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I. Introduction

Although organosulfur chemistry can be traced back to the
very beginning of organic chemistry, the versatility of sulfur
continues to lead to fascinating new chemistry. The existence
of so many valence states of sulfur has generated selective and
novel ways to effect oxidation, dehydration, and carbon-carbon
bond formation. The ability of sulfur to stabilize positive or
negative charges on adjacent carbon has been especially im-
portant in the development of new ways to form carbon-carbon
bonds. These properties continue to evolve new reactions and
sequences which facilitate the design of the total synthesis of
complex organic molecules.

Recent methods that allow introduction of a sulfur substituent
alpha to a carbonyl group have shown particular promise. As
the desire to increase efficiency and chemoselectivity in organic
synthesis grows, this approach becomes increasingly attractive.
Adjustment of oxidation level and formation of carbon-carbon
bonds are particularly noteworthy. Sulfides, sulfoxides. and
sulfones all play a role. In this account, the utility of such inter-
mediates in organic synthetic procedures will be discussed.

Il. Preparation
A. 3-Keto Sulfides

The classic approach to the introduction of sulfur « to a car-
bonyl groups involves the S\2 displacement of a halogen by a
thiolate (e.g.. eq 1)." The utility of this approach depends upon
the availability of regiodefined «-halo carbonyl compounds. If
such compounds are readily available, it served as the best
large-scale method. Thus, whereas for substituted cyclobuta-
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nones, direct sulfenylation methods are preferred, with cyclo-
butanone itself bromination displacement was preferred.®

-
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For most more complex cases, direct sulfenylation methods
are preferred. The direct reaction of ketones with aryl thiocy-
anate,*@ arenesulfenyl acetate,*® aryl thiotoluenesulfonates,*c
and arenesulfenyl chlorides*-! are known: nevertheless, these
reactions have not found preparative use. One of the problems
stems from the stability of the initial 3-keto sulfides to the re-
action conditions. For example, treatment of cyclopentanone
with benzenesulfeny! chloride led to 2-phenylthiocyclopentenone

O 0O O
PhSCI SPh SPh
_—
CH4CN 25 °C

56%
without isolation of any of the presumed intermediate 2-phen-
yithiocyclopentanone.5

Sulfenamide derivatives convert ketones to their 3-keto sul-
fides in good yields (eq 2).® Furthermore, bissulfenylation can
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also be observed (eq 3). The sulfenamides like 1 and thioimides
like 2 are particularly good at sulfenylating active methylene
compounds like 1,3-diketones, B-keto esters, and malononitriles
(cf. eq 4 and 5).
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Tha conunercial availability of disulfides makes them pre-
ferrad reagents. Their potential for sulfenylating carbonyl part-
ners under reversible conditions for formation of enolates has
imitsd success. Active methylene compounds like diethyl

NaOCaHs
CHACOLCoHs), + (p-C7H;S), g‘;‘;_' p-C7H7SCH(CO2C2Hs),
215!
25°C 76%

malonate lead to the desired sulfenylated products,” but simple
ketones generally lead to mixtures of mono- and bissulfenylation
prodiscts.®a With an excess of disulfide cyclobutanones undergo
a useful sulfenylation and in situ ring cleavage (eq 6).%° This has
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served as a novel way to achieve stereocontrolled geminal al-
kylation since the initial spiroannelation of the cyclobutanone
is highly stereoselective® as illustrated in the synthesis of an
intermsdiate toward deoxypodocarpic acid 3 (see eq 7).7° With
cyclohexanones, a sulfenylative dehydrogenation to an o-hy-
droxydipheny! sulfide is observed in good yields (eq 8) in what
appears to be a general reaction.52

For regiospecific monosulfenylation, formation of the enolate
is prefarable. 112 Direct addition of diphenyl dlsulfide to solutions
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of regiospecifically generated enolates (direct quench) or ad-
dition of the enolate solution to a solution of dipheny! disulfide
(inverse quench) leads to high yields of the desired products (see
Table 1). Because of the acidity of the initial product relative to
starting ketone, 2 mol of base per mole of ketone is normally
employed. Utilizing a more reactive sulfenylating agent. phenyl
benzenethiosulfonate (readily available by oxidation of dipheny!
disulfide with hydrogen peroxide in acetic acid and an inverse
quench), a ketone to base ratio of 1:1 suffices (Table |, entries
2b, 3, 5b, 11, 13). The ratio of the disulfide to enolate varies from
1:1 to 2:1 depending upon the reactivity of the system. With
simple ketones whose enolates are fairly reactive, a 1:1 ratio
is satisfactory (Table |, entries 2a, 4, 6, 7, and 8); with less re-
active enolates a 2:1 ratio is preferred. Other sulfenylating agents
like the thiuram disulfide 4 and sulfenyl chlorides also are suc-
cessful.? but dimethy! disulfide does not react under these
conditions. 12

(CHz),NCSSCN(CH;),
4

Increasing the reactivity of the enolate by addition of HMPA
is sometimes required (Table |, entries 5, 8, 10, 12, 13, 14, and
15). Under these conditions even dimethy! disulfide sulfenylates
ketone enolates (Table |, entries 1a, 6a, and 9a). The re-
giochemistry of the sulfenylation reflects the regiochemistry of
enoclate formation (Table |, entries 2, 3, 4, 9, and 15). With 2-
methylcyclohexanone maximum regioselectivity required the
use of phenyl benzenethiosulfonate. The direct sulfenylation of
androst-5-en-3(-0l-17-one (8) without protection of the hydroxyl
group illustrates the chemoselectivity of the process.'® Conju-
gate addition--sulfenylation (eq 9)'8 and conjugate reduction-
sulfenylation18® promise to be exciting approaches to reg-
iocontrolled elaboration of enones.

Sulfenylation of aldehydes is best performed via the corre-
sponding metalloenamines (eq 10).7® Such indirect methods via
enamines, metalloenamines, enol silyl ethers. etc., have also
been applied to ketones. Reactions of enamines®2° and enol
silyl ethers?! generally require mriore reactive sulfenylating agents
such as sulfenyl chlorides or N-thioimides (cf. 2). Metallo-
enamines are nicely sulfenylated with dissulfides. Use of the
hydroxymethylene derlvative of ketones and thlosulfonates has
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frequently been used??2® (eq 1124). In these cases. the re-
giochemistry is determined by the formylation step.
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Elaboration of simple (8-keto sulfides forms a major approach
to more complex ones (see section lll). Several additional indirect
methods have also evolved. The adducts of the anion of phenyl
thioacetals and aldehydes (eq 12)?° or ketones (eq 13)%6 rear-
range under acid or copper salt catalysis respectively to §-keto
sulfides. A novel insertion reaction evolves when adducts like
10 are treated with 2 equiv of n-butyllithium or lithium dialk-
ylamides which leads, via a presumed carbene intermediate, to
a (B-keto sulfide (eq 14).27
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Cycloadditions of 2-methoxy- or 2-acetoxy-3-arylthiobuta-
dienes with dienophiles provide access to masked 3-keto sul-
fides (eq 15%2 and 16°0). A striking feature of this approach is

CH;0, (lk CH30

PhS
CH,0 0
Ph,PCH HCIO
3 2 H204 (1 5)

the regiochemical control exercised by sulfur which allows
orientation of substituents not available in standard Diels-Alder
reactions after desulfurization.

hos
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B. Sulfides Related to Carboxylic Acid
Derivatives

Carboxylic acid derivatives can be sulfenylated by methods
very similar to those employed for ketones and aldehydes. The
higher reactivity of the anions derived from carboxylates, esters,
and amides normally leads to smooth sulfenylation with disulfides
(Table I1).7:'2 With acids, most difficulties arise in the ability to
generate the dianions required.2® For this purpose, THF-HMPA
is mainly employed. For esters, the stability of the enolate can
be limiting. While methyl esters are quite successful in many
cases, ethyl esters generally give higher yields. tert-Butyl and
trimethylsilyl (Table I, entry 7) esters are excellent substrates.
The failure of ketone enolates to react with dimethyl disulfide
in the absence of HMPA led to a chemospecific sulfenylation of
15 to give 16 via the bis-enolate. "

CO,CH4
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15
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/O _-SCH,
LiN,
T
CH,SSCH;
O
16, 100%
CN
NN
LiN\r THF CN
—————————-
CHySSCH, =75 °C /\/\/1;3
94%
Hg(CN), /CN
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Lactams require inverse addition of the anion to the disulfide
to minimize polysulfenylation (Table I, entries 14 and 15).32 A
similar observation was recorded for octanonitrile.3® An inter-
esting synthesis of sulfenylated nitriles involved replacement
of one thioether of a thioacetal or thioketal by cyanide (eq 17).%4
The sulfenylation of cephalosporin derivatives as a route to the
commercially important 7-methoxycephalosporins (eq 18) has
been reported.35
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C. (B-Keto Sulfoxides and 3-Keto Sulfones

The main approach to 3-keto sulfoxides involves the oxidation
of the sulfides to their sulfoxides.'? The facility of this transfor-
mation is reflected by the plethora of reagents that effect the
transformation among which are hydrogen peroxide, tert-butyl

o) 0 ?
L/SR - L/SR

hydroperoxide. ozone, dinitrogen tetroxide, nitric acid, iodoso-
benzene, sodium metaperiodate. tert-butyl hypochlorite, chromic
acid, N-chlorobenzotriazole, tri-n-butylstannic oxide-bromine,
other positive halogenating agents. m-chloroperbenzoic acid.
other peracids, and A-methylmorpholine N-oxide in the presence
of ruthenium catalysts.®® The direct sulfinylation of ketones offers
an attractive approach.3” In the case of cyclopentanone 17, this
approach offered the only solution to high regioselectivity in
functionalizing the unsymmetrical ketone.37¢

O NaH, DME, refiux (o)
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C,H,SOCH,
S-=>0
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Acylation of sulfoxide stabilized anions such as the sodium

or lithium salt of dimethy! sulfoxide with esters (cf. 18 — 19),

acid anhydrides, or acid chlorides provides the 3-keto sulfoxides

directly.38 Alternatively, addition of such organolithium species

to aldehydes or ketones followed by oxidation® or strong base
treatment*? also leads to the 3-keto sulfoxides.
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TABLE L. Sulfenylation of Ketones

Entry Ketone Disulfide K:B:S9 Solvent Product % yield Ref
o) RS O
Rs R Rs R
O, !
" R n Ry
R, Rz
1 n=1R=R;=Ry=Rg=H (a) CH3SSCH3 1:2:2 THF-HMPA Rs = CHj 75 11
(b) PhSSPh 1:2:2 THF-HMPA R4 = Ph 83 11,12
2 n=1.R=CHg Ry =Ry =Rs  (a) PhSSPh 1:1:1 THF Rs = Ph@ 87 1
=H
(b) PhSSO,Ph 1:1:1 THF R4 = Ph? 85 1
3 n=1.R=CHy;Ph;Ry =Ry = PhSSO,Ph 1:1:1 THF R4 = Ph 100 13
R3 =H
4 n=1R;=Ph;R=R, =R PhSSPh 1:1:1 THF R4 = Ph 62 13
=H
5 n=1R;=t-CiHe;R=R 1 = (@) PhSSPh 1:2:2 THF-HMPA R4 = Ph 78 11
Ra =H
(b) PhSSO,Ph 1:1:1 THF R4 = Ph 96¢ 13
6 n=1.R =Rz =CHs;R;=R; (@) CH3SSCHjy 1:1:1 THF-HMPA R4 = CH3 52 11
=H
(b) PhSSPh 1:1:1 THF R4 = Ph 94 11
7 n=2R=R;=Ry=Rg=H PhSSPh 1:2:1 THF Rs = Ph 87 11, 12
8 n=7:R=R;=Ry=Ryg=H (a)PhSSPh 1:2:1 THF Rs = Ph 93 11, 12
(b) PhSSPh 1:2:1 THF-HMPA Rs = Ph 85 11
9 m (a) CHsSSCHg 1:2:2 THF—HMPA R = CH, 85 11
o) (b) PhSSPh 1:2:2 THF-HMPA R = Ph 71 11
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O 0
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5
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13 CO 0 PhSSPh 1:1:1 THF-HMPA ‘O © 98 13
CHZ0 CH,0
Q
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SPh
14 Estrone methy| ether PhSSPh 1:2:1 THF-HMPA 94 11
CHZ0
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PhS
15 5a-Cholestanone PhSSPh 1:1:1 THF—HMPA ;digjé\/Y 81 13
o i
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16 CH3SSCH; N.R.® N.R.® N.R.¢ 17
N(CH ) N{CH3),

# An 80:20 mixture of sulfenylation at C(6) vs. C(2). ® A > 97: < 3 mixture of sulfenylation at C(6) vs. C(2). € Yield of unpurified product. ¢K:B:S =
ketone:base:sulfenylating agent. ® N.R. = not reported.
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Table |l. Sulfenylation of Carboxyllc Acld Derlvatives

Entry Substrate Disulfide Product % yield Ref
Acids
Ph PhSCH,
1 | CHaSSCH; 99 28
C4HgCHCH,CO,H C4HyCHCHCOH
SCH;
2 Palmitic acid CH48SCHs | 90 28

CH3(CH,), ;CHCO,H

CH,0 CH,0
3 CHaSSCH, 80 28
SCH,

COH
o) o) SCH,
s [ ><:>—C>—002H CHsSSCH C ><:>—C>< 98 28
o o CO,H

5 @J\ o CH4SSCH, CoH 92 28
CHy

Esters

CHg C,Hs

5 C4H,CHCH,CO,CH; CH3SSCH3 C3H,CHCHCO,C,Hs 88 11
SCH,4
6 &Q\ (a) CHSSCHs R = CH, 04 11
CO,C Hs (b) PhSSPh CO,C,Hs R=Ph 91 11
SR
13
CO,Si(CHy)s CH,S, CO,H
: Q:B s, <;ﬁ§ o
& ol
SR
CO,C CO,C,H
8 /@/\/\ 0,CHs (a) CH3SSCH3 /@/\)\ .G, SR - CH, 89 11
CH 0 (b) PhSSPh CH,0 R=Ph 87 11
OTHP OTHP
9 CH3SSCH; 82 11
0" OTMs 0" o5TMs
C,H:0,C C,Hs0,C SCH,4
SCH,
CO,CH; CO,CH,
10 CH3SSCH; 98 28
o) \\
0o 14
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o) o)
S

11 \&O CHaSSCHa CHs o 79 11
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PhS

12 PhSSPh o] 50 30
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TABLE 1 (continued)
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Entry Substrate Disulfide

Product % yield Ref

PhSSPh

®
O ;
o

(A
14 PhSSPh
5 (j\ (a) PhSSPh
NN (b) CHaSSCH,
L,
QPh
16 CH4CH,CH,CH,CH,CNCH, CHaSSCH3
OCH,
Br CO,CH,4
OCH,
18
OCH, o ?
?  er SCH3
LICH,SCH,
THF (ref 39)

OCH,
19, >76%

The (-keto sulfones can also be prepared by oxidation of
B-keto sulfides or sulfoxides by many of the same reagents

0
O 0O o) 4
A _sm— L __som<— J__sn

utilized for the oxidation of the sulfide to the sulfoxide. Alterna-
tively the acylation of sulfone stabilized anions (eq 19)*% or the

n-C 4HgLITMEDA)

0
PhSO,CH,CH,CH, ] e —
, 0 '

O
{CH 3)3COC(CH,),CO,CH

l 0
(CH3)3COC(CH2)7CCHCHZCH\Oj

SO,Ph

20, 78%
(19)

condensation of such anions with aldehydes followed by oxi-
dation (eq 20)#2° provides an entry to these systems.42 Alkylation
of sodium benzenesulflnate with a-halocarbonyl compounds
directly forms the (3-keto sulfone and serves as a valuable

SPh
Of&:o 71 31
(o]

N (0]
? 70 32a
SR
(I R=pPh 83 32b
T o R=OHs 69 32c
CHj

CHs8 o ph

CH3CH,CH,CH,CH——C——NCH; 65 32¢

/O C,HsMgBr, PhH
C4HaCHCH,CH_ ]
0

CHLCHO
SO,CsH,
O
cros(r\/\j)2 CaHg 0
or.cl, <j (20)

@]
SO,C-H,

21

method for forming simple sulfone systems such as methyl
benzenesulfonylacetate.4®

CH30H
PhSO,Na + CICH,C0,CH; —> PhSO,CH,CO,CH,
reflux 89%

Unmasking a carbonyl group v to a sulfone, sulfoxide. or
sulfide activates the sulfur substituent toward base-catalyzed
eliminations. Such reactions served as a key aspect of cyclo-
pentenone syntheses (eq 2142¢ and 2244) and a butenolide
synthesis (eq 2345).

Q SO,CH; @]
C.Hg
21 HOIO,. H,0 K,CO4. PhSH
of—\o H C4Hg /_\o
\__/ R
HO
(21

D. Bissulfenylated Carbonyl Compounds

One of the early applications of sulfenylation chemistry de-
rived from the recognition that introduction of two sulfur sub-
stituents « to a carbonyl group constitutes a net oxidation of a
methylene group to a carbonyl group.2? Introduction of a dithiany!
group by condensing an enamine or a hydroxymethylene de-
rivative of a ketone, e.g., 23, with trimethylenedithiotosylate (24)
followed by hydrolysis provided 25 which served as an inter-
mediate in a coichicine synthesis.?6 Marshall used this process
to effect a 1,2-carbonyl transposition (eq 24).%7

Sulfenylation of 8-keto sulfides with sulfenyl chlorides, N-
alkyl- or arylthioimides, or thiosulfonates proceeds well,”+13.22.23
whereas such reactions are more capricious with dipheny! di-
sulfide,’’ Mukalyama used thls process comblined with or-
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55% ganometallic addition to effect a 1,2-alkylative carbony! trans-
(22) position in a synthesis of c/s{jasmone (eq 25).48 Synthetically,

LIOH. PhH, adogen 484
40 °C

0 CO,CH4

HsS
CHs © CH,

O
1. —QE
AcO 24900, HO o
3In,

such reactions are most conveniently carried out by direct bis-
sulfenylation of the starting ketone as was done in eq 26 and

95% 27.
CH,;0 o
= H
N\ O 0oC 3
CH,0 NS
CH,0
s o}
OH N
23 (L/
phs §
>—OH o OCHj,
- N—Li
KOAc I
(26)49
THF, HMPA PhSSO,Ph
TsS STs O °C —» RT.
24 N
CH,
=N 84%
Hg2* LS
ﬁ%—» CH30 More reactive carbanions, such as those derived by depro-
H20° CH..O tonation of esters,'":5" lactones,52 lactams,32 imino ethers,53
3

O  or nitriles®® usually undergo smooth bissulfenylation with dipheny!
disulfide as well as the N-arylthioimides or thiosulfonates as
o exemplified in eq 28-30. Hydrolysis of the created thioketal
25 unmasks the a-keto derivative (see eq 28).
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lll. Reactions and Synthetic Conversions
A. Introduction of Alkyl Groups

The presence of a phenylthio group « to a carbonyl group
enhances the thermodynamic acidicity of an adjacent proton by
~10% over a simple ketone. %2 Such a fact allows selective al-
kylation at the carbon bearing sulfur with primary alkyl and ally!
halides. Utilizing the corresponding metalloenamines has
sometimes been reported.'®a44 Such sulfur stabilized anions
undergo conjugate addition with Michael acceptors. For example,
the preparation of 22 involved the addition of the methyl thio-
ketone to 1-methylsulfinyl-1-methylthioethylene (ketenethioa-
cetal monosulfoxide).** Use of triphenylvinylphosphonium

Chemical Reviews, 1978, Vol. 78, No. 4 371

PhS

SPh

NaH, THF, 20 °C o
)\/\/K/\
Br 0 l

63%

(ref 3a)

bromide with bisthioketal 27 has led to a very useful intermediate
for cyclopentanone synthesis.54

o) S s/j
+ /\\4—
L) e L
o)
R 0

The anions of the thiocarboxylic acid derivatives are more
reactive. As shown in eq 31, the products of alkylation are quite
useful for further elaborations as in the shown furan synthesis.552
Alkylation of the §3-thioesters.5% lactones.?'5¢ carboxylates,57

SPh

~
(CH30),CHCH,CHT_ Nen OMF
SPh CH, CH,

(CH30),CHCH,CCH,CH==CCH ,CH,CH=CCHj{
CO,CHs
78%

2 steps / \ “
83%

\

(31)

and nitriles®5¢ have all been reported. Such anions also add to

carbonyl groups which serve as precursors to a-sulfenylated

a,B-unsaturated systems. themselves valuable intermediates 57°

oL
Q‘O + PhS/Y COM
oLi
CO,CH,
1. CH,N, L
2. 500,
SPh

N

The anions of S-allyl carboxylic esters5€ or allyl esters of a-
thiocarboxylates5® undergo smooth sigmatropic rearrangment

(cf. 28) upon deprotonation which serves as an “internal alkyl-
(0]
OX,-08
ol
‘/KO o-
SPh SPh
28
=
several
—_— CO,H steps Oi/COQH

SPh
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ation”, In the cited case, 29 serves as a model for the A ring of
vitamin D. A similar sigmatropic rearrangement of 30 served as
a key step in a novel allylic alkylation procedure.®®

I
2
CH4SCCN S
————
PhCH,, 100 °C SCH,
76%

CN
30
LiN )
2 L
THF-HMPA SCH3
then CHgl SCH,4
70%
CN

The anions of 3-acy! thioketones undergo Intramolecular acy!
migration and in situ desulfurization in the presence of a thiophile
such as a phosphine to give 1,3-dicarbonyl systems (see eq
32).81 A variant of this process played a key role in the Es-
chenmoser-Woodward total synthesis of vitamin B,,.62

O
(CoHg)N O 0 Q
LiBr, (€ Hg)sP
————->
CHLCN /\‘/>(O
o \J
[\ O o [\
0. 0 o O
S
[\ 0O o / \

—o LIS

The anion of 3-keto sulfoxides*5-6% and 3-keto sulfones*2:64
can also be easily generated with a wide variety of bases. These
more stabilized anions react with more reactive alkylating agents
such as alky! iodides, ally! halides, or a-halocarbony! systems
(cf. 31 — 32). Such anions also undergo conjugate additions.538

o)

(0] o } O
4 NaH. DMF _ phg
PhS\/lk Br(c:Hg)wn’
80%
31 (CH,){2Br
32
O O
2 equiv LiN—€<) 4 % i 0
% | PhS —» PhS
THF, 0 °C v g
70%
(CHy)42Br (CHa)10
33 34 (ref 63b)

Anionic stabilization by sulfoxides and sulfones allows the di-
anions. e.g., 33, to be formed from 3-keto sulfoxides53-65 and
B-keto sutfones.®® Alkylation of such anions proceed at the less
stabilized carbanionic center; for 33, the intramolecular alkyl-
ation at this center leads to a surprisingly high yield of the 15-
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membered ring 34 which ultimately led to muscone. The intra-
molecular addition of a magnesium derivative of a 3-keto sul-
fone. e.g., 35, to a carbony! group served as a key cyclization
in a synthesis of epiallogibberic acid.®”

H
0
HOLC /
SO,CH,4
35
H
t-C ;HgMgCl
then HOA —
DelvTE, THFc OH
HO,C ! SO,CHy
96%

The a-sulfoxides and a-sulfones of carboxylic acid derivatives
are more reactive in alkylations and via their magnesium de-
rivatives®® will add to carbonyl groups of aldehydes and ketones.
Taking advantage of sultine formation and their facile elimination
of sulfur dioxide, an alternative to the use of stabilized phos-
phorus ylides and phosphonate anions in the synthesis of «,(3-

unsaturated carbonyl systems emerged (eq 33).68
CO,CoHs
C,H;MgBr
>.<S/\CO2C)2H5 ether 0 °C = S+
V\CHO ;
OH
0 o)
74%
80,01,
CCi ~ S
4 o \\O
—— NN
CO,CHs (33
79%
B. Reduction

The ability to reductively remove the sulfur « to a carbonyl
group allows these derivatives to serve as convenient activating
groups for acylations and a!kylatnons see eq 34). Of course,

o)
L/S(O)nR — | (34)

R1

desulfurization with Raney nickel and related catalysts can be
employed for the sulfides and sulfoxides.?® Many different dis-
solving metal systems can be employed. For 3-keto sulfide 36,

6% NaHg)
“NagHPO,
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use of 6% Na(Hg) in methanol buffered with disodium acid
phosphate’® or calcium in refluxing liquid ammonia proved
best.”1 Use of mercaptide ion in a protonic solvent like alcohol
is a very mild approach as illustrated by the oxindole synthe-
sis.?72 For the sulfoxides (e.g., 19%° and 397%) and sulfones (e.g.,

NC SCHs NC
NaSCHj5
CHZ0H
o T NN
H H
62%
OCH3 O
Br
AlHg)
19 ether
H,0
OCHs
37
20 —2 s (CH),C0,C(CH),CCH,CH —<O
0 (CHa)sCO,CICH,);,CCH,CH,
n-C4H,OH O
78%
(0]
/é\/COZC(CHg)g
C7H7d
38
OH
-C4HoMgBr - CHg—— CO,C(CH,)4
—_—
THF, =78 °C
O« S e
CH,
39
OH
AHg)  CHa— CO,C(CH3),
H,0
THF
95% ee

2042°), aluminum amalgam produces the desulfurized carbonyl
partner in excellent yields. The conversion of 18 (the precursor
of 19) to 37 illustrates the conversion of esters to methyl (or alkyl)
ketones. The carbonyl addition of optically pure 38 followed by
reduction illustrates the potential of these intermediates in
transfering chirality from sulfur to carbon. The fact that such
dissolving metal reductions lead initially to enolates creates a
regiospecific enolate alkylation procedure as outlined in eq
35.

O
T CaHs Li, NH, CaHg

SPh ~ CHy (35)

CHjy

84%

The B-sulfone esters undergo smooth decarboalkoxylation
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CO,CH;,
)‘\:;l\ * )\/\/k/COZCHs
SO,Ph T/
PdCl
2
CO,CH,
— I s _-CO2CHs
SO,Ph
1. Lil. NaCN
— " 5 36
2 DIBAL X X ~ H 59
3. Li, CHNH,

which when followed by reductive desulfonylation illustrates the
use of the sulfone ester as a 'soft’”” carbanion.”* Equation 36

SO,Ph
R —_
CO,CH;4

demonstrates the combination of olefin activation and «-sulfony!
carboxylate alkylation to accomplish a net prenylation of a
monoterpene to a sesquiterpene.’#2 Equation 37 provides an

= RCH, -

o)

OAc

NaH
{Ph,P)Pd
—y

1. {CH4),NOAC
2. 6% Na(Ag)
Na,HPO, O )3
e et .

40

exciting approach to macrocyclization utilizing this same
combination in a catalytic palladium process.”** The conditions
for decarbomethoxylation and desulfonylation illustrated in eq
37 appear to be superior to alternatives. Reduction of 40 forms
exaltolide.

Reduction of the carbony! group (or addition of organome-
tallics) creates a 3-hydroxy sulfide, sulfoxide, or sulfone which

SPh
A NS

CHO
SPh
1.NaBH, ™ NS
B
2. n-C Hli

PhCOCI
75% 0O,CPh

Li, NH, A ~
—_—

ether |
54%
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SO,Ph

_H COCH3 Liam,

ether
94%

6% Na(Hg)

CHa0H (39)
77%
0 R’
— (40)
SO),R
h o 1.LAH
CH3(CH2)”\ /SF> 2. CHp0" BF,~ CH3(CH2)11
/C\ 3. NaOH CH >§ 7
CH, COH 3 O
56%
(41)

allows a number of useful synthetic transformations (see section
on ring cleavages). For example, such systems are precursors
to olefins”® and have been utilized in a model study toward the
antibiotic moenocinol (eq 38)372 and in a synthesis of an inter-
mediate toward the insect molting hormone ecdysone (eq 39).76
Combined with the fact that carbony! reduction can be replaced
by organometallic addition, these sulfur compounds serve as
valuable intermediates for regiospecific olefin formation as
summarized in eq 40. Epoxides are available from the hydroxy
sulfide’” (eq 41).57¢ Other oxygen heterocycles. as in a bu-
tenolide?°45 and a furan (eq 31) synthesis, arise by interaction
of the hydroxyl groups with remote functional groups.

A very general approach to indoles and related derivatives
combines a 2.3-sigmatropic rearrangement with reduction of

0
©\ CH,S CO,CHs
+
NHC!

CO,C,Hg
(CoHg)N K 0O
CH20|2 W S+
_gs o OO
65 °C T CHs,
| H
T
CH3S
- CO,C,H;
(0]
NH,,

CO,CoHs
70%
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the intermediate a-methylthioimine as exemplified by the syn-
thesis of 1-carboethoxytetrahydrocarbazole.?

C. Oxidation
1. Dehydrogenation via Sulfoxide Pyrolysis

The ability to selectively sulfenylate or sulfinylate a carbonyl!
partner followed by pyrolysis of the a-sulfinylcarbonyl inter-
mediate constitutes a net regiocontrolled dehydrogenation to
the synthetically important «,3-unsaturated carbony! systems
as summarized in eq 42.11 Virtually all the compounds listed in

O O
\(\J>/—>

S
O

Tables | and Il have been converted to their unsaturated deriv-
atives via this sequence. Thus, «,3-unsaturated ketones. es-
ters,! lactones, 11:260:31.52.572.78 |actams,32 and nitriles332 have
been synthesized by this approach. The temperatures vary as
a function of the R group. Normally, the aryl sulfoxides require

o)

/u\/\/\/\,/ COLAHs

S

O/ \CH3
41
O
Phetl J\/\/\/\/CO2CZH5
110°C X

>86%

temperatures of 25-80 °C, whereas the alky! sulfoxides require
temperatures of 110-130 °C. Thus, pyrolysis of 41 required 110
°C to produce the queen’s substance with pure E stereochem-
istry. ! If the higher temperatures of the alky! sulfoxide elimi-
nation becomes a problem, the use of the phenyl sulfoxide
elimination generally overcomes it. as in the case of 13 to 42

o)

)

SR

13 —

CO,CoHg

CO,C,H;
42, 84%

where the methyl sulfoxide led to a retro-Diels—Alder reaction
of the initial product to methy! benzoate, but the pheny! sulfoxide
led smoothly to 42.11 An alkylation—elimination approach that
allows elimination at low temperatures has also been de-
scribed.”® The conversion of 6 to 43 proceeded more sluggishly
than most phenyl sulfoxides and required the presence of a
sulfenic acid trap. The related process of selenylation—dehy-
droselenylation failed in converting estrone methyl ether to
43.%0
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1. MCPBA
—
2. PhCH,
(CH30),P

CHZ0

6

TIr——

43, 88%

The regiochemistry for hydrogen abstraction in acyclic sys-
tems generally follows the order C=CCH, ~ C=CCH, > ArCH,
~ CHz > >C-CH, > >C-H; whereas, for cyclic systems, given
the restraint that the elimination is cis syn, there is a preference
for endocyclic double bond formation. Keto sulfoxide 44 un-
derwent internal elimination to give carvone.® On the other hand.

CHsoI)/U\ oj |
3 steps

—_—

PhS

PhS = O
44
o)
_—
o)
Ho 4 H
_.SPh
o — o)
| © 1
H H
45 2. TsOH,
1.70 °C, PhH o
(CHZ0),P T
SPh
Ly SP
CO,CH,4
| "OH
H
46

hY
—bso

5 1. MCPBA
2. (CHZ0)3P, CCly
reflux
(0]
92%

1.LDA, PhSSPh

2. MCPBA
3. PhCH 3, reflux
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while 45 underwent only exocyclic elimination for geometric
reasons, its C(3) epimer generated the endocyclic product (the
butenolide) exclusively.®! The acyclic version 46 only underwent
elimination toward the methyl group regardless of stereo-
chemistry at carbon bearing sulfur.8? The mildness of the method
is highlighted by the compatibility with most functional groups.
even those which are oxidatively unstable. Its application to
highly reactive strained ring systems, e.g.. 5,5 on one hand, and
sensitive intermediates (e.g., 47 — 48, an intermediate toward
tabersonine®?) directed toward natural products, on the other,
confirms the utility of this approach. The availability of alkyli-
denecyanoacetates via this approach allowed the development
of a synthesis of isotopically labeled nicotinamide .83

CN CN
PhS—-< — —><
CO,C.H5 PhS CO,C,Hs
CN
1.NalO, =
2. PhCHj, 110 °C CO,CoHs
89%

By combining alkylation with in situ dehydrosulfenylation, an
alkylative elimination which complements the Wittig and related
processes pertains as illustrated in eq 43 and 44.8"-84 varying

O
4
SPh
CH3OQC | + Na* -
CO,CH,
HvwPA  CHZ0,C
RT~85C NN (43)
CO,CH,
82%
O
4
SPh
n-CeH,;3C==CCH, + Na*
CO,CH,
HMPA, RT _/‘\ 4
add (CH,0),p NCgH 3C=C CO,CH, (44)
100 °C
64%

the substitution on the affected carbons can produce novel ap-
proaches to other intermediates such as the 3-keto ester syn-
thesis outlined in eq 45.68¢

OH
S
/SPh
(0]
O
PhH /\/lk/00202H5
reflux = (45)
90%

Reaction of the anion of chloromethyl pheny! sulfoxide with
carbonyl partners followed by thermolysis®2 or lithium fluo-
roborate catalyzed rearrangements and then thermolysis of the
epoxide forms a novel approach to one carbon chain extended
enals from aldehydes and ketones.
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o)

+
Q0
0 PhS
=
SPh
v
0
0
} CHO
aor, SPh |
LiBF,
CHO

84-90%
2. a-Keto Carbonyl Compounds and Their Equivalents

As pointed out previously, bisulfenylation constitutes the in-
troduction of a masked carbony! group (see section I1.D). Such
compounds can be converted to the enol thioethers of «-keto
carbonyl compounds by monooxidation and elimination (e.g..
49 — 50)—the latter occurring under very mild conditions (even

H SPh
i 0 CO,CH,

] SPh

S

CH50
49

! CO,CH

1.0 2VHg
e m——
2.A
: ] SPh

S

CH,O

(ref 8a)

50
room temperature).82:52 Sulfenylation of a 3-keto sulfoxide is
accompanied by elimination to again generate the vinyl sul-
fide.37c Besides being a masked a-keto carbony! compound.,

OCPh,
H ; o
/
Y
O
OCPh,
He / o
CH3SSO,CH; /
————
NaH, THF —
SCH,
43%
O
1. CH,{CO,CHj),, NaOCH
SPh 3 e o 3‘ SPh
3. CHa0H, H S0, CO,CHa
84%
1,_/\\\/& 0
NaH, DME 46)
2. AiHg) A
H,0, THF CO,CH;

92%
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such a-thio-a,3-unsaturated systems are excellent Michae!
acceptors which have the effect of re-forming the 3-keto sulfide
in a regiospecific fashion'8782:88 a5 outlined for the synthesis
of methyl dehydrojasmonate’ (eq 46).

Effecting a Pummerer rearrangement on a-keto sulfoxides
provides the 1,2-dicarbonyl systems with aqueous acid®e® or
iodine in methanol (eq 47).87 whereas, the use of an acid anhy-

dride gives an excellent yield of the enol thioether (eq
48),780.88

O O

t
n-CgH,7CH==CH(CH,);CCH,SCH,

O
)
CH,OH
reflux n-CSH17CH=CH(CH2)7CCH(OCH3)2 (4 7)
100%
O
t
SPh SPh
Ac,0 —
/d 80-70 °C /(1 (48)
CH4 (o) 0 then 150 °C CH; O 0
93%

The hemithioacetal, acetal, and enol acetate of an a-keto
carbonyl system are available by initial acetoxylation with lead
tetraacetate (cf. eq 47).73.8% |n this regiospecific diosphenol
synthesis (eq 49), the sulfoxide elimination proceeds rapidly at

PhS
0,CPh
o)
SPh
AcO
Pb(OAc),
PhH, reflux O,CPh
0]
89%
AcO
MCPBA, CH,Cl, 4
——————
-78 °C ~ reflux OZCPh ( 9)
0]
86%

40 °C."™® An isatin synthesis results by halogenation followed
by hydrolysis of a 3-methylthicoxindole. 8%

CH30 SCH,
: "I‘ ;o
H
CH30
NCS Hgo

CH,Cl,  BFyether

81%

3. 1,2-(Alkylative) Carbonyl Transposition

The availability of the newly introduced carbonyl group in a
masked form by any of the above methods (see sections I1.D and
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I11.C.2) allows reduction and/or carbony! addition to the original
carbony! group followed by unmasking the new ketone—a net
carbonyl transposition. Such a procedure was employed in a
synthesis of lycoramine*® and perhydrohistrionicotoxin (eq
50).90

O
H
1. n-C4HMgClI \N
2.80C, ~ (50)
3.2Zn, HCI
4. HBr. H,0
CHgn
SPh ©

A more direct approach utilizes the a-thiocarbony! systems
directly and allows carbony! transpositions of aldehydes, ke~
tones, esters, etc.?! Equation 51 illustrates the conversion of
an ester to a methyl ketone and eq 52 demonstrates the appli-
cation to an enone which constituted the final stages of the only
fully stereocontrolled synthesis of acorenone B,92

CO,CH,

~

SPh

’/

CHZ0
S v
1. LiAIH 4 SPh HgCl,
2.80Cl,
3 KOC He-t
100%
- 1. CHgLi
\ 2. PhH, TsOH
— SPh

4. y-Hydroxylation

The combination of sulfenylation of enoates followed by the
[2.3] sigmatropic rearrangement of the corresponding sulfoxide
constitutes a net y-hydroxylation (eq 53).82572:93 The bissul-

/‘\/\)\/\/‘\/COQCQHS

CH4880,CH;,
2. NalO,

OH

50-60 °C W

N
NagHPOg \’

"0 45% CO,C,Hs
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fenylated compounds offer an opportunity to introduce the couble
bond and the hydroxy! group. Thus, 51, available frorm lactone
26, produces vinyl sulfoxide 52 after sulfoxide elimination and
oxidation.® Equilibration of 52 and the allylic sulfoxide 53 per-
}-Ii SPh
] CO,CH

I O 2vils
26 —

] SPh

CH 30/

51

i
1. MCPBA 0 Y
et
2. A
3 MCPBA ! S

H
]
CO.CH
= ' O N PAARE]
> . OH
|
CHgo/
54

H

| 0 N
\@ \C COLCH-

NP N

| 0

CH,0™

55

mits in situ rearrangement and desulfenylation to give y-hy-
droxylated product 54. In this case, this product undergues a
1.2-shift to give the tetrahydropyranone 55 which is a key in-
termediate toward verrucarol, the sesquiterpene portion of the
antitumor agent verrucarin.

D. C-C Bond Cleavage Applied to Rings

The availability of the equivalent of a 1,2-dicarbonyl compound
offers the opportunity to effect mild cleavage of C--C honds. The

O oAc

~ H202
SPh "NaoH, THF, RT

Ph

56
H,0,, NaOH
CH3OH, refiux

HO
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acetoxylated 3-keto sulfides such as 56 cleave at room tem-
perature with basic hydrogen peroxide.'® Alternatively, the G-
keto sulfides suffer direct cleavage with basic hydrogen peroxide
at somewhat higher temperatures presumably via in situ for-
mation of the 1,2-diketone.® The compatibility of the sensitive
homoallylic alcohol portion of 9 to this overall process illustrates
the chemoselectivity of the method.

The hydroxy sulfides undergo C-C bond fission of four- and
five-membered rings.'* The availability of 57 from esterone
methyl ether and the conversion of 58 to cyclohexenone 59
constitutes a ring expansion—-carbony! transposition sequence.
A modified version utilizes a reagent generated by mixing lead
tetraacetate and pyridine and appears to give better yields.%* This

OH
CHj,
SPh
CH30
57
OAc
Pb(OAC), 0
PhCH,, HOAC CH
0°c } 3
\\_ H  SPh
58
G1%
KOH
Chyon (ref 14),
! 0
\\_ H
59
70%
CH,
~-sio--
l \
\
PhS OH
60
l CHj;
Pb(OAc),, reflux —f—SiQ CHO
——— ~
PhH, C5HsN (ref 94)
PhS OAc
61
100%

ring cleavage (as in 60 — 61) produces the equivalent of a di-
aldehyde where a chemodifferentiation of the two ends is
maintained.

For six-membered rings or larger, cleavage required con-
version to a dithionyl alcohol such as 62 and 63.%5 Fragmentation
is accompanied by sulfur migration to C(3) (see eq 54) to give
a 1.4-dithiacycloheptan-2-one. an a-sulfenylated thioester. The
utility of the thioester as an activated ester is illustrated by the
mild alcoholysis of 64 which ultimately led to a synthesis of the
queen’s substance 66 of honey bees®52 and the chemoselective
cuprate coupling followed by sulfoxide elimination of 65.95 This
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H
OH Pb©OAc), Q"CHO
—_—
S PhH g S
SL) u
62 64

66%

several
teps
step: z 0o

CO,CH,
CH OH %6
3
s/j ° .
& o 0 >
Ph Ph S
63
0
1. RyCulli
2. Ac,0
3. MCPBA R
4. PhCHy A ppy &
o}
R = CHj. (CH,)sC. o><0/\
CH,
R
0 k h
/"N
e /',1 0° 5S I o
Cod— 2 — \ A0 64
\\\4 \\\_-4 S ~_4/\f

RY

ring cleavage process which we have termed oxidative seco
rearrangement allows selectlve modification of the oxidation
level at C(1), C(2), and/or C(3) and/or C(4) with chemodiffer-
entiation of the two ends as summarized in eq 54.

Bissulfenylated ketones undergo nucleophilically triggered
cleavages as illustrated in a model study for the synthesis of
vernolepin (eq 55).9¢ An alternative which involves a second-

s \(7

KOH, t-C4H,OH
then H,O"

order Beckmann reaction of the oximes of a-thioketones has
served in several natural products syntheses (e.g.. eq 56).23:%7
The availability of the requisite a-thiooximes from olefins (eq
57) makes this reaction an intriguing approach to olefin cleav-
age_97b.c

E. Oxidative Decarboxylation

The a-thiocarboxylic acids undergo facile decarboxylation
upon treatment with mild oxidizing agents such as positive
halogen species. sodium metaperiodate, or lead tetraacetate.?®
For example. carboxylic acid 67, available by hydrolysis of the
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N

(56)

1.NOCI
———

‘ 2.NaSC,Hs (

C 7 7

OH

PClig, ether, 0° CHO
then H,0 (CCN (67

7
52%

ester 14 (Table Il). led to the acetal 68 presumably through an
intermediate thionium ion as depicted. Hydrolysis of 68 produces
progesterone. Thus, the degradation of the carboxylic acid to

SCH,
1 _COH - Cl CH
? Qé/o :
—H NaHco, sy 45
NCS
CH;OH
O
U !
67
SCH, OCH,
_»\\ I _’\, !;OCHQ’
.
68
/O
HO!
H,0
O
60%

the norketone via sulfenylation-oxidative decarboxylation allows
isolation of a protected ketone (as its ketal) or the ketone itself.
For oxidative decarboxylation of a-methylenecarboxylic acids,
such as palmitic acid (via 11, Table Il), powdered sodium me-
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taperiodate in methanol is required to avoid oxidation at the
carbon bearing sulfur prior to decarboxylation.

The use of acrylic acid or a-methylthioacrylic acid®® as a
ketene synthon in cycloadditions is feasible and illustrated by
the synthesis of the Corey prostaglandin intermediate 69.28

CH30
Na* P~

CO,R
+ CICH,0CH; — ———»

CO,H
84%
LDA, THF CHgO
HMPA NaHCO,, NCS
CH4SSCH; | CHZOH
then
HC), H,0
0O
69
76%

Malonic esters (eq 58) and methylthioacetic acid (eq 59) serve
as synthons for a carbonyl dianion. Ketone 70 served as an in-
termediate toward juvabione.

Br
CO.CoHs CO,CoHg
+ —_—
CO,C,Hs CO2C,Hs
Br
SCHjy
— O—COZH — <><
CO,H
OC,Hs
— <>< (58)
OC,H;
50%
(0] O CO, O e}
[C] < —_
SCHs SCH,
!
/H CO,H
Br CHO
70

a-Methylthiomaleic anhydride, readily available from
acetylenedicarboxylic acid and methanethiol, serves as a source
of carbomethoxyketene (eq 60) and methyleneketene (eq 61)
in cycloadditions.®® It can also serve as a source of salicylic
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CH3S \<

CH0
CH,S
—
CH,0
82%
NaHCOj
CH,OH
NCS
Tthen CO,cH, (60
SO*
CH50
61%

esters (eq 62). The regiochemistry of the cycloaddition in eq 60
contrasts with that for methylmaleic anhydride with the same
diene and shows the regiocontrol exercised by sulfur in the di-
enophile as well as the diene. In bicyclic systems like 71, the
product of oxidative decarboxylation prior to hydrolysis is the
enol thioether, e.g.. 72, which can be converted to the 3-keto
ester or as shown reduced before unmasking the ketone. For
all other cases, the initial product is the ketal ester such as 73

J\K

SCHEME |. Structural Elaborations

H
2 R”
@ji
N1 —

s

)/
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SCH; SCH,
o —
0 CO,CH,4
© 72
71
- (61)
CH,
—
o}
CO,CH,
CHsS o} CH;0" OCH,
73
DDQ or
LiBr, CuBr
—
; CO,CHj4 CO,CH,4
OH
69% 61%
(62)

in eq 62 which can be isolated in 84 % vyield.
The thermodynamically less stable vinyl sulfides are nicely

%

RI
O
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CHART |. Synthons

Reagent Synthetic
COQH COzcsz O
or I
e @
SR CO,C,Hs
SCH, H
% or % ==
CO,R CO.R
CHaS CHA0,C
o R
0
SO,Ph o
< CHSO,Ph
€]
CO,CHg o
COR
( @'Hr R
SR’ 3
CO,H SCH,
CHSS—< elr
CH,
? CO,CH3 , COLCHs
PhS N/
CH,

available via oxidative decarboxylation in the absence of a
participatory solvent (eq 63).7%°

CO.H
0
o4
0

NaH, DME
NCS

85%

The oxidative decyanation degradation of nitriles into the
norketones via the cyanohydrin has been developed by Wat and
utilized to convert N,N-dimethyldithiocarbamoylacetonitrile into
a carbonyl dianion equivalent (eq 64),7°"

3= L

SCN(CH3)2 06H13 SCN(CH3)2
n'CsH1gBr ”
NCS, CH,CN 0
H,0, then (64)
NaOH 6H13
70%

1V. Conclusions

The flexibility of sulfur on carbon adjacent to a carbonyl group
allows great diversity in structural modification and elaboration
as outlined in Scheme |. In addition, it allows the development
of synthons as basic building blocks. as summarized in Chart
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Equivalent
R’ R
e
e T7< —
O “m- © R”

CH2=0=0=O

S}

° H CH, —c=
_CHCOCHs  CHz

I. Although sulfur chemistry has been an active field for a century,
its versatility creates a potential so vast that we have yet dis-
covered but a small portion. The last few years have seen a
major assault and the benefits have been immense. Further
efforts will surely be exciting and richly rewarding.
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