SYNTHESIS AND REACTIVITY
OF
DlHYDROTHIOPYRANS AND

THIOPHENES

DERIVED FROM
OC-OXO SULFINES

SYNTHESIS AND REACTIVITY
OF
DlHYDROTHIOPYRANS AND

THIOPHENES

DERIVED FROM
OC-OXO SULFINES

EEN WETENSCHAPPELIJKE PROEVE OP НЕТ
GEBIED VAN DE NATUURWETENSCHAPPEN

PROEFSCHRIFT
TER VERKRIJGING VAN DE GRAAD VAN DOCTOR
AAN DE KATHOLIEKE UNIVERSTEIT NIJMEGEN,
VOLGENS BESLUIT VAN HET COLLEGE VAN DECANEN
IN HET OPENBAAR TE VERDEDIGEN OP
DINSDAG 26 SEPTEMBER 1995
DES NAMIDDAGS TE 3.30 UUR PRECIES

DOOR

ROLAND CHRISTIAAN DE LAET
GEBOREN OP 22 APRIL 1965 TE ARNHEM

Promotor: Prof.Dr. В. Zwanenburg

Realisatie: Universitair Publikatiebureau KUN
ISBN 90 373 0307 2

Life itself is like an onion
it has a bewildering number of layers
You peel them off, one by one
and sometimes you cry
Carl Sandburg

Aan mijn ouders

Paranimfen:

Drs. H.J.F. Philipse
Drs. E.M.A.M. Voncken

Dankwoord

Vele personen zijn direct of indirect betrokken geweest bij de totstandkoming van dit proefschrift
Om te beginnen wil ik mijn ouders bedanken voor het feit dat zij mij in de gelegenheid hebben gesteld
om dit allemaal te kunnen doen Met veel belangstelling en trots hebben zij mij altijd gevolgd
Daarna wil ik allereerst mijn promotor professor Zwanenburg bedanken voor zijn begeleiding en de
grote mate van vrijheid die hij mij gegeven heeft in het uitvoeren van dit onderzoek Ook voor
activiteiten buiten de chemie kon ik altijd bij hem op de deur kloppen
Daarnaast wil ik alle collega's van Koffiekamer UL337 bedanken voor de uitstekende sfeer waarin ik
door de jaren heen altijd met plezier heb kunnen werken In het bijzonder natuurlijk Ton Klunder,
Bertus Thijs, Gerry Ariaans, Jan "tourdirecteur" Dommerholt, Henk "hospita" Regeling, Gérard
Nefkens en Gordon Chittenden, de vaste rotsen in de branding die het laboratorium al decennia lang
draaiende houden
Een speciaal woord van dank gaat uit naar mijn direkte zwavelcollegaV Hans van der Linden, Enk
Philipse, Eddy Damen en Helgo Broxterman
Voor de technische en secretariële ondersteuning kon ik altijd terecht bij Ietje Dorhout, Sandra
Tijdink, Petra "nog steeds 21 " Groenewald, Layla Karakas, Pieter van der Meer, Helene AmatdjaisGroenen, Ad Swolfs, Peter van Galen, Ruud Zwijnen, Chris Kroon en Wim van Luyn
Last and certainly not least wil ik vanaf deze plaats "mijn" studenten bedanken die allen op geheel
eigen wijze een bijdrage hebben geleverd aan het onderzoek voor dit proefschrift (op volgorde van
binnenkomst) Mayra "Martha" van Klaveren, Enk "Watje" Philipse, Alessandra "Ha sempre
raggione" Trerè, Albert "Samsomietje" van Breemen, Davide "Magic methyl" Gianulli, André
'Koning" Derksen, Eddy "Eddepet" Damen, Wim "chemische binding" Timmermans, Patricia "la
bella bimba" Eindhoven, en Gerben "knip & plak" Lendennk
Buiten de chemie wil ik ook de mensen bedanken met wie ik prettig heb mogen samenwerken aan de
"internationalisering" van Nijmegen De mensen van het eerste uur van ESN-Nijmegen Gert-Jan
Bles, Frank Leemhuis, Erwin Haukes, Elvira Voncken, Conny Moonen, Manette van de Camp en
Dominique en Angélique Paquaij

Contents

CHAPTER 1

Introduction
1.1
1.2

General features of sulfines
α-Οχο sulfines

1
3

1.3

Aims and survey of the research

7

1.4

References

8

CHAPTER 2

Synthesis of sulfines from doubly-activated methylene compounds
2.1

Introduction

11

2.2

Dihydrothiopyran 1-oxides from sulfines and 2,3-dimethyl-l,3-butadiene

12

2.3

Dihydrohiopyran 1-oxides from sulfines and 1,3-butadiene

17

2.4

Dihydrothiopyran 1-oxides from sulfines and isoprene

18

2.5

Concluding remarks

19

2.6

Experimental part

20

2.7

References

28

CHAPTER 3

Some reactions of dihydrothiopyrans
3.1

Introduction

31

3.2

Deoxygenation reactions

32

3.3

Oxidation reactions

34

3.4

Synthesis of monocyclic thiabenzene derivatives

35

3.5

Preliminary studies towards the synthesis of Aprikalim

38

3.6

Substitution reactions of 2-arylsulfonyl-3,6-dihydro-2#-thiopyrans

39

3.7

Experimentalpart

45

3.8

References

63

CHAPTER 4

Intramolecular cyclization reactions of unsaturated α-οχο sulfines
4.1

Introduction

65

4.2

Results and discussion

67

4.3

Concluding remarks

76

4.4

Experimental part

76

4.5

References

85

Summary

87

Samenvatting

93

Publications and Presentations

98

Curriculum vitae

101

CHAPTER 1
INTRODUCTION

1.1 General features of sulfines
For more than two decades the Department of Organic Chemistry of the University of Nijmegen has
been actively involved in the chemistry of sulfines 1.2,3,4,5 j

n e

g e n e r a i structure of sulfines, which

are the S-monoxides of thiocarbonyl compounds, is depicted in Figure 1.1.

•s
, 1 ^ R

2

Figure 1.1
One representative of this family of organic sulfur compounds is well known in the daily life, namely
ethylsulfine [CH3CH=S(0)], which is the principal lachrymatory factor in freshly cut unions. This
simple sulfine is released during disruption of the cells of Allium species by action of the enzyme
allinase on frans-(+)-S-(l-propenyl)-L-cysteine S-oxide. During this process initially formed
vinylsulfenic acid tautomerizes to ethylsulfine (Scheme l.l) 6 · 7 · 8 .

-Ύ
Scheme 1.1
Various methods for the synthesis of a large variety of sulfines have been developed during the past
thirty years 2 · 5 · 9 ' 1 0 . The three most important approaches are schematically depicted in Figure 1.2.
Oxidation of appropriate thiocarbonyl compounds with hydrogen peroxide or with peroxycarboxilic
acids is by far the most versatile method 2 " 5 · 11 . Recently, (camphorsulfonyl)oxaziridine12 and
dimethyl dioxirane13·14 have been successfully used for the preparation of sulfines from thiocarbonyl
compounds. The formal replacement of one oxygen atom in sulfur dioxide by an alkylidene group
1
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constitutes an attractive method as well. This reaction is conveniently carried out by a modified
Peterson reaction, i.e. alkylidenation of sulfur dioxide with oc-silyl carbanions. The oldest method of
preparing sulfines is dehydrochlorination of appropriate sulfinyl chlorides. In this case the scope of
the method is determined by the availability of the starting sulfinyl chlorides.

/V

y<

H

|^

Figure 1.2
Also the reactivity and chemical behavior of sulfines has been extensively studied'•2·3·15. A
schematic overview of the results obtained over the years is presented in Scheme 1.22·4·5. The
chemistry of sulfines has been extensively reviewed in the literature 1 " 10 ' 15 · 16 .

Χ

Л.

Χ
Scheme 1.2

Introduction
One of the current interests in sulfine chemistry is the occurrence of the vinylsulfenic acid tautomer
Another topic that receives attention at present is the involvement of sulfines in sigmatropic
rearrangement reactions Reaction of alíeme sulfinates with vinylic Gngnard derivatives affords vinyl
sulfoxides, which subsequently undergo a rapid [3,3]-sigmatropic rearrangement to the alkynyl
sulfines followed by immediate dimenzation (Scheme 1 3)17
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Scheme 1.3
Also other groups have experienced this feature of sulfine chemistry in their work 7 · 1 8 · 1 9 · 2 0 Thermal
cychsation of enethiohsable (allylsulfanyl)sulfines afforded 2-alkyhdene-l,3-dithiolane I-oxides via
intramolecular addition of its tautomeric sulfenic acid to the allylic double bond Analogously,
sulfines bearing an S-(prop-2-ynyl) substituent cyclized to 2-alkylidene-5-methyIene-l,3-dithiolane
1-oxides (Scheme 1 4) 2 1

:;>ЛΎO,

R'

H
I

H
I

Scheme 1.4

1.2 α-Οχο sulfines
α-Οχο sulfines represent a special class of sulfines Until now α-οχο sulfines are only occasionally
mentioned in the literature In 1976 Ning et al reported the unexpected isolation of an unstable α-οχο

3
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suifine from the reaction of 9-oxo-10-acridanacetic acid with an excess of thionyl chloride in their
attempt to prepare the corresponding acid chloride (Scheme 1.5)22.

I.SOCI2
2. MeOH

Scheme 1.5
Faull and Hull claimed in 1981 the conversion of an oxo dihydrothiophene into the corresponding
sulfine on reaction with thionyl chloride25. The correctness of the proposed sulfine structure was
proven by Lenz et al. by preparing a Diels-Alder cycloadduct of this sulfine and performing a
subsequent X-ray diffraction analysis (Scheme 1.6)26. It was then found that the reaction of
appropriately activated methylene compounds, such as 3-oxo-2,3-dihydrobenzo[b]thiophene
(Scheme 1.6), can be converted into the corresponding sulfine by treatment with thionyl chloride in
the presence of a tertiary base (see also Chapter 2) 5 · 2 7 · 2 8 · 2 9 .

О
Et02C-^/\

О
S0Cl2

,

ЕЮгС-^Ays

RNH

Et0 2 C

RNH

R=Ph, C0 2 Et

NHR

О

SOCI 2

Scheme 1.6
The reaction of 4-methyl-4-nitro-l-phenylpentan-l-one with thionyl chloride under the influence of a
catalytic amount of pyridine, reported by Black et al., leads to a nitro-substituted ot-oxo sulfine and is
assumed to proceed as depicted in Scheme 1.730. It was claimed that neighboring group assistance of
the nitro substituent plays an essential role in the sulfine formation.
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Scheme 1.7
Barton et al. described a methylcarbonyl sulfine derived from 11-oxo-lithocholic acid by reaction with
thionyl chloride and pyridine, followed by a treatment with methanol (Scheme 1.8)23·24.

OMe

AcO v

Scheme 1.8
In the Nijmegen group the concept of the sulfine preparation from (doubly) activated methylene
compounds by treatment with thionyl chloride was elaborated further (see also Chapter
2)27,28,31,32,33 Furthermore, an important extension of this method was developed in this group
involving reaction of thionyl chloride with silyl enol ethers derived from methylene ketones. In most
cases the α-οχο sulfine was formed in situ and immediately trapped by a 1,3-diene in a Diels-Alder
reaction (Scheme 1.9). Only in some special cases the α-οχο sulfine crystallized from the reaction
mixture and could be isolated as such 3 1 · 3 2 . Almost at the same time this formation of α-οχο sulfines
from silyl enol ethers was also reported by Still et al.34,35,360
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"ÏX
Scheme 1.9
An entirely different approach for the synthesis of α-οχο sulfines was described by Himbert et al}*.
Reaction of an ynamine with N-(suIfinyl)arenesulfonamide initially leads to a [2+2] cycloadduct
which spontaneously ring opens to α-οχο sulfine shown in Scheme 1.1039·40.

R

\^°
"S02
Ph

R= Aryl, NHAryl
Scheme 1.10
The preparation of an α-οχο sulfine by thermal fragmentation of a sulfur-containing heterocyclic
compound using the flash vacuum thermolysis technique was reported recently 41 · 42 . In this case the
sulfine was characterized by photoelectronic and infrared spectroscopy as well as by the formation of
a cycloadduct with 2,3-dimethy 1-1,3-butadiene (Scheme 1.11).
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Scheme 1.11
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1.3 Aims and survey of the research
The research described in this thesis concentrates on the synthetic utility of α-οχο sulfines and
products, especially sulfur-containing heterocycles, derived therefrom
The synthesis of α-οχο sulfines from doubly activated methylene compounds constitutes an attractive
and versatile method for the preparation of these compounds as was demonstrated by Rewinkel

28

The scope of this method was further extended by studying some additional examples The results of
these experiments are described in Chapter 2 In practically all cases the in situ formed α-οχο sulfines
were trapped in a Diels-Alder reaction with a suitable 1,3-diene In addition to commonly used 2,3dimethyl-l,3-butadiene, some other dienes were considered as trapping agents

%^VR3

S^YR3

S^YR3
Nu

Nu

Scheme 1.12
The dihydrothiopyran derivatives, which are obtained through cycloaddition reaction of sulfines with
1,3-dienes, are synthons of potential interest Some aspects of their synthetic utility are described in
Chapter 3 In scheme 1 12 the general outline for the synthetic evaluation of dihydrothiopyrans as
synthetic intermediates is given

7
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The possibility of intramolecular cyclization reaction of oc-oxo sulfines was also examined. It will be
shown that such reactions lead to thiophene derivatives and that such reactions may proceed via the
intermediacy of the vinylsulfenic acid tautomer of sulfines (Chapter 4). Furthermore, it will be shown
that some α-οχο sulfines can be isolated as such, which gives us the opportunity to study the
chemical behavior of these compounds itself. A summary in English and in Dutch concludes this
thesis.

1.4 References
1.
2.

B. Zwanenburg and J. Strating, Quart. Rep. Sulfur Chem. 5, 79 (1970).
B. Zwanenburg, Reel Trav. Chim. Pays-Bas 101, 1 (1982).

3.

В. Zwanenburg and B.G. Lenz, Houben-Weyl, Methoden der Organischen Chemie, Band
Ell, Organische Schwefelverbindungen, George Thieme Verlag, Stuttgart, p. 911 (1985).

4.
5.

B. Zwanenburg, Reviews on Heteroatom Chemistry 1, Ed. S. Oae, p. 218 (1988).
B. Zwanenburg, Phosphorus, Sulfur and Silicon 43, 1 (1989).

6.
7.

E. Block, Phosphorus, Sulfur and Silicon 58, 3 (1991).
E. Block, Angew. Chem. 104, 1158 (1992).

8.

E. Block and T. Bayer, J. Am. Chem. Soc. 112, 4584 (1990).

9.
10.

F. Freeman, Chem. Rev. 84, 117 (1984).
W. Sundermeyer, Synthesis, 349 (1988).

11.

A.M. LeNocher and P. Metzner, Tetrahedron Lett. 32, 747 (1991). M. Lemarié, T.N.
Pham and P. Metzner, Tetrahedron Lett. 32, 7411 (1991).
F.A. Davis, R. ThimmaReddy and M.C. Weismiller, J. Am. Chem. Soc. I l l , 5964
(1989).

12.
13.

H.J.F. Philipse, R.C. de Laet and B. Zwanenburg, to be published.

14.

R. Tripoli and E. Nachbaur, Phosphorus, Sulfur and Silicon 65, 173 (1992).

15.

G. Opitz, Angew. Chem. 79, 161 (1967).

16.

P. Metzner and T.N. Pham, J. Chem. Soc, Chem. Comm., 390 (1988). F. Cerreta, С.
Leriverend and P. Metzner, Tetrahedron Lett. 34, 6741 (1993). P. Metzner, Phosphorus,
Sulfur and Silicon 58, 295 (1991).

17.

J.B. Baudin, M.G. Commenil, S.A. Julia, L. Toupet and Y. Wang, Synlett., 839 (1993).

18.

S. Braverman, D. Grinstrein and H.E. Gottlieb, Tetrahedron Lett. 35, 953 (1994).

19.

D.N. Jones in "Perspectives in the Organic Chemistry of Sulfur" (A.J.H. Klunder and B.
Zwanenburg, Eds.), Elsevier Science Publishers, Amsterdam, 1987, pag. 189.

20.

S. Braverman in "The Chemistry of Sulphenic Acids and their Derivatives" (S. Patai, Ed.),
J. Wiley & Sons, Chichester, 1990, Ch. 8.

8

Introduction
21.

G. Mazzanti, E. van Helvoirt, L.A. van Vliet, R. Ruinaard, S. Masiero, B.F. Bonini and В.
Zwanenburg, J. Chem. Soc. Chem. Comm., 3299 (1994).

22.

R.Y. Ning, P.B. Madan, J.F. Blount and R.I. Freyer, J. Org. Chem. 41, 3406 (1976).

23.

D.H.R. Barton, J. Wozniak and S.Z. Zard, J. Chem. Soc. Chem. Comm., 1383 (1989).

24.
25.

D.H.R. Barton, J. Wozniak and S.Z. Zard, Tetrahedron 45, 3741 (1989).
A.W. Faull and R. Huil, J. Chem. Soc. Perkin I, 1078 (1981).

26.

B.G. Lenz, R.C. Haltiwanger and B. Zwanenburg, J. Chem. Soc. Chem. Comm., 502
(1984).

27.

B.G. Lenz, Ph.D. Thesis, University of Nijmegen (1984).

28.
29.

J.B.M. Rewinkel, Ph.D. Thesis, University of Nijmegen (1989).
R.C. de Laet, A.J.J.M. van Breemen, A.J. Derksen, M. van Klaveren and B. Zwanenburg,
Phosphorus, Sulfur and Silicon 74, 371 (1993).

30.

D.St.C. Black, G.D. Fallon, B.M. Gatehouse and J.D. Wishart, Aust. J. Chem. 37, 777
(1984).

31.

B.G. Lenz, H. Regeling and В. Zwanenburg, Tetrahedron Lett. 25, 5947 ( 1984).

32.

B.G. Lenz, H. Regeling, H.L.M. van Rozendaal and B. Zwanenburg, J. Org. Chem. 50,
2930 (1985).

33.

J.B.M. Rewinkel and B. Zwanenburg, Reel. Trav. Chim. Pays-Bas 109, 190 (1990).

34.
35.

I.W.J. Still and F.J. Ablenas, J. Chem. Soc, Chem. Commun., 524 (1985).
I.W.J. Still, D.V. Frazer, D.K.T. Hutchinson and J.F. Sawyer, Can. J. Chem. 67, 369
(1989).

36.
37.

I.W.J. Still, Phosphorus, Sulfur and Silicon 58, 129 (1991)
I.W.J. Still and D.K.T. Wilson, Can. J. Chem. 70, 964 (1992).

38.
39.

S. Kosack and G. Himbert, Chem. Ber. 121, 833 (1988).
K-P. Pfeifer and G. Himbert, Tetrahedron Lett. 31, 5725 (1990).

40.

G. Himbert, K.-P. Pfeifer and CE. Finkele, Phosphorus, Sulfur and Silicon 59, 125
(1991)

41.

F. Bourdon, J-L. Ripoll, Y. Vallée, S. Lacombe and G. Pfister-Guillouzo, New. J. Chem.
15, 533 (1991).

42.

F. Bourdon, J-L. Ripoll and Y. Vallée, J. Org. Chem. 55, 25 (1990).

9

10

CHAPTER 2
SYNTHESIS OF SULFINES FROM DOUBLY
ACTIVATED METHYLENE COMPOUNDS

2.1 Introduction
As outlined in the introductory chapter sulfines can be prepared by various routes One of these
methods is based on the 1,2-dehydrohalogenation of appropriate sulfinyl chlorides A drawback of
this approach is that suitable sulfinyl chlorides are often difficult to obtain A convenient method
would be to prepare the sulfinyl chloride in situ, followed by a direct dehydrohalogenation of this
intermediate resulting in the formation of the sulfine In 1981 Faull and Hull reported the synthesis of
an α-οχο sulfine starting from a 4-oxo-4,5-dihydrothiophene using this concept1 Later the reaction
was repeated in the Nijmegen Laboratory of Organic Chemistry by Lenz et al2 The in situ prepared
sulfine was trapped with 2,3-dimethyl-l,3-butadiene to give a Diels-Alder cycloadduct, the structure
of which was proven by an X-ray diffraction analysis2 (Scheme 2 1 ) The first step in this sequence
is actually a reaction of an active methylene compound with thionyl chloride to give a sulfinyl chloride
which then is dehydrohalogenated to the sulfine

О
Et02C-^\
RNH

О
S 0 C

4

Et02C-^/\^S0
RNH

R=Ph,C02Et
Scheme 2.1
The reaction of methylene carbonyl compounds with thionyl chloride is reviewed extensively by
Oka3 It appears that the outcome of the reaction strongly depends on the reaction conditions used In
this review the possible intermediaty of sulfines is mentioned but no concrete evidence for this
formation WAS given After the reaction shown in Scheme 2 1 several other examples of the formation
of sulfines from activated methylene compounds with thionyl chloride were described4 (see Chapter
1) In most cases the activating group of the methylene compound is a carbonyl function, but also
other activating (non-enohzable) groups are of potential interest
Inspired by these results it was decided to elaborate the concept depicted in Scheme 2 2 to a general
and versatile method for the synthesis of α-οχο sulfines from activated methylene compounds using
II
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thionyl chloride as the sulfinylating agent Nucleophihc reaction of the methylene compound with
thionyl chloride leads to the formation of a sulfinyl chloride which undergoes an immediate 1,2dehydrochlonnation to give the sulfine

* H
X

R2

H

soci2
-HCl

n

;

,°

2

4

*- H-)—s
R

α

χ ,?

-HCl

*• >=s
R

2

Scheme 2.2
Questions as what is the scope of the reaction and which electron-withdrawing groups other than
carbonyl groups can be used as activating groups will be dealt with The sulfines formed in this
manner are in most cases trapped with a 1,3-diene in a Diets-Alder reaction (Scheme 2 1) It is
therefore relevant to study also the behavior of various 1,3-dienes in this trapping reaction The
results of this study will be reported in this chapter

2.2 Dihydrothiopyran 1-oxides from sulfines and 2,3-dimethyl-l,3-butadiene
As indicated above the reaction of active methylene compounds with thionyl chloride strongly
depends on the reaction conditions chosen It is therefore of importance to establish the optimal
reaction conditions Sulfines bearing an electron-withdrawing substituent are very sensitive toward
reductive hydrolysis5·6 During aqueous work-up such a sulfine will hydrolyze to the original active
methylene compound7·* Consequently, aqueous work-up should be avoided Because of the
presence of the electron-withdrawing substituents these sulfines are excellent dienophiles in DielsAlder reactions with 1,3-dienes Therefore, 1,3-dienes are used as trapping agents for such sulfines
6

An important factor to be taken into account is the nucleophilicity of the methylene compound In
order to ensure sufficient reactivity, substrates were selected bearing two electron-withdrawing
substituents For these type of substrates the best conditions for the reaction with thionyl chloride
were found to be the following4 A solution of the doubly-activated methylene compound together
with a tertiary amine should be added to a cooled solution of thionyl chloride and an excess of the
trapping diene Although not all substrates were equally sensitive to the reaction conditions, generally
the reaction of two methylene compounds with one molecule of thionyl chloride can be circumvented
by this above mentioned order of addition of reactants It was also found that a fast and efficient
trapping reaction of the in situ formed sulfines prevents a further reaction of the sulfine with thionyl
chloride to take place It is believed that the function of the base is merely to act as HCl-scavenger
rather than to deprotonate the methylene compound in the initial reaction with thionyl chloride It is
important to use a non-nucleophilic base for which 2,6-lutidine is a good choice and in some cases
tnethy lamine was used as a good alternative
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Synthesis of dihydro-2//-thiopyran

Table 2.1

using

R

1

R

2

1
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la

1-oxides from sulfines
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See reference 4 bObtained as a mixture of diastereomers Tnethylamine

was used as the base dVia the corresponding silylnitronate
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A series of active methylene compounds was already studied by Rewinkel Several new examples
were investigated in this work The results are collected in Table 2 1 In all cases, 2,3-dimethyl-l ,3butadiene was used as the trapping agent When a symmetrically substituted methylene compound
l

2

(R = R ) was used as the substrate a single cycloadduct 2 was obtained In the case of
1

2

unsymmetncal substrates 1 (R * R ) the resulting dihydrothiopyran 1-oxides can consist of a
mixture of diastereomers
R1

Ρ

1

о

Ri

R1

у— ** -*->*.—*H
R

Scheme 2.3
These diastereomeric cycloadducts are arising from the Diels-Alder reaction of an £ and Ζ mixture of
sulfines The geometry of the sulfines is determined in the dehydrohalogenation step of the
intermediate sulfmyl chloride, as is shown in Scheme 2 3 Elimination of a halide ion from the
initially formed carbanion will be the rate determining step with a kinetic preference for the
thermodynamically most stable sulfine isomer The relative stenc volume of R' and R 2 and their
electrostatic interaction with the sulfine oxygen atom in fact governs the geometrical preference In the
case of products 2d, 21, 2n and 2o the E and Ζ sulfine apparently have a companble stability
because a mixture of diastereomeric adducts is obtained For the rest of the products there is a clear
preference for one sulfine isomer as only one single cycloadduct was obtained Most likely, the
smallest sulfine substituent will be syn to the sulfine oxygen in these cases
The results in Table 2 1 reveal that in addition to carbonyl-containmg activating groups also various
other electron-withdrawing functions can serve to activate the methylene group As a rule it was
found that the pKa values9 of the α-methylene protons should be at least in the range of 13-14 to
classify the substrate as suitable for the reaction with thionyl chloride to give a sulfine
The reaction with nitro compounds It to lw deserves some extra comment According to their pKa
10

value of ca 10 2 the nitro group should be an excellent alternative for a carbonyl group In fact,
only one nitro group should be sufficient to activate the methylene compound for the nucleophilic
reaction with thionyl chloride However, all reactions involving simple primary nitro compounds
failed to give the desired nitro sulfines or the corresponding dihydrothiopyran 1-oxides and only
starting material was recovered In order to enhance the nucleophilicity the nitro compounds were
transformed into their corresponding silyl nitronates However, this had only a little effect on the
formation of a nitro sulfine In one case, namely with substrate lv the corresponding nitro sulfine
could indeed be trapped as the dihydrothiopyran 1-oxide 2v in a low yield
More successful was the use of a nitro group in combination with a second electron-withdrawing
group (lw, It and lu) The corresponding sulfine adducts 2w, 2t and 2u were obtained, albeit still
in modest yields These results can be explained by the occurrence of a competing reaction, viz the
14
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formation of a nitnle oxide which on cycloaddition with 2,3-dimethyl-l,3-butadiene leads to the byproducts 5t and 5w (Scheme 2 4)
SO
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Scheme 2.4
The mechanism of formation of the nitnle oxide is depicted in Scheme 2 5 This reaction bears some
resemblance with that of nitro compounds with phenylisocyanate and phosphorus oxytrichloride1 ' It
should be noted that the use of thionyl chloride in the generation of nitnle oxides has no precedent in
the literature It is known that nitnle oxides can undergo a 1,3-dipolar cycloaddition reaction with
olefins to give ïsoxazolines' ' 12
In the present case the regiochemistry of the cycloaddition could not be established unequivocally by
means of spectroscopy However, on the basis of the frontier molecular orbital interactions between
the diene and the nitnle oxide the regio chemistry of the isoxazoline is probably as shown in Scheme
2 413,14

N4
II
О

Et,N
SOCI,

,AQ
'N+
I
О

£

2 HCl
-*• R-C=N + -0
-SO;

Scheme 2.5
In addition to the doubly-activated methylene compounds listed in Table 2 I, bissulfones were
subjected to the reaction with thionyl chloride Bis(phcnylsulfonyl)methane 6a reacts smoothly with
thionyl chloride to give the corresponding sulfine which was trapped as its Diels-Alder adduct 7a
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(Table 2 2) Similary, bissulfone 6b was converted into the corresponding cycloadduct 7b in a
moderate yield (Table 2 2) Bissulfone 6c derived from binaphtol refused to give a sulfine
cycloadduct and only starting material was recovered No reaction took place Probably, the twist in
this molecule, which introduces considerable strain by the formation of the sp 2 carbon atom of the
sulfine, is responsible for the deviant behavior of this substrate It is a pity that substrate 6c could not
be converted into a sulfine because it would have had an interesting chiral center

Table 2.2

Synthesis of dihydrothiopyran 1-oxides from bissulfones

*l
>

R

2

w

R1

SOCI 2
* •

2,6-lutidme
CH 2 CI 2 , 0°C

О
R2

It should be noted that Delucchi studied the generation and reactions of the carbanion of these
dinaphtodithiepines 15 Treatment of the dinaphtodithiepine with л-butyllithium followed by
quenching the anion with an electrophile, e g methyl iodide afforded the addition product These
reactions demonstrate that the initial step in the synthesis of the sulfine, viz formation of the anion
and reaction with thionyl chloride, is probably not the problem Most likely, the subsequent
dehydrochlonnation step cannot take place because the transition state wherein the anion must be
positioned anii-penplanare to the leaving chlorine is not allowed due to the molecular strain
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Reductive hydrolysis on aqueous work-up masked the initially formed dinaphtodithiepine sulfinyl
chloride and apparently no reaction took place.

2.3 Dihydrothiopyran 1-oxides from sulfines and 1,3-butadiene
Thus far, these sulfines derived from doubly-activated methylene compounds were trapped in a DielsAlder reaction with 2,3-dimethyl-1,3-butadiene. For sake of comparison other simple dienes, such as
1,3-butadiene and isoprene (Section 2.4) were also investigated in the reaction with sulfines.
Experimentally these reactions were performed as described in the preceding section, i.e. by in situ
trapping of the sulfine with an excess of diene. The results with a series of sulfines are collected in
Table 2.3. The data in this table reveal that 1,3-butadiene is also a good trapping agent for these type
of sulfines. However, the yields of the cycloadducts are in average lower than those obtained for 2,3dimethyl-l,3-butadiene. This is probably attributable to the lower reactivity of 1,3-butadiene in
comparison with its dimethyl analogue (electronic and conformation effect)16. It should be noted that
substrates containing a sulfonyl and an ester or a nitrile group give the best results.

Table 2.3

Synthesis of dihydro-2//-thiopyran 1-oxides from sulfines
using 1,3-butadiene

R1

\ /?

SOCI 2

)=

2,6-lutidine

2

R
1

CH2CI2, 0°C

substrate
lb
li
Ik
11
lm
Is
lx

R'
PhCOEt02CPhS02p-CI-PhS02Et02CPhS02p-Cl-PhS02-

S

R2

4J , °T)
1

R ^4^
R2

4
R2
-COPh
-сОгЕі
-СОгМе
-СфМе
-CN
-CN
-C02Bomd

product

Yield(%)

4b
4i
4k
41
4m
4s
4x

45
38
72 a
b
81
75
91
quant.c

Юbtained as mixture of two diastereomers (3:2).
b
Obtained as mixture of two diastereomers (5:2).
Obtained as mixture of four diastereomers (3:3:1:1).
d
C0 2 Bom means ester of (-)Bomeol
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2.4 Dihydrothiopyran 1-oxides from sulfines and isoprene
The reaction of sulfines with isoprene has an additional feature, namely that two regioisomeric
cycloadducts can be obtained A series of sulfines derived from doubly-activated methylene
compounds was trapped in situ with isoprene The results are collected in Table 2 4 Symmetrically
substituted sulfines in one case (viz from substrate la) formed only one regioisomer of the
cycloadduct with isoprene, in the other two cases (viz products 3b and 3i) both regiotsomers were
formed in a ratio of 7 3 These regioisomers could not be separated by chromatographic techniques

Table 2.4

Synthesis of dihydro-2ff-thiopyran
using isoprene

1-oxides from sulfines

SOCI 2
)=S

2,6-lutidme

>

R2

CH2CI2, 0°C
no
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R 12 - 7 \ ^
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R·-
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/
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3(5-Me)

-R2
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R '
3(4-Me)

no

yield(%)

5-Me 4 Me
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1000

-COPh

3b

65

70 30

7
^

R1'2

lb

PhCO-

le

t-BuCO-

-C0 2 Et

3e

28

1000

If

t-BuCO-

-CN

3f

56

1000

li

Et0 2 C-

-CC^Et

3i

48

70 30

lm

NC-

-C0 2 Et

3m

92

1000

In

ЕЮ2С-

-P(0)(OEt)2

3n

85

80 20

For unsymmetncally substituted substrates not only regioisomeric cycloadducts are possible but each
regioisomer may be present as a mixture of diastereomers In these cases, namely for products 3e, 3f
and 3m only one cycloadduct could be isolated, while for product 3n two regioisomers were
obtained Spectral analysis did not allow an unambiguous assignment of the structure of the
regioisomers Fortunately, compound 3f crystallized nicely and therefore, an X-ray diffraction
analysis could be performed17 The results of this analysis, which is shown in Figure 2 I. is that the
isolated product 3f is the 5-methyl regioisomer
The X-ray analysis also reveals that the cyano group and the sulfoxide oxygen are in лул-position
Consequently, this cycloadduct is derived from the £-sulfine, also with the cyano group and the
18
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sulfine oxygen in .гул-position. The preferential formation of this E-sulfine is in full agreement with
the proposed mechanism of sulfine formation (see Section 2.2, Scheme 2.3).
On the basis of the structure of 3f its spectral characteristics could also be assigned. This information
made it possible to assign also the structures of the other cycloadducts 3, especially on the basis of
the chemical shift of the 4-hydrogen atom. The substrates le, If, and lm all three isolated products
had the same regiochemistry (Table 2.4).

Figure 2.1

X-ray diffraction analysis of 2-cyano-2-pivaIoyl-3,6-dihydro-5-methyl-2//thiopyran 1 -oxide 3f.

The preference for the formation of the 5-methyl regioisomer of cycloadduct 3 is in agreement with
the frontier molecular orbital theory. An electron donating group on the 2-position of a diene raises
the energy of the HOMO and increases the atomic orbital coefficient on C-l 1 8 . Theoretical
calculations of an α-οχο sulfine show that the largest atomic orbital coefficient is on the sulfur atom4.
As a consequence the Diels-Alder reaction of isoprene with an α-οχο sulfine is expected to have a
preference for the regioisomer wherein the C-l atom of isoprene has reacted with the sulfur atom to
give the 5-methyl derivative as the major product.

2.5 Concluding remarks
Doubly activated methylene compounds react smoothly with thionyl chloride in the presence of 2,6lutidine to give a very reactive sulfine, which can be trapped in a Diels-Alder reaction with a diene to
give the corresponding dihydrothiopyran 1-oxides. The initiating step in this reaction sequence is the
attack of the carbanion derived from the methylene group on thionyl chloride to give a sulfinyl
chloride, which in a subsequent reaction readily undergoes dehydrochlorination to produce the
sulfine. To activate the methylene carbon not only carbonyl groups but also various other electron-

19

Chapter 2
withdrawing groups can be used These electron-withdrawing groups can be used in any combination
to activate the methylene group
The geometry of the sulfine obtained by the dehydrochlormation reaction is governed by the stenc
volume of the electron-withdrawing substituents and by the electronic interaction of these groups with
the sulfine oxygen atom With a small substituent such as the cyano group only one sulfine isomer is
obtained as can be deducted from the fact that only one diastereomer of the cycloadduct with 2,3dimethyl-l,3-butadiene is obtained In the trapping reaction of these reactive sulfines 2,3-dimethyl1,3-butadiene is most effective, 1,3-butadiene itself is less reactive and isoprene may lead to
regioisomeric cycloadducts The same order of reactivity was found in a kinetic study of these dienes
in Diels-Alder reaction with maleic acid anhydride and thioketones16·23

2.6 Experimental Part
IR spectra were recorded on a Perkin-Elmer 298 infrared spectrophotometer !H-NMR spectra were
recorded on a Varían EM-390 spectrometer (90 MHz, CW) with SiMe4 as an internal standard or on
a Bruker AC 100 spectrometer (100 MHz, FT) with SiMe4 as an internal standard 13C-NMR spectra
were recorded on a Bruker AC 100 spectrometer (25 MHz, FT) with SiMe4 as an internal standard
Mass spectroscopy was performed on a double focussing VG 7070E mass spectrometer and
elemental analyses were performed on a CHNS-O 1108 element analysator Melting points were
determined on a Reichert Thermopan microscope and were uncorrected Preparative chromatography
was performed as "flash"-chromatography with a pressure of 1 5 bar or chromatography under
normal pressure using either silica gel 60H (Merck art no 7736) or silica gel 60 (Merck art no
7734) as the stationary phase Optical rotations were measured on a Perkin-Elmer 241 Polarimeter
Dichloromethane was distilled from phosphorus pentoxide, tetrahydrofuran from lithium aluminum
hydride, diethyl ether from sodium hydride, hexane from calcium hydride, ethyl acetate from
potassium carbonate, thionyl chloride from tnphenyl phosphite, and 2,6-lutidine and triethylamine
from potassium hydroxide pellets All other solvents and reagents used were of either Ρ A or
"reinst" quality
Ethyl pivaloyl acetate and cyano pmacolone were received as a gift by Shell Bissulfones were kindly
provided by DeLucchi 15 p-Chlorophenylsulfonyl acetate 1 9 , methyl nitroacetate 20 and
(phenylthio)nitromethane21 were prepared as described in the indicated literature

Methyl (p-chlorophenylsulfonyl)acetate (11)
The procedure of Tanikaga19 was followed, however potassium tert-butoxide in tetrahydrofuran was
used instead of sodium in methanol, to prepare methyl (p-chlorophenylthio)acetate as a colorless
liquid starting from p-chlorobenzenethiol (10 28 g, 71 1 mmol) in a yield of 14 89 g (97%), b ρ
101-103°C/45mbar
20
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Subsequently, the methyl (p-chlorophenylthio)acetate was dissolved in dichloromethane (100 ml)
and a solution of 23 7 g (138 mmol) of m-chloroperbenzoic acid (m-CPBA) in dichloromethane (50
ml) was added at 0°C After a TLC-analysis showed the complete disappearance of the starting
material, the reaction mixture was washed with an aqueous sodium metabisulfite solution and twice
with water The washings were extracted twice with dichloromethane and the combined organic
layers were washed with an aqueous solution of sodium hydrogencarbonate and dried over
magnesium sulfate After concentration compound 11 was obtained as a white solid in a yield of
17 09 g (100%)
'H-NMR (CDCI3) δ 3 72 (s, 3H, -OCH3), 4 15 (s, 2Н, -СН2-), 7 56 + 7 90 (ABq, 4Н, J
Hz, arom)

A

B=

86

2-(-)-Bomyl chloroacetate
A solution of chloroacetyl chloride (46 3 mmol, 5 24 g) in dichloromethane (100 ml) was added to a
dichloromethane solution of tnethylamine (42 1 mmol, 4 27 g) and (-)bomeol (42 1 mmol, 6 50 g)
at 0°C The reaction mixture was allowed to warm to room temperature and was stirred for two days
The reaction mixture was washed with water (50 ml), and an aqueous sodium hydrogencarbonate
solution (40 ml), and the washings were extracted twice with dichloromethane (20 ml) The
combined organic layers were dried (MgS04) and concentrated to give the product as a light brown
oil in a yield of 9 72 g (100%)
IR(CC14) ν 1730 (C=0) cm 1 'H-NMR (CDCI3) δ 0 85 and 0 86 and 0 91 (3x s, 9H, 3x -CH3),
1 07-2 07 (m, 6H, 3x -CH2-), 2 23-2 51 (m, IH, -C-CH-), 4 08 (s, 2H, -CH2-C1), 4 90 5 05 (m,
IH, -O-СИ-) ppm MS (CI) m/e 231 (M + +l) CI/HRMS m/e 230 1075 ±0 0005 (Cale for
Ci2Hi9C102(M+) 230 1074)
2-(-)-Bornyl (p-chlorophenylthio)acetate
The procedure of Tanikaga19 was followed, however, potassium tert butoxide in tetrahydrofuran
was used instead of sodium in methanol Starting from 2-(-)-bornyl chloroacetate (9 62 g, 41 7
mmol) the product was obtained as a colorless oil after flash-chromatography with hexane / ethyl
acetate (9/1, v/v) in a yield of 13 14 g (93%)
IR(CC14) ν 1725 (C=0) cm ' 'H-NMR (CDCI3) δ 0 76 and 0 85 and 0 87 (3x s, 9H, 3x -CH3),
1 12-2 04 (m, 6H, 3x -CH2-), 2 16-2 33 (m, IH, -C-CH-), 3 63 (s, 2H, -S-CH2-), 4 80-4 95 (m,
IH, -0-CH-), 7 34 + 7 42 (ABq of t, 4H, JAB= 9 0 Hz, J,= 2 6 Hz, arom) ppm MS (CI) m/c 339
(M++1) CI/HRMS m/e 338 1108 ±0 0005 (Cale for Ci 8 H 2 3 C10 2 S (M+) 338 1107) [cc]D25=
-17 8°(c= 1 0, CHCI3)
2-(-)-Bornyl (p-chlorophenylsulfonyl)acetate (lx)
To a stirred solution 2-(-)-bornyl (p-chlorophenylthio)acetate (13 0 g, 38 4 mmol) in
dichloromethane (100 ml) a solution m-chloroperbenzoic acid (m-CPBA, 13 2 g, 76 8 mmol) in
dichloromethane (150 ml) was added at 0°C After a TLC analysis showed the complete
21

Chapter 2
disappearance of the starting material the reaction mixture was washed with an aqueous sodium
metabisulfite solution (100 ml) and twice with water (50 ml) The washings were extracted twice
with dichloromethane (40 ml) and the combined organic layers were washed with an aqueous
solution of sodium hydrogencarbonate (50 ml), dried over magnesium sulfate and concentrated
After flash-chromatography with hexane / ethyl acetate (4/1, v/v) and cystallization from hexane /
toluene the product was obtained as white crystals in a yield of 10 67 g (75%), m ρ 105°C
IR(CC14) ν 1735 (C=0), 1325 and 1165 (S0 2 ) cm ' ·Η-NMR (CDCI3) δ 0 79 and 0 88 (2x s,
9H. 3x -CH3), 1 10-1 91 (m, 6H, 3x -CH2-), 2 16-2 48 (m, IH, -C-CH-), 4 14 (s, 2H, -S0 2 CH2-), 4 80-4 97 (m, IH, -0-CH-), 7 57 + 7 90 (ABq of t, 4H, J A B = 8 8 Hz, J,= 2 0 Hz, arom)
ppm MS(CI)m/e 371 (M++1) CI/HRMS m/e 370 1004 ±0 0005 (Cale for Ci 8 H 2 3 C10 4 S (M+)
370 1006) Anal Cale for Ci 8 H 2 3 C10 4 S (370 897) С 58 29, Η 6 25, S 8 64, found С 58 22, H
6 12, S 8 42 [a] D 2 5 = -21 2° (c= 1 0, CHCI3)

General procedure for the preparation of dihydrothiopyran 1-oxides (2), (3), (4) and
(7)
The procedure as described by Rewinkel4 was followed To a stirred solution of thionyl chloride
(10 5 mmol, 0 77 ml) and excess diene (7-10 ml, see tables 2 10, 2 20, 2 30 and 2 40) in
dichloromethane (50 ml) the active methylene compound (10 mmol) and 2,6-lutidine (21 mmol, 2 45
ml) solved in dichloromethane (10 ml) were added dropwise and the reaction mixture was maintained
at the temperature indicated in the corresponding table for 2 h under an inert atmosphere of argon
The reaction mixture was washed twice with water (50 ml) and the washings were extracted twice
with dichloromethane (25 ml) The combined organic layers were dried (MgS04) and concentrated
The resulting crude product was purified using column chromatography (silica gel 60) with the eluent
shown below
2-Ethoxycarbonyl-2-pivaloyl-3,6-dihydro-4,5-dimethyl-2W-thiopyran 1-oxide (2e)
Compound 2e was chromatographed with hexane / ethyl acetate (2/1, v/v), crystallized from hexane /
toluene and obtained as colorless crystals in a yield of 47%, m ρ 88°C
IR(KBr) ν 1730 (C=0 ester), 1680 (C=0 ketone), 1055 (S=0) cm ' 'H-NMR (CDCI3) δ 1 16 (s,
9H, -С(СНз)з), 1 33 (t, ЗН, J= 7 3 Hz, -ОСН 2 СНз), 1 67 and 1 81 (2x s, 2x 3H, -C=C-CH3),
2 6-3 8 (m, 4H, 2x -CH2-C=C-), 4 33 (q, 2H, J= 7 3 Hz, -ОСШСН3) ppm MS (EI) m/e 300
(M+)
2-Cyano-2-pivaloyl-3,6-dihydro-4,5-dimethyl-2ff-thiopyran 1-oxide (2f)
Compound 2f was crystallized from hexane / toluene and obtained as colorless crystals in a yield of
78%, m ρ 85°C
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IR(KBr) ν: 2230 ( O N ) , 1705 ( O O ) , 1080 (S=0) cm"1. >H-NMR (CDC13) δ: 1.41 (s, 9H,
-С(СНз)з), 1.70 and 1.80 (2х s, 2х ЗН, -С=С-СН3), 2.73 (broad s, 2Н, -СН2-С=С-), 3.74 (s,
2Н, -S(0)-CH2-) ppm. MS (ΕΙ) m/e: 253 (Μ+).
2-Methoxycarbonyl-2-phenylsulfonyl-3,6-dihydro-4,5-dimethyl-2H-thiopyran 1oxide (2k)
Compound 2k was chromatographed with hexane / ethyl acetate (1/1, v/v), recrystallized from
toluene / hexane and obtained as white crystals in a yield of 93%, m.p. 118-120°C.
IR(CCl4)v: 1740 (C=0), 1330 and 1150 (S02), 1080 (S=0) cm 1 . lH-NMR(CDCl 3 ) δ: 1.77 (s,
6H, 2x -СНз), 2.71-3.91 (m, 4H, 2x -CH2-), 3.61 (s, ЗН, -OCH 3 ), 7.50-7.74 (m, ЗН, arom),
7.88-7.98 (m, 2H, arom) ppm. MS (CI) m/e: 343 (M++1). CI/HRMS m/e: 343.06737 ±0.00069
(Cale, for C i 5 H i 9 0 5 S 2 (M++1): 343.06739). Anal. Cale, for C15H18O5S2 (342.434): С 52.61, H
5.30, S 18.73, found: С 52.64, H 5.41, S 18.38.
2-Methoxycarbonyl-2-(p-chlorophenylsulfonyl)-3,6-dihydro-4,5-dimethyl-2/fthiopyran 1-oxide (21)
Compound 21 was chromatographed with hexane / ethyl acetate (1/1, v/v), crystallized from hexane /
toluene and obtained as light yellow crystals in a yield of 81% consisting of a mixture of
diastereomers in the ratio of 1:1 (according to 13C-NMR), m.p. 125-129°C.
IR(KBr) v: 1725 (C=0), 1325 and 1155 (S0 2 ), 1080 (S=0) cm"1. ]H-NMR(CDC13) δ: 1.80 (s,
6H, 2x -СНз), 2.73-3.66 (m, 4H, 2x -CH2-), 3.66 (s, ЗН, -OCH3), 7.57+7.89 (ABq of t, 5H,
arom, J A B = 8.7 Hz, Jt= 1.7 Hz) ppm. 13C-NMR(CDC13) δ: 19.3 and 19.8 (q, -CH3), 19.8 and
20.3 (q, -CH3), 26.1 and 31.1 (t, -S-CH2-), 52.0 and 53.1 (t, -SC-CH2-C=), 53.7 and 54.0 (q,
-OCH3), 86.6 and 88.6 (s, -S-C-), 114.8 and 118.3 (s, -SCH2C=C), 125.9 and 126.5 (s, -SCH2C=), 129.2 and 129.4 +131.8 and 132.1 (d, о and m -CH- arom), 133.7 and 135.3 (s, C-Cl arom),
141.9 and 142.1 (s, -S02-C- arom), 163.4 and 163.7 (s, C=0) ppm. MS (EI) m/e: 377 (M+). Anal.
Cale, for Ci 5 Hi 7 C10 5 S 2 (376.880): С 47.80, H 4.55, S 17.02, found: С 47.74, H 4.49, S 17.02.
2-Cyano-2-phenylsulfonyl-3,6-dihydro-4,5-dimethyl-2#-thiopyran 1-oxide (2s)
Compound 2s was crystallized from hexane / toluene and obtained as white crystals in a yield of
93%, m.p. 154°C.
IR(KBr) v: 2225 (ON), 1575 (Ph), 1320 and 1150 (S0 2 ) cm"1. 'H-NMR(CDC13) δ: 1.79 (s, 6H,
2x -СНз), 3.03 (s, 2H, -CH2-), 3.70 (s, 2Н, -S(0)-CH2-), 7.63-7.90 (m, ЗН, arom), 8.09-8.16
(m, 2H, arom) ppm. '3C-NMR(CDCI3) δ: 19.4 (q, -CH3), 19.6 (q, -CH3), 34.3 (t, -S(0)-CH2),
55.6 (t, -CH2-), 79.6 (s, -S(0)-C-S(0)2-), 111.6 (s, -S(0)CH2CH=CH-), 120.5 (s, -ON), 125.6
(s, -S(0)CH2-CH-), 129.1 + 131.1 (d, о and m -CH- arom), 134.7 (s, -S02-C arom), 136.0 (d, ρ
-CH- arom) ppm. MS(CI) m/e: 310 (M++1). Anal. Cale, for Ci4Hi 5 N0 3 S 2 (309.408): С 54.35, H
4.88, N 4.53, S 20.73, found: С 54.43, H 4.76, N 4.54, S 20.74.
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2-Nitro-2-phenyIsulfenyl-3,6-dihydro-4,5-dimethyl-2tf-thiopyran

1-oxide (2t)

Compound 2t was chromatographed with hexane / ethyl acetate (10/1, v/v) and obtained as an oil
(20%)
1H-NMR(CDC13) δ 1 27 and 1 31 (2x s, 6H, 2x -CH3), 3 50-4 10 (m, 2H, -CH2-), 7 17-7 38 (m,
5H, arom) ppm MS (CI) m/e 298 (M++1)
5-Isoprenyl-5-methyI-3-phenylsulfenyI-4,5-dihydro oxazoline (5t) was isolated in a
yield of 57% as an oil on further elution
'H-NMR(CDCb) δ 1 46 (s, 3H, -CH3), 1 73 (s, ЗН, С=С-СН3), 2 63 + 2 96 (ABq, 2Н, JAB=
16 5 Hz, -СН2-), 4 87 and 5 28 (2х s, 2Н, -СН=), 7 20-7 60 (m, 5Н, arom) ppm MS (CI) m/e
234 (M++1)
2-Nitro-2-phenylsulfonyl-3,6-dihydro-4,5-dimethyl-2tf-thiopyran 1-oxide (2u)
Compound 2u was chromatographed with hexane / ethyl acetate (3/1, v/v) and obtained as a light
yellow solid m a yield of 66%, m ρ 134-135°C (decomp )
IR(KBr)v 1345 and 1155 (S0 2 ), 1070 (S=0) cm"1 'H-NMRÍCDCb) δ 1 67 and 1 82 (2x s, 6H,
2x -CH3), 3 25 (m, 4H, 2x -CH2-), 7 50-8 07 (m, 5H, arom) ppm MS (CI) m/e 330 (M++1)
Anal Cale for C i 3 H 1 5 N 0 5 S 2 (329 395) С 47 40, H 4 59, N 4 25, S 19 47, found С 47 51, H
4 66, N 4 29, S 19 07
2-Nitro-2-phenyl-3,6-dihydro-4,5-dimethyl-2#-thiopyran 1-oxide (2v)
Compound 2v was synthesized starting from the silyl nitronate of phenylnitromethane4 2 2 ,
chromatographed with hexane / ethyl acetate (5/1, v/v) and obtained as an oil in a yield of 5%
IR(CC14) ν 2230 (C=0), 1325 and 1155 (S0 2 ), 1080 (S=0) cm ' 'H-NMR(CDC13) δ 1 55 (s,
6H, 2x -CH3), 3 03 + 3 55 (ABq, 2H, J A B = 17 lHz, -CH2-), 3 06 + 3 60 (ABq, 2H, J A B = 17 6
Hz, -CH2 ), 7 28-7 50 (m, 3H, arom), 7 55-7 75 (m, 2H, arom) ppm MS (CI) m/e 160 (M++1)
2-Methoxycarbonyl-2-nitro-3,6-dihydro-4,5-dimethyl-2tf-thiopyran 1-oxide (2w)
Compound 2w was chromatographed with hexane / ethyl acetate (3/1, v/v) and obtained as an oil in
a yield of 44%
IR(CC14) ν 1700 (C=0), 1540 (N0 2 ), 1070 (S=0) cm ' >H-NMR(CDC13) δ 1 77 (s, 6H, 2x
-CH3), 2 8-3 8 (m, 4H, 2x -CH2-), 3 91 (s, ЗН, -OCH3) ppm MS (CI) m/e 248 (M++1)
S-Isoprenyl-5-methyl-3-methoxycarbonyl-4,5-dihydro oxazoline (5w) was isolated as
an oil in a yield of 21 % on further elution
IR(CC14) ν 1720 (C=0) cm ' Ή NMR(CDC13) δ 1 52 (s, ЗН, -CH3), 1 78 (s, ЗН, С=С-СН3),
2 92 + 3 21 (ABq, 2Н, J A B= 18 0 Hz, -СН2-), 3 85 (s, ЗН, -ОСН3), 4 73 and 5 07 (2х s, 2Н,
-С=СН2) ppm MS (CI) m/e 184(M++1)
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2,2-Bis(phenylsulfonyl)-3,6-dihydro-4,5-dimethyl-2#-thiopyran

1-oxide (7a)

Compound 7a was recrystalhzed from toluene and obtained as white crystals in a yield of 80%, m ρ
178°C
IR(KBr)v 1575 (Ph), 1335 and 1140 (S0 2 ), 1075 (S=0) c m 1 1H-NMR(CDC13) δ 1 53 and 1 75
(2x s, 6H, 2x -CH3), 2 78 + 3 19 (ABq, 2H, J A B = 16 7 Hz, -CH2-). 3 79 (broad s, 2H, -CH2-),
7 33-7 74 (m, 6H, arom), 7 94-8 24 (m, 4H, arom) ppm MS (EI) m/e 283 (M+-PhS02)
5,7-Dithia-d¡benzo[a,c]cyclopentene-5,5,7,7-tetraoxide-6-sp¡ro-2'-3',6'-dihydro4,5'-dimethyl-2W-thiopyran 1-oxide (7b)
Compound 7b was chromatographed with hexane / ethyl acetate (1/1, v/v), crystallized from
dichloromethane / di-isopropylether and obtained as white crystals in a yield of 38%, m ρ 217°C
IR(KBr) ν 1325 and 1150 (S0 2 ), 1090 (S=0) cm ' ^-NMRtCDCb) δ 1 85 and 1 90 (2x s, 6H,
2x -CH3), 2 75 + 3 66 (ABq, 2H, J A B = 14 0 Hz, -CH2-), 3 50 + 4 39 (ABq, 2H, J A B = 16 0 Hz,
-CH2-), 7 50-7 98 (m, 6H, arom), 8 09-8 38 (m, 2H, arom) ppm MS (EI) m/e 422 (M+)
l.S-Dioxo-SjS-diinethyl-cyclohexane-l-spiro-Z'-S^ó'-dihydro-S'-methyl-ltfthiopyran 1'-oxide (3a)
Compound 3a was chromatographed with hexane / ethyl acetate (4/1, v/v), crystallized from hexane /
toluene and obtained as yellow crystals in a yield of 76%, m ρ 105°C
IR(KBr) ν 1720 and 1690 (C=0), 1060 (S=0) cm ' 'H-NMRiCDCb) δ 0 85 and 1 20 (2x s, 6H,
>C(CH 3 ) 2 ), 1 75 (s, 3H, -C=C-CH3), 2 23-3 60 (m, 8H, -4x -CH2-), 5 67 (s, IH, -CH=) ppm
Anal Cale for C i 3 H i 8 0 3 S (254 351) С 61 39, Η 7 13, found С 61 46, Η 7 08
2,2-Di(benzoyl)-3,6-dihydro-5-methyl-2tf-thiopyran 1-oxide and 2,2-di(benzoyl)3,6-dihydro-4-methyl-2£Mhiopyran 1-oxide (3b)
Compound 3b was chromatographed with hexane / ethyl acetate (2/1, v/v), crystallized from hexane
/ toluene and obtained as white crystals containing a mixture of regioisomers (according to 'H-NMR)
in a yield of 65% with an isomer ratio of 70 30, m ρ 139°C
IR(KBr) ν 1650 (C=0), 1030 (S=0) cm · 'H-NMR(CDC13) δ 1 65 and 1 70 (2x s, 3H, -C=CCH 3 ), 2 73-4 01 (m, 4H, 2x -CH2-), 5 39 and 5 60 (2x s, IH, -CH=, ratio of regioisomers =
30 70), 7 20 7 65 (m, 6H, arom), 7 77-8 01 (m, 2H, arom), 8 05-8 27 (m, 2H, arom) ppm Anal
Cale C 2 0 Hi 8 O 3 S (338 427) С 70 98, Η 5 36, found С 70 83, Η 5 38
2-Ethoxycarbonyl-2-pivaloyl-3,6-dihydro-5-methyl-2//-thiopyran 1-oxide (3e)
Compound 3e was chromatographed with hexane / ethyl acetate (3/1, v/v), crystallized from toluene
/ hexane and obtained as colorless crystals in a yield of 28%, m ρ 102-104°C
IR(KBr)v 1750 (C=0 ester), 1690 (C=0 ketone), 1060 (S=0) cm ' 'H-NMR(CDC13) δ 1 17 (s,
9H, -C(CH3)3), 1 33 (t, ЗН, Jt= 7 3 H/, -OCH2CH3), 1 72 (s, ЗН, -C=C-CH3), 2 8-3 7 (m, 4Н,
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2x -CH2-), 4 33 (q, 2H, Jq= 7 3 Hz, -OCH2CH3), 5 5-5 7 (m, IH, -CH=) ppm MS (EI) m/e 286
+

(M )
2-Cyano-2-pivaloyl-3,6-dihydro-5-methyl-2H-thiopyran 1-oxide (3f)
Compound 3f was chromatographed with dichloromethane, recrystallized from dichloromethane /
diethyl ether and obtained as colorless crystals in a yield of 56%, m ρ 144- 145°C
I
IR(KBr) V 2210 ( O N ) , 1700 (C=0), 1060 (S=0) cm · H-NMR(CDC13) δ 1 41 (s, 9H,
-С(СНз)з), 1 87 (s, ЗН, -С=С-СН3), 2 74-2 86 (m, 2Н, -СН2-С=С), 3 74 (s, 2Н, -S(0)-CH2-),
5 4-5 6 (m, IH, -CH=) ppm MS (ΕΙ) m/e 239 (M+)
2,2-Di(ethoxycarbonyl)-3,6-dihydro-5-methyl-2A7-thiopyran 1-oxide and 2,2di(ethoxycarbonyl)-3,6-dihydro-4-methyl-2#-thiopyran 1-oxide (3i)
Compound 3i was chromatographed with hexane / ethyl acetate (3/1, v/v) and obtained as a dark
yellow oil containing a mixture of regioisomers in a yield of 48% with an isomer ratio of 70 30
(according to 'H-NMR)
IR(CC14) ν

1720 (C=0), 1060 (S=0) cm · 'H-NMR(CDCh) 6 0 93-1 40 (m, 6H, 2x

-OCH2CH3), 1 60 and 1 70 (2x s, 3H, -C=C-CH3), 2 50-3 55 (m, 4H, 2x CH2-), 4 13 (q, 4H,
2x J q = 7 0 Hz, 2x -ОСЩСН3), 5 25 and 5 50 (2x s, IH, -CH=, ratio of regioisomers = 30 70)
MS (CI) m/e 275(M++1)
2-Cyano-2-ethoxycarbonyl-3,6-dihydro-5-methyl-2//-thiopyran 1-oxide (3m)
Compound 3m was recrystallized from toluene / hexane and obtained as light yellow crystals in a
yield of 92%, m ρ 80°C
IR(KBr) ν 2240 (ON), 1725 (C=0), 1050 (S=0) c m 1 Ή NMR(CDC13) δ 1 39 (t, 3H, Jt= 7 0
Hz, OCH 2 CH 3 ), 1 85 (s, 3H, C=C CH3), 2 94 (broad s, 2H, -CH2-C=C), 3 68 + 3 78 (ABq,
2H, J A B = 19 0 Hz, -CH2-C=C), 4 43 (q, 2H, J q = 7 0 Hz, -OCH2CH3), 5 57 (broad s, IH, -CH=)
ppm Anal Cale for C10H13NO3S (215 273) С 52 85, Η 5 76, N 6 16, S 14 11, found С 53 09,
H 5 77, Ν 6 49, S 14 28
2-Diethoxyphosphoryl-2-ethoxycarbonyl-3,6-dihydro-5-rnethyl-2ff-thiopyran 1oxide

and

2-diethoxy phosphor y I-2-ethoxycarbony 1-3,6-dihydro-4-methyl-2ff-

thiopyran 1-oxide (3n)
Compound 3n was chromatographed with ethyl acetate and obtained as yellow oil containing a
mixture of regioisomers in a yield of 85% with an isomer ratio of 80 20 (according to 'H NMR)
IR(CCl 4 )v

1740 (C=0), 1050 (S=0) cm ' 'H-NMR(CDCh) δ 1 15-1 60 (m, 9H, Зх,

-ОСН2СН.з), 1 80 (s, ЗН, -С=С СН 3 ), 2 60-3 90 (m, 4Н, 2х -СН2-), 3 95-4 50 (m, 6Н, Зх
-ОСН 2 СН 3 ), 5 35 and 5 67 (2х s, IH, -СН=, ratio of isomers = 20 80) ppm MS (CI) m/e 339
(M++1)
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2,2-Di(benzoyl)-3,6-dihydro-2#-thiopyran 1-oxide (4b)
Compound 4b was chromatographed with hexane / ethyl acetate (2/1, v/v), crystallized from toluene
/ hexane and obtained as light yellow crystals in a yield of 45%, m ρ 15°C
IR(KBr) ν 1650 (C=O),1040 (S=0) cm"1 !H-NMR(CDC13) δ 2 85-3 93 (m, 4H, 2x C=C-CH2-),
5 45-6 05 (m, 2H, -CH=CH-), 7 15-7 60 (m, 6H, arom), 7 70-7 90 (m, 2H, arom), 7 95-8 13 (m,
2H, arom) ppm MS (CI) m/e 325 (M++1) Anal Cale for C i 9 H i 6 0 3 S (324 400) С 70 35, H
4 97, found С 70 39, H 4 95
2,2-Di(ethoxycarbonyl)-3,6-dihydro-2//-thiopyran 1-oxide (4i)
Compound 4i was chromatographed with hexane / ethyl acetate (2/3, v/v), crystallized from toluene /
hexane and obtained as yellow crystals in a yield of 38%, m ρ 68°C
IR(KBr) ν 1730 (C=0), 1070 (S=0) cm ' 'H-NMR(CDC13) δ 1 09-1 46 (m, 6H, 2x OCH2CH3),
2 85 3 83 (m, 4H, 2x -C=C-CH2-), 4 30 (2x q, 4H, 2x ОСЩСНз), 5 10-5 80 (m, IH, -CH=),
5 85-6 10 (m, IH, -CH=) ppm MS (El) m/e 260 (M+)
2-Methoxycarbonyl-2-phenylsulfonyl-3,6-dihydro-2fMhiopyran 1-oxide (4k)
Compound 4k was recrystallized from hexane / toluene and obtained as light brown crystals in a
yield of 72% containing a mixture of diastereomers in the ratio of 3 2 (according to Ή-NMR), m ρ
170-171°C
Major diastereomer IR(KBr) ν 1730 (C=0), 1585 (Ph), 1310 and 1140 (S0 2 ), 1080 (S=0) cm '
Ή NMR(CDC13) δ 2 97-4 12 (m, 4H, 2x -CH2-), 3 56 (s, 3H, -OCH3), 5 50 6 10 (m, 2Н, 2х
=СН ), 7 60-7 76 (m, ЗН, arom), 7 87 8 03 (m, 2Н, arom) ppm Minor diastereomer IR(KBr) ν
1750 (C=0), 1585 (Ph), 1310 and 1140 (S0 2 ), 1065 (S=0) cm ] ^-NMRiCDCb) δ 2 97-4 12
(m, 4H, 2x -CH2-), 3 77 (s, ЗН, -ОСНЗ), 5 50-6 10 (m, 2Н, 2х =СН-), 7 60-7 76 (т.ЗН, агот),
7 87-8 03 (т, 2Н, arom) ppm MS (CI) т/е= 315 (М++1) Anal Cale for C i 3 H i 4 0 5 S 2
(314 381) С 49 67, H 4 49, S 20 40, found for the mixture of isomers С 49 76, H 4 46, S 20 85
2-Methoxycarbonyl-2-(p-chlorophenylsulfonyl)-3,6-dihydro-2//-thiopyran 1-oxide
(41)
Compound 41 was recrystdllued from hexane / toluene and obtained as light brown crystals in a yield
of 84% containing two diastereomers in the ratio of 5 2 (according to Ή-NMR), m ρ 166°C
Major diastereomer IR(KBr) ν 1730 (C=0), 1325 and 1150 (S0 2 ), 1095 (S=0) cm · Ή \TMR(CDC13) δ 2 82-4 10 (m, 4H, 2x -CH2-), 3 63 (s, ЗН, -OCH3), 5 52-6 05 (m, 2Н, 2х
=СН-), 7 57+7 88 (ABq of t, 4Н, arom, JAB= 8 6 Нг, J(= 1 8 Hz) ppm Minor diastereomer
IR(KBr) ν 1750 (C=0), 1325 and 1150 (S0 2 ), 1080 (S=0) cm ' 'H-NMRiCDCb) δ 2 82-4 10
(m, 4H 2x CH2-), 3 80 (s, ЗН, -OCH3), 5 52-6 05 (m, 2Н, 2х =СН-), 7 57+7 88 (ABq of t, 4Н,
arom, JAB= 8 6 H?, J,= 1 8 Hz) ppm MS(CI) m/e 349 (M++1) Anal Cale for Ci 3 HnC10 5 S 2
(348 826) С 44 76, H 3 76, S 18 38, found for the mixture of isomers С 45 19, H 3 75, S 18 33
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2-Cyano-ethoxycarbonyI-3,6-dihydro-2fl-thiopyran 1-oxide (4m)
Compound 4m was recrystallized from toluene / hexane and obtained as white crystals in a yield of
75%, m.p. 66°C.
IR(KBr) v: 2240 (C=N), 1720 (C=0), 1070 (S=0) cm"1. 1H-NMR(CDC13) δ: 1.38 (t, 3H, J,= 9.0
Hz, OCH2CH3), 2.93-4.27 (m, 2H, C=C-CH2-), 4.47 (q, 2H, J q = 9.0 Hz, ОСЩСНэ), 5.85 (s,
2H, -CH=CH-) ppm. MS (CI) m/e: 214 (M++1). Anal. Cale, for C9H11NO3S (213.256): С 50.69,
H 5.20, Ν 6.57, found: С 50.74, Η 5.15, Ν 6.56.
2-Cyano-2-phen.ylsuIfonyl-3,6-dihydro-2//-thiopyran 1-oxide (4s)
Compound 4s was recrystallized from hexane / toluene and obtained as light brown crystals in a
yield of 92%, m.p. 132.5°C.
IR(KBr) v: 2225 (C=N), 1330 and 1155 (S02), 1080 (S=0) cm"1. IH-NMR(CDC1 3 ) δ: 2.93-3.35
(m, 2H, -CH 2 -), 3.52-4.14 (m, 2Н, -S(0)-CH2-), 5.61-5.97 (m, 2H, 2x =CH-), 7.27-7.79 (m,
3H, arom), 8.08-8.17 (m, 2H, arom) ppm. MS(CI) m/e: 282 (M++1). Anal. Cale, for
C i 2 H n N 0 3 S 2 (281.354): С 51.23, H 3.94, N 4.98, S 22.79, found: С 51.95, H 3.95, N 5.08, S
22.26.
2-(-)-Bornyloxycarbonyl-2-(p-chlorophenylsulfonyl)-3,6-dihydro-2f7-thiopyran 1oxide (4x)
Compound 4x was chromatographed with hexane / ethyl acetate (2/1, v/v) and obtained as two
yellow oils in a quantitative yield. Two fractions were obtained with a weight ratio of 3:1 each
containing two diastereomers in a 1:1 ratio (according to 1H-NMR).
Mixture I (72%): IR(CC14) V: 1725 (C=0), 1340 and 1155 (S0 2 ), 1090 (S=0) cm"1. Ή NMR(CDCb) δ: 0.80 and 0.82 and 0.86 (3x s, 9H, 3x -CH3), 1.02-1.97 (m, 6H, 3x -CH2-), 2.182.43 (m, IH, -C-CH), 2.76-4.12 (m, 4H, 2x =C-CH2-), 4.67-4.87 (m, IH, -0-CH-), 5.60-6.01
(m, 2H, 2x =CH-), 7.54+7.88 (ABq of t, 4H, arom, J A n= 8.8 Hz, Jt= 2.0 Hz) ppm. MS(CI) m/e:
+
471 (M +l). CI/HRMS m/e: 471.1065 ±0.0005 (cale, for C 2 2 H 2 7 C10 5 S 2 (M++1): 471.1066).
Mixture II (28%): IR(CC14) V: 1745 and 1707 (2x C=0), 1340 and 1155 (S02), 1080 (S=0) cm"1.
'H-NMRiCDCb) δ: 0.82 and 0.86 (2x s, 9H, 3x -CH3), 1.00-2.01 (m, 6H, 3x -CH2-), 2.17-2.53
(m, IH, -C-CH), 2.75-3.50 (m, 4H, 2x =C-CH2-), 4.76-5.00 (m, IH, -0-CH-), 5.48-6.09 (m,
2H, 2x =CH-), 7.56+7.91 (ABq of t, 4H, arom, J A B = 8.8 Hz, Jt= 2.0 Hz) ppm. MS(CI) m/e: 471
(M++1). CI/HRMS m/e: 471.10648 ±0.00093 (cale, for C 2 2 H 2 8 C10 5 S 2 (M++1): 471.10664).
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CHAPTER 3
SOME REACTIONS OF DIHYDROTHIOPYRANS

3.1 Introduction
Cycloaddilion of a variety of sulfines with 1,3-dienes is a convenient method for the preparation of
dihydrothiopyran 1-oxidesli2·3·4 In Chapter 2 it was show that sulfines can readily be prepared from
doubly activated methylene compounds by treatment with thionyl chloride in the presence of a
suitable tertiary amine base Subsequent trapping of these in situ prepared sulfines with 1,3-dienes is
a nice illustration of the convenient access to dihydrothiopyran 1-oxides (Scheme 3 1)5,6,7,8 т п е
scope of this synthesis of dihydrothiopyran 1-oxides can be expanded by the preparation of sulfines
starting from silyl enol ethers with thionyl chloride6·7

f^

SOCI 2

SO

Base

R2

Base= 2,6-lutidine, Et3N
R , R2= C0 2 Me, C0 2 Et, COPh, COMe, COt-Bu, CN, SPh, S0 2 Ph
R3, R4= H,Me
Scheme 3.1
1

The chemistry of this type of six-membered sulfur containing heterocycles received scarcely attention
in the literature Some alkylation reactions of 4-phenyl-5,6-dihydro-2#-thiopyran 1-oxide by
deprotonation and subsequent treatment with primary alkyl hahdes were performed by Ridley et al9
An unusual Pummerer reaction was described for the cycloadduct of fluorenethione S-oxide and 2,3dimethyl-l,3-butadiene upon reaction with acetic anhydride (Scheme 3 2) 1 0

Ac-,0
70°C
Scheme 3.2
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Rewinkel studied the sequence of reactions shown in Scheme 3.3 5 . The 2-methylketone
dihydrothiopyran 1-oxide, which was readily obtained from the reaction of the suitable silyl enol
ether with thionyl chloride and 2,3-dimethyl-1,3-butadiene, was reduced to a secondary alcohol on
treatment with lithiumaluminiumhydride at low temperature. Prolonged treatment with L1AIH4 at
higher temperature led to the removal of the sulfoxide oxygen. The product obtained gave an
interesting ring contraction to a cyclopropane on reaction with alkylating agent and sodium
hydroxide.
OH

LÌAIH4

LiAIH,
-78°C

60°C
quant.

Ph

p

1.RX

vV

42%

2. NaOH
Scheme 3.3
This chapter will deal with some other aspects of the chemistry of sulfine derived dihydrothiopyran 1 oxides. Firstly, the deoxygenation and the oxidation reaction of the sulfoxide moiety of the thiopyran
1-oxides to the corresponding thioether and sulfon derivative will be discussed. Subsequently, two
potential applications of the sulfine chemistry will be presented: the synthesis of monocyclic
thiabenzene dervatives and the study toward the preparation of Aprikalim. Finally, much attention
will be given to the nucleophilic substitution reactions of these thiopyrans.

3.2 Deoxygenation reactions
Dihydrothiopyrans can be prepared by the Diels-Alder reaction of thiocarbonyl compounds with
suitable 1,3-dienes. In those cases wherin the thiocarbonyl moiety is difficult to prepare the route via
the sulfine followed by a deoxygenation reaction can offer a practical alternative. Hence, sufines
served as synthetic equivalent of the corresponding thiocarbonyl compounds. For that reason extra
attention was given for the removal of the sulfoxide oxygen atom.
For the reduction of sulfoxides to the corresponding sulfides several methods are available8· ' '. A
general procedure involves the use of lithium aluminium hydride"· 12 , however, in the present case,
several substituents of the dihydrothiopyran S-oxide are not compatible with this reducing agent (e.g.
see Scheme 3.1).
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In a recent paper a mild method for the deoxygenation of simple sulfoxides with aryl and alkyl
13

substituents was reported . In this reaction the titanium(IV) chloride / sodium iodide system is the
actual reagent (Scheme 3.4).
^S

ТІСІ4, Nal

Me02C

CH 3 CN, r.t.

p-CIPhS02

Me02C

32%

1f

3f
Scheme 3.4

When dihydrothiopyran S-oxide If was treated with this reagent a vigorous reaction took place upon
addition of titanium(IV) chloride. After work-up, no desired deoxygenation product was obtained,
but instead thiopyran 3f was isolated in a moderate yield. The formation of product 3f can be
rationalized by assuming a very fast deoxygenation reaction to the corresponding sulfide, followed by
an elimination reaction. A similar elimination reaction of an arylsulfonyl group upon treatment with a
Lewis acid will be described in Section 3.6. Apparently, those conditions are not mild enough to stop
the reaction at the stage of the sulfoxide reduction.
Deoxygenation reaction of dihydrothiopyran 1-oxides

Table 3.1

S

|f

( C F 3 C 0 ) 2 0 , Nal
Aceton, 0°C

R2
1

R3

R4

Yield(%)

-СОгМе

Me

Me

71

-СОгМе

H

H

56

PhS0 2 -

-CN

Me

Me

47

PhS0 2 -

-CN

H

H

40

p-ClPhS0 2 -

-СОгМе

Me

Me

68

2f

/>-ClPhS02-

-C0 2 Me

H

H

58

2g
2h

p-CIPhS0 2 -

-СОгВот 3

H

H

86

PhS0 2 -

-COPh

Me

Me

75

2i

ЕЮ2С-

-CN

Me

H

91

2j
2k

Et0 2 C-

-C0 2 Et

Me

H

80

89

PhCO-

-COPh

Me

H

95

91

no.

Rl

2a

PhS0 2 -

2b

PhS0 2 -

2c
2d
2e

R2

lit.b(%)

92

аСОгВот means ester of (-)Bomeol. Reference 5.
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Another mild method was based on a rapid oxygen exchange between a sulfoxide and a sulfide using
tnfluoroacetic anhydride

14

Accordingly, dihydrothiopyran S-oxide If was treated with

tnfluoroacetic anhydride and dimethyl sulfide at 0°C However, no transoxygenation reaction took
place and only starting materials were recovered
15

The method described by Drabowicz and Oae involving the use of tnfluoroacetic anhydride and
5

sodium iodide, which was already successfully applied by Rewinkel , turned out to be the method of
choice The results for a senes of dihydrothiopyran 5-oxides derived from sulfines with two electronwithdrawing substituents are compiled in Table 3 1
From the table it is clear that this deoxygenation method is very well suited for these sulfine derived
dihydrothiopyran derivatives The yields of dihydrothiopyrans range from acceptable to excellent
Even in the presence of substituents susceptible towards reduction the deoxygenated compounds can
be obtained smoothly Thus, as was stated before, the so obtained dihydrothiopyrans can be regarded
as cycloadducts of ot-oxo thiones It should be noted that such sulfur heterocycles are difficult to
prepare otherwise

3.3 Oxidation reactions
Selective oxidation of dihydrothiopyrans 5-oxides to the corresponding sulfones16, without affecting
the olefinic bond or the substituents in these substrates, was investigated with some oxidizing
reagents
The use of sodium perborate (ИаВОз) in acetic acid 17 was not successful, only a mixture
unidentifiable products was obtained The first attempts with the use of /n-chloroperbenzoic acid (mCPBA)

18

as the oxidizing reagent at ambient temperatures resulted in unwanted side reactions,

probably involving the olefinic bond However, by repeating this oxidation reaction at 0°C a smooth
conversion of substrate lm into the corresponding sulfone 4m was accomplished in 77% yield
(Table 3 2)
Another powerful oxidizing agent, Oxone (KHSO5)19 was also tested It was reported that this agent
can selectively oxidize sulfides to sulfoxides and sulfones in the presence of other common functional
groups, e g a double bond or an alcohol Treatment of dihydrothiopyrans 5-oxides lm, In and lo
with Oxone gave the expected sulfones 4m, 4n and 4o albeit in moderate yields (Table 3 2)
Prelonged reaction times did not improve their yield It should be mentioned that under these reaction
conditions no formation of epoxides or Baeyer-Vilhger like products could be detected in the product
mixture of the reaction
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Table 3.2

Oxidation of dihydrothiopyran 1-oxides
Oxone

о

° * 8 ^ γ /Ме0Н,Н20\ Ч ^
\ m.çpBA / R i ^ k ^ k
Ri^K^k
Rz

N

!
substr
no
lm
lm
In
lo

R'
NCNCNCEt02C-

R2

—'

CH2CI2,0°C

R2
-C02Et
-C02Et
-COt-Bu
-COt-Bu

4

oxidizing
agent

prod
no

Yield(%)

m-CPBA
Oxone
Oxone
Oxone

4m
4m
4n
4o

77
43
27
42

3.4 Synthesis of monocyclic thiabenzene derivatives
Recently Hon et al described an interesting route for the synthesis of thiabenzenes20 Starting from a
Diels-Alder reaction of an in situ formed thioaldehyde with 2,3-dimethyl-l,3-butadiene the
dihydrothiopyran was formed The dihydrothiopyrans thus obtainded was successively oxidized with
m-CPBA to the corresponding sulfoxide, subjected to a Pummerer-type elimination reaction under the
influence of a catalytic amount of p-toluenesulfonic acid, 5-alkylated with methyl tnflate and finally
treated with tnethylamine to give a thiabenzene derivative (Scheme 3 5)

XX

SS0 3 Na

Me,.©

TO0_L
R=
a
b
с
d
e

-УХ

Aroyl, CN
CaCl2 2H 2 0, Et3N, benzene/EtOH, 2,3-dimethyl-1,3-butadiene
m-CPBA, CH2C12
/7-TosOH, toluene, Δ
MeOTf
Et^N, EtOH
Scheme 3.5
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From this sequence it is clear that the cycloadduct of appropriately substituted sulfines with a 1,3diene can serve as intermediates in the preparation of a thiabenzene Through sulfine chemistry a
variety of potential starting materenals for the thiabenzene synthesis are in principle accessible The
insertion of sulfine cycloadducts in the preparation of monocyclic thiabenzenes was tested for two
examples
Reaction of the silyl enol ether of acetophenone and thionyl chloride in the presence of 2,3-dimethyl1,3-butadiene as trapping agent yielded dihydrothiopyran S-oxide 6a 5 6 It is of interest to note that
dihydrothiopyran 5-oxide 6a obtained in this manner initially consisted of only one diastereomer,
which is probably the trans isomer on the basis of previous experience5 However, after column
chromatography on silica gel the isolated product consisted of two diastereomers Most likely, this
isomenzation is attributable to the presence of a highly acidic proton at C-2 as it is flanked by two
electron-withdrawing substituents, which allow enohzation under very mild conditions and
consequently an easy interconversion of diastereomers This is in agreement with observations
reported by Rewinkel5 However, in the present case this isomenzation on silica gel is not important
because the stereochemistry will be lost in the next step
Treatment of the diastereomenc mixture of dihydrothiopyran 6a with p-toluenesulfonic acid in
refluxing toluene induced the expected elimination of water by a Pummerer-type elimination reaction
to give 2Я-тюругап 7a in virtually quantitative yield

Table 3.3

Formation of 2//-thiopyrans

OSiMe 3

S

RV
a
b
с

SOCI2, 2,6-lutidme, CH2C12, - 10°C
2,3-dimethyl-l,3-butadiene
TosOH, toluene, Δ
R

X

no

Yield(%)

no

Yield(%)

Ph-

-H

6a

quant

7a

97

Eta

-SiMe3

6b
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7b

98*

'Directly from silyl ketene aceta!
A sulfine derived from ethyl a-trimethylsilylacetate was next considered for this sequence The
corresponding ketene acetal was treated with thionyl chloride in the presence of trapping diene The
extra silyl group at C-2 was meant to facilitate the subsequent Pummerer reaction, because it was

36

Some Reactions of Dihvdrothiopyrans
2

22

known that a-silyl sulfoxides readily undergo a sila-Pummerer reaction ^ . It was planned to
prepare thiopyran 7b without isolation of the intermediate product thiopyran 6b. This could only be
realized by applying a small excess of thionyl chloride. A high yield of thiopyran 7b was obtained in
this manner. However, when one equivalent of thionyl chloride was applied a much lower yield of
thiopyran 7b was obtained along with an equal yield of thiopyran 6b and also some starting material.
Apparently, the extra amount of thionyl chloride is essential for the sila Pummerer reaction to occure.
The next step toward the preparation of a thiabenzene is the alkylation of sulfur. Unforunately,
treatment of thiopyran 7a with methyl iodide gave no reaction at all. Even after prolonged reaction
times or applying elevated temperatures no reaction occured. Also dimethyl sulfate failed to alkylate
the sulfur atom. However, the powerful alkylating agent methyl trifluoromethanesulfonate gave the
desired S-methyl thiopyranium salt 8a in almost quantitative yield20.
When ethoxycarbonyl-2#-thiopyran 7b was treated under similar conditions the obtained product
could not be identified unequivocally as the methylpyranium salt 8b. According to the 'H-NMR
spectra the desired salt 8b seemed to be present but it was impossible to purify the crude product. All
attempted purifications led to decomposition of the product.

Table 3.4

R

Synthesis of thiabenzene

['^Y'
y - 4 ^ \
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CH2CI2)RT
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η
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Ο
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Yield(%)
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EtO-

8b

R

no.

Yield(%)

quant.

9a

89

66

9b

9

The final step in the thiabenzene preparation is a deprotonation of thiopyran salt 8. In the case of
thiopyran salt 8a treatment with triethylamine indeed gave the expected thiabenzene 9a in an excellent
20

yield. The physical data of this product were identical to those reported by Hori et al. . This route to
thiabezene 9a based on the sulfine cycloadduct is one step shorter than Hori's. Since no specific
yields are mentioned in his route no direct comparison of efficiency for the reaction sequence is
possible.
Although pyranium salt 8b could not be obtained in the pure state, a treatment with triethylamine was
attempted nevertheless. Unfortunately, this attempt failed and no identifiable product could be
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isolated It should be noted that Hon et al did not mentioned the preparation of thiabenzene 9 with an
alkoxy carbonyl substituent

3.5 Preliminary studies towards the synthesis of Aprikalim
Potassium channel activators are drugs which induce the relaxation of the muscle activity by the
opening of ATP-sensitive potassium channels and consequent hyperpolansation23 Drugs operating
by this mechanism have potential in the treatment of a number of disorders including asthma and
hypertension Aprikalim is a representative of such a potassium channel activator that received
considerable attention in recent literature24 This compound contains a tetrahydrothiopyran S-oxide
unit and therefore a synthesis via a cycloadduct of an appropriate sulfine with 1,3-butadiene is worth
considering Thus, silyl enol ether derived from methyl 3-(3-pyndyl)propionate was treated with
thionyl chloride in the presence of butadiene The expected cycloadduct 5 was obtained in 55% yield
as a single diastereomer (Scheme 3 6) Based on the resemblance with 2-formyl-2-phenyl-3,6dihydro-4,5-dimethyl-2//-thiopyran 1-oxide5 the Ε-isomer of the intermediate sulfine is formed and
this configuration is retained in the cycloadduct Unfortunately, hydrogénation of the olefinic double
bond in this dihydrothiopyran 5-oxide could not be accomplished in spite of the fact that a variety of
reagents was tried Catalytic hydrogénation in the presence of palladium, palladium(II)chlonde or
platinum oxide on carbon did not yield the desired saturated thiopyran25·26 Also the reaction with
palladium(II) chloride under pressure (60 Psi) failed in our hands Even a more sophisticated
Wilkinson-type rhodium [(РЬзР)зШіСІ]27 catalyst turned out to be unsuitable for the hydrogénation
reaction Also attempts involving borane-tetrahydrofuran, sodium borohydnde-nickel(II) chloride
hexahydrate complex and potassium dnmide28 were unsuccessful in hydrogenating the olefinic bond

Aprikalim
Scheme 3.6
The failure of this reduction of dihydrothiopyran S-oxide is probably attributable to the presence of
the sulfoxide function, as the dihydrothiopyrans can be hydrogenated without any problem (see
38
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Section 3 6) However, first removing the sulfoxide oxygen m order to accomplish the
hydrogénation of the double bond in the dihydrothiopyran and then reoxidize the sulfide to its
sulfoxide, takes away, to a certain extent, the advantage of the involvement of sulfines in the
Apnkalim synthesis

3.6 Substitution reactions of 2-arylsulfonyl-3,6-dihydro-2#-thiopyrans
Lewis acid induced nucleophihc substitution reactions of phenylsulfonyl substituted tetrahydropyrans
constitutes an attractive method for the preparation of a variety of functionalized tetrahydropyrans
(Scheme 3 7) 29 3 0 Suitable nucleophihc reagents for this type of conversions turned out to be silyl
enol ethers as well as allylsilanes

ex

^•O^SOzPh

OSi'BuMe2

^

CH 2 CI 2 , AICI3

"CT " ^

"Ph

Scheme 3.7
It is of interest to investigate whether a similar nucleophihc substitution reaction can be performed
with the sulfur analogue, 1 e dihydro- and tetrahydrothiopyrans The required starting materials
containing an arylsulfonyl function adjacent to the ring heteroatom are readily available by
cycloaddition of in situ prepared sulfines derived from arylsulfonyl substituted active methylene
compounds with 1,3-dienes (Sections 2 2 and 2 3) and subsequent deoxygenation (Section 3 2)
OSiMe3
OEt
18a
PriSCfe'

COPh

2a

CH 2 CI 2 , AICI3
'
-78 С
OS,Me3

Ar-L^

ЕЮ

/\ COPh

1 2 a 4 0 %

18d
CH 2 CI 2 , AICI3
-78°C

Scheme 3.8
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The first substrate tested for the above mentioned substitution reaction is dihydrothiopyran 2h
(Scheme 3 8) When subjected to an aluminium chloride induced reaction with silyl enol ether 18a
derived from ethyl isobutyrate the desired substitution reaction indeed could be accomplished albeit in
moderate yield Silyl enol ether 18b derived from methyl phenylacetate gave a good yield of the
substitution product 16a
With the objective to explore this substitution reaction further, various combinations of Lewis acids
and nucleophihc reagents were tested on the substrate 2-cyano-2-phenylsulfonyl-3,6-dihydro-2tfthiopyran 2c No reaction occurred when this substrate was treated with silyl enol ether 18a in the
presence of borontnfluonde (BF3 Et2Û) as the Lewis acid and substrate 2c was recovered
quantitatively When allylsilane 18c was used instead of 18a no substituted product was obtained
Using the Gngnard reagents benzylmagnesium bromide or ethylmagnesium bromide as nucleophihc
reagents in the presence of either titanium(IV) chloride (T1CI4)31 or zinc bromide (ZnBrç)32 did not
lead to any substituted product, but to recovery of the substrate To our surprise reaction of 2c with
и-butyllithium in the presence of aluminium chloride resulted in the unexpected product 17c instead
of the desired substitution product This reductive removal of the sulfonyl group in 2c can be
explained by assuming that butylhthium attacks on sulfur of the sulfonyl group to produce a cyanide
stabilized carbanion which on work-up gives the isolated product 17c (Scheme 3 9) A related
reductive removal of an arylsulfonyl group from epoxy sulfoxides in reaction with butylhthium has
been reported in the literature34

BuLi, AICI3
PhSOa'

CH 2 CI 2 , -78°C

CN

Θ
CN

CN

1 7c (59%)

2c
Scheme 3.9

In another test reaction subtrate 2g was treated with allylsilane as the nucleophile in the presence of
trimethylsilyl tnflate33 as the catalyst In this case an elimination of the arylsulfonyl group took place
to give thiopyran derivative 15g in a good yield (Scheme 3 10) When the amount of catalyst was
reduced to 5 mol% no reaction occured and unchanged substrate 2g was recovered
TMSOTf

S*^
О.

^k
О

J)

,SiMe 3

CH2CI2,-780C

S02-p-CI-Ph

о

2g

15g(78%)
Scheme 3.10
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The above results indicate that deviating reactions are possible. Aluminium chloride seems to be the
Lewis acid of choice to achieve a substitution reaction. Therefore, the Lewis acid was used to induce
reaction of various substrates 2a-2g with three selected nucleophilic reagents, viz. two silyl enol
ethers (18a and 18b) and allylsilane 18c. The results of these experiments are collected in Table
3.5.
Table 3.5

Nucleophilic substitution reactions of 2-arylsulfonyl-3,6-dihydro-2/7thiopyrans 2 with 18a, 18b and 18c as the nucleophilic reagents
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a

Product 17b was obtained in a yield of 31%.

b

When Me3SiOTf was used as catalyst, only 15g was obtained in a yield of 78

c

Compound 12e = 12a, 12f = 12b, 13e = 13a, 14e = 14a, 14f = 14b.

d

C02Bom means ester of (-)Bomeol
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This compilation of results shows that the substitution reaction is very sensitive to the nature of the
nucleophile as well as the structure of the thiopyran substrate As a general trend it is seen that silyl
enol ether 18a and allylsilane 18c are the better nucleophiles than silyl enol ether 18b The major
by-products in these reactions are the elimination products 15 An exception is the reaction of
substrate 2b with allylsilane 18c which gives compound 17b as the by-product arising from a
reductive elimination of the phenylsulfonyl group A similar reaction as was observed when substrate
2c was treated with butylhthium m the presence of aluminium chloride (Scheme 3 9) In cases where
no reaction takes place, unchanged starting material was recovered along with some polymeric byproducts resulting from selfcondensation reaction of the nucleophilic reagent When the reaction of
with the dihydrothiopyran was very slow, the long reaction times required caused partial
decomposition of the silyl enol ether into the corresponding carbonyl compound (ethyl isobutyrate
and acetophenone, respectively) and the formation of condensation products therefrom Although
conceivable no condensation products of the silyl enol ethers with the ester functions in substrates
2a,2b,2e,2f,2g or the acetone function in substrate 2h was observed35
An electronic or stenc influence of the substituent X in the substrate 2 on the outcome of the
nucleophilic substitution reaction cannot be deduced from the results obtained The substrates 2i and
2j in which X is a hydrogen turned out to be very reactive But there is no clear difference in
reactivity between substrates 2e and 2f in one hand and the much more bulky bornyl ester group in
substrate 2g
It was found however, that there is a distinct difference in behaviour between substrates having a
phenylsulfonyl group and a para-chlorophenylsulfonyl group By the presence of the para-chloro
substituent the latter is clearly a much better leaving group, which results m more satisfactonng
substitution reactions (compare the reactions of substrates 2e,2f,2g with those of 2a and 2b) With
the para-chlorophenylsulfonyl containing substrate even a reaction wth the least reactive silyl enol
ether 18b could be accomplished
Comparing these results with the related reaction in the literature the benzenesulfonyl cyclic ethers are
usually better substrates for the substitution reaction with silyl enol ethers29 Substitution reactions
normally proceeds with a conversion of greater than 80% almost independently from the silyl enol
ether of choice Also when tnmethylallylsilane was used a high yield was feasible It should be noted
that no investigations were undertaken to study the influence of the leaving group m the substitution
reaction
In the beginning of this study no specific attention was given to the stereochemistry of the reaction
First objective was to accomplish the substitution reaction of 2-sulfonylthiopyranes Therefore, no
attempts were made to obtain enantiopure substrates Until now the preparation of such substrates is
rather difficult The cycloadducts from the sulfines derived from active methylene compounds are all
racemic and an asymmetric cycloadditon is not possible in a straightforward manner5 36 However,
in view of the proposed reaction mechanism, vide infra, it was expected that the optically active
substrates would result m racemic products and therefore it would be very valuable as additional
information to support the hypothetical reaction mechanism However, ester dihydrothiopyran 1 42
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oxide derivatives la, lb, le and If could only be obtained as unseparable mixtures of diastereomers
(see Chapter 2) and consequently the corresponding dihydrothiopyrans 2a, 2b, 2e and 2f which
were used as substrates in the substitution reactions, consist of both enantiomers In attempt to obtain
a separable mixtures of diastereomers a bornyl group was introduced as an extra chiral auxiliary
Unfortunately, dihydrothiopyran 2g as well as dihydrothiopyran 1-oxide lg (see Chapter 2) could
only be obtained as mixtures of diastereomers Therefore, at this moment no further attention was
given to the stereochemical course of the substitution reaction

''« C02Me
Oo
2b
2f

Y=H
Y=CI

-.'/W C02Me
Oo
2k
21

97%
61%

''« H
о о
2m 81%
2n 61%

Scheme 3.11

The second class of substrates was obtained by reduction of the olefinic bond in the
dihydrothiopyrans 2b and 2f Moreover, the ester moiety in these compounds could readily be
removed by reduction with lithium aluminium hydride (Scheme 3 11) This reaction is already
described m the introductory section and can be rationalized by an initial reduction of the ester
function to a primary alcohol, which then under the basic conditions of the reaction undergoes a
deformylation (retro aldol type reaction)5 It should be mentioned that the dihydrothiopyrans 2c and
2d could not be converted into the corresponding tetrahydro-denvatives neither by catalytic
hydrogénation nor by dnmide reduction using dipotassium azodicarboxylate37 Probably the presence
of even the smallest amount of cyanide ions poisens the catalyst during the hydrogénation step The
newly obtained tetrahydrothiopyrans 2k-2n all four were tested in the substitution reaction
The results obtained with these substrates are compiled in Table 3 6 Excellent yields were obtained
when silyl enol ether 18a derived from ethyl isobutyrate was used as the nucleophilic agent Similar
results were obtained for allylsilane 18c as nucleophile The less reactive nucleophilic reagent 18b
gave a substitution product in one case only albeit in a moderate yield It should be noted that with
these substrates no competition elimination reaction takes place The substrates 2m and 2n are the
sulfur analogues of the pyrans29 10 studied by Ley et al (Scheme 3 7)
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Table 3.6

Nucleophilic substitution reactions of 2-arylsulfonyltetrahydrothiopyrans 2 with nucleophilic reagents 18a, 18b and 18c
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Y11

14 yield(%)
62
83
75
48

Compound 121 = 12k, 12n = 12m, 141 = 14k, 14n = 14m

The mechanism of the nucleophilic displacement reactions of the arylsulfonyl group in the dihydroand tetrahydrothiopyrans 2 most likely proceeds via the intermediacy of a carbocation which is
formed in a SNI type reaction facilitated by the Lewis acid (Scheme 3 12) This cation is stabilized by
the adjacent ring sulfur atom as a thioxomum intermediate In a subsequent step the nucleophilic
reagent reacts with this stabilized cation to give the ultimate substitution product or alternatively
eliminates a proton to give 2H-thiopyran 15 in the case of the dihydrothiopyran substrates Clearly,
conjugation with the olefinic bond already present in the last-mentioned substrates is responsible for
the formation of these elimination products 15 When such a double bond in the substrate is absent,
only a substitution reaction is observed
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Scheme 3.12

3.7 Experimental Part
For general remarks see Section 2 6 Starting 3,6-dihydro-2#-thiopyrans 1-oxides were obtained as
described in Chapter 2 Tnmethylsilyl enol ethers of 5a and 5b 3 8 were prepared as described in the
indicated literature39

2-Methoxycarbonyl-6tf-thiopyran

(3f)

2-Methoxycarbonyl-6#-thiopyran was obtained during an attempt to reduce If to 2f using the
procedure of Balicki13 Starting from 2-methoxycarbonyl-2-(p-chlorophenylsulfonyl)-2#-thiopyran
1-oxide If (4 27 g, 12 3 mmol) compound 3f was obtained as a light yellow oil (0 61 g, 32%) after
flash column chromatography with hexane / ethyl acetate (39/1, v/v)
1

IR(CC14) ν 1720 (C=0) cm · H-NMR(CDC13) δ 3 29 (d of d, 2H, J d i= 6 3 Hz, J d 2 = 1 3 Hz, -SCH2-), 3 83 (s, 3H, -OCH3), 5 73-5 94 (m. IH, -S-CH2 CH=CH-CH=). 6 11-6 29 (m. IH. -SCH 2 CH=CH-CH=), 7 21 (d, IH, J d = 5 7 Hz, -S-CH2.CH=CH-CH=) ppm MS (CI) m/e 157
(M++1) EI/HRMSm/e 156 02455 ±0 00062 (Cale for C 7 H 8 0 2 S (M+) 156 02450)

General procedure for

the

reduction of dihydrothiopyran 1-oxides 1 to

the

corresponding dihydro-thiopyrans (2)
The procedure as described by Drabowicz and Oae 1 5 was followed a solution of tnfluoroacetic
anhydride (1 2 eq ) in acetone was added dropwise to a solution of sodium iodide (2 4 eq ) and
sulfoxide 1 (1 eq ) in the same solvent at 0°C After the addition was complete acetone was
evaporated, water was added and then the mixture was extracted with dichloromethane The extract
was washed with an aqueous sodium thiosulfate solution and water, and finally concentrated in
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vacuo. The resulting crude product was purified using column chromatography (silica gel, hexane /
ethyl acetate) and / or crystallization from hexane / toluene.
2-Methoxycarbonyl-2-phenyIsulfonyl-3,6-dihydro-4,5-dimethyl-2#-thiopyran (2a)
Starting from 2-methoxycarbonyl-2-phenylsulfonyl-3,6-dihydro-4,5-dimethyl-2//-thiopyran 1-oxide
la (5.34 g, 15.6 mmol) compound 2a was obtained as light yellow crystals (3.61 g, 71%) after
column chromatography with hexane / ethyl acetate (3/1, v/v) and crystallization from hexane /
toluene, mp. 86-88°C.
IR(KBr) v: 1730 (C=0), 1320 and 1150 (S0 2 ) cm 1 . 'H-NMRfCDCb) δ: 1.60 (s, ЗН, -CH3), 1.75
(s, ЗН, -СНз), 2.74-3.40 (m, 4Н, 2х -СН2-), 3.68 (s, ЗН, -ОСН3), 7.55-7.70 (m, ЗН, arom),
7.86-7.97 (m, 2Н, arom) ppm. MS (CI): m/e= 326 (M++1, 0.08%), 185 (-S02Ph, 100%). Anal.
Cale, for C15H18O4S2 (326.435): С 55.19, H 5.56, S 19.64, found: С 55.14, H 5.49, S 19.82.
2-MethoxycarbonyI-2-phenylsulfonyl-3,6-dihydro-2W-thíopyran
Starting from 2-methoxycarbonyl-2-phenylsulfonyI-3,6-dihydro-2#-thiopyran

(2b)
1-oxide lb (7.84 g,

24.9 mmol) compound 2b was obtained as white crystals (4.18 g, 56%) after column
chromatography with hexane / ethyl acetate (3/1, v/v) and crystallization from hexane / toluene, mp.
84-85°C.
IR(KBr) v: 1730 (C=0), 1325 and 1145 (S0 2 ) cm 1 . ^-NMRiCDCb) δ: 3.05-3.49 (m, 4H, 2x
-CH2-), 3.67 (s, ЗН, -ОСНз), 5.72-6.06 (m, 2Н, 2х =СН-), 7.48-7.71 (m, ЗН, arom), 7.89-7.96
(m, 2Н, arom) ppm. MS (CI): m/e= 299 (M++1, 3%), 157 (-S02Ph, 100%). Anal. Cale, for
C15H18O3S2 (298.381): С 52.33, H 4.73, S 21.79, found: С 52.41, H 4.67, S 22.14.
2-Cyano-2-phenylsulfonyl-3,6-dihydro-4,5-dimethyl-2//-thiopyran (2c)
Starting from 2-cyano-2-phenyl-3,6-dihydro-4,5-dimethyl-2//-thiopyran 1-oxide le (5.64 g, 18.2
mmol) compound 2c was obtained as white crystals (2.49 g, 47%) after crystallization from hexane /
toluene, mp. 111-113 °C.
IR(CC14) v: 2230 (CEN), 1340 and 1160 (S0 2 ) cm"1. ^-NMRtCDCb) δ: 1.81 (s, 6H, 2x -CH3),
2.85+2.97 (ABq, 2H, -СН2-, J= 12.4 Hz), 3.27 (s, 2H, -S-CH2-), 7.54-7.87 (m, ЗН, arom), 8.038.12 (m, 2H, arom) ppm. MS (CI) m/e: 294 (M++1, 0.8%), 152 (-S02Ph, 100%). Anal. Cale, for
C i 4 H i 5 N 0 2 S 2 (293.408): С 57.31, H 5.15, N 4.77, S 21.86, found: С 57.26, H 5.08, N 4.74, S
22.11.
2-Cyano-2-phenylsulfonyl-3,6-dihydro-2tf-thiopyran (2d)
Starting from 2-cyano-2-phenylsulfonyl-3,6-dihydro-2//-thiopyran 1-oxide ld (3.50 g, 12.4 mmol)
compound 2d was obtained as white crystals (1.31 g, 40%) after crystallization from hexane /
toluene, mp. 74 °C.
1
IR(CC14) v: 2230 (C=N), 1345 and 1160 (S02) cm . 'H-NMRiCDCb) δ: 2.81-3.25 (m, 2H,
-CH 2 -), 3.27-3.68 (m, 2Н, -S-CH2-), 5.81-6.12 (m, 2H, 2x =CH-), 7.26-7.81 (m, ЗН, arom),
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8 04-8 14 (m, 2H, arom) ppm MS (CI) m/e 266 (M++1, 0 05%), 125 (- S0 2 Ph, 100%), 97 (S0 2 Ph, - HCN, 60%) Cale for C i 2 H n N 0 2 S 2 (265 354) С 54 32, H 4 18, N 5 28, S 24 17,
found С 54 12, H 4 10, Ν 5 31, S 24 26
2-Methoxycarbonyl-2-(4-chlorophenylsulfonyl)-3,6-dihydro-4,5-dimethyl-2tfthiopyran (2e)
Starling from
2-methoxycarbonyl-2-(4-chlorophenylsulfonyl)-3,6-dihydro-4,5-dimethyl-2ffthiopyran 1-oxide le (5 50 g, 14 6 mmol) compound 2e was obtained as light yellow crystals (3 63
g, 68%) after column chromatography with hexane / ethyl acetate (6/1, v/v) and crystallization from
hexane / toluene, mp 78-80°C
IR(KBr)v 1730 (C=0), 1310 and 1145 (S0 2 ) cm ! ]H-NMR(CDCl3) δ 1 77 (s, ЗН, -CH3), 1 82
(s, ЗН, -СНз), 2 74-3 43 (m, 4Н, 2х -СН2-), 3 70 (s, ЗН, -ОСН3), 7 53+7 87 (ABq, 4Н, J A ß=
8 7 Hz, arom) ppm MS (CI) m/e= 361 (M++1, 0 25%), 185 (-S02PhCl, 100%) CI/HRMS m/e
361 03339 ±0 00071 (Cale for Ci<¡Hi7C104S2 (M++1) 36103351)
2-Methoxycarbonyl-2-(4-chIorophenylsuIfonyl)-3,6-dihydro-2//-thiopyran
(2f)
Starting from 2-methoxycarbonyl-2-(4-chlorophenylsulfonyl)-3,6-dihydro-2//-thiopyran
1-oxide If
(7 31 g, 20 9 mmol) compound 2f was obtained as white crystals (4 02 g, 58%) after column
chromatography with hexane / ethyl acetate (6/1, v/v) and crystallization from hexane / toluene, mp
139°C
IR(KBr) V 1730 (C=0), 1325 and 1145 (S0 2 ) cm · !H-NMR(CDC13) δ 3 04-3 67 (m, 4H, 2x
-CH2-), 3 71 (s, ЗН, -ОСНз), 5 79-6 10 (m, 2Н, 2х =СН-), 7 54+7 86 (ABq, 4Н, J A B = 8 8 Hz,
arom) ppm MS (CI) m/e 333 (M++1, 1 1%), 157 (-S02PhCl, 100%)

Anal

Cale for

Ci 3 Hi 3 C10 4 S 2 (332 826) С 46 91, H 3 94, S 19 27, found С 46 88, H 3 91, S 19 49
2-Bornyloxycarbonyl-2-(4-chlorophenylsulfonyl)-3,6-dihydro-2H-thiopyran (2g)
Starting from 2-bornyloxycarbonyl-2-(4-chlorophenylsulfonyl)-3,6-dihydro-2#-thiopyran 1-oxide
lg (6 80 g, 14 4 mmol) compound 2g was obtained as a light brown solid (5 16 g, 86%) after
column chromatography with hexane / ethyl acetate (6/1, v/v), consisting of a mixture of
diastereomers in the ratio 1 1 (according to nC-NMR)
IR(CCI4) ν 1725 (C=0), 1330, 1150 (S0 2 ) cm ì 'H-NMR(CDC13) δ 0 77 and 0 87 (2x s, 9H, 3x
-CH3), 0 92-2 08 (m, 6H, 3x -CH2-), 2 11-2 50 (m, IH, >CH-), 2 84-3 65 (m, 4H, 2x =C-CH2-),
4 70-4 92 (m, IH, -0-CH<), 5 75-6 06 (m, 2H, 2x =CH-), 7 52+7 87 (ABq, 4H, J A B = 8 6 Hz,
arom) ppm

·3C-NM R(CDC13) δ

134+134

and

18 8+19 6 (q, 3x

-CH 3 ),

26 5+27 1+27 8+28 2+28 3 (t, 3x -CH2-), 35 9+36 2 (t, -C(S0 2 -)-£H 2 -), 44 7 (d, -CH- of
bornyl), 47 8 (s, C_(CH3)(C-)3of bornyl), 49 0+49 2 (s, C(CH 3 ) 2 (C-) 2 of bomyl), 75 4+75 5 (s,
-S-C-S02-), 83 7+83 9 (d, -CH-0-), 123 5+123 5+124 4 (d, 2x =CH-), 126 7+132 1 (d, 2x =CHarom), 133 9+133 9 (s, -C-Cl arom), 141 3 (s, -C-S02- arom), 166 1 (s, -C=0) ppm MS (CI) m/c
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455 (M++1, О 16%), 279 (-S02PhCl, 100%) CI/HRMS m/e 455 11162 ±0 00089 (Cale for
+

C22H27C104S2(M +1) 455 11176)
2-Benzoyl-2-phenylsulfonyl-3,6-dihydro-4,5-dimethyl-2//-thiopyran (2h)
Starting from 2-benzoyl-2-phenylsulfonyl-3,6-dihydro-4,5-dimethyl-2#-thiopyran 1-oxide lh (1 16
g, 3 mmol) compound 2h was obtained as an amorphous solid (0 84 g, 75%) after flash column
chromatography with hexane / dichloromethane (1/1, v/v)
IR(CC14) ν 1670 (C=0), 1330 and 1150 (S0 2 ) enr 1 !H-NMR(CDCl3) δ 1 68 (s, 6H, 2x -CH3),
2 43-3 50 (m, 4H, 2x -CH2-), 7 23-7 73 (m, 6H, arom), 7 73-7 93 (m, 2H, arom), 7 93-8 23 (m,
2H, arom) ppm MS (El) m/e 230 (M+ -S02Ph, 100%)
2-Cyano-2-ethoxycarbonyl-3,6-dihydro-5-methyl-2ff-thiopyran (2i)
Starting from 2-cyano-2-ethoxycarbonyl-3,6-dihydro-5-methyl-2//-thiopyran 1-oxide li (0 91 g, 4
mmol)

compound 2i was obtained as a light yellow oil (0 77 g, 91%) after flash column

chromatography with hexane / dichloromethane (1/1, v/v)
IR(CC14) ν 1630 (C=0) cm · 'H-NMR^DCb) δ 1 33 (t, 3H, Jt= 7 1 Hz, -ОСН2СЫз), 1 83 (s,
3H,=C-CH3), 2 55-3 80 (m, 4H, 2x -CH2-), 4 33 (q, 2H, J q = 7 1 Hz, -OCH2CH3), 5 60 (s, IH,
-CH=) ppm MS (El) m/e 211 (M+)
2,2-Di(ethoxycarbonyl)-3,6-dihydro-5-methyl-2//-thiopyran (2j)
Starting from 2,2-di(ethoxycarbonyl)-3,6-dihydro-5-methyI-2W-thiopyran 1-oxide lj (1 10 g, 4
mmol) compound 2j was obtained as a light yellow oil (0 83 g, 80%) after flash column
chromatography with hexane / dichloromethane (1/1, v/v)
IR(CCU) ν 1640 (C=0) cm ' 'H-NMR(CDCl3) δ 1 27 (t, 6H, Jt= 7 1 Hz, 2x -OCH2CH3), 1 77
(s, 3H,=C-CH3), 2 53-3 27 (m, 4H, 2x -CH2-), 4 20 (q, 4H, J q = 7 1 Hz, 2x -ОСШСН3), 5 50 (s,
IH,-CH=)ppm MS (CI) m/e 259(M++1)
2,2-Di(benzoyl)-3,6-dihydro-5-methyl-2fMhiopyran (2k)
Starting from 2,2-di(benzoyl)-3,6-dihydro-5-methyl-2#-thiopyran 1-oxide Ik (1 01 g, 3 mmol)
compound 2k was obtained as a yellow oil (0 92 g, 95%) after flash column chromatography with
hexane / dichloromethane (1/1, v/v)
IR(CCl 4 )v 1660(С=О)ст' !H-NMR(CDCl3) δ 1 72 (s, 3H, =C-CH3), 2 60-3 13 (m, 4Н, 2х
-СН2-), 5 65 (т, Ш, -СН=), 7 25-7 65 (т, 6Н, arom), 8 10-8 20 (m, 4Н, arom) ppm MS (ΕΙ)
m/e 322 (M+)
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2-Cyano-2-ethoxycarbonyl-3,6-dihydro-4,5-dimethyl-2fl-thiopyran

1,1-dioxide

(4m)
To a stirred solution of dihydrothiopyran 1-oxide lm (1 mmol, 0.24 g) in dichloromethane (20 ml) at
0°C a solution of mCPBA (1.05 mmol, 0.18 g) in a small amount of dichloromethane was added.
The reaction mixture was maintained at this temperature overnight. After TLC-analysis showed the
complete disappearance of starting material, the reaction mixture was washed twice with an aqueous
sodium metabisulfite solution (5%) and then twice with water, whereupon the washings were
extracted twice with dichloromethane. The combined organic layers were subsequently washed with
an aqueous sodium hydrogencarbonate solution (satd.) and dried over magnesium sulfate. After
concentration in vacuo the crude product was crystallized from toluene / hexane to yield 199 mg
(77%) of 4m as white crystals, m.p. 115°C.
IR(KBr) v: 2240 (C=N), 1730 (C=0), 1340 and 1140 (S0 2 ) cm"1. ]H-NMR(CDCI3) δ: 1.37 (t, 3H,
Jt= 7.1 Hz, -OCH2CH.3). 147 and 1.81 (2x s, 6H, 2x =C-CH3), 2.85 (s, 2H, -CH2-), 3.21+3.82
(ABq, 2H, JAB= 15.2 Hz, -S02-CH2-), 4.36 (q, 2H, J q = 7.1 Hz, -OCH2CH3) ppm. MS (EI) m/e:
257 (M+). Anal. Cale, for C11H15NO4S (257.309): С 51.35, Η 5.88, Ν 5.44, S 12.46, found: С
51.18, H 5.84, N4.70, S 12.26.
2-Cyano-2-ethoxy car bony 1-3,6-dihydro-4,5-dimethyl-2#-thiopy ran
(4m) using Oxone

1,1-dioxide

19

To a vigorously stirred solution of dihydrothiopyran 1-oxide lm (2.5 mmol, 0.6 g) in methanol (20
ml) at 0°C a solution of KHSO5 (3.25 mmol, 4.03 g) in water (20 ml) was added. After stirring for
4 h at room temperature, the reaction mixture was diluted with 75 ml of water and extracted with
dichloromethane (3x 50 ml). The combined organic layers were washed with brine, dried over
magnesium sulfate and concentrated in vacuo. Compound 4m was obtained as white crystals (275
mg, 43%) after flash column chromatography with hexane / ethyl acetate (2/1, v/v) and
recrystallization from toluene / hexane, m.p. 115°C.
For physical and spectral data see above.
2-Cyano-2-tert-butylcarbonyl-3,6-dihydro-4,5-dimethyl-2/7-thiopyran 1,1-dioxide
(4n)
The procedure described for compound 4m using Oxone was followed. Starting from
dihydrothiopyran 1-oxide In (2.5 mmol, 0.63 g) compound 4n was obtained as white crystals (182
mg, 27%) after flash column chromatography with hexane / ethyl acetate (3/1, v/v) and
recrystallization from toluene / hexane, m.p. 110-112°C.
IR(KBr) v: 2230 (C=N), 1710 (C=0), 1320 and 1140 (S0 2 ) c m 1 . !H-NMR(CDC13) δ: 1.39 (s,
9H, -С(СНз)з), 1.43 (s, ЗН, =С-СН3), 1.50 (s, ЗН, =С-СН3), 2.57+280 (ABq, 2Н, J A B = 16.1
Hz, -СН2-), 3.29+3.97 (ABq, 2Н, JAB= 14.6 Hz, -S02-CH2-) ppm. MS (El) m/e: 269 (M+).
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2-Ethoxycarbonyl-2-tert-butylcarbonyl-3,6-dihydro-4,5-dimethyl-2#-thiopyran 1,1dioxide (4o)
The procedure described for compound 4m using Oxone was followed Starting from
dihydrothiopyran 1-oxide lo (2 5 mmol, 0 75 g) compound 4o was obtained as white crystals (332
mg, 42%) after flash column chromatography with hexane / ethyl acetate (3/1, v/v) and
recrystalhzation from toluene / hexane, m ρ 88-90°C
1
IR(KBr) ν 1735 (C=0), 1330 and 1140 (S0 2 ) c m 'H-NMRtCDCb) δ 1 23 (s, 9H, -С(СН3)з).
1 35 (t, ЗН, J,= 7 1 Hz, -ОСН2СНэ). 1 36 (s, 3H, =C-CH3), 1 61 (s, ЗН, =С-СН3), 2 49-3 93
(m, 4Н, 2х -СН2-), 4 32 (q, ЗН, J q = 7 1 Hz, -ОСШСН3) ppm MS (ΕΙ) m/e 316 (Μ+)
2-Benzoyl-3,6-dihydro-4,5-dimethyl-2iJr-thiopyran 1-oxide (6a)
Silyl enol ether of 5a (11 7 mmol, 2 30 g) in dry dichloromethane (15 ml) was added dropwise to a
cooled solution (-10°C) of thionyl chloride (12 3 mmol, 0 91 ml), 2,6-lutidine (12 9 mmol, 1 49 ml)
and 2,3-dimethyl-l,3-butadiene (10 ml) in dry dichloromethane (50 ml) and the reaction mixture was
maintained at this temperature for 2 h The reaction mixture was then washed twice with water and
the washings were extracted twice with dichloromethane The combined organic layers were dried
(magnesium sulfate) and concentrated in vacuo resulting in a crude product consisting of one single
diastereomer The crude product was purified by column chromatography over silicagel 60 with
hexane / ethyl acetate (1/5, v/v) as the eluent as a mixture of diastereomers 7 3 (according to 'HNMR) in a yield of 2 91 g (quantitative)
Major diastereomer !H-NMR(CDC13) δ 1 75 and 1 79 (2x s, 6H, 2x -CH3), 2 65-2 72 (m, 2H,
-CH2-), 3 53 (broad s, 2H, -SO-CH2-), 4 82 (t, IH, Jt= 7 0 Hz, >CH-), 7 38-7 71 (m, 3H, arom),
7 87-8 08 (m, 2H, arom) ppm Minor diastereomer 'H-NMRiCDCh) δ 1 75 and 1 79 (2x s, 6H,
2x -CH3), 2 19-2 50 (m, 2H, -CH2-), 3 40 (broad s, 2H, -SO-CH2-), 4 45 (d of d, IH, J d i= 11 7
Hz, J d 2 = 4 5 Hz, >CH-), 7 38-7 71 (m, 3H, arom), 7 87-8 08 (m, 2H, arom) ppm
2-Benzoyl-4,5-dimethyl-2tf-thiopyran (7a)
Dihydrothiopyran 1-oxide 6a (1 46 g, 58 mmol) was dissolved in toluene (100 ml) and a catalytic
amount of p-toluenesulfonic acid monohydrate (5 mg) was added The reaction mixture was refluxed
for 1 hour After removal of the volatiles the crude product was subjected to column chromatography
with hexane / diethyl ether (1/5, v/v) to yield a yellow oil (1 30 g, 97%)
IR(Neat) ν 1625 (C=0), 1530 (Ph) cm"1 'H-NMRiCDCb) δ 1 90 and 2 03 (2x s, 6H, 2x -CH3),
3 28 (broad s, 2H, -CH2-), 6 72 (s, IH, -CH=), 7 37-7 56 (m, 3H, arom), 7 65-7 75 (m, 2H,
arom) ppm MS (EI) m/e 230 (M+)
2-Ethoxycarbonyl-3,6-dihydro-4,5-dimethyl-2#-thiopyran

1-oxide (6b)

Silyl enol ether of 5b (13 mmol, 3 02 g) in dry dichloromethane (15 ml) was added dropwise to a
cooled solution (-10°C) of thionyl chloride (13 7 mmol, 1 00 ml), 2,6-lutidine (13 mmol, 1 51 ml)
and 2,3-dimethyl-l,3-butddiene (12 ml) in dry dichloromethane (50 ml) and the reaction mixture was
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maintained at this temperature for 2 hours The reaction mixture was then washed twice with water
and the washings were extracted twice with dichloromethane The combined organic layers were
dried over magnesium sulfate, concentrated in vacuo and the crude product was purified by column
chromatography over silicagel 60 with hexane / diethyl ether (4/1, v/v) to give a mixture of
diastereomers (1 1) in a yield of 1 06 g (39%)
•H-NMR(CDC13) δ 1 31 and 1 33 (2x t, 3H, 2x Jt= 7 1 Hz, 2x -OCH2CH3), 1 74 (broad s, 6H,
2x -CH3), 2 55 2 78 (m, 2H, -CH2-), 3 29-3 55 (m, 2H, -SO-CH2-), 3 72-3 94 (m, IH, >CH-),
4 26 and 4 28 (2x q, 2H, 2x J q = 7 1 Hz, 2x -OCH2CH3) ppm
Further clution gave compound 7b (29%) and ester 5b (15%)
2-Ethoxycarbonyl-4,5-dimethyl-2i/-thiopyran (7b)
Silyl enol ether of 5b (6 5 mmol, 1 51 g) and tnethylamine (7 2 mmol, 1 00 ml) in dry
dichloromethane (15 ml) was added dropwise to a cooled solution (0°C) of thionyl chloride (13 7
mmol, 1 00 ml), and 2,3-dimethyl-l,3-butadiene (6 ml) in dry dichloromethane (50 ml) and the
reaction mixture was maintained at this temperature for 2 hours The reaction mixture was then
washed twice with water and the washings were extracted twice with dichloromethane The combined
organic layers were dried (magnesium sulfate) and concentrated in vacuo The crude product was
purified by column chromatography over silicagel 60 with hexane / diethyl ether (2/1, v/v) to give 7b
in a yield of 1 26 g (98%)
IR(neat)v 1700(С=О)ст! !H-NMR(CDC1 3 ) δ 1 20 (t, 3H, J,= 7 1 Hz,-OCH2CH3), 1 72 and
1 80 (2x s, 6H, 2x -CH3), 3 09 (broad s, 2H, -S-CH2-), 4 14 (q, 2H, J q = 7 1 Hz, -OCH 2 CH 3 ),
6 97 (broad s, IH, =CH-) ppm
2-Benzoyl-l,4,5-trimethyl-2//-thiopyranium triflate (8a)
Thiopyran 7a (1 75 mmol, 403 mg) was dissolved in dry dichloromethane (10 ml) at room
temperature Then methyl tnfluoromethanesulfonate (1 77 mmol, 0 2 ml) was added through a
syringe The reaction mixture was stirred over night and concentration m vacuo afforded compound
8a as a dark oil in quantitative yield
'H-NMRtCDCb) δ 2 00 and 2 17 (2x s, 6H, 2x -CH3), 2 87 (s, 3H, >S+-CH3), 4 3244 59 (ABq,
2H, JAB= 18.5 Hz, -CH2-), 7 27-7 82 (m, 6H, arom and =CH-) ppm
2-Ethoxycarbonyl-l,4,5-trimethyl-2ff-thiopyranium triflate (8b)
Starting Irom 7b (588 mg, 2 96 mmol) and methyl tnfluoromethanesulfonate (0 33 ml, 2 96 mmol)
the procedure described for compound 8a was followed to afford compound 8b as a crude product
(712 mg, <66%) The structure could not be assigned unequivocally
>H-NMR(CDC13) δ 1 38 (t, 3H, Jt= 7 1 Hz, -OCH 2 CH 3 ), 2 07 and 2 16 (2x s, 6H, 2x -CH3),
2 85 (s, 3H, -S CH 3 ), 4 34 (broad s, 2H, -CH2-), 4 38 (q, 2H, J q = 7 1 Hz, -OCH 2 CH 3 ), 7 71
(broad s, IH, =CH-) ppm
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2-Benzoyl-l,4,5-trimethyl-thiabenzene (9a)
Tnflate salt 8a (260 mg, 0 64 mmol) and tnethylamine (0 93 mmol, 0 13 ml) were dissolved m
ethanol (15 ml) and stirTed for 20 hours at 0°C The reaction mixture was concentrated in vacuo and
the residue was dissolved in ether The organic layer was washed twice with water, dried
(magnesium sulfate) and removal of the solvent afforded pure thiabenzene 9a (138 mg, 89%)
1H-NMR(CDC13) δ 1 81 (s, 3H, -CH3), 2 06 (broad s, 6H, 2x -CH3), 5 02 and 6 60 (2x broad s,
2H, 2x -CH=), 7 31-7 65 (m, 5H, arom) ppm
Spectral data were identical with those reported m the literature20
2-Phenylsulfonyl-3,6-dihydro-4,5-dimethyl-2//-thiopyran (2i)
To a stirred suspension of lithium aluminium hydride (115 mg, 3 0 mmol) in tetrahydrofuran (30 ml)
a solution of 2-methyloxycarbonyl-2-phenylsulfonyl-3,6-dihydro-4,5-dimethyl-thiopyran 2a (490
mg, 1 50 mmol) in tetrahydrofuran (30 ml) was added at -78°C The reaction mixture was maintained
at this temperature for 5 h Then water (0 25 ml), a 15% solution of sodium hydroxide (0 25 ml) and
again water (0 7 ml) were successively added The suspension thus obtained was allowed to warm to
room temperature Diethyl ether and MgSC"4 were added and after filtration the resulting solution was
concentrated After column chromatography with hexane / ethyl acetate (3/1, v/v) and crystallization
from hexane / toluene 2i was obtained as light yellow crystals (292 mg, 73%), mp 106-107°C
IR(CC14)V 1320 and 1150(SO 2 )cm > >H-NMR(CDC13) δ 1 68 (s, 6H, 2x -CH3), 2 68-3 35 (m,
4H, 2x -CH2-), 4 13 (t, IH, -CH-S(0)2-, J= 5 7 Hz), 7 47-7 67 (m, 3H, arom), 7 90-7 98 (m, 2H,
arom) ppm MS (CI) m/e 269 (M++1, 0 14%), 127 (- S0 2 Ph, 100%) Anal Cale for C ] 3 H i 6 0 2 S 2
(268 398) С 58 18, H 6 01, S 23 89, found С 58 25, H 5 96, S 23 67
2-Phenylsulfonyl-3,6-dihydro-2//-thiopyran (2j)
The procedure described for 2i was followed Starting from 2-methoxycarbonyl-2-phenylsulfonyl3,6-dihydro-thiopyran 2b (1 01 g, 3 38 mmol) compound 2j was obtained as a white solid (131
mg, 16%) after column chromatography with hexane / ethyl acetate (4/1, v/v)
IR(CC14) ν 1320 and 1150 (S02) cm"1 'H-NMR(CDC13) δ 2 77-3 60 (m, 4H, 2x -CH2-),
4 04+4 09 (ABq, IH, -CH-S(0)2-, J= 3 8 Hz), 7 49-7 67 (m, 2H, arom), 7 87-8 00 (m, 3H,
arom) ppm MS (CI) m/e 241 (M++1, 1 8%), 99 (- S0 2 Ph, 100%) CI/HRMS m/e 241 03581
±0 00069 (Cale for CnHi 2 0 2 S 2 (M++l) 24103570)
2-Methoxycarbonyl-2-phenylsulfonyl-tetrahydrothiopyran (2k)
2-Methyloxycarbonyl-2-phenylsulfonyl-3,6-dihydro-2H-thiopyran 2b (1 30 g, 4 36 mmol) was
dissolved in ethyl acetate (100 ml) and hydrogenated using 10% Pd on activated carbon as the
catalyst Compound 2k was obtained as white crystals (1 27 g, 97%) after column chromatography
with hexane / diethyl ether (2/1, v/v) and crystallization from hexane / toluene, mp 88°C
IR(KBr) ν 1730 (C=0), 1315 and 1140 (S0 2 ) cm > ]H-NMR(CDC13) δ 1 58-2 91 and 3 22-3 51
(2x m, 8H, 4x -CH2-), 3 61 (s, 3H, -OCH3), 7 27-7 69 (m, 3H, arom), 7 88-7 97 (m, 2H, arom)
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ppm MS (CI) m/e 301 (M++1, 1%), 159 (- S0 2 Ph, 100%), 99 (- S0 2 Ph, - HC0 2 CH 3 , 15%)
Anal Cale for C13H16O4S2 (300 397) С 51 98, H 5 37, S 21 35, found С 51 87, H 5 27, S
21 35
2-Methoxycarbonyl-2-(p-chlorophenylsulfonyl)-tetrahydrothiopyran

(21)

2-methyloxycarbonyl-2-(p-chlorophenylsulfonyl)-3,6-dihydro-2#-fhiopyran 2f (1 68 g, 5 05 mmol)
was dissolved in ethyl acetate (100 ml) and hydrogenated using 10% Pd on activated carbon as
catalyst Compound 11 was chromatographed with hexane / diethyl ether (1/1, v/v), crystallized from
hexane / toluene and obtained as white crystals (1 03 g, 61 %), mp 79-83°C
IR(CC14) ν 1735 (C=0), 1325 and 1140 (S0 2 ) cm ' lH-NMR(CDCl3) δ 1 55-2 93 and 3 22-3 47
(2x m, 8H, 4x -CH2-), 3 65 (s, 3H, -OCH3), 7 52+7 85 (ABq of t, 4H, arom, J= 8 7 Hz, Jt= 2 0
Hz) ppm MS (CI) m/e 335 (M++1, 0 4%), 159 (- S0 2 C 6 H 4 C1, 100%), 99 (- S0 2 C 6 H 4 C1, HCO2CH3, 21%) CI/HRMS m/e 335 01783 ±0 00099 (Cale for C13H15CIO4S2 (M+l)
335 01786)
2-Phenylsulfonyl-tetrahydrothiopyran (2m)
To a stirred suspension of lithium aluminium hydride (99 mg, 2 61 mmol) in tetrahydrofuran (30 ml)
a solution of 2-methyloxycarbonyl-2-phenylsulfonyl-tetrahydro-thiopyran 2k (359 mg, 1 20 mmol)
in tetrahydrofuran (30 ml) was added at -78°C The reaction mixture was maintained at this
temperature for 1 h Then water (0 25 ml), an aqueous 15% solution of sodium hydroxide (0 25 ml)
and again water (0 7 ml) were successively added The suspension was allowed to warm to room
temperature Diethyl ether and MgS0 4 were added and after filtration the resulting solution was
concentrated

Product 2m was obtained as white crystals (236 mg, 81%) after column

chromatography with hexane / ethyl acetate (2/1, v/v) and crystallization from hexane / toluene, mp
109°C
IR(CCl4)v 1315 and 1150 (SO2) cm ' lH-NMR(CDCl3) δ 1 56-2 58 and 3 17-3 43 (2x m, 8H,
4x -CH2-), 3 65 (t, IH, -S-CH<, J= 4 2 Hz), 7 46-7 74 (m, 3H, arom), 7 91-8 01 (m, 2H, arom)
ppm MS (CI) m/e 243 (M++1, 0 4%), 101 (- S0 2 Ph, 100%) Anal Cale for C i i H i 4 0 2 S 2
(242 360) С 54 52, H 5 82, S 26 46, found С 54 44, H 5 79, S 26 93
2-(p-Chlorophenylsulfonyl)-tetrahydrothiopyran (2n)
The procedure described for 2m was followed

Starting from 2-methoxycarbonyl-2-/?-

chlorophenylsulfonyl-tetrahydro-thiopyran 21 (1 03 g, 3 07 mmol) compound 2n was obtained as
white crystals (558 mg, 61 %) after column chromatography with hexane / ethyl acetate (4/1, v/v) and
crystallization from hexane / toluene, mp 101-102°C
IR(KBr) ν 1310, 1140 (S0 2 ) cm 1 'H-NMR(CDCl3) δ 1 59-2 70 and 3 17-3 43 (2x m, 8H, 4x
-CH2-), 3 80 (t, IH, -S-CH<, J= 5 4 Hz), 7 54+7 90 (ABq of t, 4H, arom, J= 8 7 Hz, Jt= 2 0 Hz)
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General procedure for the reactions of dihydrothiopyrans (2) with nucleophilic reagent (18a).
To a stirred mixture of silyl enol ether 18a (2.0 mmol) and aluminium chloride (2.0 mmol) in
dichloromethane (50 ml) a solution of 3,6-dihydro-2#-thiopyran 2 (1.0 mmol) in dichloromethane
(10 ml) is slowly added at -78°C under an inert atmosphere of argon. The reaction mixture is
maintained at this temperature for 1 h and is then allowed to warm to -50°C and maintained at this
temperature for 4 h. The reaction is monitored by TLC. The reaction mixture is washed twice with
water and the washings are twice extracted with dichloromethane. The combined organic layers are
dried (MgSC>4) and then concentrated in vacuo. The resulting crude product is purified using flash
column chromatography (silica gel, hexane / ethyl acetate).
2-Benzoyl-2-(l-ethoxycarbonyl-l-methyl-ethyl-l')-3,6-dihydro-2#-thiopyran (12a)
Starting from 2-benzoyl-2-(p-chlorophenylsulfonyl)-3,6-dihydro-2#-thiopyran 2h, compound 12a
was obtained as a yellow oil (40%) after flash column chromatography with hexane / ethyl acetate
(4/1, v/v).
IR(CC14) v: 1720 (C=0), 1660 (aryl-C=0) c m 1 . ^-NMRtCDCb) δ: 1.25 (t, 3H, Jt= 6.0 Hz,
-CH2-CH3), 1.40 (s, 6H, 2x =C-CH3), 1.55 (s, 3H, C-CH3), 1.65 (s, 3H, C-CH3), 2.55 - 3.09
(m, 4H, 2x -CH2-C=), 4.00 (q, 2H, J q = 6.0 Hz), 7.15 - 7.50 (m, 3H, arom), 7.80 - 8.10 (m, 2H,
arom). MS (EI) m/e: 346 (M+).
2-Methoxycarbonyl-2-(l-ethoxycarbonyI-l-methyl-ethyl)-3,6-dihydro-4,5-dimethyl2//-thiopyran (12a)
Starting from 2-methoxycarbonyl-2-phenylsulfonyl-3,6-dihydro-4,5-dimethyl-2#-thiopyran 2a
compound 12a was obtained as a colorless oil (44%) after flash column chromatography with
hexane / ethyl acetate (9/1, v/v).
1
IR(CC14) v: 1725 (C=0) cnv . 'H-NMR(CDCI3) δ: 1.26 (t, 3H, -O-CH2-CH3, J= 7.1 Hz), 136 (s,
3H, -C-CH3), 1.39 (s, ЗН, -С-СНз), 1.67 (s, 6Н, 2х -С=С-СН3), 2.65-3.33 (т, 4Н, 2х -СН2-),
3.69 (s, ЗН, -ОСНз), 4.14 (q, 2Н, -ОСН2-, J= 7.1 Hz). MS (ΕΙ) m/e: 300 (Μ+). EI/HRMS m/e:
300.13968 ±0.00059 (Cale, for C15H24O4S (M+): m/e= 300.13953).
2-Methoxycarbonyl-2-(l-ethoxycarbonyl-l-methyl-ethyI)-3,6-dihydro-2//-thiopyran
(12b)
Starting from 2-methoxycarbonyl-2-phenylsulfonyl-3,6-dihydro-2W-thiopyran

2b (298 mg, 1.00

mmol) compound 12b was obtained as a colorless oil (57%) after flash column chromatography with
hexane / ethyl acetate (9/1, v/v).
IR(CC14) v: 1720 (C=0) cnv1. lH-NMR(CDCl3) δ: 1.28 (t, 3H, -О-СЩ-СЕз, J= 7.1 Hz), 1.36 (s,
3H, -C-CH3), 1-40 (s, ЗН, -С-СНз), 2.57-3.50 (m, 4Н, 2х -СН2-), 3.72 (s, ЗН, -ОСН3), 4.14 (q,
2Н, -ОСН2-, J= 7.1 Hz), 5.66-5.92 (m, 2Н, 2х =СН-). MS (CI) m/e: 273 (М++1). CI/HRMS m/e:
273.11613 ±0.00081 (Cale, for С13H20O4S (М++1 ): 273.11606).
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2-Cyano-6#-thiopyran (15d)
Starting from 2-cyano-2-phenylsuIfonyl-3,6-dihydro-2//-fhiopyran 2d elimination product 2-cyanoбЯ-thiopyran 15d was obtained as a yellow oil (19%) after flash column chromatography with
hexane / ethyl acetate (6/1, v/v)
IR(CCU) ν 2220 ( O N ) cm ' 'H-NMR(CDCl3) δ 3 36 (d, 2H, -CH2-, J= 4 2 Hz), 5 79-6 23 (m,
2H, 2x -CH2-), 6 82 (d, IH, C(CN)=CH-) ppm MS (CI) m/e 124 (M++1) CI/HRMS m/e
124 02178 ±0 00048 (Cale for C6H5NS (M++1 ) 124 02210)
2-(l-Ethoxycarbonyl-l-methyl-ethyl)-3,6-dihydro-4,5-dimethyl-2ff-thiopyran (12i)
Starting from 2-phenylsulfonyl-3,6-dihydro-4,5-dimethyl-2tf-thiopyran

2i, compound 12i was

obtained as a light yellow oil (100%) after flash column chromatography with hexane / ethyl acetate
(39/1, v/v)
IR(CCU) ν 1720 (C=0) cm > 'H-NMRtCDCb) δ 1 23 (s, 3H, -C-CH3), 1 27 (t, ЗН, -0-СН2СНз, J= 7 1 Hz), 1 29 (s, ЗН, -С-СН3), 1 68 (s, 6Н, 2х -С=С-СН3), 1 80-2 38 (m, 2Н, -S-CСН 2 -), 2 72-3 46 (m, 2Н, -S-CH2-), 3 13+3 23 (ABq, IH, -S-CH-, J= 4 6 Hz), 4 16 (q, 2H,
OCH2-, J= 7 1 Hz) MS (CI) m/e 243 (M++1) EI/HRMS m/e 242 13415 ±000046 (Cale for
Ci 3 H 2 2 0 2 S (M+) 242 13405)
2-(l-Ethoxycarbonyl-l-methyl-ethyl)-3,6-dihydro-2tf-thiopyran (12j)
Starting from 2-phenylsulfonyl-3,6-dihydro-2//-thiopyran 2j, compound 12j was obtained as a
colorless oil (31 %) after flash column chromatography with hexane / ethyl acetate (19/1, v/v)
IR(CC14) ν 1720 (C=0) cm ' >H-NMR(CDCI3) δ 1 05 (t, 3H, -0-CH 2 -CH 3 , J= 7 1 Hz),d 1 23
(s, 3H, -C-CH3), 1 29 (s, 3H, -C-CH3), 2 16-2 28 (m, 2H, -S-C-CH2-), 2 67-3 54 (m, 2H, -SCH 2 ), 4 16 (q, 2H, -OCH2-, J= 7 1 Hz), 4 17 (q, IH, -S-CH-, J= 7 1 Hz), 5 75+5 91 (ABq, 2H,
2x =CH-, J= 9 3 Hz) MS (CI) m/e 215 (M++1) CI/HRMS m/e 215 11076 ±0 00061 (Cale for
CnHi 8 0 2 S(M++l) 215 11058)
2-Methoxycarbonyl-2-(l-ethoxycarbonyl-l-methyl-ethyl)-3,6-dihydro-4,5-dimethyl2tf-thiopyran (12e)
Starting from

2-methoxycarbonyl-2-(p-chlorophenylsulfonyl)-3,6-dihydro-4,5-dimethyl-2#-

thiopyran 2e, compound 12e (=12a) was obtained as a yellow oil (93%) after flash column
chromatography with hexane / ethyl acetate (6/1, v/v)
The spectral data were in agreement with those of 12a
2-Methoxycarbonyl-2-(l-ethoxycarbonyl-l-methyl-ethyl)-3,6-dihydro-2//-thiopyran
(12f)
Starling from 2-methoxycarbonyl-2-(p-chlorophenylsulfonyl)-3,6-dihydro-2#-thiopyran

2f,

compound 12f (=12b) was obtained as a colorless oil (91%) after flash column chromatography
with hexane / ethyl acetate (9/1, v/v)
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The spectral data were in agreement with those of 12b.
2-Bornyloxycarbonyl-2-(l-ethoxycarbonyl-l-methyl-ethyl)-3,6-dihydro-2/7thiopyran (12g)
Starting from 2-bornyloxycarbonyl-2-(p-chlorophenylsulfonyI)-3,6-dihydro-2#-thiopyran 2g,
compound 12g was obtained as a colorless oil (75%) after flash column chromatography with
hexane / ethyl acetate (39/1, v/v).
IR(CC14) v: 1720 (C=0) cm"1. 'H-NMRiCDCb) δ: 0.83 and 0.88 and 0.90 (3x s, 9H, 3x -CH 3 of
bomyl), 1.03-2.05 (m, 6H. 3x -CH 2 - of bomyl), 1.29 (t, 3H, -0-CH 2 -CH 3 > J= 7.1 Hz), 1.38 (s,
3H, -С-СНз), 1.42 (s, ЗН, -С-СНз), 2.22-2.50 (m, IH, -CH- of bornyl), 2.75-3.52 (m, 4H, 2x
=СН-СЩ-), 4.16 (q, 2H, -OCH2-, J= 7.1 Hz), 4.71-4.92 (m, IH, -CH-O- of bomyl), 5.68-5.94
(m, 2H, 2x =CH-). MS (CI) m/e: 395 (M++1). CI/HRMS m/e: 395.2246 ±0.0011 (Cale, for
C22H34O4S (M++1): 395.22561).
Further elution gave 2-bornyloxyearbonyl-6#-thiopyran (15g) in a yield of 19%.
IR(CC14) v: 1710 (C=0) cm"1. ^-NMRíCDCb) δ: 0.87 and 0.89 and 0.92 (3x s, 9H, 3x -CH3 of
bomyl), 1.00-2.16 (m, 6H, 3x -CH2- of bomyl), 2.36-2.58 (m, IH, -CH- of bornyl), 3.28+3.33
(ABq, 2H, -S-CH2-), 4.90-5.05 (m, IH, -CH-O- of bomyl), 5.72-5.92 (m, IH, =CH-), 6.12-6.27
(m, IH, =CH-), 7.19 (d, IH, -S-C=CH-, J= 5.9 Hz). MS (CI) m/e: 279 (M++1). EI/HRMS m/e:
278.13400 ±0.00054 (Cale, for Ci 6 H 2 20 2 S (M+): 278.13405).
2-Methoxycarbonyl-2-(l-ethoxycarbonyl-l-methyl-ethyl)-tetrahydrothiopyran (12k)
Starting from 2-methoxycarbonyl-2-phenylsuIfonyl-tetrahydrothiopyran 2k, compound 12k was
obtained as a colorless oil (93%) after flash column chromatography with hexane /ethyl acetate (9/1,
v/v).
IR(CCU) v: 1720 (C=0) cm"1. 'H-NMRÍCDCb) δ: 1.28 (t, 3H, -0-CH2-CHj, J= 7.1 Hz), 1.34
(s, 6H, 2x -C-CH3), 1.52-2.74 (m, 8H, 4x -CH2-), 3.77 (s, ЗН, -OCH3), 4.13 (q, 2Н, -ОСН2-, J=
7.1 Hz) ppm. MS (CI) m/e: 275 (M++1). EI/HRMS m/e: 274.12401 ±0.00054 (Cale, for
C13H22O4S (M+): 274.12388).
2-Methoxycarbonyl-2-(l-ethoxycarbonyl-l-methyl-ethyl)-tetrahydrothiopyran (121)
Starting from 2-methoxycarbonyl-2-(p-chlorophenylsulfonyl)-tetrahydrothiopyran 21 compound 121
(=12k) was obtained as a colorless oil (63%) after flash column chromatography with hexane / ethyl
acetate (9/1, v/v).
The spectral data were in agreement with those of 12k.
2-(l-Ethoxycarbonyl-l-methyl-ethyi)-tetrahydrothiopyran (12m)
Starting from 2-phenylsuIfonyl-tetrahydrothiopyran 2m, compound 12m was obtained as a colorless
oil (99%) after flash column chromatography with hexane / ethyl acetate (19/1, v/v).
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IR(CC14) v. 1720 (C=0) cm"1. !H-NMR(CDC13) δ: 1.15 (s, 3H, -C-CH3), 1.20 (s, ЗН, -С-СН3),
1.22 (t. ЗН, -О-СНг-СЕз, J= 7.1 Hz), 1.33-1.93 (m, 6Н, Зх -СН2-), 2.50-2.70 (m, 2Н, -S-CH2). 2.99-3.09 (m, IH, -S-CH-), 4.13 (q, 2H, -OCH2-, J= 7.1 Hz) ppm. 13C-NMR(CDC13) δ: 14.1 (0-CH2-ÇH3), 21.2 (-S-CH2-CH2-£H2-), 23.0 (-CH3), 27.1+27.3 (2x -S-C-CH 2 ), 29.6 (-S-CH2), 46.3 (-S-CH-), 51.0 (-£-C=0), 60.5 (-0-CH2-), 176.5 (-C=0) ppm. MS (CI) m/e: 217 (M++1).
CI/HRMS m/e: 217.12621 ±0.00061 (Cale. forCnH 20 O 2 S (M+l): 217.12623).
2-(l-Ethoxycarbonyl-l-methyl-ethyl)-tetrahydrothiopyran (12n)
Starting from 2-(p-chlorophenylsulfonyl)-tetrahydrothiopyran 2n, compound 12n (=12m) was
obtained as a colorless oil (62%) after flash column chromatography with hexane / ethyl acetate (19/1,
v/v).
The spectra] data were in agreement with those of 12m.

General procedure for the reactions of dihydrothiopyrans (2) with nucleophilic reagent (18b).
To a stirred mixture of silyl enol ether 18b (2.0 mmol) and aluminium chloride (2.0 mmol) in
dichloromethane (50 ml) a solution of 3,6-dihydro-2#-thiopyran 2 (1.0 mmol) in dichloromethane
(10 ml) is slowly added at -78°C under an inert atmosphere of argon. The reaction mixture is
maintained at this temperature for 1 h and is then allowed to warm to -50°C and maintained at this
temperature for 4 h. The reaction is monitored by TLC. The reaction mixture is washed twice with
water and the washings are twice extracted with dichloromethane. The combined organic layers are
dried (MgS04) and concentrated in vacuo. The resulting crude product is purified using flash column
chromatography (silica gel, hexane / ethyl acetate).
2-Methoxycarbonyl-2-(2-oxo-2-phenyl-ethyI)-3,6-dihydro-4,5-dimethyl-2ifthiopyran (13a)
Starting from 2-methoxycarbonyl-2-phenylsulfonyl-3,6-dihydro-4,5-dimethyl-2tf-thiopyran 2a,
compound 13a was obtained as a yellow oil (24%) after flash column chromatography with hexane /
ethyl acetate (9/1, v/v).
IR(CC14) v: 1740 (C=0 ester), 1690 (C=0 ketone) cm"1. >H-NMR(CDC13) δ: 1.70 (s, 6H, 2x
-CH3), 2.11-3.80 (m, 6H, Зх -СН2-), 3.74 (s, ЗН, -ОСН3), 7.25-7.52 (m, 4Н, arom), 7.91-8.01
(m, IH, arom). MS (CI) m/e: 186 (- CH2C(0)Ph, + H+, 27%), 105 (C(0)Ph+, 100%).
2-Cyano-4,5-dimethyl-6fMhiopyran (15c)
Starting from 2-cyano-2-phenylsulfonyl-3,6-dihydro-4,5-dimethyl-2W-thiopyran 2c, elimination
product 2-cyano-4,5-dimcthyl-6//-thiopyran 15c was obtained as a yellow oil (30%) after flash
column chromatography with hexane/ethyl acetate (39/1, v/v).
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IR(CC14) v 2220 (GEN) cm · lH-NMR(CDCl3) δ 1 78 (s, 3H, -CH3), 1 88 (s, ЗН, -СН3), 3 20
(s, 2Н, -СН2-). 6 65 (s, IH, =СН-) ppm MS (CI) m/e 152 (M++1)
2-MethoxycarbonyI-2-(2-oxo-2-phenyl-ethyl)-3,6-dihydro-4,5-dimethyl-2#thiopyran (13e)
Starting from 2-methoxycarbonyI-2-(/>-chIorophenyIsulfonyl)-3,6-dihydro-4,5-dimethyl-2Hthiopyran 2e compound 13e (=13a) was obtained as a yellow oil (26%) after flash column
chromatography with hexane / ethyl acetate (9/1, v/v)
The spectral data were in agreement with those of 13a
2-MethyloxycarbonyI-2-(2-oxo-2-phenyl-ethyl)-3,6-dihydro-2f/-thiopyran (13f)
Starting from 2-methoxycarbonyl-2-(p-chlorophenylsulfonyl)-3,6-dihydro-2#-thiopyran

2f,

compound 13f was obtained as a yellow oil (39%) after flash column chromatography with hexane /
ethyl acetate (39/1, v/v)
IR(CC14) V 1730 (C(0) 2 Me), ν 1685 (C(O)Ph) cm"1 !H-NMR(CDC13) δ 2 31-2 61 (m, 2H, -SCH 2 -), 3 18-3 27 (m, -CH2-), 3 60-3 82 (m, 2H, -CH2-), 3 75 (s, ЗН, -ОСН3), 7 25-7 53 (m,
4Н, arom), 7 92-8 02 (m, IH, arom) MS (CI) m/e 222 (- C 4 H 6 , 14%), 157 (- CH2C(0)Ph, 26%),
125 (- CH2C(0)Ph, - HOCH3, 30%), 99 (- CH2C(0)Ph, - C0 2 CH 3 , + H+, 100%)
2-Bornyloxycarbonyl-2-(2-oxo-2-phenylethyI)-3,6-dihydro-2W-thiopyran (13g)
Starting from 2-bornyloxycarbonyI-2-(p-chlorophenylsulfonyl)-3,6-dihydro-2#-thiopyran 2g,
compound 13g was obtained as a light yellow oil (38%) after flash column chromatography with
hexane / ethyl acetate (39/1, v/v)
IR(CC14) ν 1725 (C(0)2Me), ν 1690 (C(O)Ph) cm ' 'H-NMR(CDC13) δ 0 83 and 0 87 and 0 88
(3x s, 9H, Эх -CH3 of bornyl), 1 03-2 49 (m, 9H, 3x -CH2- of bornyl + lx -C(O) CH2- + -CH- of
bornyl), 2 98-3 96 (m, 4H, 2x =СН-СШ-), 4 83-4 97 (m, IH, -СН-О- of bornyl), 5 78-6 02 (m,
2H, 2х =СН-), 7 37-7 67 (m, ЗН, arem), 7 90-8 00 (m, 2Н, arom) MS (CI) m/e 399 (M++1)
EI/HRMS m/e 398 19161 ±0 00079 (Cale for C 2 4 H 3 0 O 3 S (M+) 398 19157)
2-(2-Oxo-2-phenyl-ethyl)-tetrahydro-thiopyran (13n)
Starting from 2-(p-chlorophenylsulfonyl)-tetrahydrothiopyran 2n, compound 13n was obtained as a
yellow oil (39%) after flash column chromatography with hexane / ethyl acetate (39/1, v/v)
IR(CCl4)v 1685(C(0)Ph)cm ' lH-NMR(CDCl3) δ 1 34-2 34 (m, 6H, Зх -СН2-), 2 53-3 12 (m,
4Н, -S-CH2- + -СН2-С(0)-), 3 28-3 56 (m, IH, -S-CH-), 7 36-7 58 (m, ЗН, arom), 7 91-8 00
(m, 2H, arom) ppm MS (CI) m/e 221 (M++1)
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General procedure for the reactions of dihydrothiopyrans (2) with nucleophilic reagent (18c).
To a stirred mixture of allylsilane 18c (2.0 mmol) and aluminium chloride (2.0 mmol) in
dichloromethane (50 ml) a solution of 3,6-dihydro-2#-thiopyran 2 (1.0 mmol) in dichloromethane
(10 ml) is slowly added at -78°C under an inert atmosphere of argon. The reaction mixture is
maintained at this temperature for 1 h and is then allowed to warm to -50°C and maintained at this
temperature for 4 h. The reaction is monitored by TLC. The reaction mixture is washed twice with
water and the washings are twice extracted with dichloromethane. The combined organic layers are
dried (MgSÛ4) and concentrated in vacuo. The resulting crude product is purified using flash column
chromatography (silica gel, hexane / ethyl acetate).
2-Methoxycarbonyl-2-allyI-3,6-dihydro-4,5-dimethyl-2tf-thiopyran (14a)
Starting from 2-methoxycarbonyl-2-phenylsulfonyl-3,6-dihydro-4,5-dimethyl-2#-thiopyran 2a,
compound 14a was obtained as a light yellow oil (26%) after flash column chromatography with
hexane / ethyl acetate (39/1, v/v).
1
IR(CC14) v: 1725 (C=0), ν 1640, 1435 (C=CH2) cnr . ^-NMRiCDCb) δ: 1.66 (s, 6H, 2x -CH3),
2.00-3.09 (m, 6H, Зх -СН2-), 3.68 (s, ЗН, -ОСН3), 4.97-5.13 (m, 2Н, =СН2), 5.54-5.95 (m, IH,
=СН-). MS (CI) m/e: 227 (M++1). EI/HRMS m/e: 226.10266 ±0.00044 (Cale, for C i 2 H i 8 0 2 S
(M+): 226.10275).
2-Methoxycarbonyl-2-allyl-3,6-dihydro-2ff-thiopyran (14b)
Starting from 2-methoxycarbonyl-2-phenylsulfonyl-3,6-dihydro-2//-thiopyran 2b, compound 14b
was obtained as a colorless oil (16%) after flash column chromatography with hexane / ethyl acetate
(39/1, v/v).
IR(CCU) v: 1720 (C=0), ν 1635, 1430 (C=CH2) c m 1 . !H-NMR(CDC13) δ: 2.42-2.67 (m, 4H, 2x
-S-C-CH2-), 3.15-3.34 (m, 2H, -S-CH2-), 3.76 (s, ЗН, -ОСН3), 5.07-5.21 (m, 2Н, =СН2), 5.626.30 (m, ЗН, Зх =СН-). MS (CI) m/e: 199 (М++1). CI/HRMS m/e: 199.07916 ±0.00058 (Cale, for
CioHi 4 0 2 S(M + +l): 199.07928).
Further elution gave 2-methoxycarbonyl-3,6-dihydro-2#-thiopyran (17b) in a yield of
31%.
IR(CCU) ν: 1735 (C=0) cm"1. 'H-NMR(CDC13) δ: 2.48-2.57 (m, 2H, -S-C-CH2-), 3.18-3.21 (m,
2H, -S-CH2-), 3.64 (t, IH, -S-CH-. J= 5.9 Hz), 3.73 (s, 3H, -OCH3), 5.71-5.96 (m, 2H, 2x
=CH-). MS (CI) m/e: 159 (M++1). EI/HRMS m/e: 158.03991 ±0.00046 (Cale, for Ci 0 Hi 4 O 2 S
(M+): 158.04015).
2-Cyano-2-allyl-3,6-dihydro-4,5-dimethyl-2//-thiopyran (14c)
Starting from 2-cyano-2-phenylsulfonyI-3,6-dihydro-4,5-dimethyI-2//-thiopyran 2c, compound 14c
was obtained as a colorless oil (44%) after flash column chromatography with hexane / ethyl acetate
(19/1, v/v).
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IR(CC14) ν: 2230 (C=N), ν 1640, 1430 (C=CH2) c m 1 . ^-NMRtCDCls) δ: 1.69 (s, ЗН, -СН3),
1.77 (s, ЗН, -СНз), 2.33+2.44 (ABq, 2Н, -СШ-С(СНз)=С(СН3)-, J= 16.9 Hz), 2.58 (d, 2Н,
-СШ-СН=СН 2 , J= 7.2 Hz), 2.86-3.10 and 3.63-3.68 (2x m, 2H, -S-CH2-), 5.25-5.30 (m, 2H,
=СН2), 5.88-5.99 (m, IH, =СН-). MS (CI) m/e: 194 (M++1, 24%), 152 (- CH2CH=CH2, 100%),
167 (- CN, 99%), 125 (- CH2CH=CH2, - HCN, 84%). EI/HRMS m/e: 193.09245 ±0.00058 (Cale.
forCnHi 5 NS(M+): 193.09252).
Further elution gave 2-cyano-4,5-dimethyl-6tf-thiopyran (15c) in a yield of 34%.
The spectral data were in agreement with those of 15c obtained from the reaction with 13d.
2-Cyano-2-allyl-3,6-dihydro-2ff-thiopyran (14d)
Starting from 2-cyano-2-phenylsulfonyl-3,6-dihydro-2#-thiopyran 2d, compound 14d was
obtained as a colorless oil (82%) after flash column chromatography with hexane/ethyl acetate (19/1,
v/v).
IR(CC14) v: 2230 ( O N ) , 1640 and 1435 (C=CH 2 ) cm 1 . 1 H-NMR(CDC1 3 ) δ: 2.41-2.62 (m, 4H, 2x
-S-C-CH2-), 3.04-3.25 and 3.61-3.86 (2x m, 2H, -S-CH2-), 5.18-5.35 (m, 2H, =CH 2 ), 5.75-6.08
(m, 3H, 3x =CH-). MS (CI) m/e: 166 (M++1). EI/HRMS m/e: 165.06104 ±0.00047 (Cale, for
C 9 HiiNS(M + ): 165.06122).
Further elution gave 2-cyano-6ff-thiopyran (15d) in a yield of 5%. The spectral data were in
agreement with those of 15d obtained from the reaction of 2d with 18a.
2-Allyl-3,6-dihydro-2H-thiopyran (14j)
Starting from of 2-phenylsulfonyl-3,6-dihydro-2//-fhiopyran 2j, compound 14j was obtained as a
light pink oil (39%) after flash column chromatography with hexane.
IR(CC14) v: 1655, ν 1435 (C=CH2) cm 1 . 'H-NMRtCDCb) δ: 2.07-2.48 (m, 4H, 2x -S-C-CH2-),
2.78-2.98 (m, IH, -S-CH-), 2.96-3.47 (m, 2H, -S-CH2-), 5.02-5.18 (m, 2H, =CH2), 5.68-5.99
(m, 3H, 3x =CH-). MS (CI) m/e: 141 (M++1). CI/HRMS m/e: 141.07379 ±0.00066 (Cale, for
C 8 Hi 2 S (M++1): 141.07380).
2-Methoxycarbonyl-2-allyl-3,6-dihydro-4,5-dimethyl-2tf-thiopyran
Starting from

(14e)

2-methoxycarbonyl-2-(p-chlorophenylsulfonyl)-3,6-dihydro-4,5-dimethyl-2//-

thiopyran 2e compound 14e (=14a) was obtained as a light yellow oil (21%) after flash column
chromatography with hexane / ethyl acetate (39/1, v/v).
The spectral data were in agreement with those of 14a obtained from the reaction of 2a with 18c.
2-Methoxycarbonyl-2-allyl-3,6-dihydro-2//-thiopyran (14f)
Starting from 2-methoxycarbonyl-2-(p-chlorophenylsulfonyl)-3,6-dihydro-2W-thiopyran

2f,

compound 14f (=14b) was obtained as a colorless oil (70%) after flash column chromatography
with hexane / ethyl acetate (9/1, v/v).
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The spectral dat were in agreement with those of 14b obtained from the reaction of 2b with 18c
Further elution gave 2-methoxycarbonyl-6tf-thiopyran (15f) in a yield of 25%.
IR(CC14) V. 1720 (C=0) cm ' ^ - N M R Í C D C I B ) δ: 3 28+3.33 (ABq, 2H, -S-CH2-, J= 1.3 Hz),
3 83 (s, ЗН, -ОСНз), 5 73-5 94 (m, IH, -SCH2CH=CH_-), 6.11-6 29 (m, IH, -SCH-CH=), 7 21
(d, IH, -S-C=CH, J= 5.7 Hz) MS (CI) m/e. 157 (M++1) EI/HRMS m/e· 156.02455 ±0.00062
(Cale, for C7H8O2S (M+): 156 02450).
2-Bornyloxycarbonyl-2-allyl-3,6-dihydro-2W-thiopyran (14g)
Starting from 2-bornyIoxycarbonyl-2-(p-chlorophenylsulfonyl)-3,6-dihydro-2#-thiopyran 2g,
compound 14g was obtained as a colorless oil (55%) after flash column chromatography with
hexane / ethyl acetate (39/1, v/v).
IR(CC14) v. 1720 (C=0), ν 1640 (-CH=CH2) enr1 'H-NMR(CDC13) δ: 0 83 and 0.88 and 0.89 (3x
s, 9H, 3x -CH3), 1.00-3 44 (m, 13H, 6x -CH2- + lx -CH-), 4.79-4 92 (m, IH, -CH-0-), 5.055 20 (m, 2H, =CH2), 5.61-6.02 (m, 3H, 3x =CH-). MS (CI) m/e· 321 (M++1) CI/HRMS m/e
321 18879 ±0 00063 (Cale for C i 9 H 2 8 0 2 S (M++1): 321.18883).
Further elution gave 2-bornyloxycarbonyl-6ff-thiopyran (15g) in a yield of 16%. The spectral
data were in agreement with those of 15g obtained from the reaction of 12g with 18a.
2-Bornyloxycarbonyl-6tf-thiopyran (15g)
Starting from of 2-bomyloxycarbonyl-2-(p-chlorophenylsuIfonyI)-3,6-dihydro-2#-thiopyran 2g
(470 mg, 1.03 mmol) and tnmethylsilyl tnfluoromethanesulfonate (0.40 ml, 2.06 mmol), compound
15g was obtained as the sole product (223 mg, 78%) after column chromatography with hexane /
ethyl acetate (99/1, v/v).
The spectral data were in agreement with those of 15g obtained from the reaction of 12g with 18a.
2-Methoxycarbonyl-2-allyl-tetrahydrothiopyran (14k)
Starting from 2-methoxycarbonyl-2-phenylsulfonyl-tetrahydrothiopyran 2k, compound 14k was
obtained as a colorless oil (62%) after flash column chromatography with hexane / ethyl acetate (19/1,
v/v)
IR(CC14) V 1725 (C=0), 1640 and 1440 (C=CH2) cm-'. 'H-NMR(CDC13) δ: 1 53-2 80 (m, 8H, 4x
-CH2-). 2 52 (d, 2H, -СН 2 -СН=СН 2 , J= 7.2 Hz), 3.75 (s, ЗН, -OCH 3 ), 4.97-5 16 (m, 2Н,
=СН 2 ), 5.55-5 96 (m, IH, =СН-) ppm MS (CI) m/e: 201 (M++1) EI/HRMS m/e· 200.08714
±0 00058 (Cale for Ci 0 Hi 6 O 2 S (M+) 200 08710)
2-Methoxycarbonyl-2-allyl-tetrahydrothiopyran (141)
Starting from 2-methoxycarbonyl-2-(p-chlorophenylsulfonyI)-tetrahydrothiopyran 21, compound 141
(=14k) was obtained as a colorless oil (83%) after flash column chromatography with hexane / ethyl
acetate (19/1, v/v)
The spectral data were in agreement with those of 14k obtained from the reaction of 2k with 18c.
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2-Allyl-tetrahydrothiopyran (14m)
Starting from 2-phenylsulfonyl-tetrahydrothiopyran 2m, compound 14m was obtained as a colorless
oil (75%) after flash column chromatography with hexane / ethyl acetate (39/1, v/v)
IR(CC14) ν 1640 and 1430 (C=CH2) cm ' >H-NMR(CDC13) δ 1 24-2 04 (m, 6H, Зх -CH2-),
2 16 (t, 2Н, -СН 2 -СН=СН 2 , J= 6 8 Hz), 2 52-2 83 (m, 3H, -S-CH- + -S-CH-), 4 92-5 09 (m,
2H, =CH2), 5 55-5 97 (m, IH, =CH-) ppm 13C-NMR(CDC13) δ 26 1 (t, -S-CH2 CH2-ÇH2-),
27 2+29 2 (2x t, 2x -S-C-C_H2-), 34 1 (t, -S-CH2-), 40 5 (t, Ç_H2-CH=CH2), 42 1 (d, -S CH-),
116 7 (t, =CH2), 135 4 (d, =CH-) ppm MS (CI) m/e 143 (M++1) CI/HRMS m/e 143 08949
±0 00065 (Cale for C8Hi4S (M++1) 143 08945)
2-AIIyl-tetrahydro-thiopyran (14n)
Starting from of 2-(/?-chlorophenylsulfonyl)-tetrahydro-thiopyran 2n, compound 14n (=14m) was
obtained as a colorless oil (48%) after flash column chromatography with hexane / ethyl acetate (39/1,
v/v)
The spectral data were in agreement with those of 14m obtained from the reaction of 2m with 18c
2-Benzoyl-2-[methyI-phenylacetyl-2'-]-3,6-dihydro-4,5-dimethyl-2//-thiopyrari
(16a)
To a stirred mixture of silyl enol ether 18d (2 0 mmol) and aluminium chloride (2 0 mmol) in
dichloromethane (50 ml) a solution of 3,6-dihydro-2//-thiopyran 2h (1 0 mmol) in dichloromethane
(10 ml) is slowly added at -78°C under an inert atmosphere of argon The reaction mixture is
maintained at this temperature for one hour and is then allowed to warm to -50°C and maintained at
this temperature for approximately four hours The reaction is monitored by TLC The reaction
mixture is washed twice with water and the washings are twice extracted with dichloromethane The
combined organic layers are dried (MgSC<4) and then concentrated The resulting crude product is
purified using flash column chromatography with hexane / ethyl acetate (8/1, v/v) and obtained as an
yellow oil (71%)
IR(CC14) V 1710 (C=0), 1680 (aryl-C=0) cm ' 'H-NMRiCDCb) δ 1 50 (s, ЗН, C=C-CH3), 1 60
(s, ЗН, С=С-СН3), 1 70 - 3 35 (m, 4Н, 2х -СН2-С=), 4 10 (s, ЗН, -ОСН3), 4 58 (s, IH, -СН<),
7 10 - 7 55 (m, 8Н, arom), 7 85 - 8 10 (m, 2Н, arom) MS (ΕΙ) m/e 364 (M+)

2-Cyano-3,6-dihydro-4,5-dimethyl-2tf-thiopyran (17с)
Starting from 2-cyano-2-chlorophenylsulfonyI-3,6-dihydro-4,5-dimethyl-2//-thiopyran 2c and nbutylhthium as the nucleophile compound 17c was obtained as a orange oil (59%) after flash column
chromatography with hexane / ethyl acetate ( 19/1, v/v)
IR(CC14) ν 2220 (C=N) cm"1 lH-NMR(CDCl3) δ 1 69 and 1 75 (2x s, 6H, 2x -CH3), 2 40+2 59
(ABq, 2H, JAB= 17 1 Hz, -СН-СИ2-С=), 2 94+3 40 (ABq, 2H, J A B = 17 1 Hz, -S-CH2-C=), 3 74
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(t, IH, J,= 4.5 Hz, >CH-) ppm. MS (CI) m/e: 154 (M++1). EI/HRMS m/e: 153.06102 ±0.00045
(Cale, for CgHi |NS (M+): 153.06122).
The spectral data were in agreement with those reported in the literature40.
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CHAPTER 4
INTRAMOLECULAR CYCLIZATION REACTIONS OF
UNSATURATED ct-OXO SULFINES

4.1 Introduction
Sulfines bearing a hydrogen atom at the α-carbon atom are of current interest as they can undergo
enethiohzation to their vinylsulfinic acid tautomer (Scheme 4 1) This tautomensm plays an important
role in the formation of ethylsulfine, the naturally occuring sulfine, during its liberation from S-(lpropenyl)-L-cysteine 5-oxide by action of the enzyme Allmase^ (see Chapter 1, Scheme 1 1) In fact,
it was thought originally that this natural sulfine had the vinylsulfenic acid structure
2
(H3CCH=CHSOH)

Η

sulfine

ι
vinylsulfenic acid
Scheme 4.1

The mtermediacy of a sulfine tautomer was proposed also in the thermal reaction offórr-butylvinyl
sulfoxide with methyl propiolate3 The formation of thiolane 1-oxide derivatives from prop-2-ene
sulfenic acid and alkyns was rationalized by invoking the tautomenzation of intermediate sulfines to
vinylsulfenic acids4
Vinylsulfenic acid tautomers of enethiolizable sulfines were intramolecularly trapped as is illustrated
in Scheme 4 2 Under influence of a catalytic amount of pyndinium toluene-p-sulfonate (PPTS) the
allylsulfanyl sulfine reacts thermohtically with the olefinic bond to the dithiolane 1-oxide5·6 The asrelationship of the methyl group and the sulfinyl oxygen in the obtained product strongly suggests
that the intramolecular reaction of the sulfenic acid with the double bond proceeds in a concerted
manner
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S'

-ОН

PPTS

Scheme 4.2
In a similar reaction of propargylsulfanyl substituted sulfines the intramolecular trapping of
vinylsulfenic acid led to a 5-methylene-l,3-dithiolane l-oxide as shown in Scheme 4.36.
H
I
CL

Scheme 4.3
Reaction of allylsulfanyl sulfines with thionyl chloride gave rise to an intramolecular trapping product
shown in Scheme 4.4. In this case the intermediate sulfenic acid reacts with thionyl chloride to give a
sulfenyl chloride which then ring closes to the isolated dithiolane6.

HO,

S02

|

Scheme 4.4
Still et al. performed an intramolecular reaction of an enethiolizable α-οχο sulfine which was
generated in situ from a silyl enol ether and thionyl chloride in the presence of an electron-rich olefin
(Scheme 4.5) 7 . It is suggested that, once again, a sulfenyl chloride is formed as the actual
intermediate that reacts with the olefin via a thiiranium ion8.

Scheme 4.5
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In a related reaction described by Van der Linden et al.9 thiophene derivatives are formed by an
intramolecular reaction involving α,β-unsaturated sulfines which were obtained from allenylsilanes
by addition of an alkyllithium and subsequent treatment with sulfur dioxide (Scheme 4.6). This
reaction was accomplished also when the arylsulfonyl was replaced by a phosphonate group
[P(O)(OEt)2]!0.

Θ

s

*o
^S^ßSC^Tol-p

Base

- ^ -

SO2T01-P

S 0

2

^.S.

Η

S02T0I-P

SO2T0I-P

_

/

s

Η
l

TT

\ ^S02Tol-p

SO,2"
R= Me, Bu, Ph
Scheme 4.6

In this chapter intramolecular trapping reactions of enethiolizable α-οχο sulfines will be considered.
For this purpose an olefinic unit has to be incorporated into these sulfines.

4.2 Results and discussion
It has been demonstrated earlier that α-οχο sulfines can be generated readily by in situ reaction of
appropriate silyl enol ethers and thionyl chloride 1 1 · 1 2 ' 1 3 . Therefore, suitable starting materials for
achieving an intramolecular trapping reaction of a vinylsulfenic acid derived from α-οχο sulfines are
ketones 1. The required ketones were prepared according to a procedure described by Seebach et
α/.14. This method involves an elegant monoalkylation of ketones via their corresponding N,Ndimethylhydrazones using allylic halides as alkylating agents. Then ketones 1 were converted into the
corresponding silyl enol ethers by treatment with lithium diisopropylamide followed by Irimethylsilyl
chloride.
In the case of substrate Id the deprotonation was carried out under thermodynamic control by using
triethylamine in the presence of sodium bromide in DMF as the solvent, which leads to the formation
of the desired regio-isomer15. Substrate If is the commercially available optically active (+)dihydrocarvone. However, no attention was given to the stereochemistry because this will be lost in
the subsequent cyclization step (vide infra). The results are collected in Table 4.1.
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Table 4.1

Synthesis of silyl dienol ethers (2)
О

OSiMes

2 xsTMSCI

1
substrate

Rl

R2

product

yield (%)

la
lb

Ph
t-Bu

H

2a

H

1c

Ph

Ph

2b
2c

79
80

Id
le

Me
MeO

H
H
I

2d
2e
2f

If

60
45a
31
79

^
О
a

Silyl dienol ether was prepared using Et3N and NaBr

The silyl enol ethers 2 thus obtained were treated with thionyl chloride in the presence of 2,6-Iutidine
as the base to scavenge hydrogen chloride formed during the formation of the α-οχο sulfine The
amount of thionyl chloride was considered carefully and it was argued that slightly more than one
equivalent would be sufficient The slight excess should function to facilitate the enethiohzation of the
sulfine into the corresponding vinylsulfenic acid and possibly also in the subsequent addition to the
olefinic bond It was assumed that the liberated hydrogen chloride from the reaction with thionyl
chloride could serve as a acid catalyst A too large excess of thionyl chloride would induce unwanted
side reactions, such as the formation of α-chlorosulfenyl chloride by a Pummerer-type reaction16
After some experimentation it was found that the best results were obtained when five equivalents of
thionyl chloride and circa one equivalent of 2,6-lutidine were employed These experimental
conditions are considerably different from those described above The results are collected in Table
42
The yields of products 5 are moderate All attempts to accomplish a cychzation reaction with substrate
2e were unsuccessful Only parent ester le was recovered after work-up (hydrolysis of unreacted
silyl enol ether 2e) It should be mentioned that this formation of acylthiophenes is not presented as
an adequate synthesis, although this reaction is unprecedented in the literature Better and more
efficient syntheses of acylthiophenes are based on Fnedel-Craft acylation reactions of thiophenes17 It
should be emphasised that the aim of this investigation was to study the equilibrium between the
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sulfine and its vinylsulfenic acid tautomer and to use the formation of the acylthiophenes as indicator
of the existence of such equilibrium

Table 4.2

The formation of thiophenes via in situ prepared sulfines

OSiMe 3

R,A

Q

3
4
5
Reaction conditions 5 0 eq SOCI2, 1 1 eq 2,6-lutidine, CH2CI2, -78°C

R

~
2

acylthiophene 5

silyl enol ether
Ri
2

R2

yield (%)

a
b
с
d
e

Ph

H

t-Bu

H

35
28

Ph
Me

Ph

21

H
H

51
0

MeO

f

39

OSiMe3

In order to shed light on the mechanism of the formation of acylthiophenes 5 from silyl enol ethers 2
the intermediacy of α-οχο sulfines needed to be secured Therefore, experiments were designed to
trap these α-οχο sulfines The Diels-Alder reaction with 2,3-dimethyl-l,3-butadiene seemed quite
appropriate for this purpose Thus, the reaction of some silyl enol ethers 2 with thionyl chloride and
2,6-lutidine was carried out in the presence of an excess of this diene Using substrate 2a indeed the
expected cycloadduct of the intermediate α-οχο sulfine 3a was isolated in a good yield Only one
diastereomer of cycloadduct 6a was obtained, indicating that only one geometrical isomer of α-οχο
sulfine 3a was formed, probably the ¿-isomer (see Chapter 2, Section 2 2 1) Sulfine 3b generated
from silyl enol ether 2b could not be trapped with the diene It is assumed that the bulky rerf-butyl
substituent is responsible for this failure Stenc effects on the cycloaddition of this type have
precedents in the literature18 (see also Chapter 2, yields of dihydrothiopyran 1-oxides involving tert-
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butyl substituted sulfines were lower than average) Finally, oc-oxo sulfine 3c was trapped
successfully by the diene to give cycloadduct 6c in moderate yield

Table 4.3

Trapping of the intermediate oc-oxo sulfine with 2,3dimethyl-l,3-butadiene

OSiK/І э

SOCI 2

2

*-

2,6-lutidine
R2

O

3
thiopyran 6
R2

Yield (%)

Ph

H

68

t-Bu

H
Ph

0

Ph

2

6

silyl enol ether
2
Ri
a
b
с

^ - ^ ^ R

30

Attempts were made to improve the reaction conditions for the acylthiophene formation Rewinkel' '
showed that N-(chlorosulfinyl)imidazole19 is a good substitute for thionyl chloride in reaction with
silyl enol ethers This alternative sulfinylating reagent is milder as imidazole is the actual by product
which can serve at the same time as scavenger for hydrogen chloride However, in the case of
substrate 2a reaction with N-(chlorosulfinyl)imida7ole did not give the expected improvement In
fact, ketone la was obtained instead as the only product To explain this result it is assumed that the
α-οχο sulfine 3a has been formed but that the subsequent cychzation to acylthiophene failed to take
place During work-up sulfine 3a underwent reductive hydrolysis20·21 to give the isolated ketone la
Similary silyl enol ether 2b did not give the corresponding acylthiophene 5b when treated with N(chlorosulfinyl)imidazole, but only ketone lb was isolated These experiments with N(chlorosulfinyl)imidazole indicate that the nature of the sulfinylating reagent is important in the
thiophene formation
The following mechanism is proposed for the formation of acylthiophenes from silyl enol ethers 2
when treated with an excess of thionyl chloride (Scheme 4 7) The first intermediate is an α-οχο
sulfine, as is evidenced by its trapping by a Diels-Alder with a diene (Table 4 3) Then the expected
tdutomenzation to a vinylsulfenic acid takes place which undergoes the intramolecular reaction with
the olefinic bond to give dihydrothiophene 7a This sulfoxide then aromatizes via a Pummerer-type
reaction with thionyl chloride
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SOCI2
2,6-lutidine
2
*- R
-Me 3 SiCI
-HCl

S
-о'
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V

°"(3

H
7Ь

с

Scheme 4.7
An alternative explanation involves the conversion of vinylsulfenic acid 4 into vmylsulfenyl chloride
7d upon reaction with thionyl chloride, similary as is shown in Scheme 4.4 Then, an addition to the
olefinic bond takes place via an intermediate thuranium ion 7e to give chloro dihydrothiophene 7f,
which aromatizes by elimination of hydrogen chloride (Scheme 4.8).

SOCI,
'- R ^ > ^ ^ i

=: R
HO'

A7c

^Г^

-FT

cr

7d

о- a

~*\fy^ ~R
7e

7f
Scheme 4.8

The latter explanation is preferred m view of the fact that N-(chIorosulfinyl)imidazole refused to give
acylthiophenes With this reagent the intermediate vmylsulfenyl chloride 7d cannot be obtained This
explanation is also in line with the intermolecular reaction of an oc-oxo sulfine generated in situ from a
silyl enol ether and thionyl chloride7 (Scheme 4 5)
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OSiMe 3

SOCI 2 , 2,6-lutidine

*-

CH 2 CI 2 l 0°C

3g

3h

R= MeO (26%)
R=H(80%)

Scheme 4.9
Alternative intramolecular trapping experiments were also investigated If an intermediate
vmylsulfenic acid or vinylsulfenyl chloride could be brought in reaction with an aromatic ring then
interesting annelation reactions are feasible For this purpose substrate 2g and 2h both containing a
phenyl substituent were brought into reaction with thionyl chloride under the conditions mentioned
above (Scheme 4 9) Surprisingly, no benzothiophenes 5g and 5h were obtained, but the α-οχο
sulfines 3g and 3h themselves These sulfine 3g even survived chromatography The yield of
sulfine 3h is excellent, when 1 1 equivalent of thionyl chloride and 2 equivalents of base are
employed
The isolation of methoxycarbonyl sulfine 3g allowed a detailed study of some reactions of this α-οχο
sulfine Starting directly from methoxycarbonyl sulfine 3g instead of in situ prepared α-οχο sulfine
the cycloaddition with 2,3-dimethyl-l,3-butddiene confirmed the sulfine structure (Scheme 4 10)
Only one didstereomer was obtained indicating that only one geometrical isomer of sulfine 3g was
present in the starting material Most likely this is the E isomer in view of repulsive interaction of the
sulfine moiety and the ester function (see mechanism of sulfine formation. Section 2 2 1)

MeO

MeO
GH2CI2
О

Ph

6g(91%)
Scheme 4.10
The a-deprotonation of sulfines has been investigated previously18 It was found that for alkylating a
sulfine thallium ethoxide was the only suitable base to obtain well-defined products22 2 3 However,
these reactions did not lead to an alkylation of the α-position of the sulfine, but to the 5-alkylated
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products Therefore, in our study methoxycarbonyl sulfme 3g was treated with lithium
dnsopropylamide to accomplish an oc-deprotonation and subsequent methylation with methyl iodide
However, none of the desired α-alkylated product was isolated Instead, compound Sa, which was
characterized by oxidation into the corresponding sulfonamide because of its instability, was obtained
in a low yield after a laborious purification Apparently, dnsopropylamide had reacted at the sulfine
sulfur atom in a nucleophihc fashion and the thus obtained a-sulfinyl anion was then alkylated with
methyl iodide
Nucleophihc addition reactions of alkylhthium to sulfines have been studied extensively21 24.25,26
However, similar reactions with α-οχο sulfines are unprecedented the literature Therefore, sulfine
3g was treated with methyl and butyllithium, respectively (Table 4 4) The first reagent gave after
quenching with water the expected adduct 8b in moderate yield, the second reagent gave after
quenching with methyl iodide product 8c also arising from addition to the sulfine sulfur atom No
products derived from the reaction of alkylhthium with the ester function were detected

Table 4.4

Reactions with alkyllithium
О

1 Ft1 Li, THF, -78°C

MeO

Ph

2 xsR 2 X

»-

Ph

MeO
R1

3g

8

compound no

R'Li

R2X

yield (%)

8a

ША

Mel

10a

8b

MeLi

NH4CI

23

8c

n-BuLi

Mel

40

a

Product was oxidized immediately into the corresponding sulfonamide

In order to gam more insight in the intramolecular trapping reaction of unsaturated α-οχο sulfines a
homolog of substrates 3 was investigated It was argued that with these type of α-οχο sulfines no
aromatization is possible and therefore, there is a fair chance that products are obtained which are
relevant for detailing the mechanism of the intramolecular (trapping) reaction
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OSiMe 3

2 eq. SOCI2
2 eq. 2,6-lutidine
CH 2 CI 2 , 0°C->RT

9a(R=Ph)
9b(R=t-Bu)

10a
10b

11 a (90%)
Hb(-)

Scheme 4.11
For this purpose ketones 9a and 9b 1 4 were converted into silyl enol ethers 10a and 10b in the usual
manner. As discussed above the amount of thionyl chloride may be critical. In view of mechanistic
consideration (see Scheme 4.8) two equivalents of thionyl chloride should be sufficient to bring about
the desired reaction. Accordingly, silyl enol ether 10a was treated with two equivalents of thionyl
chloride at 0°C in the presence of 2,6-lutidine as a base. Instead of the expected intramolecular
cycloadduct oc-oxo sulfine 11a was isolated in almost pure form in a high yield (Scheme 4.11).
Further purification of this sulfine met with considerable difficulties due to its instability during
chromatography. This α-οχο sulfine was characterized as its cycloadduct 12a with 2,3-dimethyl-l,3butadiene, which was obtained in high yield (Scheme 4.12).

12a(100%)
Scheme 4.12
Treatment of silyl enol ether 10b with two equivalents of thionyl chloride in a similar manner did
yield neither α-οχο sulfine lib nor a cycloadduct thereof. After work-up, only parent ketone 9b was
recovered, probably arising from a reductive hydrolysis of the initially formed α-οχο sulfine. It is
also possible that no reaction took place and unreacted silyl enol ether is hydrolized back to the ketone
9b during work-up. However, attempts to trap the α-οχο sulfine in situ with 2,3-dimethyl-l,3butadiene were unsuccessful. Nevertheless, it is still believed that α-οχο sulfine l i b is present in
solution (for supporting evidence, vide infra) and that this result resembles that of tert-hu\y\
substituted α-οχο sulfine 3b that also refused to undergo a Diels-Alder reaction with the same diene
(vide supra).
Both silyl enol ethers 10a and 10b were subjected to a large excess of thionyl chloride, namely five
equivalents (Scheme 4.13). These conditions are the same as used for the intramolecular cyclization
reactions of α-οχο sulfines 3 (cf. Table 4.2). Substrate 10a underwent a reaction and a crude
product could be isolated in 80% yield. This compound was characterized as chlorodihydrothiopyran
13a on the basis of its spectral characteristics. During further purification by chromatography this
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product underwent elimination of hydrogen chloride to give compound 14a in moderate yield (15%)
In an analogous manner silyl enol ether 10b gave product 13b in moderate yield The isolation of
this cyclized product clearly indicates that α-οχο sulfine l i b is the initial product after treatment of
silyl enol ether 10b with thionyl chloride
OSiMe 3

5 eq SOCI г
1 1 eq 2,6-lutidine

Q

CH2CI2,0°C->RT

ι

ι

s. A

HCl
14a(15%)

13a(80%)
5 eq. SOCI2
1 1 eq 2,6-lutidine
CH 2 CI 2 , 0°C->RT

t-Bu

Q

t-Bu^Y^|
^""^

10b

CI

13b(44%)
Scheme 4.13

The formation of products 13 can be rationalized as shown in Scheme 4 14 It is assumed that the
initial product from the reaction of silyl enol ether 10 when treated with thionyl chloride is α-οχο
sulfine 11 In the case of 11a this α-οχο sulfine even has been isolated (cf Scheme 4 11)
Furthermore, treatment of this α-οχο sulfine as such with an excess (5 equivalents) of thionyl
chloride in the presence of 2,6-lutidine (1 equivalent) gave product 14a in an overall yield of 15%
after purification by chromatography Enethiolization of sulfine 11 leads to vinylsulfenic acid 20a
which then reacts with excess of thionyl chloride to the mixed anhydride 20b This intermediate can
either react directly with the olefinic moiety to give thnranium ion 20d or indirectly via loss of sulfur
dioxide and thus formed vinylsulfenyl chloride 20c to produce the same thnranium ion 20d
Nucleofilic opening of this three-membered ring species with the abundantly present chloride ions
then leads to the isolated product 13
О

R

О

ι Γ ^ ^ ^ - ~^

R

Г^

11a,b

'•to
20c

SO,,
'2' -CI

Scheme 4.14
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This mechanistic sequence also strongly supports the explanation of the thiophene formation from ccoxo sulfines 3, as depicted in Scheme 4 8 via an intermediate vinylsulfenyl chloride
To study the role of thionyl chloride in this intramolecular reaction, the reaction was repeated starting
from α-οχο sulfme 11a and treating it with an equimolar amount of tnfluoroacetic acid However,
under these reaction conditions the sulfine was left uneffected, even after prolonged reaction times
The sulfine was recovered with only a modest loss of material This indicates that the addition to the
olefinic bond is not catalyzed by an acid and that thionyl chloride plays an essential role m this The
tautomenzation step maybe catalyzed by an acid, but obviously no addition reaction occures and the
equilibrium will be remain shifted to the sulfine In contrast with vinylsulfenyl chloride 20c or its
mixed anhydride 20b vinylsulfenic acid 20a is probably not electron deficient enough to react with
the olefinic moiety
Also pyndinium toluene-p-sulfonate (PPTS) was attempted as a catalyst5·6 for the intramolecular
trapping reaction, again without success These experiments support the conclusion that activation of
the vinylsulfenic acid tautomer by thionyl chloride is a prerequisite for the intramolecular reaction to
occure

4.3 Concluding remarks
In this chapter is was shown, that β,γ- as well as γ,δ-unsaturated α'-οχο sulfines can be prepared
from appropriate silyl enol ethers when reacted with thionyl chloride in the presence of 2,6-lutidine
Intramolecular cyclization of the former (β,γ-unsaturated sulfines) lead to 2-acylthiophenes, whereas
the latter (γ,δ-unsaturated sulfines) gives dihydrothiopyrans The cyclization most likely proceeds via
the conversion of the vinylsulfenic acid tautomer of the sulfine into the corresponding vinylsulfenyl
chloride which then reacts intramolecularly with the olefinic bond The amount of thionyl chloride to
be employed in the generation of α-οχο sulfines is rather critical Depending on the amount of thionyl
chloride the reaction course can be influenced into direction of the cychzed products or the sulfines
In some case the intermediate α-οχο sulfines could be isolated as such This allowed a more detailed
study of the behaviour of α-οχο sulfines

4.4 Experimental part
For general remarks see Section 2 4 All reactions in which sulfines are formed or involved, were
performed under the exclusion of light and under an inert atmosphere of argon Preparative
chromatography was performed using aluminiumoxide type Τ (Neutral, Merck art no 1105) or
silicagel 60H (Merck art no 7736)

76

Intramolecular Cvclization Reactions
l-Phenyl-4-penten-l-one (la)
The procedure according to Seebach was used

14

Compound la was obtained, after destination
13

under reduced pressur.e as a colorless oil (74%, lit 95%), b ρ 55-6°C/0 09 mbar
]
1R(CC14) ν 1645 (C=0) cm 'H-NMR(CDC13) δ 2 38-2 61 (m, 2H, -CH2-CH=CH2), 3 08 (t,
2Н, Jt= 6 6 Hz, -C(0)-CH2-), 4 96-5 19 (m, 2H, -СН=СЩ), 5 72-6 12 (m, IH, -CH=CH 2 ),
7 26-7 59 (m, 3H, arom), 7 89-8 02 (m, 3H, arom) ppm
These spectral data were in complete agreement with those reported in the literatuur14
2,2-DimethyI-6-hepten-3-one (lb)
The procedure according to Seebach was used 14 Compound l b was obtained, after destination
under reduced pressure, as a colorless oil (52%, lit 1 3 91%), b ρ 63-5°C/15 mmHg
IR(CCl 4 )v 1645 (C=0) cm

]

'H-NMRiCDCb) δ 1 14 (s, 9H, -C(CH3), 2 25-2 41 (m, 2Н,

-СШ-СН=СН2), 2 51-2 68 (m, 2Н, -С(0)-СН2-), 4 91-5 14 (m, 2Н, -СН=СН2), 5 61-6 02 (m,
IH, -СН=СН2) ppm
These spectral data were in complete agreement with those reported in the literatuur14
l,5-Phenyl-4-penten-l-one (lc)
The procedure according to Seebach was used 14 Compound lc was obtained, after destination
under reduced pressure, as a yellow oil (33%), b ρ 150-4°C/0 22 mbar
IR(CC14) ν 1650 (C=0) cm > 'H-NMR(CDC]3) δ 2 53-2 79 (m, 2H, -CH2-CH=CH2), 3 05-3 26
(m, 2Н, -С(0) СН 2 -), 5 88-6 42 (m, 2Н, -СН=СН-), 7 18-7 41 (m, 5Н, arom), 7 41-7 61 (m,
ЗН, arom), 7 92-8 04 (m, 2Н, arom) ppm MS (El) m/e 236 (Μ+)
l-Phenyl-l-trimethylsilyloxy-l,4-pentadiene (2a)
To a cooled (0°C) solution of dnsopropyl amine (29 mmol, 4 06 ml) in THF (40 ml) 18 2 ml (29
mmol) η butyllithium (1 6 Μ in hexane) was added using a syringe After 15 mm the LDA solution
was cooled to -78°C and a solution of the ketone (4 41 g, 27 5 mmol) in THF (10 ml) was added
The reaction mixture was stirred for 30 minutes, and an excess of tnmethylsilyl chloride (54 mmol,
6 85 ml) was added in one portion The temperature was allowed to raise to room temperature and
stirring was continued for another 30 min The reaction mixture was concentrated in vacuo on a
rotavapor which was protected with a Drechsel bottle filled with KOH pellets to prevent adsorption of
water Dry ether was added, the resulting precipitate were removed by filtration and the filtrate was
concentrated in vacuo When the oil obtained is not clear (salt free) again dry ether was added and the
removal of the salts was repeated until a clear oil was obtained The thus obtained crude product was
immediately purified by destination under reduced pressure yielding a colorless oil (5 04 g, 79%),
b ρ 65°C/0 05 mbar
IR(CCU) ν 1255 (-Si(CH3)3), 1080 (O-Si) cm ' 'H-NMR(CDCI3) δ 0 00 (s, 9H, -OSi(CH3)3),
2 75-2 95 (m, 2H, -СН2-), 4 79-5 23 (m, ЗН, -СН=СН2 and -C(OSi(CH3)3)=CH-), 5 58-5 99 (m,
IH -CH=CH2), 7 08-7 43 (m, 5H, arom) ppm
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2,2-Dimethyl-3-trimethylsilyloxy-3,6-heptadiene (2b)
Ketone l b (4.09 g, 29 mmol) was converted into compound 2b using the method described for the
synthesis of compound 2a. Compound 2b was obtained as a colorless oil after destination under
reduced pressure (4.91 g, 80%), b.p. 82-5°C/15 mmHg.
1

IR(CC14) v: 1255 (-Si(CH3)3), П00 (O-Si) cm" . 'H-NMR(CDCl3) δ: 0.21 (s, 9H, -OSi(CH3)3),
1.03 (s, 9H, С(СНз)з), 2.61-2.79 (m, 2Н, -СШ-), 4.53 (t, IH, Jt= 7.0 Hz, -C(OSi(CH3)3)=CH.-),
4.86-5.12 (m, 2H, -СН=СШ), 5.61-6.02 (m, IH, -CH=CH2) ppm.
l,5-Diphenyl-l-trimethylsilyloxy-l,4-pentadiene (2c)
Ketone le (7.40 g, 31 mmol) was converted into compound 2c using the method described for the
synthesis of compound 2a. Compound 2c was obtained as a yellow oil after destination under
reduced pressure (5.80 g, 60%), b.p. 146-50°C/0.09 mbar.
IR(CC14) v: 1255 (-Si(CH3)3), 1080 (O-Si) cm"1. lH-NMR(CDCl3) δ: 0.00 (s, 9H, -OSi(CH3)3),
2.67 (t, 2H, Jt= 6.2 Hz, -СШ-). 5.18 (t, IH, Jt= 7.3 Hz, -C(OSi(CH3)3)=CH.-), 5.91-6.29 (m,
2H, -CH=CH-), 6.94-7.41 (m, 10H, arom) ppm.
2-TrimethylsiIyloxy-2,5-hexadiene (2d)
The procedure described in the literature14 was followed and starting from ketone Id (10.12 g, 103
mmol) compound 2d was obtained as a colorless oil (mixture ld:2d =1:1) after destination under
reduced pressure (7.96 g, 45%), b.p. 37-53°C/15 mmHg.
IR(CC14) v: 1255 (-Si(CH3)3), 1640 (C=C) cm"1. !H-NMR(CDCl3) δ: 0.02 (s, 9H, -OSi(CH3)3),
1.53 (s, ЗН, -СНз), 2.47-2.59 (m, 2Н, -СН2-), 4.47 (t, Jt= 7.1 Hz, IH, -C(OSi(CH3)3)=CH.-).
4.86-5.12 (m, 2H, =CH 2 ), 5.67-4.94 (m, IH, -CK=CH2) ppm.
l-Methoxy-l-trimethylsilyloxy-l,4-pentadiene

(2e)

Ester le (2.69 g, 23.4 mmol) was converted into compound 2e using the method described for the
synthesis of compound 2a. Compound 2e was obtained as an oil after destination under reduced
pressure as mixture of E- andZ-isomers 1:2 (1.34 g, 31%), b.p. 61-4°C/11 mbar.
1

I

IR(CC14) v: 1255 (-Si(CH3)3) cm" . H-NMR(CDC13) δ: 0.00 and 0.05 (s, 9H, -OSi(CH3)3), 2.432.59 (m, 2H, -CH2-), 3.32 (s, 3H, -OCH3), 3.37-3.54 (m, IH, -C(OSi(CH3)3)=CH-), 4.63-4.92
(m, 2H, -CH=CH2), 5.44-5.63 (m, IH, -CH=CH2) ppm.
6-Methyl-3-(2-propcnyl)-l-trimethylsiIyloxy-l-cyclohexene

(2f)

(5)-(+)-Carvone If (7.92 g, 52 mmol) was converted into compound 2f using the method described
for the synthesis of compound 2a. Compound 2f was obtained as a colorless oil after destination
under reduced pressure (8.93 g, 79%), b.p. 60-5°C/0.25 mbar.
IR(neat) v: 1250 (-Si(CH3)3), 1100 (O-Si) c m 1 . lH-NMR(CDCl3) δ: 0.00 (s, 9H, -OSi(CH3)3),
0.83 (d, ЗН, Jd= 6.8 Hz, >CH-CH3), 1.01-2.09 (m, 5H, -CH2-CH2-CH<), 1.51 (s, ЗН, =С-СН3),
2.51-2.72 (m, IH, -СН<), 4.53 (broad s, ЗН, =CH2 and =СН-) ppm.
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l-Methoxy-3-phenyl-l-trimethylsilyloxy-l-propene (2g)
Ester lg (11 78 g, 72 mmol) was converted into compound 2g using the method described for the
synthesis of compound 2a. Compound 2g was obtained as a colorless oil after destination under
reduced pressure (12.24 g, 79%), b.p. 88-92°C/0.05 mbar.
!H-NMR(CDC13) δ 0.27 (s, 9H, -OSi(CH3)3), 3.32-3.97 (m, ЗН, -СН2- and =СН-), 3.58 (s, ЗН,
-ОСНз), 7.09-7 39 (m, 5Н, arom) ppm.
3-Phenyl-l-trimethylsilyloxy-l-propene (2h)
A solution of tnethylamine (0 15 mol, 20 88 ml), tnmethylsilyl chloride (0.16 mol, 19 67 ml) and
aldehyde Ih (19.7 ml, 150 mmol) in dry benzene (50 ml) was refluxed overnight at a temperature of
65°C. After 16 h the reaction mixture was cooled to room temperature, diethyl ether (100 ml) was
added and the precipitating salts were removed by filtration The filtrate was concentrated in vacuo on
a rotavapor equiped with a KOH trap to exclude moisture. When the resulting oil was not clear
diethyl ether was added and the procedure was repeated until a clear oil was obtained. Finally the
crude oil was purified by destination to yield a mixture of E/Z isomers 1:1 (19 83 g, 64%), bp. 528°C/0.1 mbar
'H-NMR(CDC13) δ: 0 28 (s, 9H, -OSi(CH3)3), 3.32 and 3.53 (2x d, 2H, J d = 7 4 Hz, -CH2-),
4.66-4 90 and 5.11-5.38 (2x m, IH, H(0-)C=), 6.34-6.46 (m, IH, =CH-), 7.15-7 42 (m, 5H,
arom) ppm.

General procedure for dihydrothiopyran 1-oxides (6) from the corresponding silyl
enol ethers.
To a cooled (0°C) and stirred solution of thionyl chloride (0.31 ml, 4.2 mmol), 2,6-lutidine (0.51 ml,
4.4 mmol) and 2,3-dimethyl-l,3-butadiene (3-4 ml) in dry dichloromethane (20 ml) the appropriate
silyl enol ether (4 0 mmol) in dry dichloromethane (5 ml) was added dropwise and the reaction was
maintained at this temperature for 3 h. The reaction was monitored by TLC analysis and stopped after
complete conversion of the starting material The reaction mixture was washed twice with water (25
ml) and the washings were extracted twice with dichloromethane (20 ml) The combined organic
layers were dried (magnesium sulfate), concentrated in vacuo and the resulting crude product was
purified using flash column chromatography.
2-Allyl-2-benzoyl-3,6-dihydro-4,5-dimethyl-2tf-thiopyran

1-oxide (6a)

Starting from 2a (4 mmol) compound 6a (783 mg, 68%) was obtained as a brown solid after column
chromatography with hexane / ethyl acetate (6/1, v/v) over aluminiumoxide.
IR(CC14) v. 1670 (C=0), 1045 (S=0) cnr'. 1H-NMR(CDC13) δ: 1.48 and 1 59 (2x s, 6H, 2x =CCH 3 ), 2 42-3 51 (m, 6H, 3x -CH2-), 5.04-5 29 (m, 2H, =CH2), 5 55-6 00 (m, IH, -CH=), 7 357 81 (m, 5H, arom) ppm MS (EI) m/e· 288 (M+).
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2-Benzoyl-2-(3-phenyl-2propenyI)-3,6-dihydro-4,5-dimethyl-2tf-thiopyran 1-oxide
(6c)
Starting from 2c (4 mmol) compound 6c (437 mg, 30%) was obtained as a brown solid after column
chromatography with hexane / ethyl acetate (3/1, v/v) over aluminium oxide.
1
IR(CC14) v: 1665 (C=0), 1050 (S=0) c m . lH-NMR(CDCl3) δ: 1.49 and 1.59 (2x s, 6H, 2x =CCH3), 2.47-3.50 (m, 6H, Зх -СН2-), 6.08+6.49 (d of AB and double t of AB, 2H, J A B = 15.7 Hz,
Jt= 7.8 Hz, -CH=CH-), 7.12-7.81 (m, 10H, arom) ppm. MS (EI) m/e: 364 (M+).

General procedure for the synthesis of acylthiophenes (5)
To a stirred and cooled (0°C) solution of thionyl chloride (0.73 ml, 10.0 mmol) and 2,6-lutidine
(0.25 ml, 2.2 mmol) in dichloromethane ( 15 ml) a solution of the appropriate silyl enol ether (2
mmol) in dichloromethane (5 ml) was added dropwise. Stirring was continued for 16 h while the
temperatuur of the reaction mixture was allowed to rise slowly to room temperature. The reaction
mixture was filtered over hyflo/norit and the filtrate was washed with water (3x 20 ml), dried
(magnesium sulfate) and concentrated in vacuo. The resulting crude product was purified by flashcolumn chromatography.
2-Benzoylthiophene (5a)
Starting from 2a (2 mmol) compound 5a (132 mg, 35%) was obtained as light brown crystals after
column chromatography with hexane / ethyl acetate (19/1, v/v) over aluminium oxide, m.p. 56-7°C.
IR(CCU) v: 1640 (C=0) c m 1 . 1H-NMR(CDCI3) δ: 7.10-7.21 (m, IH, arom), 7.38-7.92 (m. 7H,
arom) ppm. MS (El) m/e: 188 (Μ+).
The physical data were in complete agreement with those reported in the literature27.
2-Pivaloylthiophene

(5b)

Starting from 2b (2 mmol) compound 5b (94 mg, 28%) was obtained as a light brown oil after
column chromatography with hexane / ethyl acetate (19/1, v/v) over aluminium oxide.
IR(CC14) v: 1650 (C=0) c m ' . ^-NMRiCDC^) δ: 1.40 (s, 9H, -С(СН3)з), 7.11 (d of d, IH, J d =
5.0 Hz, J d = 3.8 Hz, arom), 7.56 (d of d, IH, J d = 5.0 Hz, J d = 1.0 Hz, arom), 7.78 (d of d, IH, J d =
3.8 Hz, J d = 1.0 Hz, arom) ppm. MS (El) m/e: 168 (M+).
The physical data were in complete agreement with those reported in the literature28.
2-BenzoyI-5-phenylthiophene (5c)
Starting from 2c (2 mmol) compound 5c (110 mg, 21%) was obtained as a light brown solid after
column chromatography with hexane / ethyl acetate (19/1, v/v) over aluminium oxide.
IR(CCU) v: 1650 (C=0) cm 1 . 'H-NMRiCDCb) δ: 7.0-8.1 (m, 12H, arom) ppm. MS (EI) m/e: 264
(M+).
The physical data were in complete agreement with those reported in the literature29·30.
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2-Acetylthiophene (5d)
Starting from 2d (2 mmol) compound 5d (161 mg, 51%) was obtained after column chromatography
with CHCI3 / MeOH (99/1, v/v)
'H-NMR(CDC13) δ 2 58 (s, 3H, -CH3), 7 09-7 30 and 7 61-7 72 (m, 3H, arom) ppm
The physical data were in complete agreement with those reported in the literature27'31
3,6-Dimethyl-5,6-dihydro-4tf-benzo[b]thiophene (5f)
Starting from 2f (2 mmol) compound 5f (140 mg, 39%) was obtained as crystals after column
chromatography with hexane / ethyl acetate (39/1, v/v) over aluminium oxide and was recrystalltzed
from cold hexane, m ρ 73-4°C
IR(CC14) ν 1660 (C=0) cm 1 'H-NMR(CDC13) δ 1 26 (d, 3H, J d = 6 9 Hz, >СН-СНз). 1 58
(broad s, 2H, -CH2-), 2 18 (s, 3H, =C-CH3), 2 57-2 63 (m, IH, >CH-CH3), 2 65-2 73 and 2 772 84 (2x m, 2H, -CH2-C=), 7 26 (broad s, IH, arom) ppm MS (EI) m/e 180 (M+)

Methyl 3-phenyl-2-sulfinyl-propanoate (3g)
To a stirred and cooled (0°C) solution of thionyl chloride (0 31 ml, 4 2 mmol) in dichloromethane
(15 ml) a solution silyl enol ether 2g (4 0 mmol, 944 mg) and tnethylamine (4 4 mmol, 0 61 ml) in
dichloromethane (10 ml) was added dropwise Stirring was continued for 16 h while the temperatuur
of the reaction mixture was allowed to rise slowly to room temperature and progress was monitored
by TLC analysis After complete conversion of the starting material the reaction mixture was washed
twice with water (25 ml) The washings were extracted twice with dichloromethane (20 ml) and the
combined organic layers were dried (magnesium sulfate) and concentrated in vacuo The resulting
crude product was purified by flash-column chromatography (silicagcl 60H) using hexane / ethyl
acetate (9/1, v/v) giving compound 3g as a yellow oil (171 mg, 26%)
IR(CC14) ν 1720 (C=0), 1080 (S=0) cm · !H-NMR(CDC13) δ 3 82 (s, ЗН, -OCH3), 4 20 (s,
2Н, -СН2-), 7 21-7 36 (m, 5Н, arom) ppm
3-Phenyl-2-sulf¡nyl-propanal (3h)
To a stirred and cooled (0°C) solution of thionyl chloride (0 08 ml, 1 1 mmol) in dichloromethane
(15 ml) a solution silyl enol ether 2h (1 0 mmol, 206 mg) and 2,6-lutidine (2 0 mmol, 0 23 ml) in
dichloromethane (10 ml) was added dropwise Stirring was continued for 16 h while the temperatuur
of the reaction mixture was allowed to rise slowly to room temperature and progress was monitored
by TLC analysis After complete conversion of the starting material the reaction mixture was washed
twice with water (25 ml) The washings were extracted twice with dichloromethane (20 ml) and the
combined organic layers were dried (magnesium sulfate) and concentrated in vacuo The resulting
crude product was purified by column chromatography using hexane / ethyl acetate (39/1, v/v) over
aluminmmoxide affording sulfine 3h (120 mg, 80%)
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IR(CC14) ν 1725 (C=0), 1080 (S=0) cm ' 'H-NMRtCDCb) δ 3 53 (s, 2H, -CH2-), 7 21-7 33
(m, 5Н, arom), 9 27 (s, IH, -CHO) ppm MS (ΕΙ) m/e 181 (M++1), 133 (-SO) Purity of 69&
according to GC)
2-Methoxycarbonyl-2-benzyl-3,6-dihydro-4,5-dimethyl-2W-thiopyran 1-oxide (6g)
A solution of sul fine 3g (1 05 mmol, 221 mg) in dry dichloromethane (5 ml) and an excess of 2,3dimethyl-l,3-butadiene (2 ml) was stirred over night under argon and exclusion of light at room
temperature After concentration and flash-chromatography (silicagel 60H) using hexane / ethyl
acetate (1/1, v/v) compound 6g (279 mg, 91%) was isolated as a yellow oil
IR(CC14) ν 1730 (C=0), 1050 (S=0) cm 1 'H-NMRiCDCb) δ 1 70 (broad s, 6H, 2x -CH3),
2 27-3 46 (m, 6H, Эх -CH2-), 3 59 (s, 3H, -OCH3), 7 09-7 37 (m, 5H, arom) ppm MS (EI) m/e
292 (M+)
Methyl 2-(N,N-diisopropyl-sulfamoyl)-3-phenyl-propanoate (8a)
A solution of sulfine 3g (150 mg, 0 71 mmol) in dry THF (10 ml) was added dropwise to a stirred
and cooled (-78°C) solution of LDA (0 75 mmol prepared from dnsopropyl amine (0 11 ml) and
0 47 ml 1,6 M n-butylhthium in hexane solution at 0°C) in THF (50 ml) After 45 minutes excess
methyl iodide (2 ml) was added and the temperature was allowed to raise to room temperature over 1
h The reaction mixture was washed twice with a saturated ammonium chloride (aq) solution and the
washings were extracted twice diethyl ether The combined organic layers were dried (magnesium
sulfate) and concentrated m vacuo
The crude product was dissolved in dry dichloromethane and a solution of dried m-CPBA (0 12
mmol, 30 mg) in dichloromethane was added at a temperature of 0°C The oxidation was monitored
by TLC and after 2 h the reaction mixture was washed twice with successively aqueous solutions of
Na2S2C>5 (2%), KHCO3 (sat) and NH4CI (sat) After drying over magnesium sulfate and flashchromatography (silicagel 60H) using hexane / dnsopropyl ether (1/1, v/v) compound 8a was
obtained (10%)
1

IR(CC14) ν 1735 (C=0), 1345+1135 (S0 2 ) cm" 'H-NMRiCDCls) δ 1 31 and 1 38 (2x d, 12 H,
J d = 2 7 Hz, 2x -CH(CH3)2), 1 58 (s, 3H, -CH3), 3 35-4 18 (m, 4H, -CH2- and 2x -CH<), 3 65 (s,
3H, -OCH3), 7 08-7 31 (m, 5H, arom) ppm Purity of 78% according to GC
Methyl 2-Methylsulfinyl-3-phenyl-propanoate (8b)
A solution of sulfine 3g (150 mg, 0 71 mmol) in dry THF (10 ml) was added dropwise to a stirred
and cooled (-78°C) solution of methyllithium (0 75 mmol, 0 47 ml 1,6 M in diethyl ether) in THF
(50 ml) After 45 min the reaction mixture was quenched with an saturated aqueous ammonium
chloride solution (50 ml) and the temperature was allowed to rise to room temperature The aqueous
layer was extracted three times with diethyl ether (25 ml) and the combined organic layers were dried
(magnesium sulfate) yielding compound 8b (37 mg, 23%) as a mixture of diastereomers ( I I )
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IR(CC14) ν 1730 (C=0), 1070 (S=0) cm ! lH-NMR(CDCI 3 ) δ 2 54 and 2 60 (2x s, 3H,
-S(0)CH3), 3 12-3 29 (m, IH, -CH<), 3 46-3 82 (m, 2H, -CH2-), 3 61 and 3 67 (2x s, 3H,
-OCH3), 7 04-7 31 (m, 5H, arom) ppm
Methyl 2-(Butylsulfinyl)-2-methyl-3-phenyl-propanoate (8c)
A solution of suifine 3g (150 mg, 0 71 mmol) in dry THF (10 ml) was added dropwise to a stirred
and cooled (-78°C) solution of butylhthium (0 75 mmol, 0 47 ml 1,6 M in hexane) in THF (50 ml)
After 45 min an excess of methyl iodide (2 ml) was added and the temperature was allowed to raise to
room temperature over 1 h The reaction mixture was washed twice with a saturated ammonium
chloride (aq) solution and the washings were extracted twice with diethyl ether The combined
organic layers were dried over magnesium sulfate and concentrated in vacuo yielding compound 8c
(68 mg, 40%) as a mixture of diastereomers (9 1)
IR(CCl 4 )v

1730 and 1720 (C=0), 1065 and 1040 (S=0) cm

[

Major diastereomer ' H -

NMR(CDC13) δ 0 95 (t, 3H, Jt= 7 0 Hz, -CH 2 CH 3 ), 1 38 (s, 3H, >C(CH3)-), 1 41-1 96 (m, 4H,
2x -CH2-), 2 25-2 75 (m, 2H, -S(0)CH2-), 3 01+3 53 (ABq, 2H, J A B = 13 3 Hz, -CH2Ph), 3 73
(s, 3H, -OCH3), 7 06-7 32 (m, 5H, arom) ppm Minor diastereomer 1H-NMR(CDC13) δ 0 95 (t,
3H, Jt= 7 0 Hz, -CH 2 CH 3 ), 1 29 (s, 3H, >C(CH3)-), 1 41-1 96 (m, 4H, 2x -CH2-), 2 25-2 75 (m,
2H, -S(0)CH2-), 3 06+3 78 (ABq, 2H, J A B= 13 7 Hz, -CH2Ph), 3 81 (s, 3H, -OCH3), 7 06-7 32
(m, 5H, arom) ppm

l-Phenyl-2-sulfinyl-5-hexen-l-one

(11a)

To a stirred and cooled (0°C) solution of thionyl chloride (2 0 mmol, 0 15 ml) and 2,6-lutidine (2 0
mmol, 0 25 ml) in dichloromethane (20 ml) a solution of silyl enol ether 10a (1 0 mmol, 246 mg) in
dichloromethane (5 ml) was added dropwise Stirring was continued for 16 h while the temperatuur
of the reaction mixture was allowed to rise slowly to room temperature and progress was monitored
by TLC analysis After complete conversion of the starting material the reaction mixture was washed
twice with water (25 ml) The washings were extracted twice with dichloromethane (20 ml) and the
combined organic layers were dried (magnesium sulfate) and concentrated in vacuo to afford sulfine
11a (198 mg, 90%)
IR(neat) ν 1635 (C=0), 1595 (Ph), 1175 (C=S), 1100 (S=0) cm · 'H-NMRiCDCb) δ 2 39 (q,
2H, J q = 7 7 Hz, -CH2-), 3 24 (t, 2H, J q = 7 1 Hz, -CH2-C(SO)-), 4 96-5 14 (m, 2H, =CH2), 5 635 96 (m, IH, -CH=), 7 27-7 76 (m, 5H, arom) ppm MS (CI) m/e 221 (M++1) Purity of about
85% according to 'H-NMR Further chromatographical purification only led to decomposition of the
product
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2-Benzoyl-2-(but-3'-enyl)-3,6-dihydro-4,5-dimethyl-2#-thiopyran 1-oxide (12a)
Sulfine 11a (56 mg, 0 25 mmol) and 2,3-dimethyl-l,3-butadiene (3 ml) were stirred for 20 h under
exclusion of light at room temperature After evaporation of the diene in vacuo compound 12a was
obtained as one single diastereomer (76 mg)
IR(CC!4) ν 1660 (C=0), 1595 (Ph), 1040 (S=0) cm · 'H-NMR(CDCl3) δ 1 42 and 1 57 (2x s,
6H, 2x -CH3), 1 82-3 32 (m, 8H, 4x -CH2-), 4 92-5 08 (m, 2H, =CH 2 ), 5 55-6 00 (m, IH,
-CH=), 7 27-7 75 (m, 5Н, arom) ppm MS (CI) m/e 303 (M++1)
6-Benzoyl-3-chloro-3,4-dihydro-2ff-thiopyran

13a and 2-benzoyl-6tf-thiopyran

(14a)
То a stirred and cooled (0°C) solution of thionyl chloride (0 73 ml, 10 0 mmol) and 2,6-lutidine
(0 25 ml, 2 2 mmol) in dichloromethane (20 ml) a solution of silyl enol ether 10a (2 0 mmol, 294
mg) in dichloromethane (10 ml) was added dropwise Stirring was continued for 16 h while the
temperatuur of the reaction mixture was allowed to rise slowly to room temperature The reaction
mixture was washed twice with water (25 ml) and the washings were extracted twice with
dichloromethane (20 ml) The combined organic layers were dried (magnesium sulfate) and filtered
over hyflo/nont After concentration in vacuo the crude product 13a (381 mg,80%) was obtained
IR(neat) ν

1635 (C=0), 1590 (Ph), 710 (C-Cl), 740 + 700 (monosubst Ph) cm ! ІН-

NMR(CDC13) δ 3 16-3 28 (m, 2H, -CH2-), 3 57-3 67 (m, 2Н, -S-CH2-), 3 83 3 93 (m, IH, -CHCl), 6 31 (t, IH, J,= 3 2 Hz, -CH<), 7 26-7 79 (m, 5H, arom) ppm MS (CI) m/e 239 (M++1)
Purity of about 95% according to ]H-NMR
The crude product was purified by column chromatography with aluminium oxide as the stationary
phase using hexane / ethyl acetate (39/1, v/v) as the eluens to afford 2-benzoyl-6ff-thiopyran
14a (61 mg, 15%)
IR(neat) ν 1635 (C=0) cm"1 'H-NMRfCDCb) δ 3 37 (d of d, 2H, J d = 1 1 Hz and J d =5 2 Hz,
-CH 2 -), 5 93+6 19 (m of AB, 2H, JAB= 7 5 Hz, -CH=CH-CH2-), 6 83 (d, IH, J d = 5 9 Hz,
>C=CH-). 7 37-7 75 (m, 5H, arom) ppm MS (CI) m/e 203 (M++1)
3-Chloro-6-tert-butylcarbonyl-3,4-dihydro-2H-thiopyran (13b)
The procedure described for the synthesis of compound 13a was followed Starting from compound
10b (2 mmol) product 13b (192 mg, 44%) was obtained
IR(KBr) V 1640 (C=0), 1590 (C=C), 710 (C-Cl) cm ] >H-NMR(CDC13) δ 1 28 (s, 9H,
-С(СНз)з), 3 13+3 19 (m of AB, 2H, JAB= 18 7 Hz, =CH-CH2-), 3 51+3 59 (d and t of ABq, 2H,
Jd= 4 9 Hz, J t = 10 7 Hz, JAB= 10 8 Hz, -S-CH2-), 3 76-3 84 (m, IH, -CHC1-), 6 39 (t, IH,
-CH=) ppm 13 C{ 'HKCDCb) δ 27 5 (q, 3x -CH3), 40 3 (t, =CH-£H 2 -), 44 1 (s, -C(CH 3 ) 3 ),
46 7 (t, -S-CH2-), 47 1 (d, -CHCI-), 129 1 (d, =CH-), 141 6 (s, >C=), 201 0 (s, >C=0) ppm MS
(EI) m/e 218 (M+) Anal Cale for C10H15CIOS (218 746) С 54 91, Η 6 91, S 14 66, found С
54 85, H 6 73, S 14 35
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Summary

This thesis deals with the synthesis and chemical behavior of di- and tetrahydrothiopyrans and
acylthiophenes derived from α-οχο sulfines. In Chapter 1, a brief overview of recent developments
in the chemistry of sulfines, in particular α-οχο sulfines, is presented.
In Chapter 2, the synthesis of sulfines from doubly-activated methylene compounds in reaction with
thionyl chloride as the sulfinylating agent is described. In the first step, nucleophilic reaction of the
methylene compound with thionyl chloride leads to the formation of a sulfinyl chloride which
undergoes an immediate 1,2-dehydrochlorination to give the sulfine. A large number of methylene
compounds bearing a variety of combinations of activating groups were subjected to the reaction with
thionyl chloride in the presence of 2,6-lutidine or triethylamine. In most cases, at least one of the
activating group was a carbonyl function leading to α-οχο sulfines. However, other funtions like
cyano, sulfide, sulfonyl, phosphoryl and nitro groups turned out to be excellent activating groups as
well (Scheme 1).
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R1& R2= C(0)R, CO 2R, CN, SAr, SO 2Ar, P(0)(OEt)2

R3& R4= H, CH 3
Scheme 1
In general, the obtained sulfines were very sensitive towards reductive hydrolysis and therefore, they
were trapped by a cycloaddition reaction with a 1,3-diene. As trapping agents simple dienes such as
1,3-butadiene, isoprene and 2,3-dimethyl-l,3-butadiene were used. The efficiency of formation of
the dihydrothiopyran 1-oxide derivatives is directly correlated to the reactivity of the butadiene. This
indicates that the formation of the sulfine is fast and that this is not the rate limiting step in the reaction
sequence.
In case of the unsymmetrically isoprene, the regiochemistry of the cycloaddition was studied. For all
tested compounds the 5-methyl substituted dihydrothiopyran 1-oxides are the major products, or even
the sole products (Scheme 2). The preference for the formation of the 5-methyl regioisomer is
expected and can be explained by the frontier molecular orbital theory.
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2,6-lutldine
CH2CI2

5-М

(Major)
Scheme 2
A new type of sulfine is the nitro sulfine This novel sulfine was prepared from the reaction of a nitro
substituted methylene compound with thionyl chloride and trapped by 2,3-dimethyl-l,3-butadiene as
the corresponding cycloadduct However, during the preparation of these sulfines a remarkable by
product was isolated These results are explained by the occurence of a competing reaction, viz the
formation of a nitnle oxide which on cycloaddition with the diene leads to the oxazohne derivatives
(Scheme 3)
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The chemistry of dihydrothiopyran 1-oxides obtained as described in Chapter 2 is the subject of
Chapter 3 For the reduction of the sulfoxide moiety to obtain the corresponding dihydrothiopyrans,
the method using tnfluoroacetic anhydride and sodium iodide turned out to be the most efficient one,
while the same sulfoxide was oxidized smoothly to give the dihydrothiopyran 1,1-dioxides by Oxone
or m-chloropcrbenzoic acid (Scheme 4)
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Summary
The chemistry of the α-οχο sulfines was incorporated successfully in the preparation of 2-benzoyl1,4,5-tnmethyl-thiabenzene (Scheme 5) Starting from the silyl enol ether of acetophenone 2benzoyl-3,6-dihydro-4,5-dimethyl-2tf-thiopyran 1-oxide was obtained from the reaction with thionyl
chloride in the presence of 2,6-lutidine and 2,3-dimethyl-l,3-butadiene Subsequent treatment with ptoluenesulfonic acid in refluxing toluene induced the elimination of water by a Pummerer-type
reaction, 5-alkylation with methyl tnflate and finally treatment with triethylamine completed the
reaction sequence to yield 2-benzoyl-l,4,5-tnmethyl-thiabenzene
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Scheme 5
Another interesting application of the chemistry of α-οχο sulfines and the thiopyran 1 -oxides derived
therefrom, is found in the synthesis of Aprikalim This type of heterocyclic compound is part of a
class of potassium channel activators which have potential in the treatment of e g asthma and
hypertension The key intermediate is obtained by the reaction of thionyl chloride with the silyl enol
ether of methyl 3-(3-pyndyI)propionate and subsequent trapping of the in situ formed α-οχο sulfine
with 1,3-butadiene (Scheme 6)
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Scheme 6
The major part of Chapter 3 deals with the nucleophilic substitution reactions of 2-arylsulfonyl-3,6dihydrothiopyrans and their corresponding tetrahydrothiopyran derivatives

A variety of 2-

arylsulfonyl-3,6-dihydrothiopyrans were treated with two silyl enol ethers and allylsilane as the
nucleophilic species Aluminium(III)chlonde tums out to be the most suitable catalyst Under these
circumstances the substitution reaction is favoured, while the competing elimination reaction is
suppressed (Scheme 7)
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Scheme 7
The Substitution reaction seemed to be very sensitive to the nature of the silyl nucleophile as well as
the structure of the dihydrothiopyran substrate. In general, the silylketeen acetal and the allylsilane
were better nucleophiles than the silyl enol ether of acetophenone (Scheme 7). Comparing the
different thiopyran substrates, no direct relationship between the electronic or steric character of
substituent X at the reaction center and the efficiency of the reaction was found. As expected, the
leaving ability of the sulfonyl group was of importance in this reaction. Dihydrothiopyrans bearing
the more electron withdrawing p-chlorophenylsulfonyl group were better substrates than the
corresponding thiopyrans with a phenylsulfonyl group.
A remarkable improvement was accomplished when the corresponding saturated tetrahydrothiopyrans
were used as substrates for the aluminiumchloride catalyzed substitution reactions. High yields were
obtained and no elimination reaction was observed. In case of the unsaturated dihydrothiopyrans,
conjugation with the olefinic bond already present in the ring is probably the driving force for the
elimination reaction.
Finally, in Chapter 4, the equilibrium between the sulfine and the tautomeric vinylsulfenic acid of
enethiohzable α-οχο sulfines was investigated. Taking advantage of the fact that sulfenic acids can
react with double bonds, an olefinic unit is incorporated in the α-οχο sulfines to enforce an
intramolecular trapping reaction. Accordingly, starting from the appropriate silyl dienol ether reaction
with thionyl chloride resulted in the corresponding allyl α-οχο sulfine, which subsequently cyclizes
νια an intramolecular addition reaction to give an acylthiophene (Scheme 8). The existence of the
intermediate sulfine was proven by trapping with 2,3-dimethyl-l,3-butadiene in a [4+2]cycloaddition reaction as a dihydrothiopyran 1-oxide.
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OSiMe 3
-*-Q1

Scheme 8
Analogously, homo-allyl α-οχο sulfines can be prepared from suitable silyl dienol ethers. Here the
amount of thionyl chloride was rather crucial. Using two equivalents, surprisingly, the α-οχο sulfine
itself could be isolated. When five equivalents of thionyl chloride were added, the unsaturated α-οχο
sulfine reacts further via its vinyl sulfenic acid tautomer with the olefinic bond in an intramolecular
way to give the chlorodihydrothiopyran (Scheme 9). It is believed that the mechanism differs from
that of the formation of the the acylthiophenes, because here aromatization is no driving force. A
reaction of the olefinic bond with the sulfenyl chloride via a thiiranium ion intermediate is more
plausible.
OSiMe3

5 eq. SOCI2
1.1 eq. 2,6-lutidine
CH 2 CI 2 , 0°C->RT

Scheme 9
In general, the work described in this thesis has extended our knowledge about the synthesis of αοχο sulfines from active methylene compounds and the chemical behavior of the cycloadducts derived
therefrom, especially the functionalized dihydrothiopyrans.
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Samenvatting

Dit proefschrift handelt over de synthese en reacties van di- en tetrahydrothiopyranen en
acylthiofenen, die afgeleid zijn van a-oxosulfinen In Hoofdstuk 1 wordt een kort overzicht gegeven
van de recente ontwikkelingen op het gebied van de chemie van sulfinen, in het bijzonder de aoxosulfinen
In Hoofdstuk 2 wordt de synthese van sulfinen uit dubbel geactiveerde methyleenverbindingen
beschreven, waarbij thionylchlonde als het sulfinylenngsreagens wordt gebruikt In de eerste stap
treedt een nucleofiele reactie op van de methyleenverbinding met het thionylchlonde, zodat een
sulfinylchlonde wordt gevormd Deze ondergaat direct een 1,2-dehydrochlorenng, waarna het sulfine
ontstaat Een groot aantal met verschillende activerende groepen gesubstitueerde methyleenverbindingen zijn m reactie gebracht met thionylchlonde in de aanwezigheid van 2,6-lutidine of
triethylamine In het algemeen is minstens één van de activerende groepen een carbonylgroep
waardoor in de meeste gevallen een α-oxosulfine gevormd wordt Het bleek echter dat ook andere
functionaliteiten, zoals de cyaan-, sulfide-, sulfonyl-, fosforyl- en nitrogroep, uitstekende activerende
groepen zijn (Schema 1)

)

SOCI 2

*2,6-lutidme
CH2CI2

V=e

R1& R2= C(0)R, CO 2R, CN, SAr, SO 2Ar, P(0)(OEt) 2
R3& R4= H, CH 3
Schema 1
De verkregen sulfinen waren m het algemeen erg gevoelig voor reductievc hydrolyse en werden
daarom afgevangen in een [4+2]-cycloddditie met een 1,3-dieen Hiervoor werden simpele dienen,
zoals 1,3-butadieen, isopreen en 2,3-dimethyl-l,3-butadieen gebruikt De opbrengst aan
dihydrothiopyraan 1-oxiden is rechtstreeks gecorreleerd aan de reactiviteit van het dieen Dit betekent
dat de vorming van het sulfine niet de snelheidsbepalende stap is in de reactie
In het geval van het met-symmetrisch isopreen kon de regiochemie van de cycloadditie worden
bestudeerd Bij alle geteste verbindingen bleek het 5-methyl-3,6-dihydro-2#-thiopyraan-l -oxide het
hoofdproduct, of zelfs het enig product te zijn (Schema 2) De voorkeur voor de vorming van het 5methyl-regioisomeer was zoals verwacht en kan verklaard worden met de "frontier molecular orbital"
theorie
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Schema 2
Een nieuw type sulfine is het nitrosulfine. Dit nieuwe sulfine werd bereid uit de reactie van een nitromethyleenverbinding met thionylchloride en werd afgevangen met 2,3-dimethyl-l,3-butadiëen als het
cycloadduct. Bij de synthese van deze sulfinen werd een opmerkelijk bijproduct geïsoleerd. Dit kan
verklaard worden door het optreden van een concurrentiereactie waarbij een nitriloxide ontstaat. Deze
reageert met het diëen in een 1,3-dipolaire cycloadditie tot een oxazoline (Schema 3).
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Schema 3
De chemie van de in Hoofdstuk 2 gesynthetiseerde dihydrothiopyraan-1-oxiden is het onderwerp van
Hoofdstuk 3. Voor de reductie van de sulfoxidefunctie blijkt de methode met trifluorazijnzuur
anhydride en natriumjodide het meest efficiënt te zijn, terwijl hetzelfde sulfoxide eenvoudig
geoxideerd kan worden met Oxone of m-chloorperbenzoëzuur (Schema 4).
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Schema 4
De a-oxosulfine-chemie werd met succes gebruikt bij de synthese van 2-benzoyl-l,4,5-trimethylthiabenzeen (Schema 5). Reactie van de silylenolether van acetofenon met thionylchloride in
aanwezigheid van 2,6-lutidine en 2,3-dimethyl-l,3-butadièen leidt tot de vorming van 2-benzoy 1-3,694

Samenvatting
dihydro-4,5-dimethyl-2#-thiopyraan-l -oxide Behandeling met p-tolueensulfonzuur in refluxende
tolueen induceert de eliminitatie van water via een Pummerer-achtige reactie Onder invloed van
methyltnflaat vindt een S-alkylenng plaats en reactie met tnethylamine leidt uiteindelijk tot 2-benzoyl1,4,5-tnmethyl-thiabenzeen in een goede overall opbrengst

SOCI 2

^ " Ύ

TosOH

|

2,6-lutidine

Schema 5
Een andere interessante toepassing van de sulfine-chemie werd gevonden in de synthese van
Aprikalim Dit type heterocyclische verbinding maakt deel uit van een klasse van kaliumkanaalactiverende middelen die van potentieel interesse zijn voor de behandeling van ziekten zoals astma en
hoge bloeddruk Een belangrijk intermediair in de synthese kan verkregen worden via het afvangen
met 1,3-butadieen van het in situ gesynthetiseerde a-oxosulfme, dat uit de reactie van thionylchlonde
en de silylenolether van 3-(3-pyndyl)propionzure methylester ontstaan is (Schema 6)

-+-N

CSNHMe

Schema б
Het grootste deel van Hoofdstuk 3 is gewijd aan de nucleofiele substitutiereacties van 2-arylsulfonyl3,6-dihydro 2i/-thiopyranen en hun overeenkomstige tetrahydrothiopyraandenvaten Verschillende
2-arylsulfonyl-3,6-dihydro-2#-thiopyranen werden inreactiegebracht met twee typen silylenolethers
en allylsilaan (Schema 7) Aluminium(III)chlonde bleek de beste katalysator hiervoor te zijn Onder
deze omstandigheden werd de nucleofiele substitutiereactie bevoordeeld, terwijl de concurerende
eliminatiereactie onderdrukt bleef
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Samenvatting

Subst
Nu

Θ
AICI3, Nu
ArSO¡

CH2C12
-78°C
OSiMe3

Nu

OEt

Ehm.

OSiMe3
Ph

^

,SiMe3

Schema 7
De substitutiereactie bleek zeer gevoelig te zijn voor de aard van het silylenolether en de structuur van
het dihydrothiopyraan zelf In het algemeen bleken het silylketeenacetaal en de allylsilaan betere
nucleofielen dan de silylenolether van acetofenon te zijn (Schema 7) Wanneer de verschillende
thiopyranen met elkaar vergeleken worden, blijkt geen eenduidige relatie tussen het elektronisch of
stensch karakter van substituent X en de snelheid van de reactie waarneembaar te zijn Zoals
verwacht speelt het elektronisch karakter van de vertrekkende sulfonylgroep een grote rol in deze
reactie De dihydrothiopyranen met de meer elektronenzuigende p-chloorphenylsulfonylgroep zijn
betere substraten dan de zelfde thiopyranen met een phenylsulfonylgroep
Een opmerkelijke verbetering werd bereikt indien, in plaats van de onverzadigde dihydrothiopyranen,
de overeenkomstige verzadigde tetrahydrothiopyranen werden gebruikt als substraten in de
aluminiumchlonde-gekatalyseerde substitutiereactie In deze gevallen werden hogere opbrengsten
verkregen en trad geen eliminatiereactie op Waarschijnlijk is, in het geval van de onverzadigde
dihydrothiopyranen, conjugatie met de reeds aanwezige dubbele band de drijvende kracht achter de
eliminatiereactie
Tenslotte wordt in Hoofdstuk 4 het evenwicht van het sulfine en zijn vinylsulfeenzuur-tautomeer
bestudeerd Gebruikmakend van het feit dat sulfeenzuren kunnen reageren met een dubbele band
wordt een olefinische binding in het ot-oxosulfine ingebouwd om zo een intramoleculaire reactie te
bevorderen Aldus werd een geschikte silyldienolether met thionylchlonde in reactie gebracht zodat
een allyl-a-oxosulfine werd gevormd, dat vervolgens cyclizeert via een ïntramoleculaire additie van
het tautomere vinylsulfeenzuur, via een intermediair vinylsulfenylchlonde, aan de dubbele band tot
een acylthiofeen (Schema 8) Het sulfine-intermediair werd aangetoond door dit af te vangen met 2,3dimethyl-l,3-butadieen in een [4+2]-cycloadditie als een dihydrothiopyraan-1 -oxide
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Samenvatting
OSiMe 3

Schema 8
Door een juiste keuze van silyldiënolethers kon op een zelfde wijze homo-allyl-a-oxosulfinen worden
gesynthetiseerd. Hier bleek de hoeveelheid thionylchloride een grote rol te spelen. Tot onze
verrassing kon, indien twee equivalenten thionylchloride werden gebruikt, het a-oxosulfine zelf
geïsoleerd worden. Bij het gebruik van vijf equivalenten thionylchloride reageerde het onverzadigde
a-oxosulfine direkt door via zijn vinylsulfeenzuurtautomeer in een intramoleculaire reactie met de
olefinische binding tot een chloordihydrothiopyraan (Schema 9). Aangenomen wordt dat het
mechanisme van deze reactie anders is dan het mechanisme voor de vorming van de acylthiofenen,
omdat aromatizering hier geen drijvende kracht kan zijn. Waarschijnlijk verloopt de reactie van de
dubbele band met het sulfeenzuur via een thiiraniumion.
OSiMe3

5 eq. SOCI2
1.1 eq. 2,6-lutidine
CH2CI2, 0°C->kt*

Schema 9
Het werk beschreven in dit proefschrift omvat een uitbreiding van de kennis aangaande de synthese
van a-oxosulfinen uit actieve methyleenverbindingen en de chemie van de daarvan afgeleide
cycloadducten, in het bijzonder de gefunctionalizeerde dihydrothiopyranen.
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