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Preparation of Ions. The protonation of arenes in HF-SbF;
(1:1), FSO3H-SbF; (4:1), and FSOgH-SbF; (1:1) was analogous
to the methods already described.® For the reactions of isopropyl
or tert-butyl cation with the substrates, the alkyl cation (2-3 equiv)
was first generated from the halide precursor in SbF;/SO,CIF
and was then added slowly to a cold slurry (75 °C) of the aromatic
compound (1 equiv) in SO,CIF with efficient vortex mixing.

Nuclear Magnetic Resonance Spectra and GC Analyses.
1H NMR spectra were obtained with a Varian Model A56/60A
instrument equipped with a variable-temperature probe. 13C
NMR spectra were recorded on a Varian FT80 equipped with a
low-temperature setup using external Me,Si as reference or a
Varian XL-200 instrument using acetone-dg as external lock and
reference. GC analyses were performed on a Varian Model 3700
gas chromatograph with a 50-m capillary column (OV101) and
an on-line automatic integrator.
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Pyroangolensolide, obtained from pyrolysis at 305 °C
of methyl angolensate (1), has been assigned structure 2
on the basis of spectral data (IR, 'H NMR, MS, UV, and
CD).2 The configuration about the carbon [C(18), limo-
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noid numbering] bearing the a-oriented furan ring in
structure 2 is based solely on a positive Cotton effect which
is similar in profile and position to that of methyl ango-
lensate. Pyroangolensolide has also been obtained by
treatment of calodendrolide (3), a naturally occurring

(1) On leave from the University of Natal, Pietermaritzburg, South
Africa.

(2) Davis, d. B.; Godfrey, V. M.; Jewers, K.; Manchanda, A. H.; Rob-
inson, F. V.; Taylor, D. A. H. Chem. Ind. (London) 1970, 201.

(3) Cassady, J. M,; Liu, C.-S. J. Chem. Soc., Chem. Commun. 1972, 86.
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be pointed out that the structure assigned to caloden-
drolide is based on its conversion into pyroangolensolide.
In view of the harsh conditions which were employed above
for the formation of pyroangolensolide, and the fact that
the configuration at C(18) in structure 2 rests solely in its
optical rotatory dispersion curve, we set out to prepare
both di-pyroangolensolide and di-epi-pyroangolensolide
(cf. structure 4). We detail below a short synthesis of
racemic 2 and 4, both crystalline, which, via single-crystal
X-ray analysis, unambiguously established the structure
of pyroangolensolide as 2 and confirmed the structural
assignment put forth by Cassady and Lui for caloden-
drolide.

Tokoroyama and co-workers® have published an eight-
step synthesis of dl-pyroangolensolide and epi-pyroango-
lensolide. Physical data, including a detailed 'H NMR
analysis of 2 and 4 are provided; however, in the absence
of a single-crystal X-ray analysis of either 2 or 4, the
complete structural assignments for pyroangolensolide and
epi-pyroangolensolide remain suspect.

Our synthesis of di-pyroangolensolide and di-epi-py-
roangolensolide, which was carried out via a four-step se-
quence, features an aqueous Diels-Alder reaction.’
Condensation of sodium 4-methyl-3(E),5-hexadienoate!?

l:de
N 1) Hp0, 50°C, 2 h Lr~CHO
_——’—
+
2) CH2N2 ‘!‘
CO0PNG® 78% COOMe
5

with methacrolein in water (50 °C, 2 h) afforded after
esterification with ethereal diazomethane a 78% isolated
yield of the endo Diels—Alder adduct 5. Less than 5% of
the exo adduct 6 could be detected by 'H NMR analysis
of the crude reaction product. Addition of 3-furyllithium
in tetrahydrofuran—ether (3:4) to aldehyde 5 gave rise to
a mixture of lactones 7 and 8 in a ratio of 4:1. In contrast,
Tokoroyama and co-workers reported that addition of
3-furyllithium to 9 gives rise directly to a mixture of dl-
pyroangolensolide and di-epi-pyroangolensolide in a ratio
of 7:3. Note, the structures of 7 and 8 follows from a
single-crystal X-ray analysis of our synthetic di-epi-py-
roangolensolide (vide infra).

(4) Limomoids® comprise a large class of Cy degraded triterpenes
which, apart from their bitter taste, possess insect antifeedant® and lim-
ited antitumor properties.’

{5) Dreyer, D. L. Fortschr. Chem. Org. Naturst. 1968, 26, 190. Con-
nolly, J. D.; Overton, K. H.; Polonsky, J. Prog. Phytochem. 1970, 2, 385.
Taylor, D. A. H. Fortschr. Chem. Org. Naturst. 1984, 45, 1.

(6) Lavie, D.; Jain, M. K.; Shpan-Gabrielith, S. R. Chem. Commun.
1967, 910. Dreyer, D. L. In “Chemistry and Chemical Taxonomy of the
Rutales”; Waterman, P. G.; Grundon, M. F., Eds.; Academic Press: 1983;

p 236.
(7) Jolad, S. D.; Wiedhoff, R. M.; Cole, J. R. J. Pharm. Soc. 1977, 66,
889,

(8) Fukuyama, Y.; Tokoroyama, T.; Kubota, T. Tetrahedron Lett.
1973, 4869.

(9) Grieco, P. A.; Yoshida, K.; Garner, P. J. Org. Chem. 1983, 48, 3137.
Rideout, D. C.; Breslow, R. J. Am. Chem. Soc. 1980, 102, 7816.

(10) Grieco, P. A.; Garner, P.; He, Z. Tetrahedron Lett. 1983, 24, 1897.
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Subjection of lactone 7 to selenenylation!! followed by
oxidation and elimination of benzeneselenenic acid gave
rise to crystalline dl-epi-pyroangolensolide, mp 136-137
°C (lit.® mp 138-140 °C), in 88% overall yield. Similar
treatment of lactone 8 provide (90%) crystalline racemic
pyroangolensolide, mp 135-136 °C (lit.® mp 145.0-145.5
°C).

The 'H NMR spectra of 2 and 4 are very similar and do
not allow one to make unambiguous structural assignments
at C(18). This question was resolved by single-crystal
X-ray analysis. Lactone 4, mp 136-137 °C, crystallized in
space group P2,/n with unit cell constants (-158 °C) of
a=28.289(2) A, b=16.189 (5) A, c = 9.204 (2) A, 8 = 99.09
(1)°, and Z = 4. The structure was solved by direct
methods using 1593 unique intensities collected at —158
°C. All atoms, including hydrogens, were located and
refined to final residuals of R(F) = 0.0321 and Ryw(F) =
0.0389. Figure 1 depicts the structure of lactone 4. The
X-ray data, along with the '"H NMR spectrum of 4, un-
ambiguously establishes 4 as epi-pyroangolensolide.
Furthermore, one can unequivocally state that pyroango-
lensolide and calodendrolide possess structures 2 and 3,
respectively.

Experimental Section

Melting points were determined on a Fisher-Johns hot-stage
melting point apparatus and are uncorrected. Infrared spectra
(IR) were determined on a Perkin-Elmer 298 grating infrared
spectrometer, and nuclear magnetic resonance (NMR) spectra
were recorded at 360 MHz (Nicolet NT-360). Chemical shifts
are reported in parts per million (§) relative to Me,Si (6 = 0.00)
as an internal standard. Element analyses were performed at the
University of Natal, Pietermaritzburg, South Africa.

All solvents are reagent grade unless otherwise stated. “Dry”
solvents were dried immediately before use. Tetrahydrofuran
was distilled from sodium benzophenone ketyl. Thin-layer
chromatography (TLC) was carried out on Analtech (Uniplate)
glass plates precoated with silica gel GF (250 ym). Column
chromatographic separations were performed on silica gel (Merck
silica gel 60, 70-230 mesh ASTM).

Formation of Diels—Alder Adduct 5. To a suspension of 2.52
g (0.02 mol) of 4-methyl-3(E),5-hexadienoic acid in 10 mL of water
was added 1.6 g (0.019 mol) of sodium bicarbonate. After 30 min,
280 mg (0.004 mol) of freshly distilled methacrolein was added
to the homogeneous solution and the reaction was warmed to 50
°C and vigorously stirred for 2 h (a trace of hydroquinone was
found to suppress polymerization of the methacrolein). The
reaction was quenched by the addition of 10 mL of a 1.0 N solution
of hydrochloric acid. The product was isolated by extraction with
ether. The combined ether extracts were dried over anhydrous
magnesium sulfate and concentrated in vacuo. The crude acid
was treated with ethereal diazomethane. Workup provided 2.76
g of a residue which was purified on 130 g of silica gel. Elution
with hexane/ether, 4:1, afforded 652 mg (78%) of ester 5 as a

(11) Cf. Grieco, P. A.; Miyashita, M. J. Org. Chem. 1974, 39, 120.

Notes

Figure 1. ORTEP view of dl-epi-pyroangolensolide.

colorless oil: IR (CHCly) 1719, 1670 cm™'; 'H NMR (CDCly) 6 1.14
(s, 3 H, CHy), 1.43 (dd, 1 H, J = 6.8 Hz, 13.3 Hz), 1.69 (d, 3 H,
J = 1.5 Hz, olefinic methyl), 1.70 (m, 1 H), 2.05 (m, 2 H, allylic
methylene), 2.31 (m, 2 H, CH,COOCHy), 2.55 (t, 1 H, J = 5.9 Hz,
—CH), 3.66 (s, 3 H, COOCH,), 5.40 (br s, 1 H, =CH), 9.55 (s,
1 H, CHO). Anal. Calcd for C,;H,505: C, 68.54; H, 8.62. Found:
C, 68.30; H, 8.69.
cis-1p8-(3-Furyl)-1,4,4a,7,8,8a-hexahydro-5,8ac-dimethyl-
3H -2-benzopyran-3-one (7) and cis-la-(3-Furyl)-
1,4,4a,7,8,8a-hexahydro-5,8aa-dimethyl-3 H-2-benzopyran-3-
one (8). A solution of 147 mg (1.0 mmol) of freshly distilled
3-bromofuran in 4.0 mL of dry ether cooled to —78 °C under argon
was treated with 0.625 mL (1.0 mmol) of a 1.6 M solution of
n-butyllithium in hexane. After 30 min at -78 °C, 210 mg (1.0
mmol) of Diels—Alder adduct 5 in 3.0 mL of tetrahydrofuran was
added dropwise to the ethereal solution of furyllithium cooled
to -85 °C. The reaction was quenched after 75 min by the addition
of 5.0 mL of 1.0 N hydrochloric acid. The combined ether extracts
were dried over anhydrous magnesium sulfate and were concen-
trated under reduced pressure, leaving 277 mg of a residue which
was chromatographed on 70 g of silica gel. Elution with hex-
ane/ether, 2:1, provided, in order of elution, 60 mg of starting
material 5 (R 0.46, hexane/ether, 2:1), 30 mg (17%) of lactone
8 which readily crystallized as white needles from ethanol [mp
122 °C; R, 0.24; IR (CHCly) 1735 cm™; "H NMR (CDCly) 6 0.86
(s, 3 H, CHy), 1.42 (m, 1 H), 1.62 (m, 1 H), 1.72 (s, 3 H, olefinic
methyl), 2.03 (m, 2 H, allylic CH,), 2.39 (dd, 1 H, J = 11.2, 15.8
Hz), 2.85 (dd, 1 H, J = 5.4, 15.8 Hz), 5.04 (s, 1 H, —CHO), 5.58
(br s, 1 H,=CH), 6.43 (s, 1 H), 7.26 (br s, 1 H). Anal. Calcd for
C5H1504: C, 73.14; H, 7.36. Found: C, 73.15; H, 7.43.], and 125
mg (71%) of lactone 7 [mp 114 °C; R;0.18; IR (CHCly) 1722 cm™;
'H NMR (CDCly) 4 0.88 (s, 3 H, CHy), 1.32 (m, 1 H), 1.52 (m, 1
H), 1.69 (d, 3 H, J = 1.4 Hz, olefinic methyl), 1.9-2.1 (m, 2 H),
2.11 (m, 2 H), 2.50 (dd, 1 H, J = 6.5, 18.0 Hz), 2.97 (dd, 1 H, J
= 10.0, 18.0 Hz), 5.11 (s, 1 H, —CHO), 5.41 (s, 1 H,=CH), 6.41
(s, 1 H), 7.41 (brs, 1 H), 7.45 (s, 1 H). Anal. Caled for C;;H ;303
C, 73.14; H, 7.36. Found: C, 73.43; H, 7.34.].
dl-epi-Pyroangolensolide (4). To a solution of 0.40 mmol
of lithium diisopropylamide (prepared from 55.9 uL of diiso-
propylamine and 250 pL of a 1.6 M solution of n-butyllithium
in hexane) in dry tetrahydrofuran (1.0 mL) under argon was added
at =78 °C 50 mg (0.20 mmol) of lactone 7 in 1.0 mL of tetra-
hydrofuran. After 45 min, 81 mg (0.41 mmol) of benzeneselenenyl
chloride in 1.5 mL of tetrahydrofuran containing 69.5 uL of
hexamethylphosphoramide was added dropwise at =78 °C. The
reaction was quenched after 2.5 h with 5.0 mL of 1.0 N hydro-
chloric acid. The product was isolated by extraction with ether.
The combined organic extracts were dried over anhydrous
magnesium sulfate, filtered, and concentrated in vacuo. The crude
product (129 mg) was chromatographed on 25 g of silica gel.
Elution with hexane/ether, 2:1, provided 75 mg (92%) of a mixture
of selenides, which were employed directly in the next reaction.
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The above mixture of selenides (55 mg) was dissolved in 1.0
mL of tetrahydrofuran, cooled to 0 °C, and treated with 20.4 uL
of acetic acid and 96.2 uL of 30% hydrogen peroxide. After 40
min the reaction was quenched by the careful addition of aqueous
sodium bicarbonate. The product was isolated by extraction with
ether. The combined organic extracts were dried over anhydrous
magnesium sulfate. The solvent was removed under reduced
pressure. The crude product was filtered through 3.0 g of silica
gel. Elution with ether gave 28 mg (84%) of pure dl-epi-py-
roangolensolide (4): mp 136-137 °C; IR (CHCl;) 1690 cm™; tH
NMR (CDCl,) 6 1.2-1.5 (m, 2 H, CHy), 1.37 (s, 3 H, CHy), 1.90
(d, 3 H, J = 0.7 Hz, olefinic CHjy), 2.2-2.4 (m, 2 H, allylic CH,),
5,10 (s, 1 H,—CHO0), 5.90 (s, 1 H), 6.12 (d, 1 H, J = 5.4 Hz), 6.26
(br s, 1 H), 7.32 (br s, 1 H), 7.38 (br s, 1 H). Anal. Calcd for
CsH.40s: C, 73.75; H, 6.60. Found: C, 74.10; H, 6.50.

dI-Pyroangolensolide (2). To a solution of lithium diiso-
propylamide (0.24 mmol) in 1.0 mL of dry tetrahydrofuran
(prepared from 33.5 uL of diisopropyl amine and 150 uL of a 1.6
M solution of n-butyllithium in hexane) cooled to =78 °C under
argon was added 30 mg (0.12 mmol) of lactone 8 in 0.75 mL of
tetrahydrofuran. After 40 min, 49 mg (0.26 mmol) of benzene-
selenenyl chloride in 0.8 mL of tetrahydrofuran containing 41.7
uL of hexamethylphosphoramide was added at -78 °C. The
reaction was quenched after 5 h with 5.0 mL of 1 N hydrochloric
acid. The product was isolated by extraction with ether. Standard
workup left 72 mg of a residue which was chromatographed on
22 g of silica gel. Elution with hexane/ether, 2:1, afforded 39 mg
of a mixture of selenides which were used directly in the next
reaction.

The above mixture of selenides (32 mg) was dissolved in 1.6
mL of tetrahydrofuran and was treated at 10 °C with 11.0 uL of
acetic acid and 52.4 uL of 30% hydrogen peroxide. After 40 min,
the temperature was raised to 20 °C. The reaction was quenched
after 60 min with a saturated solution of sodium bicarbonate. The
product was isolated by extraction with ether. The combined
organic extracts were dried over anhydrous magnesium sulfate.
The solvent was removed in vacuo. The residue was chromato-
graphed on 10 g of silica gel. Elution with hexane/ether, 2:1,
provided 20 mg of pure dl-pyroangolensolide: mp 135-136 °C;
IR 1710 cm™’; 'H NMR (CDCl,) 4 1.08 (s, 3 H, CHy), 1.4-1.5 (m,
2 H, CH,), 1.89 (d, 3 H, J = 1.4 Hz, olefinic CHj), 2.26 (br s, 2
H, allylic CH,), 5.12 (s, 1 H, —CHO), 5.84 (br s, 1 H), 6.14 (br
t,1 H,J =397 Hz), 6.45 (brs, 1 H), 7.42 (brs, 1 H), 7.48 (br s,
1 H).
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Sulfur-containing compounds have played an increas-
ingly important role in organic synthesis due to the ease
of incorporation of the element into complex structures,
the ability to modify the valency of the atom, the variety

* Current address: Henkel Corporation, 2010 E. Hennepin Ave.,
Minneapolis, MN 55413.
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of chemical characteristics exhibited by those varied ox-
idation states, and the ease of removal of sulfur as needed
for the synthesis.! The interconversion of oxidation states
is a crucial aspect of the successful use of sulfur in synthetic
applications, and one transformation which has received
extensive investigation has been the sulfoxide to sulfide
reduction reaction.?

The use of trivalent phosphorus compounds for the
sulfoxide—sulfide conversion has been recognized for some
time and a comparison of reactivity of a variety of such
compounds with Me,SO is available.? More specifically,
the use of triphenylphosphine as a reductant for Me,SO
was first recognized in 1962 and has been exploited in the
reduction of a variety of sulfoxides since that time by using
as coreactants CCl,® acids,® and I,/Nal.” These methods
all show good chemoselectivity and proceed under gener-
ally mild conditions. They do suffer, however, from some
potential separation difficulties due to the requisite for-
mation of triphenylphosphine oxide and to the use of any
excess triphenylphosphine. To avoid these purification
requirements, we chose to investigate the use of poly-
styryldéphenylphosphine as a reducing agent for sulf-

. oxides.

All three coreactants mentioned above were utilized in
combination with the polymeric reagent. Dibenzyl sulf-
oxide (6) was reduced to the sulfide in 85% yield by using
a catalytic amount of HCI combined with the polymeric
reagent with a 6-h reflux in THF solvent. It was concluded
that lengthy contact with acid would significantly effect
the generality of the procedure and this method was
pursued no further. The I,/Nal combination with poly-
styryldiphenylphosphine gave effective reduction of sulf-
oxide 5 but did require larger excesses of phosphine (1.5
equiv) and longer reflux times (1.5 h) than those reported
for the solution-phase reaction.” Acetonitrile is a very poor
swelling solvent for a lightly cross-linked (2%) polystyrene
bead, leaving a number of phosphine sites inaccessible for
reaction. Use of the better swelling solvent THF gave poor
reduction yields both in the solution phase and with the
polymeric reagent, demonstrating the need for the polar
acetonitrile solvent reported by Olah.” In addition to the
solvent restrictions, the use of I,/Nal does require addi-
tional purification steps since the excess reagents must be
removed by aqueous washes. As described below, the
selection of CCl, as the coreactant provides mild reaction
conditions along with ease of workup and was the method
chosen for the remainder of our work.

As can be observed in Table I, the procedure is suc-
cessful in reducing diaryl, arylalkyl, and dialkyl sulfoxides
to their corresponding sulfides in excellent yields with
substrates possessing alkyl substituents affording slightly
lower yields than their aryl counterparts. The process is
compatible with a variety of functional groups, particularly

(1) For reviews of the uses of sulfur in organic synthesis, see: Block,
E. J. Chem. Ed. 1971, 48, 814. Fleming, I. Chem. Ind. (London) 1975,
449. Davidson, A. H.; Hodgson, P. K. G.; Howells, D.; Warren, S. Chem.
Ind. (London) 1975, 455.

(2) For a review, see: Drabowicz, J.; Numata, T.; Oae, S. Org. Prep.
Proced. Int. 1971, 9, 63.

(3) Amonoo-Neizer, E. H.; Ray, S. K.; Shaw, R. A.; Smith, B. C. J.
Chem. Soc. 1965, 4296.

(4) Ray, S. K.; Shaw, R. A,; Smith, B. C. Nature (London) 1962, 196,
372.

(5) Castrillon, J. P. A.; Szmant, H. H. J. Org. Chem. 1965, 30, 1338.

(6) Szmant, H. H.,; Cox, O. J. Org. Chem. 1966, 31, 1595.

(7) Olah, G. A.; Gupta, B. G. B.; Narang, S. C. Synthesis 1978, 137.

(8) For recent reviews of polymeric reagents, see: Mathur, N. K,
Narang, C. K., Williams, R. E., Eds.; “Polymers as Aids in Organic
Chemistry”; Academic Press: New York, 1980. Hodge, P., Sherrington,
D. C., Eds.; “Polymer-Supported Reactions in Organic Synthesis”; Wiley:
London, 1980. Akelah, A.; Sherrington, D. C. Chem. Rev. 1981, 81, 557.
Akelah, A. Synthesis 1981, 413.
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