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Abstract—Regio- and diastereoselective nucleophilic allylic substitutions of optically pure (E)-y-acetoxy-a,B-unsaturated p-tolyl-
sulfoxides 2 and 3 with sodium dimethyl malonate have been carried out. The reactivity of these substrates is controlled by both
the chiral sulfinyl group and the size of the alkyl group attached at the y-terminus of the allylic system. This process constitutes
an example of palladium-mediated resolution of a 1:1 mixture of acetates 2 and 3. © 2001 Elsevier Science Ltd. All rights

reserved.

1. Introduction

During the last 20 years, the palladium-catalyzed nucle-
ophilic substitution reaction of allylic oxygenated com-
pounds (esters, carbonates and epoxides) has emerged
as a powerful methodology for the formation of car-
bon-carbon and carbon-heteroatom bonds.! Both the
regio- and stercoselectivity of the process, as well as the
nature of the nucleophile have been widely studied.
Stereoselective variants of the reaction have focused
primarily on enantioselective processes, which employ
chiral ligands and achiral substrates.> When chiral sub-
strates and soft nucleophiles are used the configuration
of the allylic carbon atom bearing the oxygenated
leaving group always controls the configuration of the
product through a double inversion mechanism (reten-
tion of the configuration). In contrast, little attention
has been paid to diastereoselectivity in the nucleophilic
addition to m-allyl palladium complexes with an adja-
cent stereocenter.> Usually, allylic alcohols substituted
at the double bond with alkyl, aryl or electron-donating
substitutents have been used in this reaction, while
those allylic systems bearing an electron-withdrawing
ester,* carbonyl,’ cyano,® or sulfonyl” groups at the
double bond have been studied much less. This is due
to the lower reactivity of these compounds toward the
palladium catalysts, their high tendency to undergo
conjugate addition of the nucleophile, and the easier
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deprotonation of the m-allylpalladium intermediate to
give 1,3-dienes by PB-elimination. In all of these sub-
strates, it is well known that substitution takes place at
the most electron deficient position of the allylic system
(the y-carbon atom with respect to the electron-with-
drawing group).*”’

We are interested in developing methods for the asym-
metric synthesis of optically active sulfoxides with a
second stereogenic center in a 1,4-relationship tethered
by a carbon—carbon double bond, since they are attrac-
tive building blocks for preparing optically active natu-
ral products and bioactive molecules.’>® We report
herein our results on the regio- and diastereoselective
palladium-catalyzed allylic nucleophilic substitution
reactions with soft carbon nucleophiles to give new
y-carbon-substituted vinyl sulfoxides, which could be
used in further stereoselective transformations. To the
best of our knowledge this process constitutes the first
example of palladium-mediated allylic substitutions on
enantiomerically pure y-oxygenated-o,p-unsaturated
sulfoxides.

2. Results and discussion

2.1. Preparation of allylic acetates 2 and 3

The starting materials for palladium-catalyzed allylic
substitution (chiral non-racemic allylic acetates 2 and 3)
were readily prepared using the SPAC (sulfoxide pipe-
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ridine aldehyde condensation) protocol developed pre-
viously by us,® followed by enzymatic resolution® and
acetylation (Scheme 1). First, (E)-y-hydroxy-o,B-unsat-
urated p-tolylsulfoxides 1 were prepared as inseparable
1:1 mixtures of diastereomers (epimers at the hydroxylic
carbon atom) through Knoevenagel condensation of
methylene active (S,S)-bis-p-tolylsulfinylmethane with
enolizable aldehydes, followed by in situ olefin
migration and sulfoxide-sulfonate [2,3]sigmatropic
rearrangement.

Efficient kinetic resolution of (E)-y-hydroxy-o,B-unsat-
urated p-tolylsulfoxides 1 via irreversible enzymatic
acylation with lipase PS (Pseudonomas cepacia) and
vinyl acetate, yielded the acetate (Rg,Rc-)-2 and unre-
acted alcohol (Rg,Sc)-1 with very high diastereoselectiv-
ity.? (E)-y-Acetyl-o,B-unsaturated sulfoxides (Rg,Sc)-3
were conveniently prepared (in 87-93% yield) by stan-
dard acylation of alcohols (Rg,Sc)-1 with acetic anhy-
dride, DMAP and N,N-di-iso-propylethylamine in
dichloromethane.

2.2. Palladium-catalyzed allylic substitution

With (E)-y-acetoxy-a,p-unsaturated sulfoxides (Rg,Rc)-
2 and (Rg,Sc)-3 in hand, the standard palladium-cata-
lyzed allylic alkylation with dimethyl malonate was
investigated. Two common catalysts, Pd(Ph;P), and
[Pd,(dba);]JCHCI;/PPh; were used in order to carry out
the nucleophilic displacement using the pre-formed soft
nucleophile sodium dimethyl malonate (NaH/
CH,CO,Me¢/THF). Results are collected in Table 1.

For allylic acetates (Rg,R)-2, both catalysts were simi-
larly effective affording exclusively the y-substituted
product 4 regardless of the steric size of the R alkyl

0 o)
?s !, + R CHO
p-ToI/ ~ \;}Tol ~
6]
||
S

R Y\/ \p-TOI

OR;

Ri=H : (Rs,S)-1; d.e. = 96%

R1=Ac: (Rs,&)-3; d.e.= 96%

group. The regioselectivity found in the reaction is in
complete agreement with the precedents*”’ and can be
explained taking into account that the terminus of the
allylic unit not bearing the electron withdrawing sulfi-
nyl group is the most electron deficient position of the
system. Results for sulfoxide 2a (R=Me; entry 1), as
compared with those obtained for the rest of the series,
show that both chemical yield of the process and
reactivity of the acetate decrease with the steric bulk of
the R alkyl group. Despite the large steric requirement
of the iso-Pr group, y-acetoxy sulfoxide 2e (entry 5) was
reactive enough to give the substitution product in
good chemical yield, although the reaction rate was
about three times slower than that of y-acetoxy sulfox-
ide 2a (entry 1). In all instances the d.e.s of the final
substitution products were similar to those of the start-
ing acetates, as determined by 'H NMR at 500 MHz
and HPLC.

Next, we tried to extend the reaction conditions used
for the palladium(0)-catalyzed allylic substitutions on
acetates (Rg,Rc)-2 to (E)-y-acetoxy-a,B-unsaturated sulf-
oxides (Rs,S¢)-3 (Table 2). Surprisingly, after 24 h, only
the y-acetoxy sulfoxide 3a reacted using Pd(Ph;P), as
catalyst.

Results collected in Tables 1 and 2 show that palla-
dium(0)-catalyzed allylic substitution reactions on
acetates (Rg,Rc)-2b and (Rg,Sc)-3b are controlled by
the chiral sulfinyl group and the size of the R (alkyl)
group attached to the allylic system. Both the yield and
rate of the process were similar for diastercomers 2a
and 3a (R=Me), however, the starting allylic acetates
3b-3e were recovered unaffected using the same reac-
tion conditions under which their diastereomers 2b-2e
gave the substitution products 4.

(Rs,R)-2; d.e. > 96%

Scheme 1. (a) Piperidine, CH;CN; (b) Lipase PS, iso-Pr,0, vinyl acetate, molecular sieve; (c) Ac,0, iso-Pr,NEt, DMPA, CH,CL,.
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Table 1. Palladium-catalyzed reactions of acetates (Rg,Rc)-2 with sodium dimethyl malonate

@] @]
Y PO Y
R \/\/ S\p-Tol R \/\/ S\p-Tol
é NaCH (COzM e)2 =z
OAc THF, 70°C CH(CO,Me),

(RsRo)-2; d.e. = 96%

(RsS0)-4; d.e. > 96%

Entry R Pd° Time (h) Yield (%)
1 Me, 2a [Pd,(dba);]CHCL,/PPh, 4 93 (92)
2 Et, 2b [Pd,(dba)s]CHCI,/PPh, 8 89 (87)
3 n-Pr, 2¢ [Pd,(dba),]CHCL,/PPh, 10 86 (83)°
4 n-Pen, 2d [Pd,(dba)s]CHCI,/PPh, 12 78 (76)
5 iso-Pr, 2e [Pd,(dba);]CHCl,/PPh, 12 71 (64)*
2 Using Pd(PPh,), as catalyst.
Table 2. Palladium-catalyzed reactions of acetates (Rg,Sc)-3 with sodium dimethyl malonate
v v
Pd(PhsP)4
R S R S
~ \p—ToI > \/ \p—ToI
NaCH(CO,Me),
OAc THE, 70°C CH(CO,Me),

(Rs,S0)-3; d.e. 2 96% (Rs,Ro)-5; d.e. = 96%
Entry R Time (h) Yield (%)
1 Me, 3a 4 87
2 Et, 3b 24 -
3 n-Pr, 3¢ 24 -
4 n-Pen, 3d 24 _
5 iso-Pr, 3e 24 -

Taking into account that, as stated above, allylic alco-
hols 1 were obtained as an inseparable 1:1 mixture of
epimers at the carbinol center,® enzyme mediated
resolution® was carried out to effect their separation
(see Scheme 1), it occurred to us that the higher reactiv-
ity of 2b-2d towards Pd(0)/NaCH(CO,Me), with
respect to that of their epimers 3b-3d, could be used for
the resolution of the mixture, directly available by
acetylation from (E)-y-hydroxy-o,B-unsaturated sulfox-
ides 1.

In order to evaluate the palladium-mediated resolution
of (E)-y-acetoxy-u,B-unsaturated sulfoxides we studied
the most reactive substrates (apart from 2a and 3a,
R=Me) derivatives 2b and 3b (R=Et). A (1:1)
diastereomeric mixture of acetates (Rg,R-)-2b and
(Rs,Sc)-3b was prepared from alcohols 1b by standard
acylation, and treated with 10 mol% of Pd(PPh,), and
sodium dimethyl malonate in THF at 70°C for 8 h.
Column chromatography of the reaction mixture
yielded (Rs,R-)-4b and unreacted acetate (Rg,Sc)-3b
with very high diastereoselectivity, as confirmed by 'H
NMR at 500 MHz and comparison with the optical
rotation of previously prepared samples of 3b and 4b
(Scheme 2).

3. Conclusion

In conclusion, the presence of an (Rg)-configured chiral
sulfinyl group attached to the double bond of an allylic
system allows the discrimination between (Sc)- or (R¢)-
allylic acetates in the palladium-catalyzed nucleophilic
reaction, provided that an alkyl group bulkier than Me
is present at the y-terminus of the allylic system. In this
way, allylic acetates with (R)-configuration at carbon
are reactive enough towards soft nucleophiles, although
the reaction rates and chemical yields decrease slightly
with the steric bulk of the alkyl substituent. In contrast,
the allylic esters with (Sc)-configuration at carbon
remained unaffected under these experimental condi-
tions. The palladium-catalyzed substitution reaction on
(E)-y-acetoxy-a,B-unsaturated sulfoxides constitutes an
example of palladium-mediated resolution of this type
of substrate.

4. Experimental

Melting points were determined in open capillary tubes
on a Gallenkamp apparatus and are uncorrected. 'H
NMR spectra were recorded on a Bruker AC-200 (200
MHz) or AMX-500 (500 MHz) and '*C NMR on
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" Y\/ S\p'TO' NaCH(CO,Me),
OAc THF, 70°C
(Rs,Rc)-2b + (Rg,&c)-3b
Scheme 2.

AC-200 (50.3 MHz) or AMX-500 (125.72 MHz). All
spectra were obtained using CDCI, as solvent and TMS
as internal standard. Chemical shifts are reported in
ppm and coupling constants in Hz. Optical rotations
were measured on a Perkin—Elmer 241-MC polarimeter
in a 1 dm tube; concentrations are given in g/100 mL.
High resolution mass measurements were performed on
a Kratos MS-80-RFA spectrometer. HPLC analysis
was carried out on a Waters, Millipore 600A model
using a Chiral OD (Diacel) column or reverse phase
column Lichrocart C-18. Routine monitoring of reac-
tions was performed using Merck 60 F 254 silica gel,
aluminum supported TLC plates. For the flash chro-
matography,'® silica gel 60 (230-400 mesh ASTM,
Merck) was used.

Flasks, stirrings bars, and hypodermic needles used for
the generation of organometallic compounds were dried
for ca. 12 h at 120°C and allowed to cool in a dessica-
tor over anhydrous calcium sulphate. Anhydrous ethers
were obtained by distillation from benzophenone
ketyl.!!

4.1. (E)-y-Hydroxy-o,p-unsaturated sulfoxides (Rg,Sc)-
la-le and (E)-y-acetoxy-o,p-unsaturated sulfoxides
(Rg,R()-2a-2e

The procedure described by Llera et al. was followed.’

4.2. General procedure for acylation of compounds
(Rs,Sc)-1a—1e

To a cold (0°C) solution of (E)-y-hydroxy-o,p-unsatu-
rated sulfoxides (Rg,Sc)-1a—1e (1 equiv.) and catalytic
DMAP in CH,Cl, was added iso-Pr,EtN (5 equiv.) and
Ac,O (5 equiv.). The reaction mixture was allowed to
warm at room temperature and hydrolyzed with water,
the phases were separated and the aqueous layer was
extracted with CH,Cl,. The combined organic layer was
washed with a saturated NaCl solution, dried
(Na,SO,), filtered, and concentrated under reduced
pressure.

4.2.1. (Rg,S0)-(E)-3-Acetoxy-1-(p-tolylsulfinyl)-1-butene
(Rs,Sc)-3a. The general procedure was followed for the
acylation of (Rg,Sc)-1a (76 mg, 0.362 mmol). Purifica-
tion of the reaction mixture by flash chromatography
(AcOEt:hexane, 2:1) afforded (Rs,Sc-)-3a as a viscous
oil (86 mg, 89%). [x]p=+172.5 (c=1.5, CDCl;). 'H
NMR (200 MHz, CDCl;) ¢ 1.21 (d, J=6.6 Hz, 3H,
CH,), 1.89 (s, 3H, CH5CO), 2.25 (s, 3H, CH;Ar), 5.35
(m, 1H, CHOAc), 6.27 (dd, J=15.1 Hz, /=0.9 Hz, 1H,

Et

(Rs,So)-3b, 38% yield
[a]p = +154 (2.7, CHCly)
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(Rs,S0)-4b; 42% yield
[a]p = +97 (3.5, CHCl3)

~CH-S(0)), 6.41 (dd, J=15.1 Hz, J=4.7 Hz, 1H, CH=),
7.16-7.36 (AA'BB’ system, 4H, aromatics). '*C NMR
(50.29 MHz, CDCl;) ¢ 19.5, 20.7, 21.0, 68.5, 124.5,
129.8, 135.1, 136.1, 139.7, 141.5, 169.4. HRMS calcd
m/z for C,3H,c05S: 252.0832. Found: 252.0851.

4.2.2. (Rs,Sc)-(E)-3-Acetoxy-1-(p-tolylsulfinyl)-1-pen-
tene (Rg,S¢)-3b. The general procedure was followed
for the acylation of (Rg,Sc)-1b (80 mg, 0.357 mmol).
Purification of the reaction mixture by flash chromatog-
raphy (AcOEt:hexane, 2:1) afforded (Rg, Sc)-3b as a
viscous oil (92 mg, 92%). [a]p=+155 (¢=2.4, CHCI,).
'H NMR (200 MHz, CDCl,) ¢ 0.82 (t, J=7.4 Hz, 3H,
CH,), 1.62 (m, 2H, CH,), 1.96 (s, 3H, CH;CO), 2.30 (s,
3H, CH;Ar), 5.28 (m, 1H, CHOACc), 6.27 (dd, J=15.0
Hz, J=0.8 Hz, 1H, =CH-S(0)), 6.44 (dd, J=15.0 Hz,
J=49 Hz, 1H, CH=), 7.21-7.41 (AA'BB’ system, 4H,
aromatics). >*C NMR (50.29 MHz, CDCl,) ¢ 8.9, 20.7,
21.2,26.8, 73.2, 124.9, 130.0, 135.3, 135.4, 139.6, 141.8,
169.9. HRMS caled m/z for C,;H;305S: 266.0990.
Found: 266.0968.

4.2.3. (Rs,S0)-(E)-3-Acetoxy-1-(p-tolylsulfinyl)-1-hexene
(Rs,Sc)-3c. The general procedure was followed for the
acylation of (Rs,S¢)-1¢ (100 mg, 0.336 mmol). Purifica-
tion of the reaction mixture by flash chromatography
(AcOEt:hexane, 2:1) afforded (Rg,Sc)-3¢ as a viscous
oil (111 mg, 89%). [a]p=+163.5 (c=2.7, CHCL;). 'H
NMR (200 MHz, CDCl;) ¢ 0.81 (t, J=7.4 Hz, 3H,
CH,), 1.25 (m, 2H, CH,), 1.56 (m, 2H, CH,), 1.94 (s,
3H, CH;CO), 2.29 (s, 3H, CH;Ar), 5.34 (m, 1H,
CHOACc), 6.26 (d, J=15.1 Hz, 1H, =CH-S(0)), 6.44
(dd, J=15.1 Hz, J=5.0 Hz, 1H, CH=), 7.20-7.39
(AA'BB’ system, 4H, aromatics). '*C NMR (50.29
MHz, CDCl,) ¢ 13.5, 17.9, 20.7, 21.1, 35.7, 71.8, 124.8,
129.9, 135.1, 135.7, 139.6, 141.7, 169.7. HRMS calcd
m/z for C,;sH,,05S: 280.1148. Found: 280.1131. Anal.
caled for C,sH,,05S: C, 64.25; H, 7.19. Found: C,
64.56; H, 7.23%.

4.24. (Rs,Sc)-(E)-3-Acetoxy-1-(p-tolylsulfinyl)-1-octene
(Rs,Sc)-3d. The general procedure was followed for the
acylation of (Rg,Sc)-1d (90 mg, 0.338 mmol). Purifica-
tion of the reaction mixture by flash chromatography
(AcOEt:hexane, 2:1) afforded (Rg,Sc)-3d as a viscous
oil (102 mg, 93%). [¢]p=+120.5 (c=1, CHCL). 'H
NMR (200 MHz, CDCl;) ¢ 0.75 (t, J=5.9 Hz, 3H,
CH,), 1.15 (m, 6H, (CH,),), 1.71 (m, 2H, CH,), 1.92 (s,
3H, CH;CO), 2.28 (s, 3H, CH;Ar), 5.27 (m, I1H,
CHOACc), 6.23 (dd, J=15.1 Hz, J=1.1 Hz, 1H, =CH-
S(0)), 6.42 (dd, J=15.1 Hz, J=5.1 Hz, 1H, CH=),
7.18-7.38 (AA’BB’ system, 4H, aromatics). '*C NMR
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(50.29 MHz, CDCl,) ¢ 13.9, 21.0, 21.4, 22.4, 24.5, 31.4,
33,9, 72.3, 125.0, 130.1, 135.6, 135.7, 140.1, 141.9,
170.0. HRMS caled m/z for C,;H,,05S: 308.1464.
Found: 308.1470.

4.2.5. (Rs,S0)-(E)-3-Acetoxy-4-methyl-1-(p -tolylsulfi-
nyl)-1-pentene (Rg,Sc)-3e. The general procedure was
followed for the acylation of (Rg,Sc)-1e (50 mg, 0.210
mmol). Purification of the reaction mixture by flash
chromatography (AcOEt:hexane, 2:1) afforded (Rg,Sc)-
3e as a viscous oil (54 mg, 87%). [a]p=+173 (¢=24,
CHCIL;). '"H NMR (200 MHz, CDCl,;) 6 0.84 (d, J=6.8
Hz, 6H, (CH,),), 1.77 (m, 1H, CH), 1.97 (s, 3H,
CH;CO), 2.32 (s, 3H, CH;Ar), 5.19 (m, 1H, CHOACc),
6.26 (dd, J=15.1 Hz, J=1.2 Hz, 1H, =CH-§(0)), 6.45
(dd, J=15.1 Hz, J=53 Hz, 1H, CH=), 7.22-7.42
(AA'BB’ system, 4H, aromatics). '*C NMR (125.72
MHz, CDCl,) ¢ 17.6, 17.8, 20.7, 21.2, 31.9, 76.5, 124.9,
130.0, 133.9, 136.3, 140.0, 141.8, 169.8. HRMS calcd
m/z for C,sH,,05S: 280.1148. Found: 280.1143. Anal.
caled for C,sH,,05S: C, 64.25; H, 7.19. Found: C,
63.77; H, 6.97%.

4.3. General procedure for the palladium-catalyzed allylic
substitution

To a solution of (E)-y-acetoxy-a,p-unsaturated sulfox-
ides (R ,R.)-2a-2e (1 equiv.) in dry THF (5 mL) was
added [Pd,(dba);JCHCI; (0.01 equiv.) and Ph;P (0.1
equiv.) (method A) or (Ph;P),Pd (0.01 equiv.) (method
B). The resulting solution was vigorously shaken and
heated at 70°C and a suspension of dimethyl malonate
(1.5 equiv.) and NaH (1.6 equiv.) in anhydrous THF (2
mL) was added. The reaction mixture was stirred at this
temperature until the conversion was complete (TLC).
The solvent was evaporated and the crude product was
purified by column chromatography.

4.3.1. Methyl (Rg,Sc)-(E)-2-methoxycarbonyl-3-methyl-
5-(p-tolylsulfinyl)-4-pentenoate (Rg,Sc-)-4a. The general
procedure (method A) was followed for the allylic
substitution of (Rg,R-)-2a (50 mg, 0.198 mmol). The
reaction time was 4 h. Purification of the reaction
mixture by flash chromatography (Et,O:hexane, 2:3)
afforded (Rg,Sc)-4a as a white solid (56 mg, 93%) (92%
yield, method B). Mp=77-79°C, [a¢]p=+119 (c=4.7,
CHCL;). '"H NMR (500 MHz, CDCl,) 6 1.10 (d, J=6.8
Hz, 3H, CH,;), 2.35 (s, 3H, CH;Ar), 3.10 (m, 1H, CH),
3.35 (d, J=8.5 Hz, 1H, CH(CO,Me),), 3.59 (s, 3H,
CH,0), 3.64 (s, 3H, CH;0), 6.22 (dd, J=15.1 Hz,
J=0.5 Hz, 1H, =CH-S(0)), 6.48 (dd, J=15.1 Hz, J=
8.0 Hz, 1H, CH=), 7.25-7.43 (AA’'BB’ system, 4H,
aromatics). *C NMR (125.72 MHz, CDCly) 6 174,
21.3, 36.3, 52.4, 52.5, 56.6, 124.6, 130.0, 136.4, 139.7,
140.5, 141.5, 167.9, 168.0. HRMS caled m/z for
C,6H5005S: 340.1046. Found: 324.1029. Anal. calcd for
C,6H»05S: C, 59.20; H, 6.21. Found: C, 59.26; H,
6.17%.

4.3.2. Methyl (Rg,Sc)-(E)-2-methoxycarbonyl-3-ethyl-5-
(p-tolylsulfinyl)-4-pentenoate (Rg,S-)-4b. The general
procedure (method A) was followed for the allylic
substitution of (Rg,R-)-2b (50 mg, 0.188 mmol). The

reaction time was 8 h. Purification of the reaction
mixture by flash chromatography (Et,O:hexane, 3:2)
afforded (Rg,Sc)-4b as a white solid (52 mg, 89% yield)
(87% yield, method B). Mp=153.5-55.5°C, [«¢]p=+95.7
(c=2.8, CHCl;). '"H NMR (500 MHz, CDCly) 5 1.10
(d, /=6.8 Hz, 3H, CH,;), 2.35 (s, 3H, CH;Ar), 3.10 (m,
1H, CH), 3.35 (d, J=8.5 Hz, 1H, CH(CO,Me),), 3.59
(s, 3H, CH;0), 3.64 (s, 3H, CH;0), 6.22 (dd, J=15.1
Hz, J=0.5 Hz, 1H, =CH-S(0)), 6.48 (dd, J=15.1 Hz,
J=8.0 Hz, 1H, CH=), 7.25-7.43 (AA’BB’ system, 4H,
aromatics). *C NMR (125.72 MHz, CDCl;) 6 174,
21.3, 36.3, 52.4, 52.5, 56.6, 124.6, 130.0, 136.4, 139.7,
140.5, 141.5, 167.9, 168.0. HRMS calcd m/z for
C,,H,,0,S: 338.1204. Found: 338.1201. Anal. calcd for
C,;H,,0,S: C, 60.35; H, 6.51. Found: C, 60.34; H,
6.36%.

4.3.3. Methyl (Rg,Sc)-(E)-2-methoxycarbonyl-3-propyl-
5-(p-tolylsulfinyl)-4-pentenoate (Rg,Sc)-4c. The general
procedure (method A) was followed for the allylic
substitution of (Rg,R-)-2¢ (60 mg, 0.214 mmol). The
reaction time was 10 h. Purification of the reaction
mixture by flash chromatography (Et,O:hexane, 7:3)
afforded (Rg,Sc)-4¢ as a white solid (59 mg, 86%) (83%
yield, method B). Mp=>51-53°C, [¢]p,=+90 (c=2.0,
CHCIL;). '"H NMR (500 MHz, CDCl;) 6 0.86 (t, J=7.3
Hz, 3H, CH,), 1.22 (m, 1H, CH,), 1.34 (m, 1H, CH,),
1.43 (m, 2H, CH,), 2.39 (s, 3H, CH;Ar), 2.86 (m, 1H,
CH), 3.44 (d, J=8.4 Hz, 1H, CH(CO,Me),), 3.61 (s,
3H, CH;0), 3.65 (s, 3H, CH;0), 6.28 (dd, J=15.1 Hz,
J=0.5 Hz, 1H, =CH-S(0)), 6.43 (dd, J=15.1 Hz, J=
9.6 Hz, 1H, CH=), 7.29-7.47 (AA'BB’ system, 4H,
aromatics). *C NMR (125.72 MHz, CDCl,) 6 13.6,
20.1, 21.2, 34.0, 41.8, 52.2, 52.4, 55.7, 124.5, 129.9,
137.9, 138.3, 140.5, 141.4, 167.8, 168.0. HRMS calcd
m/z for C;gH,,05S: 352.1362. Found: 352.1365. Anal.
caled for C,(H,,0sS: C, 61.34; H, 6.86. Found: C,
61.08; H, 6.56%.

4.3.4. Methyl (Rs,Sc)-(E)-2-methoxycarbonyl-3-pentyl-
5-(p-tolylsulfinyl)-4-pentenoate (Rg,S-)-4d. The general
procedure (method A) was followed for the allylic
substitution of (Rg,R-)-2d (40 mg, 0.130 mmol). The
reaction time was 12 h. Purification of the reaction
mixture by flash chromatography (Et,O:hexane, 7:3)
afforded (Rg,Sc)-4d as a viscous oil (35 mg, 78%) (76%
yield, method B). [a]p,=+120.4 (¢=3.3, CHCL;). 'H
NMR (500 MHz, CDCl;) 6 0.83 (t, J=6.8 Hz, 3H,
CH,), 1.23 (m, 6H, (CH,)5), 1.45 (m, 2H, CH,), 2.39 (s,
3H, CH;Ar), 2.94 (m, 1H, CH), 3.44 (d, J=8.4 Hz, 1H,
CH(CO,Me),), 3.61 (s, 3H, CH;0), 3.65 (s, 3H, CH;0),
6.27 (d, J=15.1 Hz, 1H, =CH-S(0)), 6.43 (dd, J=15.1
Hz, J=3.4 Hz, 1H, CH=), 7.29-7.47 (AA’BB’ system,
4H, aromatics). '*C NMR (125.72 MHz, CHCl;) &
13.8, 21.3, 22.3, 26.6, 31.3, 32.0, 42.0, 52.3, 52.5, 55.8,
124.5, 129.7, 137.4, 138.1, 140.6, 141.5, 167.9, 168.1.
HRMS calcd m/z for C,,H,4OsS: 380.1678. Found:
360.1659. Anal. caled for C,,H,O;S: C, 63.13; H, 7.42.
Found: C, 63.09; H, 7.13%.

4.3.5. Methyl (Rg,Sc)-(E)-2-methoxycarbonyl-3-iso-pro-
pyl-5-(p-tolylsulfinyl)-4-pentenoate (Rg,Sc)-4e. The gen-
eral procedure (method A) was followed for the allylic
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substitution of (Rg,Rc-)-2¢ (40 mg, 0.143 mmol). The
reaction time was 12 h. Purification of the reaction
mixture by flash chromatography (Et,O:hexane, 7:3)
afforded (Rg,Sc)-4d as a viscous oil (36 mg, 71% yield)
(64% yield, method B). [«]p=+173 (c=5.5, CHCL,). 'H
NMR (500 MHz, CDCl;) ¢ 0.90 (d, J=7.0 Hz, 6H,
(CH,),), 1.81 (m, 1H, CH), 2.38 (s, 3H, CH;Ar), 2.82 (m,
1H, CH), 3.61 (s, 6H, CH;0), 3.63 (d, /=8.8 Hz, 1H,
CH(CO,Me),), 6.26 (d, J=15.1 Hz, 1H, =CH-S(0)), 6.51
(d, J=15.1 Hz, J=10.2 Hz, 1H, CH=), 7.29-7.47
(AA'BB’ system, 4H, aromatics). *C NMR (125.72
MHz, CDCly) 6 18.1, 21.3, 29.4, 48.3, 52.4, 52.5, 54.0,
124.7, 130.0, 136.0, 138.9, 140.6, 141.5, 168.0, 168.3.
HRMS calcd m/z for C,(H,,05S: 352.1362. Found:
352.1355. Anal. caled for C;sH,,05S: C, 61.34; H, 6.86.
Found: C, 61.13; H, 6.60%.

4.3.6. Methyl (Rg,R)-(E)-2-methoxycarbonyl-3-methyl-
5-(p-tolylsulfinyl)-4-pentenoate (Rg,R-)-5a. The general
procedure (method B) was followed for the allylic substi-
tution of (Rg,Sc)-3a (30 mg, 0.119 mmol). The reaction
time was 4 h. Purification of the reaction mixture by flash
chromatography (Et,O:hexane, 2:3) afforded (Rg,R)-5a
as a white solid (32 mg, 87%). Mp=_83-85°C, [a]p =+204
(c=1.8, CHClL,). '"H NMR (500 MHz, CDCl;) 6 1.15 (d,
J=6.8 Hz, 3H, CH,), 2.39 (s, 3H, CH;Ar), 3.17 (m, 1H,
CH), 3.39 (d, /=38.5 Hz, 1H, CH(CO,Me),), 3.60 (s, 3H,
CH;0), 3.72 (s, 3H, CH;0), 6.26 (dd, J=15.1 Hz, J=1.0
Hz, 1H, =CH-S(0)), 6.54 (dd, J=15.1 Hz, J=7.9 Hz, 1H,
CH=), 7.29-7.48 (AA'BB’ system, 4H, aromatics). '*C
NMR (125.72 MHz, CDCl,) 6 17.4, 21.3, 36.3, 52.4, 52.5,
56.6, 124.6, 130.0, 136.4, 139.7, 140.5, 141.5, 167.9, 168.0.
HRMS caled m/z for C,4H,,05S: 340.1046. Found:
324.1029. Anal. caled for C,(H,,05S: C, 59.20; H, 6.21.
Found: C, 59.17; H, 6.22%.

4.4. Palladium-mediated resolution of (E)-y-acetoxy-
o,p-unsaturated sulfoxides 2b and 3b

To a solution of the mixture of acetates (Rg,Rc-)-2b and
(Rs,Sc)-3b (1:1 mixture, 70 mg, 0.248 mmol) in dry THF
(5 mL) was added (Ph5P),Pd (12.8 mg, 0.012 mmol). The
resulting solution was vigorously shaken and heated at
70°C and a suspension of dimethyl malonate (34.7 mg,
0.26 mmol) and NaH (15 mg, 0.63 mmol) in anhydrous
THF (2 mL) was added. The reaction mixture was stirred
at this temperature for 4 h. The solvent was evaporated
and the crude product was purified by flash chromatog-
raphy (Et,O:hexane, 7:3) affording (Rg,Sc)-4b as a white
solid (35 mg, 42%), mp = 53.5-55.5°C, [¢]p, =497 (¢ =3.5,
CHC,), and (Rg,Sc)-3b as a viscous oil (27 mg, 38%),
[¢]lp=+154 (¢=2.7, CHCI,).
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