This article was downloaded by:

On: 25 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

wuralof | Journal of Sulfur Chemistry

Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713926081

Asymmetric Synthesis of Biologically Interesting Compounds Utilizing
Chiral Sulfoxides

Hauro Matsuyama®
2 Department of Chemistry, Graduate School of Science, Tokyo Metropolitan University, Tokyo, Japan

Adjsiwisy) Jnying

To cite this Article Matsuyama, Hauro(1999) 'Asymmetric Synthesis of Biologically Interesting Compounds Utilizing
Chiral Sulfoxides', Journal of Sulfur Chemistry, 22: 1, 85 — 121

To link to this Article: DOI: 10.1080/01961779908047955
URL: http://dx.doi.org/10.1080/01961779908047955

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://ww.informaworld. confterns-and-conditions-of-access. pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |oan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conplete or accurate or up to date. The accuracy of any instructions, formul ae and drug doses
shoul d be independently verified with primary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713926081
http://dx.doi.org/10.1080/01961779908047955
http://www.informaworld.com/terms-and-conditions-of-access.pdf

12: 25 25 January 2011

Downl oaded At:

Sulfur Reports, 1999, Vol. 22, pp. 85-121 © 1999 OPA (Overseas Publishers Association) N.V.
Reprints available directly from the publisher Published by license under
Photocopying permitied by license only the Harwood Academic Publishers imprint.
part of the Gordon and Breach publishing Group.

Printed in Malaysia.

ASYMMETRIC SYNTHESIS OF
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An overview of recent studies on asymmetric synthesis of biologically interesting com-
pounds utilizing chiral sulfoxides is described. The reaction mechanism of some asym-
metric syntheses is also discussed.
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1. INTRODUCTION

This short review concentrates mainly on the utility of chiral sulfoxides
in asymmetric syntheses of biologically interesting compounds. The
main advantage of sulfoxides over other sulfur functions such as sul-
fides and sulfones is indeed their chirality. The efficacy of a 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 differentiate the diastereo-
topic faces of a proximal or even of a remote reaction center. Sulfoxides
are chiral groups which are easy to introduce and easy to remove and
which give high asymmetric induction in many reactions.!'?!

The oxygen atom of a sulfoxide can be coordinated to a metal ion or a
proton, and electronic and steric repulsions between nucleophiles and
the substituents of a sulfoxide are also expected. The sulfinyl group
acts as an electron-withdrawing group and activates a carbon—carbon
double bond for conjugate addition and stabilizes the corresponding
a-carbanion. To date, a large number of asymmetric syntheses using
chiral sulfoxides® 7 have been investigated in a wide range of reactions
such as the reduction of B-keto sulfoxides,” the Michael addition of
nucleophiles to activated «,8-unsaturated sulfoxides,”® C-C bond
formation using sulfoxide-stabilized carbanions,**~'" or the Diels—
Alder reaction of viny! sulfoxides.”

2. SYNTHESIS OF CHIRAL SULFOXIDES

Several methods are presently available to obtain optically active sul-
foxides: optical resolution, asymmetric oxidation, and asymmetric
synthesis. The best way to prepare large quantities of optically active
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sulfoxides, the Andersen method (= substitution at the sulfur atom of
(S)-menthyl p-toluenesulfinate 1 with an appropriate organometallic
reagent), is favored since it has the advantage that the substitution takes
place with 100% inversion of configuration (Scheme 1)./'%

In addition, (S)-menthyl p-toluenesulfinate 1 is commercially avail-
able.['’] The selectivity in the formation of chiral epimeric alkane- and
arenesulfinates is greatly enhanced by using p-glucose diacetonide 2{'4!
in the sulfinyl chloride esterification. Either sulfur epimer could be
obtained as the major diastereomer by changing the base present in this
esterification step. Further chromatographic separation permitted their
obtention in optically pure form. In an Andersen-type synthesis these
sulfinyl transfer agents allow the obtention of enantiomerically pure
sulfoxides of both absolute configurations. This agent overcame one of
the limitations of the Andersen method by opening access to sulfoxides
with substituents different from the p-tolyl group (Scheme 2). Unequal

Andersen's Method:

4'MGCG 14 4'M806H4
/é\o\«“" + RMgX ——— /S\
o) o R
1
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amounts of diastereomeric sulfinates (4—10:1) were also obtained in
the reactions of (15,2R)- trans-2-phenylcyclohexanol 31> with an excess
of an arene- or alkanesulfinyl chloride. An improved asymmetric syn-
thesis of (SR)-trans-2-phenylcyclohexyl methanesulfinate 4! has been
achieved by reaction of the corresponding chlorosulfinate with dime-
thylzinc (Scheme 3).

Optically active sulfoxides can also be prepared by asymmetric oxi-
dation of sulfides. The first examples of asymmetric oxidation of sul-
fides to sulfoxides were independently reported by Pitchen er al.l' and
Di Furia er a/'® in 1984 in the shape of a modified Sharpless epoxi-
dation, HO/Ti(OPr-i),/diethyl tartrate/--BuOOH (Scheme 4). Further
development of this methodology!'®! led to an increase in the optical
purity of the resulting sulfoxide by replacing the original oxidant by
cumene hydroperoxide. In these conditions aryl methyl sulfoxides could
be obtained in 86—-90% ee. More general are the applications of the
stoichiometric chiral oxidizing reagents described by Davis et al.*” The
enantiopure (camphorsulfonyl)oxaziridines and their 8,8-dichloro
derivatives, which are available as both enantiomers, gave ee’s ranging
from 84% to 96%.

Several papers have also reported the asymmetric oxidation of chiral
sulfides having a structure derived from camphor and heterocycles
(Scheme 4).2") Optically active vinyl sulfoxides can be prepared by the
Andersen synthesis, using (—)-menthyl (—)-(S)-p-toluenesulfinate 1 and
vinyl Grignards,”**! or by the Wittig—Horner procedure, using
carbonyl compounds and the anion of dimethyl (R)-p-toluenesulfinyl-
methanephosphonate, easily made from the corresponding menthyl
sulfinate.” However, the applicability of the former method depends
on the availability of stereochemically pure l-alkenyl halides for

LT
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N /Slin..
o) cl \ "Me
[ [T

Cl 4

h— + @

~

SCHEME 3
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preparing the Grignard reagents and the latter usually leads to a mixture
of (E)- and (Z)-vinyl sulfoxides. Therefore, it is sometimes easier to
prepare the corresponding alkynyl sulfoxide by the Andersen method
from alkynyl Grignards and then reduce stereospecifically the triple
bond to a trans double bond with DIBAL or a cis double bond by
catalytic hydrogenation using a Wilkinson catalyst.!**

Vinyl sulfoxides have been used successfully in several Michael-type
asymmetric syntheses. One typical example is given by the asymmetric
synthesis of (—)-methyl jasmonate.”® The CD rings of steroids have
been synthesized by the same method in high enantioneric purity.l*’]
Vinylic sulfoxides have also been used in asymmetric Diels—Alder
reactions.”®! A very high diastereoselectivity was observed with opti-
cally active sulfinylacrylates. Vinyl sulfoxides can undergo an additive
Pummerer rearrangement when treated with trichloroacetyl chloride
and a zinc/copper couple in refluxing ether to give an optically pure
~v-butyrolactone.” Vinyl sulfoxides also exhibit high chiral induction
in the 1,3-dipolar cycloadditions to typical nitrones (Scheme 5).5%

3. REACTIONS OF SULFOXIDE-STABILIZED CARBANIONS

In the first attempts to use a chiral a-sulfinyl ester enolate as donor in
Michael additions to a,3-unsaturated esters only low selectivities were
observed.B!]
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Condensations of a-sulfinyl carbanions with aldehydes provide a use-
ful method for generating 1,2-asymmetry as well as for the construc-
tion of 1,3-asymmetric relationships in acyclic systems. If optically
active sulfoxides such as methyl p-tolyl sulfoxide give a poor diastereo-
selectivity when such an a-sulfinyl carbanion is added to a carbonyl,
the presence of another function such as ester, sulfide or amide, which
has a chelating effect in the transition state, makes optically active
a-sulfinyl esters, sulfides or amides very useful in asymmetric aldol-type
condensation.

A significant improvement of the diastereoselection was observed
with the introduction of a tert-butyl ester group on the a-carbon. The
aldol-type condensation of (R)-tert-butyl 2-( p-tolylsulfinyl)acetate 4
(Scheme 6) with aldehyde 5 or with ketones in the presence of tert-
butylmagnesium bromide gave a good vield (74-90%) and moderate
to good diastereoselection (up to 95%).5") When long-chain aliphatic
aldehydes were used, an easy approach to the asymmetric synthesis
of insect pheromone lactones such as 8 was reported (Scheme 6).
The adduct 6 resulting from the aldol-type condensation of 4 with
dodecanal 5 was desulfurized, protected, and transformed into the seco-
ester 7 whose cyclization led to the natural é-lactone (R)-8 with 80% ee.
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This value corresponds to the diastercoselectivity achieved in the con-
densation step and was explained assuming the evolution of the system
through a rigid chelated transition state in which 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 et al. to create the C-3 stereogenic carbinol of the antitumor
agent maytansine.*'")

The diastereoselective addition of chiral allylsulfinyl anions to cyc-
lic enones has been investigated in terms of its diastereoselectivity
and mechanism (working with racemic material).*” For example, the
lithiated allylic sulfoxide reacts with 2-cyclopentenone in a highly dia-
stercoselective mannner yielding an adduct which can be converted to
the optically active keto acid (Scheme 7). Application of this metho-
dology allows the synthesis of cyclopentanoid natural products like
(+)-hirsutene.*?
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4. CONJUGATE ADDITIONS TO «,8-UNSATURATED
SULFINYL COMPOUNDS

4.1. C—-C Bond Formation

The first asymmetric Michael addition of an enolate ion to acyclic
a,B-unsaturated sulfoxides was reported in 1973 to proceed with 60%
asymmetric induction.**

Posner and his coworkers have developed a highly useful methodol-
ogy based on the conjugate addition of carbon nucleophiles to homo-
chiral «,8-unsaturated a-arylsulfinyl carbonyl compounds. While
acyclic derivatives only give moderate results,*¥ the strength of this
method is in the case of cyclic systems.

More general results were obtained in conjugate additions to cyclic
a,B-unsaturated keto sulfoxides. Thus, 2-( p-tolylsulfinyl) cyclopente-
none (Figure 1) underwent very efficiently conjugate addition of dif-
ferent organometallic reagents, the resulting diastereoselectivity being
dependent on the nature of the reagent and the reaction conditions.*”
The best results were obtained with Grignard reagents in the presence of
ZnBr,. (R)-3-Methylcyclopentanone 14 was generated in 87% ee when
the enone sulfoxide (S) was treated with ZnBr, prior to the addition
of methylmagnesium iodide, after desulfurization of the resultant con-
jugate adduct 13 (Table I, entry 1). The observed diastereoselectivity
was explained by assuming the formation of a chelate A with ZnBr,
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TABLE 1 Synthesis of cyclic S-substituted carbonyl compounds 14 via addition of
organometallic reagents to unsaturated sulfoxides 9 or 10, followed by desulfurization
of the intermediates 13 (Figure 1)

Entry Sulfoxide R-M R Yield/% ee of 14 (%)
1 9 ZnBr,/MeMgBr Me 89 87
2 9 MeTi(i-PrO); Me 90 90
3 9 MeMgCl Me 91 95-100
4 10 ZnBr,/MeMgBr Me 95 62
5 10 MeTi(i-PrO); Me 85 86
6 9 ZnBr,/EtMgBr Et 90 80
7 9 EtTi(i-PrO); Et 67 >98
8 9 ZnBr,/vinylMgBr vinyl 75 92
9 9 ZnBr,/PhMgBr Ph 70 >98
10 9 2-naphthyiMgBr 2-naphthyl 90 >98

where the organometallic approach takes place from the less-hindered
re face of the enone.?>3? In contrast, dialkylmagnesiums®”! and dial-
kylcuprates®®! afford products with an absolute configuration oppo-
site to that obtained with other reagents. This in turn can be rationalized
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as the result of an attack on the non-chelated substrate molecule, which
should prefer the conformation shown in B (Figure 1). Ester enolates
may also be added as donors to these substrates (attack in the non-
chelate addition mode),®” especially with a-substituted derivatives
leading to an extraordinarily high level of asymmetric induction in
some cases.

Several applications in total syntheses exemplify the value of this
methodology; 11-oxoequilenine methyl ether,?***!  (4)-a-cupa-
renone,® (—)-podorhizone,’® (—)-methyl jasmonate,”*!! (+)-estrone
methyl ether,'*” and so-called (+)-A-factor'** were all prepared in high
enantiomeric purity. Other applications constitute preparations of
2-alkylchroman-4-ones, and of 3-vinylcyclopentanones, highly valuable
intermediates for steroid total synthesis.?>*¢!

4.2. C-N Bond Formation

Although Abott et al. reported the asymmetric conjugate addition of a
cyclic amine to vinyl sulfoxide in 1971, this intermolecular reaction has
not been further applied to natural products synthesis, probably due to
the low reactivity of these simple Michael acceptors (Scheme 8).[44
The intramolecular version, which takes place at low temperature and
with higher reaction rates,'*>*?! was used in alkaloid synthesis although
the asymmetric induction was not as high as that achieved in other
sulfinyl-induced processes. The total synthesis of (R)-carnegine (15,
Scheme 9) reported by Pynel*®“” was based on the formation of the
tetrahydroisoquinoline system 16 upon cyclization of the (Z)-vinyl
sulfoxide 17 in basic conditions. Although the major diastereomer
(1R,SR)-16 was formed with only 68% de, the excellent yield of this

4-MeCsH4\ o 4-MeCqgHy i‘,: Me
E S'\/k
o rd O * N
I + HN ——
Me 74% de

SCHEME 8
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O/ \: (@] \:
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MeO S
HsC ™
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SCHEME 9

intramolecular addition (96%) allowed its isolation in 78% yield.
Desulfurization of (1R,SR)-16 gave the alkaloid carnegine (R)-15.

A number of S-amino acids have been isolated in free form and show
interesting pharmacological properties.[®! These 8-amino acids can be
cyclized to B-lactams,*®! a well-known class of potentially biologically
active substances which occur in nature.®™ Recently some reports of
asymmetric syntheses of 3-amino acids were published (Scheme 10).>"1

Macrocyclic lactams containing the biogenetic bases spermine and
spermidine represent a new class of polyamine alkaloids which have a
B-amino acid framework and are of particular interest as synthetic
targets in view of the broad biological activity, for instance as antibiotics
and antihypertensives.’>*¥ Kaseda et a/.** and Ishihara et al.l® syn-
thesized the 13-membered lactam (S)-(+)-dihydroperiphylline starting
from an (S)-(—)-B-amino acid (Figure 2). Asymmetric induction in the
conjugate addition of nitrogen nucleophiles to chiral vinyl sulfoxides
has proven to be a useful methodology for the synthesis of chiral
compounds.®® Pyne er al. have developed an asymmetric synthesis
of chiral @-amino sulfoxides by conjugate addition of amines to
chiral vinyl sulfoxides.l*”! Davis et al. reported the enantioselective
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synthesis of 3-amino acids by addition of enolates to chiral sulfinimines
(Scheme 10).5%)

We have investigated the synthesis of $-amino esters by conjugate
addition of nitrogen nucleophiles to chiral vinyl sulfoxides.*® The
optically pure vinyl sulfoxides (S)- and (R)-18 were synthesized from
(S)-and (R)-tert-butyl p-tolylsulfinylacetates.!®”

Addition of the carbanion derived from teri-butyl p-tolylsulfinyl-
acetate to benzaldehyde, followed by treatment with acetyl chloride and
pyridine in ether, gave optically active (E)-18. The conjugate addition
of nitrogen nucleophiles to the chiral vinyl sulfoxides 18 affords the
corresponding chiral 8-amino acid derivatives, which are important
building blocks for the synthesis of biologically active polyamine
alkaloids (Scheme 11).

The conjugate addition of ammonia to the chiral vinyl sulfoxides (R)-
18 and (S)-18, followed by successive reduction of the p-tolylsulfinyl
group of the adducts 19 with Sml, proceeded smoothly at room
temperature in THF to give (S)-(—)- and (R)-(+)-tert-butyl S-amino-
B-phenylpropionate 20 in 68% yield with good optical purity (74%
and 81% ee), respectively. In the reaction of (R)-18 and (S)-18
with benzylamine in THF at room temperature the stereoselectivity was
moderate (52% ee) (Scheme 11, Table II).1**!

On the basis of the stereochemistry of the (S)-3-amino ester obtained
from (R,E)-18, the mechanism of the asymmetric conjugate addition of
nitrogen nucleophiles to 18 can be explained as follows. The structure of

4'M905H4 4'M9C5H4
I, 9 \ | 0 \
o= ° o _mwm S 0 _sma
| THF/rt/2 h o . CHyOH
Ph Ph-""\NHR
(S,E)'18 19
(RE)-18 0 _
X
o
R=H
Ph-"+ ™ NHR R = PhCH,
R = (S)-PhCH(CHa)
(R-20 R=HoN(CHa)y
(S)-20 R = HzN(CHy),

SCHEME 11
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TABLE II Conjugate addition of nitrogen nucleophiles to vinyl suifoxides 18

Entry Sulfoxide 18 Nitrogen nucleophile Products 20
Yield/% ee (%) (R/S)

1 S NH; 68 81 R
2 R NH; 68 74 N
3 S C¢HsCH,;NH, 41 49 R
4 R CgHsCH,NH, 45 52 N
5 S (S)-C¢HsCH(CH3)NH, 37 17 RS
6 R (5)-CeHsCH(CH3)NH, 83 62 AR
7 N H,N(CH,);NH; 89 67 R
8 R H,N(CH,);NH, i 62 S
9 S H,N(CH,),NH, 67 58 R

10 R H,N(CH,),NH, 64 89 S

(R,E)-18 was determined by X-ray analysis as shown in Figure 3. The
oxygen of the sulfinyl group lies near the plane of the carbon-carbon
double bond and the phenyl group. The p-tolyl group on the sulfur atom
lies below the plane and the bulky tert-butoxy group of the ester is also
placed below the plane. Therefore, the front side of the plane shown in
Figure 3 is less sterically crowded and the nitrogen nucleophiles can
easily attack the G-carbon atom of the double bond of (R,E)-18 from the
front side of the plane (re-face). Thus, the reaction of (R,E)-18 with an
amine affords the (§)-3-amino ester, and the reaction of (S,F£)-18 with
the same amine gave the (R)-3-amino ester.

We have investigated the conjugate addition reaction of 6- and 5-
membered cyclic hydrazines such as piperidazine 21 and pyrazolidine 24
to chiral vinyl sulfoxides and could synthesize the corresponding chi-
ral 9- and 8-membered lactams with high optical purity (up to 95% ee).
The asymmetric synthesis of a 13-membered lactam alkaloid, celacin-
nine,and of an 8-membered lactam alkaloid, homaline,'® have been
accomplished by this method.

The 9-membered lactam 23 is a key intermediate in the total synthesis
of the natural 13-membered polyamine alkaloid, celacinnine.®? In the
reactions of (R)-18 and (S)-18 with the 6-membered cyclic hydrazine
piperidazine 21, in the presence of potassium tert-butoxide in THF
at room temperature, the conjugate addition—cyclization proceeded
stereoselectively and (S)-22 and (R)-22 were obtained in 73% and
75% yield and high enantiomeric purity (95% ee), respectively
(Scheme 12 and Figure 4). The reductive cleavage of the N-N bond of
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enantiomerically pure (5)-22 with sodium (3 equiv.) in liquid ammonia
gave the 9-membered azalactam (S5)-23, 97% ee, in 87% yield
(Scheme 12). Starting from the optically pure 9-membered lactam 23,
the synthesis of (S)-(—)-celacinnine was accomplished by the ring-
expansion method.[6>64

Both (5)- and (R)-4-phenyl-1,5-diazacyclooctan-2-one 26 have been
synthesized stereoselectively with good optical purity (82—-87% ee) by
the asymmetric conjugate addition of pyrazolidine 24 to the optically
active vinyl sulfoxides, tert-butyl (E)-2-[(R)- and (S)-p-tolylsulfinyl]
cinnamate 18, respectively. Starting from the enantiomerically pure
8-membered lactam 26, a synthesis of optically active homaline has been
achieved (Scheme 13).[6%
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4.3. Asymmetric Additions to Sulfinimines

Asymmetric oxidation of the sulfenimines 29 affords the sulfinimines 30
(88-90% ee) which are chiral ammonia imine synthons and useful in the
enantioselective synthesis of 8-amino acids and a-hydroxy-$-amino
acids such as the C-13 side chain of taxol (2R,35).1]

Annuniata et al.'*® and Hua'®”! have prepared enantiopure examples
of 28 by reaction of metalloketimines, synthesized by treatment of
benzonitrile with Grignard and lithium reagents, with (—)-menthyl (S)-
p-toluenesulfinate 1. However, this “Andersen-type” procedure is lim-
ited to the preparation of alky! aryl sulfinimines 28 (R # H) (Scheme 14).

Davis et al. have developed a new method for the synthesis of non-
racemic sulfinimines in both enantiomeric forms, which avoids this
limitation. This methodology involves the asymmetric oxidation of the
sulfenimines 29 with (+)- or (—)-N-(phenylsulfonyl)(3,3-dichloro-
camphoryl)oxaziridine 31 (Scheme 15).[63

The oxidations were carried out by addition of 1.0 equiv. of (+)- or
(—)-31 to the appropriate sulfenimine 29 in CCly. After the oxidation
was complete, as determined by TLC, the sulfinimines 30 were isolated
by flash chromatography in 85-95% yield and 88—90% ee. Crystal-
lization from r-hexane improved the ee’s to > 97%.
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(+)-(S)-30
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cl cl
PhSO,.,, «SO.Ph
AN I
: O 0 \
{+)-31 {()-31
SCHEME 15

A more general approach to S-amino acids, essential intermediates
in organic synthesis, is the addition of enolates to chiral sulfinimines.
Addition of 1.5 equiv. of the lithium enolate of methyl acetate (LDA,
methyl acetate) to the enantiopure (Rs)-30a and (Rg)-30b gave the
sulfinamides 32a and 32b, respectively. The sulfinamide 32a was
obtained as a 90: 10 mixture of diastereoisomers by flash chromatog-
raphy and on crystallization from n-hexane it afforded (Rs,35)-32a
diastereomerically pure in 74% isolated yield. The sulfinamide (Rg,35)-
32b was obtained diastereomerically pure in 90% yield. Significantly,
the enolization of the sulfinimine 30b does not compete with the enolate
addition to the C=N double bond. The absolute configurations of the
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new amino stereocenters in 32a and 32b were determined by hydrolysis,
without epimerization, to the (-amino acid (35)-33a and (35)-33b
with 4 equiv. of CF;CO,H/MeOH. A Zimmerman-—Traxler-type 6-
membered transition state TS favoring the approach of the enolate from
the Si-face of 30 is consistent with these results (Scheme 16).

The sulfinimines 34 are chiral ammonia imine building blocks
because addition of the organometallic reagent (M—-Z) to the C=N
bond affords the sulfinamide 35, which upon hydrolytic cleavage fur-
nishes the primary amine 36 containing a new stereogenic center
(Scheme 17). The application of 34, derived from aliphatic and aroma-
tic aldehydes and ketones, in highly diastereoselective asymmetric

syntheses of amines,®*" "% q-amino acids,’! g-amino acids,%%72
(@]
!
S
A’ “NH R
P’)"‘\/ CO,Me
oLi
RPN (Ra29:32
\S"" A / OMe +
\ o]
Ar/ N Ph  _78C (82-84%) 1
S\
(-)-(R.)-308, R=H A’ NH R
b, R=Me Pn/</cone
(Rs.3R)-32
NH, R
CF4CO;HMeOH {__-CO,Me
(73-85%)

(-)-(35)-33 (> 95% ee)
F R B :\:
i NNZ S ph

o !
i

OMe

'

Ar

L

SCHEME 16
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B-amino phosphonic acids,”? the taxol C-13 side chain® and its
fluorinated analog,’¥ 2-arylpyrrolines,”® N-sulfinyl-cis-aziridine-2-
carboxylic acids,””® and B-hydroxy a-amino acids,”” has recently been
reported. Davis ef al. reported new information on the mechanism,
general scope, and efficiency of the asymmetric synthesis of the sul-
finimines 34 (R’ = H) from aliphatic and aromatic aldehydes.I”®

5. PUMMERER REARRANGEMENTS

The asymmetric Pummerer reaction of chiral, non-racemic sulf-
oxides, " a self-immolative-type asymmetric induction, is of significant
interest, since it allows the synthesis of enantiomerically pure a-sub-
stituted sulfides.®™™ The intramolecular version of the asymmetric
Pummerer-type reaction is especially useful for the synthesis of optically
active heterocyclic compounds.®#?! In the late 1970s, the first asym-
metric Pummerer reaction of chiral, non-racemic acyclic suifoxides was
independently reported by Numata and Oae®®! and by Mikolajczyk
et al. (Scheme 18).%¥ The extent of asymmetric transformation, how-
ever, never exceeded 30% ee, probably owing to the formation of a
sulfurane intermediate 38 by reaction with the acetate anion generated
in situ. Although the stereochemistry was improved up to 70% ee by
the addition of 1,3-dicyclohexylcarbodiimide (DCC) as an effective
scavenger of acetic acid, the chemical yield decreased to 10%.1%"!

A highly asymmetric Pummerer-type cyclization of chiral, non-
racemic f-amido sulfoxides to enantiomerically enriched [-lactams
(80-85% ee) has been developed (Scheme 19, Table I11).1%6)

The (S)- and (R)-sulfoxides (S)-40a—d and (R)-40a—c have been
treated with O-methyl-O-tert-butyldimethylsilyl ketene acetal 42 in the
presence of a catalytic amount of zinc chloride in methylene dichloride
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i
*S- C5H4Me‘4 * _pS- CGH4Me‘4
* 42
NHR cat. ZnCly, CHoCly 5 NR
(0]
(5)-40a-d (RA)-41a-d
SCHEME 19

TABLE IIT  Asymmetric Pummerer-type cyclization of chiral, non-racemic sulfoxides
40 with 42

Sulfoxide 40 R Conditions 41 % ee (% yield)
(§)-40a CH(Me)Ph 0°C,1d (R)-41a 60 (72)
(S)-40a CH(Me)Ph 0°C,3d (R)-41a 82 (96)
(R)-40a CH(Me)Ph 0°C,3d (5)-41a 85 (89)
(S)-40b CH,Ph 5°C,6d (R)-41b 80 (54)
(R)-40b CH,Ph 5°C,6d (S)-41b 82 (54)
(S)-40¢ CHPh, 15°C,2d (R)-41c 80 (84)
(R)-40¢ CHPh, 15°C,2d (S)-41c 83 (90)

(S)-40d CH,C¢H,Br; 5°C,7d (R)-41d 83 (59)
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to give predominantly the corresponding (4R)- and (45)-3-lactams (R)-
41a—d and (S)-41a—c in more than 80% ee. These results show that the
stereoinduction is governed by the absolute configuration of the sulf-
oxide. Optically pure (R)- and (S)-41c were readily obtained by simple
recrystallization in about 60% yield.

The following mechanism is proposed to explain the results with
an analysis of the transition state of the reaction of (5)-40 with 42
(Figure 5). Silylation of (S5)-40 with 42 affords an intermediate A which
may then yield the chiral pseudoisothiazolone derivative B through
axial attack of the amido anion generated by abstraction with the ester
anion and elimination of the siloxy ligand. The hydrogen neighboring
the sulfur atom is then removed by the siloxy anion and the amido
ligand then undergoes a 1, 2 rearrangement from the a-face to give the
G-lactam (R)-41. The usefuiness of the chiral, non-racemic 4-tolylthio-
O-lactams 4la—d has been shown by their conversion into the key
intermediate for the optically pure carbapenem antibiotic (+)-PS-5.8%

Mechanistic studies of a Pummerer-type reaction in acyclic and rigid
cyclic sulfoxides induced by ketene terz-butyldimethylsilyl methyl acetal
have been carried out.®”]

ol;,, ,: H
~‘- S'CsH4Me'4 1.' S'CsH4Me'4
J/:-;;R J NR
o o}
(S 40 (A-41
1 « T
- , ~0OSiMe,Bu’ .
- SiMe,Bu' (-
/O 2!

+
S \"'"”' CeHsMe-4

H
——

_CHQCOZMQ

FIGURE 5
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6. RADICAL ADDITIONS TO C=C BONDS

Radical-mediated asymmetric reactions have been extensively stu-
died.®® The addition of radicals to prochiral alkenes bearing a chiral
center’® or a chiral auxiliary® is an important radical-mediated
asymmetric process. Toru et al. envisaged the diastereofacial control of
the alkene face 3 with respect to the carbonyl group by a chiral sulfoxide.
auxiliary and have reported highly diastereoselective radical S-addi-
tions to 2-(arylsulfinyl)-2-cyclopentenones.”! A carbonyl « to the sul-
finyl group can lock the conformation as well as enhance the reactivity
toward alkyl radicals, where the sulfur-oxygen and the carbonyl bond
would be arranged in an antiperiplanar orientation.®?

The addition of alkyl radicals to 2-cyclopentenones 43 and to 2-
cyclohexenones with chiral bulky arylsulfinyl groups showed excellent
diastereoselectivity (Table IV).¥ Performance of the radical addition
in the presence of a Lewis acid reversed the stereoselectivity. Both
diastereoisomers could be prepared with complete diastereoselectivity
in radical 3-addition reactions to (S)-2-[(2,4,6-trimethylphenyl)sulfi-
nyl]-2-cyclopentenone in the presence and absence of Lewis acid. Since

TABLE IV Radical S-addition to 2-(arylsulfinyl)-2-cyclopentenones 43

o 0 AR 0
& B: EGB/A 2 3 . 9 ?
SAr & &“'S\Ar + &S:
CH,Cly, 0°C Ar
43 0.01mol/L A "H
A B

Entry Enone Method R Yieid (%) Ratio A:B

1 43a A Et 98 57:43

2 43a B i-Pr 97 59:41

3 43a B t-Bu 96 67:33

4 43b B -Bu 91 38:62

5 43¢ A Et 98 >98:<2

6 43¢ B i-Pr 99 >98:<2

7 43¢ B ¢-Hex 87 >98:<2

8 43¢ B -Bu 97 >98:<2

9 43d A Et 94 94:6
10 43d B i-Pr 99 >98:<2
i1 43d B c-Hex 89 >98:<2
12 43d B 1-Bu 99 >98:2

43a: (S), Ar=4-MeC¢Hy. 43b: (S), Ar=3,5-di-tert-butyl-4-methoxyphenyl. 43c: (S), Ar=24.6-
triisopropylphenyl. 43d: (S), Ar =2,4,6-trimethylphenyl.
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the sulfinyl group can be readily removed, these reactions provide a
preparative method for chiral 3-alkyl-1-cyclopentanones and -cyclo-
hexanones (Figure 6). The reaction of (S,E)-3-( p-tolylsulfinyl)pent-
3-en-2-one with isopropyl radicals, generated from isopropyl iodide
and triethylborane, gives a non-stereoselective addition product and
an unexpected a-(arylthio)enone which is formed through a radical
addition and subsequent Pummerer-type rearrangement.*

7. CYCLOADDITION REACTIONS

If the dienophile is activated by an optically active sulfoxide group, then
the cycloaddition may occur with high diastereoselectivity. In recent
years examples of Diels—Alder reactions of optically active sulfinyl
dienophiles have been reported. The first report is by Maignan ez al.[**
who utilized (+)-(R)-p-tolyl vinyl sulfoxide and cyclopentadiene. They
showed the existence of four diastereomers and a poor stereoselectivity
{(endofexo 2 and facial selectivity 2-4), probably due to the lack of
dienophile reactivity which requires heating and favors thermodynamic
control of the process. Subsequent efforts focused on the design of
sulfinyl dienophiles bearing additional electron-withdrawing groups on
the double bond such as ketones,*®! esters,®”*® and sulfones.”
Although the cycloadditions of these doubly activated dienophiles still
proceeded with low endo/exo selectivity, a serious improvement of the
facial selectivity was achieved in both cases. Koizumi er al.”®! have
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shown that the presence of ZnCl; in the reaction of ethyl 2-( p-tolyl-
sulfinyl)acrylate with cyclopentadiene only slightly changes the endo/
exo ratio but produces a significant increase of the facial selectivity
yielding adducts of opposite configuration with respect to those formed
in thermal conditions (Scheme 20). Without a Lewis acid, the reaction
of 44 and cyclopentadiene affords the adducts 45 and 48 as the major
exo- and endo-sulfinyl products. This can be reasonably explained by
assuming that cyclopentadiene would attack the less hindered face of
the more stable conformer A of 44, resulting in the formation of the two
major products 45 and 48. On the other hand, in the presence of a Lewis
acid (ZnCl,), the two major adducts 46 and 47 are obtained. The che-
lation of S—O and C=0 with the Lewis acid in the dienophile 44 should
freeze the rotation around the bond between C=C and S—O, resulting in
the favorable conformer B. The exo- and endo-sulfinyl adducts 46
and 47 are thus obtained as the major products. The adducts resulting
from the reaction between (—)-(Z,R)-ethyl 2-methyl-3-( p-tolylsulfinyl)
propenoate and cyclopentadiene under thermal conditions have been
used to prepare santalene-type sesquiterpenes./*®1%%

The chiral a-sulfinyl maleimides 49 can be synthesized in excellent
yields from N-substituted maleimides and 10-mercaptoisoborneol in a
3-step sequence.”® The maleimides 49 have been found to be quite
reactive toward Diels—Alder dienes. In the presence of ZnCl, the
reaction proceeds with high diastereoselectivity (99 : < 0.5) to produce
the adduct. In contrast, in the absence of a Lewis acid, the diastereo-
selectivity (27 : 73) is Jow, and the other adduct is obtained as the major
product. In no case are the endo-sulfinyl adducts obtained. The appli-
cation of this methodology has culminated in the enantioselective
synthesis of bicyclic alkaloids. Starting with the adduct 50 derived
from the Lewis acid-promoted Diels—Alder reaction of N-TBDMS-
maleimide 49 with cyclopentadiene, Arai et al. have succeeded in the
enantioselective synthesis of (+)-elacokanine A 51 and (+)-elaeokanine
C 52 via flash vacuum pyrolysis (FVP) (Scheme 21).0021

Angucyclines are a large group of naturally occurring quinones of
microbial origin which display a broad range of biological activities.
This family of antibiotics shares a benz[a]anthracene framework of
decaketide origin, as well as a methyl group at C3 and an oxygen
functionality at C1. An example of angucyclinone antibiotics is (+)-
emycin A 53 (Scheme 22). Carreno and co-workers have studied the
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dienophilic behavior of enantiomerically pure sulfinyl quinones, and
found a high ability of the sulfoxides to control the regiochemistry, endo
selectivity, and w-facial selectivity of cycloadditions with a wide range of
dienes.!"® The homochiral sulfinyl quinone 54 is used to discriminate
between both faces of a racemic vinylcyclohexene with a bulky alkoxy
substituent at the allylic position. Generation of three stereogenic cen-
ters in the angular tetracyclic framework of 56 is possible starting from
the enantiomerically pure naphthoquinone 54 and the substituted
racemic vinylcyclohexene 55. The product 56 is formed in a one-pot
domino reaction comprising Diels—Alder cycloaddition and pyrolytic
elimination from the sulfoxide. The key step is the kinetic resolution of
the racemic diene (Scheme 22).

8. STEREOCHEMICAL CONTROL IN OTHER
TRANSFORMATIONS

A synthesis of (—)-allosamizoline 57, a highly potent chitinase inhibitor,
has been accomplished via asymmetric desymmetrization of the meso-
cyclopentitol 58 using the C,-symmetric bis-sulfoxides 59 as chiral
auxiliary.!'%4

Acetalization of the monosilyl ether of 58 with the (R, R)-bis-sulfoxide
59!'9%) in the presence of TMSOTI proceeds in good yield to give the
acetal 60. On treatment of 60 with KHMDS, followed by benzylation, an
acetal cleavage reaction proceeds with high diastereoselectivity (> 96%
de) to give the benzyl ether 61. Then the chiral auxiliary is readily
removed by hydrolysis with dilute hydrochloric acid (Scheme 23).

The sulfinyl derivative (5)-(+)-3,4-dihydro-6-[3-(1-o-tolyl-2-imida-
zoyl)sulfinylpropoxyl]-2(1 H)-quinolinone (OPC-29030, 62)!'°!is a new
platelet aggregation inhibitor which inhibits the release of (S)-12-
hydroxyeicosatetraenoic acid (12-HETE) from platelets, and is now
under clinical trial. Enzyme-catalyzed processes are some of the
most useful synthetic technologies for the preparation of optically
active compounds from a racemate. Morita et al. have reported the first
lipase-catalyzed kinetic resolution of (+)-63 with a sulfinyl group
remote from the reacting site (Scheme 24).11°¢!

The diastereoselective hydrocyanation of enantiomerically pure p-
tolylsulfinylacetaldehyde and 2-p-tolylsulfinylpropanal with Et,AICN
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catalyzed by ZnBr, has been reported.!'"”! The sulfur configuration
controls the stereochemical course of the reaction. Hydrolysis of the
resulting cyanohydrins and further desulfurization yields the corre-
sponding a-hydroxyamides in high ee’s (90%).

One of the most versatile methods to obtain enantiomerically pure
secondary methyl carbinols involves the reduction of the corresponding
enantiomerically pure J-keto sulfoxides with DIBALH or DIBALH/
ZnCl,, "% followed by hydrogenolysis of the carbon—sulfur bond of the
resulting S-hydroxy sulfoxides (Scheme 25). The scope of this metho-
dology has recently been extended by Barros er al.l'" to the synthesis of
other secondary alcohols, using a-alkyl-3-keto sulfoxides as starting
compounds. The high stereoselectivity observed in DIBALH reduction
has been related to the ability of the aluminum to associate with the
unshared electron pair at the sulfinyl group prior to the intramolecular
hydride attack.!'' Therefore, it could be expected that the presence in
the same molecule of other groups able to compete with the sulfinyl
group for association with the metal would have significant negative
influence on the stereoselectivity. In order to expand the scope of
Solladié’s methodology to highly functionalized substrates, the influ-
ence of different groups had to be evaluated. In this context several
papers concerning the reduction of 3-keto sulfoxides bearing additional
alkoxy,!'" keto,['' ester,!''¥! hydroxyl''"*! and carboxylic!''*! groups
have been published, which demonstrates the predominant role of the
sulfinyl group in the stereoselectivity.

4-MeCGH4 ] 0O 4‘MSCBH4 S OH
NG W '
R R
0] 4 0 4
l ZnCl, R= f-BLIOzC(CHz)g; 76% de
AD 4'M9CGH< s OH

DIBAL s \)
\/Ik - Jd "
R

R = -BuO,C(CHy,)3; 98% de

0,
o

o

4'MGCGH4 ““/

SCHEME 25
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Recently, many optically active tricoordinate organoselenium and
tellurium compounds have been synthesized. Some asymmetric reac-
tions via optically active selenoxides and telluroxides as key inter-
mediates have been developed.!''®)

9. CONCLUSIONS

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 differences between the substituents
at sulfur as well as to the conformational behavior of the sulfinyl group
which is able to react in a rigid conformation. The presence in the
reaction medium of metal 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 configuration
from a common starting material by changing the reaction conditions.
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