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“It was the best of times, it was the worst of times;

it was the age of wisdom, it was the age of foolishness;

it was the epoch of belief, it was the epoch of incredulity;
it was the season of Light, it was the season of Darkness;
we had everything before us, we had nothing before us;

we were all going direct to Heaven, we were all going direct the other way.”

A Tale of Two Cities, Charles Dickens
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Summary

The syntheses of 0,0-bimetallic biscarbene- and o,-bimetallic monocarbene complexes, as well as the
reactivity of the former, were investigated. The metal carbonyls Cr(CO)s, W(CO)s, Mn (n*-C5H,Me)(CO),
and Mn(n’>-C;H;)(CO); were reacted with dilithiated thiophene to synthesize the novel o,0-bimetallic
biscarbene complexes: (CO),L;M{C(OEt)C H,SC(OEt)}ML,(CO),, where M = Cr, W, Mn; L =CO; L,
=1’-CsHMe, n°-CH,. With dilithiated 2,2'-methylene dithiophene; (CO),L,M{C(OEt)C,H,SCH,C H,S-
C(OEt)}ML,(CO),, were obtained. These complexes were fully characterized and formulations were
confirmed by crystal structure determinations for the former. Spectroscopic data indicate the thiophene rings

to act as sources of electron density which stabilize the electrophilic carbene carbons.

Treatment of monolithiated (1)>~thiophene)Cr(CO), with hexacarbonyls afforded in addition to the expected
o,m-bimetallic monocarbene complexes, (n':n*-C,H,SC(OEt)M(CO);)Cr(CO)s, the complexes (n':n°-C,H,S-
C(O(CH,,OEt)M(CO);5)Cr(CO); and M{C(O(CH,),OEt)C,H;S}(CO)s, where M = Cr, W. The formation
of the latter two types is most unexpected and indicates that n-coordination of Cr(CO), to thiophene plays
an important electronic and steric role which leads to an unique pathway in which a THF-ring is opened and
incorporated into the carbene functionality. The o,m-bimetallic monocarbene complex of (1n°-benzo[b]-
thiophene)Cr(CO), was synthesized to enable a comparison with the former. Monolithiation of (n°-benzo-
[b]thiophene)Cr(CO), occured in the 2-position of the thiophene ring and (1':1°-C;H; SC(OEt)Cr(CO);)-
Cr(CO), was afforded in a quantitative yield, thereby proving that m-coordination to the benzene ring is
stronger and more distant from the o-bondeld metal fragment. Related THF-incorporated complexes were

not formed in this reaction.

The stability of the thienylene biscarbene complexes at various temperatures, in different solvents and under
two different inert atmospheres, led to the characterization of the following classes of complexes: I:
(CO),L,M{C(OEt)C H,SC(O)OEt}; II: W{C(OEt)C,H,SC(OEt)C,H,SC(OEt)C,H,SC(O)OEt}(CO); III:
(CO),L;M{C(OEt)C,H,SC(S)OEt}; IV: M{C(OEt)C,H,S-3-[2,5-{C(S)OEt},C,HS}L,(CO),; V: Cr{C-
(OEt)C,H,SC(0)C(0)C,H,SC(O)OELt}(CO); . I was obtained from the decomposition in acetone under
nitrogen and was presumably formed in the reaction between the carbene moiety and oxygen which had
diffused into the system, as no proof of an oxygen transfer from acetone could be found. II was isolated from
the analogous decomposition under argon, thus indicating that the complete elimination of oxygen from a
better equiped system would lead to the formation of new and different types of oligomeric products. III was
afforded by the reaction in CS,, with the exception of I'V, which was yielded, for the chromium biscarbene

in CS,, as well as, hexane. V was isolated from the decomposition in hexane. The result of these studies
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Summary

indicates that as opposed to monocarbene complexes, biscarbene complexes displayed enhanced reactivity

and the reaction conditions control conversion.

The reaction of the thienylene chromium and tungsten biscarbenes with hex-3-yne yielded analogous
monocarbene products, M{C(OEt)(IZCH(EC(OH)C(Et)C(Et)C(OEt)é§}(CO)S, lacking a m-coordinated
Cr(CO);. This is a surprising result for tungsten as the expected product should be the cyclopentathienyl

complex. The result suggests an alternative mechanism for the D6tz reaction and a possible reaction route
is proposed. The reaction of biphenyl acetylene, however, afforded the expected cyclopentathienyl complex,

M{C(OEt)('JCH('IC(Ph)C(Ph)CH(OEt)é§}(CO)S, in two isomeric forms. The analogous chromium reaction

gave the related cyclopentathienyl product, as well as, the expected benzothienyl complex, as two isomers,
with Cr(CO), m-coordinated to either the benzene- or thiophene ring , and the end product lacking the
Cr(CO),-fragment. The isolation of the alkyne inserted intermediate, (CO);Cr{C(OEt)C,H,SC(OEt)C(Ph)-
C(Ph)}Cr(CO)s, emphasises that the stabilization of intermediates by coordination to more than one metal

fragment, highlights the value of bimetallic systems in studying reaction mechanisms.
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Opsomming

Die sintese van 0,0-bimetaal biskarbeen- en o,n-bimetaal monokarbeen komplekse, asook die reaktiwiteit
van eersgenoemde is ondersoek. Die metaalkarboniele Cr(CO),, W(CO),, Mn(n*-CsH,Me)(CO), en Mn(n’*-
CsH;)(CO); is met dubbel gelitieerde tiofeen gereageer om die nuwe 0,0-bimetaal biskarbeen komplekse:
(CO),LM{C(OEt)C,H,SC(OEt) }ML,(CO), te sintetiseer, met M = Cr, W, Mn; L = CO; L, = n°-C,H,Me,
n°-CsHs. Met dubbel gelitieerde 2,2"-metileen ditiofeen is (CO),L;M{C(OEt)C,H,SCH,C,H,SC(OEt)} ML,
(CO), verkry. Hierdie komplekse is ten volle gekarakteriseer en formulerings van eersgenoemde is deur
kristalstruktuur bepalings gestaaf. Spektroskopiese data dui daarop dat die tiofeen ringe as bronne van

elektrondigtheid optree, wat die elektrofiele karbeen koolstowwe stabiliseer.

Behandeling van mongelitieerde (1*-tiofeen)Cr(CO), met heksakarboniele het nie net die verwagte o,n-
monokarbeen komplekse, maar ook die komplekse (n':1°-C,H,SC(O(CH,),OEt)M(CO),)Cr(CO), en M{C-
(OCH,),OEtC H,S}(CO)s, met M = Cr, W, gelewer. Die vorming van die laaste twee tipes is onverwags en
toon dat m-kodrdinasie van Cr(CO), aan tiofeen 'n belangrike elektroniese en steriese rol speel wat tot 'n
unieke roete lei, waartydens 'n THF-ring oopgemaak word en in die karbeen funksionaliteit ingebou word.
Die (n°®-benso[b]tiofeen)Cr(CO), o,m-bimetaal monokarbeen kompleks is gesintetiseer met die doel om met
eersgenoemde te vergelyk. Monolitiéring van (n°-benso[b]tiofeen)Cr(CO), het in die 2-posisie van die
tiofeenring plaasgevind en (n':n®-CsH;SC(OEt)Cr(CO);)Cr(CO), is met 'n kwantitatiewe opbrengs gevorm,
daardeur is getoon dat m-koordinasie aan die benseen sterker en verder verwyder is, vanaf die o-gebonde

metaalfragment. Verwante THF-ingevoegde komplekse is nie tydens hierdie reaksie gevorm nie.

Die stabiliteit van die tiénileen biskarbeen komplekse by verskillende temperature, in verskillende
oplosmiddels en onder twee verskillende inerte atmosfere, het tot die karakterisering van die volgende klasse
verbindings gelei: I. (CO),L,M{C(OEt)C ,H,SC(O)OEt}; II: W{C(OEt)C,H,SC(OEt)C,H,SC(OEt)C,H,S-
C(0)OEt}(CO),; IIT: (CO),L,M{C(OE)C,H,SC(S)OEt}; IV: M{C(OEt)C,H,S-3-[2,5-{ C(S)OEt},C,H,]}-
L,(CO),; V: Cr{C(OEt)C H,SC(0)C(O)C,H,SC(O)OEt}(CO)s. Iis verkry vanaf die ontbinding in asetoon
onder stikstof en is waarskynlik gevorm tydens die reaksie tussen die karbeen funksionaliteit en suurstof wat
in die sisteem ingediffundeer het, aangesien geen bewyse van 'n suurstofoordrag vanaf asetoon gevind kon
word nie. I is geisoleer vanaf die analoé ontbinding onder argon, wat dus toon dat die algehele eliminasie
van suurstof vanuit 'n beter toegeruste sisteem tot die vorming van nuwe en verskillende oligomeriese
produkte. III is gelewer tydens die reaksie in CS,, met die uitsondering van I'V, wat gevorm is vir die chroom
biskarbeen in CS,, asook in heksaan. V is geisoleer vanaf die ontbinding in heksaan. Die resultaat van hier-

die studie toon dat in teenstelling met die monkarbeen komplekse, biskarbeen komplekse verhoogde reaktiwi-
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teite toon en dat die reaksiekondisies omsettings beheer.

Die reaksie van die tiénileen chroom en wolfram biskarbene met heks-3-yn het analo€ monokarbeen produkte,

M{ C(OEt)QCH('ZC(OH)C(Et)C(Et)C(OEt)é§}(CO)S, waarvan die m-gekodrdineerde Cr(CO) ontbreek,

gelewer. Hierdie is 'n verbasende resultaat vir wolfram, aangesien die verwagte produk die siklopentatiéniel
kompleks sou moes wees. Die resultaat stel ‘n alternatiewe meganisme vir die D6tz reaksie voor en 'n moont-
like roete word voorgestel. Die reaksie met bifenielasetileen, gee egter die verwagte siklopentatiéniel kom-

pleks, M{C(OEt)QCH(r:C(Ph)C(Ph)CH(OEt)C§}(CO)S, as twee isomeriese vorms. Die analoé chroom reak-

sie lewer die verwante siklopentatiéniel produk, sowel as die verwagte bensotiéniel kompleks, as twee iso-
mere, met Cr(CO); n-gekodrdineerd aan hetsy die benseen- of tiofeenring, en die eindproduk sonder die
Cr(CO),-fragment. Die isolering van die alkyningevoegde intermediér, (CO);Cr{C(OEt)C,H,SC(OEt)C(Ph)-
C(Ph)}Cr(CO)s, beklemtoon dat die stabilisering van intermediére deur kodrdinering aan meer as een

metaalfragment, beklemtoon die waarde van bimetaal sisteme tydens die bestudering van reaksiemeganismes.

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



List of Abbreviations

Ar

br

Bu

BT

Bz
C(Ph)(H)NNC(Ph)H

DPPE
DME
DMSO
EPR
Et

"

Fc
HMPT
IR

MDT

Me
MeCp
MS
NMR
n.o.

Pet. ether
Ph

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021

Aryl substituent

broad

butyl

Benzothienyl / Benzothiophene
Benzene

Benzalazine

1°-CsMe;

n’-CsH;s

doublet

Dibenzothiophene

Dichloromethane

doublet of quartets

doublet of triplets

N, N '-Diphenyl-1,4-phenylenediamine
1,2-Dimethoxyethane
Dimethylsulphoxide

Electron Paramagnetic Resonance Spectroscopy
ethyl ,

number, n, of ring atoms bonded to the metal in a n-ring fashion
Ferrocenyl, (n*-CsHs)Fe(n®-C,H,)
Hexamethylphosphoric triamide
Infrared Spectroscopy

multiplet

2, 2'-methylene dithiophene

methyl

n°-CsH,CH,

Mass spectra

Nuclear Magnetic Resonance Spectroscopy
not observed

Petroleum ether 40-60°C

phenyl



List of Abbreviations

ppm : parts per million

q : quartet

R, : n, number of fluoro substituents
] ; singlet

sh : shoulder

Th : Thienyl / Thiophene

THF : Tetrahydrofuran

TLC : Thin layer chromatography
TMS-Cl1 : Trimethylchlorosilane
TMEDA : Tetramethyl ethylene diamine
t : triplet

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



List of Compounds

1: (CO);Cr{C(OEt)C,H,SC(OEt)}Cr(CO)s

EtO\C ‘@-C 0t
Ve A\

(CO)CT S Cr(CO),

2: (CO)s;W{C(OEt)C,H,SC(OEt)} W(CO),
EO OEt
(CO)SV‘/ S \W(CO)S

3: (1°-CH,CH,)(CO),Mn{C(OEt)C,H,SC(OEt)}Mn(CO), (n’-CsH,CH,)

Eto\ ‘@‘ /OEt
ne~Oh i’ N )
CO/Mn\CO S CO/Mn\CO

4: (m*-CH,)(CO),Mn{C(OEt)C,H,SC(OEt)}Mn(CO), (n*-C,Hj)

EtO\ @ /OEt
G A<D
CO/MD\CO S CO/Mn\CO

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



List of Compounds

(CO)sCr{C(OEt)C,H,SCH,C,H,SC(OEt)}Cr(CO)s
(CO), Cr —@ / \ C\Cr(CO)
(CO);sW{C(OE)C,H,SCH,C,H,SC(OEt)} W(CO);
(CO), V\/ [)\ / \ C\W(CO)
(n*-C5Hs)(CO),Mn{C(OEt)C,H,SCH,C,H,SC(OEt)} Mn(CO),(1’-CsHs)

(' m3-C,H,SC(OEt)Cr(CO)5)Cr(CO),

/ \ C/OEt

(CO),Cr

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



List of Compounds

10:

11:

12:

13:

(M"'1%-C,H,SC(OE)W(CO),)Cr(CO),

/ \ C/OEt

S \W(CO)
(CO),Cr ’

Cr{C(O(CH,),OEt)CH,S}(CO)s

a2

\Cr(CO)S

W{C(O(CH,),OEt)C,H,5}(CO)s

LA

S W(CO),

(n"n’*-C,H,SC(O(CH,),OEt)Cr(CO)5)Cr(CO);

C
S \

I\ AN NN
\

Cr(CO),
(CO),Cr

(n'm?-C,H,;SC(O(CH,),OEt)W(CO);)Cr(CO),

ALV AVAWAN

C

S \W(CO)S

(CO),Cr

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



List of Compounds

14: (M"'1°-CeH;SC(OEL)Cr(CO)s)Cr(CO),

IO -

(CO),Cr

—le)

Cr(CO)

S

15: Cr{C(OEt)CgHsS}(CO)s

@@ /7

]
Cr(CO),

16: Cr{C(OEt)C,H,SC(O)OELt}(CO)s

EtO\C /:\ C/O
/ 3 \oa

(COYe

17: W {C(OEt)C,H,SC(0)OEt} (CO);

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



List of Compounds

18: Mn{C(OEt)C,H,SC(0O)OEt}(n*-C;H,CH,)(CO),

EtO 0
I G W
HBC‘@\/M'( S \OEt

co co
19: W {C(OEt)C,H,SC(OEt)C,H,SC(OEt)C,H,SC(O)OEL}(CO);
OEt OEt — OFEt o
N\ L\
Pis C C c\
(CO)SV&/ S S S OFt
20; Cr{C(OEt)C,H,S-3-[2,5-{C(S)OEt},C,HS]}(CO)s

21: W {C(OEt)C,H,SC(S)OEt}(CO);

EtO\C @_C /s
(CO)SW/ S N

OEt

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



List of Compounds

22: Mn{C(OEt)C,H,SC(S)OEt}(n’-C;H,CH,)(CO),

EtO\C /:—\/\ C J s
HaC‘@\/wh( S Nom

CO COo

23: Mn{C(OEt)C,H,S-3-[2,5-{C(S)OEt} {C(0O)OEt}C,HS)1}(n’-CsH,CH;)(CO),

C=—0
EtO\ / \
C
Hzc“@\m/ S
CO/ \CO
24: Mn{C(OEt)C,H,SC(O)OEt}(n’-CsH;)(CO),
EtO,
N | \3
Cad <
OEt
25: Mn{C(OEt)C,H,SC(S)QEt}(n*-CsH)(CO),

@%@\

OEt

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



List of Compounds

26: Cr{C(OEt)C,H,S-3-[2,5-{C(O)OEt},C,HS]}(CO);

EtO
C=0

EtO I
e VLN

7 NN

(CO)Cr
C

/\O

EtO
27: Cr{C(OEt)C,H,SC(0)C(0)CH,SC(O)OEL}(CO)s

S I W
7 N NN,
0 t

(CO)C

O—=0

28: Cr{C(OEt)(lZCHéC(OH)C(Et)C(Et)C(OEt)L?S}(CO)S

OH

Et

S

O~

Et |
OFEt (.lr(CO)S

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



List of Compounds

29: W{C(OEt)(;CHéC(OH)C(Et)C(Et)C(OEt)('J$}(CO)S

OH

Ol o

Et S ﬁ/
OFt W(CO),
30a: Cr{C(OEY)CCHCHC(Ph)C(PR)C(OEDLS }(CO);
Ph
/OEt
o \ 4
S Cr(CO)s
OEt
30b: Cr{C(OEYCCHCC(Ph)C(PR)CH(OE)CS }(CO);
Ph
/OEt
ph )
AN
S Cr(CO),
H Et
31a: W{C(OEY)CCHCHC(PR)C(Ph)C(OEDLS} (CO);
Ph
/OEt
o N\
AN
S W(CO),
OFt

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



List of Compounds

31b: W{C(OE{)CCHCC(Ph)C(Ph)CH(OEHCS}(CO)s

Ph

o I

32: (CO)sCr{C(OEt)C,H,SC(OEt)C(Ph)C(Ph)} Cr(CO)s

EIO\C / \ OEt
S

Ph
(CO)SCr/

Cr(CO),

33a: {n' :n6-§éC(OEt)C(Ph)C(Ph)C(OH)('ZCH(JSC(OEt)Cr (CO)53Cr(CO),

OH

Ph

Ol .

Ph S ﬁ
C

(CO)Cf  OEt r(CO),

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



List of Compounds

33b:

34:

{n'm*-$CC(OEHC(Ph)C(Ph)C(OH)CCHCC(OEHCr (CO)s}Cr(CO);]

OH
Ph Cl‘(CO)3
OEt
S C/
Ph l
OEt Cr(CO),

Cr{C(OEt)(LiCHéC(OH)C(Ph)C(Ph)C(OEt)ClS}(CO)S

OH

Ph

:: OEt
S c”
Ph |
C

OFt r(CO),

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



Introduction

1.1 General Introduction

Fundamental research in organometallic chemistry has been stimulated by the industrial application of
especially catalytic reactions.' In the area of application of organotransition metal chemistry to organic
synthesis where reactions are mostly stoichiometric as opposed to catalytic, new and efficient synthetic
methodologies are being developed. Extraordinary regio- and stereoselectivities are exhibited in many of

these transformations and complexes are designed to control the stereochemistry of conversions.?

The rapid development that has taken place in this field of chemistry is clearly demonstrated by carbene
complexes, examples of which are now known for almost all transition metals.> These compounds are not
only suitable as carbene-transfer agents but also undergo interesting reactions, eg. cycloadditions with other
ligands in the metal coordination sphere. The manipulation of these requires techniques no more complicated
than those for Grignard reactions. However, only a few examples of conjugated biscarbene complexes or
bimetallic complexes with o,0-coordinated bridging carbene ligands or with o,m-coordinated bridging

monocarbene ligands have been reported.

Thiophene is a remarkable molecule with pseudo-aromatic character and displays diverse coordination
abilities towards transition metals.* Thiophene is also an excellent conductor exhibiting superior charge
distribution properties when found in polymeric chains.® Studies relating to the hydrodesulphurization of

thiophene revealed much of thiophene activation by transition metals.®

Renewed emphasis has been placed on the design and synthesis of materials with polymeric, conducting and
optical properties.” Commercialization of organic materials as polymers, polymers with conducting
properties, liquid crystals or devices with nonlinear optical properties have stimulated widespread interest
in the preparation of organometallic compounds exhibiting these features.® The incorporation of transition

metals into polymer main chains promises to give access to speciality materials displaying unusual and
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2 Chapter 1: Introduction

attractive electrical, optical magnetic and preceramic properties. Two important features which are required

of such materials are m-conjugation and metal communication within or via the unique ligand.

Another area that is receiving increasing interest is the activation of organic substrates by more than one
transition metal.>® In the past two decades, cluster synthesis and cluster reactivity have developed into
surface chemistry whereby organic transformations are now being studied on the surfaces of metals." 2
However studies relating to metal-metal communication through organic substrates and not via metal-metal
bonds, are only now beginning to receive attention.” Systematic studies into substrate activation by two or
more independent and totally different transition metals have been hampered by the lack of availability of

sound synthetic methods.?

1.2 Mononuclear Complexes with Unsaturated Metal-to-Carbon Double Bonds

1.2.1 Carbene Complexes

Complexes containing formal metal-to-carbon double bonds, the so-called carbene complexes have been
isolated since as early as 1915'° but were recognized as such only 55 years later."! The first stable transition
metal carbene complex was prepared by Fischer and Maasbol in 1964.'2 Today two bonding extremes for
carbene complexes are known,* the first being Fischer carbene complexes, which are electrophilic carbene
complexes of transition metals like chromium, molybdenum, tungsten, iron, ruthenium, rhenium and
manganese, Figure 1.1 (a). These are rcadil)lf synthesized by the reaction of the air stable, crystalline metal
carbonyls with a range of organolithium reagents. These carbene complexes have a very rich chemistry and
undergo reactions at several sites. The second type, the Schrock carbene complexes, are nucleophilic carbene
complexes and represent the opposite extreme of reactivity and bonding from the electrophilic carbene
complexes. These are often formed by metals in high oxidation states (often d°) with strong donor ligands,
such as alkyl or cyclopentadienyl, and no acceptor ligands. The carbene ligand is often simply a methylene

or alkylidene substituted methylene =CR, group, Figure 1.1 (b).

OR' R

/
AN

M]J—C M]=C
Ny )

(@) (b)
Figure 1.1 (a) Fischer Carbene Complexes; (b) Schrock Carbene Complexes
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Transition metal carbene complexes have become increasingly more important as starting materials for the
synthesis of organic compounds or as precursors for new organometallic complexes.?® These metal carbene
complexes are known to undergo a variety of reactions; (i) reactions with nucleophiles (eg. aminolysis and
related reactions, formation of ylide complexes, addition of carbon- and transition metal nucleophiles), (ii)
addition-rearrangement reactions (eg. metal-heteroatom bond formation, modification of the carbene side
chain, formation of metal n-complexes), (iii) substitution reactions (eg. substitution of a non-carbene- or
carbene ligand), (iv) reactions with transition metal nucleophiles, (v) reactions with electrophilic reagents
(synthesis of neutral and cationic transition metal carbyne complexes, rearrangement to carbyne complexes),
(vi) oxidation and reduction reactions and (vii) carbene transfer reactions (intermetallic transfer,

cyclopropanation, synthesis of heterocycles, insertion reactions). ¢
1.2.2 Cumulene- and Related Complexes

Metallacumulenes, M(C),CR, constitute a new class of organometallic compounds containing a carbon-rich
unsaturated chain with a M=C linkage, Figure 1.2 (a). As unsaturated molecules they have the potential for
the access to metal containing copolymers exhibiting useful material properties.!*> The M=C bonds offers
useful applications in the fields of organometallic, as well as, organic synthesis. Vinylidene complexes (R=H)
represent the simplest unsaturated carbene complexes of this class of compounds and contain in addition
to a metal-to-carbon double bond, one carbon-to-carbon double bond, MCCR,, Figure 1.2 (b). Excellent
review articles on vinylidene complexes by Stang'‘and Bruce'® are available. Vinylidene complexes are
prepared by one of the following methods; from (i) 1-alkynes, (ii) metal acetylides, (iii) deprotonation of
carbyne complexes, (iv) acyl complexes, (v) v/inyl complexes, (vi) olefines, (vii) disubstituted alkynes, (viii)

vinylidene ligand transfer and (ix) modification of the vinylidene ligand.

Allenylidene complexes differ from vinylidene complexes, in that these complexes contain two carbon-to-
carbon double bonds in addition to the metal-to-carbon double bond, MCCCR,'®'", Figure 1.2 (c). Although
the first allenylidene complexes were discovered in 1976'%*"® and despite their potential in synthesis due to
their cumulene and M=C functionalities, the chemistry of these complexes is only now beginning to be
explored. The use of allenylidenes is, however, limited by the lack of general methods of preparation. They
are generally obtained via (i) transformation of alkenyl- and alkynylcarbene complexes'®* '* and (ii)
coordination of a C, skeleton dianion, either [C=CC(R),0]* or Li,C;Ph,’. The most straightforward method
of access appears to be the method employed by Selegue and co-workers® which comprises the reactions of
alkyne-3-ols with metal complexes eg. [RuCpCI(PR,),] in polar media that lead to the formation of
hydroxyvinylidene intermediates, which spontaneously dehydrate in siru to yield allenylidene complexes.
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M=—=C(O)CR, M=—=C=——=CR M=——C C——CR,

(a) (b) (©)

Figure 1.2 (a) Metallacumulenes; (b) Vinylidene Complexes; (c) Allenylidene Complexes

1.3 Binuclear Complexes with Unsaturated Metal-to-Carbon Double Bonds

1.3.1 Novel Carbon Compounds Containing '"Naked" C, Units

During recent years, however, a new class of compounds exhibiting unique properties for application in
materials® and as model systems for surface carbides in heterogeneous catalysis” has become significant.
These are compounds in which linear carbon chains C, (n = 1-5 ) bridge either similar or different metal
fragments, Figure 1.3. Compounds containing "naked" C, units (n = 1, 2, 4), bridging similar transition metal
building blocks, have already been documented.®> * However, complexes with C, (# = 1 - 5) which link
different transition metal complex building blocks have only recently become accessible.”**. The isolation
of these compounds reveals that the highly reactive carbon units C, (» = 1-5) can be stabilized by suitable
terminal building groups. The synthesis of these new compounds particularly those containing
organometallic substituents is surprisingly simple. The modification of the alkyne precursors offers a
fascinating perspective for the preparation of novel organic chains. In a wider sense it is also conceivable
that alkyne-containing metal complexes with conjugated carbon bridges between different terminal groups
could find potential application as signal transformers in nonlinear optical materials and perhaps even as
molecular wires. Finally, applications in the field of material sciences may also be possible in which the

inherent mechanical stability of the C,-chains plays an essential role.
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Figure 1.3 Examples of Compounds with Linear Carbon Chains (a) Similar or (b) Different Metal

Fragments
1.3.2 Conjugated Bridging Ligands

Related to the above are the bridged mixed valence complexes of iron, which have been isolated by Lapinte
et al* In these complexes the two metal building blocks differ due to the odd-electron delocalization on the
two metal centres, over the bridging ligand, which in these complexes are not comprised of linear carbon
chains only, but also contain a conjugated ring, (benzene ring). These complexes constitute examples of
polymetallic derivatives in which intramolecular long-distance electron transfer occurs and thus also have

potential application in the fields of solid state chemistry, and the emerging field of molecular electronics.

Polyene segments are widely recognized for their ability to allow long-distance electronic coupling through
n-delocalization. The first transition-metal mixed valence complexes with polyenediyl bridges were reported

by Sponsler efal.? These delocalized mixed-valence Fe'/Fe™ complexes with butadienediyl bridges were

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



6 Chapter 1: Introduction

prepared by the one-electron oxidation of the corresponding Fe'/Fe" complexes [CpFe(CO)(L)],(p-
CHCHCHCH), where L = CO, PMe;, or PPh,, Scheme 1.1. The phosphine analogues were prepared by the
photochemical substitution of the complex containing L = CO. These complexes are members of the

multistage redox systems, X(CHCH),X, a general class from which many organic examples have been

characterized.?

@

Co
Fe L L
L/| \/\/\le/ —e
Co
L=CO; PMe,; PPh, lke
D co
L/I‘:e\/\/\l‘e/ll
Co ®

Scheme 1.1

Another related class of complexes are the enyne and vinylalkenylidene complexes which were synthesized
by Casey and co-workers.”’” These complexes, however, differ somewhat in that they contain one transition

metal building block only, which is coordinated to either the enyne or the alkylidene.

1.4 Complexes with n-Coordinated Ring Ligands

At first many examples of novel sandwich and half-sandwich complexes were synthesized and characterized,
concentrating on synthetic strategies and structural features.>® The ring ligands involved may be isolated
double bonds such as in cyclooctadiene or conjugated m-rings such as cyclopentadienyl, benzene, etc., or

increasingly more important pseudo-aromatic five or six membered rings containing a heteroatom. More
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recently, however, attention has shifted to the activation of simple unsaturated organic substrates by transition
metals and the resulting electronic and steric properties are being exploited to facilitate unique conversions
and to synthesize novel compounds. In this respect regio controlled- and stereospecific syntheses have proven
to be valuable assets in modern organic chemistry.® Metal complexes have now become a part of the tools
available to the organic chemist for designing and accomplishing the synthesis of target compounds. Also,
in the quest for materials with exceptional properties the possibility of distributing the charge from a metal
via m-arene ring ligands onto other fragments appears very attractive and presently considerable effort is

being inserted into this field of chemistry.

It is possible to introduce a second metal fragment as a substituent of the -bonded ring ligand and study
the effects of metal-activation on the bridging ligand in both the o- and nt-frame of the common ligand.
The o-bonded metal fragment, when bonded directly or via a conjugated spacer will be in direct contact
with the m-bonded metal fragment via n-resonance effects. Recently it was discovered in our laboratories
that this type of communication in (n':1’-C,H;SMn(CO);)Cr(CO), leads to an unprecedented metal

exchange process whereby the Mn and Cr exchange coordination sites.”®

1.5 Synthesis and Application of Transition Metal Carbene Complexes
from Metallated Thiophene

In this study we decided to embark on a course of synthesizing bimetallic 0,0-biscarbene and o,7-
monocarbene complexes. Although we are also interested in metal-metal communication through -
delocalization of bimetallic compounds via bridging, the advantages of activating organic substrates by
more than one metal centre for synthetic purposes is the foremost aim of this study. Ligand activation
may be of a local nature and with a specific objective, as is the case when no direct path for electronic
contact between metal centres exists. On the other hand, when a conjugated link is employed, activation
may be of a co-operative nature and lead to enhanced activation of the substrate. Furthermore, two metal
centres could lead to the stabilization and trapping of an otherwise unstable intermediate, hence making
characterization possible, and thereby offering insight into the relevant reaction mechanism, as well as, an

opportunity to improve and exploit synthetic aspects of the reaction.

It is well-known that thiophene can be either singly or doubly lithiated with relative ease at low
temperatures, which makes it ideally suited in the synthesis of Fischer type mono- or biscarbene

complexes.”
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The above mentioned considerations thus prompted an investigation, firstly, into the synthesis of three
different types of Fischer carbene complexes with thiophene. The first type are the 6,0-bimetallic
biscarbene complexes, in which thienylene acts as a conjugated n-system to enable direct contact between
the two metal carbene functionalities, Figure 1.4. These complexes were successfully prepared

employing the metal carbonyls Cr(CO),, W(CO)s, Mn(MeCp)(CO); and MnCp(CO),, and were
subsequently studied.

EtO\ / \ /OEt

C C
N\
(CO),LM S \ML3(C0)2
M =Cr, W, Mn
L =CO
L;= MeCp, Cp

Figure 1.4 o,0-Bimetallic Thienylene Biscarbene Complexes

The second type are 0,0-bimetallic biscarbene complexes of 2,2'-methylene dithienyl, (MDT), in which
the two thiophene units cannot act as a conjugated n-system to afford communication between the two
metal functionalities, but in which ligand activation may be of a localized nature, Figure 1.5. These
complexes were successfully prepared for the metal carbonyls Cr(CO)s, W(CO)s and MnCp(CO);.

EtO\C / | \ / \ C/OEt
(CO)2L3M/ S /C\ S \MLS(CO)Z
H H

M =Cr, W, Mn
L =CO
L;= Cp

Figure 1.5 o,0-Bimetallic MDT Biscarbene Complexes

The third type of carbene complexes to be synthesized are the 0,m-bimetallic monocarbene complexes of
thiophene and benzothiophene, Figure 1.6 (a) and (b). With this the effect on the carbene environment by
T-conjugation to two different types of aromatic rings, (thiophene ring or benzene ring) is investigated, to
determine whether this will affect the formation of carbene complexes in any way. The aromatic ring was

n-coordinated to Cr(CO), and the monocarbene complexes of thiophene were synthesized for Cr(CO),
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and W(CO)s. The monocarbene complex of benzothiophene was synthesized for Cr(CO), only, for

comparison.
OEt
(< U om
s N\
(CO),Cf M(CO) (CO),CY S ﬁ
M=Cr, W Cr(CO),
(a) (b)

Figure 1.6 (a) o,n-Bimetallic Thienyl Carbene Complexes; (b) o,n-Bimetallic Benzothienyl

Carbene Complex

The second main objective of this study was therefore, to test the reactivity of the new o,0-bimetallic
biscarbene complexes of thiophene. Two main types of reactions were considered, the first being
decomposition patterns of the biscarbene complexes, in which the stability of these carbene complexes in
different solvents and at different temperatures was investigated. For this purpose solvents like acetone,
carbon disulphide and hexane were employed. The studies in acetone were done at room temperature,
whereas those in carbon disulphide and hexane were done at elevated temperatures. The second type of
reaction investigated was the reaction with alkynes, in this study the alkynes, hex-3-yne and biphenyl
acetylene were employed. The objective again being the comparison of reactivities with monocarbene
complexes and an attempt to possibly isolate an intermediate of this well-known reaction.®¢ If
successful, the latter would represent another method of studying reaction mechanisms and in the process

highlight the use of bimetallic systems.

1.6 References

(1) (a) G. Siiss-Fink, G. Meister, Adv. Organomet. Chem., 1993, 35, 41.
(b) D. M. Roundhill, Adv. Organomet. Chem., 1995, 38, 155.

(2) (a) J. P. Collman, L. S. Hegedus, J. R. Norton, R. G. Finke, “Principles and Applications of
Organotransition Metal Chemistry”, University Science Books, Mill Valley, Ca., 1987.
(b) P. S. Braterman, “Reactions of Coordinated Ligands, Volume 1", Plenum Press, New York, 1986.
(c) L. S. Hegedus, “Transition Metals in the Synthesis of Complex Organic Molecules™, University
Science Books, Mill Valley, California, 1994,

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



10 Chapter 1: Introduction

(d) K. H Détz, H. Fischer, P. Hofmann, F. R. Kreissl, U. Schubert, K. Weiss, “Transition Metal
Carbene Complexes”, Verlag Chemie GmbH, Weinheim, 1983.
(e) H. Fischer, P. Hofmann, F. R. Kreissl, R. R. Schrock, U. Schubert, K. Weiss, “Carbyne
Complexes”, VCH Verlagsgesellschaft mbH, Weinheim, 1988.
(3) (a) W. Beck, B. Niemer, M. Wieser, Angew. Chem. Int. Ed. Engl., 1993, 32, 923,
(b) M. L. H. Green, S. G. Davies, “The Influence of Organometallic Chemistry on Organic Synthesis:
Present and Future”, University Press, Cambridge, 1988
(c) R. P. A. Sneeden, “Organochromium Compounds”, Academic Press, Inc., New York, 1975.
(4) (a) R. J. Angelici, Coord. Chem. Rev., 1990, 105, 61.
(b) T. B. Rauchfuss, Prog. Inorg. Chem., 1991, 39, 259.
(5) (a) Roncali, Chem. Rev., 1992, 92, 711.
(b) Wudl, Chem. Rev., 1988, 88, 183.
(6) R.J. Angelici Acc. Chem. Res., 1988, 21, 387.
(7) (a) A. M. Giroud-Godquin, P. M. Maitlis, Angew. Chem. Int. Ed. Engl., 1991, 30, 375.
(b) D. S. Chemla, in Non-Linear Optical Properties of Organic Molecules and Crystals; Zyss, J.
(Ed.); Academic: Orlando, 1987, Vol. 1.
(c) S. Takahashi, Y. Takai, H. Morimoto, K. Sonogashira, J. Chem. Soc., Chem. Commun., 1984, 3.
(d) K. Sonogashira, Y. Fujikura, T. Yatake, N. Toyoshima, S. Takahashi, N. Hagihara, J. Organomet.
Chem., 1978, 145, 101.
(e) Y. Wakatsuki, H. Yamazaki, N. Kumegawa, T. Satoh, J. Y. Satoh, J Am. Chem. Soc., 1991, 113,
9604.
(f) M. Iyoda, Y. Kuwatami, M. Oda, J. Am. Chem. Soc., 1989, 111, 3761.
(g) M. L Bruce, A. G. Swincer, Adv. Organomet. Chem., 1983, 22, 59.
(h) A. B. Antonova, A. A. loganson, Russ. Chem. Rev., 1989, 58, 693.
(i) H. Berke, Chem. Ber. 1980, {13, 1370.
() H. Berke, P. Harter, G. Huttner, J.V.Seyerl, J. Organomet. Chem., 1981, 219, 317.
(k) H. Berke, P. Harter, G. Huttner, L. Zsolnai, Z. Naturforsch. B, 1981, 36 b, 929.
(1) H. Berke, P. Harter, G. Huttner, L. Zsolnai, Chem. Ber., 1982, 115, 695,
(m) P. Binger, P. Miiller, R. Wenz, R. Mynott, Angew. Chem. Int. Ed. Engl., 1990, 29, 1037.
(8) (a) M. H. Chisholm, Angew. Chem. Int. Ed. Engl., 1991, 30, 673.
(b) H. S. Nalwa, Appl. Organomet. Chem., 1991, 5, 349.
(c) F. Diederich, Y. Rubin, Angew. Chem. Int. Ed. Engl., 1992, 31, 1101.
(d) G. Frapper, M. Kertesz, Inorg. Chem‘, 1993, 32, 732.
(€) Y. Zhou, J. W. Seyler, W. Weng, A. M. Arif, J. A. Gladysz, J. Am. Chem. Soc., 1993, 115, 8509.

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



Chapter 1: Introduction 11

(9) S. Lotz, P. H. Van Rooyen, R. Meyer, Adv. Organomet. Chem., 1995, 37, 219.

(10) (a) L. Chugaev, M. Shanavy-Grigorizeva, J. Russ. Chem. Soc., 1915, 47, 776.
(b) L. Chugaev, M. Shanavy-Grigorizeva, A. Posnjak, Z. Anorg. Chem., 1925, 148, 37.

(11) G. Rouschias, B. L. Shaw, J. Chem. Soc., Chem. Commun., 1970, 183.

(12) E. O. Fischer, A Maasbol, Angew. Chem. Int. Ed. Engl., 1964, 3, 580.

(13) D. Touchard, N. Pirio, L. Toupet, M. Fettouhi, L. Ouahab, P. H. Dixneuf, Organometallics, 1995,
14, 5263.

(14) (a) P. L. Stang, Chem. Rev., 1978, 78, 383.
(b) P. L. Stang, Acc. Chem. Res., 1982, 15, 348.

(15) M. 1. Bruce, Chem. Rev., 1991, 91, 197.

(16) D. Peron, A. Romero, P. H. Dixneuf, Organometallics, 1995, 14, 3319.

(17) D. Touchard, N. Pirio, P. H. Dixneuf, Organometallics, 1995, 14, 4920.

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

(19) (a) M. Duetsch, F. Stein, R. Lackmann, E. Pohl, R. Herbst-Irmer, A. de Meijer, Chem. Ber., 1992,
125, 2051.
(b) F. Stein, M. Duetsch, M . Noltemeyer, A. de Meijere, Synletr., 1993, 486.
(c) F. Stein, M. Deutsch, E. Pohl, R. Herbst-Irmer, A. de Meijere, Organometallics, 1993, 12,
2556.
(d) R. Aumann, Chem. Ber., 1992, 125, 2773.

(20) J. P. Selegue, B. A. Young, S. L. Loga;l, Organometallics, 1990, 10, 1972.

(21) (a) R. B. Anderson, "The Fischer-Tropsch Synthesis", Academic Press, London, 1984.
(b) H. Pines, "The Chemistry of Catalytic Hydrocarbon Conversions", Academic Press, London,
1981.
(c) C. Masters, Adv. Organomet. Chem., 1979, 17, 61.

(22) J. W. Seyler, W. Weng, Y. Zhou, J.A. Gladysz, Organometallics, 1993, 12, 3802.

(23) (a) W. Beck, W. Knauer, C. Robl, Angew. Chem. Int. Ed. Engl., 1990, 29, 317.
(b) S.L. Latesky, J. P. Selegue, J. Am. Chem. Soc., 1987, 109, 4731.
(c) W. Weng, J. A. Ramsden, A. M. Arif, J. A. Gladysz, J. Am. Chem. Soc., 1993, 115, 3824.
(d) W. Weng, A. M. Arif, J. A. Gladysz, Angew. Chem. Int. Ed. Engl.,1993, 32, 891.

(24) N. le Narvor, C. Lapinte, Organometallics, 1995, 14, 634.

(25) B. A. Etzenhouser, M. D. Cavanaugh, H. N. Spurgeon, M. B. Sponsler, J. Am. Chem. Soc., 1994,
116, 2221.

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



12 Chapter 1: Introduction

(26) S. Hinig, Pure Appl. Chem., 1990, 62, 395.
(27) C.P. Casey, Y .H. Douglas, R. Powell, J. Organomet. Chem., 1994, 472, 185.
(28) (a) T. A. Waldbach, P. H. van Rooyen, S. Lotz, Angew. Chem. Int. Ed. Engl., 1993, 32, 710.
(b) T. A. Waldbach, P. H. Van Rooyen, S. Lotz, Organometallics, 1993, 12, 4250.
(29) (a) L. Bransma, H. Verkruijsse “Preparative Organometallic Chemistry I”, Springer-Verlag, Berlin,

Heidelberg, 1987.
(b) M. Novi, G. Gyanti, C. Dell’Erba, J. Heterocycl. Chem., 19785, 12, 1055.

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



0,0-Bimetallic
Biscarbene
Complexes

2.1 Introduction

Various types of metallic complexes, in which metal-to-carbon double bonds are present have been
synthesized, some of these being the bimetallic complexes, shown in Figure 2.1. These include complexes
in which two metal-to-carbon double bonds, involving two different carbon atoms and one metal nucleus are
present, i e a mononuclear biscarbene complexes, I.! Biscarbene complexes can also contain two metal-to-
carbon double bonds, involving a single carbon atom and two metal nuclei, I1.? A third type of biscarbene
complexes contain two separate carbene ligands as part of a common ligand, IIL,>"-° (see Table 2.1 for
examples). In the latter two types the metal atoms can be similar or dissimilar. Bimetallic complexes which
contain a metal-to-carbon double bond (on a carbene carbon atom), as well as, a transition metal bonded to

the oxygen of the carbene carbon, IV, have also been isolated.’

\C/ ,-
Y

LM==C LaM=C=ML,
AN
I II
L M=—C—X—C—=ML, L,M=—=C—OML,
I v

Figure 2.1 Carbene Complexes

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



14

Chapter 2: g o-Bimetallic Biscarbene Complexes

Table 2.1 Selected Bimetallic Biscarbene Complexes Containing Bridging Ligands

M and L in Biscarbene Complex

Bridging Ligand

Cr(CO); ~C(OEt)CH=CH-p-C4H,-CH=CHC(OEt)=
Cr(CO); —C(OEt)biphenylene-4,4'-diyl-C(OEt)—
Cr(CO); % —C(NE,)-C(Me)=C(OEt)-biphenylene-4,4'-diyl-
C(OEt)=C(Me)-C(NEt,)=
Cr(CO), ® =C(OMe)-1,6-methano[10]annulene-2,7-diyl-
C(OMe)=
Cr(CO); * ~C(OEt)-CH=C-C*(NEt,)-C=CH-C(OEt)=
Cr(CO); =C(OMe)CH,CH,CH(Me)C(OMe)=
Cr(CO); ® =C(OEt)-p-CH,-C(OEt)=
Cr(CO); 1° =C(Me)O-(CH,),-0-C(Me)=
(n=2,3, 4 and 10)
Cr(CO);° =C(OE)CH(Ph)CH(Ph)C(OEt)=
Cr(CO); ~C(NEt,)-0-C(p-CH,Me)=

Cr(CO)s and W(CO), '®

=C(NEt,)-0-C(Me)=

W(CO); ° =C(OEt)CH(Ph)CH(Ph)C(OEt)=
W(CO); ® =C(OEt)-p-C¢H,-C(OEt)=
W(CO); " =C(OEt)-anthracene-9,10-diyl-C(OEt)=
Cr(CO)s and W(CO);*° =C(OEt)C,H,S-C,H,SC(OEt)=
Cr(CO); =C(OMe)CH,CH,C(OMe)=
Mn(CH,Me)(CO), ! =C(OEt)-CHR-CHR-C(OEt)=

(R = H; CH,)
Mn(CsH,Me)(CO), ! =C(OEt)-CH=CH-C(OEt)=
Mn(CsH,Me)(CO), " =CN(Ph)C(H)PhCHCHC(H)Ph{N(Ph)C}=

Re(CsMes)(NO)(PPh,)” >

FeC,H,(Ph,PCH,PPh,)* *

=CH-CH=CH-CH=

Mo(C;sH;)(CO), Sf

=C(NEt,)C(NEt,)=

Although many bimetallic complexes in which the two metal centres are connected by an acetylene bridge,

L M-C=C-ML, or an ethylene bridge, L M-C(X)=C(X)-ML,,* are known, there are as yet not many examples
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of bimetallic biscarbene complexes in which the bridging ligand is a conjugated system, L, M=CX(CR=CR),-
CX=ML,’> Table 2.1 shows some examples of bimetallic biscarbene complexes which have been

synthesized in recent years, some of which contain conjugated m-systems as bridging ligands.

Transition metal complexes comprised of one carbene ligand bonded to a single transition-metal fragment
have been extensively studied. It was, therefore envisaged that the biscarbene bimetallic analogues, which
consist of two carbene ligands (similar or dissimilar) bonded to two transition metal fragments (similar or

dissimilar), could exhibit reactivities which are equally extensive and interesting.

2.2 Bimetallic Biscarbene Complexes

2.2.1 Carbene Complexes from Dimetallated Substrates

Most bimetallic biscarbene complexes are synthesized by the classic Fischer method using dilithiated organic
substrates and metal carbonyl complexes of transition metals like chromium, tungsten, molydenum,
manganese, iron, rhenium, cobalt etc. Quenching of the bisacylate anions is normally done with Meerwein-
type oxonium salts.® Many interesting new bimetallic biscarbene complexes eg., the complex, p-9,10-
anthracenediyl {bis(methoxycarbene)pentacarbonyltungsten}, have been prepared by employing the classic
Fischer method’ , see Figure 2.2. 9,10-Dibromoanthracene was metallated and reacted with W(CO); followed
by the subsequent methylation with magic methyl, (MeOSO,CF,).

It is evident from Table 2.1 that a number of biscarbene bimetallic complexes of chromium, tungsten,
molybdenum, manganese and iron have been prepared and characterized, however, the investigation into the
chemistry of these complexes has only recently been started. Neidlein and and co-workers® synthesized new
Fischer carbene complexes of 1,6-methano[10]annulene and investigated the reaction of these complexes with
several alkynes under benzo-annulation conditions, to form new benzoquinones, hydroquinones and protected

hydroquinones.
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MeO
e \C /W(CO)S

C
(CO)SW/ \OMe

Figure 2.2 Bimetallic Biscarbene Complex, p-9,10-anthracenediyl{Bis(methoxycarbene)penta-

carbonyltungsten}

The synthesis of mono- and binuclear biscarbene complexes of chromium, tungsten and molybdenum and
the subsequent reactions of these complexes were studied by Fischer and co-workers.” It was found that the
reaction of p-phenylenedilithium yielded the p-(p-phenylene)bis[ethoxycarbenepentacarbonylmetal]
complexes, (CO);MC(OEt)-p-C;H,-C(OEt)M(CO);, where M = Cr, W. The analogous reaction of o-
phenylenedilithium with metal hexacarbonyls afforded the expected mononuclear 1,4-chelated biscarbene
complexes, (CO),M{C(OEt)-0-C;H,-C(OEt)}, where M = Cr, Mo or W, see Figure 2.3. On the other hand
it was found that 1,2-dilithio-1,2-diphenylethane gave a mixture of mononuclear, (CO)A\Z{C(OEt)CH(Ph)-
m(OEt)}, and binuclear (CO);MC(OEt)CH(Ph)CH(Ph)C(OEt)M(CO); biscarbene complexes, where
M = Cr or W. The reaction of the biscarbene complexes, (CO);MC(OEt)-p-C,H,-C(OEt)M(CO), with
borontrihalides BX, vielded the corresponding trans-halogenocarbyne complexes, X(CO),M=C-C,H,-C=M-
(CO)X.

Mo, on
C
/ C
EtO /
(CO)M
N\
C
C=M(CO), ‘
M=CrorW M = Cr, Mo,W

Figure 2.3 Biscarbene Complexes with a Phenylene Substituent
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Lappert et al'® extended the classic Fischer procedure, using a lithium or magnesium reagent of a dicarbanion,
to give brigded biscarbene bimetallic complexes. Convenient candidate reagents for this purpose were o-
CH,(CH,MgCl), (or its chloride-free equivalent) and 0-C,H,[CH(SiMe),Li(TMEDA)],. The hexacarbo-
nyls, M(CO),, (M = Cr or W), were reacted with the bifunctional magnesium reagent Mg[o-(CH,),-CH,]-
(THF), to give the bimetallic complex, M(CO); {C(O)CH,-0o-GH, CH, C(O)}M(CO) Mg(THF),, M = Cr,
n=3M=W,n=4 A molybdenum analogue was similarly obtained (as for M = Cr). Both of the
magnesium complexes (M = Cr or W) upon acid hydrolysis and the treatment of the dichloromethane extract
with [Et;O][BF,] yielded the appropriate bimetallic biscarbene complex M(CO),{C(OEt)CH,-0-C;H,CH,-
C(OEt)}M(CO)s, M = Cr or W. The similar reaction of the dimolybdenum magnesium complex gave
decomposition products, consistent with the much lower thermal stability of carbene complexes of Mo than

those of Cr or W.

2.2.2 Biscarbene Complexes from Connecting Alkyl Substituents

It is a well established fact that hydrogen atoms « to the carbene carbon atom in Fischer type carbene
complexes are acidic and can be removed upon treatment with strong bases to form carbene anions'' or

enolates, as illustrated by Scheme 2.1.

OR OR
™ J/ n-BuLi M=—C
CHy \CHzLi
® [% /OR
Li M]—C
\CHZ

Scheme 2.1

A new, general route to the synthesis of Fischer biscarbene ditungsten complexes has been reported by
Macomber et al.'> ' The approach to the synthesis of the complexes, (CO);MC(OMe)(CH,);C(OMe)-
M(CO),, M = Cr, W), involved the conjugate addition of substituted «-lithio carbene anions, (obtained by
treating the corresponding carbene complexes, (CO);MC(OMe)Me with »-butyllithium at -78 °C), to
various «,B-unsaturated tungsten carbene complexes. The resulting a-lithio acylates were quenched with

various electrophillic reagents, to afford good yields of the desired compounds. The method has since been
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extended to prepare the biscarbene complexes shown in Scheme 2.2 and some aminocarbene derivatives.

MeO

H /C=W(CO)5

AN
C==C
\Ce LIG-) ' / \ 4
N

Me

(CO)W=C

(CoOW H R W(CO),

MeO Me
R R K E

Reagents: (a) THF, -30°C to -78°C; (b) 1. CH,Cl,, -78 °C, 2. E-X = Me SiCl, CH =CHCH Br,
PhCH,Br, CH,0S50;, CF;, HC1
Scheme 2.2

It has furthermore been found that the carbene anions resulting from the in situ deprotonation of
MeCp(CO),MnC(OEf)CH,R, (where R = H, Me) and MeCp(CO),MnCN(Ph)CH(Ph)CH, undergo oxidative
coupling in the presence of copper salts to produce the corresponding neutral bridging biscarbene
dimanganese complexes {MeCp(CO),Mn},{u-C(OEt)CH(R)CH(R)C(OEt)} and {MeCp(CO) Mn} fu-
CrlN(Ph)C(Ph)HéHCHC(Ph)N(P?)C}.“ Subsequent treatment of the former biscarbene dimanganese

complex with butyllithium (double deprotonation) followed by a carbon-carbon coupling reaction induced
by copper(IT)chloride led to the formation of the p-vinylcarbene dimanganese complex, {MeCp(CO),Mn} ,-
{u-C(OEt)CHCHC(OEt)}. Scheme 2.3 presents a general reaction of this type. The controlled reduction

of the latter compound led to the formation of a Mn’/Mn' mixed valence complex which was characterized

by EPR spectroscopy.
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Mn——= === /
OC/ \CO \CHZR OC/ \COG\CHR
/
OEt
Me—c H
OC/ \CO \C———C\OC /CO

Reagents: (a) n-BuLi, -60 °C; (b) 1. Cul, 2. 0,,-78 °C
Scheme 2.3

Beck and co-workers'* found that the oxidative coupling of [(CO);CrC(OCH,)CH,]Li* and [FcCOCH,]K,
with AgBF, gives the dinuclear neutral complexes (CO), CrC(OMe)CH, CH, C(OMe)Cr(CO) and FcCO-
CH,CH,COFc in good yield. The double deprotonation of both of these neutral complexes with #-BuLi or
KH respectively, affords dianionic species which are oxidized to the conjugated complexes, (CO);CrC(O-
CH,;)CHCHC(OCHS,)Cr(CO); and FcC(O)CH=CHC(O)Fc. The addition of the dianion [(CO);CrC(OCH,)-
HCHC(OCHS,)Cr(CO),]*(Li*),, to the cationic electrophiles [Fe(CO);(1*-CsH,)]"[BF,] and [Re(CO)s(1?-
C,H,)I'[BF,] leads to nucleophilic attack on the cyclohexadienyl ring and the formation of tetranuclear

diastereomers.

Pentacarbonyl(alkoxyalkylcarbene)chromium complexes are well-known, usefull substrates in organic
synthesis.”* In the reaction of the anion of the carbene complex (CO)sCrC(OMe)Me with propylene oxide
in the presence of TiCl, two products are yielded, one of which being the dimeric carbene complex as a by-
product, Scheme 2.4. In this case the yields of both products are low and cannot be increased. Furthermore
it was found that the reaction could not be applied as a general reaction in the synthesis of biscarbene

complexes.'®
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Me

N

(CO)Cr=C

a0
EtQ  OFt
o 7 S
(CO)SCr———C\j +(CO)Cr=C C=Cr(CO),
20 %

Reagents (a) 1. n- BuLi, 2. TiCl,
Scheme 2.4

During the past few years it has become increasingly important to study and synthesize biscarbene complexes
in which the two metal centers are in contact through a conjugated m-system. Aumann and Heinen'” have
explored this field and synthesized two carbene complexes, (CO);CrC(OEt)CH=CH-m-C(H,-CH=CHC(O-
Et)Cr(CO); and the analogous complex (CO)CrC(OEt)CH=CH-p-C,H,-CH=CHC(OEt)Cr(CO)s, see Figure
2.4. The synthesis was performed by reacting the corresponding dialdehyde, (1,3-benzoldicarbaldehyde or
1,4-benzoldialdehyde) with two equivalents of the monocarbene complex (CO);CrC(OEt)CH;). The
chromium atoms in the complex containing a p-substituted aryl as the bridging unit were found to be in
contact with each other through a conjugated m-system. More recently Aumann et al*® investigated the
reaction of pentacarbonyl(1-ethoxy(ethylidene))chromium and tetrachloro(cyclopropene) in the presence of
triethyl amine. The reaction afforded the biscarbene complex, (CO);CrC(OEt)CHCC*(NEt,)CCHC(OEt)-
Cr(CO)s, in which the carbene chromium units are connected by a conjugated and planar ammonium
pentadienide bridge. The condensation involved the elimination of four equivalents of HCI and the formation
of a hitherto unknown nitrogen ylide system, in which two carbene units are connected by an ammonium

pentadienide bridge.*
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OEt

Cr(CO)s

(CO)SCI’ \

OEt
Figure 2.4 Bimetallic Biscarbene Complex containing a Conjugated mt-system
2.2.3 Biscarbene Complexes by Connecting Alkoxy Substituents

The principle involved here is the alkylation of the oxygen, Figure 2.5, or in other words the nucleophilic

attack by the oxygen on a coordinated carbocationic carbon atom.

o©

o
M

R
Figure 2.5 Metal Acylates as Nucleophiles

Examples containing chromium and tungsten are shown in Figure 2.6. The synthesis was done by the slow
addition of a solution of the methoxy(diethylamino)carbene complex in dichloromethane to the
tetramethylammonium salt of the [(CO);MC(O)R] anion at - 78 °C, where M = Cr or W, and R = p-
CH,CH,, CH,."® The reaction yielded the bimetallic biscarbene complexes (CO);CrC(NEt,)OC(R)Cr(CO);
and the mixed bimetallic biscarbene complex (CO);CrC(NEt,)OC(R)W(CO);.

(CO)sCI' ‘W(CO)5

S,
>
\
.

‘.‘Clgoﬁ W
| |

/N\ R
Et Et

Figure 2.6 Mixed Bimetallic Biscarbene Complexes of Chromium and Tungsten

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



22 Chapter 2: g o-Bimetallic Biscarbene Complexes

Dichromium alkoxycarbene complexes, bridged via the alkoxy groups, were synthesized in a straightfoward
manner by the treatment of the corresponding acetoxycarbene complex with diols at low temperatures. This
type of bimetallic biscarbene complex is shown in Figure 2.7, and was synthesized by Hegedus and co-

workers'® as precursors for the production of bis-dioxocyclam ligands.

O0—(CH)—0

(CO)SCr:< >*:Cr(CO)5
CH; H;C

n=2,3,4,10

Figure 2.7 Alkoxy Bridged Biscarbene Complex

Fischer et al”® employed an interesting and unusual synthesis to prepare the symmetrical anhydrides of
hydroxy(carbene) complexes of manganese and rhenium, [1n-CsHs(CO),MC(R)],0, (M = Mn, Re; R = Ph,
C¢H,CF,), Scheme 2.5. This was done by the reaction of the cationic carbyne complexes [1-C;Hs(CO),M-
CR]BX,, with the corresponding metal carbonyl acylates Li[-C;Hs(CO),MC(O)R]. The complex, [r-CsHs-
(C0O),MC(Ph)],0, was also obtained by the controlled hydrolysis of m-CsHs(CO),MnC(Br)CH,.*

©
el
®
[M'jEC——RI + M] —-c<{
R R

Scheme 2.5

2.2.4 Carbon-Carbon Coupling Reactions

Of recent interest are the cycloaddition reactions of alkenylcarbene complexes. An organometallic analogue

(involving benzalazine and vinylidene or carbyne complexes) of the "criss-cross" (2 + 3) cycloaddition reac-
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tion of electron rich azines with electron deficient alkenes has been reported by Geoffroy and co-workers.
The addition of benzalazine, C(Ph)(H)NNC(Ph)H, to the vinylidene complex Cp(CO),Re=C=CH, led to the
formation of the "criss-cross" cycloaddition product Cp(CO)ZRe=('3CH2C(Ph)(H)I\LH'\IC(Ph)(H)CH2§=Re-
(CO).Cp. Similarly a reaction occurred between the carbyne complex, [Cp(CO),Mn=CCH,]* and benzala-

zine to give a manganese "criss-cross" cycloaddition product, see Scheme 2.6.

C @ Cp
— - l -H@ \
OC M=C CH, OC—— M=—=C=CH,
oC ocC
a
H
M =Re, Mn
Cp
OC—/M J/ M—CO
N N\
oC C
H (0]
Ph

Reagents: (a) Benzalazine, C(Ph)(H)NNC(Ph)H
Scheme 2.6 g

A new biscarbene complex was isolated and fully characterized in the reaction of (CO);Cr{C(OEt)C=CPh}
and ethyl diethoxyacrylate. The complex (CO)sCr{C(OEt)CHC(Ph)CC(Ph)CHC(OEt)O('Z}Cr(CO)5 repre-
sents the coupling of a second alkynyl(alkoxy)carbene complex, with the intermediate,
[(CO),Cr{CCC(Ph)CHC(OEt)O] which is formed in situ by a (4 + 2) cycloaddition reaction of alkynyl(al-

koxy)carbene metal complexes and ethyl diethoxyacrylate, this complex represents the trapping of a carb-

anionic intermediate.?

Allenylidene complexes are active species in the catalytic cyclization-reconstructive addition of prop-2-ynyl
alcohols with allyl alcohols and as reactive intermediates in the formation of Fischer-type unsaturated
carbene complexes of the type alkenyl(alkoxy)- or polenyl(alkoxy)carbene complexes of chromium, tungsten

and ruthenium. This property was exploited by Cardierno and co-workers® to afford novel unsaturated alky-
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nyl ruthenium complexes obtained through Wittig processes via the alkynylphosphino complex [Ru(n’-
CH;)(PPh,),{ C=CC(H)(Ph)][PF] and to synthesize the first examples of bimetallic complexes containing
difunctionalized hydrocarbon bridges of the type vinylidene-carbene, see Figure 2.8.

H
®Ru c—c” OMe
TN o
b, Ph” |
b M(CO)s
M=Cr,Mo, W

Figure 2.8 Vinylidene-carbene Complex
2.2.5 Synthesis of Bimetallic Bis(aminocarbene) Complexes

A very efficient method for the preparation of monocarbene complexes of chromium containing amino
substituents is the reaction of Cr(CO),* with tertiary amides in the presence of chlorotrimethylsilane.?
This method has also been employed in the synthesis of iron aminocarbene complexes lacking c-
hydrogens.? Recently it has been extended to the synthesis of bimetallic bis(aminocarbene) complexes.?
The reactions of Cr(CO),* and Fe(CO),* with diamines like N,N,N' N'-tetramethylisophthalamide or the
N,N,N' N'-tetramethylamide of pyridine-2,6-dicarboxylic acid in the presence of chlorotrimethylsilane
readily gives the bis(aminocarbene) dichromium complexes, (CO);Cr{u-m-C(NMe,)C,H,C(NMe,)}Cr-
(CO); and (CO),Cr{x-2,6-C(NMe,)(C;H;N)C(NMe,)Cr(CO);, and the bis(aminocarbene) diiron
complexes, (CO),Fe{p-m-C(NMe,)C,H,C(NMe,)}Fe(CO), and (CO) Fe{u-2,6-C(NMe,)(C;H,N)(C-
(NMe,)}Fe(CO),, respectively, Scheme 2.7. Under the same conditions N,N,N’ N'-tetramethylphalamide,
binaphthyl bis(amide) and N,N,N' N'-tetramethylsuccinamide affords the monocarbene complexes,
(CO)sCr{C(NMe,)(2-(Me,NC(0)C(H,)}, the binaphthyl derivative and (CO);Cr{C(NMe,)CH,CH,C-
(O)NMe,}, as products, V and VI, in Scheme 2.7. With the use of a 1:1 molar ratio of N, NN’ N'-tetra-
methylisophthalamide and Cr(CO)s%, however, the monocarbene complex, (CO);Cr{C(NMe,)-m-CH,C-
(O)NMe,} is formed, which can be converted to the mixed chromium-iron bis(aminocarbene) complex,

sCr e,)-m-LgH, e,) ke 4, Oy the reaction with re 4~ and chlorotrimethylsilane.
(CO),Cr{C(NMe,)-m-CcH,C(NMe,)}Fe(CO),, by th 1 ith Fe(CO),* and chl imethylsil
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a NMe,
Me;NC(0)-X-C(O)NMe, —————>  (CO)M=C"

X—ﬁ —NMe,
\"

/
Me, NMe2

(CO)YM=—=C C=M(CO),

\,/

Reagents: (a) M(CO),”, Me,SiCl
Scheme 2.7

2.3 Carbene Complexes with Thiophene Substituents

The metallation of thiophene, to yield various organometallic complexes, has been known for quite some
time?’, and was employed by Connor and Jones® to synthesize monocarbene complexes containing
thienyl substituents. These have also been utilized in reactions with acetylenes to give benzothiophene
dervatives.”

Thienyl carbene complexes of Cr and W were recently prepared with the objective of demonstrating the
principle of protecting the electrophilic carbene carbon from nucleophilic attack.” The introduction of
an anionic charge adjacent to a carbene unit serves this purpose and a variety of functionalized Fischer

carbene complexes have become available using this method, Figure 2.9.

/29 B

/ °
[M]=C\ M] =C\
R /% CH,
Nu@ N
Figure 2.9 Anionic Protection of a Carbene Carbon Atom
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This was demonstrated by the stepwise generation of the dianion, Scheme 2.8.

M(CO%  + @-u THE Lio\c—l/ \X—H
S coM’

S

LiO
N
(CO)SI\// S

Reagent: BuLi
Scheme 2.8

Isolation of the dianions, VII or further lithiation of the thienyl substituent in the 3-position failed. The

treatment of, VII with organic electrophiles afforded substituted thienyl carbene complexes.

In comparison to this, the double metallation of thiophene in this study was employed to afford, after the
subsequent reaction with two equivalents of a metal carbonyl, a dianionic bis(acyl-metallate) in a high
yield. This intermediate was use to give biscarbene complexes which were fully characterized and

studied, Figure 2.10.

C

v

L10\ / \ /OLi
S

Figure 2.10 Bis(acylmetallate) with Thienylene Bridge

After this study had already been completed a paper’ appeared at the end of 1995 describing the
synthesis of the related, mixed bimetallic biscarbene complex (CO);Cr{C(OEt)-2,2'-dithienyl-C(OFEt)}-
W(CO)s, in which the dithienyl bridge links the two carbene moieties, Figure 2.11. A stepwise addition

of the different metal carbonyls was employed and due to incomplete reactions, afforded, after alkylation
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with [Et;O][BF,], mixtures of mono- and biscarbene complexes of W and Cr.

\/\/\C/OE‘

(CO), W S \\Cr(CO)S

Figure 2.11 Mixed Bimetallic Biscarbene Complex, (CO),Cr{C(OEt)-2,2'-dithienyl-C(OEt)}-
W(CO);

The heterobimetallic biscarbene complex was synthesized to test its potential as a species with second
order non-linear optical properties. It was important to establish whether a 'push-pull' situation could be
created, by using two different metal fragments, via the n-conjugated carbene-dithienyl-carbene bridge.
No data to support or disprove this supposition was given in the communication. Before studying the
effect of dithienylene linked bimetallic systems, it is important to systematically study the synthesis and
properties of biscarbene complexes containing only one thienylene, connecting the two carbene units and

extend from there to larger "polythienylene spacers" with and without mt-conjugating features.
2.4 Synthesis of Bimetallic Thienylene Biscarbene Complexes

The approach to the synthesis of the bimetallic thienylene biscarbene complexes,
L,(CO),M{C(OEt)C,H,SC(OEt)}ML,(CO), , (1) - (4), where M=Crand L=CO (1); M=W and L =
CO (2); M=Mn and L;=MeCp (3); M= Mn and L,=Cp (4) was that of the classic Fischer procedure.

The general procedure for the synthesis is outlined in Scheme 2.9.

Thiophene is readily metallated by butyllithium in THF or diethyl ether. The dimetallation, however, is
not possible in these solvents, since the solvent is attacked under forcing conditions. The addition of a
strong polar co-solvent like HMPT does not lead to the introduction of an additional metal atom, but
rather causes the ring to open due to deprotonation in the 3-position.*? In the abscence of THF or diethyl
ether the monomeric BuLi-TMEDA complex is capable of abstracting both the 2- and 5-proton of
thiophene. The first deprotonation occurs at a relatively low temperature (-10°C or lower), whereas the
removal of the second proton is sufficiently fast at elevated temperatures. The rest of the reaction
proceeds according to the classic mechanism for the synthesis of Fischer carbene complexes,® and will be
described very briefly. It has been established that the carbon atom in coordinated CO should bear a
larger positive charge than in free CO. One of the six equivalent CO groups, in Cr(CO), and W(CO),, or
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for MeCpMn(CO); and CpMn(CO), one of the three equivalent CO groups, undergoes attack by the
thiophene dianion (one dianionic moiety attacks two metal carbonyl complexes) to produce the dinuclear,
dianionic bisacylate complex, in which the negative charges are stabilized and extensively delocalized to
the remaining m-accepting, electron withdrawing carbonyl ligands. Treatment with alkylating agents such
as triethyloxonium tetrafluoroborate in dichloromethane as solvent results in alkylation at the oxygen,

producing the ethoxy carbene complexes 1 - 4.

In order to accomplish the double deprotonation of thiophene two equivalents of butyllithium in addition
to two equivalents of TMEDA had to be added to a solution of one equivalent of thiophene in hexane
after which the temperature of the solution was elevated and refluxing maintained for 30 min. The
addition of two equivalents of chromium-, tungsten hexacarbonyl, methylcyclopentadienyl tricarbonyl
manganese or cyclopentadienyl tricarbonyl manganese at a much lowered temperature (-40°C) afford the
dilithium salt of the biscarbene complex. Quenching with two equivalents of triethyloxonium

tetrafluoroborate yielded the neutral biscarbene complex.

A noteworthy observation was the fact that these reactions did not yield the desired biscarbene complexes
1, 2, 3 or 4 only, but a mixture of carbene complexes. The corresponding butyl- and monocarbene
complexes M(CO);{C(OEt)}Bu® and M(CO),{C(OEt)C,H,S}®, respectively were formed in relatively
(5 - 20 %) low yields for the reactions of the chromium and tungsten hexacarbonyls. The manganese
biscarbene complexes, 3 and 4, on the other hand were obtained in higher yields (=80 %) and as a result
the by-products, which were present in low yields were not isolated or characterized. A possible
explanation for the formation of a mixture of carbene complexes could be due to the fact that the
reactions were done at mild conditions (low temperatures) and were therefore not fully driven to yield the
major product, the biscarbene complex. Also the second deprotonation of an anionic intermediate is more
difficult and incomplete. Double deprotonation did therefore not occur quantitatively and some
monoanions of thiophene were also formed, which reacted with the metal carbonyls, hence producing the
monocarbene complexes. Similarly the unreacted butyllithium also reacted with the metal carbonyls to

yield the butylcarbene complexes after alkylation.
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/ \ + 2BuLi(TMEDA)__ 2 /@\ 4
s Li LMy o

S

OFt OF =~ S
[M]>C—/ S \\§ _C\QM] -— [M]>C ‘O'CQM

1-4
Reagents: (a) Hexane, reflux; (b) 2 equiv. ML,(CO),, THF, —40°C; (c) 2 equiv. [Et;O0][BF,],
CH,(C],
Scheme 2.9

Whereas it is possible to alkylate the monoacylates in water with [Et;O][BF,], the bisacylates on the other
hand cannot be treated in this manner. The dianionic bisacylate reacts with water and subsequent
alkylation and work up afford the monothienyl carbene complexes, A and B, as well as, new monocarbene
complexes, C, Figure 2.12. The new monocarbene complexes, with an ester functionality in the 5-

position, C, will be discussed in Chapter 4.

/ \ C\<0Et EtO>C / \ C/O
S M(CO), co LM s ok
AB

M =Cr, (A) and M = W, (B); L = n*-C;H;, 1*-C;H,CH,
Figure 2.12 Monothienyl Carbene Complexes

It has been established that manganese carbonyl and (n°-CsH;)Mn(CO);, (as well as the methyl derivative
of the latter) are quite resistant to substitution reactions.** If one considers that the presence of ligands
such as 1*-C,H;, (which is a poorer m-acceptor than three carbonyl ligands), CO and PR, allows for the
synthesis of thermally stable compounds and that manganese has the formal oxidation state of +1, it can

be considered that these factors promote better overlap between the metal and carbon orbitals implying
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increased bond strength, and thus a smaller positive charge on the CO carbon atom. It is therefore
anticipated that the reactions involving the synthesis of complexes 3 and 4 will take longer, which is
supported by the observation that a longer reaction time was indeed required for the formation of

complexes 3 and 4, compared to that needed for complexes 1 and 2, (30 min compared to 10 min).

The complexes 1 and 2 could effortlessly be crystallized from a mixture of hexane and dichloromethane
(ratio 2:1) to yield dark purple crystals. Whereas complex 4 could only be crystallized with some
difficulty to afford reddish purple crystals, it was not possible to crystallize complex 3. All of these
complexes were found to be relatively stable in the solid state, as well as in solution, however, after some
time even at low temperatures and in an inert atmosphere, decomposition to the different monocarbene

complexes of the type C occured in both the solid state and in solution.

2.5 Spectroscopic Characterization of the Bimetallic Thienylene Biscarbene

Complexes

The bimetallic thiophene biscarbene complexes, 1 - 4, were fully characterized, by NMR-, infrared- and
mass spectroscopy. Molecular formulations were based on all of the data. The "H NMR and '*C NMR
spectra for complex 3 were recorded at - 30°C in order to improve the resolution and to obtain spectral
data which could be fully interpreted. All NMR spectra were recorded in CDCI, as deuterated solvent.
Confirmation of the molecular stuctures of 1 and 2 was obtained from single crystal X-ray structure

determinations. ;

The system of numbering used for the protons and carbon atoms of the thienyl fragment, as shown by

Figure 2.13 will consistently be used in the discussions, unless mentioned differently.

If one substituent only, is bonded to the thiophene ring the smaller number will be used for that carbon
atom and in the case of a metal carbene substituent on the one side of the ring and a different non-metal
substituent on the other side the lower number will be assigned to the carbon atom to which the carbene

fragment is bonded.
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Figure 2.13 Atom Numbering in (a) Monothienyl Carbene Complexes, (b) Bisthienylene Carbene

Complexes

2.5.1 'H NMR Spectroscopy

The coordination of an organic ligand to a metal fragment affects the resonance frequencies of the ligand
nuclei in a characteristic way. This coordination shift, Ad, is defined as the chemical shift difference

between that of the metal bonded ligand and the free ligand:*
Ad = d(complex) - d(ligand)

Metal-bonded protons are generally regarded as hydridic and experience particularly strong shielding and
thus show very large chemical shifts, Ad. The shielding of a proton increases with an increase in the
atomic number for a group of metals. Protons which are bonded to metal-bonded carbon atoms display a
much smaller span of chemical shifts. Protons at non-coordinated carbon atoms show very small

coordination shifts, Ad.%

The '"H NMR data obtained for the biscarbene complexes 1 - 4 are summarized in Table 2.2 and support
the assigned molecular structures of the complexes. The '"H NMR spectrum of complex 2 is presented by
Figure 2.14 and is representative of the spectra for 1 - 4. From the data in Table 2.2 and Figure 2.14 it is
evident that the different metal atoms have an influence on the chemical shifts of protons and an
indication of the general features and patterns of the chemical shifts of the protons in the spectra can be
obtained. Spectroscopic data®® have indicated that it is reasonable to replace the metal fragment in
Fischer-type carbene complexes with an oxygen, thereby creating an ester. The biscarbene complexes 1 -
4, treated similarly will transform into the diester, 2,5-C,H,S{C(O)OEt},, and it is anticipated that the
NMR properties of 1 - 4 should roughly resemble that of the diester, (8 H3, H4 7.73 ppm).>®

Single resonances are observed for the symmetrically orientated thienyl protons H3, H4, with d-values
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ranging from 8.06 ppm - 7.52 ppm in the spectra of the biscarbene complexes. The methylene protons of
the ethoxy carbene substituent appear as quartets between 5.21 ppm and 4.97 ppm, while the methyl
protons of the same ethoxy substituent are observed as triplets between 1.69 ppm and 1.57 ppm in the
spectra of 1 - 4. The chemical shifts for protons in the spectrum of 1 are downfield from the
corresponding shifts in the spectrum of 2, owing to more shielding of the protons by the metal nucleus in

2.

PPM

Figure 2.14 'H NMR Spectrum of (CO);W{C(OEt)C,H,SC(OEt)}W(CO),
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Table 2.2 'H NMR Data of the BimetallicThienylene Biscarbene Complexes

Complexes
Assignment Chemical Shifts, (8, ppm) and Coupling Constants, (J, Hz)
1 2 3 4
Proton d o - d S - ) o d o -
H3, H4 8.06 - 7.95 _ 7.65 _ 7.52 S
(thiophene) (s) (s) (s) (s)
OCH,CH, 5.21 72 4.98 7.0 4.97 6.7 4.97 7.4
C)) (9) (@ (@
OCH,CH;, 1.69 7.1 1.68 7.1 1.57 6.8 1.57 7.0
(t) t) (t) (t)
C,H; (Cp) —_ S S S - S 4.61 _
(s)
C;H,CH, MeCp) | — - —_ S 4.50 S S S
(s), (br)
4.36
(s), (br)
C,H,CH, S — - S 1.75 — _ _
| (s)

The chemical shifts for the protons of free thiophene are at 7.20 ppm for H2 and H5 and at 6.96 ppm for
H3 and H4.*” The thienylene protons H3 and H4 in 1 - 4, on the other hand display a single resonance.
Bonded to the metal the electrophilic nature of the carbene moiety causes electron density to be drained
from the double bonds of the thiophene ring, (hence from H3 and H4) to the metal nuclei, thus leading to
deshielding of H3 and H4 which leads to downfield chemical shifts of approximately 1 ppm compared to
free thiophene in the 'H NMR spectrum. Figure 2.15 illustrates this phenomenon.
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Figure 2.15 Draining of Electron Density from the Thienylene Ring in Thienylene Biscarbene

Complexes

The thienylene protons in the 'H NMR spectrum of the chromium and tungsten biscarbene complex with
a 2,2'-dithienyl unit linking the carbene units, reported recently as a communication,” display chemical
shifts of 7.45, 7.49, 8.09 and 8.17 ppm. Based on the data for 1 and 2, the set of higher 8-values 8.17
(H3) and 7.49 (H4) are assigned according to the thienylene ring with the Cr-carbene substituent in the 2-
position and 8.09 (H3) and 7.45 (H4) to the thienylene ring with the W-carbene substituent in the 2-posi-
tion. Assuming that these assignments are correct, the chemical shifts of H3 are shifted only marginally
downfield (0.1 ppm), compared to those in 1 and 2. A comparison of H4 of the Cr, W biscarbene com-
plex containing the 2,2'-dithienyl unit with H3 of 1 and 2 is senseless. Furthermore in this example metal
fragments are connected via a carbene and dithienylene unit which is m-conjugated with the intention to
distribute charge from one metal fragment to the other, ("push-pull"). A comparison of the "H NMR data
reveals that this complex exhibits very little of such a phenomenon and that the two carbene units operate
independently in withdrawing electron density from the thienyl rings. In fact, this seems to be the case on
comparing the data of the '"H NMR spectra 6f this compound with the monocarbene thienyl complexes

below.

The chemical shifts, for the thienyl protons in the spectra of the monocarbene complexes, A and B, which
were formed as by-products in the reactions to synthesize the corresponding biscarbene complexes,
appear as follows: H3 8.23 ppm, H4 7.20 ppm and H5 7.68 ppm in the spectrum of A, H3 8.14 ppm, H4
7.20 ppm and H5 7.80 ppm in the spectrum of B. The assignment of H3, H4 and H5 were made
according to Gronowitz.*® Whereas the chemical shift of H3 is downfield in the spectra of A and B
compared to where it appears in the spectra of 1 and 2, the chemical shift for H4 is upfield. The reason
for this becomes evident when the resonance structures (IX and X) resulting from the nt-resonance effect

are compared, as shown by Figure 2.16.
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Figure 2.16 Draining of Electron Density from the Thienyl Ring in Complexes A and B

The '"H NMR data correlate with the structures displaying positive charges on H3 and H5, with H4
unaffected. The resonance structures do not discriminate between H3 and H5, however, H3 being closer
to the carbene carbon it will be more affected, i e 3H3 > dHS5 > 6H4. Although the draining of electron
density from the thienylene in the biscarbene complexes 1 - 4 is the combined withdrawing effect of two
metal-carbene substituents the nett result is unfavourable. m-Resonance effects generate two positive
charges on adjacent carbon atoms, resonance structure VIII in Figure 2.15. This result can only be
altered if two different metal-carbene fragments with different electron withdrawing properties were
linked via carbene units to the 2- and 5-positions of the thiophene. Polarization from the one metal
fragment to the other is then possible . On a qualitative basis, the data reflects a situation where the
thienylene ring in 1 and 2 is marginally more electron poor than in A and B. Electron density is
withdrawn from the thiophene ring in both types of complexes. In comparison the chemical shifts for 2-
C,H,SC(0O)OMe*® are 6H3 7.80, 8H4 7.10 and 6HS 7.55, which is similar to the case of the diester, and
shifted upfield compared to A and B.

The presence of the methyl group on the Cp ring of compound 3 leads to two non-equivalent groups of
two protons, and the cyclopentadienyl protons are present as two broad singlets in the spectrum of 3.
The electron donating methyl group causes shielding of the Cp protons, thus chemical shifts which appear
upfield from those for an unsubstituted Cp ring. Electron density can also be distributed to the electro-
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philic carbene carbon through m-interaction with the ethoxy oxygen. Large downfield shifts of the methy-
lene protons are consistent with the strong electron withdrawing properties of the L,(CO),MC(OEt)-
C,H,SC(OEt)ML4(CO), groups of 1 -4, Figure 2.17.

@ @
EO OEt EO OFEt
N\ N \ 7
FM]/C S C\M] %4]/ ’ S C\[%
X1 XII

Figure 2.17 Electron Withdrawal from Ethoxy Substituents

The chemical shifts of the methylene protons can thus be used as a probe to indicate the importance of the
resonance structure XI1I in Figure 2.17 relative to the competing n-donating resonance effects of the thie-
nylene substituent, (Figure 2.15) and the metal fragments shown by XI in Figure 2.17. The correspon-
ding d-values in the spectrum of A are observed at 5.16 ppm and 1.65 ppm respectively for these protons,
similarly these appear at 4.99 ppm and 1.64 ppm respectively in the spectrum of B. These chemical
shifts are similar in the spectra of 1 and A, as well as, in the spectra of 2 and B, which shows that these
chemical shifts are fairly characteristic for a specific metal and insensitive to the number of carbene sub-
stituents. The chemical shifts of the thiophene protons on the other hand are determined by the number of

carbene ligands and the nature of the transition metal involved.

The chemical shifts for the -OCH,CHj, group of other related bimetallic biscarbene complexes are given
in Table 2.3 for comparison. The data of literature values of spectra recorded in other solvents can, how-

ever, not be compared directly.

On comparing the chemical shifts of the methylene and methyl protons of the ethoxy substituents of the
examples in Table 2.3 with those of 1 and 2, the following observation was made. When the biscarbene
fragments are connected via a non-conjugating fragment, the resonances are shifted upfield compared to
those of 1 and 2. With conjugated phenyl and dieny! links the chemical shifts appear further downfield
than the corresponding resonances of 1 and 2. A final observation seems to indicate that the thienylene is
a better m-donor group in 1 and 2 than the analogous phenyl fragments in Table 2.3 where T-conjugation

exists.
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Table 2.3 '"H NMR Chemical Shifts of Related Bimetallic Biscarbene Complexes

M Ref OCH,CH, OCH,CH;, Bridging Ligand
Chemical Shifts, & (ppm)

Cr 10 5.05 (q) 1.44 (t) C(OEt)CH,C,H,CH,-
C(OEv)

we 10 4.88 (q) 1.25 (t) C(OEt)CH,C4H,CH,-
C(OEv)

cr 9 5.20 (q) 1.75 (t) C(OEt)-p-C,H,-C(OEL)

we 9 5.10(q) 1.70 (t) C(OEt)-p-C,Hq-C(OEY)

Cr, W* |30 Cr:5.17(q) Cr: 1.68 (t) C(OEt)-2,2'-C H,S-

W:4.98 (q) W: 1.66 (t) C,H,S-C(OEt)

Cr 17 5.28 (q) 1.70 (t) C(OEt)CHCH-p-C(H,-

CHCHC(OEY)

@ CDCL,, ® CD,COCD;,, © CD,Cl,

In the spectrum of the cyclopentadienyl manganese monocarbene complex, Cp(CO),MnC(OEt)-C(H)-
C(H)(Ph),* the chemical shifts of the methylene and methyl protons of the ethoxy group appear at 4.78
ppm and 1.25 ppm, respectively and the chemical shift of the Cp protons is observed at 4.46 ppm. These
corresponding chemical shifts appear further downfield in the spectrum of, 4, as well as, in the spectrum
of the methylcyclopentadienyl manganese complex, 3. This difference can in part be attributed to the fact
that different deuterated solvents were used lto record the spectra, but can also be attributed to the action
of two metal carbene functionalities in 3 and 4, compared to one above. However, based on the data for

mono- and biscarbene complexes of W and Cr with thienyl substituents, this seems unlikely.

2.5.2 BC NMR Spectroscopy

The *C NMR data of complexes 1 - 4 are summarized in Table 2.4. The chemical shifts for carbene
carbon atoms in spectra range from 400 - 200 ppm. Deshielding of a similar magnitude 1s also
encountered for carbenium ions it is therefore clear that the carbene carbon atoms in their respective metal
complexes bear a partial positive charge. Within a group of metals shielding of the carbon nucleus

bonded to the metal atom increases with increasing atomic number of the metal [eg.: Cr(CO)s 212 ppm,

Mo(CO), 202 ppm, W(CO), 192 ppm].**
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Table 2.4 “C NMR Data of BimetallicThienylene Biscarbene Complexes

Assignment Complexes

Chemical Shifts, (8, ppm)
Carbon Atom 1 2 3 4
C (carbene) 3219 3125 3195 319.6
M(CO), -— - 230.8 230.5
M(CO)s, (trans) 2237 202.7 _ S
M(CO); , (cis) 216.5 196.9 . S
C2 and C5 157.7 162.6 157.2 157.2
(thiophene)
C3 and C4 137.1 1372 1325 1324
(thiophene)
CHR®R=Hor | ___ — _ 84.4 84.6
CH;); (Cp) 833
OCH,CH, 77.4 79.0 73.9 74.0
OCH,CH;, 15.2 14.9 153 153
C,H,(CH;) — S 13.5 -
(MeCp)

The carbene carbon atoms in 1 - 4 have chemical shifts of between 312 and 322 ppm. The spectrum of 1
displays a chemical shift which is the furthest downfield, whereas it is the furthest upfield in the spectrum of
2. This is in accordance with the phenomenon that an increase in the atomic number of metals in the same
group leads to an increase in the shielding of the carbon nucleus. The same observation is made for the
carbonyl groups; in the spectrum of complex 1; the chemical shifts for both of the cis and trans carbonyl
groups are further downfield than for the corresponding carbon atoms in the spectrum of 2. In the spectra of
3 and 4 the chemical shifts for the carbene carbon atoms are virtually at the same &-value, as is the case for
the carbonyl groups, which is understandable as these carbon nuclei are bonded to manganese atoms in both
complexes. The chemical shifts (ppm) for the carbene carbon atom appears at 319.8 in the spectrum of A®
and at 312.5 ppm in the spectrum of B, and for the carbonyl groups: 8CO cis 218.7 and 8CO trans 224.9 in
the spectrum of A*® and 3CO cis 197.6 and 3CO trans 205.0 in the spectrum of B. These & values are in
good agreement with values reported in literature, fairly insensitive to changes of substituents on ligands and

are representative of the type of ligand and the metal.*
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The *C NMR chemical shifts for the carbon atoms in the spectrum of free thiophene appear as two signals,
at 124.9 ppm for C2 and C5 and at 126.7 ppm for C3 and C4.*” Similar as for chemical shifts in the 'H
NMR spectra, the 1*C chemical shifts for the coordinated thienylene group are downfield from those in the
spectrum of free thiophene. This can be attributed to the deshielding of the ring carbon nuclei caused by the

transfer of electron density from the ring to the metal carbene moieties.

The chemical shifts for the carbon atoms of thienyl appear as follows in the spectra of complexes A and B:
C2 157.5 ppm, C3 135.8 ppm, C4 129.8 ppm and C5 141.5 ppm in the spectrum of A*°, C2 162.0 ppm, C3
135.9 ppm, C4 128.9 ppm and C5 141.4 ppm in the spectrum of B. The chemical shifts for C2 are virtually
the same as in the spectra of 1 and 2, although shifted marginally upfield in the spectra of A and B. The
chemical shifts for C3 and C4 on the other hand, appear somewhat further upfield in the spectra of complex-
es A and B, especially that of C4, due to the absence of the second carbene moiety. The chemical shift for
C3 is downfield from that of C4 as it is closer to the carbene moiety. The chemical shift for C5 appears
downfield in the spectra of 1 and 2 compared to the spectra of A and B, due to the absence of the second car-
bene moiety in the latter. These results support conclusions made from the 'H NMR data and is consistent

with resonance structures in Figures 2.15 and 2.16.

The chemical shifts for the methylene- and methyl carbon atoms of the ethoxy group of the carbene moiety
appear at 77.2 ppm and 15.5 ppm in the spectrum of A’ and at 79.0 ppm and 14.9 ppm in the spectrum of
B. These d-values in the spectra of 1 and 2, are virtually the same for 1 and A, as well as, for 2 and B, as is

the case for the methylene protons in the 'H NMR spectra.

The resonances of the carbene carbons in 3 and 4 appear at exactly the same chemical shift value of 319
ppm, which is also observed for the biscarbene complex (MeCp)(CO),Mn{C(OEt)CH=CHC(OEt)}Mn-
(MeCp)(CO),, which has a m-conjugated link between the carbene carbons and upfield compared to the 338
ppm recorded for (MeCp)(CO),Mn{C(OEt)CH,CH,C(OEt)}Mn(MeCp)(CO), which does not contain an

unsaturated carbon fragment connecting the carbenes.

Owing to the downfield shift of resonances associated with the thienyl ring in 1 and 2 in the 'H and BC NMR
transfer of electron density from the metal fragment via the carbene carbon to the ring was not considered to
extend beyond the carbene carbon. Therefore, the resonance structure XIII in Figure 2.18 was not deemed
important. Furthermore, the process shown in XIV whereby electron density is distributed from the sulphur
atom to the metal fragments was not perceived as something that takes place independently, but, owing to the

aromatic character of thiophene, included as part of the ring effect. This may be an oversimplification as the
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aromatic character may be altered significantly on transfering m-electron density to the substituents.

EtO E— OFEt EO — OFEt
C \ C C \ C
/ S AN / s AN
v 5 o N4 5 b

X111 X1V

Figure 2.18 Resonances Structures for 1 or 2
2.5.3 Infrared Spectroscopy

Carbonyl stretching vibrational frequencies, in comparison to M-C stretching frequencies can be regarded as
being independent from other vibrations in the molecule. Therefore a qualitative correlation can be estab-
lished between the position of the bands, 7 e the CO stretching vibrational frequencies and the CO bond order
and bonding properties of other unique ligands. The stretching vibrational frequency for a free CO group is
2143 cm™, whereas it lies between 1850 and 2120 cm™ for terminal carbonyl ligands*®, eg. in Cr(CO),, vCO
=2000 cm™. Different patterns for the bands in the carbonyl region in spectra are observed for metal
carbonyl fragments and the number and intensities of the bands aid in the identification of the structure of a
particular fragment. The adaptation of a method of local symmetry for the carbonyls and the assignment of
symmetry symbols to vibrational modes and bands are available in literature.*?

The infrared spectrosopic data for the bimetallic thiophene biscarbene complexes 1 - 4 are summarized in

Table 2.5. Figure 2.19 shows the carbonyl regions in the infrared spectra of complexes 1 and 4.

The band (A,®) is affected most by changes in electronic properties of the unique ligand of M(CO),L and is

found at lower wavenumbers for W compared to Cr complexes with the same ligands.

The wavenumbers of the carbonyl bands for 1 - 4 lie between 1870 and 2080 cm™, which clearly shows the
presence of terminal carbonyl groups, only. The stretching frequencies and the pattern of the absorption
bands show that 1 and 2 each contain a M(CO),-fragment. Complexes 3 and 4 on the other hand contain a
M(CO), fragment each. Characteristic for the pentacarbonyl carbene complexes is the appearance of the

A,® band as a shoulder on the higher wavenumber side of the E band when hexane is the solvent.

The wavenumber of the A;,® band in the spectrum of 2 is only marginally lower than that observed in the
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spectrum of 1. In the spectra of 3 and 4 the wavenumbers for the A and A' bands differ only slightly from

each other, but due to the fewer carbonyl ligands, appear far lower than those of 1 and 2.

Table 2.5 Infrared Data of the Bimetallic Thienylene Biscarbene Complexes

Assignment Complexes

Stretching Vibrational Frequency, (vCO, cm™)

1 2 3 4

First set of values recorded in hexane, second set in dichloromethane

The stretching vibrational frequencies of the M(CO); unit present in other biscarbene complexes are
compared to those in the spectra of 1 and 2 in Table 2.6. The fragments designated (i), (ii) and (iii) are

compared.
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The wavenumbers of the vibrational stretching frequencies associated with A,® are highest in the spectra of
the biscarbene complexes which contain -CH,-0-CsH,-CH,-'° and lowest for 1 and 2. The complexes with
the bridging unit -0-C¢H,- ¥, have A,® bands of higher wavenumbers compared to 1 and 2. Thus for the
three examples the most electron density as reflected by the infrared data is found on the metal nuclei with
the thienylene bridging unit, thus leading to an increase in the metal-carbonyl back bonding with the

corresponding decrease in the C=0O bonding order, hence the lower wavenumbers.

Table 2.6 Stretching Frequencies for Bimetallic Biscarbene Complexes

Band Stretchiﬁg Vibrational Frequency, (vCO, cm™)

i* ii iii

Solvent: dichloromethane

*: A, and E bands overlap in dichloromethane as solvent resulting in to low values for A,®.
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Figure 2.19 Carbonyl Regions in the Infrared Spectra of (a) (CO)sCr{C(OEt)C H,SC(OEt)}Cr(CO)s
and (b) (CO),CpMn{C(OEt)C,H,SC(OEt)}MnCp(CO),

The wavenumbers for the carbonyl stretching frequencies in the spectra of complexes A and B, recorded in
hexane, are: A, 2050 cm™, B, 1980 cm™, E 1946 cm™ and A,® 1957 cm for A, and A,® 2070 cm™, B,
1977 cm™, E 1944 cm™ and A,® 1952 em™ for B. A comparison with the corresponding wavenumbers of 1
and 2 reveals that the stretching vibrational frequencies are at lower values which implies that the thienylene
unit in 1 and 2 contributes to less electron density being placed on the two metal fragments compared to that,

that the thienyl unit of A and B can place on one metal fragment.

A comparison of the infrared data in the carbony! region with the mixed biscarbene complex® containing a
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connecting dithienylene unit was not possible as no assignments were made and the spectrum was recorded

in Nujol.

2.5.4 Mass Spectroscopy

A molecular ion peak, M*, was observed in the mass spectra for each of the complexes 1 - 4 and a general
fragmentation pattern was recognized, as shown by Scheme 2.10. After the initial fragmentation of the
carbonyl ligands the carbene moieties are fragmented in a stepwise manner. First an ethyl of an ethoxy group
is fragmented which can be represented by the formation of a fragment ion with an acyl group. Fragment
ions indicate that thereafter the ethyl of the second carbene moiety is lost in a similar fashion. The Cp ring

remains bonded in 3 and 4 and is only fragmented after the carbene and carbonyl ligands.

Table 2.7 gives a summary of the most important peaks and fragment ions associated with these in the

spectra of each of the biscarbene complexes.

The M" ions and fragmentation patterns obtained from the mass spectra of 1 - 4, aided in the identification of

the complexes and verification of the structures of these complexes.

Table 2.7 Fragment Ions and Peaks of the Thienylene Biscarbene Complexes

Complex Fragment Ions, (%]I)

1 580 (15) M*; 300 (100)M*- 10 CO; 271 (11) M*- 10 CO - CH,CHj;; 242 (13) M*- 10
CO - 2 CH,CH,; 186 (20) M*- 12 CO -2 CH,CH,

2° 842 (10) M*; 562 (20) M* - 10 CO; 533 (20) M* - 10 CO - CH,CH,; 504 (11) M*- 10
CO -2 CH,CH,; 448 (10) M*- 12 CO - 2 CH,CH,

3 576 (21) M*; 464 (24) M" - 4 CO; 435 (26) M" - 4 CO - CH,CHj,; 406 (48) M* -4 CO
-2 CH,CH;; 350 (16) M - 6 CO - 2 CH,CH,

4 548 (21) M*; 436 (80) M* - 4 CO; 407 (20) M* - 4 CO - CH,CH,; 378 (83) M* -4 CO

-2 CH,CH,; 322 (32) M* - 6 CO - 2 CH,CH,

2 Based on '¥*W
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2.5.5 X-Ray Crystallography

Final confirmation of the structures of (CO);M{C(OEt)C,H,SC(OEt)} M(CO),, where M = Cr, (1) and M =
W, (2), was obtained in single crystal X-ray diffraction studies. Table 1 of Appendix 1 lists the crystallo-
graphic data of 1, similarly it is listed in Table 1of Appendix 2 for 2. Fractional coordinates for 1 are listed
in Table 2 of Appendix 1 and for 2 in Table 2 of Appendix 2. Figures 2.20 and 2.21 represent the ORTEP*
plots of the two structures. Relevant bond lenghts and angles are listed in Table 2.8. Important to note is
that the numbering system for the carbon atoms in thiophene is not the same as that used for the spectrosco-
py, but that it has been adapted in order to facilitate the comparison of bond lengths and -angles of complex-

es 1 and 2, see Figures 2.20 and 2.21.

Single crystals of 1 and 2 were isolated from dichloromethane-hexane solutions and were suitable for X-ray
diffraction studies. Complex 1 crystallized in the space group C2/c with a =21.593(12), b = 10.235(3) and
c=22.531(12) A, z=8. Complex 2 crystallized in the space group P21/n with a = 14.731(1), b =
12.016(1), c=15.087(2) A, z=4.

Figure 2.20 ORTEP Plot of (CO).Cr{C(OEt)C,H,SC(OEt)}Cr(CO),
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Figure 2.21 ORTEP Plot of (CO);W{C(OEt)C,H,SC(OEt)} W(CO),

The thienylene ring, carbene carbons and metals of 1 and 2 are planar, thus facilitating the distribution of
electron density via nm-conjugation. The M(CO),-fragments are on the same side of the thiophene ring i ¢ on
the side opposite to the sulphur of the ring. A plane of symmetry is found in the molecule and is
perpendicular to the thienylene ring, intersects the sulphur and bisects the C12-C13 bond in 1 and the C2-C3
bond of the ring in 2. The structures of 1 and 2 are remarkably similar, with the only difference the longer
distances associated with the larger tungsten atom compared to the smaller chromium atom.

The bond lengths in free thiophene were determined as S-C(1) 1.714(1) A, C(1)-C(2) 1.370(2) A, C(2)-C(3)
1.424(2) A, C(3)-C(4) 1.370(2) A and C(4)-S 1.714(1) A. The bond angles in free thiophene were
determined as C(1)-S-C(4) 92.2(1)°, S-C(1)-C(2) 111.5(3)°, C(1)-C(2)-C(3) 112.5(3)° and C(2)-C(3)-C(4)
112.5(3)°.4
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Table 2.8 Selected Bond Lengths and Angles in Complexes 1 and 2

Bond Lengths 1) M=Cr 2) M=W
M(1)-C(Carbene) 2.040(5) 2.156(12)
M(2)-C(Carbene) 2.043(5) 2.154(11)
S-C(11) /S-C(1) 1.730(5) 1.738(10)
C(11)-C(12)/ C(1)-C(2) 1.385(6) 1.385(13)
C(12)-C(13) / C(2)-C(3) 1.388(6) 1.407(13)
C(13)-C(14) / C(3)-C(4) 1.371(6) 1.390(13)
C(14)-S/C4)-S 1.732(5) 1.725(10)
C(14)-C(15) / C(4)-C(5) 1.496(6) 1.464(13)
C(11)-C(18) / C(1)-C(10) 1.456(6) 1.470(13)
C(15)-0(11) / C(5)-0(1) 1.319(5) 1.325(10)
C(18)-0(12) / C(10)-0(2) 1.330(6) 1.349(12)
Bond Angles

C(11)-S-C(14) / C(1)-S-C(4) 92.3(2) 93.6(4)
C(12)-C(13)-C(14) / 112.6(5) 114.6(10)
C(2)-C(3)-C(4)

S-C(11)-C(12)/ 109.3(4) 109.8(8)
S-C(1)-C(2)

C(11)-C(12)-C(13)/ 114,865) 112.9(10)
C(1)-C(2)-C(3)

S-C(14)-C(13)/ 111.0(4) 109.0(8)
S-C(4)-C(3)

M(1)-C(15)-C(14) / 124.3(4) 126.3(8)
M(1)-C(5)-C(4)

M(2)-C(18)-C(11)/ 125.3(4) 126.9(8)
M(2)-C(10)-C(1)

On comparing the bond lengths in thiophene of the complexes 1 and 2 with those in free thiophene, all of
these are longer in the complexes except for the C(2)-C(3) bond which is shorter in the complexes. Free
thiophene displays carbon-carbon bonds which are more localized, i e more double bond character in C1-C2

and C3-C4 and more single bond character in C2-C3 than in 1 and 2. Within experimental error all of the C-
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C bond lengths of the thienyl ring of 1 and 2 are the same, indicating delocalization of electron density over
the ring. This is represented by the structures XV and XVI in Figure 2.22. However, structure X VI is
perhaps of less importance as it is not significantly supported by shorter C(carbene)-C(thienyl) bonds. These
distances recorded in 1 or 2 are only slightly shorter than normal C-C single bonds, (1.51(3) A).** The bond
angles also differ from the corresponding angles in thiophene. These differences are an indication that the

thiophene ring is somewhat more distorted in the complexes 1 and 2 than in free thiophene.

EtO\ / \ /OEt EiO\ :@ /OEt
C C C
rM]// S \MJ [MJ/ S \[M]
XV © ©

XVI

Figure 2.22 Delocalization of Electron Density in 1 and 2

The metal carbene carbon distances of 1 and 2 fall within the range reported for alkoxy monocarbene
complexes of Cr and W and represent middle to shorter values. For comparison the average distances and

angles of 1 with XVII?, XVIII**and XIX* for Cr and of 2 with XX**, XXT'° and XXII” for W are listed in
Figure 2.23.
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Figure 2.23 Selected Bond Distances and Angles of Related Structures

Bond distances associated with the carbene centre are remarkably similar, (distances to 1/100 A, angles to
1°) for all the examples shown. The only deviation is found in the structure of X VIII where angular
deviations occur due to a six membered ring in one of the carbene units which results in a lengtening of the
Cr-C(carbene) and C(carbene)-C(ring) distances. In fact, the comparison of 1 with the monocarbene
complex XIX reveals that the carbene structural features are practically the same and that the introduction of
a second carbene unit in 1 neither alters nor‘affects the geometry around the other carbene in any significant

manner.

2.6 Synthesis of the Bimetallic Biscarbene Complexes of 2,2'-Methylene
Dithienyl

Unlike thiophene the ligand 2,2'-methylene dithiophene (MDT) does not have a conjugated n-system through
which the metal nuclei contained within the carbene moieties are in contact. It was, however, deemed interes-
ting enough to synthesize biscarbene complexes of this ligand, in order to inspect the influences of a conjuga-

ted m-system in a biscarbene complex compared to the absence thereof.

The ligand MDT was prepared by a known method.*’ This method, in which zinc chloride is used as conden-
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sing agent, comprises the chloromethylation of thiophene. In the presence of zinc chloride and hydrochloric
acid, thiophene reacts with a formaldehyde solution to form MDT. It is important that the reaction should be
performed at between -7 and 0 °C, lest the yield of MDT is greatly reduced, as would be the case if the
temperature rises above 0 °C. This is due to the fact that the amount of resin formed (at higher

temperatures) increases and leads to poor yields of final products.

Unlike thiophene the double deprotonation of MDT is readily achieved with an excess of butyllithium in
THEF as solvent to yield the lithium acylates.®® The double deprotonation of MDT is, however, greatly
facilitated by the addition of the monomeric BuLi-TMEDA complex in the absence of THF with hexane as
solvent. The reaction proceeds according to the same mechanism as described for the double deprotonation
of thiophene.* In order to afford the double deprotonation of MDT a solution of MDT, butyllithium and
TMEDA had to be refluxed for 30 min. The synthesis of the biscarbene complexes 5 - 7 was carried out by
means of the classic Fischer procedure.® The conversion did, however, not proceed quantitatively, as a
mixture of products was obtained. The separation of these products was done with extreme difficulty,
employing repeated column chromatography with a non-polar solvent as eluting agent. Pure fractions of the
biscarbene complexes could only be obtained after much effort. The other products could not be isolated in
pure fractions and could therefore not be characterized with certainty. Some spectroscopic data indicated
that the corresponding monocarbene complex was also synthesized in each reaction. Scheme 2.11 provides
an outline of the route according to which the reaction to synthesize the bimetallic 0,0-biscarbene complexes
5 - 7 proceeds, with L,(CO),M{C(OEt)C,H,SCH,C,H,SC(OEt)}M(CO),L;, M=Cr,L=CO (§); M=W, L
=CO (6); M =Mn, L;=Cp (7).

The biscarbene complexes S - 7 were isolated as oils, which were fairly stable in an inert atmosphere.
Complexes 5 and 6 are bright red in colour, whereas complex 7 has a more brownish red colour. The relative

yields of these products were good.
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Reagents: (a) BuLi(TMEDA), hexane, reflux; (b) BuLi, THF, -5 to -10°C, (c) THF, 2 equiv.
ML,(CO);, (d) 2 equiv. [Et,O][BF,], CH,Cl,
Scheme 2.11

Metallation of the methylene carbon of MDT, i e C,-lithiation of MDT, is a process which is in competition
with the double metallation described above. In order to achieve C,-lithiation, certain facts have to be taken
into consideration. In view of the stronger stabilizing effects of the 2-thienyl group compared to that of a
phenyl group on not only carbocations*® but also carbanions® , the C,-protons of MDT would be more acidic
than those of diphenylmethane (pK, = 32.8) and even more acidic than those in dimethylsulfoxide (pK, =
35). On the other hand, the C5-protons must be less acidic than in DMSO, even though these receive the
heteroatom assistance of the adjacent sulphur atom for metallation.® Different methods have been proven to
successfully lead to the deprotonation of methylene dithiophene at the C, -position and the following results
have been documented:®

(1) Treatment of MDT with sodium hydride or z-butyllithium in DMSO-THF (1/1 v/v) generated the desired
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metallated complex as shown by 'H and *C NMR.

(ii) Lithium diisopropylamide (LDA) also effected the selective C,-lithiation in THF in spite of possible
directing properties by the sulphur atom.

(iit) The addition of 1.5 equivalents of TMEDA to n-butyllithium-THF showed a remarkable temperature
dependence of the selectivity: C5-lithiation at - 60 °C, and C,-lithiation at 0 °C. The more TMEDA is
added the more the C,-lithiation is favoured. The C,-lithiation was resulted even at -60 °C in a 1 : 1 mixture

of THF / TMEDA.

Bearing the above in mind, the C,-lithiation was attempted by employing (iii). After the subsequent steps
had been carried out, (addition of the metal carbonyl and quenching with triethyloxonium tetrafluoroborate at
low temperatures), the desired monocarbene complexes, L,(CO),M{C(OEt)C(Th),H} were not obtained, but
rather a mixture of compounds which appeared to be interesting, but could not successfully be separated, in
order to make the characterization of these products possible. It appeared as if these products were
continuously and spontaneously converting from the one to the other. The possible conversion of the acylate
intermediate to a vinylidene complex is shown in Scheme 2.12. Both the hydroxyvinyl and the vinylidene

complexes will be very reactive and unstable species under the prevailing reaction conditions.
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2.7 Spectroscopic Characterization of the Bimetallic MDT Biscarbene

Complexes

The bimetallic biscarbene complexes 5 and 6 were spectroscopically characterized with '"H NMR, *C NMR
and infrared spectroscopy, the complex 7 was characterized with 'H NMR and infrared spectroscopy. The
spectroscopic data are summarized in Tables 2.9 - 2.11. No general fragmentation patterns could be
obtained from the mass spectra of these complexes, a molecular ion peak could be obtained from the
spectrum of 5, (676 (5%)), only. The numbers allocated to the respective protons and carbon atoms as
indicated in Figure 2.24 will be used throughout the discussion to ensure consistency and to facilitate the

comparison with the thienyl and thienylene carbene complexes.

Ned L

A

Figure 2.24 Atom Numbering in the MDT Biscarbene Complexes

2.7.1 'H NMR Spectroscopy

The 'H NMR data for the various bimetallic MDT biscarbene complexes are summarized in Table 2.9.
Figure 2.26 represents the '"H NMR spectrum of complex 5. The data is consistent with the formulation of
the biscarbene complexes S - 7 and all the signals were assignable and of the correct intensities. All spectra
were recorded at 20 °C in CDCl, as deuterated solvent. The spectrum obtained for 7, gave enough
information for the characterization of the compound, but it was not possible to calculate the coupling
constants due to signal broadening. An attempt to improve the resolution at a much lower temperature (-20

°(C), failed to give more information regarding the multiplicities of the signals.

The "H NMR spectrum of free MDT was recorded in CDCl, as solvent. These d-values were detemined as:
d H2 H2' 7.18 ppm, 8 H3 H3' 6.94 ppm, & H4 H4' 6.91 ppm and H6 4.37 ppm.
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Table 2.9 '"H NMR Data of the Bimetallic MDT Biscarbene Complexes

Assignment Complexes
Chemical Shifts, (8, ppm) and Coupling Constants, (J, Hz)
5 6 7
Proton o o - ) R . d
H4 H4' 7.05 (d) 4.1 7.03 (d) 4.1 6.88
H3 H3' 811(d) |39 8.02(d) |41 7.85
H6 (CH,) 4.31(s) 4.26 (s) 428
OCH,CH, 5.13(q) 7.0 495 (q) 7.1 4.96
OCH,CH;, 1.61(t) 7.0 1.61 (1) 7.0 1.53
C.Hs

The most important features of the 'H NMR spectra of 5 - 7 are the resonances of the unsymmetrically
orientated thienylene protons, H3 H3' and H4 H4' which are observed as doublets in the range of 8.11 - 6.88
ppm. A single resonance is observed for the methylene proton, H6 in the range of 4.26 - 4.31 ppm. Quartets
are present at 5.13 - 4.95 ppm for the methylene protons and triplets at 1.61 - 1.53 ppm for the methyl

protons of the carbene ethoxy substituent.

From Table 2.9 it is evident that the d-values of the chemical shifts of the protons in 5 appear downfield
from those of the corresponding protons present in the spectrum of 6, due to more shielding by the tungsten

nucleus.

The chemical shifts of the thiophene protons in the spectra of 5 - 7 are observed downfield from those for the
corresponding protons in uncoordinated thiophene. Although MDT does not act as a conjugated 7-bridging
unit, through which the two metal nuclei are in contact, the n-system of each ring does lead to mt-conjugation
from the double bonds of the two independent thienylene rings which serve as electron donors. It is evident
that electron density is transferred from the ring and hence from H3 H3' and H4 H4' to the carbene carbon
atoms and onto the metal nuclei, thus leading to the deshielding of H3 H3' and H4 H4' and downfield

chemical shifts.

From Table 2.9 it is evident that the chemical shifts of H3 H3' are downfield in the spectra of 5 - 7 from
those for H4 H4', as well as, for the corresponding ones (H3 and H4) in the spectra of the thienylene

biscarbene complexes, 1, 2 and 4. This is caused by the carbene substituent in position 2. When considering
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the monocarbene complexes, A and B the same tendency as for the complexes 5 - 7 should be observed, (i e
downfield chemical shifts for H3, due to electron draining and hence deshielding of the ring by the carbene
ligand, Figure 2.25. This is indeed the case with the chemical shifts of H3 H3' at 8.11 ppm and 8.02 ppm
respectively for S and 6 which are like, the 8.23 ppm and 8.14 ppm respectively for A and B, downfield from
the d-values observed in the spectra of 1 and 2, however significantly upfield from A and B. The chemical
shifts of H4 H4', on the other hand appear upfield in the spectra of S and 6 from where these appear in A and
B. The resonances of H4 H4' for S and 6, as well as, H4 for A and B are significantly upfield compared to
the d-values in the spectra of 1 and 2. This is simply due to the fact that H4 H4' are not subjected to the
electron withdrawing properties of a second carbene moiety in 5 and 6, as well as, H4 in A and B as is the
case for 1 and 2. The more upfield chemical shifts in the spectra of 5 and 6 compared to A and B could be
due to the presence of the methylene group bonded to C5 C5', leading to better shielding of C4 C4' and hence
H4 H4', causing upfield chemical shifts. On comparing the chemical shifts of H4 H4' with H4 in the spectra

of the manganese complexes 7 and 4, it is also found to be upfield in the spectrum of the first.

The chemical shifts of the protons of the methylene and methyl groups of the ethoxy substituent appear
further upfield in the spectra of the MDT biscarbene complexes, 5 and 6, from those in the spectra of 1 and
2, indicating that less electron density is distributed to the carbene carbon from the metal and thienylene
moieties of 5 and 6 compared to 1 and 2, as illustrated in Figure 2.25. The corresponding chemical shifts
also appear downfield in the spectra of A and B. The methylene and methyl protons of the ethoxy group
appear at similar values for 4 and 7. The Cp protons of 7, on the other hand appear a little upfield from

their position in the spectrum of 4.

OEt

e ISt

Figure 2.25 Distribution of Electron Density in 5 and 6
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Figure 2.26 'H NMR Spectrum of (C0O)sCrC(OEt){C H,SCH,C H,S}C(OEt)Cr(CO);s
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2.7.2 BC NMR Spectroscopy

The '3C NMR data for complexes 5 and 6 are summarized in Table 2.10. The '*C spectrum for

uncoordinated methylene 2,2' dithiophene was recorded in CDCI, as solvent and the chemical shifts, (ppm)
were determined as follows: C5 C5' 143.1, C4 C4' 126.5, C3 C3' 125.0,C2 C2' 123.8 and for the
methylene carbon atom C6 at 35.0.

Table 2.10 *C NMR Data of the Bimetallic MDT Biscarbene Complexes

Assignment Complexes
Chemical Shifts, 8, (ppm)
Carbon Atom 5 6
C (carbene ) 3147 305.2
2893
M(CO);, (trans) 2232 2024
M(CO);, (cis) 217.1 197.5
cz2c2 157.2 157.1
C3C3' 142.0 142.6
Cc4C4 128.2 1283
C5Cs' 151.6 152.3
C6 (methylene) 314 ; 31.9
OCH,CH;, 76.0 78.4
OCH,CH;

The chemical shift of the carbene carbon of 6 appears upfield from the corresponding resonance of 5. A
second chemical shift appears for the carbene carbon at 289.3 ppm in the spectrum of 6. The chemical shifts
of the carbonyl groups appear downfield in the spectrum of S compared to the corresponding resonances of
6. These 8-values are in good agreement with values reported in literature” and fairly insensitive to changes
of substituents on the carbene ligand and are representative of the respective metal carbonyl fragment. The
chemical shifts of the carbene carbons of 5 and 6 are slightly upfield from those in the spectrum of the
monocarbene thienyl complexes, A and B, which are virtually the same. The difference in chemical shifts for
the carbene carbon atoms can be accounted for by the fact that more electron density from the two thienylene

rings is placed on the carbene carbon atoms in 5 and 6, hence shielding, Figure 2.25.
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The chemical shifts for the MDT unit in the complexes 5 and 6, compared to the chemical shifts for
uncoordinated MDT are further downfield. For the monocarbene complexes, A and B, the chemical shifts
for C2 of the thienylene ring are virtually the same in the spectra of complexes 1 and 5, as well as, in the
respective spectra of 2 and 6. The chemical shifts of C3 C3' and C4 C4'in § and 6 when averaged are
similar to the values obtained for C3 or C4 in 1 and 2 respectively. It is not clear why the chemical shift for
C5 C5'in 5 and 6 is shifted so far downfield compared to the corresponding resonances in A and B, and why

the resonances are closer to those in 1 and 2 than in A and B.

2.7.3 Infrared Spectroscopy

The infrared data for the biscarbene complexes 5 - 7 are summarized in Table 2.11. Figure 2.27 represents

the infrared spectrum of 5. All spectra were recorded in hexane as solvent.
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Figure 2.27 Carbonyl Region in the Infrared Spectrum of (C0O);CrC(OEt){C,H,SCH,CH,S}-
C(OEt)Cr(CO)s
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Table 2.11 Infrared Data of the Bimetallic MDT Biscarbene Complexes

Assignment Complexes

Stretching Vibrational Frequency, (vCO, cm™)

5 6 7
M(CO), | A® 2058 2066
B, 1983 1975
E 1947 1941
A® 1954 (sh) 1948

A comparison of the stretching frequencies of complexes S and 6 to those of complexes 1 and 2 is shown in

Table 2.12

7

Table 2.12 Infrared Data of the Biscarbene Complexes 1, 2,5 and 6

M(CO)s || Cr (5) W (6) Cr (1) W (2)
Band

A® 2058 2065 2064 2074
B, 1983 1975 1987 1985
E 1947 1941 1953 1952
A®

Solvent : hexane

The stretching frequencies of 1 and 2 are higher than those for S and 6 respectively, which reflects that less
electron density is remains on the metal centre for 1 compared to 5 and for 2 compared to 6. This is an
indication that the two thienylene rings in MDT (which is not a conjugated nt-system) are stronger donors of

electron density compared to the conjugated bridging thienylene unit in 1 and 2.

In conclusion it can thus be said than the ability of the bridging ligand to distribute electron density via the
carbene to the metal nuclei influences the wavenumber of the bands in the spectrum of a metal carbonyl
fragment and that the conjugated bridging thienylene unit donates less electron density than the bridging

MDT unit which does not act as a conjugated system. This was also observed on comparing 1 and 2 with the
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monocarbene thienyl complexes A and B. The infrared data of A and B and 5 and 6 are similar when

compared to that of 1 and 2.

2.8 Summary

On comparing the chemical shifts in the '"H NMR and *C NMR spectra of the thiophene- and MDT
biscarbene complexes it is evident that there are definite differences in especially the chemical shifts of the
thienyl ring atoms. The chemical shifts of C4 C4' and H4 H4' are upfield in the spectra of the MDT
biscarbene complexes compared to the more downfield position in the spectra of the thiophene biscarbene
complexes. Also a comparison of the wavenumbers in the infrared spectra of these complexes shows definite
differences. The mt-conjugated bridging thienylene unit does not donate as much electron density to the
carbene moieties as the non-conjugated bridging ligand MDT or the monocarbene thienyl complexes.
However, one should bear in mind that the latter two have one thienyl unit, per carbene which is attached,

whereas two carbene ligands are served by one thienylene ring in 1 and 2.

Good agreement among similar chemical shifts are found for all the new compounds and the spectral data
confirm the presence of an alkoxy carbene ligand with a thienyl substituent. The NMR data also reveal the
donation of electron density from the thiophene substituent to the carbene carbon for all the new complexes.
Smaller variations in the data indicate that more electron density is transferred by the thienyl of the
monocarbene thienyl complexes A and B compared to the unconjugated 2,2'-dithienyl unit in the biscarbene
MDT complexes S and 6. Reasons for this are not clear. However, most electron density is transferred by
the conjugating thienylene in the biscarbene complexes 1 - 4, but it must be remembered that the deshielding

effect is caused by two electron withdrawing carbene substituents for only one thiophene ring.

From the infrared data it is evident that the order in which electron density is donated for the thiophene
substituents is the following:

MDT > thienyl > thienylene
It seems reasonable to conclude that the amount of electron density donated by thienyl can not be doubled by
thienylene to two metal fragments and that the flow of electron density via m-interaction of thienylene to the

two metal fragments is controlled by the carbene units and is limited by the resulting positive character on

the thiophene ring.

The planarity of the thienylene ring, carbene unit and metal centre displayed in the structures of 1 and 2 holds

promise for future work regarding nt-delocalization and conducting properties with two electronically very
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different metal fragments at the ends. However, some concern exists on the linearity if larger spacers of this
type are used. Of great interest is a structure determination and linearity of more than one thienylene spacer

between the carbene units.
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o,TT-Bimetallic
Monocarbene
Complexes

3.1 Introduction: Complexes with m-Donor Ligands

The chemistry of Tt-arene complexes have attracted enormous attention over the years following the discovery
of ferrocene,'? and the effect of n-coordination of metal fragments to different types of ring systems has been
extensively studied especially for rings containing no heteroatoms like cyclopentadienyl and benzene. These
systems have been employed in the synthesis of sandwich and half-sandwich complexes.> Well known

examples of this kind are the arene-chromium-tricarbonyls which in particular have attracted attention®,

/\ acidic

H deprotonation

'/\ acidic
deprotonation
C—H

‘ nucleophilic
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g \_/substitution

blocking
\/fragment

Figure 3.1.

~ Tr\

Figure 3.1 Ring Activation by Cr(CO),

Since the activating substituent, Cr(CO);,, is symmetrically bonded to the arene ring carbons and shows no
directing effect, apart from steric crowding on one face of the arene ring, the substituents attached by o-bonds
to the arene ligand will have the primary influence on site selectivity, eg. in (n-toluene)Cr(CO), proton
abstraction occurs predominantly at the meta position, whereas deprotonation will occur solely at the ortho
position in (nt-fluorobenzene)Cr(CO),.° This illustrates the regio-control of reaction sites by ring substitu-

ents owing to the presence of the n-bonded metal moiety. The substituents also determine the orientation of
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ents owing to the presence of the n-bonded metal moiety. The substituents also determine the orientation of
the carbonyls of the Cr(CO);. Nucleophilic and electrophilic substitution reactions of these complexes have

received considerable interest in the past two decades.® "8

3.2 o,n-Bimetallic Complexes

3.2.1 o,n-Complexes of Cyclopentadienyl and Benzene

In bimetallic compounds linked by bridging organic substrates via o- and T bonding modes, ligand activation
is achieved in both the o, (through inductive effects) and =, (through m-resonance effects) modes of the
bridging ligand.® Furthermore, when n-conjugated bridging ligands are utilized the metal centres are directly
in contact via Tt-resonance effects.'® Figure 3.2 shows how a o-bonded transition metal can interact via -
resonance effects with the n-bonded metal when the bridging ligand is benzene; (a) electron density is
withdrawn from the m-cloud of benzene ring to the vacant t,, orbitals on the metal, (M? "stealing electron
density from the M"), (b) electron density is withdrawn from the filled t,, orbitals on metal to the empty m*

orbitals of the benzene ring.

)

-~
~
- Se
~
Y
\
1
7’
-,
P
L
<
)

\---J-_.J
i Al‘pn-’Mtzg
M']
(@)
P
’ "_\\ \\
L Y—— —
LS
i Arpfe— M,
[M']
(b)

Figure 3.2 Possible n-Contact between Metals in o, n-Bimetallic Benzene Compounds
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by metal carbonyl anions analogous to reactions with carbanion nucleophiles studied by Semmelhack 5415
The treatment of (n®*haloarene)Cr(CO), with dianionic metal complexes, such as Na,[Fe(CO),] " * and K,
[M(CO),], M = Cr, W" provides an established route to the synthesis of anionic heterobimetallic compounds
with o,mt-coordinated bridging ligands. By contrast, complexes such as Na[Co(CO),] '*!? Na[Mn(CO);]
and Na[MoCp(CO);] failed to react with haloarenes and it is perceived that the anionic metal substrate is too
weak a nucleophile'® possibly due to diffusion of the negative charge over the whole complex, to make this
a general method of synthesis of o,m-bimetallic complexes. The investigation into the formation of metal to
phenyl carbon 0-bonds reveals that the reaction between arryllithium reagents and metal carbonyl halides are

2 An important complication is the direct attack on the coordinated carbonyl

not general synthetic routes.
ligand leading to the formation of acylates. The o-bonded metal-arene derivatives are instead obtained
indirectly by treating the metal carbonyl anion with benzol halides and subsequent decarbonylation of the

%32 On the other hand two routes are employed for the formation of o,m-

metal benzoyl intermediates.
bridged cyclopentadienyl derivatives of bimetallic complexes, firstly the salt elimination reaction between
lithiated (n*-CsHs)Mn(CO),**?' and halide complexes of various metals, or alternatively the reaction of the
halide substituted arene compound (n*-CsH,X)Cr(CO),L* %, chloroacetylferrocene®* %, and (1°-C¢HsX)Cr-
(CO),"- 1217 with the metallated transition metal complexes. An altenative route to the synthesis of neutral
heterobimetallic complexes with o,7-(1)':1°)-bridging arene ligands, is the prospect of applying (1°-lithio-
arene)Cr(CO), in the reverse type reaction, in which the arene-chromium substrate is employed as the
nucleophile in reactions with transition metal electrophiles. This reaction type was employed in the synthesis

of (aryllithium)tricarbonylchromium precursors.> %

Complexes in which the metal atom is directly coordinated to a phenyl ring carbon or via a carbon atom

bonded to the ring were synthesised in our laboratories.”’” Examples of complexes in which the metal atom

is directly bonded to the ring via a -bond include (1°>-C¢HsMn(CO),L)Cr(CO),, L = PPh,?”®, P(OMe),*".

The reaction under similar conditions with bidentate ligands (I.',_i) yields the product (nS-CﬁHsC(O)Mn(IT
-i.)Cr(CO)3, in which CO has been inserted into the Mn-C(ipso) bond, where rL = Ph,PCH,CH,PPh,, Me,.

NCH,CH,NMe,. Other examples were obtained by reacting (n°-C4H,RLi)Cr(CO), with titanocene dichlo-

ride. This reaction yielded compounds in which the second transition metal is directly bonded to the ring with

a sigma bond or via a carbon atom eg. the compound Cr(n°-CgH;)Ti(n’>-CsH;),C1(CO),. The lithiated benzene

derivative reacts similarly and affords the unstable (n°-C4Me;)CH,Ti(n’-CsH;),C1(CO),Cr.”
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3.2.2 Complexes of Thiophene

Although m-complexes of various transition metals with heteroatom rings displaying pseudo-aromatic
character have long been known, the properties and chemical reactions of these have as yet remained
unexplored.® Of late, however, the emphasis has shifted and rings containing heteroatoms eg. thiophene,
pyrrole and pyridine have been employed with ever increasing frequency.”*  Especially the coordination
chemistry of thiophene is vigorously being explored and some fascinating results have emerged. The
coordinating properties of thiophenes are closer to those of arenes than to thioethers. On comparing the
various systems it has been found that thiophene is somewhat more nucleophilic than benzene as suggested
by the ionization potential of 8.9 versus 9.3 eV for benzene. Evaluation of the interaction of thiophene with
transition metals requires knowledge of the electronic stucture of the heterocycle. There are six valence
orbitals, all of which primarily have p-orbital character. The five p orbitals orthogonal to the ring give rise
to five nondegenerate 7 states. Three of the n-molecular orbitals are occupied. The symmetries of the 7
levels of thiophene resemble those for cyclopentadienyl, however, the presence of the heteroatom lifts any
degeneracies. The major difference in the coordinating properties of thiophene and cyclopentadienyl anion
is the significantly higher basicity of the latter. For this reason benzene represents a superior model for
thiophene coordination, at least as it applies to 1%, n* and n*-thiophene complexes.” These considerations
thus present an explanation for the weaker m-coordination of the metal fragment to a ring like thiophene,
compared to the coordination to a benzene ring and hence the fact that the Cr(CO),-fragment is lost more
easily in reactions to yield by-products which do not contain the n-fragment, as will become evident from the

use of thiophene and benzothiophene in the synthesis of o,m-bimetallic carbene complexes.
The most likely coordination sites in thiophene are the C(2)=C(3) and C(4)=C(5) bonds, where ring n-

electron density is presumably concentrated, as well as, at the sulphur atom. Coordination at all these sites

is known®* *3! as summarized by the known structural types in Figure 3.3.
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Figure 3.3 Coordination Modes of Thiophene

Examples of these types have been characterized by X-ray diffraction studies except that of the 1)?>-bonded
thiophene, which is proposed to occur in [(2,3-n*thiophene)Os(NH,);]**, which is based on 'H NMR studies.
Further proof of this mode of coordination has recently been observed in the structure of (1°:n%-benzo[b]-
thiopheneReCp(CO),)Cr(CO),.*" Each stuctural type in Figure 3.3 will be referred to in this section, how-

ever, the emphasis will be placed on the 1*-type which dominates and is of relevance in this study. >

In five and six membered monoheterocycles, in which the heteroatom forms part of the m-conjugation, the

ring has a planar structure. An important feature of these compounds is the degree of aromaticity in the ring.

Heterocycles are often classified as being 7t-excessive or n-deficient® or stated differently as having hard or
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Heterocycles are often classified as being m-excessive or n-deficient® or stated differently as having hard or
soft donor atoms according to the hard and soft acids and bases concept (HSAB).* It is these properties that

determine the coordinating properties of heterocycles, be it 0 and / or 7.

Compared to dialkyl or aryl-alkyl sulphides (R,S) or tetrahydrothiophene ((CH,),S), thiophene (Th) is a very

weak sulphur-donor ligand and few S-bonded thiophene complexes are known.>*3

Until recently only two stuctures of complexes with n*-thiophene ligands had been reported. The first of
these being IrCp*(n*-2,5-Me, Th)* and [RhCp*(n*-Me,Th)].*" In these complexes the 1*-thiophene ligand
is no longer planar, the sulphur atom is bent out of the plane of the four carbons. In comparison with the
weak S-donor ability of free thiophene, the sulphur in 1*-thiophene complexes is an excellent donor and
therefore coordinates to various Lewis acids including transition metals, resulting in 1*,S-p,- and 1* S-p,-
thiophene complexes. Compounds exhibiting the n*,S-,-mode of bonding contain a bridging thiophene lig-
and which is 1*-bonded to one metal and S-bonded to a second metal (or Lewis acid). The simplest examples
are the BH; adducts Ir(Cp)(n*-Th-BH;) which are formed by the reaction of a IrCp(1f -Th) complex with
THF-BH, or Me,S-BH;.***® The stuctures of some of these complexes were found to be very similar to one

another, with the sulphur atom folded up out of the four-carbon plane.*?- 4

In complexes, which exhibit 1*,S-p;-modes of bonding, the bridging thiophene is 1*-coordinated through
the diene to one metal and the sulphur atom using both available lone pairs to be S-coordinated to two other
metals. Known examples of this type are the complexes, [CplIr(2,5-Me, Th)][Mo,(CO),Cp,]* and [CpIr(2,5-
Me,Th)][Fe,(CO),].* Both these complexels contain metal-metal bonds which are bridged by the sulphur
of the n*-2,5-Me,Thiophene. The M-M-S plane is essentially perpendicular to the C(2)-C(3)-C(4)-C(5)
plane. These structures reinforce the observation that the n*-thiophene structure remains unperturbed by the

nature and the number of metal fragments coordinated to the sulphur.

The first reported structure of an 7°-thiophene complex was that of Cr(n)>-Th)(CO),.”” Since then similar
compounds have been isolated and characterized. One of these being the compound [Rh(1>-Th)(PPh,),]*,"
which was characterized with X-ray crystallography. The bond distances and angles were found to be similar
to those in free thiophene, however, the ring is not exactly planar with the sulphur slightly out of the plane
of the four carbons. More recently Rauchfuss and co-workers®® published three structures containing the 1’-
tetramethylthiophene ligand, [Ru(n’-Me,Th),]*, [Ru(n’-Me,Th)C1],S* and [Ru(n>-Me,Th)(OH,),]**, wherein
the thiophene C-S distances are longer than in free thiophene but the C(2)-S-C(5) angles being essentially

the same as in free thiophene.
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Until recently not many examples of -bonded pseudoaromatic heterocycles, which are o-bonded to a second
transition metal fragment through a ring carbon atom without a metal-metal bond have been reported.
Thiophene, however, is an exception although some difficulties are experienced in the synthesis of these
complexes. Various new bimetallic compounds of (n’-thiophene)Cr(CO), have been synthesized and
characterized in our laboratories. Examples of these include the compounds (1*-C,H;SMn(CO);)Cr(CO),,
(n'm*-C H,SPH(C,H,SL,))Cr(CO)s, (1°-CH,S(TiCp,C1))Cr(CO),, ete.*®  As yet only one example of bi-
metallic complexes in which the second transition metal atom is bonded to the ring via a carbene carbon atom
is known, i e (n*-C,H;SC(OEt)Re)Cr(CO),**

The insertion of Cp*Ir into a thiophene ring to give a six membered metallaheterocycle has been
accomplished by UV photolysis and base catalysis.® It was shown that the iridathiabenzene ring can be
considered to have a delocalized mt-system which was demonstrated by coordinating it in a 1)%-fashion to ML,
fragments to afford complexes of the type (1°-SC(Me)CHCHC(Me)Ir(Cp))ML,, (M =W, Cr, Mo; L = CO,
Fc',L=Cp)."!

The o-coordination of substituents, especially heteroatom substituents or metal fragments cause polarization
and activation in the bonds. Metal fragments can be attached via carbon atom or heteroatom substituents,
or directly to the ring. Heteroatoms on the other hand form part of the ring, eg. in thiophene, pyridine,

pyrrole, etc. and an electron polarization factor is introduced into the 7-bonding.

3.3 o,n-Bimetallic Monocarbene Complexes

;

Five and six membered rings without a heteroatom, to which a metal fragment is m-bonded have been
successfully employed in the synthesis of bimetallic 0,n- monocarbene complexes. Examples and the

synthesis of some of these complexes will be discussed in this section.

3.3.1 Synthesis from Metallated Precursors

(n’-Benzene) tricarbonylchromium was used as a precursor by Fischer and co-workers* in the synthesis of
carbene- and carbyne complexes of the Group 6 transition metals. The reaction of (n°-phenyllithium)
tricarbonylchromium with the metal hexacarbonyls of Group 6 in diethyl ether and subsequent alkylation with
triethyloxonium tetrafluoroborate yielded the n°-phenyl carbene complexes of chromium, molybdenum and
tungsten, see Figure 3.4. On reacting the chromium and tungsten analogues with boron trihalides (BX;; X

= Cl, Br) the corresponding carbyne complexes were afforded.
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Cr(CO),
M =Cr, Mo, W

Figure 3.4 o,n-Bimetallic Carbene Complexes

With this Fischer and co-workers** have demonstrated that contrary to the belief that the negative charge
resulting from the metallation of the ring will be diffused over the entire complex, it is very much localized
on the metallated carbon and is still strong enough to act as a nucleophile and attack a carbonyl of a metal

carbonyl complex.

Fischer-type carbene complexes with bridging ligands which have mt-cyclopentadienyl and o-carbene bonding
functionalities have been synthesized and studied.® A series of ferrocenyl carbene complexes of chromium,
tungsten and manganese, L MCXR(Fc), with ML, = Cr(CO)s, W(CO); or Mn(MeCp)(CO),; XR = O'NMe,’,
OMe, OEt, NH,, NMe,, NC,H,; was prepared to study the electronic effects of the ferrocenyl substituent in
the carbene ligand. The ferrocenyl substituent acts as an electron donor by means of resonance interaction

with the carbene carbon atom. ;

The lithiated metallocenes ruthenocene and 1,1'-dimethylferrocene react with the metal hexacarbonyls of
Group 6 to yield bimetallic acylates, from which, by subsequent alkylation with triethyloxonium
tetrafluoroborate the corresponding carbene complexes of chromium, molybdenum and tungsten are
obtained™, see Scheme 3.1. The solid state structure of the tungsten complex displays a ruthenocenyl
substituent with coplanar cyclopentadienyl rings which are in a staggered conformation relative to one another

and located between two cis-carbonyls of the W(CO),-fragment.
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CH,

Reagents: (a) 1. Li[Ru(n’-C;H,)(n>-C;H4] , Et,0; 2. [Et,0][BF,], CH,Cl,
(b) 1. Li[Fe(n®-CH,CH,)(n’-Cs H,CH,)], Et,0; 2. [Et,0][BF], CH,CL,
Scheme 3.1

The synthesis of pentacarbonyl tungsten carbene complexes of (1°-CsH,)Mn(CO); and ferrocenyl ligands,
led to the synthesis being extended to the preparation of the analogous cationic manganese carbene

complexes.

The ruthenocenyl and ferrocenyl act as an electron donor by means of resonance interaction with the carbene

carbon atom in these complexes.
Chiral binuclear carbene complexes of the Fischer type were synthesized utilizing (R R)-1-(1-

dimethylaminoethyl)-2-lithioferrocene. The lithiated precursor reacts with the tungsten hexacarbonyl to give
a bimetallic acylate, CpFe{n’>-2-C,H,{C(Me)HNMe,} C(OL1)W(COs}, which can be converted to the achiral
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amino-carbene complex, CpFe{n*-2-C;H,{C(Me)(OH)H}C(NMe,)W(CO)} in the presence of a proton
donor like fert-BuCl.*® Unlike Mn(CO);Br, Re(CO),Br reacts with the lithiated thiophene complex Cr(n’-
C,H,SLi)(CO), to give after subsequent alkylation the o,m-bimetallic carbene complex*, Scheme 3.2.

/OLi
Li b, C
N\
S S \Re(CO)4C1
Cr(CO), CrCO),
a C
/OEt
Mn(CO),
N
S S \Re(CO)4C1
Cr(CO), Cr(CO),
+
1
C—Mn(CO),
S
Cr(CO),

Reagents: (a) Mn(CO);Br, (b) Re(CO)Cl, (c) [Et;O][BF,]
Scheme 3.2

3.3.2 From Carbynes to Carbenes

Fischer and Wanner”’ synthesized some novel carbene complexes by reacting the thermally relatively stable
cationic ferrocenyl carbyne complexes of manganese with lithium benzenethiolate, -selenolate and -telurolate,
see Scheme 3.3. The reaction proceeds by the attack on the carbyne carbon atom to afford the neutral carbene

complexes. The corresponding reaction with Na[Co(CO),] yields the carbene complex, (CO) MeCpMn-
{C(Fc)Co(CO),}.
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The reaction of the cationic methylcarbyne complex, [(n*-CsH;)(CO),MnCMe]BCl,, with dimethyl
cyanimide, Me,NC=N, yielded a binuclear bis(ansa-dimethylaminocarbene) complex containing chelating
cyclopentadienyl-carbene ligands. Figure 3.5 clearly shows how the two ansa-carbene ligands are connected

via a CH group.”®

H
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C
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/Mn\ N{-I P}N Vi "R
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NMe, NMe,

Figure 3.5 Structure of the Binuclear Bis(ansa-dimethylaminocarbene) Complex
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3.3.3 Reaction of }-Metallated Carbenes with Cationic nt-Complexes

The addition of the anionic Fischer carbene complex, [(CO);MC(OMe)CH,] to cationic complexes with
unsaturated hydrocarbons eg. the ethene rhenium complex [(CO);Re(C,H,)]" and the tropylium complexes
[(CO,M'(n'-C,H,)I*, M = Cr, Mo) affords the bimetallic hydrocarbon-bridged o,n-complexes (CO);M{C-
(OMe)CH,CH,CH,}Re(CO); and (CO);M{C(OMe)CH,C,H,-n°}M'(CO,)*, see Figure 3.6.

An interesting series of mixed bimetallic chromium-iron complexes were prepared by Geoffroy et al*® by
the addition of the anion of the biscarbene complex p-bis(alkoxycarbene)dichromium, synthesized according
to the method described by Macomber and co-workers®, to the coordinated olefin in a series of [Cp(CO),.
Fe(n*olefin)]* (olefin = cis-2-butene, trans-2-butene, styrene) complexes and to the cyclohexadienyl ligand

in [(1>-cyclohexadienyl)Fe(CO),]".

OMe

(CO)M=C
’ ch,

M'(CO),

Figure 3.6 n-Bridged Bimetallic Complexes

Macomber and co-workers® synthesized the o,mt-carbene complex (E)-(CO);W[C(NMe,)CH=CH-(1)>-C;H,)-
Fe(n-C,Hs)] . The synthesis was afforded by first preparing the [(c-(trimethylsilyl)aminocarbene] complex
in the reaction of {(CO);W=C(NME,)CH,} with n-butyllitium followed by Me,SiCl. The subsequent treat-
ment of the trimethylsilyl carbene complex with butyllithium followed by the reaction with the appropriate

aldehyde or ketone afforded the target complex, of which only the E isomer was formed, Scheme 3 4.
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Reagents: (a) 1. n-BuLi, THF, - 78°C ; 2. Me;SiCl, - 78°C; (b) n-BuLi, THF, - 78°C.
Scheme 3.4 d

3.3.4 Carbonyl Substitution
On the other hand the treatment of W(CO), with vinyllithium followed by [Me;O][BF,] in the presence of
H,0 afforded two products, one of which has a 7-bonded moiety, (CO)sW {C(OMe)CHCH,-1*} W(CO)s.

Heating of the 7-bonded alkene complex in toluene produced the complex, W,(CO)s[p-n' ,n*-C(OCHy)-
CH=CH,], which upon the treatment with CO converted back to the n*-bonded complex®, Scheme 3.5.
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Scheme 3.5

3.4 Aim of the Study

As previously mentioned thiophene is considered to be an excellent distributor of electron density in
molecules through m-conjugation, as was shown in Chapter 2, and stabilizes the carbene carbon atom in
biscarbene complexes. The coordination of a Cr(CO),-fragment in a 7-fashion to an aromatic ring has a
marked influence on the stability, characteristics, (eg. shielding or deshielding of atoms in the ring) and ac-
tivation through either the donation or withdrawal of electron density to or from the ring. Furthermore the
presence of a heteroatom as a part of the aromatic system of the ring has an influence on the formation of a
n-bond with the metal fragment, as seen in § 3.2.2. These considerations prompted the investigation into the
synthesis of o, -bimetallic thiophene monocarbene complexes and to study the features and properties of the

newly formed compounds.

A 7-bonded pseudoaromatic heterocycle w}lu'ch can thus be used advantageously in the synthesis of o-7-
bimetallic complexes is the complex (1)°-thiophene)Cr(CO),. This complex was prepared for the first time
in a low yield by Fischer and Of¢le in the thermal reaction of Cr(CO); and thiophene.®* The slight basicity
of S in thiophene led Ofele to develop an improved synthesis for Cr(CO), adducts of various heterocycles
including thiophene.®* This procedure comprises a two-step synthesis, in which the Cr(CO); is converted
to Cr(CO),(NH,), after which the thiophene complex (1)*-thiophene)Cr(CO), is prepared at room temperature
from the displacement reaction of the Lewis acid BF; with the harder base NH; and the simultaneous coordi-

nation of the softer base thiophene, in diethylether as solvent.

Another nt-bonded pseudoheterocycle which could be utilized with success and has the advantage of being
related to the thiophene system is the complex (°-benzothiophene)tricarbonylchromium, which was prepared
in a direct procedure by heating benzo[b]thiophene and chromium hexacarbonyl in n-dibutyl ether and hex-

ane.®® By employing this complex the role of the heteroatom on the stability of complexes in which the
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ane.®® By employing this complex the role of the heteroatom on the stability of complexes in which the
heteroatom forms a part of the n-system of the ring to which the Cr(CO), fragment is ®-coordinated can be
compared to that in a system in which the heteroatom is not part of the n-system to which the metal fragment

is -coordinated, but is still present within the fused heteroaromatic ring system.

This study will examine the electronic and steric effects of a n-coordinated metal fragment being a substituent
of a carbene ligand. The synthesis, features and properties of the new 0, m-bimetallic monocarbene complexes
will be investigated by focusing on the bridging thienyl carbene and benzothienyl carbene ligands.
Furthermore this investigation will focus on competition for electron density from the n-bonded electron
withdrawing metal fragment and the attached electrophilic carbene ligands; compare steric implications of
the compact bimetallic compound with a connecting thienyl-carbene instead of the less constrained

benzothienyl-carbene unit and search for spectroscopic evidence of metal-metal communication.

3.5 Synthesis of the o,t-Bimetallic Thienyl Monocarbene Complexes

3.5.1 Thienyl Carbene Complexes

The reaction of chromium- and tungsten hexacarbonyl complexes with lithiated Cr(CO),(n’-thiophene) after
subsequent alkylation afforded in addition to the desired o,t-monocarbene complexes, (n':n’-C,H,SC(OEt)-
M(CO),)Cr(CO),;, M = Cr (8) and M = W (9), three additional products, Scheme 3.6. In both cases the first
orange coloured product to be isolated with column chromatography was identified as the o-monocarbene
complex, MC(OEt)(C,H,S)(CO)s, where M = Cr, (A), and M= W, (B), which is related to the purple o,m-
monocarbene complex, 8 and 9, but to which the mT-moiety is no longer bonded. These products are known®
and were also obtained as by-products in the synthesis of the thiophene biscarbene complexes 1 and 2

described in Chapter 2.

The third and fourth products, respectively orange and purple, were isolated after the desired o,m-carbene
complexes 8 or 9 and were found to be related to each other. These products were identified as the
mononuclear o-carbene complexes, M{C(O(CH,),0CH,CH,)C H,S}(CO),, where M = Cr (10) and M =W
(11), and the bimetallic 0,7- monocarbene complexes, (':1°C,H,;SC{O(CH,),O0CH,CH;}M(CO)5)Cr(CO),,
where M = Cr (12) and M = W (13), with the only difference being the absence of the n-coordinated
Cr(CO),-fragment in 10 and 11.
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Scheme 3.6

The removal of one proton of thiophene is best achieved at temperatures of - 10°C and lower, - 50°C was,
however, found to be an ambient temperature for the mono-deprotonation of (m’-thiophene)-tri-
carbonylchromium with a slight excess (= 10 %) of butyllithium in THF as solvent to afford the lithium salt
of the mono-anion. The formation of complexes 8 and 9 can be rationalized in terms of the classic Fischer
procedure in which one of the six equivalent CO groups of the metal hexacarbonyl complex undergoes attack

to produce the, lithium acylate intermediate, which upon the treatment with a hard alkylating agent like tri-
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ethyloxonium tetrafluoroborate in dichloromethane as solvent results in alkylation at the oxygen, producing
the target ethoxycarbene complexes. The formation of products 10 - 13 was unexpected and a result of the
n-coordinated Cr(CO),-fragment. Furthermore this type of product was not formed when the 2-lithium
thienyl was reacted with M(CO); substrates under similar reaction conditions®’ or during the synthesis of the
biscarbene complexes reported in Chapter 2. Another possible explanation for the formation of these
complexes, which are related, is presented in Scheme 3.7. The mono-anionic lithium acyl species can also
in favour of a solvent molecule lose a carbonyl ligand in solution. Due to the lability of the thienyl ligand
slow decomplexation affords "Cr(CO)," which causes a demand for carbonyl ligands in solution. The
coordmnation of the oxygen of THF, (a group with which n-backbonding of electron density from the metal
is not possible), activates the THF by increasing the polarity of the O-CH, bond, (through an electron
“impoverishment” on the oxygen atom and subsequent flow of bonding electrons in the O-CH, bond), and
hence the electrophilic character of the carbon atom. Due to CO substitution by THF the electron density is
increased on the tetracarbonyl metal fragment resulting in greater backbonding to the acylate carbon and
increased nucleophilic character on the adjacent oxygen atom. The negative oxygen of the acyl complex
attacks the & carbon atom, (of which the electrophilic character has been increased), of the THF which leads
to the opening of the THF ring. The coordination of THF instead of CO also increases the negative charge
on the metal centre and hence the nucleophilic character of the oxygen atom. This type of product is not
formed if thiophene is not n-coordinated to Cr(CO),. The oxygen can remain either coordinated, upon which
the alkylation of the negative metal centre affords the unstable metal-ethyl intermediate which gives the final
product 12 or 13 through a reductive elimmation and addition of a carbonyl ligand. The oxygen can,
however, also be localized and displaced from the metal due to the instability of the 8-membered ring to yield
an intermediate which contains a free distal’ anionic terminal oxygen and upon alkylation affords the final
product 12 or 13. The w-coordination of the thiophene group to the Cr(CO), plays an important role to
localize the double bonds and the sulphur atom and hence causes weak delocalization of the negative charge
on the oxygen atom. Eventhough we favour an intermediate with the tungsten centre accomodating the
excessive negative charge from the oxygen other formulations involving the carbene carbon (ylide) may also
be possible, see Figure 3.7. Alkylation, be it on either the metal or the oxygen leads to the formation of 12
or 13. Recently Détz and co-workers® ascribed the formation of a carbene with a ring-opened THF as being
part of the alkoxy substituent, as resulting from an alkylated THF employed as alkylating agent. Due to the
fact that all the THF had been removed prior to alkylation, we cannot in this case accept [THFEt]" to be the
active alkylating agent. In fact, the metal acylate was washed with hexane before it was dissolved in
dichloromethane. Either the proposed mechanism of Détz is in error or we have a different mechanism
operative in this case. This result will therefore be treated as resulting directly from the action of a bimetallic

acylate intermediate.
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(CO),Cr M(CO),

Figure 3.7 Ylide-intermediate (7-membered ring)

The proposed reaction route is without precedent in literature and differs from that suggested by Dotz only
in the manner in which the THF is activated. The solvent THF, was not only coordinated at an appropriate
position close to the oxygen atom of the acylate, but is attacked, opened and ultimately incorporated into the
carbene unit. The reductive cleavage of free THF has, however, previously been reported at - 78 °C, where
it is easily achieved by using Li powder or even lithium 4,4'-di-tert-butylbiphenyl and BF;-OEt, in the
presence of a catalytic amount of an arene, eg. naphthalene, biphenyl 4,4'-di-tert-butylbiphenyl or

anthracene.®
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The formation of the monocarbene complexes, A and B, can be accounted for in exactly the same manner as
8 and 9, with the only difference being the breaking of the n-bond between the thiophene ring and Cr(CO)s
fragment at some stage during the reaction. Likewise, the same procedure as for the formation of 12 and 13,

can be offered for the formation of complexes 10 and 11, with the additional step, the loss of the n-bonded
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Cr(CO);, at some time after the formation of the THF-incorporated species, 7 e before or after alkylation.

The synthesis of the analogous (cyclopentadienyl)dicarbonylmanganese and (methylcyclopentadienyl)di-
carbonylmanganese monocarbene o,7-bimetallic complexes was attempted, but without any success. A pos-
sible explanation for this could be that the cyclopentadienyl ring, which is an electron donating group, causes
the carbonyl ligands, which should exhibit some positive character in order to undergo attack by the lithium
thienyl complex, to be insufficiently electrophilic. The n-coordination of the thiophene on the other hand can
also lead to a weaker thienyl nucleophile. Another consideration could be that attack by the nucleophile takes
place on the activated cyclopentadienyl ring, however this can be ruled out, as it did not takes place during
the synthesis of the biscarbene complexes, 3 and 4. Due to excessive decomposition no definite conclusions

could be drawn and further experiments were abandoned.

The products 8 and 9 were found to be moderately stable in the solid state, as well as, in solution. The
tungsten complex 9 could be successfully crystallized from a mixture of hexane and dichloromethane, (ratio
3: 1), to afford crystals from which a stucture analysis was possible. Complex 8, however, afforded small
asymmetrical crystals from a 3:1 mixture of hexane and dichloromethane, of which the standard was to poor
for a structure analysis. During the prolonged storage, even in an inert atmosphere at low temperatures and
in the solid state complex 8 converted to complex A, through the loss of the m-metal fragment, in a similar
manner complex 9 converted to complex B. Complexes 12 and 13 were found to be less stable in the solid
state and even more so in solution compared to complexes 8 and 9. Neither 12 nor 13 could be successfully
crystallized to afford crystals for a crystal structure analysis, after a prolonged attempt 13 eventually afforded
thin hair-like crystals, which could not be uéed for diffraction studies. Even in an inert atmosphere at low
temperatures complexes 12 and 13 converted, through the loss of the n-bonded Cr(CO),, to 10 and 11, which

were more stable in the solid state and in solution.

3.5.2 Benzothienyl Carbene Complexes

The reaction of benzo[b]thiophene under thermal conditions leads to the formation of the n-complex, (1°-
BT)Cr(CO),, however, in comparison to thiophene, it is the benzene ring to which the Cr(CO),-fragment is
n-coordinated in this complex .% Despite this the thiophene ring is also, (due to the aromatic properties of
the fused rings), activated by the coordination, to the extent that metallation preferably takes place on the 2-

position of the thiophene ring rather than on the 4- or 7 positions of the benzene ring, see Figure 3.8.
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Figure 3.8 Atom Numbering in Benzothienyl Carbene Complex

In order to afford the m-coordinated benzothiophene tricarbonylchromium complex a mixture of
benzothiophene and chromium hexacarbonyl was refluxed in #-dibutyl ether overnight. The yields obtained
were poor, but the filtration of the reaction mixture through silica gel with hexane led to unreacted
benzothiophene being recovered for further use. Higher yields are possible by using greater excesses of
benzo[b]thiophene, but with the disadvantage that the isolation of the m-complex from the ligand became
accordingly more difficult. Optimum yields were obtained by using 2.5 - 3 equivalents of benzo[b]thiophene.
The deprotonation of (n°-BT)Cr(CO); to yield the metallated complex, was readily achieved in a similar
manner as for the thiophene analogue by reacting one equivalent of the complex with 1.1 equivalents of #-

butyllithium in THF at - 50°C.

The rest of the reaction was performed in a similar manner as the reaction of the thiophene analogue, for the
synthesis of Fischer carbene complexes, with the addition of the metal hexacarbonyl and quenching with
triethyloxonium tetrafluoroborate to afforded the dark purple-blue ethoxycarbene complex, (1':n°-
CyH;SC(OEL)Cr(CO),)Cr(CO),, (14) in an excellent yield of about 90 %. The product was purified by
crystallization from hexane and dichloromethane and found to be very stable, even in air and in acetone for
short periods of time. The n-coordinated Cr(CO),-fragment was, however, lost, very slowly, in solution to
give the monocarbene complex, Cr{C(OEt)CgH;S}(CO)s, (15). Scheme 3.8 presents a schematic outline for
the synthesis.

This reaction yielded the o, monocarbene complex 14 in an almost qualitative yield as virtually the only
product, with small quantities (less than 5%) of a second minor orange product which was later identified
as the o-monocarbene complex Cr{C(OEt)CsH;S}(CO)s, (15). In fact is was possible to purify 14 by a
simple recrystallization of the reaction mixture after filtration through silica gel. This observation can

only confirm the fact that the t-complex of benzothiophene, in which the Cr(CO), is T-coordinated to the
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benzene ring, is much more stable than the analogous thiophene complex. Furthermore the importance of

n-coordination to thiophene in order to yield products 12 and 13, is emphasized as this does not happen

in the case of benzothiophene. The compound 14 is also more stable and the yield much higher than the

thiophene analogue 8.

(COXCr

O 2 O
S S -
(CO)CY Li
l b

(COXCr

14

Ol o
/
C

Cr(CO),

15

Reagents: (a) BuLi, THF; (b) Cr(CO)g; (c) [Et,O][BF,], CH,Cl,

Scheme 3.8

Quite interestingly, it was found that the reaction of benzothiophene with two equivalents of #-BuLi (in

the monomeric BuLi-TMEDA complex, which was used in the synthesis of the biscarbene complex 1,
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Chapter 2) did not yield the biscarbene complex, but the monocarbene complex 15.

3.6 Spectroscopic Characterization of Bimetallic o,n-Thienyl Monocarbene

Complexes

The o,n-bimetallic monocarbene complexes 8 and 9, as well as the related complexes 12 and 13 were
characterized with 'H NMR-, '*C NMR-, infrared- and mass spectroscopy and structural formulations,
based on these spectroscopic data, were made. The monocarbene complexes 10 and 11 were

characterized with '"H NMR-, infrared- and mass spectroscopy. The benzothiophene monocarbene
complexes 14 and 15 were characterized with "H NMR-, '>C NMR-, infrared- and mass spectroscopy.

All NMR spectra were recorded in CDCl, as deuterated solvent. The numbering of the carbon atoms of

the thiophene ring are shown in Figure 3.9.

4

5/ \32 or
.

Figure 3.9 Atom Numbering in Thienyl Carbene Complexes

(COxRCr

3.6.1 'H NMR Spectroscopy

"H NMR data for the bimetallic o,mt-thienyl monocarbene- and o, -benzothienyl monocarbene complexes
are summarized in Tables 3.1 - 3.3 respectively. First the '"H NMR spectra of 8 and 9 will be discussed,
followed by the "H NMR spectra of complexes 10 - 13. Lastly the spectra of complexes 14 and 15 will

be compared to the above.

(a) 'H NMR Data of (n':n*-C,H,SC(OEt)M(CO);)Cr(CO),, M= Cr, (8) and
M=W (9)

The *H NMR data of complexes 8 and 9 are summarized in Table 3.1. Figure 3.10 represents the 'H

NMR spectrum of 9. All spectra were recorded in CDCI, as solvent.
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Table 3.1 'H NMR Data of the Bimetallic o,n-Thienyl Monocarbene Complexes

Assignment Complexes
Chemical Shifts, (8, ppm) and Coupling Constants, (J, Hz)
8 9
Proton ) S ) an
H3 5.81 (d) 3.7 5.95 (d) 3.8
H4 579 (v) 3.7 579 (t) 3.8
H5 6.54 (d) 3.7 6.49 (d) 3.7
OCHHCH,* 4.99 (@) 7.2 4.83 (q) 7.1
5.02 (q) 4.89 (q)
OCHHCH;* 488 (q) 7.2 477 (q) 72
4.82(q) 4.72(q)
OCH,CH; 1.53 (t) . 1.51 ()

2 a second set of quartets of lower intensity, (0.33), was observed and d-values are given below those of

the first set.
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Figure 3.10 "H NMR Spectrum of (':n°*-C,H;SC(OEt)W(CO)5)Cr(CO),
Characteristic features of the o, m-bimetallic monocarbene complexes are evident from inspection of the

chemical shifts of the protons in the "H NMR spectrum of 9. Two features dominate, (a) the upfield
shifts of the thienyl resonances by more than 1 ppm from those of free thiophene and (b) the duplication

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



90 Chapter 3. g n-Bimetallic Monocarbene Complexes

of the methylene resonances of the ethoxy substituent of the carbene ligand. The m-coordination of
benzene and thiophene rings to Cr(CO), leads to the localization of the double bonds and to the
disruption of the aromaticity and ring current of the arene ligand, resulting in upfield chemical shifts for
the ring protons. Other factors which may affect the free thiophene are related to m-coordination and
are:”®

(1) Changes in charge density on the ligand atoms,

(1) Changes in the hybridization states of metal-bonded carbon atoms,

(i11) Various anisotropic effects.

Closer examination of the multiplet between 4.7 and 5.1 ppm of the 'H NMR spectra of 8 and 9 indicate
two sets of independent signals observed for the resonances of the methylene protons of the carbene
ligand. The spectrum clearly shows two separate quartets of equal intensity resulting from two
chemically non-equivalent protons of the methylene group of the carbene. The molecule lacks a plane of
symmetry due to the -coordination of the Cr(CO), fragment on one side of the thiophene ring which
makes the two methylene protons prochiral and duplicates the chemical shifts (planar chirality).” Other
resonances are hardly affected, at most a little broadened. In addition, a second set of resonances appear
on the sides of the stronger signals, roughly of about 30 % of the intensity of the stronger signals. These
indicate the existence of a second isomer in solution, also subjected to chiral planarity and therefore
duplicated. The two components, diastereoisomers, in solution are related by different orientations and
restricted rotations around one of the three bonds associated with the carbene carbon atom, see Figure

3.11.

OFEt

A

C
cope? S M(CO);

Figure 3.11 Possible Resticted Rotations around the C(Thienyl)-C(Carbene)-, C(Carbene)-O- or
C(Carbene)-Metal Bonds

(1) Possible restricted rotation around the C(thienyl)-C(carbene) bond is found in electronic reasoning

when the following two structures are considered placing the ethoxy group in two different chemical

environments:
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Ok M(CO);
c<;> — @ c//
(CO),CF S M(CO); (CO),CF S OEt

(i1) Restricted rotation around the C(carbene)-O bond will also result in different chemical environments

for the ethoxy and thiophene groups. However, little effect is displayed in the resonances of the thienyl

protons.
Bt
@
0—E \\OC>
V4 7
@ “e
(CO),Cr S M(CO); oy’ S M(CO);

This phenomenon is well known for amino carbene complexes and at low temperatures for alkoxy
carbene complexes.” This implies the greater participation of the oxygen lone pair of electrons in
stabilizing the carbocationic carbene carbon atom which may be the result of the removal of electron
density from the carbene carbon atom onto the thiophene ring and onto the electron withdrawing
Cr(CO),-fragment. No evidence of non-equivalence is found in the chemical shifts and coupling

constants of the thienyl protons or methyl pfotons of the ethoxy group.

(1i1) Resticted rotation around the metal-C(carbene) bond will only be of some significance if different

ligands were coordinated to the metal fragment.

OE
/N«
AN

S M(CO),
Cr(CO),

The ethoxy protons appear at lower 8-values (upfield) in the spectrum of 9 compared to the
corresponding 8-values in the spectrum of 8. The same result was found comparing the resonances in 1

and 2 and is the result of higher electron density from the softer tungsten centre distribution to the car-
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bene carbon compared to chromium.

If the monocarbene complexes A and B are considered this splitting pattern for the methylene protons is
not observed in the spectrum of either complex, these protons are observed as quartets in these spectra.®’
The fact that the non-equivalence is observed for the methylene protons of the ethoxy group only and that
this observation disappears when the nt-coordinated group disappears shows that this observation must be
brought into context with the presence of the latter and could rather be due to steric instead of electronic
causes. Therefore, it is concluded that at the temperature at which the reaction is executed the acylate
intermediate which forms is locked in one of two orientations with respect to the thienyl-carbene bond
due to the bulkiness of the n-coordinated Cr(CO), -fragment. Support for this is found in the structure
determination of 9 (vide infra) which displays a very compact arrangement of M(CO); and (n-

thienyl)Cr(CO), units, as illustrated by Figure 3.12.

Figure 3.12 Bulkiness of Metal Carbonyl Fragments

The chemical shifts in the spectrum of the m-coordinated thiophene complex Cr(CO);(1)’~thiophene)
appear as singlets with H2, H5 at 5.37 ppm and H3, H4 at 5.61 ppm.”” On comparing these values it is
evident that the protons of coordinated thiophene have upfield chemical shifts when a m-moiety is
coordinated compared to those of uncoordinated thiophene. The chemical shifts of these protons appear
further downfield in the spectra of the o,m-carbene complexes 8 and 9. Three chemical shifts with
different mutiplicities are observed for protons in the spectra of the o,7-thiophene carbene complexes;
H3 a doublet, H4 a triplet and HS a doublet. By comparison the thienyl protons appear downfield in the
spectrum of 9 compared to the spectum of 8. This is possibly an indication that the thienyl is either
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bonded more strongly to the Cr(CO); or that it channels more electron density to the carbene carbon in 9
than in 8. However, this effect illustrated by Figure 3.13 is of less importance than the corresponding

donation of electron density from a cyclopentadienyl ring of a ferroceny! substituent in the complexes

M(CO)s{C(OEt)Fc}.”

S
M)
c®

Figure 3.13 Donation of Electron Density from the nt-coordinated Thiophene to the Carbene Car-

bon Atom

The chemical shift for H3 or H4, is 8.06 ppm for the chromium biscarbene complex 1 and 7.95 ppm for
the tungsten 0,0-biscarbene complexes 2, see § 2.5.1. These are upfield for 8 and 9, illustrating the
influence of the n-fragment.

For the complex ((1°-C¢H;)C(OE)M(CO)5)Cr(CO),, where M = Cr, Fischer et al** found the chemical
shifts for OCH,CH, and OCH,CH, as 5.09 ppm and 1.75 ppm,for M = Cr and for M =W at 5.23 ppm
and 1.77 ppm, respectively. These values are a little downfield from those obtained for 8 and 9, the
differences can be attributed to a different deuterated solvent being used, in this case acetone, or that the
T-system being a phenyl ring, compared to the thiophene ring in 8 and 9, is less electron donating to the

carbene carbon due to its greater ring aromaticity.

(b) 'H NMR Data of M{C(O(CH,),0Et)C,H,S}(CO),, M = Cr, (10), M = W,
(11) and (n':n*-C,H;SC{O(CH,),0Et}M(CO),)Cr(CO),, M = Cr, (12) and M
=W, (13)

The above mentioned effect caused by m-coordination is clearly demonstrated by 10 and 11, (without a
n-motety) and 12 and 13, (with a w-moiety), see Table 3.2. For complexes without a T-moiety the
chemical shifts appear further downfield than for the corresponding protons in the spectra of the
complexes with the T-coordination. Figures 3.14 and 3.15 represent the 'H NMR spectra of 11 and 13,

respectively. The numbering of the carbon atoms of the thiophene ring is the same as for 8 and 9,

presented by Figure 3.9.
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The formation of 12 and 13 was unexpected and spectra could only be assigned by taking into considera-
tion the information available from the data of different spectroscopic measurements. Each constituted to

the final unravelling of the structure of 12 and 13.

Table 3.2 'H NMR Data for Thienyl Carbene Complexes

Assignment Complexes
Chemical Shifts, (8, ppm) and Coupling Constants, (J, Hz)
12 13 10 11

Proton o Tan o o o . d Jan
H3 5.81(d) | 3.8 5.89(d) | 3.9 7.67(d) | 4.8 7.79d) | 4.9
H4 5.75() | 3.7 5.75() | 3.7 721(t) |43 7.20(t) | 4.6
H5 6.54(d) | 3.8 6.48(d) | 3.7 8.24(d) | 4.6 8.14(d) | 4.1
OCHHCH,? 497(t) |63 480(t) | 6.5 513(t) |65 4.95(t) | 6.4

5.02(t) 4.83(t)
OCHHCH;' 496(0) |63  |47700 |65

4.89(t) 4.74(t)
CH,0CH,CH, 347(t) |62 3.46() |6.0 3.51(t) | 6.3 3.51(t) |62
CH,0CH,CH; 3.49(q) { 7.0 3.47(q) | 6.9 3.48(q) | 7.0 3.47(q) { 7.0
OCH,CH,CH, 2.02- 2.00- 2.11 2.09 6.5

1.93 191 @ @

(m) (m)
OCH,CH,CH, 1.78 - 1.87 - 1.83 1.84 6.2

1.69 1.72 @ (@

(m) (m)

121(t) | 7. 1.20(t) | 7. 1.20 (t) | 6. 1.20 (t)

*a second set of triplets of lower intensity, (0.33), was observed and the §-values are given below those of

the first set.

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



Chapter 3. o, w-Bimetallic Monocarbene Complexes 95

| <
o
-
— g
o
=
- 23]
(=9
<
v
L
N
E ;
= (=]
S =
9- -
o .
L .
O . -
"
o~
-
<
[~ o0
s

Figure 3.14 ‘H NMR Spectrum of W{C(O(CH,),0Et)C,H,S}(CO)s
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Figure 3.15 'H NMR Spectrum of (1':1*-CH,SC{O(CH,),OEt}W(CO):)Cr(CO),
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Complexes 12 and 13 gave mass spectra with molecular ion peaks and chemical analysis values, that are
exactly the same as those for 8 and 9, except for an additional C,H;O (THF) group included in the
formulae. Various different structures were considered for 12 and 13 and tested with the prevailing

spectroscopic data, see Figure 3.16.

Q Eto\ OF
t

ﬂ /OEt c<

co)cr? S \ﬁ COxCr” S, /c—oa
M(CO), o
II
1

(')Et

C o THF
(CO)Cr S \\’I(CO)S
111

Figure 3.16 Possible Structures for Complexes 12 and 13

The structures I and IT were eliminated as the infrared spectra of 12 and 13 clearly show the presence of
only a M(CO), and M(CO), fragment and the absence of an acyl carbonyl. Furthermore the 'H and *C
NMR data could be identified with neither I nor II. The structure III was a possibility with THF, as a
solvent in the crystal, this was, however, consider odd as it occurred in both compounds, as well as, the
fact that the chemical shifts of the B and y methylene protons of the THF unit are distinctly different.
This led to the consideration of possible structures in which THF had been incorporated into the bridging

ligand and two significant stuctures could be written, namely IV and V:
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OEt
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IV represents the attack by the anionic carbon in the 2 position of thiophene on a THF molecule which
leads to the splitting of the C-O bond. Attack by the negative oxygen on a carbonyl affords IV after
alkylation. Both structures appear to fit the picture for the analytical data, (mass-, 'H- and '*C- NMR and
infrared spectra). The methylene protons of the carbene unit again show two or more non-equivalent
structures and a complex splitting pattern is observed. The splitting pattern shows a multiplet which can
be described as a quartet of high intensity and two triplets of low intensity or four triplets of which two

have a higher intensity and overlap and two which have a lower intensity, Figure 3.17.

J

PPM
Figure 3.17 Splitting Pattern of the Methylene Protons of the Carbene Unit
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These protons appear as quintets, see Figure 3.18, however, coupling constants of no significance can be

obtained and either I'V or V remains a possibility.

PPM

Figure 3.18 Splitting Pattern of p and y Methylene Protons

The chemical shifts at 3.50 ppm are an indication of methylene protons that overlap and are adjacent to
an oxygen atom, these are decisive in the assigning of V as the structure for 12 and 13. The splitting
pattern of a triplet and quartet that overlap and the respective magnitude of the coupling constants which
agree for the methyl triplet and the quartet of the methylene protons are in agreement with the structure V
but not with I'V. Furthermore carbene methyl protons appear at chemical shifts of + 1.5 ppm which is
downfield from the 1.20 ppm observed and indicates the presence of an ethoxy substituent. Structure IV
gives no reason for limited rotation owing to steric reasons, as the carbene carbon is far removed from the
ipso-carbon atom of the n-coordinated thiophene, but nevertheless a similar complicated pattern as those

observed for 8 or 9 are found for 12 and 13, respectively, again supporting structure V.

Final confirmation for the structure V is obtained when the 'H NMR spectra of the decomposition
products 10 and 11 are studied. Controlled decompositions starting from pure samples of 12 and 13 were
excecuted in polar solvents, Scheme 3.9. Products 10 and 11 were isolated purified and compared with

samples obtained from the initial reaction mixture.
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12 or 13

10 or 11

Scheme 3.9

The restricted rotation of the carbene carbon is lifted by the loss of the Cr(CO),-fragment and the carbene
methylene now appears as a perfect triplet, ds can be expected for V and not as a quartet as would have

been the case had I'V been the correct structure.

After this unambiguous determination of the stuctures of 12 and 13 mainly with NMR spectra the
assignment of splitting patterns and calculation of coupling constants could be executed more thoroughly

and hence confirmed the assignment of structure V to 12 and 13 to be correct.
The spectra with respect to the chemical shifts for the thienyl and methylene protons on the oxygen

adjacent to the carbene carbon in the spectra of the thienyl monocarbene mononuclear complexes A and

10, as well as, B and 11 are as is anticipated practically the same.

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



Chapter 3: g, n-Bimetallic Monocarbene Complexes 101

() 'H NMR Data of (n:n*~CgH,SC(OEt)Cr(CO),)Cr(CO),, (14) and
Cr{C(OEt)C,H.S}(CO),, (15)

The "H NMR data for o,n-benzothienyl- and o-benzothienyl monocarbene complexes, 14 and 15 are
summarized in Table 3.3. Figure 3.19 represents the 'H NMR spectrum of complex 14. The proton
chemical shifts for free benzothiophene are H2 7.40 ppm, H3 7.18 ppm, H4, H7 7.67 - 7.92 ppm and

HS, H6 7.30 ppm,™ the numbering system for the protons and carbon atoms is shown in Figure 3.8.

Table 3.3 '"H NMR Data of the Benzothienyl Monocarbene Complexes

Assignment Complexes
Chemical Shifts, (8, ppm) and Coupling Constants, (J, Hz)
14 15

Proton o) i g . ) o Ton
H3 8.14 (s) 8.47 (s)
H4 6.07 (d) 6.7 7.78 (d) 7.8
H5 5.62 (dt) 6.7 1.0 7.39 (dt) 6.9 1.2
H6 5.24 (dt) 6.7 1.0 7.47 (dt) 7.1 1.3
H7 6.29 (d) 6.8 7.97 (d) 8.0
OCH,CH, 5.20 (q) 7.0 5.24 (q) 7.1

1.68 (t) 7. 1.71 (t)

Owing to the magnetic anisotropy or electronic effects of the sulphur atom H7 is shifted downfield
compared to H4, with H5 and H6 displaying similar upfield resonances in nt-bonded benzo[b]thiophene.”
On comparing the data of 14 with 15 it is once again evident that the chemical shifts for protons on rings
which contain a n-bonded Cr(CO),-fragment are at significantly lower ppm values (more upfield) than
the corresponding protons in the spectrum of a complex from which the m-moiety is removed. The
chemical shift of H3 in the spectra of both 14 and 15 is at a higher d-value (further downfield) compared
to that in the spectrum of free benzothiophene, due to deshielding by the o-coordinated carbene unit. As
expected the chemical shift of H3 in the spectrum of uncoordinated thiophene is at a lower ppm value
compared to that in the spectrum of 14, however it appears further downfield in the spectrum of 15. This
shows that the aromaticity of the benzothiophene is severely disrupted by the m-coordination of the

benzene ring which affects the thiophene ring and is reflected in the chemical shifts of H3 as seen in the
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upfield shift in the spectrum of 14 compared to the chemical shift in the spectrum of 15.

A feature in the "H NMR spectra of 14 and 15 is the two independent signals observed for the resonances

of the benzene protons HS5 and H6, in the spectra of 14 and 15. The splitting pattern of each signal is a
doublet of triplets for both HS and H6.

An interesting observation made in the spectrum of 14 is the one single resonance, a quartet, observed for
the methylene protons of the carbene moiety compared to the two sets of signals of different intensities
observed for these protons in the spectra of 8 and 12. The same steric factors discussed for 8 and 12 are
thus not present in 14 as no non-equivalence is found in the chemical shifts of either the methylene or
methyl protons of the ethoxy group. As expected these factors are also not present in 15 as is evident
from the chemical shifts of these protons and as was the case for 10 and 11. The n-coordination of
benzothiophene to the Cr(CO), fragment sufficiently seperates the carbene metal fragment from the -
coordinated fragment to alow free rotation around the C(thienyl)-C(carbene) bond.

The chemical shifts of the ethoxy protons of the carbene with the benzothienyl substituent in 15 are
shifted downfield compared to those recorded for the thienyl carbene complex, A, indicating poorer
donation by the benzothienyl substituent compared to the thienyl substituent. It appears as if the phenyl
ring withholds electron density from the thienyl ring causing H3 to be less shielded in 15 than in A

eventhough less charge is donated to the carbene in 15 than in A.
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Figure 3.19 "H NMR Spectrum of (n':1°-CsHSC(OEt)Cr(CO),)Cr(CO);

3.6.2 C NMR Spectroscopy

13C NMR data for complexes 8,9, 12, 13,14 and 15 are summarized in Tables 3.4 and 3.5. Significant

spectra could not be obtained for 10 and 11, due to insufficient material.
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(a) *C NMR Data of (n':n*-C,H;SC(OEt)M(CO),)Cr(CO);, M= Cr, (8) and
M =W (9), and (n':n>-C H,SC{O(CH,), OEt}M(CO);)Cr(CO);, M = Cr, (12)
and M =W, (13)

The *C NMR data of complexes 8, 9, 12 and 13 are summarized in Table 3.4

Table 3.4 *C NMR Data of the Bimetallic o,n-Thienyl Monocarbene Complexes

Assignment Complexes
Chemical Shifts, (3, ppm)

Carbon Atom 8 9 12 13
C (carbene) 3123 311.2 312.8 312.0

268.8 285.7 303.5 n.o
Cr(CO), 2326 232.6 2324 2325
M(CO), (trans) 2222 201.6 222.1 201.7
M(CO)s, (cis) 215.8 196.4 216.9 196.6
C2 (ipso) 108.8 111.8 123.5 113
C3 93.5 93.1 93 92.8
C4 88.1 88.4 83.3 88.1
Cs 9.8 97.8 96.5 97.4
OCH,CH,CH, 83.2 82.1
OCH,CH,CH, 294 26.2
CH,CH,CH,0 294 26.2
CH,CH,CH,O 69.9 69.6
OCH,CH, 76.6 78.2 66.3 66.2
OCH,CH,

The Cr(CO),, Cr(CO)s and W(CO), chemical shifts are insensitive to changes in substituents in the
complexes and are practically the same in all the spectra. These characteristic values were very helpful
n:

(i) comparing bimetallic complexes; (i1) discriminating between possible structures for 12 and 13 by
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excluding M(CO), fragments and indicating 7t-coordination to the thienyl ring. Therefore, although not
very informative on electronic properties in those complexes, nevertheless very helpful in supporting

mfrared observations.

The most striking feature of the carbene chemical shifts for the complexes are the fact that two
resonances are observed for 8,9 and 12. The second signal was not found for 13. This is consistent with
the "H NMR data, indicating restricted rotation around the C(thienyl)-C(carbene) bond resulting in two
isomers being present in solution, with the M(CO); fragment on the same side as the sulphur atom in one

of these and on the opposite side in the other.

If the -CH,CH, group is replaced by the -(CH,),OCH,CH, group the chemical shift for methylene carbon
is observed further downfield when in -O(CH,),OCH,CH, from the chemical shift of CH, in OCH,CH,.

The chemical shift of the methyl carbon atom on the other hand is not much affected.

As is the case for the 'H NMR chemical shifts, the *C NMR chemical shifts of the thienyl carbons are
more upfield for thiophene containing a mt-coordinated Cr(CO),-fragment by ca 40 ppm compared to the

monocarbene thienyl complexes A and B, Chapter 2.

(b) ®C NMR Data of (n':n*-CsH,SC(OEt)Cr(CO),)Cr(CO);, (14) and
Cr{C(OEt)C,HS}(CO),, (15)

13C NMR data for the bimetallic 0,7 benzo[b]thiophene monocarbene complex 14 and the mononuclear
benzo[b]thiophene carbene complex 15 are summarized in Table 3.5. The *C chemical shifts for
uncoordinated benzothiophene are C2 126.4 ppm, C3 124.0 ppm, C4 123.8 ppm, C5 124.3 ppm, C6
124.4 ppm, C7 122.6 ppm, C8 139.9 ppm and C9' 139.8 ppm’®>. When coordinated in the o,
benzo[b]thiophene monocarbene complex, 14, the chemical shifts are as expected found to be downfield,
compared those in the spectrum of the uncoordinated benzothiophene, owing to the presence of the metal

carbene moiety.

The most striking feature in the spectrum of 14 when compared with 15 is that the chemical shifts of the
thiophene are at lower field values, whereas the chemical shifts of the benzene carbons are more upfield.
A possible explanation for upfield resonances for C2 and C3 in 14 compared to 15 is that in 14 two
opposing electron withdrawing functions operate with the thiophene unit caught in between. This may

result in less polarization and relatively more shielding in 14 compared to the stronger electron withdraw-
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ing properties and polarized effect of the carbene unit only, in 15. The second phenomenon is well known
for m-coordination and has been stated before. By contrast the chemical shifts for the carbene carbons in

14 and 15 give practically the same 8-value.

Whereas the carbene carbon atom in 8 and 12 1s bonded to a carbon atom which forms part of the -
system to which the Cr(CO), fragment is coordinated, this is not the case for 14, which displays a slightly
downfield carbene resonance. The m-system to which the Cr(CO), fragment is coordinated in 14 is that
of the benzene ring which is more distant from the carbene carbon. The obsevation of one chemical shift
only, for the carbene carbon atom in the spectra of 14 and 15 is consistent with the observation made in
the "H NMR spectra. This confirms the earlier findings made from the '"H NMR spectra that there is no

restricted rotation around the C(thienyl)-C(carbene) bond present in either complex 14 or 15.

Table 3.5 “C NMR data of the Benzothienyl Monocarbene Complexes

Assignment Complexes
Chemical Shifts, (8, ppm)

Carbon Atom 14 15

C (carbene) 318.1 320.1
Cr(CO), 2314 _—

M(CO);, (trans) 2233 222.0
M(CO);, (cis) 216.5 216.9
C2 (ipso) 167.0 176.0
C3 138.0 155.1
C4 923 126.7
Cs 84.3 122.8
Cé6 88.9 1235
C7 89.8 125.0
C8 124.0 139.0
C9 106.0 1289

The chemical shifts for the methylene- and methyl carbon atoms of the ethoxy group of the carbene unit
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appear at 76.6 ppm and 15.1 ppm in the spectra of both of the carbene complexes 14 and 15. These 6-
values are similar to those observed in the spectrum of 8, however the chemical shift for the CH, group is
as expected upfield from that observed in the spectrum of 12, as it forms part of the O(CH,),0CH,CH,

group in 12, the same observation was made when the spectrum of 9 was compared to that of 13.

3.6.3 Infrared Spectroscopy

The infrared data for 8 - 15 are summarized in Tables 3.6, 3.8 and 3.9. As far as possible the spectra

were recorded in hexane and dichloromethane.

(a) Infrared Data of (n':n’-C,H,SC(OEt)M(CO):)Cr(CO);, M= Cr, (8) and
M=W (9)

The infrared data of 8 and 9 are summarized in Table 3.6. From the spectra of complexes 8 and 9 it is
apparent that both of these complexes contain a M(CO);-, as well as a M(CO),-fragment. The spectrum
of 9, shown in Figure 3.20, is typical for all of the compounds which contain a M(CO)s, as well as, a
M(CO), fragment. Fortunately the bands are resolved well and do not overlap as is often the case for

bimetallic carbonyl species.

In this spectrum there can quite easily be distinguished between the Cr(CO), and M(CO); fragments and
the respective A, and E, as well as, the Al(‘): B,, E and A,® bands can be identified with relative ease. An
interesting observation is that the degeneracy of the E band (A", A") of the Cr(CO), fragment is lifted and
it appears as two separate bands in the spectrum. The presence of the heteroatom in the ring and the
carbene substituent on the 2-position influences the backbonding to the carbonyls to such an extent that it
leads to the splitting of the E band. In comparison to this the pattern for Cr(CO),(1°-C¢H) and
Cr(CO),(n*-C,H,S) is that of the typical A band and E band of higher intensity and at lower

wavenumber.”®

Two problems which are experienced during the recording of spectra are, firstly the low solubility of
these compounds in hexane and secondly the shifting of the bands to lower wavenumbers and the
overlapping of bands when spectra are recorded in dichloromethane. It is then impossible to

unambiguously allocate a specific wavenumber to a specific band.
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Table 3.6 Infrared Data of the Bimetallic o,n-Thienyl Monocarbene Complexes

Assignment Complexes
Stretching Vibrational Frequency, (vCO, cm )
8 9

Cr(CO),

A, 1990 1989
1981

E (A, A" 1935, 1920 1947°
1895 (sh)

M(CO);

A® 2062 2069
2069

B, 1978 _

For 9 the first set of values was recorded in hexane and the second in dichloromethane

2 Obscured by E-band of M(CO),
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Figure 3.20 Infrared Spectrum of the Carbonyl Region of (':1*-C,H;SC(OEt)Cr(CO)s)Cr(CO),

The infrared data of complexes.8 and 9 are compared in Table 3.7 to that of the complexes (n':n°-
C¢H5)C(OEt)M(CO),)Cr(CO),, where M = Cr or W. The spectra were recorded in hexane as solvent.”
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Table 3.7 Infrared Data of the Complexes (n':1*-C,H,SC(OEt)M(CO)5)Cr(CO); and (n':n°
CH,C(OEt)M(CO),)Cr(CO),, where M = Cr or W

Assignment Complexes
8 9 Benzene Complex

M=Cr M=W M=Cr M=W
Cr(CO), Stretching Vibrational Frequency, (vCO, cm™)
A, 1990 1989 1982 1978
E (A", A") 1936, 1920 1947 1924 1918
M(CO);
A® 2062 2069 2060 2058

The wavenumbers for the bands of the M(CO); -fragment in the spectra of 8 and 9 are higher than those

in the spectra of the corresponding benzene complexes which on the assumption that the ethoxy

substituent exhibits a constant contribution in both cases, is an indication of less electron density being

placed on the carbene carbon atom by the thienyl fragment. The positions of the bands of the Cr(CO),-

fragments indicate that less electron density is also donated by the thienyl ring compared to the benzene

ring.

;

(b) Infrared Data of M{C(O(CH,),0EtC,H,S)}(CO)s, M = Cr, (10), M= W,
(11) and (n":1°-C,H,SC{O(CH,),0E} M(CO),)Cr(CO),, M = Cr, (12) and M

=W, 13)

The infrared data for complexes 10 - 13 are summarized in Table 3.8.

Once again an interesting feature is the lifting of the degeneracy of the E band into A', A" of the Cr(CO),-

fragment in the spectra of 12 and 13. Even in the absence of the carbene substituent, a very bulky group,

the nature of the thiophene ring causes this effect. The influence of the n-coordinated Cr(CO),-fragment

on the wavenumbers of the bands in the spectra 1s clearly demonstrated by the wavenumbers for espe-
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cially the A, bands of the M(CO); fragment which are lower in the spectra of 12 and 13, which contain
the m-coordinated Cr(CO),-fragment, than in the spectra of 10 and 11, from which the ®t-coordinated
fragment is absent.

Table 3.8 Infrared Data of the Bimetallic o,n-Thienyl- and o-Thienyl Monocarbene Complexes

Assignment Complexes
Stretching Vibrational Frequencies (vCO, cm™)

12 13 10 11

M(CO),

A, 1989 1984
— 1935

E (A, A") 1947, 1919 1915, 1895
1945,1901 (sh) |

M(CO)

A® 2062 2080 2069 2082
2061 2069 2059

B, _ _ 1988 _
— 1980 1972

E 1951 1953 1948 1942
1945 1941 1940

A® 1964 (sh) 1942 1978 1984
1945

First set of values recorded in hexane, second set in dichloromethane

(c) Infrared Data of (n':n’-CsH;SC(OEt)Cr(CO)s)Cr(CO),, (14) and
Cr{C(OEt)CzH,S}(CO)s, (15)

The infrared data of complexes 14 and 15 are summarized in Table 3.9. Of all the infrared data, the
spectra of complexes 14 and 15 illustrate the effect of w-coordination, (to an aromatic ring system), on

the carbonyl stretching frequencies of an M(CO);-fragment the most clearly.
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Table 3.9 Infrared Data of the Benzothienyl Monocarbene Complexes

Assignment Complexes
Stretching Vibrational Frequency, (vCO, cm™)

14 15

Cr(CO);

A, 1980

E 1893

Cr(CO);

A® 2060 2069

B, n.o. 2009

E 1980 1987
1980 (sh) 1987 (sh)

Solvent: hexane

Table 3.9 indicates that the wavenumbers for the Cr(CO); bands in the spectrum of complex 14 which
contains the n-coordinated Cr(CO),-fragment are lower than in the spectrum of complex 15 from which

this w-coordinated fragment is absent.

In brief it can thus be stated that the n-coordination of the Cr(CO),-fragment to the aromatic ring leads to
the stretching vibrational frequencies of the'M(CO)S-fragment of the carbene unit being shifted to lower
wavenumbers. This phenomenon is evident when the spectra of n-coordinated thiophene and
benzothiophene carbene complexes are compared to the spectra of the corresponding carbene complexes

from which the n-coordinated Cr(CO),-fragment is absent.

3.6.4 Mass Spectroscopy

A molecular ion peak was recorded for all of the carbene complexes 8 - 15. Fragmentation patterns were
evident for related molecules, these patterns are shown in Schemes 3.10 - 3.13. The relevant fragment

ions and corresponding peaks for complexes 8 - 15 are summarized in Table 3.10.
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|

M Cr(CO), Cr

P

0o - Oo.,

Scheme 3.13

These fragmentation patterns, as well as, the fragment ions obtained afforded valuable information in

elucidating the structures of the various compounds.

3.6.5 X-Ray Crystallography

Final confirmation of the structure of (n':1°-C,H,;SC(OEt)W(CO);)Cr(CO),, was obtained from a single
crystal X-ray diffraction study. The crystallographic data for the complex are given in Table 1 of
Appendix 3, whereas the atomic coordinates are listed in Table 2 of Appendix 3. Figure 3.21 shows
down views along the b- and c-axes. The results of the X-ray crystallographic study are illustrated by an
ORTERP plot in Figures 3.22, which shows the structure with the atom numbering. Important to note is
that the numbering system for the thiophene ring has been adapted to facilitate the comparison of bond
lengths and bond angles with those given for complex 9, (which is normally numbered C(2) is now C(1)
etc.). Selected bond lengths and bond angles are listed in Table 3.11, with all the bond lengths and bond
angles in Tables 3 and 4 of Appendix 3. The anisotropic displacement parameters, as well as the H-atom
coordinates and isotropic displacement parameters are listed in Tables 5 and 6 respectively of Appendix
3.
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Complex 9 was isolated from a dichloromethane hexane solution and crystallized in the triclinic space

group Pi, witha=

6.938(2), b = 10.855(4), ¢ = 12.847(3)A, Z = 2 with the two molecules in the asym-

metric unit essentially different.

Table 3.11 Selected Bond Lengths (A) and Bond Angles (°) for 9

Bond Lengths 9
W-C(Carbene) 2.173(9)
Cr-S 2.360(3)
Cr-C(1) 2.176(10)
Cr-C(2) 2.205(10)
Cr-C(3) 2.183(9)
Cr-C(4) 2.152(9)
C(1)-C(2) 1.420(15)
C(2)-C(3) 1.416(13)
C(3)-C4) 1.404(13)
S-C(1) 1.726(11)
S-C(4) 1.780(9)
C(4)-C(5) 1.499(13)
Bond Angles

C(1)-S-C(4) 90.6(5)
S-C(4)-C(3) 111.8(7)
S(1)-C(4)-C(5) 117.3(7)
C(1)-C(2)-C(3) 112.7(9)
C(2)-C(3)-C(4) 112.1(8)
W-C(5)-C(4) 124.6(6)
Cr-C(4)-S 73.1(3)
Cr-S-C(1) 62.1(4)
Cr-C(1)-C(2) 72.2(6)
Cr-C(2)-C(1) 70.0(6)
Cr-C(3)-C(4) 69.9(5)
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Figure 3.21 Packing in the Molecule as seen along the (i) b-Axis and (ii) c-Axis
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051

Figure 3.22 ORTEP plot of (1':1*-C,H;SC(OEt)W(CO)s)Cr(CO); with Atom Numbering

The bond lengths and bond angles of free thiophene were determined as S-C(1) 1.714(1) A, C(1)-C(2)
1.370(2) A, C(2)-C(3) 1.424(2) A, C(3)-C(4) 1.370(2) A, C(4)-S 1.714 A. The bond angles were
determined as C(1)-S-C(4) 92.2(1) °, C(1)-C(2)-C(3) 111.5(3)° and C(2)-C(3)-C(4) 112.5(3)°.*° The
thiophene ring coordinated to chromium is planar and the ring carbons are at equal distances from the
chromium with the ipso-carbon closest and the C2 the furthest away from the chromium. The three C-C
distances in the ring are the same indicating delocalization of electron density in the ring. By contrast,
free thiophene displays localized double (C2-C3, C4-C5) and single (C3-C4) bonds. Delocalization is

also evident in the bonds around the carbene carbon atom, Figure 3.23.

(CO)C? ~W(CO),

Figure 3.23 Delocalization in Bonds of the Thienyl Ligand
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The thienyl ring 1s coplanar with the plane through the tungsten, oxygen of the ethoxy and thienyl ipso-
carbon. The angles C4-C5-O1, W1-C5-C4 and W1-C5-0O1 of 102.2, 124.6 and 131.6 respectively are

typical for Fischer carbene complexes’” and the same as the corresponding angles in 2, Figure 3.24.

1.407

Eto\c 1.390 /{ 1.385\§ L A'S‘Et
[W]/ § “SM
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w’ N

S 127

(CO),Cr

2

Figure 3.24 Comparison of Carbene Units in 2 and 9

The bridging unit in 9 displays bond distances which are all slightly longer than the corresponding
distances in 2. m-Coordination of the thienyl ring in 9 causes the ring distances to lengthen (1.413(6) A)
in 9 compared to 1.34(10) A in 2. The close proximity of the bulky metal moieties could be held
responsible for the longer C(thienyl)-C(carbene) and W-C(carbene) distances in the small compact 9 to
the open structure of 2. The only comparable distance is the C(carbene)-O(oxygen) distance of 1.311(11)
A for 2. In the crystal structure the thiophene sulphur atom is on the same side as the carbene ethoxy
substituent and trans to one of the three carbonyl groups of the Cr(CO), tripod.

The W-C(carbene) distance of 2.173(9) A is significantly shorter in 9 compared to the corresponding
distance of 2.23(2) A in CpRu(n’-C;H,C(OEt)W(CO),.>* Also the C(carbene)-C(ring) distance of
1.499(13) A in 9 is longer than the same distance of 1.43(3) A in CpRu(n*-CsH,C(OEt)W(CO)s, which is
an indication that the Cp-ring in the ruthanocene complex donates more electron density to the carbene
than the thienyl in 9. Eventhough the W-C(carbonyl) of the carbonyl trans to the carbene ligand
(2.005(13) A) is not the shortest of the five W(CO); carbonyls it is shorter than the average distance of
2.041(15) A for the four cis carbonyls.
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3.7 Summary

Interesting to note is that the spectroscopic data designate the carbene substituent in all the compounds, 8
- 15, to be an electron withdrawing group in spite of competition exerted by the ring substituent with the
Tt-coordinated Cr(CO),-fragment. This behaviour is in agreement with that observed for benzene and

cyclopentadienyl to which a Cr(CO), -fragment has been mt-coordinated.

The nt-coordination of the Cr(CO),-fragment to the thiophene ring plays an important roll in localizing
the electron density of the double bonds, as well as, that of the sulphur and leads to the formation of the
carbene complexes 12 and 13, thus leading to unique reaction pathways, in which a THF ring is opened
and incorporated into the carbene moiety. The NMR data, ("H- and '>C NMR) indicate that the presence
of the m-coordinated Cr(CO), -fragment in a complex leads to upfield chemical shifts of the ring protons
in complexes 8,9, 12, 13 and 14. The n-coordination of this fragment leads to the methylene protons of
the ethoxy group of the carbene unit being subjected to non-equivalent orientations when coordinated to
the thiophene ring in complexes 8, 9, 12 and 13, whereas this is not the case when it is coordinated to the
benzene ring of benzothiophene in complexes 14. Steric factors for m-coordinated thienyl result in
restricted rotation around the C(thienyl)-C(carbene) bond, which leads to the duplication of resonances
associated with the methylene protons. The presence of two chemical shifts for the carbene carbon atom
in the >C NMR spectra of 0,m-coordinated thiophene complexes is consistent with observations made in
the '"H NMR spectra. Consideration of the X-ray crystal structure shows that restricted rotation around
the C(ipso)-C(carbene) bond is more than likely, considering the close proximity of the Cr(CO),-and
M(CO),-fragments. Bond distances reveal ;ome T-interaction in all three the bonds associated with the
carbene carbon atom, but no single substituent dominates. Delocalization is disrupted evenly over all the
bonds and the structure seems to represent the best picture of electron density over the entire complex

with no or little localized effects.
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