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n-Butyl 4-cyclohexenecarboxylate (13b) was isolated by
column chromatography (silica gel, 1:10 AcOEt-hexane): IR (film)
2930, 1710, 1165 cm™; NMR (CCl,) 6 0.96 (t, J = 4.5 Hz, 3 H),
1.15-2.70 (m, 1 H), 4.08 (t, J = 4 Hz, 2 H), 5.63 (s, 2 H). Anal.
Calcd for C;;H,304: C, 72.49; H, 9.96. Found: C, 72.18; H, 9.92.

n-Butyl 3,7-dimethyl-6-octenoate (14b) was isolated by
column chromatography (silica gel, 1:10 AcOEt-hexane): IR (film)
2960, 2930, 1735, 1190, 1155 cm™}; NMR (CCl,) 6 0.97 (br t, J =
4 Hz, 6 H), 1.10-1.40 (m, 1 H), 1.60 (s, 3 H), 1.67 (s, 3 H), 4.00
(t, J = 4 Hz, 2 H), 5.06 (t, J = 4.5 Hz, 1 H). Anal. Calcd for
C1Hy02: C, 74.28; H, 11.58. Found: C, 74.14; H, 11.71.

n-Hexyl 3,7-dimethyl-6-octenoate (14c¢) was isolated by
column chromatography (silica gel, 1:10 AcOEt-hexane): IR (film)
2920, 1730, 1190, 1160 em™; NMR (CCl,) 6 0.92 (br t, J = 4.5 Hz,
6 H), 1.10-2.30 (m, 15 H), 1.60 (s, 3 H), 1.67 (s, 3 H), 4.00 (t, J
=4Hz,2H), 5.06 (t,J = 4.5 Hz, 1 H). Anal. Calced for C,gH3,05:
C, 75.53; H, 11.89. Found: C, 75.19; H, 11.73.

n-Butyl 3,7-dimethyl-6,7-epoxyoctanoate (15b) was isolated
by column chromatography (silica gel, 1:3 AcOEt-hexane): IR
(film) 2955, 2870, 1730, 1165 cm™; NMR (CCl,) § 0.83-1.10 (m,
6 H), 1.23 (s, 3 H), 1.26 (s, 3 H), 1.30-1.73 (m, 8 H), 1.80-2.33 (m,
3 H), 2.40-2.63 (m, 1 H), 4.03 (t, J = 4 Hz, 2 H). Anal. Caled
for C,HyO5: C, 69.38; H, 10.81. Found: C, 68.95; H, 11.09.
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Protein-bound macrocyclic thiolactones, owing to their
diverse and important biochemical properties,® are a
special class of the macrolide family of compounds that
is currently under intensive investigation.? In contrast
to the many new macrolide-forming methods that have
recently been developed,! very few procedures for the
preparation of macrocyclic thiolactones are reported in the
chemical literature.? In conjunction with our ongoing
studies directed toward the synthesis of synthetic and
naturally occurring sulfur-bridged cyclic systems,* we
require efficient methodology for the facile construction
of large- and medium-sized thiacycloalkanes. We herein
describe a group 14!! metal assisted method for carbon—
sulfur bond formation that is applicable to the synthesis
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series, see: Steliou, K.; Poupart, M.-A. J. Am. Chem. Soc. 1983, 105, 7130.
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(b) de Aradjo, H. C.; Mahajan, J. R. Synthesis 1978, 228. (c) Wang, C.-L.;
Salvino, J. M. Tetrahedron Lett. 1984, 25, 5243.
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of cyclic organosulfides and macrocyclic thiolactones.

Although carbon-sulfur bond formation enjoys many
well-established synthetic avenues, negotiating sulfur into
a medium-sized cyclic hydrocarbon skeleton, on the other
hand, is limited to but a few useful routes.® To help
reduce unwanted polymerization, these methods rely on
the use of techniques of high dilution and special func-
tional group activation. Since the mercaptide ion is one
of the more powerful nucleophiles known, an Sy2-type
displacement reaction is usually invoked to attach sulfur
onto a carbon atom.58

In previous work relating to thiocarbonyl synthesis,® we
demonstrated the utility of group 14 metal sulfides as
effective transporters of the sulfur atom. These readily
available reagents can also be used, in a simple way, to
efficiently form carbon—sulfur bonds. Thus, when benzylic
bromides are treated with alkyl-/aryltin sulfides in re-
fluxing 2-butanone with stoichiometric amounts of sodium
iodide (eq 1), a quantitative yield of the benzylic sulfide

B b (Resmps = S + 2NaBr +
Br 33002 2-butanone asr
reflux 6 h

1 2(100%)
2R3SnI (1)
R=cyclohexyl, phenyl

is readily obtained. Unfortunately however, alkyl brom-
ides, even under considerably more vigorous (refluxing
mesitylene) reaction conditions, are completely resistant
to this exchange and sulfuration of these substrates re-
quires an alternate approach.

We have found that addition of 2 equiv of MeLi to an
anhydrous THF solution of hexamethyldisilathiane
(HMDST)" at room temperature, followed by refluxing for
2 h, produces a clear solution of “Li,S” and Me,Si (eq 2).

Me,SiSSiMe, + 2MeLi — > “Li;S” + 2Me,Si (2)

If left to stand for a few hours, the reaction mixture be-
comes turbid and after 24 h a high yield of Li,S is pre-
cipitated. The chemical and physical properties of this
precipitated form of Li,S are entirely consistent with those
recorded in the literature for this compound.’ In sharp
contrast however, and in accordance to similar observations
by Gladysz,’ the soluble form of the Li,S thus produced,
was found to be considerably more reactive than the
precipitated form with the extent of chemical reactivity
dependent on the “age” of its formation. For example,
addition of dibromide 1 to a freshly prepared solution of
Li,S with continued refluxing for an additional 6 h affords
1,3-dihydroisothianaphthene (2) in greater than 95% yield;
whereas the precipitated form of Li,S results (after 24 h

(5) (a) Harpp, D. N.; Steliou, K.; Chan, T. H. J. Am. Chem. Soc. 1978,
100, 1222. (b) Harpp, D. N,; Aida, T.; Chan, T. H. Tetrahedron Lett.
1983, 24, 5173. (c) Gladysz, J. A.; Wong, K. V.; Jick, B. S. Tetrahedron
1979, 35, 2329. (d) Field, L. Synthesis 1978, 713.
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1983, 105, 127. Vedejs, E.; Krafft, G. A. Tetrahedron 1982, 38, 2857. (b)
Voronkov, M. G.; Knutov, V. I. Russ. Chem. Rev. (Engl. Transl.) 1982,
51, 856. (c) Kellogg, R.; Buter, J. J. Org. Chem. 1981, 46, 4481. (d) Vogtle,
F.; Klieser, B. Synthesis 1982, 294. (e) Singh, A.; Mehrotra, A.; Regen,
S. L. Synth. Commun. 1981, 11, 409. (f) Mandolini, L.; Vontor, T. Synth.
Commun. 1979, 9, 857.

(7) (a) Hexamethyldisilathiane™ is used instead of the analogous tin
reagents because the latter react with organolithium reagents to form
stable “ate” complexes (Still, W. C. J. Am. Chem. Soc. 1978, 100, 1481.
Meyor, N.; Seebach, D. Chem. Ber. 1980, 113, 1290) that limit their utility
in this reaction. (b) Harpp, D. N.; Steliou, K. Synthesis 1978, 721. This
reagent is commercially available from Petrarch Systems Inc. Levittown,
PA 19059.
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Table I

F 7N
(Me3Si)pS + 2MeLi + Br(CHa),Br = (CHp),S +
N/

—_———
reflux 6

2MelSi + 2LiBr

R
(CHp)pS
Br(CH,),Br ~
n monomer (dimer) lit.6f
6 61 (18) 78
7 34 (22) 48
8 22 28
9 15 22
10 20 (20) 25
12 31 (18) 55
Table II
i #
Y
Br(CH2),CCI Hr;iT;:HF (CHa), g + 2Me3zSiH
3 N
/\c//o
CH2n
Br(CH,),C(=0)Cl N~
n HMDST, LiEt,BH S, LiEt,BH
5 73
7 0 (50) 0 (30)
10 19 (21) 9
11 47 (18) 25
15 64

in refluxing THF) in only 40% formation of 2. Further-
more, the Li,S® prepared from HMDST, in our hands,
consistently gave higher yields than that prepared by the
Gladysz route.’

This time-dependent diminishing reactivity of the in situ
formed Li,S is probably related to a changing of the
structural nature of Li,S with respect to time (“aging”
effect).?? Since lithijum cations are known to participate
strongly in chelation,? the freshly prepared solution of Li,S
must have a higher concentration of the initially formed,
nonassociated (and therefore more soluble and thus more
reactive) monomeric form of Li,S. With time, as this
converts into the more stable aggregated material, it pre-
cipitates with a concomitant loss in chemical reactivity.

The enhanced chemical reactivity of the in situ formed
Li,S is further demonstrated in the synthesis of medium-
sized thiacycloalkanes. For example, with this method,
a,w-dibromoalkanes are readily converted, under normal
dilution (10-30 mM) concentrations, into their corre-
sponding cyclic organosulfides in yields comparable (see
Table I) to those obtained through the use of more ela-
borate techniques of high dilution.! Similarly treated,
w-bromo carbozxylic acid chlorides afford the corresponding
macrocyclic thiolactones. Some representative examples
are given in Table II. As expected, under more dilute
conditions, the monomer yield can be considerably im-
proved. For example, when 12-bromododecanoyl chloride
is treated with HMDST and LiEt;BH in 1-3 mM con-
centrations, an 86% yield of the corresponding monomeric
thiolactone is achieved compared to 47% with normal
(3-30 mM) concentrations.

(8) (a) The Gladysz procedure® for the preparation of Li,S is based
on a degradative process of elemental sulfur (Sg) and therefore more likely
produces an aggregated form of Li,S as compared to our approach which
uses HMDST, a reagent that essentially delivers a masked form of atomic
suléux;i) (b) We observed a similar “aging” effect with the preparation of
B.S,.

(9) (a) Fraenekel, G.; Henrichs, M.; Hewitt, M.; Su, B. M. J. Am.
Chem. Soc. 1984, 106, 255 and references cited therein.

Notes

Thus, this methodology provides a simple, versatile, and
general route to the construction of large- and medium-
sized thiacycloalkanes and macrocyclic thiolactones.

Experimental Section

All reactions were carried out under anhydrous conditions and
under an atmosphere of argon. Reagents were obtained from
commercial sources and used directly. Proton nuclear magnetic
resonance spectra were recorded on a Bruker Model WH-90
90-MHz instrument and *C on a Bruker Model WH-80 instru-
ment. All chemical shifts are reported as é values (ppm) relative
to internal tetramethylsilane. Significant 'H NMR data are
tabulated in following order: chemical shift (number of protons,
multiplicity (s, singlet; d, doublet; t, triplet; q, quartet; m,
multiplet; br, broad), coupling constant(s) in hertz). Infrared
spectra were recorded on a Perkin-Elmer 710B grating spectro-
photometer, calibrated with the 1602 band of a polystyrene film.
Mass spectra were obtained with Micromass-1212 (chemical
ionization (CI); low resolution) and Kratos MS-902 (electron
impact; high resolution) mass spectrometers. Analytical and
preparative thin-layer chromatography (TLC) were carried out
with E. Merck F-254 silica gel plates.

Preparation of 1,3-Dihydroisothianaphthene (2) with
Bis(triphenyltin) Sulfide. A mixture of a,o’-dibromo-o-xylene
(1 mmol; 264 mg), bis(triphenyltin) sulfide (1 mmol; 731 mg), and
Nal (2 mmol; 300 mg) was stirred in refluxing 2-butanone (50 mL)
for 6 h. The solvent was then removed under vacuo and the
residue transferred to a separatory funnel with 50 mL of ether.
The ether layer was washed with H,0 (3 X 5 mL), dried (MgSO,),
and then concentrated under reduced pressure. Chromatography
(silica gel) of the resulting residue using hexanes as the eluent
afforded 132 mg (97 %) of 1,3-dihydroisothianaphthene as a
colorless oil:>** 'H NMR (CDCly) 6 7.2 (4 H, s), 4.2 (4 H, 3); IR
(film) 2925 (s), 1260 (s) 1100 (s), 1030 (s), 750 (s) cm™.

Preparation of 2 with Precipitated Li,S. A solution of
HMDST™ (1 mmol; 208 xL) and MeLi (2 equiv) in anhydrous
THF (10 mL) was refluxed for 2 h and then left to stand for 24
h, causing a light yellow solid to precipitate out. A THF (1 mL)
solution of a,a’-dibromo-o-xylene (1 mmol; 264 mg) was then
added and the mixture refluxed for an additional 24 h. Workup
as above afforded 54 mg (40 %) of 1,3-dihydroisothianaphthene
identical in all respects with the material obtained by the above
procedure.

Preparation of 2 with Soluble Li,S. To a refluxing (2 h)
THF (10 mL) solution of HMDST™ (1 mmol; 208 xL) and MeLi
(2 equiv) was added a THF (1 mL) solution of «,a’-dibromo-o-
xylene (1 mmol; 264 mg). After an additional 6 h of refluxing
the reaction mixture was worked up as above to give 130 mg (95
%) of 2 identical in all respects with the material obtained by
the above procedures.

Preparation of the Thiacycloalkanes Listed in Table 1.
General Procedure: Preparation of Thiacyclotridecane. To
a refluxing (2 h) anhydrous THF (140 mL) solution of HMDST™
(1 mmol; 208 pL)) and MeLi (2 equiv) was added dropwise a THF
(10 mL) solution of 1,12-dibromododecane (1 mmol; 330 mg).
After an additional 6 h of refluxing, the reaction mixture was flash
evaporated and the residue taken up in benzene (25 mL), filtered
to remove inorganic material, and then concentrated in vacuo.
Chromatography of the resulting oily residue on silica gel using
hexanes/benzene (9:1) as the eluent gave three mobile components
identified as a monomer, a dimer, and a trimer. Monomer® (31%):
'H NMR (CDCl,) 6 2.54 (4 H, t, J = 7 Hz), 1.39-1.62 (20 H, m);
MS, caled for Cy3HgS m/z 200.1598, found m/z 200.1608. Dimer
(18%): 'H NMR (CDCly) 6 2.51 (4 H, t, J = 8 Hz) 1.30-1.57 (20
H, m); MS, calcd for CoyH S, m/z 400.3195, found m/z 400.3173.
Trimer (8%): *H NMR (CDCl,) 6 2.51 (4 H, t,J = 8 Hz) 1.28-1.58
(20 H, m); MS, caled for CgsH7,S3 m/z 600.4793, found m/z
600.4799.

Preparation of the Thiolactones Listed in Table II.
General Procedure: Preparation of Thiododecanolide. All
the bromo acid chlorides used in this study were prepared ac-
cording to the procedure described by Lee.!® To a refluxed (2

(10) Lee, J. B. J. Am. Chem. Soc. 1966, 88, 3440.
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h) anhydrous THF (140 mL) solution of HMDST (1 mmol; 208
¢L) and LiEt;BH (2 equiv) was added (at 25 °C) dropwise a THF
(10 mL) solution of 12-bromododecanoyl chloride (1 mmol; 330
mg). The reaction mixture was then refluxed for 6 h and flash
evaporated and the residue taken up in benzene (25 mL), filtered
to remove inorganic material, and then concentrated in vacuo.
Chromatography of the resulting oily residue on silica gel using
hexanes/benzene (1:1) as the eluent gave three mobile components
identified as a monomer, a dimer, and a trimer. Monomer (47%):
'H NMR (CDCl,) 5 2.96 (2H,t,J = 5Hz),253 2H,t,J =5
Hz), 1.29-1.77 (18 H, m); IR (CHCl,) 1680 cm™ (C=0); MS, caled
for C1,H,08 m/z 214.1389, found m/z 214.1393. Dimer (16%):
H NMR (CDCl,) 6 2.89 2 H,t,J =7 Hz), 254 2H,t,J =6
Hz), 1.26-1.55 (18 H, m); MS, caled for C, H,,0,S; m/z 428.2778,
found m/z 428.2753. Trimer (9%): *H NMR (CDCly) 6 2.87 (2
H,t,J =7Hz), 254 (6 H,t,J =7 Hz), 1.26-1.58 (18 H, m); MS,
caled for C3H ;0383 m/z 642.4167, found m/z 642.4119. Carrying
out the same reaction using 1.4 L (instead of 140 mL) of solvent
gave an 86% isolated yield of the monomer and only trace
quantities of the dimer and trimer.

Thiohexanolide. Monomer (73%): ‘H NMR (CDCly) §
2.78-3.03 (4 H, m), 1.73-2.11 (6 H, m); IR (CHCl,) 1660 cm™!
(C=0); MS, calcd for CgH;,08 m/z 130.0451, found m/z 130.0453.

Thiooctanolide. Dimer (30%): 'H NMR (CDCl,) § 2.91 (2
H,t,J =7Hz), 2.54 (2H,t,J =T Hz), 1.32-1.62 (12 H, m); IR
(CHCly) 1675 em™ (C=0); MS, caled for CgH50,S; m/z 316.1529,
found m/z 316.1554.

Thioundecanolide. Monomer (19%): 'H NMR (CDCl,) 6 3.01
(2H,t,J =6 Hz),2.54 (2H,t,J =6 Hz), 1.30~-1.89 (16 H, m);
IR (CHCly) 1670 em™ (C=0); MS, caled for Cy;Hy0S m/z
200.1234, found m/z 200.1263. Dimer (20%): ‘H NMR (CDCl,)
6291 2H,t,J =7Hz), 255 (2H,t,J =7 Hz), 1.28-1.85 (16
H, m). Trimer (12%): 'H NMR (CDCl,) 6§ 291 (2 H, t, J =7
Hz) 2.54 (2 H, t, J = 7 Hz), 1.28-1.86 (16 H, m).

Thiohexadecanolide. Monomer (64%): 'H NMR (CDCl;)
6294 (2H,t,J=5Hz),256 (2H,t,J =17Hz), 1.30-1.58 (26
H, m); IR (CHCl,) 1670 em™ (C=0); MS, caled for C;gH3,08 m/2
270.2016, found m/z 270.2020.

Preparation of the Thiolactones Listed in Table II by the
Gladysz Route.”** General Procedure: Preparation of
Thiododecanolide. To a suspension of elemental sulfur (1 mmol;
32 mg) in anhydrous THF (140 mL) was added LiEt,BH (2 equiv).
After the mixture was stirred for 15 min, a THF (10 mL) solution
of 12-bromododecanoyl chloride was added dropwise. The reaction
mixture was then refluxed for 6 h and worked up as above to give
53 mg (25%) of monomeric thiododecanolide identical in all
respects with the material obtained by the above procedure.
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In connection with recent studies in this laboratory on
the total synthesis of epimeric bicyclo[2.1.0]pentane de-
rivatives la and 1b as potential thromboxane (TXA,) in-
hibitors, and as synthetic precursors to prostaglandin en-
doperoxide PGH, (Scheme I), aldehyde 3a figured prom-
inently in our synthetic scheme.®

Several attempts to prepare this aldehyde by meticu-
lously following the published procedure* for the ethyl
carbamate analogue 3b (Scheme II), in our hands, ended
in complete and frustrating failure for both derivatives.
With these examples, the Nef procedure’s success is in-
hibited by the extreme lability of potassium salt derivatives
5.4 Since nitro paraffins are readily available® and since
the Nef® reaction presents one of the more attractive ways
of converting nitro functionalities into carbony! units,? we
have developed, and describe herein, experimental mod-
ifications to this reaction that overcome the need to isolate
labile intermediates such as 5.

Ever since Nef® first reported that primary and sec-
ondary nitro paraffins could upon treatment with minerat
acids be respectively transformed into aldehydes and ke-
tones, several variations of this reaction have appeared in
the chemical literature.ff However, even recent experi-
mental improvements as the most promising one' of
Kornblum,® based on earlier work, failed to give ap-
preciable yields for such functionally endowed structures
such as our 3. We have found that treatment of primary
or secondary nitro paraffins with methanolic potassium
hydroxide, in methanol at 0 °C, produces a stable, soluble
form of the corresponding potassium salt. Oxidation, in
situ, into its corresponding carbonyl derivative is then
readily achieved and in high yield (see Table I) by addition

(1) Reagents for Organic Synthesis. 5. For the previous paper in this
series, see: Steliou, K., Salama, P.; Corriveau, J. J. Org. Chem., in press.

(2) Holder of a Merck (Canada) Predoctoral Fellowship.

(3) For reviews, see: “New Synthetic Routes to Prostaglandin and
Thromboxanes”; Roberts, S., Scheinmann, F., Eds.; Academic Press: New
York, 1982. Bindrs, J. S.; Bindra, R. “Prostaglandin Synthesis”; Aca-
demic Press: New York, 1977. “Biochemical Aspects of Prostaglandins
and Thromboxanes”; Kharasch, N., Fried, J., Eds.; Academic Press: New
York, 1977. Mitra, A. “The Synthesis of Prostaglanidins”; Wiley-Inter-
science: New York, 1977. “Prostaglandin Research”; Crabbé, P. Ed.;
Academic Press: New York, 1977; Vol 36.

(4) Corey, E. J.; Narasaka, K.; Shibasaki, M. J. Am. Chem. Soc. 1976,
98, 6417.

(5) Corey, E. J.; Samuelsson, B.; Luzzio, F. A. J. Am. Chem. Soc. 1984,
106, 3682.

(6) (a) Nef, J. U. Justus Liebigs Ann. Chem. 1894, 280, 264. (b)
Kornblum, N.; Erickson, A. S,; Kelly, W. J.; Henggeler, B. J. Org. Chem.
1982, 47, 4534 and references cited therein. (c) Shechter, H.; Williams,
F. T, Jr. J. Org. Chem. 1962, 27, 3699. (d) Noland, W. E. Chem. Rev.
1955, 55, 137. (e) Keinan, E.; Mazur, Y. J. Am. Chem. Soc. 1977, 99, 3861.
(f) McMurry, J. E.; Melton, J.; Padgett, H. J. Org. Chem. 1974, 39, 259
and references cited therein.

© 1985 American Chemical Society



