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Sulfur-containing natural products are ubiquitous in nature, their most abundant source being marine organisms since sulfur, in the

form of the sulfate ion, is the second most abundant anion in sea water after chloride. As part of natural products, sulfur can appear

in a multitude of combinations and oxidation states: thiol, sulfide (acyclic or heterocyclic), disulfide, sulfoxide, sulfonate, thio-

aminal, hemithioacetal, various thioesters, thiocarbamate and isothiocyanate. This review article focuses on f-hydroxy sulfides and

analogs; their presence in natural products, general protocols for their synthesis, and examples of their application in target oriented

synthesis.

Review

1. Introduction

Organosulfur compounds are widely distributed in nature, with
marine organisms being the richest sources of these, since
sulfur, as the sulfate ion, is the second most abundant anion in
sea water after chloride [1]. Marine natural products in general,
have for years been the subject of annual reviews [2]. Those
marine natural products containing sulfur have also received
their own, separate attention [1,3]. As can be gleaned from the
selected examples in Figure 1, naturally occurring sulfur-con-
taining organic compounds are, like all natural products/second-
ary metabolites, staggeringly diverse with respect to their
natural source and their level of structural complexity. As part

of their molecular architecture, sulfur can appear in the form of

various functional groups and oxidation states: thiol, sulfide
(acyclic or heterocyclic), disulfide, sulfoxide, sulfonate, thio-
aminal, hemithioacetal, various thioesters, thiocarbamate and
isothiocyanate [3].

The three simplest sulfur-containing natural products are
perhaps, (£)-2-butene-1-thiol (1), the principal ingredient of the
repulsively malodorous skunk oil [4], alliin (2), the precursor to
1-propenesulfinic acid which rearranges to the sulfine (Z2)-
propanethial-S-oxide, the lachrymatory factor of onions, (A/lium
cepa L), and allicin (3), the thiosulfinate with antibiotic proper-
ties from garlic (Allium sativum L.) [5]. On the other molecular
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Figure 1: Some sulfur-containing natural products.

architectural extreme are: the ecteinascidins, antitumor tetra-
hydroisoquinoline alkaloids from the colonial Ascidian
Ecteinascidia turbinata as exemplified by ecteinascidin 729 (4)
[6]; ulbactins F (5a) and G (5b), two polycyclic thiazoline
congeners isolated from a culture extract of a sponge derived
Brevibacillus sp. collected off the coast of Japan [7]; and
brocazine G (6), a bisthiodiketopiperazine which displayed po-
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tent cytotoxicity to sensitive and cisplatin resistant human
tumor cell lines (HTCLs) and strong activity against S. aureus
[8]. Further examples illustrating the structural diversity and
fascinating biosynthesis of sulfur-containing secondary metabo-
lites can be found in a recent review by Hertweck and
co-workers [9].

2. B-Hydroxy sulfides

B-Hydroxy sulfides, often in disguised form, comprise a signifi-
cant segment of sulfur-containing natural products, with a few
examples shown in Figure 2. The pteriatoxins such as pteria-
toxin A (7), were isolated from a Japanese shellfish by Uemura
and co-workers in 2001 and proved to be extremely potent
neurotoxins in mice [10]. Leukotrienes, which are a family of
eicosanoids that are produced in leukocytes, also contain
B-hydroxy sulfide moieties, as exemplified by leukotriene E4
(8) isolated from the mast cells and extensively studied for
allergy and asthma [11]. Another example is grisemycin (9)
from Streptomyces griseus M268, which contains an unusual
ether-bridged system and a methylsulfinyl substituent [12].
Cyclothiocurvularin (10), isolated from Penicillum sp. [13], and
spirobrocazine A (11), isolated from mangrove Penicillum sp.
[8] are further examples.

B-Hydroxy sulfides are also important functional units found in
a number of biologically important synthetic compounds. Ex-
amples are diltiazem (12) and naltiazem (13, Figure 3), calcium
channel blockers used in the treatment of hypertension, angina
pectoris and some types of cardiac arrhythmia [14].

OH O

~ AN
- 7 OH
__ CsHyy S
o).
"NH,

HO
leukotriene E4 (LTE4) (8)

grisemycin (9)

Figure 2: Some natural products incorporating B-hydroxy sulfide moieties.

cyclothiocurvularin (10)

spirobrocazine A (11)
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Figure 3: Some synthetic B-hydroxy sulfides of clinical value.

3. Synthetic methods to B-hydroxy sulfides
B-Hydroxy sulfides are important structural units found in a
number of biologically important compounds. Furthermore,
they have been used as key intermediates in the synthesis of
pharmaceuticals and various chemical entities such as allylic
alcohols, benzoxathiepines, benzotiazepines, a-thioketones,
o-substituted o,p-unsaturated enones, and B-hydroxysulfoxides
[15]. Accordingly, a number of methodologies have been re-
ported for their synthesis. Regioselective epoxide ring opening
and 1,2-difunctionalization of alkenes are the commonly em-
ployed routes in the synthesis of such compounds. Both strate-
gies are discussed below.

3.1 Synthesis of B-hydroxy sulfides via
regioselective ring opening of epoxides
The considerable ring strain present in epoxides makes them
highly susceptible to nucleophilic attack and makes them versa-
tile starting materials for the synthesis of various derivatives
[16-18]. A number of protocols have been reported to effect
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0 (o Cx
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RXH
Al,O3 (W 200 ND)
25°C, 1 h, Et,0

15a XR = SPh (70%)

14 15b XR = SEt (78%)
15¢ XR = SePh (95%)
15d XR = OMe (66%)
15e XR = OCH,Ph (47%)
15f XR = NHn-Bu (73%)
Et, Et., OH
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their selective ring opening using thiols or disulfides as nucleo-
philes to obtain B-hydroxy sulfides.

3.1.1 Thiols as nucleophiles. Thiols, in the presence of a wide
variety of catalysts, yield sulfides upon opening of epoxides
under a variety of reaction conditions and these have been
comprehensively reviewed [19]. More catalysts and reaction
conditions, novel or modern variations of the old, keep getting

disclosed and are surveyed below.

3.1.1.1 Alumina catalysis. With respect to heterogeneous cata-
lysts, Posner and Rogers reported that inactivated Woelm-200
chromatographic alumina catalyzes a regioselective and stereo-
specific (in favor of the trans-isomer) opening of a wide variety
of epoxides by thiols to give various B-hydroxy sulfides in good
yields (Scheme 1) [20]. Both aryl and alkylthiols were found to
be capable of opening the epoxide ring under the reaction
conditions, and with respect to the epoxides, cycloalkane,
alkene and 1-substituted alkene oxides were all amenable to the
reaction. Besides the ability of the catalysts to promote the
epoxide ring opening with sulfur nucleophiles at room tempera-
ture, the attractiveness of the promoter was its capability to
effect opening of the epoxide ring with alcohols, selenols and
amines to provide the corresponding B-hydroxy analogs.

3.1.1.2 Bronsted and Lewis acid and base catalysis. Pizzo
and co-workers conducted a comparative study on the catalytic
activity of Lewis and Brensted acids as well as bases for the
thiolysis of epoxides using InClz, p-TsOH, n-BusP and K,COj3
as representative examples, respectively. Although all of them
effected the thiolysis of alkyl and aryl epoxides under solvent-

free conditions with 5 mol % of catalyst loading, the activity
RXH
Al,O3 (W 200 ND)

(:tOH
XR
25°C, 1 h, Et;0

16 17a XR = SPh (64%)
17b XR = SePh 72%)
17¢ XR = OAc (52%)

19¢ XR = NHn-Bu (47% after 48 h reaction)

Scheme 1: Alumina-mediated synthesis of B-hydroxy sulfides, ethers, amines and selenides from epoxides.
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was highly dependent of the nature of the acid or base catalyst
employed. The Lewis acid InCls and the Breonsted base K,CO3
provided superior yields and reaction rates in comparison to
their corresponding analogs (Brensted acid p-TsOH and Lewis
base n-BusP, respectively) as shown in Scheme 2 [21]. In com-
parison to the reaction carried out under the same reaction
conditions but in aqueous or organic media, it was found that
the solvent-free reactions provided the B-hydroxy sulfides in
reasonable yields over shorter reaction times and at low cata-
lyst loading. The regioselectivity of the reactions was strongly
dependent on the acidity or basicity of the reaction conditions.
Under acidic conditions, nucleophilic attack of the thiol at the
more-substituted a-carbon was favored while under basic condi-
tions attack at the less-substituted f-carbon was more favored
(Scheme 2).

Prior to the report by Pizzo and co-workers, Fan and Hou had
already indicated that n-BusP could catalyze the thiolysis of

/& PhSH, cat. (5 mol %)
20
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epoxides to provide the corresponding -hydroxy sulfides [22].
Contrary to the reports of Pizzo and co-workers, in their hands
the reaction proceeded faster at room temperature in the pres-
ence of water as a solvent (Scheme 3). For instance, under the
Pizzo’s conditions the reaction provided 94% yield of
B-hydroxy sulfide after two weeks of stirring while in the case
of Fan and Hou the same product was obtained in 72% yield
after only 12 h which suggested the importance of water in the
reaction. As shown in Scheme 3, various epoxides and
aziridines underwent reaction with various thiols to give the
corresponding ring-opened B-hydroxy products in moderate to
good yield.

The structure of the organophosphine was found to have a
profound effect on the catalytic activity; some reactions were
sluggish when tricyclohexylphosphine or triphenylphosphine
were used as catalysts. The tributylphosphine acts as a nucleo-
philic trigger to attack, and thus initiates the reaction.

SPh OH
M _OH + J___sPh
Ph Ph
21 22

InCl; (0.17 h, 85%, 95:5 wp)
p-TsOH (48 h, 73%, 95:5 w/p)
KoCO3 (2 h, 95%, 40:60 w/p)
n-BusP (20 h, 95%, 37:63 o/p)

Scheme 2: B-Hydroxy sulfide syntheses by ring opening of epoxides under different Lewis and Brgnsted acid and base catalysts.

R R2 R3SH, n-BugP (10 mol %)
@ g H,0, 25-40 °C
23

R1 R2 R1 R2
Hd\—<SR3 R3S OH
24 25

24a/25a R" = Ph, R2 = H, R3 = Ph (88%, 67:33)
24b/25b R' = Ph, R2 = H, R3= CH3CgH, (88%, 67:33)
24c¢/25¢ R" = CH3, R2 = CH3, R® = Ph (83%)

24d/25d R' = C4Hg, R? = H, R®=Ph (85%, <95:5)

R1 R2 R*SH, n-BusP (10 mol %) R! R2 R! R?
N < + o <
(b) l}l H,0, 2540 °C R3HN SR4 R4g NHR3
R3
27 28
26

27a/28a R',R? = -(CHy)4-, R? = tosyl, R* = Ph (98%)

27b/28b R',R2 = -(CH,),-, R® = Bn, R* = Ph (91%)

27¢/28¢ R',R2 = -(CH,),-, R3 = tosyl, R* = CH3CgH4CH, (99%)
27d/28d R' = Ph, R? = H, R3 = tosyl, R* = Ph (98%)

Scheme 3: n-BusP-catalyzed thiolysis of epoxides and aziridines to provide the corresponding -hydroxy and B-amino sulfides.
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3.1.1.3 Use of zinc salts. In continuation of their effort to
develop a general methodology for the thiolysis of epoxides,
Pizzo et al. reported zinc(Il) chloride-catalyzed thiolysis of
epoxides in water at 30 °C as shown in Scheme 4 [23]. The
reaction was compatible with a variety of epoxide substrates
such as a- and B-substituted 1,2-epoxides, 2,3-epoxyalcohols as
well as their OTMS, OTs and OPh derivatives. Reactions of
1-oxa-spiro[2.5]octane and 2-phenyloxirane (styrene oxide)
with thiophenol both gave near quantitative yields of the
hydroxy sulfides, with substitution occurring nearly exclusively
at the sterically less hindered -carbon of the epoxide.

The nature of the substituent on the aromatic ring of the thio-

phenol did not have any effect on the reaction except for those

(o

16

R-PhSH, ZnCl; (10 mol %)

30°C
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moieties that are strongly coordinating such as the amino and
carboxyl groups. ZnCl, was chosen as the preferred Zn(II) salt
due to its low cost, the low catalyst loading required as well as
recoverability and reusability without any significant loss of ac-
tivity in terms of reaction time, selectivity and yield.

For reactions that are sluggish and mostly require heating,
microwave irradiation is reported to significantly improve reac-
tion rates, selectivities and yields much better than conven-
tional heating [24]. Capitalizing on this, Pironti and Colonna
achieved the thiolysis of epoxides in the presence of catalytic
NaOH as shown in Scheme 5 [25]. The reaction was compati-
ble with cycloalkane oxides, symmetrical epoxides and alkyl

epoxides but only a single thiol was employed. In a subsequent

OH
@SPh-R (:'\
"“OH "SPh-R
« B
29 30

29a/30a R = 0-Me, 5 min, 52% (44:56)
29a/30a R = 0-NH; 720 min, 100% (1:99)
29a/30a R = p-NHAc, 180 min, 98% (10:90)
29a/30a R = 0-CO,Me, 1800 min, 98% (1:99)

Scheme 4: Zinc(ll) chloride-mediated thiolysis of epoxides.

¢ PhSH, NaOH 2-SPh :-OH
O "o mw ¥
B 2 "“OH “SPh
C-a C-g
16 31 17a
(25 °C, 300 min, 77%, 5:95)
9 SPh OH
OH SPh
©/QB PhSH, NaOH S
H,0, MW Z *
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20 21 22
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@o PhSH, NaOH O/SP" t-BUOOH U “Ph
H 20, MW "'I/OH ""/OH
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32
(25 °C, 720 min, 60%)
(70 °C, 330 min, 65%)
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Scheme 5: Thiolysis of epoxides and one-pot oxidation to B-hydroxy sulfoxides under microwave irradiation.
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one pot procedure, addition of zerz-butyl hydroperoxide to the
reaction mixture afforded B-hydroxy sulfoxide 32 in good

yields.

In a similar fashion, Su et al. reported first the Ga(OTf); cata-
lyzed regio- and stereoselective ring opening of epoxides 23
with thiols under solvent-free conditions as shown in Scheme 6
[26]. The reaction is compatible with both alkyl and arylthiols,
with the nature of the substituent on the aromatic ring (electron
donating/withdrawing) not having any influence on the reaction.
Moreover, the reaction is compatible with epichlorohydrin
(R!' = Cl) as well as alkyl (R! = CH3) and aryloxy (R! = ArO)
substituents on the epoxide. Heterocyclic thiols gave products
in moderate yields only, presumably due to the poor solubility
of heterocyclic thiols in epoxides. However, the use of CH3NO,
as a solvent resulted in improved yields.

Carrying out the one-pot thiolysis then oxidation with hydro-
gen peroxide proceeded uneventfully to give the corresponding

O
Ga(OTf3) (1 mol %)
YANG 3
Rp o™RZ ¥ RSH solvent free
23
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B-hydroxy sulfoxides 35 and 36 in good to excellent yields
(Scheme 7). Moreover, the reaction was found to be compatible
with the less nucleophilic thiols such as p-fluorothiophenol and
electron rich ones such as p-methylthiophenol, giving the corre-
sponding products in very high yields. Unlike in the microwave
irradiation protocol, the reaction of aliphatic thiols with epox-
ides proceeded smoothly to give excellent yields.

In another contribution, Su et al. carried out thiolysis of epox-
ides using ionic liquids under solvent free conditions [27]. The
reaction is compatible with the presence of alkyl halides
(R! = CH,CY)), alkyls (R! = CH3), aryloxy (R! = ArO) and aryls
on the epoxide ring as well as a wide range of thiophenols bear-
ing a variety of substituents (Scheme 8). The nature of the sub-
stituent on the aromatic ring (electron withdrawing/donating) is
reported to not have any influence on the outcome of the reac-
tion. Unlike the ZnCl,-catalyzed protocol discussed previously,
this method gave high chemo-selectivity with thiols bearing the
nucleophilic groups such as NH, and OH. In addition to its

OH OH
R1J\/S\R3 + R3/Sj)\R2
R2 R!

33 34

33a/34a R' = CH,0Ph, R2 = H, R3 = Ph (0.5 h, 95%, >98:2)
33a/34a R' = CH,0Ph, R2 = H, R3 = p-F-CgHj, (0.6 h, 91%, >98:2)
33a/34a R' = Ph, R2 = H, R® = Ph, 0.6 h (95%, >3:97)

33a/34a R' = CH,Cl, R? = H, R3 = p-F-CgH, (0.5 h, 95%, >98:2)
33a/34a R' = CH,Cl, R2 = H, R3 = m-HO-CgHj (0.6 h, 84%, >97:3)

Scheme 6: Gallium triflate-catalyzed ring opening of epoxides and one-pot oxidation.

R Ga(OTf)s (1 mol %), 30% H,0,

1 > + RS3SH
(@ R'B o°R one pot

23

OH 9 9 OH
RH\/S\Rs + R3'Sj)\R2
R2 R
35 36

35a/36a R' = CH,OPh, R2 = H, R3 = Ph (35 min, 89% (>99a:1p))
35b/36b R! = CH,0Ph, R? = H, R3 = p-F-CgH,4 (40 min, 85% (>990:1p))
35¢/36¢c R' = CHg, R? = H, R® = Ph (56 min, 82% (>98a:28))

35d/36d R! = CH,Cl, R2 = H, R® = p-F-CgHy ( 55 min, 81% (>96a:4p))

Ga(OTf)z (1 mol %), 30% H,0,

o (2
p-methylthiophenol, 30 min, one pot

14 91%, 68:32 dr

Suel

15¢g

Scheme 7: Thiolysis of epoxides and one-pot oxidation to B-hydroxy sulfoxides using Ga(OTf)3 as a catalyst.
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HO R2 R3S R2
+ )_<
R'" TSR3 R'" OH
37 38

37a/38a R' = CH,OPh, R2 = H, R3 = Ph (98%, 98:2)

37a/38a R' = CH,0OPh, R2 = H, R3 = p-Br-CgHj, (93%, >99:1)
37a/38a R' = Ph, R2 = H, R3 = m-HO-CgH, (93%, >99:1)
37a/38a R' = CHy(CH,),CH3, R = H, R3 = 0-F-CgHy (90%, 94:6)

Scheme 8: Ring opening of epoxide using ionic liquids under solvent-free conditions.

environmental benignity and ease of handling, the ionic liquid
was reported to be reusable without any loss of activity after

five runs.

Another efficient catalyst for the synthesis of B-hydroxy
sulfides is N-bromosuccinimide (NBS), as reported by Rostami
and Jafari [28]. Various epoxides underwent reaction with dif-
ferent thiols (aromatic, benzylic, heterocyclic, cyclic and ali-
phatic (primary, secondary and tertiary)) in CH3CN at room
temperature, to afford the corresponding -hydroxy sulfides in
good to excellent yields (Scheme 9). The reaction is compatible
with alkyl halides (-CH;,X), alkoxy (-CH,0), aryloxy (PhO),
aryl (Ph) and alkyl (-CH;) substituents on the epoxide.

The virtues of this protocol are the low cost and ready availabil-
ity of NBS, its moisture and air stability as well as low toxicity.
The reaction is characterized by short reaction time, good to
high product yield and high regioselectivity.

As an alternative to Lewis acids, Cossy and co-workers re-
ported the use of LiNTf, promoter for the thiolysis of epoxides
[29]. The reaction provided better yields under solvent-free
conditions than using dichloromethane as a solvent. Although a
wide variety of epoxides, to varying levels of substitution and
functionalization were tested using amines as nucleophiles,
thiolysis was demonstrated with only two examples: using thio-
phenol as a nucleophile to open cyclohexene oxide (14) and
benzyloxymethyloxirane (41, Scheme 10). Other than the mild
reaction conditions, the added advantage of the protocol is that

o) NBS (5 mol %)

A, + R°SH

R2 CH3CN, rt
23

R1

when LiNTf; is used instead of Lewis acids, the work-up is
easier as no vexatious emulsion was formed. However, the need
for 0.5 equiv of the promoter and the sluggishness (20 h) of the
reaction make the method less favorable when compared to
other Lewis acid catalyzed protocols.

(@) CDO

14

LiNTf, (0.5 equiv)

o
“SPh

15a
(45% in DCM; 87% solvent free)

PhSH, rt, 20 h

LiNTf, (0.5 equiv) OH
Phs__J_0OBn

42 (88%)

Bn

o (o]
b) >—
41

PhSH, DCM, rt, 20 h

Scheme 10: LiNTf,-mediated epoxide opening by thiophenol.

Many asymmetric versions of epoxide opening by thiols
assisted by chiral catalysts have been reported and are part of
several reviews [30-36]. In 1985, Yamashita and Mukaiyama
demonstrated the efficacy of zinc L-tartrate as a heterogeneous
chiral Lewis acid catalyst for the asymmetric ring opening of
cyclohexene oxide with alkyl- and arylthiols [37]. The optimal
conditions were found to be 10 mol % of the catalyst relative to
cyclohexene oxide, at room temperature, in dichloromethane as
the solvent (Scheme 11). More polar solvents such as DMF
retarded the reaction due to their tight coordination to the cata-

HO R2 R3S R2
+
R'" SRS R'" OH

39 40

39a/40a R' = CH,Cl, R? = H, R% = Ph (5 min, 90%, >99:1)
39a/40a R' = CH,Ph, R2 = H, R3 = n-Bu (30 min, 92%, 80:20)
39a/40a R' = Ph, R2 = H, R3 = Bn (10 min, 100%, 5:95)
39a/40a R' = Et, R2 = H, R3 = cyclohexyl (45 min, 85%, 80:20)

Scheme 9: N-Bromosuccinimide-catalyzed ring opening of epoxides.
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Zn L-tartrate

()0 + RSH
DCM, 25 °C

14 5 days

UO H
"SR

15a R = Ph, 96%, 61% ee

15h R = p-MeCgHg, 96%, 68% ee
15i R =Bn, 88%, 77% ee

15j R = n-Bu, 82%, 85% ee

Scheme 11: Asymmetric ring-opening of cyclohexene oxide with
various thiols catalyzed by zinc L-tartrate.

lyst whilst non-polar solvents such as cyclohexane resulted in
poor enantioselectivity probably due to coordination of the
product B-hydroxy sulfide. The protocol was, however, limited
to unsubstituted cyclohexene oxide, and as its greatest weak-
ness it required long reaction times (5 days).

In 1997, Shibasaki and colleagues reported a gallium-lithium
bis(binaphthoxide) complex 43, easily prepared from GaCls,

43 (10 mol %), MS 4 A

Beilstein J. Org. Chem. 2018, 14, 1668—-1692.

(R)-binaphthol and butyllithium in THF, as a catalyst for the
asymmetric opening of symmetrical epoxides in the presence of
4 A molecular sieves [38]. Whilst yields and enantioselectivi-
ties were impressive, only -BuSH was used as the nucleophile
and reaction times were quite variable, ranging from 9 to
137 hours (Scheme 12).

A year later (1998), Wu and Jacobsen reported the use of
(salen)Cr(IIT) complex 45 as a catalyst for the asymmetric ring
opening of meso-epoxides with p-xylenedithiol [39]. The reac-
tions were performed at room temperature in fert-butyl methyl
ether (TBME) as the solvent, with rigorous exclusion of
oxygen, giving the desired products in excellent yields and en-
antioselectivities, over one to four days of reaction time
(Scheme 13).

In the same year, Hou and co-workers reported the use of
(salen)Ti(IV) in the ring opening of meso-epoxides with various
thiophenols and benzylmercaptan, in yields of up to 93% over

2-24 hours, albeit with lower enantioselectivities [40]. The use

(\/PO +  t-BuSH
14
‘ ‘ 0.

toluene, rt

.0 I |

Ga,
O

O’OH
“S-t-Bu

44 80%, 97% ee

(R)-GaLB 43

Scheme 12: Catalytic asymmetric ring opening of symmetrical epoxides with t-BuSH catalyzed by (R)-GaLB (43) with MS 4 A.

SH

X 45 (2 mol %)
Y
TBME, rt

O
SH 47
46 < )
=N N=
/Cr\
o7l o
Cl
45

w
T

S

by

s™

o™ t\x X/j "vuo
T T

OH 49-meso

48-C;
48a/49a X = CH,CHy, 95%, 1.8:1, 85% ee of 48
48b/49b X = N-Boc, 84%, 2.1:1, 89% ee of 48
48c/49c X = O, 69%, 2.2:1, 91% ee of 48
48d/49d X = CHy, 95%, 2.8:1, 93% ee of 48

C, = chiral with C, axis of symmetry

Scheme 13: Asymmetric ring opening of meso-epoxides by p-xylenedithiol catalyzed by a (S, S)-(salen)Cr complex.
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of salen complexes inspired others, with Zhou et al. in 2006
reporting the same (salen)Ti(IV) complexes as Wue et al. and
variations thereof, prepared in situ, to be useful in thiolysis of
epoxides with dithiophosphorus acid as the nucleophile, in tolu-
ene at room temperature, under an inert atmosphere for
20 minutes. Product yields ranged from 67-92%, with
enantioselectivities of 21-73% [41]. In 2009, Sun et al. re-
ported heterobimetallic gallium—titanium variations of the same
salen complexes as excellent catalysts for the thiolysis and
selenolysis of meso-epoxides, giving the desired B-hydroxy
sulfides and selenides in near quantitative yields and generally
very high enantioselectivities [42,43].

Using the chiral bipyridine ligand 50 and Sc(OSO3C|,H;5)3 as
a catalyst, the asymmetric thiolysis of meso-epoxides 51 in neat
water was achieved to provide the corresponding B-hydroxy
sulfides in moderate to good yields with high enantioselectivi-
ties (Scheme 14) [44]. The reaction was also found to be com-
patible with aromatic N-heterocycles and alcohol nucleophiles
to afford the corresponding products in moderate to good yields

with high to excellent enantioselectivities [44].

The use of water as a solvent by Kobayashi and co-workers is
notable; this was the first enantioselective thiolysis of a meso-
epoxide in pure water as a solvent. Since this report, several
epoxide thiolysis reactions in water have been reported and are

part of several reviews [45,46].

Schneider and co-workers reported the same scandium—bipyri-
dine complex as excellent catalyst for the thiolysis and selenol-
ysis of meso-epoxides to give the corresponding p-hydroxy de-
rivatives in good yields and high enantioselectivities, in
dichloromethane as the solvent [47,48]. As an extension to this
work, a novel chiral 2,9-disubstituted-1,10-phenanthroline 54
was prepared by the same group and its utility in the enantiose-
lective ring-opening of cis-stilbene oxide with aniline and thio-
phenol was demonstrated. The reaction provided the corre-
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sponding B-hydroxy derivatives in good yields and excellent en-
antioselectivities (Scheme 15) [49].

Ph 1
InBr3/54 (10 mol %) R\ ~OH
O + PhSH
17
Ph DCM, rt R “SPh
55 56 (65%, 97% ee)

3

OH
5

Scheme 15: Enantioselective ring-opening reaction of meso-epoxides

with ArSH catalyzed by a C,-symmetric chiral bipyridyldiol—titanium

complex.

Bipyridine as a scaffold in ligand design was also adopted by
Chen and Chen, who reported the bipyridine-pinene ligand 57
in combination with Ti(O-iPr)4 as an effective catalyst in the
asymmetric ring opening of meso-stilbene oxides with thio-
phenol, in acetonitrile as the solvent, for 30 hours, at room tem-
perature under a nitrogen atmosphere [50]. Product yields
ranged from 18 to 96%, but in moderate enantioselectivities of
20-64% ee (Scheme 16).

Sun and co-workers reported the use of BINOL-based Brensted
acid catalysts such as TRIP 60 for the asymmetric thiolysis of
meso-epoxides with benzothiazoles 62 as nucleophiles as shown
in Scheme 17 [51]. The reaction provides moderate to excellent
yields and 46—-85% ee. Although the reaction was reported to be
compatible with various cyclic and acyclic epoxides, it is
limited to the use of benzothiazoles as nucleophiles. In most
cases, the reaction required very low temperatures that ranged
from —78 °C to room temperature. The use of amines, alcohols
as well as alkyl and arylthiols as nucleophiles failed to provide
the corresponding products.

R1
SC(OSO3C12H25)3 (10 mol %)
j}o O/SH 50 (12 mol %)
+
R R? H,0, rt, 24 h
51 52

Scheme 14: Desymmetrization of meso-epoxide with thiophenol derivatives.

R" s
53
53a R! = Ph, R2 = H (73%, 89% ee)
53b R' = p-Br-CgH4, R2 = H (44%, 92% ee)
53¢ R' = p-Br-CgHy, R? = t-Bu (69%, 92% ee)

53d R = Ph, R2 = OMe (66%, 87% ee)
53¢ R' = p-Br-CgHy, R2 = OMe (70%, 93% ee
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RX_/
57 (10 mol %)
O + PhSH
_ Ti(O-iPr), (1.5 equiv)
R-L CH4CN, rt
N\ /
58

59a R = m-OMe (77%, 45% ee)
59b R = m-Me (18%, 60% ee)
59¢ R = m-Cl (96%, 64% ee)
59d R = p-ClI (87%, 36% ee)
59e R = m-NO3 (53%, 20% ee)

Scheme 16: Enantioselective ring-opening reaction of stilbene oxides with ArSH catalyzed by a C,-symmetric chiral bipyridyldiol-titanium complex.

O
A+
R

61

R

S
410
N oM

62

60 (2.5 mol %)

R

€ DCM

63

R

o0, O
>R ,

0" “oH ""s/k\N

63a 98%, 85% ee at -78 °C

. OH
R =2,4,6-(iPr);CgH, 60
(iPr)sCgHz BocNg iQOMe
%S \N

63b 52%, 84% ee at —40 °C

63c 60%, 46% ee at rt

Scheme 17: Asymmetric desymmetrization of meso-epoxides using BINOL-based Brgnsted acid catalysts.

A year later, Antilla and co-workers found lithium-binol phos-
phate 64 to be an efficient catalyst for the desymmetrization of
meso-epoxides with aromatic thiols as shown in Scheme 18
[52]. The reactions were carried out in p-xylene as the solvent,
at room temperature, for 48 hours, in the presence of 4 A mo-
lecular sieves and 10-20 mol % of the catalyst, yielding the
desired B-hydroxy sulfides in yields of 67-98%, and enantiose-
lectivities of 75-96% (Scheme 18). The reaction showed a
broad substrate scope in terms of epoxides and aromatic thiols.

Most recently, Kumar et al. synthesized Eu3*- and Tb3"-based
coordination polymers (CPs) which function as reusable hetero-
geneous catalysts for ring-opening reactions utilizing amines,
alcohols, thiols, and azides as the nucleophiles [53]. The Eu?"

and Tb3" versions were prepared by metal exchange in metha-
nol, between the cobalt complex 67 and the triflate salts of the
rare earths, giving the desired complexes CP1 and CP2 in 83%
and 86% yield, respectively. The solvent free thiolysis of cyclo-
hexene oxide stereoselectively provided the trans-p-hydroxy
sulfide as the only product whereas styrene oxide afforded the
exclusive regioselective terminal alcohol products (Scheme 19).
Both complexes could be easily recovered by filtration and
were reused up to five times without any significant drop in ac-
tivity. Mechanistic studies substantiated Lewis-acid-catalyzed
activation of the epoxide during the reaction.

In addition to the asymmetric ring opening of meso-epoxides,
other alternative chemical and biocatalytic methodologies have
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64 (10 mol %) «~OH
| To + AsH @\
p-xylene, MS 4 A, rt

SAr
65 66
O 66a Ar = 0-CI-CgH, (79%, 96% ee)
o 66b Ar = p-OMe-C gH4 (94%, 95% ee)
0. 4 66¢ Ar = di-m-CF 3-CgH3 (90%, 88% ee)
0" “otLi 66d Ar = di-m-Me-C gH3 (87%, 92% ee)
‘O 66e Ar = p-t-Bu-CgHy (95%, 96% ee)
R

R = 2,4,6-(iPr)3CeH, 64

Scheme 18: Lithium-BINOL-phosphate-catalyzed desymmetrization of meso-epoxides with aromatic thiols.

_| 3
_O2C\©\O\ 7 COH gyt
N: N — » [{(CP1 Eu(H20)s5}-8H,0],
Co.
\N/ | \N Tb3+
/©/ \ cor  —2- H(CP2TB(H,0)5112H;0l,
HO,C o z o) 2

4
2
6

O
|
7

CP1/CP2 (2 mol %) LOH
O+ RSH O\
rt

SR

15i R = Bn (89% with Eu, 90% with Tb)
15b R = Et (91% with Eu, 89% with Tb)

Scheme 19: Ring-opening reactions of cyclohexene oxide with thiols by using CPs 1-Eu and 2-Tb.

also been explored. Cho and co-workers reported a CBS-oxaza-  enantiomeric purity (Scheme 20) [54,55]. The enantioselectivi-
borolidine-catalyzed asymmetric borane reduction of B-keto  ty was highly dependent on the nature and bulkiness of the sub-
sulfides 68 for the synthesis of B-hydroxy sulfides with high  stituents on both ends of the carbonyl group. While the reduc-

E&Ph
N “Ph

0 B© OH
/
R’IJK/SR2 Et R1/\/SR2
68 N. . THF, 25°C 69
Ph”- “iPr
BH3 69a R = p-Me-CgHy, R? = n-Bu (94%, 92% ee)

69b R = Ph, R2 = p-Me-C gH, (98%, 99% ee)

69¢c R' = p-MeO-CgHy, R2 = p-Me-CgH, (98%, 99% ee)
69d R' = m-CI-CgHy4, R2 = p-Me-CgHy (97%, >99% ee)
69e R' = Et, RZ = p-Me-CgH, (96%, 74% ee)

69f R = n-pentyl, R2 = p-Me-CgHy (98%, 74% ee)

Scheme 20: CBS-oxazaborolidine-catalyzed borane reduction of B-keto sulfides.

1678



tion of aromatic B-keto sulfides provided excellent enantioselec-
tivity, the reduction of the corresponding alkyl B-keto sulfides

gave low enantioselectivity.

Ruano and co-workers reported the asymmetric synthesis of
B-hydroxy sulfides via connectivity of a suitably substituted
benzylic carbanion with various aldehydes as shown in
Scheme 21 [56]. It involved the reaction of a pre-prepared enan-
tiopure toluene 70 with aromatic as well as aliphatic aldehydes
in the presence of LDA. The stereoselectivity was in favor of
the anti-diastereoisomer and was found to be dependent on the
size of the aldehyde. It was proposed to proceed via the forma-
tion of the transition state 73 to avoid steric interaction between
the R group of the aldehyde and the SMe of the toluene precur-
sor, hence, led to anti selectivity.

The biocatalytic reduction of a-sulfenyl-p-ketoesters 74 using
Baker’s yeast was reported by Fujisawa and co-workers in 1984
as depicted in Scheme 22 [57]. Coincidentally, the presence of
the sulfenyl group at the a-position of the carbonyl center was
found to be crucial for the stereoselectivity. Despite the sharp
advancement in the field of biotechnology in the last decade,

Tol o

®SQO 1. LDA, THF, =78 °C, 1 min
ofs e
2.

J\ , THF, =78 °C, 1 min

SMe R H
70
Tol /.
H_
(o]

Scheme 21: Preparation of B-hydroxy sulfides via connectivity.
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the application of biocatalysis for the asymmetric synthesis of

B-hydroxy sulfides still remains unexplored.

3.1.2 Disulfides as nucleophiles. Whilst thiols are excellent
nucleophiles and can open epoxides under a variety of condi-
tions as detailed above, they can be awfully odoriferous and
unpleasant to work with [58]. As an alternative, Soleiman-Beigi
et al. reported an epoxide opening using disulfides in the pres-
ence of sodium metal in THF at room temperature (Scheme 23)
[59]. The reaction is compatible with different kinds of epox-
ides possessing substituents such as alkyl, aryloxy and phenyl-
epoxy, and the nature of the substituent (electron donating/with-
drawing) on the aromatic ring of the disulfide was reported to
have no effect on the reaction (Scheme 23). Despite using a
very reactive metal, the advantage of this method is that there is
no use of any extra acidic catalyst for activating the epoxide
ring, and moderate to good yields of products and remarkable
regioselectivity in most cases are obtained.

Devan et al. reported a one-pot, multistep tetrathiomolybdate-
assisted epoxide ring opening with masked thiolates and
selenoates [60]. Treatment of epoxides with in situ-generated

SOTol
+ H.., OH
R

SMe
syn-72

SOTol
Ho., H
R

SMe
anti-71

71al72a R = Ph (56%, 75:25 dr)

71b/72b R = p-MeO-CgH,4 (73%, 71:29 dr)
71cl72¢c R = Bu (74%, 60:40 dr)

71d/72d R = Et, R? = p-Me-CgH, (96%, 74% ee)
71el/72e R = t-Bu (60%, 100:0 dr)

o o Baker t OH O OH O
aKers yeas B H
R OR? R1/\é)I\OR3 * R1\HKOR3
SR? SR2 SR2
74 75 76

75a/76a R' = R2= R3 = CHj3 (72%, 72:28 dr)
75b/76b R! = R2= CH3, R3 = Et (62%, 59:41 dr)
75¢/76¢ R! = R? = CH3, R® = t-Bu (75%, 41:59 dr)
75d/76d R = R® = CH3, R? = Ph (40%, 83:17 dr)
75e/76e R! = CH3, R2 = Ph, R3 = Et (49%, 73:27 dr)
75f/76f R' = R® = Et, R2 = CHs (44%, 47:53 dr)

Scheme 22: Baker’s yeast-catalyzed reduction of sulfenylated 3-ketoesters.
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o) OH R
Na metal 2
A+ RSSR2 ——— RS . R2SJ\/OH
R , R?
77 78 79

78a/79a R' = CH,0Ph, R? = Ph (3.5 h, 96%)
78b/79b R' = CH,OPh, R2 = Bn (5 h, 70%)
78¢/79¢ R' = Et, R2 = Ph (4 h, 76%)

78d/79d R = CH,, R2 = p-CH3-CgHg (6 h, 71%)

Scheme 23: Sodium-mediated ring opening of epoxides.

disulfides in the presence of benzyltriethylammonium
tetrathiomolybdate, [C¢H5;CH,NEt3],MoS, over 4—-12 hours
produced the desired hydroxy sulfides in yields of 48-90%
(Scheme 24).

The authors proposed that the reaction proceeds via a reductive
cleavage of the in situ-generated disulfide (RSSR). The result-
ing thiolate then undergoes thiolysis of the epoxide to provide

the corresponding B-hydroxy sulfide as shown in Scheme 25.

In addition to disulfides, other odorless thiol equivalents have
also been employed as nucleophiles for the thiolysis of epox-
ides and provided comparable results. Examples include ketene-
S, S-acetals (2-[bis(alkylthio)methylene]-3-ox0-N-o-tolylbutan-
amides) [61] and S-alkylisothiouronium salts [62].

MOS42_ MOS42_
[RSSR]

RX
X =Br, SCN

3.2 Synthesis of B-hydroxy sulfides via
difunctionalization of alkenes

Although the synthesis of -hydroxy sulfides via the thiolysis of
epoxides is important, its Achilles’ heel is the need for the prep-
aration of an epoxide precursor and undesirable side products
via rearrangement of epoxides. Attempts to mitigate against
these limitations include the direct 1,2-hydroxysulfenylation of
alkenes with thiols or disulfides using various catalyst systems,

as detailed below.

3.2.1 Cyclodextrin as a catalyst. Rao and co-workers reported
the use of B-cyclodextrin as a catalyst for the hydroxysulfuriza-
tion of alkenes with thiophenols in neat water under atmos-
pheric oxygen as shown in Scheme 26 [63]. As opposed to the
usual acid-base type of catalysis, B-cyclodextrin having hydro-

(Po
OH
14 O’
"SR

15a R = Ph (87%)
15i R = Bn (80%)

[rs’]

Scheme 24: Disulfide bond cleavage-epoxide opening assisted by tetrathiomolybdate.

MoS,2~ + RSSR

<O

14
OH

[2RS ] + [Mo,Sgl2” ———=

"SR
15

Scheme 25: Proposed reaction mechanism of disulfide bond cleavage-epoxide opening assisted by tetrathiomolybdate.
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OH
R’IJ\/S_R2
81

81aR'=R2=Ph (2 h, 86%)

81b R' = Ph, R2 = p-Br-CgH, (2 h, 86%)

81c R = p-CI-CgHs, R2 = Ph (3 h, 82%)

81d R' = CH,0OPh, R2 = p-CH30-CgHy (3.5 h, 84%)

Scheme 26: Cyclodextrin-catalyzed difunctionalization of alkenes.

phobic cavities catalyze reactions via formation of host—guest
complexes by non-covalent bonding [64]. This mode of cataly-
sis is similar to the way enzymes mediate biochemical reac-
tions [64]. The use of water as a solvent and the non-toxicity of
the cyclodextrin catalyst make the method attractive. This
method, like the previously reported protocols, is also compati-
ble with both electron-donating and electron-withdrawing
possessing styrenes and thiols (Scheme 26). The superiority of
the protocol when compared with the other methodologies is its
compatibility with olefins such as the less substituted cyclo-
hexene and phenoxy alkenes.

3.2.2 The use of zinc/aluminium chloride. Movassagh et al.
reported another simple, general and highly regioselective one
pot synthesis of B-hydroxy sulfides in good yields from the
reaction of styrenes and disulfides using Zn/AlClj as a catalyst
in aqueous CH3CN at 80 °C, in the presence of oxygen as
oxidant (Scheme 27) [65]. Similar to the cyclodextrin-cata-
lyzed methodology, the protocol is compatible with the pres-
ence of both electron-donating and electron-withdrawing sub-
stituents on the styrene and the disulfide but the reaction was
found to be slightly slower. The presence of aerial oxygen is
crucial to effect the reaction since in its absence, the addition of
hydrogen and —SR across the double bond ensues, yielding the
undesired ArCH,CH,SAr according to Markovnikov's rule.

3.2.3 The use of tert-butyl hydroperoxide. Zhou et al. re-

ported the hydrosulfurization of alkenes with thiols for the
direct synthesis of B-hydroxy sulfides, with a catalytic amount

Zn/AICl3, O,

R
80

2Q_ 2
RES-SR CH,CN/H,0, 80 °C

of tert-butyl hydroperoxide (TBHP) as an initiator (Scheme 28)
[66]. Even styrenes bearing powerful electron withdrawing
groups such as nitriles (CN), trifluoromethyl (CF3) and ester
groups (COOCH3) gave the corresponding B-hydroxy sulfides,
albeit in lower yields (Scheme 28). The reaction is also compat-
ible with a- or B-substituted styrenes, unlike the other protocols,
with a-methylstyrene (81i) and f-methylstyrene (81j) giving the
corresponding B-hydroxy sulfides in 57 and 41% yields, respec-
tively. a-Bromostyrene was also tested, but unfortunately gave
an oxosulfide as the only product, in a low (44%) yield. In
general, product yields were lower than those from the reaction
of the corresponding unsubstituted styrenes. This was ascribed
to steric encumbrance exerted by substituents located at the
a- or B-position on the incoming thiol nucleophile. The aryl-

thiols bearing chloro and fluoro substituents gave the expected

OH
R? RHYSR‘*
-BUOOH (0.5 mol %)
R+ RL 1
R1J\/ + R*-SH DMF, rt R R3
80 o

81aR'! = Ph, R2=R3 = H, R* = Ph (74%)

81g R' = 0-CH3-CgHg, R2 = R3 = H, R* = Ph (66%)
81h R' = p-CN-CgH,, R2 = R3 = H, R* = Ph (56%)
81i R! = Ph, R2 = CH3, R® = H, R* = Ph (57%)

81j R! = Ph, R2 = H, R3 = CH,, R* = Ph (41%)

Scheme 28: fert-Butyl hydroperoxide-catalyzed hydroxysulfurization of
alkenes.

OH
R1J\/SR2
81

81a R' = Ph, R2 = Ph (2 h, 80%)

81b R = Ph, R2 = p-Br-CgHy (2 h, 75%)

81e R' = p-Cl-CgHg, R2 = p-Br-CgH, (2.5 h, 71%)
81f R! = p-CI-CgHa, R? = 0-CH3-CgHy (3 h, 61%)

Scheme 27: Zinc-catalyzed synthesis of 3-hydroxy sulfides from disulfides and alkenes.

1681



B-hydroxy sulfides in moderate yields while the much deacti-
vated nitro-thiophenol did not lead to any product formation.

The protocol allowed easy scale-up to gram quantities.

The results strongly supported a free radical mechanism adum-
brated in Scheme 29 [66]. The thiyl radical resulting from the
initial reaction of TBHP and thiophenol selectively adds to the
terminal end of the C=C bond of 80 to form intermediate radical
82. Oxidation with O, leads to the formation of peroxy radical
83, which abstracts a hydrogen radical from the thiophenol to
form B-peroxysulfide 84. Cleavage of the O—O bond of the
peroxide followed by protonation liberates the desired
B-hydroxy sulfide 81. This methodology is quite general consid-
ering the number of substituents used in both the styrenes and

thiophenols.

4
R2 OH R'SH
R® RS ¢
R1 1 o R3
SR4 R
. SR*
81 4
R%S 85
—H,0
R4SH
R2 gH
R R?
84 SR*

Scheme 29: Proposed mechanism of the radical hydroxysulfurization.

Rongalite

R +
CH3CN/H,0, rt

80

R2-S-S-R2
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3.2.4 Rongalite catalysis. Yadav et al. reported a very efficient
one pot protocol of B-hydroxy sulfides synthesis from disul-
fides and styrenes in open air, at room temperature, using inex-
pensive Rongalite [sodium formaldehyde sulfoxylate
(Na(HOCH;S0,)-2H,0)], as a promoter (Scheme 30) [67].

The protocol is compatible with styrenes and disulfides
possessing electron-donating as well as electron-withdrawing
substituents to provide the corresponding B-hydroxy sulfides in
quantitative yields, with styrenes or disulfides bearing electron-
withdrawing groups giving slightly better yields in shorter reac-
tion times than those with electron-donating groups. Whilst this
method offers a one-pot, transition metal-free and odorless ap-
proach to B-hydroxy sulfides utilizing atmospheric oxygen, an

environmentally benign and cheap oxidant, its chief drawback

R4SH
THBP R?
initiation R1J\/R3
Ris f 80
R2
RESNR
SR*
82
R? 8 /_\02
RI— R
SR*
83

R4SH

OH
R1J\/SR2
81

81a R' = R? = Ph (30 min, 90%)

81k R' = Ph, R2 = p-CH3-CgHy (1 h, 83%)
811 R" = p-Br-C¢Hs, R2 = Ph (1 h, 92%)
81m R' = Ph, R? = p-CI-CgH, (30 min, 93%)
81n R' = Ph, R2 = p-CH30-CgH, (1 h, 80%)

Scheme 30: Rongalite-mediated synthesis of B-hydroxy sulfides from styrenes and disulfides.
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is the incompatibility with aliphatic alkenes and dialkyl disul-
fides to provide the corresponding B-hydroxy sulfides.

The authors proposed the mechanism depicted in Scheme 31
[67]. The hydroxysulfurization commences with the formation
of a thiyl radical that is generated by the heterolytic cleavage of
the disulfide upon reaction with HSO, . The thiyl radical then
adds to the double of the alkene to form radical 87. This inter-
mediate undergoes oxidation followed by decomposition to
provide the alkoxy radical intermediate 88, which then affords
the B-hydroxy sulfide 81 upon protonation.

Na(HOCH,S0,)-2H,0 — HCHO *+ HSOj + Na +H,0

R2-S-S-R2 + HSO, R2S+ R2S+ HSO,

R + R% RITNSR
80 86
_ 0))
- HsO
K,COs |H20 O2 S
CH3CN/H,0 0
(4:1), 1,2 h R1J\/SR2 87
~ 120, 1/2H,0 86
OH
SO .
OH : o
2
R1J\/SR2 R1)\/SR
81 88

HSO,

Scheme 31: Proposed mechanism of Rongalite-mediated synthesis of
B-hydroxy sulfides from styrenes and disulfides.

The considerably stronger S—S bonds of the dialkyl disulfides
and the lower stability of the expected alkyl radicals than the
corresponding diaryl disulfides and benzyl radicals, respective-
ly, are presumed to be the reasons behind the failure of the reac-
tion to work with aliphatic alkenes [67].

- o
O . R.S.S.R _CU(CFsCOO, i O,

89
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3.3. Synthesis of masked B-hydroxy sulfides via
difunctionalization of alkenes

Alkenes are versatile substrates offering bountiful opportunities
to a multitude of derivatives, including B-hydroxy sulfides. One
popular route to the latter is the 1,2-acetoxysulfenylation of
alkenes using various catalysts has proven an attractive indirect
route to B-hydroxy sulfides, masked as their acetates, as detailed

below.

3.3.1 Acetoxysulfenylation using copper acetate. Bewick et
al. reported a copper(Il)-catalyzed synthesis of B-hydroxy
sulfides from the reaction of cyclohexene/open-chain olefin
with the basic disulfides, namely: 2,2’-dipyridyl disulfide and
bis(2-aminophenyl) disulfide [68]. The intermediate 90
hydrolyzes in the work-up to provide the B-hydroxy sulfide 15
as shown in Scheme 32 [68]. The protocol is a supplement to
the lead(IV)-promoted addition of disulfides to alkenes in
dichloromethane—trifluoroacetic acid to give, after hydrolysis,
products of hydroxysulfination of simple diaryl and dialkyl
sulfides. The reaction is proposed to proceed via formation of a
copper complex by coordination of the copper to the sulfur and
nitrogen atoms of the disulfide. The complexation is accompa-
nied by an increase in the sulfur—sulfur bond length and assists
the cleavage of this bond by the attacking nucleophile. Due to
the absence of this kind of chelation effect, the copper(1l)
acetate fails to catalyze the addition of diphenyl disulfide to

alkenes under the same reaction conditions.

3.3.2 Acetoxysulfenylation using copper iodide-bipyridine as
a catalyst. Taniguchi reported a copper(Il) iodide-catalyzed
1,2-acetoxysulfenylation of alkenes using disulfides and acetic
acid as substrates at 90 °C in open air as depicted in Scheme 33
[69]. This regioselective reaction gave the corresponding 1,2-
acetoxysulfides in reasonable yields. Unlike a copper(1l)
acetate-catalyzed reaction which requires long reaction times,
the copper(Il) iodide catalyst enables the use of both diaryl and
dialkyl disulfides to provide the corresponding masked
B-hydroxy sulfides.

The proposed mechanism is depicted in Scheme 34 [69]. The
reaction commences with the complexation/activation of the

Oy CF3
""'SR

15k R = 0-CsH4N
151R = O-C6H4NH2

‘SR
90

Scheme 32: Copper(ll)-catalyzed synthesis of B-hydroxy sulfides 15e,f from alkenes and basic disulfides.
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Cul-Bipy (5 mol % OAc
R”™ + R2?-S-S-R? Py t) SR?
80 DMF/AcOH R
air, 90 °C 91

91a R' = R2 = Ph (18 h, 92%)

91b R' = Ph, R2 = p-CH3-CgH, (18 h, 84%)
91c R' = Ph, R2 = n-Bu (18 h, 71%)

91d R' = Ph, R? = iPr (36 h, 80%)

91e R' = napthyl, R? = Ph (22 h, 88%)

Scheme 33: Cul-catalyzed acetoxysulfenylation of alkenes.

disulfide by the Cul catalyst. The nucleophilic alkene then
attacks the electrophilic site of the disulfide to provide the
sulfonium ion 92, which then undergoes regioselective ring
opening to afford the 1,2-acetoxysulfide 91. The R2SCu(I)L,,
that was produced in the previous step is oxidized to regenerate
the active catalyst and a disulfide that is re-introduced into the
catalytic cycle. Several copper salts (CuCl, CuCl,, CuOAc and
Cu(OAc),) were evaluated as part of optimizing the reaction
conditions and they all provided poor yields.

3.3.3 Acetoxysulfenylation of Baylis—Hillman alcohols.
Yadav and Aswathi reported a regioselective Cul-imidazole-
catalyzed 1,2-acetoxysulfenylation of Baylis—Hillman products
at 50 °C under an oxygen atmosphere as shown in Scheme 35
[70]. The B-ketomethylene 94 substrate was generated in situ
from the oxidation of Baylis—Hillman product 93 using a hyper-
valent iodine reagent (iodoxybenzoic acid, IBX) in an ionic
liquid.

The reaction works quite well with both electron-donating and
electron-withdrawing substituents on the Baylis—Hillman alco-
hols. The protocol is also compatible with both diaryl and
dialkyl sufides. What is even more interesting about this meth-
odology is the recyclability and reusability of the ionic liquid

for up to four times without any loss of efficiency. The pro-

OH

0
N CN |BX, [bmim]Br N
P t 1-2h |
R RIS
93
94

R2~S+ OAc
A\ _ AcOH 2
1 cO RVK/SR
R R 92 91
80
R.E_s_R? R2SCu(l)L,
]
[Cu] N
H, O,
Cu(l)L, R2-S-S-R?
R2-S-S-R?

Scheme 34: Cul-catalyzed acetoxysulfenylation reaction mechanism.

posed mechanism of the reaction is depicted in Scheme 36 [70].
The reactive R2S™ that is generated from the reaction of the Cul
catalyst and the disulfide reacts with the $-ketomethylene 94 to
form sulfonium intermediate 96. Regioselective ring opening of
the sulfonium ion then provides the f-hydroxy sulfide 95. The
R2SCu(I)L,, generated in the reaction is oxidized to form the
disulfide and regenerates the Cu(I)L,, catalyst.

Cul-imidazole, air Q SR2
CN R2S-SR2 CN
AcOH, 50 °C . OAc
95

95a R' = H, R2 = Ph (7 h, 90%)
95b R' = OMe, R = Ph (7 h, 93%)
95¢ R' = CI, R? = Ph (8 h, 89%)
95d R' = NO,, R2 = Ph (8.5 h, 86%)

Scheme 35: One-pot oxidative 1,2-acetoxysulfenylation of Baylis—Hillman products.
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(0]
QN
S-R2
R 96
&O\H
(0]
2
SRCN
R? 95 OAc
R2SCu(I)L
H O, (air)
Cu()L,
R2S-SR?

Scheme 36: Proposed mechanism for the oxidative 1,2-acetoxysulfination of Baylis—Hillman products.

3.3.4 Acetoxysulfenylation of alkenes using DIB/KI.

Muangkaew et al. reported a convenient method for 1,2-
acetoxysulfenylation of alkenes using diaryl disulfide promoted
by diacetoxyiodobenzene (DIB) and KI as shown in Scheme 37
[71].

R + R2-S-S-R2 _Phi(OAop, KI_ QA¢ SR?
CH,Cly, 1, 2h  R1
80 91
91f R = p-Br-C¢Hg, R2 = Ph (82%)
91g R' = m-HO-C¢Hg, R2 = Ph (63%)
91h R' = m-0,N-CgHg, R2= Ph (69%)
91i R'= p-F-CgHg, R2 = p-CH 3-CgHg (88%)

91j R' = p-Br-CgHa, R2 = p-F-CgHs (80%)

Scheme 37: 1,2-Acetoxysulfenylation of alkenes using DIB/KI.

The method is compatible with styrenes possessing various sub-
stituents, namely: halides, methoxy, hydroxy, nitro, ester and
alkyl halides. Similarly, the nature of the substituents on the ar-
omatic ring of the disulfide partner was found to have an insig-
nificant effect on the outcome of the reaction. Just like in the
case of the styrene analog, both electron-donating and electron-
withdrawing substituents were tolerated. Unlike the methods
discussed previously, this method catalyzed the 1,2-acetoxy-
sulfenylation of aliphatic alkenes in moderate to good yields but
the products are obtained as a mixture of two regioisomers. In
the case of cyclohexene, the reaction gave the corresponding

1,2-acetoxysulfide product as a single isomer. Similar results

were reported by Marakalala and Kinfe where a catalytic
amount of iodine was used instead of stoichiometric amount of
KI[72].

The proposed mechanism is depicted in Scheme 38 [71]. The
DIB reacts with the iodide yielding acetylhypoiodite (97, AcOI)
as an intermediate which according to the authors readily reacts
with the disulfide 99. The thus formed electrophilic thionium
intermediate 98 upon reaction with the alkene forms a cyclic
sulfonium ion 100 and arylsulfenyl iodide (ArSI). This in situ
generated ArSI can transfer a second equivalent of electrophilic
sulfide to the alkene to form a cyclic sulfonium ion 100 which
upon reaction with an acetate undergoes regioselective ring
opening to provide the 1,2-acetoxysulfide product 91. The
results obtained (1,2-trans-isomers) when cyclohexene being
used as an alkene substrate are indicative of the formation of the

cyclic sulfonium intermediate 100.

The PhI(OAc),/KI reagent system is attractive as it does not
require the use of transition metals. However, the need for stoi-
chiometric amount of the KI promoter (2 equivalents of KI is
required relative to a diaryl disulfide substrate) calls for the de-

velopment of new alternative catalytic methodologies.

3.4 Thiofunctionalization of unactivated alkenes

A few years ago, Denmark and co-workers revealed an impres-
sive catalytic asymmetric thiofunctionalization of unactivated
alkenes 102 with the commercially available arylsulfenylating

agent N-(phenylthio)phthalimide (103) using selenophosphor-
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PhI(OAc), + Phl + AcO~ + AcOl
O
|~
e,
97 |
.o |
A
S A s
99" 98 OAc
Ar —>RS= ?ryl R1J\/8Ar 91
! ; N (single isomer)
A R 159
Ar/%\S’ RI=
- _ ArSI\-/ 100 OAc™ SAr OAc
R = alkyl RH\/OAC + R1J\/3Ar

(minor; via Sy1)
91

(major; via SN2)
101

Scheme 38: Proposed reaction mechanism of the diacetoxyiodobenzene (DIB) and Kl-mediated 1,2-acetoxysulfenylation of alkenes.

amide 104 as a catalyst in the presence of methanesulfonic acid
[73] (Scheme 39). The reaction was found to be useful in both
intra- and intermolecular thioetherification to yield the regio-
isomers in ratios that were dependent on the steric bulk of the
substituents on the alkene (Scheme 39).

The reaction was proposed to proceed via initial transfer of the
thiolate group from succinimide 103 to the chiral pre-catalyst

104 to generate the active species 110 (Scheme 40). Reaction of

the alkene with the active species 110 results to the formation of
the thiiranium intermediate 111, which then undergoes a stereo-
selective nucleophilic addition to provide the thioethers
105-109 (Scheme 40) [73].

3.5 Other synthetic routes to p-hydroxy sulfides
Incorporation of amine, silyl and sulfide functional groups into
C—C multiple bonds offers an attractive route to appropriately

functionalized substrates. Inter- and intramolecular thiol-ene

0 104
, sPh OMe
' N-S 104 (0.1 equiv) R1\|/R + R1J\_/R2
o) CH3S03H (1.0 equiv) OMe SPh
102 103 CH,Cl,, —20-23 °C, 48 h 105 106
4 examples: 58-93% yield
a:b ratio: 4:1-10:1
o er: 82:18-92:8
R2
: 2
R1JWOH + N-8 92 (0.1 equiv) F"«, (0] R? R=3
R3 s CH5SO3H (1.0 equiv) Sg@ + PhS-----‘—’EC}
_20-23 ° § R2
107 103 CH,Cl,, —20-23 °C, 48 h Phd
108 109

13 examples: 24—94% yield
108:109 ratio: 49:1-1:99
er: 54:46-96:4

Scheme 39: Catalytic asymmetric thiofunctionalization of unactivated alkenes.
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Scheme 40: Proposed catalytic cycle for asymmetric sulfenofunctionalization.

reaction is a highly efficient, free-radical mediated “click”
process with diverse applications in small molecule and
polymer synthesis and has been reviewed [74-76]. The impor-
tance of the thiol-ene reaction in the synthesis of f-hydroxy
sulfides is exemplified by the work of Scanlan and co-workers
as shown in Scheme 41 [77,78]. Treatment of the thiol-ene 113

OCHs
O OCHj
y q |
Bnoi( o) s
BnO OBn
113 BnO
HsCO
DMF, UV-light

Scheme 41: Synthesis of thiosugars using intramolecular thiol-ene reaction.

114

with the radical initiator 2,2-dimethoxy-2-phenylacetophenone
(DPAP) and the photosensitizer 4-methoxyacetophenone
(MAP) in DMF ensued to the formation of the thiyl radical 114
that underwent intramolecular cyclization to provide a mixture
of biologically important thiosugars 116 and 118 (Scheme 41)
[77,78].

BnO BnO

RSH

BnO" BnO"

7

OBn
115

OBn
116 5-exo, 12%

OBn

N

OBn
BnO& _RSH_
BnO
7

11

OBn
PC s
Bnom
BnO

118 6-endo, 72%
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4. Applications in target-oriented synthesis

As indispensable biological agents, leukotrienes have inspired a
great deal of clinical research [79], and in support of this, a
number of de novo laboratory syntheses have been reported and
reviewed [80,81]. In the notable synthesis of leukotriene C-1
(119), Corey and co-workers synthesized (—)-methyl trans-
5(85),6(S)-oxido-7,9-trans-11,14-cis-eicosatetraenoate
leukotriene A methyl ester (120), the key intermediate in its
synthesis and biosynthesis, starting from the 2,3,5-tribenzoyl
derivative of D-(—)-ribose [82,83]. A single coupling product
was obtained from the reaction of N-(trifluoroacetyl)glutathione
dimethyl ester and triethylamine in methanol at 23 °C for 4 h in
80% yield, which occurred via SN2 displacement by nucleo-
philic sulfur at C-6. Selective hydrolysis of the trifluoroacetyl
triester in a mixture of potassium carbonate and potassium
bicarbonate in 95:5 water—methanol at 23 °C for 12 h proceeded
quantitatively to afford the product leukotriene C-1
(Scheme 42). The epoxide 120 has been the key intermediate in
all syntheses of LTC4, -D4, and -E4; upon exposure to the

desired amino acid, it yields the required leukotriene [84-98].

Epoxide thiolysis to furnish f-hydroxy sulfides was also
elegantly utilized by Kishi and co-workers in their landmark
synthesis of pteriatoxins and their diastereomers [99]. The ad-
vanced intermediate 122 was converted to the epoxide 123,
which upon thiolysis with a strategically protected cysteine,
gave the regioisomeric hydroxy sulfides 124 and 125
(Scheme 43). Each of these was then converted to natural
pteriatoxin A (7) and its analog 126.

Epoxide opening to yield B-hydroxy sulfides of unnatural (arti-
ficial) origin as potential therapeutic agents is also well docu-
mented. For instance, Luly et al. synthesized f-hydroxy sulfides
coupled to leucine-valine (Leu-Val) replacements as inhibitors
of human renin in order to lower blood pressure [100,101].

The high activity of these compounds is attributed to the pres-
ence of the hydroxy functional group acting as a transition-state
analog. The synthesis of the inhibitors commenced with the
conversion of aldehyde 127 into alkene 128 via a Wittig reac-

=N N
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tion followed by epoxidation to furnish epoxide 129. Regiose-
lective opening of the epoxide ring with a thiolate gave the
N-Boc protected B-hydroxy sulfide 130 as a key intermediate.
Deprotection of the Boc followed by the imidation of the free
amine with protected dipeptides that mimic Leu-Val produced
the inhibitors of human renin 131 as depicted in Scheme 44.

Yoshioka and co-workers reported two synthetic routes for the
synthesis of diltiazem (12) as depicted in Scheme 45 [102]. The
first route (route A) involved the biocatalytic resolution of the
racemate epoxide 132 into pure enantiomer 133, which under-
went regio- and stereoselective ring opening using 2-aminoben-
zenethiol as the nucleophile to afford B-hydroxy sulfide 134 that
subsequently underwent intramolecular cyclization into
thiazepine 135. Further manipulations led to the formation of
diltiazem (12) as its hydrochloride salt. The second route (route
B), which is similar to the first, entailed biocatalytic resolution
of the enantiomers using a lipase, after which the methyl ester
was transformed into a primary amide to provide 136, which
was subsequently subjected to regio- and stereoselective thiol-
ysis with 2-aminobenzenethiol to afford B-hydroxy sulfide 137.
Cyclization of this intermediate led to the formation of 135. A
review of syntheses of the optically active 1,5-benzothiaze-
pines has been done by Lévai and Kiss-Szikszai [103].

Conclusion

Sulfur, with its ability to exist in various oxidation states and
thus various combinations with other atoms, introduces addi-
tional intriguing complexity to the molecular architecture of
natural products. Many of these sulfur-containing natural prod-
ucts have significant biological activities, which have inspired
efforts into their syntheses. The B-hydroxy sulfide moiety is
found ubiquitously in natural products and some designer com-
pounds of clinical significance and methods for their prepara-
tion have thus for quite a while been an active area of research.
Two popular routes to access B-hydroxy sulfides are the thiol-
ysis of epoxides as well as the thiofunctionalization of alkenes,
and these have found application in target oriented synthesis.
Enantioselective variations of these approaches are also well

documented and new ones continue to be investigated. Al-

Scheme 42: Synthesis of leukotriene C-1 by Corey et al.: (a) N-(trifluoroacetyl)glutathione dimethyl ester (3 mol equiv), EtzN, MeOH, 23 °C, 4 h, 80%;

(b) KoCO3 (0.1 M) in HyO/MeOH (95:5), 23 °C, 12 h.
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Scheme 43: Synthesis of pteriatoxins with epoxide thiolysis to attain B-hydroxy sulfides. Reagents: (a) (1) KoCOg; (2) HF-Py, Py, 74% over 2 steps;
(2) TsCl; (3) KoCO3, 78% over 2 steps; (b) N-Boc-L-Cys(SH)-OCHPhy, 85%; (c) (1) [Pd(PPh3)s], AcOH, 72%; (2) 1,3,5-(iPr)3Ce¢H2COH/Et3N salt
80 °C, xylene; (3) TFA, CHCly, followed by HPLC separation of 7 and 126.
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Scheme 44: Synthesis of peptides containing a B-hydroxy sulfide moiety.
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Scheme 45: Synthesis of diltiazem (12) using biocatalytic resolution of an epoxide followed by thiolysis.

though a number of methodologies are reported for their synthe-
sis, there is still room for improvement in terms of finding more
efficient asymmetric catalysts as well as heterogeneous catalyst
systems for the hydroxysulfenylation of alkenes and their
respective applications.
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