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I. Introduction

The sulfinyl group is now widely used as an
important tool to bring about numerous asymmetric
transformations. The efficacy of the sulfoxide in
diastereoselective auxiliary-induced reactions is mainly
due to the steric and stereoelectronic differences
existing between the substituents of the stereogenic
sulfur atom: a lone electron pair, an oxygen, and two
different carbon ligands, which are able to differenti-
ate the diastereotopic faces of a proximal or even
remote reaction center. Besides the high configura-
tional stability of the sulfinyl group,!? the existence
of several efficient methods to obtain homochiral
sulfoxides® 7 as well as their synthetic versatility has
led to a substantial growth of the use of these chiral
starting materials in the synthesis of enantiomeri-
cally enriched materials over the last two decades.
Several major reviews have given evidence of this
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expansion. Most of them mainly focus on methods
for obtaining optically active sulfoxides®’ and ap-
plications to asymmetric reduction of 3-keto sulfox-
ides,” Michael addition of nucleophiles to activated
o,B-unsaturated sulfoxides,® C—C bond formation
using sulfoxide-stabilized carbanions,*°!! or Diels—
Alder reactions of vinyl sulfoxides.” General surveys
on chiral organosulfur compounds also include some
aspects of the sulfoxide-directed asymmetric reac-
tions.?

Although all these reviews provided a general view
of the usefulness of sulfoxides, none of them focused
on the importance of their applications to the syn-
thesis of natural products and biologically active
compounds. With these considerations in mind, this
review is an attempt to present the examples where
the enantiomerically pure sulfinyl group has been
used successfully to control the stereochemistry of the
product in the key step of the total synthesis of
biologically active compounds. Moreover, the overall
transformations giving rise to the final target mol-
ecule are presented. The review is divided into nine
sections. The first part deals with the synthetic
methods applied mainly after 1992 to obtain optically
active sulfoxides. In the following sections, the
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reactions making possible the stereoselective genera-
tion of new stereogenic centers by means of sulfoxides
are chosen as criteria to present their applications
in total synthesis.

Il. Synthesis of Homochiral Sulfoxides

A. Asymmetric Oxidation of Thioethers

Several methods are presently available to obtain
optically active sulfoxides: optical resolution, asym-
metric oxidation, and asymmetric synthesis. The
optical resolution procedure was thoroughly reviewed
by Mikolajczyk,'® and biocatalytic resolutions are
acquiring increasing importance in the cases where
additional ester!* or carbinol!® groups are present in
the molecule. Although efficient diastereoselective
thioether oxidations have been described'® with the
obtention of optically active sulfoxides, the method
was only effectively applied to bornyl derivatives.!%17
More general are the methods based on asymmetric
oxidation and asymmetric synthesis. Recent im-
provements achieved in both processes are worthy
of comment.

The first examples of asymmetric oxidation of
sulfides to sulfoxides were independently reported by
Kagan'® and Modena®® in 1984 by using a modified
Sharpless epoxidation reagent [Ti(OPri),/(+)-DET/
ButOOH]. Further development of this methodol-
ogy?® showed an increase in the optical purity of the
resulting sulfoxide by replacing the oxidant by cumene
hydroperoxide. In these conditions aryl methyl sul-
foxides could be obtained in 86—90% ee. Monosul-
foxides derived from 2-methyl-1,3-benzenedithiol?! or
from 2-substituted 1,3-dithianes?? could also be ob-
tained in an optically active form by this method.
Kagan’s procedure has been recently applied to a
large-scale asymmetric synthesis of a biologically
active sulfoxide RP 7316322 (Scheme 1). The enan-
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tioselective oxidation of sulfide 1 to sulfoxide 2 was
achieved with the conditions shown in 75% isolated
yield and 98% ee on a multigram scale. Subsequent
elaboration of the methylsulfinyl side chain allowed
the synthesis of RP 73163.

The use of (R)-(+)-binaphthol?* instead of DET as
chiral ligand improved the modest ee (60—70%)
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achieved in the transformation of some methyl aryl
sulfides into sulfoxides (Scheme 2) to a 96% ee by
taking advantage of the kinetic resolution process
which occurred in a further oxidation step of one of
the sulfinyl enantiomers to sulfone.? The titanium—
binaphthol complex catalyzes not only the asym-
metric oxidation but also the kinetic resolution
process.

Other catalytic asymmetric oxidations have been
effected in the presence of optically active complexes
such as chiral (salen)manganese(III) complexes with
H20,?8 or iodosobenzene?” as oxidants. Metallopor-
phyrins?® have also been proven to catalyze these
enantioselective oxidations. Although high levels of
asymmetric induction could be achieved in some
specific cases, the enantioselectivity of these catalytic
processes is in general modest. Enzymatic oxidation
gave very good results in a few cases.?®1°

More general are the applications of the stoichio-
metric chiral oxidizing reagents described by Davis.°
The enantiopure (camphorsulfonyl)oxaziridines and
their 8,8-dichloro derivatives 3 (Scheme 3), which are
available as both antipodal, gave ee’s ranging from
84 to 96%.

Kagan’s and Davis’s methods have been recently
applied to the synthesis of (R)-sulfoxide 5,3! precursor
of the tetrahydromevinic acid derivative 6, a potential
hepatoselective HMG-CoA reductase inhibitor. Dia-
stereoselective oxidation of sulfide 4 afforded a
mixture of epimers at the sulfur where that of SR
configuration was the major. Optimal results for SR-
sulfoxide were achieved using (—)-3 for 2-acetoxyethyl
sulfide (entry 4), whereas SS epimers were obtained
as major diastereomers using the corresponding
enantiomeric reagents. Saponification of the lactone
(SR)-5 gave compound 6.

The conclusions reached in comparative studies of
chemical asymmetric oxidation of epoxy sulfides with
a Sharpless-modified reagent and chiral oxaziridine3?
and chemical and microbiological sulfoxidation for the
synthesis of optically active vinyl sulfoxides®? found
the three methods complementary, the enantioselec-
tivity in the latter cases being strongly dependent on
the structure of substrates.
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Scheme 3¢
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3 (a) [Ox). (b) LiOH, dioxane, 23 °C

Entry || [Ox] R Yield || Ratio
(%) || SR:Ss

1 A Me 87 82:18

2 B Me 100 68:32

3 A CH2CH20Ac 82 78:22

4 B |CH2CH20Ac| 98 | 87:13

Method A: (+)-DET, Ti(O'Pr)4, PhC(CH3),00H
CH,Cl,, 20 °C

|
Method B: CNF , CCly, CHyCly, -20 °C = rt.
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B. Nucleophilic Substitution on Chiral Sulfur
Derivatives

The most widely used approach to enantiomerically
pure sulfoxides is the Andersen synthesis® based on
the nucleophilic substitution on diastereomerically
pure (SS)-menthyl p-toluenesulfinate® 7 (Scheme 4)
with Grignard reagents which occurs with full inver-
sion of the configuration at sulfur. This classical
method has been extensively used to prepare p-tolyl
alkyl or aryl sulfoxides®*” and the use of other
organometallic nucleophiles, even highly functional-
ized,® has allowed the synthesis of a wide variety of
enantiomerically pure sulfoxides. The usefulness of
this method is mainly due to the accessibility of the
sulfinylating agent, obtained as a mixture of sulfur
epimers®* through esterification of p-toluenesulfinyl
chloride. This originally described procedure to
obtain 7 was further improved and scaled up by
equilibrating both sulfur epimers in the presence of
hydrochloric acid to displace the equilibrium by
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precipitation of the (SS) diastereomer in acetone
being thus isolated in 80% yield.®* This synthesis
allowed an easy access to p-tolyl sulfoxides.

The selectivity in the formation of chiral epimeric
alkane- and arenesulfinates was greatly enhanced by
using diacetone D-glucose® in the sulfinic acid chlo-
ride esterification (Scheme 5). Each sulfur epimer
could be obtained as major diastereomer by changing
the base present in this esterification step. Further
chromatographic separation permitted their obten-
tion in optically pure form. In an Andersen-type
synthesis these sulfinyl transfer agents, (SS)-8 and
its epimer (SR)-8, allowed the obtention of enantio-
merically pure sulfoxides with both absolute configu-
rations. This agent overcame one of the limitations
of the Andersen method opening the access to sul-
foxides with substituents different from the p-tolyl

group.
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Unequal amounts of diastereomeric sulfinates
(4—10:1) were also obtained in the reactions of
(1S,2R)-trans-2-phenylcyclohexanol®” with an excess
of arene- or alkanesulfinyl chlorides. An improved
asymmetric synthesis of (SR)-trans-2-phenylcyclo-
hexyl methanesulfinate (9)* has been achieved by
reaction of chlorosulfinates 10 with dimethylzinc
(Scheme 6). Interestingly the two epimers 10 result-
ing from the treatment of the chiral carbinol with
thionyl chloride, gave high levels of diastereomeric
excess (de 96%) in the formation of (SR)-9. The utility
of this chiral sulfinyl transfer agent has been shown
in the synthesis of sulforaphane (S)-11, a naturally
occurring methyl sulfoxide which stimulates the
production of carcinogen detoxifying enzymes. Thus,
reaction of 9 with Grignard reagent 12 afforded
sulfoxide (S)-18 whose transformation into (S)-11
required four additional steps. The R enantiomer
was synthesized from (1R,2S)-trans-2-phenylcyclo-
hexanol.

Other sulfinyl transfer agents reported (Scheme 7)
incorporate chiral auxiliaries such as ephedrine® 14,
(R)-o-methylbenzylamine* 15, 1,1-diphenyl-1,2-pro-
panediol 16 derived from (S)-ethyl lactate,*! (S)-O-
[1-[(S)-(1-o-naphthylethyl)aminolethyllphenol*? 17 and
norephedrine® 18, All these reagents 8, 9, and 14—
18 were designed with the aim of opening the access
to dialkyl or alkyl aryl sulfoxides not available from
the popular menthyl p-toluenesulfinate. A new
sulfinyl agent transfer 19 recently developed was
obtained from menthyl p-toluenesulfinate.** N-(p-
Tolylsulfinyl)oxazolidinone 18 and the sulfinimide 19
were developed to circumvent some of the problems
encountered with sulfinates related to the nature of
the alkoxide leaving group in the nucleophilic sub-
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stitution. These sulfinylating agents, with an amide
anion as leaving group, were shown to be at least 2
orders of magnitude more reactive than the corre-
sponding menthyl sulfinate esters giving rise to the
desired sulfoxides when the latter failed. Moreover,
compound 19 shows only the stereogenic center of the
sulfinyl group. The reactions of compounds 8, 9, 15,
18, and 19 with nucleophiles such as organolithium
or Grignard reagents took place with full inversion
of the sulfur configuration, the resulting sulfoxides
in most cases being optically pure. With oxathiazo-
lidine S-oxide 14, cyclic sulfite 16, and amido sulfite
17, two successive reactions with organometallic
compounds provided access to sulfoxides through a
double inversion at the original sulfur stereogenic
center. The first nucleophilic substitution on 14 was
regiospecific regardless of the Grignard reagent used,
whereas the regioselectivity of the ring opening on-
16 depended on the size of the organometallic em-
ployed and could be reversed.

Ill. Reduction of f-Keto Sulfoxides

A. General Remarks

Acyclic B-keto sulfoxides are readily available by
applying the procedure described by Corey* to the
synthesis of racemic systems based on the reaction
of a-sulfinyl anions with esters. The method was
first used by Kunieda?® to prepare optically pure (R)-
a-(p-tolylsulfinyl)acetophenone starting from ethyl
benzoate and (+)-(R)-methyl p-tolyl sulfoxide (20,
Scheme 8) readily synthesized by Andersen synthe-

Scheme 8
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() (i) LiNEty, (ii) PhCO,Et (90 %)

8is.3435 Over the years, this synthesis has been the
most widely used method for the obtention of a great
variety of enantiomerically pure acyclic S-keto sul-
foxides” in spite of the existence of other alternative
methods.*’

Enantiomerically pure sulfinyl cycloalkanones were
easily synthesized by Andersen’s synthesis from
cycloalkanone enolates*® or azaenolates derived from
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N-phenyleycloalkanonimines®® (Scheme 9), as mix-
tures of C-2 epimers [(2S,SR)/(2R,SR) 75/25].

The stereoselectivity of the reduction of S-keto
sulfoxides was first investigated by Annunziata and
Cinquini®® with sodium borohydride and lithium
aluminum hydride. The diastereomeric excesses
obtained were higher in the latter case, the asym-
metric induction being in the range 60% to 70%. This
reduction process was further investigated and ex-
tended to other different reducing agents by Solla-
dié.5! The best results were obtained with DIBAL
which gave mainly the (S,SR)-8-hydroxy sulfoxide in
a highly diastereoselective manner (de ranging from
86% to >95%). The opposite absolute configuration
in the new stereogenic hydroxylic carbon was achieved
using the system ZnCly/DIBAL (Scheme 10). Simul-
taneously, Kosugi®? found similar results in the
ZnCly/DIBAL reductions of more highly functional-
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ized fS-keto sulfoxides. After desulfurization with
Raney-nickel optically active R and S methyl carbinols
could be synthesized. A wide variety of enantiomeri-
cally pure methyl carbinols could be obtained by
applying this methodology as can be seen by the
sequence in Scheme 10.

We further studied the reduction of other acyclic®
as well as cyclic*®5354 B-keto sulfoxides with several
nucleophilic and electrophilic hydrides reaching high
stereoselectivities. The behavior of all these 8-keto
sulfoxides in the reductions with DIBAL proved to
be very similar and highly diastereoselective. It is
interesting to remark that the configuration induced
at the new stereogenic center of cyclic derivatives is
the same whatever the configuration of the vicinal
asymmetric carbon as could be demonstrated upon
DIBAL reduction of a 75/25 mixture of (2S,SR) and
(SR,SR)-2-(p-tolylsulfinyl)cyclohexanone (Scheme 11)
and transformation of the resulting mixture of hy-
droxy sulfoxides [(1S,2S,SR)/(1S,2R,SR) 75/25] via
Pummerer reaction and basic hydrolysis of the re-
sulting (8)-2-(p-tolylthio)-2-cyclohexenyl trifluoro-
acetate into (S)-2-(p-tolylthio)-2-cyclohexenol.5> After
Li—naphthalene desulfurization 2-cyclohexenol was
obtained in enantiomerically pure form.5¢

All these results allowed us to explain the stereo-
selectivity observed on the basis of the electrophilic
character of DIBAL which is able to form an O—Al
bond with the more basic sulfinyl oxygen. From this
adduct, an intramolecular hydride transfer will take
place through the more stable chairlike transition



1722 Chemical Reviews, 1995, Vol. 95, No. 6

iBu
/Al\l
H H \iBu }:{ Ol Bu
Pkl b LO I (o]
R ""'64\715/‘ p-Tol %é
1] i N
o Bu | p—TolI .
21 22
T oS
R ~p-Tol
NNl ./
= o OH
HO( H © SOp-Tol
)

Figure 1. Proposed transition states for hydride transfer
in ‘BusAlH reductions of S-keto sulfoxides.
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Figure 2. Proposed transition states for hydride transfer
in ‘BusAlH reductions in the presence of ZnX,.

states 21 and 2253 (Figure 1) to give the 1S carbinol.
The highly stereoselective DIBAL reduction of j,6-
diketo sulfoxides (de > 95%) to the corresponding
6-keto B-hydroxy sulfoxides®” reinforces this mecha-
nistic model.

The reverse stereoselectivity was attained also with
cyclic substrates by addition of DIBAL to a sulfinyl-
cycloalkanone solution containing anhydrous zinc
chloride.53%* Although ZnCl; was reported to have a
catalytic role in these processes® stoichiometric and
even larger amounts are generally used.*851-54,59.60
Moreover, we found that up to 1.4 equiv of ZnBr;,%°
a better chelating agent, were necessary to get a
highly diastereoselective DIBAL reductions on sub-
strates such as a-alkyl-substituted S-keto sulfoxides.
When the basicity of the carbonyl oxygen diminished
as in the case of 1-phenylethanone 2-sulfinyl deriva-
tives, increasing amounts of ZnX; (up to 5 equiv) were
essential to achieve useful results. The high asym-
metric induction obtained with stoichiometric amounts
of ZnX, suggested the formation of the chelated
species 28 showing a conformational equilibrium
between 23A and 23B (Figure 2). DIBAL approach
to this species both from the top face of 23A and the
bottom face of 28B gives rise to chairlike transition
states A and B, the latter being more stable due to
the absence of destabilizing interactions [A shows a
(X/p-Tol)-1,3-diaxial interaction]. Moreover the ap-
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proach of the electrophilic hydride from the bottom
face of 23B can be directed by complexation with the
lone electron pair of sulfoxide or the pseudo-axial
halogen.%

B. Synthesis of Carbinols

The main contribution to the synthesis of optically
active secondary carbinols from S-hydroxy sulfoxides
is due to Solladié et al. Two sets of protocols have
been mainly used to the transformation of 8-hydroxy
sulfoxides resulting in the stereoselective and con-
trolled reduction of S-keto sulfoxides. Methylcarbinols
of both configurations could be successfully obtained
from esters by applying the reactions sequence
outlined in Scheme 10. The second way gives rise to
1,2-diols as will be seen later.

1. Methyl Carbinols

We have achieved the asymmetric total synthesis
of two orsellinic acid type macrolides containing a
methylcarbinol moiety in their structure by applying
the first set of transformations. One of the great
advantages of sulfoxides is allowing the asymmetric
induction step to be carried out in the very last part
of the synthesis via this stereoselective 8-keto sul-
foxide reduction. The synthesis of the macrolide
lasiodiplodin® was achieved through its dimethyl
ether 24 (Scheme 12). The synthesis was divided in

Scheme 12¢
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(70 %), (ii) KOH, A (91 %), (iii) Py,S;, PhsP, PhH

(66 %).

two parts: first the synthesis of the achiral diester
25 and then the introduction of the chiral carbinol
part via a S8-keto sulfoxide functionality. Reduction
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(78 %), (iii) KOH (84 %), (iv) (PhO),POC}, E,N,
DMAP (60 %), (v) IMe, CaCO; (84 %).

of the 8-keto sulfoxide 26 with DIBAL alone gave the
expected (S,SR)-3-hydroxy sulfoxide, while the reduc-
tion with DIBAL in the presence of zinc chloride
yielded the (R,SR)-epimer. After desulfurization,
both enantiomers of the seco acid were cyclized using
the Gerlach method.5?

A convergent synthesis was used in the case of
dimethyl ether 27%% (Scheme 13), a precursor of
zearalenone, a naturally occurring macrolide with
anabolic and uterotropic properties. The chiral hy-
droxy ester 28 was prepared by reduction of S-keto
sulfoxide 29 readily obtained from glutaric anhydride
and further protection and desulfurization. The
required natural alcohol configuration was achieved
with the ZnCly/DIBAL reduction system. The sulfon-
yl anion of the achiral part 30 was coupled with the
ester 28 and, after desulfurization and carbonyl
protection of 31, cyclization to zearalenone dimethyl
ether 27 was accomplished following Masamune’s
method.®

Hydroxy ester derivative 28 was also the optically
active starting material in the synthesis of spiroketal
32,55 an insect pheromone. The precursor of 82 was
generated by condensation of 28 with sulfone 338
followed by desulfurization and deprotection. The
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stereochemistry of the cyclization to the acetal, was
controlled by the anomeric effect giving the natural
C-6-(R) configuration of 82 (Scheme 14).

The anomeric effect was also the responsible of the
highly stereoselective cyclization observed from di-
hydroxy disulfoxide 34%¢ (Scheme 15), accessible with
both the S or R configuration at both hydroxylic
centers depending on the reduction method utilized
in its obtention. Upon treatment in acidic medium,
compound 34 evolved into the spiroketal derivative
whose desulfurization afforded compound 35, present
in the rectal glandular secretion of certain species of
fruit flies. The enantiomer could be sythesized from
the dihydroxy disulfoxide resulting from reduction
with DIBAL/ZnCl;.

In the field of spiroketal compounds, an example
where a remote sulfinyl group was inducing the
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diastereoselective reduction of a carbonyl has been
reported®” (Scheme 16). A 1,6-asymmetric induction
in the DIBAL and ZnCly/DIBAL reductions of 8-keto
sulfoxide 36 was achieved. Due to the electrophilic
nature of DIBAL or the chelating properties of ZnCls,
the reactive species represented bring the ketone
functionality very close to the sulfoxide giving rise
to a significant asymmetric induction. Both epimers
of the cyclic acetal were stereoselectively formed in
a Michael-type intramolecular addition.

Both enantiomers of 3-hydroxybutyric acid, a use-
ful building block for natural products synthesis,
could be obtained by DIBAL or ZnCly/DIBAL reduc-
tion of (R)-4-(p-tolylsulfinyl)-3-oxobutyric esters 37
prepared in high yield by Andersen synthesis from
the dianion of methyl or tert-butyl acetoacetate
(Scheme 17).88 Although the diastereoselection of the
reduction step was not so high (de 60—80%) probably
due to the presence of different chelation sites in the
sulfinyl keto ester, diastereomerically pure (S,SR)
and (R,SR) hydroxy sulfoxides could be isolated and
transformed, by desulfurization, into the enantio-
merically pure hydroxybutyrate derivatives.

The methylcarbinol moiety present in other natural
products such as (R,R)-pyrenophorin or (R)-patu-
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lolide®® (Scheme 18) was also synthesized by applying
similar strategies.

Both enantiomers of 2,5-hexanediol and 2,6-hep-
tanediol” could be obtained in an iterative manner
starting from dimethyl succinate or glutaric anhy-
dride (Scheme 19). The formation of the diketo
disulfoxide 38 and simultaneous reduction of both
carbonyl groups followed by desulfurization allowed
for the short synthesis of (S,S) enantiomer of 2,5-
hexanediol. The (R,R) enantiomer was obtained by
using DIBAL in the reduction step. In a stepwise
sequence (R,R)-2,6-heptanediol was synthesized
through the intermediacy of protected carbinol 28.

Bravo™ synthesized the naturally occurring bu-
tanolide 39 (“L-factor”) (Scheme 20) from the S-keto
sulfoxide 40 through the intermediacy of d-lactone
41. Compound 40 was formed as a mixture of
epimers in the reaction of tert-butyl methyl succinate
with (SR)-n-hexyl p-tolyl sulfoxide. DIBAL reduction
of this mixture afforded the (4S,5S,SR) diastereomer
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(75 %); (c) (i) (R)-20, LDA (98 %), (ii) DIBAL
(81 %, de > 95 %), (iii) TBAF, (iv) Ra-Ni (70 %
two steps)

with a 38% isolated yield whose transformation into
41 involved protection of the OH, deoxygenation of
the sulfoxide, ester hydrolysis, sulfonium salt forma-
tion, and cyclization in the presence of a base. In
the later step, the configuration of the stereogenic
center was fully inverted. Reductive debenzylation
was followed by a spontaneous ring restriction to the
butanolide 39. Although the DIBAL reduction was
not highly diastereoselective, the use of a-alkyl S-keto
sulfoxide 40 opened the access to alcohols other than
methylcarbinols. We improved the methodology by
reducing the mixture of diastereomeric a-alkylated
B-keto sulfoxides with DIBAL in the presence of a
high excess of ZnBry.5° After desulfurization, alkyl-
carbinols could be obtained enantiomerically pure.

2. 1,2-Diols

The protocol allowing the transformation of S-hy-
droxy sulfoxides into terminal 1,2-diols involved the
Pummerer rearrangement followed by desulfuriza-
tion or LiAlH; reduction of the resulting hemi-
thioketal. By this means the synthesis of several
polyhydroxylated natural products has been achieved.

An interesting short asymmetric synthesis of L-
arabinitol was developed” as shown in Scheme 21
starting from allylic 8-hydroxy sulfoxide 42 obtained
by reduction of the 8-keto sulfoxide 43. The stereo-
genic carbinol moiety induced a high diastereoselec-
tivity in the subsequent double-bond hydroxylation.
The resulting triol was easily transformed, by apply-
ing the aforementioned methodology into L-penta-O-
acetylarabinitol.
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A similar strategy was used to elaborate the vicinal
triol moiety present in aspicilin (44). Protected
allylic S-hydroxy sulfoxide 45 was submitted to a
Pummerer rearrangement and LiAlH, treatment,
before the hydroxylation step that took place with
moderate selectivity (Scheme 22). The major dia-
stereomer resulting in this step could be isolated in
a 71% overall yield and transformed into the alde-
hyde 46 by conventional methods. The second neces-
sary synthon 47, a methylcarbinol, was made from
B-keto sulfoxide 48 by DIBAL reduction followed by
desulfurization, protection of the hydroxyl, ester
reduction, and transformation of the primary carbinol
into a phosphonium salt. A Wittig reaction between
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(50%, three steps), (iii) Cyclohexene, Pd/C, (iv) Ac,0,
Py, (80%, two steps).

46 and 47 furnished the Z olefin. Reduction of the
double bond, saponification of the acetate, and Swern
oxidation followed by a Wittig—Horner reaction gave
the seco ester 49 which was easily transformed into
(—)-aspicilin (44).

The 1,2-diol moiety present in several prokaryotic
triterpenoids have been prepared by asymmetric

Scheme 22¢
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hemisynthesis based on the reduction of B-keto
sulfoxides™ and modification of the sulfinyl group by
the Pummerer/reduction (NaBH,) methodology.

In a recently published synthesis of (+)-brefeldin
A% (50, Scheme 23) the stereogenic centers C-4 and
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(92 %), (iii) Ac,0, Py (98%); (c) (i) OsOy cat., Me;NO (de 60 %), (85 %, 71 % yield of major diastereomer), (ii)
Me,C(OMe),, TsOH, DME (98 %), (iii) Ra-Ni (98 %), (iv) COCl,, DMSO, Et;N (93 %); (d) DIBAL (de > 98 %);
(¢) (i) Ra-Ni (96 %), (ii) TBDMSCI (95 %), (iii) LiAlH, (97 %), (iv) PPhy, imidazole, I, (92 %), (v) PPhs,
CH,CN (87 %); (f) n-BuLi (64 %); (2) (i) Hy, PA/C (90 %), (ii) LIOH, MeOH (90 %), (iii) (CO,Cl);, DMSO,
Et3N, (iv) (EtO),P(O)CH,CO,E; (h) (i) LIOH (90 %), (ii) TBAF (95 %), (iii) 2,5-dichlorobenzoy! chloride, Et;N,
DMAP (55 %), (iv) BF;.0Et,, HS(CH,),SH (74 %).
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C-15 were generated in a stereocontrolled manner
from sulfoxides. The latter, a methylcarbinol, pro-
ceeded from compound 28 (Scheme 13). The frag-
ment providing the C-4 chiral center was readily
made from the ester 51 through the S-keto sulfoxide
52 applying the DIBAL reduction/Pummerer rear-
rangement/LiBH, reduction sequence.

An alternative way to chiral 1,2-diols relies on the
transformation of chiral o-hydroxy esters into syn or
anti 1,2-diols via S-keto y-alkoxy sulfoxides.”® The
starting a-hydroxy ester was also made by applying
the B-keto sulfoxide reduction methodology. The
oxidized form of 2-deoxy-D-ribose derivative’® 53
could be constructed by applying the S-keto sulfoxide
reduction step twice (Scheme 24). The first was used
to generate the precursor of C-3 stereogenic carbinol
of (S,SR)-54 as indicated in Scheme 24. Protection
of the carbinol followed by conversion of the carbon
supporting sulfoxide into an ester group allowed the
synthesis of enantiomerically pure malic ester 55
further transformed into the terminal 1,2-diol moiety
of 53 by a sequence involving the formation of a new
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imidazole (89 %), (ii) Ac,0, AcONa (95 %), (iii)
LiAlH,, -25 °C (94 %), (iv) PCC, CH,Cl, (84 %).

B-keto sulfoxide 56 followed by DIBAL reduction and
transformation of the resulting 3-hydroxy sulfoxide
into a new 1,2-diol. If the reduction was carried out
with DIBAL/ZnBr;, the (3S,4R)-hydroxy sulfoxide
precursor of 2-deoxy-L-xylose was obtained.

3. Epoxides

B-Hydroxy sulfoxides can also be easily trans-
formed into chiral epoxides giving access to a variety
of natural products. Cyclization of sulfinyl chloro-
hydrin 57 (Scheme 25) provided 8,y-epoxy sulfoxide
58 of high optical purity. The required chlorohydrins,
prepared by reduction of y-chloro S-keto sulfoxide 59
were accessible both as (S,SR) or (R,SR) diastere-
omer.”” The (R,SR)-58 epimer was used as starting
material in the synthesis of the C-11-C-20 fragment
of leukotriene B,"® and its (S,SR) epimer allowed the
synthesis of the referible fragment of 12(S)-hydroxy-
eicosatetraenoic acid. Thus, compound (R,SR)-58
was reacted with (E)-cyanocuprate 60 to give the
homoallylic 5-hydroxy sulfoxide whose sulfinyl group
was transformed into an aldehyde through the se-
quence Pummerer rearrangement, LiAlH, reduction,
and PCC oxidation. The stereogenic center at C-5
was created also from SB-hydroxy sulfoxide 61 by a
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similar transformation of the sulfinyl group.®® Epoxy
sulfoxide 58 was also the starting material in the
synthesis of the seco-ester precursor of the macrolide
recifeiolide™

Another route described for the preparation of
epoxides from S-hydroxy sulfoxides required sulfinyl
reduction to sulfide which could be effected with
LiAlH,,5'* Zn/Me3SiCl,528081 ¢-BuBr,®? PBr;,% Nal/
BF;,3¢ Nal/TFAA,? and epoxy ring closure through
the intermediacy of a sulfonium salt in the presence
of a base (Scheme 26). The strategy was used by
Solladié’® and Kosugi®? to enantiomerically pure
epoxides. All the synthetic applications which fol-
lowed the obtention of epoxides relied on the nucleo-
philic ring opening. The synthesis of d-lactone 62,
the pheromone responsible for some aspects of the
social behavior of the Oriental hornet, was achieved
starting from f-keto sulfoxide 63, transformed into
the epoxy ester 64 in 60% overall yield. Treatment
of 64 with a Grignard reagent and subsequent
lactonization gave enantiomerically pure (R)-62.

The synthesis of epoxides 65—68 represented in
Scheme 27, in enantiomerically pure form was de-
scribed following this protocol. Glycidyl derivative
65 was transformed into the C-1/C-12 unit of the
macrolide amphotericin B,32 the C-3 and C-11 ste-
reogenic centers being those initially formed by
applying the diastereoselective 8-keto sulfoxide re-
duction. The aldol functionality present in the
structures of (R)-yashabushiketol and gingerols were
generated from epoxides 665 and 67,8 respectively.
In the latter case, several cardiotonic principles from
ginger could be synthesized from the common pre-
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cursor 67. Subsequent epoxy ring opening with the
apropriate lithium 1,3-dithiane allowed the incorpo-
ration of the latent aldol moiety, which in the
example of amphotericin B was further elaborated.
The same procedure was applied to the enantiospe-
cific synthesis of compound 68% showing anti-ASFV
(African swine fever virus) activity.

The asymmetric synthesis of juvenile hormone II
69 (Scheme 28) recently reported® was based on the
diastereoselective alkylation and carbonyl reduction
of B-keto sulfoxide 70. Although compound 70 was
generated as a 1:1 mixture of epimers from (R)-n-
propyl p-tolyl sulfoxide and ester 71, its alkylation
produced a 9:1 mixture of (R,SR) and (S,SR) whose
diastereoselective reduction afforded g-hydroxy sul-
foxide 72 that was thus obtained in 66% yield from
70. From 72 natural epoxide 69 was synthesized
through the hydroxy sulfide using conventional pro-
cedures.

4. Cyclic Carbinols

The applications of diastereoselective reduction of
cyclic B-keto sulfoxides to the synthesis of biologically
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active compounds has been far more limited. We
reported a short asymmetric synthesis of both enan-
tiomers of 4-hydroxy-2-cylclohexenone 73,% the start-
ing material in the synthesis of ML-236A, compactin
and immunosuppresive agent FK-506. Reduction of
B-keto sulfoxide 74 with DIBAL and acidic acetal
hydrolysis with simultaneous pyrolytic elimination
of the sulfoxide on acidic silica gel of the acetylated
carbinol gave, after deprotection compound (S)-73
(Scheme 29). The route to the (R)-enantiomer re-
quired the use of ZnCly/DIBAL in the reduction step.
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IV. Conjugate Additions to o.B-Unsaturated
Sulfoxides

A. C-C Bond Formation

The first asymmetric Michael addition of an eno-
late ion to acyclic a,f-unsaturated sulfoxides was
reported in 1973% to proceed with 60% asymmetric
induction. Further studies carried out by PosnerSs®
showed that activation of o,S-ethylenic sulfoxides by
an a-carbonyl group enhanced the Michael acceptor
character of the substrate, being possible to achieve
organometallic S-addition at low temperatures. Nev-
ertheless, on acyclic systems the asymmetric induc-
tion did not surpass the 65% except in the reaction
between lithium diethyl malonate and (Z)-3-styryl
p-tolyl sulfoxide in THF where a de >95% was
achieved.?® Another exception was found in the
synthesis of dihydropyridine 75 (Scheme 30), a potent
antihypertensive agent, where the stereogenic center
was generated through the Michael addition of meth-
yl 3-aminocrotonate to a,8-unsaturated sulfoxide 76
in a highly diastereoselective manner.*® The required
sulfoxide 76 was prepared by a Knoevenagel reaction
from p-keto sulfoxide 77 and 2-chlorobenzaldehyde.
Hantzsch reaction of 76 with methyl 3-aminocroto-
nate produced a single diastereomer (S,SS)-78 as a
result of the Michael addition followed by cyclization
and dehydration. Although the yield of this step was
moderate, only p-methoxyphenyl methyl sulfoxide
was formed as a byproduct as a consequence of a
retro-Knoevenagel reaction on 76. The stereoselec-
tivity of the Michael-type addition was explained by
assuming the existence of the reactive conformation
represented for (SS)-76 which, on steric grounds,
reacted from the opposite side of the bulky aromatic
sulfur substituent. Oxidation of the sulfinyl group
vielded optically pure 75.

More general results were obtained in the conju-
gate additions to cyclic a,8-unsaturated keto sulfox-
ides. Thus, 2-(p-tolylsulfinyl)cyclopentenone 79
(Scheme 31), available in enantiomerically pure form
on multigram scale,® underwent very efficiently
conjugate addition of different organometallic re-
agents, the resulting diastereoselectivity being de-
pendent on the nature of the reagent and the reaction
conditions.??2 The best results were obtained with
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& g the absence of divalent metals the sulfinyl enone (S)-
79 adopts the B s-cis conformation shown, now the
o o si face approach of the nucleophile being more
favored. In these conditions, a similar reaction
sequence afforded (S)-3-methyl cyclopentanone in
76% ee.
« Starting from (S)-79, several S-substituted cyclo-
87 % ee 26 % ee pentanones showing biological properties have been
(R)-80 (5)-80 synthesized by Posner applying this sulfoxide-

Grignard reagents in the presence of ZnBre. (R)-3-
Methylcyclopentanone (80) was generated in 87% ee
when the enone sulfoxide (S)-79 was treated with
ZnBr; prior to the addition of methylmagnesium
iodide, after desulfurization of the resultant conju-
gate adduct 81. The observed diastereoselectivity
was explained by assuming the formation of a chelate
A with ZnBr; where organometallic approach took
place from the less-hindered re face of the enone. In

directed conjugate addition as a key step.
Stereoidal 11-oxoequilenin methyl ether 829
~ (Scheme 32) was synthesized in a few steps by
stereospecific addition of the large (6-methoxy-2-
naphthyl)magnesium bromide to (S)-79 followed by
trapping of the enolate intermediate with methyl
iodide. After dimethylcopper lithium desulfurization
to enolate 88 regiospecific and stereospecific alkyla-
tion with methyl bromoacetate gave optically pure
(8,5)-82.
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Other enantiomerically pure 3-substituted cyclo-
pentanones, intermediates in the synthesis of ste-
roids,?* were obtained during ZnBrs-mediated vinyl-
magnesium bromide conjugate addition to (S)-79.

The addition of functionalized organometallics such
as the a-lithioacetate 84 (Scheme 33) also proceeded
with high diastereoselectivity. The transformation
of the conjugate adduct into natural methyl jas-
monate,® an insect sex attractant pheromone, was
achieved as indicated through the sequence sulfoxide
deoxygenation, desilylation, enolate C-alkylation, and
reductive desulfurization.

The stereoselective formation of quaternary ste-
reogenic carbons was also possible via the asym-
metric organocopper conjugate addition to 3-substi-
tuted sulfinylcyclopentenones. The method was
applied to the synthesis of sesquiterpene (+)-a-
cuparenone,®®

Sulfinyl butenolides (S)-85 (Scheme 34) were used
as Michael acceptors in the synthesis of optically pure
3-substituted 4-butenolides. Zinc-promoted benzylic

Chemical Reviews, 1995, Vol. 95, No. 6 1731
Scheme 35¢

LiO
(¢}
Br |C|)
SOREN<
MeO p-Tol
87 (5)-79 \

MeO
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(it) Me,CuLi, Me,C=CHCH,Br (71 %), (c) (i) O3,
MeS (68 %), (i) TiCly, Z/Ag (37 %); (d) CH;COH,
Et;SiH (90 %); (e) NaBH,

Grignard reagent addition to (S)-85 led, after de-
sulfurization and enolate acylation, to the anticancer
podophyllotoxin family agent (—)-podorhizon (86).%7

Total synthesis of the steroidal hormones estrone
and estradiol®® has been achieved by taking advan-
tage of the highly diastereoselective addition of
enolates to 79 (Scheme 35). The sense of asymmetric
induction depended on the nature of the enolate. The
natural configuration of C-14 in the final steroid was
created with high asymmetric induction by combining
the reaction of o,a-disubstituted enolate 87 with (S)-
79. The resulting diastereoselectivity was a conse-
quence of the reaction between the chelated form of
the p-keto sulfoxide and the sterically congested
disubstituted enolate. The Michael adduct was con-
verted into S-keto sulfone 88 with a diastereomeric
purity >95% by oxidation, reductive dehalogenation,
and equilibration. After methylation of 88, MeoCuLi-
promoted reductive cleavage of the C—S bond af-
forded an enolate ion whose reaction with 3,3-
dimethylallyl bromide led to 89, easily transformed
into 90 after ozonolysis and reductive cyclization of
the intermediate keto aldehyde. The yield of the
latter step was dependent on the amounts of reactant
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Scheme 36
p-Tol \s;‘ 0O o
4 o} SPh
| + MEMO
Li

(5)-95 / 9%

/la-Ni (94 %, two steps)
[0} (o}
L0 =L AL
MEMO)K\“'. 'Buo/lkv‘" SePh
93

ee>96 %

used. Hydrogenation of the double bond gave estrone
methyl ether 91 whose carbonyl reduction afforded
estradiol derivative 92, both enantiomerically pure.

Asymmetric Michael additions of enolates were
also carried out on sulfinyl butenolides or penteno-
lides with variable-facial diastereoselectivities (27 to
96%). The synthetic applications of these reactions
were exemplified in the preparation of optically pure
3-substituted glutarate monoesters such as 93,%°
versatile building blocks in the synthesis of different
compounds with biological properties (Scheme 36).
Compound 93 was obtained in a few steps from the
adduct resulting in the addition of MEM 2-lithio-
acetate derivative 94 to pentenolide sulfoxide 95.

The enantioselective total synthesis of the diter-
pene aphidicolin derivative 96 (Scheme 37) reported
by Holton'® relied on the stereoselective formation
of the C-9 quaternary stereogenic center generated
in the conjugate addition of lithio enolate 97 to
3-substituted sulfinyl butenolide 98 which took place
with 74% de. After vinyllithium addition to com-
pound 99 and HF treatment, cyclization of 100 gave
the tricyclic enone 101. The desulfurized compound
was protected, selectively ozonized, reduced to a
mixture of diastereomeric triols, protected, and oxi-
dized to keto aldehyde 102. The D ring of the
aphidicolin precursor was made by aldol closure of
102 followed by hydrogenation of the resulting di-
substituted olefin and ketal exchange to give enone
103. The sequence lithium—ammonia reduction with
in situ formaldehyde trapping, L-Selectride carbonyl
reduction and 1,3-diol protection afforded pivalyl
derivative 104 whose coversion to pivalyl aphidicoline
96 was already known.

B. C-X Bond Formation

Although asymmetric conjugate addition of nitro-
gen nucleophiles to a,5-unsaturated sulfoxides!! was
described in 1971, this intermolecular reaction has
not been further applied to natural products synthe-
sis probably due to the low reactivity of these simple
Michael acceptors. In contrast, the intramolecular
version, which took place at lower temperature and
higher reaction rates,'°19 was used in alkaloid
synthesis although the asymmetric induction was not
as high as that achieved in other sulfinyl-induced
processes. Thus, the total synthesis of (R)-carnegine
(105, Scheme 38) reported by Pyne®:10 wag based
on the formation of the tetrahydroisoquinoline system
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(c) (i) 2-ethoxydioxolane, PPTS, A (89 %), (ii) O,
CH,Cl,, -78 °C, Me,S, (iii) LiAlH4 (100 %), (iv) TBSCI,
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Pd/C, (iii) HOCH,CH,OH, p-TsOH, 0 °C
(90 % from 102); (e) (i) Li, NH3, CH,0 (70 %),
(ii) L-selectride, (iii) pivalaldehyde, HF, p-TsOH (85 %
two steps)

106a upon cyclization of (Z)-vinyl sulfoxide 107a in
basic conditions. Although the major diastereomer
(1R,SR)-106a was formed in a 68% de, the excellent
yield of this intramolecular addition (96%) allowed
its isolation in a 78% yield. Desulfurization of
(1R,SR)-106a gave the alkaloid carnegine (R)-105.
The use of compound 107b as starting material
allowed the total synthesis of canadine 108.1°2 Thus
a 2:1 mixture of (E)- and (Z)-vinyl sulfoxide isomers
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107b was cyclized to the tetrahydroisoquinoline
moiety giving rise to a 47% isolated yield of (1R,SR)
epimer 1068b which was converted into (R)-canadine
108 via intramolecular Pummerer reaction and de-
sulfurization.

Both enantiomers of sedamine (109) were obtained
from (E)- and (Z)-alkeny! sulfoxides 110 respectively
(Scheme 39) in a similar way.®® The diastereoselec-
tivity of the cyclization step was higher for the (£)
isomer (82% de) than for the (Z) derivative (68% de).
After separation, diastereomerically pure (2S,SR)-
111 was transformed into (+)-sedamine and the
(2R,SR) epimer into its enantiomer. The completion
of the synthesis required the aldol condensation of
the a-sulfinyl carbanion of 111 with benzaldehyde
giving rise to a mixture of all the possible diastere-
omers. After separation and desulfurization sedamine
(109) was isolated. The synthesis suffers from the
low diastereoselectivity of the aldol condensation.

These intramolecular conjugate additions were
rationalized assuming a nucleophilic attack of an
incipient amino anion generated from the trifluoro-
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acetamide precursor 107 and 110 in the basic condi-
tions utilized. Several stereochemical models, based
on steric or stereoelectronic approach control have
been proposed to account for the results.®

An alternative strategy to carnegine!®* (105) and
other alkaloids such as tetrahydrcharman!%® (112,
Scheme 40) has been based on a Michael addition—
cyclization sequence starting from (R)-ethynyl o-
nitrophenyl sulfoxide (118). The presence of the
electron-withdrawing substituent on the aromatic
ring increased the Michael acceptor character of 113
which is able to add amines 114a and 114b in mild
conditions, to generate the a,f-unsaturated sulfoxides
115 which upon acid-induced cyclization of the elec-
tron-rich aromatic ring gave the alkaloid precursors
116. In these cases, the new stereogenic center
which was formed in moderate to good diastereo-
selectivity (60—98% de) did not result from the
Michael addition step but from the reaction on the
imine as shown in Scheme 40. Thus, the cyclization
step took place on the protonated enamine through
its iminium ion in equilibrium, the latter having an
intramolecular hydrogen bonding which locks the
conformation of the sulfinyl group. Reaction of this
frozen conformation could explain the observed ste-
reoselectivity, higher when an apolar solvent was
used as was the case for the tetrahydroisoquinoline
116a formation. The transformation of pure diaster-
eomers 116 into the enantiomerically pure natural
products only required conventional reactions.

The diastereoselective C—O bond formation by
alkoxide ion addition to alkenyl sulfoxides has only
been successful in the intramolecular fashion. The
levels of asymmetric inductions achieved are better
than in the analogue with nitrogen nucleophiles. The
reaction has been extensively used by Iwata et al. to
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prepare chiral spiroketals showing different biological
properties. The stereochemistry of the dioxaspiro
center generated in this process was fully controlled
by the configuration at sulfur.1%6

The synthesis of the simplest 1,7-dioxaspiro[5.5]-
undecane!®” (117, Scheme 41), the major component
of sex pheromones produced by the olive fruit fly
Dacus oleae, was achieved in both configurations by
acylation of enantiomerically pure sulfoxide 118
whose transformation into the key intermediate
dihydropyranyl derivative 119 required the depro-
tection of the silyloxy group followed by an acidic
treatment giving rise to the intramolecular acetal-
ization and dehydration. The intramolecular Michael
addition of the alkoxide ion resulting from 119 in the
presence of NaH, allowed for the exclusive formation
of the kinetically controlled spiroketal 120 through
the more stable associated transition state A and
intermediate B giving the system with the axial
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sulfoxide. The spiroketal isomer with the sulfinyl
group in the equatorial position was exclusively
formed from 120 by isomerization upon treatment
with p-TsOH which proceeded with inversion of the
configuration at the spirocenter through retro-
Michael and Michael reactions. Desulfurization of
both diastereomers allowed the stereoselective syn-
thesis of both enantiomers of 117.

The methodology was successfully applied to the
preparation of more complex spiroketals such as
talaromycins A and B!% (Scheme 42), toxic metabo-
lites isolated from the fungus Talaromyces stipitatus,
exhibiting potassium current blocking activity which
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leads to muscle dysfunction. The synthetic plan
relied on the diastereoselective formation of 3-gub-
stituted dihydropyran 12119199 and its cyclization to
the key intermediate spiroketal 122. Starting from
B-keto sulfoxide 123, successive alkylation, acetonide
hydrolysis and intramolecular acetalization in the
presence of ZnCl; yielded a mixture of C-7 epimeric
bicyclic acetals 124. Diastereoselective cleavage of
124 with trifluoroacetic acid gave a major C-3 epimer
of the dihydropyran derivative which after trifluoro-
acetate hydrolysis and benzylation afforded (3S)-121.
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This transformation allowed the asymmetric dif-
ferentiation of the prochiral 1,3-diol moiety present
in 125 by means of the sulfinyl group. A study
carried out on model compounds showed the possibil-
ity of obtaining the 3R epimers by treating the
bicyclic sulfinyl acetals with AlCl;. The diastereo-
selective formation of the spiroketal 122 followed the
alkoxide intramolecular Michael addition of the pro-R
hydroxymethyl group on the deprotected diol, which
in this case took place via the chelated transition
state A’. The protonation of the resulting intermedi-
ate from the less-hindered face gave rise to compound
122 having the sulfoxide in the equatorial disposition
as a sole diastereomer. The transformation of the
spiroketal 122 into talaromycins A and B required
conventional procedures. The stereochemistry shown
by the natural products resulted in the acid-catalyzed
epimerization of the spiranic stereogenic center.1%%

Several 1,6-dioxaspiro[4.5]decane systems®* (see
Scheme 16) have been obtained by applying a similar
key step for the construction of the stereogenic spiro
center.

An efficient synthesis of compound 126 (Scheme
43), a key intermediate in the synthesis of a-tocoferol
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(vitamin E), reported in 1984,11° used the sulfoxide
to induce a high diastereoselectivity in two pivotal
steps: addition of lithioalkenyl sulfoxide 127 to
aromatic aldehyde 128 and intramolecular reaction
of the alkoxide ion resulting from hydroquinone 129
on the allylic alcohol supporting the o,f-unsaturated
sulfinyl moiety. Although the first hydroxylic ste-
reogenic center generated was further destroyed, a
sole diastereomer was detected in the first reaction
as well as in the intramolecular cyclization which
took place via Sy2” mechanism in a syn stereospecific
fashion to give (2S)-130.

V. Reactions of Sulfoxide-Stabilized Carbanions

A. 1,2-Addition to Carbonyl

Although the addition of simple o-sulfinyl carban-
ions to aldehydes took place with poor diastereo-
selectivity,!!! the reaction was used as a key step in
the synthesis of (+)-disparlure (131),)'2 the sex
attractant pheromone of the female gypsy moth
(Scheme 44). After chromatographic separation of
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the mixture of hydroxy sulfoxides resulting from the
reaction of lithium anion derived from optically pure
sulfoxide 182 and undecanal, the epoxide (7R,8S)-
disparlure (131) was obtained from the major dia-
stereomer through a sequence involving sulfoxide
reduction, and basic cyclization of the sulfonium salt
derived from the thioether.

Later on, the stereochemical outcome of the process
on both aldehydes and ketones was shown to be
highly dependent on the nature of the sulfoxide!!?
and the carbonyl derivative,!'* the diastereoselectiv-
ity possibly being enhanced by using Zn?* as metal
counterion.

A good result was achieved in the reaction between
the lithium anion derived from -sulfinyl amine 133
and butyraldehyde!'® (Scheme 45). Although a mix-
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ture of C-8 epimers was formed, only the C-1" (S)
configuration was induced. This high asymmetric
induction was explained on the basis of the transition
state depicted in Scheme 45, where chelation between
Li* and the sulfinyl and carbonyl oxygens provided
a rigid disposition where the approach to the alde-
hyde is favored from the si face to generate the (S)-
carbinol. The reaction was applied to the total
synthesis of alkaloid elaeokanine B by simple dehy-
drosulfinylation of compounds 134.

The use of (S)-lithiomethyl 1-naphthyl sulfoxide,!!®
instead of terz-butyl or aromatic sulfinyl derivatives,
has allowed for the exclusive formation of (S) tertiary
carbinols in the addition to phenyl alkyl ketones
(Scheme 46). This high asymmetric induction was
explained by assuming a favored approach of the
o-sulfinyl anion to the re face of the carbonyl group
due to the formation of the cyclic transition state
represented, strongly stabilized by a n—= charge
transfer interaction between both aromatic rings. The
increasing size of the R substituent determined a
decrease of the diastereoselection. Despite the
achieved improvements, this type of reaction has not
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been further applied to natural products synthesis.

Structural modifications of the sulfoxide led to
variable stereochemical results.!!” A significant im-
provement on the diastereoselection was observed
with the introduction of a tert-butyl ester on the
a-carbon. Thus, the aldol-type condensation of (R)-
tert-butyl 2-(p-tolylsulfinyl)acetate!'® (185, Scheme
47) with aldehydes!!® or ketones in the presence of
tert-butylmagnesium bromide gave good yields (74—
90%) and moderate to good diastereoselection (20—
95%). When long-chain aliphatic aldehydes were
used, an easy approach to the asymmetric synthesis
of insect pheromone lactones!?® such as 136 was
described. The adduct 137 resulting in the aldol-type
condensation of 185 with dodecanal was desulfurized,
protected, and transformed into the seco-ester 138
whose cyclization led to the natural J-lactone (R)-
136 with an 80% ee. This value corresponded to the
diastereoselectivity achieved in the condensation step
that was explained assuming the evolution of the
system through the rigid chelated transition state
represented where the enolate approaches the si face
of the aldehyde from its less hindered face which
supports the lone electron pair of the sulfoxide.

This methodology was applied by Corey!?! to create
the C-3 stereogenic carbinol of the antitumor agent
maytansine (Scheme 48). The reaction between
aldehyde 139 and sulfinyl acetate 140 followed by
desulfurization afforded carbinol 141 in a (R)/(S)
epimer ratio 93:7. After silylation and hydrolysis of
the phenyl ester, the acid could be separated from
the minor epimer. Macrocyclization to lactame 142,
showing the basic maytansine structure, was ac-
complished from the tetra-n-butylammonium salt of
the acid using the mixed anhydride with mesitylene
sulfonyl acid for carboxyl activation.
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An excellent asymmetric indution was reported for
the a-lithioalkenyl sulfoxide 127 addition to the
aromatic aldehyde 128 (Scheme 43) used in the
synthesis of tocoferol'!® previously mentioned.

The addition of a-chloro and a-sulfinyl anions to
aldehydes or ketones gave poor diastereoselective
results.’?? Nevertheless, the reaction was applied to
the synthesis of (+)-disparlure (131, Scheme 49). The
preparation of the starting 1-chloroalkyl p-tolyl sul-
foxide was described by Yamakawa!?? by NCS chlo-
rination of (S)-20. After alkylation of chloromethyl
p-tolyl sulfoxide with 1-iododecane, the addition of
the anion derived from the resulting sulfoxide to
6-methyl-1-heptanal gave two epimeric chlorohydrins
with complete C-1 asymmetric induction although
with low diastereoselectivity in the new hydroxylic
center. After separation, the chlorochydrin 143 was
cyclized to the a,8-epoxy sulfoxide 144 and desulfu-
rized with n-BuLi at —100 °C to disparlure (131). The
use of these sulfinyl chlorhydrins has been extended
to the asymmetric synthesis of a-amino ketones and
o-amino aldehydes;!?% a-hydroxy acids, esters, and
amides and a,a’-dihydroxy ketones;'?* o,8-unsatur-
ated y-hydroxy carbonyl compounds;'?® and a-alkyl
amides.!?

The reactions of chiral a-sulfinyl anions with
imines!?” has been reported to proceed with better
diastereoselection for simple systems than the ana-
logue reactions on aldehydes. Kagan'?” was the first
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to point out the strong dependence of the product
diastereoselection with the experimental conditions,
mainly the temperature. Pyne!?® corroborated this
observation in the reaction of a-lithiomethyl phenyl
sulfoxide with the imine 145 (Scheme 50). The
diastereoselectivity of the process could be inverted
by changing the reaction temperature due to an

equilibration process although under thermodynamic
control the diastereoselection was poorer except in
the example shown. Compound 146 generated from
(R)-methyl p-tolyl sulfoxide was used as starting
material in the synthesis of the alkaloid tetrahydro-
palmatine (147) achieved after reductive amination,
additive Pummerer reaction, and desulfurization.
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Different improvements recently reported for the
diastereoselective formation of the 1-substituted tet-
rahydroisoquinoline framework involved the use of
nitrones such as 148 (Scheme 51) and a-lithio anions
derived from (R)-benzyl 2-methoxy-1-naphthyl sul-
foxide!?® (149a) or (R)-p-tolyl methyl sulfoxide
(149b).13° The addition gave rise to the (18,1’S,SR)-
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diastereomer in a 92% de for 150a and 84% de for
150D, in this case in the presence of quinidine lithium
salt.

B. Additions to o,f-Unsaturated Compounds

Although the diastereoselective addition of simple
a-sulfinyl carbanions to a,8-unsaturated compounds
has been studied by several research groups,* an
important piece of work was devoted to racemic
derivatives. The first application of these reactions
to asymmetric synthesis was due to Scolastico!®! who
described the obtention of a prostaglandin intermedi-
ate. The conjugate addition of the anion derived from
(S)-dithioketal S-oxide 151 (Scheme 52) to 2-substi-

Scheme 52¢
9 (0]
S . (CH3)CO,Me
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p-Tol
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/
o} o
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“/CH(Sp-Tol) ""c“~H
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% (a) (i) n-BuLi, THF, HMPT, -78 °C (45 %),
(ii) (MeaN)3P, 1y, KI, MeCN (59 %); (b) I, NaHCO,,
dioxan-H,0

tuted cyclopentenone 152 in the presence of HMPT
gave a 52:48 mixture of C-o epimers that were
converted into the enantiomerically pure protected
aldehyde 158 by sulfinyl deoxygenation. The free
aldehyde has been used as starting material in
prostanoids synthesis. The high diastereoselectivity
achieved in the formation of the stereogenic C-8 and
C-y centers seems to be due to the presence of the
alkyl substituent at C-2 of the cyclopentenone.

The regiochemical and stereochemical course of the
reaction between ambident sulfinylallyl anions and
cyclic enones has been deeply studied by Haynes et
al.'®? The lithium carbanions reacted exclusively by
C-3 in a conjugate fashion with 2-cyclopentenone
derivatives (Scheme 53). Moreover the diastereo-
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H,0, r.t. (86 %); (c) (i) HOCH,CH,OH, p-TsOH,
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(iii) DBN, toluene, A, (iv) CrO;, Py (85 %);

(d) -30 °C (88 %); (e) NaH, DME (85 % three steps);
(f) (i) NaBH,, MeOH (95 %), (ii) ‘PrSO,Cl, Et;N
(93 %), (iii) LiEt3BH, toluene (72 %), (iv) p-TsOH,
THF, MeOH, H,0 (90 %), (v) CH,=PPh; (80 %)

selection of the process was very high even when C-3-
substituted allyl sulfoxides with a defined geometry
at the double bond such as 154 were used. A model
proposed to account for these results was based on
the assumption of a central role of the lithium
counterion allowing the formation of the trans-
decalyl-like transition state 155 represented for the
reaction of a lithiated (E)-2-alkenyl sulfoxide 154 and
cyclopentenone, where the substituents occupy the
most stable pseudoequatorial positions. The config-
uration of the new stereogenic allylic carbon de-
pended upon the alkene geometry of the starting
allylic sulfoxide.

The application of these reactions to asymmetric
synthesis of natural products was mainly due to Hua.
The first example published was the total synthesis
of the sesquiterpene hirsutene (156, Scheme 54).133
Two crucial reactions, previously explored on differ-

Carrefio

ent compounds,'3* were used in the formation of the
B and C rings of the natural product. The highly
diastereoselective addition of the anion resulting in
the treatment of (S)-allyl p-tolyl sulfoxide with LDA
to 2-methylcyclopentenone was the key step allowing
the creation of the stereogenic C-8. The enolate
initially formed after this addition was quenched
with acetyl chloride to give 157 in 84% yield and 95%
ee. The second crucial process was an efficient
hydrolytic ring closure involving the vinyl thioether
moiety, which resulted in the sulfoxide deoxygen-
ation, and the enol acetate to afford the bicyclic
derivative 158, precursor of the B and C rings. The
creation of the A ring involved the obtention of enone
159 which required the protection of the keto group
of 158, sulfur oxidation, pyrolytic sulfoxide elimina-
tion, and allylic oxidation. 1,4-Addition of cuprate
160 to enone 159 followed by cyclization of the
tosylate resulting from 161, afforded the tricyclic
precursor 162 whose transformation into natural
hirsutene (156) required the ketone reduction and
Wittig reaction on the deprotected carbonyl at C-11.

A similar methodology was applied to the total
synthesis of pentalenene 163.% In this case, the
reaction between the enantiomerically pure sulfinyl
allylic anion and racemic enone 164 allowed the
kinetic resolution of the latter, whose (S) enantiomer
was thus recovered unreacted in a 45% isolated yield
(Scheme 55). A new kinetic resolution was effected
with racemic cis-crotyl phenyl suifoxide lithium anion
and (S)-164. The resulting addition product 165 was
isolated optically pure in a 82% yield. After reduction
to the vinyl sulfide 166 the hydrolytic ring closure
took place upon treatment with HCO,H/CF3CO-H to
give formate 167. The obtention of pentalenene 163
was achieved from 167 after hydrolysis, methyl
magnesium bromide addition, deoxygenation of the
secondary carbinol through the phosphorylation/
deoxyphosphorylation sequence, and dehydration of
the tertiary carbinol.

When the anion resulting from (E,SR)-1-butenyl
p-tolyl sulfoxide was reacted with 2-cyclohexenone,!5
a major 1,4-addition product with the 1'S,3R config-
uration was formed. The configuration induced at
C-1’ was the opposite to that expected according to
previous results obtained from anions proceeding
from allylic sulfoxides and cyclopentenones.!?2 Al-
though the diastereoselectivity of the process was
90%, no pure diastereomers could be isolated. The
mixture was transformed into the juvenile sesqui-
terpene hormone (+)-juvabione.

The use of a cyclic allyl sulfoxide such as 168
(Scheme 56) as a carbanion precursor allowed the
synthesis of enantiomerically pure 12,13-epoxy-
trichothec-9-ene!s® (169), a compound showing a wide
range of biological properties. The C-5 and C-6
stereogenic centers were simultaneously created in
the 1,4-addition of the anion derived from 168 to the
3-methyl-substituted enone 170. Although the 3-
methyl substituent on the enone hampered the
reaction, the carboxymethyl group activated 170,
giving rise to the addition product in a 93% yield.
Although a mixture of epimers at C-12 was formed,
compound 171, resulting in the protonation of the
intermediate enolate from the less hindered face, was
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Scheme 55¢
(o]
(o)
'._‘\:° a
H + p-Tol™™ S\/\ -
(+)-164
(2eq)
0]
+ H
(80 %) (5)-164 (45 %)

® PhSO\/ﬁ X

S
X=0: 165

Xovr: 166 JZn, AcOH (95 %)
OR

o H
o}

R=CHO: 167
ReH )K;CO3, MeOH (100 %)

163
Pentalene
% (a) LDA (1 eq.), -78 °C; (b) LDA (2 eq.), THF, -78 °C
(91 %); (c) 88 % HCO,H/CF3CO,H, 60 °C (60 %);
(d) MeMgBr (4 eq.), 0 °C (70 %);
(e) (i) (MeyN),POCI, EtzN, DMAP (96 %), (ii) Li,
‘BuOH, EtNHy/THF (97 %), (iii) BF3.0Et(99 %)

the major. Compound 171 was further converted into
the tricyclic precursor 172 by applying a sequencial
reduction, monoprotection, PCC oxidation, pyrolytic
ester elimination, and reduction. The last step
produced a 9:1 mixture of epimeric carbinols where
172 was the major. An intramolecular Michael-type
reaction afforded the pyran ring present in 173 whose
transformation into the epoxytrichothecene 169 re-
quired sulfoxide pyrolysis and epoxidation.

Hua also reported the asymmetric synthesis of
different cyclic alkaloids showing an indolizidine
skeleton where the nitrogen atom ring juncture was
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2 (a) (i) LiBHy4, THF, 25 °C (67 %), (ii) PhCOCN, Et;N
(70 %); (b) (1) PCC, CH,Cl; (85 %), (ii) DBN,
toluene, 80 °C (82 %), (iii) CeCly/NaBH, (92 %);

(c) KOH, ‘BuOH (84 %); (d) DABCO, 250 °C,
1,3,5-trimethylbenzene (70 %); (¢) MCPBA, Na,HPO,
(50 %) '

constructed through the tandem 1,4-addition/ring
closure reactions of chiral a-sulfinyl ketimine anions
with a,f-unsaturated esters and further reduction of
the resulting S-sulfinyl enamides.!®” Although the
latter step was only moderatly diastereoselective, the
method was applied to the synthesis of indolo quino-
lizidine derivatives 174 (Scheme 57) and yohimban
alkaloids (Scheme 58) from both enantiomers of
sulfinyl ketimine 175. Thus, addition of the anion
derived from sulfoxide (R)-175 to methyl acrylate
occurred from the a-carbon of the sulfoxide to give
an enolate whose evolution to an aza enolate facili-
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tates the ring closure, providing the sulfinyl enamide
176. Although NaCNBH; in AcOH reductions of
simpler sulfinyl enamides took place in a higly
diastereoselective manner, compound 176 in the
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same conditions evolved into a 1.9:1 mixture of
diastereomeric 177. After separation, both stereo-
isomers were desulfurized to the enantiomers of 174.

When the Michael acceptor was methyl 1-cyclo-
hexenecarboxylate (Scheme 58) the addition of (S)-
175 anion gave, after separation, a 42% yield of
(15R,208,SR)-178 and a 5% of (15S,20R,SR)-178.
Desulfurization and reduction of 178 afforded both
enantiomers of alloyohimban. The C-3 epimer could
be obtained from sulfinyl enamide (15R,208,SR)-178
by NaCNBH3/AcOH reduction prior to desulfuriza-
tion and reduction. The enamide reduction step
occurred only with a moderate stereoselectivity.

Another application of these processes was devoted
to the synthesis of slaframine and 6-epislaframine
(Scheme 59).138 3-Substituted sulfinyl ketimine (SR)-
179 was the starting material giving rise after n-BuLi
treatment and methyl a-amidoacrylate addition to
the C-6 epimeric indolizidinones 180. After separa-
tion, both epimers were converted into the natural
products in four steps, the first of which (Raney
nickel/H; desulfurization and hydrogenation) gener-
ated a new stereogenic center at C-2 with the (S)
configuration.

VI. Pummerer Rearrangement

A. Alkyl Sulfoxides

The reaction discovered by Pummerer,'* consisting
of transformation of sulfoxides bearing a-hydrogens
in o-acyloxy sulfides by treatment with acid anhy-
drides (see Scheme 21), has been widely used in
synthesis. From the stereochemical point of view,
this is a self-immolative asymmetric process where
the chirality at sulfur is transferred to the o carbon.
Unfortunately, the extent of asymmetric induction
reported for the classical Pummerer rearrangement

o] o]
+
Soee§
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Scheme 59°
OTBDMS
U\S‘S' (i) n-BuLi
V. .
N p-Tol (i) CO,Me
\/ (55%)
(SR)-179 NHBoc
OTBDMS OTBDMS
£ o S0 &
O\S,s . \s'
N7 p-Tol N p-Tol
07y o
NHBoc NHBoc
(3) @
(18,6S,S5)-180 (15,6R,SS)-180
a a
QAc pAc
\ H \ H
N2 N2
3 6
NH, NH,

(-)-Slaframine 6-Epislaframine

2 (a) (i) Ra-Ni, H, (76 %), (ii) BH3. THE (61 %),
(iiii) n-BugNF, Acy0, Py (87 %), (iv) Me;Sil,
(69 %)

by different authors!4®'4! never exceeded 30% ee
except in one example where the addition of DCC to
the reaction medium improved the ee to 70%'4?
although a low chemical yield (10%) was achieved.
A similar asymmetric induction but a better yield has
been reported for the trimethylsilyl methanesulfonate-
promoted Pummerer reaction used in the synthesis
of B-lactam 181, a precursor of some penicillin
antibiotics (Scheme 60).143 Conversion of enantio-

Scheme 60
0
1
S—ph
CF38035iMe; (3.6 eq.)
o7 NH, Pr,NEt, 0 °C, CHyCl
(76 %)
182
Me3SinmN H, OTMS +SPh
K ookm | — I
TMSO \ ;-ILH
. o]
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merically pure amido sulfoxide 182 (the absolute
configuration was not indicated) into compound 181
(67% ee) was achieved in a 76% yield. Although the
mechanism of this reaction is not fully understood,
the authors suggested the formation of the silyloxy
sulfonium ylide intermediate 183 whose ring closure
afforded the S-lactam.

A biomimetic synthesis of f-lactams based on a
Pummerer-type reaction induced by an O-silylated
ketene acetal has been described by Kita et al.l%
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Thus, a 37:63 mixture of sulfoxides 184a (Scheme
61), epimers at sulfur, was treated with ketene
methyl tert-butyldimethylsilyl acetal in the presence
of catalytic amounts of Znly to give a 40% of cis-
substituted S-lactam (3R)-185a and a 15% of the
trans isomer (35)-185a. An improved application of
this asymmetric cyclization procedure in the field of
B-lactams required the use of ZnCl,1*% instead of Znl,
as catalyst. Thus from enantiomerically pure sul-
foxide 184b the ZnCls-catalyzed reaction afforded
B-lactam (35)-185b in up to 85% ee. Similar results
were obtained from different sulfoxides without the
stereogenic center on the amide group allowing the
proposal of the evolution of the system through the
intermediates represented on Scheme 61, where the
diastereoselectivity of the process is exclusively con-
trolled by the chirality at sulfur.

Other Pummerer-type reactions promoted by ketene
tert-butyldimethylsilyl acetall*® on simple sulfoxides
were further shown to proceed with a high degree of
asymmetric induction giving rise to o-silyloxy sul-
fides with 86—88% ee in the absence of Znl,. A
mechanistic investigation, whose preliminary results
were recently published,!4” seems to be in progress.

B. Vinyl Sulfoxides

Better results were reported for the additive Pum-
merer-type reaction which occurs on vinylic sulfox-
ides. In 1981, Marino'*® described a new and efficient
lactonization procedure based on the reaction of vinyl
sulfoxides with dichloroketene generated in situ from
trichloroacetyl chloride in the presence of zinc—
copper couple. When carried out on an o,8-disubsti-
tuted alkenyl sulfoxide!*? or a trisubstituted one!®°
the method produced optically pure y-butyrolactones,
the sulfur chirality being transferred up to three
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contiguous stereogenic carbons. The applications
focused obviously on the synthesis of natural buty-
rolactones or their derivatives. One of the first
examples corresponded to the obtention of oak lac-
tones.'4” As shown in Scheme 62, (R)-vinyl sulfoxide
186a gave rise to dichlorolactone 187a in an enan-
tiospecific way. This is an intramolecular process
involving the activation of the sulfinyl group by the
electrophilic dichloroketene followed by a 3,3-sigma-
tropic rearrangement initiated by the enolate 188A
leading to a Pummerer-type intermediate 189. In an
intramolecular fashion the intermediate 189 is trapped
by the carboxylate anion. On the basis of further
results obtained from methyl sulfoxides,!5! the re-
sulting enantioselectivity was rationalized by assum-
ing that intermediate 188A adopts the conformation
represented where the bulky tolyl group is in an
equatorial disposition. Cyclization of 189 took place
faster than rotation around C—C bond. After reduc-
tive desulfurization and dechlorination, compound
187a yielded the C-4 epimeric oak lactones 190a in
enantiomerically pure form. The last step was not
stereoselective giving rise to a mixture of C-4 epimers.
In a later application of the method to the synthesis
of lactone 190b, a direct precursor of the neolignan
porosin!®? starting from vinyl sulfoxide 186b, a
stepwise dechlorination and desulfurization of the
dichlorolactone 187b circumvented the problem of the
epimerization at C-4. The stereoselectivity of the
Raney nickel desulfurization step was shown to be
highly dependent on the activation of Raney nickel
and the temperature. In this case at 0 °C and with

Oh"- o O

(35, 4R)-190b

2) Ra Ni (60%)

-
o

Porosin

freshly prepared reagent, diastereomerically pure
(3S,4R)-190b was obtained in a 60% yield.

In an application to the synthesis of (—)-physo-
stigmine, an alkaloid isolated from the Calabar bean
used in the treatment of the myastenia gravis and
glaucoma, Marino!®! encountered that only aryl sul-
foxides are able to give the lactonization in an
enantiospecific fashion, but the indolyl phenyl sul-
foxide 191a (Scheme 63), a diaryl sulfoxide, was not
reactive enough toward the electrophilic dichlo-
roketene. Thus, physostigmine had to be synthesized
starting from isopropyl sulfoxide 191b whose lacton-
ization followed by desulfenylation and dechlorina-
tion, gave lactone 192 with a 75% ee. This precursor
was protected as N-formyl derivative before being
converted into lactam 193 upon MeNHy/H,;SO, treat-
ment. After lactam and formamide reduction, hy-
drogenolysis of the benzyl group, and carbamate
formation, natural (—)-physostigmine was generated.
According to the stereochemical model previously
proposed (Scheme 62), the unnatural (+)-enantiomer
was expected. This surprising result was explained
by considering the presence of a indolyl sulfoxide
gystem in the intermediate equivalent to 188A where
the conformation 188A’ exhibits a destabilizing 1,2-
diequatorial interaction between the BOC and iso-
propyl group which determines the evolution through
the conformation 188B’.

A formal synthesis of (—)-serriconine (Scheme 64),
the sex pheromone of the cigarette beetle, was
recently reported!®® from butyrolactone 194. The
starting vinyl sulfoxide 195 reacted with dichlo-
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(64 %), (ii) Ra-Ni, (iii) Na, MeNCO (60 % two steps)

roketene as expected, and after aluminum amalgam
and Raney nickel treatment, 194 was obtained as a
single diastereomer and enantiomer. The intermedi-
ate d-lactone 196, which had been already trans-
formed into the natural product, was synthesized
after reduction of 194 and homologation of the diol
followed by hydrolysis and lactonization.

The use of this additive Pummerer-type rearrange-
ment on 2-(p-tolylsulfinyl)cyclopentenone [(R)-79]
allowed a short synthesis of methyl jasmonate,'5* 197
a perfume essence (Scheme 65). In this case, the
dichlorolactone 198 was dechlorinated and esterified,
and the remaining sulfenyl group was utilized to
introduce a 2-pentenyl chain. In this case the process
was only moderately stereoselective giving a methyl
jasmonate with a 20% ece.
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The method has been extended to the synthesis of
other systems with an increasing number of stereo-
genic centers taking advantage of the stereoselective
modifications that could be made from the y-butyro-
lactone moiety. Thus, the stereogenic centers present
in sesquiterpene lactones such as (+)-fragolide!%®
(Scheme 66) were generated by using the (S)-vinyl
sulfoxide 199 to create the adequate configuration at
C-3 of the butyrolactone 200 which was formed with
a 94% ee. Lactone enolate alkylation proceeded
stereoselectively to give the trans isomer precursor
of the lactonic acid 201 which was converted into a
mixed anhydride to effect the carboxyl reduction.
After Swern oxidation, acetalization of the resulting
aldehyde could only be achieved without desilylation
by using propanediol/Me2SO4/DMF. The lactone ring
was reduced to the tetrahydrofuran system prior to
Lewis acid-catalyzed bicyclization, leading to a 6:1
mixture of epimers 202, showing the tricyclic skel-
eton of drimane sesquiterpenes. The key bicycliza-
tion step took place from the terminal vinylsilane
moiety through a cationic mechanism with high
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(ii) LiOH, MeOH, H,0 (92 %); () (i) BuOCOCI, Et3N,
NaBH, (77 %), (i) (COCl,);, DMSO (85 %),
(iii) Me,SO,, DMF, HO(CH,);0H, 4 A zeolites (97 %);
(d) (i) LiAlH,4 (100 %), (ii) p-TsCl, Py (84 %);
(e) TiCl, (5 eq.), CH,Cls, -78 °C (85 %); (f) (i) (COCly),,
DMSO (73 %), (ii) Piperidinium acetate PhH, A (85 %),
(iii) (COCl,),, DMSO (89 %), (iv) Hy, Pd/C (100 %),
(v) RuCl3, NalO, (77 %) (vi) PhMe;NBr3, (vii) DBU
(45 % two steps)

stereoselection. Further elaboration to (+)-fragolide
involved removal of the remanent acetal, Swern
oxidation, hydrogenation of the olefin, and oxidation.
Other sesquiterpenic lactones such as (—)-pereniporin
B could be made from (+)-fragolide.

An asymmetric synthesis of (+)-mesembrine
(Scheme 67) via 4,4-disubstituted 2-cyclohexenones
203 was recently published;!%® it relies upon the
creation of the C-4 stereogenic center from a y-bu-
tyrolactone precursor 204. The adequately function-
alized vinyl sulfoxide 205 was the chiral source. Its
transformation into y-tolylthio y-lactone 204 was
achieved after dichloroketene cycloaddition and dechlo-

Carrefio
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Sp-Tol
g,..m'o 0) Y \'9 fo)
I \p-Tol i
CH. —a__
MeQ 0(\\22
el Q,o OMe
¢ OMe
205 204
Trichodiene ~—COMe
H
: .0

Trichodermin

OMe OMe
OMe OMe
)
AN~y
d (¢}
N N
o} (o] N Me

H Me

(-)-Mesembrine

®(a) (i) ClyCCOCI, Zn/Cu, (ii) Zn, AcOH (47 % two
steps); (b) (i) KyCO3, MeOH, (i) CH,N, (65 %);
(c) MeNH,, THF (83 %); (d) (i) PTS, (ii) LiAlH,,
(iii) H*, NH,OH (79 % three steps)

rination upon treatment with Zn/AcOH which also
effected deacetalization. An intramolecular aldol
condensation and esterification afforded the required
cyclohexenone 203, easily converted into the natural
(—)-mesembrine through the N-methyl lactam forma-
tion on the enone moiety, and protection of the
carbonyl group before reducing the lactam carbonyl.
By applying the same strategy to a methylphenyl
instead of 3,4-dimethoxyphenyl-substituted vinyl sul-
foxide analogue to 205, sesquiterpenes such as tri-
chodiene or trichodermine were accessible.

This lactonization procedure has been successfully
extended to polycyclic vinyl sulfoxides'5? the endo or
exo lactonization on bicyclo[2.2.1Theptane being pos-
sible to achieve in a highly diastereoselective
manner.,

Another stereoselective Pummerer-type reaction of
vinyl sulfoxides described was on the basis of the
treatment with allylmagnesium bromide!®® to give
diallylated sulfides. Acyclic vinyl sulfoxides behave
as a 1,2-dication equivalent, giving rise mainly to 1,2-
diallylated sulfides similar to 206 (Scheme 68)
whereas cyclic vinyl sulfoxides produced significant
amounts of vinyl sulfides as 207. The reaction was
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Scheme 68°
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2 (a) CH;=CHCH,MgBr, THF, -78 °C  ~r.t,;
(b) (i) TsOH, acetone (92 %), (ii) NaBH4, MeOH
(83 %), (iii) HCI, MeCN, A (62 %); (c) (i) Zn(BHy),,
(de 84% ); (ii) Dimetoxy propane, TsOH (95 %
two steps); (d) (i) BH3.Me;S, Hy0, (75 %), (ii)
MeSO,Cl, Py (87 %), (iii) NaN3, n-BuNI (90 %);
(e) (1) Hj, Pd/C, (ii) CICO,CH3Ph, K,CO;4, (iii)
MeSO,Cl, Py, 0 °C, (iv) MOMC], ‘Pr,NEt 62 %
four steps); (f) (i) KH (92 %), (ii) LiAlH, (iii) HCI,
10 °C (70 % two steps)

successfully applied to the diastereoselective creation
of the quaternary carbon present in the alkaloid (—)-
sibirine.’®® Thus cyclohexenyl sulfoxide 208 under-
went the Pummerer-type reaction upon treatment
with an excess of the Grignard reagent affording
vinyl sulfide 207 in a 60% yield and 96% ee. This
high enantioselectivity was explained by assuming
the initial coordination of the allylmagnesium bro-
mide with both the sulfinyl oxygen and the acetal to
form an species which evolves mainly from the si face
through the transition state depicted in Scheme 68.
Compound 207 was converted into (—)-sibirine through
a reaction sequence which involved deacetalization,
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reduction, and vinyl thioether hydrolysis to cyclo-
hexanone 209. Diastereoselective reduction of 209
(84% de) was followed by acetalization and diastere-
omer separation to isolate 210. After hydroboration
the resulting primary alcohol was mesylated and
reacted with sodium azide to afford 211. Catalytic
reduction of the azide gave an amine without the
acetonide moiety. Amine protection, primary alcohol
mesylation and protection of the secondary one
produced 212 whose KH treatment afforded the
azaspiro skeleton present in sibirine, easily accessible
by carbamate reduction and carbinol deprotection.

Vil. Diels—Alder Cycloaddition

A. Sulfinyl Dienophiles

The first stereochemical study of Diels—Alder reac-
tion with optically active alkenyl sulfoxides was
carried out by Maignan!®® on the cycloaddition be-
tween (R)-vinyl p-tolyl sulfoxide and cyclopentadiene
with discouraging results. They showed the exist-
ence of four diastereomers with a poor stereoselec-
tivity (endo/exo 2 and facial selectivity 2—4) probably
due to the lack of dienophile reactivity which required
energetic reaction conditions favoring the thermo-
dynamic control process. Subsequent efforts focused
on the design of sulfinyl dienophiles bearing ad-
ditional electron-withdrawing groups on the double
bond such as ketones,!6! esters,1162 and sulfones.!®
Although the cycloadditions of these doubly activated
dienophiles still proceeded with low endo/exo selectiv-
ity, a serious improvement of the facial selectivity
was achieved in both cases. Moreover, Koizumi'62
showed that the presence of ZnCl; in the reaction of
ethyl 2-(p-tolylsulfinyl)acrylate with cyclopentadiene
slightly changed the endo/exo ratio but produced a
significant increase of the facial selectivity yielding
the adducts of opposite configuration with respect to
those formed in thermal conditions. The adducts
resulting from the reaction between (—)-(Z,R)-ethyl
2-methyl-3-(p-tolylsulfinyl)propenoate (213) and cy-
clopentadiene in thermal conditions (Scheme 69)
were used to prepare santalene-type sesquiter-
penes.'%® The cycloaddition afforded a mixture of
endo (214a and 214b) and exo (214¢) adducts, the
n-facial diastereoselectivity being 100% for the exo
cycloaddition and 94% for the endo.!622 After chro-
matographic separation, compound 214a was con-
verted into (+)-epi-g-santalene through a sequence
starting with the double-bond hydrogenation and
sulfoxide reduction. Keto ester 215 was obtained
from thioether 218 in 97% ee by NCS treatment and
then oxidative hydrolysis. Methylenation of 215
proved to be difficult being only achieved by applying
Nozaki’s method. Ester reduction and PCC oxidation
followed by Emmons—Horner condensation afforded
compound 217 further transformed into the natural
sesquiterpene epi-f-santalene applying an ionic
double-bond reduction and repetitive ester reduction,
PCC oxidation, and Wittig condensation. The exo
adduct 214c¢ allowed the asymmetric synthesis of an
intermediate conducting to (—)-3-santalol. Although
both natural products were accessible in enantio-
merically pure form, the applicability of the Diels—
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8 (a) (i) Hy, PA/C, (ii) TiCl; (92 % two steps);
(b) (i) NCS, (ii) CuCl,, CuO, acetone, H,O
(85 % two steps); (¢) CH,Bry/Zn/TiCl, (40 %);
(d) (i) DIBAL (100 %), (ii) PCC (90 %),
(iii) (Et0),POCH,CO,Et, BuLi (96 %); (e) (i) Et,SiH,
[(PPh;);RhC1], (ii) EtOH (100 %), (iii) DIBAL,
(iv) PCC, (v) PhaP=C(CH,), (51 % three steps)

Alder methodology remained limited to the reactive
cyclopentadiene.

In order to further improve the reactivity of the
dienophile a stronger electron-withdrawing substitu-
ent on the sulfinyl function was introduced. A study
on ethyl 3-(2-pyridylsulfinyl)acrylates,'® carried out
on racemic series, showed an enhancement of the
dienophile reactivity, higher when a NO; or CF;
group was present in the pyridine substituent, in
such a way that the reaction proceeded even with
furan which is known to be a low reactive diene. The
cycloadditions on menthyl 3-(2-pyridylsulfinyl)acry-
lates!®® showed that the configuration of the new
stereogenic centers generated was controlled by the
sulfinyl group and not by the menthyl moiety. This
was also pointed out by De Lucchi'® who described
the formation of adducts with the opposite configu-
ration of the new stereogenic centers using SS and
SR alkenyl sulfoxides having the same bornyl enan-

Carrefio
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CO,Ment =
CO S
S. N a = Zb
g l (ﬁgzMem
(85)-219 218a: X= CH, (96 %, de 96 %)

218b: X= 0 (44 %, de 86 % and
25 % exo-adducts, de 92 %)

jb
X X
Avo CO,Ment AT'O
o) + O
CO;Ment
SOPy

SO,PyY

221a: X= CH; (22 %)
221b: X=0 (56 %)
lc

—yo \zb, . e \Zb/COZMem

¢ 222(61 %)

220a: X= CH; (64 %)
220b: X=0 (33 %)

223 HO OH

\\ Arysteromicin
N ’d N
X

N N

HO OH

HO

Neplanocin A
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TsOH; (c) (i) MCPBA, (ii) DBU; (d) (i) O3, Me,S,
(11) LiAlHy, (iii) NalO4 (60 % three steps);

(e) CrO;, Py

tiomer as sulfur ligand. Recent results on chiral
1-(alkylsulfinyl)-2-nitroalkenes!®® as dienophiles cor-
roborated this observation.

Even better results were obtained in the reactions
of these chiral acrylates with cyclopentadiene in the
presence of Et2AlCL.1%7 Thus, a single endo adduct
218a (96% de) was obtained from (SS)-menthyl 3-(2-
pyridylsulfinyDacrylate (219) in the Et;AlCl-cata-
lyzed reaction (Scheme 70). Compound 218Ba was
used as starting material in an approach to the
carbocyclic nucleosides (—)-aristeromycin and (—)-
neplanocin A.'%8 Thus 218a was subjected to OsO,
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D-Showdomycin D-3, 4-O-Isopropylideneallose

oxidation followed by ketalization to furnish sulfoxide
220a (64%) and a 22% of sulfone 221a. After
sulfoxide oxidation on 220a, DBU elimination on the
resulting sulfone afforded unsaturated ester 222
along with epimerized sulfone 221a. The vinyl ester
was ozonized and reduced, and the resulting vicinal
diol was cleaved yielding an anomeric mixture of
lactols transformed into lactone 223 by Collins oxida-
tion. The obtention of bicyclic lactone 223 constitutes
a formal total asymmetric synthesis of arysteromycin
and neplanocin A since it had been previously used
as intermediate in the synthesis of these natural
products.

In a similar strategy, compound 218b obtained as
major endo adduct in the reaction between (SS)-219
and furan!®® (Scheme 70) was transformed into
enantiomerically pure methyl ester 224 (Scheme 71),
a common key intermediate in the synthesis of
D-showdomycin and D-3,4-isopropylideneallose,!6®
through sulfinyl derivative 220b.

The same cycloadduct 218b was used as starting
material in the asymmetric synthesis of (+)-methyl
5-epishikimate!™ (Scheme 72). This application re-
quired the sulfoxide reduction prior to hydroxylation
and protection to compound 225, followed by car-
boxylate reduction, desulfurization, reoxidation, and
methylation to carboxylic ester 226. Cleavage of the
oxide bridge gave precursor 227 in a 96% ee. Depro-
tection of the carbinols yielded methyl 5-epishiki-
mate.

The 2-methoxyfuran endo adduct 228 resulting
from (SS)-[(trifluoromethyl)pyridyllsulfinyl acrylate
229 (Scheme 73) allowed the asymmetric synthesis
of glyoxalase I inhibitor 280.17! The crude adduct 228
was almost exclusively formed in thermal and mild
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2 (a) Toluene, 0 °C, 6 days; (b) (i) OsO4, Me3NO,
(ii) (CH3),C(OMe),, p-TsOH (72 % three steps);
(c) (i) TiCls, EtOH, (ii) LiAlH, (78 % two steps),
(iii) trans-(CH;CH=CHCO),0, Py (100 %), (iv)
m-CPBA (85 %), (v) CF3COOH, (62 %)

conditions. OsQ, oxidation followed by acetalization
afforded the exo-diol derivative 231 in a 96% de.
Diastereomerically pure sulfoxide 231, obtained by
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Carrefio

Table 1. Diels—Alder Reactions of Sulfinyl Maleates 234 with Cyclopentadiene
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cor: CHCh C°2R' C02R2
CO,;R? CO,R!
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endo
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234a: R1= R2= Me; R3= ;; R4= 10-isobornyl  ZnClp 220 25 a:94 a0 6

234b: R!=Bu; R2= Me; R3=p-Tol; R4=:  ZnBn) -20 7 b:6 b:8Y 5

234c: R!= Bn; R2= Me; R3= p-Tol; R4=: ZnBrp -20 5 c:6 ¢ 91 3

234c: Rl= Bn; R2= Me; R3= p-Tol; R4=: TiClg 78 2 c:83 ¢ 13 4

234¢: R1= Bn; R2= Me; R3= p-Tol; R4=: Eu(fod)3 20 2 66 ¢ 3 31
recrystallization, was reduced with TiClz and then Scheme 74
LiAlH, to provide a primary carbinol readily trans-
formed into the crotyl ester. Sulfide oxidation yielded Z . pTol,
a sulfoxides mixture (10:1) which upon CF;COOH 's’
treatment afforded enantiomerically pure natural O‘ + é/\é
product 230. The facial diastereoselectivity of these MeO
processes has been explained on steric factors, as- 232 (5)-79
suming the diene approach from the less hindered
face of the dienophilic double bond of the alkenyl
sulfoxides whose reactive conformation depends on EtAICl,,

. . . o T -25°C

the dienophile structure and on reaction conditions. 93 %)
Thus, in thermal conditions, dienophiles such as 229

must react through the s-trans conformation repre-
sented, favored from steric and dipolar factors, being
the diene approach favored from the less hindered
face syn to the lone pair on sulfur.

Good to excellent n-facial diastereoselectivities as
well as good endo/exo selectivities were achieved in
the reactions of cyclopentadiene with a variety of
monoactivated vinyl sulfoxides such as 1-sulfinyl-2-
nitro-1% or 2-sulfonyl-'¢ substituted alkenes and 2-(p-
tolylsulfinyl)-2-cycloalkenones.!”® In the latter cases,
the cycloaddition between (S)-2-(p-tolylsulfinyl)-
cyclopentenone (79) and an acyclic diene such as
Dane’s diene 232 (Scheme 74) carried out in the
presence of EtAl1Cl,'7 gave a sole endo diastereomer
with excellent yield. After desulfurization, the ste-
roidal precursor 233 was obtained enantiomerically
pure.

The use of sulfinyl maleates as chiral equivalents
of acetylene dicarboxylate has also been reported.!’s-177
A significant increase of the reactivivity was observed
as a consequence of the doubly activated system
present in these sulfinyl dienophiles 234 (Table 1),
cycloadditions being possible to achieve even at —78
°C for 284c in the presence of TiCly with both cyclic
and acyclic dienes.!”® The endo/exo selectivity also
increased. Cycloaddition of (SR)-234al”” and (SS)-
234b'75 with cyclopentadiene in the presence of zinc
halides (Table 1) afforded mainly endo adducts
235a-I and 235b-1I1, respectively, with the opposite
configuration at the new stereocenters due to the
different absolute configurations of the starting sul-
foxide. The high m-facial diastereoselection achieved
from 284c¢!™ in the presence of ZnBr; was opposite
to that found with TiCl, and Eu(fod)s.

Al(Hg)
(52%)

Q

oo

233
ee >98 %

MeO

Transformation of adducts 235a-I"7 and 235b-I176
into both enantiomers of the diester 236 (Scheme 75)
demonstrated the utility of sulfinyl maleates as chiral
acetylene dicarboxylate equivalents. Moreover, half
ester (—)-237, obtained from 235a-I, has been used
as a starting material in the synthesis of carbocyclic
nucleosides. Thus, partial demethylation of 235a-1
and further benzylation yielded 238 which upon
treatment with DBU afforded (—)-236. A more direct
access to compound (—)-236 involved the pyrolytic
elimination of the sulfinyl group from Diels—Alder
adduct 235¢-1.17¢ After cis hydroxylation, diol pro-
tection, and debenzylation, half ester (—)-237 was
obtained in enantiomerically pure form. From cy-
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Scheme 75¢
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cloadduct 235¢-I1, the enantiomeric half ester (+)-
237 was accessible in few steps.

Similarly high diastereoselective cycloadditions
were found in the reactions of maleate 234c with
acyclic dienes.'”® In these cases the resulting cy-
cloadducts underwent spontaneous sulfoxide elimi-
nation, giving in most cases enantiomerically pure
cyclohexadienes. The regioselectivity of the cyclo-
addition was fully controlled by the sulfinyl group
but the regiochemistry of the pyrolytic elimination
depended on the substitution of the resulting cyclo-
hexadiene from cycloadducts resulting from 1-sub-
stituted dienes. The use of Dane’s diene 232 (Scheme
76) allowed an easy access to compound 239 readily
transformable into steroidal structures. The forma-
tion of 239 in enantiomerically pure form in the
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presence of TiCl, showed that the cycloaddition
occurred with very high regioselectivity, endo selec-
tivity, and #-facial diastereoselectivity.

Enantiomerically pure sulfinyl maleimides'’® turned
out to be powerful dienophiles reacting with cyclo-
pentadiene and furan in a highly endo and n-facial
diastereoselective manner.

We have reported the synthesis!’™18% and model
studies of Diels—Alder reactions'”!8! of homochiral
sulfinyl quinones. The study, carried out on the
simplest (S)-2-(p-tolylsulfinyl)-p-benzoquinone (240,
Scheme 77) with cyclopentadiene revealed a remark-
able behavior of this ambident dienophile being
possible to control both the chemoselectivity and
n-facial diastereoselectivity of the cycloaddition by
choosing the reaction conditions. In thermal condi-
tions and in the presence of Lewis acids at —20 °C
the cycloaddition took place on the unsubstituted Cs—
Cs dienophilic double bond with total endo selectivity
and moderate to good z-facial diastereoselectivity (de
ranging from 20 to 82%). Moreover, this z-facial
diastereoselectivity was the opposite in thermally
catalyzed or Eu(fod)s-catalyzed reactions (241a was
the major adduct) or in the presence of BF;OEt,
(241b was mainly formed). These results showed
that the sulfinyl group is able to exert even a remote
control on the approaching diene probably as a
consequence of the existence of a different reactive
conformation around the C-2—S bond in the different
conditions employed.

When ZnBr,!%2 was used, the cycloaddition with
cyclopentadiene took place on the C;—Cg dienophilic
double bond at low temperature, whereas at 40 °C
an endo adduct 242 (de > 96%) resulting from
reaction on the sulfinyl substituted C-2—C-3 double
bond could be isolated in a 60% yield. This result
could be a consequence of the effectiveness of ZnBr,
as chelating agent which strongly activates the
substituted double bond through a double association
between the carbonyl and sulfinyl oxygens. Thus, the
chemoselectivity of the process could also be con-
trolled. Acyclic dienes, such as piperylene, also
reacted through the substituted double bond to
produce an adduct which spontaneously suffered the
pyrolytic elimination of the sulfoxide. Compound 243
obtained both in thermal and catalytic conditions
from 240 and 1,3-pentadiene was shown to be enan-
tiomerically pure. These results demonstrated that
the initial cycloaddition had taken place in a highly
regio- and diastereocontrolled manner. As a conse-
quence of the tandem Diels—Alder reaction/pyrolytic
elimination, enantiomerically pure sulfinyl quinones
could act as synthetic chiral equivalents of the
unknown triple-bonded quinones.

In order to apply these excellent results to the
synthesis of natural products, sulfinylquinone de-
rivative 244 (Scheme 78) was synthesized. Its reac-
tion with diene 245 allowed an easy access to
optically active tricyclic quinone 246 (ee 84% in
thermal conditions) after the pyrolytic elimination of
the sulfoxide.!®¥ Racemic derivative 246 had already
been transformed into different terpenic quinones
such as Royleanone. Thus this simple procedure
gives the entrance to a formal synthesis of such
sesquiterpenic quinones.
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Enantiomerically pure (S)-2-(p-tolylsulfinyl)-1,4-
naphthoquinones 247a—c (Scheme 79),'** with only
one reactive double bond which supports the sulfox-
ide, have also been shown to evolve in a highly endo
and n-facial diastereoselective manner with cyclic

dienes. Diels—Alder adducts of opposite configura-
tion in the new stereogenic centers 248-1I and 248-11
could be obtained by adequate choice of the reaction
conditions. The diastereoselectivity was only low in
the case of reaction of 247¢ in the presence of ZnBrs.
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With juglone derivatives 247b and 247c the regio-
chemistry of the cycloaddition with 1-methoxy-1,3-
cyclohexadiene was fully controlled by the sulfinyl
group (Scheme 80). Thermal reactions afforded
compounds (1R,4S5)-249b and (1S5,4R)-249¢ enantio-
merically pure through the tandem Diels—Alder
cycloaddition/sulfoxide pyrolytic elimination which
took place in situ.

Interestingly, (S)-(p-tolylsulfinyl)naphthazarin 250'%
(Scheme 81) presented the tautomeric equilibrium
expected in these 4,8-dihydroxy-1,4-naphthoquinonic
systems which make them ambident dienophiles. The
behavior of 250 in the Diels—Alder cycloaddition with
cyclopentadiene!® also reflected the existence of two
different tautomers 250A and 250B in the equilib-
rium. Thus, different mixtures of diastereomeric
adducts 251 and 252, resulting from cycloaddition on
tautomer 250A, and compound 253, resulting in the
tandem cycloaddition/pyrolytic elimination from 250B,
were formed depending on the Lewis acid present in
the reaction medium. We could find conditions
(BFsOEt;) to shift the equilibrium toward 250A
achieving the exclusive evolution of this tautomer.
Moreover, in this experiment, one of the diastereo-
mers 251 was formed in a 40% de. Taking into
account the long distance existing between the chiral
sulfinyl group and the dienophilic double bond in the
reactive tautomer 250A this was a surprising result

Scheme 81
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Scheme 82
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which suggested the existence of factors other than
steric ones in the control of the diene approach to
these quinones.

Encouraged by these results, we undertook the
reaction of 250 with 1-methoxycyclohexadiene (Scheme
82), obtaining in this case the product resulting from
the exclusive cycloaddition on 250B. The compound
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254 was formed in enantiomerically pure form. Its
racemate had been transformed into the antitumor
antibiotic daunomycinone. Presently, we are devel-
oping a synthetic approach to this anthracyclinone
in the optically active form.

The sulfinyl group has allowed the design of simple
chiral ketene equivalents such as 255!%7 and 25688
(Scheme 83). Their cycloadditions with cyclopenta-
diene occurred with moderate diastereoselectivity
enabling the obtention of (+)-norbornenone (257) in
a 54% ee from 255, and both enantiomers of 257 from
the separable 70:30 mixture of the adducts resulting
from dienophile 256.

The chiral keto ester ketene equivalent 258'%° gave
better results in its cycloaddition with cyclopenta-
diene which proceeded with complete endo and
n-facial diastereoselectivity at —78 °C in the presence
of BCl3 (Scheme 84). The resulting adduct 259 was
converted into (+)-norbornenone (257) by transform-
ing the sulfoxide in the sulfinylimine, a group which
allowed the easy hydrolysis of the bicyclic acetal.
Further keto ester hydrolysis and decarboxylation
afforded (+)-257.

B. Sulfinyl Dienes

In contrast to the efforts devoted to the study of
dienophiles bearing a sulfoxide, only few examples
of the use of sulfinyl dienes in asymmetric synthesis
are known despite the report of Evans,!®* published
in 1972, describing the application of the adduct
resulting in the cycloaddition of racemic 1-butadienyl
phenyl sulfoxide and an electron-rich dienophile in

Carrefio
Scheme 84¢
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(95 % two steps); (d) Me;Sil, 100 °C (60 %)

the synthesis of the alkaloid hasubanan. This pio-
neering work was followed by a study on 1-(acy-
lamino)-4-sulfinyl-substituted dienes!®! exhibiting an
excellent Diels—Alder reactivity with electron-defi-
cient dienophiles and high endo selectivity being the
regioselectivity controlled by the acylamino substitu-
ent. Later on, Posner!®? showed that 2-(p-tolylsulfin-
yhdihydropyrone 260 (Scheme 85) underwent inverse
electron demand cycloadditions in different experi-
mental conditions depending on the dienophiles. The
adduct 261'% resulting from phenyl vinyl thicether
at high pressure, gave a stereoselective access to
chorismic acid derivative 262 after lactone ring
opening with simultaneous [2,3]-sigmatropic rear-
rangement of the sulfoxide, followed by OH protec-
tion, thioether oxidation, and sulfoxide elimination.
Although the synthesis was completed in a racemic
version, (S)-2-(p-tolylsulfinyl)dihydropyrone could only
be obtained in its optically active form in small
amount by a not easily reproducible method.

The first data available concerning the face selec-
tivity of these reactions were reported by Overman
et al. and referred to conformationally rigid sys-
tems.'®* High endo and n-facial diastereoselections
were observed in the cycloaddition between 5-alkenyl-
1,3-oxathiole 3-oxides and N-phenylmaleimide. A
similarly high endo but opposite face diastereoselec-
tion was described for the Diels—Alder reactions of
2,5-dimethylthiophene S-oxide.!?® All these data
corresponded to racemic derivatives. With respect
to the use of enantiopure sulfinyl dienes, after the
pioneering paper of Hoffmann!® describing the syn-
thesis of (SR)-1-(p-tolylsulfinyl)-1,3-butadiene, no
other reports appeared until 1988, which is when
Okamura!®” synthesized the tricyclic sesquiterpene
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Scheme 85¢
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(+)-sterpurene (Scheme 86) through a completely
stereoselective intramolecular Diels—Alder reaction
taking place on vinyl allenic sulfoxide 263. Com-
pound 263 was easily prepared from enantiomerically
pure propargylic alcohol 264 upon treatment with
phenyl sulfenyl chloride and subsequent sulfenate-
sulfoxide rearrangement. The intramolecular [4 +
2] process occurred with complete enantio- and di-
astereoselectivity and the whole transformation
showed an efficient central—axial—central chiral
element transfer where the sulfoxide did not play an
essential role. The sulfinyl group of adduct 265 was
substituted by a methyl and transformed into enan-
tiomerically pure (+)-sterpurene by diene reduction.

Later, we described the synthesis of enantiomeri-
cally pure differently substituted 1-(p-tolylsulfinyl)-
1,3-butadienes!®® (R)-266 (Scheme 87). We undertook
a study on their behavior as dienes in Diels—Alder
cycloadditions and we found a diminished reactivity
due to the presence of the sulfoxide at C-1. Never-
theless, a high endo and n-facial diastereoselectivity
was achieved in their rections with N-methyl male-
imide. Our stereochemical results were in agreement
with Overman’s reports!® being possible to isolate
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enantiomerically pure endo adducts 267 in the pres-
ence of SnCly. Moreover, the tandem Diels—Alder
cycloaddition/[2,3]}-sigmatropic rearrangement which
took place on the allylic sulfinyl group of the adducts
267 when the reactions were carried out in the
absence of Lewis acids, occurred with complete enan-
tio and diastereoselectivity directed by the sulfoxide
opening an easy access to optically pure all-cis-
substituted cyclohexenols 268.1%°

When 1-p-tolylsulfinyl dienes with an endocyclic
double bond such as 269 were used, the reaction with
an excess of maleimide yielded the all cis-substituted
bicyclo[2.2.2]octene derivatives 270 (Scheme 88).2%
The formation of 270 was a consequence of the in situ
stereoselective evolution of the initially formed
Diels—Alder adducts through a tandem sulfoxide—
sulfenate rearrangement/dehydration/4 + 2] cy-
cloaddition.

The synthesis of enantiomerically pure 2-sulfinyl-
substituted 1,3-butadienes have been reported re-
cently.2’! Good diasterofacial selectivities were also
reported for their cycloadditions with different di-
enophiles.?’2 These few results augur well the future
of the chiral dienes.

Vill. Miscellaneous

The sulfinyl group has shown a high efficiency as
chiral inducer in organometallic additions to both
acyclic2%® and cyclic?®* B-keto sulfoxides. The best
diastereoselection was achieved with organoalanes
on cyclic systems. Thus, the addition of AlMe; in the
presence of ZnBrs to 2-(p-tolylsulfinyl)-1,4-cyclohex-
anedione derivative 74 (Scheme 89) led to the dias-
tereoselective formation of hydroxy sulfoxide 271 that
could be isolated pure in an 85% yield. Its transfor-
mation into (R)-4-hydroxy-4-methyl-2-cyclohexenone
(272),2% a volatile component of some plants, was
easily achieved in one pot/two steps by hydrolysis of
the acetal and instantaneous elimination of the
sulfoxide.

Other efficient nucleophilic additions to S-keto
sulfoxides relied upon the use of other aluminum
derivatives such as EtoAICN. The synthesis of enan-
tiomerically pure cyanohydrins derived from both

Scheme 89
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acyclic?®® and cyclic?®? systems has been achieved
with a high degree of asymmetric induction. The
reaction has been successfully applied to the synthe-
sis of 2-alkylglycidic acid derivatives such as methyl
(R)-palmoxirate (273, Scheme 90). The Et,AICN
addition to S-keto sulfoxide 274 occurred in a dia-
stereospecific fashion leading to the exclusive forma-
tion of cyanohydrin 275 easily converted into the
natural epoxy derivative 278 through the treatment
with HCl and MeOH which produced the transfor-
mation of the nitrile into the ester group with
simultaneous sulfoxide reduction. After sulfonium
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Scheme 90°
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salt formation, cyclization afforded compound
273.

Page described the use of 1,3-dithiane S-oxide
(DITOX) derivatives as combined chiral auxiliaries
and building blocks in a variety of asymmetric
transformations?22% which took place with a high
diastereoselection. The application of enantiomeri-
cally pure DITOX?220 to the synthesis of natural (R)-
2,6-dimethylheptanoic acid (276, Scheme 91) has
been recently reported.?’® Thus alkylation of (SR,2R)-
2-ethyl-2-propanoyl-1,3-dithiane 1-oxide (277) pro-
duced only one diastereomer whose base-mediated
hydrolysis led to (R)-274 though in low yield.

Diastereoselective reductions of 8-imino sulfoxides
were achieved with high diastereoselection on both
cyclic?!! and acyclic?!? systems, Starting from a-sul-
finyl ketimines?!? such as (SR)-[cyclohexanespiro-2’-
(8’-oxazoline)-4’-yllmethyl p-tolyl sulfoxide 27824 the
DIBAL/ZnCl; reduction of the ketimine group led to
the exclusive formation of the (R,SR)-derivative 279
whose desulfurization yielded optically pure (S)-N-
cyclohexylalalinol (280, Scheme 92).
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IX. Conclusions/Future

With few exceptions, the sulfoxides act as chiral
inducers in the reactions mentioned giving good to
excellent asymmetric inductions. The key to the
success is related to the steric and electronic differ-
ences between the substituents at sulfur, as men-
tioned in the introduction, as well as the conforma-
tional behavior of the sulfinyl group which is able to
react through a rigid conformation. The nature of
the reactive conformation of the sulfoxide is strongly
dependent on the nature of the substituents at C-o.
and/or C-8. The presence in the reaction medium of
metallic atoms in the reagents or in an added
catalyst, which may undergo a bonding interaction
with the sulfinyl oxygen, could dramatically modify
the nature of the reactive conformation, in many
cases being able to achieve products of opposite
configurations from a common starting material by
changing the reaction conditions.

The total syntheses arising from these diastereo-
selective reactions are completed by taking advantage
of the versatility of the sulfinyl group which is also
able to give tandem reactions sequences in some
special cases, as pointed out in this review article.
In some cases a short synthesis of a natural product
could be achieved. In general, the stereogenic center
induced by the sulfoxide is able to direct the stereo-
chemistry of further transformations necessary to
complete a total synthesis.

Besides the reactions considered, other processes
are emerging at the moment. The intermolecular
hetero-Diels—Alder cycloaddition?'s with o,3-unsat-
urated carbonyl compounds bearing a sulfoxide on
the double bond as well as the related intramolecular
process,?'® the asymmetric ene reaction,?? and asym-
metric radical reactions involving sulfoxides?® should
be mentioned. The finding of conditions to get highly
diastereoselective processes of this type should ex-
tend the already wide use of sulfoxides in asymmetric
synthesis.

Some shy efforts in the field of asymmetric cataly-
sis by using sulfoxides as chiral ligands should also
be mentioned.?!®
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