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SUMMARY

This study comprises the preparation and characterisation of various novel
organometallic species of gold(I) by employing a range of anionic group 6 metal
Fischer-type carbene complexes and group 6 metal-acyl complexes as synthons of the
organic moieties introduced to the gold(I) electrophiles. The main objectives of this
work are to develop the use of Fischer-type carbene complexes as synthons in the
preparation of novel organometallic species along unusual reaction pathways and, in
doing so, to expand the organometallic chemistry of gold(I), especially Au-C bond

formation reactions.

By reacting various B-CH acidic Fischer-type alkoxy/dialkylamino/
alkthio(methyl)carbene complexes, first with a base, and then with a gold(I)
electrophile (PhsPAu"), easy access to vinyl ether/dialkylamine/thioether complexes
of gold(I) coordinated to M(CO)s (M = Cr, Mo, W) fragments, is obtained. When
methyl alkoxy- or dialkylaminocarbene complexes are employed, coordination of the
novel alkoxyvinyl-gold(I)PPh; and dialkylaminovinyl-gold(I)PPhs; species to the
M(CO)s fragments occurs in an asymmetrical fashion through the vinyl functionalities
of the novel gold(I) species. This usually unstable coordination mode for vinyl ethers
is stabilised by delocalisation of partial positive charges from the a-gold vinyl carbon
atoms to either the gold(I)PPh; fragment [for nz-{alkoxyvinyl-gold(I)PPh3}M(CO)5
complexes] or the nitogen atoms of the vinyl amine group [for n’-{dialkylaminovinyl-
gold(I)PPh;} M(CO)s complexes]. In the latter complexes this delocalisation occurs to
such an extent that these complexes are best described as zwitterions. The
corresponding negative charges in the bimetallic complexes reside on the M(CO)s
fragments. As a representative example, uncoordinated ethoxyvinyl-gold(I)PPh; was
isolated in high yield via a ligand replacement reaction with PPh;. When Fischer-type
alkthio(methyl)carbene complexes are employed in this conversion, novel sulphur

coordinated {alkthiovinyl-gold(I)PPh;}Cr(CO)s complexes are formed.
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The reaction mechanism involved in these conversions is believed to be the gold(I)
analogue of the hydrolysis of Fischer-type carbene complexes. In this mechanism the
bimetallic n*-vinyl ether coordinated {alkoxyvinyl-gold(I)PPhs}M(CO)s complexes
represent stabilised gold(I) analogues of postulated transition states in the hydrolytic
decomposition of Fischer-type alkoxycarbene complexes. The term “aurolysis” is
conceived to describe the conversion when PhsPAu’ is employed as electrophile
instead of H'. The formation of the bimetallic n*-vinyl ether coordinated complexes
in the current conversion, furthermore, strongly supports the existence of similar
transition states in the hydrolytic decomposition of Fischer-type alkoxycarbene
complexes. This mechanism is also accepted for the formation of analogous
1’ {dialkylaminovinyl-gold(I)PPhs} M(CO)s and {alkthiovinyl-gold(I)PPhs}-S
Cr(CO)s complexes when B-CH deprotonated Fischer-type dialkylamino- and

alkthiocarbene complexes are employed in this reaction.

The reaction of anionic group 6 metal-acyl complexes and their nitrogen analogues,
N-deprotonated Fischer-type aminocarbene complexes, leads to the formation of
acylgold(I) and novel imidoylgold(I) complexes coordinated to M(CO)s (M = Cr, W)
fragments. In the previous complexes poor stabilisation of the M(CO)s fragments
allows halide anions to readily form ionic adducts with these groups. This
characteristic of these products provides a useful reaction pathway to the first example
of a free acylgold(I) complex, benzoyl-AuPPhs. Coordination of the imine nitrogen
atom to the M(CO)s fragments in the analogous bimetallic imidoylgold(I)-M(CO)s
complexes is much stronger. These complexes are remarkably stable and could even

be effectively isolated by means of low temperature silica gel chromatography.

As a preliminary reaction mechanism for this conversion we propose a mechanism
that is closely related to the aurolysis mechanism described above. The only
difference is that, instead of formal reductive elimination of vinyl
ethers/amine/thioether complexes of gold(I) from the M(CO)s fragments, acyl and
imidoyl complexes of gold(I) are produced in this step. Furthermore, the (Z)-
stereoisomers of the bimetallic imidoylgold(I)-M(CO)s complexes generated in this

conversion are exclusively obtained.
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A second N-deprotonation-auration reaction sequence performed on suitable
examples of the bimetallic imidoylgold(I)-M(CO)s complexes yields, as the only
isolable product, a novel triangular Au,Cr cluster complex, cis-{n>-(PhsPAu),}
PPh;Cr(CO)4. This complex is the isolobal equivalent for the unstable molecular
hydrogen complex, (n*-H,)PPh;Cr(CO),, and exhibits the shortest known Au-Au

separation between two gold atoms in cluster complexes of the type Au,M.

Finally, two novel and vastly different molecular structures of closely related anionic
benzoylpentacarbonyl tungstates, one with Li" as counterion and another in which
exactly half the Li'-cations have been replaced by protons, highlight the importance
of hydrogen bonding and ion-dipole interactions in determining the solid state

structure of such complexes.



OPSOMMING

Hierdie studie behels die bereiding en karakterisering van verskeie nuwe
organometaalkomplekse van goud(l). Hierdie komplekse is berei deur gebruik te
maak van ‘n wye reeks anioniese groep 6 metaal Fischer-tipe karbeenkomplekse
asook anioniese groep 6 metaal asielkomplekse as sintetiese ekwivalente vir die
organiese fragmente wat gedurende die sintese aan die goud atoom gebind word. Die
hoofdoel van hierdie studie is om die gebruik van Fischer-tipe karbeenkomplekse as
sintetiese voorgangers in die bereiding van nuwe organometaalverbindings te
ontwikkel en om sodoende ook die organometaalchemie van goud verder uit te bou.
Veral die ontwikkeling van nuwe sintetiese metodologieé€ vir die bereiding van Au-C

bindings is hier van belang.

Verskeie Fischer-tipe alkoksie-/dialkielamino-/alktio-(metiel)karbeenkomplekse met
suuragtige waterstofatome gele€ op die [-metallo-koolstofatoom is eers
onomkeerbaar gedeprotoneer. Byvoeging van die goud(I) elektrofiel, PhsPAu’, lei -
volgens ‘n ongewone reaksiemeganisme - tot die vorming van onderskeie vinieleter-,
dialkielvinielamien- en vinieltioeterkomplekse van goud(I). Hierdie komplekse is
verder ook op verskillende wyses aan M(CO)s fragmente (M = Cr, Mo, W)

gekoordineer.

Die vinieleter- en vinielamienkomplekse van goud(I), wat vorm wanneer alkoksie- en
dialkielaminokarbeenkomplekse onderskeidelik in hierdie sintese aangewend word,
koordineer onsimmetries deur hulle viniel dubbelbindings aan die vrygestelde
M(CO)s-groepe. Hierdie normaalweg onstabiele vorm van vinieleterkoordinasie,
word gestabiliseer deur delokalisering van positiewe lading vanaf die o-goud viniel
koolstofatoom na  die  AuPPhs-fragment [vir die  n’-{alkoksieviniel-
goud(I)PPhs;}M(CO)s komplekse] 6f na die stikstofatoom van die dialkielvinielamien
groep [vir die n>-{dialkielaminoviniel-goud(I)PPh;}M(CO)s  komplekse].
Laasgenoemde komplekse kan as “zwitterione” beskryf word. Die onderskeie
negatiewe ladings in hierdie komplekse bevind hulle hoofsaaklik op die M(CO)s
groepe. Sterk koordinerende ligande (bv. PPh;) verplaas die onsimmetriese viniel eter
vanaf die M(CO)s-fragment. S6 kon, as ‘n voorbeeld, die vrye etoksieviniel-

goud(I)PPhs-kompleks met ‘n ho€ opbrengs berei word. Wanneer B-gedeprotoneerde
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Fischer-tipe tiokarbeenkomplekse met Ph;PAu’ reageer, vorm swawel
gekoordineerde {tioviniel-goud(I)PPhs}Cr(CO)s bimetalliese komplekse in stede van

die m-komplekse.

Dit word voorgestel dat in die bogenoemde reaksies die goud(I)elektrofiel dieselfde
rol vervul as die proton gedurende die hidrolise van Fischer-tipe
alkoksiekarbeenkomplekse. Die  bimetalliese, n’-vinieleter-gekodrdineerde
{alkoksieviniel-goud(I)PPh;} M(CO)s-komplekse hier berei verteenwoordig dus
stabiele goud(I) analo€ van voorgestelde tusseprodukte in so 'n meganisme. Die term
“aurolise” word voorgestel om die geval waar PhsPAu" in stede van H' as elektrofiel
aangewend word te beskryf. Die vorming van bimetalliese, m’-vinieleter-
gekoordineerde komplekse in die huidige reaksie ondersteun die moontlike vorming
van die voorgestelde tussenprodukte tydens die hidrolise van Fischer-tipe
alkoksie(metiel)karbeenkomplekse. 'n Soortgelyke meganisme kan ook gebruik word
om die vorming van die n’-{dialkiellamienviniel-goud(I)PPh;}M(CO)s- en
{alktioviniel-goud(I)PPh3}-S Cr(CO)s-komplekse vanuit [B-CH gedeprotoneerde

Fischer-tipe dialkielamino- en tiokarbeenkomplekse en Phs;PAuCI te interpreteer.

Die reaksie van anioniese groep 6 oorgangsmetaal metaal-asielkomplekse en hulle
stikstofanaloé, N-gedeprotoneerde Fischer-tipe aminokarbeenkomplekse, lewer
onderskeidelik asiel- en imidoielkomplekse van goud(I) wat aan M(CO)s fragmente
(M = Cr, W) kodrdineer. Die goud(I)asiel-M(CO)s koordinasie deur die asiel-
suurstofatoom is baie swak en die M(CO)s-eenheid in hierdie komplekse word maklik
deur haliedanione en sekere oplosmiddel molekules verplaas. Die haliedanione vorm
anioniese addukte met the M(CO)s fragmente. Hierdie eienskap van die bimetalliese
komplekse verskaf sodoende ‘n gerieflike sintetiese roete na die eerste voorbeeld van
‘n  vrye asielgoud(I)-kompleks, bensoiel-AuPPh;. Kodrdinasie van die
imienstikstofatoom aan M(CO)s-groepe in die bg. imidoielkomplekse is egter veel
sterker. Die bimetalliese {imidoielgoud(I)} M(CO)s-komplekse is verbasend stabiel en
kan selfs effektief deur middel van lae temperatuur SiO,-kolomkromatografie

geisoleer word.
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‘n Soortgelyke reaksie meganisme as wat voorgestel word vir die aurolise van
Fischer-tipe karbeenkomplekse word voorgestel vir hierdie reaksie. Die enigste
verskil is dat die formele reduktiewe eliminasie van ‘n viniel-eter, -amien of -tioeter
vervang word met die vorming van asiel- of imidoielkomplekse van goud(I). Verder
word die (Z)-isomere van die bimetalliese {imidoielgoud(I)}M(CO)s-komplekse

uitsluitlik in hierdie reaksie verkry.

Wanneer geskikte voorbeelde van bimetalliese {imidoielgoud(I)}M(CO)s-komplekse
‘n tweede keer gedeprotoneer word en gereageer word met PhsPAuCl, is die enigste
isoleerbare produk van die reaksie ‘n drichoekige Au,Cr troskompleks, nl. cis-{n-
(PhsPAu),} PPhsCr(CO)s. Hierdie verbinding dien as ‘n isolobale model vir die
onstabiele molekulére waterstof kompleks , (nz-Hz)PPh3Cr(CO)4, en besit verder die
kortste Au-Au afstand tussen twee goud atome in drichoekige troskomplekse wat nog

tot dusvér gerapporteer is.

Laastens is die kristalstrukture van twee nou verwante anioniese {bensoiel} W(CO)s-
komplekse bepaal. Die enigste verskil tussen die hierdie twee verbindings is dat die
een slegs Li" as teenioon bevat terwyl presies die helfte van die Li'-teenione in die
tweede struktuur deur protone verplaas is. Hierdie klein verskil in samestelling
veroorsaak egter drastiese verskille in die kristalstrukture van hierdie verbindings. Die
belangrikheid van waterstof bindings en ioon-dipool interaksies in die bepaling van

die vastetoestandstrukture van sulke verbindings word hierdeur beklemtoon.
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CHAPTER 1
INTRODUCTION AND AIMS

1.1 General background

Interesting aspects of the versatile chemistry of Fischer-type carbene complexes
combined with the unique reaction behaviour of gold(I) complexes are reported in this
work. A short general discussion of important characteristics of both these fields of

chemistry is therefore provided here.

1.1.1 Carbene chemistry

Carbenes, a neutral divalent form of carbon, are widely known and employed as
building blocks in organic synthesis." The main reason for this is that C-C bond
formation reactions with carbenes often demonstrate remarkable stereoselectivity — a
sought after reaction characteristic in organic syntheses (especially in the synthesis of
natural products containing chiral centres). The simplest carbene is methylene (:CH,),
prepared by the thermolysis/photolysis of diazomethane. Other classical sources of
carbenes include ketenes, trihalomethylmercury and o-haloalkyllithium compounds.’
Carbenes are defined as divalent carbon atoms that are -bonded to only two other
atoms (two hydrogen atoms in the case of methylene) and therefore possess two
nonbonded electrons.' As a result of these electrons most carbenes are highly unstable

and usually have a fleeting existence.

To facilitate their use, chemists have succeeded in devising two main methods of
stabilising carbenes. These consist of preparing them as heterocyclic, sterically
hindered molecules and/or as ligands coordinated to metal fragments. The latter
method was first discovered by E.O. Fischer and A. Maasbdl in 1964 and is currently
still the most widely applied technique to stabilise the highly reactive unpaired
electrons on carbenes.” Arduengo only reported the first preparation of stable free
carbenes, as sterically hindered heterocyclic molecules, in 1991.* However, since N-
heterocyclic carbenes are now, for the first time, available as “bottle-able” compounds

(a phenyl substituted triazole-derived ylidene is the first commercially available



carbene),’ their organic and organometallic chemistry has developed enormously in
versatility and depth.® Despite this, the use of metal stabilised carbenes as building
blocks in organic syntheses has, in the meantime, developed to such an extent - far
beyond the original scope of organic carbene chemistry - that they have indeed

. . . . . . 7
become irreplaceable features in mainstream organic and organometallic chemistry.

In transition metal carbene complexes the carbene carbon atom acts as a neutral
2e’-donor to the metal, and is consequently stabilised. Currently there are two main
classes of carbene complexes, Fischer-type® and Schrock-type,® each bearing the
names of their discoverers. The low valent, Fischer-type carbene complexes are
characterised by an electrophilic carbene carbon atom, a transition metal that is
usually in a low oxidation state, and a stabilising hetero-atom substituent (usually OR,
NR; or SR) bonded to the carbene carbon atom. High valent, Schrock-type carbene
complexes are characterised by a nucleophilic carbene carbon atom, a transition metal
in a high oxidation state and the absence of a stabilising heteroatom on the carbene
carbon atom.” It has, however, been pointed out that these definitions of carbene
complexes are not applicable to all known examples.” For the purposes of this study
only the particular characteristics of Fischer-type complexes will be discussed as only

their reactions were investigated.

The metal carbene bond in Fischer-type carbene complexes is usually described by
the Dewar-Chatt-Duncanson model as synergistic c-electron donation from the lone
pair on the carbene carbon atom to the empty metal d, orbital, and metal back-
donation of m-electrons from the metal dy, or dy, orbitals to the empty p(w) carbene

carbon orbital (Scheme 1.1)."

- R
- C
OO - @

QM s
TR §~

Scheme 1.1



When Fischer and Maasbé! prepared the first carbene complexes in 1964, they found
that low-valent metal carbonyls of Group 6 to 8 transition metals react with
organolithium or Grignard reagents to produce metal-acyl anions that could be
acidified and/or alkylated on the oxygen to give alkoxy(alkyl)transition metal carbene

complexes in good yields (Scheme 1.2).

LiR O Li [(R),0]BF, OR'
M(CO), —= (CO) M=< —— (CO) M=<X
( )n Et20 ( )l‘l- 1 R —LIBF4 n-1 R
-(R),0
.
H R'N,
H,0 Et,0
OH
(€0), M=
R

Scheme 1.2

Since the historic first synthesis of a carbene complex countless other examples have
been prepared along a wide range of reaction paths. These preparative routes fall into
two main categories: (1) The preparation of carbene complexes from non-carbene
precursors, and (2) transformation reactions involving pre-existing carbene
complexes. In the first category are: (la) various transformation reactions of non-
carbene ligands into carbene ligands - the carbene carbon atom is already attached to
the metal centre in the complex precursor and (1b), addition reactions of carbene
precursors to a metal fragment with concomitant transformation of the former into a

carbene ligand.

The second category of preparative routes to Fischer-type carbene complexes is much
more diverse, mainly as a result of the unique reaction characteristics that these
complexes exhibit. In this category falls: (2a) transfer reactions of carbene ligands
from one metal centre to another; (2b) several different modification reactions of the
existing carbene ligand (further described below); (2c¢) insertion reactions of

unsaturated organic molecules into the metal-carbene bond; (2d) changes of the



oxidation state of the central metal atom; and, (2¢), modifications of the metal-ligand
framework (described below). For a more detailed description of the various

preparative routes to Fischer-type carbene complexes, see ref. 7 & 11.

Due to the unique electron-withdrawing properties of the metal carbonyl fragments in
Fischer-type carbene complexes the carbene ligand can undergo a vast number of
extremely useful modifications to yield countless variations on carbene complexes as
well as many other useful organometallic species. This versatility of Fischer-type
carbene complexes has led to their development as extremely useful synthons for a
myriad of complex organic molecules. In this light, Fischer-type carbene complexes
have been described as true “chemical multitalents”.'* By tailoring the electronic
properties of the carbene complexes, through the introduction of various ligands to the
metal fragment and different stabilising hetero-atoms to the carbene carbon atom, the
reactive behaviour of Fischer-type carbene complexes (illustrated in Scheme 1.3 and
the text description) can be “tuned” to meet the specific needs of a particular
reaction.'” As mentioned above, a characteristic of Fischer-type carbene complexes is
the electrophilic nature of the carbene carbon atom which, therefore, is the preferred
site of attack by nucleophiles, (a) in Scheme 1.3. This has become a very useful
reaction for the preparation of Fischer-type carbene complexes stabilised by hetero-
atoms other than oxygen (typically primary and sterically small secondary amines),

thereby allowing modulation of the electrophilicity at the carbene carbon atom.’

E (¢)
R'
L M < :Nu (a)
CR,
(d) - :B(b)
Scheme 1.3

Another extremely useful result of the electron-withdrawing nature of the metal
fragment in Fischer-type carbene complexes is that the protons on carbon atoms in [3-
positions to the metal fragments are highly acidic (b). Countless electrophilic

substitution reactions at the [-metallo carbon atom, yielding modified carbene



complexes, have been reported.” This characteristic, and the explanation for it, is
discussed at length in the introduction to Chapter 2. Another result of the electron-
withdrawing nature of the metal fragment in Fischer-type carbene complexes is that
the hetero-atom (Y in Scheme 1.3) reacts with electrophiles (E — typically BX3, X =
Cl, Br, I), yielding a class of organometallic complex known as carbyne complexes
(¢)." Finally, similarly to the chemistry of metal carbonyl compounds, other ligands,
typically phosphines, can be substituted for carbon monoxide at the metal atom

[route (d) in Scheme 1.3].

Carbene complexes prepared and/or modified by the above-mentioned conversions to
suit specific reaction conditions have proven their worth as reagents in various useful

14(a),15 6 and

alkenylation,'* cycloaddition (the so-called Dotz reaction), insertion,’
cocyclization reactions,'” to name but a few. These reactions of carbene complexes
have been successfully applied to the preparation of many natural products, including

peptides,'® vitamins (K & E)" and several useful antibiotics.”

The intense research activity in the field of Fischer-type carbene complexes in the
1970’s and 1980’s has also led to their development as catalysts or catalyst precursors
in several processes, including olefin metathesis reactions (and extension of the
alkenylation reaction mentioned above),21 polymerisation reactions of alkenes and
alkynes,”” and the catalytic preparation of various heterocyclic molecules.”
Considering the scope of reactions of carbene complexes and the range of useful
products obtained from these, it is clear that carbene complexes do their description as

true “chemical multitalents” justice.

1.1.2  Gold chemistry

An examination of any organometallic textbook or encyclopaedia will show that the
body of knowledge on organometallic gold compounds is remarkably underdeveloped
compared to most of the remaining transition elements.** This is astonishing, since
organogold derivatives have been known for almost 100 years.”> Many fascinating
and novel compounds and reactions involving organogold species have been
discovered but, until recently, they have found little practical application. Since the

1970’s the development of the organometallic chemistry of gold has, however, gained



considerable momentum. The stimulation of research in this field is partly the result
of newfound applications for organogold compounds [e.g. in preparative organic
chemistry,”® as liquid crystals,” in thin film technology,”® as pharmaceutical
compounds (anti-tumourals and anti-arthritic),”” in non-linear optics,”® as
luminescents®' and as catalysts®”] and partly the result of the development of routine
structure determination by single crystal X-ray diffraction techniques. Structural
determinations of organogold compounds by X-ray diffraction have provided
chemists with a rapidly growing wealth of detailed structural information about these
compounds. Not only were new oxidation states™ and coordination numbers®*
discovered for gold, amongst a seemingly unlimited variety of compounds, but novel
structural phenomena, mainly related to the repeated occurrence of unprecedented
Au-Au contacts in the solid state, also came to light.34 Indeed, the search for a
satisfactory explanation for these short Au-Au contacts, also called “aurophilicity”,
has been a driving force behind many experimental and theoretical studies of

organogold compounds.*’

Structural chemists were the first to observe the effects of this strange interatomic
attractive force between gold atoms, which, despite its weak nature, seemed to have a
profound effect on molecular interactions and crystal lattices of gold compounds of all
the known oxidation states.*® Around this time, a revived interest in gold was
developed by theoretical chemists and physicists who reconsidered the chemistry of
the heaviest elements in the Periodic Table on the basis of relativistic effects.’” These
effects are especially important for those elements with extremely high nuclear
charges, since they significantly modify the properties of the valence electrons in
these elements. As a result the strange interatomic attractive force between gold atoms
could be ascribed to relativistic effects. Since then the understanding of relativistic
effects in gold chemistry has developed very well and it is currently consistent to the
point where it is possible to not just analyse existing data, but to also predict new

structures and properties.*®

Relativistic effects for gold are currently understood, in simple terms, as follows:
Electrons in atoms with high atomic numbers are under the influence of increased
nuclear point charges and reach velocities that approach the velocity of light. These

electrons, therefore, have to be treated according to Einstein’s theories of relativity.



With the term v¢/v; (Ve and v; are the velocities of the electron and light respectively)
close to 1, the ‘relativistic mass’ of the electron is significantly increased. This has a
profound effect on the orbital radii (r) of these electrons. On the Periodic Table this
effect, also called the ‘relativistic contraction’, reaches a pronounced maximum for
gold with the ratio of the calculated relativistic to non-relativistic radii
[T(rel)/T(non-rely] OF the 6s orbital in gold being as low as ~0.81, compared to 0.94 for the
5s orbital in silver and 0.98 for the 4s orbital in copper.** In order to characterise the
relativistic effect it is often divided into three interrelated ‘symptoms’. 1) s-orbital,
and to a smaller extent, p-orbital, contraction, 2) spin orbit coupling, and 3) d-orbital
expansion. Combined, these ‘symptoms’ mean that the valence shell electrons in
different subshells (s, p, d) are brought much closer in energy, especially with regards
to the gap between the 6s and 5d states. Calculations have shown how these changes
can partially ‘mobilise’ the 5d'° closed shell electrons for chemical bonding
interactions, hence leading to weak Au-Au interactions.” The strength of these
interactions (29-33 kJ/mol) is often described as being roughly the same range as
hydrogen-bonding interactions. The interactions occur in the range 2.5-3.2A and are
thus shorter than the van der Waals contact (3.32A) and in many cases the interatomic
distance in gold metal (2.89A).%° There is, furthermore, evidence that Au-Au bonding
may persist in solution®® and even in the gas phase.” The availability of the Au(IIT)
oxidation state, due to the relativistic destabilisation of the 5d orbital, and the marked
tendency of the Au(I) oxidation state to form 14e” linear two-coordinate complexes
through particularly efficient 6s-6p-5d hybridisation, are just two further
manifestations of this phenomenon.* Interestingly, the yellow colour of gold has also
been attributed to these effects. The absorption is attributed to the 5d-to-Fermi level
transitions, which set in at around 2.3 eV in gold. Elemental gold thus reflects red and
yellow and strongly absorbs the blue and violet.* These characteristic properties of
gold lead to the conclusion that it indeed occupies a unique position among the

elements.

The preparation of organogold compounds is, like many other fields in gold
chemistry, quite underdeveloped compared to the organometallic chemistry of most
other transition metals. On the other hand, it is characterised by remarkably
innovative approaches and an unexpected diversification in synthetic routes.**

Organogold compounds are mostly prepared by transmetallation reactions of



organothallium, organozinc, organolithium or Grignard reagents with gold halides.
Variations on these methods, to name but a few, include the use of
tris[phosphinegold(I)Joxonium tetrafluoroborates instead of gold halides*' and the use
of stable gold(I)alkoxides or gold(I)acac, which yield organogold species upon
reaction with CH-acidic ligands.* Using mainly the techniques mentioned above,
chemists have prepared various organic derivatives of gold for both the common
oxidation states of gold (+1 and +3). There is also an increasing number of
organogold(I) compounds reported in the literature. However, these will be omitted
from the following discussion as they are still very rare.’* The predominant
coordination numbers of gold are two (linear) for gold(I) and four (square planar) for
gold(Ill) giving stable configurations with 14 and 16 electrons respectively.
Homoleptic AuR and AuRj; species are electron deficient and unstable. This is true
even if they achieve a ‘normal’ coordination number through polymerisation via
bridging halide, alkyl or aryl groups and 3-centre-2-electron bonds. Compounds of all
possible stoichiometries are known, with one or two R-groups bonded to gold(I) and
from one to four to gold(Ill), provided additional ligands are present to make up the

required coordination number (Table 1.1).

Table 4.1: Possible stoichiometries in organogold compounds

Gold(I) Gold(III)
AuR(L) AuRy AuRX,L AuR,(X)L AuR;L
AuR(X) AuRXj5 AuR, Xy AuR;X" AuRy

L = neutral ligand; X = anionic ligand; R = organic group

1.2 Aims and objectives

The above brief introductory discussion of the chemistry of transition metal carbene
complexes highlights their usefulness as synthons in organic transformations.
However, whereas their chemistry as synthons in organic transformations has
received an incredible amount of attention, their use as synthons in organometallic
conversions is virtually unheard of. For unknown reasons the use of Fischer-type

carbene complexes in preparative organometallic reactions did not develop alongside



the numerous studies investigating their usefulness in organic transformations. To our
knowledge, the only exceptions are reports of carbene transfer reactions between
transition metal ions* and the preparation of several metalloxy Fischer-type carbene
complexes.* There are also isolated reports of reactions of a ‘soft’ electrophile
(PhsPAuCl) with anionic Re-acyl complexes, [Rex(p-PPh;),(CO);(ax-C(O)R)]
(precursors of carbene complexes), and of SnR;Cl with [-metallo carbon
deprotonated Fischer-type carbene complexes.**® Both the latter reactions are of
great interest as they yield unusual and potentially useful organometallic species as
products. Furthermore, metalloxy Fischer-type carbene complexes have recently
proven their worth as efficient bimetallic catalysts in the copolymerisation of o-

olefins (typically I-pentene and I-hexene)**®

and have also been applied to the
modulation of the reactivity of Fischer-type carbene complexes toward other organic
transformations.**® Carbene transfer reactions between transition metals, although
still poorly understood, have lead to the preparation of novel carbene complexes and
could result in a better understanding of mechanistic aspects of catalytic processes in

which such reactions are believed to play key roles.*

In the light of the usefulness of products obtained from the few reported reactions of
Fischer-type carbene complexes with organometallic species, and the proven
versatility of Fischer-type carbene complexes as synthons in organic transformations,
we endeavoured to investigate reactions of group 6 Fischer-type carbene complexes,
and more specifically nucleophiles derived from (or related to) these complexes (e.g.
anionic “‘enolates”, acyl-metal and imidoyl-metal complexes), with electrophilic
gold(I) fragments. The chief objective of this study is to further the development of
the utilisation of Fischer-type carbene complexes as useful synthons in organometallic
conversions. In particular, conversions in which the Fischer-type carbene complexes
are employed as synthetic equivalents of vinyl ether-, vinyl amine-, vinyl thioether-,
acyl-, and imidoyl-anions in organometallic conversions with a gold(I) electrophile
are investigated (Scheme 1.4). Also, with these conversions we aim to prepare and
characterise novel organometallic complexes of gold(I) and thereby expand gold’s

relatively underdeveloped organometallic chemistry.
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The specific conversions studies were planned as follows:

As mentioned above, there is one isolated report in the literature of the reaction
between P-metallo carbon deprotonated Fischer-type alkoxy carbene complexes and
an organometallic fragment, SnR3Cl. This reaction yields, instead of the expected [-
metallo carbon SnR; substituted carbene complexes, useful o-stannyl vinyl ethers.*®
However, this report deals only with the products of the conversion and little attention
is afforded to the reaction mechanism involved, or the possibility that other novel and
potentially useful bimetallic complexes could be formed during this process. A related
conversion, involving reactions between various group 6 metal (-metallo carbon
deprotonated Fischer-type carbene complex derivatives and a gold(I) electrophile was
envisaged. The principal objectives of this study were to: 1) determine what products
are obtained in this conversion; 2) possibly further the use of Fischer-type carbene
complexes as synthetic equivalents of anionic vinyl ether fragments; 3) propose a
reaction mechanism for this conversion based on the products obtained and the well
known, and successfully applied, isolobal relationship between PhsPAu’ and H'; 4)
extend this reaction to Fischer-type carbene complexes with nitrogen and sulphur
hetero-atoms and in the process prepare other novel gold(I) organometallic species; 5)

determine whether this conversion can be employed to prepare novel bimetallic group
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6 metal-gold(I) complexes. A large portion of the work reported here (chapters 2 & 3)
deals with the study of this particular conversion and the novel products obtained
from it. The intensive application of single crystal X-ray diffraction studies and,
where necessary, quantum mechanical calculations in our investigations was,
furthermore, also foreseen. Specific points addressed in this section of the study are

listed in the introductions to the chapters.

Electrophilic addition reactions of metals to anionic metal-acyl complexes, yielding
the metalloxy Fischer carbene complexes mentioned above, have mainly been
described for anionic metal-acyl nucleophiles reacting with ‘hard’ electrophilic metal
fragments (e.g. Cp,TiCl,, Cp,ZrCl, and Cp,HfCl,). As noted above, the only
exception to this is the recently reported addition of a gold(I) electrophile to an
anionic Re-acyl complex, [Res(pn-PPh;)2(CO)7(ax-C(O)R)]. This reaction yielded,
instead of the expected metalloxy carbene complex, novel acylgold(I) complexes
trapped by oxygen coordination to a Re;(u-PPhy),(CO); fragment. An important
objective of the work presented here is to determine if anionic group 6 metal acyl
complexes react with a gold(I) electrophiles in the same manner as the Re-acyl
complexes studied previously and, if so, to develop this synthetic route to prepare and
characterise the first examples of free acylgold(I) complexes. Also, investigations into
whether this reaction can be utilised as a novel method to prepare analogous imidoyl-
gold(I) complexes, by employing N-deprotonated Fischer-type aminocarbene
complexes as nucleophiles, instead of anionic metal-acyl complexes, were conducted.
The specific points addressed in these investigations are listed in the introduction to

chapter 4.
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CHAPTER 2
NOVEL REACTIONS OF C-DEPROTONATED METHYL
ALKOXY FISCHER-TYPE CARBENE ANIONS WITH
TRIPHENYLPHOSPHINE GOLD(I) CHLORIDE

2.1 Introduction

As already mentioned in Section 1.1, one unique and extremely useful characteristic
of Fischer-type carbene complexes, discovered by Kreiter in 1968, is the remarkable
acidity of protons on their B-metallo carbon atoms.' In fact, alkoxy Fischer-type
carbene complexes are some of the most acidic CH-acids known, with reported pK,
values ranging between ~8 (thf) and ~23 (acetonitrile) for (CO)sCr=C(OCH;)CH3.?
By its very nature the B-metallo CH acidity is linked to the electrophilic character of
the carbene carbon, which, in turn, is caused by the strongly electron-withdrawing
properties of the metal carbonyl moiety. The acidity can best be explained on the
basis of resonance forms of the carbene complexes and their conjugate bases. These
describe delocalisation of electrons from the hetero-atom (for the neutral complexes)
or the carbanionic centre (for the conjugate bases) to the metal atom from where

electrons are delocalised to the ligands, L, (Scheme 2.1).?

®
R' o OR' o OR'
M~ —— M¥X <~ LM
/ (T: CR,H CR,H
p
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CR; Li* CR,
Scheme 2.1
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The conjugate bases of the carbene complexes are stabilised by the delocalisation of
their negative charges to the metal atom, thus increasing the acidity of the neutral
complexes. The extent of charge delocalisation from the carbanionic centre to the
metal atom is, however, largely determined by the amount of charge already donated
from the hetero-atom via the carbene carbon to the metal atom, thus linking the
acidity of Fischer-type carbene complexes with the electron donating capabilities of
their hetero-atoms.? The acidity of Fischer-type carbene complexes that are stabilised
by other hetero-atoms than oxygen is discussed at length in Chapter 3. Furthermore,
solid-state structures and spectroscopic studies of Fischer-type carbene complexes and
their anions authenticate the highlighted resonance forms for Fischer alkoxycarbene

complexes and their anions illustrated in Scheme 2.1.*

Since Kreiter’s discovery, Casey has led the way in utilising the -metallo CH acidity
for the functionalisation of carbene ligands via deprotonation and alkylation reaction
sequences.”® In this manner, countless useful B-substituted carbene complexes,
which were often employed as synthons for the synthesis of more complex organic

molecules, could be prepared [Scheme 2.2(a)].

OR' ]
LnM:< ) - > LHM‘<
CR, CR,

OR'

E* E*
OR' OR'
LM==< LM + E—
CR,E CR,
Conventional electrophilic Alternative electrophilic
addition products addition products
(a) (b)
Scheme 2.2

Electrophilic addition at the B-C position is, however, not the only possible
conversion in these reactions. In the presence of pyridine or tertiary amines, or during

thermal decomposition in the presence of water or OH -ions, it was found that

17



Fischer-type carbene complexes with acidic 3-metallo hydrogen atoms readily yield
vinyl ethers, aldehydes, alcohols and ketones, containing the functional groups from
the original carbene ligand, as products of their decomposition.”® At first Fischer
ascribed these observations to cleavage of the metal-carbene bond by the pyridine
ligand, followed by rearrangement of the free carbene to a vinyl ether, and suggested

this as proof that these complexes could be employed as a source of free carbenes.’

Casey, however, postulated otherwise when he observed that pyridine does not
catalyse the decomposition of Fischer-type carbene complexes when no acidic
hydrogen on the 3-metallo carbon atom is present. Taking this acidity of Fischer-type
carbene complexes into account, he suggested a hydrolytic pathway for this

conversion (Scheme 2.3).? ®)

deprotonation OR' ; OR'
L M:< LnM:< - LnM‘<

CR, CR

| .
H reprotonation

v reductive i
74 \ OR elimination A | OR'
LM—N + 1~ - + | v

. . / n
CR2 & coordination N CR,

Scheme 2.3

In Casey’s mechanism the basic pyridine deprotonates the acidic carbene complex
[which is mainly represented by the a-metallo-vinyl ether resonance structure after
deprotonation (Scheme 2.1)], reprotonates at the metal atom and finally coordinates to
the metal pentacarbonyl fragment after a formal reductive elimination yields a free

vinyl ether fragment as an alternative electrophilic addition product [Scheme 2.2 (b)].

Casey’s suggested mechanism, as well as reactions of Fischer-type carbene
complexes with other bases (e.g. OH  ions), has been the subject of much attention by
the group of Bernasconi.” By determining thermodynamic and kinetic parameters for

several similar base hydrolysis reactions of Fischer-type carbene complexes, they
18



have concluded that Casey’s mechanism is indeed by far the most likely.” Another
possible mechanism for the hydrolysis reaction in the presence of a tertiary amine and
water, suggested by Aumann (Scheme 2.4),* was ruled out by Bernasconi. This
mechanism does not allow for the formation of vinyl ethers, as was observed by both
Fischer and Casey, and also gives a poor fit to the kinetic and thermodynamic data
measured by Bernasconi for these complexes. Aumann’s proposal was an attempt to
explain the occurrence of aldehydes and alcohols that were also found amongst the
hydrolysis products of Fischer-type carbene complexes. He suggested that an OH,
generated by the acid-base reaction of the amine with a water molecule, performs a
nucleophilic attack at the carbene carbon atom, substituting the OR’ group and
forming the alcoholic product. Subsequent reprotonation from the conjugated acid of
the amine then produces a hydroxycarbene complex that decomposes to an aldehyde

and an amine-coordinated metal pentacarbonyl fragment.
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Scheme 2.4

Bernasconi explains the formation of aldehyde and alcoholic hydrolysis products after
the initial hydrolysis of the carbene complexes, via Casey’s mechanism, as follows:
After the formation of the vinyl ether by reprotonation on the metal and formal

reductive elimination, the vinyl ether coordinates to the M(CO)s fragment through the
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vinyl moiety. This activates the vinyl ether towards further hydrolysis in a basic
medium, thus converting it to the corresponding aldehyde and alcohol (Scheme

2.5).7

H_ OR H_ O
. HO -
coM--|| + OoH ——— (COMOH + + ROH
N R
R R R"H
Scheme 2.5

Bernasconi’s suggestion fits the experimental kinetic and thermodynamic data and is
supported by the observation that bulkier vinyl ether fragments (e.g. Ph\CH=CHOMe)
formed during the hydrolysis of the carbene complexes are not hydrolysed as they are
sterically hindered from coordinating to the M(CO)s fragment. Also, when an excess
of pyridine is present (as there was when Fischer first reported the formation of vinyl
ethers in this reaction when he used pyridine as the solvent!),” the vinyl ether
hydrolysis products are exclusively obtained, most likely because coordination of the
vinyl ether to the M(CO)s fragment is hindered by a coordinating pyridine molecule.
Furthermore, attempts to prepare neutral alkyl(vinyl)ether-M(CO)s complexes along
other reaction pathways [e.g. displacement of CH3;CN by a vinyl ether in
photochemically prepared (CO)sM(CH3CN)] have also resulted in the formation of
the corresponding aldehyde and alcohol hydrolysis products described above, thus

adding further weight to Bernasconi’s proposed secondary hydrolysis mechanism. "’

It is interesting to note that, according to Casey and Bernasconi’s carbene hydrolysis
mechanism, the base decomposition reaction of B-metallo CH acidic Fischer-type
carbene complexes results in a shift of the electrophilic addition onto the a-metallo
carbon atom from the B-metallo 