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Preface

The most recent comprehensive reviews treating methods for the preparation
of thiophenes are given in the five parts of “Thiophene and its Derivatives”,
edited by Gronowitz [1]. These volumes were published between 1985 and
1992.

A more recent review published in 1994 and exclusively treating the synthesis
of thiophenes is given in a chapter by W. D. Rudorf in Houben-Weyl [2].
In Houben-Weyl the chapters are based on the starting materials and reactions
used to obtain the thiophenic products.

In the present handbook a completely different approach is used, focusing
on the structures of the products, which are treated in a systematic way
following the periodic table. In Chapter 1 the preparation of thiophenes
carrying group I substituents, such as lithium, sodium etc. are given, followed
in Chapter 2 by treatment of compounds having group II substituents, such
as magnesium, and in Chapter 3 methods for the preparation of boron
and aluminium substituted thiophenes are presented. In Chapter 4A to 4F
compounds containing carbon-bound substituents are discussed, starting
with alkyl and functionalized alkyl groups in Chapter 4A, vinyl-substituted
derivatives in Chapter 4B, and in Chapter 4C methods for the preparation
of compounds with carbon—carbon triple bonds bound to the thiophene ring
are given. Aryl-substituted thiophenes are treated in Chapter 4D. Then
methods for acyl-substituted thiophenes are given in Chapter 4E and
thiophenecarboxylic acids, carboxylic acid and cyano-substituted thiophenes
are dealt with in Chapter 4F. In Chapter 4G thiophenes containing other
group IV elements such as silicon, germanium and tin are presented. Then in
Chapter 5 the preparation of thiophenes containing group V elements directly
bound to the ring, such as amino- and nitrothiophenes as well as thiophene
phosphorus derivatives, are treated. Chapter 6 describes synthetic methods
for thiophenes containing group VI elements, such as oxygen, sulfur and
selenium bound to the thiophene ring. Chapter 7 gives synthetic methods for
the halothiophenes.

The preparation of a specifically substituted thiophene will be given in the
chapter treating compounds with the substituent with the highest number.
Thus methods for the preparation of bromothiophene aldehydes are treated in
Chapter 7 and not in Chapter 4E. Methods for the syntheses of formylthio-
phenecarboxylic acids are found in Chapter 4F and not in Chapter 4E. The
very detailed list of contents makes it easy to find the section in which a specific
substituted thiophene can be found.
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Finally a special chapter 8 is devoted to the preparation of compounds
containing several thiophene rings bound to each other, such as the bithienyls,
terthienyls and quaterthienyls etc.

Each chapter will be richly illustrated by experimental procedures, mostly
published after 1992 and thus not treated at all in the reviews mentioned above.
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Syntheses of Thiophenes with Group |
Substituents

1.1 LITHIUM DERIVATIVES
1.1.1 General aspects

Thienyllithium derivatives are of much greater importance in syntheses than
phenyllithium derivatives. This is due to the easy and convenient preparation
of 2-thienyllithium derivatives by metalation of thiophene with butyllithium in
ether at reflux temperature or lower [1,2]. Other metalating reagents such as
lithium diisopropylamide, which is especially useful if the thiophene ring also
carries iodine-, bromine- or carbonyl-containing substituents, can also be used.
Secondly, 3-thienyllithium derivatives can be prepared by halogen—metal
exchange with butyllithium at —70°C [3-6]. Thirdly, ortho-halothienyllithium
derivatives, prepared by halogen—metal exchange of o-dibromothiophenes at
—70°C, are reasonably stable at this temperature and do not split off lithium
bromide (as does ortho-bromophenyllithium) to give dehydrothiophenes. This
has opened the possibility to prepare a great variety of disubstituted
thiophenes, some of them in one-pot procedure [7-11].

4-(1-Hydroxycyclohexyl)-a-phenyl-3-thiophenemethanol [9]

To a solution of 3,4-dibromothiophene (4.0g, 16.5mmol) in anhydrous
diethyl ether (15 ml) under nitrogen at —80 °C is added 0.73 M butyllithium in
ether (22.6ml, 15.5mmol). After stirring at this temperature for 10min, a
solution of cyclohexanone (1.6g, 16.5mmol) in anhydrous ether (15ml) is
added and the reaction mixture is stirred at —80°C for 30 min. Then it is
diluted with anhydrous tetrahydrofuran (100 ml) and one more batch of the
butyllithium solution (22.6 ml, 16.5 mmol) is added followed by benzaldehyde
(1.75g, 16.5mmol) in anhydrous tetrahydrofuran (20ml). The reaction
mixture is allowed to warm up to room temperature slowly. After removing
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most of the solvent in vacuo the residue is poured into water and the
product is extracted with ether. The combined ether extracts are dried over
magnesium sulfate and evaporated, the residue recrystallized from cyclo-
hexane giving 2.0g (42%) of the title compound as colorless crystals mp
82-96°C.

However, one should always be aware of the possibility of rearrangement
reactions, when lithium does not substitute the most acidic hydrogen. Recently
it has been shown that 3-thienyllithium prepared by halogen—metal exchange in
non-ethereal solvents is stable even at room temperature [12].

Br butvllithi Li SCH;,
utyllithium
! \g hexane/THE |/ \S HaCSSCHy [/ \S
S Ar, -40 °C S room temp. S
7%

In the present chapter the methods to obtain the various thienyllithium
derivatives will be discussed. The different functionalized thiophenes obtained
through reactions with a manifold of electrophiles are treated in the appropriate
chapters.

1.1.2 Metalation of thiophenes

2-Thienyllithium has been obtained by metalation with butyllithium and
ethyllithium in ether. The less reactive phenyllithium has also been used,
and this seems to give metalation also in the presence of halogens in S-position.
This is also true for lithium diisopropylamide, which is particularly useful
for the metalation of thiophenes carrying carbonyl-containing substituent(s)
having azomethine bonds, which are incompatible with alkyl or aryllithium
[3,13-22]. Polystyryllithium has also been used to metalate thiophene [23].

The convenient metalation of thiophene with butyllithium has led to the
situation where only few attempts have been made to prepare 2-thienyllithium
directly from lithium metal and a halothiophene. However, it has been
obtained from 2-iodothiophene using the following methods [24]. Also direct
treatment of thiophene with lithium metal in the presence of an electron sink
has not been a widely used method, although treatment of thiophene with
lithium metal in the presence of diphenylethylene followed by carbon dioxide
gave 2-thiophenecarboxylic acid [25].

Metalation of thiophene with lithium dihydronaphthylide
in the presence of 1,1-diphenyl-ethylene [25]

To 1.0 M lithium dihydronaphthylide (20ml) is added 1,1-diphenylethylene
(4.0ml) and thiophene (5.0ml). An exothermic reaction takes place and the
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mixture turns red-brown instantly. After 2h at room temperature the mixture
is carbonated and after workup 2-thiophenecarboxylic acid is obtained in
92% yield.

Coordinating solvents and/or additives with Lewis base character are often
beneficial for the metalation reaction and this is the reason why not only
diethyl ether and tetrahydrofuran, but also dioxane, methylal and the glymes,
are used as solvents. Enhanced reactivity of the metalating agent has also been
achieved by the addition of N,N,N',N'-tetramethylethylenediamine (TMEDA),
1,4-diazabicyclo[2.2.2]octane (DABCO) or other similar tertiary amines
[26-28].

The effect of the solvent system is demonstrated by the fact that thiophene
is not metalated at all with butyllithium in hexane, as judged by the yield of
2-thiophencarboxylic acid obtained upon reaction with carbon dioxide.
However, upon addition of triethylamine a quantitative yield of 2-thiophene-
carboxylic acid was obtained [29]. The best method for the di-metalation of
thiophene appears to be reflux under argon with butyllithium in hexane and
tetramethylethylenediamine.

3-Substituted thiophenes have, of course, two non-equivalent «-positions
and the ratio of isomeric lithium derivatives obtained depends primarily on the
nature of the substituent, and of the metalating agent. Substituents carrying
electronegative elements such as the halogens, oxygen or nitrogen, which might
coordinate the lithiating reagent, react selectively with the 2-position. Thus
3-methoxythiophene [30] and 3-phenoxythiophene [31] yield predominantly
3-methoxy- and 3-phenoxy-2-thienyllithium, which might be stabilized by
intra- or intermolecular complexation. Also 3-dimethylaminomethyl thiophene
[32,33], 3-N-pivaloylamino [34], N-methyl [32,33] as well as the N,N-
diethylamide of 3-thiophenecarboxylic acid give selective metalation in the
2-position [35,36]. This is also the case with the dietyl acetal of 3-thiophene
aldehyde, 3-ethylthiothiophene [37], 3-phenylthiothiophene [31], 3,3-dithienyl
sulfide and 3,3’-dithienyl sulfone [38], di-(3-thienyl) phenyl phosphine oxide
[39] and 3-nitrothiophene [14].

Lithiation of 3-N,N-dimethylcarboxamide also occurs in the 2-position and
has been used for an elegant synthesis of a dithienoquinone [33,40]. 3-Fluoro-
[41], 3-chloro- [42], 3-bromo- [15] and 3-iodothiophene [43] are metalated
selectively in the 2-position. In the two latter cases lithium diisopropylamide is
used as the metalating agent [9]. 3-Bromothiophene can also be used with
phenyllithium for metalation [9,44]. Metalation of the most acidic a-position is
also the case with 3-cyanothiophene, which upon reaction with carbon dioxide
yield 3-cyano-2-thiophenecarboxylic acid together with minor amounts of a
product due to addition of the lithiating reagent to the cyano group [45]. 3-(4,4-
Dimethyl-2-isoxazolinyl) thiophene also gives selectively the 2-lithium deriva-
tive [46,47]. A very interesting case of ortho-directivity occurs in the metalation
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of 3-hydroxymethyl-2-¢-butyldimethylsilylthiophene with two equivalents of
butyllithium. The metalation takes place in the 4-position and not in the free 5-
position as in the reaction with various electrophiles. Desilylation gave 3,4-
disubstituted thiophenes [48].

Metalation of 3-alkylthiophenes is not selective and the ratio of 2-lithium to
S-lithium derivatives is dependent on the size of the alkyl group and on the
metalating agents. Thus with 3-methylthiophene the most favorable 5-lithium
to 2-lithium derivative ratio (93:7) was obtained using butyllithium/N,N, N',N'-
tetramethylethylenediamine, while the worst (74:26) was obtained with lithium
diisopropylamide. Using butyllithium/N,N,N’',N'-tetramethylethylenediamine
almost complete selectivity for the 5-position was obtained with 3-ethyl-
(97%), 3-isopropyl- (99%) and 3-tert-butylthiophene (100%) [28,49].

Metalation of 3-methylthiophene with butyllithium-/N,N,N' ,N'-tetramethylethy-
lenediamine complex in ether,; analysis via methyl derivatives [28].

N,N,N',N'-tetramethylethylenediamine (6.4g, 0.055mol), distilled from cal-
cium hydride, is mixed with 1.03 M butyllithium in diethyl ether in a nitrogen-
swept funnel. Under nitrogen with stirring this mixture is added dropwise at
room temperature to 3-methylthiophene (4.9 g, 0.05mol) in anhydrous diethyl
ether (50 ml). When the addition is completed, the reaction mixture is refluxed
for 15min. The heating is interrupted and dimethyl sulfate (87.0 g, 0.056 mol)
in anhydrous ether (50 ml) is slowly added, after which the reaction mixture is
refluxed for another 15min. After removing the heating mantle the reaction
mixture is, under vigorous stirring, treated with concentrated ammonium
hydroxide solution (25ml) for 1h. The phases are separated and the water
phase is extracted twice with ether. The combined ether phases are washed with
2 M hydrochloric acid and water, dried over calcium chloride and distilled
under nitrogen giving 0.5 g (10%) of 3-methylthiophene and 4.4 g (79%) of 2,3-
and 2,4-dimethylthiophene (7:93) bp 138-140°C.

1.1.3 p-Metalation of thiophenes

In a few cases, when strongly coordinating groups are present in the 2-position,
metalation occurs in the 3-position, even in the presence of a free 5-position.
In such cases the isomer distribution is dependent on metalating agent
and solvent. Lithium 2-thiophenecarboxylate reacts with butyllithium in
tetrahydrofuran at —78 °C to give, selectively, the 3-lithium derivative, which
upon reaction with a number of electrophiles gives in good yields 3-substituted
2-thiophenecarboxylic acids [50]. On the other hand metalation of 2-thio-
phenecarboxylic acid with two equivalents of lithium diisopropylamide led
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selectively to the 5-lithium isomer [51,52]. 2-N- (tert-butyl carboxamido)thio-
phene is selectively metalated in the 3-position with butyllithium in
dimethoxyethane and various 2,3-disubstituted thiophenes are obtained upon
reaction with different electrophiles [53]. Also 2-(4,4-dimethyl-2-isoxazoli-
nyl)thiophene gives selectively the 3-lithium derivative upon reaction with
butyllithium in hexane at —78°C. Butyllithium/N,N,N',N'-tetramethylethy-
lenediamine at —78 °C leads to a mixture of 3-lithium and 5-lithium isomers in
the proportion of 1:2, while lithium diisopropylamide in tetrahydrofuran at
—78°C selectively gives the 5-lithium derivative [54]. The metalation with
butyllithium was thus shown to be dependent on solvent, temperature
and starting material concentration. Under Kkinetic control the ortho-
disubstituted thiophene is preferentially obtained, while the 2,5-disubstituted
product is thermodynamically controlled and is formed by transmetalation of
the 3-lithio derivative [55]. However, in order to obtain good yields of
2,3-disubstituted thiophenes upon reaction with electrophiles, butyllithium in
diethyl ether at —78°C has to be used. Lithiation of 2-(2-thienyl)imidazoline
with butyllithium occurs very selectively in the 3-position at —70°C and no
product derived from the 5-lithium derivative is observed. Metalation with
lithium diisopropylamide in the absence of N,N,N',N'-tetramethylethylenedia-
mine, however, only yields the 5-lithium derivative [56]. Metalation of N-tert-
butylthiophene-2-sulfonamide with butyllithium occurs competively at the
3- and 5-positions. Equilibration of the mixture of lithium derivatives obtained
upon metalation with lithium disopropylamide allows selective formation of
the N-5-dilithiothiophene sulfonamide [57]. 5-(2-Pyridinyl)thiophene is
predominantly metalated in the 3-position with ethereal butyllithium at 0°C
(the ratio 3 to 5 is 83:17), while butyllithium in tetrahydrofuran at the
same temperature yields predominantly the S-isomer (3 to 5 ratio is 5:95). The
ratios of lithium derivatives were determined by reaction with trimethylsilyl
chloride [58-60)].

The ortho-directing ability of «-aminoalkoxides obtained by reaction of
aldehydes with lithium N,N',N'-trimethylethylene diamine (LTMDA) in
metalation is synthetically very useful. However, with 2-thiophene aldehyde
followed by methyl iodide, a mixture of 67% of 3-methyl-2-thiophene aldehyde
and 33% of 5-methyl-2-thiophene aldehyde was obtained [61]. Blocking of the
aldehyde function with lithium N-methyl piperazide followed by metalation
with butyllithium gave only the 5-lithium derivative, which was used for the
preparation of trimethylsilyl-, trimethyltin- and trimethylgermanium deriva-
tives [62]. If both a-positions are blocked, metalation occurs in the g-position
in yields which are preparatively useful. Both 2-methoxy-5-methylthiophene
[63], 5-methyl-2-methylthiothiophene [64] and 5-methyl-2-dimethyl amino-
methylthiophene [33] are metalated in the 3-position. 2,5-Dibromothiophene is
an especially interesting case. With butyllithium in ether halogen—metal
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exchange is obtained. Upon reaction with lithium diisopropylamide, it
has recently been shown that after quenching with trimethylsilyl chloride
3,5-dibromo-2-trimethylsilylthiophene is formed [65] and not 2,5-dibromo-3-
trimethylsilylthiophene, as previously claimed [66,67]. Therefore, the assign-
ment of the structures of the reaction products obtained with trimethyltin
chloride and phenylselenyl chloride are probably also erroneous [66]. On the
other hand, the products obtained with other electrophiles, such as water,
dimethyl disulfide and carbon electrophiles, were correctly described as 2,4-
dibromo-5-substituted thiophenes [67]. Thus none of the electrophiles appear
to be reactive enough to trap the 2,5-dibromo-3-thienyllithium before it
rearranges to the thermodynamically more stable 2.4-dibromo-5-thienyl-
lithium. It should be noted that 2,5-dimethoxythiophene is not metalated
in the 3-position, instead the butyllithium attacks the thiophenic sulfur
giving ring-opened products [68,69]. 2,5-Dimethylthiophene is metalated
by ethyllithium in the 3-position and on the methyl group, as a mixture of
2,5-dimethyl-3-thiophenecarboxylic acid and 3-carboxy-5-methyl-2-thiophene-
carboxylic acid was obtained in low total yield, upon reaction with carbon
dioxide [70].

1.1.4 Halogen—-metal exchange

Halogen—-metal exchange between bromo- or iodothiophenes and organo-
lithium reagents are of immense synthetic importance in the thiophene
series. The reaction is very fast, even at —70°C, and is usually carried out at
this temperature. The reaction is selective and in dibromo- or diiodothio-
phenes the «-halogens are exchanged selectively before pB-halogen. In
general, iodine exchanges faster than bromine. Chlorine undergoes halogen—
metal exchange only in special cases, when metalation of an a-position is
not available, while fluorothiophenes do not undergo halogen—metal
exchange at all. Halogen—metal exchange of bromo- and iodothiophenes is
in most cases much faster than metalation with alkyllithium reagents,
although exceptions have been found. Two complications should be noted
(1) rearrangements occur easily if the lithium is not substituting the most
acidic hydrogen. Temperatures have to be carefully controlled and in some
cases reverse addition (adding the thiophene derivative to the alkyllithium)
is necessary. (2) 3-Thienyllithium derivatives may ring open [71,72], when
the temperature is raised. However, it has recently been found that
3-thienyllithium can be obtained at —40°C by halogen—metal exchange with
butyllithium in hexane, in the presence of small amounts of tetrahydrofuran.
3-Thienyllithium prepared in this way was stable at room temperature and
reacted readily with electrophiles [12].
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An a-positioned chlorine is less prone to halogen—metal exchange than
a B-bromine and 3-bromo-2-chlorothiophene gives selectively 2-chloro-3-
thienyllithium upon reaction with ethyllithium at —70°C [73]. Also
2,5-dichloro-3-thienyllithium prepared by halogen—metal exchange of 2,5-
dichloro-3-iodothiophene was stable and did not rearrange [74]. The
complication due to rearrangements, caused by halogen—metal exchange and
metalation (halogen-dance) is especially noticeable with 2-bromo-3-iodothio-
phene. At —100°C halogen—-metal exchange with ethyllithium of the B-iodine
was fastest, and upon hydrolysis 2-bromothiophene was obtained and reaction
with carbon dioxide gave 84% yield of 2-bromo-3-thiophenecarboxylic acid.
Carrying out the halogen—metal exchange at —60 °C led to halogen-dance and
the main product was derived from 3-bromo-2-thienyllithium, and upon
reaction with carbon dioxide 71% of 3-bromo-2-thiophenecarboxylic acid
was obtained [75]. Great care has especially to be excercised in the halogen—
metal exchange of 3,4-dibromothiophene as 4-bromo-3-thienyllithium
easily rearranges to 3-bromo-2-thienyllithium and finally to the most stable
3,5-dibromo-3-thienyllithium, but 4-bromo-2-thienyllithium obtained from
2,4-dibromo thiophene also rearranges through halogen-dance upon standing
at higher temperatures [76].

The selectivity in the halogen—metal exchange of 3-alkyl-2,5-dibromothio-
phenes with various organic lithium reagents has been studied. The selectivity
was in the same direction as in metalation but less pronounced. Especially
noteworthy is, that probably due to release of steric strain, 3-tert-butyl-2,5-
dibromothiophene with uncomplexed butyllithium reagent shows a preference
for the 2-position (57:43), while butyllithium/N,N,N',N'-tetramethylethylene-
diamine gave a ratio of 2-lithium to 5-lithium reagents of 13:87 [28].

Chlorothiophenes undergo halogen—metal exchange when no «-hydrogens,
which can be metalated, are present. Thus tetrachlorothiophene yields 3,4-
dichloro-2,5-dilithiothiophene upon treatment with two equivalents of
butyllithium [70]. Halogen—metal exchange of 3.,4,5-trichloro-2-pentachloro-
phenylthiophene, with two equivalents of butyllithium in tetrahydrofuran at
—78°C, gives a mixture of «-lithium and para-dilithium derivative. If three
equivalents of butyllithium were used the «, para dilithium derivative was
obtained in 67% yield [77]. 2,5-Dimethyl-3,4-dichlorothiophene upon treat-
ment with ethyllithium/N,N,N',N'-tetramethylethylenediamine gives halogen—
metal exchange in the 3-position accompanied by metalation in the 2-position
in low total yields [70]. 3,4-Dichloro-2,5-dimethoxythiophene does not give
halogen—metal exchange, but is attacked by butyllithium on the sulfur, giving
ring-opened products, while 2,5-dimethoxy -3-chlorothiophene is metalated in
the free B-position [78].

It has been shown that halogen—metal exhange can be carried out
selectively at —78°C with tert-butyllithium in tetrahydrofuran with the
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sterically hindered ester, 2-bromo-3-(para-fluorophenyl)-4-carboethoxy-5-iso-
propylthiophene, without interference from addition to the ester function.
Upon reaction of the lithium intermediate with N,N-dimethylformamide a
72% vyield of 2-formyl-3-(para-fluorophenyl)-4-carboethoxy-5-isopropylthio-
phene was obtained. Direct metalation of 3-(para-fluorophenyl)-4-carbethoxy-
2-isopropylthiophene failed [79].

1.1.5 Di- and polylithium derivatives

2,5-Dilithiothiophene  and  3-methyl-2,5-dilithiothiophene  have  been
prepared by metalation with butyllithium/N,N,N',N'-tetramethylethylene-
diamine [80,81].

3,4-Dimethyl-2,5-dilithiothiophene could be obtained by metalation with
butyllithium in refluxing hexane/ether [82]. Selective 3,5-dilithiation in good
yield has been achieved with 2-diethylcarboxamidothiophene [83] and 2-tert-
butylsulfonylthiophene [84] using sec-butyllithium/N,N,N’,N'-tetramethylethy-
lenediamine or butyllithium as metalating agents. However, for preparative
purposes, halogen—metal exchange is often more useful. Thus 2,5-dibromothio-
phene upon treatment with ethyllithium at —70 °C yields 2,5-dilithiothiophene,
which upon reaction with perchloryl fluoride gives 2,5-difluorothiophene [85].

2,3,5-Tribromothiophene gives, with two equivalents of butyllithium,
3-bromo-2,5-dilithiothiophene, the hydrolysis of which was once the best
method for the preparation of 3-bromothiophene and which upon reaction
with perchloryl fluoride yielded 3-bromo-2,5-difluorothiophene [85]. Even 3,4-
dichloro-2,5-dilithiothiophene was obtained by halogen—metal exchange
with two equivalents of butyllithium of tetrachlorothiophene and could be
used for the preparation of a number of 3,4-dichloro-2,5-disubstituted
thiophenes [86]. 3,4-Diiodothiophene has been used as starting material
for 3,4-dilithiothiophene through halogen—-metal exchange at —60°C, and
upon reaction with N,N-dimethylformamide, 3,4-diformylthiophene was
obtained [87].

It has been reported that 3,4-dibromo- and 2,3-dibromothiophene also
give the 3.4- and 2,3-dilithiothiophenes upon treatment with 2.5 equiv. of
butyllithium, in high yields as judged by the yields of 3,4-dimethyl-
and 2,3-dimethylthiophene obtained upon reaction with dimethyl sulfate
[88]. However, it could be possible that in these cases there was stepwise
halogen—metal exchange, followed by reaction with dimethyl sulfate, renewed
halogen—metal exchange and reaction with dimethyl sulfate, as it has been
shown that dimethyl sulfate might exist together with butyllithium at
low temperature [89]. Using large excess of butyllithium, tri- and tetralithiation
has been achieved with 2,3,4-, 2,3 5-tribromothiophene and tetrabromothio-
phene [88].
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1.2 SODIUM DERIVATIVES

1.2.1 Metalation of thiophenes with alkyl or aryl
sodium derivatives prepared in situ

Before the development of the thienyllithium derivatives, as versatile reagents
for the preparation of various thiophene derivatives, Schick and Hartough at
Socony Oil Co. found two ways to prepare 2-thienylsodium derivatives. They
could easily be prepared by a trans-metalation procedure, adding ethyl chloride
or aryl bromide to a mixture of sodium amalgam and thiophene or an
alkylthiophene in diethyl ether, which yielded the 2-thienylsodium derivatives
in 60-68% vyield [90,91]. 3-Methylthiophene, upon reaction with sodium
amalgam and bromobenzene followed by carbon dioxide, gave 4-methyl-2-
thiophenecarboxylic acid [91].

It is essential that an alkyl chloride is used, as with ethyl bromide or butyl
bromide only about 20% yield of the acid was obtained, due to competing
Wurtz couplings [92]. In a later work metalation of 3-methylthiophene with
phenylsodium gave, upon carbonation, 4-methyl-2-thiophenecarboxylic acid
(58%) and 3-methylthiophene-2,5-dicarboxylic acid (11%) [93].

Metalation of thiophene with amylsodium in the presence of sodium tert-
amylate gave 2,5-thiophenedicarboxylic acid in 50% yield [94]. Thiophene can
also be metalated with a benzene soluble ethylsodium-diethyl zinc complex
[95]. Butylcesium and butylpotassium have also been used for the metalation of
thiophene at low temperatures [96].

1.2.2 Reaction of 2-halothiophenes with sodium amalgam

Alternatively, the direct reaction of 2-chlorothiophene with sodium or 20-50%
sodium amalgam in inert solvents, such as benzene (but not diethyl ether), at
temperatures above 60°C, and after reaction with carbon dioxide gave
2-thiophenecarboxylic [90]. On the other hand the reaction of 2-chlorothio-
phene with sodium amalgam in refluxing diethyl ether gave, upon carbonation,
S-chloro-2-thiophenecarboxylic acid in 92% yield. Also 2-bromo- and
2-iodothiophene are metalated in the same way albeit in lower yields. The
thienylsodiums are ether-insoluble, brown to black solids. They are rapidly
oxidized by air.

1.2.3 Reaction of 3-halothiophenes with sodium sand

Wurtz—Fittig reaction of 3-bromothiophene with sodium sand and trimethyl-
sillyl chloride in dioxane at 60 °C gives isomer-free trimethyl-3-thienylsilane in
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80% yield. In contrast to the behavior of 3-thienyllithium derivatives no ten-
dency towards rearrangement to the 2-substituted derivatives was observed [97].

1.2.4 Reactions of thienylsodium derivatives

The thienylsodium derivatives have mostly been characterized through the
reaction with carbon dioxide. However, the reaction of thienylsodium
derivatives with various epoxides, styrene oxide and epi-chlorohydrin have
been used for the preparation of 1-(2-thienyl)ethanol, 1-(2-thienyl)-2-propanol,
1-(2-thienyl)-2-phenyl-2-ethanol and 1-(2-thienyl)-3-chloro-2-propanol in rea-
sonable yields [98,99]. 2-Thienylsodium in contrast to 2-thiophenemagnesium
bromide gave 1,2-addition with butadienemono oxide [100]. A comparison of
the reaction of 2-thienylsodium, 2-thienyllithium and 2-thiophenemagnesium
bromide with aliphatic aldehydes indicated that in many cases the sodium
derivative gave highest yields and their use certainly constitute the most
economical process for the preparation of 2-thienylcarbinols. Thus di-(2-
thienyl)carbinol was obtained upon reaction with 2-thiophene aldehyde [101].

1.3 COPPER DERIVATIVES
1.3.1 General aspects

Thienylcopper derivatives, as defined starting materials or as suspected inter-
mediates, play an important role in thiophene chemistry. In this section the
preparation of thienyl copper derivatives and 2-thienyl cuprates and their use
in synthesis will be treated first. Then the synthetic use of the reaction of
thienyllithium derivatives with cupric chloride yielding bithienyls will be
discussed. Thirdly the Ullman reaction, probably proceeding via copper
intermediates will be dealt with and finally some copper-promoted nucleophilic
aromatic substitutions will be described.

1.3.2 Thienyl copper derivatives

2-Thienylcopper was first prepared by the reaction of 2-thienylmagnesium
iodide with copper(I) iodide in diethyl ether [102—-104].

2-Thienylferrocene [104]

2-Thienylmagnesium iodide, prepared from 2-iodothiophene (1.75 g, 8.3 mmol)
and magnesium (0.4 g) in anhydrous diethyl ether, is added to a mixture of
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bromoferrocene (0.5 g), copper bromide (0.1 g) and molecular copper (0.05 g).
The air is displaced with nitrogen, the ether is distilled off and the reaction
mixture is heated on a silicone bath at 130 °C for 40 min. After cooling ether is
added followed by water and dilute hydrochloric acid, dropwise. The phases
are separated, the ether phase washed with water, dried over magnesium sulfate
and evaporated. The residue is chromatographed on aluminium oxide using
heptane as eluent giving 0.44 g (87%) after recrystallization from ethanol mp
116.5-117.7°C.

Perhalogenated unsymmetrical biaryls were prepared from perhalo-2-thienyl
copper, obtained from the corresponding Grignard reagents and perhalo
iodoarenes in refluxing dioxane [105]. 3,4-Dichlorothienyl-2,5-dicopper was
prepared from 3,4-dichloro-2,5-dilithiothiophene and cuprous chloride or
iodide and characterized through reactions with acetyl chloride, iodine and
allyl bromide [86].

3,4-Dichlorothienyl-2,5-dicopper [86]

3,4-Dichloro-2,5-dilithiothiophene (0.05mol) is prepared in diethyl ether and
then cooled to —70°C, after which tetrahydrofuran (150-200ml) is slowly
added and immediately followed by cuprous halide (CuCl or Cul, 0.10 mol).
The stirring is continued for 3-5h, while the reaction mixture is warmed to
0°C. As indicated by the color of the reaction mixture little or no reaction
takes place below —20°C. When the formation of the copper compound is
completed, the reaction mixture consists of a dark-brown oil suspended in a
light-brown solution. The compound is then derivatized.

The synthetic breakthrough came, when Nilsson et al. found that
2-thienylcopper derivatives prepared by transmetalation of 2-thienyllithium
with cuprous bromide or iodide in diethyl ether, followed by exchange of the
solvent for pyridine or quinoline upon reaction with aryl halides led to a
convenient method for the synthesis of 2-arylthiophenes [106—108].

This method has also been used by other groups for the preparation of
aryl and hetaryl thiophenes [103,109-111]. In the preparation of hetarylthio-
phenes the halogen and copper compounds can be interchanged. Better
yields of 2-(2-thienyl)-1-methylpyrrole were obtained when N-methyl-2-
pyrrolylcopper was reacted with 2-iodothiophene than when 2-thienylcopper
was reacted with N-methyl 2-iodopyrrole, in part due to the instability of the
iodopyrrole [112].

4-Bromo-2',3-bithienyl [110]

To a solution of 2-thienylcopper, prepared from thiophene (10.0 g, 0.12 mol),
butyllithium (0.10mol) and cupric bromide (14.3 g, 0.10mol), in anhydrous
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pyridine (80ml) is added a solution of 3-bromo-4-iodothiophene (30.0g,
0.10mol) in anhydrous N,N,N',N'-tetramethylethylenediamine. The reaction
mixture is refluxed and the progress of the reaction is followed by GLC. When
the ratio of the dihalothiophene and the title compound is constant (3—4 h), the
reaction mixture is cooled and cold water (200 ml) is added. The solid copper
iodide is filtered off and the filtrate extracted three times with ether. The
combined organic phases are washed with cold 0.5 M hydrochloric acid, 10%
sodium carbonate solution and water and dried over sodium sulfate. After
evaporation the crude product is chromatographed on silica gel using
petroleum ether (bp 30-60°C) as eluent giving 13.5g (55%) of the title
compound as a colorless oil bp 98-100°C/0.5mm Hg.

Especially, 3,4,5-trichloro-2-thienylcopper was quite stable and was formed
by heating cuprous 3.4,5-trichloro-2-thiophenecarboxylate [108].

3,4,5-Trichloro-2-thienylcopper [108]

Butyllithium (15ml, 20-25% in hexane) diluted with anhydrous diethyl ether
(50ml) is added dropwise over a period of 33min to tetrachlorothiophene
(8.88 g, 40 mmol) in anhydrous diethyl ether (50 ml) at —30 °C. After additional
stirring for 2.5 h the yellow trichloro-2-thienyllithium solution is transferred to
a dropping funnel. Anhydrous cuprous bromide (25 mmol) is suspended in
anhydrous diethyl ether (50ml) in a reaction flask cooled to —30°C, the
trichloro-2-thienyllithium solution is added over a period of 40min with
magnetic stirring. During the addition the color of the suspension changed
from pale-yellow to bright-yellow to brown and the cuprous bromide dissolved
slowly. The brownish solution was stirred for an additional hour and then kept
in a refrigerator overnight.

Meisenheimer compounds and aryl 2,4,6-trinitrobenzenes are obtained from
2-thienylcopper and 1,3,5-trinitrobenzene [113]. The reaction of 2-thienyl-
copper with 2-(bromomethyl)hexene and a iodomethylzinc derivative gave an
excellent yield of the alkylated product shown below [114].

Z/ \5 CH,Br
Cu H,C=C(CH,);CH; / \} Bu

-60-40 °C S “CH,CH,C=CH,
96 %

1.3.3 Lithium organothienyl cuprates (LIRThCu)

Thienylcopper gives mixed lithium organothienyl cuprates (LiRThCu) upon
reaction with organolithium compounds. These cuprates react with enones or
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enolates adding the R group 1,4- to the substrate, 2-thienylcopper being
regenerated [115]. It was found that trimethylchlorosilane had a favorable
influence on the conjugate addition of lithium methyl(2-thienyl)cuprate to
methyl cinnamate [116].

H C,COzCHs LiMeThCu, TMSCI H;CCHCH,CO,CH;
—
X [
Ph H Ph 759

Higher order cuprates such as Me(2-Th)CuCNLi,, prepared from commer-
cially available 2-Th(CuCN)Li, has been trans-metalated with vinylstannanes
and used for 1,4-addition [117-120].

BuySn  H U\(I:N
C=C r.t. CuLi
S Qg - D

. C=C
S CuLi
2 ‘CH,
CHs,
1)-78 °C
2) BF; Et,0 H

—_— /
c=C.
3) @ CH;
0

Highly reactive zerovalent copper complexes have been prepared by the
direct reduction of lithium (2-thienylcyano)cuprate with preformed lithium
naphthalenide [121,122].

1.3.4 The reaction of thienyllithia with cupric chloride

The reaction of thienyllithium derivatives with cupric chloride at low
temperatures is one of the best methods for the preparation of symmetrical
bithienyls and was first applied for the preparation of 2,2’- and 3,3’-bithienyl
[123]. The detailed mechanism is not known, but it is likely that the reaction
proceeds via copper intermediates. Numerous substituted bithienyls have been
prepared in this way [124,125], especially in connection with investigations on
atropisomerism in 3,3’-bithienyls [126—135].

This reaction is also useful for intramolecular carbon—carbon bond
formation. Thus dithieno analogs of fluorene have been prepared through
halogen—lithium exchange of di(ortho-iodothienyl)methanes, followed by
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reaction with cupric chloride [136,137]. Dimetalation of di(3-thienyl)sulfide
with butyllithium followed by reaction with cupric chloride gave dithienothio-
phene in 50% yield [138].

Li s
( 7 2 BuLi SK 7 Cu,Cl, S S
== ( S\ )
[y BN §

S Li

Similarly the reaction of di(3-thienyl)phenylphosphine oxide with butyl-
lithium followed by cupric chloride gave the tricyclic compound, shown
below [139].

o[ )
@D /S\/\

All isomeric dithienobenzenes could be prepared by the reaction of cis-
di-(ortho-bromothienyl)ethenes with butyllithium followed by cupric chloride
[140]. Halogen-lithium exchange of 1,3-di(3-bromo-2-thienyl)propane fol-
lowed by reaction with cupric chloride was used for the preparation of 7,8,9-
trihydrocyclohepta[l,2-b;4,3-b']dithiophene in low yield [141].

3. T Y
(CH2)3 2) CuClz

1.3.5 Ullmann reactions

The classical Ullmann coupling, which consists of heating with copper powder
without any solvent, gives mostly low yields when applied to thiophenes
[142,143]. By using nitroiodothiophene in xylene, good yields of dinitrobithie-
nyls were obtained [144]. Wynberg found that nonactivated derivatives, such as
2-iodothiophene, also underwent coupling in N,N-dimethylformamide and that
reduction was supressed in this solvent [145]. In connection with work on
optically active bithienyls, extensive use of the Ullmann reaction has been made.
Thus from 3-bromo-4-nitro-2-carbomethoxythiophene in N,N-dimethyl-
formamide a 73% yield of 2,2'-dicarbomethoxy-4,4’-dinitro-3,3’-bithienyl was
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obtained, when using electrolytically prepared copper powder, which supressed
dehalogenation [146]. In the same way 2,2'.4,4'-tetracarbomethoxy-3,3-
bithienyl was obtained from 2,4-dicarbomethoxy-3-bromothiophene [147] and
4,4'-di-bromo-35,5-dicarbomethoxy-3,3’-bithienyl from methyl 3,4-dibromo-2-
thiophenecarboxylate, albeit in low yield [130]. The yields in these couplings are
thus sensitive to the quality of the copper powder used and attempts to couple
3-bromo-2-formyl-3-nitrothiophene failed [146]. The advantage of the Ullmann
reaction is of course that functional groups are tolerated, in contrast to the route
via coupling of thienyllithium derivatives with cupric chloride. The dithiophene
analogs of fluorenone have been obtained via intramolecular Ullmann reaction
of di(ortho-iodothienyl)ketone [148].

Mixed Ullmann couplings have been carried out between methyl ortho-
iodobenzoate and 2-iodothiophene [149,150] and 2-iodo-3-phenylthiophene
[143]. The unsymmetrical compound from ortho-bromonitrobenzene and
iodothiophene has also been prepared [151]. The reactions were carried out
without solvents at about 210°C. Due to the formation of symmetrical
byproducts, separation can be tedious and yields mediocre.

1.3.6 Other copper(0)-promoted reactions

The reaction of 3-iodothiophene with iodotrifluoromethane with copper in N,N-
dimethylformamide at 130°C gave a low yield of 3-trifluoromethylthiophene
[152]. The reaction of 3-bromothiophene with copper and perfluoroalkyl iodides
gave 3-perfluoroalkylthiophenes containing minor amounts of the 2-isomer
[152]. The reaction of 2-iodothiophene with perfluoro-1,3-diiodopropane with
copper powder in pyridine gave 1,3-di(2-thienyl)perfluoropropane [153].

1.3.7 Copper-promoted nucleophilic aromatic substitution

The best method for the preparation of 2- [63] and 3-methoxythiophene [30]
still is the reaction of the isomeric bromothiophenes with sodium methylate in
methanol in the presence of potassium iodide and cupric oxide. 2-Methoxy-5-
metylthiophene was prepared similarly from 2-iodo-5-methylthiophene [74].
The copper-promoted reactions have mostly been used with sulfur nucleo-
philes. Through the reactions of the isomeric bromothiophenes with the isomer
thiophenethiols with cuprous oxide in N,N-dimethylformamide all four
isomeric di(thienyl) sulfides were obtained in good yields [154]. The reaction
of cuprous trifluoromethylthiolate with 2,4-diiodothiophene was used for the
preparation of di(2,4-trifluoromethylthio)thiophene [15].
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1.3.8 Various copper-promoted reactions

Decarboxylation of cuprous salts of thiophenecarboxylic acids, which most
probably proceeds via thienylcopper intermediates, has been achieved by
heating in quinoline [108,156]. Dehalogenation of thiophenes can be carried
out with copper in quinoline [157] or propionic acid [158].
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Syntheses of Thiophenes with Group Il
Substituents

2.1 MAGNESIUM DERIVATIVES
2.1.1 Introduction

Grignard reagents play an important role in the syntheses of thiophene
derivatives, although they have been superseded by thienyllithium derivatives
to a great extent. They are today especially of interest when, in their reactions
with electrophiles, they give different products than the corresponding lithium
derivatives. In this connection they are sometimes prepared from the
corresponding lithium derivatives through reaction with anhydrous magne-
sium bromide.

2.1.2 Synthesis from halothiophenes and magnesium

2-Bromo- and 2-iodothiophene easily give the Grignard reagents in the
same way as bromo- or iodobenzene in anhydrous diethyl ether as
solvent; tetrahydrofuran has also been used in some cases [1-4]. 3-Thiophene-
magnesium iodide was recently prepared from 3-iodothiophene by use of the
active Riekes metal [S]. The 2-thiophenemagnesium halide has been reacted
with a variety of electrophiles to produce 2-substituted thiophenes, for which
there will be examples in the appropriate chapters. Only in the reaction of
2-thiophenemagnesium bromide and also of the 3-isomer with alkyl para-
toluene sulfonates was an isomer mixture of 2- and 3-alkyl derivatives obtained
[6]. 2-Chlorothiophene reacts very sluggishly, but its use has been claimed in
patents. From 2,5-dibromothiophene in diethyl ether, 5-bromo-2-thiophene-
magnesium bromide is obtained, also when excess magnesium is used [7,8].
However, in tetrahydrofuran the 2,5-thiophenedimagnesium bromide has been
obtained [3]. Upon reaction with magnesium in diethyl ether, 2-bromo-5-
chlorothiophene gives 5-chloro-2-thiophenemagnesium bromide [9]. The
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selectivity in the reaction of 3-alkyl-2,5-dibromothiophene with magnesium
in ether is somewhat susceptible to steric hindrance, as the proportions of
3-alkyl-5-thiophenemagnesium bromide to 3-alkyl-2-thiophenemagnesium
bromide change from 85:15 to 87:13 to 89:11 and to 94:6, when the alkyl
group is changed from methyl to ethyl to isopropyl and to fert-butyl,
respectively [10].

2.1.3 Formation of Grignard reagents through
the entrainment procedure

In contrast to 2-bromo- and 2-iodothiophene, 3-bromo- and 3-iodothiophene
do not form Grignard reagents in the usual way. Grignard [11] and Steinkopf
et al. [12]. found that Grignard reagents can be formed from inert halides
forming insoluble organomagnesium compounds, such as 3-bromothiophene,
when they were reacted together with reactive halides such as ethyl bromide
and excess magnesium. This procedure, called the entrainment method depends,
according to Grignard, upon the formation of an ether-soluble complex and
the function of the auxiliary halide is to keep the magnesium surfaces clean and
reactive. It was demonstrated that the mechanism of the entrainment method
is not a halogen—-magnesium exchange between the halide and ethylmagne-
sium [13] as 3-bromothiophene did not give halogen—-magnesium interconver-
sion with ethylmagnesium bromide [14]. Reagents have been prepared from
3-bromothiophene [15], 3-bromo-2,5-dialkylthiophenes [16] and 2,5-dialkyl-3-
iodothiophenes [17] by the entrainment methodology. 3-Thiophenemagnesium
bromide has been prepared by entrainment with methyl iodide [18] and has
been used for 1,4-additions where the lithium derivative does not work [19].
The entrainment reaction was previously applied to dibromo- and poly-
bromothiophenes in connection with preparation of 3-bromothiophene from
2,3,5-tribromothiophene and mixtures of 2,3- and 2,4-dibromothiophene [14]
and 2,3,4-tribromothiophene from tetrabromothiophene [20] through hydro-
lysis of the magnesium derivatives. From 2,4-dibromothiophene, 4-bromo-2-
thiophenecarboxylic acid was obtained upon reaction with carbon dioxide [21].
The entrainment method has been applied to tetrachlorothiophene in
connection with preparation of a number of 2-substituted 3,4,5-trichlorothio-
phenes [9,22].

The drawback of the entrainment method is that excess of sometimes,
expensive electrophiles have to be used for the reaction with ethylmagnesium
bromide, and in addition separation problems could occur. This can be
circumvented by using 1,2-dibromoethane as the auxiliary halide, which
gives magnesium bromide upon reaction with magnesium. In this way
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2-chloro-3-formylthiophene and 2-bromo-3-formylthiophene were obtained
from 2-chloro-3-bromo- and 2-bromo-3-iodothiophene [23].

2.1.4 Grignard reagents through metalation and
halogen-magnesium exchange

2,3,4-Trichlorothiophene has been metalated with ethylmagnesium bromide
[24]. In contrast to 3-bromothiophene, «-halogenated thiophenes show
magnesium exchange with ethylmagnesium bromide [10,13]. Halogen—magne-
sium exchange of 2,3-diiodo- and 3,4-diiodothiophene with ethylmagnesium
bromide was used in the synthesis of 2-fert-butoxy- and 4-tert-butoxy-3-
iodothiophene [25]. 3,4-Diiodothiophene was prepared from tetraiodothio-
phene in tetrahydrofuran upon reaction with ethylmagnesium bromide
followed by hydrolysis [26]. As in the reaction of 3-alkyl-2,5-dibromothiophene
with butyllithium, in the halogen—metal exchange with ethylmagnesium
bromide also the release of steric strain is important. With 3-methyl-2,5-
dibromothiophene 83% of the S-magnesium and 17% of the 2-magnesium
derivatives are formed, while the proportions were changed to 36% of the
S-isomer and 64% of the 2-isomer for 2,5-dibromo-3-zerz-butylthiophene [10].

2.1.5 Magnesium derivatives from organolithium
derivatives and magnesium bromide

In some cases it is advantageous to use Grignard reagents instead of lithium
compounds, even if the lithium derivatives are more easily available than the
corresponding magnesium compounds, as the latter give higher yields with
some electrophiles. Grignard reagents give much better yields of fert-butoxy
derivatives in the reaction with tert-butyl perbenzoate. Therefore a number of
tert-butoxythiophenes have been prepared from magnesium derivatives
obtained from the corresponding lithium derivatives through reaction with
magnesium bromide, prepared from magnesium and bromine in anhydrous
diethyl ether [27-29].

In some cases Grignard and lithium derivatives react differently, magnesium
derivatives giving 1,4-addition instead of 1,2-addition. Furthermore 2.5-
dialkyl-3-thiophenemagnesium derivatives are stable [30], while the corre-
sponding lithium derivatives undergo ring-opening reactions at room
temperature [31]. 3-Thiophenemagnesium bromide prepared from 3-thienyl-
lithium gives upon reaction with acetic anhydride at —70 °C, 3-acetylthiophene
in 68% yield [32], and has also been reacted with methyl 3-thienylglyoxalate to
give methyl 3,3’-dithienylglycolate [33].
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2.2 CALCIUM AND STRONTIUM DERIVATIVES
2.2.1 From halothiophenes and metal

2-Thienylcalcium bromide was obtained from calcium amalgam and 2-bromo-
thiophene and 2-thienylstrontium iodide from 2-iodothiophene and metallic
strontium. The rate of formation of «,8-difluoro-g-chlorovinylthiophene from
2-thienyl calcium bromide and 2-thienyl strontium iodide reagents was
compared with that of 2-thienyllithium and found to be Li > Ca > Sr [34].
Reaction of 2-iodothiophene with calcium followed by carboxylation
anomalously yielded a mixture of 2,5-thiophenedicarboxylic acid and 5-iodo-
2-thiophenecarboxylic acid, as probably both metalation and metal-halogen
exchange occurred [35]. In their reactivity organocalcium compounds are more
similar to organolithium reagents than Grignard reagents [35].

2.2.2 Metalation

Metalation of thiophene with methylcalcium iodide [35,36] and with
phenylcalcium iodide-1,4-diazabicyclo[2.2.2]octane (DABCO) [37] gives 2-thi-
enylcalcium iodide characterized in low yields as the carboxylic acid, upon
reaction with carbon dioxide. Thiophene and calcium vapor react at 900°C
and 107° torr to give 2-thienylcalcium hydride, which upon reaction with
trimethylchlorosilane gives 2-trimetylsilylthiophene [38].

2.3 ZINC DERIVATIVES
2.3.1 Introduction

Organozinc compounds are definitely superior to magnesium and lithium
derivatives for the preparation of ketones from acid chlorides. During recent
years increased use of organozinc derivatives has occurred due to the discovery
of nickel and palladium-catalyzed couplings to give new carbon—carbon bonds.
Most organozinc derivatives were first prepared from Grignard reagents, later
from organolithium derivatives and anhydrous zinc chloride [39].

2.3.2 From organolithium derivatives and zinc chloride

The first thiophene derivative was prepared from 3-thienyllithium and
zinc chloride. However, its use for the synthesis of 3-acetylthiophene
was unsuccessful, as a rearrangement occurred giving a mixture of 2- and
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3-acetylthiophene [32]. 2-Thienylzinc chloride was later prepared from
2-thienyllithium and anhydrous zinc chloride [40—42] and used to prepare
2-phenylthiophene, through palladium(0)-catalyzed coupling with iodobenzene
and ethyl 2-thiophene acetate and 2-thenyl cyanide by Ni(II)-acetylacetonate
catalyzed couplings with the appropriate reagents. 2-Thienylzinc bromide [43]
and 3-bromo-5-(1-propynyl)-2-thienylzinc chloride [44] were used in palla-
dium(0)-catalyzed Heck couplings.

2.3.3 From iodothiophenes and zinc metal

Highly activated zinc dust reacts at room temperature in N,N-dimethyl-
acetamide with 2-iodothiophene and 2-benzoyl-5-iodothiophene to give the
corresponding thienylzinc derivatives in over 60% yield [45]. After trans-
metalation to the corresponding copper derivatives, they were reacted with
various electrophiles. Recently Rieke using finely divided zinc, generated
from the reduction of zinc salt with lithium using naphthalene or biphenyl as
electron carrier in tetrahydrofuran, for the preparation of 3-thienylzinc
iodide from 3-iodothiophene in 97-100% yield [5]. Such Rieke zinc is used
for the preparation of 4-methylthio-2-thienylzinc bromide from the bromo
derivative [46].

2.4 CADMIUM DERIVATIVES
2.4.1 Introduction

Thienylcadmium derivatives have similar reactivities as the corresponding zinc
derivatives, but have been used to a lesser extent due to their toxicity. They
have mostly been used for the preparation of acetyl derivatives through the
reaction with acetyl chloride.

2.4.2 From Grignard reagents and cadmium chloride

Organocadmium derivatives were first prepared from Grignard reagents and
cadmium chloride by Gilman and Nelson [47]. From 2-thiophenemagnesium
bromide, 2-thienylcadmium chloride was prepared, giving 57% of 2-acetyl-
thiophene upon reaction with acetyl chloride [32]. Similarly, 2-acetyl-3,4,5-
trichlorothiophene was prepared from trichloro-2-thienylcadmium chloride
[22]. 2-Thienylcadmium iodide prepared from 2-thiophenemagnesium iodide
was reacted with B-propiolactone to give S-(2-thienyl)propionic acid [48].
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2.4.3 From thienyllithium derivatives and cadmium chloride

It was claimed that organolithium derivatives easily give organocadmium
derivatives with cadmium chloride [47]. However, it was found that the
reaction of 2-thienyllithium was much slower with cadmium chloride than with
the corresponding Grignard reagent. It took twelve hours of reflux before
Michler’s ketone test resulted negative, while with 2-thiophenemagnesium
bromide the test was negative after only 20 min of reflux [32]. Reaction with
acetyl chloride gave 55% of 2-acetylthiophene. Converting 3-thienyllithium to
the cadmium derivative gave extensive decomposition and only 15% of impure
3-acetylthiophene was obtained [32]. These results were later confirmed in
attempts to prepare 3,4-dichloro-2,5-thiophenecadmium chloride from 3,4-
dichloro-2,5-dilithiothiophene, when only low yields of the diacetyl derivative
were obtained [49].

2.5 MERCURY DERIVATIVES
2.5.1 Introduction

Mercury derivatives have played an important role in the development of
thiophene chemistry. Historically they were of utmost importance for
separation, purification and identification of thiophene derivatives, as they
are stable and can also be recrystallized from hydroxylic solvents. Steam
distillation of the thienylmercuric chlorides in the presence of hydrochloric acid
regenerates the original thiophene derivative in quantitative yields. The
thienylmercury chlorides have also been used in the synthesis of bromo-,
iodo-, thiocyano- and acyl derivatives. During recent years new uses of
thienylmercury derivatives have been described. They have been used for
palladium(0)-catalyzed cross-coupling reactions [50] and in palladium(0)-
catalyzed acyl demetallation, providing a general method for the synthesis of
unsymmetrical heterocyclic ketones [51].

2.5.2 Thienylmercury halides
2.5.2.1 Electrophilic mercuration of thiophenes

Volhard prepared 2-thienylmercury chloride in almost quantitative yield by
reacting thiophene in dilute alcoholic solution with a saturated aqueous
solution of mercuric chloride and sodium acetate at room temperature. Upon
reflux 2,5-dithiophenemercuric chloride was obtained [52].

Tri- and tetramercury halides cannot be obtained by direct mercuration.
However, the method has been used for the preparation of numerous



2.5 MERCURY DERIVATIVES 27

alkyl-substituted thienylmercuric chlorides, as well as aryl-substituted thienyl
mercuric chlorides. A large number of halothiophenes have been characterized
and purified via their chloromercury derivatives [53-57]. When the 2- and
S-positions are blocked with electron-donating groups such as alkyl, alkoxy or
alkylthio groups, chloromercuration occurs in the 3-position [58,59]. The
mercuration of 2,5-and 2,4-dimethylthiophene proceeds via an addition
elimination mechanism [53,54,60].

2.5.2.2 From dithienylmercury derivatives

Thienylmercury bromides have mostly been prepared through the reaction
of di(thienyl)mercury derivatives with mercuric bromide [54,55,61,62].
Thienylmercury iodides are obtained similarly from di(2-thienyl)mercury and
mercuric iodide in boiling acetone [53,54].

25.2.3 Exchange of halogen

Thienylmercury iodides were also prepared through the reaction of the chloride
with more than two equivalents of sodium iodide in acetone [54,61,63]. In
refluxing acetone di(2-thienyl)mercury is formed [53]. The reaction between
thienylmercury chlorides and sodium thiocyanate is used for the preparation of
the more soluble thienylmercury thiocyanates [54,64,65]. Thienylmercury
cyanates have been prepared from thiophenes and mercuric cyanate [66].

2.5.2.4 Various methods

2-Thienylmercury chloride is immediately precipitated upon treatment of an
aqueous solution of 2-thiopheneboronic acid with a solution of mercuric
chloride [67,68].

2.5.3 Thienylmercury acetates
2.5.3.1 Electrophilic mercuration

Mercuric acetate reacts rapidly with thiophene and its derivatives to form poly
mercury acetates. Thus treatment of thiophene with mercuric oxide in glacial
acetic acid at 80-90°C gives a quantitative yield of tetraacetoxymercurythio-
phene [69]. If 50% acetic acid is used as a solvent at 50 °C only the a-positions
are mercurated. If the a-positions are blocked, the 3.4-dimercuryacetate is
formed in 50% acetic acid. In general, in the method employing glacial acetic
acid all unsubstituted nuclear hydrogens are replaced. In contrast to mercuric
chloride, mercuric acetate also reacts with strongly deactivated thiophenes.
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From 2-nitrothiophene the 4,5-dimercury acetate was obtained, while
3-nitrothiophene yields 3-nitro-3,4,5-thiophenetrimercury acetate [70]. Also
2-benzoylthiophene has been converted to the 4,5-dimercuryacetate, which
with bromine and potassium bromide in water was converted to 2-benzoyl-4,5-
dibromothiophene in quantitative yield [71]. 2-Phenylthiophene [72] and
2,4-dichlorothiophene [73] could be acetoxymercurated in the remaining
a-position, while 3,4-dimethoxythiophene yielded 2,5-diacetoxymercury-3,4-
dimethoxythiophene [74].

2.5.3.2 Decarboxylative acetoxymercuration

When mercuric acetate in glacial acetic acid is heated with thiophenecarboxylic
acid, mercuration of the unsubstituted positions and decarboxylative
mercuration of the carboxylic group occurs. Thus 2-thiophenecarboxylic acid
yields tetra(acetoxymercury)thiophene [75,76]. 2,5-Diiodo-3,4-dimethoxythio-
phene was prepared from the 2,5-diacetoxymercury-3,4-dimethoxythiophene,
prepared in low yield from 3,4-dimethoxy-2,5-thiophenedicarboxylic acid [77].
This method has especially been useful, when applied to halogenated
thiophenecarboxylic acids in connection with syntheses of 2,3-dibromo- and
2,3-dichlorothiophene [78]. The mercury acetates are first converted to the
mercury chlorides by treatment with sodium chloride solution before steam
distillation in the presence of hydrochloric acid.

2.5.4 Dithienylmercury derivatives
2.5.4.1 From thienylmercury halides

Thienylmercuric halides upon refluxing with sodium halides in acetone give
dithienylmercury derivatives [53-55,64,65,79,80]. They have also been obtained
through the reaction of 2-thienylmercury chloride with sodium in xylene [53]
and with hydrazine [81]. Reaction of thiophenchydrazine derivatives such as
3,5-dinitro-2-thienylhydrazine with mercuric oxide in ethanol leads to di(3,5-
dinitro-2-thienyl)mercury [82].

2.5.4.2 From thienyllithium derivatives and mercuric chloride

In certain cases when direct mercuration is not possible, dithienyl mercuric
derivatives have been prepared from lithium derivatives obtained through
halogen—metal exchange, as in the preparation of di(4-iodo-3-thienyl)mercury
from 3,4-diodothiophene [83] and di(trichloro-2-thienyl)mercury from tetra-
chlorothiophene [84].
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Syntheses of Thiophenes with Group Il
Substituents

3.1 BORON DERIVATIVES

3.1.1 Introduction

Thiopheneboron derivatives, especially thiopheneboronic acids, are of great
synthetic importance for the preparation of various types of thiophene
derivatives. Oxidation of thiopheneboronic acids with hydrogen peroxide was
extensively used for the preparation of hydroxythiophene systems (for review
cf. ref. [1]). The reaction of ortho-carbonyl-substituted thiopheneboronic acids
with hydrazine derivatives opened the route to heteroaromatic boron
compounds (for review cf. ref. [2]). During recent years the palladium(0)-
catalyzed Suzuki coupling between thiopheneboronic acids and aromatic and
heterocyclic halides has been used for the preparation of aryl-, hetarylthio-
phenes and unsymmetrical bithienyls, as well as dithienopyridines and thieno-
fused naphthyridines (for review cf. ref. [3]).

3.1.2 Thiopheneboronic acids from Grignard reagents

2-Thiopheneboronic acid was first prepared through the reaction of 2-thio-
phenemagnesium bromide and boron trifluoride in ether, followed by reaction
with water [4] and later from thiophenemagnesium iodide and methyl borate
[5]. Also, the reaction of borane complexes with 2-thiophenemagnesium
bromide followed by hydrolysis has been used for the preparation of
2-thiopheneboronic acid [6].

General procedure for preparation of arylboronic acids [6]

Magnesium turnings (12 mmol) are placed in a round-bottomed flask and then
flame-dried under nitrogen atmosphere. After cooling to 0°C borane (20.0 ml
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of a 2.0 M solution in tetrahydrofuran, 40 mmol) is added to the flask followed
by the slow addition of aryl bromide (5ml of a 2.0 M solution in
tetrahydrofuran, 10 mmol). The reaction mixture is stirred at room tempera-
ture until most of the magnesium has disappeared (normally 12-16h). The
mixture is then poured into ice-water and acidified with 10% hydrochloric acid
(5ml). The product is extracted into ether (3 x 75ml). The combined etheral
phases are dried over sodium sulfate and evaporated. The product is
precipitated by trituration with petroleum ether and recrystallized from water.

2-Thiopheneboronic acid, 68% yield, mp 132-133°C was prepared in this
way. 3-Thiophenemagnesium iodide, prepared by the entrainment method has
been used for the preparation of 3-thiopheneboronic acid in low yield [7]. From
2-thiophenemagnesium iodide and triethyl borate, 2-thiopheneboronic acid
was obtained in 61% yield [8]. 2,5-Thiophenediboronic acid was prepared from
the Grignard reagent derived from 2,5-dibromothiophene in 62% yield [9].

Using two equivalents of the Grignard reagent and one equivalent of
tri(isobutyl)borate led to di(2-thienyl)borinic acid in 57% yield [8]. This
compound has also been prepared from 2-thiophenemagnesium bromide
and was characterized as the 2-aminoethyl ester through reaction with
ethanolamine [10].

2-Aminoethyl di(2-thienyl)borinate [10]

The Grignard reagent prepared from 2-bromothiophene (41g, 0.25mol),
magnesium (7 g) and anhydrous diethyl ether (60 ml) is added with stirring to a
cooled solution of freshly distilled tributyl borate (28 g) in anhydrous ether
(150 ml) at such a rate that the temperature does not rise above —70°C. The
reaction mixture is allowed to warm to room temperature overnight and kept
for three days, after which it is acidified with 1 M hydrochloric acid. The
phases are separated, the aqueous phase extracted with ether and the combined
organic phases evaporated to ca. 250 ml. The solution of the crude borinic acid
is added to a mixture of 2-aminoethanol (20 ml), methanol (50 ml) and water
(150 ml) at 0°C. The resulting precipitate is filtered off, washed with water and
dried. Recrystallization from methanol/chloroform gives 20 g (70%) of the title
compound as needles mp 200-202 °C.

Mixed aryl thienylborinic acids are also of synthetic use for the preparation
of aryl thiophenes [11,12].

3.1.3 Thiopheneboronic acids from thienyllithium derivatives

The most common method for the preparation of 2-thiopheneboronic acids is
the metalation of thiophenes with alkyllithium derivatives followed by the
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reaction with alkyl borates at —70 °C and hydrolysis [13-18]. In a recent case,
3-dodecylthiophene was lithiated in the 5-position with lithium diisopropyl
amide and reacted with trimethyl borate. After hydrolysis of the borate
followed by addition of sodium hydroxide sodium 4-dodecyl-2-thienylboronate
precipitated and was used directly in the Suzuki reaction [19].

Sodium 4-dodecyl-2-thienylboronate [19]

To a stirred solution of 3-dodecylthiophene (32.0g, 126 mmol) in anhydrous
tetrahydrofuran (200ml) at —60°C 2 M lithium diisopropylamide (63 ml,
126 mmol) is added dropwise. The resulting mixture is stirred for 1h and then
allowed to warm to room temperature over a 2h period. After cooling the
mixture to —60°C, trimethyl borate (30 ml, 240 mmol) was slowly added.
The reaction mixture is allowed to warm to room temperature overnight and
then hydrolyzed with aqueous hydrochloric acid. The phases are separated
and the aqueous phase extracted with diethyl ether (150 ml). The combined
organic phases are dried over sodium sulfate and then stirred with sodium
hydroxide (20 g). The resulting precipitate is filtered off and washed with cold
diethyl ether giving 15.0g (36%) of the title compound as a colorless solid,
which is used in next step without further purification.

In some cases halogen—metal exhange is used, as in the preparation of
4-bromo-3,5-dimethyl-2-thiopheneboronic acid from 2,4-dibromo-3,5-di-
methylthiophene, butyllithium and tributyl borate [20,21].

In the same way, the reaction between alkyl borate and 3-thienyllithium
derivatives, prepared by halogen—metal exchange of 3-halothiophenes has been
used for the preparation of 3-thiopheneboronic acids [7,15-17]. Of great
synthetic value is the preparation of 3-formyl-2-thiopheneboronic acid and
2-formyl-3-thiopheneboronic acid, both of which can be prepared in a one-pot
procedure from 2,3-dibromothiophene by two consecutive halogen—metal
exchange reactions, interfaced with reactions with N,N-dimethylformamide
and ethyl borate [16,22].

In many cases the thiopheneboronic acids or their esters are not isolated, but
directly transformed to the desired products, as in the preparation of the
hydroxythiophene systems through oxidation with hydrogen peroxide [23-27].

3.1.4 Other methods for preparation of thiopheneboronic acids

2-Thiopheneboronic acid has also been obtained by the reaction of 2-thio-
phenemercuric chloride or di(2-thienyl)mercury with borane followed by
hydrolysis [28]. The carbon—boron bond in thiophenes is in some cases stable
enough to survive electrophilic aromatic substitution such as halogenation and
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nitration. Compounds prepared in this way are given in the appropriate
chapters.

Oxidation of 2-formyl-3-thiopheneboronic acid with alkaline silver oxide
gave 2-carboxy-3-thiopheneboronic acid in low yield [29].

3.1.5 Other derivatives containing thiophene boron bonds
3.1.5.1 Derivatives of thiopheneboronic acids

Many esters of thiopheneboronic acids have been prepared from thienyllithium
derivatives and alkyl borates. However, in most cases they were not
characterized, but immediately used for synthetic purposes [26]. Treatment
of the Grignard reagent derived from 2-bromo-3-octylthiophene with trimethyl
borate followed by hydrolysis and treatment with 2,2-dimethyl-1,3-propandiol
is used for the preparation of [1’,3’-(2",2’-dimethylenepropylene)]-3-octyl-2-
thienylboronate [30].

C8H17 C3H17 C8H17
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[ NBs \; 2) B(OCHy); ! \; O\ CH,
s s”"Br  3)H', HOCH,C(CHy),CH,OH s” B o
3
o

[1',3'-(2',2"-Dimethylenepropylene ) |-3-octyl-2-thienylboronate [30]

To magnesium (1.34 g, 55 mmol) in anhydrous tetrahydrofuran (50 ml) heated
to maintain a mild reflux 2-bromo-3-octylthiophene (10.00g, 36.3 mmol) is
added dropwise. When the addition is completed the reaction mixture is
refluxed for 1h and then transferred via cannula to a solution of trimethyl
borate (16.0ml, 143 mmol) in anhydrous tetrahydrofuran (50ml) at —78°C.
The mixture is allowed to warm to room temperature and stirred for 30 min
before being poured into 10% hydrochloric acid (50ml). The phases are
separated and the aqueous phase extracted with diethyl ether. The combined
organic phases are successively dried over sodium sulfate and molecular sieves
in the presence of 2,2-dimethyl-1,3-propandiol (4.78 g, 36.3 mmol). Evap-
oration provides 10.86g of a slightly yellow liquid contaminated by white
crystals. This crude product is dissolved in hexane, filtered on Celite and heated
for one day at 100 °C under vacuum giving 8.32 g (74%) of the title compound
as a thick slightly yellow liquid.

The reaction of 2-thiophenemagnesium iodide with tri(isopropyl)borate was
used for the preparation of di(isopropyl) 2-thiopheneborate [8]. Halogen—metal
exchange of cis 1,2-di-(3-bromo-2-thienyl)ethene and ethyllithium followed by
ethyl borate led to the ether of a dithienoborepin derivative [31]. The reaction
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of the lithium derivative with dietylaminoboron dichloride gave the 2-amino-
ethoxy borepin derivative in 85% yield, which through reaction with
methylmagnesium iodide was transformed to 4-methyl-4H-borepino[3,2-
b;6,7-b']dithiophene [32].

1) BuLi OCHZCHzNHz
2) C1L,BN(C,Hs),

H H
S \C =C 78
{ Z/ \X 7 3) HOCHZCHZNHZ
Br Br

The palladium(0)-catalyzed reaction of 2-iodothiophene with pinacolborane
is a good method for the preparation of 2-thienylpinacol boronate [33].

o) CH
/ HB CH3 PACL(dppH(/CsHy)sN, 3 h @_B/ CH,
s s7 N _ICH,
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80 %

3.1.5.2 Preparation of thiopheneboron halides and amides

Direct electrophilic boronation with boron trichloride or alkyl or arylboron
dichloride has not been used extensively due to polymerization reactions,
except for the reaction of ortho-aminobithienyls with aryl and hetarylboron
dichloride in connection with the preparation of borazarobenzodithio-
phenes [34,35].

[\

< S NH})ZSnC16

Therefore 2-thiopheneboron dichlorides are best obtained through the
reaction of tetra-(2-thienyl)stannanes with boron trichloride in benzene [36,37].
3-Alkyl-4-trimethylsilylthiophenes, upon treatment with boron trichloride in
methylene chloride at —78 to 0°C, give the corresponding boron dichlorides,
which were converted to the boroxines upon treatment with 0.5 M sodium
carbonate [38].

Tris(heptylthien-3-yl)boroxine [38]

To a solution of 3-(trimethylsilyl)-4-heptylthiophene (50.8 mg, 0.2 mmol)
in dichloromethane (8ml) a 1.0 M solution of boron trichloride in
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dichloromethane (0.3 ml) is added under nitrogen at —78°C. The reaction
mixture is stirred for 2h and then allowed to slowly warm to 0°C for 8 h. The
reaction is quenched with 0.5 M sodium carbonate solution (10 ml) followed
by extraction with diethyl ether (3 x 15ml). The combined organic phases
are dried over magnesium sulfate and evaporated. The crude product is
chromatographed on silica gel (10 g) using hexane/ether (1:1) as eluent giving
26.5mg (64%) of the title compound as a colorless oil.

Another method to achieve thiophene—boron bonds is to carry out the
reaction of iodothiophene with boron triiodide in carbon disulfide at room
temperature. With 2-iodo-5-methylthiophene, 5-methyl-2-thiopheneboron
diiodide was obtained together with iodine. 2,5-Diiodothiophene gave 2,5-
dithiopheneboron diiodide [39], while the product from 2-iodothiophene
polymerized.

5-Methyl-2-thiopheneboron diiodide [39]

To a solution of boron triiodide (3.91 g, 10.0 mmol) in carbon disulfide (10 ml)
2-iodo-5-methylthiophene (2.24g, 10.0mmol) in carbon disulfide (10ml) is
added dropwise with stirring at room temperature leading to an exothermic
reaction. After 2 h iodine is precipitated with mercury; and the product of the
reaction is distilled giving 1.5g (41%) of the title compound bp 90-92°C/
0.1mm Hg, mp 29-30°C.

This iodide can be transformed to the more stable bismethylmercapto
derivatives through reaction with dimethyl disulfide [39]. The boron diiodides
are casily dimerized to dithieno-1,4-diborins. Thus 3,4-diiodo-2,5-dimethyl-
thiophene gives, with equivalent amounts of boron triiodide, 4,8-diiodo-1,3,5,7-
tetramethyl-4 H,8 H-dithieno[3,4-b;3' ,4'-¢]1,4-diborin in quantitative yield
[40]. This compound reacts with triitodoboron thiine to give 1,3-diiodo-4,6-
dimethyl-1H,3 H-thieno[3,4-c|thiadiborole, which is also obtained in a
one-pot procedure from 3,4-diiodo-2,5-dimethylthiophene boron triiodide
and sulfur [40].

1
H;C EI; CH,4 HsC }
== — A S B\
3 S S + 2(B-S); —— 6 S S
= = = /
H,C 1|3 CH 113
} I 3 H;C I

This compound was useful for the preparation amino boron derivatives
through the reaction with methylamine and dimethyl amine [40]. Reaction of
2-thienyllithium with dimethylaminoboron dichloride or diisopropylamino-
boron dichloride gives di(2-thienyl)dimethylaminoborane and di(2-thienyl)-
diisopropylaminoborane, respectively [41]. Dilithiation of this compound with
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lithium 2,2,6,6-tetramethylpiperidine followed by reaction with diisopropyla-
minoboron dichloride gave a boronbridged tetrathiaporphyrinogene.
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Di( 2-thienyl ) diisopropylaminoborane [41]

Thiophene (10.5g, 125 mmol) is added dropwise from a syringe to a solution
of butyllithium (125 mmol) and N,N,N',N'-tetramethylethylenediamine (20 ml,
133mmol) in hexane (100ml) at 0°C. After the reaction mixture has been
allowed to warm to room temperature, it is stirred for 1h, then cooled to
—60°C and treated drop-by-drop with diisopropylaminoboron dichloride
(11.5g, 63mmol) in hexane (50 ml). The stirred reaction mixture is allowed
to warm to room temperature overnight. The precipitated lithium chloride
is removed by filtration through a glass frit (porosity 3). The solvent
and N,N,N',N'-tetramethylethylenediamine are removed under vacuum.
Distillation of the residue gives 13.9 g (80%) of the title compound bp 90°C/
7.5 x 10*mm Hg, mp 37°C.

Boronbridged tetrathiaporphyrinogene [41]

A solution of di(2-thienyl)diisopropylaminoborane (2.5 g, 9mmol) in hexane
(10ml) is added dropwise to a solution of lithium 2,2,6,6-tetramethyl-
piperidine, freshly prepared by treating 2,2,6,6-tetramethylpiperidine (2.54 g,
18 mmol) with butyllithium in hexane (18 mmol). After a few seconds a
dispersion of the dilitiated product is formed. The reaction mixture is stirred
for 1h at room temperature and then a solution of diisopropylaminoboron
dichloride (0.82g, 4.5mmol) in hexane (10ml) is added dropwise at room
temperature. The reaction mixture is stirred at 50 °C for 3 h. Volatile material is
pumped off and the crude product is taken up in toluene (10 ml). The resulting
solution is filtered through a glass frit (porosity 3), the filtrate evaporated and
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the residue reystallized from dichloromethane/hexane (2:1) giving 62% of the
title compound mp 182 °C (decomp).

3.1.5.3 Preparation of thienyl alkyl and aryl boranes

The reaction of thienyllithium derivatives with dialkyl boron chloride at
—70°C offers a convenient route to dialkyl thienylboranes and alkyl
dithienylboranes. Using dimethylaminoboron dichloride gave dimethyl-
amino-di(2-thienyl)borane. However, yields are only between 10 and 50%.
Working at high concentrations often gives diborylated compounds as
byproducts. A second general method consists in the reaction of tetra(2-
thienyl)stannane with dialkylboron chloride or alkylboron dichloride, which
has been used for the preparation of dimethyl- and diethyl 2-thienylborane in
about 50% yield and methyl and ethyl di(2-thienyl)borane, respectively. It is
best to use the borane in excess in order to facilitate separation of the product
from the less volatile di(2-thienyl)stannane dichlorides. 1-(2-Thienyl)- and 1-(3-
thienyl)-borolane are synthesized from 2- and 3-thienyllithium and 1-chloro-
borolane. Tri(2-thienyl)borane was prepared through the reaction of
di(2-thienyl)boron chloride and trimethyl (2-thienyl)stannane [36].

/ \ aBGHy [
s~ ASn bernzene s” B(CHs),

Diethyl(2-thienyl)borane [36]

To a suspension of tetra(2-thienyl)stannane (3.4g, 7.5mmol), diethylboron
chloride (1.6 g, 15.3 mmol) in benzene (10 ml) is added dropwise under stirring.
After 3h of reflux, the diethylboron chloride is consumed according to ''B
NMR. Distillation gives 1.15g (51%) of the title compound as a colorless
oxidation-sensitive liquid bp 44-46°C/1 mm Hg.

Tri( 2-thienyl)borane [36]

Trimethyl(2-thienyl)stannane (4.3 g, 17 mmol) in hexane (10 ml) is cooled to
—78°C and under stirring chlorodi(2-thienyl)borane (3.7 g, 17 mmol) in hexane
(10ml) is added. The reaction mixture is allowed to warm to room
temperature, evaporated and sublimed (40°C/1 mm Hg) in order to separate
trimethylchlorostannane. The residue is crystallized from hexane giving 2.8 g
(65%) of the title compound as colorless crystals mp 98-104 °C.
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1-(2-Thienyl)borolane [36]

Thiophene (1.4 g, 20 mmol) in anhydrous diethyl ether (10 ml) is refluxed for
3h with an equivalent amount of butyllithium. To the 2-thienyllithium so
obtained as a suspension, 1-chloroborolane (2.0 g, 20 mmol) in hexane is added
dropwise under stirring at room temperature. This reaction is in general
exothermic. After evaporation the residue is distilled giving 1.1 g (35%) of the
title compound as a colorless liquid bp 39—41°C/l mm Hg.

Reaction of 2-iodo-5-methylthiophene with one-third of an equivalent of
boron triiodide can be used for the preparation of tris(5-methyl-2-thienyl)-
borane in 60% yield. The reaction of 2-iodo-5-methylthiophene with dimethyl-
boron iodide and methylboron diiodide was similarly used for the preparation
of dimethyl (5-methyl-2-thienyl)borane and methyl di(5-methyl-2-thienyl)-
borane [39].

The reaction of dimesitylboron fluoride with thienyllithium derivatives is used
for the preparation of dimesityl bithienylboranes [42], and was recently also used
in the reaction of dimesitylboron fluoride with lithiated oligothiophenes [43].

The reaction of diethyl (5-methyl-2-thienyl)borane with pentacarbonylchro-
mium tetrahydrofuran gives the stable pentacarbonyldiethyl(5-methyl-2-
thienyl)boranechromium(0) [44].

H;C™ ~g7 "B(CHs),
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3.1.5.4 Tetrathienylborates

Potassium and cesium tetra(thienyl)borates have been prepared through the
reaction of 2-thiophenemagnesium halides with potassium fluoroborate [45],
thienyllithium derivatives with boron trifluoride ectherate at —70°C and
halothiophenes with magnesium and sodium boron tetrafluoride in tetrahy-
drofuran [46,47].

Cesium tetrakis(2-thienyl)borate [46]

Anhydrous diethyl ether (200 ml) is cooled to —70°C and 2-bromothiophene
(25.0g, 0.153mol) is added. While the mixture is vigorously stirred, 1.6 M
butyllithium in hexane (96 ml, 0.154 mol) is added over a Smin period. The
reaction is instantaneous and then boron trifluoride etherate (5.4 g, 0.038 mol)
is added. The reaction is allowed to proceed at —70°C for 1 h and then allowed
to come to room temperature, which requires about 1 h. Lithium fluoride starts
to appear before the reaction mixture reaches room temperature, when it is
poured into ice water (200 ml) and stirred for 10 min. The phases are separated,
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the aqueous phase saturated with sodium chloride and extracted with diethyl
ether (3 x 75ml). The combined ether phases are poured into deionized water,
the ether is evaporated and the ether-free solution filtered through a Celite pad.
The filtrate is diluted with deionized water (300 ml) and the borate is precipita-
ted as the cesium salt. Recrystallization of the cesium salt is accomplished by
dissolving in acetone, filtering the solution and adding water. The precipitate is
filtered off and dried under vacuum over calcium chloride at 80 °C giving 12.1¢g
of the title compound.

Lithium tributyl-2-thienylborate was prepared through the reaction of
thiophene with tert-butyllithium followed by tributylborane [48]. The borate
complexes prepared from trialkylboranes and 2-thienyllithium are useful for
the preparation of 2-alkylthiophenes through the reaction with iodine [49].

SN N
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3.2 ALUMINIUM DERIVATIVES

Tri(2-thienyl)aluminium etherate was prepared in 85% yield from 2-thio-
phenemagnesium bromide and aluminium trichloride [50,51].

Tri( 2-thienyl) aluminium etherate [50]

A solution of aluminium trichloride in diethyl ether is prepared by placing
aluminium trichloride (32.71g, 0.245mol) in a 250ml flask and cooling to
—78°C. Diethyl ether (100 ml) is added slowly with stirring to prevent over-
heating from the extremely exothermic formation of the tri(chloro)aluminium
etherate complex. When the addition is completed the solution is brought to
room temperature, transferred to a dropping funnel and added dropwise to
the Grignard reagent of 2-bromothiophene (0.736 mol) in diethyl ether. The
reaction mixture is refluxed for 4h and the diethyl ether evaporated. The solid
residue is extracted with diethyl ether/pentane (1:3) (200 ml). The supernatant
liquid is decanted and when it is cooled to —20 °C it gives the title compound as
a white crystalline solid. The ether is easily removed and tri(2-thienyl)alumi-
nium is obtained in a yield of 85% mp 82-83°C.

3.3 GALLIUM DERIVATIVES

Tri(2-thienyl)gallium has been prepared through the reaction of three
equivalents of 2-thiophenemagnesium bromide with gallium trichloride [52].
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It was purified as a dioxane complex, which was heated in vacuo. The reaction
of the dioxane complex of 2-thienylgallium dichloride with phenylmagnesium
bromide gave the dioxane complex of diphenyl 2-thienylgallium. Similarly,
phenyl di(2-thienyl)gallium was obtained from 2-thiophenemagnesium
bromide and phenylgallium dichloride [53].

3.4 INDIUM DERIVATIVES

The dioxane complex of tri(2-thienyl)indium has been prepared from indium
trichloride and 2-thiophenemagnesium bromide. Upon heating in vacuo it loses
dioxane giving pure tri(2-thienyl)indium [50,54].

3.5 THALLIUM DERIVATIVES

2-Thienylthallium difluoroacetate is most conveniently prepared in 82% yield
through aromatic substitution using thallium(III) trifluoroacetate as the
electrophile [S55].

U TKOCOCF;), @

S CF;COOH S TI(OCOCF;),

Electrophilic thallation of thiophenes with phenylthallium(IIl) 18-
crown-6 diperchlorate affords the corresponding (18-crown-6)phenyl thienyl-
thallium(III) perchlorates in high yields [56].

3.6 CERIUM DERIVATIVES

2-Thienylcerium dichloride is prepared from 2-thienyllithium and cerium
trichloride [57]. In contrast to 2-thienyllithium it gives a diol upon reaction
with the spiroketone [57].

2
(N, —=— (<)

s “ceCl, 5
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— 4A —
Alkyl- and Functionalized
Alkylthiophenes

4A.1 ALKYLTHIOPHENES AND SUBSTITUTED ALKYLTHIOPHENES

4A.1.1 Cyclization of acyclic compounds

Alkylthiophenes have been prepared from alkanes, alkenes and alkadienes, and
sulfur, hydrogen sulfide, carbon disulfide and other sulfur-containing reagents,
using various types of catalysts and high temperatures. These methods are
mostly of technical interest. The reaction of 2-hexanol with carbon disulfide
over a chromium—aluminium oxide catalyst at about 55°C gave 2,5-
dimethylthiophene in 68% yield, while 2-heptanol gave 2-ethyl-5-methylthio-
phene in 84% yield [1,2].

Recently 3-methylthiophene was synthesized in over 95% yield from the
reaction of 2-methylbutanol with carbon disulfide over magnesium oxide
supported potassium-promoted Fe( ¢5Cry0sOOK catalyst [3].

Alkylthiophenes have been prepared by dehydrocyclization of dialkyl
sulfides [4,5]. A classical method, still very useful for the preparation of
alkylthiophenes, is the action of hydrogen sulfide on 1,4-difunctionalized acyclic
compounds. Treatment of acetylenic epoxides with hydrogen sulfide in barium
hydroxide [6-8] has been used for the preparation of 2,3,5-trimethylthiophene
(73%). Another method for cyclizing 1,4-diketones is to use the classical
Paal-Knorr reaction with phosphorus pentasulfide [9-12]. This reaction
has been used for the preparation of (2,5)heterocyclophanes and (2,4)hetero-
phanes [6,8,13-15].

(CHy)g CHos
P,Ss / \
H;C Y
0O H;C S
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8-Methyl[6](2,4)thiophenophane [15]

Treatment of 3-acetylcyclononane (50mg, 0.275mmol) with phosphorus
pentasulfide (267 mg) in toluene (4 ml) gives 30 mg (61%) of the title compound
after purification by preparative thin layer chromatography using hexane as
eluent.

Strained systems, such as cyclobutanothiophenes, have also been prepared
by the Paal-Knorr method albeit in low yields [16]. Later Lawessons reagent,
sometimes together with phosphorus pentasulfide and sodium bicarbonate in
ether, was used in the reaction with 1,4-diketones [17-19].

A more convenient method than the Paal-Knorr reaction is in many cases
the reaction of 1,4-dicarbonyl compounds with hydrogen sulfide and hydrogen
chloride. It has been used for the preparation of various alkylthiophenes such
as 2-tert-butyl-5-methylthiophene (85%) and 2,5-dimethylthiophene (49%)
[20-22]. From the aldehyde acetal optically active 3-alkylthiophenes have been
prepared [23].

R*  OR' R*
| 7/ H,S, HCl /B
OHCCH,CH,CHCH —_—
- CH;0H s

2,5-Dimethylthiophene and 2-methyl-5-propylthiophene were prepared from
5-oxo derivatives of 1-alkynes using hydrogen sulfide and hydrogen chloride at
—20°C [24]. Various 2,5-dialkylthiophenes have been prepared by saturating
an alkaline alcoholic solution of 1,4-dialkyldiacetylenes with hydrogen sulfide
[25-27].

2.4-Dialkylthiophenes such as 2-cyclohexyl- and 2-cyclopentyl-4-methylthio-
phene have been prepared in high yields through the reaction of B,y-dichlo-
roketones, easily prepared by electrophilic addition of acid chlorides to allyl or
methallyl chlorides in the presence of aluminium trichloride and phosphorus
pentasulfide [28].

lf R
AICI P,S

RCOCI + H,C=CCH,Cl — > RCOCH,CR(CHCH,Cl  —> . / )

s

A modification of Victor Meyer’s classical synthesis of thiophene from
sodium succinate and P,S; has been published [29]. A detailed procedure for
the synthesis of 3-methylthiophene in 60% yield from disodium methylsucci-
nate, using mineral oil as diluent, is available [30]. The reaction of optically
active sec. butylsuccinate gave a 40% yield of (4)-S-3-sec-butylthiophene with
an optical purity of 43% [23].
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A new ring-closure reaction to alkyl- and also 2-benzylthiophenes consists in
the palladium-catalyzed cycloisomerization of (Z)-2-en-4-yne-1-thiols [31]. A
method for the preparation of 2-alkyl- and 2,3-dialkylthiophenes from ketones
as C,-fragments and an S-protected carbonodithionic acid as C,S-fragment,
O-cthyl[(2-oxoethyl-thio]thioformate, has been used for the preparation of
3-ethyl-2-propylthiophene in 67% vyield and 4,5,6,7-tetrahydrobenzo(b)thio-
phene in 70% yield [32].

S

o 0ZnCl
| (CHy SN OHCCH,SCC,H
S S
7nCl,
o} ﬁ S
C /

g OH

Highly congested thiophenes such as 3,4-di-tert-butyl-, 3,4-di-(1-adamantyl),
3,4-di-neopentyl-5 and 3-(1-adamantyl)-4-tert-butylthiophene are conveniently
prepared by intramolecular reductive coupling of 3-thiapentane-1,5-diones
with low-valent titanium, followed by acid-catalyzed dehydration of the
resulting thiolane-3,4-diols [33].

< j’tBu T1C14/Zn U _» B"UtBu

S

'O
IO

3,4-Di-tert-butyl-cis-thiolane-3,4-diol [33]

Titanium(IV) chloride (49.3 ml, 0.45mol) is added dropwise over a period of
3—4h to a stirred mixture of 1,5-di-rert-butyl-3-thiapentane-1,5-dione (34.5 g,
0.15 mol) and zinc powder (59 g, 0.9 mol) in tetrahydrofuran (800 ml) at —18 °C
under argon. When the addition is completed the reaction mixture is stirred at
—10°C for 5h. The reaction is quenched by addition of crushed ice (500 g) and
then the pH of the mixture is adjusted to about 8 by addition of aqueous
sodium carbonate. After addition of hexane the mixture is stirred for 1h and
then filtered by use of a Biichner funnel (diameter about 25cm) on which a
3cm thick pad of Celite is placed. The Celite and the solid material on the
Biichner funnel are washed with hexane (500 ml). The organic layer of the
filtrate is concentrated to about 500 ml, washed with water (10 x 100 ml),
dried over magnesium sulfate, and evaporated. Recrystallization of the residue
gives 21.0-27.8 g (60-80%) of the title compound as colorless needles mp
108.5-110°C.
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3,4-Di-tert-butylthiophene [88]

A mixture of 3,4-di-zert-butyl-cis-thiolane-3,4-diol (1.07 g, 4.6 mmol) and para-
toluenesulfonic acid (100 mg) in benzene (60 ml) is heated under reflux for 1h.
The reaction mixture is washed with aqueous sodium bicarbonate, dried over
sodium sulfate and evaporated. The residue is chromatographed on silica gel
using hexane as eluent giving 803 mg (89%) of the title compound bp 75°C/
4 mm Hg (bulb-to-bulb distillation) mp 43.0-43.5°C.
Tetra-tert-butylthiophene has been prepared in 53% yield from a seven-
membered cycloalkyne and a reductive desulfurization in the last step [34].

R R
R R W )\ "
N\N 5 R R R t-Bu t-Bu
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S S 254mm / \ nickel +Bu /s\ +-Bu
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4A.1.2 Alkylation of thiophene and alkylthiophenes

Many different catalysts can be used for the preparation of alkylthiophenes
from thiophene and alkenes, such as zeolites, zinc dichloride, aluminium
trichloride, sulfuric acid, phosphoric acid, and boron trifluoride etherate.

In the laboratory the reaction of thiophene with isobutylene is a convenient
method for the preparation of a mixture of 2- and 3-zert-butylthiophene and
2,4- and 2,5-di-tert-butylthiophene [35]. The choice of catalyst and proportions
of reagents depend upon whether a higher or lower proportion of mono- to
dialkylthiophenes is desired. This procedure can be used for the preparation of
amyl-, tert-octyl and hexadecylthiophenes.

Both 2,5- and 2,4-di-tert-butylthiophene can easily be separated by a
chemical procedure. Metalation of the mixture with the amount of butyl-
lithium corresponding to the amount of 2,4-di-tert-butylthiophene followed by
reaction with carbon dioxide gives pure 2,5-di-tert-butylthiophene and 3,5-di-
tert-butylthiophenecarboxylic acid, which are easily separated. The latter upon
decarboxylation gives pure 2,4-di-tert-butylthiophene [36].

2,4-Di-tert-butyl-5-thiophenecarboxylic acid and 2,5-di-tert-butylthiophene [36]

A mixture of 2,5-di-tert-butylthiophene (75%) and 2,4-di-tert-butylthiophene
(25%) (627 g, 3.20mol) is dissolved in anhydrous ether (300 ml) and added
under nitrogen with stirring to 0.9 M butyllithium (1800ml). The reaction
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mixture is refluxed for 4h, cooled and poured onto solid carbon dioxide. At
—10°C the mixture is hydrolyzed with 2 M hydrochloric acid in excess. The
phases are separated and the aqueous phase extracted with ether. The
combined ether phases are extracted several times with 2 M sodium hydroxide
solution. Acidification yields 111 g (58%) of 2,4-di-tert-butyl-5-thiophenecar-
boxylic acid mp 197-198°C from ethanol. The ether phase is dried and
fractionated giving 455 g of 2,5-di-tert-butylthiophene.

2,4-Di-tert-butylthiophene [36]

2,4-Di-tert-butyl-5-thiophenecarboxylic acid (20 g, 83 mmol), quinoline (50 ml),
and copper powder (4 g) are carefully heated under nitrogen until the reaction
starts and then the reaction mixture is refluxed for 2h. Most of the liquid is
distilled from the copper and the distillate treated with excess of 4 M
hydrochloric acid. The organic layer is taken up in ether, washed with 2 M
hydrochloric acid and water, dried and fractionated giving 15g (92%) of the
title compound bp 88-89°C/10 mm Hg.

4A.1.3 From metalorganic reagents

The reaction of the appropriate thienyllithium derivatives with dimethyl sulfate
has been used for the preparation of 2-methylthiophene [37], 2,3-dimethylthio-
phene [38], 3-methylthiophene, 2,4-dimethylthiophene and 2,3,5-trimethylthio-
phene [39], as well as 2,3,4-trimethylthiophene [40].

2,3 ,4-Trimethylthiophene [40]

A solution of 2,3.4-tribromothiophene (16.0g, 0.05mol) in dicthyl ether
(100ml) placed in a flame-dried flask previously flushed with anhydrous
nitrogen under nitrogen at —70 °C is treated with a precooled (—70 °C) ethereal
solution of butyllithium (1.04 mol). After 3h at —70°C a precooled (—70°C)
ethereal solution of dimethyl sulfate is added and the reaction mixture is stirred
for another 45 min. The cooling bath is removed and the flow of nitrogen is
stopped, after which a 4 M solution of hydroxide (1.2 equiv. based on dimethyl
sulfate) is added and the mixture vigorously stirred for 2h. The phases are
separated and the organic phase washed twice with water, dried over
magnesium sulfate, evaporated, and distilled giving 5.8 g (92%) of the title
compound bp 75°C/30 mm Hg.

Care has to be taken not to work on a large scale and high concentrations as
the reaction can go out of hands. It is better to use dimethyl sulfate than methyl
tosylate as methylating agent as the latter reacts more slowly, giving instable
lithium derivatives an opportunity to rearrange. Yields are often low and
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sulfones are formed as by-products [41]. Alternatively alkylthiophenes have
been obtained by the reaction of thienyllithium derivatives with trialkyl
boranes [42,43].

4A.1.4 From functionalized thiophenes

Clemmensen [44-46] and especially Wolff-Kishner [47-50] reduction of formyl-
and acylthiophenes have extensively been used for the preparation of alkyl
thiophenes in high yields. Also semicarbazones have sucessfully been reduced
by the Wolff—Kishner procedure [51-55]. Sterically hindered ketones which do
not form hydrazones cannot be reduced through Wolff—Kishner reduction [56].
In such cases and in cases where easily reducible halogens are present, the
Clemmensen reduction is to be preferred [56,57].

4A.1.5 Cross-coupling of halothiophenes with
metalorganic reagents

The reaction of butylmagnesium bromide with 3,4-dibromothiophene using
[1,3-bis(diphenylphosphino)propane]nickel(Il) chloride is an excellent method
for the preparation of 3,4-dibutylthiophene [58,59].

3,4-Dibutylthiophene [59]

A solution of 2 M butylmagnesium chloride in diethyl ether (165ml, 0.33 mol)
is added dropwise to a solution of 3,4-dibromothiophene (34 g, 0.14 mol) and
[1,3-bis(diphenylphosphino)propane]nickel(II) chloride (0.5g) in anhydrous
diethyl ether (400 ml) at 0 °C. The solution is warmed slowly to 50 °C and held
at this temperature for 16h. Water (50ml), containing a few drops of
concentrated hydrochloric acid, is then added dropwise to the reaction mixture
with ice-bath cooling. After filtration to remove solid impurities the filtrate is
extracted with ether (3 x 100 ml). The combined ether phases are washed with
sodium chloride solution and dried over magnesium sulfate. Upon distillation
27.7¢g (92%) of the title compound is obtained, bp 92-94°C/1 mm Hg.

Hexylmagnesium bromide and the Grignard reagent from 1-bromo-
undec-10-ene  give upon [1,3-bis(diphenylphosphino)propane]dichloro-
nickel(IT) catalyzed coupling with 3-bromothiophene, 3-hexylthiophene, and
3-(undec-10-enyl)thiophene in good yields [60].

3-(Undec-10-enyl ) thiophene [60]

A solution of 1-bromoundec-10-ene (11.1 g, 61 mmol) in anhydrous diethyl
ether (15ml) is added dropwise to a stirred suspension of magnesium turnings
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(1.49 g, 61 mmol) in anhydrous diethyl ether (5Sml) and stirred for 1 h at room
temperature. The gray solution is transferred via a cannula to a dropping
funnel and is added dropwise to a suspension of [1,3-bis(di-phenylphosphino)-
propane]dichloronickel(IT) (0.11g, 0.45mol%) and 3-bromothiophene (7.3 g,
45 mmol) in anhydrous diethyl ether (15ml) at such a rate that gentle reflux is
maintained. The reaction mixture is then stirred for three days at room
temperature and carefully quenched with 1 M hydrochloric acid (20 ml). The
orange organic phase is washed with water (twice) and sodium chloride
solution, dried and evaporated. The orange liquid residue is distilled
(Kugelrohr, 100-130°C /0.1 mm Hg) giving 5.81 (55%) of a mixture of the
title compound (96mol%) and 3-(undec-9-enyl)thiophene (4mol%) as a
colorless liquid.

4A.2 FLUOROALKYLTHIOPHENES

4A.2.1 Trifluoromethylthiophenes

2-Trifluoromethylthiophene is prepared in 7