Introduction

The past few decades have witnessed intense research work worldwide in the field of conductive
polymers, a class of conjugated organic materials which combines the mechanical qualities of
polymers with the electrical conductivity of metals’. In this context, polythiophenes and their
derivatives have occupied an important position, firstly because of their environmental stability and
secondly because of the versatility of the thiophene moiety in lending itself to synthetic
modification. Polythiophenes have been identified as molecules with potential electro-optical
properties and the most stable molecular switching devices discovered to date are thiophene
derivatives?. Coordination of transition metals to thiophene or its derivatives leads to the formation
of complexes, in this case carbene complexes, with unique properties and diverse application

possibilities.
1. Complexes with unsaturated metal-to-carbon double bonds

1.1  Carbene complexes

Complexes containing metal-carbon double bonds are generally referred to as metal-carbene
complexes. Without a heteroatom directly bonded to the carbene carbon atom, the compounds
are called metal-alkylidene complexes. The first stable transition metal carbene complex was
synthesized and characterized by Fischer and Maasbdl in 1964°. Since then different synthetic

routes have been developed for the synthesis of these and similar complexes.

"N.J. Long, Angew. Chem. Int. Ed. Engl., 34, 1985, 21.
2 G.M. Tsivgoulis, J.-M. Lehn, Angew. Chem. Int., Ed. Engl., 34, 1995, 1119.
3 E.O. Fischer and A. Maasbdl, Angew. Chem., 76, 1964, 645.
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Two different types of carbene complexes can be distinguished. The first Fischer-type carbene
complexes are characterized by an electrophilic carbene carbon atom, the metal-coordinated sp*
carbon atom (figure 1.1). These complexes are readily synthesized by the reaction of metal
carbonyls of transition metals like chromium, tungsten, molybdenum, iron, rhenium, ruthenium and

manganese with various organolithium reagents.

oC <o CO €O
: oCc | CcO

N T AR V%

W 2. [EO]BF, W
o’ | Neo o Neo

cO C

/ \OEt

R
Figure 1.1 An example of a Fischer carbene complex

The second type is the Shrock carbene complexes in which the carbene carbon atom is
nucleophilic and displays an ylide-like reactivity (figure 1.2). These complexes are afforded using
metals in high oxidation states with strong donor ligands, for instance alkyl or cyciopentadienyl,

and weak acceptor ligands. Often the carbene ligand is simply a methylene group.
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Figure 1.2  An example of a Schrock-carbene complex

In recent years there has been much interest in the activity of Fischer carbenes with respect to

their ability to act as reagents for the synthesis of organic compounds. Several review articles and
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books have addressed this topic?, which has been explored extensively and applied in various
organic syntheses. Fischer carbene complexes can undergo reactions at several sites and the

chemical properties of these complexes are outlined in figure 1.3.

Figure 1.3 Reactivity of Fischer carbene complexes

Owing to the acidity of the a-CH groups, alkylcarbene complexes are deprotonated by bases (B)
to form metal carbene anions (route a), while nucleophilic attack (N) occurs at the electrophilic
carbene carbon atom (route b) e.g. aminolysis. Electrophiles (E), for instance Lewis acids, are
coordinated to the alkoxy substituent (route ¢), leading to the formation of metal-coordinated

carbyne complexes, while carbonyl substitution by other ligands can occur via route d.

Applications of carbene complexes in organic syntheses have been widely employed and
recognized for their usefulness. The strategy is to use metal complexes to establish a metal-to-
carbon bond, modify it by further reactions and subsequently cleave the new ligand from the metal
moiety. Applying this concept to various carbene complexes, a large range of compounds were

formed including B-lactams from imines (figure 1.4), cyclobutanones from alkenes and esters from

* (a) L.S. Hegedus, Transition Metals in the Synthesis of Complex Organic Molecules,
University Science Books, Mill Valley, California, 1994. (b) K.H. Détz, H. Fischer, P.
Hofmann, F.R. Kreissl, U. Schubert, K. Weiss, Transition Metal Carbene Complexes, VCH
Verlag Chemie, Weinheim, 1983. (¢) M. Schuster, S. Blechert, Angew. Chem. Int. Ed. Engl,
36, 1997, 2036. (d) W.D. Wulff, Organomefalfics, 17, 1998, 3116. (d) R. Aumann, R.
Frohlich, J. Prigge, O. Meyer, Organometallics, 18, 1999, 1369. (e) M.M. Abd-Elzaher, H.
Fischer, J. Organomet. Chem., 588, 1999, 235.
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alcohols® & 7,
Me O
oM "\ h N
(COBCr=C_ + C=NMe ——» CrCO) +
Me Co —~OMe
Fh M

Figure 1.4  Employing a carbene complex to synthesize a B-lactam

Carbene complexes have been employed in carbon-carbon bond formation in organic synthesis®.
Carbenes react under mild conditions with a number of non-heteroatom substituted alkynes to
yield annelated reaction products. These reactions are referred to in literature as Dotz reactions.
Complexes containing pentacarbonylchromium moieties with phenyi-°, naphtyl-'°, furyl- and
thienyl" substituted carbene ligands have been reacted with various alkynes to give substituted
naphthol, phenanthrene, benzofuran and benzothiophene ligands m-coordinated to a

tricarbonylchromium fragment.
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Figure 1.5  Reaction of carbene with alkyne

®1..S. Hegedus, Acc. Chem. Res., 28, 1985, 299.

® M.A. Sierra, L.S. Hegedus, J. Am. Chem. Soc., 111, 1989, 2335,
" C.A. Merlic, D. Xu, S.1. Khan, Organometallics, 11,1992, 412.

8 K.H. Détz, Angew. Chem., Int. Ed. Engl., 23, 1984, 587.

® K.H. Dbtz, |. Pruskil, Chem. Ber,, 111, 1978, 2059.

" K.H. Détz, Angew. Chem. Int. Ed. Engl., 14, 1975, 644.

K. H. Ditz, W. Kuhn, J. Organomet. Chem., 252, 1983, C78.
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On considering the reaction between pentacarbonyl[methoxy{phenyljcarbene]chromium and an
alkyne (figure 1.5), we find the reaction product to be 4-methoxy-1-naphthol, which is n-bonded
to a Cr(CO), moiety. The unsubstituted ring of the naphthol ligand and the C(OCH,) unit of the
second ring originate from the carbene ligand, while the C(OH) group is derived from a carbonyl
ligand. Alkoxy carbene carbonyl complexes are employed in the synthesis of natural products such
as peptides, vitamins K and E and antibiotics, by forming the hydroquinone skeleton via

cycloaddition of alkyne, carbene and carbonyl ligands™,

Carbene complexes also play important roles as intermediates in olefin metathesis'. Grubbs et
al'* synthesized ruthenium(!l) carbene complexes of the type trans-[Ru=CHCH=CPh,(PPh,),CL],

to catalyze the polymerization of highly strained cyclic olefins.

1.2 Cumulene and related complexes

Carbene complexes with cumulated double bonds of the form M=(C), R, (figure 1.6) encompass
a class of organometallic compound containing a metal moiety coordinated to a carbon-rich
unsaturated chain. Linear, unsaturated carbon chain complexes have recently attracted
considerable interest due to their physical and chemical properties'. Transition metal complexes
of this structural type have been proposed as one-dimensional molecular wires'® and exhibit both

liquid crystalline'” and nonlinear optical properties (NLO)'®. The maximum chain length achieved

2 K. H. Détz in K.H. Dotz, H. Fischer, P.Hofmann, F.R. Kreissl, U. Schubert, K. Weiss,
Transition Metal Carbene Complexes, VCH Verlag, Weinheim, 1983, p. 218-226.

¥ C.P. Casey, J. Am. Chem. Soc., 96, 1974, 7808.
% S.T. Nguyen, L.K. Johnson and R.H. Grubbs, J. Am. Chem. Soc., 114, 1992, 3874.
" H. Lang, Angew. Chem. Int. Ed. Engl., 33, 1994, 547,

®(a) J.S. Schumm, D.L. Pearson, J.M. Tour, Angew. Chem. Int. Ed. Engl., 33, 1994, 1360.
(by M.D. Ward, Chem. Soc. Rev., 1995, 121.

7 (a) A.M. Giroud-Godgquin, P.M. Maitlis, Angew. Chem. Int. Ed. Engl., 30, 1991, 375. (b)
M. Altmann, U.H.F. Bunz, Angew. Chem. Int. Ed. Engl., 34, 1895, 568. (¢) L. Oriol, J.L.
Serrano, Adv. Mater., 7, 1985, 248,

*® (a) D.W. Bruce, D. O’Hare, Inorganic Materials, Wiley: Chichester, UK, 1992. (b) |.R.
Whittall, M.G. Humphrey, A. Persoons, S. Houbrechts, Organometaliics, 15, 1986, 1935.
(c)y W.J. Blau, H.J. Byrne, D.J. Cardin, A.P. Davey, J Mater. Chem., 1, 1981, 245.
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so far is n=5, synthesized and characterized in 1994 only™. Since then, a few reports describing
the syntheses of similar compounds, inciuding group 6 metal complexes, have appeared®.
However, complexes containing even-numbered carbon chains seem to be restricted to the
ruthenium-butatrienylidene complex prepared by Lomprey and Selegue®. Theoretical
calculations® suggest that the carbon atoms are alternatively electron-poor and electron-rich, on
moving along the chain from the metal centre. This reactivity is confirmed by the tendency of
allenylidene complexes to add nucleophiles at C\f3, while the protonation of vinilydenes to

carbynes reflects the ease of addition of electrophiles to Cy**.

M=C=C=C,R, M=C=C=CR, M=C=CR,
Metallacumulene complex Allenylidene complex Vinylidenes complex

Figure 1.6  Cumulene complexes

Allenylidene complexes have been known since 1976, but thorough investigation of these
compounds has been hampered by the lack of a feasible preparation method. They are generaily
synthesized via (i) transformation of alkenyl- and alkyny! carbene complexes®®, (ii) coordination
of a C, skeleton dianion, either [C=CC(OR)R}* or Li,C,Ph,? or (iii) the most recent and

S D. Péron, A. Romero, P.H. Dixneuf, Gazz. Chim. Ital., 124, 1994, 497.

2 (a) D. Touchard, P. Haquette, A. Daridor, L. Toupet, P.H. Dixneuf, J. Am. Chem. Soc.,
116, 1994, 11157 (b) G. Roth, H. Fischer, Organometaliics, 15, 1996, 1139, (¢) G. Roth,
H. Fischer, Crganometallics, 15, 1996, 5766. (d) R.W. Lass, . Steinert, J. Wolf, H. Werner,
Chem. Eur. J., 2, 1986, 19. (¢) G. Roth, D. Reindl, M. Gockel, C. Troll, H. Fischer,
Organometallics, 17, 1998, 1393,

2 R, Lomprey, J.P. Selegue, Organometallics, 12, 1993, 616.
2 N.M. Kostic, R.F. Fenske, Organometallics, 1, 1982, 974.
3D, Touchard, N. Pirio, P.H. Dixneuf, Organometaliics, 14, 1995, 4920.

2 C. Kelly, N. Lugan, M.R. Terry, G.L. Geoffroy, B.S. Haggerty, A.L. Rheingold, J. Am.
Chem. Soc., 114, 1992, 6735.

% (a) H. Berke, Angew. Chem. Int. Ed. Engl., 15, 1976, 624. (b) E.O. Fischer, H.J. Kalder,
A. Franck, F.H. Kéhler, G. Huttner, Angew. Chem. Int. Ed. Engl., 15, 1976, 623.

% 3. Takahashi, Y. Takai, H. Morimoto, K. Sonogashira, J. Chem. Soc., Chem. Commun.,
1984, 3.
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straigyhtforward method employed by Selegue and co-workers? . This synthesis comprises the
reactions of alkyn-3-ols with metal complexes eg. [RuCpCI(PR;),] in polar media to yield
hydroxyvinylidene intermediates, which spontaneously dehydrate in situ to form allenylidene
complexes. Since this discovery, several allenylidene derivatives have been produced using this
method, eg. iron?®, rhodium? and ruthenium® derivatives. The same method is now directed

towards the building of bimetallic systems with allenylidene ligands®' or bridges®.

Vinylidene complexes, the most simple form of cumulene ligands, can be prepared in several
ways, for instance by using metal acetylide, acyl complexes, vinyl complexes, olefins, carbene
complexes or 1-alkynes. An overview of all the synthetic preparations and applications of
vinylidene complexes is available in review articles by Stang® and Bruce®!. Complexes containing
these species are likely intermediates in coupling of alkynes to give enynes® or butatrienes® and

in the synthesis of unsaturated ketones from alkynes and allylic alcohols®’.
1.3  Binuclear metal complexes bridged by linear unsaturated carbon chains

Complexes in which two transition metals are bridged by linear unsaturated carbon chains have

27 J.P. Selegue, B.A. Young, S.L. Logan, Organometallics, 10, 1990, 1972.
2 S. Nakanishi, K.I. Goda, S.1. Uchiyoma, Y. Otsuji, Bull. Chem. Soc. Jpn., 65, 1992, 2560.

# (a) R. Wiedemann, P. Steinert, O. Gevert, H. Werner, J. Am. Chem. Soc., 118, 1996,
2495. (b) 1. Kovacik, M. Laubender, H. Werner, Organometaliics, 16, 1997, 5607. (c) D.
Touchard, P. Haquette, A, Daridor, A. Romero, P.H. Dixneuf, Organometallics, 17, 1998,
3844,

T, Braun, P. Steinert, H. Wemer, J. Organomet. Chem., 488, 1995, 169.

' D. Touchard, S. Guesmi, M. Bouchaib, P. Haquette, A. Daridor, P.H. Dixneuf,
Organometalfics, 15, 1996, 2579.

%2 H.P. Xia, G. Jia, Organometallics, 16, 1997, 1.

B p.L. Stang, Acc. Chem. Res., 15, 1982, 348.

* M.1. Bruce, Chem. Rev., 91, 1991, 197.

% C. Bianchini, M. Peruzzini, P. Frediani, J. Am. Chem. Soc., 113, 1991, 5453,

¥y, Wakatsuki, H. Yamakazi, N. Kurnegawa, T. Satoh, J.Y. Satoh, J. Am. Chem. Soc.,
113, 1991, 9604.

% B.M. Trost, R.J. Kulawiec, J. Am. Chem. Soc., 114, 1992, 5579.
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recently attracted much interest in view of their new material properties® and as model systems
for surface carbides in heterogeneous catalysis®®. These species, MC_M', can bridge either two

similar or two different transition metal fragments.

In complexes where two similar metal fragments are bridged, complexes where n=2 are the most
common. Even though all three valence bond descriptions (figure 1.7) have experimental
support®, most of the complexes synthesized contain an acetylenic u-C=C bridge. The cumulenic

structure M=C=C=M was only observed in a few titanium and tantalum complexes.
M-C=C-M « M=C=C=M M=C-C=M

Figure 1.7  Resonance structures for the MC,M species

It has been experimentally observed that compounds with an even C_ chain are much more
common than complexes containing an uneven number of carbons in the chain. Several four-*°,
six- and eight-carbon bridged complexes®' are known and, depending on the d" configuration,
display either a polyynic (reduced) or a cumulenic (oxidized) structure (figure 1.8). These bimetallic

iron chain bridged compounds where n=2-8 were developed by Lapinte and co-worker®.
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Figure 1.8 (a) Polyynic structure and (b) oxidized structure
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% M.H. Chisholm, Angew. Chem. Int. Ed. Engl., 30, 1991, 673.
W, Beck, B. Niemer, M. Wieser, Angew. Chem. Int. Ed. Engl., 32, 1993, 923,

LY. Zhou, JW. Seyler, W. Weng, A.M. Arif, J.A. Gladysz, J. Am. Chem. Soc., 115, 1993
8509.

“'M. Brady, W. Weng, J.A. Gladysz, J. Chem. Soc., Chem. Comm., 1994, 2655.
2 F_ Coat, C. Lapinte, Organometalfics, 15, 1996, 477.
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The complex with the highest number of carbon atoms in the chain [{ReCp*(PPh,)(NO)},(p-Cuo)l
was recently synthesized by Gladysz and co-workers®™. The longest polyyne structurally
characterized to date is a C,, complex. Two groups simultaneously published crystal structures
of this type of complex, a diplatinum complex synthesized by Gladysz et af*' via Hay coupling of

two C, mono-platinum complexes and a diiron complex prepared by Akita and co-workers®.

Complexes containing two different transition metal building blocks, linked by C. bridges (n=1-5),
have only recently become accessible'. Synthesis of these compounds, particularly for those
containing organometallic substituents, turned outto be remarkably easy*. These complexes were
proposed as a new class of one-dimensional molecular wires'®. Very few compounds have been
synthesized with an odd number of carbons in the C,, chain®’. Only one C, bridged complex has
been structurally characterized, namely [{ReCp*(PPh;}(NOH-C.H{MnCp(CQO),}. For each of the
C, and C; chains two possible valence structures exist (figure 1.9). However, structural and
spectroscopic information indicate that the cumulenic forms dominate over the alkyne-carbyne

forms*®.

Figure 1.9  Valence structures of C, bridged chain with different metal fragments

“ B. Bartik, R. Dembinski, T. Bartik, A.M. Arif, J.A. Gladysz, New J. Chem., 21, 1997, 739.
“ T .B. Peters, J.C. Bohling, A.M. Arif, J.A. Gladysz, Organometaliics, 18, 1999, 3261.
* A Sakurai, M. Akita, Y. Moro-oka, Organometallics, 18, 1999, 3241.

8 (a) W. Beck, W. Knauer, C. Robl, Angew. Chem. Int. Ed. Engl., 29, 1990, 293. (b) W.
Weng, J.A. Ramsden, A.M. Arif, J.A. Gladysz, J. Am. Chem. Soc., 115, 1993, 3824. (¢)
J.W. Seyler, W, Weng, J. Zhou, J.A. Gladysz, Organometallics, 12, 1883, 3802.

“ P Belanzoni, N. Re, A. Sgamellotti, C. Floriani, J. Chem. Soc., Dalton Trans., 1998,
1825.

W, Weng, T. Bartik, J.A. Gladysz, Angew. Chem. Int. Ed. Engl., 33, 1994, 2199.
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Until recently, examples of n-conjugated metal-bridged trinuclear biscarbene complexes were
limited to the C,HgC,-bridged complex [(CO); W=C(NMe,)C=CC=CHgC=CC=CC(NMe,)=W(CO);],
prepared by Fischer et al*®. Since then, the synthesis of bis-, tris- and tetrakis(ethynylcarbene)
complexes was reported®. These compiexes are readily prepared by nucleophilic substitution of
the lithiated ethynylcarbene complex [M(CO){=C(NMe,)C=CLi}] (M = W, Cr) for the chlorides in
[CI M(L)] (m = 2-4). The central linking atom M’ can be a transition metal, a main group metal or

any other main group element.

1.4 Binuclear metal complexes bridged by conjugated ligands

A large number of binuclear complexes with conjugated bridges have been reported. These
complexes are widely recognized for their ability to allow long-distance electronic coupling through

 delocalization. The most common bridges are those bound through nitrogen, including pyrazine,

such as the Creutz-Taube ion® (figure 1.10), 4, 4"-bipyridine®? and related heteroaromatic groups®.

5+

(NHg)sRuU—N N— Ru(NHg)s

Figure 1.10 The Creutz-Taube ion

Sponsler and co-workers®™ have recently reported the first examples of delocalized mixed-valence

* C. Hartbaum, H. Fischer, Chem. Ber./Recl., 130, 1997, 1063.

% C. Hartbaum, G. Roth, H. Fischer, Eur. J. Inorg. Chem., 1998, 191.

1 C. Creutz, H. Taube, J. Am. Chem. Soc., 95, 1973, 10886,

2.3, Woitellier, J.P. Launay, C. Joachim, Chem. Phys., 131, 1989, 481.

S, Boyde, G.F. Strouse, W.E. Jones, T.J. Meyer, J. Am. Chem. Soc., 112, 1990, 7395.

% B.A. Etzenhauser, M.D. Cavanaugh, H.N. Spurgeon, M.B. Sponsler, J. Am. Chem. Soc.,
118, 1994, 2221.
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Fe'/Fe" complexes containing butadienediyl bridges (figure 1.11), prepared by one-electron
oxidation of the corresponding Fe'/Fe" complexes. Since then several mixed valence complexes

of this type have been synthesized, eg. a Ru'/Ru" complex prepared by Moreira and co-workers®.
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Figure 1.11 Fe'/Fe" complexes containing butadienediy! bridges

Organometallic complexes in which two metal-containing fragments are bridged by arene® or
heteroarene ligands® have enjoyed considerable attention recently since they serve as models
for the repeating units in related organometallic polymers®. It was found that increasing the

number of fused aromatic rings in the bridging groups of such materials, i.e. in going from 1,4-C H,

% 1.8, Moreira, D.W. Franco, inorg. Chem., 33, 1994, 1607.

%Y. Kim, S. Song, S. Lee, S.W. Lee, K. Osakada, T. Yamamoto, J. Chem. Soc., Dalton
Trans., 1998, 1775.

% R. Chukwu, A.D. Hunter, B.D. Santarsiero, Organometallics, 10, 1991, 2141,
% R. McDonald, K.C. Sturge, A.D. Hunter, L. Shilliday, Organometaliics, 11, 1992, 893.
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to 9,10-C,,H,*°, increased the degree of intermetallic conjugation in complexes having two metal
centers directly joined to the aromatic core by metal-carbon ¢ bonds, as has been demonstrated
for conjugated organic polymers®. The two metal centers do indeed interact and they transfer
significant electron density to the arene ring. Hunter and co-workers® prepared the phenylene-
bridged complexes of iron and manganese as well as iron complexes of guinoline and related
bridges. The structures of many of the quinoline derivatives were similar to those of related

bioclogically active materials, including herbicides, fungicides and insecticides.

2. Thiophene and related compounds

Thiophenes are well known for their occurrence in fossil fuels® and the coordination chemistry of
these compounds has received recent attention because of its relevance to the metal-catalyzed
hydrodesulfurization of the fossil fuels®. A mechanism for the hydrodesulfurization was proposed
by Angelici and co-workers® on the basis of organometallic model compound and catalytic reactor
studies. Thiophenes are aromatic compounds and display coordination properties closer to those
of arenes than thioethers. On comparing the ionization potential of thiophene (8.9 eV) and
benzene (9.3 e V), itis found that thiophene is slightly more nucleophilic than benzene. Ab initio
calculations®® seem to indicate accumulation of negative charge on the 2- and 5-carbon atoms and
a positive charge on the sulfur atom. Coordination can occur through the sulfur atom (S), through
the 2- or 5-carbon or both (") or through the T1-clouds of the C(2)=C(3) or C(4)=C(5) bonds (n?)
or both (n*). Whereas n*-coordination implies a sp*-hybridized sulfur atom which is bent out of the
plane, the n®>-mode involves all the atoms of the ring, including the sulfur atom, and a planar ligand

is encountered for complexes of this type. Examples of coordination to all of these sites can be

% A.D. Hunter, D. Ristic-Petrovic, J.L.. McLernon, Organometallics, 11, 1992, 864.
% P N. Prasad, D.R. Ulrich, Non-linear Electroactive Polymers, Plenum, New York, 1988.
& A.D. Hunter, A.B. Szigety, Organometallics, 8, 1989, 2670.

%2 W.L. Orr and C.M. White, Eds., Geochemistry of Sulfur in Fossil fuels, American
Chemical Society, Washington, D.C., 19%0.

% B.C. Gates, J.R. Katzer and G.C.A. Schuit, Chemistry of Catalytic processes; McGraw-
Hill; New York, 1979.

& J. Chen, L..M. Daniels and R.J. Angelici, J. Am. Chem. Soc., 113, 1991, 2544.
% T B. Rauchfuss, Prog. Inorg. Chem., 39, 19981, 259.
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found in literature®.

QOligomers of thiophene are also compounds of current interest because many of them show
photo-enhanced biological activities®”, while a-polymerization of thiophene produces crystalline,
electroconductive polythiophenes®. A wide variety of thiophene oligomers and derivatives have
been synthesized mainly with the prospect of obtaining precursor compounds for molecular
devices and electroconductive polymers. Condensed thiophene derivatives and polythiophenes
have found wide application as potential conducting polymers®, electron acceptors™, hydrogen-
poor heterocycles’", organic conductors or superconductors’? and materials with non-linear optical
properties”™. Oligothiophenes seem to be particularly appealing components to use as bridging
ligands for they are likely to permit strong metal-metal interactions over long distances. This aspect
of their chemistry has unfortunately received very little attention. One recent example was the use
of 2,5-di(4-pyridylithiophene as a bridge between two {Ru(NH,)}**** fragments. It was observed
that the electrochemical interaction between the metal centers was moderately stronger than that

across a 1,4-di(4-pyridyhbutadiene bridge™.

 (a) R.J. Angelici, Coord. Chem. Rev., 105, 1990, 61; (b) T.A. Waldbach, P.H. van
Rooyen, S.Lotz, Angew. Chem. Int. Ed. Eng., 32, 1983, 710; (¢} 4. Chen, V.G, Young and
R.J. Angelici, J. Am. Chem. Soc., 117, 1985, 6362; (d) J. Chen and R.J. Angelici,
Organometallics, 26, 1988, 3424,

 (a) J. Lam, H. Breter, T. Arnason and L. Hansen, Chemijstry and Biology of Naturally-
occurring Acetylenes and Related Compounds, Eds. Elsevier, Amsierdam, 1988. (b) S-W.
Lai, M.C.W. Chan, K-K. Cheung, S-M. Peng, C-M. Chi, Organometaliics, 18, 1999, 3991.

% J. Nakayama and T. Konishi, Heferocycles, 27, 1988, 1731.

% (a) S. Musmanni and J.P. Ferraris, J. Chem. Soc., Chem. Comm., 1993, 172. (b) J. Yao,
D.Y. Son, Organometaliics, 18, 1999, 1736.

U D. Lorcy, K.D. Robinson, Y. Okuda, J.L. Atwood and M.P. Cava, J. Chem. Soc., Chem.
Commun., 1993, 345,

7K. Yui, H. Ishida, Y. Aso, T. Otsubo, F. Ogura, A. Kawamoto and J. Tanaka, Bufl. Chem.
Soc. Jpn., 62, 1988, 1547,

2 0. Kobayashi, Phosphorus Sulfur, 43, 1989, 187.

7 (a) N.J. Long, Angew. Chem. Int. Ed. Engl., 34, 1995, 21. (b) R.A. Ham and D. Bloor,
Organic Materials for Non-linear Optics, The Royal Society of Chemistry, Cambridge,
Special Publication No. 91, 1991. (¢) 1.S. Lee, H. Seo, Y.K. Chung, Organometallics, 18,
1999, 1091.

* A.C. Ribou, J.P. Launay, K. Takahashi, T. Nihira, S. Tarutani, C.W. Spangler, Inorg.
Chem., 33, 1994, 1325,
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3. Aim of this study

The coordination chemistry of thiophene to transition metals has been extensively studied and
several review articles have appeared in this regard ® ° Thiophene derivatives have been
investigated for materials exhibiting NLO properties. It was suggested that incorporation of metal
centres and thiophene moieties is expected to enhance the conducting properties of the
molecule’. The coordination of transition metals to thiophene moieties has been extended to
include bithiophene’, the most elementary polythiophene. On the contrary, the coordination
chemistry of condensed thiophenes to transition metal moieties has not been studied at all,
although they are considered to be very promising molecules in the field of electro active
materials. A convenient, high-yield synthetic method for the preparation of these ring systems
remains a challenging objective, since such a method may encourage more in-depth research

studies of these systems.

As first objective, the synthesis of Fischer carbene complexes containing condensed thiophene
molecules as ligands was contemplated. Although several Fischer carbene complexes with
thiophene as ligand have already been synthesized’®, the molybdenum analogue was prepared
in this study for comparison with the nove! condensed thiophene complexes. It is well known that
the carbonyl groups of molybdenum hexacarbonyl are more labile than those of chromium
hexacarbonyl or tungsten hexacarbonyl’”’ and therefore lends itself to unique reactivity and
coordination possibilities. Aminolysis of this complex to enhance the stability, was proposed. The
result of this study is discussed in chapter 2. The synthesis of Fischer carbene complexes of
thieno[3,2-b]thiophene, 3,6-dimethylthieno[3,2-blthiophene and dithieno[3,2-b:2",3"-d]thiophene
with group 6 transition metals was devised (figure 1.12). These condensed thiophene units can
act as a conjugated n-system to afford communication between the metal functionalities. The

results of this investigation are addressed in chapters 3 and 4.

® 8. Maiorana, A. Papagni, E. Ligandro, A. Persoons, K. Clay, S. Houbrechts, W. Porzio,
Gazz. Chim. ltal., 125, 19985, 377.

8 (a) J.A. Connor, E.M. Jones, E.W. Randall, E. Rosenberg, J. Chem. Soc., Dalfon Trans.,
1972, 2419. (b) Y.M. Terblans, H.M. Roos, S. Lotz, J. Organomet. Chem., 566, 1998, 133.

7 Ch. Eilschenbroich, A. Salzer, Organometallics, A Concise Introduction, VCH Verlag,
Weinheim, 1892, 232.
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(CO)zLaM%C S /s\
EtO/ \ / \ C/OEt E‘tO\C / \\ // \\ C/OEt
7 Nuycop, co” 8T T Sweo,
M= Cr, W, Mo, Mn M=Cr, W, Mo
L=CO
Ls= Cp, CpMe

Figure 1.12 Biscarbene complexes of condensed thiophene complexes

The structure of a diiron thiophene complex has been reported® and is shown in figure 1.13. This
compound was prepared, reacting the 2,5-dilithiated thienylene species with two equivalents of
[FeCp(CQ),l], for purposes of comparison and the syntheses of similar iron complexes with
thiophene and thienothiophene were thus attempted. The synthesis, stability and reactivity of

these complexes are discussed in chapter 5.

(COYCpFe "/ \‘ FeCp(CO),

\S/

Figure 1.13 Diiron thiophene complex

The second aspect of this study deals with the stability of the dinuclear complexes and the
involvement of the thiophene rings in stabilizing the metal-carbon bonds. It was anticipated that
condensed thiophene rings should afford a more rigid spacer ligand, whereas linear
oligothiophene spacers would be more flexible and probably less stable. In this project, a formal
stability study was not conducted but was simply taken to be represented by the amount of
change in the composition of the complexes over a certain period of time, in solid state as well as
in solution. The stability of the individual complexes was compared relatively to one another.
Explanations were based on electronic and geometrical factors which were deduced from spectral
data recorded in solution and structural data measured in the solid state. Instability resulting from

a favourable entropy factor was not considered and we assumed it to be the same for comparable
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complexes and was hence ignored.

This study represents the initial stage in our laboratories for the design, synthesis and testing of
compounds which display properties of charge transfer via a common spacer ligand for possible

application in material science. Future investigations will focus on:

(iy the synthesis of mixed metal carbene complexes with the objective of creating a naturally
polarized spacer ligand. The creation of a “push-pull” effect by incorporating electron-poor and
electron-rich transition metal fragments in the same molecule is envisaged by varying the metal
atom, different oxidation states of the metal and the ligand environment. The isolation of the
decomposition products in this study, with @ monocarbene moiety and an ester functional group
on opposite sides of the conjugated spacer ligand, indicated the possibilities of utilizing such

systems;

(i) the synthesis of bis-alkyl and biscarbyne complexes and their modification in enhancing the

delocalization of electron density in the ligand system;

(i) the development of a convenient method for the measuring of the magnitude of charge

transfer in -conjugated systems;

{iv) the correlation of spectral data and structural features with charge transfer properties.























http:phosphines.32













EtO
N

Chapter 2: Carbene complexes of Thiophene 28

isolated in lower yields, are the purple complex 4, the orange-red complex 8§, both of which are
even less stable than complex 2, and a yellow organic product, which was found to be the
bis(ester) complex with two ethoxy substituents on the two internal carbon atoms. These
complexes were characterized spectroscopically and the structures assigned were based primarily
on the proton NMR data, infrared and mass spectra. The formation of complexes 4 and 5 is
suggested to have ensued via the route illustrated in figure 2.12. The biscarbene complex 2 was
found to be highly unstable and thus activated for further modifications. It is proposed that one of
the metal fragments of this complex was displaced by a carbonyl group (a). Analogous reactions
involving such a process have been reported*’. Deprotonation of a monocarbene complex is
accomplished by the presence of the TMEDA base and nucleophilic attack on this carbonyl centre
by the deprotonated monocarbene complex (b) affords complex 4, after protonation. Complex 5,
which is analogous to 3, is yielded from the reaction of O, (¢) with complex 4. (compare step d
figure 2.11)

EtO OEt EtO OEt
P I D= . ¢
(CO)sMd” S Mo(CO)s CO)Md” s \c\\
o
L -+

/ o

(00)5Mo
I b

" (CO)5M0
5 4

Figure 2.12 Proposed mechanism for the formation of complexes 4 and §

1 (a) K.H. Détz, B. Fliigen-Késter, Chem. Ber., 113, 1980, 1449, (b) W.D. Wulff, P.-C. Tang,
J. Am. Chem. Soc., 106, 1884, 434,

™~
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The data support the proposed molecular structures of the complexes. The chemical shifts for the
protons of thiophene are at 7.20 ppm for H2 and H5 and at 6.96 ppm for H3 and H4*. On
comparing these literature values with the corresponding values of the complexes, itis evident that
the coordination to a metal fragment has a marked influence on the chemical shifts of the protons.
The protons of the complexes are shifted more downfield than for the uncoordinated thiophene.
Upon coordination to the metal, the carbene moiety causes draining of electron density from the
double bonds of the thiophene ring to the electrophilic carbene moiety. Assignments of the thienyl
protons are based on assignments made by Gronowitz*. From the NMR data of complex 1 it is
observed that the chemical shift of H3 is downfield compared to its position on the spectrum of 2,
while the chemical shift of H4 is upfield. This can be explained when considering the resonance
structures of the complex as shown in figure 2.13. The r-resonance effect affords positive charges
on H3 and H5 respectively and thus deshielding of these two protons emanates, causing the
downfield shift. It is concluded that H3 will shift more downfield than H5 since it is closer to the
carbene moiety. The proton H4, however, is not affected by the resonance effect and its chemical

shift is therefore comparable with the chemical shift of free thiophene.
Hy Hy Hy H

EtO EtO —
- "/A) H \ 5+

[{ﬂ]\// S o f” s

|
o

Figure 2.13 Draining of electrons in monocarbene complex

in the case of the biscarbene complex, 2, the ring protons are affected by two metal nuclei and
the combined withdrawing effect of the two carbene substituents results in an unfavourable
electronic effect. Two positive charges are generated on two adjacent carbon atoms, as shown
in figure 2.14. On considering complex 3, it is clear that both substituents cause draining of
electrons away from the ring but that the influence of the ester group is less profound than the

influence of the carbene moiety since the deshielding of H4 is less than for H3.

“2R.J. Abrahams, J. Fischer, P. Loftus, Introduction to NMR Spectroscopy, John Wiley and
Sons, 1988.

8. Gronowitz, Adv. Heterocycl. Chem., 1, 1963, 1.
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chemical shifts of the OH resonances on the spectra of 4 and 5§ was taken to indicate that the OH
substituent is positioned on the carbon atom nearest to the thiophene ring where the carbene
moiety is substituted by a ester functional group for complex 5. A “push-pull” effect is introduced

in 5, where two different end-groups are present in the molecule.

s / \W [j )'\W /OEt C:O:C—CZK > EN £

(CO)gMo
Figure 2.16 m-delocalization in complex 5

On the spectrum of the organic bis(ester) product, only two quartet signals of equal intensity are
observed in the methylene region, one at 4.05 ppm (J = 7.1 Hz) and one at 4.35 ppm (J = 7.1 Hz).
These two resonances correspond to the methylene protons of the ethoxy functionality on a centre
carbon atom and to a methylene group of an ester end group. The quartet signal associated with
the methylene protons of the ethoxy group of the carbene moiety of complexes 4 and 5, is absent
on this spectrum. The corresponding methy! signals of these two ethoxy groups are observed at

1.49 and 1.37 ppm, respectively.

On comparing the chemical shift values of complexes 4 and § with those of complexes 1, 2 and
3, itis interesting to note that the chemical shift values of the different ethoxy groups are observed
at characteristic positions on the spectra of all the compounds. In general the values correspond
well, especially on relating the resonances of the monocarbene complex 1 and the decomposition
product 3 to the corresponding protons on the spectra of complexes 4 and 5. Complex 5 can be
seen as a combination of these two complexes and it is thus not surprising that the values are very

comparabile.
3.1.2 'C NMR spectroscopy
The *C NMR data of complexes 1-3 are given in table 2.3 while the spectrum for complex 3 is

depicted in figure 2.17. Complexes 4 and 5 decomposed during the recording of the spectra. On

the *C NMR spectrum of complex 4 the following peaks (ppm) were observed and assigned:












Chapter 2: Carbene complexes of Thiophene 37

the formally IR-forbidden B band is observed, due to distortion of the equatorial plane of carbonyls.
Most of the spectra were recorded in dichloromethane as solvent due to solubility problems in
hexane as solvent and hence the A,® and E bands overlap in the spectra. For the spectra
recorded in hexane as solvent both bands are visible and the A, is characteristically observed

as a shoulder on the higher wavenumber side of the E band.

3.1.4 Mass spectrometry

The fragmentation patterns of complexes 1-3 are summarized in table 2.5. A molecular ion peak,
M*, was observed on the spectra for each of the complexes. A general fragmentation pattern was
identified. The fragmentation pattemns of both complexes 1 and 3 are based on the **Mo isotope,

while the pattern for complex 2 is based on one “*Mo isotope and one **Mo isotope.

The fragmentation pattern of complex 2 seems to follow two different routes after the initial
stepwise loss of six carbonyls. For the first route, the loss of the rest of the carbonyls ensues,
followed by the normal degradation pattern with the loss of the ethyl group and then the CO
fragment. The second route have more possibilities, of which one is shown, and involves the loss
of the ethyl and CO groups before disintegration of the rest of the carbonyls. The two different

fragmentation routes are illustrated in figure 2.18.

Table 2.5 Fragmentation patterns of complexes 1, 2 and 3

Complex Fragment ions (I, %)

1 377.8 (17) M"; 349.8 (25) M" - CO; 321.9 (32) M* - 2CO; 293.8 (33) M" - 3CO; 265.8
(69) M” - 4CO: 237.9 (100) M* - 5CO; 208.9 (76) M* -5CO -CH,CH,

2 669.3 (24) M*; 613.2 (10) M" - 2CO; 585.0 (15) M’ - 3CO: 557.2 (15) M* - 4CO; 501.2
(79) M* - 6CO; 473.1 (49) M - 7CO; 445.2 (73) M" - 8CO; 417.2 (54) M* - 8CO; 389.0
(73) M" - 10CO; 360.0 (49) M - 10CO - CH,CH,, 331.1 (54) M" - 10CO - 2CH,CH,;
303.0 (42) M" - 11CO - 2CH,CH,; 275.0 (100) M* - 12CO - 2CH,CH,

3 450.4 (4) M": 422.4 (5) M" - CO; 394.3 (6) M" - 2CO; 366.3 (5) M" - 3CO: 338.4 (12) M
- 4CO: 310.3 (43) M" - 5CO; 281.1 (27) M* - 5CO - CH,CH.; 253.1 (11) M* - 6CO -
CH,CH,; 155.1 (54) C,H,0,5"; 139.1 (22) C,H,08"
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(1.457(8) A) than normal C-C single bonds (1.51(3) A)'®. The Mo-C(carbene) bond length is
comparable with values determined for complexes in literature (figure 2.20) e.g. for
[Mo(CO)sC(OEt)p-Tol] I the M-C(carbene) bond length was calculated as 2.189 A*® and for [(u-
O)}{Mo(CO),C(Ph)OZrCp,)},] Il the M-C(carbene) bond length was calculated as 2.195 A%

Me
Cp Cp
(CO)sMo OEt (CO)Mo

Figure 2.20 Structures of reference complexes | and li

The Mo-C(O) bond length in Mo(CO), is 2.06 A. The average Mo-C(O) bond length in complex 1
was determined as 2.01 A, with the frans Mo-C(O) bond being the shortest due to poorer n-
acceptor properties of the carbene ligand. For the two reference complexes | and Il the
corresponding bond lengths are cited as 2.01 A and 2.02 A, respectively. These values are as
expected significantly smaller than the value estimated for a Mo-C single bond (2.33 A)* and
indicate double-bond character for the molybdenum-carbon carbonyl bonds. The bond angles of
the thienyl ring in complex 1 differ from the angles in uncoordinated thiophene which shows that
the thienyl ring is somewhat more distorted in the complex than in free thiophene, indicating ring

involvement in stabilizing the carbene carbon.

% D. Xiaoping, L. Genpei, C. Zhongguo, T. Youqi, C. Jiabi, L. Guixin, X. Weihua, J. Struct.
Chem., 7, 1988, 22,

9 G. Erker, U. Dorf, C. Kruger, Y. Tsay, Organometallics, 6, 1987, 680.

% Ch. Elschenbroich, A. Salzer, Organometallics, A Concise Introduction, VCH Verlag,
Weinheim, 1992, 229.
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chromium aminocarbene complexes was introduced by Hegedus et af°. It involves the reaction
of Cr(CO).> with tertiary amides in the presence of chlorotrimethylsilane. The reaction is believed
to proceed via nucleophilic addition of Cr(CO).” to the carbonyl group of an amide followed by the
O-silylation of the adduct. Subsequent reaction with an excess of chlorotrimethyisilane affords the
product and elimination of hexamethyldisiloxane ensues, as shown in figure 2.22.

SiMe,
s
0 o O NR!
Me.SiCl Me.SiCl 2
M(COl2 + )k == R NR', ci » R—F—NR) &» (CO)nM:<
R NR‘ ' | _(MeSS‘)QO R
2 M(CO)y M(CO)y ‘

M=Cr,n=5
M=Fe n=4

Figure 2.22 Synthesis of aminocarbene complexes

This method has recently been utilized to prepare iron aminocarbene complexes lacking o-
hydrogens®®. This study has been extended to include the preparation of (u-
bis(aminocarbene)dimetal complexes of chromium and iron® and has led to the preparation of a
mixed chromium-iron bisaminocarbene complex. The general method of preparing chromium
aminocarbene complexes, which involves the aminolysis of alkoxy carbene complexes, can in
principle also be employed to prepare iron aminocarbene complexes, but iron alkoxy carbene

complexes are not as easy to synthesize as the chromium analogues®.

Recently the application of aminocarbene complexes in organic synthesis was undertaken and
substantial differences in the reactivity patterns of these complexes compared to alkoxy carbene

complexes have been observed. For example, aryl(alkylamino)carbene complexes undergo

* R. Imwinkelried, L.S. Hegedus, Organometalfics, 7, 1988, 702.

% D. Dvofak, Organometallics, 14, 1998, 570.

5 M. Havranek, M. Hugak, D. Dvofak, Organometailics, 14, 1995, 5024,
% M.F. Semmelhack, R. Tamura, J. Am. Chem. Soc., 105, 1983, 4099,
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Mo(CO)s (CO)5MC/

EtO\ / \ %
coms” s \

Y

Mo(CO)s

7
Figure 2.23 Reaction of 1 with 1,4-phenylene diamine

Similar results were obtained by Fischer et af°. They reacted the carbene complex
[Cr{CO);C(OCH,)CH,] with several diamines in order to synthesize diaminodicarbene complexes.
The diamines used were benzidine, o-tolidine, 1,3-diaminopropane, 1,4-diaminobutane, 1,5-
diaminopentane, 1,6-diaminohexane and 1,10-diaminodecane. While diaminodicarbene
complexes were afforded for all the aliphatic diamines, only diamino-monocarbene complexes
were obtained for the aromatic diamine compounds. This was in part attributed to the reduced
basicity of the free amino moiety caused by the action of the strongly electron-withdrawing
aminocarbene group on the free amino group through the aromatic system. In aliphatic systems
this effect is much weaker since there is no n-system present and therefore both amino groups
are accessible for bonding. A better approach would be to employ small amines in the aminolysis
of the biscarbene molybdenum complex 2. Reaction of 2 with ammonia in ether resulted in a rapid
colour change from purple to red, but the isolation of new products proved troublesome. Many

products were formed in low yields, some of which were not stable. Chromatography on silica gel

% E.0. Fischer, S. Fontana, J. Organomet. Chem., 40, 1972, 367.
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failed and products were poorly soluble. This approach was abandoned as it had inherent failures,

bearing in mind that the precursor 2 is unstable in etheral solutions.

4.2 Spectroscopic characterization of novel aminocarbene complexes

The aminocarbene complexes 6 and 7 were characterized with '"H NMR-, *C NMR-, infrared
spectroscopy and mass spectrometry. All NMR spectra were recorded in deuterated chloroform

as solvent.

4.21 'H NMR spectroscopy

The proton NMR data of the two complexes are summarized in table 2.7. in the spectrum of 6 two
different broad peaks are observed for the two NH, protons. The Z-proton is more downfield than
the E-proton®. The two NH, proton peaks appear downfield, which is consistent with the double
bond character of the C(carbene)-N bond.

Mills ef af® embarked on a structural study to determine the influence of replacement of the
oxygen substituent (alkoxy carbene complexes} by a nitrogen substituent (aminocarbene
complexes). Structural data indicate double bond character of both the metal-carbon and carbon-
oxygen bonds® . However, the metal-carbon bond has less double bond character in complexes
6 and 7 because of competitive back-donation. Since -NH, is a much better n-donor than -OFEt,
it is expected that the introduction of the nitrogen atom will result in greater double bond character
of the C(carbene)-N bond and less double bond character of the C(carbene)-M bond. This double
bond character of the C(carbene)-NH, is manifested in the deshielding of these two protons (8.2-
8.4 ppm), which usually appear at 2.8-4.0 ppm on a "H NMR spectrum, resulting in a downfield
shift. The same phenomenon is observed in the spectrum of complex 7. In fact, the NH peak is
shifted even more downfield (9.93 ppm) due to the electron-withdrawing nature of the phenyl
diamine substituent, causing deshielding of the N-proton. Coupling constants were employed to

assist in the assignment of the aromatic protons.

P E. Baikie, E.O. Fischer, 0.8, Mills, J. Chem. Soc., Chem. Commun., 1967, 19686.
8 0.8, Mills, A.D. Redhouse, J. Chem. Soc., Chem. Commun., 1966, 814.
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Table 2.7 'H NMR data of complexes 6 and 7

Proton Chemical shifts (8, ppm) and Coupling constants (J, Hz)
HN
5 4
(co)smo,\\c ﬂs Hy Ho
j s -
H e N A
$ MMo(CO)s
8 7

& J o] J
H3 7.72 () 45 7.56 {(dd) 4.0
1.0
H4 7.24 {(dd) 4.5 7.16 {(dd) 4.0
. 4.5 4.0
H5 7.71 (d) 4.5 7.54 (dd) 40
1.0

NH, 8.21 (broad s) - - -

NH, 8.36 (broad s) - - -

NH - - 9.93 (broad s) -

NH, - - 3.89 (s) -
Ph(H,) - - 6.74 (d) 9.0
Ph(H,) - - 7.14 (d) 9.0

The thienyl protons of the complexes are observed in the range 7.1-8.2 ppm with H3 the most
downfield, followed by H5 and H4. On comparing the chemical shift values for H3 in complexes
1, 6 and 7, the chemical shift values decrease in the order 1>6>7. A difference of 0.6 ppm in
chemical shift values of H3 is observed for the different complexes. A possible explanation for this
specific order is that, in complex 1 the thienyl ring donates electron density to the positively
charged carbene carbon to stabilize it, to compensate for the poorer r-donor property of the
ethoxy group. Therefore H3 is deshielded because of the draining of electrons from the ring and

shifts more downfield. In complex 6 the amine group is a relatively better n-donor and lessens the









Chapter 2: Carbene complexes of Thiophene 50

the case of ethoxy substituents. Aryi substituents are generally poor m-donors to the carbene
carbon and as a result carbene complexes with aryl substituents must either have substantial n-
donation from the other substituent or a substantial contribution from limiting form C. Carbene
complexes with i-donor substituents (structures A and B) will have low M-C(carbene) bond orders.

The opposite is true for complexes with poor r-donor substituents (structure C).

@
R R R
© Y, e
Y Ny Ny
@
A B C

Figure 2.24 Limiting structures for carbene complexes

Transition metal carbonyl bonds can be described as two resonance structures (figure 2.25). In
the case of the ethoxy carbene complex, metal n-donation is necessary to stabilize the
electrophilic carbene carbon. Backbonding from the metal to the carbonyl carbon decreases hence
decreasing the M-C(carbonyi) bond order and simultaneously increasing the C(carbonyl}-O bond
order. For aminocarbene complexes, less metal n-donation to the carbene carbon is necessary
since the amine substituent stabilizes the carbene carbon. Backbonding from the metal to the
carbonyl carbon increases resulting in a higher M-C(carbonyl) bond order and a decrease in the
C(carbonyl}-O bond order. This explains the lower stretching frequencies observed on the spectra
of complexes 6 and 7 compared to those of the ethoxy carbene complexes 1-3, which is especially

pronounced in the vibration wavenumber for the A,® band.

@
M—C—0 e M—C==0

Figure 2.25 Resonance structures for M-C-O bonds
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4.2.4 Mass spectrometry

In the mass spectra of complexes 6 and 7 a molecular ion peak, M’, was obtained for each
complex. The fragmentation patterns for both molecules are similar, starting with the initial loss of
the carbonyl ligands. Stepwise fragmentation of the carbonyls is observed, followed by the loss
of the metal. Fragmentation patterns were based on the **Mo isotope. The amine substituent and
carbene carbon remain bonded to the thiophene ligand. This is contradictory to the fragmentation
patterns observed for the ethoxy carbene complexes 1-3 where loss of the ethoxy group precedes

the loss of the metal moiety.

Table 2.10 gives the most important peaks and fragment ions associated with these in the spectra

of the aminocarbene complexes 6 and 7.

Table 2.10  Fragmentation patterns of complexes 6 and 7

Complex Fragment ions (I, %)

6 349.0 (15) M*; 321.0 (10) M* - CO; 292.9 (15) M" - 2CO; 264.9 (18) M" - 3CO; 237.0
(29) M* - 4CO; 209.0 (55) M* - 5CO; 111.0 (39) C,H,SN™; 83.0 () C,H,S*

7 440.0 (0.04) M*; 412.2 (0.3) M" - CO; 356.1 (0.4) M" - 3CO; 328.1 (0.2) M* -4CO; 300.0
(0.7) M* - 5CO; 202.1 (100) C,,H,SN,"; 201.1 (61) C,,H,SN,"; 108.1 (19) C.H,SN*




Carbene complexes of

Thienothiophene

1. General

The interest in thiophenes as molecules with potential electro-optical properties for use as
molecular devices' was recently extended to thieno[3,2-b]thiophenes?. Research in this area has

unfortunately been impeded by the lack of convenient synthetic methods.

All isomeric thienothiophenes are known (figure 3.1). Thieno[3,2-b]jthiophene (I) was first
synthesized by Friedmann® during his studies on the action of suifur on octane and octene under
pressure. Under these conditions dimethylthienothiophene, thiophene and other byproducts were
yielded. Friedman assumed the formation of 3 4-dimethylthieno[2,3-b]thiophene as the result of
octane isomerization, but Horton* correctly identified the product obtained by Friedmann as
thieno[3,2-blthiophene (I). Thieno[2,3-b]thiophene (lI) was the first of the thienothiophene isomers
to be synthesized. Biedermann and Jacobson® prepared Il in 1% yield by heating a mixture of citric
acid and P,S,. Thieno[3,4-b]thiophene (li), an unstable compound at room temperature®, was
prepared by Cava and Pollack’” which involved the thermal decomposition of 1H,3H-
benzo[clthiophene sulfoxide. The fourth isomer, thieno[3,4-c]thiophene (IV), is a condensed

heterocycle with formally tetracovalent sulfur. Derivatives of this isomer were synthesized by Cava

T JM. Tour, Chem. Rev., 96, 1986, 37.

2 J. Nakayama, H. Dong, K. Sawada, A. Ishii, S. Kumakura, Tetrahedron, 52, 1996, 471.
3 W. Friedmann, Ber., 49, 1916, 1344,

* AW, Horton, J. Org. Chem., 14, 1949, 760.

5 A. Biedermann, P. Jacobson, Ber., 19, 1888, 2444.

® H. Wynberg, D.J. Zwanenburg, Tetrahedron Lett., 1967, 761.

" M.P. Cava, N.M. Pollack, J. Am. Chem. Soc., 88, 1966, 4112.
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