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1,4-Dithiane-2,5-diol: An Attractive Platform for the Synthesis of
Sulfur Containing Functionalized Heterocycles

Francesco Zamberlan,® Anna Fantinati,” Claudio Trapella™

Dedicated to Professor Simonetta Benetti on the occasion of her retirement

Abstract: This microreview highlights the utility of 1,4- dithiane-2,5-
diol 1 as a source for the in situ generation of 2-
mercaptoacetaldehyde 2, a versatile two-carbon synthon featuring
both electrophilic and nucleophilic reaction centers widely utilized as
an attractive platform for the preparation of sulfur-containing
molecules. We discussed the involved chemistry, mainly focusing on
its applications to the construction of sulfur-containing heterocyclic
compounds including the thiophene and 1,3-thiazole families and
other different sulfur-nitrogen and sulfur-oxygen heterocycles which
continue to be a pillar of organic synthesis as a result of their broad
application in organic and medicinal chemistry.

1. Introduction

The development of highly efficient synthetic methods to access
sulfur-containing  heterocycles, privileged structural units
featuring many biologically active natural and synthetic
compounds, is particularly appealing."? Compared with o
starting materials, 1,4-dithiane-2,5-diol, 1, the dim
mercaptoacetaldehyde 2, has emerged as an attractive platform
for the preparation of these frameworks (Scheme 1).
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2. The Thiophene family

Thiophene derivatives, as well as the partially reduced 2,3- or
2,5-dihydrothiophene, or the totally reduced tetrahydrothiophene
ring systems, are unique sulfur-containing heterocycles that
have attracted a lot of attention, particularly because of their
special place as natural products’ building blocks.!"?

2.1 Tetrahydrothiophene synthesis

Tetrahydrothiophenes are important motifs in the context of
natural as well as non-natural, biologically active compounds,

This article is protected by copyright. All rights reserved.
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and materials chemistry."? In 1992, Effenberger and co-workers Ph3P;CHC°2R1
described an approach to 5-thio-D-xylulofuranoses 5 and 6 ac

R;= Me, Et, --Bu

using rabbit muscle aldolase- (RAMA)-catalyzed reaction of 1 HS
mercaptoacetaldehyde with dihydroxyacetonephosphate 3, or Br 11a Ry = Me, Ry,
which is likely the first utilization of 1,4-dithiane-2,5-diol 1 for the )\ 11b Ry =Et, R
synthesis of the tetrahydrothiophene moiety.® After the initial Et0;C 10P(°)(°Et)2 12c Ry=t-Bu
aldol reaction, the product 4 was dephosphorylated by means of benzene 55-65 °C

an acid phosphatase (Scheme 2). R

S._OH
o
20 1. RAMA, pH 6 /0P03X CHZOH, (CH2)20CH20Me
1+ HO\)]\/OPog — > \m EtsN e, Et, t-Bu
2. BaCl HO'  oH DCM, rt, 12h Br
3

Scheme 4: Use c‘obtm lobtain 4-mercapto-2-butenoates and subsequent

phosphatase (_Z\OH (_Z\/ use in sulfa-Michael/aldol(Henry) cascade reactions.
o 83:17

HZO pH 4.5
Since j tions, the stereoselective synthesis
of chiral tetrahydr es with high atom efficiency and,
Scheme 2: First utilisation of 1 in the synthesis of tetrahydrothiophenes. more importantly, good feasibility, has become a very hot topic

current resgich efforts.

007, Wl and co-workers®® introduced the enantioselective
ino thio-Michael-Michael process to furnish chiral
ydrothiophenes. Thus, trans-ethyl 4-mercapto-2-butenoate
s been used as reaction partner of a,B-unsaturated

Later, the construction of tetrahydrothiophen-3-ol derivatives
focused on the use of 1 as a versatile two-carbon synthon able  tet
to readily take part in [3+2] annulation reactions with activated
carbon-carbon double bonds, providing rapid access in an asymmetric organocatalytic domino Michael-
tetrahydrothiophenes. n reaction in the presence of (S)-diphenylprolinol
In 2006, Pollini and co-workers exploited the reactivity of TMS eth Aromatic aldehydes bearing neutral, electron-
mercaptoacetaldehyde for tandem Michael-Henry or donating or electron-withdrawing groups, as well as
Michael reactions with electrophilic alkenes, resultj i heteroaromatic and aliphatic a,B-unsaturated aldehydes 13 took
facile formation of 3,4-disubstituted tetrahydrothj iy part to the reaction affording chiral tetrahydrothiophenes
using in situ generated nitroalkenes from the sta taining three stereogenic centers in good to excellent

B-nitroacetates 7 as the electrophilic (94-99%) and diastereoselectivities (6:1 to 18:1)
mercaptoacetaldehyde (Scheme 3).1

L Et;N Ph
+
1 O,N OAc - ; ; o ><‘Lph CO,Et
DCM, rt 42h
7 8 + H H OTMS L£Ho
R . R
PhCO,H, 10 mol% S
R=H, CH,OH, (CH,),0CH; 13 toluene, rt, 2-4h 14
Scheme 3: Mercaptoacetaldehyd dem Michael-Henry for the _
formation of 3,4-disubstitutegltetrahydrot| R= Ph’ 4-NOZCGH4v 2-N0206H4' 13 examples
4-FCgHy, 4-CF3CgHy,
4-CNCgH,, 2-CICgH,, 55-96% yield
. . 4-MeOCgH, 2-MeOCgH,, 94-99% ee
Moreover, the mild protocol developed by Bunce and Pierce for 3-MeO,4-AcOC6H3Y 2-furanyl, dr6-1t018 - 1

the reaction of 1 with the stabilized triphenylphosphorane 9a-c
or phosphonate 10 allowed to obtain 4-mercapto-2-butenoates
11a-d, valuable _four-carbon units suitable for sulfa-
MlchaeI/aIdoI(Henry) _type cascade reactions to produce
differently substituted tetrahydrothiophenes 12 (Scheme 4).”!

2-naphthyl, BhOCH,

Scheme 5: Preparation of chiral tetrahydrothiophenes using trans-ethyl 4-
mercapto-2-butenoate as reaction partner of a,3-unsaturated aldehydes.

Interestingly, the same group disclosed an alternative catalytic,
noncovalent activation strategy based on the use of the
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bifunctional amine thiourea catalyst 17 which allowed to perform
the “one-pot” thio-Michael-Michael cascade process between
11b and nitroalkenes 15 with high enantio- and
diastereoselectivity, producing trisubstituted
tetrahydrothiophenes 16 possessing the nitro functional group
and three different stereocentres (Scheme 6)."

NG CO,Et
2 o NO
1b + J|/ cat. 20mol% . 2
R CHC|3, -40°C, 72-120h s IR
15 16
CFs 15 examples
S
cat= Q, N /©\ 50-93% yield
NN TR 92-97% ee
Me " Me dr6:1t0>30:1

R = Ph, 2,5-Cl,CgH3 2-CICgH, 4-FCgH, 2-CF3CeH,
3-BrC6H4’ 4-C|C6H4’ 4-MeCSH4’, 2,3-(0Me)206H3’ 2,4-
(O'\/le)zoeHay 3-'\/|eOCGH4Y s ‘I--'\/|80C6H4y 2-furanyl, 2-
thienyl, iPr

Scheme 6: “One-pot” thio-Michael-Michael cascade process between trans-
ethyl 4-mercapto-2-butenoate and nitroalkenes for the formation gof
trisubstituted tetrahydrothiophenes with high enantio- and diastereoselecti

In 2012, De Risi and co-workers envisioned the rea
with cyclohexenone as a straightforward rou
hexahydro-benzothiophen-4-one nucleus (Scheme
the sulfa-Michael/aldol reaction sequence carrie
with catalytic triethylamine (5 mol %), proceed
lead to the formation in good yield (75%) of a

(0}

o

Scheme 7: Sulfa-Michael/aldol re
formation of the hexahydro-bgnzoth

Et3N , 5 mol%
_—
DCM, 16h, rt

mercaptoacetalde!

In 2014, an efficient, eco-
of trisubstituted tetrahydrothi
Song et al. via
water, allowing
derivatives such a
yields (up to 91%)
>99:1) (

dly and catalysWiree construction
nes has been accomplished by
(Henry) cascade reaction in
s of tetrahydrothiophene
f chalcones 20 in good
excellent diastereoselectivities (up to

enantioselective cascade sulfa-
d by chiral fluoride generated in

situ from catalytic amoun binding with Song’s oligoEG
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catalyst offered a new protocol for the synthesis of trisubstituted
tetrahydrothiophenes, obtained in to 99% yield, with dr >20:1
and ee up to 98%.1'%""

15 examples
yield up to 91%

4-Me, 4-OM drupto>99:1

rahydrothiophenes via a highly
dol reaction.

o-workers firstly described a nice
example of resolu e thiolane structures created by
thia-Michael and Henry reactions using a
cpmbination Lewis acid and base activation. Thus, the

,3,3-tetr thylguanidine (TMG)/ zinc iodide-catalyzed
tereoselective sulfa-Michael/nitroaldol cascade reaction of
B-methyl-B-nitrostyrenes 22 with 1 was combined with a
atalyzed kinetic resolution, one diastereoisomer of the
trahydrothiophenes 24, present at the equilibrium
ing preferentially acylated by the enzyme to give
in high ee (Scheme 9).['31"3]

consecutive

NO Me NO,
. R(j/\( 2TMG/zZnl, H
+ Ry— - 5 X
= Me  “oluene RI- S/\[(
= o
22 23

R =2,4-OMe, 3,4-OMe

Me OAc

oNMe OH  oac °2Nf§

H
Hb /J\ XS
—_— | N 3 - 17
R Lipase ~ (3R, 4S, 5R)

0,

24 25 98% ee

Scheme 9: Diastereoselective cascade sulfa-Michael/nitroaldol reaction of
trans-B-methyl-B-nitrostyrenes and mercaptoacetaldehyde and subsequent
lipase-catalyzed kinetic resolution.

The reactivity of mercaptoaldehyde as a dual reactive substrate
has been exploited by Xu and co-workers!™ as the starting
move of an efficient synthesis of enantioenriched trisubstituted
tetrahydrothiophenes 26 via a bifunctional amino-squaramide-
catalyzed domino sulfa-Michael/aldol cascade reaction with
chalcones 20 (Scheme 10).
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o cat. Ho, o 16 examples
0.002mmol 71-91% yield
1+ RJ\/\R1 R dr>20:1 OMe
toluene, 60°C s 1 84-96% ee /?
20 26 N
R F3C I
HN N
o R HO o cat.= ﬂ
- M cat. 0.3 mmol CFs 16 examples FoC d 0 4
R CF; toluene:CHCly s~ Ry 36-87% yield
1:1;50°C 66-89% ee
28 29

R =Ry = Ph; R = Ph, R; = 2-MeCgHy; R = Ph, Ry = 3 MeCgH,, R= Ph; Ry = 3-CICqH,; R = Ph,
Ry = 4-MeCgHy; R = Ph, Ry = 4-FCgHy; R= Ph, R = 4-BrCqHg; R = Ph, Ry = 4-CICgH,; R = Ph,
Ry = 4-MeOCgH,; R = 3-BrCqH, , Ry = PhiR = 4-CICgH,, Ry = Ph; R =4-BrCgH, Ry = Ph; R =3-
OMeCgHj, Ry =Ph; R = 4-MeOCgH,, R, = Ph; R = 2-tienyl, R, = Ph; R= 2-furyl, R; = Ph

Scheme 10: Synthesis of enantioenriched trisubstituted tetrahydrothiophenes
via amino-squaramide-catalyzed domino sulfaMichael/aldol reactions.

Trisubstituted tetrahydrothiophenes 26 bearing three contiguous
stereogenic centers have been obtained at low catalyst loading
in good to excellent yields (71-91%) and high stereoselectivities
(8:1-20:1 dr and 84-97% ee) in the presence of the cinchona-
derived aminosquaramide 27, its mode of action being
authoritatively discussed by Enders and coworkers."™ A
remarkable temperature effect on the reaction efficiency was
observed, and a gram-scale synthesis was also successfully
accomplished. The enantioinduction was not influenced by the
nature and the position of the substituents on the phenyl ring of
chalcones.

The following year, the same group applied a simj
organocatalytic domino reaction to the construction of
CF;-containing tetrahydrothiophenes 29 by reacting 1
aryl-p-trifluoromethylated enones 28 (Scheme 10).Q%

the presence of the same cinchona alkaloid-derived
catalyst 27. The chiral trifluoromethyl tetrahydrot
featuring three contiguous stereocenters and a
carbon center were obtained in yields of
diastereoselectivities of up to 9:1 and enantioselec
to 89 %.

The easily prepared tertiary amine immobilized on fiber ha
been shown to act as efficient catalyst for tandem MicRael-
intramolecular Henry reactions betwe 1,4-dithiane-2,5-di
and trans-B-nitrostyrenes  affordj

obtain substituted tetrahydrothjpphenes in goo
yields (75-93%) under mild itions (with 2.5
catalyst at 50 °C in ethanol f

Fiber cat. 2.5 mo|

16 examples

R = Ph, 3-OMeCgHy, 2-OMe!
3-0,NCgH, 4-FCqHj, 2-CICGHN

4-OMeCgHj, 4-O,NCqHy,
iCeHy, 4-BrCHy,
Hy
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Scheme 11: Catalyzed tandem
between mercaptoacetaldehyde
tetrahydrothiophene derivatives.

Michael-intramolecular Henry reactions
and , trans-B-nitrostyrenes to  form

Recently, NHC-catalyzed carba-, sulf ha-Michael
additions were efficiently a i
using the readily available a
carboxylate (NHC-CO;)
despite the reaction o
of ICy-CO; 32 (2.5
tetrahydrothiophen
remained modest.!

Me
HO o
32
1 Cy-CO,. 2.5mol %
33
98% yield
dr=1.7:1

e 12: NHC-catalyzed sulfa-Michael addition for the synthesis of
drothiophenes.

Knoevenagel condensation of various aromatic and
heteroaromatic aldehydes 34 with 3,5-dimethyl-4-nitroisoxazole
35 followed by domino sulfa-1,6-Michael/intramolecular
vinylogous Henry reactions between between the derived
nitrostyrene derivatives 36 and 1 has been elegantly designed
by _Kashinath et al™ for a rapid synthesis of highly
functionalized tetrahydrothiophene (thiolane) derivatives 37
bearing the biologically useful isoxazole nucleus.

[The desired products 36 could be obtained with >95% yields in
2-2.5 h overall reaction time through a careful choice of base
(piperidine, 30 mol%) and solvent (ethanol). (Scheme 13).1"

Me NO,

i idii 0,
Ar-CHO + N/ \ piperidine 30 mol%

0 EtOH, 55°C, 2h
34 35 yield > 95%
Me NO:
1 N 20 examples
— 90-98% vyield
rt, 15 min
> 95% yield

Ar = 4-MeCgHy, 4-MeOC6H4, 3,4-MeOCgHj, 2,5-MeOCgH3, 3,4,5-MeOCgH,,
2-HO, 3-MeOCgH3, 2-HOCgHy, 2-nPr, 3-HOCg¢H3, 3-NMe,CgH, 3-BrCgHy,
3-CICgHy, 3,4-CICgH3, 2-NO,CgHy 3-NO,CgH, 4-NO,CgHy , 1-naphthyl, 2-thienyl,
4-(1,3-diphenyl)-1H-pyrazole, 4-[3-(4-chlorophenyl)-1-phenyl-1H-pyrazole,
3-(4-ox0-4H-1-benzopyran)

Scheme 13: Synthesis of highly functionalized isoxazole-tetrahydrothiophene
hybrids.
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In recent years, organic synthesis under continuous-flow
conditions has attracted much attention because of its
environmental friendliness, efficiency, and safety. Under this
condition, the synthesis of pB-nitrostyrene derivatives was
efficiently accomplished continuously for at least 100 hours with
high selectivity from aromatic aldehydes and nitromethane using
readily available amino-functionalized silica gel as the catalyst.
In a second step, the B-nitrostyrene derivatives were reacted
with 1 using secondary amine-functionalized, aluminum-
containing MCM-41 packed in column as the catalyst, giving rise
to the formation of the desired tetrahydrothiophene in 75-94%
yield during 48 h (Scheme 14).%"

siica™ > "NH;,
CaCl, (1.3 w/w)
Ph/\/ NO,
MeNO; + PhCHO :)—)—
75°C
S._OH
flow rate = 0.05 mL/min MCM-41
HO™ 'S 48n ]

MCM-41 =secondary amine functionalized l
aluminum-containing prepared from O,N OH
bis(3-trimethoxysilylpropyl)amine 72.94%

Ph™ g

Scheme 14:
conditions

Formation of trisubstituted tetrahydrothiophenes in

of 1 with the Knoevenagel condensation
aldehydes 38 with malononitrile or ethyl c
water (2 mL) at 50°C. (Scheme 15).2"!

CHO
XN, NC R,
1 + —_—
RE(F  Hy0,50°C

hesis of spiro heterocycles has
attracted a ntion owing to the interesting
conformational features and wide spectrum of applications
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associated to this structurally unique class of molecules
frequently found in many natural pgaducts and biologically active
molecules. A recent review highli e versatility of spiro
scaffolds in drug discovery owing t e inherent three-
dimensionality and structural novelty.??
The development of
construction of chiral spiroc
became a topical subject in sy

the st€reoselective
drothiophene derivatives
hemistry. A variety of
to different
y of papers that
four years®% taking
operties of 1 as well as
a-d in partnership with
. These transformations

appeared in the
advantage of the
the derived 4-mer
a,B-unsaturat
have been ve
organocatalysis
construction of sp
structur

=
R o 0._O_ _Ph
R
NN ., HO, o AcO, ld
; ~ \.X HO,. . X
i
o -, .
s” "OH s” “ar s” 'R o s”°R
0a R, = CO,E! 41a X=0
b R, = CO.R, 41b X=§ 43

42a X=0
42b X=$S
42c X=CH,

powerful and versatile tool for the rapid
trahydrothiophene motifs.”®! The main

X=CH,N

44a X =CH
44b X =N

alkyl or aryl groups  44¢ X = CH,

N
”‘kMe tBu0,C”
IR, A

49 50 51 52

cheme 16: Chiral spirocyclic tetrahydrothiophene derivatives.

The first synthetic approach to spirocyclic oxyindole fused-
tetrahydrothiophene derivatives exploiting the reactivity of 1 as
anellating agent concerned the synthesis of
tetrahydrothiophene-fused spirooxindoles 40a.?* This operation
has been achieved through domino thia-Michael/aldol reaction
between 1 and 3-alkenyloxindoles catalyzed by the organo-
Cinchona-based squaramide 27,'® the reaction scope being
limited to the strong electron-deficient ester group of substituted
3-alkenyloxindoles. Later, use of chiral N,N’-dioxide-nickel(ll)
complex system % as the catalyst allowed to extend this
approach to the preparation of a broad spectrum of enantio-
enriched  spirocyclic  oxindole-fused tetrahydrothiophene
compounds 40b (56-97% yields, 90-98% ee, 8:1 to >19:1 dr).
Spirocyclic tetrahydrothiophene chromanone derivatives 41a
and 41c, featuring three contiguous stereocenters, have been
obtained in high to excellent yields (up to 99%) and with high
enantioselectivities (up to 92% ee) using the readily available
bifunctional squaramide organocatalyst 27 while 41b and 41c
have been prepared with moderate to good enantioselectivities
employing readily available chiral quaternary ammonium salts as

This article is protected by copyright. All rights reserved.
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organocatalysts.?5%") Very recently, spirocyclic

tetrahydrothiophene chromanone derivatives 41c have been
enantioselectively obtained with Song’s chiral oligopEG as a
cation binding catalyst and catalytic amount of KF."'"! Moreover,
41a has been conveniently obtained in a diastereoselective

fashion in the presence of triethylamine.®®®

Spirocyclic tetrahydrothiophene derivative 42a, bearing a
benzofuran-3(2H)-one, has been prepared enantioselectively
applying the bifunctional catalyst 27 and by using Song’s chiral
fluoride complex.""*! Replacement of the benzofuran-3(2H)-
one with the benzothiophen-3(2H)-one moiety produced 42b
with moderate enantioselectivity. A library of 2’-(aryl)-4’-hydroxy-
4’ 5'-dihydro-2’H-spiro[indene-2,3’-thiophen]-1(3H)-ones 42c has
been obtained stereoselectively through domino reactions of (E)-
2-(aryl)-2,3-dihydro-1H-inden-1-ones and 1 in the presence of
triethylamine in water.*®

Enders and co-workers described the synthesis of
tetrahydrothiophene bearing spiro indane-1,3-dione derivatives
43 in excellent yields and good stereoselectivities through a
squaramide-catalyzed sulfa-Michael/aldol domino reaction,®"
while Hejmanowska and Albrecht reported the preparation
spirocyclic tetrahydrothiophenes bearing either a butenolide or
an azlactone moiety (44a and 44b) using chiral bases derived
from cinchona alkaloids as the catalyst.*? A library of novel bis-
spiropiperidone—tetrahydrothiophene hybrid heterocycles 45 has
been synthesized via pseudo-three-component domino reaction
of (3E,5E)-3,5-bis(arylidene)-1-methyl/benzylpiperidin-4-ones
and 1 in the presence of triethylamine.®® Chiral bis-
spirooxindole tetrahydrothiophenes 46 with vicinal quatern
spirocenters has been built up through a cinchona alk
catalyzed enantioselective sulfa-Michael/aldol cascade re
of isoindigos.?*

Moreover, a green and efficient one-pot reaction of al
with barbituric acid or malononitrile and 1 have been
for the synthesis of quaternary-centered spiro,
tetrahydrothiophene hybrids 47 via Knoevenagel
1,4-thia-Michael and intramolecular aldol reacti
water” concept under catalyst-free conditions.”"
Michael/Michael reaction, one of the most pow
tools for the stereocontrolled assembly of
architectures, has been used as an efficient method
construction of chiral spirotetrahydrothiophene derivatives.
2016, spiro[pyrazolone-4,3'-tetrahydrothiophene] derivativeg 48

Michael/aldol  domino
diisopropylethylamine in

good yields and fairly
reacting a,B-unsatur
mercapto-2-butenoate 11
secondary amine
diphenylethylenediamine.
Furthermore, t
butenoate 11b
provided the spi

eadily available
(R.R)-1,2-

the presence
derived om

en frans-ethyl 4-mercapto-2-
er of methyleneindolinones
thiophenes 51 in high
yields and excellent N8 A similar strategy has
been to are chiral spiro[indane-1,3-dione-
ns 52 which have been constructed
high enantioselectivities (89-99%
by reacting 2-arylidene-1,3-
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indanediones and 4-mercapto-2-butenoate 11c¢ in the presence
of a tertiary amine-thiourea organo

1.3. Synthesis of Dihydrothiophenes

Dihydrothiophenes and theig derivati
present in many natural
synthetic intermediates, and oxidation or reduction
smoothly  affords  thi es rahydrothiophenes,
respectively.!"? stereoselgctive synthesis of
dihydrothiophenes as been&ccomplished through
organocatalytic = asymmetric ~ domino  sulfa-Michael/aldol
condensation reactions between 1 and cinnamaldehydes 53 in
the presence of (S)-diphenylprolinol TMS ether and bile acid
derivatives, giving rise to_the formation of 4,5-dihydrothiophene-
2-carbaldehydes 54 in moderate to good yields and

enantioselectivities (Scheme 17).14!

active compounds, and

Ph
Ph
H H OTMS
1+ M 5 mol% OHC/D\
Ar, o S Ar
CH,Cl,/MeOH
53 bile acid,, 5mol% 54

rt

40-76% yield
65-84% ee

Scheme 177
domino sulfa-Michael/aldol condensation between 1 and cinnamaldehydes for
the synthesis of dihydrothipphenes.

10, Xu and co-workers developed an organocatalytic
ino thia-Michael/aldol condensation reaction between o,f-
saturated aldehydes 55 and 1 catalyzed by chiral
iphenylprolinol  trimethylsilyl ether to produce chiral
dihydrothiophenes 56 in high yields (up to 90%) and excellent
enantioselectivities (up t0>99% ee) (Scheme 18).1"!

Ph
o H Ph CHO
OTMS
20 mol%

1 /\)J\

+R H 4-nitrobenzoic acid S R

10mol%
55 toluene, rt, 10-24h 56

- ) i 16 examples

MEOCaHs 4 Me0CHH, 2BrcaH,  10-90% yield
64 64 64 72-99% ee

4-BrCqHy, 2-CICgH, 3-CICgH, 4-CICqH,,
4-FCGH4’ 4-CF306H414-N02C6H4Y 2-fUrany|,
n-Pr, i-Pr

Scheme 18: Organocatalytic domino thia-Michael/aldol condensation of
unsaturated aldehydes with 1 to produce chiral dihydrothiophenes.

De Risi and co-workers found that the preparation of the known
enantiopure  (or  enantioenriched) 2,5-dihydrothiophene-3
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carbaldehydes 56 described by Xu and co-workers required a
careful re-examination of the experimental conditions, being
unable to obtain the required compounds following the reported
directions.*?**)  Thus, the reaction between 1 and
cinnamaldehyde was carried out in DCM instead of toluene at
40 °C for 2h, under inert atmosphere and in the presence of the
commercially available chiral diphenylprolinol trimethylsilyl ether
as catalyst (20 mol %) and benzoic acid (10 mol %) as additive.
More recently, the catalytic versatility of pepsin has been
cleverly applied to a promiscuous pepsin-catalyzed asymmetric
domino thia-Michael/aldol condensation reaction of aromatic,
heteroaromatic, and aliphatic a,B-unsaturated aldehydes with 1
in buffered acetonitrile allowing to obtain the corresponding
functionalized chiral dihydrothiophenes with 40-84% ee without
any additive."*4

1.4. Synthesis of Thiophenes

Thiophene is a privileged five-membered heterocycle present as
a subunit in numerous natural products and pharmaceuticals,
and its numerous derivatives have emerged as a class of
important heterocycles, which not only exhibit a variety of
biological and medical properties, but are also widely used in

material science and organic synthesis as versatile
intermediates."?
In 1991, Gooding and Beard described a short pathway go

Ticlopidine 59 based on the condensation of 1 with
chlorobenzyl)-4-piperidone 57 in the presence of
diisopropylamide. Subsequent acid treatment of th
dihydroxytetrahydrothiophene intermediate 58
dehydration to the required thiophene ring system in
yield (Scheme 19).14%!

r L}“@ Loa,
(0}
57 THF. 0°C
H,S0O,4 conc.

0°C to reflux

58% overall yield

henes 61 has
ved dehydratio nd subsequent
microwave irradiation of the
s 60, obtained as a mixture of

A new approach to for|
been developed which i
oxidative aromatization un
corresponding tetrahydrothioph
diastereoisomer i by tandem conjugate-
addition/nitroaldol (Scheme 20)."! A simple
workup procedure removes the requirement for purification by
chromatography in most cases.*®! More recently, the same
ibed a one-pot approach to the
synth ne and 3-nitro-2-substituted
thiophenes: they opl e dehydration and oxidation
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reactions employing the tetrahydrothiophene derivatives 60,
which were obtained in 99% gaield by reaction of the
commercially available B-nitrostyre 1 in the presence of
25% Et;N in DCM solution.”*”! Noneth onversion to the
desired thlophene has been achleved i

25 examples
42-91% vyield

EC6H4 2- N0206H4
3-NO,CgHs 4-NO>CRH, 2-CF3CeHs.
3- CF3CGH4 2- MeOCBH4 3- MeOCGH4 4- MeOCGH4

4-BrC , 4-CICgHy, 2- furyl 2-thienyl, 5-Br-2-thienyl,
3-N4 hyllndolyl H, Me, Me(CHy)g_ i-Pr, i-Bu,

cyclofexyl, t-Bu, TBSOCH,

20: One-pot approach to the synthesis of 3-nitrothiophene and 3-
stituted thiophenes.

A triethylanfine-catalyzed [3+2] cycloaddition of 1 with aromatic
and aliphatic ynals 62 has been efficiently used to synthesize 3-
aldehyde-2-substituted thiophenes 63 in one step and high
(Scheme 21).*¥ Triethylamine was identified as the best
st for this transformation, the yields decreasing to 70-80%
e presence of other organic bases such as DEA, DIPEA and
ridine. The reaction showed good tolerance for aromatic ynals,

lectronwithdrawing or electrondonating groups in different
positions of the aromatic aldehyde.
OHC
Et3N, 20mol% m
+ R————CHO
! P,05 3 equiv R™>g
62 CH,Cly, 1, 2h 63

R = Ph, 4-FC6H4Y 4-C|C6H4’ 4-BrCeH4’
4-MeC6H4‘ 4_EtCGH4, 4-OMeCGH4Y
4-t-BuCgHy; 2-CICgHy; 2-thienyl,
n-Bu, SiEt,

12 examples
63-86% vyield

Scheme 21: Synthesis of 3-aldehyde-2-substituted thiophenes via [3+2]
cycloaddition of 1 with aromatic and aliphatic ynals.

Notably, this sequence could be extended to other o,f-
unsaturated substrates, furnishing thiophene derivatives
containing various functional groups such as ester and ketone
groups at the 3-position of the thiophene ring.

Three examples of employment of 1 as a two-atom component
in the thiophene synthesis have been reported in the literature.
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This strategy has been firstly devised by Sathishkannan and
Srinivasan for the synthesis of tetrasubstituted thiophenes 66
through AICl;-mediated [3+3] annulation of 1,3-zwitterionic
intermediates - derived from the cyclopropanes 64 - with in situ
generated mercaptoacetaldehyde, followed by DBU-induced
rearrangement of the resulting tetrahydrothiopyranols 65,
providing the target thiophenes in 55-82% yields (Scheme
22)_[49,50]

RO,C CO,R
RO,C_ CO,R AICI, Ar, “OH
1 4 A 0.5 mmol o "
N r
Ary ? DCM, 11,240 Are g
o
64 65
RO,C Ar, 14 examples,
_bBU _ 55-82% yield
1\
DCM Ar; g~ ~CHO
rt, 12h
66

R= Me, Et; Ar; = Ph. 4-MeCgH, 4-CICgH, 3-FCgH,
4-OMeC6H4’ 4-N0206H4 ) Ar2 = Ph, 4-MeC6H4’
4-CICgH, , 4-OMeCgH; 2-thienyl

Scheme 22: Employment of 1 as a two-atom component in the thiophene
synthesis.

More recently (Scheme 23), the same research
described the preparation of tetrasubstituted thiophenes 68
from 1,3-enynes 67 and 1 using DABCO a
temperature, in a domino reaction sequence via
addition, 5-exo-dig carboannulation, and OXIda
air.® The broad substrate scope and
conditions are significant and practical features
advantages of this sequence are the direct
aldehyde and nitro/keto/ester functionalities in
ring under metal-free and mild conditions.

Ry DABCO s CHO
EWG // (2.0 equiv) \
T+ | CHCl, rt
13,11 4 EWG
R air
67

EWG = NO,, CO,Et, COPh,

R =R, =Ph;R =Ph, R, =

R =Ph, Ry = 3,4-MeC¢H

R =Ph, R1 =4-0 eCe 4, )
R =Ph, R, = cy Ph;
R= SMQCSH4

R =4- FCGH4 R1 =4- OMeC6H4

R = 1-naphthyl, Ry =

Scheme 23: Obta
and mercaptoacetal

d thiophenes from 1,3-enynes 67

In the
annul
the

amine-catalyzed cascade [3+2]
enoates 69 and 1 - used here as
— followed by oxidative
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aromatization allowed to obtain fuIIy substituted thiophene-2-
carbaldehydes 70 (Scheme 24)

C02Me C02Me
= DABCO 10 mol%
T+ Aco
R R,
R4
69
R=R; =R, =H;

R=R;=H,R,=0OMe
R=R,=H,R; = Br,
R=R,=ClL,R;=H
R=R,=Me, R;=H

Scheme 24: Synt

reaction of a-oxoketene dithioacetals 71
f anhydrous potassium carbonate in
boiling onveniently utilized to produce the
corresponding 2-(m -3-aroyl/heteroaroyl thiophenes 72
in 55-70% overall yields (Scheme 25).15%

' P
SMe O R

Even more recentl
with 1 j

cho3 SMe
~ , —
MeS R EtoH, s0°C S
71 72
13 examples

25-70% yield

h, 4-MeCgH4 4-MeOCgH, 3,4-MeOCgHj3,
2,4-MeOCgHj3 4-FCgHy4 4-CICgH4 4-BrCgHy,
1-naphthyl, 2- naphthyl, 2-pyridyl, 2-thienyl, 2-furanyl

25: Synthesis of 2-(methylthio)-3-aroyl/heteroaroyl thiophenes from a-
tene dithioacetals and 1.

The chemistry of 2-aminothiophenes is arguably one of the
most extensive and dynamic field of thiophene research,[54]
the most convergent and well-established classical approach
for their preparation being Gewald’s reaction, a
multicomponent condensation of a-methylene carbonyl
compound with a-acetonitrile and elemental sulfur.® The
original protocol has been widely modified since its
publication by varying the reaction components and catalysts,
the availability of reagents and the mild reaction conditions
all contributing to the versatility of this reaction. In addition,
microwave and ultrasonic irradiation have also been used to
promote the Gewald reaction.®® The air-stable, readily
available 1 has been reported as convenient coupling partner
as it represents a suitable substitute for both the carbonyl
and sulfur partners, being the precondensation product of
acetaldehyde and sulfur. Dumaitre and Dodic obtained 2-
aminothiophene-3-carboxamide in 62% yield by reaction of
thioacetaldehyde dimer with cyanoacetamide at 70 °C for 2
h.® This procedure was also used by Gutschow and
Neumann in their synthesis of thieno[1,3]Joxazin-4-ones as
inhibitors of human leucocyte elastase.®™® In 2007, Hesse
and co-workers described the expeditious synthesis of 2-
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aminothiophene-3-carboxylic acid derivatives, which were
obtained in two minutes under microwave irradiation and
conveniently used for the synthesis of 3H-thieno[2,3-
d]pyrimidin-4-one derivatives (Scheme 26).[59] A few years
later, a N-methylpiperazine-functionalized polyacrylonitrile fiber
was used to catalyze the Gewald reaction between 1 and
activated nitriles 73, affording 3-substituted-2-aminothiophenes
74 in good to excellent yields (65-91%) (Scheme 26).%” A low
catalyst loading of 8.0 mol %, simple procedure, high yields,
recyclability and reusability of up to 10 times with minimal loss of
catalytic activity, are all attractive features of this fiber catalyst.
An extension to the Gewald reaction's scope has also allowed to
obtain 3-acetyl-2-aminothiophene using cyanoacetone as
partner of the a-mercaptoaldehyde.®"
EtsN,
EtOH or MeOH

MW, 2 min.,50°C 60-87% vyield

z A 3.
CN |ﬁ1HN93N\_/N-Me s~ NH,

14 examples 74

(0]
| lonitrile fib
73 polyacrylonitrile fiber 65-91% yield

EtOH, reflux,
2-8h

EWG = CO,Et, CN, CONH, CONHAr,
COAr, COtBu, CO,-thienyl,
CO,-furanyl, CO,naphthyl, SO,Ar
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ring of the starting imides having no obvious influence on the
formation of the desired product.
(o]

1.DCM, Et3N , 2

14 examples

R = Ph, 4-FCgH
oy 67-85% yield

2-BrC6H4’ 2-
2-MeOC6H4Y
1-naphthyl,

Scheme 28: For
the synthesis of 2;

f 1 and N-substituted imides for

The reaction of __trans-2-aryl-3-nitrocyclopropane-1,1-
dicarboxylates 79 and 1 has been conveniently utilized by Selvi
and co-workers (Scheme 29).°% to prepare 2,3-disubstituted
thiophenes 81. The two-step synthesis involved the in situ
formation of aroylmethylidene malonates through ring-opening of

‘m_rocyclopropane dicarboxylates 79 by action of boron trifluoride

etherate followed by rearrangement and a Nef reaction. The
formation of tetrahydrothiophenes 80 took subsequently place

via tandem thiol-Michael addition/aldol reaction by addition of 1
Scheme 26: Gewald reaction of mercaptoacetaldehyde for the synthesi and Mmine to the same flask. The derived

electrowithdrawing-2-aminothiophene.

An attractive protocol has also been
preparation of 3,5-disubstituted-4-amin
carbaldehydes 76 by reacting vinyl azides 75
the generation of the desired products in
efficient and eco-friendly direct synthesis (Scheme 2

o
1+ R1)k/\R2 K,CO3, 1.2mmol
— =
Ns DMF, 40°C, 4
75

R»] = 4-C|CGH4' 4_02NCGH4, 4-MeOCS 4
4-MeCgH, Ph, t-Bu, OEt
R2 = Ph, 4-MECBH41, 4-FCBH 4-MeOCSH4y,
2-BrCgHy,, 3-BrCgH, .4 , 2-pyridyl,
2-furyl, i-Pr

Scheme  27: Preparatio of
carbaldehydes by reaction of vin

3,5-disubsti
ides and 1.

minothiophene-2-

A number of 2, been obtained in good to
high yields throug ulation reaction of 1 and
N-substituted imides through a one-pot metal-free strategy
(Schemgy 28).°" A wide_range of N-substituted imides were
investigated and all reactions proceeded smoothly, providing the
corresponding 2,3-thienoimides in good yields (67-85%), with
the electronic nature and position of the substituents on the aryl

tetrahydrothiophenes 80 eventually underwent dehydration and
monodecarbethoxylation to the required 2,3-disubstituted
thiophenes 81 upon treatment with p-toluenesulphonic acid.

Et0,C. _CO,Et 1 BFaELO  Eto,c CO.Et
7_< DCM, rt OH
3 — 0
Ar™ No, 2. Et;N, 1 s
79 25-87%yield AT gg
EtO,C
p-TosOH Ar / \
_——
PhMe, 90°C S
61-88% yield O &

Scheme 29: Two-step synthesis of 2,3-disubstituted thiophenes from trans-2-
aryl-3-nitrocyclopropane-1,1-dicarboxylates and 1.

Kumar and co-workers reported the reaction of a-nitroketene
N, S-aryl/alkylaminoacetals 82 with 1 in the presence of K,COj3 in
refluxing ethanol as a way for the formation of 3-nitro-N-
aryl/alkylthiophen-2-amines 83 in good yields; it is worth noting
that this efficient protocol generates two carbon-carbon bonds in
a single operation (Scheme 30).15¢

This article is protected by copyright. All rights reserved.



European Journal of Organic Chemistry

NO2 k,Cc0; 25mol%

T iy

MeS~ “NHR EtOH, reflux S

NHR

82 83

26 examples

R = 4-FC6H4’ 4-C|CGH4’ 4-BI’CGH4’ 82-98% y|e|d

4-1CgH,4 , Ph, 4-MeCgH,4 4-EtCgHy4
4-iPrC6H4y, 4-MeOCBH4 ’2-M8C6H4,7
2-MeOC6H4, 3-FC6H4y, SCICGH4’ 3-BrCBH4,
3-F3CCBH41, 3-MeCGH4y, 3-MeOC5H4Y
2,4-Me,CgH3 ,1-naphthyl, Me, nPr, nBu, iPr,
cyclopropyl, cyclohexyl, Bn, (R)-2-MeBn

Scheme 30: Reaction of a-nitroketene N,S-aryl/alkylaminoacetals with 1 for
the formation of 3-nitro-N-aryl/alkylthiophen-2-amines.

A concise and regioselective approach for the synthesis of
2,3-disubstituted thiophene derivatives 86 relied on the
reaction of alkynones 84 - prepared by Sonogashira cross-
coupling reaction of readily available acyl chlorides and
terminal acetylene derivatives - with in situ-generated 2-
mercaptoacetaldehyde in the presence of EtsN followed by
treatment with silica gel or hydrogen chloride (Scheme
31).%°  The crude 2,3-disubstituted dihydrothiophene
derivatives intermediates 85 are obtained in good fo
excellent yields and underwent slow dehydration u
standing in chloroform. Final chromatography using silic,
or treatment with acid completed dehydration to the desired
thiophene derivatives 86.

o
EtN,DMF | O

1 R Ny, —
N R, 15-120 min, rt
84 85
o
R 13 examples
HCl or 70-91% yield
— = [\
silica gel S Ry

86

R = Me, t-Bu, Ph, 4-MeCgH, 4-NO,Cq

2-naphthyl, 2-furanyl, 2-gyrrolyl, 2—thienylv
R4 =Ph, n-Bu, TMS, ‘
A
Scheme 31: Synthesis of 2,3-disubstituted thiophenes by reaction of
alkynones and mercaptoacetaldehyde. *

Recently, the optically active
efficiently obtain i
compound 90 wi
catalytic amount o

hene derivative 91 has been
(R)-derived desymmetrized
yde in the presence of
BCO, follo by the addition of 1
Scheme 32).°® Compound 90 was
e asymmetric desymmetrization of
m cyclopentene-1,3-diones - with

2-mercaptobenzothi through a thiolysis/elimination
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sequence in the presence of the the chiral Dy(lll)/N,N’-dioxide
complex 87.
Ph

Dy(OTf); ligand
87 (10 mol%)

DABCO, 1
then p-TsOH

®
bt S S
Ar’ 124 H-N

85% yiel Ar= 2,4,6-(i-:7r)scsH}\r

92% ee

91

Scheme 32: f
mercaptobenzothiazo
derivatives.

meso-epoxides with 2-
or the obtainment of optically active thiophene

The formation of the thi ne moiety in 91 results from a base-
sulfa-Michael addition/aldol/elimination  reaction
hled by subsequent acid-promoted aromatization,
enzothiazole thioether group served as leaving
. Notably, this reaction could be performed in one pot,
ing the thiophene derivative in 85% yield without loss in
ntiomeric excess.
Chittimalla and Bandi developed a new synthetic
paring benzothiophene derivatives 95 based on
tandem thi¥-Michael addition/intramolecular aldol reaction (a
formal [3+2] annulation) between 1 and the cyclohexa-2,4-dien-
1-one monoketals 93 generated in situ by oxidative
atization with methanolic PhI(OAc). of phenols 92 to
the corresponding tetrahydrobenzothiophenone
atives 94, further converted to benzothiophenes by
atment with 4N HCI at 50 °C (Scheme 33)."!

promoted

OH  PhI(OAc), o
MeO MeOH, MeO
o ; 1 (0.5 equiv)
0°C, 15min MeO
R then NaHCO3 R rt, 4h
Ry Ry
92 93
O  OH OH
MeO H: hol Meo
MeO 1 4dioxéne \\ 10 examples, 58-
’ 84% yield
R S R S
Rt 50°C, Rt
94 2h to 16h 95

R = OMe, Me, CH(OCH,CH,0) CO,Me, Br, Cl, t-Bu, H,
Ry =H, Cl, Me

Scheme 33: Synthesis of benzothiophene derivatives via formal [3+2]
annulation between 1 and cyclohexa-2,4-dien-1-one monoketals.

2. Synthesis of 1,3-oxathiolane
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An efficient access to the chiral 1,3-oxathiolane motif was
required to prepare bulk quantities of Lamivudine 96 and

analogues 97-99 depicted in Figure 1.
= NH
Ho/\(}Nq/ 2 i O Nf%/m-I2
le n\ N
s/ 5wy

96 97
Lamivudine (3TC) Emtricitabine (FTC)

= NH, = NH,

s \N//\/f ) N//K/f

" N N
Ho/\(/)) ZY/ Ho/w\;j g]/

98 99
Apricitabine (ATC) Racivir (RCV)

o

Figure 1: Lamivudine 96 and analogues 97-99.

Despite their structural simplicity, these compounds have
represented a major synthetic challenge because of the need
for a chemistry enabling stereochemical control of two
potentially epimerizable stereocenters on the sulf

containing heterocycle. In 1995, a Glaxo research g
described the synthesis of the chiral oxathiolane, the op€ning
move being the reaction of glyoxylic acid monohydrgte 100
and 1 in refluxing tert-butyl methyl ether under
conditions to give the frans hydroxy acid 101 in 5
Its treatment with acetic anhydride in the pr
catalytic amount of methanesulfonic acid pg
mixture of the cis- and trans-acetoxy acid 10
a combined yield of 83%. The frans isomer 103
in form of white crystals from the mixture by fr.
crystallization from benzene (22% based on a single isome
After extensive efforts, the resolution of this compound\has
been achieved readily via its mepthyl ester deriva
(Scheme 34).

t-BuOMe

HO_ _OH reflux

1 +

CO,H
100

ACZO

.
MeSO3H

83%

Scheme 34: reaction drate and 1 for access to the

chiral 1,3-oxathiolane m

Ten Yy, and co-workers described a very
efficient s the partial enantioselective
synthesis of lamivudine 96 - also known as 3TC - the key
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step being a highly effective dynamic resolution of the 5-
hydroxyoxathiolane, followed by gRlorination and introduction
of the cytosine residue.® Initial -hydroxyoxathiolane
was prepared by heating a mixture thyl glyoxylate
hydrate 104 with 1,4-dithiane-2,5-
procedure produced a mi
as a 35:35:15:15 ratio.

n from n-hexane gave
ield, corresponding to

at C-5 occurred in
a mixture of f and a

found that the
dichloromethane
isomers, but no i
to enantiop (2R,5R) was
between commercially
glyoxylate monohydrate 104 and 1,
of the crude mixture with a Et3N-
tion, and this was found to provide

icld). After acetylation to 106,
subsequent addition 0 exane/EtsN is claimed to enable
both the rapid interconversion among the stereoisomers and
e selectivgi@recipitation of the sole (2R,5R)-sterecisomer
35). Recently, Palumbo and co-workers
, in contrast with the aforementioned Whitehead’s
s, two major acetate stereoisomers 106 having the C2

5 stereocenters in a frans relationship of
[70]

1 toluene

2 n-hexane,

Et3N cat.

104 0°C, 16h, 60% 105
R = L-Menthyl

Ac,0, Py,

o
O_ _OAc n-hexane, o
n, 1h RO) h‘( Et;N cat. )\( j/OAc
. RO
91% -20°C, 72h S
106 42% 107

Scheme 35: Recent synthetic route for the partial enantioselective synthesis of
lamivudine 96.

In 2017, Mandala and co-workers were able to transfer the
results of their improved batch synthesis of lamivudine 96
into continuous flow synthesis, the key intermediate 107
being prepared by an integrated two-step continuous flow
process from L-menthyl glyoxalate hydrate 104 and 1 in a
single solvent and 95% overall conversion./""?

By taking advantage of the dynamic formation of
hemithioacetals, an efficient, three-step synthesis of
lamivudine through a surfactant-treated subtilisin Carlsberg
(STS)-catalyzed dynamic kinetic resolution (DKR) protocol
has been described by Ramstrém and co-workers (Scheme
36).[73] Thus, the key enantioenriched 1,3-oxathiolane
intermediate 109 for lamivudine was obtained by mixing 1
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and 108 in toluene in the presence of triethylamine as the

o]
base and phenyl acetate as acyl donor; furthermore, the 1, |N
enantiomer of lamivudine 110 was also accessible when R) CHCl5 (0.1 M)
STS was replaced by Candida antarctica lipase B (CAL B) 13 0°C. 12h

(Scheme 36), thus representing a flexible stereocontrol in the
. . L . R = Ph, 4-MeCgHy, 4-FCgH, example:
asy_mm.etnc formation of five-membered oxathiolane 3-MeOCqHs 2.thien 1.99% yield
derivatives. dr =26:1t08:1;
er=63:27t092:8
O_ __OAc
STS . o
Et;N AcO gj’ —>, lamivudine Scheme 38: Quinidine-c io- i loselective formal [3+2]
1 phenyl acetate 109 annulation of imines hyde 2 for the assembly of
+ foluene substituted thiazolidine,
o__OH o
/[ ]/ calB wOAc
HO™ O T Aco/\gj — ent-lamivudine ]
108 phenyl acetate 110 In 2016, tw asymmetric formal [3+2]
THF, 4°C annulation of isati timines 115 as a facile and

STS = surfactant-treated subtilisin Carlsberg efficient method e construction of chiral spirooxindole-4-
Cal B = Candida antarctica lipase B hiral squaramide catalysts 27 and 117
se, the [3+2] annulation proceeded
the major diastereomer 116 with
2:1 dr and 97% ee after 12 hours."® These compounds were

readily codr?ed into the corresponding spirooxindole-4-

Scheme 36: Dynamic kinetic resolution of 1,3-oxathiolane from 1. smoothly at -

The great importance of the hemiacetal hydroxyl group is
evidenced from the synthesis of the intermediate 112 using
benzoyloxyacetaldehyde 111 where high ee were obtained
with both CAL B and STS (Scheme 37). The origin of rs. Alternatively, spirocyclic 3-aminooxindoles were also

enantioenrichment in enzyme-catalyzed dynamic kinegic in very good yields (up to 95%), with moderate to good
resolution of 1,3-oxathiolane derivatives, key intermedi jvites (up to 94 dr) and very good

for asymmetric lamivudine synthesis, was elucidated ities (up to 97% ee) through the same reaction in
same group: the chirality control was determined by chiral 4o ocende of the chiral tertiary amine-squaramide catalyst
HPLC and NOE NMR spectroscopy using a mod 13- 49701

oxathiolane compound obtained through enzym

jazolidino 118 without loss of the enantioselectivity by
le oxidMon, and have been successfully applied to the
esis of a novel class of Mycobacterium tuberculosis

selective hydrolysis. Solvent-dependent stereose, OH
) . T ) . cat 27. (2 mol%) o
observed under biphasic conditions using dif NR;  poM. -20°C s/\\N
. [74] ' N N-R,
solvents with phosphate buffer. 1. R+\ o 3AMS RA o
A ~N or Z N
STS or CAL B k1 cat. 117 (20 mol%) k1
or 116
1 + B2OOCHO __ ~~ ™" _ BzO 115 DCM, 24h
Et3N, phenyl PCC
111 acetate CF,

o]

F3c©N)jo Ph S/\(

cat = HOHNeC o NN-Boc
—Ph RAL o
Me-N T
17 Me N

|
R;  major

Scheme 37: Formation of 1,3-oxathiolane froi

3. SyntheSiS of 1,3'thia oles and thi ines 118 diastereomer
R = H, 5-MeO, 5-Me, 5-F, 5-Br, cat. 27
5-Cl, 6-Br, 6-Cl, 7-F, 7-Cl, 4,7-Cl,, AR

An organocatalytic enaptio- selective formal [3+2] ee = up to 97%

. . . Ry = Bn, Ph, 4-Me-CgH,CH,, 4-tBu-CgH4CHy,

annulation between i a_rapid route to 4-CF+-CH,CH,. 4-F-C-H,CH 18 examples

. . . . St 642 51-65% yield
chiral thiazolidine-base from a readily 4-CI-CgH4CH,, 88-98% v
available catalyst and achi (Scheme 38).7° 4-Br-CeHaCHy, 3-F-CoHyCHy, cat. 117

3.4-F,-CgHy-CH,

Thus, quinidine has been ciently used to catalyze the R, = Bog, Ethoxycarbonyl, Cbz gg Ség/mmelz
enantio- and di al [3+2] annulation of imines 28.96% e

113 and 2-me to assemble substitute dr=2:1

thiazolidines 114. alyst is able to activate 91

. L. Scheme 39: Asymmetric formal [3+2] annulation of 1 to isatin-derived
controll ckbone. The subsequent cyclization ketimines fort he synthesis of spirooxindole-4-thiazolidinones.

occeurr, il the nitrogen atom to the aldehyde

grou f the desired product.

This article is protected by copyright. All rights reserved.



European Journal of Organic Chemistry 10.1002/ejoc.201701785

WILEY-VCH

Very recently, Silvani and coworkers described a one-pot, three- N X
component reaction employed for the successful synthesis of 1+ R X  Et3N, 1-10
biologically relevant, highly functionalized spirooxindole-fused 3- eN
thiazoline derivatives 121 (Scheme 40)."® Thus, application of 123 60°C, 390 min
an Asinger-type reaction to a series of substituted isatins 119 as
the oxo component, ammonia and 2-mercaptoacetaldehyde 2
allowed to obtain efficiently a number of spirooxindole-fused 3-
thiazoline derivatives 121 through the intermediates 120.7%%"
The desired thiazolines were obtained with yields up to 81% for
the most reactive N-Me isatin through a simple and rapid
protocol.

X = CO,Et, CO,Me, CO,iPr, CN

X =CO,Et, C 7 examples
= _AR9 i
o MgSO, NH Y , Me, 16-45% yield
R X o toluene R X o
" ~N * NHs it 8h " ~N Scheme 42: Ge! ation of the 2-aminothiophenes
18 R, 120 R from 1,4-dithiane-2} ly substituted a-methine nitrile.
Ry
N
2 @_23 In fac co-workers demonstrated that the
R 7 PR .
30 min NQ substltut'lo.n by | grou'p adjacent to Fhe cyano group
. ' | 121 of the nitrile precursor predetermines the reaction outcome by
Zﬁmfs blocking the gGewald-type mechanism responsible for the
R = H, 5-0Me, 5-Br, 5-F, 5:CI; R, = H, Me, B, Tr, mation ojihe 2-§m|noth|9phenes leading to the excluswe
-subsituted thiazoles 125 and 126 from readily

ble, air stable 1,4-dithiane-2,5-diol 1 as precursor for 2-
toacetaldehyde, and the appropriately substituted a-
itrile 123 and 124 (Scheme 42). &

Scheme 40: Asinger-type reaction to substituted isatins, ammonia and 2-
mercaptoacetaldehyde 2 for the obtainment of spirooxindole-fused 3-thiazoline
derivatives.

to the synthesis of all 20 common natural proteinogeni 4 Synthesis of tetrahydropyranols
other oa-amino acid-isosteric a-amino 4

synthesis of cysteine analogue could not be o

tic [3 + 3] annulation of 1 and activated cyclopropanes
mercaptoacetaldehyde dimer, the desired Ugi pr

een employed as an efficient reaction for the synthesis
formed; therefore, a different strategy was devi iazines and oxathianes. The cycloaddition reactions of
use of 2,2-dimethylthiazolidine 122, a bench-stable nor-acceptor cyclopropanes represent powerful tools for
known to work as a Ugi-ready protected fo he construction of various carbocycles and heterocycles and
mercaptoacetaldehyde component in the classical UgW@ have been intensively studied in recent decades.*”
Component Reaction (CR). In the end, the target cys Srinivasan and co-workers described the one-pot method for
analogue was readily synthesized in the synthesis of tetrasubstituted thiophenes 66 from
another multi-component reaction, th tetrahydrothiopyranols 65, in turn obtained from the [3+3]
annulation of trans-2-aroyl-3-arylcyclopropane-1,1-
dicarboxylates 64 with 1 in the presence of stoichiometric
amounts of AICI; (Scheme 22)."% Interestingly, the Sc(OTf)s-
Me catalysed [3+3] annulation of cyclopropane 1,1-diesters 127
Me with 1 under mild reaction conditions allowed to obtain the
synthesis of  polyfunctionalized tetrahydrothiopyran
derivatives 128 and 129 via a ring-opening/aldol cascade
reaction (Scheme 43).[84]

Scheme 41: Asinger-3CR of a
dimer 1.

ne, ammonia and rcaptoacetaldehyde

M co,M
MeO,C_ CO,Me MeO,C  CcO,Me e0,C_CO;Me

Sc(OTf);, 10 mol% OH WOH
1 + ! +
R HFIP, 0°C R s R s
\ i u

As above descri e used as the aldehyde 127 128 129
precursor in a modi starting from nitriles to R = Ph, 2-MeCgH,, 3-MeCgH, 4-MeCgH, , 2-MeOCgHy,, 16 examples

) . ) . 4-MeOCgH,, 2-CICgH, 4-CICgH,, -94% vi
give 2-substituted ami : 2-FCgHy, 4-FCgHy, 3-BrCgHy, 4-BrCgH,, 4-BUCqH,, 77-94% yield

4-CF3CgHy 2,4,6-MyyCeHy. 2-naphthyl from1:1to1:5.5dr

HFIP = 1,1,1,3,3,3-hexafluoro-2-propanol
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Scheme 43: Sc(OTf)3-catalysed [3+3] racemic annulation of cyclopropane 1,1-
diesters with 1 under mild conditions to obtain polyfunctionalized

tetrahydrothiopyranols. 1 (NHZ EtOH, reflux \/\BR
+ R— - syn
SH p-TosOH
The reaction of donor/acceptor cyclopropanes with 1 reported by 132aR=H

Zhang's and Sirinivasan’s groups produced only racemic 132b R = CO,Et
tetrahydrothiopyranol structures.**® Recently, Feng's group

described a highly diastereo- and enantioselective [3+3] NH,
annulation of a number of aromatic substituted cyclopropyl CESH

ketones 130 acting as donor/acceptor cyclopropanes in the
presence of N,N’-dioxide-Sc(lll) complex as the catalyst with 1
producing the corresponding chiral tetrahydrothiopyranols 131 in
moderate yields, with excellent ee (up to 99% ee) and dr values
(up to >19:1) (Scheme 44).!

135

R=H Id 92:8
R = CO,Et 86%

Scheme 45: Do thesis of enantioenriched, fused
bisthiazolidines froi ithi x and cysteamine or L-cysteine.

Sc(OTf)3 10 mol% R COR,
Ligand 87 (10 mol%) COR
C0R1 _— > S 1 .

4A MS (20mg) OH ear f-aminoalcohols such as 137

TCE, 50°C 131 with 1 for the pri f the corresponding thiazolo[4,3-

15 | bloxazole bicycles is more complicated, leading to the

?&géHlj' 24-1“/'26(30?_{"'4,33-0'\'/'8(3;“2,0'(: ’ 38623’;‘)?1 farmation oxazolidinylthiazolidines 139  and/or
- 6'14, 7 6114, V7 614, &7 6'14, - 0 yield,

3-BrCgH, 4BrCqH, 84-99% o6, > 19 : 1 dr es 138 as the main products, the correct

1-naphthyl, 2-naphthyl, vinyl ithioazabicycle being previously misassigned as

iiranes. The distribution pattern depends mainly on the

R1 = CgHs 4-MeCgH, 4-FCgH,
n of the aminoalcohol substituents (Scheme 46). [87)

Ph Ph
Scheme 44: Diastereo- and enantioselective [3+3] annulation of a aro HO HO/\|" Ph —SH
R R g H, reflux z

substituted cyclopropyl ketones in the presence of N,N’-dioxide \ N N\
complex with 1 for the production of chiral tetrahydrothiopyranols. d\/s + ib + (0\ S

s B

H
(S)-138 (R)-138 (S)-139

5. Miscellaneous

The versatility of 1,4-dithiane-2,5-diol for th i ifllo[4,3-bJoxazole bicycles and oxazolidinylthiazolidines
sulfur-containing heterocycles could be furt
its application in the preparation of less common
structures. Thus, an efficient domino reaction
synthesis of enantioenriched, fused bisthiazolidines
generating an iminium ion followed by double cycllzatlon has
been described by Mahler and co-w rkers.®® This pro
leads efficiently to the creation of f

n 2012, an efficient one-step preparation of a series of N-
substituted-2,5-dithia-7-azabicyclo[2.2.1]heptanes 141
bearing different substituents involved the reaction of various
primary amines 140 with 1 in the presence of a catalytic
amount of Mg(ll) ions in water (Scheme 47). 88

derived from cysteamine 132a or L-cystein R

produced a mixture of the ant; Mg(OAc), N;\

134b, respectively, in exc i [ [ 1 +R-NH, d\/s

aminothiol 135 led to the fi 140 H,0 S 141
7-83% vyield

the transformation °ci
theoretical calculations.

Q\ﬂf oM HoJ Z

Scheme  47: One-step preparation of  N-substituted-2,5-dithia-7-
azabicyclo[2.2.1]heptanes from primary amines with 1 in the presence of
Mg(ll) ions.
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The ability of compounds 141 to bind to gold surfaces was
assessed by a number of trechniques, such as cyclic
voltammetry, electrochemical impedance spectroscopy ToF-
SIMS, and XPS, and it was found that these novel bicyclic
sulfides interact favourably with gold surfaces, with minimal
fragmentation. However, the adsorption and film packing
properties were greatly compromised by an N-pyridyl
substitution. The findings then indicate that the surface
behaviour of N-substituted 2,5-dithia-7-
azabicyclo[2.2.1]heptanes varies with respect to the N-
substitution and the nature of the substituent, suggesting that
the adsorption profiles and the film packing of bicyclic sulfides
on gold surfaces are highly dependent on the binding interface
and the molecular orientation.

Excellent yields of 1,4-dithiin 142 were obtained by heating a dry
DMF solution of 1 and 2.5 equivalents of thionyl chloride to
reflux (Scheme 48).12%

SOCI2 DMF [ j
1

140 160°C

Scheme 48: Synthesis of 1,4-dithiin142.

A particular attention has been recently devoted to 1,4-dif
owing to their unique electronic and conducting properti€s as
well as their use for the preparation of differenf sulfur
heterocycles.®*”

Perumal and co-workers described a facile a
synthesis of novel 3-aryl-5,6-dihydro-1,4,2-oxathia
presumably involving the concomitant in situ ge
presence of triethylamine of both 2-mercaptoac
(E)-N-hydroxyarylimidoyl chlorides 143 for the re
annulation. (Scheme 49).°"

N,OH Et;N (1 equiv)
)|\ DCM,
1+ I ar
rt, 8-12h
143

Ar = 4-C|06H4,4-BrC6H4, 4-PhC'6H4,
4_EtCGH4, 4-iPrCGH4, 4-tBUC6H4’CeH51
2-MeCGH4, 3-FC6H4, 3-Br
1-naphthyl, 2-naphthyl, 2
2-benzothienyl

thiazin-6-ols from
in the presence of

Scheme 49: Synthesis of novi
the reaction of (E)-N-hydroxya
triethylamine.

idoyl chlorides and

Recently, a one-p
1,4-thiazines 146

ategy for an approach to

in total atom economy and in
sed on sulfa-Michael addition/formal
ction between 1 and 1,2-diaza-1,3-
ttanasi and coworkers (Scheme
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X X__8
T
1 +
N~ "OH
R™™> Et,0, 1.15h
CO,R; >99% yield O,R,
145
R = Me, nPr, 11 examples
R4 = tBu, Me, Et
X =

1,4-thiazines 146
eaction between 1

sulfa-Michael addition/formal
1,2-diaza-1,3-dienes.

An unusual di
azomethine imine
proposed

+3] cycloaddition of 1 with
7 catalyzed by DABCO.®¥ has been
way to prepare a variety of highly
d dinitrogen-fused sulfur-containing
heterocycles 1 high yields (75-96%) with excellent
diastereoselectivities (>20:1 dr). (Scheme 51).Azomethine
ipines beari electron-rich and electron-deficient groups at
#13 on the aromatic ring could be efficiently used

ing to obtain very interesting heterocyclic products through
thetically practical methodology also applicable in a gram-

ith a simple workup.
o& ¥
R

[o]
9
i
®N\ MeOH, rt
\\R
R =Ph, 2-MeCgH, 3-MeCgH4 4-MeCgH, 17 examples
4-MeOCGH4‘2-CICGH4y4-BrCGH4’ dr>20:1
4-CNCgH, , 2-naphthyl , o
(E)-styryl, 2-furyl, 3-pyridyl, n-pentyl ~ 79-96% yield

DABCO 1 mol%

147

Scheme 51: Diastereoselective [3+3] cycloaddition of 1 with azomethine
imines 147 for the synthesis of highly functionalized six-membered dinitrogen-
fused heterocycles,

This reaction has been theoretically studied using DFT
computational calculations to gain insights of the mechanisms
and to explain the observed diastereoselectivity. A plausible
catalytic cycle has been proposed, the tertiary amine of the
catalyst providing suitable basicity to enhance the nucleophilicity
of mercaptoacetaldehyde generated from 1 under equilibrium
conditions.®*

Later, the kinetic resolution of the azomethine imines has been
successfully obtained with high selectivity factors (S factor up to
67). The base-catalyzed [3+3] annulation of the resolved
enantioenriched azomethine imine R-149 (R = Ph, 91% ee) with
1 in the presence of 1 mol% of DABCO proceeded smoothly in
20 min to produce the highly functionalized sulfur-containing
heterocycle 150 in 92% yield with exclusive diastereoselectivity
and maintained enantioselectivity (Scheme 52).1°%
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o o OH

- /N@ DABCO 1 mol% hl,/'\
Ph ®N\K MeOH, rt N\‘/S

Ph Ph Ph

149 150
91% ee 92% vyield
90% ee
>20:1 dr

Scheme 52: Base-catalyzed [3+3] annulation of resolved enantioenriched
azomethine imine R-149 with 1 for the synthesis of highly functionalized sulfur-
containing heterocycle 150.

A domino reaction of aryl isothiocyanates 151 and 1 under
solvent- and catalyst-free microwave irradiation paved the way
for a highly atom efficient synthesis of 4-hydroxy-3-
arylthiazolidine-2-thiones 152. (Scheme 53).°®! This sequence
could be also applied to aryl isocyanates to afford 3-
phenylthiazol-2(3H)-ones in good yields.

neat

BN

CNecss A

1+ ArN=C=S —wiec™ 7N
3-4 min Ar

151 152

Scheme 53: Synthesis of 4-hydroxy-3-arylthiazolidine-2-thiones 152 #frough
novel domino reactions of aryl isothiocyanates 151 and 1 under solvent- and
catalyst-free microwave irradiation.

In 2017, functionalized thiazine and oxathian
154 have been efficiently built up throu
catalyzed [3 + 3] annulation of
dicarboxylates and oxiranes 153 with in situ
mercaptoaldehyde.lgn

(Scheme 54).
CO,Et
X CO,Et Mgl, Ar\(X 2
1+ Ar T S
CO,Et DCM,rt
153

The 1,4-dithiane-2,5-diol around the
terocycles is far to be concluded.
e applications of a versatile and
inexpensive s or the synthesis of a variety of

sulfur containing heterocycles. It is relevant to underline the

long journey
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ability of 2-mercaptoacetaldehyde to function as a useful
platform molecule for the synthegga of important heterocycles,
including thiophene and 1,3-th families and, more
generally, for development of organocatalytic
asymmetric reactions.

Moreover, the use of 1 as
of nitrogen-containing

rather than sulfur-
tion has been recently
f 2- acylquinolines
1,4-dithane-2,5-
represents a further
cyclic chemistry.[%]

described by Wu'’s gr

diol as an eth
demonstration of i

Keywords: 1,4-Di
dol reactio

e-2 5-diol; Heterocycles; Thiophene;
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