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INTRODUCTION

The presence of a sulfur functionality in the framework of organic molecules opens the
possibility of several synthetic transformations.!#* In particular, the usefulness of a-sulfur-substi-
tuted carbonyl or carboxy derivatives was demonstrated by Trost'¢ in his seminal papers,
published in the late seventies. This class of compounds can be prepared by (i)-nucleophilic attack
of a sulfur species on a-halocarbonyl derivatives, or (ii)-via electrophilic sulfur reagents and
enols, enolates or enolate equivalents (sulfanylation reaction). The latter method presents the
advantage of avoiding the need of preparation of halogenated precursors, and stands as the method
of choice for some fundamental steps in several organosulfur based synthetic routes. However,
over the last 25 years, this conceptually simple approach has been translated into a wide variety of
experimental conditions, sulfanylating agents, catalysts, additives etc. In addition, the growing
interest in stereo-defined compounds broadened the scope of this transformation and, in more
recent years, several examples of diastereo- and enantioselective sulfanylation reactions can be
found in the literature.

This review, covering work from 1979 to 2006, will describe a broad spectrum of
examples of sulfanylation reactions, and special emphasis will be given to advances concerning
the following aspects: (i) atom economy; (ii)-catalytic methods; (iif)-mono- versus bis-sulfany-
lation; (iv)-regio- and chemoselectivity and (v)-stereoselectivity. Reactions are presented in
three substrate-oriented Tables. Entries of Table I refer to those reactions for which no stereo-
chemical outcome was reported.?>3 All entries in Table 2 and some in Table 3 are examples of
stereoselective sulfanylation reactions,6-26-37:49.52,56-86.93.95.9699 Eor entries in Table 3, all sulfany-
lation reactions?16375287-102 were performed using enolate equivalents, instead of carbonyl or

carboxy derivatives.
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1. ATOM ECONOMY METHODS

For classical sulfanylating agents such as disulfides, sulfanyl halides, sulfenamides, etc.,
a substancial mass of these reagents is wasted as a leaving group. To avoid this drawback, alterna-
tive sulfanylative methods were developed.

1. in situ Air Oxidation of Thiols or Thiolates*°3>33>*

Ester and ketone enolates, to be reacted with disulfides, can be prepared quantitatively by
deprotonation with LDA in anhydrous THF, in the absence of oxygen gas. However, for the
deprotonation of compounds with more favorable pKas, such as f-dicarbonyl compounds, organic
ammonium fluorides or K,CO, are successfully used, and the resulting enolates can be sulfany-
lated using one equivalent of thiols or half equivalent of disulfides, respectively. In these cases,
the presence of oxygen is beneficial, allowing the in situ generation of disulfides, either from
added thiols or from liberated thiolates. As an example, the sulfanylation of propane-1,3-diones
(1) is performed by using Et,NF and equimolar quantities of thiol and of the f-dicarbonyl
compound.® In this case, sulfanylation occurs via the B-dicarbonyl-tetraethylammonium fluoride
monosolvate, that is prepared by mixing Et,NF and 1 in DMF. After removal of solvent, a DMF
solution of thiol is added dropwise to a cold solution of the solvate. At room temperature, a signif-
icant amount of free fluoride ions is present in solution, and the secondary hydrogen-bonding
between fluoride and the thiol molecule will provide the driving force for air oxidation of the thiol
to disulfide (Scheme 1, Entries 41,50, 53 and 57, Table I).

ArSH
© EuNFllOJ
o o ~ o o
M Et,NF H. o o 1/2 ArSSAr
1 IR R2 SAr

R! = Me, Ph, OEt: R? = OEt, Ph;
Scheme 1

If a half equivalent of disulfides is used for the sulfanylation of $-dicarbonyl compounds,
continuous air bubbling into the reaction mixture will be necessary to ensure the oxidation of any
liberated thiolate anion into the corresponding disulfide >*** Good results are obtained for the
monosulfanylation of cyclic compounds 2 using this methodology, provided the reaction is
conducted at 90-95°C (Scheme 2, Entries 93,95,97-99, 101, 103, 105, Table 1).

Ho K,CO; / DMF HO
R 90-95°C R1__ -\ SAr
| ArSSAr )
R27>~x~ O (0.5 equiv) R x7 0
2 air bubbling 37-91%
A5 _nl § - R!
RI=H:R=Me: (0 2R Cm = R2 :X =NMe. O, NPh, NH;
Scheme 2

450



18: 05 26 January 2011

Downl oaded At:

SULFANYLATION REACTIONS OF CARBONYL COMPOUNDS & CARBOXYLIC ACID DERIVATIVES

Alternatively, the solvent CCl, can play the role of oxidant® (Scheme 3, Entry 59, Table 1).

NaOH
CHy(COMe), + RSSR + 1/2CCl, RSCH(COMe), + 1/2 CHCI3
(172 equiv) DMF/H,0 48-91%
/~ N\
R = Ph, 4-C)-CH,, p-Tol,MezNC(S),EtzN,CN A Nd N
Scheme 3

2. Electrochemical Generation of the Sulfanylating Agent

In a very innovative approach, the new sulfanylating agents RS* (3; sulfenium cations)
are generated by electrochemical oxidation of the corresponding disulfides, dissolved in CH,Cl, .2
Upon reaction of these electrophilic sulfur reagents with the aliphatic ketones 4, a-monosulfany-
lated products § are prepared in moderate yields in a two-step procedure (Scheme 4, Entries 13,
43, Table I1). In the first step, the organic disulfide is oxidized for about 15 h in

RSSR
TBAF/
-2e CH2C12
+
o 2R3 o
3
Ri)l\/“2 _— R‘)j\( R?
4 SR?
5
10 - 55%
R = Me, Ph; R} = Pr, Me, Ph; R? = Me, Et, Pr, CO,Ft
Scheme 4

an H-type cell, on a platinum foil. In the second step, after the electrolysis is stopped, the solution
of 3 is used for the direct quench of ketones 4. The monosulfanylated products § are isolated in
yields ranging from 10 to 55%.

II. CATALYTIC METHODS

Carbonyl compounds prone to aldol condensation, are usually sulfanylated via their
enamines or silyl enol ethers (see Table 3), requiring a multistep preparative sequence. This draw-
back can be circumvented using catalytic methods for the a-sulfanylation of unmodified carbonyl
compounds. Although examples of such methodologies are still rare in the literature, a recent
report on a direct organo-catalytic reaction deserves mention: ketones and aldehydes are sulfany-
lated, in moderate to good yields, with N-phenylthiophthalimides in the presence of 20 mol% of
pyrrolidine triflucromethanesulfonamide'® (Scheme 5, Entries 32, 33, Table 3).

Accordingly, phase-transfer catalysis (PTC), can be utilized in the sulfanylation of
organic compounds bearing acidic methylene groups.!!#95035135.74.75.103.104 {Inder these milder
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conditions, these substrates can be deprotonated at the interface of a solid and a liquid phase or at

the boundary of two liquid phases. Common systems are composed by a solid base

UA NTf

[¢] m H (o]
catalyst (30% mol)
. )H At )k’/SPh
R PhthSPh
R? R?

42 - 88%
R!=H, R? = Et, i-Pr, n-Bu, n-Pen, n-Hex, n-Hep, n-Oct
or Rl and Rz =(CH2)4, CHQ-CHQ-O-CHz, CHZ-CHTN(MC)-CHz

Scheme 5

or a concentrated aqueous solution of sodium hydroxide in contact with a liquid organic phase
containing the organic reactants.'®>'% After the deprotonation step, the phase-transfer catalyst,
usually a quaternary ammonium salt, transfers the enolate to the organic phase, where the
sulfanylation reaction takes place. Some examples of sulfanylation reactions, performed in a
solid/liquid system,!! 4950515574 are presented in Scheme 6 (Entries 12, 84, 87,108, 111, Table 1
and Entry 25, Table 2).
MeSSO;Me, TEBA (0.1 equiv)
MeS(0),CH.COX MeS(0),CH(SMe)COX
K,COj, Benzene, rt.

n=1:Y =Me: X = OEt (25%), SEt (40%), Ar (45 - 67%);
n=2:Y =Ph; X =OEt, SMe (39 - 96%)

MeSSO,Me, TEBA or Aliquat ~ (Me0).POC(SMe),COSMe

(Me0),POCH,COSMe +
K,COs. Benzene, rt. {MeO),POCH(SMe)COSMe
0
)CJ’\ PhSSPh. KoCO3. TBAHS Q0mol%) ]|
A ~
"™cH,” okt 60°C. 24 h CH™ "OEt
SPh
Scheme 6 28 - 64%

Acid-catalyzed sulfanylation reactions of enols are by far less common than those of
the corresponding enolate versions. Such methodology was shown to be strongly dependent on
the enol content of the carbonyl or carboxy derivative. For example, the sulfanylation of acylsi-
lanes, aldehydes and ketones with N-(phenylthio)succinimide, in the presence of TsOH or
boron trifluoride etherate,'®! is a quite successful reaction in the case of acylsylanes, but lower
yields are obtained for the same reaction applied to other carbonyl compounds (Scheme 7, Entry
34, Table 3).

To our knowledge, only two other reports on the Lewis acid catalyzed sulfanylation of
enols can be found in the literature, and they refer to SnCl,'” and TiCl,'®® promoted reactions
(Scheme 8).
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0
)H/R" o )%Ph
1
R TsOH or BF;Et,0 R

R2 R2 R3
R! = SiPh,Me, TBS or TMS; R2= H, Me, (CH,),Br,

(CH3)3Br,(CH;),CHMeBr,CHMe(CH,)3Br, (CH)4Br, n-Bu; » yields 80 - 92%
R¥=H

1_ LR2=— .
R'=H, Me,r;-Ph, R4 = n-Pr, n-Bu; yields 19 - 68%
R’=H, Me;

Scheme 7

SCI

@ NO,
TiCl,

t-Bu)J\/kcone

Scheme 8

II1. mono- versus bis-SULFANYLATION

Due to the increased acidity of the monosulfanylated product relative to the starting
carbonyl compound, the following acid-base equilibrium can be set up if basic conditions are

S) <
(o} [}
H 0 o)
S H B —— S H
)H/ \Fl + )y - J\r \R + )J\ﬁﬂ

The consequences of this equilibrium are: (i) low yield of the monosulfanylated product

used:

due to the consumption of the original enolate and (ii) the possibility of formation of bis-sulfany-
lated by-products.

As pointed out by Trost,'*f in the case of ketones, a 2:1 base to ketone ratio should be used to
avoid both mentioned drawbacks. In fact, (+)-camphor is monosulfanylated in 40% yield * by
quenching a THF solution of lithium ketone enolate with MeSSMe, in the presence of excess of
base (Scheme 9, Entry 10, Table 2).
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1) LICA (2 equiv)/
THF/HMPA

2) MeSSMe
o (2 equiv) o
Scheme 9

SMe

However, the need to use two equivalents of base is still controversial. In this sense, the
bicyclic ketone 6, structurally related to (+)-camphor, can be sulfanylated in good yield by direct
addition of the more reactive sulfanylating agent MeSO,SMe to one equivalent of the pre-formed
enolate'> (Scheme 10, Entry 64, Table 1).

1) LDA (1.1 equiv)/
E o THF (o]
2) MeSO,SMe
6 (1 equiv) SMe
Scheme 10

Additionally, a literature survey shows that even for the less reactive disulfides, the use
of one equivalent of base leads to good results?>28667687278 (Entries 1, 4, 90, 91, Table 1; Entries
14-18, 22, 30, 31, Table 2). However, the stereochemical outcome of the sulfanylation reaction
can be dependent on the stoichiometry. For example, when the sulfanylation of (+)-camphor is
performed by adding a solution of the enolate to different thiolsulfonates (inverse quench), the exo
7 isomers can be prepared selectively in good yields (61-86%) using one equivalent of base,
whereas the thermodynamically more stable derivatives 8 are produced (yields ranging from 73-
98%) in the presence of 2.2 equivalents of base® (Scheme 11, Entries 6,7, Table 2).

I) LDA /(2.2 equiv)/ 1) LDA / (lequiv)/
THF / -78°C THF / -78°C SR
2) Addition to 2) Addition to
TolSO,SR / THF / HMPA TolSO,SR / THF / HMPA
8§ 0 o 70
Scheme 11

The relative proportion of mono- to bis-sulfanylated products can be improved by control-
ling the ratio of substrate to sulfanylating agent. For example, using 9 as the limiting reagent, a
series of ketones can be monosuifanylated® in 80-97% yield (Scheme 12, Entry 7, Table 1).

o 0 o
(o] + N/SPh t-BuOK R1W)L N/H
1 R2 +
NS R2 DMSO, 25°C Lon

9
R! = H; R?=Me, +-Bu, Ph, 2-Naph
or R! = R = -(CH,)s-

Scheme 12
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However, the opposite strategy, i. e. the use of excess of sulfanylating agent, can
successfully employed as reported by Grossert and Dubey’ (Entry 8, Table 1). According to
these authors, the initially formed bis-sulfanylated compound 10 will be cleanly reduced to the
mono-sulfanylated analog by treatment with NaSEt/excess of NaOEt or NaH in EtOH or THF
(Scheme 13). It should be mentioned that this method, as applied to the monosulfanylation of

sulfones, proved to be equally effective.!*10

x\c,sn NaSEt X_ _H
Y” "SR Y” SR
10 62 - 94%
X = COPh, Y = SO,Me; R=Me, Et; X = Y = CO,Et, R = Ph;
X =COMe, Y = CO,Et; R=Ph; X = COPh,Y =H,R= Et

Scheme 13

Useful reagents for bis-sulfanylation are N-phenylthiophthalimide’ and 2-nitropheny]
alkyldisulfides (MNPDS).”® Compared to other disulfides, MNPDS shows an enhanced reactivity
due to the presence of the 2-nitrophenylthio group that probably activates not only the S-S bond,
but also the sodium enolate in the transition state!® (Fig. 1, Entries 11, 66, 67, Table 1).

S

"Double activated” Transition State for the sulfanylation of enolates using MNPDS
Fig.1
An obvious strategy for precluding bis-sulfanylation is to avoid the use of base. Under
these conditions monosulfanylation can be achieved using (i) enols and sulfanyl chlo-
rides?4531 924748 (Scheme 14, Entries 2, 3, 5, 6, 14, 42, 52,74, 75, 82, 106, 107, Table 1) or (ii)

)oj\/ o )o‘\( R?
R? 1
R! G=CO,Me,CF3,Bn, N

CCLF, CCIF,, NPhth SG

R! =H, Me, Bu, Ar, OEt, Ph, NHPh.
R?=H, Me, Bn, n-Pr, COMe, CO,Et, CONHPh,
COPh, C(NPh)Ph, C(NPh)Me

Scheme 14
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silyl enol ether and sulfanyl chlorides®#8#9% (Scheme 15, Entries 2, 3, 4, 15, 16, Table 3) or

11

CT (12 equiv)
n‘)\(sph CH-Chy 0
0°C _SPh
R? omms ( N o)
65 - 98%
SPh
1p2 _ _1_a RN R’)H/
R'/R*=(CHyn n=1-8; GSCl CH,Cl,/ .
o R? TMSOTf R
(0.25 equiv) 60-99 %
5 sSG CH,Cl; or Et,O - 78°C
R -100°C - .1, R!/ R? = OCH(CH,0TBS)CHy,
A2 OCHMeCH,, CH,CH,CHOTBSCH,,
40 - 98% CH,>CH,CHMeCH,,
R!= H, Me, CH,Bn, CH2CH2CHI-BUCH2, (CH2)3;
Evans oxazolidone;
RZ=H, Me, Et, i-Bu,
(CH,)s, PO(OEt);:
G = Me, Et, Bn, Ph,
CO,Me; Scheme 15

PhS(NTs)N(Ts)SPh** (11; Scheme 15, Entries 9, 21, Table 3) under neutral conditions, or N-
phenylsulfanylcaprolactam with Lewis acid activation” (Scheme 15, Entries 6, 7, 14, Table 3) or
(iii) enol borinates and suifanyl chlorides® (Scheme 16, Entries 16, 18 - 20, Table 3).

OB(nBu), o]
GSClI 6
1
ANy CH,Cl, R
R2 100/ -78°C R?
66 - 99%

R! = Et, i-Pr, n-Bu, i-Bu, n-Pen, Ph, Evans oxazolidone;
R?=H, Me, Et, n-Pr, n-Bu;
R!/ R? = CHMe(CH,);, CH,CHMe(CH,)»
G= Ph, (CH2)2C02MC

Scheme 16

IV.REGIO- AND CHEMOSELECTIVITY

The problem of regioselectivity does not exist for esters, lactones, amides and lactams.
However, the sulfanylation of unsymmetrical ketones might lead to mixtures of regioisomers.
Regiospecifically generated lithium enolates are usually sulfanylated with less than 100% regiose-
lectivity, due to a rapid proton transfer, equilibration and sulfanylation of the thermodynamically
more stable enolate. For example, when the kinetically generated lithium enolate of 2-methyicy-
clohexanone is treated with PhSSPh, a mixture of 2-methyl-6-phenylthiocyclohexanone (80%)
and 2-methyl-2-phenyl-thiocyclohexanone (20%) is obtained in 87% yield.'f

As for ketones, their transformation into regio-defined sily] enol ethers is a prerequisite
to attain complete regioselectivity. In situ deprotection of these enolate equivalents with tetra-
butyl-ammoniun fluoride (TBAF) generates the very reactive ammonium enolates that are readily
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trapped by 3-phenylsulfanyl-2-(N-cyanoimino)thiazolidine'® (Entries 10, 22, Table 3) or
PhSO,SPh¥” (Entries 1 and 12, Table 3). This method affords high yields of regioselectively
sulfanylated ketones, as exemplified in Scheme 17.

TBAF SPh

1
R A2 THF R 2
+ PhSO,SPh R
-78°C
3

R!=H,Me; R?=OEt; R? = n-C;Hs;
R?/R3 = (CH,)3, CHMeCH,CH,, CH,CH,CHt-Bu

f\iﬁ-o-silylated androstane moiety
R2

n3
Scheme 17 ﬁ

An alternate methodology to counteract enolate equilibration is the treatment of kineti-

R?

n’);

\Qolestane moiety

cally generated enol borinates with active sulfanylating agents at low temperature. For example,
open-chain and cyclic unsymmetrical ketones can be monosulfanylated at the less substituted side
in good yields and = 85% regioselectivity,® via the corresponding enol borinates and sulfanyl
chlorides (Scheme 18, Entries 18-20, Table 3).

Bu,BOTf

o] . OBBu. o
i-PrNEt 2 PhSCI
/U\/ Rz - /g/ Rz — 1 R?
R CH,Cl, R -78°C R
-78°Ctor.t. SPh
67 - 92%
R!=i-Pr,i-Bu; R?=H, Me ’

Scheme 18

Chemoselective sulfanylation of 1,3-dicarbony! compounds can be controlled by using
the appropriate ratio base to substrate. Thus, if one equivalent of base is used for deprotonation,
the more stable enolate will be generated, leading to sulfanylated products at C-2. However,
sulfanylation of bis-metallated 1,3-dicarbonyl compounds with diphenyl disulfide occurs chemos-
electively at the less substituted y-carbon (Entries 25, 26, 30, 31, Table 1). These bis-metallated
species can be generated either by using two equivalents of a strong base or one equivalent of
NaH, followed by one equivalent of BuLi, 2 as illustrated in Scheme 19.

0o 1) NaH.( 1.5 equ_iv) 0
R10,C 2) BuLi (1.2 equiv) R'0,C SPh
3) PhSSPh (2.4 equiv)
ng R3 Rz R3

69 - 85%

2 ma
R'=Me, Et R2=R*=H; w, 1

o~ Yo
Scheme19 \/
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V.STEREOSELECTIVE SULFANYLATION REACTIONS

Several sulfur-containing molecules present a specific bioactivity strongly dependent of
strict stereochemical requirements.''''? Additionally, in asymmetric synthetic transformations,
the introduction of a thioether functionality might have a crucial role in the face differentiation of
neighboring reactive groups.”®!'3

Stereoselectivity in sulfanylation reactions has been achieved via classical and innova-
tive approaches. In this review, a special emphasis will be given to methodologies that make use
of chiral sulfanylating reagents or catalysts or that are based on the chiral auxiliary concept.
Examples of diastereoselectivity arising from substrate chirality can be found in Table 2 (except
Entries 14-17, 26-30, 44) and in Table 3 (except Entries 16 and 17), but will not be mentioned nor

discussed in this text.

1. Chiral Sulfanylating Agents

The reactivity of sulfanylating agents containing the N-S bond has been fully exploited,
and some new examples include chiral versions. In a first report on an asymmetric sulfanylation
reaction,® enantiomerically enriched a-phenylsulfanylcyclohexanones were obtained upon reac-
tion of the parent carbonyl compounds with sulfenamide 12 (Scheme 20, Entry 35, Table 2).
These sulfanylations are carried out in the presence of a catalytic amount of Et,;NeHCI (7 mol %),
and best e.e. results are obtained by conducting the reaction in refluxing benzene.

Phs_ Eh
/N-—;<H
H e SPh
12
R (o}
< > Et;NeHCI R °
_ cat.
R = Me, +-Bu ee.22-55%
Scheme 20

The chiral 4-diphenylmethyl-3-phenylsulfanyl-2-(N-cyanoimino)thiazolidine (13) is also
an effecient asymmetric agent, and can be employed for the sulfanylation of aliphatic B-ketoesters,
cyclic diketones or cyanoketones'é (e.e. 3-96%, Entries 29, 33, 34, Table 2). In this case,
cyclanones are treated with NaH at -78°C in THF, in order to generate the sodium enolates, which
are directly quenched with 1.2 equivalents of 13, at -78°C (Scheme 21).

R 1) NaH / THF R sph

-78°C
‘ Z:o ‘ Z—:o
2
N )Ph>,:H .

PR ee.0-96%
PhSN__S
NCN
13
R = CO,Et, COMe, COt-Bu, COPh, CN, CO>Me, CO,i-Pr, CO,Ph;
n=1-4
Scheme 21
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The X-ray structural analysis and molecular modeling calculations for the sulfanylating
agent 13 (Fig. 2) led to the proposal of a transition state (TS) model for the highly enantioselective
sulfanylation of the 2-carbomethoxycyclohexanone'é (e.e. 96% for R = CO,Me, Entry 33, Table 2).
Ph -

[Ts-1 —TS-2 Ph
||
©0 H H H
CO,Me N S CO,Me _N )
______ s/ T a0 _"’_ s S T
Hi \CN \CN
o]
e, — - e —

Transition states for the sulfanylation of 2-carbomethoxycyclohexanone using 13
Fig. 2
Two diastereomeric TS corresponding to the possible approaches of the phenylsulfanyl group to the
enantiotopic faces of the enolate were suggested (Fig. 2). The observed S-enantioselectivity could
be explained on the basis of steric effects, since TS-2 is less hindered than TS-1. It should be
mentioned that the chiral 4-diphenylmethyl-2-(N-cyanoimino)thiazolidine can be recycled.

2. Use of Chiral Auxiliaries

As for the asymmetric sulfanylations using chiral auxiliaries, the Evans chiral oxazoli-
dones,?95% chiral imidazolidin-2-ones,”® and SAMP or RAMP%%7 proved to be quite useful for the
enolate face-diastereoselection. The efficiency of the Evans chiral auxiliaries was investigated by
Paterson®* and Warren,”® as summarized in Scheme 22 (Entry 32, Table 2 and Entry 16, Table 3).

o O )01\ o , o O
R' Methods A-C /U\<R R!
OANJK/ - e [e) N i H + o)kN/lH'/"IH
SPh SPh
R2 R? R2
14
Method A- R! = Et, n-Pr, i-Pr, +-Bu; R2=Bn 97% 3%
Method B- R! = Me; R2=i-Pr 83-92% 17 - 8%
Method C- R! = Me; R?= i-Pr 88% 12%

Method A: 1) LDA; 2) PhSSPh/ - 78°C; Method B: 1) LDA; 2) CITMS (-78°C) or
CITBS (-100°C); 3) PhSCI; Method C: 1) Bu,BOTf / iPrNEt,; 2) PhSCI

Scheme 22

It should be mentioned that, although the prepared sulfanylated imides of S configuration
(14) are obvious potential precursors of enantiopure aldehydes by partial reduction using Red-AIR,
this procedure results in racemization, while reduction to alcohols with LiBH,/H,O preserves the
stereochemical integrity at C-2. However, the oxidation of the intermediate alcohols requires a
careful choice of oxidant to avoid racemization in this step. For this transformation, the Dess-
Martin method is superior to the Swern oxidation. Very good yields and enantiomeric excesses are
obtained for aldehydes prepared by this sequence.”
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Imidazolinones 15ab both in enantiomerically pure forms, can also be used as cova-
lently bonded chiral auxiliaries for the sulfanylation of lithium enolates’™ (Scheme 23, Entries 30
and 31, Table 2). Due to the facile preparation of both enantiomerically pure imidazolinones
15a b, this method is not limited to the preparation of one stereoisomer of the sulfanylated imides.
It should also be mentioned that the chiral auxiliary is easily removed by reductive cleavage using
LiEt,BH.”®

)CL/ 1) LHMDS P .
R
X 2) PhSG X
SPh
X
R =Me, i-Pr, Bn;
X= MeNTON G=Cl,SPh,SO,Ph 41 (R/5)>98:2
me  Ph
15a
X
Me. R =Bn;
= N N ’ .
X= - G=SPh.sOpn 4T (S/R)>98:2
Me Ph
15b Scheme 23

The preparation of enantiomerically enriched a-sulfanylated carbonyl compounds can be
also performed by reaction of chiral lithium azaenolates with disulfides. Aldehydes and ketones
can be transformed into chiral hydrazones®® or chiral imines®’ upon reaction with SAMP and
RAMP or (R)-(+)-a-phenylethylamine, respectively. Sulfanylation reactions of SAMP and
RAMP hydrazones® 16 (Scheme 24, Entries 14, 15, Table 2) are more stereoselective compared

to those of imines®” 17 (Scheme 24, Entries 16, 17, Table 2). However, when the cleavage of the

~

X
N
1) LDA nVU\/R’ DLDA
2) R*sSR* A2 2) R*SSR
X x_
SR? SR
. q 03/CHYCl/ -78°C o .
or HCI / pentane / H,O aqueous
Re P : oxalic acid R?
16 17
0
¥ Ph

= SR
X= [-DVOME R]/U\FR3 X= —<-n|IH

or R2 Et
4—) OMe R!'=H;R?=H, Me;
N s R3=H, n-Pr, i-Pr, Bn;
R'=H, Et, Ph: R*=Me, i-Pr;
R =H, Me; ee. 13-51%
R*=H.n-Pr.i-Pr,Bn:
R%=Me, i-Pr:
ce.83-95% Scheme 24
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C=N bond in SAMP hydrazones 16 is performed with HCl, in a two-phase system, low yields and
virtual complete racemization is observed. Therefore, for these hydrazones a standard cleavage
protocol, using ozone, should be used to liberate the corresponding carbonyl compound %

3. Asymmetric Catalytic Methods

Only recently, reports on asymmetric catalytic sulfanylation reactions have appeared in
the literature. In such cases, the catalyst might play one of the following roles: (i) a chiral auxiliary
generating a transient chiral substrate, (ii) a chiral base generating a face-shielded enolate, (iii) a
complexing agent, (iv) a chiral phase-transfer agent under PTC conditions. The following exam-
ples highlight some of these catalytic features.

Until few years ago, all practical methods for the preparation of enantiomerically pure a-
sulfanylated aldehydes were multi-step procedures, involving chiral auxiliaries, as exemplified
previously in Schemes 22-24. However, in 2005 an organo-catalytic method for the enantioselec-
tive sulfanylation of such substrates was reported. Under optimized conditions, a series of 2-
monosubstituted acetaldehydes can undergo a-sulfanylation in the presence of 1-benzylsulfanyl-
1,2 4-triazole, and the silylated prolinol 18 as catalyst.” Typically, a 30% excess of sulfanylating
agent (0.33 mmol) is added to a mixture of aldehyde and amine 18 (as catalyst; 10 mol%) in
toluene (0.5 mL), and the mixture is stirred at room temperature (Scheme 25, Entry 28, Table 2).
The crude sulfanylated products are reduced in situ, yielding the corresponding chiral alcohols

with high enantioselectivity.”

b o]
H/U\(H H/u\(san
=\
R! 'L N-S  /Toluene /.. R
N Bn
ee.95-98%
R! = Me, Et, i-Pr, +-Bu, Allyl, Ph, Bn
y
Scheme 25

The stereochemical course of the reaction can be rationalized”’ by assuming that, due to
steric hindrance, the electrophile attacks the Si face of a postulated enamine intermediate, formed
by reaction of the aldehyde and the amine catalyst 18, yielding products of S configuration (Fig. 3).

Chiral bases are useful reagents for the direct enantioselective a-sulfanylation of activated
C-H bonds, as demonstrated by Jorgensen and his group.?! These authors reported on the sulfanyla-
tion of 1,3-dicarbonyl compounds using some cinchona alkaloids derivatives, acting as bases at the
initial catalytic deprotonation step (Entries 36-40, Table 2). These sulfanylation reactions are
conducted in apolar medium, using 1-sulfanyl[12 4]triazoles as sulfanylating agents (Scheme 26).
Cinchona alkaloids 19-21 are the best performing catalytic bases for such reactions 3!
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Et

H H
lg ] Phenantryl-O
N

-

H OMe
OMe =

x

MeO

/

20

MeO OMe

sulfur
clectrophile attack

Electrophilic attack to the enamine formed by reaction of isobutyraldehyde and 18

Fig. 3
[} o} 121 o o
. s as catalyst
R OR R1 0R3
Uz 2) 'ﬁ:\\N &_/Rz SG
N,
SG

1
TS\N/LLL.(R‘) '77-.(R ) /@f(/n;z
k)L LLL' (CL,H)

= Me, Et, i-Pr, -Bu, Bn; G= Bn, i-Pr, 2 4-dinitrophenyl
Scheme 26
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In a typical experimental procedure, the dicarbonyl compound is added to a solution of
the dried catalyst (10 mol%) in dry toluene, under a N, atmosphere, at temperatures ranging from
-30 to -40°C. This mixture is then treated with the sulfanylating agent, and stirred further at the
same temperature ?' yielding the sulfanylated cyclanones in 66-95% yield and 51-89% e.e.

The stereochemical outcome of these reactions was attributed®! to a preferential attack of
the electrophile to the less hindered face of the tightly hydrogen bonded intermediate 22 (Fig. 4).

Approach
of sulfur
electrophile

Approach of the sulfur electrophile to 22
Fig. 4.

Metal complexes can be also used to achieve enantioselectivity. Ti(TADDOLates) are
well known efficient chiral catalysts,''* and can be successfully employed in the enantioselective
sulfanylation of B-ketoesters 3 This method works best for substrates bearing a bulky ester group,
and consists in mixing the p-ketoester, the sulfanylating agent, and 5 mol% of catalyst 23 in
toluene, at room temperature (Scheme 27. Entry 44, Table 2).

X

o~ o
Naph 7/ Naph

Naph o, ?{\\o Naph

MecNY | "NCMe
o o c o ©0
1 3 R! > OR?®
R OR PhSCI R
R? R? 'SPh
ee. 53-88%
R! = Me, Et; R?= Me: R! = R?= (CHy)3; R® = Et, Am, r-Bu, Ar
Scheme 27

It should be noted that the absolute configuration of the product can be predicted if one
assumes that the intermediate formed in this reaction is the same as that for previously reported
halogenation and hydroxylation reactions 3 By virtue of the shielding of the Re enantioface by
one of the two face-on naphthyl groups, in the major diasteromeric intermediate containing the
(R.R)-configured TADDOL, S-configured products are obtained (Fig. ).
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Si-side sulfur gt
attack

Attack to the Si enantioface of the titanium enolate
Fig. §

Along the same line, the reaction of sulfur electrophiles with Sn(Il), in the presence of
chiral diamine ligands, affords chiral -ketosulfides. As reported in 1986, the tin enolates of
ketones can be made to react with thiolsulfonates, in the presence of the chiral diamine 24, to
give (R)-p-ketosulfides in moderate to good e.e. (Scheme 28, Entries 26, 27, Table 2).

1
) Et-N )
(o]
)OI\ / $Sn(OTf), / CH,Cl, )krﬂz
Rl
R! CH,R?

2
820 sa
N yields: 52 - 93%
Me 54 ee.50 - 85%

3) PhSO,SG

R' =Ph, i-Pr, 1-Bu: R? = Me, Et, Bn; G= Naph, Ph;
Scheme 28

The bulkiness of thiolsulfonate contributes to increasing enantioselectivity, NaphSO,SPh
being the best sulfanylating agent for this reaction.”

The chiral PTC catalyst’ QUIBEC (N-benzylquininium chloride) promotes diastereose-
lective sulfanylation of racemic a-methyllsulfinylacetophenone (25), in a solid-liquid two-phase
system (Scheme 29, Entry 25, Table 2).

K,CO3 / MeSO,SMe
Benzene / CH,Cl,
Catalyst
Y@COCHgSOR Y@COCH(SMe)SOR
26 31
Y =H, MPe}; l:; Me, i-Pr, catalyst TEBA 0% d.e. for
R QUIBEC  60% | Y=H:R=Me

Scheme 29
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In this reaction, four possible diastereoisomeric ions-pairs 27-30 can be formed, in which
the Z enolate of 26 (Y = H; R = Me) and the catalyst are tightly associated via hydrogen bonding

and -t interactions (Fig. 6).

Ion-pairs for racemic enolate of 26 (Y = H; R = Me) and QUIBEC
Fig. 6

The stereochemical outcome of the sulfanylation of these intermediates, formed at the

interface of the PTC system, can be summarized as follows:

Catalyst group which Enolate face Configuration of
interacts with aromatic blocked by catalyst sulfur at the sulfanylated
ring of enolate of enolate of product
26 26 31
(Y=H;R=Me) (Y =H;R=Me) (Y =H;R=Me)
Benzyl Si R S.Cr
Si S S.C,
Quinolyl Re R SgCs
Re S S

The relative configuration of the major isolated diastereoisomer of 31 (Scheme 29, Y =
H; R = Me) is S *C *.” This result suggests that the observed diastereoselectivity in the sulfanyla-
tion of the racemic 26 (Scheme 29, Y = H; R = Me), is due to a preferential attack of sulfur elec-
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trophile at the unblocked faces of the jon-pairs 27 and 30, in which the lone pair of the sulfinyl
group is directed to the front, giving free access to the sulfanylating agent.

The sulfanylation of cyclic B-ketosulfoxides®®3 is more diastereoselective as compared
to the same reaction for the open chain analogs, due to restricted mobility of the cyclic structure.
Therefore, when 2-methylsulfinylcyclopentanone, 2-methylsufinylhexanone and 2-methyl-
sufinylindan-1-one (32, Scheme 30) are submitted to PTC sulfanylation using TEBA or some
chiral catalysts, the corresponding a-sulfanylated B-ketosulfoxides 33 (R = Me, X = (CH,),) are
obtained as mixtures of diastereoisomers, except for the five-membered derivative 32 (Scheme 30,
Entry 43; X = (CH,),, Table 2).

o K»COs/Catalyst 0 o
/A Benzene/CH,Cl, /T
/— s\M@.A /— S<
X MeSO,SR X Me
R =Me, Tol SR
32 33

EN

(" (CHp; de.=100%
(CHy)y de.= 20% Catalyst =

TEBA
de =70%

X= <
< (CH2)3 d.e.=100%
(CHps de.= 70% | cypatyse=

(" QUIBEC
de =80%

A\ J
Scheme 30

By substituting MeSO,STol for MeSO,SMe, it is possible to prepare the solid C*S*
sulfanylated cyclopentanone sulfoxide 33 (Scheme 30, R = Tol, X = (CH,),), that proved to be of
C*S¢* configuration by the X-ray analysis. This result is in accordance with those for some open-
chain B-ketosulfoxides 26 (Scheme 29, Y = H, R = Me, i-Pr, t-Bu, Ph),”® thus confirming the
previous assumption that, upon formation of a tight ion-pair enolate/catalyst, the electrophilic
attack occurs at the enolate face opposite to the methyl substituent at the sulfinyl group®? (Fig. 7).

For analogous experiments, employing TEBA or QUIBEC and the indanone suifinyl
derivative 32 (Scheme 30, X = C;H,-CH,, Entry 43 for indanone, Table 2), a decrease in diastere-
oselectivity is observed.®® In this case, the enolate negative charge would be more dispersed, due
to conjugation, leading to a looser interaction with the catalyst. Finally, in the case of cyclohexa-
none 32 (Scheme 30, X = (CH,),) an even larger decrease in diastereoselectivity is observed
(Entry 43, X = (CH,),, Table 2), probably due to the increased mobility of the ring in comparison

to the five-membered derivatives 3
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(l)’ electrophile attack
.S~ /
HeN |

Q* = ammonium cation

Enolate / catalyst ion-pair for 32 (X = (CH3)3)
Fig.7
It should be mentioned that in the sulfanylation of p-ketosulfoxydes, catalysts bearing a
free OH group (N-benzylquininium and N-anthracenylquinidinium chlorides) are more efficient
than those in which the OH group has been alkylated, such as O-benzyl-N-anthracenylquini-
dinium bromide. This result suggests that, in the case of p-ketosulfoxides, hydrogen bonding of
the OH group to the carbonyl and sulfinyl oxygens is vital for diastereoselection ®

V1. TABLES
Table 1. Non-stereoselective Sulfanylation Reactions
Entry Cmpd Sulfanylating Ratio Conditions Product (Yield %)
agent/base Ref.
1 R2 PhSSPh 111 THF/r.t. R2 R! R2 G (%) 2
| / |
R'— C—CHO KH R'-C—CHO Me Me Ph 42
H é G Et Et Ph 82
Et n-Bu Ph 67
Me s-Bu Ph 81
-(CHz)s- Ph 75
- CH,CH=CH(CH,), - Ph 58
Ph Me Ph 83
Me CgHyg PR 60
- (CHy)r - Ph 48
2 MeO,CSCI 11 CHCIy25°C Bn H CO,Me 62 3
to 35°C
3 BnSCI * CCL Me Me Bn 76 4
4 PhSSPh 1/1/1.05 THF 0 2
7 S/CHO / SPh 8%
KH / CHO
5 o MeO,CSCl " CHCI,,/25°C R R! R2 G (%) 3
Ri-C-CHR? to 35°C =0 Me Me COMe 55
. t-Bu H  COMe 65
CHR® pCicgHs H  COMe 72
GS Tol H COMe 68
Me p-MeOCgH, COMe 68
Me  COEt COMe 72
Me Bn CO,Me 68
Bu Pr CO,Me 74
6 Q F3CSCl 1-1.4 -80°C to Me H CF; 86 5
R'-C—-CH,R? _20°C Me Me CF; 82
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Table 1. Continued...

Entry Cmpd Sulfanylating Ratio  Conditions Product (Yield %)
agent/base Ref.
7 o o 3/1/3.3  DMS0/25°C R R2 G (%) 6
—-C— 2 P
R'-C—CH,R N Me H Ph 62
t-Bu H Ph 81
Y Ph H Ph 83
t-BuOK Naph H Ph 30
8 PhthNSEt / 1212 DMSO Ph H Et 76° 7
t-BuOK
N 1112 DMSO Ph SEt Et 81° 7
TolS0O,SG 111 THF / HMPA Ph H Bu 88 8
/ -60°C Ph H Bn 85
LDA Ph H (CH)COEt 79
Ph H Ally) 74
Ph Et Et 96
Ph Et CqHyq 98
Ph Et Bn 92
10 PhSO,SPh / LDA . THF/-78°C TMS  Bn Ph 62 9
1 N, 112.2- THF R MeO Bn Me 700 10
SSMe 24124 (\: -0 MeO p-MeOBn Me 57°
i MeO i-Bu Me 57
/ CHR?
NaH o
12 PhSSPh 1112 60°C EtO Ph Ph 63 11
/ TBAHS EtO p-MeOCgH, Ph 60
K2COy as EtO  pCICgHy Ph 51
EtO  p-NOCeHs Ph 28
catalyst EtO a-Naph Ph 64
EtO p-MeCgHy; Ph 80
13 GSSG 17 Electro- CiH; CyHg Ph 26 12
chemical Ph Me Ph 55
oxidation Ph Me Me 54
Ph C,Hg Me 53
Ph CiH, Me 50
14 FCL,CSCt 17 -80°C Me COMe FCLC 75 5
F2CICSCI 15/1 Me  COMe FCiC 72
13 Me COMe F3C 83
F4CSClI .
15 R N 1/1 MeOH or R R=H 92% 13
o b L3 D = -
coM ‘ EtOH R = CgHyz 98%
T Me s [Nj @: \>——s CO;Me
reflux S
]
16 o TMS(CH.),STs . THF o R'" R? n G (%) 14
R R? ; 78° . 2 H H 1 CH,CH,TMS 90
\6‘7; LDA gc R R H H 2 CHCH,TMS 76
W58 Bn H 2 CHCHTMS 75
17 o MeS0,SMe 1111 THF H H 1 Me 92 15
R' R2 / J10°C to H H 2 Me 87
./ LDA H H 3 Me 89
n _80°
80°C H H 8 Me 88
Me H 2 Me 69
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Table 1. Continued...

Entry Cmpd Sulfanylating Ratio  Conditions Product (Yield %)
agent/base Ref.
18 o I\ 11.2/2 -78°C o] R' R?Z n G (%) 16
R‘\ap, Rr? s Y N-sph R g H H 1 Ph 59
>.. NN sg H H 2 Ph 76
/LDA n H H 3 Ph 49
19 o 3/1/3.3 DMSO H H 2 Ph 82 6
SPh
o
2
/-BuOK
20 PhSO,SPh  1/1.1/1.2 -78°CHrdt. R'" RE n G (%) 7
/ OMe H 2 Ph 93
LICA H OMe 2 Ph
21 - GsCl 11212 THF s R R R n G (% 18
R / R® H H sSPh 1 Ph &
NaH H H SMe 1 Me 75
R [+]
R R’ "0
RZ
11.211 Rl R R n G (% 18
H H Me [+] Ph 89
H H H 1 Ph 86
H Me H 1 Ph 83
Me Me H 1 Ph 85
Me Me H 1 Ph 83
H H Me 1 Ph 86
H H CH,CO.Et1 Ph 83
22 = i mr CH,Cl, Me Me H 1 cholest 54 19
F,CSO; SSG
Py
23 9 17111 Benzene s6 R' RZ R3 G (%) 20
R H H H Ph 97
QN_SP,, reflux Honon Ph 62
o RV [o]
/BN 1A )
o H H Me 0 Ph 90 22
201 H H iPr 0 Ph 97
24 111.2 CH:Cl; H H 0 Ph 70 21
L o
25 H COEt  PhSSPh 112.4/2.4 THF H cogt 69 23
o ! 0°C! rt o :
[ o LDA L [ o
o
o
H o SPh
26 o PhSSPh 1/2.4/1.5 THF o 85 23
and 1.2 0°C! rt

/
Rozc\é 1) NaH
) 2) Buli
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Table 1. Continued...

Entry Cmpd Sulfanylating Ratio  Conditions Product (Yield %)
agent/base Ref.
27 o PhSCI 1711 THF CO,R R no(%) 18
RO,C / o°c SPh Me 1 93
s NaH o B 2 8
Et 4 95
n
28 N 171 MeOH or 2 R' RZ n (%) 13
@ o EtOH e Me OMa 1 99
s N N n Me OEt 1 73
reflux N\ ¢ co,r' Et OMe 1 92
[Oj ©13>_ 2 Et OEt 1 68
Me OMe 2 99
171 Benzene Me _ 97 13
or N\_/O o
CH.Cl; 87
29 o PhSSPh/ 17111 HMPA R R (%) 24
MeO;Cﬁ Nal 165t0 175 SPh H 47
R (additive) °c fo) Me 49
30 o o PhSSPh 1/1.5/1.2 THF R! R? (%) 25
1
R Rr? / and 1 o o H MeCO 72
NaH R! H EtO 65
R? H Me,N 52
and
SPh Me MeCO 72
BuLi H Me 76
-CH,CH,- 61
3t PhSSPh 1112.4 THE H MeCO 78 25
LA -15°C to 0°C H EO 64
H Me,N 52
Me MeCO 47
H Me 7°
-CH,CHp- 47
32 /{cozcmw PMBSSO,Tal 1772 THF PMBS.. _CO,CH,Ph 9%
~H / o H
-78°C
PHN" "CO, Allyl LHMDS PHN™ “CO, Allyl
P = Phenoxyacetyl
PMB = p-MeOCH,CsH CH2
33 BnSO,SBn 172 THF BnS.,,_CO,CH,Ph 7% 26
/ o H
-78°C I
LHMDS PHN" ¥CO, Allyl
34 o ¢ GS0,8G 1/1/1.1- EtOH o R! R? G (%} 27
-CyoHgy Me Me 98
R?J\/U\oe ! 19 £ R’%)\ G
14 ! EtONa r OF! Bn Me Me 995
GS H CHZCH=CH (n-CsH11) Me Me 92
Bn Me Ph 92
35 GSSG 1/2-3/1.5 Bn Me Me 15 27
/ Bn Me Ph 75
EtONa n-CyoHy:Ph Me Ph 92
CHCH=CH(n-CsH11) Me Ph 94
36 MeSO.SMe 1/2/2 DMSO H OH Me gt 28
/ NaH rt. Me OH Me 55
Ph OH Me sg°
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Table 1. Continued...

Entry  Cmpd Sulfanylating Ratio  Conditions Product (Yield %)
agent/base Ref.
37 o o PhthNSMe R RR 6 (%
R)H)LOE, / NaH H OH  Me g4t
R Ph OH  Me 66°
38 MeSSMe H OH Me 58°
/ NaH
39 o o 0-O:NCsH,SCI 10431 1) base/ a 92% 29
" o / ethanol SCsHNO0
° KHCO, 2) solvent Me
o removal
3) sulfanyl
ating
agent/
THF
4) base
Jwater
40 a o PhthNSPh 11212 CHCl, o o R=Me G=Ph 9%t 7
RMOEl / rt. R OFt
ELN H SG
41 PhSH 1111 DMF R G (%) 30
I EUNF rt. Me Ph 8
42 GSCI 1713 -80°C to Me FCl,C 72 5
o Me F,CIC 67
2c Me FiC %
111.2 -30°Cto rit. Ph CF, 59 31
43 PhSSPh 171 Electro- Me Ph 10 12
chemical
oxidation
44 @[COzMB 1/0.67/1 THF Me 88 32
SNPHhth rt CO,Me
{ NaH
45 C[C%Me 111 HMPA ° Ph Ph 36 24
0
_— 165-175 °C H %Lph
/ Nal GS H
(additive)
46 COE MeSO.SMe 11.2- EtOH CO,Et R G (%) 33
R NCO,E / EtONa 25/1.2- rL N-CioHz1 Me 90
R71 ™ co,Et Bn Me 70
21 SG " (n-CsHy )CH=CHCH, Me 88
Ph Me 92
CH,CH,CO,Et  Me 73
CH(CH3)CH,COEt Me 77
CHPhCH,COEt  Me 75
PhSO,SPh 1/1.0- EtOH n-CyoHzq Ph 90 33
/ 124.00  rtto 50°C Bn Ph 83
EtONa 1.2 Ph Ph %0
47 ©:002Ma 1/0.67/1 THF H 78 32
SNPhth it COMe
/
NaH

4
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Table 1. Continued...

Entry Cmpd Sulfanylating Ratio  Conditions Product (Yield %)
agent/base Ref.
48 COLEt F,CICSCI 1/3.5 115°C R G (%) 34
CO,Et FsCSCl 1/3 -50°C to H CFRCl  4.7(44)° 34
107°C H CFy 515
(15.5f
49 PhthNSPh 1/2/2 CH,Cl, CO,Et
Eg/ N L R COEt
2
* SG H Ph 9 7
50 PhSH 111 DMF H Ph 78 30
/
ELNF r.t.
51 , COR® PhSSPh 1711 HMPA s R R2 R? (%) 24
S / B H £t 40
2 165-175 °C
RT oo Nal R2”Ngpp B0 H £t 46
(additive) Pr Me Et
Me Me Me 7
Bn 8n Et 66
52 . F3CSCl 1M1.2 CHCls X X Y G (%) 31
s HE.,  coPh CONHPh  CFy T2
SG COMe CONHPh  CFy 75
53 PhSH 1711 DMF CoPh COMe PR 78 39
/ coPh CoPh Ph 84
Et.NF
54 @:002”‘3 1/0.67/1 THF COPh COMe 73 32
SNPhth / rt COMe
CN COLEt 74
NaH CoMe
55 PhSSPh 111 HMPA N oa Ph 2 24
o 165t0 175
Nal (additive) o
C
56 Me._,CO:EL MeSO,SMe 1.5 Toluene: Me. ,SMe 68% 28
/ 1)DABCO /
MeC,S  COE DABCO reflux MeO,S~ COE
(additive) 2)
MeSO,SMe /
rt.
57 ,COMe GSH 111 DMF R G (%) 30
R ome / It GOMe H Ph 81
ELNF - RC—COMe H pNOCeH, 41
e H pMeCeH, B85
H pyridine 68
58 COMe 1/0.67/ THF H 81 32
@[ rt COMe
SNPhth/ NaH
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Table 1. Continued...

Entry Cmpd Sulfanylating Ratio Conditions Product (Yield %)
agent/base Ref.
59 it GSSG 1/0.5"  DMF/CCL/ R G %) 35
‘CoMe / H,O H Ph 88
NaQH H p-CICgH, 91
H p-MeCgH, 83
H CNC(S) 47
H o NCs) 48
—
H  MeNCS) 58
H ELNC(S) 59
no [nee 72
60 Rc;‘COMG MeSO,SMe 1/1.214 EtOH COMe 8n Me 92 36
|
‘COMe / ot RC—H n-CrHis Me 94
EtONa 'SG n-Ciats Me 92
Geranyl Me 90
61 MeSO,SMe  1/1.4/1.6  1)MeCO, Bn Me o7 3
/ nCyHys Me 95
K:COs reflux nCiHp  Me a5
2)MeOH, Geranyt Me 89
reflux
62 Me PhSSPh * DME Me 51% 37
1 s
b T jos
o o
SPh
63 PhSO,.SPh * DME Me Me Me 37
I 0
NaH 25°C . +
o o o
SPh PhS SPh SPh OH
56% 12% 14%
64 E o MeS0O.;SMe / 1M1 THF o 86% 15
LDA -10°C
SMe
65 CN MeSSMe or * ;;Iof:: os CN G (%) 38
PhS/SPh 1)Base/ r: Zg
o - li¢ ti
i OTMS KHMDS su an:inat g TiO .
~ a9 i oT™MS
o 2)Base/ i
C@ PhNTf, .
[o] [
66 NO, 1r2.2-2.4 THF 10
©/ssm 84%
rt
H
NaH
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Table 1. Continued...

Entry Cmpd Sulfanylating Ratio  Conditions Product (Yield %)
agent/base Ref.
67 NG, 12.2-2.4 THF \ se% 10
g
MeO 7/
SMe or
/ 'SMe [ i\ 83%
NaH 4
R? R' R? n G (%)
68 PhSSPh /LDA 1/1.6/2.1 THF/-78°C PhOCH,CH, OMe 0 Ph 84 39
69 TMS(CH;)ZSTSILDA * THF/-78°C H H 0 CH;CH,TMS 80 14
70 MeSO,SMe /L DA 1112  THF-10°C H H 1 Me 94 15
71 PhSO;SPh/NaH 1/3/3 THF H Ho1 Pn 70 4041
72 1122 THF/-78°C ( o0y H o9 Ph 41 (13P 16
N‘SPh
R' H SG
NCN
/LDA
73 MeSO,SMe 1.2 THF o 71% 15
0. SO
H LDA W
74 wo FsCSCI 11 Pentane o SCF, o4 o 42
E'“;‘Q\ o°C coer %8 =
38% 12%
75 o F,CSCI 17 Pentane 42
COZEN co,a ElO;C scr,
1%
76 " PhSSPh 1/1.2/4 THF 185 75% 43
! o
-78°C
(8) LDA after desilylation
N o 0°C
Me
o
77 0 PhSO/;SPh 1/2.1-2.8/ THF or [+ sPh XV H Xy, H :l
2-3 THF / sPn
- LDA ! xﬁ m msom 40
for some cases  HMPA ¥ W og5%  79% W
-78°C
rt. C}/oms X=Y=H
87%
70%
78 COMe MeSO,SMe 1/5/11.5 THF 45
/ ﬁ/kCO?Me
x LDA
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Table 1. Continued...

Entry Cmpd Sulfanylating Ratio  Conditions Product (Yield %)
agent/base Ref.
79 H GsCl * THF H G = Ph or p-CICgH,; R = Et or Bn 46
ozN—f——cozR 20°C,2h  ON—TCOR 84-95%
K sG
80 o o » DMSO o] sG R! R2 R3 G (%) 7
A_sore Jkksozw Ph H Ph Me 90
R N—SMe R Ph H Me Me 88
R? R?
(o)
/
/tBuOK
81 PhthNSEt - DMSO Ph SEt Me Et 87
f
t-BuOK
82 PhthNSCI mn CHCl3 o] SO,R? :(g;z):, : ?:' ﬁ::: 75 47
PhthNSCI 114 R ps WGzl 80 48
SuccNSCI 1715 R? H(CF,)3 H Bn - 45 47
83 o MeSSO:Me / 11.2111 DMSO o] R! R? R (%) 50
g1 SOR NaH \ SOR*  OEt Me  Ph 55
R2 R r2 OEt Ph Ph B4
SMe
84 MeSSOMe  1/1.221  CHCl, or OBt Me  Phn 86 59
/ Benzene OEt Ph Ph 86
K,CO5 rt OEt Et Ph 70
OEt H Ph 75
TEBA
OEt i-Pr Ph 39
as catalyst OEt n-Hex Ph 86
OEt p-MeOCgHy Ph 56
OEt pCiCHs Ph 72
OEt pNOSCeH, Ph 75
OEt  pMeCgH,; Ph 46
85 MeSSO;Me 1111.2 DMSOir t. SEt Me Me 89 49
or 1A SEt H Me 60
PhthNSMe ’ SEt Bn Me 53
/
NaH
86 MeSSO;Me 11112 CH,Cl, SMe H Ph 64
/ rt SMe Me Ph 81
K.CO3 TEBA SMe Et Ph N
as catalyst SMe Ph Ph 82
87 N MeSSO,Me 12 Benzene/ 0 a Y (%) 51
o oM ! CHCl, SMe 0 &
KzCOs rt Me 45
TEBA SMe MeO 65
as catalyst Y
Y
88 MeSSO,Me 1112 DMSO Y %) 51
/ H 84
cl 90
NaH Me 58
MeO 45
89 o MeSCl 11.31  THF-100°C o) R X (%) 52

’)k / o X
NMe to 0°C
MeN\rHvR‘ ELN \/‘LNMG CHO H 100
H MeN Y‘f R!
o
SCH,
o]
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Table 1. Continued...

Entry  Cmpd Sulfanylating Ratio  Conditions Product (Yield %)
agent/base Ref.
90 (ﬁ\ MeSSMe 1/excess/ THF/ CH,OTBS SMe 66%
; 7
NMe 1.2 -78°C
MeNj(kfR’ LDA
H
o]
91 o MeSSMe 1/5/1.15 THF/ o] G (%) 52
Bn / 0 B
NMe LDA -100°C Gga/u\ NMe Me 82
MeN
ﬁ MeN. Xy 0SiPhyt-Bu
8uPh,Si0 0o
92 Sulfur 1/211.15 THF/ H 99°
{monoclinic)y/ .78°C
LDA
93 OH R! R2 1/0.5/1.5 DMF R X R RZ R (%) 53
N o ge NMe H H H 75
©\/i R Sk 90-95°C NMe C H H 74
x Yo / air (bubbled) 2 NMe H NO, H 64
K.COs R NMe H COH H 87
s NMe © o C 82
HO. o NMe NO, H CO,H 88
= O H H H 75
X o o H H 77
0 H NO, H 87
O H COH H 91
NPh M H H 49
NPh Cl H H 4
NPh H NO, H 70
NP CI Cl Cl 82
NBh C H H 50
NH O o C 75
94 (Y:NC(S)S), 1172 DMF o N, X Y (%) 53
/ o s NMe E 74
K:COs so'c = *s NPh =] 50
NPh Me 56
X" o o Me 88
95 OH R R 10515 DMF R’ X R R R (%) 53
= 90-95°C RO NPh H W H T2
| R ) ) NPh G H H 54
x” o / air (bubbled) . NPh NO, H H 51
K:CO, R NPh  H NO, H B3
S NPh Cl c ¢ 68
HO o
X
96 OH (Y2NC(S)S)2 11472 DMF NY, X Y (%) 54
(o] Me 59
X / o
m K,CO; soc s/g s o Et 48
Me x" "o HO 0 NH Me 51
NH Et a6
S NMe Me 51
NMe Et 52
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Table 1. Continued...

Entry Cmpd Sulfanylating Ratio  Conditions Product (Yield %)
agent/base Ref.
a7 oH R R 10515 DMF R X ROR R (% 54
/fi o 90-95°C R® N H H H 55
Sy . NH ¢ H H 72
Me” xS0 / air (bubbled) NR H COH H 54
K2CO, NH H NO, H 50
S NH c o ¢ 70
HO_AN_O NMe H H H 51
NMe © H H 77
XX NMe NO, H H a8
e NMe H NO, H 41
NMe H COH H 65
NMe C C C 64
98 _N._OH PhSSPh 10515 DMF N OH 9% 53
GO sosse X
o 7 air (bubbled) SPn
o
9 A N_H O o 10515 DMF N OH G i
| o Nz ¢ 85% 53
N 90-95°C |
a Sy N
o / air (bubbled) sG al -
K.CO, o
100 (Me:NC(S)S), 111472 DMF (%)
/ . Me;NC(S) 65
90°C
K2CO; ELNC(S) 70
(ELNC(S)S),
/
K.CO,
101 HO o R R 10515 DMF R'
4 I:[ 90-95°C R RomoRoR D
o SN e Sk H H H H 56
/ air (bubbled) O H H H 74
K2COs ] a ¢ ¢ H 62
s R H H H M 80
N C H H Mo T8
HO ~-N H NO, H Me 78
H COH H Me 57
Ph
102 (YANC(S)S) 11472 DMF . é/s Ré Y % 54
K / 90°C o ‘ONYZ Me Me 86
2C04 = H Me 7
£t 70
Ph \N’N\R‘
103 OH (p-XCeHaS)y  1/0.5/1.5 DMF OH R' R X (%) 54
NS / 90-95°C SCeHop  Ph Ph M &
)I\)l KCOs , NTS Ph Ph O 65
RS0 air (bubbled) Il Mo H H T0
I RN o
RZ
104 OH (Y2NC(S)S), 11.1/2 DMF OH S R" R Y (%) 54
N J 90°C - 5-C- Ph Ph Me 68
1)1 KCOs JN'\)\/\[ N2 onopn B 66
R'" "N Yo R! N"o
R2
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Table 1. Continued...

Entry Cmpd Sulfanylating Ratio  Conditions Product (Yield %)
agent/base Ref.
106 o Xy~ OH {p-XCgHaS); 1/0.5/1.5 DMF SCgH X-p R X (%) 54
m/ - o oH H Me 65
A 1K,COs 90-85°C o. A Ph Me 58
air (bubbled) N=N_ Ph Et 66
R P
106 Ph NHPh FsCSCI 1.2 CHCl3 SCF4 83% 31
/\”/\n/ Ph NHPh
Ph I
N O
Ph
107 Me NHPh F,CSCi 173 CHCI; SCF, 62% 31
Y Me NHPh
Ph” |
N O
Ph
108 MeSOCH,COY  MeSO;SMe 112 Benzene! MeSOCHSMeCOY Y (%) 49
! TEBA as o z
K.COs SEt 40
catalyst
109 MeSO,SMe 111/11.2 DMSO Y {%) 49
/ OEt 31
NaH SEt 74
10 MeS MeSO,SMe 1/1.5/2 Benzene (MeO),POCH(SMe)COSMe (MeO),POC(SMe),COSMe 55
6} / (%)=0 (%) =63
KzCO3
Pp=0
(MeO),
11 Benzene/ 30 42
TEBA
Benzene/ 61 7
Aliguat

a) ratio refers to the relation carbonyl compound / sulfanylating agent / base; b) bis-sulfanylated
product; hydrogen at the sulfanylated carbon must be replaced by a GS group; ¢) after reduction; *

not mentioned
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Table 2. Stereoselective Sulfanylation Reactions

Entry Cmpd Sulafylating Ratio Conditions Product Ref.
agent/base (Yield%)
1 PhSSPh 11.25/1.5 THF 51% 56
/ o
oA -50°C to Fo-=es: s
rt.
CO,Me
2 o TolSO,SG 12 THF 26

/ o GS
ﬁoms LHMDS -78°Cto g (CSh PMB
AllocHN ™~ CO,AIM -30°C

Alloc = allyloxycarbony! AllocHN COzAllyl AllocHN COQAllyI
PMB = 4-methoxybenzy! 3% 17 %
G=2,4(Me0),CgH,CH,

3 PhSO.SPh / . DME 37
NaH reflux
o
CH,
4 H_,COzMe MeSSMe . THF 87% 57
P"'>K<” / o CO.Me cis/trans =84 : 8
Mo " LDA -78°Cto 2&{‘ 2
20°C SMe
5 COMe MeSSMe 11513 THF MeO,C_ SMe 61% 58
I 0,
\f\& LDA -78°cC Y\&
6 TolSO,SG 11.211 THF / G (%) 59
/ Aliyl 78
LDA HM':A sG  CH:CH=CHCH; (E) 81
S -78°C CH,CH=C(CH,), 86
(+}camphor CH,CH=CHCsHy (E) 72
Me 74
n-Pr 61
° Bn 80
7 ToS0,SG 11.212.2 THF / Allyt 80 59
/ CH,CH=CHCH, 14
LDA HMPA CH;CH=C(CH,); 75
-78°C CH,CH=CHCsHq (E) 78
Me 89
S6 gt 75
c 8n 73
8 TolSO;SAllyl 1/2/3 THF / G=Allyl 60
/ HMPA endo / exo = 20 : 1 (quenching atr. t.)
LDA N 77 % exo (quenching at -78 ° C})
-78°C
9 (2)-camphor PhSCI 10,77 THF G=Ph 40% 61
/ do / exo
) -72Ctort. endo
Buli . 10790 (at-78 °C)
or-20°C 35/ 65 ( at - 20 °C)
10 (+)}-camphor MeSSMe 1/212 THF / G=Me 40 % 62
/ HMPA
LICA
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Table 2. Continued...

Entry Cmpd Sulafylating Ratio  Conditions Product Ref.
agent/base (Yield%)
11 ArSC?zsAr 171111 THF 58% 63
{o] B
BuLi o Ar= p-CICgH,
[«]
al SAr
12 o PhSO,SPh 11.1/1.2 THF o] 93% 64
@ LA 78Ctort.  PhS 35/3R=416
13 o PhSE)SSPh/ 111711 THF o] 3R 80% 69
é A T8Ctort. PhS 38 15%
14 O”N\OCH’ GSSG 17411 THF o G (%) ee(%) 66
/
N, -100°C to SG Me 56 82
N LDA o Ph i-Pr 56 95
Ph/\ o Me
Me
15 GSSG 1/1/1.1 THF o R? G (%) ee. %) 66
OCH; / o Et Me 72 83
-100°C to ;
er LDA . R! J\ﬂ“SG Et -Pr g7 88
r.t
y Me Ph Me 39 96
R Ph i-Pr 53 87
Ms
16 R! GSSG 1111 Et,0 R R' R R R G (%P 67
2 AN / 78° Ry, -8G Me Me H tBu To 94
R /‘\(3 Rt LDA ¢ H iPr H tBu To 93
R fo) r3 H -Pr H Me Tol 52
H (CHy)y  cCgthy Me 93
facemc 4 (CH,), cCeha Ph 87
17 R GSSG 111 Et0 , R R R R G (%P ee% 67
N / o RLSE 4 ipr H Me g8 -+
R? Z vgh -78°C s
5 LDA H Pr H Ph g2
O"R H Pr H Tod g9 .
R = (Ry(+) QL .
phenylethy! Ph Me H Me a3
Ph Me H P gq 13
Ph Me H Bn 79 .
Ph Me H Ph 95 42
Ph Me H Tod ga 51
H -{CHy- Me g2 =
H ACHy)- +Pr g7
H HCHe- Ph 92 .
H -CHpy To 91 .
18 Q PhSSPh 17171 THF 57% 68
/ o
DA -78°Ctor.t.
Lo 0 N
o] PMP
PMP
19 /ﬁ M TolSO,STol/ Et:N 1111.2 CH,Cl, G=Ph 76% 69
N/E MeSO,SMe / Tl or50°C G=Me 83% 70
EtL:N
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Table 2. Continued...
Entry Cmpd Sulafylating Ratio Conditions Product Ref.
agent/base (Yield%)
20 )/:.‘/\ PhS/SPh 11/2.1 THF PhS R! R? (%) 7
N__O 78°C j;m Me Me 89 (trans)
o X LDA
RY R N O -(CHp)s- 72 (trans)
g > 25
R' R?
21 GSSG/ 1/1/2-2.5 THF GS G (%) 71
N ><o LDA .78°C 2-Pyridyl 75 (trans)
% e ve N><0 Me,NC(=S) 66 (trans)
(o] Me trans/cis =3
Me Me
22 o Cl’Me PhSSPh 11.3M1.2 THF / 54%, 72
o / O w
§<_7 LDA HMPA o N ome
-78°C
PhS
23 COR? 1/1.4/2.4- THF P R R? (%)anti:syn 73
PHN,, Mm@\ 34 e ™M 9OF poc P Me 69 99:1
| s - - B Boc Ph Me 68 >95:5
. ON d S Boc CHOTBS Me 49 >85:5
R' ) Cbz CHSONHt-BuMe 57 >95:5
NG, Cbz (CH);NHBoc Me 69 >95:5
/ Boc CH,COxit-Bu Me 24 >95:5
Boc CH,COtBu Allyl 20 >85:5
LDA
MeO
* 1 2
24 j\/('s? MeSSIOZMe DMSO sh h}}e 34(%) dbsA (%) 74
R ~R? [o} o]
NaH u Ph Et 60 0
R'&S‘R’ Ph o iPr 63 0
R Ph tBu 54 80
SMe Ph Ph 66 20
1nn.z OEt Me 31 . 49
SEt Me 74 .
25 MeSSO.Me 11/2 Benzene/ R' R? (%) de. (%) 74
/ CH.Cl, Ph  Me 57 0
K.COs3 r.t. Ph Et 66 1]
TEBA Ph  +Pr 38 20
as catalyst Ph tBu 73 100
Ph Ph 28 a3
MeSSO;Me 11N Benzene/ Ph  Me 55 60 75
/ CH,Cl, Yol Me 47 60
K,CO3 rt
QUIBEC
as catalyst
26 o PhSO,.SG 1/1.5-2/2-3 CHCl, R RZ G (%)ee. (%) 76
/ o Ph  Me Neph 78 85
R “oHR? Sn(QTf)./ gz Ph Et Naph go 75
R' WPr Me Naph 72 50
Et—N (_)/\ +Bu Me Naph 52 70
N N s B
| Q M Ph oo
Me N0 Bn Ph g1 g2
s
27 o PhSX 1/1.5/1.5-3 CH.Cl, fo) X (%) e.e. (%) 76
on Mo ! Sn(OTH), / o & 5

Et—N )

()

N

O

;—Z
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Table 2. Continued...

Entry Cmpd Sulafylating Ratio  Conditions Product Ref.
agent/base (Yield%)
vase
28 o 1/1.3/0.1  Toluene R? RZ (%) ee. (%) 77
HJ\(R‘ o) i-Pr H 81 98
R? H SBn Me H 60 95
Et H 8 96
R? R Bn H o o7
Allyt H & %
t-8u H 83 %
(as catalyst)
» i % : THF o 84%; 23%ee. 16
MQJ\(CO’E' PR — .78°C Ve CO,Et
Me Prs~N S Me” 'SPh
NCN
/
NaH
30 9 o PhSSPh / 1N THF o o 90% 78
MB\NJLNJK/Bn LHMDS 78°C Me\N)LNJ\/B"
wd  en PhSO,SPh / M) (Ph SPh 939
LHMDS °
de>9%%
31 o o PhSCl or 1 THF o o 82-97% 78
Me - )L J\/R PhSSPh or o )L R R =Me, i-Pr, Bn
NN PhSO,SPh -78°C Me -y P,
S / M~ sPh
M Ph LHMDS Me  Ph
d.e>96%
32 o 0 PhSSPh . -78°C o O R (%) 79
R\/U\Nko Lé A R )k Et 83
/ N O npr 84
$ seh M/ i @2
Ph N t-Bu 88
Ph
33 o Ph)/H * THF o R (%) ee. (%) 16
Ph—, s CO,EL 83 85
R I\ 8c (;/Esph COMe 88 7
prg-N._S R CotBu 75 48
New coPh 88 3
/ CN 79 55
NaH coMe 90 9%
COy-Pr 86 7
coPh 93 2
34 (o} P H * THF o n (%) ee (%) 16
Ph 1 79 65
( g0 { Zf
COMe I\ 78°C (98P 3 76 22
pns’NTs CoMe 4 87 0
NCN
/
NaH
35 o phs_ Ph catalyst Benzene, [0} 80
ymen usedin  THF. CHCh SPh
/ 7 mol % or CCly R (%) optical yield (%)
i ELN HCI tBu 47-83  22-50
(as catalyst) Me 47-77 44-55
36 o <} Ny 12001 Toluene R G (h¥ee) g4
é/ COR SN N 30°Corrt © Et Bn 91 (63)
/ catalyst® i-Pr Bn 78 (1)
ys < 7<C°2R +Bu Bn 88 (89)
sG t-Bu i-Pr 80 (79)

t-Bu 24-<dinitrophenyl 83 (83}
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Table 2. Continued...

Entry Cmpd Sulafylating Ratio Conditions Product Ref.
agent/base (Yield%)
37 CO,Me G, ,Nﬁ 1/2/0.1 Toluene BnS COMe g4%: ee.53% g1
5—N o
@Zo /\’N -%0°C @o
catalyst®
38 [o] 1/2/0.1 Toluene RO:C ggn X R (%) e.e(%) 81
-30°C or H Bn 84 60
/CES ° Gl Me 95 51
3 COR -40°C
X
39 o COR 1/2/0.1 Toluene [o} R (%) e.e.(%) 81
Tsey -30°C or Ts COR Et 89 58
\ f . N tBu 87 85
-40°C SBn
40 o 1/2/0.1 Toluene 0 66%: 70%e.e, 81
ézcoz t+Bu rt &coz t-Bu
SBn
o[ o W c|) o . X (%) d.e.(%)
41 . MeSO,SMe / LDA 11N THF W' (CHp, B4 100
Me \\'3‘ (CHa)e 47 50 82
X Me
42 MeSO,SMe / 1112 Benzene/ SMe (CHs 3 100
+) K.CO;3 CH.Cl, (CH:)‘ 5 0 83
0
@cm 0
43 Benzene/ (CHa)a 82 100
CH,Cl, (CH2)4 93 20
TEBA as 70
catalyst ©/CH2 85
(CHy); 78 100
QUIBEC as (CH2)a 74 70
catalyst
©/ 84 80
CH,
NAQC® (CHz)y 8 70
OBNAQS' (CH), 65 30
44 9 0 PhSCI/ catalyst Toluene o o R' R2 R} (%)(ee) B84
e Hore e used in . Mo Me Et 94 (53)
R? 9" Yo 5 mol% R ™ OR® Me Me t-Am 80 (87)
Napt { Neeh m R SPh (CHzs gy 84 (88)
o Me Me t-By 86 (88)
Naph O Nepn Et Me t-Bu gg (:g)
MN«gNWG Et Me Ar (86)
(as catalyst) Ar = 2,4,6-(C3Hy7)3CgH,CH;
45 0 PhSO,SPh 1472 THF/ 85% B85
0 /
( N LDA HMPA
o -78°C
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Table 2. Continued...

Entry Cmpd Sulafylating Ratio  Conditions Product Ref.
agent/base (Yield%)
46 ot [ e THF o o G & R o
ﬁ)\] i -100°C LA e
Br N#H MeSCl 1/1.25/1.25 én N g Me  Me  CHOH
Me” or N .
o Ph,CSSCI 1111 Me R SCPh; SSCPh; CHO
i )
Et:N
47 o @ 1M1.311.2-  THF Z R %) 86
HLna S s, 13 e i Mo 92
RN N S.. Bn 86
/ to rt NR CH,OMe 79
o oTss LDA RNWHW,” /\
H
G OTBS

a) ratio refers to the relation carbonyl compound / sulfanylating agent / base; b) after hydrolysis; ¢)

isolated as the corresponding alcohol after reduction; d) catalyst =

e) N-Anthracenylquinidinium chloride as catalyst; f) O-Benzyl-N-anthracenylquinidinium

bromide as catalyst; * not mentioned.

Table 3. Sulfanylation Reactions of Enolate Equivalents

Entry Cmpd Sulfanylating  Ratio Conditions Product Ref.
agent/additive (Yield%)
1 R? PhSO,SPh 11.211 THF G (% 87
/ -70°C
TMSO._ > e TBAF
R1
Ph 94
Ph 74
R'=O0Et R?=CyHy; H Ph 90
2 BnSCI . CH,Cl; R’ R? R? G (%) 88
H Me Me Bn 85
H Et H Bn 79
H Et Me Bn 79
H i-Bu H Bn 886
3 MeSClI . Et,0 Me Me P(O)OEt), Me 40 89
-40°C
4 MeO,CSClI n CHCly CHsBn  H H CO:Me 73 3

25°C to 35°C

484



18: 05 26 January 2011

Downl oaded At:

SULFANYLATION REACTIONS OF CARBONYL COMPOUNDS & CARBOXYLIC ACID DERIVATIVES

Table 3. Continued...

Entry Cmpd Sulfanylating  Ratio Conditions Product Ref.
agent/additive (Yield%)
5 o 1/1/cat MeCN OMe H H Ph 99 90,
Me Mo -30°C OMe H Me Ph 100 9
OMe R Ph Ph 98
Me Me OMe H OMe Ph 99
PhS OCOCHCI Ph H H Ph 96
/ c-Pr H H Ph 81
TMSOTf
(as catalyst)
[ (¢} o 1/1.25/1.25 1)LHMDS 0O 92% 92
@,spﬂ /-78°C TBSOMO trans /cis=9: 1
fe) 2) TMSCI
1-78°C SPh
3 / 3)
H TMSOTf sulfanylating
oTBS (as catalyst) agent
4) TMSOTf
7 e} 1/1.25/1.25 /1.)7LB}:éADS Me le) 0 9'9% 92
o 2)TMSCI trans /cis = 3.7 : 1
/-78°C SPh
3)
Me sulfanylating
agent
4TMSOTf
8 PhSCI 1) ] R (% 93
(PhMe;Si)Culi / SiMe,Ph Me 55
MeO,C._ R THF /-78°C )\/'»(002% H a7
2)TMSCI
3) PhSCI/ R sPh
THF /
-78°C
9 OTMS PhS{NTs N{Ts)SPh 1.2 CH,Cl, R' R? n G {%) 94
R2 R! o°c o H H o PR 75
H H 1 Ph 70
R’\ijg“ H H 2 pPh 82
In SG H H 3 Ph Q2
h H H 5 Ph 98
H H 7 Ph 86
H Me 1 Ph 85
Me H 1 Ph 76
10 I\ 11.211 -78°C H H 0 Phgs@E3p 16
S\ N~sph H H 1 Ph g4 (12p
Nen H H 2 Ph g5
/ Me H 1 Ph 76
TBAF
1 ™\ 171.22.2 -78°C H H 0 Ph 44(292,h 16
N-gpp H H 1 Ph 78 (6)
NCN H H 2 Ph 79
/
Meli
12 PhSO,SPh 11.21 THF R! R?2 n G (%) 87
/ -70°C H H 1 Ph 94
TBAF H Me 1 Ph 92
Me H 1 Ph 86

485



18: 05 26 January 2011

Downl oaded At:

WLADISLAW,MARZORATI AND DI VITTA

Table 3. Continued...

Entry Cmpd Sulfanylating  Ratio Conditions Product Ref.
agent/additive (Yield%)
13 o] 1/1/cat. MeCN R' R? R?® n G (%) 90,
Me Me -30°C H H Me © Ph 98 91
H H Me O Me 94
Me Me H H Me 1 Me 94
GS OCOR®
!
TMSOTf
(as catalyst)
R" R RI n G (%) 90
H H CH,C1 0O Ph 9 91
H H CcH,C0 1 Ph 95
H H CH,CI 0 p-MeOCgH, 99
H H CH,CI 0 p-NO,CeH, 100
H H CH,C 1 Ph 95
H H cH,cl 1 p-NO,CgH; 96
14 OTMS o 1/1.25/0.25 CH.ChL R! R n {%) (cis : trans) 92
R N -78°C 2 en OTBS H 1 77 1:55
. H Me 1 60 1:1
2 ) tBu H 1 68 1:1
R' / n H H 0 84
TMSOTf R!
(as catalyst)
15 A oM GsCl . CH,Cl, o G (% 88
OA Me 97
H Et 98
SG gn 83
Ph 98
16 o op PhSCI * Cl’izCIz o o T;s Fs;h A:B (%)
R :17
QN DN N TEOMS Ph -8 g3 O
\—y I OB(n-Bu), Ph 88:12 70 9
o 9
A )j\rMe
"]
\—yse
B
17 PhSCHCIMe M CH.Cl P G A:B (%) 95
H -23°C TMS Phgp:40 68
TiClg TES Phep:40 37
18 OB(n-Buk PhSCI mn CH,Cl, o R! R? (%) 96
R! -78°C R sPh Me H 84
H Me 83
R2
RZ
19 0B(n-Bu, PhSCI n CH_Cl, fo) R! R2 R (%) 96
R -78°C Et Me H 87
R R?
o Rﬁ)LR‘ Pt Me Me 91
SPh i-Pr Me H 92
-Bu H H 67
Bu Me H 82
nBu nPr H 99
Ph H H 95
Ph Me H 99
Ph  Et H 99
20 MeO,CCH,CH,SCI M CH,Cl; o] n-Pent nBu H 66 96
-78°C R? i-Bu Me H 69
R R
SCH,CH,CO,Me
21 OTMS PhS(NTsIN(Ts)SPh 11.2 CH.Cl, Q 65% 94
0°C SPh
0" Yo o o
S /
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Table 3. Continued...
Entry Cmpd Sulfanylating  Ratio Conditions Product Ref.
agent/additive (Yield%)
22 oTMS 11.211 -78°C o R (% 16
S -N~sph
O‘ sph M 53
NON R sPh 28
/
TBAF
11.22.2 -78°C H 67 16
s\[ru\sph SPh 13
NCN
/
Meli
23 [oj F5CSCI " Toluene / n Ar %) 97
Pyridine ] Ph 16
0, 0, F
N -5°C to 0°C 3CS CONHAr ; p-CICGH, 21
CONHAr )n 2 45
2 pCICgH, 27
24 P FiCSCl 1n Toluene / Ph  SCFy A %) 97
J=CHCONHAS Pyridine Ph 43
N
(-_) rt O CONHAr PCIGH, 44
[}
25 o TolSO,SG 1mnr MeCN n G (%) 98
[ j / reflux o 1 CyHyp 85
N EtN s 1 CiHy 72
2 CHyy 70
h 2 Am 15
n 3 CHy T3
26 I\ 1 0°c 1 Ph 72 16
S\rr"*spn 2 Ph 83
é NN 3 Ph 85
n
27 (YC(S)S) * CCl, / DMF / Y (%)n=1 (%);n=2 52
/ R0 | NMe, 48
N Et:N or s
é NaOH or " If Cn = 61
g EtONa On e s
(Y
ON 28 32
s [\ TolS0,5G 117 MeCN ] G (u 98
N / reflux SG  Cc.H, 67
EtaN aH7
CeHyy 68
29 PhSO,SPh 1122 THF 37
/ r.t.
AGO MelLi
Me
30 ™\ PhSCI 1/excess/ Toluene 99
0y ° / 13 -78°C
K2CO3
H H
Y = OMe
OTHP
31 PhSCI 1/excess/ Toluene ]
/ 13 -78°C
KzCOg
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Table 3. Continued...

Entry Cmpd Sulfanylating  Ratio Conditions Product Ref.
agent/additive (Yield%)

32 Q PhthSPh / 1/0.5/0.3 CHLCN o X (%} 100
ES é_y\ v rt fﬁ/sph ™, 8
N N o 88
X Y X NMe 60

33 o PhthSPh / 1/0.5/0.3 CH1CN R (%) 100
HJ\ T rt Pr 56
N N Et 567
R N o CHy  42°
H H)KKSPh CsHy, 529
R CeHyz 66
CrHis 63
CgHyy 579
Me:Me 46

34 o} SuccNSPh 1/1/0.1 CH3CN R’ R? RY (%) 101
R'— & — CHRZR? / or o SPhMe  (CH)Br H 92
TsOH or CH:Cl; SPh SiPh,Me  (CHpBr H 80
BF3°Et,0 R' SiPh;Me (CH,),CHMeBr H 92
R? R? SiPh,Me CHMe(CH,Br H 88
SiPh;Me Me H 9%
TBS (CH2)(Br H 83
™S n-Bu H 86
H n-Bu H 19
H n-Pr Me 68
Me n-Bu H 24
n-Pr Me Me 22

35 (EtO),POCH; GSX 1/1.2/1.1/1° THF o) R G X (%) 102
/ -78°C H Ph Ph SPh 75
BulLi/RCN to -5°C to EtO- R Ph Ph Ct 83
T8C poll se p-CICH,  Ph SPh g0
o] Tol Ph SPh 80

p-CICgH,4 Me SOMe 50

a) ratio refers to the relation carbonyl compound / sulfanylating agent / additive; b) bis-sulfany-
lated product; ¢) after hydrolysis; d) in admixture with bis-sulfanylated product; e) ratio refers to

the relation phosphonate / sulfanylating agent / BuLi / nitrile; *not mentioned

VII. CONCLUSIONS

The sulfanylation reaction stands as the most important method for the introduction of a
sulfur atom at the a position of a carbonyl or carboxyl group, allowing several further synthetic
transformations. In the last three decades new methods and sulfanylating agents have been devel-
oped, with a special emphasis on chiral, regiodefined and catalytic versions. In this sense this clas-
sical reaction has been updated following the modem trends of organic synthesis, that include the

seach for milder, efficient and green methodologies.
Acknowledgements.- We thank FAPESP, CNPq and CAPES for financial support.
REFERENCES

1. a) G. Solladie, Comprehensive Organic Synthesis, Ed. D. H. R. Barton and W. D. Ollis, Perg-
amon Press, Vol. 6, Part 1.5; b) Chemistry of Organosulfur Compounds: General Progress,
Ed. L.I. Belen“Kii, Ellis Horwood Ltd., 1990, ¢) K. Ogura, Pure and Appl. Chem., 59, 1033,
(1987); d) B. M. Trost, Acc. Chem. Res., 11,453, (1978); ) B. M. Trost, Chem. Rev., 78,363,
(1978); f) B. M. Trost, T. N. Salzmann, K. Hiroi, J. Am. Chem. Soc., 98,4887, (1976).

488



18: 05 26 January 2011

Downl oaded At:

SULFANYLATION REACTIONS OF CARBONYL COMPOUNDS & CARBOXYLIC ACID DERIVATIVES

2.

3.

4

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20

21

22

23

P. Groenewegen, H. Kallenberg and A. van der Gen, Tetrahedron Lett., 2817 (1979).
Y. Sanemitsu, S. Kawamura and Y. Tanabe, J. Org. Chem., §7, 1053 (1992).

R.H. Mach, H. F. Kung, P. Jungwiwattanaporn and Y. Z. Guo, Tetrahedron Lett., 30,4069
(1989).

H. Bayreuther and A. Haas, Chem. Ber., 106, 1418 (1973).

G. Foray, A. B. Peiiéiiory and R. A. Rossi, Tetrahedron Lett., 38, 2035 (1997).

J. S. Grossert and P. K. Dubey, J. Chem. Soc., Chem. Commun., 1183 (1982).

K. Mitteilung and D. Scholz, Monatsh. Chem., 115, 1121 (1984).

H.J.Reich, J. J. Rusek and R. E. Olson, J. Am. Chem. Soc., 101, 2225 (1979).

Y. Nagao, K. Kaneko, K. Kawabata and E. Fujita,Tetrahedron Lett., 5021 (1978).

L. Marzorati, M. A. Silva, B. Wladislaw and C. Di Vitta, Synth. Commun., 33, 3491 (2003).
Q. T. Do, D. Elothmani and G. Le Guillanton, Tetrahedron Lett., 39,4657 (1998).

S. Torii, H. Tanaka and H. Okumoto, Bull. Chem. Soc. Jpn, 52,267 (1979).

M. B. Anderson, M. G. Ranasinghe, J. T. Palmer and P. L. Fuchs, J. Org. Chem., 53, 3125
(1988).

D. Scholz, Synthesis, 944 (1983).

T. Tanaka, T. Azuma, X. Fang, S. Uchida, C. Iwata, T. Ishida, Y. In and N. Maezaki, Synlert,
33 (2000).

Y.S.Rho, S. H. Park, S. Kim, Y. K. Yun, I. H. Cho and H-S Kang, Bull. Korean Chem. Soc.,
15, 360 (1994).

A.de Groot and B. J. M. Jansen, Rec. Trav. Pays Bas., 98 /99,487 (1979).

D.H.R.Barton, R. H. Hesse, A. C. O'Sullivan and M. M. Pechet, J. Org. Chem., 56, 6697
(1991).

. S. Kwiatkowski, A. Syed, C. P. Brock and D. S. Watt, Synthesis, 818 (1989).
. H. A.Bates and J. Farina, J. Org. Chem., 50, 3843 (1985).
. P.E.Eaton and W. H. Brunnelli, Can. J. Chem., 62,2612 (1984).

. K. Hiroi, H. Miura, K. Kotsuji and S. Sato, Chem. Lett., 559 (1981).

489



18: 05 26 January 2011

Downl oaded At:

WLADISLAW, MARZORATI AND DI VITTA

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

4].

42.

43.

45.

46.

M. Asaoka, K. Miyake and H. Takei, Bull. Chem. Soc. Jpn., 51, 3008 (1978).

K. Hiroi, Y. Matsuda and S. Sato, Synthesis, 621 (1979).

N. Shibata, J. E. Baldwin, A. Jacobs and M. E. Wood, Synlett, 519 (1996).

K. Ogura, K. Sanada, K. Takahashi and H. lida, Tetrahedron Lett., 23, 4035 (1982).

B. Wladislaw, L. Marzorati and C. L. Donnici, J. Chem. Soc. Perkin Trans. 1, 3167 (1993).
G. M. Ksander, J. E. McMurry and M. Johnson, J. Org. Chem., 42, 1180 (1977).
J.H.Clark and J. M. Miller, Can. J. Chem., 56, 141 (1978).

A.Kolasa, J. Fluorine Chem., 36,29 (1987).

M. Bao, M. Shimizu, S. Shimada, J. Inoue and TT. Konakahara, Tetrahedron, 60,11359
(2004).

K. Ogura, H. Itoh, T. Morita, K. Sanada and H. lida, Bull. Chem. Soc. Jpn., 55,1216 (1982).
M. Bauer, A. Haas and H. Muth, J. Fluorine Chem., 16, 129 (1980).

E. Wenschuh and F. Hesselbarth, Phosphorus, Sulfur and Silicon, 59, 133 (1991).

K. Ogura, K. Sanada, K. Takahashi and H. lida, Phosphorus and Sulfur, 16, 83 (1983).

D. Caine and W. D. Samuels, Terrahedron Lett., 3609 (1979).

J. Hynes Jr., L. E. Overman, T. Nasser and P. V. Rucker, Tetrahedron Lett., 39,4647 (1998).

B.M. Trost and L. H. Latimer, J. Org. Chem., 42,3212 (1977).

. B.M. Trost and M. K. T. Mao, Tetrahedron Lett., 3523 (1980).

B. M. Trost, M. K. P. Mao, J. M. Balkovec and P. Buhlmayer, J. Am. Chem. Soc., 108, 4965
(1986).

W. Zankowska-Jasinska and B. Zaleska, J. Fluorine Chem., 24,363 (1984).

P. M. Weintraub, T. R. Blohm and M. Laughlim, J. Med. Chem., 28, 831 (1985).

B. M. Trost, J. M. Balkovec and M. K. P. Mao, J. Am. Chem. Soc., 105, 6755 (1983).

N.J. Crimmin, P.J. O'Hanlon and N. H. Rogers, J. Chem. Soc., Perkin Trans. I, 549 (1984).

Y. Takeuchi, M. Asahina, A. Murayama, K. Hori and T. Koizumi, J. Org. Chem., 51,955
(1986).

490



18: 05 26 January 2011

Downl oaded At:

SULFANYLATION REACTIONS OF CARBONYL COMPOUNDS & CARBOXYLIC ACID DERIVATIVES

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

61.

62.

63.

65.

66

S. V. Yemets, Y. P. Bandera, V. M. Timoshenko and Y. G. Shermolvich, J. Fluorine Chem.,
115, 175 (2002).

Y.P.Bandera, S. V. Yemets, V. M. Timoshenko, A. M. Nesterenko, A. N. Chernegaand Y.
G. Shermolovich, J. Fluorine Chem., 123, 197 (2003).

B. Wladislaw, L. Marzorati, C. L. Donnici, F. C. Biaggio, R. M. A. Neves and N. F. Claro Jr.,
Phosphorus, Sulfur and Silicon, 123, 197 (1997).

B. Wiladislaw, L.. Marzorati, N. F. Claro Jr. and C. Di Vitta, Synthesis, 420 (1997).
B. Wladislaw, L. Marzorati and F. C. Biaggio, J. Org. Chem., 58, 6132 (1993).

R. M. Williams and W. H. Rastetter, J. Org. Chem., 45,2625 (1980).

B. Schnell and T. Kappe, Monatsh. Chem., 130, 1147 (1999).

B. Schnell and T. Kappe, J. Heterocyclic Chem., 37,911 (2000).

B. Wladislaw, M. A . Bueno, L. Marzorati, I. C. Calegio and C. Di Vitta, Phosphorus, Sulfur
and Silicon, 178, 2047 (2003).

A. Lubineau, J. Augé and N. Lubin, Tetrahedron, 49,4639 (1993).
I. Reichelt and H-U. Reissig, Chem. Ber., 116, 3895 (1983).
I. Reichelt and H-U. Reissig, Liebigs Ann. Chem., 650 (1985).

R.J. Goodridge, T. W. Hambley, R. K. Haynes and D. D. Ridley, J. Org. Chem., 53,2881
(1988).

M. R. Binns, R. J. Goodridge, R. K. Haynes and D. D. Ridley, Tetrahedron Lett., 26, 6381
(1985).

Y. Watanabe, T. Numata and S. Oae, Bull. Chem. Soc. Jpn, 55, 1915 (1982).

B. Wladislaw, H. Viertler, P. R. Olivato, I. C. C. Calegido, V. L. Pardini and R. Rittner, J.
Chem. Soc., Perkin Trans. I, 453 (1980).

F. C. Brown, R. K. Fraser, R. W. Jemison, D. G. Morris, A. M. Murray and J. D. Stephen,
Australian J. Chem., 31, 695 (1978).

. H.Kosugi, J. Ku and M. Kato, J. Org. Chem., 63,6939 (1998).

M. Kato, M. Watanabe, B. Vogler, B. Z. Awen, Y. Masuda, Y. Tooyama and A. Yoshikoshi,
J.Org.Chem., 56,7071 (1991).

D. Enders, T. Schafer and W. Mies, Tetrahedron, 54, 10239 (1998).

491



18: 05 26 January 2011

Downl oaded At:

WLADISLAW, MARZORATI AND DI VITTA

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

J-H. Youn, R. Herrmann and 1. Ugi, Synthesis, 159 (1987).

R. Annunziata, M. Benaglia, N. Cinquini, F. Cozzi and A. Scolaro, Gaz. Chim. Ital., 125, 65
(1995).

J.H. Bateson, A. M. Robins and R. Southgate, J. Chem. Soc., Perkin Trans. I, 29 (1991).
J. H. Bateson, A. M. Quinn, and R. Southgate, J. Chem. Soc., Chem. Commun., 1151 (1986).

H. Natsugari, Y. Matsushita, N. Tamura, K. Yoshioka and M. Ochiai, J. Chem. Soc., Perkin
Trans. [, 403 (1983).

H. Nemoto, M. Nagai and K. Fukumoto, J. Org. Chem., 50, 2764 (1985).

L. Bischoff, C. David, L. Martin, H. Meudal, B. P. Roques and M-C. F. Zaluski, J. Org.
Chem., 62,4848 (1997).

B. Wladislaw, M. B. Bjorklund, L. Marzorati and J. Zukerman-Schpector, Phosphorus,
Sulfur and Silicon, 157,139 (2000).

B. Wladislaw, L. Marzorati, F. C. Biaggio, R. R. Vargas, M. B. Bjorklund and J. Zukerman-
Schpector, Tetrahedron, 55, 12023 (1999).

T. Yura, N. Iwasawa, R. Clark and T. Mukaiyama, Chemistry Lett., 1809 (1986).

M. Marigo, T. C. Wabmitz, D. Fielenbach and K. A. Jorgensen, Angew. Chem. Int. Ed., 44,
794 (2005).

M. Orena, G. Porzi and S. Sandri, Tetrahedron Lett., 33,3797 (1992).
K. Chibale and S. Warren, Tetrahedron Lett., 35,3991 (1994).

K. Hiroi, M. Nishida, A. Nakayama, K. Nakazawa, E. Fujii and S. Sato, Chemistry Lett., 969
(1979).

S. Sobhani, D. Fielenbach, M. Marigo, T. C. Wabnitz and K. A. Jorgensen, Chem. Eur. J.,
11, 5689 (2005).

B. Wladislaw, L. Marzorati, M. A. Bueno and C. D1 Vitta, J. Org. Chem., 69,9296 (2004).
B. Wladislaw, unpublished results.

M. Jereb and A. Togni, Org. Lett., 7, 4041 (2005).

T.P. Burkholder and P. L. Fuchs, J. Am. Chem. Soc., 112,9601 (1990).

R. M. Williams, O. P. Anderson, R. W. Armstrong, J. Josey, H. Meyers and C. Eriksson, J.
Am. Chem. Soc., 104,6092 (1982).

492



18: 05 26 January 2011

Downl oaded At:

SULFANYLATION REACTIONS OF CARBONYL COMPOUNDS & CARBOXYLIC ACID DERIVATIVES

87

88.

89.

91.

92.

93.

94,

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

. R. Caputo, C. Ferreri and J. Palumbo, Synthesis, 464 (1989).
J.Eames, N. Kuhnert and S. Warren, J. Chem. Soc., Perkin Trans. 1, 138 (2001).

M. Mikolajczyk, P. Balczewski, H. Chefczynska and A. Szadowiak, Tetrahedron, 60, 3067
(2004).

. M. Matsugi, K. Gotanda, K. Murata and Y. Kita, Chem. Commun., 1387 (1997).

M. Matsugi, K. Murata, K. Gotanda, H. Nambu, G. Anilkumar, K. Matsumoto and Y. Kita,
J.Org. Chem., 66,2434 (2001).

L.J. Wilson and D. C. Liotta, J. Org. Chem., 57, 1948 (1992).

M.-J. Villa and S. Warren, J. Chem. Soc., Perkin Trans. 1, 1569 (1994).

P. Magnus and P. Rigollier, Tetrahedron Lert., 33,6111 (1992).

R.P. Alexander and 1. Paterson, Tetrahedron Lett., 26, 5339 (1985).

I. Paterson and S. Osborne, Synlert, 145 (1991).

K. Bogdanowicz-Szwed, B. Kawalek and M. Lieb, J. Fluorine Chem., 35,317 (1987).
K. Mitteitung and D. Scholz, Monatsh. Chem., 115, 655 (1984).

K. Kojima, K. Koyama and S. Amemiya, Terrahedron, 41,4449 (1985).

W.Wang, H. Li, }. Wang and L. Liao, Tetrahedron Lett., 45, 8229 (2004).

C-H. Huang, K-S. Liao, S. K. De and Y-M. Tsai, Tetrahedron Lett., 41,3911 (2000).
K.Lee and D. Y. Oh, Synth. Commun., 21,279 (1991).

B. Wladislaw, L. Marzorati and R. B. Uchoa, Synthesis, 964 (1986).

B. Wladislaw, L. Marzorati and R. B. Uchoa, Phosphorus, Sulfur and Silicon and Rel. Elem.,
32,87 (1987).

C. M. Starks, C. L. Liotta and M. Halpern, Phase-Tranfer Catalysis - Fundamentals, Appli-
cations and Industrial Perspectives. 1st Edition, Ed. Chapman and Hall, 1994; E. V.
Dehmlow and S. S. Dehmlow, Phase-Transfer Catalysis, 3rd Edition, Ed. VCH, 1993.

M. Makosza and M. Fedorynski, Synthesis, 274, (1974); M. Makosza and M. Fedorynski,
Advances in Catal., 360, (1987).

J. Coetzee, E. Malan and D. Ferreira, Tetrahedron, 56, 1819 (2000).

493



18: 05 26 January 2011

Downl oaded At:

WLADISLAW,MARZORATI AND DI VITTA

108. H-U. Reissig and I. Reichelt, Tetrahedron Lett., 25,5879 (1984).

109. B. Wladislaw, L. Marzorati and G. Ebeling, Phosphorus, Sulfur and Silicon, 48, 163 (1990).
110. B. Wladislaw, L. Marzorati and G. Ebeling, Phosphorus, Sulfur and Silicon, 70,25 (1992).
111. R.D. Norcross and I. Paterson, Chem. Rev., 95,2041, (1995)

112. D. J. Faulkner, Natural Products Reports, 12,223 (1995)

113. J.L. G. Ruano, D. Barros, M. C. Maestro, A. Alcudia and 1. Fernandez, Tetrahedron: Asym-
metry, 9,3445 (1998).

114. D. Seebach, A. K. Beck, A. Heckel, Angew. Chem. Int. Ed., 40,92 (2001).

(Received October 6, 2006, in final form April 25,2007)

494



