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SCOPE AND INTRODUCTION 
The sulfinyl chloride functionality is the acid chloride of a sulfinic acid. Over the last four 

decades, since the pioneering synthetic work of Douglass,' sulfinyl chlorides have clearly advertised 
their usefulness in a variety of synthetic situations. Perhaps the most important is their role in the 
evolution of homochiral sulfinate ester chemistry targeted toward the generation of optically enriched 
sulfoxides. 

0 
II 
S 

R' 'CI 

0 
II 

R/S\OH 

sulfinyl chloride sulfinic acid 

This review will encompass newer aspects of sulfinyl chloride chemistry emphasizing 
accomplishments of the late 1980's and the 1990's. Some of the noteworthy chemistry unearthed 
during this time period includes the use of sulfinyl chlorides in the construction of sulfinamide- and 
sulfonamide-containing peptidomimetics? the exploitation of kinetic diastereoselectivity for efficient 
sulfinate formation by way of alcohol substitution reactions3 and the first synthesis of a,p-unsaturated 
sulfinyl  chloride^.^^^ Two older reviews have been published, the most recent being by Tillett6 in a 
monograph pertaining to sulfinic acids and derivatives. The review of Douglass' addresses only 
synthetic aspects of sulfinyl chlorides. 

This review will not emphasize the reactions and utility of homochiral sulfinate esters, 
although there is a large body of asymmetric chemistry that results from optically pure menthyl p-  
toluenesulfinates, which in turn are prepared from sulfinyl chlorides. A recent noteworthy adaptation 
of this homochiral sulfinate chemistry is the use of N-(p-toluenesulfiny1)sulfinimines for asymmetric 

The review will not address the chemistry of chlorosulfinates except where direct inclu- 
sion of that material is required to provide a more complete story of sulfinyl chlorides. 

This review is structured with an update of synthetic approaches to sulfinyl chlorides. 
Following that, the reactivity sections are subdivided mostly on the basis of immediate products 
formed. The reader should be aware that in many instances diverse chemistry often is observed after 
the first reaction of the sulfinyl chloride. Section 1I.A.l.c) is particularly indicative in this regard in 
that all initial reactions outlined yield sulfinic acid derivatives, which in turn succumb to various 
rearrangements. 
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SCHWAN AND STRICKLER 

Finally, in keeping with the synthetic mandate of this Journal, the review will not neces- 
sarily be biased toward the synthetic value of sulfinyl chlorides, but will on occasion inform the reader 
of preferred or comparable alternatives for achieving particular synthetic targets. 

I. SYNTHESES OF SULFINYL CHLORIDES 

A number of methods have been developed for the preparation of a variety of sulfinyl chlo- 
rides (Table l) .1$9-14 The lower molecular weight sulfinyl chlorides, such as the alkanesulfinyl chlo- 
rides and simple arenesulfinyl chlorides are liquids, and many of these have been purified via vacuum 
distillation. Care must be taken, however, as a number of explosions have been reported." Substituted 
arenesulfinyl chlorides are typically solids.'l A tabulation of some novel sulfinyl chlorides prepared 
by established and recent protocols is found later in this section. 

Table 1. Preparative Methods for Sulfinyl Chlorides 
Synthetic Method Reference 

MeSSMe + 3 C12 - 2 MeSCI3 

+ HCI + RCI 
0 

MeSCI3+ROH - 
M e ' % 3  

R: H; Me; MeC(0) 
additional alkyl groups: Et; i-Pr; n-Pr; t-Bu; Ph; n-CSHI 

8 
RSSR + 2AcOH + 3Cl2 - 2 R/S, + AcCI + 3 5 0 2  + 2HCI 

CI 

RSSR + 2 A c ~ O  + 3 Clp - 

8 
R", CI + 

RSSR + 3 SOpC12 + 2 AcOH - 
R: Me; i-Pr; t-Bu; Bz; Ph; 

p-tolyl; MeC(0)0CH2CH2- + 3S02 + 2HCI 

0 
II 

RSH + 2SOpCl2 + AcOH - R,S, + ACCl 
CI 

R: Et; i-Pr; s-Bu; Bz; Ph; p-tolyl; 
-CH;?C(O)OMe: -CH;?C(O)OCH2Me + 2 soz + 2 HCI 

9 

10 

II 

1 

12 

13 

14 
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SYNTHESIS AND REACTIONS OF SULFINYL CHLORIDES. AN UPDATE 

The preparation of sulfinyl chlorides from thiolacetates has been previously reported (Table 
A suggested modification to this method involves replacing gaseous chlorine with sulfuryl 

chloride (Scheme ]).Is This procedure was originally proposed in 197816 but only in the paper's exper- 
imental section, and went unnoti~ed'~ for several years before being rediscovered. Using this proce- 
dure alkyl and aryl thiolacetates have been converted to the corresponding sulfinyl chlorides in high 
yields (86-97%). The advantages of this modification are that the formation of large amounts of 
gaseous HCl does not occur and only the volatile reaction by-products SO, and acetyl chloride are 
formed. This protocol also avoids the use of thiols since the alkyl or aryl thiolacetates can be prepared 
from the corresponding alcohol. 

+ Ac2O + 2S02C12 - 0 + 3AcCl + 2SO2 
0 Ar/',CI 

Scheme 1 

Another modification to this procedure makes use of trimethylsilyl acetate as an alternative 
to acetic anhydride.17 This reagent simultaneously serves as both the oxygen donor and the chloride 
ion acceptor. The reaction can be used for the preparation of alkane- and arenesulfinyl chlorides from 
either thiols, thiolacetates, or disulfides in 80-100% yield (Scheme 2). Again the process is advanta- 
geous in that only relatively mild reaction by-products are generated. These preparations also occur 
rapidly; compared to alternative procedures which may take as long as 16 hours, the aliphatic sulfinyl 
chlorides are formed in minutes and the arenesulfinyl chlorides are created in less than five hours. The 
method is not ideal for benzyl sulfinyl chloride (50% yield) and t-butyl sulfinyl chloride does not form 
at all. 

RSX + MeC02SiMes + 2SO2CI2 - 'I 

R'S'CI 
+ AcCl + XCI + 2SO2 + MesSiCl 

X = H or MeC(0) 

' + 2 AcCl + 3 SO2 + 2 Me3SiCI 
R.s. CI 

RSSR + 2 MeC02SiMeJ + 3 SO2CI2 - 2 

Scheme 2 

Schwan and coworkers have also used sulfuryl chloride to prepare a variety of aliphatic and 
aromatic sulfinyl chlorides'Xx'y via an oxidative fragmentation of aliphatic and aryl 2-trimethylsi- 
lylethyl sulfoxides (l), respectively. The key to this chemistry is that in most cases the normally 
observed a-oxidation of the sulfoxides is precluded by the presence of the 2-trimethylsilylethyl func- 
tionality which promotes oxidative fragmentation and sulfinyl chloride generation (Scheme 3). For 
aliphatic sulfinyl chlorides, the method is most effective when by-product 2 can be removed under 
reduced pressure prior to distillation of the sulfinyl chlorides; this is not a problem for the aromatic 
congeners.Ix Starting from sulfoxides 3 or 4, this methodology could also be applied for the prepara- 
tion of 2-(trimethylsilyl)ethanesulfinyl chloride (5) (Scheme 4). Interestingly, the oxidative fragmenta- 
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SCHWAN AND STRlCKLER 

tion mode of 3 has a notable solvent dependence: t-butanesulfinyl chloride becomes a significant 
product if the reaction is performed in CH,C1,.ly Similar fragmentation routes to sulfinyl chlorides 
using phthalimidomethyl sulfoxides have been reported.*O.*I 

1 2 
R :  Ph; p-MeChH4; p-CIC6H4; 2-naphthyl; n-Pr; PhCH2; TMS(CH&; 

CH?=CHCH2; c - C ~ H I  1;  n-Cl2H23 

Scheme 3 

8 so2c12 8 SO*CI* 
Me3SiCH2CH2S. - M~~SICHZCHZS. - (Me3SiCH2CH2)2S=O 

t -8~1 ether CI CH2C12 
3 5 4 

Scheme 4 

The oxidative fragmentation method was viewed as a possible method for the fust preparation 
of 1-alkenesulfinyl chlorides. The concept was that the conjugated double bond of a sulfoxide starting 
substrate should have reduced nucleophilic character and would be less reactive toward electrophilic 
chlorine reagents. As a continuation of this thinking, 1 -alkenyl 2-(trimethylsilyl)ethyl sulfoxides (6a-d) 
were prepared and subjected to the oxidative fragmentation conditions (Scheme 5). In the case of 6a and 
6b the corresponding sulfinyl chlorides (7ah) were observed via TLC and IR spectroscopy, and were 
isolated as their cyclohexyl 1 -alkenesulfinate esters as a means to complete characterization. 
When compounds 6c and 6d were treated under identical reaction conditions, formation of the corre- 
sponding sulfinyl chlorides was not observed. Instead, a$-dichlorination products 9c and 9d were 
isolated. Products 9dd are presumed to be formed as a result of an additive hmmerer reaction.22 

CI 9 -78" to rt 

6d: R = Me; b: R = OAc 7 8a: 78% 
8b: 53% 

? so2c12 ? 
RJSpTMs CH2CI2 
R -78" to rt 

6c: R,R = H,H; 
6d: R,R = -(CH2)1- 

9c: 45% 
9d: 78% 

Scheme 5 
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SYNTHESIS AND REACTIONS OF SULFINYL CHLORIDES. AN WDATE 

Prompted by the partial success of the 2-(trimethylsilyl)ethyl group, Schwan and coworkers 
investigated other groups and found the diphenylmethyl (DPM) and a p-methoxybenzyl (PMB) units 
to be most useful. Several 1-alkenyl sulfoxides bearing these groups were prepared and treated under 
similar reaction conditions (Scheme 6)!.s In each case the presence of 1-alkenesulfinyl chlorides could 
be observed through TLC and solution cell IR analysis (sulfinyl stretching frequency - 1140-1 150 cm-l) 
of the reaction mixture. Again, owing to their inherent instability, the sulfinyl chlorides were isolated 
as 1-alkenesulfinate esters. Lower molecular weight sulfinyl chlorides 10 and 11, prepared from the 
corresponding DPM sulfoxide were isolated (90% purity) when subjected to flash distillation condi- 
tioms 

Z = diphenylmethyl (DPM); p-methoxybenzyl (PMB) 
R: various alkyl, aryl and ester groups 

Scheme 6 

10 11 

The oxidative fragmentation procedure suggested by Schwan and coworkers is advanta- 
geous in that it can be used to prepare a variety of aliphatic, aryl and now vinylic sulfinyl chlorides 
without any of the acidic by-products such as HCI, acetic acid or acetyl chlorides which are normally 
found with some of the earlier procedures. 

Haloalkanesulfinyl chlorides (12) have been prepared from the corresponding sulfinic acid 
upon treatment with thionyl chloride (Scheme 7).23 As in many cases the sulfinyl chlorides were not 
directly characterized, but instead were confirmed through analysis of their sulfinate ester derivative. 
It was found that these sulfinyl chlorides are relatively stable, hydrolyzing slowly in water. Other 
groups have shown that the method can also accommodate unique alkyl groups not involving halo- 
gens and in those cases the sulfinic acid was accessed through MCPBA oxidation of the corre- 
sponding t h i 0 1 . ~ ~ . ~ ~  The method of Scheme 7 is directly comparable to the chemistry of carboxylic 
acids and is a slight variation of the familiar sulfinyl chloride preparation using sulfinate salts and 
S0Cl2.*6 

' + HCI + SO2 
R's, CI 

12 R: CC13; CFC12; CF3CC12 
CFZC1; CF3CBrCl 

Scheme 7 
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SCHWAN AND STRICKLER 

In a series of papers Sundermeyer and coworkers report the preparation of haloalkane- 
sulfinyl chlorides 13 from the corresponding sulfine (14) (Scheme 8).27-30 This is accomplished 
through treatment of the sulfine with C1, and either acetic anhydnde or HCl.27,2x8.30 On an interesting 
note, when F, or Br, are used as the halogenating agent the corresponding sulfinyl fluoride (15) or 
sulfinyl bromide (16) can be prepared?x-30 The preparation of sulfines from sulfinyl chlorides will be 

discussed in Section IIB of this review. 

0 

Scheme 8 

There are also examples for the preparation of sulfinyl chlorides from the oxidation of the 
corresponding sulfenyl chloride (Scheme 9).31,32 Oxidation of sulfenyl chlorides 17 with trifluoroper- 
acetic acid affords sulfinyl chlorides 18. Preparation of sulfenyl chlorides is typically achieved by 
treating the corresponding thiol with S02C12.3'~32 

I 
R 

0" tort 

17a R,R = Ph 
17b R = Cl; CF3 

Scheme 9 

I 'CI R 
18a R,R = Ph 
18b R = CI; CF3 

Methanesulfinyl chloride can be prepared containing an I8O label by treating the disulfide 
with SO,CI, in the presence of hexamethyldisiloxane, which serves as the I8O 

Table 2. New Sulfinyl Chlorides using Established Procedures 
Sulfinyl Chloride Starting Substrate Reagents" Synthetic 

Reference 

? 
EtOOC-S, 

CI 
thiolacetate CIjAc,O1 34 

sulfinic acid soc1,24 25 R = T M S  
disulfide C12/Ac,01 I 35 

thiolacetate SO,C1,/Ac,O1s 35 
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Table 2. New Sulfinyl Chlorides using Established Procedures 

Sulfinyl Chloride Starting Substrate Reagents" Synthetic 
Reference 

R 0 1 9 , R = H  

BocN 
H 20, R = Me 

2 1 R = B n  

thiolacetate 

thiolacetate 

disulfide 

thiolacetate 

thiolacetate 

sodium sulfinate 

magnesium 
sulfinate 

CI,; Ac201 
SO,CI,; Ac20Is 

CI,; Ac,O' 

CI,; Ac,O" 

CI,; Ac201 

SO,CI,; Ac,0lS 

socy 

s o c 1 p  

36 
37 
38 

37 

39 

40,41 

42 

43 

__ 
a Original or usual protocol for sulfinyl chloride generation, with the corresponding reference. 

As a means to indicate the sustained usefulness of some of the synthetic routes to sulfinyl 
chlorides as described above, a compilation of novel sulfinyl chlorides is presented in Table 2.2s* 34-43 

The compounds in this Table are indicative of the types of sulfinyl chlorides required for modern 
synthetic and structural pursuits. 

11. REACTIONS 

Sulfinyl chlorides have limited uses themselves and their practical role is as intermediates in 
the synthesis of other compounds. The high electrophilicity of the sulfinyl functionality coupled with 
the good leaving capability of chloride makes sulfinyl chlorides willing partners in substitution reac- 
tions. Moreover, the electron withdrawing power of the S ,  0 and C1 atoms permits chemistry initiated 
by a-deprotonation, which in most cases leads to sulfine formation. 

A. Substitutions 

In the manifold of substitution reactions, simple conversion to other sulfinic acid derivatives 
is well established and recent applications are documented below. Some novel approaches to effecting 
successful substitution reactions involve the use of atoms other than hydrogen on the nucleophilic 
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SCHWAN AND STRICKLER 

partner"" or groups other than chlorine on the sulfinyl unit. Nevertheless, the major focus of subse- 
quent sections will be on newer discoveries pertaining to the substitution reactions for the preparation 
of optically enriched sulfinic derivatives and the application of sulfinamides to peptide synthesis. 

1. Conversion to Sulfinic Acid Derivatives 

Reactions with oxygen or nitrogen nucleophiles tend to be the more common substitution 
reactions observed. Indeed, sulfinate ester formation via alcohol substitution was performed by the 
Schwan group as a means to obtain full characterization of 1 -alkenesulfinyl chlorides produced in an 
oxidative fragmentation reaction.4s5 The increased stability of the sulfinates over their sulfinyl chloride 
precursors allows comparatively facile isolation and full spectroscopic analysis. 

As part of a study of sterically crowded sulfonate acid derivatives, Netscher and Prinzbach"' 
required a series of t-butane- and 2,2,2-trifluoro-l, 1-diphenylethanesulfonate esters (23). A direct 
synthesis of these targets by substitution on the sulfonyl chloride proved unsuccessful, perhaps due to 
steric hindrance of the large groups. The problem was solved through esterification of the sulfinyl 
chloride and oxidation of the sulfmate to the sulfonate (Scheme 10). A number of sulfinates bearing a 
variety of alkoxy groups could be oxidized with CF ,CO,WNaHPO~C~Cl~  (65100%) to finalize the 
synthesis of the sulfonates. 

R' = r-Bu, base = Et3N, 76-95% 
R' = PhZ(CF3)C. base = Me-Im, 58-82% 

23 

Scheme 10 

In a related report, Wienreb and co-workers introduced the t-butyl sulfonyl group as a 
protecting group for ami11es.4~ Again, due to the lack of reactivity of the sulfonyl chloride, the authors 
attached r-butanesulfinyl chloride to a series of primary and secondary amines and called upon an 
oxidation procedure to access the sulfonamide-protected amine. Sulfinamide formation and oxidation 
(MCPBA or RuCl,/NaIO,) proceeded in good to excellent yield. For the deprotection step, TfOH is 
slightly preferred over TFA. A comparable substitutiodoxidation sequence was also employed in the 
construction of sulfonylimidazole derivatives, prepared for evaluation as inhibitors of famesyl-protein 
transferase.46 Regarding intramolecular substitution reactions, the mechanism of the diastereoselective 
formation of a cyclic sulfinamide is discussed in terms of rates of reactions of diastereomeric sulfinyl 
~hlorides.4~ 

A recent report describes the preparation of the first sulfinic acid amides with two sulfonyl 
groups on the nitrogen (Scheme 11)."* Exchange reactions could be achieved when bis(methanesu1- 
fony1)amine was derivatized with either a TMS unit or a Ag+ counterion. 
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0 
II + MCI 

0 
' I  + M-N(S02Me)2 . 

N(S02Meh 
R/s\ CI R/s\ 

R = Me, M = TMS, 83% 
R = CC13, M = Ag, 76% 

Scheme 11 

Although efficient conditions exist for the direct preparation of thiosulfinates from sulfinyl 
chlorides and a thi01,'~ thiosulfinates can also be prepared through the reaction of sulfinyl chlorides 
with organotin mercaptides, as depicted in Scheme 1 P 9  The reaction is complete in only 10 minutes 
at r.t. or lower affording thiosulfinates bearing alkyl, aryl or aralkyl groups in >89% yield. Methyl or 
n-butyl groups on the tin serve the role of R2. 

0 0 
I' + RZ3SnSR3 - I' + RZ3SnCI 

R'/s'CI 
Scheme 12 

A less direct approach to thiosulfinates and sulfinamides advertises the intermediacy of a 
sulfinyl a ~ i d e . ~ ~  Benzenesulfinyl azide (24),s1 prepared from the corresponding sulfinyl chloride 
undergoes reactions with thiols to form thiosulfinates in 41-93% yield (Scheme 13). Similarly, the 
azide group can be displaced by primary or secondary amines to afford the sulfinamide (48-78%). 
Hydrazoic acid, HN,, is a by-product in both reactions. As an advantage, the reaction is tolerant of 
hydroxyl groups on both the thiol and the amine. One disadvantage of this approach is that the sulfinyl 
azide is explosive above 0". The thermal breakdown of t-butyl sulfinyl azide has been utilized to 
prepare t-butanesulfonamide.s2 

+ HN3 
RSH ? 

24 

+ HN:, 
MeCN 

Scheme 13 

Another sulfur substitution was demonstrated as part of a study concerning the interconver- 
sion of oxides of organic trisulfides. In this example, a unique substitution reaction was applied to 
secure evidence concerning the behavior of t-butyl sulfinic thioanhydride (25).s3 Thioanhydride 25 
was thought to decompose by ionic scission of the S - S ( 0 )  bond and to gain evidence for this theory, 
25 was exposed to isopropyl sulfinyl chloride. In that reaction mixture, t-butyl sulfinyl chloride was 
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SCHWAN AND STRICIUER 

observed and the authors proposed a scheme beginning with the proposed unimolecular fragmentation 
to account for the findings. Although it appeared that the reaction may not have gone to completion, 
the observations were sufficient to gain information about the reactivity of 25 (Scheme 14).*’ 

25 

+ I + . 
0 
1 1  

- s ” y  

0 

Scheme 14 

a. Optically Enriched Suljinic Acid Derivatives for Asymmetric Synthesis 
i. Su&nic Ester Derivatives 

The general method for preparing a sulfinate ester involves reacting the sulfinyl chloride 
with an aliphatic or aromatic alcohol in the presence of base (i.e., \CO,; pyridine). This reaction 
once thought to proceed via an S,2 mechanism54 is now generally theorized to involve a sulfurane 
intermediate.3 This new mechanistic understanding has allowed researchers to advance the original 
Andersen strategy5*Xs6 for the preparation of optically enriched sulfinate esters which in turn have 
proved to be a vital source of optically pure sulfoxides. The role of homochiral sulfoxides in the 
synthesis of optically enriched carbon compounds is well establi~hed.~~ 

The original Andersen chemistry involves the reaction of a sulfinyl chloride with 
menth01.~~~~‘ Separation of menthyl sulfinate diastereomers requires several recrystallizations. Access 
to the optically pure sulfoxide is achieved by treating the optically pure form of the sulfinate ester 
with an organometallic reagent. This substitution reaction has been shown to proceed with inversion 
of configuration at the sulfur While the original Andersen strategy is useful for the prepara- 
tion of diary1 and alkyl aryl sulfoxides, it has limited applications for the preparation of dialkyl sulfox- 
ides as the required menthyl alkanesulfinates are typically found as oils and are difficult to isolate as a 
single diastereomer. To overcome this difficulty chiral alcohols other than menthol have been exam- 
it~ed.”.’~ The Tillett review‘ addresses this chemistry through the late 1980’s. 

One of the most synthetically useful adaptations to the Andersen strategy has been the use of 
di-acetone D-glucose (DAG, 26) as the chiral alcohol.’~m“2 Since the method was first introduced the 
resulting optically pure DAG sulfinates have been used to prepare a number of compounds including 
alkyl methylthiomethyl sulfoxides (27),h3 chiral N-sulfinyl imines (28)64 and enantiomerically pure 
hydroxy sulfoxides (29).‘* Many of these compounds were then used to generate other chiral 
species.63-6s 
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SYNTHESIS AND REACTIONS OF SULFINYL CHLORIDES. AN UPDATE 

27 28 29 

R1 = Me; Et Ar = Ph; (E)PhCH=CH R'  = 1-naphthyl; R2 = R' = Ph 

26, DAG 

% ee > 98% 
for R = p-tolyl 

0 
I I  

RMgX 
.. 

% ee > 87% 
31 for R = p-tolyl 

Scheme 15 

The unique facet of this chemistry is that either configuration of sulfinate is available simply 
by choosing the correct base and solvent combination. For instance, the researchers found that addi- 
tion of racemic methanesulfinyl chloride in toluene to a solution of DAG in the presence of iPr,EtN, 
showed only a single diastereomer (de 2 95 %) by IH NMR analysis of the crude reaction mixture. 
Purification by recrystallization afforded the (S)-DAG methanesulfinate 30. When the base was 
changed from iPr,EtN to pyridine under the same reaction conditions, (R)-DAG methanesulfinate 31 
was isolated (Scheme 15). Conversion to substituted optically enriched sulfoxides is readily accom- 
plished through treatment with various alkyl and aryl Grignard reagents.',60 

Upon closer examination of the reaction conditions (i.e., base and solvent) Alcudia and 
coworkers were able to demonstrate a relationship between the base and solvent used and the stereos- 
electivity of the reaction.' Pyridine-like bases, including DMAP and imidazole, afford the (R)-sulfi- 
nate (de's 56-86%). The (S)-sulfinates (de's = 16-95%) can be prepared using iPr,EtN or comparable 
bulky bases such as Et,N, collidine and dimethylaniline (DMA). Choice of solvent is also important 
with the highest de's obtained using THF for pyridine-like bases and toluene for iPr,EtN like bases. 
The sulfinates are isolated using column chromatography or recrystallization. 

More recent work has been done to examine whether this base/solvent effect is due to the 
nature of the chiral alcohol or if it is applicable to all chiral secondary alcohols.62 Several different 
chiral secondary alcohols were examined such as dicyclohexylidine-D-glucose (DCG), menthol, 
cholesterol and base/solvent effect was again observed. However, except for DCG which is struc- 
turally similar to DAG the de's were significantly lower. 
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SCHWAN AND STRICKLER 

The mechanism proposed to account for the diastereoselectivity has as its basis the geometry 
of the substituents in various sulfurane intermediates. The mechanism requires that reaction does not 
proceed through a sulfine intermediate and that it is kinetically controlled.3 Another assumption is that 
the alcohol reacts with both sulfinyl chloride enantiomers. In the first step of the proposed mechanism 
(Scheme 16, an equilibrium reaction occurs between the sulfinyl chloride and the base affording a 
racemic pair of sulfinyl ammonium (or pyridinium) enantiomers 32. Intermediate 32 then reacts with 
the chiral alcohol to generate diastereomeric sulfurane intermediates. When a bulky iPr2EtN-type base 
is used the approaching alcohol and the base assume apical positions, generating sulfuranes 33 and 34. 
The (9-sulfinate can be directly formed from 33, while sulfurane 34 requires a series of pseudorota- 
tions to form sulfurane 35 and eventually the (9-sulfinate. The formation of 34 may be less favorable 
due to a destabilizing interaction between the R group and the C-5 of the sugar ring. 

33 

36 

11. lY 

NO , DAG 

nitrogen 4 k 
N =nitrogen base 

N+ = quaternary HOV*S' 

YJ = pseudorotation 38 

[S] sulfinate 35 I 
N = bulky 11 3Y } base 

1 
[R]  sulfinate 

Scheme 16 
When the smaller pyridine-type bases are used the base occupies the equatorial position 

while the alcohol takes on an apical position generating sulfuranes 36 and 37. Both sulfuranes 36 and 
37 undergo 1 or 2 pseudorotations forming sulfuranes 38 and 39, respectively, which then form the 
(R)-sulfinate. It is possible that the formation of sulfurane 37 is preferred with sulfurane 36 being less 
stable because of an unfavorable interaction between the R group and the C-5 of the sugar. 

Conversion of the DAG sulfinates to optically pure sulfoxides was accomplished using a 
variety of alkyl and aryl Grignard  reagent^.'^^*."-^^ The purification difficulties that sometimes arise 
during the preparation of the optically pure sulfoxides on a larger scale can be overcome by treating 
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SYNTHESIS AND REACTIONS OF SULFINYL CHLORIDES. AN UPDATE 

the DAG/sulfoxide mixture with a TFNwater solution. This solution serves to selectively hydrolyze 
one of the two acetal groups in the DAG molecule. The hydrolyzed DAG is water soluble and can be 
easily separated from the sulfoxide.66 

Whitesell and Wong have investigated the use of chiral alcohol trans-2-phenylcyclohexanol 
(40) as a chiral auxiliary (Scheme The diastereomeric sulfinate esters 41 are prepared in good 
yield with better selectivity [(4-10):1] than observed with menthol [(2-3):1].6' More importantly, the 
diastereomers can be separated via chromatography andor recrystallization. The latter is possible as 
the major diastereomers are crystalline in the cases e~amined.~' Each of these sulfinates reacts cleanly 
with Grignard reagents to afford the corresponding optically pure sulfoxide. 

40 41a 
R =p-tolyl, 2-naphthyl, Me, i-Pr 

Scheme 17 

41b 

In a related study, Whitesell and Wong have also used chiral alcohol 40 in an alternative 
preparation of optical pure sulfinates not involving a sulfinyl chloride (Scheme 18).69 When chiral 
alcohol 40 was reacted with thionyl chloride the resulting diastereomeric (1:l at rt and 2:l at -78") 
chlorosulfinate esters 42 were sufficiently stable such that full characterization could be obtained. 
When chlorosulfinates 42 were treated with Grignard and organolithium reagents the diastereomeric 
ratio observed for the resulting sulfinate esters (43) mirrored that observed for the chlorosulfinates. 
When treated with 0.9 eq of dimethylzinc the sulfinate esters were generated in a diastereomeric 
mixture of 98:2 in good chemical yield. 

40 42a 

0 
II 

m / p H 3  

43a 

Scheme 18 

593 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
3
7
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



SCHWAN AND STRICKLER 

Schwan and Strickler have reported the first synthesis of an optically pure vinylic sulfinate 
ester, which was prepared by treating 1 -alkenesulfinyl chloride 44 with cholesterol and base.7" Access 
to either diastereomer 45 can be achieved using either quinine (for access to the [RI-sulfinate, 45a) or 
quinidine ([a-sulfinate, 45b, not shown) as the base. Following one to two recrystallizations the [R]- 
sulfinate can be isolated in an optically pure form (100% de), while the [S]-sulfinate can be isolated in 
an optically enriched form (175% de). The diastereomeric purity of the sulfinates was established 
through 'H NMR analysis in C,D, while the absolute configuration was assigned using [R]-(-)-2,2,2- 
trifluoro- 1-(9-anthry1)ethanol as a chiral solvating agent. Subsequent preparation of 1-alkenyl sulfox- 
ides was accomplished through treatment with a variety of Grignard reagents (Scheme 19).'O 

I: 
\ s ' 4 4 4 1 1 ,  : RMgX 0 0 

II cholesterol II 
t - B u + + A I  quinine - tau&S,;O-Cholesteryl * 14u- bR 

45a R = Me (56-67%; 85-86%ee) 
= n-Bu (86%; >97%ee) 
= i-Pr (85%; 98%ee) 
= C - C ~ H ~ L  (86%; >97%ee) 
= p-tolyl(86%; 95'%ee) 
= Bn (78%; 9l%ee) 

CH2C12 
-78" to rt 44 

Scheme 19 

ii. Suljinic Amide Derivatives 

Complementary and sometimes improved access to homochiral sulfinic acid derivatives and 
hence sulfoxides can be achieved through the use of several sulfinamides. Analagous to sulfinate 
esters, optically pure sulfinamides are prepared through a substitution reaction with an optically pure 
nitrogen compound. Also in keeping with the chemistry of sulfinate esters, the reaction between an 
optically active sulfinamide and an organometallic reagent proceeds with inversion of configuration at 
the sulfur centre to generate optically active sulfoxides. For a number of years the oxazolidinone class 
of chiral auxiliaries has garnered considerable attention and two members of the oxazolidinone family 
(46 and 47) have been used by Evans and coworkers as auxiliaries to generate a new class of chiral 
sulfinyl transfer  reagent^.^' 

When lithiated oxazolidinones 46 and 47 are reacted with a sulfinyl chloride two diastere- 
omers are formed, with de's of 4.6: 1 (48) and 2: I (49), respectively (Scheme 20). The major diastere- 
omer is isolated after a single recrystallization in excellent optically purity (48d49a; each > 99% de 
by HPLC). Depending upon the choice of the chiral oxazolidinone, access to both epimers at sulfur 
can be achieved. The [R]-sulfinamide can be prepared using 46 while the [S]-sulfinamide arises 
through the use of 47. 

Experimental evidence has shown that an equilibrium is established between the diastere- 
omeric products (Scheme 21) and it is this equilibrium which accounts for the observed diastereose- 
lectivity. This was tested in a control experiment with each of the sulfinamide diastereomers 49. 

When [&49a was treated with 1 .O or 0.1 eq of lithiated 47 at -78", a 71:29 mixture of 49a and b was 
obtained after less than 1 minute. The same ratio was observed when the reaction started with [R]- 
49b. In an additional experiment when [R]-48 was treated with a mixture of lithiated 46 and 47 a 
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SYNTHESIS AND REACTIONS OF SULFINYL CHLORIDES. AN UPDATE 

46 48a 48b 

47 49a 

Scheme 20 
49b 

randomized set of sulfinamide diastereomers was obtained. The rate at which the equilibrium is estab- 
lished is dependent on the nature of the metal ion present. Equilibrium is established quickly with 
lithiated oxazolidinones (1 minute at -78"), but takes more time with magnesium conjugates. This has 
important consequences during nucleophilic substitutions at sulfur as the nature of the metal counte- 
rion could influence the sulfinyl stereochemistry. For example, when sulfinamide [4-49a was treated 
with methyllithium the optical purity of the isolated sulfoxide was significantly reduced, while reac- 
tion with a methyl Crignard yielded the same sulfoxide in high optical purity (99% ee) (Scheme 21). 
As such using [&49a, Evans and coworkers have been able to prepare several alkyl aryl sulfoxides 
(82-87% yield; 90-91% ee) and dialkyl sulfoxides (78-92% yield; 93297% ee). As well, the N- 
sulfinyloxazolidinones have been shown to be at least two orders of magnitude more reactive than 
sulfinate esters.71 

+ 
0-Li 

0 
S 

Ar' <Me .. RM - 
Bn"z 

R M  = MeLi (low de) 
= MeMgX (99% ee)  49a (7 1 %) 

N k l  u 
Bn\" 

Bn\'z 

49b (29%) 

48a 48b 

Scheme 21 48a 
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SCHWAN AND STRICKLER 

0 
II 

Ph 

0 0 
II II 

p-tol 
50 51 52 53 54 

R = Me: i-Pr R = Me: n-Bu R = Me: n-Bu 

Me 

MeHNKon-JJ 0 

H g  I 1  
Me Me 

55 56 

In addition to being used to prepare optically pure sulfoxides, the N-sulfinyl oxazolidinones 
can also be used to prepare other organosulfur compounds including alkyl a-(alkylsulfinate) acetates 
50, sulfinate esters 51, sulfinamide 527' and p- and yamino acids 53 and 54?2 They have also been 
used to prepare indolyl sulfoxide 55 which in turn was elaborated further for the preparation of natu- 
rally occurring (-)-physostigmine (56).73 

The Oppolzer group has subsequently shown the use of bornane-10, 2-sultam (57, 
Oppolzer's sultam) as a new chiral sulfiny transfer agent.74 When sultam 57 is reacted with a sulfinyl 
chloride, gram scale amounts of sulfinylsultam 58 result as a 6.2:1 mixture of diastereomers (Scheme 
22). Subsequent recrystallization from hexanedether provided access to the [R]-sulfinylsultam in good 
yield (72%).74 Unlike the Evans chiral auxiliaries, however, both sulfur epimers are not accessible. 

51 
1. LiHMDS 

2. RCHO 

DMAP, p-tolS(O)CI 

THF, r.t., 77% 

57 58 

Scheme 22 
Subsequent reaction of the Oppolzer sulfinylsultam 58 with a variety of Grignard or Refor- 

matsky reagents proceeds with inversion of configuration at the sulfur centre affording the corre- 
sponding sulfoxide in high yield (79-97%) and optical purity (96299% ee). In addition, the chiral 
auxiliary can be recovered in 91 to 98% yield. Sulfinylsultam 58 can also react with enolizable and 
non-enolizable aldehydes to afford enantiopure s~ l f in imines ,~~  a class of compounds with broad 
synthetic utility (Scheme 22).79s 

Optically pure sulfinamides can also be used to prepare optically active n-alkyl arenesulfi- 
nate esters. When chiral pyrrolidine derivative 59 was treated with a bromobenzenesulfinyl chloride, 
sulfinamide 60 was obtained in optically pure form in good yield (71-91%, Scheme 23).7' Acidic alco- 
holysis in the presence of TFA provided sulfinate ester 61 in good yield and high enantiomeric excess 
(>95 %). 
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0 

Br L 
5 Y  

Scheme 23 

An alternative preparation of enantiomerically pure sulfinamides indirectly avoids the use of 
sulfinyl chlorides by using an optically pure sulfinate ester as the chiral transfer agent. Thus, treatment 
of menthyl sulfinate 62 (which is commercially available in both enantiomeric forms) with a lithium 
amide affords the optically active sulfinamide 63 (Scheme 24).76 As in similar reactions, this transfor- 
mation occurs with inversion of configuration at the sulfur centre. Chiral sulfinamide 63 can be 
converted to acylated sulfinamide 64, which in turn is a source of optically pure sulfoxides via 
organometallic substitution. This latter reaction is advantageous as it occurs at a faster rate than the 
corresponding reaction with 62. 

0 C 
II n-BuLi I 

62 63 64 
R = Bn; t-Bu; R = Et; Me; (E)-MeCH=CH; CF3 

Scheme 24 
In some cases, progression to chiral sulfinic acids is achieved through sulfenic acid deriva- 

tives. For instance, Evans and coworkers were able to show that the preparation of sulfinamide 49 
could be achieved through an oxidation of the sulfur, avoiding the use of any sulfinyl chlorides?' To 
pursue this strategy, the reaction of arenethiosulfonate 65 and lithiated 47 leads to sulfenamide 66 
(Scheme 25). Unfortunately, the oxidation of 66 evolved with low diastereoselectivity (2.5: 1) and the 
resulting sulfinamides (49) had to be separated by chromatography. 

65 

R = Ph; Me; r-Bu 
66 49b (major) 49a 

Scheme 25 

Access to chiral sulfinamides and sulfoxides has been achieved through an asymmetric 
oxidation reaction, circumventing use of stoichiometric chiral auxiliaries such as 46 or 57. The oxida- 
tion of disulfide 67 with H,O,, VO(acac), and Schiff base ligand 68 afforded optically enriched thio- 
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SCHWAN AND STRICKLER 

sulfinate 69 in excellent yield (92%) and good enantioselectivity (91% ee) (Scheme 26).77 To demon- 
strate the value of 69, its treatment with LiNH, leads to r-butanesulfinamide (70) in high yield and 
selectivity (91% yield; 91% ee). Other sulfinamides and sulfoxides evolve from similar chemistry of 
69. This alternative method allows for large scale preparations with inexpensive reagents and avoids 
the use of high molecular weight chiral auxiliaries. The method also avoids chromatographic separa- 
tions in that the sulfinamides can be purified using recrystallization 

4B;?H 0 

S 

67 VO(acac),; H202; rt 69 NH3, THF 70 

Scheme 26 

? 
t- u, s \ / 1 - h  68 t a u  tau’ 

t-BU 

s .,,,s’t-EJu LiNH, tau’  c”.’ 
* NHZ - 

Legend: VO(acac)2 = vanadyl acetylacetonate 

b. Pkcement in Peptidomimetic lsosteres 

A number of groups have probed transition state analogues as a means to uncover the mode 
of activity of enzyme inhibit01-s.~~ Such peptidomimetics are often called transition state isosteres 
since they are designed with functionality that are sterically comparable to the tetrahedral intermediate 
involved in the hydrolysis of the amide bond of proteins and pep tide^.^*,^^ Among the functionalities 
employed as transition state isosteres are the sulfonamide group and to a lesser extent the sulfinamide 
group. This area of research is important in the context of this review since one contributing labora- 
tory, the Liskamp group of Utrecht University in The Netherlands, has elected to prepare a number of 
sulfonamide and sulfinamide containing peptidomimetics by way of sulfinyl chloride chemistry. 

As an entry into this area, the Liskamp group addressed the synthesis and some reactions of 
sulfinyl chloride 19.3b Thus, 19 was treated with H-Pro-N(H)Me and H-Pro-Gly-N(H)Me to provide 
the corresponding sulfinamides 71 (72%) and 72 (70%), respectively. These yields are the best obtain- 
able and are achieved when a second equivalent of the nucleophile was employed to act as a base. 
Even though yields were attenuated by 10% when N-methylmorpholine was the base, the latter proce- 
dure is preferred since it only consumes one equivalent of amino acid derived arnine.l7 Sulfinamides 
71 and 72 were oxidized to their corresponding sulfonamides in high yield (Scheme 27). The direct 
formation of 73 and 74 via amine reaction with a sulfonyl chloride was not viable due to difficulties 
with the sulfonyl chloride synthesis.’h 

Other sulfinyl chlorides have also been employed as part of the Liskamp work. Sulfinyl 
chlorides 20-22 were treated with various amines and Table 3 shows some of the additional 
peptidomimetic sulfinamides and sulfonamides that have been prepared, either directly or through 
functionalization of a more simple precursor.lX 

Several reactions leading to the products in Table 3 are of note. For instance, the conversion 
to 75 is possible by deprotection of 74 and introduction of Boc-Ala-OH using the mixed anhydride 
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71 (" = ') RuCIyxH20 
73 (n = 2) J NaI04,92% 

H-Pro-N(H)Me BOCHN msL N 

0 
I (2 equiv.) * 

\ 

NHMe 

MeHN 

Scheme 27 

method. Application of the same procedure to sulfinamide 72, however gave a low yield due to high 
reactivity of the sulfinamide linkage during the TFA treatment required for the Boc removal. As an 
alternative, the 2-(trimethylsilyl)ethyloxycarbonyl (Teoc) group of sulfinamide 76 is removable with 
F- and the deprotected form of 76 could be converted to 77 using the DCCMOBT method.77 Diastere- 
omeric sulfonamides 78 could be obtained by removal of an a-proton (4.4 eq. of LDA) and addition 
of PhCH2Br. The Boc group of 73 could be removed and replaced with an acetyl unit.*' 

In another study,* optically pure amino acids were employed to prepare sulfinyl chlorides 
20, 21, and 79aib with configurationally fixed a and p alkyl groups. In combination with diastere- 
omeric sulfinyl chlorides 79c, a number of other sulfonamides were prepared. For instance, sulfon- 
amides 80-82 were prepared as potential HIV protease inhibitors, based on their similarity to Ro 31- 
8959(R) (83). Compounds 80-82 failed to meet expectations in an HIV protease assay despite Austin 
Method 1 (AMPAC) predictions that suggested the sulfonamide functionality has steric and electronic 
properties comparable to the phosphonamidate group and to the transition state of the hydrolysis of 
the amide bond. Higher level calculations (RHF/6-3 1 +G*)*' indicate the sulfonamide linkage lacks 
the charge and electrostatic potential of the other groups, accounting for its reduced activity. 

Table 3. Sulfonamide and Sulfinamide Containing Peptidomimetic Isosteres 
Starting Sulfinvl Chloride SulfinamideISulfonamide Products 

0 9, /? ?\ /? 
B ~ ~ H N  n d s \ c i  Boc-Ala-HN '-"'- Pro-Gly-N(H)Me BocHNmSxPhe-OMe 

19 75 

?\ /? ?\ /? 
BocHN-"Leu-Gly-N(H)Me BocHNwS\ Phe-Gly-OEt 
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SCHWAN AND STRICKLER 

Table 3. Continued ... 
Starting Sulfinyl Chloride Sulfinamide/Sulfonamide Products 

?\ /? ?\ /? 
B o c H N ~ s x P r o - l l e - N ( H ) M e  BocHN -SxPro-lle-N(H)Me 

? ? 0 
II 

TeocHN -"CI TeocHNmSxPro-N(H)Me Boc-Phe-HN-"Pro-N(H)Me 

22 76 71 

).+0 R C0)" S. 
R 

BocHN s'cI BocHN Pro-N( H)Me 

20, R=H; 2 I ,  R=Ph R = H , P h ; n =  1.2 

As depicted by compound 84, several different sulfinyl chlorides can be incorporated into a 
single peptide. The procedure requires several iterations of a sulfinamide formation, oxidation and 
deprotection sequence.2 

Attempts have been made to adapt the solution chemistry presented in this section for solid 
phase synthesis and entry to libraries of sulfur containing peptidomimetics.82 Attachment of the 
glycine residue to the Memfield resin was followed by introduction of sulfinyl chloride 19. Difficul- 
ties with the subsequent oxidation procedure led to experiments with the Tentagel@ resin which could 
be readily adapted with the Fmoc-Gly unit. Following removal of the Fmoc group the sulfinyl chlo- 
ride unit (19, 21, 85) could be attached to the resin (Scheme 28). Each resin-bound sulfinamide was 
oxidized with OsO,/NMMO or nBu,Nloxone and a subsequent transesterification reaction with 
MeOH released the peptide from the resin.82 

79a R = H 
79b R = Ph 

79c 84 NHMe 

80,81 R' = Bn, R2 = H; 82 R 1  = H, R2 = Bn 83 
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The utility of the solid support methodology is also demonstrated by the preparation of 
cyclic peptidosulfonamide 87 via cleavage from the resin (86) and in situ cyclization (Scheme 29).82 A 
number of peptidosulfonamides were also prepared directly using solid phase methodology involving 
attachment of the sulfur from the sulfonyl chloride rather than the sulfinyl chloride.8' The Liskamp 
group has also prepared a number of sulfonamide-containing synthetic receptors that resemble molec- 
ular tweezers. These compounds, exemplified by peptidomimetic 88, could be prepared by multiple 
attachments of either sulfinyl chloridex4 or sulfonyl chloride8s to a functionalized diol or diamine. 

OSO~/NMMO 
or BudN/oxone 

o- Tentagel 

19, R = H; 21, R = PhCH2; 
85, R = (CH4)'NHCbz 

R O O  - MeOH BocHN C S N T  [z] 
H O  

EtiN 
BocHN 

H O  

86 Legend: 
NMP = N-methylpyrrolidinone; NMM = N-methylmorpholine; NMMO = N-methylmorpholine N-oxide 

Scheme 28 

? , J:o * 
I .  TFA/CH2C12 

86 (R = PhCH2) 
2. cat. Et3N, THF 

reflux 

& 87 
Scheme 29 

dye/R-0 O q  

0 

88 

Other groups have made valuable contributions toward the preparation and evaluation of 
s~ l f inamide -~ '~~~  and sulfonamide-~ontaining~~~~~-~ peptide isosteres, but their preparative procedures 
did not incorporate sulfinyl chloride chemistry. 
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SCHWAN AND STRICKLER 

c. Rearrangement or Conversion of Suljinic Acid Derivatives to Sulfonyl Compounds 
Due to thermal lability, some sulfinic acid esters are readily converted to their thermody- 

namically more stable valence isomer, a sulfone. The modes for this transformation usually entail 
either a dissociatiodre-association mechanism or a 2,3-sigmatropic rearrangement and all such reac- 
tions of sulfinates have been thoroughly reviewed.9i Some rearrangements of thiosulfinic esters, 
which may or may not have been prepared via sulfinyl chlorides, are covered in the Block review on 
the organosulfur chemistry of garlic and onions."? Only recent applications of sulfinate rearrange- 
ments in synthesis will be noted here. 

One form of the 2,3-sigmatropic rearrangement occurs when a sulfinate with oxygen attach- 
ment to an allyl unit rearranges to a sulfone with sulfur attachment at the opposite allyl carbon. The 
rearrangement has found utility in a biomimetic synthesis of Agelasidine A (89):' Thermal activation 
of sulfinate 90 derived from farnesol and sulfinyl chloride 23 creates the requisite sulfone and a 
quaternary center in a single step. The synthesis was completed in 54% overall yield (Scheme 30). 

The 2,3-sigmatropic sulfone formation is not limited to allylic systems. Thus, the Uguen 
group has demonstrated that the established 2,3-rearrangement of propargyl sulfinates can be immedi- 
ately followed by an intramolecular ene reaction, as shown for the simple example in Scheme 31.93 

The chemical yields for four examples were in the 75-90% range. Some cyclic analogs are also prone 
to the consecutive pericyclic conversions: spirocycle 91 was prepared and was modified to 92, a 
known precursor of pentalenic acid.04 

' 0  \ 
-OH \ \ -- PY 

-20" I 

+ ! 90 A c O W S o  
AcO-''CI 

23 

c--. 

0 5 L N H  0 

H 2 N h H 2 c i  0 

89, S4% overall 

Scheme 30 
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SYNTHESIS AND REACTIONS OF SULFINYI. CHLORIDES. AN UPDATE 

The capture of sulfinyl chlorides with hydroxyl mines  or oximes affords sulfinate esters 
with the additional reactivity of the N - 0  bond. Thus as shown in Scheme 32, the conversion of sulfi- 
nate to sulfonyl isomer proceeds readily at room tempera t~re .~~ The isomerization reaction of the 
tropone oxime-derived sulfinates 93 affords compounds 94 which serve as novel starting materials in 
the preparation of I aaazulene derivatives. Regarding the mechanism of sulfonamide formation, it 
has been shown that for the related reaction of N,N-dialkylhydroxylamines with sulfinyl chlorides, the 
eventual formation of sulfonamides proceeds with the intermediacy of an aminyl radical.96 This chem- 
istry has been utilized as a synthetic source of iminyl  radical^.^' 

*cN 

91 6 -  RS(0)CI - 
Et,N. ether 
0" - r.1. 

K = Ph. Me 

0 

&'s'R 

93 

Scheme 32 
2. Direct Syntheses of Sulfoxides 

?\ /,o 
R 

94 

The direct organonietallic attack of sulfinyl chlorides, though not particularly common is 
more viable than organometallic attack of carboxylic acid chlorides. The over-reaction that commonly 
occurs with carboxyl chlorides is much less common with sulfinyl chlorides although one should be 
wary of further reaction via ligand exchange chemistry which may be significant with some attached 
groups.yx Some examples of sulfoxide formation through the reaction of an organometal with a 
sulfinyl chloride are shown below, although in many instances, the more conservative approach is to 
first convert the sulfinyl chloride to an ester or amide before substitution. 

In the early stages of a study toward the preparation of binaphthyl-derived ligand, Baker and 
Sargent99-"" prepared two 1-sulfinyl naphthalenes bearing an oxazoline unit at the adjoining position 
(Scheme 33). Compounds 95 served as model compounds to gain information regarding the viability 
of replacing the sulfinyl unit with naphthyl and related units. 

95 X = H, 43% 
x = C1,53% 

Scheme 33 
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SCHWAN AND STRICKLER 

A series of sulfinyl substituted, stabilized phosphorus ylides were subjected to flash vacuum 
pyrolysis (FVP) conditions to generate alkoxycarbonyl(sulfenyl)carbenes'o*~'03 or alkoxy- 
carbonyl(sulfinyl)carbenes.'04 Sulfinyl ylides 96, the precursors of alkoxycarbonyl(sulfenyl)carbenes, 
were prepared through a direct substitution reaction on a sulfinyl chloride in low to moderate yields as 
shown in Scheme 34. The major products upon pyrolysis of ylides % were vinyl sulfides, proposed as 
breakdown products of sulfenyl p-lactones.'02~'0' 

I 
H S 0" 'R2 

96,3-72%, I2 examples 

Ph3pYPh R'S(0)CI . 
oes'R1 

Ph3pYph H 

97.4-45%, 6 examples 
Scheme 34 

A slightly different approach was employed for the preparation of phenyl substituted ylides. 
Compounds 97, the precursors of alkoxycarbonyl(sulfiny1)carbenes among other intermediates, were 
generated in low yield using two equivalents of ylide instead of a tertiary amine (Scheme 34).'" 
Thioesters are the major products when alkoxycarbonyl(sulfiny1)carbenes are generated from 97 
through FVP exposure. 

p-Keto sulfoxides can be prepared by the Lewis acid induced reaction of sulfinyl chlorides 
with trimethylsilyl enol ethers.Io5 The application of this chemistly to 1 -alkenesulfinyl chlorides using 
TiCl, as a catalyst met with mixed success.s The highest yields of keto sulfoxides 98 were obtained 
using a-styryl trimethylsilyl ether (41-72%, 3 examples), while other TMS enol ethers gave lower 
yields. One problem may have been the tendency of the keto sulfoxides to enolize. Evidence for this 
behavior was obtained through isolation of lA-oxathiin S-oxide 99 when the 1-akenesulfinyl chloride 
held a 2-carbomethoxy group in its 2 position. Formation of this heterocycle is most likely explained 
by internal Michael addition of the keto oxygen after conversion to an enol or enolate. 

0 gd Ph 
R' ,  R2 = H, H: 59% 
R',  R2 = 1-Bu,H: 72% 
R', R2 = -(CH&, 41% R' 

98 0 99 

Lewis acids can also induce electrophilic aromatic substitutions under specific circum- 
stances. The usual conditions of PhS(0)Cl/AlC13/CH2CljOo effect benzenesulfinylation at the para 
position of phenols when the orrho positions are blocked.Io6 Similarly it has been shown by Jung that 
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SYNTHESIS AND REACTIONS OF SULFINYL CHLORIDES. AN UPDATE 

p-cresol can be functionalized at one of its ortho positions when the para position is occupied (Scheme 
35).Io7 The Jung group has extended this chemistry to create a diary1 sulfoxide with more function- 
ality. Utilizing an established protocol, they prepared sulfoxide 100 by employing thionyl chloride as 
a di-functional sulfinyl chloride. IoR The overall reaction inevitably entails a two step sequence that 
requires the intermediacy of a hydroxyarenesulfinyl chloride. Other symmetric aryl sulfoxides can be 
prepared using SOCl, with trifluoromethanesulfonic acid catalysis.'Og 

OH 0 OH 

PhS(0)CI 6 SOCI, - QS$ 

AICI1, CHZCIZ AlCl,, CH,CI, 

CH3 

Scheme 35 

CH3 CH3 
100 

95% 90% 
CH3 

As an access to p-quinones and protected p-dihydroquinones, Kita and coworkers used the 
electrophilic aromatic substitution conditions in selected cases (10-89%) for the para arenesulfinyla- 
tion of selected phenols.II0 For phenolic substrates bearing ortho hydrogens or electron-withdrawing 
groups the synthetic approach was unsuccessful. To achieve the equivalent of arenesulfinylation in 
those circumstances, a multi-step procedure was developed commencing with an electrophilic thio- 
cyanation to introduce the 

B. S a n e  Formation 

The use of sulfinyl chlorides as a source of sulfines (thial S-oxides) was not addressed in the 
Tillett review.6 Although several other more general reviews of sulfines are known,''2, 1 1 3  these 
reviews do not focus solely on sulfinyl chlorides as a source of sulfines. 

Sulfine formation from sulfinyl chlorides involves either the base-mediated dehydrochlori- 
nation of a-hydrogen bearing sulfinyl chlorides or the fluoride induced elimination of R,Si-Cl from 
a-silylated sulfinyl chlorides (Scheme 36). 

0 0- 0 
II II \ 

R XSh' , X S ' C l  - 
base .YS+ - F -  

R = H  
W3Si H H H  H 

101 

Scheme 36 

The dehydrochlorination reaction was first reported in 1964 by two  group^"^-"^ and has 
since been shown to be a valuable reaction on a number of occasions. In many instances the sulfine is 
isolable after f ~ r m a t i o n ~ ~ ~ " ~  and such chemistry has been particularly beneficial for the synthetic 
preparation of the onion lachrymator (101, R = Et, Scheme 36) from n-propanesulfinyl chloride. For a 
series of R groups (Scheme 36, R = Me, Et, i-Pr, t-Bu, Me$), the dehydrochlorination reaction 
(conditions = Et,N/CFCl,/< 0') gives a mixture of geometric isomers favoring the (a-configuration, 
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SCHWAN AND STRICKLER 

although increasing the size of the R group induces a reduction of the (z>:(E) ratio of the products. 
The sulfines were fully characterized by 'H, I3C and natural abundance 170 NMR spectroscopies. 
Access to 101 (R = Et) by this method allowed Block and coworkers to definitively assign the struc- 
ture of the onion lachrymatory factor.l16 

A noteworthy reaction has been found when sulfinyl chlorides are treated with less than one 
equivalent of tertiary base.I l7 In those situations, the sulfine that is produced reacts with the remaining 
sulfinyl chloride to eventually yield a-chloroalkyl alkanethiosulfonate esters (e.g., 102). Under these 
conditions it has been found that 0.65 equiv. of Et,N gives the highest yield.I17 The reaction has also 
been achieved in DMF which acts as both solvent and basells and a mechanism for thiosulfonate 
formation has been offered in a number of  paper^.^^.'^^'^^ 

When a sulfine cannot be isolated, researchers often generate the sulfine with its immediate 
sulfinyl chloride precursor still actively present in order to obtain the corresponding a-chloroalkyl 
alkanethiosulfonate. Such a result is readily construed as evidence for the existence of the sulfine in 
s o l ~ t i o n . ' ~ ~ " ~ ' ~ ~  The Et,N induced reaction has been employed as a tool to establish the existence of 
cyclopropanethial S-oxide (103)3s and 2-trimethylsilylethanethial S-oxide (104)" while the DMF 
method generated methanethial S-oxide, the parent sulfine.I2" 

102 

0- 
5 

gS+ 
103 

0- 
5 

I"+ 
Me3Si' 

104 

Sulfine formation from sulfinyl chlorides is sometimes hindered by the presence of the 
tertiary amine and its salt. For this reason Block and Wa11121.122 developed the fluorodesilylative 
approach to methanethial S-oxide by the reaction trimethylsilylmethanesulfinyl chloride with F- 
(Scheme 37). The overall approach has only been applied to the a-silylmethanesulfinyl chloride since 
other a-silylalkanesulfinyl chlorides could not be successfully prepared. It is believed that stray chlo- 
ride ions associated with established synthetic approaches induce unwanted Si-C scission during 
sulfinyl chloride preparation. The use of silyl groups with larger substituents may impart greater 
stability during the sulfinyl chloride preparation and would still demonstrate the desired responsive- 
ness to F-. 

Finally, Braverman and coworkers have shown that I , I ,  1 -trichloromethyl sulfoxides bearing 
a-hydrogens behave like sulfinyl chlorides in that they undergo base-induced sulfine formation.123J24 
Similarly, selected heteroaryl sulfoxides also serve as sulfine precursors. 

4 + &  F -  0- Q 
HYk+ - . 0 

S'O 
II 
0 9 : l  

MesSi-S, 
CI 

H 

Scheme 37 
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SYNTHESIS AND REACTIONS OF SULFINYL CHLORIDES. AN UPDATE 

C. Redox Chemistry 
Sulfinyl chloride behavior is dominated by substitution and elimination reaction motifs so 

any other reactions are often conspicuous. This section describes a few examples of redox chemistry 
where the sulfur is oxidized while the S-Cl bond remains intact or where the -S(O)Cl group is 
reduced. 

The method of chlorination of a thiolacetatel or disulfide" in the presence of Ac,O for the 
preparation of sulfinyl chlorides also serves as an approach to sulfonyl chlorides. It has been demon- 
strated that the reaction affords sulfinyl chloride initially and prolonged exposure to the reaction 
conditions eventually leads to the sulfonyl chloride.11~7s The second step of the reaction corresponds to 
a monooxygenation of sulfinyl chloride. Scheme 38 represents an example where such chemistry was 
observed.15 

Similar chemistry is observed in the oxidation of sulfenyl chlorides 105Iz6 and 106'27 to 
sulfonyl chlorides with excess H,O,/HOAc and perphthalic acid, respectively. Evidence that these 
oxidations most likely proceed through the sulfinyl chloride oxidation state was found when 107 was 
directly oxidized to the sulfonyl chloride. 127 

Cl*, Ac20 0 Cl2, Ac20 
D - S S U  * V S ' C l  - 

may be isolated 

Scheme 38 

105, Rs  = alkyl, aryl 106 
x = 0, so* 

An exception to this general mode of reactivity has been noted. In an attempt to convert 
sulfinyl chloride 108 to sulfonyl derivative 109, oxygenation of sulfur did not occur and a-oxidized 
sulfinyl chloride 110 was obtained instead (Scheme 39). 

110 108 

Scheme 39 

109 

Conversion of sulfinyl chlorides to a higher oxidation state can also proceed via an imina- 
tion reaction. Thus, selected arenesulfinyl chlorides were treated with N,N-dichlorotrifluoromethane- 
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SCHWAN AND STRICKIXR 

sulfonamide at 20" to provide arenesulfonimidoyl chlorides 111 in nearly quantitative yield (Scheme 
40).12* Compounds 111 were targeted to determine the o,, value of the N-mesylated sulfonimidoyl 
chloride group. Experimental measurements resulted in a rather large value of 1.49. 

In an example of a reduction of sulfinyl chlorides, their reaction with zinc affords thiosul- 
fonates (Scheme 41).'29 One mechanistic theory is that the zinc removes the equivalent of C1' from the 
sulfinyl chloride leaving an opportunity for attack by a second molecule of sulfinyl chloride. 
Rearrangement then affords the thiosulfonate in fair to moderate yield. Only alkanesulfinyl chlorides 
were employed.129 

0 I I  9, ,/NsOzch 

* as"' C12NS02CF3 

20", 95.99% 
R 

111 
R Ds'c' 
R = H, CI, F, Me, NO2 

Scheme 40 

n n  

Scheme 41 

111. CONCLUSIONS 

Recent work in the area of sulfinyl chloride chemistry has clearly demonstrated the synthetic 
utility of these sulfur acid derivatives. One of the noteworthy recurring themes in this review was the 
use of sulfinyl chloride chemistry for access to sulfonyl compounds. In many instances, when sulfonyl 
derivatives were needed and the logical precursor was either unavailable or did not demonstrate 
accommodating chemistry, sulfinyl chemistry and an oxidation step delivered the requisite material. 

The noteworthy discoveries in the 1990's include applications of sulfinyl chlorides to 
peptidomimetics and the use of DAG as the preferred chiral auxiliary for the efficient conversion of 
chiral sulfinates to sulfoxides. The development of complementary chemistry with sulfinamides using 
chiral oxazolidinones, for example, has made chiral sulfoxides substantially more accessible. Finally, 
the first preparation of 1-alkenesulfinyl chlorides opens a new realm of reactive species possessing not 
only the electrophilic sulfur, but also a double bond available for manipulation either before or after 
chemistry at the sulfinyl group. 

Acknowledgements.- We thank Professor Rob Liskamp for alerting us to several of his contributions 
in the area of sulfonamide peptidomimetic chemistry and to Mr. Matthias Bierenstiel for translating 
the German articles cited herein. The authors gratefully acknowledge the Natural Sciences and Engi- 
neering Council of Canada (NSERC) and the Petroleum Research Fund administered by the American 
Chemical Society for funding our research program in sulfinyl chloride and related chemistry. RRS 
thanks NSERC and the Ontario government for graduate scholarships. 

608 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
3
7
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



1 .  

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

SYNTHESIS AND REACTIONS OF SULFINYL CHLORIDES. AN UPDATE 

REFERENCES 

M.-L. Kee and I. B. Douglass, Org. Prep. Proced., 2,235 (1 970). 

W. J. Moree, G. A. van der Mare1 and R. M. J. Liskamp, J. Org. Chem., 60,5157 (1995). 

I. Fernandez, N. Khiar, J. M. Llera and F. Alcudia, ibid., 57,6789 (1992). 

A. L. Schwan, M. L. Kalin, K. E. Vajda, T.-J. Xiang and D. Brillon, Tetrahedron Lett., 37, 2345 
(1996). 

A. L. Schwan, R. R. Strickler, Y. bar ,  M. L. Kalin, T. E. Rietveld, T.-J. Xiang and D. Brillon, 
J. Org. Chem., 63,7825 (1998). 

J. G. Tillett in “The Chemistry of Sulphinic Acids, Esters and their Derivatives”, p. 577, John 
Wiley & Sons, Chichester, 1990. 

D. H. Hua, Y. Chen and G. S. Millward, Sulfirr Rep., 21,211 (1999). 

F. A. Davis, P. Zhou, and B.-C. Chen, Chem. Soc. Rev., 27, 13 (1998). 

I. B. Douglass and D. R. Poole, J. Org. Chem., 22,536 (I 957). 

I. B. Douglass, B. S. Farah and E. G. Thomas, ibid., 26, 1967 (1961). 

I. B. Douglass and R. V. Norton, ibid., 33,2104 (1968). 

E. Block and J. O’Connor J. Am. Chem. Soc. 96,3921 (1974). 

J.-H. Youn and R. Henmann, Tetrahedron Lett., 27, 1493 (1986). 

J.-H. Youn and R. Henmann, Synthesis, 72 (1987). 

S. Thea and G. Cevasco, Tetrahedron Lett., 28,5193 (1987). 

W. Muller and K. Schenk, Chem. Ber., 111,2870 (1978). 

J. Drabowicz, B. Bujnicki, and B. Dudzinski, Synth. Commun., 24, 1207 (1994). 

A. L. Schwan and R. Dufault, Tetrahedron Lett., 33,3973 (1992). 

A. L. Schwan, D. Brillon, and R. Dufault, Can. J. Chem., 72,325 (1994). 

M. Uchino, K. Suzuki and M. Sekiya, Chem. Phurm. Bull., 27,1199 (1979). 

M. Uchino, and M. Sekiya, ibid., 28, 126 (1980). 

D. Craig, K. Daniels, and A. R. MacKenzie, Tetrahedron, 49,11263 (1993). 

609 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
3
7
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



SCHWAN AND STRICKLER 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

34. 

35. 

36. 

37. 

38. 

39. 

40. 

41. 

42. 

43. 

Y. F. Zhang, R. L. Kirchmeier and J. M. Shreeve, Inorg. Chem., 31,492 (1992). 

E. J. Corey and T. A. Engler, Tetrahedron Lett., 25, I49 (1 984). 

E. Block and A. L. Schwan, Unpublished results. 

F. Kurzer J.  Chem. Soc., 549 (1953). 

U. Hartwig, K. Rall, and W. Sundermeyer, Chem. Ber., 123,595 (1990). 

A. ElsaSer and W. Sundermeyer, ibid., 118,4553 (1 985). 

H. Fritz and W. Sundermeyer, ibid., 122, 1757 (1989). 

M. Schwab and W. Sundermeyer, ibid., 119,2458 (1986). 

T. Netscher and H. Prinzbach, Synthesis, 683 (1987). 

C. D. Gabbutt, J. D. Hepworth, and B. M. Heron, Tetrahedron, SO, 5245 (1994). 

J. Drabowicz, B. Bujnicki, B. Dudzinski, M. Mikolaczyk, Polish patent PL 169,661, 1996. CA 
125: 328098s (1 996). 

E. Block, S. Ahmad, J. L. Catalfamo, M. K. Jain, and R. Apitz-Castro, 1. Am. Chem. Soc., 108, 
7045 (1 986). 

E. Block, A. Schwan and D. A. Dixon, ibid., 114,3492 (1992). 

W. J. Moree, G. A. van der Marel and R. M. J. Liskamp, Tetrahedron Lett., 32,409 (1991). 

W. J. Moree, L. C. van Gent, G. A. van der Marel and R. M. J. Liskamp, Tetrahedron, 49, 1133 
(1993). 

W. J. Moree, L. C. van Gent, G. A. van der Marel and R. M. J. Liskamp, Tetrahedron Lett., 33, 
6389 (1992). 

M. Baltas, K. Raouf-Benchekroun, A. De Blic, L. Cazaux, P. Tisnks, L. Gomchon, K. Hussein, 
J.-C. Barthelat, Tetrahedron, 52, 14865 (1996). 

Y. Ichikawa, T. Kashiwagi and N. Urano, Chem. Commun., 987 (1989). 

Y. Ichikawa, T. Kashiwagi and N. Urano, J. Chem. SOC. Perkin Trans. I, 1497 (1992). 

N. Mase, Y. Watanabe, Y. Ueno and T. Toru, J. Org. Chem., 62,7794 (1997). 

E. M. Calvey, J. E. Matusik, K. D. White, R. DeOrazio, D. Sha and E. Block, J. Agric. Food 
Chem., 45,4406 ( 1  997). 

610 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
3
7
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



SYNTHESIS AND REACTIONS OF SULFINYL CHLORIDES. AN UPDATE 

44. 

45. 

46. 

47. 

48. 

49. 

50. 

51. 

52. 

53. 

54. 

55. 

56. 

57. 

58. 

59. 

60. 

61. 

62. 

63. 

D. N. Harpp, B. T. Friedlander, C. Larsen, K. Steliou and A. Stockton, J. Org. Chem., 43, 3481 
(1978). 

P. Sun, S. M. Weinreb and M. Shang, ibid., 62,8604 (1997). 

J. Bergman, and C. Dinsmore, US Patent 5,780,488 1997. CA 129: 122662 (1998). 

M. Wills, R. J. Butlin, I. D. Linney and R. W. Gibson, J. Chem. Soc. Perkin Trans. I ,  3383 
(1991). 

M. Naveke, A. Blaschette and P. G. Jones, Z. Natu$orsch., B: Chem. Sci., 53,734 (1998). 

D. N. Harpp, T. Aida and T. H. Chan, Tetrahedron Lett., 24,s 173 (1983). 

T. J. Maricich and C. N. Angeletalus, J. Org. Chem., 49, 1931 (1984). 

T. J. Maricich, C. N. Angeletakis and R. Mjanger, ibid., 49, 1928 (1984). 

A. V. Gontcharov, H. Liu and K. B. Sharpless, Org. Lett. 1,783 (1999). 

G. Derbesy and D. N. Harpp, J. Org. Chem., 61,991 (1996). 

A. Heesing, M. Jaspers and I. Schwermann, Chem. Ber., 112,2903 (1979). 

K. K. Andersen, Tetrahedron Lett., 93 (1962). 

K. K. Andersen, W. Gaffield, N. E. Papanikolaou, J. W. Foley and R. I. Perkin, J. Am. Chem. 
Soc. 86,5637 ( 1  964). 

M. C. Carreiio, Chem. Rev., 95, 1717 (1995). 

J. Drabowicz, B. Dudzinski, M. Mikolajczyk, M. W. Wierzorek and W. R. Majzner, Tetrahe- 
dron: Asymmetry, 9, 1 1’7 1 ( 1  998). 

K. K. Andersen, B. Bujinicki, J. Drabowicz, M. Mikolajczyk, J. B. O’Brien, J. Org. Chem., 49, 
4070 (1 984). 

J. M. Llera, I. Fernindez and F. Alcudia, Tetrahedron Lett., 32,7299 (1991). 

N. Khiar, I. Fernhdez, and F. Alcudia, ibid., 35,5719 (1994). 

1. Fernandez, N. Khiar, A. Roca, A. Benabra, A. Alcudia, J. L. Espartero, F. Alcudia, ibid., 40, 
2029 (1 999). 

Y. Arroyo-Gbmez, J. ,4. Lbpez-Sastre, J. F. Rodriguez-Amo, M. Santos-Garcia, and M. A. 
Sanz-Tejedor, J. Chem. Soc., Perkin Trans. I ,  2177 (1994). 

61 1 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
3
7
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



SCHWAN AND STRICKLER 

64. 

65. 

66. 

67. 

68. 

69. 

70. 

71. 

72. 

73. 

74. 

75. 

76. 

77. 

78. 

79. 

80. 

81. 

82. 

83. 

J. L. Garcia-Ruano, I. Fernhdez, M. del Prado Catalina and A. Alcudia Cruz, Tetrahedron: 
Asymmetry, 7,3407 (1996). 

M. Ordoiiez, V. Guerrero-de la Rosa, V. Labastida, and J. M. Llera, ibid., 7,2675 (1996). 

V. Guerrero de la Rosa, M. Ordonez, J. M. Llera, and F. Alcudia, Synthesis, 761 (1995). 

J. K. Whltesell and M.-S. Wong, J. Org. Chem., 56,4552 (1991). 

K. Mislow, M. M. Green, P. Laur, J. T. Melillo, T. Simmons, and A. L. Ternary, Jr., J.  Am. 
Chem. Soc., 87,1958 (1965). 

J. K. Whitesell and M.-S. Wong, J.  Org. Chem., 59,597 (1994). 

R. R. Strickler and A. L. Schwan, Tetrahedron: Asymmetry, In press. 

D. A. Evans, M. M. Faul, L. Colombo, J. J. Bisaha, J. Clardy and D. Cherry, J. Am. Chem. Soc., 
114,5977 (1 992). 

D. H. Hua, S. W. Miao, J. S .  Chen, and S. Iguchi, J. Org. Chem., 56,4 (1991). 

J. P. Marino, S. Bogdan, K. Kimura, J.  Am. Chem. Soc., 114,5566 (1992) 

W. Oppolzer, 0. Froelich, C. Wiaux-Zamar, and G. Bernardinelli, Tetrahedron Lett., 38, 2825 
(1997). 

J.-F. Nicoud and M. Z. Cherkaoui, Tetrahedron: Asymmetry, 6, 1941 (1995). 

J. L. Garcia-Ruano, R. Alonso, M. M. Zarzuelo and P. Noheda, ibid., 6, 1133 (1995). 

D. A. Cogan, G. Liu, K. Kim, B. J. Backes and J. A. Ellman, J.  Am. Chem. Soc., 1998, 120, 
801 1. 

J. Gante, Angew. Chem., Int. Ed. Engl., 33,1699 (1994). 

T. Sommerfeld and D. Seebach, Angew. Chem., fnt. Ed. Engl., 34,553 (1995). 

W. J. Moree, A. Schouten, J. Kroon and R. M. J. Liskamp, fnt. J. Peptide Protein Res., 45,501 
( 1995). 

J. L. Radkiewicz, M. A. McAllister, E. Goldstein and K. N. Houk, J. Org. Chem., 63, 1419 
( 1  998). 

D. B. A. de Bont, W. J. Moree and R. M. J. Liskamp, Bioorg. Med. Chem., 4,667 (1996). 

D. B. A. de Bont, G. D. H. Dijkstra, J. A. J. den Hartog and R. M. J. Liskamp, Bioorg. Med. 
Chem. Lett., 6,3035 (1 996). 

612 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
3
7
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



SYNTHESIS AND REACTIONS OF SULFINYL CHLORIDES. AN UPDATE 

84. D. W. P. M. Ltiwik, S. J. E. Mulders, Y. Cheng, Y. Shao and R. M. J. Liskamp, Tetrahedron 
Lett., 37,8253 (1996). 

85. D. W. P. M. Lowik, M. D. Weingarten, M. Broekema, A. J. Brouwer, W. C. Still and R. M. J. 
Liskamp, Angew. Chem. Int. Ed., 37, 1846 (1998). 

86. D. Merricks, P. G. Sammes, E. R. H. Walker, K. Henrick, M. M. McPartlin, J.  Chem. SOC., 
Perkin Trans. I, 2169 (1991). 

87. C .  Gennari, C. Longari, S. Ressel, B. Salom, U. Piarulli, S. Ceccarelli and A. Mielgo, Eur. J. 
Org. Chem., 2437 (1998). 

88. C. Gennari, C. Longari, S. Ressel, B. Salom, and A. Mielgo, ibid., 945 (1998). 

89. W. R. Roush, S. L. Gwaltney 11, J. Cheng, K. A. Scheidt, J. H. McKerrow and E. Hansell, J. Am. 
Chem. SOC., 120,10994 (1998). 

90. S. Paik and E. H. White, Tetrahedron Lett., 37,4663 (1996). 

91. S. Braverman in “The Chemistry of Sulphinic Acids, Esters and their Derivatives”, p. 297, John 
Wiley & Sons, Chichester, 1990. 

92. E. Block, Angew. Chem. Int. Ed. Engl., 31, 1135 (1992). 

93. C. Bintz-Giudicelli and D. Uguen, Tetrahedron Lett., 38,2973 (1997). 

94. C. Bintz-Giudicelli, 0. Weymann, D. Uguen, A. De Clan and J. Fischer, ibid., 38,2841 (1997). 

95. T. Takayasu, H. Katayama and M. Nitta, Heterocycles, 45,567 (1997). 

96. M. R. Banks and R. F. Hudson, Chem. Commun., 799 (1985). 

97. X. Lin, D. Stien and S .  M. Weinreb Org. Left. 1,637 (1999). 

98. S. Oae and Y. Uchida, Acc. Chem. Res., 24,202 (1991). 

99. R. W. Baker, G. R. Pocock and M. V. Sargent, Chem. Commun., 1489 (1993). 

100. R. W. Baker, D. C. R Hockless, G. R. Pocock, M. V. Sargent, B. W. Skelton, A. N. Sobolev, E. 
Twiss and A. H. White, J. Chem. SOC., Perkin Trans. 1, 2615 (1995). 

101. R. W. Baker and M. V. Sargent, Pure Appl. Chem., 66,2143 (1994). 

102. R. A. Aitken, M. J. Drysdale and B. N. Ryan, Chem. Commun., 805 (1994). 

103. R. A. Aitken, J. M. Armstrong, M. J. Drysdale, F. C. Ross and B. N. Ryan, J. Chem. SOC., 
Perkin Trans. I, 593 (1999). 

613 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
3
7
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



SCHWAN AND STRICKIXR 

104. R. A. Aitken, M. J. Drysdale and B. N. Ryan, ibid., 3345 (1998). 

105. N. A. Meanwell and C. R. Johnson, Synthesis, 283 (1982). 

106. D. W. Chasar and T. M. Pratt, Phosphorus Sulfur, 5,35 (1978). 

107. M. E. Jung, C. G m  and L. von dem Bussche, J. Org. Chem., 59,3248 (1994). 

108. M. E. Jung, D. Jachiet, S. I. Khan and C. Kim, Tetrahedron Lett., 36,361 (1995). 

109. S. Akai, Y. Takeda, K, Iio, K. Takahashi, N. Fukuda and Y. Kita, J. Org. Chem., 62, 5526 
(1997). 

1 10. Y. Kita, T. Okuno, M. Egi, K. Iio, Y. Takeda and S. Akai, Synlett, 1039 (1994). 

11 1. E. Block in “Organic Sulfur Chemistty ” R. Kh. Freidlina and A.E. Skorova, eds., p. 15, Perg- 
amon Press, Oxford, 1981. 

1 12. B. Zwanenburg, Recl. Trav. Chim. Pays-Bas, 101, I (1982). 

1 13. W. A. Sheppard and J. Diekmann, J. Am. Chem. Soc., 86,1891 (1964). 

1 14. J. Strating, L. Thijs and B. Zwanenburg, Red. Trav. Chim. Pays-Bas, 83,631 (1964). 

11 5. E. Block, J. Z. Gillies, C. W. Gillies, A. A. Bazzi, D. Putman, L. K. Revelle, D. Wang and X. 
Zhang, J. Am. Chem. Soc., 118,7492 (1 996). 

116. E. Block and A. A. Bazzi, Tetrahedron Lett., 23,4569 (1982). 

117. F. Freeman and M. C. Keindl, Synthesis, 500 (1984). 

1 18. F. Freeman, Chem. Rev., 84,117 (1984). 

1 19. F. Freeman and M. C. Keindl, Chem. Commun., 138 (1984). 

120. E. Block and A. Wall, Tetrahedron Lett., 26, 1425 (1985). 

12 I .  E. Block and A. Wall J. Org. Chem., 52, 809 ( 1  987). 

122. S. Braverman, D. Grinstein and H. G. Gottlieb, Tetrahedron Lett., 35,953 (1994). 

123. S. Braverman, D. Grinstein and H. G. Gottlieb, Tetrahedron, 53, 13933 ( 1  997). 

124. H. Morita, M. Takeda, T. Yoshimura, T. Fujii, S. Ono and C .  Shimasaki, J .  Org. Chem., 64, 
1052 (1999). 

125. C. D. Gabbutt, J. D. Hepworth and B. M. Heron, Tetrahedron, 50,5245 ( I  994). 

614 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
3
7
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



SYNTHESIS AND REACTIONS OF SULFINYL CHLORIDES. AN UPDATE 

126. L. A. Carpino and J. R. Williams, J. Org. Chem., 44, 1177 (1979). 

127. L. M. Yagupolskii, R. Yu. Garlyauskajte and N. V. Kondratenko, Synthesis, 749 (1992). 

128. F. Freeman and M. C. Keindl, Synthesis, 913 (1983). 

(Received August 30,1999; infinal form October 28,1999) 

615 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
3
7
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1


