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Abstnact - This neview sunveys auailfable synthetic procedures for

the preparation of dihydrothiophenes,

INTRODUCTION
Thiophenes have been widely investigated and several reviews have been published

-4 The corresponding dihydro derivatives (thiolemnes)},

on their chemistry.1
however, have heen widely neglected and only brief discussions of their
chemistry are found in these reviews. Although general synthetic procedures
are avallable for the preparation of dihydrothiophenes, these methods have
not been reviewed except for a short section in a monograph.5
We intend to present a systematic review of synthetic routes to dihydrothio-
phenes, as well as describe some of their chemical and physical properties.
The discussion will be divided as follows:

I. GERERAL ROUTES TO DIHYDROTHIOPHENES

1. Reductive Methods
2. Elimination Reactions
3. Condensation Reactions
4, HRearrangements
II. SYNTHESIS OF BIOTIN PRECURSORS
III. SYNTHESIS OF HALODINUYDROTIIIOPHENES
Iv. SYNTHESIS OF BICYCLIC DIHYDROTHIOPHENES

V. SPECTROSCOPIC STUDIES OF DIHYDROTHIOPHENES

I. GENERAL ROUTES TO DIHYDROTHIOPHENES

1. Reductive Methods

The first unambiguous preparation ¢f an unsubstituted dihydrothiophene was

effected by reduction of thiophene with sodium in liquid ammonia, using
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methanol as co-solvent and proton source.6 A mixture of compounds resulted
(Scheme 1), but the major product was 2,5-dihydrothiophene (1)}, isolated in
38% vield by distillation (bp 122°C). The isomeric 2,3-dihydrothiophene (2)

was obtained in 18% yield (bp 112°C).

/\ Na/NH _ \
—_— . *+ + C,H,S + C,H, + H,S
s CH_OH s a"g 4"g 2

3

1

1M

Scheme 1

A mixture of butetiethiols comprising 23% of the reacticn products was also
isolated along with some butenes, and hydrogen sulfide. The structures of the

dihydrothiophenes were confirmed by conversion to the corresponding known
sulfones and mercuric complexes.7

Kloosterziel and co-workers reported the ring cleavage of 1 1n the presence of
potassium amide in liquid ammonia at —BOOC, to afford anion §.8 The conditions
employed by Birch and McAllan included methanol as a proton scurce, The
alcohol could also act as a buffer and suppress any signlficant concentration
of amide anion. Therefore, the mercaptans detected by these investigators

were most likely the result of reductive cleavage, rather than base induced

cleavage as observed by Kloosterziel (Scheme 2).

— H d
NH, ~ .
+ KNH, —— " e H
S -60°¢ -
H S
3
Scheme 2

The reactions of compounds 1 and 2 with alkyl mercaptans were also investi-

9 When heated at 200°C with a mercaptan, 1n the -presence of sulfur,

gated.
2,5-dihydrothiophene gave the corresponding 3-alkylthiotetrahydrothiophene

(4a), while 2,3-dihydrothiophene afforded thiocacetal 4b {Scheme 3).
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+ RSH 200°C
8 8 8
1 4a
R _—200%
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2 4

Scheme 3
Reduction of alkylated thiophenes proceeded in an analogous mannerlo (Scheme 4).
= & o )\/\
/ \ Na/NH, \ 3 SH
A —————
s

CH,0H 3 S +

2 )/l\/\sﬁ

1)

Scheme 4

3-Methylthiophene afforded the 2,5-dihydro derivative (5) in 43% yield, the
4,5-dihydro derivative (8) in 14% yield, and a mixture of unsaturated thiols

in 10% yield. Detection of hydrogen sulfide indicated some reductive desulfur-
ization, but the resulting alkenes or alkanes were not identified. Reduction
of 2-methylthiophene produced only small amounts (9%) of the corresponding 2-
methyldihydrothiophenes. A pentenethiol was the major product (45% yield).

No dihydrothiophene resulted from reduction of 2,5-dimethylthiophene. A

hexenethiol was i1solated and converted to 2~hexanone on treatment with sodium
hydroxide.

These jinvestigations cast serious doubts on some earlier literature reports
of dihydrothiophenes. In 1938, Slobodin investigated the reaction of 1,4-
dibromo-2-butene with sodium sulfide, under various conditions.11 Mixtures
were obtained containing butadiene, rubber-like polymers, and a compound
Slobodin indentified as 1. However, the boiling point reported for this
compound, 1030—10500, was considerably lower than that reported by Birch and
McAllan,6 who suggested that this lower hoiling product was actually 3,4-
epithip-1-butene (vinylthiirane) (7). Brandsma and co-workers prepared

vinylthiirane by treating trans 1,4-dibromo-2-butene with sodium sulfide,
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confirming the assignment proposed by Birch and co—workers.12 The bpiling
point of the vinylthiirane {(7), 550C (110 mm), agreed with that of the product
observed by Slobodin. Treatment of cis 1,4-dichloro-2-butene with sodium
sulfide afforded a 2-1 mixture of 1 and 212 (Scheme 5). Dihydrothiophene 1

was purified by destroying the vinylthiirane with excess sulfide anion.

g~2 3\ a —_—
P "jb s —
Cl C \_ g7 s
Cl1 a 8

'y mu”

r,
ot D

lb
= -2
\ / S . an
8

z

I~

Scheme 5

The preparation of a 3-methyldihydrothiophene by Karrer and Kieso must also be
questioned in light of Birch's investigations.13 These authors treated 3-
thicphanone with methylmagnesium iodide to produce the corresponding alcohol,
which was then converted with phosphorus tribromide to 3-bromo-3-methyl-
tetrahydrothiophene. Dehydrobromination of this product with sodium methoxide
afforded a product, bp 10€3—110°C, which they believed to be either the 3-
methyl-4,5- (6} or 3-methyl-2,5-dihydrothiophene (5). However, when Birch

and co=-workers prepared these compounds and their known sulfone derivatives,

they observed boiling points of 138°C and 1470C, respectively, for 6 and §10

{Scheme 8). OH Br
CH CH
CH Mg 1 3 PBr, 3
———rraiit —
Et,0 PH
S 2 8 3
CH3 H3
NaOCH _—
s [ 5 or \
g s
5 8
Scheme &
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Birch and his group utilized sodium metal in their reductions, with methanol
as the proton scurce. EKrug and Tocker investigated the use of both lithium
and sodium in conjunction with a variety of ammonium salts as the proton
source.14 When they employed ammonium sulfate or ammonium chloride with
either lithium or sodium, or ammonium bromide with lithium, the products were
primarily polymers, mercaptans, and hydrogen sulfide. The reduction of
thiophene with sodiun and ammonium bromide produced a 53% yield of 2,3- and
2,5-dihydrothiophenes. Destruction of the 2,3-dihydrothiophene with 30%
sulfuric acid afforded 1 in purified form. Reaction of 1 with hydrogen

5

peroxide yielded the corresponding sulfoxide (§).1 Reactions of 8 are

illustrated in Scheme 7.

Br Br
H202 HBr/CCl4
—— e el
S 5 ] 8
8
1 8
= Br2 8
HOAc - HI
NaOH Bry .
Br r b 1+ 1
N.R.
s
@ 2]
Br Br
Scheme 7

A few of the other dihydrothiophenes reported in the literature have been
prepared by reductive methods. Conversion of the tosylhydrazone of 3-keto-
thiophane to a 65:35 mixture of 2 and 1 was accomplished with sodium metal
in ethylene glycol.lﬁ Bussian investigators electrochemically reduced thio-
phene-2-carboxylic acid and its 5-methyl, 4-methyl, and 4,5-dimethyl deriva~
tives to obtain the corresponding 2,5-dihydrothiophene-2-carboxylic acids.17’18
Yields were best (75-920%) in 2M lithium hydroxide; potagsium or sodium

hydroxide afforded poorer results.

Gol'dfarb and co-workers reported on the Birech reduction of thiophene-2-carboxyl-
ic a.cid.l9 Among the products formed were 2,5-dihydrothiophene-2-carboxylic
acid (10) and cis 5-mercapto-3-pentencic acid (11). The relative amounts of

these compounds depended on the reaction conditions (Scheme B).
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Scheme 8

8imilar results were reported independently by Blenderman and Joullié.20

These investigators further observed that the formation of acyeclic products
could he prevented by employing the lithium carboxylate salt instead of the
free acid. Therefore, the synthesis of some substituted 2,5-dihydrothiophenes
(10a,b) was effected in good yields (75-90%) wia the lithium/ammonia reduction

of the lithium carboxylate salt521 (Scheme 9).

B, By 1. Li/NHg 2
/ \ L1OH / \
D —
2. NH,C1
0 H R o, Li 4 R 'COH
Rl 5 2 1 8 2 1 S 2
10a,b
a. BRy=H, R,=Me
b. R1=Me, R2=H
Scheme 9
Russian investigators have also reduced thiophenes using triethylsilanezz or
zine¢ in trifluorcacetic acidza, the latter reagents being superior. Alkyl

substituted thiophenes proved to be the best substrates. A Japanese group
has used the Birch reduction in the course of a thiepin synthesis.24 Product
12 reportedly contained about 5% of the corresponding 2,3- and 4,5-dihydro

isomers (Scheme 10).

/ \ Li/NH3 b
3 3
12
Scheme 10
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2. Elimination Reactions

The Birch reduetion is not well suited for the preparation of 2,

as the 2,3- isomer is only a minor product of the reaction. Sosnovsky
developed the acyloxylation of tetrahydrothiophene (13) with tert-butyl-
peracetate or tert-butylperbenzoate to afford the tetrahydrothienyl acetate

(14a) or benzoate (14b).25’26

When 14b was heated to 110°C for two hours, 2
was obtained in 80% yield, along with benzoic acid. In contrast, heating 14b
in tert-butyl alcohol for 100 hours converted it to a species identified from

its molecular weight as & dimer of dihydrothiophene (15), which was not chara-

terized further (Scheme 11).

8]
1] Cu,Cl i _
+ R002 , ot ,jl\ A, t-BuOH (15) Ra Ni n CSHls
8 5 (Y R
i3 RE=CH,,( 14a R = CH,
14b R = @
Scheme 11

Lawesson and Berglund concurrently conducted similar investigations and reported

identical results.27’28

They desulfurized the dimer with Raney nickel and
claimed to have identified n-octane as a product by gas chromatography. They
postulated, as a result, that the product was a 2,2' dimer (15). However, the
poorly resclved 40 MHz NMR spectrum of the dimer did not appear to support

the assigned structure (15). A broad singlet, due to the olefinic proton,
occurred downfield (no § values given). A poorly resolved, but definite,
triplet further upfield was probably due to the methylene group adjacent to the
sulfur in the dihydrothiophene ring. The lack of splitting 1n the olefinic
resonance was especially puzzling and contradictory. Studies carried out

by two other groups have shown that the dimer was not a 2,2' isomer as
suggested by Lawesson, but a 3,2' isomer. Cohen and Steele, while investi-
gating the use of 2 as protecting group for alcohols, obtained the same dimer
2

and showed its structure to be 186. 9 A reasconable mechanism for this

dimerization is based on the polarization of thioenol ethers (Scheme 12).
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Scheme 12

Cox and Owen, examining NMR data of various cyclic hemithioketals, found that
the resonance of the olefiniec proton of 16 experienced only leng range

0 Furthermore, the chemical shift of the olefinic proton (4.5.92)

splitting.3
is closer to that of the Z2-proton (68.08) than the 3-proton (& 5.48) in 2.
Treatment of 2-chlorotetrahydrothiophene (17) with several 1,3-dicnes led
unexpectedly to the formation of ;g.gl Under the same conditions, but with
no dione present, 17 also gave 16. Presumably, 17 is converted to 2, which

reacts further to give 16 (Scheme 13).
H
[ )\ + L + 16
! A
H (trace)
1
orM+1j ot 6 " 1
A \A
z/
Scheme 13

3. Condensation Reactions

Examination of the literature reveals that ring closures are the best method
for preparing substituted dihydrothiophenes. There are two general approaches
to ecyclization depending on whether the formation of the sulfur-carbon bond

oceurs as the first or last step. There are several variations on both
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strategies.

Tilak et al. developed the condensation of thioglycolates with either o, 8-
unsaturated ketones or R-dimethylaminoketones to produce hydroxytetrahydro-
thiophenes (18) which dehydrated in polyphosphoric acid to 2,5-dihydrothio-

32,33

phenes (19) (Scheme 14).

RZ
OH
R3 ~ 1 H

R, +  HSCH,CO,Et - o e
or H1 s o
R (CHz)y 18
3 R =
2
R 3 R, R,
PPA
1w 0 P .
R 0,Et R1Ng O4Et
2 20 19
R chioranil /
Ry 3
l \ o R,=H,®,CO,Et
R1 2 R2=H
Rg=CH,,@

Scheme 14

Disproporticnation products 20 and 21 were observed in some cases. This side
reaction was not considered a problem as the desired products were thiophenes
rather than dihydrothiophenes. The 2,5-dihydrothicphene-2-carboxylate ester

(19) did not disproportionate when both R1 and R, were large groups:

3
R1=R3=¢ and R2=H1 or R1=C02Et, R2=H and R3=G. This behavior suggested that
large groups hindered hydride transfer. When these groups (R1 or R3) were
smaller, eg. hydrogen or methyl, all three products (19, 20, 21) were obtained.
One of the more fully investigated synthetic methods for dihydrothiophenes

involves cyclization of a-mercapto aldehydes or ketones (22) with vinyl Wittig

or Wittig-Horner reagents (23a,b) (Scheme 153).
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+ [ RZ 4
SH R
K 4 5 R, 3
2 R, 1 Re
22 238 24a
W
(Et0) P CoMe R COgMe
Ry
+ L ————
22 e
4 1
23b 24b
R1=H,Me
R,=H,Me,@
R3=Me,isopr0py1
ByRg= —{CHy) -
Scheme 15

McIntosh and co-workers prepared several substituted 2,5-dihydrothiophenes
(24a,b) by this procedure. Many of the resulting dihydrothiophenes were

oxidized to the corresponding sulfones and then converted to 1,3-dienes via

34-38 Use of Wittig-Horner reagents allowed

the introduction of an ester group on the dihydrothiophene.39_40

elimination of sulfur dioxide.

a-Mercaptoaldehydes (22) also add to a,f-unsaturated aldehydes to give 2,5-

dihydrothiophene-3-carboxyaldehydes (26) as the major products along with

some of the corresponding arecmatic products (Scheme 16)_41
CHO
R, CHO HO
. Et N . / \
R
CSHSN s 1 g 1
o SH By
T2y 5 26
1 29

R =H,Ry=Et,R,=H  R,=H,Me

1

Scheme 16
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These substituted dihydrothiophenes (28) are not available from the previously
reported reactions of vinylphosphonium salts as they would require the use

of the unknown a-formyl vinylphosphonium salts or a 3-mercapto-2-ketoaldehyde.
Another example involving initial carbon-sulfur bond formation includes the
condensation of thicenolates (27) with 1,2-dicarbomethoxyacetylene (28)

to afford substituted dimethyl 4,5-dihydrothiophene-2,3-dicarboxylates

(22).42 Cyclization of thioenolates with a-bromcketones and esters (30 X=Br)
gives 2,3-dihydro-3-hydroxythiophenes (31), which readily dehydrate to

to thiophenes (32) if the carbon adjacent to the hydroxy carbon is secondary.43
A different approach involves the synthesis of 3-amino-4,5-dihydrothiophene
(34) by the cyclization of B-mercaptomitriles (33) with chloromethyl aryl

or alkyl ketomnes {30 X=Cl).44 The dihydrothiophenes are readily oxidized

with elemental sulfur to aminothiophenes (35). These reactions are summarized

in 3cheme 17.

Ry P2 €O,CH,, B L c0,CH,
/IL + "I 1. DME \
RS au | 2. HCi?EtJT'Ra . 0,CH,
CO,CH,
27 29
- - 28
R,=CH, Rg=H
R,=NHCOCH 4 M=Na
R OH a
Ra P2
R coR_ when
R 4 ——r—r—— 5 v —
4 R * 2T 5 R Ryl
5 s S 3 ~s . 4 TRy Ng OR
X 0
30 3 32
Ry=H R,=C@
X=Br R5=CHg,@ R,~H,9
R5=¢, OEt  M=HNEt,,Na
R
L N NaOCH
2 ¢ —
Rz SH
X=C1 a3
R,=H,CH, R,=H,CH..0 R =CH,,@,p-C19,C H,S
Scheme 17
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Another aminothiophene synthesis involves condensatlon of methyl thioglyco-
late with acrylonitrile to produce 3-keto-4-cyanotetrahydrothiophene (36).
Reaction of 38 with & substituted aniline affords enamine 37, a 2,5-dihydro-
thiophene derivative.45 Oxidation of 37 with chloranil gives the corresponding

thigphene {Scheme 18).

x 0 CN
coch 3 NaOCH,,
+ l CHJOH
SH A s

36
=2 m-—CFSQNH2
HOAc, A
m-F ,CPNH cN m~F yCONH N
/ \ chloranil
]

.

Scheme 18

An alternative approach involves reaction of hydrogen sulfide or one of its
alkali metal salts, usually sodium sulfide or bisulfide, with appropriately
substituted Michael acceptors. An early example of this method is the
synthesis of both 2,5-and 2,3-dihydrothiophenes via a common 3-ketotetra-

hydrothiophene46 (Scheme 19),

0, Bt P
CH@ 2 NC. CO,Et
NaSH HC1
" NaCk
1 COzEt s 5
ocl
38 S 40
=22 C H N 50¢ —
HO,C 0,H CO,Et
— ‘o socl,,
H
¢ — c H N
5 8
42 4
HO 0,H CO,Et
2 / 2 KCH 7\_—/‘
—_—
K] ]
44 43

Scheme 19
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The assignment of structures 41 and 43 was based on the ultraviolet spectra
of these compounds. Compound 41 showed the more intense absorption at 280 nm,
consistent with the increased conjugation of this system.

The formation of 39 arises via a Michael addition of sulfide ion to 38
followed by a nucleophilic displacement of the chloro group three carbons
away. A variation of this '"1,4~addition” methodology is illustrated with

the synthesis of 2-methyl-4,5-dihydrothiophene (45), prepared by passing

hydrogen sulfide over 5-hydroxyl-2-pentanone on alumina at 3250C.47

At
or above 350°C the products were the corresponding thiophene and tetrahydro-

thiophene {Scheme 20}.

Q 3500 [\
—_0
C oH Al,03 m,c” o

HS OH
A1203
HZS
O
» 350
[\, S0 /
H3 s HS HSC 5
45

Scheme 20

1,4-Diketones have been converted to mixtures of thiophenes, dihydrothio-
phenes, and tetrahydrothiophenes by treatment with hydrogen Sulfide.48’49
Dichloro and dibromo compounds have also been used as precursors for dihydro-

thiophenes, and were, 1n fact, among the earliest materials used for this

purposell’lz’so (Scheme 21).
4]
- CH3
~N
Qol\ ! 1. POCl, ol\ | c1
e —————
o H, 2. Me,50, N cl
h . s
Na 5 CH.&N 46 B=H
2 3
—
I 47 R=CH,
Il{ 3 CH3
?
48
Schene 21
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Other precursors to dihydrothicphenes include wvinyl
adiene®? (Scheme 22).

S
NaSH +
&

[\

yY-Mercapto ketones, (50,51) generated from y-haloketones

kKetones 54,85

51

acetylene and 2,4-hex-

DMSO PN -
HoO HS
2
1
cl Ci
8C1 -
2 Cr(0Ae),
Hg€' g 3 T Hy CH,
49
9:1:: TRANS: CIS
Scheme 22

53 or y,6-unsaturated

via reaction with sulfur nucleophiles, also serve as dihydro-

thiophene precursors {(Scheme 23).

O

0
|
NaOEt distill

Br

2 i \ H
SH twice g 3
50 45

,f/L\\«”\\\/’ii\\ i
> AcSH /’\/\/‘\
5
Y

EtOH/KOH
o]
OH boric
acid
8 o s
160
51
Scheme 23
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Several 2-amino-4,5-dihydrothiophenes (56) have been prepared by the reaction

of ethyl cyanoacetate (53) with substituted episulfides {54) (Scheme 24}.

1 Co,Et
R2 2
+ NC/\ C02Et NaOEt
—_— CN
& B; \ “sE
54 53 Ry
COzEt OzEt
H
" NHZ u— S
2 R2
56

Scheme 24

This reaction was originally carried out with compounds in which R1 and R,
were hydrogen or methyl, and was later applied to substances containing
bulkier substituents such as N-piperidino or N-morpholinc groups.56’57
Malononitrile has been used in a similar condensation.58 Another variation
of this method involves the reaction of 53 and A-bromoethyl thlo&cetate.sg‘60
Condensation of these compounds followed by in situ hydrolysis of the thiocester
formed an intermediate similar to that obtained from the episulfide (54).

Ring closure yielded 56 where By=R,=H (Scheme 25).

2
o o CN
/1\ o NoOBt /'\ /\/j\c
s /\/ + 53 A—— 5 0,Et

o

CN

05kt ,/’\\\N///l\\\
HS Cco_Et

2

Scheme 25
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An unusual cyclization affording a substituted 2,3-dihydrothiophene (57}
involves condensation of an unsaturated thiocyanate with two equivalents of

ethyl c¢yancacetate (§§)61 (Scheme 26).

L\__{,CHO + - CO,Et
R§/~\\1 . 53 =

CRH, NH, Odc iy ~

—_— R CN
Ry 1
CN
R Ni
co Et SCNC CO,Et
[ CN ~HCN
P co 2Et
27Ng ~3
Co,Et R,
él Rl CN
Scheme 26

Stotter and co-workers developed a general procedure for the preparation of

2, 5-dihydrothiophenes which is also applicable to the synthesis of 2,5-dihydro-
furans and 2,5»dihydropyrroles.62 Treatment of dimethyl Z2-bromomethyl-2,4-
hexadiencate (58) with thiolacetic acid afforded the corresponding 2-acetyl
thiomethyl compound (59). Removal of the acetyl group with sodium methoxide
gave the mercaptide intermediate ($0) which was then converted in situ fto

dihydrothiophene 61 (Scheme 27).

0, CH C0O,.CH
otl3 AcSH
H3CO2CW _— HSCOZC/W 273

CHzBr CstR
59 R=Ac
NaOCH3
60 R=Na
COZCH3 —
RO,C
CHSOZC 0 s o 2
COZCH3 OZRr
3 5
62
- Gla R=CH3, '=H
61n R=R'=CI—I3
Scheme 27
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Stotter and Stork alsc prepared dihydrothiophene 61 via a different cyclization

83  Condensation of methyl 3-mercaptopropionate with dimethyl

procedure.
maleate afforded ketoester 62. Compound 62 was reduced in methancl with an
excess 0f morpholine-borane at ambient temperatures followed by an immediate
treatment with sodium methoxide. Acidic work-up afforded 2,5-dihydro-4-
carbomethoxy-2-thiopheneacetic acid (6la). Esterification of 61a gave 62b

in 49% yield from 62. The diester (82b) was useful in the synthesis of trans-

fused bicyclic systems (Scheme 27),

4. Rearrangements

Rearrangements have been used as another synthetic approach to dihydrothiophenes.
The acid catalyzed rearrangements of substituted y-thiolactones, for example,

are well documented. Korte employed this route to prepare several substituted

dihydrothiophenes as shown in Scheme 28.64'66
,/"\\w,/’COZH y P
~ + AcSH —_— e e co,
R
co,Et 0 R
o at k RCOzEt
e N J— Ve NMgBI‘
\ EtOH i 2 3
5 3
s R
65 84 &2
Scheme 28
Best yields were obtained when R was an ethoxycarbonyl group. When R was

hydrogen or a methyl group, yields were generally lower. The catalysts
employed included hydrogen chloride in alcohol, concentrated agqueous hydrogen
chloride, and Dowex 50 or Duclite C20 in the acid form. The ethoxycarbonyl
group could readily be converted to an amide by reaction of the acyl thio-

867

lactone (64) with an amine prior to the rearrangement. Ethyl 2Z-methyl-

4,5-dihydrothiophene-3-carboxylate (65 R=CH3) was easily converted to the 2-

68 Similar thiolactones have been transformed

bromomethyl compound with bromine.
te the corresponding dihydrothiophenes by other investigators. Condensation

of 63 with carbon disulfide followed by treatment of the resulting product
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with methyl iodide gave 66, which rearranged in basic solution as shown in

Scheme 29‘69

3
SCH, . SCH 4
NaOCH 4 HyCO,C SCH,
—
64 R
CHS™ -CH3S
CO,CHy
\ Na,OCH3
o sCH, s g SCHy
68 81
- Scheme 29

Duus and Lawesson,70 studied the rearrangement of thioacyl analogs of 64

to dihydrothiophenes 65 under acid conditions, work closely related to that

64-66

of Korte. Lawesson also reported an interesting Claisen rearrangement

which led to the S-substituted homolog of 65" (Scheme 30).

H
H.C 1. base H.C
3 3 MY
R A 7 CO,Et
SH 2 4,'\/
w
quinoline
A, 6 hr.
COzEt HSC C02Et
\ 29% gd T
CH
ch 3 3
Scheme 30

Cyclopropyl ketones have been converted to 4,5-dihydrothiophenes under acid

conditions 2 (Scheme 31).
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o]
BrCH,_ CI_Br base
272 —

CH

COzEt

Scheme 31
Kellogg and co

~workers have prepared several highly substituted 2, 5~-dihydro-
thiophenes by rearrangement processes73’74 (Scheme 32).

0
,/Jk\\ H.s HN—NH
R R + T 2 :
b el %
EtQ,C=N Ry S Ri
“ 70
Et0,C-N
2* )gRé HyS
R, ™8 7
1 1
72 Ry
’/Ethf’N 1
ﬁ-COZMe Ry ~
C-002Me Ré
H,S/CHCL,
C12
CR,C1,
H3C02C Cocha
32 - R”

H,_), CH(t-Bu){CH,)
70 R,=H R,=Et 71 R =R,=CHg.Et,(CHy)g, (Clly),CH 22
0 Ry
“=t-Bu R5=CH
R;=H Rj=t-Bu Ry=t-Bu Rp=Cl,

Scheme 32
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These investigators were interested in the preparation and reactions of thio-
carponyl ylides, which are generated on heating thiadiazolines (zg). The
most successful general method proceeded via chlorinated azine 71. In situ
reaction of the dipolarophile dimethyl acetylenedicarboxylate with the
fhiocarbonyl ylides generated from 72 afforded dibydrothiophenes (73}.

Where R1=H and R,=Et, the ecis/trans ratio was observed to be 20.80. Upon
photochemical decomposition, the dihydrothiophenes (73) afforded mixtures

of isomeric dienes. o771

II. SYNTEESIS OF BIOTIN PRECURSORS

Much of the progress in dihydrothiophene chemistry resulted from interest in
biotin during the late forties. It ig not the purpose of this review to

discuss the various biotin syntheses that have been developed in recent years.
Only the methodology which relates to dihydrothiophenes will be examined.

Ring closures have been the route of choice to biotin. In contrast with

the majority of cyclizations previously discussed, these ring closures initially
afford ketotetrahydrothiophenes rather than dihydrothiophenes.

Harris and co-workers obtained 74 via a Dieckmann condensation and decarboxy-
lgtion. This compound was then converted to 4,5-dihydrothiophene (77)

and ultimately dl-biotin in three additional step578 (Scheme 33).

)
0
1]
QC n
]
+ HC(CH,),00,0H, L ColyMhe
+ _ (CH,,) .00, CH
s o 2. NHOH C1 s 273727
4 il C N
NHAc Zn/HOAC 75 X0
\ Ac0 76 X-NOH
(CH,) 490, CH,y

77
Scheme 33

Also formed was an isomer of 77, later determined to pessess an exocyclic

79

double bond, in which the amide functions had a trans relationship. Very

similar compounds were subsequently reported by Russian workers using
analogous routes, 8982
Ketoester 81 played an important role in investigations leading to bilotin,

Woodward and Eastman, for example, systematically studied the ¢yelization
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of 78 to 81 and 82%% (Scheme 34).

BO,Cmep — RO,C Rozc1
. B: ~
AN B: N = . s\

C02R ———— S CO,R

79 78

80
ROZC :) l
] /\. s j ‘C02R
81 82

Scheme 34

At ambient temperatures, sodium methoxide in ether favored formation of the
kinetic anion, 80, which then led to 82. The same base in refluxing toluene
afforded 81 via the thermodynamically favored anion, 79,

Homologs of keto-ester 81 have been utilized to prepare compounds other than
biotin (see Schemes 19 and 40). Spectroscopic studies of 81 showed that

this compound existed mostly in its enol form, while 82 existed preferentially
in the keto form.84’85

In a series of publications dealing with the synthesis of biotin, Baker

and co-workers developed a route to a dihydrothiophene-3,4-dicarboxylic acid

(86) (Scheme 35),%6-89
Q ou co,ci
0,CH, €o,,CH,, NC oCilg
HCN NC POC, _
———re—- I ————
R C.H.N
s & R 5°5 s R
83 B4 B5
HC1
OH
H3C0,5 H,C0,C N HO,C COLH
3-Ys 2 2
N POCLy —_ HC1 —
CHN —_—
R 5
3
87 &8 36
B=H, CHyCO,CH, (CH,),CO,CH,

Scheme 35
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These authors demonstrated, via comparisons of the ultraviolet spectra of
known compounds, that the olefinic funection in these dihydrothiophenes was
in the 3,4 position, thereby characterizing the 2,5-dihydrothiophene ring.90
The order of the dehydration and hydrolysis steps could be reversed without
changing the outcome of these reactions. Where R # H, the precursor of

87 was isomeric with 83.

Takaya and co-workers prepared a number of interesting dihydrothiophenes

during their synthetic investigations of biotin.91_93 Using the procedure

of Baker et al.,3%7 % tney prepared 85 (R=H) and 86 (R=CH,) as well as the
dimethyl ester of 88. Treatment of 86 with sodium hydroxide converted it to
the 2,3-dihydro isomer (89), a reactiong1 also observed but not as well

documented by Baker90 {Scheme 36),.

HO,C Co_H H,CO.C CO, CH
2 2
— 1. KOH 3 2 / 2 3
Y - T
2. CH_OH/H
&ty 308/ g M3
86 L
Scheme 36

The NMR spectrum of 89 was reported to show a vinylic proton at & 7.3.
Reaction of Bl with urea or ethyl carbamate yielded an amino-substituted

dihydrothiophene (80), while 81 and diazomethane afforded the methyl vinyl

ether (91)71:92 (scheme 37).
1
RN
H4CO 0,5t 0,5t e 0,Et
) CHyNy 2
——— —
S R s i S
a1 8 20
] .
R=H, CH, R =CNH,, COgEt
Scheme 37

The behavior of compounds 85, 86, 89, 90, and 91 toward oxidation was

investigated.92

With hydrogen peroxidefacetic acid, dihydrothiophenes with

two electron withdrawing groups (85, 86, 89) were oxidized to the corresponding
thiophenes. Perbenzoic acid in chloroform afforded the sulfone derivatives
instead. 1In contrast, dihydrothiophenes with one electron withdrawing and

one electron donating group (90, 91) gave sulfones with either oxidizing
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agent. Iodosobenzene was found to give only thiophenes, with no sulfone

formation. 93

Confalone and co—workers94 prepared enamine 93 from keto-ester 92 (Scheme 38).

H5C0, 1,00, NH.,
HCO,NH
(CH.),COCH ———
27400508 g7 X(Cily) 400, CH
a2 93

Scheme 38
Compound 93 was then converted to biotin.
Beveral investigators have studied the preparation of bicyclic and polycyelie
compounds from 81 and aromatic amines. Reaction of Bl with aniline afforded

the expected enamine 24 which could be cyclized and further aromatized as

shown in Scheme 39.95
E
co Et QoEL
2
@NH,, 5
rir————
s A N
H
81 94
300°%¢
ci
/
5] POC1, I s
~ -—
N
H
96 95
Pd/C 1. BX
H2 2. chloranil
o}
~ l < —
~ ]
N =
N
97 R
o8

Scheme 38
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These reactions were explored further by Hromatka. When 94 was oxidized
with chleranil to the thiophene, ring closure was no longer possible.
Alkylation could be achieved at either the oxygen of 95 (NaOCHS/DMF, RX=TsC1l,

ClCOzEt) or both the oxygen and nitrogen (NaDCHstMF, RX=CH301, C1(CH COzEt).

2)3
The N-alkyl products were purified by fractional crystallization and could
be further oxidized to the thiophene derivatives (_@g).96 Condensation of
Bl with o-aminoaniline had variable results, depending upon the reaction

temperatureg7 {Scheme 40).

H
NEH, CO,CH,y ~
. xylene I
-—_—r .
NH A Ny
2 g g

99

PH/ A +

):§

e,
0

chloranil 100
"
H
i
N 0 N
= -
H
\N " I
102 101 s

Scheme 40

Introduction of hydrogen chloride in xylene caused the formation of 100 as

the sole product. On further heating with p-toluenesulfonic acid 100 was

98

isomerized to 101. Press and Safir, during the course of their investigations

s ]
on 4H-thienobenzodiazepins, prepared several compounds similar to 99. 9
Press and Safir also examined the reaction of Bl with other aromatic
nucleophiles. Use of o-aminophenol led to the o-hydroxy analog of 94, which

could not be induced te form the lactone analog of 22.100 Interesting
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tautomeric products resulted from other work in Safir's laboratory regarding

reactions of 81 and 82 with phenylhydrazin3101 {Scheme 41).
@PHNNH CO,CH,
NaOCH,, /N\ N
——— 3 W g N_Q
s CH J0H — o A ———
i
103 103a
81 -
\
s , N-§
@NHNH,,
103b
82
NHQ ”p\
- \
NaOCH3 Ve N—g
CHSOH ~
s 0,CH, g 3
OH /
1
H
\
[ o
5
104b
Scheme 41

The enol forms (103, 104) were observed in the solid state, while the non-
conjugated keto ferms (103a, 104a) were observed in dilute chloroform

solution, The conjugated keto forms were not detected. However, alkylation

of 103 with alkyl iodides and potassium carbonate in acetcone resulted in
reaction at oxygen, nitrogen, and carbon. Isomeric compound 104 behaved
rather differently, giving an acyclic product (106) via a sulfonium intermed-

iate (Scheme 42).
H CH

i 3
CH,
N
104 K5C04 N-9 - \
- CH,T * k\fe N-2
H
3
H,CS
108 106
Scheme 42
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Finally, 81 and some O-alkylated or acylated derivatives of its tautomeric

form have been converted to the corresponding substituted thiophene with

sulfuryl chloride.loz’l03

Two other approaches to biotin utilizing dihydrothiophenes also deserve

mention. Marx and co-workers recently coaverted 107, prepared via aldol

and Michael type reactions, to a dihydrothiophene which was transformed into

dl-bictin in three step5104 (Scheme 43).

5

R
\T:; CHCl3
02N

NO
2 POCl4/NEt,

107
R=(CH2)4COZCH3

0]
FSCCNH CCF3
— Zn/Ag

TWE
s B (CF,400),0

Scheme 43

A minor product formed along with 109 was the corresponding thiophene.

R

J—cs ¥-0

- CEN-0

A

second approach first produced the imide ring of biotin with potassium

isocyanate and then generated the 2,5-dihydrothiophene,

was stereospecifically reduced to d-biotain.

which,

in turn,

The d and 1 1somers were

separated in an earlier s‘tep105 (Scheme 44).

1. CH.NO,/B- R NO
o 37z 2
il 2. HSCH,CO.H ~FP

HCH 22 -

3. (+)a@CH{CH,)NH

3/ s B
4. DCA
5, QOH/SOCIZ/pyr.

R=(CH2)40020H3
DCA=Dicyclohexylamine

f_on
=<0
N
i i
111

Scheme 44
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ITI. SYNTHESIS OF HALODIHYDROTHIOPHENES

Syntheses of halodihydrothiophenes have involved a number of methods besides
direct halogenation. Perfluoro-2,5~dihydrothiophene resulted from the
treatment of perfluorocyclobutene with sulfur under heat and pressure.l06
Treatment of tetrachlorothiophene with silver difluoride or potassium tetra-
fluorocobaltate (PTFC) yielded 3,4-dichloro-2,2,5,5-tetrafluoro-2,5-dihydro-
thiophene. Thiophene with PTFC gave a mixture of products whose major
constituent was 2,2,5,5-tetrafluoro-2,5-dihydrothiophene. Penta- and hexa~
fluorodihydrothiophenes were also formed, along with fluorotetrahydrothio-

107 Reaction of these fluorodihydrothiophenes with sodium methoxide

phene.
gave methoxyfluerodihydrothiophenes such as llﬁlos (Scheme 45). A trace
amount of perfluoro-2,5-dihydrothiophene was also formed on exposure of
perfluorobutadiene and sulfur dioxide to ultraviolet 1ight.109 An early
investigation of the direct chlorination of thlophene or 2-thiophenecarboxylic
acld in acetic acld characterized the product as a pentachlorodihydrothiophene
having structure 116 or 311110 (Scheme 45). More recently, perchloro-2,5-
dihydrothiophene (118} was found to be the product of direct chlorination

of either thiophene or tetrachlorothiophene in carbon tetrachloride using

111,112

iodine as catalyst. 3-Chloro-4,5-dihydrothiophene (1189) was formed

along with 2,3-dichlorotetrahydrothiophene in the direct chlorination of

tetrahydrothiophene113 (Scheme 45).
F OCH , c1 c1 c c1
F / cl / c1
F o~ R 1 57 e Cl ™57 t1
115 118 117
C1 Cl Cl C1l
[ W o I\ _C1a/CCly o1 [T\
cat. I2
8 ¢1 "8 c1 37
118
c1 c1
! E c1, { s f S
D e —— +
3 ] b c1
119
Scheme 45
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Iv. SYNTHESIS OF BICYCLIC DIHYDROTHIQPHENES

A few condensed dihydrothiophenes were discussed earlier; a number of
additional examples will be given here. A very early investigation by

Leser reported the preparation of benzo(c,2,5]dihydrothiophene (120)

114

from o,o’~dibromo-p-xylene (Scheme 47},

CH2Br
Nazs =

EtOH
HZBr

Scheme 48

This author also commented upon the relationship between thiophene and di-
hydrothiophene, at that time unknown, as compared to bhenzene and dihydro-
benzene. Many years later, Cava utilized this reaction to prepare benzo-

cyclobutene. Compound 120 was oxidized to the sulfone which, upon loss of

sulfur dioxide, gave a mixture of compounds containing benzocyclobutene.115

MacDowell and Patrick synthesized 4,6-dihydrothienc([3,4-blthiophene (121) to

116

investigate the strain in the aromatic portion of the molecule. Reduction

of dialdehyde 122 afforded dialcohol 123. Conversion of 123 tco the bis

bromomethylthiophene 124 followed by reaction with sodium sulfide gave 121

in 18% overasll yield (Scheme 47).
H, Br
cHO CHZOH 2

/ \ LiAlH, / \ PBr, / \

HO CH, OH 8 2
s S 2

12 23 124

2 1
S
A s s i
]
121
Scheme 47

The NMR spectrum of 121 was compared to that of the unstrained 2,3-bis-
ethylthiomethylthiophene, Differences in the chemical shifts of the

corresponding C1 and C2 protons were too small to be attributed to a decrease

in aromaticity in the bicyclic molecule 121.116

117

The interesting sulfide/sulfone 126 could not be prepared from 125, but
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was later made by a related routells’119 {Scheme 48).

BrH,C CﬂzBr
+ Nazs \{\
] —
cl) \
2 polymer
¥
125 Br Br Og
126
Br2 Zn-Cu \\ /
/20 \
r Br Br Br
NagS ftom
\ / BrH,C H Br
2
H3C0,C DMAD BT, —{ 2
SOn —— —_— -
HSCOZC g S
n=0,1,2
o]
MCPBA 50, 52
DMAD
DMAD=CH3OZCC5CCOZCH3 J—
3 5
62 126
n=1,2
Scheme 48

Reaction bhetween thiophene and ethyl diazoacetate under both thermal

and photochemical conditions yielded the bicyclic compound 127 (R=Et), ethyl
120,121

(Scheme 49).

Z-thiabicyclol3.1.0)lhex-3-ene-6-carboxylate

o

/ \ N N2CH002R 126-128"C
or hv

or Rh(OAc)2

<]

Scheme 49
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The isolated yvield of 129 {(20%) was recently improved more than threefold

by the use of a rhodium (II) catalyst, and the n-butyl rather than ethyl

diazo ester.lzz The exo-stereochemistry was deduced from the small trans

coupling constant (3.2 Hz) for the cyclopropane protons,l22 observed in

the carboxylic acid (127, R=H) obtained on basic hydrolysis of the ester.

Diazomethane reacts in a similar manner to afford the parent bicyclic

compound.123

V. SPECTROSCOPIC STUDIES OF DIHYDROTHIQOPHENES
Detailed spectroscoplc studies have been carried out on simple dihydrothio-
phenes., The ultraviolet spectra of 2,3-dihydrothiophene and 2,5-dihydrothio-

phene were reported to show absorption maxima at 236 and 262 nm and at 211

and 232 nm, respectively, but no €ax values were given.lz4
Investigations of the near infrared spectral characteristics of dihydrothio-

phenes showed that the 2,5-dihydro isomer is planar.125’126

2,3~-dihydro isomer has a nonplanar ring.125 A detailed analysis of the

However, the

infrared spectrum of 2,5%-dihydrothiophene revealed C2V symmetry, supporting

a planar ring.lz7

Nuclear magnetic resonance data comprises the largest body of spectral
information available on dihydrothiophenes. Chemical shift values and to

a lesser extent coupling constants have been determined for a variety of
substituted dihydrothiophenes. 13C chemical shifts of several dihydrothio-
phenes have also been determined. These values are listed in Tables I and II.
Originally, coupling constants J1’3 and J1,4 for compound la had been

assigned differently from the assignment shown in Table 1.128 However,

129,130

investigations of similarly substituted 2,5-dihydrofurans and 2, 5-

dihydropyrr0165135

have shown that the couplinz constants (J1,4) of trans
substituted compounds are always larger than those of cis derivatives. Thus,
the present assignments are consistent with those made for 2,5-dihydrofurans
and 2,5-dihydropyrroles. The following structures refer to the compounds

listed in Tables I and II.
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2 Ry geH 22 B g
1 R2=R4=R6=H R1=R=R5=CH3 2b RS=CH3 R1—4 ,6=H
= - = = H_.CH
1lc R1—4,G H R5 CO2CH:3 2c RE') N'.rI2 RB C02C 2C 3
= = )y =H
1d Rl CO2H RZ—B H ‘11_4
le R1=COZH R.3=CH3 2d R1,6=H R2=2BI R3=OH
Ry, 4-67H Ry=Cily Rg=0
= = - = =CH
if Rl C02H R4 CH3 2e Rl,G 11 512 2B1 Ba C 3
By 3,5,6°H k=00 Rg=0
1g R1=C02H RS=CH3 2f R1_4=H R5‘=2BI R6=CH3
R2-—4,6=H 2g R5=C02H 31—4,6=H
2h R5=C02H R6=CH3 R1_4=H
N
2BI = ‘>—
N
H
Table I 14 HMR Chemicsl Shifts and Coupling Constants
Compound @Ry &Ry SRy SRy s Mg Sig s Jas Jue a3 aa e Jae Taa fas Yo Tas Ta8 e
1" 367387367367 561581
1a® 3 6644 . 5 7938 324 8.60 252 -236 860 324 2,52 238 - -2 38 2 52 -2.36 2 52 6,31
14° 1002 4 77 3 82 3 82 5 91 5 ¥
1e% 11 65 4 75 1 46 4 36 5 96 5 78 - - - - - 225 17 2.8 6 8 - - 2 1€ 60
129 11,30 4 86 1 45 4 47 5 94 5 76 - - - - 5.1 - 18 22 87 230 21 - - 85
189 10764 5223783 78 1,87 5.73
2:®  3.08 3 0B 2.82 2,62 6.06 5,48 P2 8.2 - - @2 9.2 - - - 2z 25 22 26 61
wt - - - - 5.99 7 53 - - 7T 989 - - - ~223 278 -223 278 508
af - - - . L . 8.37 7.34 - - .M a7 - - - 128 25 128 255149
2 31 3.1 31 31 g.05 1 27(¢H,)
g 4 18(Chy)
2¢¥ 510 - - 1.207 41820
28 520 - - 1.85 7.41 6.30
21 316 3.163 18 3.16 7 41 2,30
2¢® 3 81 9.31 2 95 2 @510 22 6,59 8.5 BS5 - - 835 BS - - - - 38 - 39 -
2% 315316 3.15 3.1510,50 2 23
a, Bef 131 b Ret 128 c. uopublisned results d Bef, 21 e. Bef. 132 f Ret 60 g Ref 134
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Compound

Ref.

Table II 13 NMR Chemical Shifts

§c-2  5C-3 8C-4 8C-5 82~CH,  §3-CH, 64-CH, §5-Cil,
39.1 128.8 128.8 39.1 - - -
52.0 141.3 129.1 47.7 25.4 14.8 28.8
(37.2)%135.6 140.8 (39.0°% - 51.8 -
55.5 126,92 132.3 39.5 - - -
55.5 125.1 138.4 50.7 - - 23.9
56.1 125.6 138.5 50.4 - - 23.0
57.7 136.3 127.4 3B.6 - 15.5 -
58,8 88.8 130.0 130.7 - 24.5 -
57.0 86.3 130,4 130.7 - 28.6 -
45.2 31.3 123.3 137.2 - - 18.0 -
136.8 134.9 (37.1)%(32.8)¢ - - -
133 b. unpublished results c. Ref. 21 d. Ref., 134 e.

§2-C=0

§3-C=0

- 164.2

177.8 -

177.9
175.2 -

177.9 -

163.8 -

values in parentheses may

be interchanged
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