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OPSOMMING

Hierdie studie beskryf die sintese en karakterisering van Fischer mono- en
bisetoksiekarbeenkomplekse van wolfram en chroom met gedeprotoneerde N-
metielpirrool (H-P-H), N,N-dimetielbipirrool (H-P-P-H) en  N,N-
dimetielpirrolo[3,2-b]pirrool (H-PP-H) as spasiéringseenhede. Die pirroolderivate is
gemetalleer en ook dubbeld gemetalleer met butiellitium, gereageer met die
metaalheksakarboniele van chroom en wolfram, en daarna het alkilering met tri-
etieloksoniumtetrafluoroboraat die Fischer-tipe karbeenkomplekse gegee. Die
monokarbeenkomplekse  [M(CO)sC(OEt)-brug-H]  en  biskarbeenkomplekse
[M(CO)sC(OEt)-brug-C(OEt)M(CO)s] is geisoleer, gesuiwer met kolom

chromatografie en geherkristalliseer in redelike opbrengste.

Die komplekse is gekarakteriseer met KMR spektroskopie, massaspektrometrie,
infrarooispektroskopie en ultravioletspektroskopie. Oplossingstudies het gewys dat
elektroniese lading na die kationiese karbeenkoolstof atoom oorgedra word vanaf die
suurstofatoom van die etoksiesubstituente, die metaal d-orbitale (t,;) en, veral
belangrik vir hierdie studie, vanaf die heteroaromatiese pirroolsubstituente. In
sommige gevalle kon lang-afstand lading oordrag, via die gekonjugeerde n-orbitale,

opgemerk word.

Kristalstruktuurbepalings is verkry van vier van die komplekse en het nie net die
strukture van hierdie komplekse bevestig nie, maar het waardevolle inligiting gegee
oor die struktuureienskappe in die vastetoestand. Die ringe is in die meeste gevalle
planér (ook in ‘n vlak met die karbeen sp® koolstof), wat m-konjugasie, asook
stabilisering van elektrondightheid oor die brugligand toelaat. In ‘n ander geval is die
twee ringe van bipirrool gedraai weens steriese interaksies van die metielsubstituente
op die pirrool stikstofatome. Konfigurasies van die pirroolringe en

karbeensubstituente is vasgestel en bestudeer.
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Chapter 1

Introduction

1 General

1.1 Dinuclear Complexes with Bridging Ligands.

Hydrocarbons can serve as ¢,6-, 6,m-, and m,n-bound bridging ligands between two
metal fragments. “Early” and “Late” transition metals can be linked with a bridging

hydrocarbon ligand®.

Dinuclear complexes with bridging hydrocarbon chains are formed in most cases
when organometallic nucleophiles are combined with electrophiles. For instance:
reacting [(CO)sRe-(n*-C,H,)]" with [Re(CO)s] gives a bimetallic complex with a C,C
connecting  ethylene  bridge,  [(OC)sReCH,CH,Re(CO)s]>.  Organometallic
nucleophiles, especially [Re(CO)s], can be added to cationic complexes,
incorporating as ligands: allyl, n*diene, trimethylenemethane, dienyl, benzene,
cycloheptatriene and tropylium. As a result, homo- and heterodimetallic complexes
with ¢,n-hydrocarbon bridges are formed. Complex 2 (figure 1) is thermodynamically
favoured. When crystals of the o,n-bonded dinuclear complex 1 were dissolved in

polar solvents, they spontaneously underwent a metal-exchange process to afford 2.

''S. Lotz, P.H. van Rooyen, R. Meyer, Advances in Organometallic Chemistry, 1995, Academic Press,
37, 219-320.

> K. Raab, U Nagel, W Beck; Z Naturforsch. B, 1983, 38, 1466.

*T.A. Waldbach, P.H. van Rooyen, S. Lotz; Angew. Chem. Int. Ed. Engl., 1993, 32, 710-712
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Figure 1: (n'-tpMn, n>-tpCr) — (n'-tpCr, n°-tpMn) thiophene (tp) conversion

Pd(0) catalysts catalyse metal-carbon bond formation in a similar manner than they
catalyse carbon-carbon bond formation. Metal iodides and trialkyltin moieties can
smoothly couple in the presence of palladium, to afford c-acetylides in appreciable
yields'. Lo Sterzo and coworkers® prepared the heterobimetallic complex in figure 2.
Interplay of the two different metal groups may allow a fine-tuning of the properties

of these materials.

S

\ 7/

(CO)Mo—C=C C=C—Fe(CO),

Figure 2: Heterobimetallic complex.

Crescenzi and Lo Sterzo® investigated the coupling reaction of a variety of tin
acetylides with the iron-halide complex CpFe(CO),I, with the formation of an iron
acetylide complex, There are other methods to prepare (o-alkynyl)metal complexes,
by the reaction of metal halides with anionic alkynylating reagents, but the advantage
of their method relies on mild reaction conditions and on the use of easily accessible
transition metal halides and alkynylstannanes. They extended the palladium catalysed
alkynylation reaction to the preparation of metal acetylide complexes containing the
1,3-butadiyne ligand. (A convenient preparation for these types of complexes can give
easy access to the building blocks of the metal-polyyne polymers). The starting
material was recovered unchanged when reactions were run in the absence of the

catalyst, and adding the palladium as PdCl, to the mixture also did not lead to the

*E. Viola, C. Lo Sterzo, R. Crescenzi, G. Frachey, J. Organomet. Chem., 1995, 493, C9-C13.
*E. Viola, C. Lo Sterzo, F. Trezzi; Organometallics, 1996, 15, 4352-4354.
® R. Crescenzi, C. Lo Sterzo; Organometallics, 1992, 11, 4301-4305.



formation of any products. This is evidence that Pd” is the species responsible for the

promotion of the metal-carbon bond formation.

Pd/Cu catalysed C-C cross-coupling and selective desilylation reactions associated
with 4-trimethylsilylethynyl as building block give simple access to several polyynes
derived from 1,4-diethynylbenzene. These reactions allow the step-by-step synthesis
of conjugated poly-ynes with controlled length. They are potentially new precursors
to establish extended m-conjugated rigid systems in organic polymers or bridges

between metals’.

1.2 Transfer of electrons across organic bridges

— Molecular wires.

Organometallic compounds can have a large diversity of oxidation states and ligand
environments. The compounds have great possibilities for redox changes, a property
that is largely associated with the metal centre. Facile redox ability can be seen to lead
to large hyperpolarizability, with the metal centre being an extremely strong electron
donor or acceptor. Organometallic compounds also have advantages in the range and
mix of non-aromatic ligands that can be attached to the metals. These ligands can shift
the occupied and unoccupied metal d orbitals that interact with the n-electron orbitals

of the conjugated ligand system®.

Unsaturated hydrocarbons can act as electronic bridges between metal atoms.” An
important requirement for effective metal-metal communication is conjugation across
the bridging ligands. The rigidity of the bridging ligands has a significant effect on the
metal-metal interaction. Effective metal orbital-ligand orbital overlap is important. By
varying the electron-donating ability of the bridging ligand, the amount of electronic

communication may be modified.

" 0. Lavastre, L. Ollivier, P. H. Dixneuf, Tefrahedron, 1996, 52, 5495-5504.
¥ N. I. Long, Angew. Chem. Int. Ed. Engl., 1995, 34, 21-38.
? W. Beck, B. Niemer, M. Wieser, Angew. Chem. Int. Ed Engl., 1993, 32, 923-949,



The most obvious manifestation of electronic interaction between metal centres
bridged by a common ligand is a separation of the two metal-centred redox potentials
for metals that are apparently in chemically identical environments'®. The d-electrons
of the metal ions are in d(n) orbitals which can effectively overlap with the n-acceptor
ligand and are delocalised across the conjugated bridge. If the one metal centre is
oxidized the second becomes harder to oxidize. The comproportionation constant, K,
expresses the stability of a mixed-valence complex relative to the isovalent states.
When the interaction is strong, the odd electron is evenly delocalised between both
metals. In complexes where the interaction is weaker, the valences are localized in the
mixed-valence state, and there is the possibility of transferring an electron from the
metal in the lower oxidation state to the one in the higher oxidation state (inter-
valence charge transfer, IVCT) within the molecule. Measuring IVCT processes
allows easy assessment of the ability of particular bridging ligands to act as

“molecular wires”.

5'AC-GGCATGGCTT-C-GT

3 TG-C-CGTAC-CGAAGCA |
OEVN\(CHQ}Q/

Figure 3: DNA duplex containing 5-GG-3' doublet oxidation states, modified by
covalent altachment of the functionalised rhodium intercalator.

The DNA double helix can serve as a molecular bridge for photo-induced electron
transfer between metallointercalators. A phi complex of rhodium(lII) binds DNA
avidly by intercalation in the major groove. Barton ef al'' prepared oligomeric DNA
duplexes with a rhodium intercalator covalently attached to one end, and separated
spatially from 5'-GG-3' doublet sites of oxidation. They used the metallointercalator
to introduce a photoexcited hole into the DNA-n-stack. Rhodium-induced photo-

oxidation occurred specifically at the 5'-G and was observed up to 37A away from the

M. D. Ward; Chem Soc Rev, 1995, 121-134.
""'D B. Hall, R.E. Holmlin, J.K. Barton; Nature, 1996, 382, 731-735.



site of rhodium intercalation. The yield of oxidative damage was found to depend
sensitively on oxidation potential and = stacking, but not on distance. These results

raised the question of the possibility that the DNA helix can act as a molecular wire.
Alkynylated Organometallic Structures

Several groups have looked at metal complexes with carbon sp (sp) bridges. Studies
of metal-containing polyenes and polyynes are topical because of the expected novel
properties of these materials. The sp bridge is the most basic and fundamental class of

1'% studied the

ligand of unsaturated organic ligand carbon chains. Fischer ef a
reactions of cationic carbyne complexes with carbonylmetalates. Adding [Co(CO)4]
to the cationic carbyne, [Cp(OC):Mn=CR]", afforded [Cp(OC);Mn=C(R)-Co(CO)4]
with a carbon link between the two metal atoms and could be classified as a possible

electron conductor or molecular wire,

The group of Lapinte'? prepared [Fe (Cp*)(dppe)] (C=C)-(C=C)[(dppe)(Cp*) Fe], and
subjected the compound to cyclo voltammetry analysis (two reversible one-electron
processes). The second iron centre has an elector-donor effect that reduces the first
oxidation potential. The electron-donating bridge is large enough to balance the
electron—withdrawing effect of the positive charge. The one-dimensional-Cs-bridge
acts as a molecular wire to convey the odd electron from the one metal centre to the
other. Strong exchange interactions between the iron centres are propagated through
the orbitals of the bridge. The metal-metal C4 bridge in the half-sandwich series
appears to be much more efficient for electronic coupling of the Fe" and Fe™ centres

than two C, bridges between two ferrocene units.

Lapinte'™ also prepared a much longer alkyne bridge, with eight carbon atoms. The
cyclic voltammogram established that the Cs-bridge acts as a molecular wire,
connecting the electron-rich organo-iron centres (two reversible one-electron

processes). These chains are stabilized by nonreactive terminal substituents.

' E.O. Fischer, JK.R. Wanner, G. Miiller, J. Riede; Chem. Ber., 1985, 118, 3311.

'3 (a) N. Le Narvor, L. Toupet, C. Lapinte; J. Am. Chem. Soc., 1995, 117, 7129-7138; (b) N. Le Narvor,
C. Lapinte; J. Chem. Soc., Chem. Commun., 1993, 357-359; (¢) F. Coat, C. Lapinte, Organometallics,
1996, /15, 477-479.



Other groups'* have prepared similar complexes with Re instead of Fe. The terminal
iron groups are more electron releasing, and diiron complexes are much easier to
oxidize thermodynamically. The E°; and E°; values differ more in the diiron series,

giving a larger value for K.

M—(C=C)—M]e+ % [M=(C=C)xy =M}z +2)+ +_2;- [M=(C—C)x =M@+
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Figure 4: Representative redox states for even carbon chain complexes and the
structure of the dication of (SS,RR)-A%" 2PFs and comparison with organic cumulenes.

A ReCsRe assembly, [(n’-CsMes)(NO)PPhs)Re(C=C-C=C)Re(PhsPYON)(n’-
CsMes)|(A), was isolated in three different oxidation states. The fragment (n’-
CsMes)Re(NO)(PPhs) is sterically congested and strongly m-donating. Addition of
Ag'PF¢ yielded deep blue (SS, RR)- and (SR, RS)-A**2PF, salt. Reactions of (SS,
RR)-A*"2PFs with (SS,RR)-A yielded a green radical cation: (SS,RR)-A"PFs". Cyclic
voltammograms of (SS, RR)-A were recorded and two chemically reversible one-
electron oxidations were identified. Crystal structures established Re=C
conformations that allow for high degrees of overlap of the carbon p acceptor orbitals
and the rhenium d-type HOMO. The IR spectrum of the cation radical complex gives
only one vno band, between the dication and A. The ground state of the radical cation
was concluded to feature a ReC4Re assembly with bond orders intermediate between
A and A*"2PF¢". Higher homologues will have increased numbers of resonance forms

with reduced C=C bond orders and increased C-C bond orders. There 1s a distinct

"M, Rrady, W Weng, ¥ Zhou, I W. Seyler, A. J. Amoroso, A. M. Arif. M. Béhme, G. Frenking, J.
A. Gladysz; J. Am. Chem. Soc., 1997, 119, 775.
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Scheme 1:  Binuclear carbon atoms with an odd number of carbon atoms linking the metal

centres,
MezN\ /W(CO)S
/C—ﬁc—CEC— Hg—C=C—CG=0— \
(CO)s NVe,
Figure §; Trinuclear Complex.

Smith and coworkers'® synthesized directly fused oligoporphyrins sharing a common

extended n electron system based on pyrrole-fused building blocks.

Fullerene dimers connected via molecular active bridges are interesting as they can

find applications in areas such as artificial photosynthesis and novel molecular

B Jaquinod, O. Siri, R.G. Khouwry, K.M. Smith; Chem. Commun., 1998, 1261.






2 Ligands

2.1 N-Methylpyrrole, N,N'-Dimethylbipyrrole and
N,N'-Dimethylpyrrolo[3,2-b]pyrrole.

In this study heteroaromatic spacer units are important components of the unique
ligands. Pyrrole derivatives were chosen and as metallation reactions of the ring
protons are crucial for the forming of carbene ligands, N-methyl derivatives were
used. The three types of pyrrole spacers selected were N-methylpyrrole, N,N'-
dimethylbipyrrole and N,N'-dimethylpyrrolo[3,2-b]pyrrole. The ring protons adjacent

to the nitrogen atom are activated for deprotonation by butyl lithium.

N-Methylpyrrole

@N/ (L1)

[
N N N,N'-Dimethyl
bipyrrole
\ / \ @2)
(|3Hs
N N,N'-Dimethyl
pyrrolo[3,2-b]pyrrol
\_/ (L3)
|
CH;
Figure 7: Spacer units of pyrrole.
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2.2 Aromaticity®.

N-Methylpyrrole is an aromatic molecule. No generally agreed precise definition of
aromaticity exists. Aromaticity has originally been treated as a consequence of the n-
electron structure. The n-electrons provide the frontier orbitals (HOMO and LUMO)
of high polarizability, which consequently control the aromatic properties of the
molecules. Accordingly the concept of hardness (half the HOMO/LUMO gap) is well

associated with the aromatic character of cyclic n-electron systems.
Features and properties of aromatic compounds:
1. (Planar) cyclic delocalised n-electron systems.

2. More stable than their olefinic analogues by an energy called the resonance

energy.

3. With bond lengths intermediate between those of typical single and double
bonds.

4. With a m-electron ring current induced by an external magnetic field leading to
increased diamagnetic susceptibility and typical diatropic [low field] chemical

shifts of exocyclic protons in the "H NMR spectra.
5. Generally undergo substitution reactions more easily than addition.

6. Show higher energy ultraviolet/visible spectral bands and a more symmetrical

structure for their IR spectra.

The formulation of any quantitative definition(s) of aromaticity needs to cover the
different standpoints: firstly that of the molecule in its electronic ground state and
secondly that of reactivity. Most quantitative measures of aromaticity are necessarily

based on an assumption of some reference state.

2T M. Krygowski, M K. Cyrafiski, Z. Czarnocki, G. Hifelinger, A R. Katritzky; Tetrahedron, 2000,
56, 1783-1796.
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Energetic criteria: Resonance energy was the first quantitative measure of aromaticity.
The difficulties inherent in estimating any stabilization energy are (i) the selection of
a proper and sufficiently well-defined reference state, (i) limited precision and
accuracy of the energy determination and (ii1) the perturbation of derived energies by
extraneous effects. Theoretical calculations are another source of energetic

information for molecules and are based on graph-topological models.
Geometric criteria: Bond lengths are used as a criterion of aromaticity.

Magnetic criteria; 'H NMR  spectroscopy is very useful for studying aromatic
character. Exocyclic protons exhibit characteristic low-field (diatropic) chemical

shifts due to the induction of a diamagnetic ring current in a cyclic n-system.

From the point of view of chemical reactivity: Aromatic compounds tend to retain the
n-electron system in their reactions. Electrophilic substitution reactions are more
typical of aromatic compounds than addition reactions, but there are several

exceptions to this rule.

2.3 Conducting polymers.

Polypyrrole films are formed through electrochemical oxidation and polymerisation
of the monomers®. It is thought to form exclusively via o-o' linkages and represents a
conducting organic polymer. Conductivities ranging between 10 and 100 S/cm are
typically obtained. These materials uniquely combine the attractive mechanical
properties of polymers and the electronic properties of metals or semiconductors.
Polypyrrole become conducting when properly doped??. Doping agents prodhice hond
breakings and formations. Polypyrroles are materials with a low degree of
crystallinity. Polypyrroles are a mixture of pyrrolic chains with large weight

dispersion and a mass density usually of the order of 1g/cm®. Structural data obtained

2R 1. Waltman, I. Bargon, A.F. Diaz, J. Phys. Chem., 1983, 87, 1459-1463.
2 (a) R. Colle, A. Curiont; J. Am. Chem. Soc., 1998, 120, 4832-4839. (b) G.B. Street, J L. Bredas; J.
Chem. Phys, 1984, 5643-5648.

12



from polypyrrole samples suggest a structure of a,a'-linked rings in the transplanar

conformation, with an estimated inter-ring distance of approximately 1.43 + 0.09A.

The molecular structures of 2,2"-bipyrrole and 2,2":5',2"-terpyrrole were determined.
The data indicates the rings are coplanar, adjacent rings are connected at the o-
position and alternate, such that the nitrogen atoms point in opposite directions, and
the bond length between the rings is very short, an indication that this bond has
significant double bond character. Colle and Curioni*'* also noted that on increasing
the size of the unit cell, one observes a clear reduction of the single/double bond
alternation that indicates a larger delocalisation of the m-orbitals (there is a trend
towards a larger quinoid character, towards a less pronounced alternation of double
and single bonds in the carbon backbone). Another result was the almost perfect
planarity of the optimised structure of the pyrrolic chains. The counterion in the

oxidation process is crucial for the localization of charge and structural defects.

An electrode that is polymer modified can provide very dense reaction sites”, and
can mediate electron transfer to a solution species. Oxidation-reduction of a
conducting polymer electrode allows ionic species to go into/out of the polymer to
maintain its electroneutrality. The binding capacity of polypyrrole disappears when it

is reduced.

The properties of the conducting pyrrole polymers may be altered by B-substituents;
appropriate substituents should induce a “push-pull” effect on the m-electrons. -
substitution is difficult with pyrrole. (B-substituted thiophenes are much more readily

obtained.)**®

# (a) T. Komura, T. Kobayashi, T. Yamaguti, K. Takahast, Bu/l. Chem. Soc. Jpn. 1997, 70, 1061-1067,
(b) R. ]. Waltman, J. Bargon, A F. Diaz;, J. Phys. Chem., 1983, 87, 1459-1463.
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Scheme 2: Preparation and reactions of the singlet carbene.

Carbenes can be stabilized by coordination to a metal fragment™. The carbene carbon
is connected to the metal via the electron pair in a metal-carbon double bond. The
metal is usually a low-valent Group VI to VIII transition metal {Cr, Fe, Mn), but other
transition metal carbene complexes, especially those of group X have also been
synthesized and studied (Ni(II), Pt(I}), etc).

To obtain a strong metal-carbon o-bond, the use of a strongly directed orbital of the
metal is much more necessary than is required for bonding ligands of the type of
carbon monoxide’”. The formation of stable metal-to-carbon o-bonds may be

considered to require significant p character in order to achieve the desired directional

% H. Rudler, A. Parlier, M. Rudler, J. Vaissermann;, J. Organomet. Chem; 1998, 567, 101-117.
2T 8. Piper, and G. Wilkinson; J. fnorg. Nucl. Chem., 1956, 3, 104-124.
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property for good overlap with the carbon orbitals. The energy of the p orbitals
decreases, relative to the d and s orbitals, in going from the first to the third series of
transition elements. The participation of the p orbitals in the bonding of groups other
than the n-cyclopentadienyl ring should become increasingly easy and the strength of
the metal-to-carbon o-bond should increase with increasing atomic weight of the

metal.

In Fischer carbene complexes one substituent of the carbene acts as a m-donor,
allowing for electronic stabilization of the electron deficient carbene carbon. The
other substituent may be a saturated or an unsaturated group. Ligands with m-acceptor
properties (carbon monoxide, phosphine or cyclopentadienyl ligands) stabilize the

low-valent metal centre.

Some excellent review articles of carbene complexes have appeared in literature®® and
newer studies focuses on the application of carbene complexes in synthesis, or new
novel methods of synthesis. A selection of some interesting results in carbene
synthesis, which appear in literature over the past few years, will be given. They are
acetylide modifications, carbene transfer reactions, vinylidene intermediates, carbene

modifications and multimetal carbene complexes

Carbene complexes have recently been prepared from the reaction of PhC=CH in 2-
chloroethanol with the solvent-cationic complex trans-[Pt(Me)(PPhs ) (solv)|[BF4]. In
the reactions of halo alcohols, in the presence of 1 equivalent of HBF4, with the
acetylides afforded alkylalkoxycarbene complexes frans-[Pt(CH;)(C=CR)(PPhs),] (R
= Ph, p-tolyl)®.

Diaminocarbene complexes are quite stable species, and carbene transfer reactions
between transition metal complexes have been reported””. Diaminocarbene ligands
were transferred from tungsten metal to a palladium centre. This method was also

used to synthesize Pt(II), Rh(I) and Au(I) carbene complexes.

% (3) K. H. Détz, H. Fischer, P. Hofmann, F.R. Kreissl, U. Schubert, K. Weiss; Transition Metal
Carbene Complexes, 1983, Verlag Chemie, Weinheim.; (b) G. Bertrand (Editor); J. Organomet. Chem.
Special Issue: Transition Metal Complexes of Carbenes and Related Species in 2000, 2001, 3-754.

¥ R. A. Micheli, M. Mozzon, B. Vialetto, and R. Bertani; Organometallics, 1998, 17, 1220-1226.
ST Liu, T-Y. Hsieh, G-H. Lee, and S-M. Peng; Organometallics, 1998, 17, 993-995.
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and even some tricarbene complexes. An example of a trinuclear carbene complex of

tungsten is shown in figure 10.

CH,0 W(CO) CH,O W(C0)
. \/ c;io\c,IW(CO)s \/ )
| |

Cz&?—O%?—%—%—%_?—C&?:CWOCHﬁ
CH,  CH CHy O

Figure 10: Trinuclear carbene complex of tungsten.

Rose-Munch et al*® synthesized five new n’-cyclohexadienyl complexes by adding
anionic ~ Fischer carbene complexes of W and Cr to the (-
benzene)tricarbonylmanganese cation. Hydrogen atoms a to the carbene carbon atom
in Fischer carbene complexes are acidic and can be easily removed on treatment with
bases, such as Buli, to form carbene anions or ‘enolates’, of the type
LifML,{C(OR)CH;}]. These anions have been found to add to cationic Re, Cr and

Mo complexes and also cationic Fe cyclohexadienyl complexes.

3.2 Synthesis of Carbene Complexes.

The most general route is the addition of an organolithium nucleophile to a metal
carbonyl to give an acyl metallate, which undergoes O-alkylation by strong alkylating
reagents, like trialkyloxonium salts, alkyl fluorosulfonates or alkyl trifluoro-
methanesulfonates, to form alkoxycarbene complexes. Treating alkoxycarbene
complexes with amine or thiol nucleophiles affords amino and sulfur containing

carbene complexes.

The classical Fischer route®® to metal carbene complexes is given in Scheme 3.

D.W. Macomber, M.-H. Hung; J. Organomet. Chem. 1989, 366, 147-154; (d) D.W. Macomber, P.
Madhukar, R.D. Rogers; Organometallics, 1991, 10, 2121-2126.

3 F_Rose-Munch, C. Le Corre-Susanne, F. Balssa, E. Rose, J. Vaisserman, E. Licandro, A. Papagni, S.
Maiorana, W-d Meng, G. R. Stephenson;, J. Organomet. Chem; 1997, 545-546, 9.
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Hegedus and Semmelhack™ developed an alternative approach (Scheme 4) by

combining an organoelectrophile and a metal nucleophile.

oL’ 0—R3
RILi / RZX /
MICO) (CO)SM:C\ E (C0)5M=C\
R! R!
e 3
M = Cr, Mo, W HS.R3 R
R! = alkyl, aryl, vinyl HN
RX = R%,0%BF,, R2OSO;F R
R3, R4 = H, alkyl §—R3
/ R3
(CO)SM:C\ y N—R4
1
R (COM=C_
Ri

Scheme 3:  Fischer route to metal carbene complexes.

K
M(CO) —» K[MCO)s]

/11 J)\
R NR, R«
0 oK
(CO)SM—é (CO)SM::<
“NR
R R
Me;SiCl Alkevlai
K1 yiation
-Me;SiOK

NR, OR
(CO)SM:< (CO)SM:<
R R

Scheme 4: Hegedus-Semmelhack approach to alkoxy- and aminocarbene complexes.

3 (@) M.A. Schwindt, T. Lejon, L.S Hegedus, Organometallics, 1990, 9, 2814-2819; (b) M.F.
Semmelhack, G.R. Lee; Organometallics, 1987, 6, 1839,
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acid chloride), obviating the need to utilize the aromatic substrate in large excess.
They found that the photochemically activated chromium carbene complexes were
active electrophiles for the intramolecular Friedel-Crafts acylation in the presence of
catalytic or equivalent amounts of ZnCl,, provided at least one activating group is

present in the aromatic system,

O
X R '
X hy R@ X
—
(CO)SCr:< . (c0)40~qc 7 R
R I catalyst R

O

Scheme 8: Generation of carbene complex in which the aromatic system is tethered by the

heteroatom.

The precursors (B-dialkylaminoalkenyl)carbenechromium complexes can lead to a
great variety of products, including cyclopentadienes, complexed fulvenes,
methylenecyclo-pentenones, (aminoalkenyl)cyclopentenones, acylcyclopentenones,
cyclopenta[b]-pyranes and even spiro[4.4]nonatrienes’’. The complex shown in figure
11 reacts with three molecules of arylalkyne in THF to give spiro[4.4]nonatrienes.
When treated with mesitylethyne under the same conditions, complete conversion was

detected after seven days and n’-tricarbonyl(dihydroazepinyl)chromium was obtained.

Me,N
BO SiMe;
(CO)Cr
Figure 11: Carbene complex with a-ene substituents.

Formally, the overall conversion is a [5+2] cycloaddition. Bulky terminal alkynes lead
to (isobutyrylmethylene)pyrrolidines, that arise from a primarily formed -

tricarbonylchromium-complexed formal [5+2] cycloadduct.

Y. Schirmer, T. Labahn, B. Flynn, Y-T. Wu, A. de Meijere; Synlett.; 1999, 12, 2004-2006.
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4 Aim

The objective of this study was to investigate aspects of the synthesis, characterization
and structural features of carbene complexes with heteroaromatic substituents. In the
biscarbene complexes there are extended conjugation, with the conjugation extending
over the rings to the metal-carbene carbon double bond. Such complexes have been

prepared, with a number of organic bridges.

Pyrrole, bipyrrole and pyrrolo[3,2-b]pyrrole were used as carbene substituents and
bridging moieties in chromium and tungsten mono- and biscarbene complexes. The

Fischer method was used to synthesize the new carbene complexes.

The influence of the carbocationic carbene centre on the pyrrole rings was
investigated to see if charge delocalisation could be established in solution (NMR)
and in the solid state (X-ray diffraction). Also, the relative stability of the carbene
complexes with different heteroatom substituents is of interest in our laboratories and
the pyrrole derivatives will be compared with analogues thiophene carbene

complexes.

Additional aspects of interest are the synthesis of the bipyrrole and condensed
pyrrolopyrrole substrates, as well as the conditions required for double metallation

reactions of the substrate.

CHsCHz{)\ CﬂsCHzO\ OCH,CHy
C C
(CO)SNI’? N SPACER—H (©0) 5M'7 “~NSPACER}” C\\MCO)5

~

M=W,(Cr
Spacer: pyrrole, bipyrrole, pyrrelopyrrele
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2 Synthesis.

The biscarbene complex was prepared by lithiating the ligand in the 2 and 5 positions,
according to the method of Karas et al® To a solution of TMEDA in hexane was added
n-butyl lithium, 1n a 1:1 molar ratio. The mixture was stirred, N-methylpyrrole was
added, and the mixture was refluxed. The mole ratio of the pyrrole to butyl lithium was

approximately one to two.

The mixture was cooled and then W(CO)s or Cr(CO)s was added whereby the solution
became very dark. The hexane was removed under vacuum and the metal acylate was

alkylated with the oxonium salt, Et;OBF,.

Separation of the products on silica gel afforded the monocarbene complex in the
tungsten case and the biscarbene product in the chromium case. The monocarbene
chromium product was prepared later from reacting only one equivalent of butyl lithium

with N-methylpyrrole.

r i} ™
N r-BuLi/ TMEDA Li N U N L
;\ /; hexane / THF \@ ’ \@/
&) M(COXx
(i) B+
r e
CHzCHzO\C N CH,CHy O N /OCHCHy
Ni;, " Pe C\\
coM coM T\ [ Tmcoy
M=W *yH M=W  (P2)
Cr (P3) Cr (PH

Scheme 1: Fischer method of carbene synthesis.

* 1 Karas, G. Huttner, K. Heinze, P. Rutsch, L. Zsolnai, Eur. J. Inorg. Chem. 1999, 405,
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C3 1s closer to the carbene carbon than the other two ring protons. It is interesting that
the C4 proton 1s less affected by the carbene than the C-5 proton, even though it les

closer. An explanation for this could be found when one considers the m-resonance

effect:
CH; CH:;
l O
\W / 2 \W(Co)s (_f W(C0)s

g3
Figure 2: Delocalization of electrons in the monocarbene complex.

Positive charges are affected on the C5 and C3 protons, which are deshielded, but not on
C4-H.

For the ring protons, the signals are not clearly resolved and for the ethyl protons there
seem to be two signals. A possible explanation for this duplication is that the product
consists of two isomers. The close proximity of the N-methyl, as well as charge transfer
from pyrrole ring to the carbene carbon could result in restricted rotation around the

C(pyrrole)-C(carbene) bond, resulting in two isomers shown 1n figure 3.

CH3
MC0)5

Q’ s, ﬁ

Figure 3: Restricted rotational isomers.

Biscarbene complex.

The characteristic carbene quartet is seen at 4.96ppm. The spectrum is as expected. A

singlet is seen for the ring protons that are in the same chemical environment. Compared
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3.2.5  Crystal Structure.

Suitable crystals were obtained of the red biscarbene chromium product from a 1:1

dichloromethane: hexane mixture, and the crystal structure was determined.

A ball and stick representation of the structure of Cr(CO)sC(OEt)-P-C{OE)Cr(CO)s is
given in figure 11. Bond distances and bond angles are included, but the full List, with
standard dewviations, i1s given in Appendix B. From the picture, a solid-state structural
feature of importance is the position of the Cr(CO)s fragments with respect to the

pyrrole rings.

The bonds of the pyrrole ring are the same length, due to the electron drawing carbene
carbons, which withdraw electron density from the ring. The Cr-C-C-N dihedral angles
are —-152.4° and +151.4°

The shortest Cr-C(carbene) distances are found when the Cr(CO)s fragment is
competing only with a thio or oxy function’. Replacement of these substituents by an
amino group, a much better n-donor, reduces back bonding from the metal, thereby
lengthening the Cr-C(carbene) distance. As the carbene carbon is increasingly stabilized
by m bonding with the organic substituents, the carbene ligand becomes a weaker n-
acceptor towards the metal The result i1s more n bonding to the carbonyl ligands,
especially the trans-CO ligand. If the back bonding is strongly decreased, significant

shortenming of the trans-CO distance is observed.

The Cr-C(carbene) distance is 2.07A in Cr(CO)sC(OEt)-P-C(OED)Cr(CO). In the
complexes (CO)sCrC(OMe)Ph, (CO)sCrC(OEt)Me and (CO)sCrC(OEt)C=CPh it 1s,
respectively 2.04(3), 2.053(1) and 2.00(2)A" The metal-to-carbene carbon back
bonding is the least in Cr(CO);C(OEt)-P-C(OEt)Cr(CO)s. The three groups attached to the

®U. Schubert; In Transition Metal Carbene Complexes; 1983, Verlag Chemie, Weinheim; 75-83.
" (CO)CrC(OMe)Ph: 0.8, Mills, A.D. Redhouse; J. Chem. Soc. (4),1968, 642-647.
(COCrC(OENOMe: C. Kritger, R. Goddard, Y.-H. Tsay; from ref 7.
(COYCrC(OENC=CPh: G. Huttner, H. Lorenz, Chem. Ber; 1975, 108, 1864-1870.
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sp® hybridized carbene carbon atom compete with each other for bonding to the
formally empty p-orbital on the carbene carbon. There 1s increased n bonding from the

pyrrole spacer ligand, compared to that of methyl and C=CPh substituents.

In Cr(CO)sC(OSiMe;)CH(PMe;) the Cr-C(carbene) bond length is 2.137(7)A, and the
Cr-C(CO,trans) distance is 1.859(8)A". In Cr(CO)sC(OEt)-P-C(OEHCHCO)s, these
distances are, respectively, 2.067 and 1883A. The Cr-C(carbene) distance is shorter,
and the Cr-C(CO, trans) distance is longer in Cr(CO)sC(OEL)-P-C(OEt)Cr(CO)s. There is

thus more back bonding to the carbene carbon, and less to the #rans carbonyl carbon.

7 -charges are given in figure 10'%

119 C'_"'C
T\
\,E/

Figure 10: n-charges.

Selected bond lengths of the monocarbene tungsten complex and the biscarbene

chromium complex are given in table 13. The bond lengths are very similar.

'S Voran, HBlau, W. Malisch, U. Schubert; J. Organomet. Chem. 1982, 232, C33-C40.
12 I M. André, D.P. Vercauteren, G.B. Street, L. Brédas; J. Chem. Phys.;1984, 80, 5643-5648.
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Chapter 3

Carbene Complexes of
Bipyrrole

1 Background

Hexahalogenated 1,1'-dimethyl-2,2-bipyrroles have been found in the eggs of
Pacific and Atlantic Ocean seabirds and in bald eagle liver samples', dramatically
revealing that natural organohalogen compounds are more pervasive in the

environment than previously believed.

In the following complex” the almost coplanar arrangement of the two ring systems
allows an effective m-electron interaction between the N-methylpyrryl group (m-

donor) and the PCN-ring (n-acceptor).

(Me3S i)ZHC"kP /W(CO)S

X =N
I

X =NMe, O, 8§, HC=CH,
Figure 1.  2H-azaphosphirene tungsten complexes.

The carbon-carbon bonds in the pyrryl ring and the inter-ring bond (which i1s
significantly shorter than the corresponding distance in the molecule with X =
HC=CH) are equalized. The C=N bond is longer due to transfer of electron density

to the tungsten.

"' G. W. Gribble, D. H. Blank, J. P. Jasinski; Chem. Commun., 1999, 2195-2196.
2R, Strenbel, S. Priemer, F. Ruthe, P. G. Jones, D. Gudat, Eur. J. Inorg. Chem., 1998, 575-578.
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The syntheses of the following tungsten and chromium carbene complexes were

undertaken:
CH, CH, CH, CH,
| | OCH,CH, CH;CH,0 | | OCH,CH;
N N C/ \C N N C/
A\ Y N\
\ SN\ T weos  cod N\ TN T Nwcoy
M=W P5) M=W (P6)
=(Cr P7) =Cr (P8)

It is important that the two rings be coplanar, for effective communication to occur.
The long-range interactions between the metal centres would be disturbed if the
conjugation were to be disrupted. The capability to do so by some form of external
manipulation would mean that the complex could be used as a molecular switch.
Such a possibility exists with the bipyrrole ligand, but not with the pyrrole and rigid
pyrrolo[3,2-b]pyrrole ligands.

Extended heterocyclic systems have been investigated by a number of researchers.
Jones ef al’ prepared compounds with alternating m-electron-defficient and n-
electron-excessive heteroarenes. They synthesized and characterized simple 2-
(pyrrole-2-yl)pyridines and oligomeric alternating pyrrole:pyridine  systems.
Diketones were converted in high yield into the corresponding pyrroles and 1-alkyl

or l-aryl-pyrroles.

The X-ray structural analysis of the following complexes, prepared by Behrens ef
al', reveals almost coplanar cyclo-Cs and cyclo-C; units in the sesquifulvalene
ligands. In the solid state the electronic coupling is greatly facilitated between the

donor and the acceptor. These complexes have unusually large hyperpolarizability.

3R. A. Jones, M. Karatza, T.V. Voro, P.U. Civeir, A. Franck, O. Ozturk; J.P. Seaman, A P. Whitmore,
D.J. Williamson, Tetrahedron , 1996, 52, 8707.

*U. Behrens, H. Brussaard, U. Hagenau, J. Heck, E. Hendrickx, J. Kérnich, J.G.M. van der Linden, A.
Persoons, A. L. Spek, N. Veldman, B. Voss, H. Wong, Chem. Eur. J., 1996, 2, 98.
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3 Characterization of complexes

3.1 Tungsten Complexes

Moeno- and biscarbene complexes with bipyrrole substituents were obtained and
characterized by NMR, IR and UV spectroscopy and MS spectrometry. The

spectroscopic data is given below and discussed.
3.1.1 NMR Spectroscopy

The 'H NMR data is given in table 1 and the >C NMR data is given in table 2.
PROTON NMR SPECTROSCOPY
Monocarbene complex.

In the mono- and the biscarbene complexes, the N-CHj; signals are slightly shifted
downfield compared to the bipyrrole substrate. The signal of the N'-CH; proton is
shifted downfield as well, which would suggest that there is some conjugation across
the C5-C6 double bond, as some electron density are withdrawn from the pyrrole
ring of which N'is a member. The N alkyl group donates electron density to the ring

(inductive effect).

The signals of C9-, C8- and C7-H are slightly shifted downfield (~0.1ppm) on the
spectra of the monocarbene complex, compared to their signals for the substrate. The
protons of C4 and C3 are shifted downfield by, respectively, 0.2 and 1.5ppm. C3-H
is the most affected. In the monocarbene complex the carbene moiety withdraws

electron density mainly from the ring to which it is bonded.

Figure 3 shows the electron delocalisation in the monocarbene complex. From the
NMR data one would assume that the fourth structure (short range delocalisation)

best shows the situation in the complex.
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Figure 3.  Electron delocalisation in the monocarbene complex.

Comparing the C3-H signal of the complex W(CO);C(OEt)-P-H with the C3-H signal
of W(CO)sC(OEt)-P-P-H, one notices that the the protons are deshielded equally (1.52
and 1.53ppm, respectively). C4-H is slightly more deshielded in the bispyrrole case,

than in the pyrrole case.

Biscarbene complex.

The N-CHj signal is shifted downfield, as was seen with the monocarbene complex.

The signals of the ring protons are shifted by the electron-withdrawing carbene
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moiety, especially that of the C3 proton, that is shifted by 1.5ppm downfield. The
signal of the C4-H is shifted downfield by 0.3ppm.

Although the C3-H’s in the biscarbene complex are slightly less deshielded than the
corresponding resonance in the monocarbene complex, the C4-H resonance is more
deshielded compared to the resonances of the C8-H’s in the monocarbene complex
and those of C3-H and C4-H in the bipyrrole. This indicates the stronger electron

withdrawing effect of two carbene carbons, compared to one carbene carbon.

CARBON NMR SPECTROSCOPY
Monocarbene complex.

The signals of the ring carbons all lie close to each other. By looking at the height of
the peaks and also comparing with the chromium case, for which a 2D HETCOR
experiment was done, the peaks could be assigned. The C2 peak could not be
distinguished from the background. The °C data seems to indicate that the fourth
structure in figure 3 best shows the electron delocalisation in the complex, but the
first structure is also an important contributing structure, indicating that there is

electron delocalisation through the two rings.
Biscarbene complex.

In the complexes W(CO)sC(OEt)-P-H and W(CO);C(OEt)-P-C(OEHW(CO);s, there is a
large difference in the carbene-C values, with the carbene-C being much more
deshielded in the biscarbene complex. In the complexes W(CO)sC(OEt)-P-P-H and
W(CO)sC(OE)-P-P-C{OEOW(CO)s, however, the difference in the carbene-C values is

smaller.
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3 Preparation of the N-methylpyrrole carbene
complexes.

To prepare the 2,5-dilithiopyrrole, the method of Karas ef al* was used. To a solution
of TMEDA (1.75g, 15.9mmol) in hexane was added n-butyl lithium, in a 1:1 molar
ratio. The mixture was stirred for 15 minutes, after which the 1-methylpyrrole
(0.12%9¢g, 15mmol) was added. This mixture was refluxed for 9 hours. The mole ratio
of the pyrrole to butyl lithium was < 4. The solution was initially yellow, but after 9

hours became brown-yellow.
3.1 Tungsten Complexes.

The Schlenk was placed in an acetone/dry ice bath. W(CQO)s (5.27g, 15.0mmol) was
added. The solution became dark. The solvents were removed under vacuum and a
little dichloromethane was added. The solution was cooled to —30°C, and then the
oxonium salt, Et;OBF; (2.85g, 15mmol), dissolved in dichloromethane was added.

The solution was filtered through silicagel to rid it of salts.

The product was transferred to a column and the mono- and biscarbene tungsten
products were obtained after eluating first with hexane and thereafter with hexane-
dichloromethane mixtures. Fractions: orange (monocarbene complex), red

(biscarbene complex).
Yields:
P1: 2592 =353%

P2: 3.825 = 28.6%

2 I Karas, G. Huttner, K. Heinze, P. Rutsch, L. Zsolnai; Eur. J. Inorg. Chem., 1999, 405,
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