17.1 Hz); 1*C NMR (CDCly) 163.94 (t,
2Jpc = 33.34 Hz), 11691 (1, IJpc = 250 Hz), 70.73, 29.41 (¢, 2Jpc
= 24.5 Hz), 2155, 7.77 (¢, %Jg¢ = 2.6 Hz), -2.09; FT-IR (CCl)) 2985
(m), 1769 (s), 1758 (8), 1376 (s), 1302, 1207, 1074 cml; MS 181
(2.21), 104 (17.66), 77 (37.77), 73 (100), 59 (31.52), 43 (86.96).

Ethyl 2,2-Difluoro-12-hydroxydodecanoate (12b). Similarly,
12b was prepared from 0.8 g (2 mmol) of 12, 0.3 g (4.6 mmol) of
zine, 0.07 g (0.3 mmol) of NiCl;6H,0, and 1 drop of water in 3
mL of THF. Usual workup gave a residue, which was purified
by column chromatography on silica gel (hexane:ethyl acetate =
7:3) to give 0.4 g (71%) of 12b: ¥F NMR (CDCly); -106.4 (t, *Jpy
= 17.1 Hz); 'H NMR (CDCl) 4.23 (q, *Jy i = 7.1 Hz, 2 H), 3.63
(t, %y = 6.8 Hz, 2 H), 2.48 (s, 1 H), 2.03-1.29 (m, 20 H); FT-IR
(CCl,) 3639 (m), 2930 (s), 1772 (8), 1457 (m), 1304 (s), 1192 (s)
em™; MS 279 (M* - 1, 0.10), 193 (31.25), 101 (27.70), 83 (27.36),
69 (54.05), 55 (100), 41 (70.95).

Ethyl 2,2-Difluoro-7-oxooctanoate (13b). Similarly, 13b was
isolated in 74% yield, bp 68-70 °C (0.05 mmHg): *F NMR
(CDCly) -106.4 (t, *Jpy = 17.1 Hz); 'H NMR (CDCly) 4.32 (q, *Jun
=17.1 Hz, 2 H), 247 (t, SJH.H =17.1 Hz, 2 H), 2.14 (s, 3 H), 2.19-2.00
(m, 2 H), 1.63 (pent, an" = 7.5 He, 2 H), 1.47 (m, 2 H), 1.35 (¢,
3Jps = 7.1 Hz, 3 H); 5C NMR (CDCIy) 208.06, 164.22 (¢, *Jp¢
=331 HZ), 116.22 (t, IJF,C = 149.5 HZ), 62.83, 43.%, 34.36 (t, 2Jpc
= 23.3 Hz), 29.88, 23.11, 21.12 (t, */p¢ = 4.2 Hz), 13.97; FT-IR
(CCl,) 2984 (m), 1771 (s), 1762 (8), 1722 (8), 1185 (s), 1099 {s) cm™;
MS 222 (M*, 0.19), 137 (4.33), 81 (11.30), 71 (16.42), 58 (56.02),
43 (100).

Diethyl 2,2-Difluoro-6-methylheptane-1,7-dioate (14b).
Similarly, 14b was isolated in 88% yield: ®F NMR (CDCly) -106.5
(t, %Jpy = 17.1 Hz); 'H NMR (CDCl;) 4.32 (q, %/ = 7.1 Hz, 2
H), 4.23 (q, /g u = 7.1 Hz, 2 H), 2.44 (m, 1 H), 2.18-1.98 (m, 2
H), 1.74-1.21 (m, 4 H), 1.35 (t, SJHJ-[ =17.1Hz, 3H), 126 (1, 3JHJ.1
= 7.1 Hz, 3 H), 1.16 (d, *J 4 = 7.0 Hz, 2 H); 1*C NMR (CDCly)
176.23, 164.31 (t, 2y = 32.7 Hz), 116.24 (Jgc = 250.2 Hz), 62.81,
60.35, 39.33, 34.46 (1, 2Jp.c = 23.8 Hz), 33.17, 19.42, 17.09, 14.28,
14.00; FT-IR (CCl,) 2982 (s), 1769 (s), 1762 (s), 1760 (8), 1736 (s),
1375 (s), 1189 (8), 1097 (s) cm™; MS 267 (M* + 1, 0.16), 193 (25.81),
115 (28.63), 102 (100), 69 (25.81), 55 (29.44).

Ethyl 2,2-Difluoro-5-(diethoxyphosphinyl)pentanoate
(15b). Similarly, 15b was isolated in 77% yield: F NMR (CDCly
-106.6 (t, *Jpy = 17.1 Hz); 'H NMR (CDCly) 4.33 (q, 3Jyu = 7.1
Hz, 2 H), 4.10 (m, 4 H), 2.20 (m, 2 H), 1.83 (m, 4 H), 1.35 (m, 9
H); 'P NMR (CDCl,) 30.5; 13C NMR (CDCly) 164.06 (t, %o =
33.0 Hz), 116.98 (t, 1Jp ¢ = 252.7 Hz), 62.96, 61.76 (d, 2pc = 7.4
Hz), 34.90 (td, 2y = 23.6 Hz, 2Jp¢ = 14.6 Hz), 25.28 (d, 'Jpc
= 142.8 Hz), 16.51, 16.44 (d, 3Jy'c = 5.1 Hz), 13.97; FT-IR (CCL)
2985 (s), 1770 (s), 1763 (s), 1299 (s), 1249 (s), 1179 (s), 1094 (s),
1062 (s) cm™; MS 303 (M* + 1, 1.54), 229 (38.37), 179 (81.40),
138 (100), 125 (77.71), 111 (43.02), 81 (31.67).

Ethyl 2,2-Difluoro-2-cyclohexylacetate (18b). Similarly,
18b was isolated in 85% yield, bp 71-72 °C (1.6 mmHg): ¥F NMR
(CDCly) -114.2 (d, *Jpy = 15.0 Hz); *H NMR (CDCly) 4.32 (q,
3/yy = 7.0 Hz, 2 H), 2.17-2.02 (m, 1), 1.83~1.56 (m, 6 H), 1.35
(t, 3Jgy = 7.0 Hz, 3 H), 1.25~1.13 (m, 4 H); '*C NMR (CDCly)
163.89 (t, 2Jpc = 30.3 Hz), 117.28 (t, YJpc = 254.9 H2), 62.35, 42.18
(t, 2Jpc = 22.0 Hz), 25.71, 25.21, 24.65 (¢, Wy ¢ = 3.9 Hz), 14.00;
FT-IR (CCl,) 2842 (s), 1772 (8), 1764 (8), 1299 (8), 1194 (8), 1116
(s), 1062 (s) cm™; MS 207 (M* + 1, 4.23), 124 (96.97), 113 (69.70),
83 (82.83), 81 (98.99), 55 (84.85), 41 (100).
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Several standard and some novel cyclization reactions have been applied to 9-substituted decanoic acids to
establish which are the optimum procedures for lactonization and lactamization at 80 °C under identical
high-dilution conditions. The methods of Galli-Mandolini and Kellogg (cyclization of 9-bromodecanoate ion),
Gerlach (cyclization of S-2-pyridyl 9-hydroxydecanethioate in the presence of AgClO,), and Yamaguchi (activation
of the carbozyl group as a mixed anhydride) in the presence of an excess of DMAP appear to be the most useful
for the preparation of the 10-membered lactone, phoracantolide I, under these conditions. Analogously, treatment
of S-2-pyridyl 9-azidodecanethioate with Sn(SePh);™ afforded the best yield of the 10-membered lactam. The
mixed anhydrides RCOOCOATr (Ar = 2,4,6-trichlorophenyl) are more reactive than thioesters RCOSPy (Py =
2-pyridyl) with benzyl alcohol or benzylamine; it is confirmed that the addition of DMAP activates the reaction
of alcohols with mixed anhydrides much more than with pyridyl thioesters, while the addition of Ag* strongly
activates RCOSPy in relation to either RCOOCOAr or RCOOSO,;Mes.

In connection with a research project aimed at preparing
modified macrolides of potential therapeutic interest, we
focused our attention on relevant lactonization and lac-
tamization procedures! developed in the past two decades
to perform the crucial step in the synthesis of these and
related natural products. Rather than checking randomly
some of these methods on our modified secoerythrono-
lides,? we considered that a comparison under similar
conditions on a much more readily available substrate
would be more useful. Thus, we chose a set of 9-substi-
tuted decanoic acids 1, which could afford (+)-phoracan-
tolide I (9-decanolide, 2)® or its analogue 2-aza-3-methyl-
cyclodecanone (3-decanelactam, 3), because of their sim-
plicity, but also because their cyclization was a challenge
since, as it is well-known, the formation of medium-sized
rings is much more difficult than that of smaller and larger
cyclic compounds (Scheme I).

We report here our results—percentages of monomers
2 and 3 and the corresponding cyclic dimers—at 80 °C in
all cases under identical high-dilution conditions. Thus,
we have compared the relative cyclization rates of sub-
strates 1, usually after conversion of their COOH groups
into different, more reactive carboxyl derivatives.
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Several routes to 9-hydroxy-, 9-bromo-, 9-amino-, and
9-azidodecanoic acid (1a-d) can be envisaged starting from
available substances such as 10-undecenoic acid or 10-
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